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Abstract

Cosmological, Terrestrial, and Astrophysical Probes of Particle Dark Matter

Theories

by

Jonathan M. Cornell

It has been shown through multiple observations that there is approximately five times as
much dark matter as normal matter in the universe. Understanding the nature of this dark
matter is currently one of the major goals of particle physics. In this dissertation, I examine
the relationship between the different ways that dark matter can be detected — including
direct detection, indirect detection in cosmic rays, and direct production at colliders — and
its cosmological properties. In particular, I focus on the relationship between the different
detection avenues and two cosmological observables: the thermal relic density of dark matter
and cutoff to the matter power spectrum, which corresponds to the smallest dark matter
halo that can form in the early universe.

I begin with a relatively model independent study, in which the interactions be-
tween dark matter and standard model particles are described by an effective operator.
Using constraints from direct detection and collider searches, I come to conclusions about
what values are allowed for the matter power spectrum cutoff for each operator. I then
turn my attention to particular dark matter candidates: the neutralino and gravitino of
supersymmetry and the Kaluza-Klein photon of universal extra dimensions (UED). For

these models, I show that there exists a tight correlation between direct detection rates, the

vii



flux of neutrinos from dark matter annihilation in the sun, and the matter power spectrum
cutoff. I also re-evaluate the relic density for Kaluza-Klein photons in light of the recent
measurement of the Higgs boson mass, taking into account previously unconsidered co-
annihilation channels. This result is compared against limits on UED from direct detection
and collider searches to make statements about the continued viability of the minimal UED
model. Finally, I consider how null observations of cosmic anti-deuterons constrain theories

of decaying gravitino dark matter that are compatible with the observed relic density.
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Chapter 1

Introduction: Gravitational

Evidence for Dark Matter

The evidence for the existence of “dark matter” (DM), a form of matter that
does not interact directly with electromagnetic radiation, is overwhelming. A multitude
of observations of the universe, on scales from the size of a galaxy to the entire cosmic
microwave background, point to the conclusion that approximately 85% of the matter in the
universe is a particle which appears to interact solely gravitationally with visible matter[5]."
The standard model (SM) contains two types of particles that do not interact directly
with photons: neutrinos and the Higgs boson. However, the Higgs cannot be the dark
matter because it decays extremely quickly, and neutrinos are not produced in the early

universe in the necessary large abundances to make up all of the dark matter. Furthermore,

neutrinos are produced with too much kinetic energy (making them “hot”) for the observed

!This figure only includes matter. The dark energy is by far the largest component of the universe’s
energy density today



cosmic structure on smaller scales to form. Therefore, dark matter must be some new
particle, and much of the work in particle physics over the past 40 years has been devoted
to understanding what this particle is. This thesis contains my incremental contributions
to this effort. In the next few pages I will give in more detail the evidence for dark matter.
This treatment is standard and relies heavily on existing reviews, in particular [6] and [7].

One of the most compelling pieces of evidence for dark matter is the fact that the
rotation curves of spiral galaxies are flat, i.e. that the matter in galaxies is moving at a
constant rate, even at radii beyond the visible disk of the galaxy. From simple Newtonian
dynamics, it would be expected that the velocity of the gas outside of the disk should fall
off as ~ 1/4/r. However, this is not what is observed — the velocity of the gas is measured to
remain constant far beyond the disk. This points to the presence of a halo of dark matter
that extends beyond the visible stars. This is vividly illustrated in the plot of the rotation
curve of NGC 6503 in Figure .

On larger scales, observations of galaxy clusters also contain evidence of dark
matter. The mass of clusters is measured in three independent ways. First, the measured
velocity dispersion of the galaxies in the cluster is used to infer the mass distribution in
the cluster using the virial theorem. Also, the temperature of the gas in the cluster can be
determined from X-ray observations, which can then be used to estimate the mass in the
cluster. Treating the gas in a typical cluster as an ideal gas in hydrostatic equilibrium, it

can be shown [B] that its temperature follows the relation

M, 1 Mpc
T~ (1.3—18)keV <1014M@> < " ) . (1.1)

In the above equation, M, is the mass contained within a radius r. The correlation of
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Figure 1.1:  Rotation curve for the spiral galaxy NGC 6503. The data points are the measured
circular rotation velocities as a function of distance and the solid line is the best fit curve to the points.
The dashed and dotted lines represent the expected rotation curve based on considerations of the mass
in the observed disk and gas respectively. The dashed-dotted line is the necessary contribution from

the dark matter halo in order for the rotation curve to take the observed form. Taken from [8].



temperature with cluster mass is what allows an inference of the mass from X-ray data.
Finally, gravitational lensing signatures are used to determine the mass contained in the
cluster. All of these observations agree rather remarkably that the total mass of an average
cluster is about five times the mass contained in the cluster gas and the stars that make up
the galaxies of the cluster. (For a compendium of all of these measurements for the Coma
cluster, see [9]).

On cosmological scales, dark matter is in evidence as well. The cosmic microwave
background, or CMB, is made up of photons that have been traveling toward us ever
since the universe became opaque to radiation, at the period of recombination. While the
radiation is nearly completely isotropic and fits extremely well the spectrum expected from
a black body with a temperature of 2.7 K, there are minuscule anisotropies of order 30 uK.
These anisotropies are expanded in spherical harmonics, and the magnitude of each mode
tells us much about the cosmology of the early universe [A].

In particular, the form of the CMB angular power spectrum is one of our most
accurate probes of the dark matter density. This is because the anisotropy in the CMB
is caused by two competing forces, radiation pressure and the gravitational force. These
two forces work against each other, causing oscillations in the primordial baryon-photon
plasma. Baryonic matter experiences both forces, whereas dark matter is only affected by
gravity. Increasing the dark matter density leads to effects on specific peaks in the power
spectrum, all well as to an overall decline in the height of all of the peaks [IT].

All of the evidence that has been presented above for the existence of dark matter

is based solely on its gravitational interactions. However, there is a major question about



dark matter that is very difficult to be explained through gravitational interactions: how
is it produced? In nearly all of the compelling answers the theoretical particle physics
community has come up with for this question, it is necessary for the dark matter to
interact non-gravitationally.

The existence of interactions between dark matter and standard model particles
beyond the gravitational often gives dark matter the ability to annihilate or decay, leading
to model dependent signatures from astrophysical sources. There can also be scattering
interactions between dark and standard model particles with a force much stronger than
the gravitational, which leads to significant effects on cosmological structure and avenues for
DM direct detection. In the following chapters, I describe the results of my investigations
into how particular particle physics models for DM lead to distinct predictions for signals
in astrophysical and terrestrial searches as well as effects on cosmological observables. By
combining these three types of probes, we can make stronger statements about dark matter’s
particle nature than by considering one type of search alone.

The structure of the thesis is as follows. In chapter B, I give background on the
behavior of dark matter candidates in the early universe, as well as introduce the particle
physics models for dark matter which will be explored in the subsequent chapters. In
chapter B, I consider how the particle physics model of dark matter can affect the formation
of small scale structure in the early universe for the case in which the interaction between
DM and SM fermions can be described by an effective four-point interaction. Constraints
on these operators from direct detection experiments and collider searches are included to

constrain the smallest possible dark matter halo that can form in the early universe. Moving



on to specific models for dark matter interactions, in chapter B I present investigations into
how the size of this smallest possible halo correlates with both direct detection constraints
and the flux of neutrinos expected from dark matter annihilations in the sun. I explore
these correlations for two specific DM candidates: the neutralino of supersymmetry and
the Kaluza-Klein (KK) photon of minimal universal extra dimensions (UED). Continuing
with my study of Kaluza-Klein photons, in chapter B I present a study in which previously
unconsidered annihilation channels are included in the calculation of the KK photon relic
density. Constraints on the theory from direct detection experiments and the Large Hadron
Collider (LHC) are also considered to give the most up to date limits on minimal UED.
Returning to supersymmetry, in chapter B, I explore limits on theories of gravitino DM
in which the gravitino decays through R-parity violating operators. The astrophysical
constraint I consider here is null searches for cosmic anti-deuterons. Finally, in chapter @,

I summarize my findings.



Chapter 2

WIMP and Super WIMP Dark

Matter

By far the most commonly studied class of candidates for dark matter are the
Weakly Interacting Massive Particle (WIMPs), which are compelling because of their pro-
duction mechanism and the multiple avenues they present for detection. A fair amount
of attention has also been given to so called superWIMPs. In this chapter, I discuss the
behavior of these two types of particles in the early universe and discuss the specific particle

models for each that will be studied in more detail in this thesis.

2.1 The early universe

The first minute that the universe exists after the big bang has to be the most
exciting minute in all of its history. During this period, the universe likely underwent expo-

nential expansion, developed an asymmetry between baryons and anti-baryons, underwent



electroweak symmetry breaking, and saw the formation of hadrons. During this period, the
abundance of dark matter (assuming it is a WIMP or superWIMP), was also set. For a
few minutes after this point, the dark matter likely remained in thermal equilibrium with
standard model particles, and the longer it remained in thermal equilibrium, the more small
scale structure was suppressed.

One of the most important things to understand about a dark matter model is
how much dark matter it produces. In particular, it is important that dark matter not
be overproduced. In the next sections, I discuss the two production mechanisms for the
candidates discussed in this thesis. I also discuss kinetic decoupling and its effect on small

scale structure, which could be a complimentary probe of dark matter’s particle properties.

2.1.1 WIMP freeze out

The standard method that is discussed in the literature for setting the relic abun-
dance of WIMP dark matter is thermal freeze out. This method is particularly compelling
because it generally requires a dark matter particle to annihilate with a velocity averaged
cross section of (ov) ~ 3 x 10725 cm? /s, a cross section on the order of the weak scale. Since
this seems like a natural energy scale to find new physics, many in the dark matter com-
munity have taken to referring to this as the “WIMP miracle”. It is this “miracle”, along
with the large number of detection possibilities which it leads to, which makes WIMPs by
far the most common dark matter candidate studied.

To find the number density of WIMPs, one uses the integrated form of the Boltz-

mann equation with an appropriate collision term for WIMP annihilations [T1]. This takes



the form

dg—tx +3Hn, = —(ov) [ni - (nEQ)ﬂ . (2.1)

In this equation H = a/a is the Hubble expansion rate, (ov) is the WIMP self-annihilation

Q is the number of

cross section, and n, is the actual number density of WIMPs, while ng
density of WIMPs if they are in thermal equilibrium. Solving this differential equation gives
the behavior displayed by the solid lines in figure 2. There are two things to note in this
plot. First, when temperature of the thermal photon bath is equal to the mass of the WIMP
(i.e. when z =m, /T ~ 1), the comoving number density begins to drop significantly, due
to the fact that the energy of the WIMP is approximately equal to its mass at the point,
leading to the number density to be suppressed by a factor of exp(—m,/T"). This continues
until  ~ 1/20, after which the comoving number density becomes approximately constant.
This point in time is when the Hubble rate is approximately equal to the WIMP annihilation
rate (i.e. when H = (ov)n,). After this, the WIMPs can no longer annihilate efficiently
enough to stay in chemical equilibrium with the standard model particles, so we say that
their number density has “frozen out”. Note that in this picture, the WIMP is assumed to
have a lifetime on the order of multiple times the age of the universe, if it is not completely
stable.

(ov) in Equation 271 is the WIMP self annihilation cross section. However it is
also possible for a WIMP to annihilate with a particle other than itself, or for particles that
will eventually decay to a stable WIMP to annihilate with each other. Such processes are
called co-annihilations, and they are extremely important in setting the relic density for the

models considered in this thesis. When such processes exist, the form of the Boltzmann
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Figure 2.1:  The number density of dark matter in the early universe for the freeze out and freeze
in cases. Y =n, /S, where n,, is the DM number density and S is the entropy density of the plasma.
The solid black line is the equilibrium number density n®R. The solid colored lines show the behavior
of the number density for the freeze out case while the dashed colored lines show the same for freeze
in. The curves represent different couplings between the DM and thermal bath particles, with blue

representing the strongest couplings and red representing the weakest. Taken from [I3].
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equation that one needs to consider is [I3]

% +3Hn = —(our) [n? — (n"9)°] . (22)

In this equation, n is the sum of the number density of all species that will decay to the

WIMP and the WIMP itself. Also,

N
n.
Oeff = ZO’Z‘J"MT‘]’ with T, = nEQ . (23)
ij

The indices i and j refer to the species that make up the total number density n. All of these
species at WIMP freeze out are no longer relativistic and their equilibrium number density
is suppressed by a factor of exp(—m;/T). Therefore, co-annihilations are only important

when there are such species with approximately the same mass as the WIMP.

2.1.2 SuperWIMP freeze in

As is evident from figure 271, as the WIMP interaction cross section becomes less
and less, the thermal relic density becomes greater and greater. Eventually, it becomes so
great to exceed the measured total amount of DM in the universe, invalidating a particular
theory of dark matter. However, If we move to extremely small cross sections, an alternative
method for producing DM called ” freeze-in” [I2] becomes viable. The particles that undergo
such processes are referred to as either FIMPs (Feebly Interacting Massive Particles) or
super WIMPs.

The idea here, as would be expected by the name of the process, is for the most
part the opposite of freeze-out. Here the abundance of DM is expected to be negligible at

high temperatures. This contrasts to freeze-out, where the DM number density is at its

11



largest at high temperatures due to the fact that at those temperatures the DM is in thermal
equilibrium with the photon bath. In the freeze-in case, SM particles can interact to give
superWIMPs, and so the number density grows as the temperature decreases (slowly, due
to the extremely weak interactions) and moves toward the thermal equilibrium value. This
behavior is shown by the dashed lines in figure 2.

