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DISSERTATION ABSTRACT

Aria Rose Radick

Doctor of Philosophy in Physics

Title: Leptons as a Window to Dark Matter

There is a huge amount of evidence the dark matter exists, however we still

do not know what kind of particle it is. Many experiments have been performed to

test different models for dark matter, but its nature still remains elusive. In this

work we study two different ways of looking for dark matter by using leptons.

First, we look at low threshold experiments in the form of dark matter-

electron scattering. We know that the rate of dark matter-electron scattering

depends on the underlying velocity distribution of the dark matter halo. In

particular, dark matter electron scattering is more sensitive to the high velocity

tail which can be significantly different depending on the dark matter halo model.

This work quantifies the effects of different dark matter halo models and parameter

choices on these rates, finding an O(0.01%) to O(100%) change in the rate

predictions in silicon targets.

Secondly, we use a different lepton, the muon, to search for dark matter

at colliders. In particular, we simulate a particular class of dark matter model,

known as flavored dark matter, at a theoretical future muon collider to predict the

capability of such a machine to detect or place bounds on this model, if it were to

be built. We focus on the less-explored regime of feeble dark matter interactions,

which suppresses the dangerous lepton-flavor violating processes, gives rise to

dark matter freeze-in production, and leads to long-lived particle signatures at

colliders. We find that the interplay of dark matter freeze-in and its mediator
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freeze-out gives rise to an upper bound of around TeV scales on the dark matter

mass. The signatures of this model depend on the lifetime of the mediator, and

can range from generic prompt decays to more exotic long-lived particle signals. In

the prompt region, we calculate the signal yield, study useful kinematics cuts, and

report tolerable systematics that would allow for a 5σ discovery. In the long-lived

region, we calculate the number of charged tracks and displaced lepton signals of

our model in different parts of the detector, and uncover kinematic features that

can be used for background rejection. We show that, unlike in hadron colliders,

multiple production channels contribute significantly which leads to sharply distinct

kinematics for electroweakly-charged long-lived particle signals.

This dissertation includes previously published co-authored material.
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CHAPTER I

INTRODUCTION

The Standard Model of particle physics is one of the most successful

theories of all time. Among its famous successes are the prediction of the electron

anomalous magnetic dipole moment to within better than one part in one

trillion [5], and the prediction of the existence of the Higgs boson, which was

discovered at the LHC in 2012 [6, 7]. However, there are still many phenomena it

fails to describe, including the existence of dark matter, neutrino masses, the origin

of the electroweak scale, and more. One of the primary goals of particle physicists

in the present age the is to understand the particle nature of dark matter.

We have a huge amount of evidence that dark matter exists [8]. In the

1930s, Oort [9] and Zwicky [10] performed some of the first observations that

implied the existence of dark matter. Oort observed the velocity of stars in our

solar neighborhood, and saw that they were moving too fast to be explained by

only the visible matter in the galaxy. Zwicky performed an analysis using the virial

theorem on the Coma galaxy cluster, which predicted a much larger mass for the

cluster than the measured amount of luminous mass. Approximately thirty years

later, Vera Rubin measured the rotation curves of spiral galaxies and discovered

that they did not follow the expected distribution (vr ∝ r−1/2), but instead had

a nearly flat velocity profile away from the center [11]. This difference can be

explained by a density distribution that falls off more slowly than the observed

density distribution, implying that galaxies appear to be surrounded by a halo of

dark matter.

Gravitational lensing, or how photons’ paths appear to bend as they pass

near massive objects, is another important source of evidence for dark matter.

23



Lensing observations have led to many important conclusions, including the fact

that there is about five times more dark matter than baryonic matter, dark matter

has at most very small cross sections with both itself and visible matter, dark

matter is cold (i.e., non-relativistic), and more [12]. In particular, the fact that

the amounts of dark matter and visible matter are so close seems to imply that

there must be some interaction between the sectors. This provides a strong basis

for looking for dark matter through its interactions with the SM.

Still more evidence comes from the cosmic microwave background (CMB),

which was created when electrons and protons combined to form hydrogen and

the photons in the CMB stopped interacting and started traveling through space

freely [13]. The CMB provides a very high precision measurement of the total

amount of dark matter in the universe. This is done by measuring the anisotropies

in the power spectrum of the temperature, which are correlated with density

fluctuations in the early universe, giving us an amount of cold dark matter Ωχ =

0.2589(57) [14]. We can use this measurement to put constraints on the strength

of dark matter interactions, depending on the exact process that produced dark

matter in the early universe.

There are two common production mechanisms that are hypothesized. The

first is freeze-out: we assume that particles begin in thermal equilibrium with

each other, including the DM. Interactions with other particles maintain thermal

equilibrium between the species, but as the universe expands particles have a

harder time finding interaction partners, until the point at which they decouple

and remain at a fixed temperature or “freeze out”. The amount of DM left over is

dependent on its annihilation cross section, the stronger the interactions the less

DM remains, and vice-versa. On the other hand, if the dark matter’s interaction
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strength is incredibly small it could begin not in thermal equilibrium and be

produced slowly through some channel as the universe is expanding. This process

is known as freeze-in and has the opposite trend as freeze-out: as the interaction

strength increases, there is more dark matter left over. Finally, in both cases one

can solve the Boltzmann equations in order to predict the number of DM particle

that will be left. For both processes the total number of DM particles left over

is also dependent on the DM mass. The heavier the DM, the fewer number of

particles are left over for the same energy budget. The combination of these factors

leads to a relationship between the dark matter mass and its interaction strength

for a given model.

Given all of this evidence, one can ask the question “what is dark matter?”,

as in, what kind of particle is dark matter? The evidence that we outlined above

is purely gravitational, we have not yet observed dark matter interacting with

the SM through any other forces. However, as stated above, it seems logical

to conclude that dark matter must have some interaction with the SM, and so

experimentalists have come up with many ways to look for it. Unfortunately, dark

matter’s interactions with the SM are likely incredibly small – and experiments

have pushed a lot of this parameter space to even smaller cross-sections – so

experimentalists have their work cut out for them.

The three main methods that we have for looking for dark matter are

production at colliders, direct detection, and indirect detection. Collider production

involves directly producing the dark matter through collisions of high energy

particles. Given that dark matter interacts so weakly with the SM, we would not

be able to directly see the dark matter itself, instead we would observe differences

in the kinematic distributions as a result of missing transverse energy or the
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signatures of intermediate particles that decay to dark matter. Direct detection

involves putting a large amount of material deep underground and waiting for

the dark matter around us to scatter with it and create a signal. This relies on

several things we know about dark matter: we know that there is some amount of

dark matter moving through us at all times, because our galaxy is surrounded by

halo of dark matter, we know that the dark matter is moving at non-relativistic

speeds, because it’s cold, and we assume that the dark matter can interact with the

materials in some way. Finally, indirect detection involves looking for the products

of dark matter interactions, effectively the inverse of production at colliders. These

can show up as a variety of signals, and require varied instrumentation in order to

detect, including gamma, x-ray, radio, or neutrino telescopes, or even instruments

which can detect cosmic rays [15]. In this work, we will focus on collider production

and direct detection.

The original idea for dark matter direct detection began as an experiment to

detect neutrinos scattering elastically off nuclei, originally thought up by Drukier

and Stodolsky in 1984 [16]. Shortly after, Goodman and Witten published a paper

theorizing that this technology could also be used to detect dark matter [17]. As a

result of dark matter being cold, and thus non-relativistic, it is possible to simplify

the operator space down to two main types of interactions, spin-dependent and

spin-independent scattering. This idea essentially served as the basis for decades

of dark matter direct detection experiments, beginning with dark matter-nuclear

scattering experiments. The first of these experiments took place in South Dakota

in 1986, led by scientists from the Pacific Northwest National Laboratory using

a germanium ionization detector [18]. Unfortunately, this experiment, and others

like it, were very background limited. Though, it was not long before a solution to
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this was hypothesised: due to the earth’s motion around the sun, we can expect

there to be annual variation in the rate of direct matter direct detection. This

variation most likely does not appear in any background sources, so it can be

used to distinguish signal from background. This technique was first suggested by

Drukier, Freese, and Spergel [19], and DD experiments still employ it to this day.

Since then, there have been a wide variety of DM-nuclear experiments,

and they have been very successful in placing constraints on dark matter masses

above 1 GeV, which is generally their lower limit for masses. Due to the lack of

a confirmed signal, it is natural to wonder if DM might be more complex than

the simple WIMP models that usually have masses that lie above 1 GeV. This

leads to possibilities for masses in a much wider range, in particular the meV to

GeV range, which newer so-called “low-threshold” experiments are able to probe.

These experiments include devices capable of detecting single electrons, like time

projection chambers (TPCs) and silicon skipper-CCDs [20]. Being relatively recent,

these types of experiments are relatively less mature, but show very promising

projections going forward. This dissertation features work that focuses on silicon

skipper-CCD experiments.

Historically, there have been two major types of colliders: proton colliders

and electron-positron colliders. Generally, proton colliders push the energy frontier,

while electron-positron colliders push the precision frontier. This can be illustrated

by the fact that many particles, including the top quark [21, 22], the W and Z

bosons [23], and the Higgs boson [6, 7], were first discovered at hadron colliders,

but the masses of the W and Z bosons were given more precisely by LEP [23], an

electron-positron collider. The reason for this dichotomy is that electron-positron

systems have very clean final states, because electrons are fundamental particles.
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The downside is that because they are so light, there is a limit to how much energy

we can give them due to synchrotron radiation, which causes electrons to lose

energy in the form of photons as they are rotated around a circle. Building a

linear collider can sidestep some of this, but it takes a lot more power to accelerate

the electrons to the same energies. On the other hand, protons are a lot heavier,

so they do not lose much energy to synchrotron radiation, but because they are

composite particles, the final states are rather messy. It can be thought of as akin

to throwing two trash bags at each other, and looking for diamonds to come out.

While there have been many successes, there are still many unanswered questions

as well, leading many to the conclusion that we should build more colliders: new

electron-positron colliders to precisely measure the properties of the Higgs boson,

and new proton colliders to directly look for new particles. Possible new colliders

along these lines include FCC-ee, FCC-hh, and CEPC [24].

However, there is another option: a muon collider [25]. Muons are

fundamental particles like electrons, so they have relatively clean final states and

their full energy is available in a collision. They are also heavier than electrons,

so we can accelerate them to much higher energies like we can for protons. This

creates a solution to the dichotomy between proton and electron colliders. Even

better, muons have a sizable vector boson component to their parton distribution

function, such that a muon collider can also be thought of of as a vector boson

collider. It is possible that a muon collider could both reach higher energies than

the LHC and yield extremely high precision measurements. Is is not all perfect

though, because muons are unstable, their decays have to be contended with. But,

work is being done to solve these problems and P5 even recommended funding

for further muon collider R&D (the “muon shot”) [26], showing that there is
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community support for such a machine. Moving forward, it is useful to think about

what kinds of physics we can look for at a muon collider, both to further support

its construction and to guide the design in order to maximize our ability to study

new physics. Thus, in this work we look at some particular models that we can

search for at a muon collider.

1.1 Dependence of Dark Matter – Electron Scattering on the Galactic

Dark Matter Velocity Distribution

The interpretations of DD experimental results in terms of DM-Standard

Model interactions are sensitive to the astrophysical properties of the local DM halo

distribution, such as the local DM density, the mean DM velocity, and DM velocity

dispersion. The benchmark distribution is the Standard Halo Model (SHM) in

which the DM particles are distributed in an isothermal sphere with an isotropic

Maxwellian velocity distribution [19]; this type of distribution follows from a system

of collisionless particles and gives a convenient proxy for the velocity profile of the

DM halo due to its simple analytic form (see e.g. [27]). Despite its convenience, the

SHM fails to provide an accurate description of how DM is distributed throughout

the Galaxy (see detailed discussion in §2.2.1 and §2.2.3). This motivates the

study of alternative halo models for the DM velocity distribution function (VDF).

Given that the DM VDF cannot be reliably extracted from direct measurements,

other methods to infer the DM halo distribution include performing numerical

cosmological simulations (see relevant discussion in §2.2.3), employing Eddington’s

formalism [28, 29], or using stellar populations that faithfully trace the DM

component [30, 31].

The effects of the uncertainties in the DM VDF on the DD observables

have been studied in the past for DM-nuclear scattering interactions [32–35]. In
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this work, we investigate the impact of such uncertainties in the context of DM-

electron scattering. The differences in the kinematics of DM-nuclear scattering

compared to the DM-electron scattering warrants a dedicated analysis to explore

these effects. In the latter case, the momentum transfer between the DM and

the electron is dominated by the electron’s momentum. However, DM masses

that sit at the experimental threshold are especially sensitive to the high-velocity

tail of the halo’s VDF. Currently, there are several experiments with dedicated

searches for DM-electron scattering such as SENSEI [36–39], SuperCDMS-HV [40],

DAMIC [41], Edelweiss [42], that have recently taken or are actively taking data.

The next decade will see the arrival of larger silicon CCD experiments such as

the 1-kg DAMIC-M [43, 44] and the proposed 10-kg Oscura [45] experiments.

Understanding the influence of astrophysical uncertainties on the observables of

DM-electron scattering will allow us to interpret the results of these experiments in

a more robust way.

1.2 Interplay of Freeze-In and Freeze-Out: Lepton-Flavored Dark

Matter and Muon Colliders

Various future collider experiments are proposed to push the energy frontier.

One such option that, thanks to increasing community interest (see e.g. [46]),

has risen as a compelling contender is a Muon Collider (MuC) [47–52]. There are

considerable technical challenges that need to be overcome before a viable high

energy MuC can be constructed, see Refs. [53, 54, 46, 4, 55, 56] for recent reviews.

Nonetheless, many theoretical studies are carried out to underscore the reach of

such a machine in probing different BSM models and a template of well-motivated

targets are being developed for searches at such a facility. The clean environment

of a lepton collider, combined with substantial parton distribution function (PDF)
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of electroweak gauge bosons in a muon at TeV scales, turns such a machine into

a suitable candidate for an in-depth study of the Higgs and precision electroweak

measurements [57–70], flavorful new physics [71–86], DM candidates [87–92], as well

as other general SM and BSM physics studies [93–95, 25, 96–105]. There are also

proposals for earlier stage facilities, such as a beam dump with accelerated muon

beams, and interesting new physics that they can probe [106, 107].

At the moment there exists no final detector design for such a future

machine. Theoretical works tabulating well-motivated models can inform

development of such a design. In particular, there are many well-motivated DM

models that can be searched for at a MuC, including various minimal Weakly-

Interacting Massive Particle (WIMP) DM models [87]. Many of these DM models,

including WIMPs, are strongly constrained by direct detection searches.

In this work, we focus on a less-constrained – yet similarly minimal – class

of DM models, namely flavored DM [108–116]. In such setups, the DM, which is a

singlet fermion of the SM, interacts with the SM only via a new scalar mediator

with the same charges as one of the SM fermion fields. We focus on the setup

where the new mediator has the same charges as right-handed (RH) leptons of the

SM, and study its relic abundance calculation and signals at a MuC.

Previous works on flavored DM models have focused on DM production

through thermal freeze-out [108–116]. A sub-TeV DM mass gives rise to the correct

relic abundance in such setups. DM coupling to SM leptons should be aligned with

SM lepton Yukawa matrix in order to suppress dangerous flavor-changing neutral

current (FCNC) and lepton-flavor violation (LFV) processes. These constraints

can be abated by decreasing the size of the DM-mediator Yukawa coupling, which

opens up a new mechanism for DM production: freeze-in [117]. The smallness of
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the Yukawa coupling also leads to a rich set of collider signatures, ranging from

prompt to long-lived particle (LLP).

In this work, we will study in detail the production mechanism for freeze-

in flavored DM, demonstrating how the interplay between mediator and DM

abundance leads to a bounded parameter space, as well as the collider signatures

at a future MuC. In particular, given the generic nature of the production rate of

our model, our signal yield can serve as a benchmark target that will inform future

experimental studies.

1.3 Outline

This dissertation is comprised of two analyses that use leptons to search

for DM, along with some details of a current project that follows up on one of the

previous works.

In Chapter II, we discuss the effects of different assumptions about the DM

velocity distribution on DM-electron scattering, in particular for silicon targets.

This chapter contains material that was previously published with co-authors

Anna-Maria Taki and Tien-Tien Yu [118].

In Chapter III, we discuss the prospects for future muon collider for a

specific model of DM, namely right-handed lepton flavored DM. This material

has been accepted for publication, though is yet to be published, but a preprint

is available. This work was co-authored with Pouya Asadi and Tien-Tien Yu [119].

In Chapter IV, we discuss future work on other flavored dark matter models

at muon colliders. This is ongoing work with collaborators Sam Homiller, Pouya

Asadi, and Tien-Tien Yu.
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CHAPTER II

DEPENDENCE OF DARK MATTER – ELECTRON SCATTERING ON THE

GALACTIC DARK MATTER VELOCITY DISTRIBUTION

From A. Radick, A.-M. Taki, and T.-T. Yu, “Dependence of Dark Matter -

Electron Scattering on the Galactic Dark Matter Velocity Distribution,” JCAP 02

(2021) 004, arXiv:2011.02493 [hep-ph]

2.1 Dark Matter - Electron Scattering Formalism

In this section, we give a brief review of the formalism behind DM-electron

scattering; more details can be found in [120]. For a spherically-symmetric DM

velocity distribution, the differential rate for DM-electron scattering in a crystal

target is given by

dR

d lnEe

= Ncell
ρDM

mχ

σeαm
2
e

µ2
χe

∫
d ln q

Ee

q

[
|FDM(q)|2|f crystal(Ee, q)|2η(vmin(q, Ee))

]
,

(2.1)

where ρDM is the local DM density, mχ is the DM mass, q is the momentum

transfer between the DM and the electron, Ee is the energy transferred to the

electron, α ≃ 1/137 is the fine-structure constant, while me and µχe are the mass

of the electron and reduced mass of the DM-electron system, respectively. The

material dependence of the rate is encoded in f crystal(Ee, q), which is the crystal

form-factor for an electronic transition of Ee and q, and Ncell ≡ Mtarget/Mcell, which

counts the number of unit cells per mass in the crystal; for silicon, Mcell = 2×mSi =

52.33 GeV. We use the values of f crystal(Ee, q) calculated from QEdark [120] for

silicon.1

1We choose silicon for illustrative purposes. Nonetheless, our calculations can be performed
for any semiconductor material with qualitatively the same conclusions. Similar calculations can
also be made for noble liquid targets such as xenon and argon; however, noble liquids will be less
sensitive to changes in the DM VDF compared with semiconductor crystals.
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The momentum-dependent DM-electron scattering cross section due to a

mediator particle of mass mV is factorized as σe(q) = σe × |FDM(q)|2, where the

interaction strength is given by

σe ≡
µ2
χe|Mfree(αme)|2
16πm2

χm
2
e

, (2.2)

while the DM form factor

|FDM(q)|2 ≡
|Mfree(q)|2

|Mfree(αme)|2
=


1 , mV ≫ αme (contact)(

α2m2
e

q2

)2
, mV ≪ αme (light med.)

