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There is a great deal of observational evidence now suggesting the existence of dark
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Chapter One: Introduction

1.1 The Standard Model

The Standard Model (SM) of particle physics describes the interactions and parti-
cles which we have observed to govern and constitute our universe. The electroweak
and strong forces, along with the various particles which participate in these inter-
actions, are described by this model, and their parameters have been observed and
characterized through our various particle physics experiments, including our recent
observations at the Large Hadron Collider (LHC).

e The SM has the gauge symmetry SU(3)c x SU(2), x U(1)y, or color, weak
isospin, and hypercharge. There are also the corresponding gauge fields: the

gluons, G, and the electroweak bosons, W, and B.

e The fermionic matter content of the SM includes three copies, or “flavors,” of
each of the fermion fields: the left- and right-handed leptons, L; and ef; the
left-handed quarks, ();; and the up- and down-type right-handed quarks, u§ df.

e The Higgs boson, ¢, is a spin 0 boson whose VEV breaks the gauge symmetry

to SU(3) x U(1)gym and gives masses to the fermions.

In addition to the Standard Model, the general theory of relativity is the cor-
nerstone describing the gravitational interactions between matter and spacetime, al-
though it has not yet been satisfactorily combined within the quantum field theoret-
ical structure of the Standard Model. In spite of the experimental successes of both
of these theories and the precision to which they have been tested, and aside from
the issue of unifying the two ideas, there are still other features within the Standard
Model which have not been successfully explained and are currently active areas of

research.



1.2 Questions of the Standard Model

In this section we outline some oustanding issues with the Standard Model which we

aim to connect with the dark matter models presented in this thesis.

1.2.1 Flavor

As stated in the previous section, there are three flavors of each quark and lepton in
the Standard Model. There is an approximate global U(3)® symmetry, broken only
by the presence of the Yukawa matrices which describe the interactions between the
fermions and the Higgs [1]:

Ly = =Y ]Qipd — Y1 Qidus — Y LigeS + hoc.. (1.1)

J

Although total baryon and lepton numbers are conserved, they are not conserved on
an individual flavor-by-flavor basis. Flavor-changing interactions among the leptons
are governed by the parameters of the Pontecorvo-Maki-Nakagawa-Sakata matrix
(PMNS matrix), and likewise for the quarks by the Cabibbo-Kobayashi-Maskawa
matrix (CKM matrix). The Yukawa couplings and thus the masses among the differ-
ent fermion generations are also quite different; for example, among the quarks, they
vary from 2.2 MeV for the up quark to 173 GeV for the top quark. Why this flavor
structure exists is unknown, and although we can observe and measure the numerical
values of these parameters, we do not know what mechanism can explain and predict
them. Any new theories developed to address physics beyond the Standard Model
may hope to tie into the flavor puzzle in some way, and we might expect new matter

constituents to exhibit similar structures among their fields and parameters.

1.2.2 Asymmetry

Another open question regarding the matter content of the Standard Model is the
issue of the observed baryon asymmetry. The field content of the SM includes both
particles and anti-particles for the baryons, and we might expect the universe to be
symmetric in its populations of both types of matter. Observationally, however, the
universe is dominated by only one of these components (which we conventionally call

matter), and we observe no significant presence of antibaryons. The observed baryon



asymmetry today has been measured as [2]:
58 x 1071 <5 <6.6 x 1071, (1.2)

where
np —nNg

n= (1.3)

Ny

There are several requirements, known as the Sakharov conditions, that need to be
met in order to generate an asymmetry among the baryons: baryon number viola-
tion, C and CP violation, and dynamics that are occurring out of equilibrium [3].
Electroweak sphalerons can break B-number while conserving B — L, and although
there are sources of CP violation within the Standard Model as parametrized in the
CKM matrix, it is not sufficient to generate an asymmetry of the observed magni-
tude. Thus some new physics must be introduced in order to explain how this baryon
asymmetry could have been generated, and any new sectors added in these theories
can have asymmetries among their constituents which may share a common origin
with those in the SM.

1.2.3 Dark matter

Decades’ worth of astrophysical and cosmological observations are now consistently
hinting at the presence of additional matter components beyond the known particle
content of the Standard Model. Several different observational avenues, including
galaxy rotation curves and gravitational lensing, give results which are inconsistent
with the quantity of visible matter that we observe. This suggests either a flaw in
our understanding of gravitational interactions, or the presence of new, unknown
particles. There have been attempts to modify gravity to explain these observations,
but they have difficulty being consistent across all scales, and another possibility is
that there is simply some new matter content beyond the SM. These new particles
interact with SM matter gravitationally as observed, but they do not seem to interact
noticably via the gauge interactions of the Standard Model; terrestrial experiments to
detect the scattering of dark matter (DM) from SM nuclei have so far provided only
null results. Dark matter may interact with itself, but there are some observational
limits on the strength of such interactions. Given our limited knowledge aside from
its gravitational presence, the content, properties, and origin of DM — which is

observed to make up approximately 85% of the matter content in our universe — are



all unknown and remain one of the biggest mysteries in modern theoretical physics.
Addressing this issue is an interesting challenge in its own right, but working to
tie it into some of the open puzzles in the Standard Model can provide additional

motivation for our theories.

1.3 ACDM

In addition to identifying the particle building blocks of our universe and the forces
that govern their interactions, another area in modern theoretical physics is cosmol-
ogy, addressing the question of how our universe formed and developed over time.
The current dominant cosmological model which does a good job of describing several
main aspects of our observations is the Lambda Cold Dark Matter (ACDM) model.

There are three major components included in this model:

e Ordinary matter — This is as we know it from the Standard Model, described

in section 1.1.

e Cosmological constant (A) — This describes the presence of dark energy, which
is necessary to address the observed accelerated expansion of our universe. Its
origin remains unknown and it is currently a measured parameter in the ACDM

model.

e Cold dark matter (CDM) — As described in section 1.2, the presence of dark mat-
ter appears to be necessary to explain many astrophysical observations. There
are several restrictions on the properties that viable DM models must meet,
including getting the right relic density to match observations, evading current
direct detection constraints, and remaining consistent with observations about
Big Bang nucleosynthesis (BBN) and stellar evolution. In addition to this, in
order to allow for the formation of large-scale structure, DM is expected to be
nonrelativistic — though some subcomponent of the DM may be relativistic,

the majority of it is thought to be “cold.”

As with the Standard Model, in spite of the successes of ACDM in explaining obser-
vations of the CMB, large-scale structure (LSS), and BBN, there are some obvious

issues in the fact that the nature of dark matter and dark energy are still unknown.



There are also other open astrophysical questions which one might hope to address

using a DM model with suitable properties.

e The Hubble constant, H, tells us the current expansion rate of our universe.
Recent cosmological measurements indicate a discrepancy between the value
of Hy observed from local measurement when compared with the value that
is inferred from the CMB. One way of potentially addressing the tension is to

have a model with extra relativistic degrees of freedom.

e In a similar problem, the og parameter, which describes the amplitude of the
matter power spectrum on the scale of 8h~'Mpc, gives a different inferred value
from early measurements than that from direct, low-redshift measurements.
Adding an interacting component in the dark sector can suppress the matter

spectrum enough to resolve this discrepancy.

In creating models to address the need for DM, one can incorporate these outstanding
questions along with including features related to the SM problems listed in section
1.2.

1.4 Components of this thesis

There have been many proposed DM models incorporating flavored dark matter,
where similarly to the Standard Model, the dark fields can come in multiple copies.
The DM may then couple to the SM via various channels, and its flavors may cor-
respond to SM flavors, depending on the nature of these interactions. In Chapter
2, we present specifically a model of lepton-flavored dark matter, combined with an
asymmetric relic density in the dark sector, which can relieve the tension with bounds
from dark matter direct detection experiments. In flavored dark matter models, dark
matter can scatter off of nuclei through Higgs and photon exchange, both of which
can arise from renormalizable interactions and individually lead to strong constraints
from direct detection. While these two interaction channels can destructively interfere
in the scattering amplitude, for a thermal relic with equal abundances for the dark
matter particle and its antiparticle, this produces no effect on the total event rate.
Focusing on lepton-flavored dark matter, we show that it is quite natural for dark

matter to have become asymmetric during high-scale leptogenesis, and that in this



case the direct detection bounds can be significantly weakened due to interference.
We quantify this by mapping out and comparing the regions of parameter space that
are excluded by direct detection for the symmetric and asymmetric cases of lepton-
flavored dark matter. In particular, we show that the entire parameter region except
for a narrow Higgs resonance window is ruled out in the symmetric case for fermion
dark matter when the coupling to the Higgs dominates over the coupling to leptons,
while large portions of parameter space are still allowed for the asymmetric case. The
same is also true for a dark matter mass above 8 GeV for scalar dark matter when
the coupling to leptons dominates over the coupling to the Higgs.

We continue exploring the phenomenological consequences of having flavored and
asymmetric dark matter in Chapter 3, in a mechanism we refer to as Secretly Asym-
metric Dark Matter (SADM). In this case the dark matter number density today
arises from asymmetries generated in individual flavors in the early universe by being
transferred from the lepton sector, even though total dark matter number remains
zero throughout the history of the universe. If there is a mass splitting between fla-
vors and the heavier ones can decay to the lighest one, it is possible that the dark
matter population today is completely symmetric, but with annihilation rates above
those expected from thermal WIMPs. We give a simple example of this mechanism
using a benchmark model of flavored dark matter. We then discuss the experimental
signatures of this setup, which arise mainly from the sector that annihilates the sym-
metric component of the dark matter; several examples are given for how this might
be achieved.

Finally, one may hope that DM models can be used to address some of the cur-
rently oustanding puzzles we face from astrophysical and cosmological observations,
as discussed in section 1.3. To this end, in Chapter 4 we present a simple model of
dark matter that can address these puzzles across a wide range of scales. The model
is an application of the SADM mechanism, where several flavors of dark matter are
fully asymmetric despite an exact dark matter number symmetry U(1),. The dark
matter relic abundance arises from these asymmetries, generated in the early uni-
verse through right-handed neutrino decays. The U(1), is gauged by a massless dark
photon, and asymmetries with opposite signs in the different DM flavors result in
the formation of bound states. Dark acoustic oscillations in the early universe lead
to a suppression in the matter power spectrum for addressing the og problem. The

dark photon as a relativistic degree of freedom contributes to AN, easing the ten-



sion between the CMB and late-time H, measurements. Finally, scattering between
the bound states after structure formation leads to a flattening of the dark matter

distribution at the cores of haloes.



Chapter Two: Lepton-flavored asymmetric dark

matter and interference in direct detection®

The steady improvement in the sensitivity of direct detection searches is putting
severe constraints on the parameter space of dark matter (DM) models belonging
to the weakly interacting massive particle (WIMP) paradigm. These bounds can
be relaxed in certain classes of models, including Majorana fermion DM where only
spin-dependent scattering contributes, inelastic DM [5, 6, 7] where the observed event
rate is severely reduced due to the energy cost of upscattering, or isospin violating
DM][8, 9] where destructive interference can occur between the scattering of DM off
of protons and neutrons, among others. The idea of destructive interference in the
scattering amplitude has been used in several dark matter models in the past [10,
11, 12, 13, 14, 15, 16, 17, 18, 19]. A simple class of models that can give rise to
interference is when the DM particle interacts with nuclei via multiple mediators. A
nontrivial check in such models is whether the parameters of the model need to be
fine-tuned, or in other words, whether scattering amplitudes for the exchange of the
mediators are naturally of the same size for generic values of the couplings in the
model.

In this chapter we argue that flavored dark matter (FDM) models [20, 21, 22, 23,
24, 25, 26, 27, 28, 29, 30] can give rise to interference in the scattering amplitude
quite naturally. These models admit renormalizable couplings between the DM and
SM fields that lead to both tree-level Higgs exchange as well as loop-level photon
exchange channels for direct detection, with comparable sizes.

Unfortunately, interference between spin-0 (Higgs) and spin-1 (photon) mediated
channels will not in general help to ease direct detection constraints for WIMPs,
which have equal relic abundances for the DM particle y and its antiparticle y. The
amplitude for a spin-0 exchange channel will have the same sign for y and y, while the

amplitude for a spin-1 exchange channel will change sign?. Therefore, any destructive

IThis chapter is based on work previously published as ref. [4]. This author contributed to the
methodology, calculations, and text of this paper.

2In FDM models, x cannot be a self-conjugate field due flavor constraints. See Sec. 4.1 for
details.



interference that occurs for the scattering of x off of nuclei will unavoidably lead to
constructive interference in the scattering of y, and the total scattering rate will be
the same as in the absence of any interference.

On the other hand, for asymmetric DM [31, 32, 33, 34, 35, 36, 37], the destructive
interference can significantly weaken direct detection constraints. Interestingly, this
too can occur readily in FDM models. In this paper we focus on the case of lepton-
flavored DM, where we will show that it is very natural for a DM asymmetry to be
generated during high-scale leptogenesis [38] (for additional references see reviews on
this subject, e.g. [39, 40]). Using lepton-flavored asymmetric DM as our benchmark
model, and contrasting with the same model but with a symmetric y-x abundance,
we will quantify the impact of interference on the region of parameter space that is
compatible with the null results of direct detection experiments. In particular, we
will show that for the case of fermion dark matter that couples predominantly to
the Higgs, the full parameter region in the symmetric case is ruled out due to direct
detection except for a narrow Higgs resonance window, while the asymmetric case can
be consistent with the bounds due to interference. This is also true for the case of
scalar DM that couples predominantly to leptons when the DM mass is above 8 GeV.