The differential equations that describe the freeze-in scenario are slightly different
from that presented in the last section. In particular, a different type of interaction leads to
a different form of the right hand side of equation El. There are two processes I consider
which are relevant to freeze-in: decay of a thermal bath particle to another thermal bath
particle and a superWIMP (B; — By + x) and annihilation of two thermal bath particles
to a superWIMP and a thermal bath particle (B; + By — Bs + x). For the first process,
the differential equation which describes the process is:

d3p31
(27T)3E31

dn

T +3Hn, = gp,mp, /

fB.I'p, . (2.4)
In this equation, gp, is the number of degrees of freedom for the thermal bath particle, fp,
is its kinetic energy distribution function, and I'p, is its decay rate. For the case in which

two the thermal bath particles annihilate the relevant equation is:

d
% +3Hn, = (ov)np,np, . (2.5)

Here (ov) is the velocity averaged cross section for this process. Notice that in equations P2
and 78 the right hand side of the equation is always positive, corresponding to a steadily
increasing number density. This contrasts with equation 2, in which the sign of the right
hand side of the equation is such that it adjusts the number density back towards the

equilibrium value.
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2.1.3 Kinetic decoupling and small scale structure”

What is described in the previous two sections pertains to the so-called chemical
decoupling of WIMPs and superWIMPs: for WIMPs, the number density n, ceases to
follow the equilibrium distribution once the pair-annihilation and pair-creation rates go
out of equilibrium (i.e. annihilations occur less frequently than once per Hubble time),
whereas for super WIMPs the production rate is no longer sufficient for the number density to
continue to grow. After chemical decoupling, these particles do not entirely forget about the
surrounding thermal environment: elastic scattering processes where dark matter scatters
off of, for example, a light lepton [ (xl <> xl) keep it in kinetic equilibrium. Dark matter
particles continue to trace the thermal background kinetically, and structures cannot start
to form via gravitational collapse. When the rate for elastic scattering processes also falls
out of equilibrium, structures eventually start forming, and a small-scale cutoff is imprinted
in the power-spectrum of density fluctuations in the universe. This cutoff scale also defines
the size of the smallest possible dark matter halos (“protohalos”), some of which might
survive and populate the late universe, with potentially important implications [I4].

Kinetic decoupling of WIMPs was first discussed in Ref. [[H] for heavy neutrinos
as dark matter candidates, and for supersymmetric neutralinos, first in Ref. [I6] some time
later. It was subsequently argued in Ref. 7] that the typical kinetic freeze-out temperature

could be as low as a keV, a value that would yield a cutoff scale on the same order of the

!Contains excerpts from Jonathan M. Cornell and Stefano Profumo. “Earthly probes of the smallest
dark matter halos”. JCAP 1206 (2012), 011. po1: 10.1088/1475-7516/2012/06/011. arXiv: 12031100
[hep-ph] (©2012 IOP Publishing Ltd and Sissa Medialab srl and Jonathan M. Cornell, Stefano Profumo, and
William Shepherd. “Kinetic Decoupling and Small-Scale Structure in Effective Theories of Dark Matter”.
Phys. Rev. D88.1 (2013), 015027. DO1: 10.1103/PhysRevD.88.015027. arXiv: 1305.4676 [hep-phl (©2013
American Physical Society
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mass of dwarf galaxies — the smallest observed dark matter halos. This would have been a
profound result, potentially impacting our understanding of the mismatch between the pre-
dicted and observed number of small-scale dark matter halos in cold dark matter cosmology
[IR]. Unfortunately, Ref. [I9] pointed out important kinematic effects that were neglected in
[I7], leading the latter analysis to vastly overestimate the cross sections relevant for kinetic
decoupling. The kinetic decoupling temperature calculated in [T9] pointed, instead, to the
MeV to GeV range, with a resulting cutoff scale significantly smaller than dwarf galaxies
halos, and on the order of the Sun’s mass or small fractions of it.

A number of more recent studies addressed the question of calculating the kinetic
decoupling temperature with increasingly finer detail, see e.g. Ref. [20], including WIMP
models beyond supersymmetric neutralinos [Z1] as well as addressing the question of how to
connect the kinetic decoupling temperature to the scale at which the matter power spectrum
is effectively cut off [25, P2, 23, P4]. These studies were paralleled by a series of N-body
simulations that targeted the nature and fate of the smallest dark matter halos, starting with
Ref. [26] and continuing in [27, 28, 29]. Further analyses studied the question of whether
the smallest-scale halos would survive tidal stripping and stellar encounters, and whether
they would then be potentially hovering around in today’s galaxies [29], with potentially
important implications for indirect [30] as well as for direct [31] dark matter detection.
Other work also targeted the direct detection of these primordial halos (alternately named
protohalos, mini-halos or micro-halos: the latter two names allude to the size of the halos,

which strongly depends on the particle physics model, see e.g. [21]) via gravitational lensing

(e.g. [32, B3)).
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Kinetic decoupling and the cutoff scale have also been the subject of much recent
interest due to the fact that, if large enough, the scale could affect significantly how many
“visible” small-scale structures, such as dwarf galaxies, form, perhaps being relevant to the
question of the “missing satellite problem” [IR] or to other issues associated with small
scales in cold dark matter cosmologies [34]. It is also highly relevant to the question of the
so-called “boost factor”, as it literally sets the integration cutoff in the calculation of this
factor (in practice, the enhancement to the annihilation rate from a given dark matter halo

from sub-structure within the halo).

Temperature of kinetic decoupling

Kinetic decoupling approximately occurs when

H(Tia) =7 '(Tka) = Y _ ns(Tka)opy (Tia) (Tea/my ) - (2.6)
f

In the above equation, Tiq is the kinetic decoupling temperature, 7—! is the DM thermal
relaxation rate, and oy, is dark matter-SM fermion scattering cross section. The factor
T'/my counts the number of scatters needed to keep the dark matter in kinetic equilibrium.
The main reason why this kinetic decoupling occurs after chemical decoupling for WIMPs
can be easily understood by the number density that occurs in the above equation — it is
that of SM particles, which are relativistic and therefore extremely abundant, whereas in
the similar expression for WIMP chemical decoupling, the number density is that of the
Boltzmann suppressed dark matter.

While the above approximation is widely used in the literature, the most thorough

and comprehensive method to calculate the temperature of kinetic decoupling Tiq is a
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numerical one described in Ref. [14]. This treatment begins with the Boltzmann equation

in a flat Friedmann-Robertson-Walker spacetime:

E(0; — Hp - Vp)f = C[f]. (2.7)

Here f is the WIMP phase-space density, £ and p are the WIMP energy and comoving
momenta respectively, and H is the Hubble parameter. C|[f] is the collision term, and to
find Tyq the necessary C[f] is that of the scattering of a massive WIMP off of a standard
model (SM) particle that is in thermal equilibrium with the plasma in the early universe. In
[14], to lowest order in p2/E? and the SM particle momentum, this collision term is shown

to be of the form

C[f] = c(T)M [M\TV? +p -V + 3] f(p). (2.8)
where
gsMm 5 —1 + H\ Taq72
c(T) = /dkkw g (1Fg") M| : (2.9)
Zi: 6(271‘)377“&;1<T st:191§+2mxw+m%

In Equation (29), the sum is taken over all possible Standard Model scattering partners,
gsm is the number of associated spin degrees of freedom, w is the energy of the Standard
Model particle and k its momentum, and ¢ is the distribution for Fermi or Bose statistics,
g* (w) = (e“’/ T4 1)~L. In all expressions above, the upper sign is for fermions and the lower
is for bosons. W2 represents the scattering amplitude squared, summed over final and

averaged over initial spin states.

We can define a temperature parameter

_2/ PP\ _ 1 dp
=3 <2MX> = 3Myn, / (2r)P f(p)- (2.10)

Before kinetic decoupling, WIMPs are in thermal equilibrium with the heat bath, and
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therefore T, = T'. After kinetic decoupling, the rate of WIMP scattering off SM particles
drops below the level which is needed to keep them in thermal equilibrium, and so the
WIMPs cool down due to Hubble expansion, with T} o T2 /M, a2. The transition
between these two asymptotic behaviors is rapid and corresponds to the temperature of
kinetic decoupling, Tiq. To find when this change occurs, Eq. E2 is multiplied by p?/FE
and integrated over p. Using integration by parts, this can be shown to give an equation

describing the evolution of T, with the temperature of the universe:
(0y +5H)Ty = 2M,c(T)(T —TY). (2.11)

The author of [T4] has developed a routine which interfaces with the DarkSUSY
code [3H] and numerically solves this equation. By equating the limiting behavior of T)
in the two regimes described above, when T\, = T and when T, o T2 /My, Tiq is found.
It is important to note that kinetic decoupling can take place either before or after the
QCD phase transition at T, ~ 170 MeV, so one needs to consider carefully the effects of
quark confinement on the sum in Eq. (E9). At temperatures above 4T., we follow the
convention of Ref. 4], where the WIMPs scatter off leptons and, to be conservative, the
three lightest quarks. After 4T,, we no longer consider scattering off quarks. However, for
our calculations in chapter B, we extend the treatment of Ref. [I4] by including scattering
of the dark matter off pions after the QCD phase transitions for the cases in which this
process occurs at leading order, i.e. for the scalar, Eq. (81), and vector, Eq. (B33), operator
cases.

It is also important to note that in Eq. (219), the scattering amplitude is evaluated

in the t = 0 limit, where ¢ is the squared difference between the incoming and outgoing
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4-momenta of a scattering particle. This limit is reasonable because the average momentum
transfer in a scattering event between a relativistic particle and a heavy WIMP should be
quite small. However, for the pseudoscalar operator considered in chapter B, Eq. (B22), the
scattering amplitude vanishes for forward scattering, so we need to consider the scattering
amplitude when the momentum transfer is not zero. Ref. [36] introduced a method to

average over all possible values of ¢, in which ¢(T") now takes the form:

N g S lgt (15 gt L [ ) T
o(T) _;6(2ﬂ)3miT/dkk wlgt(17yg )(4162)2 /_W At (=) M2 1 2m ot -

(2.12)

It was also shown in Ref. [24] that an analytic solution for T4 can be found. For

this to be possible, certain simplifying assumptions need to be made; namely, SM scattering
partners are relativistic, variations in the universe equation of state are ignored (i.e. gef, the
number of relativistic degrees of freedom, is assumed to be constant), and the scattering
amplitude is of the form |M|* o (w/M,)" where w is the energy of the SM scattering

partner. With these assumptions, the solution to Eq. 2211 is

Zl/(n+2) 1
TX = T 1 — W eXp[Z] F[_(n + 2)7 72] y (213)
o= (a/n2) (T /M) +2

where n is the power of the leading term in |/\/l|2 and a is a term that contains the leading

coefficient of the scattering amplitude and geg. In the limit 7" — 0, this equation becomes

1/(n+2) 11 T2
o= (-2 p|2t) (2.14)
n+ 2 n+2] M,

Tiq occurs when the above limiting behavior matches the high temperature behavior T\, = T'.

1/(n+2) 1
a n—+1
Tha = M —_— T . 2.1
kd X<<n+2> [n+2]) (2.15)

Therefore




In our work we will use both the numerical code? and the analytic approximation of Eq. ZI3

to find de.

Protohalo size

In the period before kinetic decoupling, WIMPs behave as a fluid coupled to the
cosmic heat bath via scattering interactions with standard model particles. This coupling
leads to bulk and shear viscosity in the WIMP fluid which damps out the primordial struc-
ture in the fluid [37]. The amount of this damping has been shown to be given by a damping

term of the form [20, 22|

. 2
Dy(k) = m = exp [ <k]:i1> ] . (2.16)

In the equation above, 7 is the conformal time and Ayimp a function which quantifies the
amount of fluctuation in the WIMP density over an isotropic state, so Ayimp(k, 1) is the
initial primordial value of the density perturbation function. The characteristic damping

scale kq is given by:

1/2 7 1/2
m Qkd 3.76 x 10 m Tra
kg~ 18 2x) Sdpg o~ ( X ) . 217

d <de> g kd IMpe  \100 GeV/ \ 30 MeV (2.17)

After kinetic decoupling, there are no longer interactions between the WIMPs and
the cosmic heat bath, so damping no longer occurs due to viscosity in the fluid. However, in
this epoch free streaming effects are found to significantly damp out density perturbations.
In this process, the dark matter particles propagate from regions of high density to low den-
sity, smoothing out inhomogeneities. By considering the collisionless Boltzmann equation

and using the results of the viscosity calculation as initial conditions, a characteristic scale

2We thank T. Bringmann for providing us with his routines.
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for this damping process can be found, and this comoving scale approaches a constant value

after matter-radiation equality [22]:

1/2
m Qeq/Okd  Qeq
ks ~ [ — B Vs SR £ 2.18
f <de> ln(4aeq/akd) ag ced ( )

where aeq is the scale factor at matter radiation equality. The damping term for this free
streaming Dy is of a similar form as Dy, and to find the total damping term, the two are

multiplied together, i.e. D(k) = Dq(k)Dgs(k):

o =g =S e () - ()] e

Comparing kg and kq, one finds that kg < kq; it is therefore kg that determines where
the exponential cutoff in the mass spectrum is. Therefore, to find the mass of the smallest
protohalo allowed by these processes, one just calculates the mass of WIMPs contained in
a sphere of radius 7 /kg, i.e. [T4]:

1+ In (924" Tha /30 MeV') /18.56

4 3
Mg, ~ ?ﬂ—px < T > =2.9%x1076M,

— . (2.20
kfs ( )

(my/100 GeV)Y/2 g1t (Tiq /50 MeV)/?