(2.3)

expresses the momentum dependence of the interaction – the top line corresponds

to a contact interaction via a heavy vector mediator, while the bottom line

corresponds to a long-range interaction via the exchange of a massless or ultralight

vector mediator. Mfree(q⃗) is the matrix element for the free-elastic scattering of

DM with an electron, while |M|2 denotes the absolute square of M averaged

over initial and summed over final particle spins. The DM halo velocity profile is

encoded in the velocity average of the inverse speed, defined as

η(vmin) =

∫
d3v

v
fχ(v) Θ(v − vmin) (2.4)

where Θ is the Heaviside step function. Energy conservation is captured by the

minimum speed needed by the DM particle in order for an electron to gain energy

Ee with momentum transfer q,

vmin(Ee, q) =
Ee

q
+

q

2mχ

, (2.5)

while fχ(v) is the velocity distribution of dark matter in our Galaxy and is the

focus of our work. Note that fχ(v) is evaluated in the detector (Earth) frame and

is sensitive to the Earth’s velocity. This dependence manifests itself as an annual

modulation of the count rate, which we will discuss in more detail in §2.3.4.
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DM-electron scattering experiments measure electron-hole pairs Ne, rather

than electron energy Ee. The conversion of Ee to Ne involves secondary scattering

processes, the exact modeling of which is ongoing and beyond the scope of this

work. Instead, we use a linear response model given by

Ne = 1 +

⌊
Ee − Eg

ε

⌋
, (2.6)

that provides a reasonable estimate for the conversion of Ee to Ne. Here, Eg is the

band-gap energy of the detector material and ε is the energy needed to produce an

additional electron-hole pair above the band-gap. The floor operator ⌊x⌋ rounds x

down to the nearest integer. The corresponding values for silicon are measured at

Eg ≃ 1.2 eV and ε ≃ 3.8 eV [121, 122].

We end this section with a discussion about the kinematics of DM-electron

scattering and its dependence on the DM velocity. In DM-electron scattering

the target is a bound electron; therefore, the electron does not have a definite

momentum but rather can take on a wide range of values. One can relate the

momentum transfer q to Ee via energy conservation, according to

Ee = q⃗ · v⃗ − q2

2mχ

. (2.7)

Since the velocity of a bound electron is ve ∼ Zeffα ≫ vχ ∼ 10−3, the typical

momentum transfer is set by the electron’s momentum. Therefore, qtyp ∼ Zeffαme,

where Zeff = 1 for the outer shell electrons and increases for inner shells.

The energy transfer in eq. 2.7 is dominated by the first term on the right-

hand side for mχ well-above the threshold energy, Emin = 1
2
µ2
χNv

2 ≃ 1
2
eV
( mχ

MeV

)
,

where µχN corresponds to the reduced mass of the DM-nucleus system. In this

regime, the minimum momentum transfer required to obtain an energy transfer Ee

is given by qmin = Ee/v ∼ Ee/(Zeff · 4 eV) × qtyp. What we learn from this scaling
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is that the typical momentum transfer leads to transitions of a few eV; a more

energetic transition requires higher DM velocity, or, alternatively, a high electron

momentum which is suppressed. From this, we can deduce that the rate is sensitive

to the DM halo velocity profile and in what follows we quantify this sensitivity.

2.2 Halo Models

In this section, we describe the halo models under study: the Standard

Halo Model, the Tsallis model, and an empirical model derived from numerical

simulations. We present the functional forms for the corresponding halo

distributions and motivate the choice of each model. Note that although we

present the functional forms of the VDFs in the galactic rest frame, the quantity

that enters the rate calculation must be evaluated in the Earth’s rest frame. The

normalization of each halo model satisfies
∫
f(v)d3v = 1. We show the general form

for η and v2f(v) for the halo models under discussion in figs. 1 and 2 along with

their dependence on astrophysical parameters, which we will discuss in more detail

in §2.3.

2.2.1 Standard Halo Model. The Standard Halo Model (SHM) [19]

has been featured extensively in several analyses of DM detection experiments,

serving as a convenient option for the modeling of the dark halo. The model

assumes an isothermal spherical distribution for the Galactic dark matter with a

density profile that scales with the distance from the center of the Galaxy as r−2, to

match the behavior borne out in the observations of galactic rotation curves. Under

these assumptions, an isotropic Maxwell-Boltzmann (MB) velocity distribution

emerges self-consistently as the solution to the collisionless steady-state Boltzmann

equation [123]. A physical cutoff for the distribution is imposed at the local escape

speed vesc while, within this approximation of a singular isothermal sphere, its
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most probable speed v0 is identified with the local circular speed [32]. The MB

distribution is given by

fMB(v⃗) ∝


e−|v⃗|2/v20 |v⃗| < vesc

0 |v⃗| ≥ vesc.

(2.8)

When boosted to the detector’s (Earth) frame, the distribution takes the form

fSHM(v⃗) =
1

K
e−|v⃗+v⃗E |2/v20Θ(vesc − |v⃗ + v⃗E|), (2.9)

where vE is the Earth’s Galactic velocity and

KSHM = v30

(
π3/2 erf(vesc/v0)− 2π

vesc
v0

e−v2esc/v
2
0

)
(2.10)

is the normalization constant that results from enforcing that
∫
f(v)d3v = 1.

For a spherically-symmetric system with an isotropic velocity tensor, the

Eddington formula [28] can be used to derive the DM phase-space distribution

function from first principles [124]. This method warrants that the inferred speed

distribution flows naturally from the choice of the spatial density profile of the

DM component, providing a self-consistent connection to the total gravitational

potential of the Galaxy. 2 Though for the scope of this work we are solely

interested in distributions for which there is no preferred direction for the velocities

of the DM particles at the solar vicinity, if we choose to retire the assumption of

isotropy we come across anisotropic realizations of the DM VDF. Such models

break the 1-1 direct relation between the density distribution and the velocity

distribution of the dark matter [34] and can have important implications for the

DM detection observables [128–131]. For some synthetic halos that have been

2For a review on the Eddington approach and its anisotropic extensions see ref. [29] and
references therein. Generalizations of Eddington’s inversion method to axisymmetric systems
are considered in refs. [125–127].
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found to exhibit such anisotropic behaviors at a varying degree, see representative

examples in refs. [132, 133, 32, 134, 135].

The average inverse speed for the SHM can be calculated analytically in two

kinematic regimes,

1. vmin < vesc − vE,

2. vesc − vE < vmin < vesc + vE

where vesc, vE, vmin > 0.

Following ref. [136], we arrive at

η1(vmin) =
v20π

2vEK

(
−4e−v2esc/v

2
0vE +

√
πv0

[
Erf

(
vmin + vE

v0

)
− Erf

(
vmin − vE

v0

)])
(2.11)

η2(vmin) =
v20π

2vEK

(
−2e−v2esc/v

2
0(vesc − vmin + vE) +

√
πv0

[
Erf

(
vesc
v0

)
− Erf

(
vmin − vE

v0

)])
where the subscript corresponds to the case number. Note that the two cases

converge to the same value for vmin = vesc − vE.

The SHM does not reproduce the features of the VDFs inferred by DM-

only simulations, in particular when it comes to the high-velocity tail of the

distribution [137, 132, 138, 32, 139], although it is in better alignment with VDFs

resulting from simulations that include baryonic physics [133, 140–144] (see detailed

discussion in §2.2.3). In general, it is safe to say that the SHM does not provide a

realistic description of the DM distribution in the Galactic halo, thus motivating

the discussion of alternative models for the DM VDF in the following subsections.

2.2.2 Tsallis Model. The use of the Tsallis VDF [145] was proposed

to describe data from numerical N -body simulations with baryons [146–148].

While the SHM follows the assumption of standard Boltzmann-Gibbs entropy,

SBG = −k
∑

pi ln pi, where pi is the probability for a particle to be in state i, the

Tsallis model results from Tsallis statistics [145], a generalization of the standard
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definition of entropy via the introduction of the entropic index q,

Sq = −k
∑
i

pqi ln
q
pi, (2.12)

where lnq p = (p1−q − 1)/(1 − q) is defined as the q-logarithm [149]. By taking the

limit q → 1 we recover the standard Boltzmann-Gibbs entropy. The Tsallis VDF

is the exact analog of the SHM but in the generalized Tsallis regime, and describes

non-extensive systems. With this Tsallis entropy, one arrives at the Tsallis VDF,

fTsa(v⃗) ∝


[
1− (1− q) v⃗

2

v20

]1/(1−q)

|v⃗| < vesc

0 |v⃗| ≥ vesc.

(2.13)

An argument in favor of using the Tsallis model to describe the velocity

profile of the DM halo is due to the fact that this distribution has the escape speed

already built-in for the q < 1 regime, thus the cutoff does not have to be artificially

added as in the SHM case. For q < 1, vesc is fixed by q and v0 through the relation

v2esc = v20/(1 − q), but for q > 1 the escape speed is an independent parameter

and still has to be added manually. By examining the velocity distributions inferred

by simulations [133], we observe that the high-speed tails exhibit a steeper fall-off

and a smoother transition to zero compared to the abrupt fall-off of the SHM VDF.

This is a feature that has been associated with relaxed, collisionless structures and

is a key characteristic of the Tsallis VDF [150, 149, 151].

The standard parameter choices of v0 = 220 km/s and vesc = 544 km/s

correspond to q = 0.836, and our suggestions for v0 = 228.6 km/s and vesc = 528

km/s lead to q = 0.813. Ref. [148] fits the Tsallis model to a simulation using the

RAMSES code [152] with R0 = 8.0 kpc and yields q = 0.773 and v0 = 267.2 km/s,

corresponding to vesc = 560.8 km/s; we note that these values are well within the

error margins for the standard parameters.
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2.2.3 Empirical Models. Cosmological simulations have been

instrumental in shaping our understanding of physical processes that one cannot

directly observe, such as the non-linear evolution and formation of cosmological

structures. A detailed overview of the relevant developments in numerical

cosmological simulations can be found in ref. [153]. In this section, we briefly

review how cosmological simulations are constructed and their applications to

deriving the DM VDF.

Cosmological simulations are broadly divided into two categories: N -body

methods, where simulation codes are employed to describe the dynamics of pure

collisionless dark matter, and the full hydrodynamical approach where numerical

techniques are implemented to study the behavior of the DM component in the

presence of baryons. Both classes of simulations trace the phase-space density

evolution of the DM fluid, facilitating the extraction of a local VDF associated with

each cosmological setup. As revealed by several studies [137, 132, 138, 32, 139] that

used data from DM-only simulations, the general trend followed by the associated

local VDFs translates into a considerable deviation from the SHM, with the

simulation distributions exhibiting a suppressed peak compared to the shape of

the truncated Maxwellian and a surplus of particles at the high-speed tail.

Although a layer of appreciable complexity is added to the simulations

when incorporating baryonic processes, this step is crucial for replicating realistic

conditions in the simulated cosmological environments, and indispensable in order

to make robust predictions. Ref. [135] provides a comprehensive review of several

analyses [133, 140–144] that drew data from various hydrodynamical simulations.

The different design of these simulations can lead to large variations in their final

products, including discrepancies in the respective local speed distributions inferred
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from each simulation, as well as a halo-to-halo scatter concerning the local speed

distributions within the same simulation suite. Despite their individual differences,

the simulations that include baryonic effects shift the peak of the velocity

distributions to higher speeds and, in most cases, show a better convergence with

the standard Maxwellian distribution, compared to their DM-only counterparts.

Nevertheless, an exact shape for the DM VDF has yet to be captured, and more

higher-resolution simulations with an accurate implementation of baryonic physics

are required for a universal agreement to be established.

There are several empirical approaches to the DM halo velocity profile

derived from various cosmological simulations [154–156]. For our purposes, we

will be focusing on the empirical model of refs. [157, 158] based on the DM-

only simulation packages Rhapsody [159] and Bolshoi [160]. Previous work has

investigated the sensitivity of DM-electron scattering on the DM velocity profile

using empirical models derived from the IllustrisTNG simulations [156]. Our work

is complementary given that we consider a different set of halo models. In the

Galactic rest frame, the empirical halo velocity distribution is given by

femp(v⃗) ∝


e−|v⃗|/v0 (v2esc − |v⃗|2)p , |v⃗| < vesc

0, |v⃗| ≥ vesc,

(2.14)

where the circular speed v0 and the power p are allowed to vary.

This function is composed out of two terms: an exponential term, that

accounts for the anisotropy in the halo’s velocity dispersion, and a cutoff term that

regulates the number of particles that are bound to the Galactic potential. After

fitting each simulated halo with the Navarro-Frenk-White (NFW) density profile,

the authors argue that the dominant theoretical uncertainty on the VDF —and
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correspondingly the scattering event rate— can be traced to the term r/rs in the

NFW profile, i.e. the ratio of the radial position where the VDF is measured to the

scale radius of the halos’ density profile. This quantity points directly to the VDF’s

connection to the gravitational potential, and ultimately determines the shape of

the VDF that exhibits a broader peak and steeper tail, in contrast to the SHM.

Ref. [140] studies the effects of baryonic feedback on the local DM VDF,

comparing the resulting distributions extracted from halos in the Eris [161] and

ErisDark simulations. Both are well fitted by the empirical distribution in eq. 2.14,

while the best-fit parameters are (v0, p) = (330 km/s, 2.7) for Eris, and (100 km/s,

1.5) for its DM-only counterpart. We use p = 1.5 for our fiducial model.

2.2.4 Debris Flows from Observational Data. Observational

missions allow us to use stars to trace the evolution and distribution of DM

structures in the Milky Way halo. In ref. [30] the authors suggest that an empirical

velocity distribution for the DM can be determined through the study of metal-

poor stars in the solar vicinity. After testing the correlation between the stellar

and the DM distributions using the Eris hydrodynamic simulation [161], they

extrapolated this correspondence to infer the VDF for the virialized DM component

using SDSS data [162]. The resulting distribution exhibits differences when

contrasted with the SHM, with notably the anisotropic behavior of the metal-

poor stellar distribution. The correlation between the stellar and DM kinematic

distributions demonstrated in [30] prompted the reconstruction of the local velocity

distribution associated with the smooth DM component in [163], with the use of

metal-poor stellar populations from the RAVE [164]-TGAS [165] catalog.

But no VDF can be complete unless it accounts for the features associated

with DM substructure. The study of a combined SDSS [166]-Gaia DR2 [167]
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sample of accreted stars in [31] indicates that a non-negligible fraction of the

DM in the halo could be comprised of debris flow, kinematic substructure that

consists of many streams or other kinematic features resulting from the debris

of orbiting satellites that dissolve. This would only hold true provided that the

selected stars adequately trace the DM component. Once this anisotropic stellar

population is included in the analysis, the resulting velocity distribution deviates

from the SHM prediction. Earlier works [168, 169] have studied the formation

and emergence of this velocity phase-space substructure in N -body Via Lactea

II (VL2) simulations [170, 171], where the debris flow was identified as spatially-

homogeneous material that accumulated from tidally-stripped luminous satellites

that fell into our Galaxy. A detailed discussion of the effects of debris flow on the

DD observables in the context of DM-nuclear scattering can be found in [172].

We used the results from refs. [31, 173] to simulate the debris flow component

of the DM VDF. We find that the addition of this substructure component

has a subdominant effect in DM-electron scattering compared to varying the

astrophysical parameters of the halo model. The reason for this is twofold:

the debris flow is a sub-component of the total distribution, and it contributes

mostly at low velocities. Therefore, we do not discuss the effect of debris flows in

detail. Nevertheless, the sensitivity of DM-electron scattering to the DM velocity

distribution can be exploited to provide information about the underlying DM

substructure; the effects of different types of DM substructure, including debris

flows and stellar streams, are explored in the context of DM-electron scattering in

[174].
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Figure 1. Integrated η(vmin), as defined in eq. 2.4, for the three velocity
distributions varied over their parameters. In the bottom, right panel, we show
a comparison between the three models at their fiducial values. The black solid line
corresponds to the SHM, while the dashed lines represent the Tsallis and empirical
distributions, all evaluated at their fiducial parameters. The dash-dotted curves
in each panel result from evaluating each model at their updated parameters.
When varying over one parameter, the remaining parameters are kept fixed to
their fiducial values.

2.3 Astrophysical Parameters

The main astrophysical quantities involved in the calculation of the DM-

electron scattering recoil spectrum are the local DM density ρDM, the circular

velocity v0, the escape velocity vesc, and the Earth velocity vE. Here we review

how these parameters are measured, and summarize the corresponding sets of

measurements provided by currently ongoing experiments. We recommend the use

of parameter values from these updated measurements.
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Figure 2. v2f(v) for the three velocity distributions varied over their parameters.
The black solid line corresponds to the SHM, while the dashed lines represent
the Tsallis and empirical distributions, all evaluated at their fiducial parameters.
The dash-dotted curves in each panel result from evaluating each model at their
updated parameters. The panel on the bottom right corner shows the comparison
among the three models. When varying over one parameter, the remaining
parameters are set to their fiducial values.

2.3.1 Local Dark Matter Density. The local DM density, ρDM,

appears as an overall scaling for the DM scattering rate. The value of ρDM

can be measured via both local [175–181] and global [182–185] methods that

offer complementary information about the galactic structure, albeit employing

independent techniques (see ref. [186] for a thorough review on the subject, as well

as an extensive list of the relevant measurements for the ρDM parameter).

Local measurements utilize the vertical —in the direction perpendicular

to the plane of the Milky Way disk— motions of stellar tracers, located within

a small volume surrounding the solar circle, to probe the gravitational potential
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of the Galaxy. To isolate the contribution of the DM component to the total

Galactic potential, substantial modeling is required to assess how baryonic matter

is distributed within the Galactic disk. The latter undertaking poses one of the

greatest challenges in determining the local DM density in this way. Considering

that distinct populations of stars can result in different estimates for the local

density, caution should be exercised also when choosing a representative stellar

sample [186, 187].

Global measurements rely on a set of dynamical observables to fit

parametrized models of the Milky Way. Specifying the model parameters in this

fashion, among which the local DM density, posits spherical symmetry for the

shape of the Galactic halo, notwithstanding potential departures from sphericity

have been shown to give rise to systematic errors in the determination of ρDM [188–

190].

Local-type probes have been gaining ground lately with the advent of high-

precision astrometric measurements spearheaded by the Gaia satellite. Recently,

refs. [187, 191] analyzed stellar data from the Gaia DR2 catalog and reported

results over the interval (0.4 - 1.5) GeV/cm3, while according to ref. [192] studies

relying on global methods reported values that vary in the range (0.2 - 0.6)

GeV/cm3. Predating Gaia’s second data release, ref. [193] analyzed SDSS-SEGUE

G-dwarf stellar data and reported the value of 0.46+0.07
−0.09GeV/cm3 for ρDM. This is

the value we propose to the experimental collaborations for replacing the value of

ρDM = 0.4 GeV/cm3, that has been the standard suggestion by the PDG [194] and

has been in widespread use so far.