The particle content of FDM models includes three copies of the DM particle y
as well as a mediator particle ¢ which makes renormalizable interactions between x
and the standard model (SM) fermions possible. Due to Lorentz invariance, one of
x and ¢ is necessarily a fermion while the other one is a boson. We will study both
possibilities for completeness and highlight the similarities as well as the differences
between them.

The outline of the chapter is as follows: In Sec. 2.1 we will review the lepton-
flavored DM model and describe its general features, before introducing a mechanism
by which it can become asymmetric during high-scale leptogenesis. We will go over
the direct detection prospects of lepton-flavored DM in Sec. 2.2 and we will map
out the excluded regions in the parameter space of the model for both the symmetric
and asymmetric cases in section 2.3. We will conclude in Sec. 2.4 and comment on
future directions. Detailed formulae related to the calculation of the relic density in
the symmetric case and to the scattering amplitude for direct detection can be found

in the appendices.



2.1 The Model

The FDM setup has been described in detail in Ref. [23] so we will only give a brief
summary here. The DM is taken to be a singlet under the gauge symmetries of
the standard model (SM) but it belongs to a multiplet that transforms nontrivially
under the flavor symmetries of the SM, which we will denote by ;. There is also
a mediator particle ¢ which is a flavor singlet, but which carries SM hypercharge.
Assuming that the ¢ mass is heavier than at least one of the y masses, the lightest of
the x; is rendered stable by a global U(1) under which only the y; and ¢ are charged.
We will refer to this U(1) as y-number.

It was shown in Ref. [23] that FDM is compatible with constraints arising from
flavor observables in a minimal flavor violation (MFV) [41] setup, such that the SM
Yukawa couplings are the only source of flavor violation. With this assumption, the
minimal choice in terms of the number of degrees of freedom is for x; to be a flavor
triplet.

Which SM flavor symmetry x; transforms under determines the SM fermions it
can couple to at the renormalizable level. For the rest of this paper we will focus
our attention on the specific case of lepton-flavored DM, where x. , . transform as a
triplet under SU(3).,. As in Ref. [23], we will work with a benchmark model where
X~ is the lightest state, but the main conclusions of this paper are insensitive to this
choice. A renormalizable coupling to the SM fermions requires one of y and ¢ to
be a fermion, and the other to be a scalar. Note that in order to be a triplet under
SU(3)er, Xi: must be complex, so it is either a complex scalar or a Dirac fermion. If

the DM is a scalar, the interaction term is
Locatar D MijXi®er,; + h.c., (2.1)
while for a fermionic DM it has the form
Leermion O AijXi¢er; + h.c.. (2.2)
As discussed in Ref. [23], within the MF'V formalism the flavor structure of \;; is
Xij = (o + By'y)y;. (2.3)

In order to reduce clutter, we will assume that a > [, such that we can define
Aij = Ag0;;. It should be noted however that this is mainly a choice of convenience

and that the main conclusions of this paper are not sensitive to this choice.
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In the scalar DM case, the only other renormalizable interaction of the dark
sector with the SM allowed by the symmetries of the model is a coupling to the Higgs

doublet. Including this interaction, the scalar potential can be written as

1
‘/;calar - Ah(HTH - 5”2)2 + NilX:Xz
+ A X HH + A (G ). (24)

This potential is bounded from below even for \,; < 0, provided that

Ly (2.5)

Ap >0, As >0, ApAg > 1

Note that negative value A, does not present a problem as long as A is positive and
large. After electroweak symmetry breaking, the DM inherits a y-x-h coupling. This
will contribute to direct detection through tree-level Higgs exchange.

In order to study similar phenomenological features in the fermion DM case, we

will also include a dimension-5 term in the Lagrangian
Ny it
/Cfermion D) _KXZXZH H. (26)

To have consistency between the scalar and fermion DM cases, we will adopt a con-

vention such that

Meh, (2.7)

v

= =

where v is the electroweak scale, and with the understanding that A, is small in the
fermionic DM case. In other words, the dimension-5 term is assumed to have arisen
by integrating out additional degrees of freedom at the scale A (close to TeV scale),
such as a heavy SM singlet scalar with couplings to x-x, and to the SM Higgs. Note
that the scalar potential in this case can also include a renormalizable |¢[*|H|* term,
but the presence of this term will have no effect for the rest of the paper, and for this
reason we will not dwell on it any further.

Let us now turn our attention to the generation of a x asymmetry. We will
demonstrate this explicitly in the fermion DM case; it is straightforward to implement
the same mechanism in the scalar DM case as well. We assume that a primordial
lepton asymmetry is generated via the decay of right-handed neutrinos at a high scale

within a few orders of magnitude of the scale of grand unification. The right handed
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neutrinos Ny couple to the SM leptons through

1 —c
»Clepton = §(MN)ijNR,iNRvj

+ <yiLjEiH€R,j —{—ygEZFINRJ) + h.C., (28)

where L; are the SU(2) doublet SM lepton fields, H = eH* and the first term is a
Majorana mass for the right-handed neutrinos. The mechanism by which nonthermal
decays of the right-handed neutrinos generate a nonzero lepton asymmetry, and later
a nonzero baryon asymmetry through sphaleron processes, is well known (see [39, 40]
and references therein). This mechanism relies on CP violating phases in the cross-
terms between the tree-level and one-loop contributions to the amplitude for Ng
decay.

At first, it may seem that the interaction of Eq. 2.2 is sufficient to transfer any
lepton asymmetry generated in the decays of Ny to the y;. However, y-number is
still an exact symmetry at this point, which makes it impossible to generate a y
asymmetry from an asymmetry in a different species with no y-number. Therefore,
the crucial ingredient for transferring the lepton asymmetry into the DM sector is
breaking x-number (down to Zs such that the stability of DM is not lost). For this
purpose we add one more degree of freedom to the model, a real scalar field S, with
the interaction

Ls =y XiSNg; + h.c.. (2.9)

Since S is real, this interaction breaks y-number, but there is still a Z, under which
S, ¢ and all three x are odd. This interaction makes it possible for out-of-equilibrium
decays of the right-handed neutrino to generate a y asymmetry through interference
between tree-level and one-loop contributions with CP violating phases, in the exact
same way that the same decays also generate a lepton asymmetry. The couplings in
Ltermion Which are assumed to be of order one will lead to efficient annihilation of the
symmetric component of x. Note that there is no hierarchy problem associated with
the scalar S, because it need not be light. The only requirement for this mechanism
to work is for S to not be heavier than the near-GUT scale right-handed neutrinos.
Below the mass of S, xy-number becomes an accidental symmetry. Both due to the
presence of this symmetry, and due to the fact that both ¢ and y are singlets under
the weak SU(2), the dark sector does not participate in the sphaleron processes which

allow the original asymmetry in the SM lepton sector to be transferred to the baryons.
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Note that while the same mechanism generates the lepton and y asymmetries,
the phases that determine the size of the generated asymmetry are different. In
particular, the lepton asymmetry will depend on the physical combinations of phases
in the matrices yZLj and yg , whereas the y asymmetry will depend on the phases in
the matrices \;; and yf; This means that if the phases that are relevant for the
x asymmetry are smaller than those that are relevant for the lepton asymmetry,
the x asymmetry will be smaller, and therefore m, must be chosen so that the x
energy density will be a factor of 5-6 larger than the baryon energy density. We will
not assume any particular relation between the phases in the lepton and y sectors,
treating m, as a free parameter that is chosen such that y has an energy density
compatible with the DM density we observe in the universe today.

The collider phenomenology of asymmetric FDM is identical to the symmetric
case, which was studied in Ref. [23], and we will not go into this in any further detail
(See Sec. V for further comments). Any indirect detection signals for the symmetric
case are of course nonexistent for the asymmetric case, so we will not have anything
further to say about constraints from indirect detection either. In the rest of the
chapter we will concentrate on direct detection searches, where asymmetric FDM can
have very different prospects compared to the symmetric case, due to the presence of

interference, as we will study in detail in the next section.

2.2 Direct Detection

In this section we will calculate the cross section for x to scatter off of an atomic
nucleus, keeping interference terms. As mentioned in the introduction, when the DM
is symmetric, the interference terms will cancel once the scattering of both x and y are
taken into account, but for asymmetric DM, they will be crucial. Based on the model
of section 2.1, it is easy to see that scattering can happen at tree-level through Higgs
exchange. At tree-level, the FDM interaction of Eqgs. (2.1) and (2.2) (for the scalar
and fermion DM cases, respectively) does not contribute to the scattering, however
as was studied in Ref. [23], it does give rise to vector exchange at loop order. The
exchanged vector boson can be either the photon or the Z-boson, but of course the
latter is strongly suppressed compared to the former due to the Z-mass. Therefore

we will only consider the photon exchange for the rest of the chapter.
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2.2.1 Scalar DM
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Figure 2.1: The Feynman diagrams that contribute to direct detection in the scalar DM
case, namely tree level Higgs exchange (a) and v/Z exchange with the vector boson line
attached to either the mediator ¢ (b) or to the SM fermions f (c¢) running in the loop.

After electroweak symmetry breaking, the interaction term in Eq. (2.4) contains
the interaction
Ly, D —vApXx"xh, (2.10)

which leads to the tree-level Higgs exchange. The loop-induced coupling of the DM
to the photon is calculated in Appendix A.3 and in the zero external momentum limit
it has the form

b D"\ 0" X F 0, (2.11)
where
Ae 2 m?2
bhy=——2 [14+Z1m—% 2.12
X 167r2m%¢< "3 nm§>’ (2.12)

and my is the mass of the tau lepton since we have assumed y, to be the DM. The
Feynman diagrams for these couplings are shown in figure 2.1.
Combining this with the Higgs and photon propagators, we can write the effective

operators that give rise to the DM-nucleus scattering:

ol
Lot = cIX"0 Xquq + X" XTY; (2.13)
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where the coefficients are related to the couplings in the UV theory as
(2.14)

For the next step in calculating the scattering cross section, we convert from quark-
level operators to effective nucleon-level operators and we take the nonrelativistic limit

of the matrix elements, which gives (N = p,n)
B —
Log = cﬁx*@ XNY.N + e x*XNN. (2.15)

The coefficients ¢V at the nucleon level can be written in terms of the coefficients ¢?

at the quark level as

eb
N = TXZQq, (2.16)
q
My (N) , 2 (N my
DI el T S S (2.17)
q=u,d,s Mq 27 q=c,bt My

where we use the numerical values of f:(pj;[) and f}]g) given in Ref. [42]. Combining
with Eq. (2.14) we arrive at

GQNb

o = TX (2.18)
Ay 2 7

N _ \hIN (N)

¢, = m% <§ + 5 q; Squ ) . (219)

The leading (spin-independent) contribution to the nucleon matrix elements of

the operators of Eq. (2.15) are

(x, N

(x. N

R g L
X" 0 XNWN‘X, N) = 4m,my,

X'XNN|x, N) =2my. (2.20)
Putting everything together, we define the dark matter-nucleon effective couplings
ol = 4meNc§V + 2mycy (2.21)

in terms of which the total scattering cross section is given by

or 1( ! )2[ZCP+(A—Z)C”]2. (2.92)

- 16w \'m, +m,
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h
(a)

Figure 2.2: The Feynman diagrams that contribute to direct detection in the fermion DM
case, namely tree level Higgs exchange (a) and v/Z exchange with the vector boson line
attached to either the mediator ¢ (b) or to the SM fermions f (c¢) running in the loop

2.2.2 Fermion DM

The calculation of the scattering cross section for the fermion DM case proceeds
through the same steps as in the scalar DM case. The tree-level Higgs exchange

arises from the interaction of Eq. (2.6) after electroweak symmetry breaking
Ly D —AwXxh, (2.23)
while the loop induced coupling of the DM to the photon is given by
Leg = byXVwXO F" + pyXio x F*, (2.24)

where b, and the magnetic dipole moment s, are defined as

Ae 2 m2
b, = —— 2 14+ Z10g L 2.25
X 64m2my ( + 396 m3 |’ (2.25)
Aem
€My
hy = X (2.26)
647r2m¢

Note that this agrees with Ref. [23]. The Feynman diagrams for these couplings are
shown in figure 2.2. The relativistic effective Lagrangian describing the interaction
of the DM with quarks is

«

12 XTIt (2.27)

Lest = cXXqq + XY XTVuq + chgXio™
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where
g Ay q q
¢ = 5 Ol =eQuby, g =eQqpy. (2.28)
vm;
We next convert the quark-level operators to nucleon-level operators and take the
nonrelativistic limit. Details of the matching of operator coefficients between the
quark and nucleon level operators can be found in Appendix A.5. We thus arrive at

the effective Lagrangian at the nucleon level (N = p,n)
Lz = ey XXNN +cIxy"xNyuN

+eyXic™ S xNK,N

2
k., —
—i—civyiaa“k—gxl\fiaﬁ“kgl\f. (2.29)

Here K, is the sum of the incoming and outgoing nucleon momenta, and the coeffi-

cients ¢V are related to the ¢? as

My (N 2 (N my
N = Z i — }q) + —f:(pG) Z —, (2.30)
my 27 my
q=u,d,s g=c,b,t
c =eb > Qy, (2.31)
q
and the charge and magnetic coefficients of the magnetic dipole moment are
cg = eQN/lly/2mny, C/]j = —efinfly/2my, (2.32)
where fiy is the nucleon magnetic moment, with fi, = 2.8 and fi,, = —1.9.