In later papers [25, 23], it was shown how an additional damping scale is set by
acoustic oscillations in the cosmic heat bath itself. The calculation of this damping scale is
independent of the other two, kq and kg, that we previously presented in equations 2T and
T8 respectively. These oscillations, which are remnants of the inflationary epoch, couple to
modes of oscillation in the WIMP fluid with k values large enough that they enter the horizon
before kinetic decoupling. These modes in the WIMP fluid then oscillate with the acoustic
modes in the heat bath and are damped out, while modes with k values corresponding to a
distance larger than the horizon size at kinetic decoupling do not experience such a damping

and grow logarithmically. The damping scale for this process is just the size of the horizon
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at kinetic decoupling (kao =~ mHyq), and therefore the cutoff mass for this process is the

mass of WIMPs enclosed by the horizon at the kinetic decoupling time [I4]:

am p degl/4 -
M, ~ — 12X =34 x 10700, [ =Sl 2.21
B H ® (50 MeV (2.21)

Depending on the parameters of the WIMP model, either M,, or Mg can be larger, so to

find a cutoff mass both are calculated and the larger one is used, i.e. Mcy = max|[M, Mao|.

Probes of the mass cutoff scale

A comprehensive review on the detection of sub-solar-mass dark matter halos is
given in Ref. [B8]. Some of these detection methods might provide a more or less direct
way to infer the value My, even if most of the studies mentioned here do not claim to
probe cutoff masses as small as M.y. Dense, nearby protohalos could host enough dark
matter pair-annihilation to be visible as gamma-ray sources, as envisioned in a number of
studies, e.g. [39, 40, 41, @2, &3, 44, 45). Small-scale subhalos could also contribute to the
local cosmic-ray electron-positron population, potentially producing a sizable amount to
be relevant for the reported anomalies in the abundances of these cosmic rays at 10-100
GeV energies [46, @7). The possibility that gamma-ray data would be able to determine
the proper motion of protohalos (not necessarily only the smallest protohalos, however)
was first entertained in Ref. [4R], but it was shown in [A9] that the diffuse gamma ray
background makes this idea unfeasible in practice. Rather than aiming to resolve individual
substructures, Ref. [b0] considered the anisotropy in the diffuse gamma ray emission, arguing
that it could be possible to use a statistical analysis to measure the substructure mass

function. Recently, direct observational constraints from the Fermi LAT Collaboration were
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reported in Ref. [51] in the form of a search, leading to a null result, for unassociated gamma-
ray sources with spectra that could be conducive to particle dark matter annihilation.

If the Earth were to pass through a dark matter clump, this would lead to an
enhanced direct detection rate (which scales directly with the local dark matter density),
although in [62] it was shown that the presence of substructure in the Milky Way halo is
expected, on average, to reduce the direct detection rate relative to the rate with a smooth
halo and no substructure. A long duration direct detection experiment might in principle
detect variations in the rate due to intervening substrcture, as envisioned in [B8].

It has been noted in [33] that substructure should affect pulsar timing measure-
ments, with M.yt having an effect on the amount of the frequency shift. It has also been
discussed in Ref. [82] that when there is a time-variable compact source that that is multiply
imaged by strong gravitational lensing, small perturbations in the gravitational potential,
such as those caused by protohalos, can lead to variations in the images which could be used
to make statements about the size of the protohalos. Nanolensing from sub-solar-size dark
matter halos was discussed in Ref. [63], together with the possibility of detecting events
with much shorter durations and smaller amplitudes than the microlensing events due to
stars with future surveys. Note that none of these studies would directly provide a probe

of the size of the small-scale cutoff in the matter power spectrum.

2.2 Particle candidates

The number of particle physics models that have been proposed for dark matter can

seem infinite. In this thesis, however, I focus on some of the most commonly studied ones,
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the neutralino and gravitino of supersymmetry, and the Kaluza-Klein photon of minimal

universal extra dimensions.

2.2.1 Supersymmetry

One of the most studied extensions of the standard model of particle physics is
supersymmetry (SUSY). As such, there are many useful reviews on the subject, and in the
following discussion, I follow [54], [7], and the conventions of [85]. One of the most well
known and compelling reasons for the widespread interest in this theory is the infamous
“hierarchy problem”, which is a result of the fact that there is a large gap between the weak
scale at approximately 102 GeV and the Planck scale at 10'® GeV. This is a “problem” when
one considers the quantum corrections to the mass of the Higgs boson. The corrections to
the the square of the Higgs mass due to fermion loops, such in the left diagram of figure
P2, are proportional to the cutoff scale of the theory squared, and when the cutoff scale
of the theory is at the Planck scale, these corrections can be enormous. However, these
can be cancelled by mass corrections caused by scalar loops such as the one shown in the
right side of figure P2, which also scale like the cutoff scale squared, but with an opposite
sign. This happens naturally in supersymmetry, where every SM boson has a corresponding
superpartner fermion and vice versa, leading to pairs of diagrams like the ones shown in
figure B2 for every particle that can run in the loops.

The most minimal version of supersymmetry (which does not contain gravity)
is called the minimal supersymmetric standard model (MSSM). In this model, the field
content is that of the standard model plus superpartners of all of these fields, including so

called gauginos and higgsinos of spin 1/2 and sleptons and squarks of spin 0. Also included
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Figure 2.2: One loop corrections to the Higgs mass due to a fermion (left) and a scalar particle

(right).

is a second Higgs doublet beyond that of the standard model with weak hypercharge ¥ =
—1/2 and its corresponding superpartners. One reason for this extra doublet is to ensure
the cancellation of gauge anomalies. For the anomaly diagrams to cancel, the condition
Tr[T3Y] = Tr[Y3] = 0 must be satisfied, where T3 is the third component of weak isospin
and the trace is taken over all fermions in the the anomaly loop diagram. In the MSSM,
higgsinos can also run in these loops, so equal numbers of higgsinos with weak hypercharge
+1/2 and —1/2 are needed for the continued anomaly cancellation, leading to the need for
a second doublet.

If supersymmetry exists in an unbroken form, we would almost have certainly
have observed it by now, as would lead to new particles with the same mass as those of
the standard model. Therefore supersymmetry must be a broken symmetry, and it is the
particular way that it is broken which leads to a plethora of phenomenological consequences.
In this thesis, I do not consider particular schemes for the breaking of supersymmetry.
Rather, I just make the assumption that supersymmetry is softly broken, i.e. that the

supersymmetry breaking couplings all have positive mass dimension. This enforces the
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requisite relationship between the couplings to scalar and fermion superpartners to prevent
quadratic divergences from appearing when SUSY is broken.

If the MSSM is softly broken, the potential gains the following extra terms:
Vioft =  €ij (—é*RAEYETiLHﬁ — dWApYpdl HY) + Ay Yydy HI — BuHLHY + h.c.)
+H'mi;, H, + Hjmi; Hj
+AMpay + 1ML + GpMy iy + dpMpds + 8;MEér

1

|

S Mo (W3W3 v 2W+W—) v %Mggg. (2.22)
In P22 ¢ and j are SU(2) indices. A tilde represents a superpartner, and the R and L
subscripts represent the chirality of the scalar field’s fermionic superpartner. The Yukawa
couplings Y, the soft trilinear couplings A, and the soft sfermion masses M are 3 x 3
matrices in generation space. The total number of new parameters that these new terms
introduce to the theory is 105, a parameter space that is much too large to make any
conclusive statement about. To reduce the number of parameters, it is often assumed that
the squark and slepton mass matrices are diagonal to avoid flavor changing neutral currents.
Furthermore, since the heaviest quarks have the largest Yukawa couplings, it is assumed
that Ay = diag(0,0, A;), Ap = diag(0,0, 4p) and Ag = 0. These are the assumptions we
will make when we consider this model in chapter @.

Supersymmetry introduces terms into the Lagrangian that are invariant under the
SM gauge group but do not conserve either baryon or lepton number. Combinations of these

terms allow the proton to decay at an unacceptably high rate and so must be forbidden.

To do so, R-parity is introduced. Every particle has a Pr value defined by the expression
Pr = (—1)3B-L)+2s (2.23)
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B and L are baryon and lepton number respectively, and s is the spin of the particle. All of
the standard model particles have even R-parity (Pr = +1) while all of the supersymmetric
particle have odd R-parity (Pgr = —1). Imposing the requirement that R-parity is exactly
conserved leads to proton stability. It also has a very useful second consequence: it makes
the lightest supersymmetric particle (LSP) stable, often making it an ideal dark matter
candidate if it is also electrically neutral and colorless. In the next two subsections I will

describe two such LSPs which could be the dark matter.

Neutralinos

In many regions of the parameter space of the MSSM, the LSP is a mixture of
binos, winos, and higgsinos called the neutralino. To determine the mass of the neutralino
eigenstates, one finds the eigenvalues of the neutralino mass matrix, which at tree level and

with the choice of gauge-eigenstate basis ¥ = (B, W9, ﬁg, HY) takes the following form:

2 T
0 M2 —}-ﬂ — JYu
My, = Va2 (2.24)
_ 9 gvd _
w tw 0 p
_|_g/Uu _ gUy — 1 0

2 R

The composition of the four neutralinos is therefore given by the corresponding eigenvector

N to each eigenvalue, i.e.
92? = NiIB + Ni2W3 + Nzgﬁg + Ni4ﬁ3, (2.25)

In the equation above v, and vy are the vevs of the two Higgs doublets. As {/v2 + U?l =

viw ~ (246 GeV)?, it is common to scan over the ratio of the two vevs, tan 8 = v, /vq.
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The composition of the lightest neutralino is extremely important in determining
its viability as a dark matter candidate. For example, if the neutralino is predominantly
binolike, i.e. N1 = 1, then the neutralino annihilation cross section is extremely small due
to the fact that the bino is a singlet under the standard model gauge groups. The neutralino
is a WIMP and produced via the freeze out mechanism, so this small cross section leads to
early chemical decoupling and too many relic neutralinos in the early universe, ruling out

the binolike neutralino as a dark matter candidate.®

Gravitinos

We can also consider theories of supergravity, in which there exists a particle called
the gravitino, which is the spin 3/2 partner of the graviton. The gravitino acquires a mass
when supersymmetry is broken, and depending on the breaking mechanism, it can be the
LSP. As it has odd R-parity, it is stable and is a dark matter candidate.

Three processes have been discussed in the literature that contribute to the grav-
itino abundance. These include gaugino scattering during reheating, direct gravitino freeze
in, and the freeze out of the next to lightest supersymmetric particle (NLSP) and its sub-
sequent decay to gravitinos [b5]. It is often stated that there is a “gravitino problem”,
which consists of two parts. Gravitinos are often overproduced by the mechanisms de-
scribed above, and they are produced slowly enough by NLSP decays (due to the fact that
their coupling to other particles is suppressed by a factor of the Planck mass) that the
decays continue in significant numbers during big bang nucleosynthesis (BBN). This leads

to incorrect abundances of the elements that make up the universe [56].

3However, if the dark matter couples too strongly and is therefore underproduced, it is still possible for
it to be the dark matter, as the “missing” dark matter could be some other species.
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A method often proposed to avoid the gravitino problem, which we study in great
detail in chapter B, is to introduce a small amount of R-parity violation. While this is not
significant enough to violate limits on the proton lifetime, it is sufficient to cause nearly
all NLSP decays to be to standard model particles instead of the gravitino. This reduces
the primordial gravitino abundance and resolves the issue of late time NLSP decays during
BBN. It also solves another issue with gravitino DM — detecting it is extremely difficult.
Because of their Planck mass suppressed couplings to other particles, gravitinos do not
annihilate efficiently and would not produce any detectable signal in a direct detection
experiment. However, introducing R-parity violation allows them to decay, and the gamma
ray photons and charged cosmic rays that result from these decays could lead to detectable

excesses.

2.2.2 Universal extra dimensions”

Other beyond the standard model theories contain dark matter candidates as well.
One such type of theories are those with dimensions beyond the 341 of the standard version
of general relativity. To explain our inability to observe them, these extra dimensions are
often compactified. Such theories have been studied for many years, as early as 1919 with
the attempt of Kaluza [57] and Klein [6&] to unify gravity and electromagnetism. Universal
extra dimensions (UED) is something of an outgrowth of this theory [6Y]. The minimal
version of the theory, which is the only version we will consider in this thesis, has a five

dimensional spacetime where the fifth dimension is compactified and orbifolded to give chiral

4Contains excerpts from Jonathan M. Cornell, Stefano Profumo, and William Shepherd. “Dark matter
in minimal universal extra dimensions with a stable vacuum and the ‘right’ Higgs boson”. Phys.Rev. D89.5
(2014), 056005. DOI: 10.1103/PhysRevD.89.056005. arXiv: 1401.7050 [hep-ph]| (©2014 American Physical
Society
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SM fermions, which will be discused below. The 3+1 dimensions we are familiar with are
referred to as the brane, while any extra dimensions are referred to as the bulk. All of the
standard model fields are allowed to propagate in the bulk (hence the term “universal”),
in contrast to other recent extra dimensional theories such as the one by Arkani-Hamed,
Dimopolous, and Divali, which was proposed to explain the weakness of the gravitational
force and therefore allows only gravity to propagate in the bulk [B0]. In the next few
paragraphs I will introduce the properties of the minimal version of this theory, with a
large debt to the review of Hooper and Profumo [61].