2.3.2 Circular Velocity. The rotation curve of the Milky Way

vc(R) specifies how the orbital velocities of the stars and gas vary as a function
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of distance R from the Galactic center, and consequently reflects how matter is

distributed in the Galaxy. For an axisymmetric gravitational potential Φ, the

rotation curve is defined as vc(R) ≡ R2 ∂Φ
∂R

|z=0, where z corresponds to the

height above the Galactic disk plane. We define the circular velocity at the solar

Galactocentric distance R0 as v0 ≡ vc(R0).

There are two broad categories of methods devoted to the determination

of the local circular velocity: methods that are independent of R0 and methods

that rely on measurements of R0. The first category sidesteps the complications

related to the measurement of the Galactocentric radius and entails direct probes

of the local radial force. Examples of this method involve measurements of the

GD-1 stellar stream that yield v0 = 221+16
−20 [195], as well as the determination

of the Oort constants from the analysis of Hipparchos data in [196] that lead to

a value consistent with the established IAU recommendation of 220 km/s [197].

Data taken from the Apache Point Observatory Galactic Evolution Experiment

(APOGEE) yields a local circular velocity at v0 = 218 ± 6 [198], without any

assumptions about the relation between v0 and the solar motion. However, this

method is limited by the accuracy of the respective data sets and can be improved

with increased statistics.

The second category relies on measurements of R0 and, in principle, inherits

the associated uncertainties. However, R0 is increasingly well-measured (see

e.g. [199] and references therein), and therefore the values of v0 derived from the

aforementioned method have progressively smaller uncertainties. Given a fixed

value for R0, one can then infer a value for v0. For example, one can measure

the Sun’s motion with respect to a fixed reference point, relative to the Milky

Way’s center. The most prominent point of reference to date is Sagittarius A⋆, the
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massive black hole radio source at the center of the Galaxy. The apparent motion

of Sagittarius A⋆ in the galactic plane is primarily influenced by the effects of the

solar orbit around the Galactic center [200]. This observation can be translated

into a constraint for the angular motion of the Sun, Ω0 = (v0 + V⊙)/R0, where

V⊙ corresponds to the component of the solar peculiar motion with respect to

the Local Standard of Rest (LSR) in the direction of Galactic rotation, a quantity

whose measurement introduces another source of uncertainty.3 For R0 = (8.0± 0.5)

kpc [203], one obtains v0 = 241±17 km/sec from the motion of Sagittarius A⋆ [204].

Ref. [205] studied motions of stars orbiting Sagittarius A⋆ and measured

the distance from the Sun to the Galactic center to be R0 = 8.28 ± 0.33 kpc.

Ref. [206] employed very long baseline interferometry techniques to obtain parallax

and proper motion data of masers and found a consistent value at R0 = 8.34± 0.16

kpc. More recently, ref. [207] derived the Galactic rotation curve by relying on the

available 6-d phase-space information on a sample of red giants at Galactocentric

radii in the range 5 ≲ R ≲ 25 kpc, combining data from the APOGEE DR14 [208],

Gaia DR2 [167], 2MASS [209], and WISE [210] surveys, and employing the Jeans

equation to relate the circular velocity to the number density, as well as the radial

and transverse velocity dispersions of the selected stellar tracers. Following the

analysis in [211], they precisely determined the distances to the stellar tracers under

study, bringing the systematic uncertainties for their estimate of v0 down to the

(2 − 5)% level. Resorting to their modeling function for the circular velocity curve,

v0(R) = (229.0 ± 0.2)km/s − (1.7 ± 0.1)km/s/kpc(R − R0), we find that for a

3The V⊙ components are challenging to determine due to the dependence of their associated
asymmetric drift on the velocity dispersion of the stellar sample invoked to measure the solar
peculiar motion vector v⃗⊙ [201, 202]. The authors in [202], by studying stellar data from the
Hipparchos catalogue, inferred the stellar velocity distributions based on a model that takes
into account the Galaxy’s chemodynamical evolution, and determined the value of v⊙ at
(11.1,12.24,7.25) km/s.
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distance of 8.34±0.16 kpc the resulting circular velocity equals (228.6±0.34) km/s.4

This is our recommendation to the experimental collaborations for substituting the

canonical IAU-reported value of 220 km/s [197].

We end this sub-section with a brief discussion about the correlation

between the astrophysical parameters R0 and v0 [213, 214, 206]. Such a correlation

further implies a correlation between v0 and ρDM [33], as the latter quantity is a

function of R0. Ref. [206] suggests that the two parameters are no longer strongly

correlated and constrains the angular solar motion Ω0 with an accuracy of ±1.4%

at 30.57 ± 0.43 km/s/kpc for R0 = 8.34 ± 0.16 kpc. However, assuming that

such a correlation between R0 and v0 persists, the spatial dependence of the DM

density ρDM is contingent upon the particular choice of the DM density profile. For

an NFW profile, this implies that if we fix Ω0 and R0 at the aforementioned values,

allowing v0 to vary by ±30 km/s/kpc would alter the DM density by −17
+22%. This

change in the DM density then proportionally affects the differential scattering

rate, as can be seen in eq. 2.1. By referring to table 2, the reader can get a sense of

how changes in v0 impact ρDM, and by extension the scattering rate.

2.3.3 Escape Velocity. The Galactic escape velocity sets the

threshold beyond which a test particle is no longer bound to the Galactic potential

at the solar location, Φ(R0), and is defined as vesc =
√
−2Φ(R0). One approach

to estimating vesc is built upon sampling high-velocity halo stars and postulating a

power law ansatz for the tail of their velocity distribution, truncated at the escape

speed [215]; this approach is insensitive to the shape of the rotation curve. The

distribution function characterizing these stars is assumed to be isotropic and

4Note that the GRAVITY collaboration recently constrained the value of the Galactocentric
radius with great precision to R0 = 8.249 ± 0.009(stat.) ± 0.045(syst.) kpc [212], and their result
yields a v0 value consistent with our recommendation.
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in steady-state. Another approach that does not rely on the above hypotheses,

uses kinematic, photometric, and theoretical constraints to build a dynamical

mass model of the Milky Way, and estimates vesc through the resulting Galactic

potential [185].

The RAdial Velocity Experiment (RAVE) team employs the former

methodology by studying spectroscopic stellar data, and performing simulations

which assess the validity of the ansätze used to model the distribution of the stellar

velocities. Their measurement of vesc = 544+64
−46 km/s at 90% confidence level

(C.L.) [216] is currently the standard value for DM DD searches; a more recent

estimate by RAVE finds vesc = 533+54
−41 at 90% CL [217]. Note that the dark halo

model implemented by the RAVE collaboration leads to correlations among vesc

and the other local DM halo parameters [217]; therefore, one must take care to use

consistent halo parameters when adopting the reported value of vesc [218], and not

treat vesc as an independent quantity.

The value of vesc can also be extracted from the velocities of halo stars,

and this has become a reliable method thanks to the improvements in the

astrometry frontier. These extractions use a simple model for the tail of the

velocity distribution of halo stars at a fixed radius, based on a truncated power

law [215]. A recent analysis noted that the power-law scaling of the high-velocity

tail of the stellar sample is contingent upon features of the stellar halo [219],

and concluded that there is a smaller prior on the scaling compared to previous

analyses [216, 217, 220]. This new prior is appropriate for strongly eccentric

orbits in the solar vicinity, and when applied to data from Gaia DR2, results in

vesc = 528+24
−25 km/s [219]. We use this value of vesc for our updated analysis.
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2.3.4 Earth Velocity. The final parameter we will discuss in this

section is the Galactic velocity of the Earth, vE. This parameter enters DM DD

calculations as one must calculate the rate in the reference frame of the Earth.

Therefore, the VDF that appears in eq. 2.4 should be evaluated at the detector’s

frame; this is achieved by performing a Galilean boost to the galactic-frame velocity

distribution, fG(v⃗), in the following manner

fE(v⃗) = fG(v⃗ + v⃗E(t)), (2.15)

where the subscripts G,E indicate the Galactic- and Earth-frame, respectively.

The Earth’s velocity, v⃗E(t) = v⃗LSR + v⃗⊙ + v⃗orbE (t) describes the motion of the

Earth with respect to the galactic frame and is comprised out of three components:

v⃗LSR = (0, v0, 0) that denotes the motion of the LSR with v0 the circular velocity

at the Solar radius (see §2.3.2), v⃗⊙ = (U⊙, V⊙,W⊙) that corresponds to the Sun’s

peculiar motion velocity vector with respect to the LSR, and v⃗orbE (t) for the Earth’s

orbital motion around the Sun, defined as v⃗orbE (t) = vorbE [ê1sinλ(t)− ê2cosλ(t)] [221]

with vorbE = 29.8 km/s, while λ(t) is the solar ecliptic longitude, and ê1 =

(−0.0670, 0.4927, 0.8676), ê2 = (−0.9931,−0.1170, 0.01032) are the two orthogonal

unit vectors defining the Earth’s plane at the time of the spring equinox and

summer solstice, respectively, expressed here in galactic coordinates. In this work,

we adopt a value of v̄E = 232 km/s with a modulation of ±15 km/s over the course

of the year [222, 223]. This time-dependent revolution of the Earth around the Sun

leads to an annual modulation of the scattering event rate, an effect that represents

one of the most striking signatures in DM detection and provides a powerful handle

in differentiating between signal and background [19].

2.3.5 Summary of Astrophysical Parameters. In figs. 1 and 2,

we show the effects of varying the astrophysical parameters on the η and v2f(v)
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functions, respectively, for the different halo models discussed in this section. We

see that the choice of astrophysical parameters has a significant effect on the shape

of η, with a mild variation among the halo models. As we will see in the next

section, this effect has substantial consequences on the predicted rates for DM-

electron scattering. Therefore, we advocate in favor of updating the benchmark

values for the SHM parameters that appear throughout the bibliography of

DM searches, and recommend a new set of values that can be adopted by the

experimental groups that study the DM-electron scattering interactions. Table 1

displays all the relevant galactic parameters used in our analysis, accompanied by

the values broadly used in the literature to date (current), as well as more recent

determinations of the parameters in question (suggested). In what follows, we

quantify the effects that the variations of the astrophysical parameters have on

the calculations of DM-electron scattering.

current suggested

v0 [km/s] 220+60
−20 [197] 228.6± 0.34 [207]

vesc [km/s] 544+56
−94 [216] 528+24

−25 [219]

ρDM [GeV/cm3] 0.4 [194] 0.46+0.07
−0.09 [193]

vE [km/s] 232± 15 [222] 232± 15 [222]

R0 [kpc] 8.0± 0.5 [203] 8.34± 0.16 [206]

Table 1. Measurements for the local circular speed v0, escape speed vesc, local DM
density ρDM, Galactic Earth velocity vE, and solar radius R0. The central values
in the middle column correspond to the canonical values for the parameters, in
use by experimental groups so far; the central values in the last column are our
recommendations to the experimental collaborations for future use.

2.4 Results

In this section, we present the results for the rate and cross-section

sensitivities for DM-electron scattering, from varying the SHM over its associated
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parameters. We present the detailed results for the Tsallis and empirical models

in appendices A.1 and A.2, respectively, while showing comparisons among all the

models considered in this analysis throughout the main text.
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1 2 3 4

1 (αme/q)
2 1 (αme/q)

2 1 (αme/q)
2 1 (αme/q)

2

Fiducial 7.8×104 3.6×104 7.9×104 1.3×104 1.5×104 9.9×102 2.3×103 67

Updated 9.2×104 4.3×104 9.6×104 1.6×104 1.9×104 1.3×103 3.0×103 86

rel. diff. 0.17 0.20 0.22 0.25 0.28 0.30 0.30 0.28

v0,min 7.5×104 3.2×104 6.6×104 9.9×103 1.0×104 6.2×102 1.3×103 35

v0,max 8.7×104 4.7×104 1.1×105 2.2×104 3.0×104 2.3×103 6.0×103 2.0×102

rel. diff. 0.15 0.41 0.58 0.91 1.3 1.7 2.1 2.5

vesc,min 7.7×104 3.4×104 7.4×104 1.1×104 1.2×104 6.6×102 1.2×103 25

vesc,max 7.9×104 3.7×104 8.0×104 1.3×104 1.5×104 1.1×103 2.6×103 85

rel. diff. 0.015 0.057 0.074 0.16 0.27 0.43 0.60 0.89

vE,min 7.5×104 3.3×104 7.1×104 1.1×104 1.2×104 7.9×102 1.7×103 48

vE,max 8.1×104 3.8×104 8.6×104 1.4×104 1.7×104 1.2×103 2.8×103 85

rel. diff. 0.080 0.14 0.19 0.24 0.32 0.38 0.45 0.55

FDM

Ne

Standard Halo Model (mχ=10 MeV)

0.0 0.1 0.5 1.0
relative difference

1 2 3 4

1 (αme/q)
2 1 (αme/q)

2 1 (αme/q)
2 1 (αme/q)

2

Fiducial 1.1×103 5.0×102 1.7×103 2.7×102 5.9×102 39 1.9×102 5.9

Updated 1.3×103 5.9×102 2.0×103 3.3×102 7.2×102 49 2.3×102 7.5

rel. diff. 0.15 0.18 0.18 0.21 0.22 0.25 0.25 0.28

v0,min 1.1×103 4.6×102 1.6×103 2.3×102 4.9×102 29 1.4×102 4.0

v0,max 1.1×103 5.9×102 2.0×103 3.8×102 8.5×102 68 3.2×102 12

rel. diff. -0.00033 0.26 0.21 0.54 0.60 0.98 0.93 1.4

vesc,min 1.1×103 4.8×102 1.7×103 2.5×102 5.5×102 33 1.6×102 4.3

vesc,max 1.1×103 5.0×102 1.7×103 2.7×102 6.0×102 40. 1.9×102 6.3

rel. diff. -0.0017 0.036 0.024 0.087 0.087 0.18 0.17 0.34

vE,min 1.1×103 4.7×102 1.6×103 2.4×102 5.3×102 34 1.6×102 4.8

vE,max 1.1×103 5.2×102 1.8×103 2.9×102 6.4×102 44 2.1×102 6.8

rel. diff. 0.016 0.095 0.092 0.17 0.18 0.26 0.24 0.34

FDM

Ne

Standard Halo Model (mχ=1000 MeV)

0.0 0.1 0.5 1.0
relative difference

Table 2. Expected number of events in 1 kg-year for various values of the SHM
parameters v0, vesc, and vE, as well as the relative difference between the minimum
and maximum values for each parameter, for a given Ne bin and DM form factor
FDM. The top panel displays the results for mχ = 10 MeV, and the bottom panel
for mχ = 1 GeV. The color scale indicates the size of the relative difference, with
white (red) being the smallest (largest) relative difference.
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2.4.1 Standard Halo Model Rate and Cross Section. We

summarize the effects of varying over the parameters of the SHM on the predicted

number of events in table 2, fixing the exposure at 1 kg-year and assuming a cross

section of σe = 10−37 cm2. We calculate the number of events for each Ne bin

up to 4 (for the DM form factors FDM = 1 and FDM = (αme/q)
2) for each

parameter combination, where e.g., v0,min refers to v0 at its minimum value with

the other parameters held constant at their fiducial values. In each bin and for

each parameter, the relative difference is defined by taking the difference between

the rates for the maximum and minimum values of the underlying parameter, and

dividing it by the fiducial rate, i.e.,

rel. diff. =
Ratemax − Ratemin

Ratefid
. (2.16)

From this table we see that v0 gives the largest variance in the rate for these

4 bins for mχ = 10 (1000) MeV, ranging from ∼ 15% (0.03%) for Ne = 1 and

FDM = 1 to ∼ 250% (140%) for Ne = 4 and FDM = (αme/q)
2. The larger differences

at low masses are to be expected, as low mass DM is more sensitive to the high-

speed tail of the velocity distribution. Similar tables that summarize how the count

rates and cross sections are affected due to the variation of the underlying halo

model for the Tsallis and empirical distributions can be found in appendices A.1

and A.2, respectively.

In fig. 3, under the assumption of the SHM for the DM velocity profile, we

present the spectrum of events as a function of the electron energy Ee, for two

DM form factors (FDM = 1 and FDM = (αme/q)
2) and two candidate masses

(mχ = 10 MeV and 1 GeV). As expected, increasing the ionization threshold Ne

leads to a rate drop-off. However, for the lower-mass candidate at the high-energy
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regime, this fall-off is much more pronounced; lowering vesc significantly affects the

rate, since for more energetic transitions to be realized, DM particles need to be

moving much faster. Thus by decreasing vesc, we effectively constrain the number

of particles in the halo that are available to scatter. In all other cases we see that

v0 is leading the changes to the event rate, as is the case for the SHM’s associated

inverse mean speed in fig. 1. Analogous plots that show how variations in the halo-

model parameters impact the rates for the Tsallis and empirical distributions can

be found in the appendices A.1 and A.2, respectively.
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Figure 3. Rate spectra for the SHM at 1 kg-year exposure and σe = 10−37 cm2

for a range of halo parameters, as a function of the number of observed electrons,
Ne, and electron energy Ee. The rate for the SHM with fiducial halo parameters
is given by the black solid line, while the rate for the updated halo parameters
is given by the black dash-dotted line. The top (bottom) panels show the rate
for mχ = 10 MeV (mχ = 1 GeV), and the left (right) panels for FDM = 1
(FDM = (αme/q)

2).
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In fig. 4, we show the projected sensitivity at 95% C.L. (∼3 events) to

the DM-electron scattering cross section, σe, as a function of the DM mass, mχ,

setting the exposure at 1 kg-year and assuming zero background events. We present

the resulting curves for the first three Ne bins, which correspond to the purple,

orange, and green lines, respectively. The color bands around each curve indicate

the maximal and minimal differences in σe, resulting from the variation of the SHM

VDF across its parameters, v0, vesc, and vE. Specifically, the lower edge of each

band results from setting these three velocities at their maximum values, while

the upper part corresponds to the minimum values of the velocities’ respective

ranges. When increasing the DM mass, this DD observable becomes more resilient

to changes in the halo parameters, especially for the Ne = 1 bin. In the lower

end of the mass spectrum, changes in the halo-model parameters can change the

lowest detectable mass by up to a factor of ∼ 2. The updated parameters for the

SHM generally result in an improved reach, primarily driven by the increase in

ρDM. Although the SHM is most sensitive to variations in v0, our recommendation

for using more recent measurements shifts the central value of this parameter by

only a few percent. In contrast, the updated ρDM is ∼ 15% larger; the effect of

this larger value for the density is particularly noticeable at high masses, where

the cross-section limits are the least sensitive to variations in the other halo-

model parameters. Similar plots that show how the cross section is affected by the

variation of the halo model across its associated parameters for the Tsallis and

empirical distributions can be found in the appendices A.1 and A.2, respectively.