So far we have kept the magnetic dipole terms. Their momentum dependence
makes it impossible to write the differential event rate as the product of the elastic
cross section and the velocity integration. We calculate the differential rate numeri-
cally, and work out the exclusion limits from LUX [43] in the presence of the dipole
terms in Appendix A.5. The result is shown in Fig. 2.3. We find that the effect of
the magnetic dipole operator is negligible compared to the charge operator in setting
limits for the coupling A\4. Based on this, for the rest of the chapter we will drop the
magnetic dipole contributions.

The leading (spin-independent) contribution to the nucleon matrix elements are

(x: N |[Xv*XN7.N|x, N) = dmymy,
(x: N|XxNN|x, N) = 4m,my. (2.33)
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Figure 2.3: The LUX bound on the coupling A4 for mg = 500 GeV calculated using the
charge term alone, the dipole term alone, and the full combination.

As in the scalar DM case, we define the dark matter-nucleon effective couplings

el = 4mechYV + dmymycn (2.34)

) , (2.35)

S m?
) (2.36)

where the coefficients are

)\22 2
N __
CV__QN64 2m ( 3l
Z
9 -

N /\Xth <2
G, =

2 \9

vmy,

The total scattering cross section is then given b

S 1( ! )2[ZCP+(A—Z)C”]2. (2.37)

16w \'m, +m,
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2.3 Results

In this section, we use the cross section formulas derived in the Sec. 2.2 in order
to calculate the bounds on lepton-flavored DM and directly compare the regions of
parameter space that have been excluded for the symmetric and asymmetric cases.
Note that the full parameter space of our model is four-dimensional (with the two
masses m,, my and the two couplings A, and \,;) and therefore it is not possible
to visually represent the phenomenological aspects of a full parameter scan. Instead,
we choose to present the highlights in two pairs of complementary plots (for the
scalar DM and fermion DM cases each), one pair where the masses are fixed at
representative values and the couplings are varied, and one pair where the masses
are varied, and a particular value of the couplings is chosen for each mass point.
Combining the information in these plots, the reader should be able to develop an
intuitive understanding for the prospects of the model in the full parameter space.
For the asymmetric scalar and fermion DM cases, we show in Fig. 2.4 and in
Fig. 2.5 (respectively) the regions in the (A, Ay) plane for some representative choices
of m,, and m, that are consistent with the bounds from LUX [43]. We also check the
bounds from CREEST, CDMS-Si, and SuperCDMS [44, 45, 46|, but we find that the
LUX bound dominates as long as m, 2 5 GeV. Such low values of m, are not very
interesting however, as A, has to be very small in order to be consistent with the
invisible Higgs decay bounds [47, 48|, namely BRj_,5, < 0.58. We only plot Ay, > 0
since the cross section depends only on A2, whereas the sign of \,; is physical. We
restrict ourselves to |\,;| < 0.25 in the fermion DM case, since the x-Higgs coupling
in this case arises from a higher-dimensional operator which is generated at A 2 TeV
[see Eq. (2.7)]. Note that the allowed parameter regions lie in a band around a curve
of maximal interference. The curve of maximal interference is a parabola since the
Higgs exchange amplitude scales as A,;, while the photon exchange amplitude scales
as AJ. In fact, the effective DM-photon coupling scales as A7 /m7, which explains
why in the right plots the parabola moves toward the vertical axis with increasing
me. While many features are similar for the scalar and fermion DM cases, one
difference stands out: as can be seen the left plots, for scalar DM both the shape of
the curve of maximal interference as well as the size of the allowed region around this
curve depend sensitively on m, while for fermion DM the allowed region is much less

sensitive to m,. This is due to the difference between Eqs (2.20) and (2.33), where in
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Figure 2.4: The region in the (Ayn, Ay) plane for the asymmetric scalar DM case consistent
with the LUX bound. (Left) my fixed at 500 GeV while m, is varied. (Right) m, is fixed
at 200 GeV while my is varied. For m, = 40 GeV, the allowed region is limited to small
values of \,j, because of the invisible Higgs decay bound.
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Figure 2.5: The region in the (A, Ay) plane for the asymmetric fermion DM case consis-
tent with the LUX bound. (Left) my fixed at 500 GeV while m, is varied. (Right) m, is

fixed at 200 GeV while mg is varied. For m, = 40 GeV, the allowed region is limited to
small values of \,j, because of the invisible Higgs decay bound.
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the scalar DM case the scaling of the Higgs-exchange and photon-exchange nuclear
matrix elements with m,, is different, while the scaling is the same in the fermion DM
case.

Next, we contrast the regions in the parameter space that can be consistent with
the LUX bound for symmetric and antisymmetric lepton-flavored DM as a function
of the masses m,, and my. In the left plot of Figs. 2.6 and 2.7 (for scalar and fermion
DM, respectively), we start by calculating for any point in the m,-my plane the value
of A4 that gives rise to the correct relic density in the symmetric DM case (for details
of the relic abundance calculation, see Appendix A). For the symmetric DM case,
we then check whether this parameter point is excluded by direct detection, keeping
A = 0, since for the symmetric case the two channels add incoherently so any finite
value of A\, only strengthens the direct detection constraint. Next, for the same
value of A\, we check whether there is any value of A, (within the interval [-1.5, 1.5]
for scalar DM and [-0.5, 0.5] for fermion DM, and consistent with the invisible Higgs
decay bound if 2m, < my) for which asymmetric DM can be consistent with the
direct detection bound. In the second plot (right), we exchange the roles of A, and
Ay and repeat the same procedure, in other words A, is now fixed at the value which
gives the correct relic abundance for the symmetric DM (both signs are considered)
at any value of m,, and m (subject to the same constraints as mentioned above), and
for antisymmetric DM ), is allowed to float in looking for consistency with the direct
detection bound. Note that we have excluded the regions my < 105 GeV in these
plots due to ¢-pair production bounds from LEP. This is only meant as a conservative
approximation to the LEP bound, however the direct search bounds from the LHC
(such as stau searches) will rule out this region in any case and extend further, and
for this reason the lowest mgy regions should not be taken too seriously. A full analysis
of the LHC constraints will be studied in upcoming work, but it is outside the scope
of this paper due to the large number of LHC searches that need to be recast. Since
pair production cross sections of noncolored particles (especially scalars) fall off very
rapidly however, we do not expect the inclusion of LHC bounds to drastically change
plots 2.6 and 2.7.

While choosing either Ay = 0 or A,;, = 0 for the symmetric case in Figs. 2.6 and
2.7 may appear to be somewhat arbitrary, this in fact allows us to fully map out
the exclusion region from direct detection bounds, in the following sense: If a point

in the m,-my plane is excluded by LUX in both Figs. 2.6 and 2.7 in the symmetric
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Figure 2.6: The excluded region in the m,-mg plane for scalar DM. For the left plot, Ay is
calculated point by point to give the correct relic abundance for symmetric DM. The orange
region includes points where this calculated value exceeds 1.5. The green region then shows
the points excluded by direct detection for symmetric DM using this value of A4. The blue
region shows points where direct detection also excludes asymmetric DM for the same value
of Ay, and for any value of A\, (subject to [A,p| < 1.5; for 2m, < my,, consistency with the
invisible Higgs decay bound is also required). For the right plot, the roles of A, and A,p
are reversed, and both signs of A, are used in plotting the blue region. See the main text
for further details.
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Figure 2.7: The excluded region in the m,-mg plane for fermion DM. For the left plot,
Mg is calculated point by point to give the correct relic abundance for symmetric DM. The
orange region includes points where this calculated value exceeds 1.5. The green region
then shows the points excluded by direct detection for symmetric DM using this value of
A¢- The blue region shows points where direct detection also excludes asymmetric DM for
the same value of Ay, and for any value of [A\;| < 0.5 (for 2m, < my, consistency with the
invisible Higgs decay bound is also required). For the right plot, the roles of A, and A,
are reversed, and both signs of A, are used in plotting the blue region. See the main text
for further details.
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case, it is ruled out even when both couplings are allowed to vary, subject to the relic
abundance constraint, as we will now argue. Interference is absent in the symmetric
case in calculating the scattering rate for direct detection, which therefore can be
written as C’DD7¢()\§>)2 + CDD,h/\ih for some constants Cpp 4 and Cpp . Similarly,
the cross section of DM annihilation relevant for the relic abundance calculation can

also be written as Crag(A})* + CranAyy,, for the same reason®

. Thus, for a given
mass point, obtaining the correct relic abundance constrains the model to lie on
an ellipse in the A3-Ay, plane, with the major axis pointing along either the A7 or
the Ay, axis. Moreover, the contours corresponding to constant scattering rate in
a direct detection experiment are also ellipses with their major axis pointed along
either the )\i or the A\ axis. Thus, as one moves around the ellipse for obtaining
the correct relic abundance, one will always find the point with the smallest direct
detection scattering rate where the family of ellipses from direct detection are tangent
to the ellipse from relic abundance. Since both ellipses are pointed along one of the
coordinate axes, this will happen on one of the coordinate axes, thus there can be
no point with both couplings nonzero that can result in a smaller scattering rate for
direct detection than at the points with one of the couplings equal to zero.

There are many interesting features in Figs. 2.6 and 2.7, which we now go over
in detail. First of all, note that for symmetric DM, the entire parameter region is
excluded for fermion DM with negligible FDM coupling (right plot in Fig. 2.7, apart
from a very narrow band near the Higgs resonance region, where \,;, can be very
small). This exclusion extends all the way down to zero mass due to the invisible Higgs
bound. Similarly, scalar DM with negligible Higgs coupling (left plot in Fig. 2.6) is
also ruled out for a DM mass above 8 GeV, below which direct detection experiments
lose sensitivity. The nearly-complete exclusion for these two cases is due to relic
abundance requiring a very large coupling due to suppressions in the amplitude.
Scalar DM with FDM interactions annihilates to leptons, so the s-wave annihilation
is chirally suppressed [see Eq. A.5)] and therefore p-wave annihilation dominates.
Fermion DM that annihilates through Higgs exchange is also velocity suppressed.
In both cases, turning on both couplings for asymmetric DM opens up regions of

parameter space that can be consistent with all constraints. In particular, for scalar

3There is a caveat here that the reaction xxy — 77 does in fact have a cross term between ¢ and
h exchange. However, the Yukawa coupling of the 7 is small enough that this term can be neglected
for all practical purposes.
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DM, the only region that is ruled out is for 2m, < m; where the invisible Higgs
decay bound forces A,; to be very small such that the interference cannot be very
effective. For fermion DM where we set A, by the relic abundance in the symmetric
case (Fig. 2.7, right), the large m,, region is ruled out even for the asymmetric case,
because the effective DM-photon coupling scales as )\3j / mi, so a value of A4 of order
one is not strong enough to cancel the very large Higgs exchange contribution in
direct detection.

There are also a few interesting features in the left plot of Fig. 2.7. For symmetric
DM, the exclusion region extends both to large my for light m,,, as well as to relatively
large m, when mg —m,, is small. The former region is ruled out because both direct
detection and relic abundance depend on Ay and m, in the same way, thus the direct
detection constraint does not weaken even at large m,. The latter region is ruled
out because the loop that gives rise to the effective DM-photon coupling is enhanced
in this kinematic regime, and therefore the direct detection bound is stronger than
one would naively expect. In a way similar to Fig. 2.6 (left), the excluded region
for asymmetric DM is basically due to the invisible Higgs decay bound, which forces
Ayn to remain small, and therefore makes the interference ineffective. Also similar
to Fig. 2.6 (left), the region m, < 10 GeV is not excluded because direct detection

experiments lose sensitivity at such low recoils.

2.4 Conclusion and Outlook

We have introduced the scenario of lepton-flavored asymmetric dark matter, where
the same mechanism that generates a lepton asymmetry at high scales also generates a
DM asymmetry, and we have studied the prospects of this scenario for direct detection
experiments. In particular, we have emphasized the fact that the interactions present
in the model lead to both Higgs and photon exchange in direct detection, and that
the corresponding amplitudes are naturally of the right size such that interference
can be important, leading to a significant weakening in the bounds reported by direct
detection experiments. We have contrasted the regions of parameter space excluded
by the null results of direct detection experiments for this scenario with the parameter
space of the same model where no DM asymmetry is generated, and where therefore

the interference effects cancel out once the scattering of both the DM particle and

26



its antiparticle off of nuclei are taken into account. In particular, we showed that
in the symmetric case with fermion DM where the Higgs exchange dominates, the
parameter space is entirely ruled out except for a narrow Higgs resonance window,
while in the asymmetric case a large fraction of the parameter space is still allowed.
The same conclusion also holds for scalar DM with a mass above 8 GeV when the
FDM interaction dominates.