As in any model of small extra dimensions, the additional dimension manifests
itself in four dimensions as a tower of Kaluza-Klein excitations of the fields allowed to
propagate in the bulk. To reduce the theory down to an effective 4D theory, the fifth
dimension is integrated over. This gives tree level masses of Kaluza-Klein (KK) excitations
with the values

2
n
M) = a2t Mo - (2.26)

In the above equation X (™ is the nth KK excitation of the SM field X and R is the radius of
the extra dimension. R~! is in general taken to be about a TeV, so the first term in equation
is much larger than the second. Therefore the masses of each of the KK particles with
the same n value are approximately degenerate at tree level. As higher-dimensional theories
are not renormalizable, it is necessary that additional new physics be invoked at some scale
to restore good behavior at high energies; generically this cutoff scale is specified in the
natural units of the extra dimension as the unitless number AR.

In principle, there remain many free parameters having to do with the exact nature
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of the boundary conditions at the orbifold points in the extra dimensions, and these cannot
be consistently set to zero as they are induced at loop level, but the framework of minimal
UED [62] assumes that they are small enough not to significantly distort the spectrum or
couplings of the theory, and neglects these parameters tout-court. With this assumption,
the only remaining parameters needed to fully specify the model are the SM parameters,
including of course the Higgs boson mass. The recent measurement of the Higgs mass [63]
thus removes the last unconstrained parameter in the theory parameter space, leaving us
with a treatable two-dimensional parameter space to consider. The compactness of the
parameter space is one of the reasons this theory is compelling.

Because of the approximate tree level mass degeneracy of KK particles of a certain
mode, loop corrections to the masses can be important, and have been calculated in detail
[64]. The splittings grow logarithmically with the cutoff scale AR, as expected for a loop
effect, with colored particles rising in mass more quickly than others, while the KK level-1
excitation of the hypercharge gauge boson B™ drops slightly below the KK mass scale
R~!. These splittings have very important consequences for expected signals at colliders
and for dark matter physics.

As it is impossible to construct a 5D chiral Lagrangian and the zero mode SM
fermions must be chiral, it is necessary to introduce two 5D fermion fields: ¥(z*,y) which
has the quantum numbers of the left handed gz (") spinor and ¥'(z#,y) which has the
quantum numbers of the right handed og(z#) spinor [65] (y refers to position in the

fifth dimension). Using the periodicity of the fifth dimension, these fields can be Fourier
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expanded in terms of KK modes in the form below

\Ij(xlu7 y) =

\/ﬁ Yo(xh) +\[Z< (") cos <7§/> —1—1/,1(12)(33#) sin <7§/>)] , (2.27)

where the (1) and (2) indices represent different 4D fields. U’ takes the same form. The
fermion fields are then just linear combinations of the two fields. This produces too many
degrees of freedom, as the zero mode fermions should have a left handed component that
comes only from ¥ and a right handed component that comes only from ¥’'. To get the
desired form, ¥ is made to be odd under the S'/Z, orbifold symmetry (under which the
the spinor fields transform as W(z#,y) — 5% (2, —y)) while ¥’ is made to be even. With

this condition, the fields have the following forms:

Waty) = i {von () + VR, [ cos (3) + 0 sin ()]}

Waty) = e {0 + VRS, [UR @) cos () + 6P (@) sin (3)] } 229)

™

Now we have what we want for the zero level mode, namely a 4 component fermion spinor
whose left and right handed components have the correct quantum numbers. Note that for
each of the KK modes, there are now two fields for each of the SM fields, one where both
the left and right handed components have the SM left handed quantum numbers and one
where both components have the SM right handed quantum numbers.

The n associated with a Kaluza-Klein mode can be associated with the momentum
of the field in the fifth dimension. While usually such a quantity would be conserved, the
introduction of the orbifolding breaks the translational symmetry, leading to this momentum
(and the KK number) not being conserved. However, there remains a quantity called KK-

parity (defined simply as P = (—1)") which must be conserved.
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The existence of KK-parity serves to stabilize the lightest Kaluza-Klein particle
(LKP). From equation PEZZ8, one can see that the LKP will nearly always be the first level
excitation of the photon, which lacking electric and color charge is an excellent dark matter
candidate. Since the photon mass eigenstate and the B hypercharge gauge boson interaction
eigenstate are essentially degenerate for KK modes of 1 or greater, this candidate is referred
to interchangeably as v() or BW). The KK photon is a standard WIMP whose relic density
is set via the freeze-out mechanism. The mass degeneracy at each KK level leads to a large
number of co-annihilations, and one of the main points of chapter B of this thesis is to
explore the importance of co-annihilation processes which had previously unconsidered in

the calculation of the freeze-out temperature.

Electroweak vacuum stability

The measured value for the Higgs mass presents an interesting conundrum, as
it implies, at face value, that, at some very high energy, the potential for the Higgs boson
develops a second minimum at very large field values, implying a second, lower-energy “true”
vacuum that our universe could, in principle, decay into. The precise energy scale at which
this takes place (and in fact the existence or absence of this vacuum state) depends very
sensitively on the top quark mass as well as on the Higgs mass, but for all experimentally
reasonable values the current universe is at least metastable. A viable model thus requires
the lifetime of the universe’s decay to be at least longer than the measured age of the
universe itself.

In models with universal extra dimensions this problem becomes quite acute. The

decrease in the Higgs quartic coupling which ultimately leads to this issue is driven largely
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by the top quark Yukawa coupling, and in UED models there are additional fermions with
strong coupling to the SM Higgs, namely the KK excitations of the top quark. As a result,
the quartic coupling runs much faster as one introduces more “effective top quarks”, and
vacuum stability becomes a strong bound on the model parameters. Constraints of this
nature can always be taken as defining a scale at which new physics must somehow stabilize
the observed vacuum, so these constraints can be directly translated into an upper limit
on AR for a given choice of R™!. These constraints have been explored in detail [66], and

allow maximal values of AR of about 5, relatively irrespective of the KK mass scale R™1.
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Chapter 3

Kinetic Decoupling and
Small-Scale Structure in Effective

Theories of Dark Matter

The calculation of the kinetic decoupling temperature Tiq, and thus of the small-
scale cutoff M. has been carried out in a variety of model-dependent contexts, including
supersymmetry [37, 24, 1], universal extra-dimensions [Z1, 1], and models with Sommer-
feld enhancement [67, 68]. It has become clear that WIMP models accommodate a broad
variety of kinetic decoupling temperatures, with resulting cutoff scales ranging from 103 M,

to much less than 1076 M even only within the limited framework of the minimal super-

symemtric extension of the Standard Model [21], where the symbol M, indicates the mass

Adapted from Jonathan M. Cornell, Stefano Profumo, and William Shepherd. “Kinetic Decoupling
and Small-Scale Structure in Effective Theories of Dark Matter”. Phys.Rev. D88.1 (2013), 015027. DOI:
10.1103/PhysRevD.88.015027. arXiv: 1305.4676 [hep-phl (©2013 American Physical Society
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of the Sun. Particle physics details of the WIMP model affect in a highly model-dependent
way the kinetic decoupling, producing a wide array of outcomes, but for many particle
physics models there is still a strong correlation between certain experimentally accessible
quantities such as the direct detection scattering cross section, as explored in Ref. [], and
Myt

A possible model-independent route to evaluating ranges for the expected small-
scale cutoff is to consider an effective theory description of interactions between Standard
Model and dark matter particles, as pursued, recently, in Ref. [36, 69]. For example,
assuming the dark matter is a spin 1/2 fermion, it is simple to write down the complete set of
lowest dimensional operators that mediate such interactions. In turn, by assuming that only
one single operator is dominating the relevant dark matter interactions, crossing symmetry
allows to draw stringent constraints on the allowed effective energy scale associated with
the operator, for example from direct dark matter detection or from collider searches. As a
result we can robustly set upper limits to the size of the small-scale cutoff, for each class of
operators, as a function of the relevant operator’s effective energy scale. This upper limit
is quite significant, as cosmologically relevant effects occur only for sufficiently large such
cutoffs.

While rather sophisticated codes now exist to reliably calculate Tiq (see e.g. [I4]),
two potentially important ingredients have been only marginally studied thus far:

(i) scattering off of quarks only, for example in “lepto-phobic” theories with sup-
pressed couplings to leptons (this was first partly addressed in Ref. [36]), and

(ii) the role of scattering off of pions, for the same class of theories, for kinetic
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decoupling temperatures below the QCD confinement phase transition.

In addition, a third aspect that remains entirely unexplored to date is (iii) the
relevance of loop-mediated scattering off of leptons, again notably in leptophobic theories.

In the present study, in addition to the general program of setting upper limits
to the small-scale cutoff in the context of the mentioned effective theory description of
interactions between Standard Model and dark matter particles, we address in detail the
three novel issues listed above. We show that for leptophobic theories there exists an
interesting interplay between loop-mediated scattering off of leptons and scattering off of
pions, and that the two effects are generically comparable. We find that for WIMP models
that can be described to a good approximation by an effective operator belonging to the
class we consider here, there are stringent upper limits on the cut-off scale to the matter
power spectrum, typically on the order of 1073 M. This scale hints at the fact that WIMP
effective theories are not likely to have any impact on small-scale structure issues in cold
dark matter cosmology. On the other hand, since the predicted protohalos are typically very
small, sizable boost factors from substructure enhancements are a rather generic prediction
of effective theories of dark matter.

The reminder of this chapter is organized as follows: we outline the class of effective
operators we consider in the following section Bl; section B2 presents all of our results; and

the final section BZ3 summarizes our findings and concludes.
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3.1 Classification of effective operators

The effective operator framework has been explored as a method for comparing
experimental bounds coming from various types of experiments on dark matter couplings to
Standard Model fields [71, 70]. Within this framework, one writes down higher-dimensional
operators which couple dark matter to quarks, leptons, or Standard Model bosons, requiring
that (i) the operator contain at least two dark matter particles to ensure stability, and that
(ii) Standard Model gauge symmetries are respected. One operator from the list of possible
operators is then assumed to be the dominant one for the physics being investigated, and its
effects are explored assuming the other operators are suppressed and, thus, do not contribute
to the observables in question. Each operator of interest is investigated separately in this
way, and any interference effects from having multiple operators active simultaneously are
assumed to be small. Generally these interference effects are equivalent to changing the
assumed chirality structure of the operator in question, e.g. interfering a vector and an
axial operator with equal suppression scales is equivalent to considering an operator which
only couples to one chirality.

The basic assumption of this parametrization of dark matter interactions is that
dark matter is the only new field light enough to be kinematically relevant, and these
operators are suppressed by a mass scale which is related to the expected mass of the
additional particles which mediate the interactions in some more complete model underlying
the effective theory. Within the region of parameter space where this assumption is valid,
a given complete model can be mapped into the space of these operators by integrating out

the additional heavy fields. This assumption is a fairly weak one for elastic scattering of
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dark matter off of Standard Model particles, where the momentum exchange is typically
on the order of the MeV, but is a fairly strong assumption for LHC searches, where the
center of mass energy of the created dark matter pair can be quite large compared to the
dark matter mass. We therefore encourage caution when considering the collider bounds on
these operators, but expect that the results for kinetic decoupling and the bounds arising
from direct detection should be robust.

We also calculate the thermal relic density of WIMPs under the assumption that
the same operator dominates dark matter interactions with Standard Model particles in
the early as well as in the late universe. Of course, this is a rather strong assumption,
as it entails for example the absence of processes such as coannihilation, the presence of
thresholds or resonances that could exist at finite temperature but not in the late universe,
and the absence of temperature-suppressed operators that might dominate the chemical
freeze-out while being irrelevant at the later kinetic freeze-out. We note, however, that this
assumption is largely equivalent to other assumptions discussed above, where it is presumed
that dark matter is the only kinematically relevant new particle in the theory and that one
operator is dominant in all of the observables being searched for.

We consider here a subset of all possible operators which conserve parity in addition
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to the Standard Model gauge symmetries. The operators of interest are

m _

Os = —3xxff (3.1)
S
m _

Op = Af?f)’c'v“r’xf’f’f (3.2)
P
1 _

Ov = 5 Xv"xff (3.3)
1%
L UaD, T 5

Oa = X"V xfw’f (3.4)
A
m _

Or = TJXUNVXfUqua (35)
T

where Aj is the suppression scale for operator O;. Note that the operators which are
chirality-violating are assumed to be proportional to the fermion mass to preserve SU(2)y,
and avoid inducing large effects in low-energy flavor observables. The first four operator nor-
malizations are standard within the effective dark matter literature, but previous searches
for contact operators have not included the mass suppression for the tensor operator to
better make contact with direct detection bounds. We choose to consider the theoretically
better motivated normalization of the tensor operator which does include a quark mass
suppression, as the operator is chirality-violating and thus would require an insertion of
the Higgs field to respect the SM gauge symmetries. Previous analyses have considered the
operator without a quark mass dependence to make better contact with direct detection
searches, as the unsuppressed tensor induces a coupling to the spin of the quarks composing
the nucleon minus the spin of the antiquarks in the nucleon, but it is not clear how a tensor
operator with that normalization would be alligned with the mass basis of the quarks so
well as to avoid inducing unacceptably large corrections to flavor observables. The choice
to include the quark mass suppression of the tensor operator leaves us without collider and

direct detection bounds to compare to, and therefore we will only plot the early universe
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curves for these operators.

For each operator, we specify which Standard Model fermions the dark matter
particle couples to. Generically, leptons are the most significant contributors to keeping the
dark matter in kinetic equilibrium with the Standard Model thermal bath, while many of
the key experimental searches constrain primarily the couplings to quarks. We choose here
to consider explicitly three cases, wherein the dark matter couples only to leptons, only
to quarks, or to both with equal suppression scales. For cases including quark couplings
we plot the strongest available experimental bounds from LHC searches and direct detec-
tion searches, and in cases including lepton couplings we will additionally plot LEP search
bounds. In the special case of the lepton-only vector operator we will in addition plot the

direct detection bounds induced at one-loop order, as discussed in Ref. [72, [70].