2.4.2 Comparison Between Halo Models. In fig. 5, we compare

the scattering event rates for the three VDFs considered in this work. We note

that, as an overall trend, the empirical model tends to result in slightly higher
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Figure 4. Projected 95% C.L. cross-section reach for the SHM, assuming 1 kg-year
exposure and zero background events. The predictions for the Ne = 1, 2, 3 bins
are given in purple, orange, and green respectively. The solid curves are calculated
using the fiducial values for the halo parameters, while the dash-dotted curves
are calculated with the updated parameters. The bands denote the range of cross
sections resulting from the variation of all the halo parameters within their allowed
intervals.

rates than the SHM, while the Tsallis model yields drastically lower rates. This

is especially true for the higher Ne bins, where we are more sensitive to the high-

speed tails of the VDFs. This trend can be traced back to the corresponding η

plots for the models in fig. 1, where for high vmin values, the Tsallis distribution

results in a significantly lower η, and by extension to smaller rates.

The qualitative differences in the differential rates, for the three VDFs under

study, call for a statistical analysis in pursuit of the minimum exposure at which

one can differentiate among the underlying halo models. Note that such an analysis

is only feasible if the DM mass and model are known; determining these requires

a separate, independent measurement, the details of which are beyond the scope

of this work. We proceed by assuming we know the DM mass and model. One can
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then perform a simple log-likelihood shape test to compare the event rates for the

various velocity distributions. Following the procedure outlined in ref. [224], we find

that the SHM and Tsallis distributions can be easily distinguished for exposures

below a kg-year and DM masses in the range 1 MeV-1 GeV, whereas differentiating

between the SHM fiducial and updated models requires much larger exposures,

ranging from a few hundred gram-years for mχ ≃ 10 MeV to above 30 kg-years

for mχ ≃ 1 GeV. These preliminary results motivate a more in-depth statistical

analysis of DM-electron scattering data, which we leave for future work.
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Figure 5. Comparison of the rate spectra for the SHM (black), Tsallis (blue),
and empirical (orange) velocity distributions, assuming σe = 10−37cm2 and 1
kg-year exposure. The solid/dashed (dash-dotted) curves correspond to the rates
evaluated at their fiducial (updated) parameters. The top (bottom) panels show
the rate for mχ = 10 MeV (mχ = 1 GeV), and the left (right) panels for FDM = 1
(FDM = (αme/q)

2).

In fig. 6, we compare the cross-section 95% C.L. projections for a kg-year

exposure across the three VDFs under consideration. In this figure, the solid lines
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correspond to the SHM, dashed to the Tsallis model, and dash-dotted to the

empirical model. We observe that in all cases, similarly to the rate, the Tsallis

model results in a more limited reach, compared to the SHM and empirical model.

For the most part, the empirical model exhibits a slightly better reach than the

SHM, as confirmed from the first three Ne bins of the rate plots as well. As in the

SHM case, the cross section shows increased resilience to the choice of the VDF at

higher masses, and especially for the Ne = 1 bin. Interestingly, for our choice of

parameters, the empirical model closely follows the SHM.
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Figure 6. Cross-section comparison between the SHM (solid), Tsallis model
(dashed), and empirical model (dash-dotted) for Ne = 1, 2, 3 (purple, orange,
green). All 95% C.L. curves are computed using the canonical values for the halo
parameters (v0 = 220 km/s, vesc = 544 km/s, vE = 232 km/s, and p = 1.5).

2.4.3 Annual Modulation of the Scattering Rate. Due to

the Earth’s annual rotation around the Sun, its velocity relative to the Galactic

center, vE, evolves in time, as a result of which the count rate experiences an

annual modulation. In this section, we briefly discuss the behavior of this annual

modulation for the three considered halo models; a more detailed treatment of the
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annual modulation of the DM-electron scattering rate under the assumption of the

SHM can be found in ref. [120]. The annual modulation of the scattering rate is

defined as

Modulation(Ne, t) =
Rate(Ne, vE(t))− Rate(Ne, v̄E)

Rate(Ne, v̄E)
, (2.17)

where v̄E = 232 km/s is the fiducial average vE value. The other halo parameters

are set to their respective fiducial values.

In fig. 7 we show the annual modulation of the rate as a function of time.

The plots in the top row correspond to the resulting modulation for the SHM

for the Ne = 1, 2, 3 bins. The bottom panels present the comparison among the

SHM (black), Tsallis (blue) and empirical (orange) distributions for Ne = 1. The

modulation is calculated for two candidate masses, mχ = 10 MeV (solid) and

mχ = 1 GeV (dashed), and two form factors FDM = 1 (right) and FDM = (αme/q)
2

(left). As the plots in fig. 3 suggest, varying vE has a larger effect toward the higher

Ne bins, which are in general more susceptible to variations of the halo model,

with the effect being more pronounced for the DM form factor proportional to

1/q2. These effects manifest themselves in the case of the annual modulation of

the rate as well, as it is evident from the high-Ne behavior of the modulation for

the SHM, and the resulting modulation for all the models for the FDM = (αme/q)
2

form factor. As emphasized earlier, larger DM masses tend to be more robust to

changes in the astrophysical parameters, as verified by the lower annual modulation

resulting for the mχ = 1 GeV candidate mass.

Comparing between the three VDFs, we see that the Tsallis model results

in the greatest modulation, while the empirical model results in the smallest. This

behavior is justified by the fact that the Tsallis velocity distribution is overall more

sensitive to changes across its associated parameters, followed by the SHM and the
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empirical distribution. Since changes in vE are effectively changes in velocity for the

calculation of the inverse mean speed η (see eqn. 2.4), this behavior propagates into

the event rates resulting for each model.

2.5 Discussion and Conclusions

In this work, we quantify the dependence of the observables of DM-electron

scattering, namely the differential scattering rate and the cross section, on the

uncertainties of the underlying DM halo velocity distribution. We consider three

halo models: the SHM, the Tsallis model, and an empirical model. We study the

effects of varying the astrophysical parameters within each model, and calculate

the projected event rates and cross-section bounds. In addition, we give a brief

overview of the measurements of the relevant astrophysical parameters and propose

updated values for v0, vesc, and ρDM.

Ultimately, we find that the empirical model sets the strongest constraints,

while the Tsallis model sets the weakest. When varying the halo models across

the relevant astrophysical parameters, we find that v0 is the most influential

parameter in the cases of the SHM and Tsallis distributions, while p is the

dominant parameter for the empirical model. For mχ = 10 (1000) MeV, the

variation in v0 leads to changes in the rate ranging from ∼ 15% (0.03%) for Ne = 1

and FDM = 1 to ∼ 300% (140%) for Ne = 4 and FDM = (αme/q)
2. In the empirical

model, the variation in p leads to changes in the rate ranging from ∼ 5% (1%) for

Ne = 1 and FDM = 1 to ∼ 500% (240%) for Ne = 4 and FDM = (αme/q)
2. Overall,

the empirical model varies the most within the allowed intervals for its parameters,

while the SHM varies the least. Across all three models we see a pattern according

to which, the direct detection observables depend more on our choice of VDF and

its associated parameters for the lower DM masses, higher threshold energies (Ne),
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and FDM ∼ 1/q2, while the choice of the VDF has a weaker effect when increasing

the DM mass, lowering the ionization threshold Ne and setting FDM = 1. For all

three models, updating the canonical value of the local DM density with a higher

value, leads to a stronger bound on the projected cross section.

The sensitivity of DM-nuclear scattering to astrophysical uncertainties is

well-known, and must be taken into account when interpreting the results of the

direct detection experiments (see e.g. [225]). Our results quantify the sensitivity of

DM-electron scattering observables to the astrophysical parameters, and highlight

the importance of extracting accurate measurements for these parameters, aiming

at a consistent interpretation of the relevant experimental efforts. Several proposals

account for these astrophysics-driven uncertainties in the case of DM-nuclear

scattering, ranging from marginalizing over astrophysical uncertainties [226], to

presenting the results in a halo-independent manner [227–232]. We emphasize that

similar techniques can be developed and applied in the context of DM-electron

scattering interactions and are worthy of a dedicated study.

Once data from ongoing and upcoming DD experiments start flowing in,

the emergence of a positive signal would mark the onset of the DM discovery

mode. Such a development would necessitate/expand the design of statistically-

robust analyses, allowing one to accurately reconstruct the properties of the DM

particle, through the study of the available DD data [226, 233]. Once such analyses

would be in place, one would be in position to ask how well the DM VDF can

be determined, by performing various statistical tests with the potential to pin

down the underlying DM halo model. Preliminary analyses along these lines show

great promise for DM-electron scattering [234], and this direction warrants further

exploration.
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Figure 7. Annual modulation for FDM = 1 (left) and FDM ∝ 1/q2 (right). The
top panels shows the modulation for the SHM for mχ = 10 MeV (solid), 1 GeV
(dashed) and Ne = 1, 2, 3 (purple, orange, green). The bottom panels show the
modulation comparison among the SHM (black), Tsallis (blue), and empirical
(orange) distributions for Ne = 1.
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CHAPTER III

INTERPLAY OF FREEZE-IN AND FREEZE-OUT: LEPTON-FLAVORED

DARK MATTER AND MUON COLLIDERS

From P. Asadi, A. Radick, and T.-T. Yu, “Interplay of freeze-in and freeze-

out: Lepton-flavored dark matter and muon colliders,” Phys. Rev. D 110 no. 3,

(2024) 035022, arXiv:2312.03826 [hep-ph]

3.1 Lepton-Flavored Dark Matter Model

We start by introducing the model under study in this paper. We augment

the SM with a scalar mediator, ϕ, that has the same charges under SM gauge

groups as RH charged leptons, and neutral fermion χ,1

L ⊃ −mχχ̄αχ
α −m2

ϕ|ϕ|2 − λi,αϕēiχ̄α. (3.1)

Here i (α) is SM fermion (DM) flavor index, ē denotes SM charged leptons of RH

chirality, χ is the fermionic DM candidate, ϕ is the mediator that has the same

charges under SM gauge group as a RH charged lepton, and mχ (mϕ) denotes

the shared DM (mediator) mass. While having multiple DM flavors can give rise

to interesting physics [108–115], we will consider only one DM flavor as multiple

flavors will not affect our collider study.

It should be noted that such setups are studied under other names such as

Effective WIMP [235, 236], Fermion Portal DM [237, 238], and colored mediator

models [239, 240] as well. Flavored DM model can be considered a more general

framework compared to these models since it also includes multiple DM flavor

indices. Thus, we use the umbrella term flavored DM for our model, even though

having multiple DM flavors, for the most part, does not change our study. We

1With the same field content we could also have ϕLL and Hχ̄L terms that could potentially
destabilize DM. We postulate a Z2 parity acting on ϕ, χ, and χ̄ that forbids these terms.
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should also note that we focus on the case where the neutral particle, χ, is a

fermion. We could also consider the scenario in which this DM candidate is scalar

and its mediator to SM is a charged heavier fermion.

In the existing studies of such setups (including a recent study of its signal

at a MuC [90]), DM is assumed to be a thermal relic, freezing out of the SM bath

at some point in the early universe. Nonetheless, DM abundance could also be

determined via the freeze-in mechanism [117] instead,2 where DM never reaches

thermal equilibrium with SM. While there exists some studies of flavored DM

abundance via UV freeze-in [242] or LHC signatures in this region of the parameter

space [243, 244], a proper study of the interplay between the DM freeze-in and

its mediator’s freeze-out, and their implications for collider searches are still

undelivered.

In the upcoming sections, we will study the relic abundance of DM in such a

setup more carefully, highlighting an interesting interplay of freeze-in and freeze-

out which gives rise to an upper bound on DM mass and interesting signals at

future colliders. It should be noted that we are implicitly assuming the reheating

temperature in the early universe is above the mediator mass mϕ, such that there

initially exists an abundance of ϕ in equilibrium with SM, which subsequently

freezes out before decaying to DM χ. If the reheat temperature is below ϕ mass,

DM is only produced via UV freeze-in [241] and it will not have an upper bound on

its mass.

The original flavored DM setups required an artificial introduction of a non-

trivial flavor ansatz to suppress dangerous FCNC and LFV. In the freeze-in regime,

smallness of the λ Yukawa coupling guarantees an automatic suppression of these

2The original freeze-in proposal is now known as IR freeze-in; see Ref. [241] for what is known
as UV freeze-in.
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processes. We will leave explorations of a natural realization of such small Yukawa

couplings in the UV to future works and focus on their phenomenology at colliders

in this work.

3.1.1 Relic Abundance. In this section we go through the relic

abundance calculation of our setup. We will show that the interplay between the

freeze-in and the freeze-out processes bounds our viable parameter space from

all directions. Further details about our calculation of the relic abundance can

be found in Appendix B.1; see also Refs. [245, 246] for a similar relic abundance

calculation in a quark-flavored DM model.

We start by reasserting that ϕ reaches equilibrium in the early universe, i.e.

the reheat temperature is higher than the ϕ mass. As a result, we should solve the

coupled set of Boltzmann equations governing the abundances. Neglecting Pauli

blocking and Bose enhancement, and assuming symmetric particle–anti-particle

abundances, we can rewrite the evolution equations for ϕ and χ abundances,

as [247, 117]

dYϕ

dx
=−

∑
F

m3
ϕ⟨σv⟩ϕϕ→F

H(mϕ)x2

[
Y 2
ϕ − Y 2

ϕ,EQ

]
−
∑
ℓ

x3

H(mϕ)

gϕΓϕ→ℓχ

2π2
K1(x)

[
Yϕ

Yϕ,EQ

− Yχ

Yχ,EQ

]
, (3.2)

dYχ

dx
=
∑
ℓ

x3

H(mϕ)

gϕΓϕ→ℓχ

2π2
K1(x)

[
Yϕ

Yϕ,EQ

− Yχ

Yχ,EQ

]
, (3.3)

where H(mϕ) = 1.66
√

gρ∗m2
ϕ/MPl is the Hubble constant at mϕ and x = mϕ/T .

YX = nX/T
3 is the yield of particle X with nX the number density for particle

X, and YX,EQ is the equilibrium value of YX . The expression for Yϕ consists of

two parts that contribute to the depletion of ϕ: the first line corresponds to the

annihilation of ϕ, where ⟨σv⟩ϕϕ→F is the thermally averaged cross-section for

ϕ+ϕ− → F with F ∈ [ℓℓ̄, qq̄, γγ, ZZ], while the second line corresponds to the
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Figure 8. Some diagrams relevant for Boltzmann equations governing freeze-out of
ϕ (top) and the freeze-in of χ (bottom). The freeze-out diagrams are controlled
by the electroweak gauge coupling (the black dots), while the freeze-in process is
proportional to the small Yukawa coupling λ (red dot). We assume comparable
coupling to different lepton flavors in our calculation. Other diagrams with higher
number of λ vertices or particle multiplicity are suppressed.

decay of ϕ, where Γϕ→ℓχ is the decay width, gϕ = 1 is the number of spin degrees of

freedom of ϕ, and K1 is the first order modified Bessel function of the second kind.

The expression for Yχ has one term which corresponds to the production of χ from

ϕ → ℓχ. In the calculations that follow, we assume the couplings λi = λ are all

equal. In Figure 8 we see the relevant diagrams for our calculation. In this freeze-

in calculation other diagrams involving more λ couplings or additional external

particles are suppressed and negligible [117].

We numerically solve these coupled differential equations. In Figure 9 we see

the results for benchmark masses and a fixed mediator lifetime. We have chosen

the Yukawa coupling λ such that we get the correct final χ relic abundance. From

this figure, we see that there are two scenarios that can give rise to the same final χ

abundance. For the lighter ϕ, freeze-in of χ dominates its final abundance, gaining
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Figure 9. Abundance of χ (orange) and ϕ (blue) for the two mϕ values that result
in today DM abundance for χ with the given mχ and ϕ lifetime. Solid (dashed)
lines correspond to the light (heavy) ϕ scenarios. The figure shows that we can
have scenarios where χ abundance today is mostly dominated by freeze-in of χ
itself (solid) or freeze-out, and subsequent decay, of the mediator ϕ (dashed). It
also shows that with fixed lifetime and DM mass, there are two different mediator
masses (and λ couplings) that give rise to the right relic abundance.

merely a small boost when ϕ decays, while for a heavy ϕ we see that freeze-out of ϕ

and its subsequent decay to χ dominates the final χ abundance.

We can then use the final χ yield to calculate its expected relic abundance.

Assuming that χ constitutes all of the DM we set Ωχh
2 = 0.12, e.g. see Ref. [248],

and find the value of the coupling λ = λ′ that recovers this for each pair of ϕ and χ

masses. In our analysis we assume the same coupling between DM and all SM RH

leptons. In Appendix B.1 we detail our semi-analytic approximation for calculating

λ′.

In Figure 10 we show contours of λ′ for every point on the mass plane. For

large enough mϕ values the ϕ freeze-out cross-section will be small enough that we

are left with too many ϕ particles after their freeze-out such that, after their decay

to χ, the universe will be overclosed. As we decrease mϕ, and for a fixed mχ, at
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Figure 10. The DM Yukawa coupling, λ′, that gives rise to the right relic
abundance today. We assume the coupling to each fermion is the same.

some point the freeze-out ϕ abundance will be low enough that, after decaying to

χ, we find the correct relic abundance today. The contribution from DM freeze-

in to the abundance today will be sub-dominant. For lower mϕ values, the DM

abundance from ϕ freeze-out and decay is augmented by a non-negligible freeze-in

contribution to get the right relic abundance today. Stability of DM also puts a

lower bound on the mediator mass mϕ ⩾ mχ.

The upper bound on the mediator mass (from DM relic abundance) and

the lower bound on it (from DM stability), suggests a bounded viable parameter

space. This also implies an upper bound on the DM mass. Our relic abundance

calculation shows that this upper bound is

mχ ≲ 3.6 TeV. (3.4)

70



3.1.2 Existing Constraints. The on-going searches at LHC already

constrain parts of our parameter space. These constraints depend strongly on the

lifetime of the mediator. In Figure 11 we show the lifetime of the mediator as given

by

τϕ = (3Γϕ→ℓχ)
−1, (3.5)

where the factor of three is due to the three charged lepton channels. In this

calculation we assume the same branching ratio to each final state lepton. This

lifetime affects the signal of our model at future colliders as well as at the LHC.

To find the bounds from LHC, we note that our mediator is identical to

a right-handed slepton. Many searches for sleptons have been carried out at the

LHC, e.g. see [249, 250], however, the majority of these searches assume that the

sleptons decay promptly. To map the prompt region onto our parameter space, we

take anything that has a proper lifetime of τϕ ≲ 3 × 10−2 ns as prompt (see further

details in section 3.2.2). With this, the prompt searches do not reach high enough

ϕ masses to be visible on our bounds plot, regardless of combination of slepton

flavors.

On the other hand, searches for long-lived sleptons can probe some parts of

the parameter space. In Figure 11 we show the bounds from the long-lived sleptons

in Ref. [1] on our model. In applying these bounds we assumed a branching

ratio of 1 to the strongest charged lepton channel (selectrons in this case), to

be optimistic about the reach of LHC in our parameter space. We also show

the bounds from CMS search for staus as heavy stable charged particles in the

detector [2]. Figure 11 clearly shows a substantial part of the viable parameter

space remains unavailable to LHC, and this motivates searches for this model in

future colliders, which we turn to next. Additionally, limits from LEP are always
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Figure 11. The charged mediator ϕ proper lifetime, τϕ, assuming the Yukawa
couplings required to get the right relic abundance (as given in Figure 10).
Depending on this quantity, the signal, and thus the collider search strategy,
varies significantly across the parameter space. The green (pink) region is already
ruled out by the LHC search in Ref. [1] (Ref. [2]). This figure shows a large part of
the viable parameter space is not probed by the LHC, motivating future collider
searches. The dashed purple line denotes the boundary between our prompt
(Section 3.3) and LLP (Section 3.4) search regions, see Section 3.2 for details.

taken into account by assuming that mϕ > 100 GeV [251, 252] and small-scale

cosmological structure observables set a limit on the mass of freeze-in DM such that

mχ ≳ 10 keV [245, 253, 246].