Turning to prospects of this model for future experiments, we note that the pres-
ence of interference in direct detection can be confirmed by separately determining
the DM scattering rate off of protons and neutrons. This can be achieved in the
next generation of direct detection experiments if more than one experiment with a
nonidentical active detector material can observe a signal, since the ratios of protons
to neutrons in the nuclei of the active materials will then be different. A separate
measurement of the scattering rates from protons and neutrons can then be used to
solve for Ay and A,p,.

While indirect detection signals are absent for asymmetric DM, the collider phe-
nomenology of our model is identical to the symmetric case. The discovery prospects
in the multilepton final state at the LHC were studied in Ref. [23] at which point
no collider constraints were available. It would now be interesting to study the con-
straints imposed on the lepton-flavored dark matter model by translating the searches
performed by ATLAS and CMS in the dilepton and multilepton final states with and
without transverse missing energy. Due to the multiplicity of such analyses this was
outside the scope of this work, but these constraints will be studied in upcoming
work.

In this chapter we considered it sufficient to simply outline the details of a model
which would lead to the generation of a DM asymmetry during high-scale leptogen-
esis, and to remark that an order one coupling for the FDM interaction would then
efficiently annihilate the symmetric part of the DM particles. In the following chap-
ter we take up this question in greater quantitative detail and calculate the energy
density left over in the asymmetric DM as a function of the parameters of a particular
UV model.
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Chapter Three: Secretly asymmetric dark matter!

Asymmetric dark matter (ADM) [31, 55, 33, 56, 32, 34, 37, 36] is motivated by the
observation that the dark matter and baryon energy densities today are comparable,
so that for dark matter masses of a few GeV, the number densities of the dark and
visible sectors are also roughly comparable. The baryon number density today is set
by an asymmetry, which suggests that dark matter could also be asymmetric, with the
origin of the two asymmetries being related. In order to realize the conventional ADM

scenario, a mechanism has to be put in place in order to break U(1),, a symmetry

X
which guarantees conservation of dark matter (DM) number, in much the same way
that baryon number has to be broken in order to generate an asymmetry in the visible
sector.

In this chapter we study the possibility that for a dark sector with multiple states,
the ADM paradigm can be realized without having to break U(1),. Asymmetries can
be generated in the different dark sector states, while keeping the total charge under
the U(1), at zero. If heavier states in the dark sector decay to lighter ones after
DM annihilations have frozen out [35, 57], then the final DM population is in fact
symmetric, even though its abundance was set by an asymmetry. For this reason we
will refer to this mechanism as Secretly Asymmetric Dark Matter (SADM). The idea
of repopulating the symmetric component of DM at late times through oscillations
has also been explored [58, 59, 60, 61, 62].

The relic abundance of DM in this mechanism is in some ways similar to the
abundance of charged stable particles in the Standard Model (SM). Even though
the abundances of baryons and leptons are set by an initial asymmetry, the universe
is always charge neutral and U(1)gy is never broken. If protons were to decay at
late times, the universe could end up with a symmetric population of electrons and

positrons which is secretly asymmetric.

!This chapter is based on work previously published as ref. [54]. This author contributed to the
methodology, calculations, and text of this paper.
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3.1 The Generation of the Asymmetry

Flavored dark matter (FDM) models [63, 21, 23, 64, 24, 65, 27, 29, 28, 4, 66, 67,
68, 69, 70, 71, 72] have multiple dark matter states by construction, as well as a
simple way to connect the DM states with baryons or leptons that allows the transfer
of asymmetries between the two sectors. Therefore, the SADM mechanism can be
naturally realized in FDM models. In this work we will use a model of lepton flavored
dark matter to demonstrate how the proposed mechanism works. We will assume
that high-scale leptogenesis [38] (see refs. [73, 74] for a review and comprehensive
list of references) generates an asymmetry in the lepton sector, which will then be
transferred to baryons and to the dark sector.

Specifically, consider a model of FDM in which three flavors of SM singlet Dirac
fermions (x, x¢); (¢ = 1,2, 3) interact with the right-handed leptons of the SM via a

scalar mediator ¢, with the interaction given by

We will denote the mass of the lightest x by m, and the typical mass splitting between
the y flavors by dm.

It is worth commenting on the conserved quantum numbers in the presence of the
interaction in equation 3.1. Individual lepton numbers L; in the SM can be extended
by assigning charges to x;. We will refer to the extended lepton numbers by L;. Then
U(1)_; remains unbroken and anomaly-free, except for the explicit breaking from
heavy right-handed neutrinos. If the coupling matrix \;; is flavor-diagonal in the
charged lepton and x mass basis, the U (l)i flavor symmetry is preserved to a good
approximation at low energies, broken only by the light neutrino mass matrix. The
neutrino masses are small enough to have no effect on the physics to be discussed
here, and will therefore be neglected from here on. The presence of off-diagonal entries
in the couplings \;; do have interesting phenomenological consequences; however for
the sake of simplicity we will defer the discussion of these effects to a more detailed
study and we will restrict ourselves to the flavor-universal case with \;; = d;;\. Note
that there is also a separate U(1), symmetry under which all three x; have the same
charge and the mediator ¢ has the opposite charge.

As mentioned above, we assume that out-of-equilibrium decays of the lightest

right handed neutrino N; generate a net B — L asymmetry in the SM sector. The
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Figure 3.1: Rates of the most important FDM processes and the Hubble scale as a
function of temperature for the parameter point defined in the main text.

comoving quantum numbers
A; = (3/3 - L) /s=A; — AY,, (3.2)

are conserved from the end of leptogenesis down to scales where neutrino oscillations
become important. Here s is the entropy density, Y,, = n,,/s are the comoving
number densities of dark matter, and A; = (B/3 — L;) /s are the conserved comoving
quantum numbers in the absence of the dark sector. Depending on which linear
superposition of the e, p and 7 flavors N7 couples to, leptogenesis generates nonzero
values for these conserved quantities, which we will take as the initial conditions for
the SADM mechanism.

Let us now follow the thermal history of the universe from the end of leptogenesis
to lower temperatures. For concreteness we will use a specific parameter point (A =
0.05,m, = 500 GeV, mg = 10° GeV, dm = 0.4m,, Tieptogenesis > 10'% GeV), and
in figure 3.1 we show for this parameter point how the rates of the most important

processes in the model compare to the Hubble scale as a function of temperature.
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With these values, the FDM interaction of equation 3.1 goes into chemical equilibrium
after all N have decayed. This is not a necessary condition for the SADM mechanism
to work and merely simplifies the discussion, as it lets us take initial conditions
from leptogenesis (values of A;, denoted henceforth as A?) in a modular fashion. If
the FDM interaction is already in equilibrium during leptogenesis one can solve the
Boltzmann equation to track the asymmetries in the two sectors as a function of time.

As the universe continues to cool down, the asymmetry originally generated in
the left-handed leptons is transferred to the right-handed leptons (through the SM
Yukawas), the baryons (through sphalerons) and to the y; (through the FDM inter-
actions). With all these interactions in equilibrium, the comoving asymmetries of all
species can be related to the conserved quantities during this epoch (the AI) through
equilibrium thermodynamics, with the constraints that the total hypercharge and
the total U(1), number of the universe stay zero. Since individual y numbers are all
zero until the FDM interaction goes into equilibrium, the value of (A,) just after
equilibrium is equal to the value of (A;) — (AY,,) just before, namely AY.

At our parameter point, the next step in the thermal evolution is the FDM inter-
action falling out of equilibrium as the temperature drops below my. This decouples
the SM and FDM sector asymmetries. Now the comoving asymmetries AY,, are all

separately conserved, and their values are given in terms of the initial conditions as

AY,, , (211 A?
AY, . 1 1 =2 A°

At the same time, the total B — L comoving asymmetry in the SM sector at early
times can be related to the baryon number density By and entropy density so today,
79 By

3.4
CER (3-4)

AYB—Z = ZA? ~

which imposes a constraint on the possible initial conditions. From this point on, the
thermal evolution of the SM sector proceeds as usual.
After the symmetric component of DM annihilates away (through mechanisms

discussed below), the DM relic abundance today is given by

PDM = My So (|AYXE| + [AY, | + |AYXT|) : (3.5)
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Figure 3.2: The values of m, needed to obtain the correct pp and ppys as the initial
lepton asymmetries AY are varied subject to the constraint of equation 3.4, assuming
there is no symmetric component to the relic. The values of & = A?/AYp_ for any
point can be read off by drawing perpendiculars to the three axes shown.
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Therefore, the ratio

pp m, 28/7T9(Al+A) +AY)

3.6
TIAY, |+ [AY, ] (3.6)

porr my |AY,,

relates the value of m, to observed values of pp and ppy (with pg/ppay = 0.185 [75]),
given any initial condition AY. This is illustrated in figure 3.2. Note that pp and
ppm depend on different combinations of the initial conditions.

While for generic initial conditions we expect m, to be a few GeV, both larger
and smaller values are possible in the following two limits: If the leptogenesis mech-
anism generates almost equal AY then equation 3.3 sets the AY,, to be small, and
therefore the DM mass needs to be large to obtain the right ppy;. On the other
hand, if the leptogenesis mechanism generates large individual asymmetries for the
SM lepton flavors that almost cancel [76] (e.g. A) = —A) > Al ~ AYp_y) then the

denominator in equation 3.6 is large, and the DM mass needs to be small.

3.2 Decays in the dark sector

If the mass splitting dm;; = m,, — m,, is less than my, + my;, the decays x; —
X;+X can only proceed through y-flavor mixing or through strongly suppressed loop
processes [77], and the lifetime can be so long that all three x can be treated as stable
for practical purposes. For larger splittings however, the decay x; — ngz[j proceeds

at tree level, with

A (Emy)’

'~ )
4807r3mf;

(3.7)

If decays become important before x-y annihilations freeze out, then they depop-
ulate the heavier flavors and the dark matter abundance is set by the usual symmetric
thermal freeze-out. Therefore, if the relic abundance based on the initial asymmetry
is to survive at late times, then decays need to happen after annihilations freeze-out,
but before Big-Bang Nucleosynthesis (BBN) in order to avoid early universe con-
straints. This is a core requirement of our set up. It is straightforward to check that
this condition is satisfied at our parameter point. The width of the heavier flavors

for these parameters is illustrated by the horizontal line in figure 3.1.
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3.3 Annihilation of the symmetric DM

component

If FDM annihilations x;X; — {; lj are still active below T ~ m,, then they deplete
the asymmetry in the dark sector. Therefore, another core requirement for SADM is
to ensure that the FDM interaction decouples while y is relativistic. This also implies
that we need additional interactions which can annihilate the symmetric component
of DM, without depleting the asymmetry. We consider the setup, referred from here
on as the Z’-model, where the U(1), symmetry is gauged with a coupling gp, and
where the gauge boson 7] acquires a small mass mz < m,. The Z’ couples to the
x; in a flavor-diagonal fashion and leads to efficient x;-x; annihilations, such that the
symmetric component of DM annihilates away for gp = gwiup, where gwmvp is the
coupling that leads to the correct relic abundance for a thermal relic with the same
mass.
Since ¢ carries a unit charge under U(1),, as well as hypercharge, it leads to kinetic
mixing [78, 79] between these groups
Lo = —=B"Z! (3.8)

2 s

where the loop of ¢ generates € ~ 1073 — 10~ for couplings needed to annihilate the
symmetric part. However, other UV contributions to the kinetic mixing can lead to
a larger or smaller value of e. The Z’ can decay to the light SM fermions through the

kinetic mixing.

3.4 Experimental Signatures of the Z’-model

If all flavors of x are long-lived on cosmological timescales then there are no annihila-
tions happening today and therefore indirect detection experiments are not sensitive
to this case. If on the other hand only the lightest flavor survives today, then the
DM distribution is symmetric. Since there is only a lower limit on gp, one can obtain
a stronger signal in indirect detection for a given m, compared to a WIMP. In par-
ticular, the annihilations will take the form yx — Z'Z" — 4f, where f denotes SM
fermions with m; < mg /2. Depending on my, the leading constraint from indirect

detection may arise from positrons [80, 81|, photons [82] or CMB measurements of
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Figure 3.3: Constraints on the Z’-model. Left: Direct detection constraints from
LUX [86, 87], SuperCDMS [88] and CRESST-II [89] for representative values of € and
gp = gwmvp- Right: Indirect detection constraints from Planck [75], Fermi [82] and
AMS [80, 81]. For reference we also show the annihilation cross section [90] which
gives the correct relic abundance in our model with no asymmetry. my is taken to
be m, /2 for both plots.

ionization [75]. These constraints were considered in ref. [83, 84, 85], and they are

shown in the right-hand plot of figure 3.3.
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The Z'-hypercharge mixing also gives rise to a signal in direct detection experi-
ments such as LUX [86, 87], SuperCDMS [88] and CRESST-II [89]. Since tree-level
Z-exchange is excluded by orders of magnitude, this translates to a strong constraint
on the model parameters. In the left-hand plot of figure 3.3 we show the bounds in
the m,-0y plane for a specific choice of mz = m, /2.

Finally, there are also bounds on the model from dark photon searches, which can
be quite stringent for a very light Z’ [91, 92|. However for mz 2 1 GeV, the bound
for € is typically at the 1072 level, and generic values in our model are compatible
with this constraint.