3.2 Results

As discussed above, for each effective operator in Eq. (BZI-835) we consider three

cases as far as the relevant Standard Model particle class the dark matter couples to:

1. Universal couplings to all SM fermions;

2. Couplings to leptons only;

3. Couplings to quarks only.

Each case presents distinct behaviors in the early as well as in the late universe, and leads
to different constraints and conclusions for the effective cutoff scale. Leptonic couplings,

when present, tend to dominate the process of kinetic decoupling, as a simple result of the
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fact that at the relevant temperatures leptons (especially electron/positron and neutrinos)
are in a relativistic state and the number densities are not Boltzmann-suppressed. On the
other hand, quark couplings lead to stronger bounds from colliders and direct detection. If
lepton couplings are absent then the contributions of quark couplings to kinetic decoupling
must be treated with care due to the QCD confinement phase transition. Before the phase
transition there is a thermal bath of quarks and the calculation of the scattering rate pro-
ceeds analogously with that for the leptonic couplings, but after the phase transition pions
are the dominant hadrons and the matrix element of the quark bilinear in the pion must
be evaluated. In addition, loop-induced scattering off of leptons arises generically even for
vanishing direct couplings to leptons. This effect, which has never been considered in this
context before, competes with scattering off of pions, and becomes more and more relevant
as pions become less and less abundant at decreasing temperatures due to Boltzmann sup-
pression. We will discuss each operator’s coupling to pions individually in presenting our
results.

For each case we also present all relevant bounds on effective dark matter inter-
actions from collider searches both at the LHC [[73, 74] and at LEP [70]. These constraints
are subject to the concerns described in section Bl regarding the possibility of probing
additional particles at colliders due to the large center of mass energies involved. For all
operators which lead to appreciable direct detection cross sections we also plot the current
leading bounds from those experiments. For spin-independent scattering the current lead-
ing bounds come from the Xenon 100 experiment [[75], while for spin-dependent scattering

they are set by the SIMPLE [76] and PICASSO [[77] experiments.
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Figure 3.1: Plots of contours of constant Tyxq (left) and Myt (Tight) for the case of a scalar operator
interaction between WIMPs and SM fermions. Here WIMPs couple with the same strength to all
SM fermions before the QCD phase transition and leptons and pions after. Shaded regions and the
dashed curve represent regions of parameter space excluded by collider and direct detection results,

while the solid gray curve represents the correct dark matter relic density.

For all plots we also present relic density constraints. The line on the plots cor-
responds to when Q,h? = 0.1189, the best fit value quoted by the Planck collboration [I78]
when combining their CMB results, WMAP polarization results, high-¢ CMB data from
ground telescopes and baryon acoustic oscillation measurements. For all operators except
the tensor case (which has no simple, tree-level UV completion) we use the micrOMEGASs
code [[79, B0] to calculate the relic density. This was checked analytically to correspond
with setting the annihilation cross section to the appropriate value (ov) ~ 3 x 10726 cm3 /s,

and this analytical requirement was used to calculate the relic density requirement for the

tensor operator case.
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3.2.1 Scalar operator

The scalar-type coupling of dark matter to SM fermions contributes to direct
detection in the case of quark couplings, and has been constrained by collider searches
for both quark and lepton couplings. The collider constraints are relatively weak in this
case, however, because of the mass-suppression of this chirality-violating operator. While
pair annihilation, direct detection, and scattering responsible for kinetic decoupling all
have access to the heavier SM fermion generations, the initial state, for collider studies, is
dominated by the lighter states, and therefore collider bounds are weakened relative to the
other dark matter probes.

For the case of universal coupling to SM fermions through the scalar operator the
results are presented in figure Bl. We note that for dark matter above approximately 10
GeV in mass the bounds from direct detection, which are strongest in that region, indicate
that the kinetic decoupling temperature must be on the order of 1 GeV. The resulting cutoff
scale for the smallest protohalos is on the order of the Earth mass (about 1076 M) for
WIMP masses above 10 GeV. The relic density matches the observed dark matter only for
masses above 200 GeV. Models that possess the right thermal relic density have extremely
suppressed cutoff scales, smaller than 1072 M, (see the right panel of figure B).

For the case of lepton-only couplings, the only relevant bound on this operator is
from LEP, and the resulting bound is weak enough to not significantly constrain the process
of kinetic decoupling. The corresponding results are shown in figure B2Za, which indicates
that kinetic decoupling temperatures below 10 MeV are possible in this case, resulting in

small-scale cutoffs exceeding the Earth mass. We estimate in this case that the largest
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Figure 3.2:  Plots of contours of constant Tyq (left) and Myt (Tight) for the case of a scalar operator
interaction between WIMPs and SM particles in which WIMPs couple directly to only leptons or
quarks.. Shaded regions and the dashed curve represent regions of parameter space excluded by
collider and direct detection results, while the solid gray curve represents the correct dark matter

relic density.
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(a) As in figure @A, but for DM scattering off leptons only.
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(b) As in figure B, but DM scatters solely off quarks before the QCD phase transition and pions

after.
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possible cutoff mass scale is of about My, ~ 1073 Mg. We also note that the LEP limits
do not impact the cutoff scales Ag needed to produce the correct thermal relic density. For
WIMP masses of about 10 GeV we find that models that have the correct thermal relic
density produce a small scale cutoff of 107> My, while those with a mass of 100 GeV of
about 1077 M, and those with a mass of 1 TeV of approximately 107 M.

Finally, for quark-only couplings the matrix element (7|gq|m), implicitly summed
over quark flavors, is needed to evaluate the coupling to pions after the QCD phase transi-
tion. This has been evaluated previously in the context of contributions to direct detection

by [&1] using soft-pion techniques to be

3

(n°laqln®) = T (|7 - 7|, (3.6)
where 7 is a pion iso-vector, Eq. (BATIH). We have implemented this scattering amplitude for
interactions after the QCD phase transition with pions, which are the dominant components
of the thermal bath at the relevant temperatures. The results for quark-only couplings are
shown in figure B2H. Direct detection forces in this case the size of the smallest protohalos
to values well below 10~ My, for dark matter particle masses larger than 20 GeV. Models

with the correct relic density must have masses above 200 GeV, and small scale cutoff

smaller than 10~'! M in this case.

3.2.2 Vector operator

Vector operators are generically better constrained by collider searches than scalar
operators are, but are also very tightly constrained by direct dark matter detection. For

universal couplings, direct detection is again the dominant constraint for dark matter masses
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Figure 3.3: Plots of contours of constant Txq (left) and My, (right) for the case of a vector operator
interaction between WIMPs and SM fermions in which WIMPs couple with the same strength to all
SM fermions. Shaded areas signify the regions of parameter space excluded by LHC and direct
detection results, and the dashed line corresponds to a limit on the parameters from an analysis of

LEP data. The solid gray curve represents the correct relic density.

above about 10 GeV, and those constraints again force us to conclude that the kinetic
decoupling temperature must be of order 1 GeV. We show our results in figure Bz3. We do
not find any sub-TeV WIMP models with a viable thermal relic density, if this operator is
the only important contributor to chemical freeze-out. For masses above 100 GeV, we find
that the cutoff scale is always smaller than approximately 1079 M.

Our results for vector interactions only with leptons are shown in figure B4. We
have plotted bounds from LEP and from direct detection, which arise at one-loop level by
effectively inducing a mixing between the integrated-out heavy vector boson and the SM
photon. This mechanism was first discussed by Fox et. al. [70], and the bounds we plot
are updates of those they derived from the first release of Xenon 100 data to take in to

account the full 2012 data set. Even with a loop suppression, direct detection is still the
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Figure 3.4: Plots of contours of constant Tia (left) and My (right) for the case of a wvector
operator interaction between WIMPs and SM fermions in which WIMPs couple directly to leptons
only. Shaded areas signify the regions of parameter space excluded by LHC and direct detection
results, and the dashed line corresponds to a limit on the parameters from an analysis of LEP data.

The solid gray curve represents the correct relic density.

dominant bound on dark matter models with masses above about 8 GeV, and the decoupling
temperature is required to be of order 100 MeV. The resulting smallest possible protohalos
are smaller than about 107 M, for WIMP masses below 100 GeV, and are generically of
order 10~7 M, or smaller for masses above 100 GeV.

Considering couplings to quarks only below the QCD phase transition, we now
must evaluate (7%|gy*q|n®). This also was shown in [81], using the conservation of the

vector current, to be

(m|gy"q|m) = (au — ag) (7|7 x OH'7|m?), (3.7)

where a4 is the coupling to quarks of type ¢q. This clearly vanishes for the coupling structure
we have chosen of universal couplings to all quark flavors.

For a vector interaction coupling only to quarks, the induced direct detection
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Figure 3.5:  Plots of contours of constant Tiq (left) and Mey (right) for the case of a vector
operator interaction between WIMPs and SM particles in which WIMPs couple directly to quarks
only. Shaded regions represent regions of parameter space excluded by collider and direct detection

results, while the solid gray curve represents the correct relic density.
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(a) As in figure B3, but for DM coupling directly only to quarks and to leptons via a loop process.
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(b) As in figure B3, but for DM coupling directly to quarks and to either leptons via a loop process

(dotted lines) or to pions (dashed lines).
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amplitude in the former case can be effectively inverted to give an induced, loop-level
coupling to leptons, which can be important as leptons are generically greater contributors
to kinetic decoupling than quarks. Since kinetic decoupling is dominated by scatterings
at low dark matter velocities, the loop induced coupling to leptons from quarks can be
considered as a simple rescaling of the suppression scale involved, and can be calculated in
the “leading-log” approximation as discussed in Ref. [72]. The formula for this rescaling in

the case where we consider identical couplings to all quark flavors is

37 A
Ap =1/ — 1 : (3.8)
E \/;\/Zd sp 1 (mq/Ag) — 2Zu,c,t In (mg/Aq)

)

where « is the electromagnetic fine structure constant and all running quantities are evalu-
ated at the renormalization scale of A4, the scale of the effective operator. While this does
not minimize the logarithms involved, it does allow us to neglect renormalization running
and mixing of different operators, such that it is well-defined to assume one operator is
dominant. We enforce perturbativity of this loop expansion by truncating our results when
the induced coupling to leptons is not weaker than the initial coupling to quarks. The
results for this coupling structure are presented in figure Bha. We find, as in fig. B33, that
no models with sub-TeV masses have the right thermal relic density, and that the predicted
cutoff for masses above 10 GeV is always smaller than 10~7 Mg, while it is smaller than
10~ My, for masses above 100 GeV.

To explore the relative importance of pion scattering to that of loop-induced lepton
scattering, we also consider a quarks-only vector-like operator which couples with opposite
sign to up- and down-type quarks. This doesn’t change the bounds from colliders or the scat-

tering amplitudes above the QCD phase transition, but it allows for pion scattering below
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the QCD phase transition and alters the bounds from direct detection and the loop-induced
coupling to leptons by changing the relative sign of the up- and down-type contributions in
Eq. (B8). We have presented the results for this coupling structure in figure BX5H. This plot
only shows results for including the coupling to pions or the loop coupling to leptons, but
including both contributions leads to a curve that lies along the curve of larger suppression
scale: e.g. for Tiq = 100MeV the curve with both effects included would lie along the
pion only curve. From this plot, we observe that following the QCD phase transition, pion
scattering is the dominant process in setting Tiq, but as T' decreases, the loop coupling to
leptons becomes more important as the pions become non-relativistic and their interaction
rate with dark matter is Boltzmann suppressed. We thus note that the relative importance
of scattering off of pions versus loop-mediated scattering off of leptons below the QCD
phase transition is generically comparable, with one process dominating over the other de-
pending upon the kinetic decoupling temperature: for large decoupling temperatures, hence
closer to the QCD confinement phase transition, scattering off of pions dominates, while
lepton loop-induced scattering dominates as the number density of pions declines at lower

temperatures.

3.2.3 Pseudoscalar operator

Pseudoscalar operators present a unique complication among all parity-conserving
operators, in that the scattering amplitude vanishes in the limit ¢ — 0 even when the center-
of-mass velocity is large. This necessitates a summation over angles which can be neglected
in the case of the other operators, as described in section ZI23.

Pseudoscalar operators lead to strongly suppressed direct detection scattering, so
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the only relevant bounds are from collider searches. Here, when the coupling is universal,
the largest possible value for My is 107M when m, > 20MeV, as shown in figure B4l
Models with the correct relic density have masses of a few GeV and higher and increasingly
suppressed cutoff scales as a function of mass: from 107°My at 5 GeV to 107" M, at 20
GeV, and downward to 107°M and smaller for any mass larger than 200 GeV.

With lepton only couplings constrained by just LEP data, M.y is again much less
constrained, as the next figure, B6H, shows. Focusing again on models with the correct
relic density, we find kinetic decoupling temperatures from slightly more than 10 MeV at
WIMP masses in the GeV range, up to 1 GeV for 400 GeV WIMPs. The inferred cutoff
mass scale ranges from 10™°M, at 6 GeV to 107" Mg at 30 GeV, to 1072 M and smaller
for any mass larger than 200 GeV, again for models with the correct thermal relic density.