3.2 Production at Muon Colliders

We now turn to signals of our flavored DM model at a MuC. In our analysis

we assume there exists only one flavor of DM. We also remain inclusive over

the final state charged leptons in our analysis. Our mediator production rate is

independent of the branching ratio to different charged leptons and can be repeated
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straightforwardly for models where the mediator decays with different branching

ratios.

We will calculate the signal yield of our model at a future MuC and

comment on the reach of a future MuC in its parameter space. When possible, we

will also report the tolerable systematic uncertainty that will still allow a discovery

of our model with the aim that our results can inform the detector designs and

simulations, especially with regards to LLP signals. We start with a review of the

relevant aspects of a future MuC design and then discuss the production cross-

section of our model’s mediator at such a facility.

3.2.1 A Future Muon Collider. There are many on-going

experimental studies about the feasibility and features of a future MuC, including

works on a detector design; see Refs. [53, 54, 46, 4, 55, 56] for recent reviews. A

final and complete detector design is still an on-going field of research. While

this prevents a detailed study of phenomenology of BSM models at a MuC, it

underscores the importance of developing a template of canonical models that, in

turn, informs the development of the detector.

While further studies are in order, recent progress in the cooling system

[254] has revived the hopes for achieving large luminosities at a MuC. The

benchmark target luminosity for a high energy MuC with center of mass energy

of
√
s is given by [51]

L ≈ 10 ab−1 ×
( √

s

10 TeV

)2

, (3.6)

which we use in our study as well. We will focus on bechmark center of mass

energies
√
s = 3 TeV and

√
s = 10 TeV, for which Eq. (3.6) suggests benchmark 1

(10) ab−1 integrated luminosities, respectively.
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Subsystem Region L dimensions [cm] |Z| dimensions [cm] η bound Material

Vertex Detector Barrel 3.0− 10.4 65.0 ≲ 2.53 Si
Endcap 2.5− 11.2 8.0− 28.2 ≲ 1.65 Si

Inner Tracker Barrel 12.7− 55.4 48.2− 69.2 ≲ 1.05 Si
Endcap 40.5− 55.5 52.4− 219.0 ≲ 1.07 Si

Outer Tracker Barrel 81.9− 148.6 124.9 ≲ 0.76 Si
Endcap 61.8− 143.0 131.0− 219.0 ≲ 1.21 Si

ECAL Barrel 150.0− 170.2 221.0 ≲ 1.08 W + Si
Endcap 31.0− 170.0 230.7− 250.9 ≲ 1.18 W + Si

HCAL Barrel 174.0− 333.0 221.0 ≲ 0.62 Fe + PS
Endcap 307.0− 324.6 235.4− 412.9 ≲ 0.71 Fe + PS

Solenoid Barrel 348.3− 429.0 412.9 ≲ 0.85 Al

Muon Detector Barrel 446.1− 645.0 417.9 ≲ 0.61 Fe + RPC
Endcap 57.5− 645.0 417.9− 563.8 ≲ 0.79 Fe + RPC

Table 3. Different components of the current proposed detector design for a high
energy MuC. Table is adapted from Ref. [4]. The L (Z) dimension refers to the
segment size in the transverse (longitudinal) direction. The η bound column is
added to the table of Ref. [4] and shows the highest value of pseudorapidity η for
a track that completely goes through that region. This information will enter our
LLP search in Section 3.4.

In Section 3.4 we outline an LLP search for our model, whose primary

signature is displaced leptons at different transverse distances from the beam. This

highlights the need for a rough estimate for the size of different components of the

detector, hence the need for assuming a benchmark detector design. We use the

design sketched in Ref. [4, 55], which in turn is informed by the existing lepton

collider designs, e.g. see the CLIC [255] and ILC designs [256]. The size of different

segments of the detector are reported in Table 3 (table taken from Ref. [4]). We

will use the barrel region of these segments in our LLP analysis of Section 3.4.

The closest part of the detector to the beam is a vertex detector that spans

transverse distances of up to ten centimeters. The next part is the silicon-based

tracking system, filling up the space until transverse distance of around a meter.

Outside the tracking detector reside the silicon-tungsten ECAL with thickness

of tens of centimeters and a multi-layer HCAL, followed by the magnetic field
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solenoids stretching roughly up to a radius of four meters away from the beam.

Finally, a muon spectroscopy system starts at around transverse distances of four

meters and surrounds the entire system.

In addition to these, to mitigate the effect of the beam-induced background

(BIB) at a MuC, two tungsten nozzles cladded with borated polyethylene are

included in each forward direction. These nozzles limit the access to forward

directions; we will assume pseudorapidity |η| ≳ 2.4 is not accessible. See

Refs. [256, 4, 55] for further details about the design.

We should remind the reader that Table 3 should not be construed as

the final MuC detector design. Our upcoming analysis can straightforwardly be

repeated once a concrete design is developed.

The design in Ref. [4] uses a large magnetic field as well. Nonetheless, the

effect of this magnetic field will be negligible on our study. In particular, our

proposed LLP search in Section 3.4 relies on transverse displacement of displaced

leptons, which is not particularly sensitive to the magnetic field (for any feasible

magnetic field size in the detector).3

3.2.2 Flavored Dark Matter at a Future Muon Collider. In

this section we go over basics of our model signals in a future MuC. Since we are

focusing on the freeze-in regime, the Yukawa coupling of the DM to SM leptons and

the mediator ϕ is very small, thus direct DM production is strongly suppressed.

The mediator ϕ, on the other hand, is charged under SM gauge groups and can

be produced ubiquitously if kinematically allowed. Subsequently, ϕ can only decay

to the DM and a lepton, giving rise to a charged lepton and missing energy in the

3An adequately precise measurement of some LLP signals, such as closest approach of the track
to the primary vertex, requires a proper inclusion of the magnetic field effect - see Ref. [257] for a
recent review. However, we will not study such signals in this paper.
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Figure 12. Diagrams pair-producing ϕ at a future MuC. The initial state can be
either SM charged leptons (top), or electroweak gauge bosons (bottom). We refer
to these production channels as Drell-Yan (DY) or vector boson fusion (VBF),
respectively. The produced ϕ particles are on-shell and will eventually decay to
DM χ and a charged lepton. All diagrams involving an off-shell ϕ or their single-
production are suppressed by the small Yukawa coupling to DM in our freeze-in
setup.

detector. Since the production is determined by SM gauge couplings, our model is

a well-motivated target whose signal yield can be used for a plethora of different

BSM models, and can inform future detector designs.

Diagrams relevant for ϕ production at a MuC are shown in Figure 12. The

kinematic distribution of final states will change depending on the production

channel. Similar topologies exist for other flavored DM setups (where ϕ has same

charges as other SM fermions). They give rise to a pair of ϕ particles, each of

which subsequently decays to a DM particle and a lepton. The branching ratio to

different charge leptons will depend on the Yukawa couplings. Without any further

structure on the flavor texture, we expect these different branching ratios to be

comparable. We remain agnostic about the value of these branching ratios in this

work.
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The top diagram in Figure 12, which resembles a Drell-Yan (DY)

production, comes from initial state muons, whose PDF [258–260] is dominated

by longitudinal fractional momentum x = 1, while the other three diagrams are

similar to vector boson fusion (VBF) production channels. In the VBF production

channels the original lepton typically goes undetected in the forward direction down

the beam. Nonetheless, it sometimes recoils enough to fall within the detectable η

range and will give rise to an extra charged lepton in the final state. We will not

consider such events in our search.

We use MadGraph5 [3] for event generation and study of kinematic

distributions. Based on the existing results on various SM particles PDF in a

muon [258–260], in our simulations we assume the muons are all produced with

longitudinal fractional momentum x = 1, while electroweak gauge bosons are

modeled with the effective vector approximation (EVA) and already included

in MadGraph5 [260]. The total cross-section for ϕ pair production, from various

initial states are shown in Figure 13. We can see from these figures that for heavy

mediator masses the production is strongly dominated by DY production channels,

while at low mϕ values the VBF channel contribution become more relevant

(especially for center of mass energy
√
s = 10 TeV). The contribution from

DY processes with other SM fermion initial states are negligible compared to the

aforementioned production channels.

The model’s signal at a collider is substantially affected by the lifetime of

the ϕ mediator, see Figure 11. We divide the parameter space of the model by ϕ

lifetime, τϕ. Specifically, we will consider two different strategies.

– For τϕ ≲ 3 × 10−2 ns the mediator decays promptly to a lepton and the

missing energy in the vicinity of the interaction point.
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using MadGraph5 [3]. Results for different initial states are shown with line styles,
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– For τϕ ≳ 3 × 10−2 ns the produced mediator particles are LLPs, moving

inside the detector for a macroscopic distance and leaving a charged track.

Depending on the lifetime, they can either decay inside the detector (giving

rise to displaced leptons), or escape it (like heavy stable charged particles).

In either case, they will leave a detectable charged track in some parts of the

detector.

It should be emphasized that our division of the parameter space into

prompt and LLP is dependent on detector geometry and exact process details;

whether a cut-and-count analysis for prompt signals is applicable to longer

lifetimes, or if an LLP search strategy to shorter lifetimes, should be studied on

a case-by-case basis and once a final detector design exists.

In the upcoming sections we detail a search strategy and calculate the signal

yield in each region. We should emphasize that our proposal is a rudimentary

analysis intended to lay out simple search strategies and to demonstrate the power

of a high enregy MuC in probing this well-motivated model. In the prompt region

we calculate the SM background and report the systematics uncertainties that can

be tolerated while still allowing for a discovery. In the LLP region the irreducible

background is generated via BIB and the detector response, better understanding

of which requires simulations beyond the current work. Thus, in this region we

simply report the signal yield and some of its unique features, leaving further

studies of the background, systematics, and the reach of a high energy MuC to

future works.

3.3 A Search for the Prompt Region

3.3.1 Kinematics and Signal Regions. As the name implies, in

this part of the parameter space the signal of our model will be a pair of charged
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Figure 14. Dominant SM background for our search in the prompt region. The
W+W− pair-production is potentially the most constraining background; we can
suppress this background by applying MT2 cuts, see the text for further details.

leptons and missing energy coming from the prompt decay of the mediator ϕ. In

this section we go over the kinematics of events in this part of the parameter space

and put forward a rudimentary search proposal. We will show that our proposal

can discover our model almost over the entire kinematically-accessible region.

The cross-section for ϕ pair production, from various initial states are shown

in Figure 13. The main background for this search comes from electroweak gauge

bosons pair production and decay in Figure 14.

To reduce these backgrounds, we propose a cut on the event’s transverse

missing mass MT2 [261], the lepton system invariant mass mℓℓ, and the lepton

system transverse momentum pT,ℓℓ. The background from a pair production of Z

bosons can be significantly reduced by mℓℓ or pT,ℓℓ. This is due to the fact that

charged leptons originating from SM gauge bosons decays have a much lower

invariant mass mℓℓ and transverse momentum pT,ℓℓ compared to leptons coming

from our mediator’s decay. The remaining background from pair production of the

W boson can also be strongly suppressed by the use of MT2. To see that, we should

keep in mind that in our pair production topologies MT2 is bounded from above

by the mediator mass [261]. Thus, W pair production events have much lower MT2

values than the signal events from decays of ϕ.
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Figure 15. Histograms of invariant lepton mass (top), lepton transverse momentum
(middle), and MT2 (bottom) for our model (colored) and for SM (gray) at a
MuC with center of mass energies of 3 TeV (left) and 10 TeV (right). The bin
size for each observable is 50 (200) GeV for

√
s = 3 (10) TeV. We use MadGraph5

with 105 events to generate each histogram. The solid (dashed) colored histograms
refer to signal processes from the DY (VBF) channel. In each figure we show the
distribution for two ϕ masses towards the two kinematically accessible ends of
the mass ranges. We find a sharp contrast between the SM’s and our model’s
predictions, motivating use of these cuts in our analysis.
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To better justify using these cuts, in Figure 15 we show the distribution

of events in various kinematic observables, as well as the SM background

distributions. We find that the distributions of the SM background and our

model differ by orders of magnitude in certain ranges of MT2, mℓℓ, and pT,ℓℓ,

hence motivating use of these variables. In particular, we find SM background

distributions are concentrated at lower values of these parameters, thus justifying

the use of a lower bound cut on their value in our analysis. We should also note the

difference in the distribution of events from the two signal channels (DY and VBF -

see Figure 12).

We use MadGraph5 [3] to generate events for these histograms. For SM

background, we consider the processes µ−µ+ → ℓ−ℓ′+ν̄ℓνℓ′ with ℓ(
′) ∈ [e, µ].

Other background channels that come from VBF diagrams (namely V V → µµνν)

can be approximated with the Improved Weizsacker-Williams (IWW) [262, 263]

implementation in MadGraph5. We find that the VBF contributions give rise to sub-

percent level corrections to the background and can be safely ignored, even before

any kinematic cuts.

We propose putting a cut on the three kinematic variables MT2, mℓℓ, and

pT,ℓℓ and counting the number of events from our model and from SM backgrounds.

We propose different signal regions (with different cuts on each kinematics

observable) and allow for different signal regions to have overlaps. For every point

in the parameter space we choose the signal region that has the most sensitivity to

our signal.

Assuming a Gaussian distribution of SM background events in each signal

region, the statistical error bar on each signal region is simply square root of the

average number of SM events in that region, denoted by
√
B. Hence, we can
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quantify the significance of the signal count S in each signal region by simply

calculating S/
√
B. (For signal regions for which our MadGraph5 simulations predict

√
B ⩽ 2, we use statistical error of

√
B = 2 instead to be conservative.) For

any given mediator mass, all regions with S/
√
B ⩾ 5 allow a 5σ discovery of our

model.4

For
√
s = 10 TeV, we find the cuts on mℓℓ, pT,ℓℓ, and MT2 that optimize our

sensitivity to the model with mϕ = 1, 4.5 TeV:

Optimized Sensitivity mϕ = 1 TeV : (mℓℓ, pT,ℓℓ,MT2) = (3.60, 1.30, 0.20) TeV(3.7)

Optimized Sensitivity mϕ = 4.5 TeV : (mℓℓ, pT,ℓℓ,MT2) = (1.50, 0.20, 3.50) TeV(3.8)

For
√
s = 3 TeV, we find the cuts on mℓℓ, pT,ℓℓ, and MT2 that optimize our

sensitivity to the model with mϕ = 1, 1.3 TeV

Optimized Sensitivity mϕ = 1 TeV : (mℓℓ, pT,ℓℓ,MT2) = (0.45, 0.69, 0.53) TeV(3.9)

Optimized Sensitivity mϕ = 1.3 TeV : (mℓℓ, pT,ℓℓ,MT2) = (0.26, 0.87, 0.86) TeV(3.10)

Further details about how we arrive at these cuts are included in Appendix B.2.

We use the benchmark mass mϕ = 1 TeV since it is around the lowest mediator

mass inside the prompt region, see Figure 11; mϕ = 4.5 TeV (mϕ = 1.3 TeV) for

√
s = 10 TeV (

√
s = 3 TeV) is also around the maximum mass (

√
s/2) that is

kinematically accessible. We should note that since the mediator coupling to DM

is very small, the signal is completely suppressed for the mass ranges where the

mediator can not be produced on-shell.

We use the cuts from Eqs. (3.7)–(3.10) and the average of the cuts on the

two extreme mass cases for each center of mass energy to define 27 overlapping

4Since we use individual signal regions for a discovery, we do not need to resort to more
sophisticated likelihood calculations; repeating this analysis with more complete statistical
treatment is straightforward.

83



signal regions for each center of mass energies. For each point in the parameter

space we identify the signal region that has the best S/
√
B. In Figure 16 we

show signal regions, as defined in Appendix B.2, that are most sensitive to each

point in the parameter space and allow a 5σ discovery. The marked mass range

for each signal region shows where that signal region gives rise to a discovery,

while neglecting systematics; the small dots for each mass point indicate the best-

fit signal region for that mediator mass. It should be noted that this analysis is

independent of the DM mass mχ; for virtually every point in the prompt decay

region the DM can be treated as massless.

We find that the cuts are strong enough that essentially any part of the

parameter space where ϕ pairs can be produced on-shell can be probed in future

MuCs. We find that for most mediator masses there are multiple signal regions that

allow a 5σ discovery.

3.3.2 Target Systematics. We have thus far ignored various

systematics uncertainties for each signal region. There are many on-going

experimental efforts for designing the MuC detector and estimation of systematic

uncertainties. Tolerable systematics on well-motivated models, such as the ones

studied in this work, can serve as a motivated target in such studies.

In Figure 17 for each ϕ mass we calculate the maximum systematic

uncertainties (as a fraction of the statistical uncertainty in that region) that still

allows a discovery of our model for that point in the parameter space. In doing so,

we assume systematics and statistical uncertainties are uncorrelated. (We also used
√
B = 2 for signal regions that have

√
B ⩽ 2 in our simulations.)
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Figure 16. The range of mediator masses that each signal region could discover
with 5σ confidence at a future MuC with center of mass energies of 3 TeV (top) or
10 TeV (bottom), assuming zero systematic uncertainties. The lines indicate the
mass range in which each signal region yields a discovery, while the dots denote the
best-fit signal region for each mass point. We find that for all masses above a TeV,
and almost upto

√
s/2, a future MuC can discover the signal of our model.
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Figure 17. Tolerable systematic uncertainty for each signal region, as a fraction
of statistical uncertainty, that still allows a discovery of our model for different
mediator masses, see Figure. B.3 for definitions of signal regions. The left (right)
column includes signal regions at a 3 TeV (10 TeV) MuC. We only include signal
regions with more than twenty signal events. Signal regions not included in this
figure either have fewer signal events or do not give rise to a 5σ discovery of the
signal, even in the absence of systematics uncertainties.
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This figure shows that even with systematics uncertainties that are

comparable to the statistical error in the most-sensitive signal regions, we can still

discover our model in the kinematically accessible parts of its parameter space.

Finally, we should point out that in our analysis we used the average

background prediction in each signal region according to the results of MadGraph5

simulations. Theoretical uncertainties on this prediction should also be included

in an actual analysis by smearing the SM prediction in each signal region by a

Gaussian distribution. We will leave a thorough treatment of all systematics,

statistical, and theoretical uncertainties for future works.

It should also be noted that our search can be repeated for other types of

flavored DM models. In the case of quark flavored models, we expect to have a jet,

instead of the charged lepton, from the primary vertex and our search should be

updated accordingly. We expect cuts on similar set of kinematics observables will

allow us to probe the prompt region parameter space of all such models as well.