We see that direct detection, indirect detection and dark photon searches provide
a complementary set of constraints for the parameter space of the Z’ model. Light
DM with m, ~ 5 GeV, which can be obtained from generic initial conditions (see
figure 3.2), is unconstrained by direct detection even for generic values of €, and can
be within reach of future experiments probing light dark matter. The low m, region
is in tension with indirect detection bounds, but the constraints may be evaded in a
modified version of the model, for example if the main annihilation channel is into

neutrinos. Heavier m, 2 O(100 GeV) are unconstrained by either set of bounds.

3.5 Alternative model for annihilating the

symmetric part

In order to stress the model dependence of some of the bounds considered above, we
describe a variation of the model where DM annihilates via a scalar instead of a Z’.

In particular, consider a light real scalar S with the interactions

Consistent with the U (1)52 global symmetry we will take x;; = d;;x. S develops a
coupling to the right-handed SM leptons at one loop through the FDM interaction,
and can therefore efficiently annihilate the symmetric part of the DM distribution.
S does not mix with the Higgs boson until at least the two-loop order, and even
this mixing is suppressed by lepton Yukawa couplings. Therefore, unlike the Z’,
tree-level S exchange only gives a negligible signal in direct detection experiments.

Furthermore, the annihilation channel yy — S5 is p-wave suppressed, which means
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that even for a fully symmetric y distribution today, indirect detection signals are
expected to be very weak. Thus, this alternative model is basically unconstrained by

the experiments discussed above.

3.6 Conclusions

We have studied the SADM mechanism where for a dark sector with multiple states,
the relic abundance is set by an asymmetry even though the DM number remains
zero. If heavier DM states can decay to the lightest state, then DM is symmetric at
late times, whereas otherwise multiple DM components can be present today. This
mechanism is realized naturally in models of FDM. Experimental signals, if present,
arise mainly due to the sector of the model that is responsible for annihilating the
symmetric component of the DM. We have presented two alternatives for this sector:
a Z'-model where Z’-hypercharge mixing generically takes place at the one-loop level,
and a scalar model where mixing with the Higgs can naturally be very small. For
the former model there are a number of experimental constraints from DM searches
as well as dark photon searches, and future experiments should be able to probe a
sizable fraction of the parameter space currently consistent with constraints. The
latter model on the other hand is very difficult to probe experimentally, and its

parameter space is largely unconstrained.
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Chapter Four: Addressing Astrophysical and
Cosmological Problems With Secretly Asymmetric
Dark Matter!

Secretly Asymmetric Dark Matter (SADM) was proposed in the previous chapter as a
mechanism to generate the dark matter (DM) relic abundance through an asymmetry
in the dark sector despite an exact (global or gauged) DM number symmetry U(1),.
In the implementation of this idea in ref. [54], the asymmetry is first generated in
the visible sector through high-scale leptogenesis [38]? and then transferred to a dark
sector containing three DM flavors y;, a flavorless mediator ¢, and a dark photon vp
via a coupling to the right-handed leptons of the Standard Model (SM). The mediator
in that case is charged both under SM hypercharge and under U(1),, and therefore
leads to mixing between the photon and the dark photon at the one-loop level. This
is phenomenologically only acceptable if the dark photon has a nonzero mass [94],
and therefore the experimental signatures of the model manifest themselves at short
distances, but in the context of long distance physics it falls under the collisionless
cold DM category.

In this chapter we introduce a different implementation of the SADM mechanism,
where a massless dark photon is phenomenologically allowed, and leads to a rich set of
astrophysical signatures, despite the rather minimal high-energy setup. We argue that
this setup is capable of addressing open questions in astrophysics both at the large
(Hubble-scale) and small (galaxy-scale) scales simultaneously. The model we propose
serves as a short-distance implementation of two mechanisms that have recently been
proposed to address the same open questions, namely Dark Acoustic Oscillations [99,
95, 97, 96, 98] and Hidden Hydrogen DM [101, 102]. By focusing on a particular
region of parameter space of the model, we show that the Hy discrepancy [103], the
og discrepancy [105, 106, 107, 108, 104] and the mass deficit problem [109, 104, 110]

in dwarf galaxies and galaxy clusters can all be addressed. There have been many

!This chapter is based on work previously published as ref. [93]. This author contributed to the
methodology, calculations, and text of this paper.
2See reviews of leptogenesis such as ref.s [73, 74] for a comprehensive list of references.
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efforts in the literature to address these discrepancies using non-standard DM self
interactions [111, 112, 114, 113, 115, 116, 117, 118, 119, 120]. The SADM model
presented here extends these efforts by providing a minimal short-distance setup that
nevertheless has rich enough dynamics to address multiple issues across a wide range
of scales.

The core feature of the SADM mechanism is that due to the unbroken DM number
symmetry, the total dark charge of the universe is zero at all times, but there can be
several DM flavors that have individual asymmetries. Due to the crucial role of there
being multiple DM flavors, SADM can be considered as a special case of the Flavored
Dark Matter scenario [63, 21, 23, 64, 28, 72, 121]. Unlike the model studied in ref. [54]
however, where the heavier DM flavors decay to the lightest one before Big Bang
Nucleosynthesis (BBN) and result in a symmetric distribution of the lightest DM
flavor at late times, in the model we study in this work all DM flavors are extremely
long-lived and are still present today. This means that flavors with opposite signs
of asymmetry (and with opposite dark charges) must coexist, along with a massless
dark photon that mediates long-range interactions, and therefore multiple bound
states can form, each one behaving as atomic DM [122, 123, 111]. These bound
states, along with unbound DM particles and the massless dark photon then give rise
to rich dynamics across a range of distance scales. The dark photon as an additional
relativistic degree of freedom helps ease the tension between CMB-based [124] and
low redshift [103, 126, 125] measurements of Hy, dark acoustic oscillations in the early
universe that arise from the scattering of free and bound states leads to a suppression
of the matter power spectrum at small scales, and the scattering between bound
states after structure formation leads to a flattening of the DM density distribution
inside haloes.

The layout of this chapter is as follows: In section 4.1 we introduce the short-
distance model, and we consider its phenomenology in the context of particle physics
observables and constraints. In section 4.2 we then study the cosmological features of
the model, and the astrophysical signatures that it gives rise to at the large and small

scales. We conclude in section 4.3 and we consider directions for future research.
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4.1 The Model, and particle physics

considerations

In this section we will introduce our SADM model and consider its high energy as-
pects. We assume heavy right handed neutrinos N; exist and that they have Majorana

masses as well as a Yukawa coupling to the SM leptons
LD MN,ijNiNj + Y;éVNlEJHT + h.C., (41)

where H is the SM Higgs doublet. This well-studied extension of the SM generates
both light neutrino masses through the see-saw mechanism and it also allows the
creation of a net B — L number as the origin of the matter-antimatter asymmetry
in the SM sector through CP violating phases in the coupling matrix Ylév . These
features are explored in depth in reviews of leptogenesis [73, 74].

To this setup we add three flavors of Dirac fermions (x, x¢), and a scalar ¢ with

the couplings (in the y-mass basis)
LD Mg|B1* + myixixi + AiNixj¢ + hec.. (4.2)

Note that an exact U(1), symmetry exists, under which all x have charge +1, while
all x¢ and ¢ have charge -1. We will take this symmetry to be gauged by the dark
photon, with a fine structure constant ag. The \;; coupling matrix contains physical
phases and is a source of CP-violation in the dark sector. We choose the N to only
couple to the left-handed x (and ¢) but not the right-handed x¢ (and ¢*). If couplings
to both x and x© are present with O(1) coefficients, this can allow a heavier x particle
to decay to a lighter one within the age of the universe, as will be discussed later
in this section. While a coupling to x¢ will be generated through quantum effects,
this effect is suppressed by ratio of x and N masses, and this does not invalidate our
estimate of the x lifetime presented below. We will soon introduce a convention for
assigning the flavor labels 7.

The mediator ¢, being a scalar, will be taken to be heavy, though we will assume
that it is lighter than the right-handed neutrinos. Once the right-handed neutrinos
become non-relativistic and the interaction of equation 4.2 drops out of equilibrium,
the SM and dark sectors decouple from one another. As the heavy neutrinos N decay,

they will then generate asymmetries both in the SM leptons and in the dark sector
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(in ¢ and the x;); however as mentioned before U(1), is never broken and therefore
the total dark charge of the universe is zero at all times. With the interaction of
equation 4.2 out of equilibrium, the asymmetries generated in the three y flavors
cannot wash each other out. As the temperature drops further, the ¢ particles become
nonrelativistic and the symmetric part of the ¢ particle distribution annihilates to
dark photons. The asymmetric ¢ particles then decay as ¢ — x (*HT, transferring
their dark charge to the x flavors, such that after the ¢ decays the asymmetry in the
dark sector will reside entirely in the three DM flavors, in such a way that the total
dark charge of the universe remains zero. Note that the heaviness of both ¢ and N
means that the x are very challenging to access in collider, direct detection, or indirect
detection experiments. Our model does however have astrophysical signatures, which
are the focus of this paper and which we will study in the next section.

Assuming generic phases in the entries of the Yév and the \;; matrices, the ratio
of the typical magnitudes of the elements of Yzév and the typical magnitudes of the
elements of \;; will determine the branching ratio of the decaying NN into the visible
vs the dark sector, and thereby the ratio of the overall lepton number (more precisely,
B — L number) and the flavor-by-flavor x asymmetries that are generated through
heavy neutrino decays.

Therefore, for similar magnitudes in the entries of the Y;;V and the \;; matrices,
the fact that Qpy ~ 5Qp suggests the GeV scale for the mass of the heaviest y
flavor, but if the entries of one coupling matrix are larger than those of the other,
then this mass can also vary in either direction. As we will show in section 4.2, the
region of parameter space that is of interest for us has the mass of the heaviest DM
flavor ~ O(10) GeV, the mass of the lightest DM flavor ~ O(1) MeV, and a value for
oy of order several percent. In this parameter region, the symmetric parts of the y
distributions annihilate efficiently, leaving behind only the asymmetric part generated
during the N decays.

The asymmetry generated in the different y flavors will differ from one another.
In fact, due to the total dark charge of the universe being zero, there will always be
one Y flavor with one sign of the asymmetry, and two flavors with the opposite sign,
after the ¢ particles have all decayed. We will adopt the following naming convention
for the three x flavors: The x flavor which is unique in its sign of the asymmetry will
be labeled xi, whereas the two x flavors with the other sign of the asymmetry will

be labeled x2 and xs, such that m,, > m,,. As we will see in the next section, the
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Figure 4.1: The estimate of the probability distribution function for the ratio ng/n;.
See main text for the details of the calculation.

most interesting phenomenology is obtained when y3 and not y; is the lightest DM
flavor. Thus we will take m,, > m,, as well, while either one of x; or x» could be
the heaviest flavor. The possible bound states are then formed between y; and ya,
labeled Hi5, and between y; and xs, labeled Hi3. Since the total dark charge of the
universe is zero at all times, the asymmetries of x5 and y3 add up in magnitude to
that of x;.

The overall size of the entries of the \;; coupling matrix determines the branching
fraction of N to the dark sector, and therefore the overall size of the asymmetries
of all x flavors, while the specific flavor and phase structure in the coupling matrix
determines the branching fractions among the DM flavors. The three comoving asym-
metries AY; of the x flavors (after ¢ decays) satisfy Zle AY; = 0. In terms of the
physical number densities of the three x particles (or antiparticles, depending on the
sign of the asymmetry), this can also be written as n; = ny +ns. Thus the n; are not

independent, however the ratio ng/n; can in principle have any value in the interval

42



[0, 1].

We can estimate the probability distribution for this ratio using Monte Carlo
methods with a prior where each entry of the 3 x 3 matrix \;; is randomly chosen
over the unit complex circle. To calculate the asymmetry generated in each flavor
from a given matrix \;;, we follow standard techniques from leptogenesis [73]. We
assume the heavy neutrino masses are hierarchical with my, < my,, my, (we use
my, = 1.0 x 10 GeV as a benchmark value). N; decays are fast compared to
the Hubble scale, and therefore the asymmetry production takes place in the strong
washout regime. Ratios of the AY; generated in the N; decays can be obtained from

the ratios of the CP asymmetry factors for each flavor ¢

€ oc Im{[A]1;[m* A1}, (4.3)
where the matrix [m];; is given by

[mlij = [NkilAlkj /ma, - (4.4)

For the branching ratios of the subsequent ¢ decays, only the tree level contributions
with an off-shell /V; are used, since any additional CP violation introduced at this
stage is subdominant. Note also that an overall rescaling of all \;; entries does not
affect the probability distribution of ng/n;, and therefore we are not committing
ourselves to a particular size of the \;; couplings by generating random numbers over
the complex unit circle. For a given choice of my, and m,,, such a rescaling can
be chosen such that the correct overall ppy, and pp are obtained. The result for
the n3/n; probability distribution is shown in figure 4.1. As we will see in the next
section, the region of greatest phenomenological interest corresponds to n3/n; < 0.1,
which does not require significant fine-tuning.