For quark-only pseudoscalar couplings there exists a minimum value of Tigq, irre-
spective of how strongly the dark matter couples, which is the QCD phase transition tem-
perature. After the phase transition the only hadronic state available with cosmologically-
relevant number densities are the pions. Since QCD is a parity-conserving theory, we can
require that the parity behavior of the quark bilinear match that of the pion state which the
dark matter would couple to. However, with only two pions it is impossible to construct any
pseudoscalar invariant. This indicates that elastic scattering off of two pions is completely
forbidden by the symmetries of the theory for this operator. Other scattering processes
are possible, however. Inelastic scatterings, whether changing the number of particles or
changing, for example, a pion into a sigma meson, are allowed by the symmetries of the

problem. These nonetheless do not contribute efficiently to the continued thermalization of
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Figure 3.6: Plots of contours of constant Txq (left) and Meys (Tight) for the case of a pseudoscalar
operator interaction between WIMPs and SM particles. Shaded regions and the dashed curve repre-
sent regions of parameter space excluded by collider results, while the solid gray curve represents the

correct relic density.
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the dark matter kinematics, because the thermal bath is not energetic enough to produce
the more exotic (i.e. higher-mass) QCD states or to provide sufficient energy to produce ad-
ditional pions in scattering. Thus, the leading contribution is a one-loop-suppressed process

requiring two insertions of the operator, which is very strongly suppressed.

3.2.4 Axial-Vector operator

Axial-vector couplings are constrained at levels comparable to vector couplings by
colliders, but lead to spin-dependent rather than -independent scattering in direct detection,
so the collider bounds are generically stronger than the direct detection bounds for these
interactions. Universal couplings to SM fermions are presented in figure BZ7d. We find that
with universal couplings existing bounds generically require Tiq to be above 10 MeV, and
the cutoff is smaller than 107> Mg, for any mass above 20 GeV. This class of operators
produces the right thermal relic density for WIMPs above 100 GeV, leading in all cases to
cutoff masses smaller than 107> M,

For couplings to leptons only there are no appreciable direct detection bounds, as
any loop-induced scattering akin to that in the vector case would have to proceed through Z-
boson exchange, and the additional suppression of t/M% makes such contributions negligible.
Thus, only LEP bounds are shown along with our results in figure BZ7H. The figure indicates
that cutoff scales as small as about 10™3 M, are in principle possible for very light WIMPs.
The thermal relic density and LEP bounds put the dark matter mass in the 100 GeV and up
range, with cutoff scales at most of 1074 My, as before suppressed with increasing WIMP
mass.

For the same reason that there are no bounds from direct detection on leptonic
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Figure 3.7:  Plots of contours of constant Txa (left) and Meyt (right) for the case of a azial-vector
operator interaction between WIMPs and SM particles. Shaded regions represent regions represent
regions excluded by collider results and the mon-solid curves represent regions of parameter space
excluded by collider and direct detection results. The solid gray curve curve represents the correct

relic density.
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axial-vector couplings, there is no induced lepton coupling in the case of a quark-only
interaction. Additionally, elastic scattering of dark matter off of pions vanishes in this
model, as there is no axial invariant which can be constructed from the kinematics of two
pions. Once again, inelastic scattering, whether producing or destroying an additional pion
or scattering a pion into a different QCD state, is possible, but the low temperature below
the QCD phase transition makes these possibilities contribute negligibly to the kinetic
decoupling. Thus axial interactions with quarks only also have a minimum T4 = T,

analogously with the case of pseudoscalar couplings.

3.2.5 Tensor operator

The tensor operator normalization which we consider preserves the SM gauge
group where other normalizations do not, but is not particularly well studied because it
does not correspond to the QCD matrix element which is probed in direct detection. Thus,
we cannot present bounds from direct detection on this operator. Additionally, current
collider searches have been normalized to correspond to direct detection, so we can’t compare
directly to those results either. The closest approximation to collider searches which could
be considered would be the constraints on the other chirality-suppressed operators, in this
work the scalar and pseudoscalar cases. For the direct detection comparison the theoretical
picture is a bit more muddled, as the quark mass which appears in this operator should
be taken to be related to the yukawa coupling, which will be affected by renormalization
running in the strong phase of QCD, and is therefore nontrivial to factor out of the operator
and find a meaningful bound. Since neither comparison technique yields a perfect mapping,

we will only discuss the early-universe behavior of the operator.
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Figure 3.8:  Plots of contours of constant Txa (left) and My (right) for the case of a tensor
operator interaction between WIMPs and SM particles, where the solid gray curve represents the

correct relic density.
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The results for universal couplings are given in figure B=Ra, while those for leptons
only are in figure B8H. As a tensor mediated interaction cannot be implemented in CalcHEP,
we do not use micrOMEGASs to calculate the relic density, but rather require the velocity
averaged cross section to equal the canonical value for s-wave annihilation that gives the

correct relic density, i.e

9 m%mi m% 1/2 2% cm?
(oUpel) = E — 1—- — ~3x107° — (3.9)
¢ 7 2m AGT mi S

where the sum is over all kinematically accessible fermion annihilation products. Once
again, after QCD confines in the early universe there is no pion configuration which has the
Lorentz transformation properties of a tensor, and thus quark couplings become irrelevant
below T..

Fig. BX4 indicates that for good thermal relics, the expected kinetic decoupling
temperatures are of 10 MeV in the few GeV mass range, up to 100 MeV for a 30 GeV WIMP,
and to 1 GeV for a 300 GeV WIMP. The resulting small-scale cutoff masses are of 107° M,
for a 10 GeV WIMP mass, decreasing to below 1077 M, for masses above 200 GeV. For
the exclusively leptonic coupling tensor case, we find a qualitatively similar behavior, with
good thermal relics producing slightly lower kinetic decoupling temperatures, and slightly

larger cutoff scales.

3.3 Discussion and conclusions

In this study, we addressed the question of establishing the small-scale cutoff of
the cosmological matter power spectrum in a variety of particle dark matter models where

WIMP coupling to Standard Model fermions is described by effective operators. We included
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cases where the dark matter separately couples exclusively to leptons, exclusively to quarks,
or universally to both leptons and quarks. We also used collider searches and dark matter
direct detection to set model-independent limits on the largest experimentally viable value
of the small-scale cutoff resulting from kinetic decoupling for each class of operators, and
we calculated the dark matter thermal relic abundance on the same parameter space.

The largest possible cutoffs are found for theories where the dark matter exclusively
couples to leptons, as a result of the absence of limits from hadron colliders. For the case of
coupling to quarks, in some cases direct dark matter searches squeeze the maximal cutoff
scale for protohalos to very small values, in some instances much smaller than the Earth
mass. Insisting on setups that produce a thermal relic density in accordance with the
observed dark matter density we universally find increasingly suppressed small scale cutoffs
with increasing dark matter particle masses.

For theories with quark-only couplings, if the kinetic decoupling falls below the
QCD confinement phase transition, two effects exhibit an interesting interplay: scattering
off of the lightest available hadronic bound states (pions) and loop-mediated scattering
off of leptons, this latter process never having been considered before. We showed that
depending on the operator’s effective energy scale one or the other effect can dominate the
kinetic decoupling process.

While there exist many instances of dark matter models where the effective oper-
ator description we adopted here does not apply, the present study has wide applicability
to a broad range of WIMP models. In addition, our findings provide a model-independent

framework where the relevant range for the small-scale cutoff to the matter power spectrum
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can effectively be predicted. Finally, this study highlights the complementarity of collider
and direct detection of dark matter with questions pertaining to the cosmology of dark

matter and the formation of structure in the universe.
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Chapter 4

Earthly Probes of the Smallest

Dark Matter Halos

In the present analysis we point out that there might be orthogonal handles to
pinpoint the size of primordial dark matter halos, and thus of the effective cutoff scale of
structure in the universe. Our main observation is that the same class of processes entering
kinetic decoupling — namely, elastic scattering off of light fermions — also enters the cross
section for direct dark matter detection, which is determined by elastic scattering off of
quarks inside nucleons. Additionally, in a situation of capture-annihilation equilibrium,
the rate of high-energy neutrinos expected from the capture and annihilation of WIMPs
in celestial bodies such as the Earth or the Sun also depends on the same scattering cross
section. We therefore ask, in the present study, whether the mass of dark matter protohalos

correlates with quantities that could be measured by experiments on Earth, be it via direct

Adapted from Jonathan M. Cornell and Stefano Profumo. “Earthly probes of the smallest dark matter
halos”. JCAP 1206 (2012), 011. por: 10.1088/1475-7516/2012/06/011. arXiv: 1203.1100 [hep-ph]
(©2012 TIOP Publishing Ltd and Sissa Medialab srl
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detection or with neutrino telescopes.

Here, we take a model-dependent view, and focus on two specific and well-defined
WIMP scenarios: the lightest neutralino of the minimal supersymmetric extension to the
Standard Model (MSSM) [[7], and the lightest Kaluza-Klein (KK) excitation of Universal
Extra Dimensions [see Ref. 61, for a review| For these two paradigmatic WIMP setups, we
study correlations between the dark matter cutoff scale and rates for direct and indirect
dark matter detection. We find that strong correlations exist for some quantities, and not
for others. We discuss approximations and analytical formulae that help understanding our
detailed numerical results, and we conclude that “earthly probes” of the size of the smallest
dark matter halos are, in principle and with the model assumptions we detail here, possible.

The ensuing study is articulated as follows: In section B, we explore the corre-
lation that exists between direct detection rates and the cutoff scale for supersymmetric
neutralinos. In section BT we explore in more detail the reason for this correlation, and
in section B2 we do a similar analysis, but for neutrinos from neutralino annihilation in
the sun. In section E=4, we return to the analysis of B, but for the case of KK dark matter,

and finally in section B23 we discuss our results and draw our conclusions.

4.1 Neutralino dark matter

We first consider correlations between direct detection rates and protohalo size for
MSSM neutralino dark matter. To calculate the dark matter direct detection rates we use
the routines in the numerical package DarkSUSY (see Ref. [35]; for an in-depth description

of the direct detection calculation see also Ref. [82]), while Tiq is calculated numerically as
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described in section 123, We define our MSSM models by 9 parameters given at the weak
scale: p, My, My, M3, ma, tan 3, meq, A; and A,. This is the same parameterization as
the “MSSM-7” described in [85] (to which we refer the Reader for further details), with the
change that we let My, Ms and Ms vary freely, while in the MSSM-7 the two parameters
My and Mj are related to My through GUT-scale gaugino mass universality relations. The
parameters u, My, Mo, M3, my and msq are scanned over logarithmically in the range of 50
GeV to 5 TeV, with My and p allowed to take positive or negative values. tan 8 is scanned
logarithmically over the range 2 to 50, while A; and A are scanned over linearly in the
range of -5 to 5.

All of the models we present in are checked against the accelerator and other
particle physics constraints contained in the most recent version of DarkSUSY, 5.0.5. They
are also checked to see if they satisfy the 50 bounds on the relic density from the most
recent seven year release of WMAP data, in which €, h is constrained to the values .0840 <
Q,h < .1400 [83]. The relic density for each model is calculated with coannihilations using
the routines in DarkSUSY [35]. Current (solid line) and future (dashed line) sensitivities
from direct detection experiments are also included on many of the the plots. For plots
with spin independent scattering cross sections, we present the current sensitivity of the
Xenonl00 experiment from [84] and the projected sensitivity of the XenonlT experiment
found at [85]. For spin dependent plots, we present the current sensitivity of the 4kg COUPP
detector [86] and the expected sensitivity of the future 60 kg COUPP detector [87].

The elastic spin-independent neutralino-nucleon cross section depends, at the mi-

croscopic (quark) level, and at tree-level in perturbation theory, on two sets of diagrams:
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Figure 4.1: A scatter plot showing the correlation between the neutralino-proton spin-independent
(left panels) and spin-dependent (right panels) cross sections with the kinetic decoupling temperature
(upper panels) and with the cut-off scale mass (lower panels), for a large sample of supersymmetric
models. See the text for details on the definition of the quantities plotted and for details of the scan
over the supersymmetric parameter space. All sensitivities presented in this plot are for a 100 GeV

WIMP.

(i) Higgs exchange (including, in absence of CP violation, the two CP-even Higgses) and
(ii) squark exchange [@]. Elastic spin-dependent (axial) interactions are also mediated by
squark exchange, as well as by Z exchange. Processes relevant to elastic scattering of neu-
tralinos off of light leptons and quarks depend on all scattering processes. Since kinetic
decoupling typically occurs at low temperatures, where heavier fermions no longer par-

ticipate in the thermal bath, Yukawa-suppressed Higgs-exchange processes are generically
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subdominant with respect to Z and squark/slepton exchange. This consideration leads us
to anticipate that the correlation between kinetic decoupling temperature Tiq and the spin-
independent elastic neutralino-proton cross section og; be weaker than the correlation with
spin-dependent processes, ogp.