3.4 A Search for the Long-Lived Region

For longer lifetimes, the pair of mediators can leave a charged track in

the detector and give rise to various LLP signals, see Refs. [264, 257] for recent

reviews of LLPs. In our setup, depending on the lifetime, the produced ϕ particles

subsequently either decay to a charged lepton and a DM particle inside the

detector, or escape the detector without decaying. Further studies are required

for better understanding of the background for these searches, see the discussion

below. This prevents us from reporting the discovery reach of a future MuC in our

model’s parameter space at the moment. Instead, here we focus on the signal yield

of our model. In particular, we will calculate the distribution of expected number of
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displaced leptons in different detector components.5 We also show that our model

exhibits a double-peak feature in some kinematic distributions, that distinguishes

it from SM background. Given the fact that our setup is a theoretically-motivated

target and its production rate and signals are generic for any electroweakly-charged

LLP, we hope this signal yield can serve as a target for experimental studies and

detector design efforts.

3.4.1 Long-Lived Particle Kinematics. Previous studies of LLPs

at a high energy MuC focused on scenarios where the long lifetime is an artifact of

a small mass splitting between the LLP and its neutral daughter [266–268]. In such

scenarios the charged decay product, e.g. a SM charged lepton, can carry a small

momentum and escapes detection, giving rise to a disappearing track signature.

In our setup, on the other hand, the mediator and DM have a large mass splitting

and the long lifetime of the mediator is an artifact of a small Yukawa coupling. As

a result of this large mass splitting, if the mediator decays inside the detector the

charged lepton will be easily detectable.

We study the distribution of βγ, where β = v/c and γ = (1 − β2)−1/2,

and pseudorapidity η. In Figure 18 we show 1D histograms of βγ and η for a few

different points on our parameter space and for center of mass energies of
√
s =

3 TeV and
√
s = 10 TeV. In making these histograms we run MadGraph5 with 105

events for each production channel (DY and VBF). We then weigh the number of

events from each production channel by its corresponding cross-section to get the

combined distribution.

5In our model the mediators are always produced in pairs. Thus, each signal event includes
two charged tracks and two displaced leptons that could further enhance the search [265]. We,
however, will not explicitly use this property in our rudimentary analysis here.
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Figure 18. Distribution of events in ϕ’s βγ (top) and η (bottom) for different
mediator masses at a MuC with center of mass energy of

√
s = 3 TeV (left) or√

s = 10 TeV (right). The bin sizes are 0.2 and 0.5 for βγ and η, respectively.
The peak feature in the βγ is due to events from the DY production channel, see
Figure 12.
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In Figure 18 we see features that are distinct to the individual production

channels, DY and VBF, which in turn help inform the types of cuts we can use

in a search for our model. In the DY channel, the initial muons each carry E =

√
s/2, which in turn gives rise to the maximum value of γ = E/mϕ for a given

mϕ and leads to the very sharp peak in the βγ distribution. An increase in mϕ

results in a smaller γ, so the peak of the βγ distribution will shift to lower values.6

We find that this channel gives rise to centralized ϕ particles (small |η|) as well.

This motivates searches focusing on this region. The VBF production channel gives

rise to a wider spread in both βγ and η, owing to the wider spread of initial gauge

bosons PDF [258–260].

3.4.2 Background and Time-of-flight. The background for LLPs

can be divided into a reducible SM background, and an irreducible background

from the detector response. While there are a handful of SM particles that appear

as LLPs at a collider (e.g. see Ref. [269]), using various kinematic observables, such

as time-of-flight or anomalous ionization rate (dE/dx), allows us to distinguish

them from heavy new physics LLPs. Other techniques such as empty bunch

crossing also allows us to better understand and reject SM background; see

Ref. [264] for further discussions of SM background mitigation techniques.

6Currently the muon PDF in a muon beam is not implemented in MadGraph5. Thus, in our
simulations we assumed each muon enters the interaction with

√
s/2 energy as an approximation.

The PDF of a muon in the beam has support for x ̸= 1 as well [258–260]. As a result, the real
distribution of βγ from this channel is slightly diffused to values smaller than

√
s/2. Including

the PDF will soften the peak in the distribution of events from the DY channel. Nonetheless,
given the sharp peak in a muon PDF [258–260], we still expect a large peak in various kinematic
distributions from this channel if the real muon PDF is included in the simulation.
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Figure 19. Distribution of the difference between the arrival time of ϕ and a
massless particle moving in the same direction at the onset of the muon system
(L = 446.1 cm), as predicted in our MadGraph5 simulation for three different
mediator masses. In these histograms the log-scale x-axis is binned in steps of 0.2
decades. The arrival time scales linearly with L. Events at lower (higher) ∆t values
correspond to the DY (VBF) production channel. As the mediator mass increases,
the LLPs move more slowly, shifting the distributions to higher ∆t values.

A useful quantity in reducing the SM background is the time-of-flight.7 In

particular, the difference between the arrival time of a ϕ particle and SM particles

in the same direction, ∆t = tLLP − tSM, can be used to distinguish it from SM

particles, which move with β = 1. In Figure 19 we show the distribution of this

variable, at the inner border of the muon system (L = 446.1 cm transverse distance

from the beam in the design of Table 3). The time difference scales linearly with

the transverse distance L at which we measure it, thus we can use this figure to

calculate the time difference at different transverse distances in the detector.

7Another useful quantity in LLP searches is the anomalous ionization rate dE/dx. In
particular, this quantity can be used in reconstructing the track mass and cutting away SM
background. At LHC, measuring dE/dx has a smaller uncertainty when only the barrel region
pixel layers are used. This motivates LLP searches focusing on the central events at a MuC as
well. A proper calculation of this rate depends on characteristics of the detector material and
tracks interactions with the detector, which can only be extracted from simulations. As a result,
we acknowledge the possibility of using this quantity and its importance in the LLP searches,
leaving more in-depth studies for future.
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Small ∆t events in Figure 19 are produced by the DY initial channel (with

larger β and βγ values), while events from the VBF channel arrive later since they

have lower values of β. This figure shows that, at L = 446.1 cm, timing resolution

of around 0.1 − 1 ns (1 − 100 ns) is enough to separate most events from the

DY (VBF) channel from SM background. When compared to the current timing

resolution at LHC (∼ 0.1 − 1 ns for comparable L values), we find that majority of

events, especially from the VBF channel or for large enough mϕ values, arrive with

enough delay that we can use the time-of-flight information to discern our LLP

signal from background.

In addition to the SM reducible background discussed above, interactions

of the beam, various tracks, or the BIB, with the material in the detector give rise

to an irreducible background. Currently, there are limited studies on this topic

[266]. Nonetheless, they have shown that such background events can be mitigated

by timing information, track quality, and tracks directionality information.

Further studies are in order to completely understand the detector response and

background for LLP searches at a high energy MuC and, depending on the lifetime,

different background mitigation strategies have to be deployed.

To be able to discover our model, we need to estimate this irreducible

background as well. This can only be done with extensive simulations, beyond the

scope of this work. Nonetheless, the signal yield of our model sets a reasonable

target precision. Given the theoretical motivation of our model, and how generic its

signal yield is for all models of electroweakly-generated LLPs, we hope our results

in the upcoming section inform the on-going studies in developing the detector

design.
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3.4.3 Charged Tracks and Displaced Leptons Signal. In this

section we calculate the signal yield of our model on the LLP part of the parameter

space. We will show that our model gives rise to many events across the entire

kinetically-accessible part of the parameter space. We will, in particular, highlight a

double-peak feature in the distribution of events in the detector, and argue that it

is a shared signature of all electroweakly-charged LLPs at a high energy MuC.

The kinematic quantities βγ and η directly enter the calculation of the

trajectory of LLPs inside the detector. In LLP searches we are in particular

interested in the transverse direction away from the beam, L. It can be shown that

for realistic magnetic field values, the track curvature for mϕ ≳ 1 TeV is very small

and will not affect the LLP observables under study here.8 Thus, we neglect the

effect of the magnetic field and assume the tracks move on straight lines after their

production.

We can show that as a function of time, the transverse distance from the

beam at time t (in the lab frame) is given by

L(t, β, η) =
βt

cosh η
. (3.11)

Using this we can calculate the transverse displacement for every event at t = γτϕ.

The time t = γτϕ, is the average time at which the ϕ particle decays to a charged

lepton and missing energy, giving rise to a displaced lepton.

In Figure 20 we show the distribution of transverse displacement L at

t = γτϕ for a few different points in our parameter space. The sharp peak in large

L/τϕ values in the distributions corresponds to events from the DY channel that

all have a very large βγ value. We also find that for smaller mediator masses the

8For precise measurements of some LLP observables, such as closest approach of the track to
the primary vertex, one needs to include the effect of the magnetic field. However, this is not the
case for the displaced leptons and charged tracks signals studied in this work.
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Figure 20. Distribution of events in ϕ’s transverse displacement at t = γτϕ
normalized by the lifetime, L/τϕ for different mediator masses at a MuC with
center of mass energy of

√
s = 3 TeV (left) or

√
s = 10 TeV (right). The bin sizes

are 6 cm/ns. The shape of the L/τϕ can be inferred from distributions in Figure 18
and Eq. (3.11). For different points in the parameter space the mediator lifetime
τϕ can be read off of Figure 11; combined with these plots, we can then find the
transverse displacement for events at any point in the parameter space for every
DM mass. The double-peak feature in the right figure can give rise to interesting
LLP signals, as elaborated in the text.

distribution stretches to larger values of L/τϕ, giving rise to more displaced leptons

further away from the beam.

The L/τϕ distribution exhibits an interesting double-peak feature; the peak

at large values arises from the DY production while the peak at lower values is

an artifact of the η dependence in Eq. (3.11) and arise from VBF channel. Since

these production channels universally apply to all electroweakly-charged LLPs,

we expect a similar double-peak feature in the distribution of L/τϕ in all such

models.9 The main irreducible background for LLP searches come from secondary

interactions of particles with the detector material and this double-peak feature

may not be manifested in this background. As a result, this feature could be a

9Once the muon PDF is properly included in the simulations, we expect this peak to spread
out to some extent. Nonetheless, the sharp peak at x → 1 in this PDF [258–260] still will give rise
to a peak in the βγ and in L/τϕ distributions, maintaining this double-peak feature.
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smoking gun signature of electroweakly-charged LLPs at a MuC and could be used

for an efficient background rejection.

In Figure 21 we show the joint distribution of events on the plane of η −

βγ for a few different mediator masses. In each plot we can see a cluster of events

at highest physically possible value of βγ which correspond to the DY-generated

events. The VBF-generated events have a wider distribution in both η and βγ, as

expected.

We also show contours of constant L/τϕ on the βγ − η plane in Figure 21.

The shape of these contours can be inferred from Eq. (3.11). For a fixed value of τϕ,

these contours tell us at what transverse distances the ϕ particle will (on average)

decay and inform the signal yield of our model. For τϕ = 1 ns these contours show

L in cm, while for larger lifetimes, the contours of constant L move down on the

plots. We can repeat this calculation for all mediator and DM masses to calculate

the rate for displaced leptons appearing in any transverse distance segment of the

detector, inclusive over other kinematic variables such as η and βγ. The rate for

displaced leptons appearing at a given transverse distance is our model’s main

signature in the LLP region.

The transverse distance can be mapped to detector components as defined

in Table 3. We show the average number of displaced leptons in the barrel region

of each detector component on our model parameter space in Figures 22 and 24

(Figures 23 and 25) for
√
s = 3 TeV (

√
s = 10 TeV).10 Endcap regions are neglected

since, similar to LHC, it is reasonable to expect more SM background in endcaps

10In the compressed region, mϕ ≈ mχ, the daughter lepton from ϕ decay will be soft and will
typically escape detection, giving rise to a disappearing track if they decay inside the detector.
However, the lifetime τϕ is very long in this region of the parameter space (see Figure 11), so our
signal will still be a heavy stable charged track. The disappearing track signals for LLPs that
decay inside a MuC are studied extensively in Ref. [266].

95



−5.0 −2.5 0.0 2.5 5.0

η

0

1

2

β
γ

mφ = 0.5 TeV

−5.0 −2.5 0.0 2.5 5.0

η

0.00

0.25

0.50

0.75

1.00

β
γ

mφ = 1.0 TeV

−5.0 −2.5 0.0 2.5 5.0

η

0.0

0.2

0.4

0.6

β
γ

mφ = 1.3 TeV

10−7

10−5

10−3

10−1

101

103

10−7

10−5

10−3

10−1

101

103

10−7

10−5

10−3

10−1

101

103

√
s = 3.0 TeV, L = 1.0 ab−1

−5.0 −2.5 0.0 2.5 5.0

η

0

2

4

6

8

10

β
γ

mφ = 0.5 TeV

−5.0 −2.5 0.0 2.5 5.0

η

0

1

2

3

4

5

β
γ

mφ = 1.0 TeV

−5.0 −2.5 0.0 2.5 5.0

η

0.0

0.1

0.2

0.3

0.4

0.5

β
γ

mφ = 4.5 TeV

10−7

10−5

10−3

10−1

101

103

10−7

10−5

10−3

10−1

101

103

10−7

10−5

10−3

10−1

101

103

√
s = 10.0 TeV, L = 10.0 ab−1

Figure 21. Distribution of events in the η − βγ plane for different ϕ masses at a
3 (10) TeV MuC on left (right). The bin sizes are 0.5 for η. For βγ, the bin size
is 0.05 except for

√
s = 10 TeV and mϕ ≤ 1 TeV, where we use 0.2. Contours of

constant L/τϕ [cm/ns] are shown as well (see Eq. (3.11)), see the text for further
explanation on the shape of the contours. The cluster of events at maximum βγ
values are from the DY production channel. We find that majority of events from
the DY and the VBF channel appear with different kinematics.
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with large track masses that are difficult to distinguish from LLP signals, and that

dE/dx measurements in the endcaps are slightly less accurate compared to their

barrel region counterparts. Our analysis can be straightforwardly repeated for the

endcap regions as well.

In Figures 22 and 23 we show the signal yield on the plane of mχ-mϕ. In

each detector component, the distribution of events clearly divides up into two

separate regions. The upper cluster of events in these figures - at lower mχ and

higher mϕ values - corresponds to events originating from initial DY channel, while

the other cluster of events come from the initial VBF channel. These two separate

clusters of events are a manifestation of the previously explained “double-peak”

feature seen in Figure 20.

The features of the signal regions in Figures 22 and 23 can be understood

through the shape of the L contours in Figure 21. Recall that for a fixed value of

τϕ, the contours in Figure 21 tell us at what transverse distances the ϕ particle

will (on average) decay, i.e. L(t = γτϕ). At very short lifetimes, the contours

associated with each barrel region in Figure 21 are above the entire distribution

of events. As the lifetime increases, contours of constant L move down on Figure 21

(see Figure 11 for contours of constant lifetime). For fixed mϕ, τϕ increases with

higher mχ values, and so we find that the events at low mχ are predominantly from

the DY channel (as they are on top of 2D histograms in Figure 21). As we increase

mχ (and τϕ), the VBF channel increasingly contributes. Since distributions of DY-

and VBF-generated events peak at different βγ values in Figure 21, we find two

separate cluster of events in each detector component in Figures 22 and 23. The

slope of each cluster of events is inherited from contours of constant lifetime on the

mass plane, see Figure 11.
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Figure 22. Average rate of displaced leptons in different barrel regions of the
detector for a 3 TeV MuC, assuming the tentative design of Table 3, as well as
average number of detector-stable charged tracks. The DM Yukawa coupling to the
mediator is chosen to get the right relic abundance today. The left (right) cluster
corresponds to events from the initial DY (VBF) channel of Figure 12, see the text
for further explanation about the shape of contours. The gray region corresponds
to mχ > mϕ and is not phenomenologically viable. Our model’s signal yield can
serve as a benchmark in studies of tolerable systematics in LLP searches at a MuC.
The region below the green (pink) line is already ruled out by the LHC search in
Ref. [1] (Ref. [2]).
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Figure 23. Similar to Figure 22, but for a MuC with center of mass energy of√
s = 10 TeV. We again find that virtually the entire kinematically-accessible part

of the parameter space gives rise to large numbers of charged tracks and displaced
leptons. The region below the green (pink) line is already ruled out by the LHC
search in Ref. [1] (Ref. [2]).
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Figure 24. Same as Figure 22 but on the plane of mϕ-τϕ. We find a large signal
yield, in at least one component of the detector, for most of the parameter space
beyond the current LHC reach. The region below the green (pink) line is already
ruled out by the LHC search in Ref. [1] (Ref. [2]).
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Figure 25. Same as Figure 23 but on the plane of mϕ-τϕ. We find a large signal
yield, in at least one component of the detector, for most of the parameter space
beyond the current LHC reach. The region below the green (pink) line is already
ruled out by the LHC search in Ref. [1] (Ref. [2]).

101



The last panel in both Figures 22 and 23 corresponds to tracks that are

expected to go outside the detectors without decaying. We only include the tracks

with small enough ηs that go through all barrel regions, i.e. η ≲ 0.61, see Table 3.

These panels clearly show a large number of such stable tracks are expected on a

large part of the viable parameter space, allowing us to look for the signals of this

model on virtually the entire kinematically accessible parameter space.

In Figures 24 and 25 we present the same information (the signal yield

in each detector component) on the mϕ-τϕ plane. Existing LHC bounds on the

parameter space are marked again. We clearly see that at a MuC, a large part of

the parameter space unaccessible at LHC will have a large signal yield. The double-

peak feature discussed above is clearly visible in these plots as well.

Our results should be contrasted to the current bounds from LHC on

Figure 11. Putting the numbers from all panels of Figures 22–25 together, we find

that we have at least 103 events in at least one part of the detector for almost the

entire kinematically-accessible parts of our parameter space, see Appendix B.3.

Hence, once a reasonable degree of systematics is achieved, future high energy

MuCs can sift through a much larger part of the parameter space than LHC.

This clearly underscores the supremacy of a high energy MuC in searching for

this DM model. Crucial in this supremacy are the stable tracks that go through

the entire detector without decaying, see the last panel of Figures 22–25. For

most of the parameter space this is the dominant LLP signal and can be used

for probing the parameter space inaccessible by displaced lepton signals in the

detector. The double-peak feature, which in turn is an artifact of two distinct

production channels, suggests for many points in the parameter space we can have

many displaced leptons in more than one component of the detector.
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We should emphasize that Figures 22–25 show the average number of decays

and displaced leptons (or stable charged tracks). The true number of events in

each barrel region will be drawn from a Poisson distribution around this average.

Further details about kinematics of our model in the LLP region are included in

Appendix B.3.

3.5 Conclusions

We initiated a detailed study of the freeze-in flavored DM setup in which

flavored DM coupling to the slepton-like mediator is very small. We showed

that the interplay of direct freeze-in and the mediator freeze-out gives rise to an

interesting abundance calculation, such that the dark matter mass should be below

a few TeV in order to avoid overclosing the universe. Combined with the existing

collider and astrophysical bounds, this gives rise to a bounded viable parameter

space for this model.