Even without a compressed spectrum among the DM flavors, all y are extremely
long-lived, and are still undecayed today. The leading decay mode arises from the
one-loop diagram shown in figure 4.2. Let us estimate the lifetime associated with
this decay mode. Since N is the heaviest particle in the spectrum, we integrate it out
first. At dimension 5, this generates the operator (we use A to stand in for any O(1)

entries in the \;; coupling matrix, and we are suppressing flavor indices on the x)

2

Os = TQ—N (xx¢” +h.c.). (4.5)
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Figure 4.2: Decay mode for a heavier DM flavor to decay to a lighter one.

Note however that this operator does not contribute to the decay mode of figure 4.2,
since one needs a factor of ¢¢* in order to close the ¢ loop. In order to do this, we

need to go to the dimension 6 operator generated from integrating out N
)\2
O = - (0" 0x0"). (4.6)
N

Next, we will integrate out the heavy mediator ¢. In the low energy theory below

m, the effective operator that leads to the x decay is the operator
)_65“8”)( Fd,uzza (47)

where Fy,, is the field strength for U(1),. Since all derivatives in this effective

operator act on the external momenta, which are of order m,, the decay rate can be

1 )\2€d 2
Fapprox. = 8_71' (—) mi (4.8)

16m2m3%;

estimated as

We have also performed the full loop calculation for this process, and we find complete
agreement with the effective field theory estimate presented above, with an added

numerical factor of 1/72. The full answer for the decay rate is thus found to be, up
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Figure 4.3: Leading contribution to mixing between the dark photon and the SM
photon.

to corrections of order (m3/m3) and of order (m2 4 .1/m2 iiiia):

1
I' = ﬁrapprox. (49)
5 /1012GeV )"
~ (1072eV) (Me2) (2 4.1
(10 eV)( ed) (10G6V> my (4.10)
< Hy=~ 107 eV. (4.11)

The lifetime is several orders of magnitude larger than the age of the universe for
the parameter region that will be used in this paper. The leading tree-level decay
diagrams are even further suppressed than this decay mode, and are therefore irrel-
evant. As discussed earlier in this section, if the UV theory contains couplings of N
to both y and x¢ with O(1) coefficients, then the operator Os of equation 4.5 will
contain a cross-term containing yx“¢¢* which can contribute to the decay process at
order 1/my instead of at order m, /m3, leading to an unacceptably short lifetime.
If the coupling to x¢ is absent in the UV theory however, it is only generated with
an m, /my suppression, and this contributes at the same order as the piece already
considered in equation 4.9.

As we will see in the next section, the most interesting phenomenological features
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of the model will be obtained when the mass of the heaviest flavor (x; or x2) is
O(10) GeV, the mass of the next heaviest flavor is O(0.1 — 1) GeV, and the mass
of the lightest flavor (x3) is O(1) MeV. This means that Hy, will be strongly bound
and difficult to ionize, serving as a neutral DM component, while H3 may be easy to
ionize, such that a non-negligible fraction of y3 (and the corresponding amount of y)
can be unbound at certain times during the early universe, delaying the decoupling
of the dominant DM component from the dark radiation, and leading to interesting
dynamical effects.

For a massless dark photon, it needs to be checked that the mixing with the SM
photon is acceptably small. More precisely, in the basis where vp only interacts with
x but not the SM fermions, the millicharge acquired by y under electromagnetism
needs to be small. The y-yp mixing is induced at the three-loop level: see figure 4.3.

Matching on to an effective operator eF5”F),,, one can estimate

iz
2y/2

€ ~ —6(61%;; . (4.12)
If 2 ~Y?2 ~ 0.1 and ag ~ «, then € is below 107!°. Let us compare this to
the constraints for millicharged DM (figure 1 in ref. [127], with m ~ O(10) GeV,
the mass of the heaviest DM flavor), keeping in mind that some of the constraints
will be relaxed, as these were derived with the assumption that all DM particles
are millicharged while we will focus in this work exclusively on the possibility that
all but a small fraction of the x particles are in bound states, and therefore have
no net millicharge. In particular, the leading constraints from galactic and cluster
magnetic fields probe the DM at small momenta, or at distance scales larger than
the size of the bound states, thus these constraints cannot resolve the millicharges
of the constituents. While the momentum scale that is probed at LUX is still too
small to resolve the constituents of His, it may be sufficiently large to resolve the
constituents of Hy3. However, in the parameter space of interest to us, Hisz is the
subdominant DM component, which relaxes the constraints below the generic values
of € in our model. Furthermore, for a significant fraction of the parameter region of
interest to us (especially when m,, > m,, ), the mass of Hy3 is below the sensitivity of
LUX. It is however interesting to note that future direct detection experiments with
a low mass threshold may be able to test the scenario presented here. Finally, for
the parameter region of interest, the value of € in our model is also below the bounds

from supernovae [94].
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As a final consideration about the particle physics nature of our model, we want
to address the potential concern that flavor oscillations between the DM flavors may
cause a washout of the asymmetries, as the particles of x; oscillate into the antipar-
ticles of y or x3, or the other way around. However, the large mass gap between the
x flavors in the parameter region of interest in this chapter, and the extremely small
intrinsic widths of these states makes oscillations so small that they are negligible for

all intents and purposes.

4.2 Cosmology and astrophysical signatures

Having discussed the short-distance physics aspects of our model, we now turn our
attention to the role it plays in the dynamics of the early universe, as well as in
late-time astrophysical processes. Although the dark sector is hidden from direct ex-
perimental probes via non-gravitational interactions, the dynamics within the SADM
sector can significantly change the gravitational potential in the early universe and it
leaves visible signals on both the large and small scale structures. We will show that
there is a region of parameter space where observational anomalies on scales of dwarf
galaxies (~ kpc size) [109, 104], galaxy clusters (~ Mpc size) [110], the og problem
(~ 10 Mpc size) [105, 106, 107, 108, 104], and the tension in the measurements of Hy
from the CMB [124] and from low redshift measurements [128] may all be addressed.

The input parameters of the model that are relevant at large distances can be listed
as the comoving asymmetries of the x flavors (of which only two are independent, and
which can therefore be parameterized in terms of n; and n3/n; once the symmetric
part of the y distributions annihilates away), the masses of the three x flavors, and
ag. In order to calculate how the temperature of the dark sector is related to that of
the SM sector, consider energies above my where the interaction of equation 4.2 keeps
the two sectors in equilibrium. As the temperature drops below my, the visible and
dark sectors decouple. At this time, the dark sector contains the three Dirac fermions
X123, the complex scalar ¢, and the dark photon vp. ¢ is only somewhat lighter than
the N, and for the parameter region of interest for us, the mass of the lightest flavor is
O(1) MeV. Therefore, at the time of structure formation, only 7p is still relativistic.

If there are no other degrees of freedom in the visible sector other than those of the

SM up to energies of my, then by using the ratio of the number of relativistic degrees
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of freedom in the two sectors at the decoupling scale and at the scale of structure
formation, one obtains AN.sy = 0.75. However, since the two sectors decouple at a
very high temperature scale, one needs to take into account the possibility that the
visible sector contains additional degrees of freedom (e.g. connected to the solution of
the electroweak naturalness problem, grand unification, etc.) that release additional
entropy in the visible sector as the universe cools down, and thereby further suppress
ANg¢s. The value 0.75 should therefore be considered as an upper limit, with the
actual value depending on other possible extensions of the SM. Since a value of 0.75
is outside the 20 contour for reconciling the Hy, discrepancy (see e.g., [124]), we will
adopt a benchmark value of AN, ;¢ = 0.60 for the remainder of the paper®, which can
be obtained for example if there are six Dirac fermions beyond the SM in the visible
sector. Adding even more degrees of freedom to the visible sector would further
reduce AN.ss. It should also be noted that at the time of BBN, AN.s; is even
smaller (AN.;p = 0.42) since x3 has not yet become nonrelativistic at that time for
my, S MeV, which is the preferred value for addressing the og problem as we will
see later. Thus our model is compatible with BBN constraints [131].

There are two recombination processes during the early universe, of y; with xo
into His, and of the remaining y; with y3 into Hy3. His forms earlier due to its
larger binding energy, and the remaining y; and y3 particles scatter with each other
and remain in thermal equilibrium at this time. Similar to the proton-hydrogen
scattering in the SM, the scattering cross section between the non-relativistic y; and
the His bound state is sufficient for keeping them in thermal equilibrium with each
other. In the scenario we are interested in, the momentum transfer ¢ necessary to
keep His in thermal equilibrium at a dark temperature 7,; ~ 10 eV during the dark
acoustic oscillations is given by ¢ ~ \/my, Ty ~ 10* eV, which is much smaller
than the inverse size ag' ~ (agm,,) ~ 107 eV of the Hyy bound state (for m,, ~
GeV). In this limit, the scattering rate of His and x; can be estimated as ovy,n,, ~

Aradm?, agn/Ta/my,ny, ~ 107 eV [111], which exceeds the Hubble expansion rate
at that time. We therefore treat Hio-y; to be in thermal equilibrium during the
acoustic oscillations. While xi-x3 scattering is also efficient, the entire dark sector is
then in thermal equilibrium with the dark photon, and the resulting DM oscillations

delay the formation of large scale structure.

3According to Fig. 35 in [124], this rather large AN,ss is within 20 constraint from the joint
Planck TT,TE,EE+lowE+lensing+BAO fit including the low redshift measurement [129].
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The oscillation stops as Hi3 recombines, which leaves too few free (dark-)charged
particles to sustain the oscillations. These dark acoustic oscillations generate a small
but visible damping of the matter power spectrum and may provide a solution to the
og problem. A more complete parameter fitting procedure including also the CMB
and BAO data is necessary to confirm this claim in full detail, however in this work
we will take a simpler approach and we will calculate the size of power spectrum
suppression to argue that the claim is plausible, leaving a more detailed analysis to
future work.

We will also show that at later times, during the formation of DM halos, the scat-
tering between Hi, bound states leads to thermal equilibrium and provides a solution
to the core/cusp problem of dwarf galaxies. The non-trivial velocity dependence due
to the inelastic scattering Hio H1o — Hi5H12 vp through the dark hyperfine transition
also gives the right cross section for cores to form in relaxed cluster halos. As we
will see, achieving this will favor the parameter region where the heaviest DM flavor
mass is ~ O(10) GeV, where the value of a4 is a few percent, and nz/n; ~ 0.1.
Furthermore, we will see that achieving the correct amount of damping of large scale
structure favors the MeV range for m,,. Thus there is a region of the parameter
space of our model where all parameters are technically natural and where all three
structure formation problems (dwarf, cluster and og) and the Hy tension could be

addressed. Below, we explore each of these aspects of our model in detail.

4.2.1 Dark recombination(s)

The formation of the His and H;3 bound states plays an important role in structure
formation. In particular dark acoustic oscillations end when there are no longer suffi-
ciently many unbound y particles left to sustain them. Similar to the recombination
of hydrogen in the SM, for both Hy» and Hi3, recombination proceeds through the
formation of the excited states (n > 2), with a subsequent decay into the ground
state either through a two photon emission or through a Lyman-«a transition, where
the dark photon becomes redshifted before ionizing other bound states.

A brief note on notation: we have introduced n; in the previous section to denote
the physical densities in each flavor. Since in this section we will also need to keep
track of just the density of unbound particles in each flavor, we will introduce the

notation nf, where f stands for “free”. With this definition ny = nf + ng,, + nu,,,
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Ny = ng + npy,, and ng = ng: + np,,. We also define the ionization fraction in each
flavor as X; = n{ /n;. Note that the dark charge neutrality of the universe enforces
both ny = ny + n3 and also n{ = ng + ng;
The Boltzmann equation for X, 3, can be written as [102]
dXs
dt

3/2
— 0273{(1 — X23)P23 — Xog3 n{a%}, = a% <m22_37,TTd) / e—23/Tu_
(4.13)
Here, T; stands for the temperature of the dark photon bath, and e 3 stands for the
binding energy of Hi, and His, respectively, given by pa?/2, with p the reduced
mass of the bound state in question. ;3 is the recombination rate, which relates to
the ionization rate of the excited (n = 2) state

2 1/2 )
ag?gzg.mmogd (6;—5) In <€;—;> (4.14)

X2,3

The factor Cy 3 takes into account Peebles’ correction to the process, and its value
can be approximated as

H(3 €9 3)3
Ao = ’ : 4.15
3 7 (87)2ng5(1 — Xa) (4.15)

Aaz) + Noyp(23)
Ao2,3) + Noyp3) + 552?3
with H being the Hubble rate. Ay, 23) stands for the two photon decay rates of

Cos =

Hi; and Hy3. We estimate the two photon decay rate in our model by rescaling
the SM rate Ay, = 8.227 sec™'. As given in equation 2 of [130], the parametric
dependence of this rate is given by the ground state energy times o, and we substitute
the corresponding values of these quantities in our model to obtain As,,(23). The
Lyman alpha production rate is B§23) = [a3e323/4Ta When calculating the ionization
fractions, we calculate the Hubble expansion rate, keeping in mind that the dark and
visible sectors have different temperatures, using the benchmark value AN,;; = 0.60
as discussed above.