The theoretical anticipation is in fact confirmed by the results of the extensive
scan over MSSM parameters we carried out, shown in Fig. B. The upper panels correlate
the scalar and axial cross sections with T4, while the lower panels with M. As expected,
although a general trend is present, we do not find a tight correlation for scalar interactions
(panels to the left), while a correlation is definitely present for axial interactions (panels to
the right, especially for large and potentially experimentally interesting values of the cross
section). The scatter in the correlation between Ti4q and ogp is within a factor 2 down to
osp ~ 10740 ¢cm?, and grows for smaller values of the cross section. The correlation has
a very small spread at values of the cross section currently probed by the most sensitive
detectors (for the most recent results from COUPP, probing cross sections as small as few
x1073% cm? see [86]). We investigate and discuss the origin of this scatter in the following
subsections. Note that ogp ~ 1074 cm? (for a 100 GeV WIMP) corresponds approximately
to the projected reach of a large (1 cubic meter) DMTPC detector with 50 keV threshold
operating for one year [88]. This corresponds to a jump of about three orders of magnitude
over the current detector performance (this does not include indirect limits from neutrino

telescopes) [BR, BA|.
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Figure 4.2: Correlation between the neutralino-proton spin-dependent scattering cross section and
the kinetic decoupling temperature (upper panels) or cut-off scale mass (lower panels). The panels
to the left assume a common, large value for the squark mass msq = 10 TeV, hence the dominant
process for both kinetic decoupling and scattering off of protons is via Z exchange. The color coding
indicates three ranges for the lightest neutralino mass, while the black line indicates the analytic
formula of Eq. (F4). In the right panels we illustrate the effect of lower squark/slepton masses, with
mgq = 0.5, 1, 5 and 10 TeV corresponding to the four color codes. See the text for further details
on the supersymmetric parameter space scan procedure. All of the models presented in this plot have
values of Qyh within or less than the WMAP-7 50 range. The experimental sensitivities are for a

100 GeV WIMP.
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4.1.1 The role of the neutralino and of the squark mass scale

There are two main sources for the scatter in the correlation found between Tigq
and ogp: the neutralino mass and the squark mass scale.? We discuss these effects both
analytically and numerically in this section.

In the limit of heavy squark masses, kinetic decoupling and elastic neutralino-
nucleon axial scattering are only mediated by Z-exchange, and should thus be tightly corre-
lated. However, at a fixed value of ogp, corresponding to a fixed value of the neutralino-Z
coupling, Tiq inherits a dependence on the neutralino mass scale beyond that produced by
the dependence of ogp on M,, resulting in a scatter in the values of Tiq for a given value
of ogp. We illustrate this effect (for both Tyq and M) in the left panels of Fig. B2. For
this scan, we use the set of parameters as before, with the changes that the pseudoscalar
Higgs boson mass m4 is set to 1000 GeV, the trilinear couplings A; = Ap = 0, and, most
importantly, mgq is set to the high value of 10 TeV. The color-coded dots show models with
neutralino masses in the M, < 100 GeV (red), 100 GeV < M, < 500 GeV (orange) and
M, > 500 GeV (black).

The dependence of Tiq in the limit of heavy squarks can be understood analytically
when we calculate both the neutralino proton scattering cross section and Tjq using just
the Z exchange tree level diagram, ignoring contributions from slepton and squark exchange
diagrams. The cross section of scattering a neutralino off a proton when Z exchange is the

only diagram is given by (following, e.g. [[7]):
2

3 (g9z11)°>M?
OxpsD = 1=t | > (95 — 954D | - (4.1)
47 My —ads

Note that we always assume that squarks and sleptons are degenerate in mass.
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To analytically approximate the kinetic decoupling temperature, we use the prescription

described in section 13, which gives us

Tia = M, ((Z)l/4r <i)>1 : (4.2)

where

31 573 (9211)* M Mp L \2 R O\2
“= 3\ g V7 S %:QSM ((ngf) +(9Z¢7) ) - (4.3)

Here f is all possible SM scattering partners and ggy is the number of degrees of freedom

for the SM partners. Combining these expressions, we find

2
L _ R A
1 [ 252 [geg M2 Zq<<92qq ngQ) q) M,

r(3/4) | 63V 575 Mp, 2 2\ o,.,sp
( / ) ngSM (géff) + (glz%ff) xp

The Tiq o (M,/ O'SD)I/ 4 behavior can be seen in the left hand side plots in Figure

1/4

Tiqa =

(4.4)

2. To illustrate the validity of this approximation, we plot this expression as the black line
in Figure B2, with the sum over fermions including all SM leptons except the quarks, and
g;f/fg = 4, a value which corresponds to Tiq ~ 70 MeV. M, is set to 100 GeV, and from the
upper left hand plot, we see that the analytic approximation follows the numerical result
well for low Tiq, with the validity of the approximation becoming less valid at high Tiq
because of that fact that before the QCD phase transition there is quark scattering which
we do not consider and geg varies significantly from the value we chose.

As squark and slepton masses are lowered, the relative contribution from squark,
but especially slepton exchange in the kinetic decoupling process increases. As a result,

for sufficiently low squark/slepton masses (which we assume to be at the same scale) the

correlation between Tiq and ogp is lost. Namely, we expect Tiq to be driven by the sfermion
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mass, while ogp is tuned by the Z-neutralino coupling and is relatively insensitive to the
squark mass scale. We illustrate this numerically, and we assess the importance of this
factor in a robust determination of Tiq from a measurement of ogp, in the right panels of
Fig. B2, The color-coding shows models where we fix the sfermion mass scale to 10 TeV
(red), 5 TeV (yellow), 1 TeV (blue) and 500 GeV (green). The figure shows that deviations
from the expected correlation arise at ogp < 10744 for 5 TeV sfermions, and at ogp < 10742
for 1 TeV sfermions. For sub-TeV sfermions the correlation can become weaker, although
given the negative results on squark and slepton searches from the LHC [89] we expect little
effect from light sfermion contributions if ogp is close to the range that could be probed by
next generation experiments, osp 2 10—,

We also consider the situation in which there is no Z-exchange in scattering pro-
cesses, corresponding to the limit of a purely bino-like neutralino. To obtain models with
such composition, we use a modified version of the original parameter set where we enforce
=My =10TeV, my =1TeV, and A; = Ay, = 0. This leaves us with the parameters M,
M3 and mgq, which are scanned logarithmically over the range 50 GeV to 5 TeV, and tan 3,
which is scanned logarithmically over the range 2 to 50. A plot of Tq and My versus osp
for these models is shown in Fig. B3. As binolike neutralinos are very weakly interacting,
only about 100 of the 2.5 x 10 models in the plot do not produce a relic density greater
than the WMAP-7 50 range.

For such a class of models, we see a correlation between Tyq, Mcut, and ogp, with,
just as before, an additional dependence on the neutralino mass. Unlike in the high msq

case, there is a scatter of large neutralino mass models down into the smaller mass bands.
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Figure 4.3: A scatter plot showing the correlation between the neutralino-proton spin-dependent
scattering cross section and the kinetic decoupling temperature (upper panel) or cut-off scale mass
(lower panel) for supersymmetric models with bino-like lightest neutralinos, hence with suppressed

coupling to the Z. The three colors correspond to different ranges of neutralino mass.

We have identified these models as having a small splitting between M, and mgq. In [24],

it was shown that for binolike neutralinos, T}q is of the form:

Tig = 7.5 MeV | —L — - 4.5
kd A\ <100 GeV) (45)

Since in the MSSM-7 parameterization the squark mass scale is the same as the slepton
mass scale, when (mgq — Mi) /M% <& 1, Tiq is driven to a much smaller value than when
the splitting is large, as can be appreciated from Eq. (E2H). When Z-exchange is the only

process relevant for the interaction, the mass splitting does not enter into Tjq, and we see
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no similar effect.

For these models, the highest possible spin dependent cross section is significantly
smaller than that of the models from the full parameter space scan as well as that for
models where sfermion exchange diagrams are suppressed. As such, these are not models
that the current generation of direct detection experiments would explore: this additional
source of scatter in the correlation between protohalo size and scattering cross section is
thus not worrisome, at a practical level. Furthermore, for general sets of models where
one has both Z and sfermion exchange scattering diagrams, these results show that when
there is a relatively large scattering cross section, the sfermion exchange contribution to
that cross section is subdominant to the contribution from Z exchange: for supersymmetric
models that might be detectable with current or future generation detectors it is thus valid

to approximate the scattering cross section as being due solely to Z exchange.

4.1.2 Neutrino telescopes

Spin-dependent neutralino-nucleon interactions drive, quantitatively more than
spin-independent interactions, the capture rate of neutralinos in the Sun. If the neutralino
pair-annihilation rate is large enough so that capture and pair-annihilation in the Sun are in
equilibrium (which is typically the case across the MSSM parameter space [90]), the actual
rate of neutralino annihilation is governed by the capture rate. We thus expect a correlation
of the rate of high-energy neutrinos resulting from neutralino annihilation inside the Sun
and Tiq. Note that effects such as the detector energy threshold are expected to impact the
correlation and to potentially disrupt it.

We investigate in Fig. B2 the correlation between the flux of neutrinos from the
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Figure 4.4: A scatter plot showing the correlation between the flur of neutrinos from the Sun
from dark matter annihilation with the cut-off scale mass (lower panels), for a large sample of
supersymmetric models. The panels to the right focus on models with large squark masses. The
upper panels use a threshold of 10 GeV for the neutrino energy, while the lower ones use 100 GeV.
See the text for details on the definition of the quantities plotted, and for details of the scan over the

supersymmetric parameter space.

Sun integrated above two representative energy threshold, namely 10 GeV (upper panels)
and 100 GeV (lower panels). Models in the two panels on the right assume heavy squark
masses, while those on the left scan over the general MSSM parameter space as before.
To calculate the neutrino flux, the routines from DarkSUSY described in [85, 91| are used.
We note that a rather tight correlation exists between the neutrino flux from the Sun, ¢,,

integrated above 10 GeV and My, as long as ¢, > 10" km~2yr~!. The most recent IceCube
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results looking for neutrinos from solar WIMP annihilation through the W*W ™ channel
claim a sensitivity to a total muon flux from this annihilation of about 3 x 10? km ™ 2yr—2
for a 1 TeV WIMP [92]. Using the routines from DarkSUSY, we find that this muon flux
corresponds to a range of incoming total neutrino fluxes from about 100 — 1013 km~2yr—2
for MSSM models when the neutrino threshold energy is 10 GeV.

Larger energy thresholds tend to loose the desired correlation: a very significant
dependence on the neutralino mass is present in the flux above 100 GeV, as, for example,
almost no neutrinos with those energies are produced for neutralinos with masses below
200 GeV or so. Therefore, a model with a given M.y can well have a vanishing neutrino
flux if the neutralino mass is small enough! Interestingly, with the deployment of the
DeepCore detector [93] the effective energy threshold for neutrino detection of the IceCube
system has been significantly lowered. Again, for fluxes large enough to be above potentially
detectable levels, we find that a tight correlation with Myt is present. The correlation we

find is expected to further improve should plans to deploy an additional, even more thickly

instrumented section of the detector, PINGU, come to fruition [94].

4.2 Universal extra dimensions

As discussed in section 22232, the particle properties of the lightest KK particle?
depend in mUED upon three parameters: the effective cut-off scale A, the inverse compacti-
fication radius 1/ R, and the value of the Standard Model Higgs mass (which at the time this

analysis was undertaken was still uncertain). The latter quantity is especially crucial for

2We shall use LKP and B™ interchangeably in what follows.
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the calculation of the spin-independent LKP-nucleon scattering cross section. 1/R, instead,
sets the mass scale of the KK levels, including the mass of the LKP, while A feeds in the
details of the particle spectrum. Here, we consider the range 500 GeV < 1/R < 1400 GeV,
10 < AR < 40 for our scans. We also scan over the values of the Higgs mass allowed by
current collider constraints [05, 96, 07|, with a maximum Higgs mass of 600 GeV. We then
find the relic density for all models using the results of [98] and check these against WMAP
relic density constraints.

As for neutralinos, the same diagrams contributing to elastic BY)-nucleon scatter-
ing contribute to the process of kinetic decoupling. In particular, spin-dependent scattering
depends upon KK-quark exchange, while spin-independent scattering is primarily driven
by processes mediated by Higgs exchange. As a result, the general expectation for UED is
not dissimilar to what we saw in the context of supersymmetry: a tight correlation between
spin-dependent elastic processes and kinetic decoupling, and a looser correlation for the
scalar cross section. Figures -3 and B8 accurately confirm these expectation. In Fig. B=3
we show, for 5000 minimal UED models, the correlation between the elastic spin-dependent
cross section and the kinetic decoupling temperature (top panel) and cut-off mass scale
(lower panel). All of these models have the same Higgs boson mass, 125 GeV, which does
not effect the calculation of Tigq or M.y, but does have a large effect on the relic density.
Here Tiq is once again calculated using the numerical method described in section EZ173,
while the spin dependent cross section is calculated using the approximate formula from

Ref. [61, G9):
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Figure 4.5: A scatter plot showing the correlation between the B -proton spin-dependent cross
section with the kinetic decoupling temperature (upper panel) and with the cut-off scale mass (lower
panel), for a large sample of universal extra-dimensional models, and the analytic approzimation of

Eq. (23). Plotted sensitivities are for a 1 TeV WIMP. See the text for details on the scan over the

UED parameter space.

_ 1TeV\* /0.1)?
UB(l)p,SD ~ 1.8 x 10 42 Cm2 (]\43(1)) (Aq> . (46)

In the formula above, A, is the mass splitting between the right handed quarks and the
LKP, A, = (Mq<1) — Mpay))/Mpay, with all of the KK quarks taken to have the same mass
R

for simplicity. An analytic approximation for Tiq was already found in [24], which is

5/4
Tia ~ 3 x 10> MeVAL/2 <MB“’> , (4.7)
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with A, = (M,1) — Mpay)/Mpga). Putting together equations (06) and (BZ7), we get an

analytic approximation relating Txq and o), gp:

5/16
AN 1N\Y® (10742 cm?
Tia ~ 36 MeV () <> = . (4.8)
.01 Aq O-B(l)p,SD
There is no dependence on dark matter mass as there was in the SUSY case, rather

5/

the kinetic decoupling temperature just goes like ogp 16, leading to the strong correlation
displayed in Figure B4. The validity of this approximation is shown by plotting it as the
black line in Figure B3, with A, = .17 and A, = .1. For the relatively low values of Tiq we
find for UED models, M, is always set by the acoustic oscillation cutoff of equation (EZ211).
In plotting the analytic approximation for M.y, we use geg = 3.5, which corresponds to
Tiq ~ 30 MeV.