We also studied signals of our model at a future high energy Muon Collider

(MuC). As a result of the feeble Yukawa coupling of DM, all signals of the model

in a MuC originate from the on-shell pair production of the mediator. The range

of mediator masses and lifetimes in the viable parameter space is such that we can

have prompt, as well as various long-lived particle signals at a MuC. We divided

our parameter space into two broad ranges according to the mediator’s lifetime,

namely prompt and LLP regions.

In the prompt decay region, we proposed a rudimentary analysis and

identified the target systematics that ought to be achieved in order to discover

our model at a MuC. Our analysis uses cuts on invariant leptonic system mass

mℓℓ, missing transverse mass parameter MT2, and the leptonic system transverse

momentum pT,ℓℓ. We found that in the part of the parameter space with prompt
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mediator decay, if systematic uncertainties are comparable or smaller than SM

background, our proposed analysis can discover this model at effectively the entire

kinematically-accessible parameter space.

For longer lifetimes, we will have a charged track in the detector which,

depending on the lifetime, can either decay to a lepton and missing energy or

decay outside the detector. While the SM background can be reduced away using

quantities such as time-of-flight or anomalous ionization rate, detector response

can give rise to an irreducible background. A proper study of these effects requires

extensive simulations and is left for future works. In the absence of concrete

simulations, here we reported the signal yield and various kinematics distributions.

In particular, we showed that the displaced lepton distribution has a double-peak

signature that could potentially be used for efficient background rejection. This

feature appears as two large sets of signal events, produced through the two distinct

channels (DY and VBF), in different detector components.

Our work can be extended in many directions. Foremost among them

is a detailed study of the detector design that enables detailed studies of the

background. Given the great reach of future MuCs in our model’s parameter space,

the universality of its production rate, and its theoretical motivation, we believe our

model can serve as a motivated benchmark target for future studies on development

of the detector by setting a target for systematics of such works.

Our analysis can also be repeated for other flavored DM models, i.e.

mediators with same charges as other SM fermions. All these setups have the

added bonus that the artificial alignment of the DM Yukawa and SM Yukawas in

flavored DM models, required for evading bounds from flavor-changing neutral

currents and lepton flavor violation, are completely avoided thanks to the feeble
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DM coupling. While the relic abundance calculation resembles the calculation

here, we expect a different collider phenomenology for some of them thanks to their

different production and decay channels.

Furthermore, as alluded to earlier, the muon PDF is not yet included in

MadGraph5, thus we neglected its effect in the DY production channel. With the

ever-growing interest in BSM signals at a MuC, it is interesting to work on proper

embedding of this PDF in the event-generation pipeline.

It will also be interesting to consider signals of such models in other

experiments, such as various astrophysical or direct detection searches. (See

Refs. [245, 246] for a study of astrophysical bounds on a quark-flavored DM model

in the freeze-in regime.) In particular, there is a large part of the parameter

space inaccessible to colliders in foreseeable future, motivating searches in the

aforementioned complementary fronts.

High energy MuCs are strongly motivated for their ability in probing

different models of the Higgs boson UV-completion, flavorful new physics, and

DM models. Our study outlines a simple and interesting DM model with unique

signatures that can serve as a target for searches at a high energy MuC and inform

its detector design.
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CHAPTER IV

MORE FLAVORED DARK MATTER MODELS AT MUON COLLIDERS

This chapter reflects ongoing work by Pouya Asadi, Sam Homiller, Aria

Radick, and Tien-Tien Yu. This work builds on Aria Radick’s workflows from [119]

and Sam Homiller is working on methods to incorporate the muon PDF into the

analysis.

4.1 Flavored Dark Matter Models

In chapter III we looked at one particular type of flavored dark matter,

but there is nothing stopping us from coupling to other types of fermions. In this

section we will outline some additional flavored models, including the left-handed

lepton model and two quark models.

4.1.1 Left-Handed Lepton Model.

L ⊃ −λiΦ̄χL
i + c.c. (4.1)

The left-handed lepton model is analogous to the model we studied in chapter III,

except that we now have two new scalars. We introduce Φ, having the same charge

as L, namely hypercharge Y = −1/2. We still have ϕ−, which interacts with

the charged leptons, but there is a second component of Φ that interacts with

neutrinos, ϕ0. This leads to a new coupling between ϕ−, ϕ0, and W . The difference

in charge between the two components of Φ leads to a mass splitting [270]

δm =
αEMM

4π
f
(mZ

M

)
(4.2)

where M is the mass of Φ and the functional form of f is given in appendix C.1.

For M ≫ mZ , f has a simple form f(r) ≃ 2πr and this gives a value δm ≈ .333

GeV. This mass splitting, along with the W coupling, opens up a new decay

channel for ϕ− through a W boson, ϕ− → ϕ0ℓν̄ℓ, with ℓ ∈ [e, µ]. Thus, ϕ− has
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two decay channels and ϕ0 has one. The decay widths are

Γ(ϕ− → ℓiχ) =
λ2
i

16π
M(1−m2

χ/M
2)2 (4.3)

Γ(ϕ0 → νiχ) =
λ2
i

16π
M(1−m2

χ/M
2)2 (4.4)

Γ(ϕ− → ϕ0eν̄e) =
α2
EM

30πs4W

δm5

m4
W

(4.5)

Because the muon mass is on the same order as δm, we cannot neglect it, and

we do not have an analytic form for the width including the mass of the lepton.

However, both decays through the W have an upper bound as M → ∞, namely

lim
M→∞

Γ(ϕ− → ϕ0eν̄e) ≃ 1.04× 10−15 GeV (4.6)

lim
M→∞

Γ(ϕ− → ϕ0µν̄µ) ≃ 6.42× 10−16 GeV (4.7)

Note also that the mass splitting is too small to meaningfully effect the decays

to χ. Because we are once again in the freeze-in regime, λ can be very small,

meaning that the three-body decay is the dominant decay process for ϕ− in much

of parameter space. This implies that almost all of the parameter space will feature

decays within the detector. However, in the regions where the W decay dominates,

we will have a disappearing track instead of a displaced lepton, because the lepton

from this decay will be very soft.

The addition of ϕ0 also opens new search channels with fewer final state

leptons. In addition to the two lepton search in the RH model, we can also have

single lepton final states, or we can pair produce ϕ0, leading to an entirely invisible

final state. In this case we could search for initial state radiation.

4.1.2 Right-Handed Quark Model.

L ⊃ −λiϕ̄χu
i
R + c.c. (4.8)
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The right handed quark model is again analogous to the right handed lepton model,

however now ϕ both has color charge and electric charge (Qϕ = Qu = 2/3). For this

model, in the prompt region of parameter space, instead of looking for a dilepton

final state, we will be looking for a dijet final state. In the parts of parameter space

where ϕ is long-lived, ϕ will form color neutral bound states known as R-hadrons.

These states often arise in supersymmetric models, such as split SUSY, where the

long-lived particle is the gluino. R-parity violating models can also lead to long

lived squarks, which is essentially what ϕ is.

4.1.3 Left-Handed Quark Model.

L ⊃ −λiΦ̄χQ
i
L + c.c. (4.9)

For the left handed quark model Φ is again a doublet, with hypercharge Y = 1/6

to match QL. Now there will be an up type ϕu and a down type ϕd, with different

electric charges as in the LH lepton model. We once again have a coupling with the

W , and both components will have a mass splitting given by

δm =
αEMM

12π
f
(mZ

M

)
(4.10)

or 1/3 the mass splitting in the LH lepton case. This means that the three body

decay is again open, however, the mass splitting being much closer to the muon

mass gives a phase space suppression to the decay to µ, making it essentially

negligible compared to the decay to electrons. Otherwise the decay modes are

similar to the LH lepton model. As for collider signals, unlike the LH lepton model,

neither ϕ is invisible, so therefore our searches are primarily for dijets or R-hadrons,

similar to the RH quark model.
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CHAPTER V

CONCLUSIONS

5.1 Dependence of Dark Matter – Electron Scattering on the Galactic

Dark Matter Velocity Distribution

In this work, we quantify the dependence of the observables of DM-electron

scattering, namely the differential scattering rate and the cross section, on the

uncertainties of the underlying DM halo velocity distribution. We consider three

halo models: the SHM, the Tsallis model, and an empirical model. We study the

effects of varying the astrophysical parameters within each model, and calculate

the projected event rates and cross-section bounds. In addition, we give a brief

overview of the measurements of the relevant astrophysical parameters and propose

updated values for v0, vesc, and ρDM.

Ultimately, we find that the empirical model sets the strongest constraints,

while the Tsallis model sets the weakest. When varying the halo models across

the relevant astrophysical parameters, we find that v0 is the most influential

parameter in the cases of the SHM and Tsallis distributions, while p is the

dominant parameter for the empirical model. For mχ = 10 (1000) MeV, the

variation in v0 leads to changes in the rate ranging from ∼ 15% (0.03%) for Ne = 1

and FDM = 1 to ∼ 300% (140%) for Ne = 4 and FDM = (αme/q)
2. In the empirical

model, the variation in p leads to changes in the rate ranging from ∼ 5% (1%) for

Ne = 1 and FDM = 1 to ∼ 500% (240%) for Ne = 4 and FDM = (αme/q)
2. Overall,

the empirical model varies the most within the allowed intervals for its parameters,

while the SHM varies the least. Across all three models we see a pattern according

to which, the direct detection observables depend more on our choice of VDF and

its associated parameters for the lower DM masses, higher threshold energies (Ne),

109



and FDM ∼ 1/q2, while the choice of the VDF has a weaker effect when increasing

the DM mass, lowering the ionization threshold Ne and setting FDM = 1. For all

three models, updating the canonical value of the local DM density with a higher

value, leads to a stronger bound on the projected cross section.

The sensitivity of DM-nuclear scattering to astrophysical uncertainties is

well-known, and must be taken into account when interpreting the results of the

direct detection experiments (see e.g. [225]). Our results quantify the sensitivity of

DM-electron scattering observables to the astrophysical parameters, and highlight

the importance of extracting accurate measurements for these parameters, aiming

at a consistent interpretation of the relevant experimental efforts. Several proposals

account for these astrophysics-driven uncertainties in the case of DM-nuclear

scattering, ranging from marginalizing over astrophysical uncertainties [226], to

presenting the results in a halo-independent manner [227–232]. We emphasize that

similar techniques can be developed and applied in the context of DM-electron

scattering interactions and are worthy of a dedicated study.

Once data from ongoing and upcoming DD experiments start flowing in,

the emergence of a positive signal would mark the onset of the DM discovery

mode. Such a development would necessitate/expand the design of statistically-

robust analyses, allowing one to accurately reconstruct the properties of the DM

particle, through the study of the available DD data [226, 233]. Once such analyses

would be in place, one would be in position to ask how well the DM VDF can

be determined, by performing various statistical tests with the potential to pin

down the underlying DM halo model. Preliminary analyses along these lines show

great promise for DM-electron scattering [234], and this direction warrants further

exploration.
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5.2 Interplay of Freeze-In and Freeze-Out: Lepton-Flavored Dark

Matter and Muon Colliders

We initiated a detailed study of the freeze-in flavored DM setup in which

flavored DM coupling to the slepton-like mediator is very small. We showed

that the interplay of direct freeze-in and the mediator freeze-out gives rise to an

interesting abundance calculation, such that the dark matter mass should be below

a few TeV in order to avoid overclosing the universe. Combined with the existing

collider and astrophysical bounds, this gives rise to a bounded viable parameter

space for this model.

We also studied signals of our model at a future high energy Muon Collider

(MuC). As a result of the feeble Yukawa coupling of DM, all signals of the model

in a MuC originate from the on-shell pair production of the mediator. The range

of mediator masses and lifetimes in the viable parameter space is such that we can

have prompt, as well as various long-lived particle signals at a MuC. We divided

our parameter space into two broad ranges according to the mediator’s lifetime,

namely prompt and LLP regions.

In the prompt decay region, we proposed a rudimentary analysis and

identified the target systematics that ought to be achieved in order to discover

our model at a MuC. Our analysis uses cuts on invariant leptonic system mass

mℓℓ, missing transverse mass parameter MT2, and the leptonic system transverse

momentum pT,ℓℓ. We found that in the part of the parameter space with prompt

mediator decay, if systematic uncertainties are comparable or smaller than SM

background, our proposed analysis can discover this model at effectively the entire

kinematically-accessible parameter space.
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For longer lifetimes, we will have a charged track in the detector which,

depending on the lifetime, can either decay to a lepton and missing energy or

decay outside the detector. While the SM background can be reduced away using

quantities such as time-of-flight or anomalous ionization rate, detector response

can give rise to an irreducible background. A proper study of these effects requires

extensive simulations and is left for future works. In the absence of concrete

simulations, here we reported the signal yield and various kinematics distributions.

In particular, we showed that the displaced lepton distribution has a double-peak

signature that could potentially be used for efficient background rejection. This

feature appears as two large sets of signal events, produced through the two distinct

channels (DY and VBF), in different detector components.

Our work can be extended in many directions. Foremost among them

is a detailed study of the detector design that enables detailed studies of the

background. Given the great reach of future MuCs in our model’s parameter space,

the universality of its production rate, and its theoretical motivation, we believe our

model can serve as a motivated benchmark target for future studies on development

of the detector by setting a target for systematics of such works.

Our analysis can also be repeated for other flavored DM models, i.e.

mediators with same charges as other SM fermions. All these setups have the

added bonus that the artificial alignment of the DM Yukawa and SM Yukawas in

flavored DM models, required for evading bounds from flavor-changing neutral

currents and lepton flavor violation, are completely avoided thanks to the feeble

DM coupling. While the relic abundance calculation resembles the calculation

here, we expect a different collider phenomenology for some of them thanks to their

different production and decay channels.
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Furthermore, as alluded to earlier, the muon PDF is not yet included in

MadGraph5, thus we neglected its effect in the DY production channel. With the

ever-growing interest in BSM signals at a MuC, it is interesting to work on proper

embedding of this PDF in the event-generation pipeline.

It will also be interesting to consider signals of such models in other

experiments, such as various astrophysical or direct detection searches. (See

Refs. [245, 246] for a study of astrophysical bounds on a quark-flavored DM model

in the freeze-in regime.) In particular, there is a large part of the parameter

space inaccessible to colliders in foreseeable future, motivating searches in the

aforementioned complementary fronts.

High energy MuCs are strongly motivated for their ability in probing

different models of the Higgs boson UV-completion, flavorful new physics, and

DM models. Our study outlines a simple and interesting DM model with unique

signatures that can serve as a target for searches at a high energy MuC and inform

its detector design.
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APPENDIX A

SUPPLEMENTAL MATERIAL FOR DEPENDENCE OF DARK MATTER –

ELECTRON SCATTERING ON THE GALACTIC DARK MATTER VELOCITY

DISTRIBUTION

A.1 Tsallis Rate and Cross-Section Results
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Figure A.1. Rate spectra for the Tsallis model at 1 kg-year exposure and
σe = 10−37 cm2 for a range of halo parameters, as a function of the number of
observed electrons, Ne, and electron energy Ee. The rate for the Tsallis distribution
with fiducial halo parameters is given by the black dashed line, while the rate
for the updated halo parameters is given by the black dash-dotted line. For
comparison, we show the rate for the SHM with fiducial halo parameters in the
black solid line. The top (bottom) panels show the rate for mχ = 10 MeV (mχ = 1
GeV), and the left (right) panels for FDM = 1 (FDM = (αme/q)

2).

In this appendix, we present the results for the Tsallis model in greater

detail. In fig. A.1, we show the spectrum of events as a function of the electron

energy Ee, for two DM form factors (FDM = 1 and FDM = (αme/q)
2) and two
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Figure A.2. Projected 95% C.L. cross-section reach for the Tsallis model, assuming
1 kg-year exposure and zero background events. The predictions for the Ne = 1, 2, 3
bins are given in purple, orange, and green respectively. The dashed curves are
calculated using the fiducial values for the halo parameters, while the dash-dotted
curves are calculated with the updated parameters. The bands denote the range
of cross sections resulting from the variation of all the halo parameters within
their allowed intervals. The solid curves for the SHM, evaluated at its fiducial halo
parameters, are shown for comparison.

candidate masses (mχ = 10 MeV and 1 GeV). The Tsallis distribution exhibits

higher sensitivity to variations across its parameters, and especially vesc, as we

move toward higher Ne bins and lower DM masses. The Tsallis model appears to

be more sensitive when varied over its parameters, compared to the SHM.

In fig. A.2, we see the predicted 95% C.L. cross-section reach, assuming 1

kg-year exposure and no background events. Here we notice that the Tsallis model

once again shows larger variation when varied across its parameters, compared with

the SHM case, and when evaluated at the maximal values allowed for its associated

parameters it can reach the fiducial SHM limits. As in the case of the SHM, we see

that increases in DM mass lead to increased resistance to changes in the halo-model
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Figure A.3. Annual modulation of the scattering rate for the Tsallis distribution for
FDM = 1 (left) and FDM ∝ 1/q2 (right) for two candidate masses mχ = 10 MeV
(solid), 1 GeV (dashed) and Ne = 1, 2, 3 (purple, orange, green).

parameters, while increases in Ne make the cross section more susceptible to such

changes.

In fig. A.3, we show the annual modulation for the Tsallis model. This

distribution results in a larger annual modulation comparatively with the SHM.

Like for the latter model, larger DM masses result in smaller modulation, as does

the choice of the form factor for the heavy mediator, FDM = 1.

A.2 Empirical Rate and Cross-Section Results

In this appendix, we present the results for the empirical model in more

detail. In fig. A.4, we show the spectrum of events as a function of the electron

energy Ee, for two DM form factors (FDM = 1 and FDM = (αme/q)
2) and two

candidate masses (mχ = 10 MeV and 1 GeV). As we saw previously for the SHM

and the Tsallis distributions, the empirical model shows more sensitivity when
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varied across its parameters as we increase the ionization threshold Ne and decrease

the DM mass, however now p is the strongest source of variance in all cases.

In fig. A.5, we see the predicted 95% C.L. cross-section reach, fixing the

exposure at 1 kg-year and assuming zero background events. Here, the top edges

of the color bands result from substituting the minimum allowed values for v0,

vesc, and vE, while we have substituted the maximum value for the p exponent of

the distribution, hence increasing p would lead to weaker bounds. Once again we

see that the empirical model is affected more when varied across its parameters

compared with the SHM and Tsallis distributions, and can well exceed the limits

that could be set by either, depending on our choice of p. Results from the Eris

simulation suite, that takes into account baryonic feedback effects, suggest a

value for p (p=3) greater than the corresponding value inferred by its DM-only

counterpart (p=1.5); the choice of the larger value would result in weaker bounds

for the empirical model.