In Fig. 4.4, we plot X3 during H,3 recombination, for a few representative values
of m,, and ay, for n3/n; = 10%. The plots on the left and right correspond to the
case where X is the heaviest flavor with m,, = 25 GeV, and the case where it is the
second heaviest flavor with m,, = 1 GeV, respectively. The relic ionization fraction
becomes larger either for a smaller value of a4 or a larger value of m,,. The residual

ionization fraction can be approximated as [99]
6 (14 ag \“6 (ni\ /muy €3
s (1) (o) () () (%) o
3310 (TW) 0.02 (ng) GeV /) \keV (4.16)
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Figure 4.4: The SM (black) and x3 ionization fractions during the recombination
epoch as a function of the scale factor, for representative values of (m,,, a4) and two
X1 masses corresponding to the cases where y; is the heaviest DM flavor (left), and
the second heaviest DM flavor (right).
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Dark baryon acoustic oscillations end after Hy3 recombination, and the recombina-
tion time scale determines the suppression of the power spectrum. Since the His
recombination happens at a much earlier time, it does not have a strong effect on the

power spectrum.

4.2.2 Dark acoustic oscillations and large scale structure

We now turn our attention to the evolution equations for the DM and dark radiation
(DR) density perturbations in our model, after the His recombination, but before
the Hy3 recombination. Thus the relevant matter degrees of freedom are y; (with
X ~ ng/ny during this epoch), x3 (with X3 ~ 1) and the bound state H;o (with
N, ~ N2). As discussed earlier in this section, we treat all the dark matter particles
to behave as a single fluid during the dark acoustic oscillations and refer to these
degrees of freedom collectively as “Acoustic DM” (AcDM) that undergo acoustic

oscillations. We work in the conformal Newtonian gauge [133]
ds* = a®(1) [—(1 + 2¢)d7* + (1 — 2¢)6;;da’da’] (4.17)

where the fields ¢ and ¢ describe scalar perturbations on the background metric. To

linear order in the perturbations, we have

dacom = —0Oacom + 36, (4.18)

4
Pl a)or (6, — Oaeon) + K, (419)
PAcDM

- a
Oacom = _EHACDM+

where the derivatives are with respect to 7, the conformal time. § = dp/p is the per-
turbation of the energy density, k is the wave number, and § = 0;v" is the divergence
of the comoving 3-velocity. Since the AcDM components are all non-relativistic at
this time, one can ignore the sound speed*. As long as the momentum transfer rate
from the dark Thomson scattering ypxs — YpXs is comparable to Hubble, the den-

sity perturbations oscillate with the dark photon perturbation, and structures cannot

2
X3’

ization fraction X3 obtained by solving Eq. (4.13). The dark photon perturbations,

grow. The cross section is given by o7 = 8ra?/3m?_, and ng.: depends on the ion-

4We have verified numerically that this gives a good approximation.
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including higher modes in the Legendre polynomials, F,, ., evolve as [133]

Oy = —3bhp +49, (4.20)
. 1 1
O, = K (;15713 - §F7D2> + and or(Bacom — by,) + K1, (4.21)
. 8 3 9
F»YDZ = 1_59’YD - SkF7D3 10an3 O'TF YD2> (422)
. k
Fopi = 5703 ) 1F a1y — (L + DE ] —andorF,,, 1>3 (4.23)
. lmax + 1
F’YDlmax = kF'YD (lmaxfl) - fF'YDlmax a n3 O—TF Dlmax' (424)

Here the F,,; are related to the spatial variations in the density fluctuations in the
dark photons, in particular 6., = F,,0, 0,, = 3kF,,1/4, and 0 = 3 F,» where o is
the shear stress. We truncate the Boltzmann hierarchy at order [,,.x = 4, making use
of the approximation outlined in Ref. [133]°. The equations are similar to those for
the SM photon and baryons.

In the calculation we take ¢ = ¢ and ignore the correction from free streaming
radiation. This approximation is good since our AN, is much smaller than the num-
ber of light neutrinos. Gravity perturbations are sourced by the density fluctuations

as described by the Einstein equation,

k2¢+39 ¢+9¢ :—“—22;}-5- (4.25)
a a QMZ?Z e

where the sum is over the SM photon, the dark photon and the AcDM components.
For the initial conditions, the modes that enter the horizon before matter-radiation

equality satisfy

4 k?
615 = 5OaDM = 2, Orpacon = 50, (4.26)
and the modes that enter during the era of matter domination satisfy
3 k*n
Zé'yp = 5ACDM - _2¢> e'y,'yD,ACDM —’QD (427)

We set the initial values of the higher modes F,,,>2 = 0, since these higher angular

modes quickly damp away when the AcDM-vp scattering is efficient. We neglect the

5We have also reproduced the analysis with l;hax = 5 to confirm that our results are not sensitive
to the choice of I ax.
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tilt in the primordial spectrum (n, = 1) and take a k-independent value of 1) = 1072,
The final results are independent of the precise value of v since we are interested in the
ratio of the matter power spectra with and without the dark acoustic oscillations. In
the numerical study, we choose the values h = 0.67, Q,h* = 2.47x 107°, Qxh* = 0.69,
Qh? =22 x 1072, and Q, = 0.6992, [124].

After solving this set of differential equations, in order to quantify the importance
of dark acoustic oscillations, we compare the DM power spectrum of AcDM to that of
collisionless DM with an added non-interacting dark photon component, such that the
energy density of dark radiation is equal in both scenarios, and further complications

in the fitting of cosmological parameters are avoided:

2
P(k)acom %< dy (k) acpm ) 7 (4.28)
P(k)acomiDR 0y (k) acom+DR

where the terms on the right hand side refer only to the nonrelativistic DM compo-
nent. We show the power spectrum ratio in Fig. 4.5 for two representative values of
ag in the region of interest. When the H,3 recombination takes place, the momentum
transfer term in Eq. (4.19) quickly drops blow the Hubble expansion rate. The den-
sity perturbations entering the horizon after this point evolve the same way as they
would in the ACDM scenario, and thus the ratio for small £ modes asymptotes to 1.
The matter power spectrum receives a suppression for modes that enter the horizon
before recombination, thus for a lower Hjs binding energy (blue curve) there is a
larger suppression. This helps to explain the results of low red-shift measurements
for o0g5. We estimate the viable parameter region by requiring a 5 — 15% suppres-
sion of the power spectrum at k = 0.2h Mpc™! (blue band in figure 4.5 and yellow
band in figure 4.6). Although in this work we only focus on the suppression of the
matter power spectrum in the linear regime, the suppression continues past k£ = 0.2h
Mpc~!. One thing to notice is that unlike the warm dark matter scenario that can
totally eliminate the matter power spectrum at small scales, the suppression due to
the dark acoustic oscillations itself oscillates before entering the non-linear regime.
As is shown, e.g., in Ref. [134, 135], the gravitational collapse after redshift z < 10
is likely to destroy this oscillation pattern and therefore it reduces the suppression
of the power spectrum in the non-linear region. Once the non-linear corrections to
the density perturbation are included, the galaxy survey data and Lyman-a observa-

tions, which probe the matter power spectrum at even larger k-modes, can be used
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Figure 4.5: Ratio of the matter power spectrum between scenarios with and without
dark acoustic oscillations, as is defined in Eq. (4.28). We use two representative
values of a4 in the region of interest. The result is obtained by solving the linear
order equations listed in the text. The ratio at large k is expected to receive further
corrections from non-linear effects.

to further constrain dark acoustic oscillations [100, 136, 137, 138], and thereby the

parameter space of our model.

4.2.3 Scattering between bound states and small scale

structure

After halo formation, the scattering cross section between the non-relativistic His
bound states in the halo is roughly geometric in size, o ~ (u1204) L. For the region
of parameter space we are interested in, where the heaviest DM flavor has a mass of
O(10) GeV and ay ~ 1072, the resulting cross section over mass ratio o/mg,, ~ 0.1

cm? /g can be large enough to thermalize the bound states and change the DM density
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in the inner part of the halo. It was pointed out in Ref. [101] that dark hydrogen with
a similar range of mass and couplings can explain the low DM density cores observed
in small galaxies. Moreover, if the hyperfine splitting of the bound state

My, ;

8
Enj=5oif(R) By, R==2 J(R)=R+2+R" -4 (4.29)

My

normalized by the energy scale Fy = a2 ji15 is comparable to the kinetic energy of the
bound state, the effect of the inelastic hyperfine upscattering is to enhance the cross
section of Hiy self-interactions. The velocity dependence in this process makes the
self-interaction cross sections in dwarf halos larger than that in cluster halos, giving
the correct o/m ratio to solve the mass deficit problem in galaxy clusters.

In order to show that the same mechanism also works in the region of parameter

space that is of interest to us, we adopt the best fit value from ref. [101]
En; =107"E, (4.30)

and we limit ourselves to the range of ay in Fig. 3 of [101], where both the dwarf
and cluster data can be explained. Since we want the Hio self-interaction to solve
the small scale structure problem, we choose n3/n; = 0.1 as our benchmark value
such that Hyo and not Hi3 is the dominant component of DM, while the ns number
density is not unnaturally small (see figure 4.1), and also not too small to maintain the
thermal equilibrium in the early universe that is responsible for suppressing structure
formation and addressing the og discrepancy.

Even though it constitutes a smaller fraction of the DM energy density, we need
to assess whether the H;3 bound state may still play a role in halo formation. In
particular, the Hy3 bound state has a much larger radius than H;5 due to the smallness
of m,,, and therefore scattering with H3 could potentially change the desired core size
of the His halo. However, we find that this is not the case. For the parameter range
we consider, the inverse Bohr radius of Hy3 (~ 10 keV) is still too small compared to
to the value that would result in sufficient momentum transfer for keeping H;5 atoms
in thermal equilibrium both at dwarf galaxies (~ MeV) and galaxy clusters (~ 100
MeV). Thus the scattering process most efficient for momentum transfer is off the x;
particle (i.e. the “nucleus”) inside Hj3, with a cross section comparable to the His
self-scattering. Therefore the geometric size of Hi3 does not lead to an enhancement,

and the Hp, isothermal profile is not significantly affected.
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As structures form, the bound states fall into the overdense region and their
gravitational potential energy is converted into kinetic energy, resulting in shock-

heating to a temperature [139]

L

T.. ~ 0.86k
gat 080 keV IS

(4.31)

for a Milky Way sized galaxy with halo mass 10'2M, and radius 110 kpc. Here p is
the total mass of all degrees of freedom that contribute to ppy; divided by their total

number density, given by

3
_ (g — ny)mi, + (ng — n)mu,, + S5, nfm,,

(no —nd) + (ng —nf) + >0 nf

(4.32)

If T} is higher than the binding energy, bound states can dissociate. While the more
tightly bound Hp, does not dissociate in the region of parameter space that is of
interest to us, if Hy3 “reionizes” in this fashion, the scattering process xsx1 — X3X17D
can lead to efficient cooling through bremsstrahlung. For simplicity, when checking
for the ionization of Hi3, we take the initial condition to be n{ = 0. In the parameter
region where H3 reionizes, we then recalculate T, with n{ = ng,: = ng (fully reionized
Hi3) to use in the estimate for the cooling process. An estimation of the cooling time

scale through this process is given by [139]

3 1 3
Eorem ~ 6 Gyt (%) (ng/;) (10 geV) (181&\/) <1ﬁ§v> - (433

The emitted dark photon can have a free streaming length much larger than the size

of the halo, leading to halo cooling. If ty,.,, is much shorter than the age of the Milky
Way (Tyw ), a dark disc may form. Recently, results from the GAIA survey [140] have
been used to set an upper bound on the fraction of the DM that can be contained
in a dark disc at ~ 1% [141, 142]. A detailed study of the cooling process and the
merger history of sub-halos is beyond the scope of this work, therefore as we scan
through the parameter space of our model, we will use ty.e,,/Tyw as a conservative
indicator of whether there is a significant probability of dark disc formation. In
Fig. 4.6, the region where H;3 can be reionized due to shock heating is shown below
the red-dotted curve, and the region where the condition for efficient bremsstrahlung
cooling is satisfied is shown above the red dashed curve, resulting in the red shaded

region where both conditions are satisfied and where a dark disc may form.
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4.2.4 Reconciling the large and small scale structure

problems

In figure 4.6, we show our combined results for several representative parameter
choices, and as a function of m,, and oy. As mentioned in the previous section,
we fix ny/ny = 0.9. We consider 25 GeV and 45 GeV as the mass of the heaviest DM

flavor, considering both possible hierarchies, m,, > m,, and m,, > m,,.

e Addressing the og discrepancy: We calculate the power spectrum ratio of
Eq. (4.28) for k = 0.2h Mpc™!, which is close to the perturbation mode for
the og measurement. The contours of the power spectrum suppression depend
mainly on the Hi3 recombination time scale, thus a constant power spectrum
suppression traces ag X (mxg)_% for a constant Hi3 binding energy, but they
do not depend strongly on m,,. The interesting regions for addressing the oy

problem are shown by the yellow bands.

e Small scale structure: We fix the ratio of the hyperfine splitting to the
ground state energy as in Eq. (4.30). The mass of the intermediate DM flavor
(x2 for the upper row of plots, and y; for the lower row) is then determined
at each point. This is indicated by the frame labels on the right-hand side of
each plot. The preferred oy interval for solving both the dwarf and cluster mass
deficit problems from ref. [101] is indicated by the blue shaded bands.

e Constraints from dark disc formation: As explained in the previous sec-
tion, the formation of a dark disc is possible in the red shaded region, which is

therefore disfavored.

In summary, the overlap region between the yellow and blue bands that is outside
of the red region gives the most preferred parameter space for addressing structure
formation puzzles at different scales. This favors the ranges ay ~ 0.02-0.04, 20-45 GeV
for the mass of the heaviest DM flavor, and the MeV scale for the mass of the lightest
flavor. We reiterate that in this study we have taken a relatively simple approach to
demonstrate that our model has the potential to solve the relevant structure formation
problems; however a more careful study of the cosmological data and the Lyman-«
constraints should be performed to fully establish this claim and determine the precise

region in the parameter region where all conditions of interest are satisfied.
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Figure 4.6: The combination of our results, for a few representative parameter choices.
Plots on the left (right) column have the mass of the heaviest DM flavor at 25
(45) GeV. ny/n;y is chosen to be 0.9 in all plots. In the upper row, x; is the heaviest
flavor, so its mass is fixed, while the mass of y, varies according to the Ej,;/Fy = 10~*
benchmark we have adopted (as indicated by the frame labels on the right-hand side
of the plots). In the lower row, the roles of x; and y» are reversed. As a function of
m,, and g4, between the yellow shaded contours the matter power is suppressed by
5-15%, which may explain the smaller og value from late-time measurements com-
pared to the value obtained by Planck. The blue-shaded bands show the preferred ay
interval where the mass deficit problem from dwarf galaxies to clusters is addressed.
The red shaded region is disfavored by dark disc constraints as it allows for efficient
cooling of the DM during halo formation. The preferred parameter space is therefore
given by the overlap of the yellow and blue bands that is outside of the red shaded
region.
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4.3 Conclusions

We have explored the cosmological and astrophysical implications of a model of Se-
cretly Asymmetric Dark Matter, where flavor-by-flavor asymmetries are generated
in the dark sector through the decay of heavy right-handed neutrinos, despite an
exact gauged dark U(1). As a result, the total dark charge of the universe is always
zero, and the DM flavors have opposite signs of the asymmetry, making it possi-
ble for bound states to form. When the heaviest dark matter flavor has a mass of
O(10) GeV, the intermediate flavor has a mass of @(0.1 — 1) GeV, and the lightest
flavor has a mass of O(1) MeV, with an oy ~ 1072 and ngz/n; ~ 0.1, this model can
address several outstanding puzzles. In particular, the dark photon as an additional
degree of freedom helps resolve the discrepancy between CMB-based and low red-
shift measurements of Hj, the resulting dark acoustic oscillations help address the
og problem, and scattering between the bound states Hiy after halo formation, with
an inelastic component through the hyperfine transition, helps resolve issues at the
cluster and dwarf galaxy scales. The model is consistent with constraints from short
distance physics such as bounds on millicharged DM.

We want to emphasize that while we have chosen the DM to have three flavors
for simplicity, the SADM mechanism works for a larger number of flavors as well,
resulting in potentially even richer dynamical phenomena due to the increased number
of relevant energy scales. We leave the exploration of this possibility to future work.
Note also that as experimental sensitivity to millicharged DM increases, especially as
the mass threshold of direct detection experiments is lowered, the parameter region of
interest to this study should become testable in the not too distant future. Also, if the
mass of the mediator ¢ is smaller than the benchmark value taken in equation 4.11,
the lifetime of the heavier DM flavors can enter the regime where decaying DM

signatures might become observable.
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Appendix A: Lepton-flavored asymmetric dark

matter

Since we wish to compare the parameter space consistent with direct detection bounds
when the DM is asymmetric with the usual thermal relic case, we need to calculate
the relic abundance in our model when no asymmetry is generated at high scales.

Here we list the results of this calculation, for the scalar and fermion DM cases.

A.1 Relic density calculations: scalar dark matter

The coupling to the Higgs gives rise to the following annihilation channels, with their

respective cross sections:

° XX~ [f:
OVrel = iNgAzhﬁ?’m? = (A1)
A" OTXRETT (s —m2)2 4 m2T3
where 3; = \/1 — 4m?/s.
o \x — VV:
1 1 5 s o
OVre —
: 1+ 0y 87 XV (s —m2)? + m22
2 4
<1 4Ty 12m—;) , (A.2)
s $

where 0y is 1 for the Z boson and 0 for the W boson.

o \x — hh:
NG| (s+2mi? 202, v
OUrel = 16 2 2 2
s s —mj (m2 —t_)(m2 —t,)
v? s+ 2m? Ap 02 m2 —t,
A\ b X 1 . A3
thagg g (S~ o) 8 : Fll e

where t, = mi + mi - %8(1 F BySn)-
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The FDM coupling of Eq. (2.1) gives rise to the annihilation channel x*y — ¢7¢~.

The cross section can be written as

Vel = G + bV, (A.4)
where
A\ m2 m2 5
@ = £ 2 Qf 2)2 ( - _g) ’ (A-5)
167 (mg +m3 —m3) m2
)\4 2
po= o % (A.6)

48 (mj +m?2)*

Note that the s-wave contribution is chirality-suppressed.

A.2 Relic density calculations: fermion dark

matter

The coupling to the Higgs gives rise to the following annihilation channels, with their

respective cross sections:

o xx— ff:
1 )\2hm2 S
o = NLIXhTT g2 93 A7
Tl = g T 2 & (s )2 4+ mil? (A7)
o xx — VV:
1 52
O Urel /825‘/

X
1+ 5VZ 167’[’ U2 ( — m%)Q + m%f‘%

(1 - 4— + 12—4) . (A.8)
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o \x — hh:

2
S X200y (s + 2m%> 8\ nmyv (s + 2ms3)

32mv? B2s (s —mj)
_2/\ihv2 (3mj — 16mim?2 +2m2 (s +8m2))

B2s (mj — 4mim2 + m2s)

_ 2
S my

s—2m3

BrB3s?
2my (s + 2mj) (2mj — 8m? + s))

2

2
mx—t+

2

X

20\ (mxh (6mf — 4m3 (s + 4m2) — 32m?* + 16m2s + 5?)

(A.9)

The FDM coupling of Eq. (2.2) gives rise to the annihilation channel Yy — ¢7¢~.

Unlike the scalar DM case, here the cross section is dominated by the s-wave:

Ao my mj
OUpel = - —.
T 32r (m2 +mZ —m3)? m2

(A.10)

A.3 The effective DM-photon coupling: scalar

dark matter

The DM-photon interaction induced at one-loop has the form

Leg = b, 0, X Oy x F"

where
eA? ! p y*(Do(6 — 4y) +y(mi(1 —y)* +m3))
X T T 1a2 Y )
1672 J, 3A2
(2 e mz>] ,
and

Ay = miy + (1 —y)yms —y(1 — y)mi.

In the limit m, < my and m, < my, b, is given to leading order by

e 4 my
b= (1-Zlog(24)).
x 167r2m§,( 3 0% (m¢))
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A.4 The effective DM-photon coupling: fermion

dark matter

The DM-photon interaction induced at one-loop has the form

Leg = byX1wXOuF"" + pyXiou x £, (A.15)
where
iex2 ! y(l —y)
= — dy 2m, —~———=~ Al
Fox 6472 /0 Y 2y Ay (A.16)
ie? (11 ) 1 1 ) 1
by = —647T2/0 dy -y {(y —3y) (A_o - A_6> + (v —6y+3)A—0
2 m?
Y =3Y) | (A.17)
0
and
Ao = ymy+ (1—y)mi —y(1 —y)m2, (A.18)
Ay = ymz + (1 —y)ym? —y(1 — y)mf< (A.19)

In the limit m, < my and m, < my, 1, and b, are given to leading order by

eA?m,,
— AT A2
Hx 64m2m?’ (4.20)
iXe 2 m?2
by = ——— |14+ Zlog—£]. A.21
X 647T2m§ﬁ ( + 3 8 mé) ( )

A.5 Including the magnetic dipole interaction in

direct detection

In this appendix we report the calculation details related to obtaining the direct
detection bound for the fermion DM case when the dipole interaction is taken into

account. The one-loop induced effective Lagrangian at the nucleon level is
A — apka — apka .
Log = cfyvxfy”foyMN + chw “ﬁxNKHN + cfjxw “ﬁwaﬁ“ng(A.m)
where

C{YV = eQnb,, cg = eQ N fby, ciLV = —efiN [ly- (A.23)
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Due to the nontrivial momentum dependence of these operators, we cannot directly
use the elastic cross section bounds reported by the direct detection experiments. We
thus proceed to calculate the differential rate and the event rate based on the param-
eters of the direct detection experiment and on the local DM velocity distribution.
The differential scattering rate is given by

dR Px

_NT—/' (v );T"Rf (A.24)

where f(v) is the local dark matter velocity distribution, p, is the local DM density
(taken to be 0.3 GeV/cm?®), and Np denotes the number of target nuclei per unit
mass of the detector.

Let us start with the differential scattering cross section -3 dE . In the nonrelativistic

limit, the leading contributions [49, 50] to the relativistic nucleon-level operators are

(x: N |[xXv"xNv.N|x, N) = dmymy, (A.25)

(x, N

e anka = m3m, _ k S
Yio ﬂﬁXNK“N’ X, N) = 4m3, + 16i—2-2o+ . (— X SX> , (A.206)

(x, N

R L R N
Yio “ﬁwaﬁ“ng’ X, N) = 16meNk—éV (— X SX) . <— X SN> .
(A.27)

At the nuclear level, taking the nuclear responses into account, and averaging over
spins, we get
1 1

_ 2b2W(p,p)
2(2J + 1) (4mymy)? Z|M,nu€1€ar E0Mum

spin
v 1 1 (p,p)
+ 2:“'2 _ WPP
X( 2 4y 4mi> M
L [ op) 57 (o) (p.p)
+ m2x [WAp’p - ﬂnWAz' ﬂpWAézz
N

1 ~ ~ o~ n ~ n,n
+— (,LL??LL (€7p) + 2;1,1,1113”2(]/)’ ) + M?LLL (/7 )>:| 9 <A28)

_1
i 2J+1

included, defined in Refs. [49, 50]. We use the shell model to write the magnetic

moment of a nucleus as

are nuclear response functions with nuclear spin average factor

fir = 201, (,) + 271 {Sa) + (L,). (A.20)
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In the ¢*> — 0 limit, the term in square brackets in Eq. (A.28) goes to %ﬂ%, while

WP becomes Z2. Eq. (A.28) thus simplifies to

1 1 s .o [0 1 2 1
2(2J + 1) (4mymr)? Z Mlnuciear = €713 {];2 4 \'mgpm,, * ma. 8

spin

J+1 2

Z2F2( A |2 2 2 T

( 7k ) + € /’LX 3J 2m?v7

where F(A;k?) is the Helm form factor. With this, the differential cross section

becomes (consistent with Refs. [51, 52])

(A.30)

do mr 212 2 22 2 2 9 v? 1 2 1 2 22 2
— = b:Z°F“(A: k - — — - — || Z°F“(A; k
e = g PR [ - (T )| ey
J+1ﬁ%}
N [ . (A.31)
X 3J 2m3

We next turn our attention to modeling detector effects of the direct detection
experiment. In particular, we have to take into account that the measured energy
is only part of the true recoil energy Eg, that the experiment has a finite energy
resolution and that the analysis involves cuts, the efficiencies of which will enter the
calculation of the differential rate.

The LUX experiment uses the direct scintillation (S1) and ionization signals (S2)
to reject backgrounds. Both the S1 and S2 signals are detected by arrays of photo-
multipliers (PMTs), and measured in numbers of photoelectrons (PE). The expected

number of photoelectrons [53, 43] is
I/(ER) = ER X Eeff X LySnr/See- (A32)

In using this formula, we take the values for the scintillation efficiency L.;; and
energy dependent absolute light yield L,Syn:/Se (with scintillation quenching fac-
tors for electron and nuclear recoils included) from page 25 of the slides at http:
//luxdarkmatter.org/talks/20131030_LUX_First_Results.pdf.

The smearing function has a mean n and variance \/nopyr with opyr = 0.37 PE.
Since the analysis uses the lower half of the signal band, the cut efficiency is taken

to be 50% [43]. The number of signal events thus becomes

Slup o0
N = Exx/ dS1 5(51)2Gauss(51|n, Vnopur) X
S

Liow n=1

dR

/ dEp Poisson(n|v(Er)) .. (A.33)
0 dER

66


http://luxdarkmatter.org/talks/20131030_LUX_First_Results.pdf
http://luxdarkmatter.org/talks/20131030_LUX_First_Results.pdf

where the S1 integration range is 2 PE< §; <30 PE, and Ex denotes the experimental
exposure, taken to be 85.3 x 118 kg-days.

Putting everything together, we calculate the probability for the signal plus back-
ground to have given rise to no more than one event (as was observed by LUX). This

is given as
1
L= Z/d,uBGauss(,uB|NB, op)Poisson(k|Ng + Ng), (A.34)
k=0
where Ng is the expected number of the signal events, Np is the expected number of
background events and op is its variance. We take the latter two parameters to be

0.644+0.16. We then use £ to set to bound on Ng at 90% confidence level, which can

then be translated to a bound in terms of the model parameters.
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