In fig. A.6, we show the annual modulation of the count rate for the

empirical model. As we saw in the two bottom plots in fig. 7, the empirical model

in general has a smaller modulation than the SHM, and follows the same trends as

the SHM when it comes to the choice of the DM mass and form factor. Namely,

larger masses result in smaller modulation, while a light mediator (FDM ∼ 1/q2)

would result in larger modulation. Although changes to the p parameter affect the

empirical model strongly, we see that variance in vE plays a minor role, as is the

case for the other two velocity profiles.
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Figure A.4. Rate spectra for the empirical model at 1 kg-year exposure and
σe = 10−37 cm2 for a range of halo parameters, as a function of the number
of observed electrons, Ne, and electron energy Ee. The rate for the empirical
distribution with fiducial halo parameters is given by the black dashed line, while
the rate for the updated halo parameters is given by the black dash-dotted line.
For comparison, we show the rate for the SHM with fiducial halo parameters in the
black solid line. The top (bottom) panels show the rate for mχ = 10 MeV (mχ = 1
GeV), and the left (right) panels for FDM = 1 (FDM = (αme/q)

2).
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Figure A.5. Projected 95% C.L. cross-section reach for the empirical model,
assuming 1 kg-year exposure and zero background events. The predictions for
the Ne = 1, 2, 3 bins are given in purple, orange, and green respectively. The
dashed curves are calculated using the fiducial values for the halo parameters,
while the dash-dotted curves are calculated with the updated parameters. The
bands denote the range of cross sections resulting from the variation of all the halo
parameters within their allowed intervals. The solid curves for the SHM, evaluated
at its fiducial halo parameters, are shown for comparison.
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Figure A.6. Annual modulation of the scattering rate for the empirical distribution
for FDM = 1 (left) and FDM ∝ 1/q2 (right) for two candidate masses mχ = 10 MeV
(solid), 1 GeV (dashed) and Ne = 1, 2, 3 (purple, orange, green).
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1 2 3 4

1 (αme/q)
2 1 (αme/q)

2 1 (αme/q)
2 1 (αme/q)

2

Fiducial 7.3×104 2.9×104 5.8×104 7.7×103 6.0×103 2.9×102 4.4×102 7.5

Updated 8.5×104 3.5×104 6.9×104 9.3×103 7.5×103 3.7×102 5.5×102 9.5

rel. diff. 0.16 0.18 0.20 0.21 0.25 0.26 0.27 0.27

v0,min 7.0×104 2.7×104 4.9×104 6.1×103 4.1×103 1.8×102 2.4×102 3.7

v0,max 8.0×104 3.7×104 8.1×104 1.3×104 1.3×104 7.6×102 1.4×103 32

rel. diff. 0.14 0.34 0.56 0.84 1.5 2.0 2.8 3.7

vesc,min 7.1×104 2.7×104 5.0×104 6.1×103 3.8×103 1.6×102 1.8×102 2.3

vesc,max 7.4×104 3.0×104 6.1×104 8.4×103 7.1×103 3.7×102 6.1×102 12

rel. diff. 0.045 0.11 0.19 0.30 0.55 0.72 0.99 1.3

vE,min 6.8×104 2.6×104 4.9×104 6.3×103 4.4×103 2.0×102 2.8×102 4.4

vE,max 7.6×104 3.2×104 6.5×104 8.9×103 7.4×103 3.8×102 6.0×102 11

rel. diff. 0.11 0.18 0.27 0.34 0.50 0.59 0.74 0.88

FDM

Ne

Tsallis Model (mχ=10 MeV)

0.0 0.1 0.5 1.0
relative difference

1 2 3 4

1 (αme/q)
2 1 (αme/q)

2 1 (αme/q)
2 1 (αme/q)

2

Fiducial 1.1×103 4.4×102 1.5×103 2.0×102 4.3×102 22 1.1×102 2.3

Updated 1.3×103 5.1×102 1.8×103 2.4×102 5.1×102 27 1.3×102 2.9

rel. diff. 0.15 0.17 0.17 0.19 0.19 0.22 0.21 0.23

v0,min 1.1×103 4.2×102 1.5×103 1.8×102 3.7×102 17 89 1.7

v0,max 1.1×103 5.0×102 1.7×103 2.7×102 6.0×102 37 1.8×102 4.9

rel. diff. 0.0034 0.20 0.18 0.44 0.53 0.89 0.81 1.4

vesc,min 1.1×103 4.2×102 1.5×103 1.8×102 3.7×102 17 88 1.6

vesc,max 1.1×103 4.5×102 1.6×103 2.1×102 4.5×102 24 1.2×102 2.7

rel. diff. 0.0016 0.067 0.061 0.15 0.18 0.32 0.29 0.50

vE,min 1.1×103 4.1×102 1.4×103 1.8×102 3.7×102 18 91 1.8

vE,max 1.2×103 4.6×102 1.6×103 2.2×102 4.8×102 26 1.3×102 2.9

rel. diff. 0.027 0.12 0.13 0.21 0.25 0.35 0.32 0.46

FDM

Ne

Tsallis Model (mχ=1000 MeV)

0.0 0.1 0.5 1.0
relative difference

Table A.1. Expected number of events in 1 kg-year for various values of the Tsallis
parameters v0, vesc, and vE, as well as the relative difference between the minimum
and maximum values for each parameter, for a given Ne bin and DM form factor
FDM. The top panel displays the results for mχ = 10 MeV, and the bottom panel
for mχ = 1 GeV. The color scale indicates the size of the relative difference, with
white (red) being the smallest (largest) relative difference.
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1 2 3 4
1 (αme/q)

2 1 (αme/q)
2 1 (αme/q)

2 1 (αme/q)
2

Fiducial 8.2×104 4.0×104 9.2×104 1.6×104 2.0×104 1.3×103 3.1×103 85

Updated 9.3×104 4.5×104 1.0×105 1.7×104 2.1×104 1.3×103 3.0×103 77

rel. diff. 0.14 0.12 0.11 0.084 0.050 0.011 -0.032 -0.094

v0,min 8.1×104 3.9×104 8.9×104 1.5×104 1.9×104 1.2×103 2.8×103 78

v0,max 8.4×104 4.2×104 9.9×104 1.8×104 2.2×104 1.5×103 3.6×103 1.0×102

rel. diff. 0.035 0.078 0.11 0.15 0.19 0.22 0.25 0.27

vesc,min 7.6×104 3.2×104 6.8×104 9.7×103 8.8×103 4.5×102 7.2×102 12

vesc,max 8.5×104 4.5×104 1.1×105 2.0×104 2.8×104 2.1×103 5.6×103 1.9×102

rel. diff. 0.11 0.31 0.41 0.66 0.95 1.3 1.6 2.1

vE,min 7.9×104 3.8×104 8.4×104 1.4×104 1.7×104 1.1×103 2.3×103 60.

vE,max 8.4×104 4.2×104 9.8×104 1.8×104 2.2×104 1.6×103 3.7×103 1.1×102

rel. diff. 0.061 0.12 0.15 0.22 0.30 0.38 0.46 0.59

pmin 9.3×104 5.7×104 1.4×105 3.2×104 5.0×104 4.3×103 1.2×104 4.6×102

pmax 7.5×104 3.3×104 6.8×104 1.0×104 10.0×103 5.7×102 1.1×103 24

rel. diff. -0.22 -0.62 -0.81 -1.4 -2.0 -2.8 -3.7 -5.1

FDM

Ne

Empirical Model (mχ=10 MeV)

0.0 0.1 0.5 1.0
relative difference

1 2 3 4
1 (αme/q)

2 1 (αme/q)
2 1 (αme/q)

2 1 (αme/q)
2

Fiducial 1.1×103 5.3×102 1.8×103 3.1×102 6.9×102 49 2.3×102 7.7

Updated 1.3×103 6.0×102 2.1×103 3.4×102 7.6×102 52 2.5×102 8.0

rel. diff. 0.15 0.13 0.14 0.11 0.11 0.077 0.080 0.034

v0,min 1.1×103 5.3×102 1.8×103 3.0×102 6.7×102 46 2.2×102 7.2

v0,max 1.1×103 5.5×102 1.9×103 3.3×102 7.4×102 54 2.5×102 8.7

rel. diff. 0.00029 0.051 0.045 0.097 0.11 0.15 0.15 0.20

vesc,min 1.1×103 4.7×102 1.6×103 2.3×102 5.0×102 28 1.4×102 3.3

vesc,max 1.1×103 5.7×102 1.9×103 3.6×102 8.0×102 63 3.0×102 12

rel. diff. -0.0015 0.20 0.16 0.41 0.44 0.72 0.69 1.1

vE,min 1.1×103 5.1×102 1.7×103 2.8×102 6.3×102 42 2.0×102 6.4

vE,max 1.1×103 5.5×102 1.9×103 3.3×102 7.4×102 54 2.6×102 8.9

rel. diff. 0.0090 0.082 0.075 0.15 0.16 0.24 0.23 0.33

pmin 1.1×103 6.8×102 2.2×103 5.0×102 1.1×103 1.0×102 4.8×102 22

pmax 1.1×103 4.7×102 1.6×103 2.3×102 5.0×102 30. 1.4×102 3.8

rel. diff. 0.0075 -0.41 -0.32 -0.85 -0.88 -1.5 -1.4 -2.4

FDM

Ne

Empirical Model (mχ=1000 MeV)

0.0 0.1 0.5 1.0
relative difference

Table A.2. Expected number of events in 1 kg-year for various values of the
empirical parameters v0, vesc, vE, and p, as well as the relative difference between
the minimum and maximum values for each parameter, for a given Ne bin and DM
form factor FDM. The top panel displays the results for mχ = 10 MeV, and the
bottom panel for mχ = 1 GeV. The color scale indicates the size of the relative
difference, with white (red) being the smallest (largest) relative difference.
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APPENDIX B

SUPPLEMENTAL MATERIAL FOR INTERPLAY OF FREEZE-IN AND

FREEZE-OUT: LEPTON-FLAVORED DARK MATTER AND MUON

COLLIDERS

B.1 More Details on Relic Abundance Calculation

The relic abundance is directly related to the final χ yield, Y ∞
χ ,

Ωχ = 2mχY
∞
χ

T 3
0

30

8πG

3H2
0

(B.1)

where T0 = 2.7255 K and H0 = 100h km s−1 Mpc−1 are the temperature and

Hubble constant today, respectively, and G is the gravitational constant. The factor

of 2 accounts for χ and χ̄ both contributing to the final relic abundance. To be

fully accurate, one should run the Boltzmann equation solver out to a sufficiently

long time to obtain Y ∞
χ . However, we can also estimate this by noticing that

Yϕ follows its freeze-out value until decaying, and Yχ follows its freeze-in value

(assuming Yϕ is in equilibrium) until ϕ decays. This information leads to the

approximation that

Y ∞
χ ≈ Y FI

χ + Y FO
ϕ (B.2)

This approximation is useful because Y FO
ϕ only depends on ϕ’s mass, its couplings

to the SM are fixed by its charge, and we can analytically calculate Y FI
χ . We have

checked that for the majority of the parameter space, this approximation has less

than 1% error in the abundance calculation.

Starting with χ’s Boltzmann equation we set Yϕ = Yϕ,EQ and start from

Yχ = 0. The Boltzmann equation for χ will be [117]

dYχ

dx
=

x3

H(mϕ)

gϕ3Γϕ→ℓχ

2π2
K1(x), (B.3)
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and we can simply integrate this from x = 0 to x = ∞ to find

Y FI
χ =

9gϕΓϕ→ℓχ

4πH(mϕ)
, (B.4)

with the decay width for ϕ → ℓχ given by

Γϕ→ℓχ =
λ2mϕ

16π

(
1− m2

χ

m2
ϕ

)2

. (B.5)

We can plug in the approximation to the relic abundance to get

Ωχ = 2mχ

(
Y FI
χ + Y FO

ϕ

) T 3
0

30

8πG

3H2
0

(B.6)

To find the particular λ that gives the correct relic abundance Ωχh
2 ≈ 0.12, we

insert our expression for Y FI
χ and rearrange to get the Yukawa coupling that gives

rise to the right relic abundance today

λ′ =
8π

3(1−m2
χ/m

2
ϕ)

√
H(mϕ)

gϕmχmϕ

√
45ΩχH2

0

8πGT 3
0

−mχY FO
ϕ . (B.7)

We plot this quantity in Figure 10.

B.2 More Details on the Prompt Search

In this appendix we provide further results of our MadGraph5 simulations

that inform the cuts we used in our prompt region search.

To better determine what cuts can optimize the reach of a MuC collider,

in Figure B.1 (Figure B.2) we show 2D histograms of the ratio of the signal (S)

to square root of the background (B) for a few different ϕ masses and for center

of mass energy of 3 TeV (10 TeV). These histograms inform us about what lower

bounds on each kinematic parameter yields the best reach for any given mediator

mass and collider’s center of mass energy.

Based on these results, we can define a set of signal regions that together

are sensitive to all values of mϕ. The definition of signal regions we use and their

background B is included in Figure B.3.
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Figure B.1. Contours of significance of the signal (signal count S over square root
of background

√
B) for different minimum values on each observable. We show

the effect of cuts on events from two different ϕ masses, 1 TeV (left) and 1.3 TeV
(right), at a MuC with center of mass energy of

√
s = 3 TeV. In each panel we

show the effect of varying two cuts, while fixing the third one to the value that
maximizes the significance. We find large significances are attainable. These figures
inform the cuts used in definition of the signal regions.
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Figure B.2. Contours of significance of the signal (signal count S over square root
of background

√
B) for different minimum values on each observable. This is the

same as Figure B.1, but for ϕ masses 1 TeV (left) and 4.5 TeV (right), and at a
MuC with center of mass energy of

√
s = 10 TeV. We find large significances are

attainable. These figures inform the cuts used in definition of the signal regions.
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Figure B.3. Signal regions (SRs) used in our proposed search for
√
s = 3 TeV (left)

and for
√
s = 10 TeV (right). The cuts used on each kinematic variable and the

SM background in each region is reported. Determination of the cuts are informed
by the most sensitive cuts on various extreme masses in the parameter space from
Eqs. (3.7)–(3.10).
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Figure B.4. Signal yield and the SM background of four sample signal regions with
similar cuts, for different mediator masses. For each mass if a signal region has
S ⩾ 5

√
B signal events it can give rise to a discovery (neglecting systematics).

We find that the MT2 cut controls the lowest mediator mass each signal region is
sensitive too. Different mℓℓ cuts affect the total number of events, while leaving
the overall dependence on mediator mass unchanged. Comparing the signal regions
with similar cuts we find that increasing the pT,ℓℓ cut shifts the signal distribution
to higher ϕ masses.

To further illustrate the effect of each cut as a function of ϕ mass, in

Figure B.4 we show the signal yield and the background for four sample signal

regions with very similar cuts. These figures indicate that an MT2 cut is the lower

bound on the mediator masses that populate a signal region, as expected [261].

The pT,ℓℓ and mℓℓ cuts also reduce the SM and total signal yield in a signal region.

Increasing the pT,ℓℓ cut shifts the distribution to higher mϕ masses as well.
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B.3 More Details on the LLP Search

For completeness, in this appendix we include the 2D histograms of events

in different kinematic observables in the LLP search. In particular, in Figure B.5

(Figure B.6) we show the 2D histograms of the distribution of events in the

transverse distance L(t = γτϕ)/τϕ and their pseudorapidity η (their βγ), for a few

mass points in the parameter space. The double-peak feature in Figures 18-21 are

still visible here as well. The figure also shows that the smaller the mediator mass,

the more separated in L/τϕ the two peaks in the distribution.

Figure B.5 also reiterates the concentration of events at small |η| values.

This allows us to introduce stringent cuts on this variable to cut down the

SM background, while preserving majority of signal events. The fact that the

DY-generated events are more concentrated at smaller |η| values is also an

underlying cause of the separation of the cluster of events from different channels

in Figures 22–25.

In Figures B.7 and B.8 we show the maximum number of decays across

different detector segments. To make these plots, for each point in the parameter

space we simply report the maximum event count from among all panels in

Figures 22–25. We find that for most points in the parameter space we have at

least 103 − 104 events in at least one part of the detector (including events that are

detector stable and give rise to stable charged tracks).

130



−5.0 −2.5 0.0 2.5 5.0

η

0

20

40

60

80

L
/τ

φ
[c

m
/n

s]

mφ = 0.5 TeV

−5.0 −2.5 0.0 2.5 5.0

η

0

10

20

30

L
/τ

φ
[c

m
/n

s]

mφ = 1.0 TeV

−5.0 −2.5 0.0 2.5 5.0

η

0

5

10

15

L
/τ

φ
[c

m
/n

s]

mφ = 1.3 TeV

10−7

10−5

10−3

10−1

101

103

10−7

10−5

10−3

10−1

101

103

10−7

10−5

10−3

10−1

101

103

√
s = 3.0 TeV, L = 1.0 ab−1

−5.0 −2.5 0.0 2.5 5.0

η

0

100

200

L
/τ

φ
[c

m
/n

s]

mφ = 0.5 TeV

−5.0 −2.5 0.0 2.5 5.0

η

0

50

100

L
/τ

φ
[c

m
/n

s]
mφ = 1.0 TeV

−5.0 −2.5 0.0 2.5 5.0

η

0

5

10

15

L
/τ

φ
[c

m
/n

s]

mφ = 4.5 TeV

10−7

10−5

10−3

10−1

101

103

10−7

10−5

10−3

10−1

101

103

10−7

10−5

10−3

10−1

101

103

√
s = 10.0 TeV, L = 10.0 ab−1

Figure B.5. Joint distribution of events in η − L/τϕ for three different mediator
masses (different rows) at a 3 TeV MuC (left) or a 10 TeV MuC (right). The bin
sizes are all 0.5 for η and 1.5 cm/ns for L/τϕ (except for

√
s = 10 TeV, mϕ = 0.5

and 1 TeV where they are 6 cm/ns). Events at the largest L/τϕ values are due to
the DY initial channel. The double-peak feature in the distribution (at large and
small L values) is manifested as well.
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Figure B.6. Joint distribution of events in βγ − L/τϕ for three different mediator
masses (different rows) at a 3 TeV MuC (left) or a 10 TeV MuC (right). Bin sizes
are (L/τϕ, βγ) = (1.5 cm/ns, 0.05) (except

√
s = 10 TeV, mϕ = 0.5 and 1 TeV

where they are (L/τϕ, βγ) = (6 cm/ns, 0.2)). Events at the largest L/τϕ values are
due to the DY initial channel. The double-peak feature in the distribution (at large
and small L values) is manifested as well.
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below the green (pink) line is already ruled out by the LHC search in Ref. [1]
(Ref. [2]).
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APPENDIX C

SUPPLEMENTAL MATERIAL FOR MORE FLAVORED DARK MATTER

MODELS AT MUON COLLIDERS

C.1 Explicit Formulas for Mass Splitting

The mass difference induced by loops of SM gauge bosons between two

components of a new doublet (with hypercharge Y ) and component electric charges

Q and Q′ is [270]

MQ −MQ′ =
α2M

4π

[
(Q2 −Q′2)s2Wf

(mZ

M

)
+ (Q−Q′)(Q+Q′ − 2Y )

[
f
(mW

M

)
− f

(mZ

M

)]]
(C.1)

where α2 = α/s2W , and for scalars

f(r) = −r

4

[
2r2 ln r + (r2 − 4)3/2 lnA(r)

]
(C.2)

with

A(r) =
1

2
(r2 − 2− r

√
r2 − 4) (C.3)
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