In the spin-independent case, to find the cross section we use the approximation

from [61, 99):

2
. (4.9)

1 TeV ) 2
mpam)

1 2 2 . 2
( 00 GeV> +0.09<1 TeV) <01)
Mh mB(1) Aq

The results of using this formula are shown in Fig. B8, where were are now scanning over a

opmpg ~ 1.2 x 10710 cm? <

full range of Higgs masses. Here the scattering cross section at a given value of 1/R depends
sensitively on the value of the Standard Model Higgs mass M}, as shown in the top panel
to the left. In the figure, the green points correspond to values allowed before the most
recent LHC results on searches for the Standard Model Higgs [95], which are now ruled
out (the region without points corresponds to values of M), already ruled out by searches
with the Tevatron and LEP [96, 97]). LHC results have therefore severely constrained the

prediction for the scalar BM-nucleon scattering cross section to a range of about an order
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Figure 4.6: Left: a scatter plot correlating the LKP mass with the LKP-proton spin-independent
scattering cross section (upper panel), and correlating the same cross section with the cut-off scale
mass (lower panel), for a set of models featuring both LHC-allowed and excluded values for the
Higgs mass. Right: a scatter plot correlating the B -proton spin-independent cross section with
the kinetic decoupling temperature (upper panel) and with the cut-off scale mass (lower panel), for a
large sample of universal extra-dimensional models, and for a range of Higgs masses. In all panels
except the top left, the plotted sensitivities are for a 1 TeV WIMP. In the right hand panels, all of
the models produce a relic density that is within or less than the WMAP-7 constraints on Qyh.

0746 c¢m?, along with significantly tightening the correlation between

of magnitude around 1
1/R and this cross section. This, in turn, implies a correlation of the latter cross section

with the cutoff scale, illustrated in the lower-left panel.

In the future, more accurate measurements of M will yield an increasingly tighter
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correlation between the spin-independent cross section and the kinetic decoupling tempera-
ture and cutoff scales, as we show in the right panels. There, we show with different colors
models corresponding to the ranges 114.4 < My, /GeV < 120 (cyan), 120 < My /GeV < 130
(brown) and 130 < M} /GeV < 141 (red). We also calculate the expected analytic form
for the correlation between the quantities shown in the right panels. As Higgs exchange
dominates over the KK quark exchange processes in the calculation of the spin independent

scattering cross section, we approximate Eq. (E29) as

1 TeV\?2 /100 GeV\*
~1.2x 1074 c¢m? ) 4.10
O—B(l)p,SI X cm (mB(l) > ( Mh > ( )
Combining equations (E=7) and (E10), we find
1/2 5/2 46 .2\ "/8
T ~ 34 MeV (Ae> (100 GeV) 1077 em™) (4.11)
01 M, TBMps1

This approximation for Tiq and the corresponding result for M. are plotted in the right
hand side of Fig. E®, for M) = 125 GeV and A, = .01. The analytic approximation
underestimates Tiq slightly, which is due to ignoring the KK quark exchange processes in
the expression we use for og;. However, the behavior of the numerical and analytic results
is the same, with Tiq o (M, éagl)_5/ 8 and with a scatter occurring due to the varying mass
splittings.

Finally, we note that we estimated the neutrino flux from the Sun in the case of
LKP dark matter, with results that mirror the same behavior and correlation as we found
in the case of supersymmetric models, illustrated in Fig. B4. It is shown in Ref. [I00]
that the event rate in neutrino telescopes correlates strongly with Mpgu). We have shown

that for both the spin dependent and independent cases in UED there is also a correlation
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between M) and the scattering cross section. This is shown analytically in Eq. (E8) for
the spin dependent case and numerically in the upper left hand panel of Fig. B for the
spin independent case. Therefore, there is a resulting correlation between the neutrino flux
and ogp or og;. The larger mass of LKP with respect to the possibly light neutralino case
produces a slightly smaller spread as the one shown in Fig. B4 especially with a larger

neutrino energy threshold.

4.3 Discussion and conclusions

We addressed the possibility of establishing the small-scale cutoff of the cosmo-
logical matter power spectrum in a variety of particle dark matter models via dark matter
direct and indirect detection experiments. We argued, and showed with analytical calcula-
tions and numerical results, that the kinetic decoupling temperature, which sets the cutoff
scale, correlates tightly with the spin-dependent elastic scattering cross section of WIMPs
off of nucleons. There also is a generically tight correlation with the flux of high-energy
neutrinos from the Sun - whose intensity depends on the capture rate of WIMPs in the
Sun, in turn set by the same axial scattering cross section. A weaker correlation is found
in the case of scalar WIMP-nucleon interaction. Control over the spectrum and properties
of the Higgs sector will dramatically improve this latter correlation, especially in the case
of minimal Universal Extra Dimensions. All correlations we found are tightest when the
detection rates are largest.

In summary, we find that “earthly” probes of the small-scale cutoff to the cold

dark matter power spectrum are possible in the foreseeable future. Multiple measurements,
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for example of both scalar and axial scattering cross sections and of a flux of neutrinos from
the Sun, would help pinpoint a concordance dark matter model and, in view of the results

reported here, its cosmological bearings on structure formation.
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Chapter 5

Cosmological and Terrestrial

Probes of Dark Matter in mUED

Any model of new physics beyond the standard model is now confronted by a new
constraint stemming from the recently discovered Higgs boson [63]. Many models have been
designed to explain why the Higgs can be light in spite of quantum corrections which naively
are expected to push the particle’s mass up to high scales; those models generically make
predictions for what the Higgs mass would be if the corresponding mechanism is correct.
Even models which do not address this hierarchy problem are at least required to match the
experimental data pouring in regarding this new particle. For relatively simple models like
minimal UED, the decrease in the viable parameter space leads to new predictive power:

the parameter space of minimal UED is in fact reduced to being effectively two-dimensional.

Adapted from Jonathan M. Cornell, Stefano Profumo, and William Shepherd. “Dark matter in minimal
universal extra dimensions with a stable vacuum and the ‘right’ Higgs boson”. Phys.Rev. D89.5 (2014),
056005. DOI: 10.1103/PhysRevD.89.056005. arXiv: 1401.7050 [hep-phl (©2014 American Physical
Society
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The discovery of the Higgs and the measurement of its mass has additional impli-
cations for mUED models. In the Standard Model it appears that the electroweak vacuum
is only metastable according to the central values of the measured Higgs and top quark
masses, but it is actually still possible that the vacuum remains stable up to the Planck
scale [I01]. This behavior is, of course, modified in the presence of any new physics scenario
intervening at some mass scale intermediate between the electroweak and Planck scales. In
the context of the UED picture, the vacuum stability is under significant additional stress
by the presence of numerous KK fermions strongly coupled to the Higgs, leading to very
significant bounds on the parameter space of the model [G6].

In this work we focus on the region of parameter space of mUED which is com-
patible with the Higgs mass and properties, with the requirement of a sufficiently long-lived
electroweak vacuum, with direct collider searches for KK particles at the LHC, with the
requirement of the lightest KK particle to have the correct thermal relic density and, finally,
with such particle be compatible with direct dark matter searches.

In some of the previous studies, the parameter space considered in light of UED
dark matter phenomenology had been the KK scale R~ and the Higgs mass My, or R~!
and the cut-off scale AR for putative values of M}, (see e.g. [6I] and references therein).
Now that the Higgs mass has been experimentally measured, we can consider the complete
parameter space in one plot, and at the same time extract interesting implications from the
vacuum stability requirement, since the ultra-violet (UV) cutoff of the theory is lowered,
which is precisely where vacuum stability concerns force the theory to live. Shortly before

this work was released, a compendium of recent UED constraints appeared [I02]. Our work
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contrasts with this one in our focus on the low values of the cutoff scale favored by the
vacuum stability constraint, but our conclusions are qualitatively similar for the parameter
space where our studies overlap.

This study is organized as follows. We discuss current bounds from collider
searches in section Bl. We then consider the dark matter physics of the model in sec-

tion B2. Finally, we present our conclusions in section b33.

5.1 UED at the LHC

Theories of universal extra dimensions have sometimes been dubbed “bosonic su-
persymmetry” because of the striking similarities with the phenomenology of supersym-
metric models, especially at colliders. It is not surprising, therefore, that searches which
are currently placing some of the most stringent constraints on mUED parameter space are
typically “re-purposed” supersymmetry (SUSY) searches.

The first KK excitation level contains partners to all SM particles, much like a
spectrum of superpartners. Generically, however, mUED predicts a much more compressed
particle spectrum than what one would expect from MSSM superpartners, particularly in
the region of low AR suggested by the properties of the Higgs and by the constraint of
vacuum stability. As a result, cascade decays in mUED are much more experimentally
challenging than in supersymmetry: all of the SM particles produced are much softer. Nev-
ertheless, interesting bounds can be placed on the mUED parameter space in the simplest
searches for squark pairs.

Most of the bounds alluded to above come from initial state radiation (ISR) jets
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produced in association with the KK excitations. The ISR jets pass the cuts designed to
catch the jets from the squark decay to quark and neutralino, and the momentum of the
KK excitation is transferred almost entirely into the DM candidate. Current bounds from
these searches are detailed in Ref. [T03], and are presented along side our main results in
Fig. B0. They constrain the UED mass scale R~! to be greater than approximately 825
GeV, and are largely independent of AR.

Searches for SUSY which require leptons in the final state can, in principle, have
more sensitivity to the cascade decays in mUED than those which use only jets, as soft
leptons are much more rare in background than soft jets. The use of such searches to set
limits on 6-D UED scenarios was discussed in [[04], while the ATLAS experiment itself has
recast some of its SUSY searches in this light for mUED [I05]. These bounds, also shown
in Fig. B, exhibit an interesting behavior with AR. They are very weak for the extremely
degenerate spectra at very small AR ~ 5, and become most strong at AR ~ 10, where they
bound R~! to be greater than about 800 GeV. They then weaken as the colored states
become heavier with further increases in AR. These bounds are theoretically a bit more
robust than those depending on purely hadronic final states as they are less sensitive to
possible mis-modelling of the ISR jets crucial to the hadronic signatures. A search which
has been specially designed to find mUED may have more reach to the lower values of AR,
but the backgrounds at low particle momenta will remain very difficult to overcome.

There has been recent interest in attempting to directly bound the second KK

to SM fields, and thus may appear as resonances, thus much cleaner to detect than the
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soft decay products of the first KK level particles. These searches, however, suffer from the
smallness of the loop-induced couplings. As a result, the resulting constraints are generically
weaker than those directly searching for the first level KK excitations and we do not include
them in our plots. We also note that recent works have shown that current LHC constraints
on the loop driven effective coupling of the Higgs to gluons [I09] and to W bosons [[11]
seem to limit R~! > 1.3 TeV, but constraints on R~! from the limits on Higgs couplings to

other particle species are far less stringent.

5.2 Dark matter in mUED

The relic density of the LKP has been calculated in several previous works, first
by [I11]. The key issue in this type of calculation is the presence of numerous particles
freezing out at similar epochs to the LKP, given the mass-degenerate nature of the mUED
spectrum. As a result, the inclusion of a more and more complete set of coannihilating
partners [[3] has been the name of the game in achieving the highest possible accuracy.

The original calculation of Ref. [[T1] was extended and refined in Ref. [[12, T3],
who considered coannihilation processes with all first level KK partners and included all
possible tree level (co-)annihilations into 2 SM particles. The next step in complexity arises
from the fact that, again due to the nature of the KK ladder, KK level 2 states have a
mass comparable to twice the mass of KK level 1 particles, including the LKP. Resonant
annihilation (albeit suppressed by small KK level 1-1-2 couplings) is thus a potentially very
important effect. This point was addressed in Ref. [[14, 015, O8], where it was pointed

out that loop induced couplings of second level KK particles to a pair of SM particles
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are important for the relic density calculation, as such couplings lead to the mentioned
resonantly enhanced annihilation processes.

Finally, it was more recently pointed out, in Ref. [I[16], that annihilation into
second level KK states should be considered in the calculation of the relic density as well,
as many of these states will subsequently decay nearly entirely to SM states via a loop
process, effectively contributing to the total cross section into SM particles relevant to the
freeze-out process.

In this work we include all the mentioned layers of complexity in calculating the
LKP relic density, and use the “right” Higgs mass [63]. Specifically, we use the most recent
mUED CalcHEP model file discussed in [I17], modifying it to include all-loop level couplings
of second level KK states to SM particles discussed in [I16], and use it in connection with
version 3.2 of the micrOMEGAs code [80, [18] to calculate the LKP relic density. Our
results are shown on the mUED parameter space (R~!, AR) by the shaded blue band in
Fig. b.

As previously discussed, our study focuses on the (R~ AR) parameter space, as
the Higgs mass is now known to high precision. In the calculation whose results are shown
in Fig. B, we have assumed that the second level KK photon and the second level KK
Higgs particles and photons decay completely to SM particles. This is driven mainly by
the fact that the masses of the second KK excitations are near or below threshold for the
decay into the appropriate two first KK excitations, and other decays are loop-suppressed
to the same degree as those directly to a SM pair. Including these particles in the final state

collects the most important contributions to 3-body SM final states LKP annihilation.
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Figure 5.1: Current collider, direct detection, Higgs vacuum stability, and cosmological limits on

the mUED parameter space.

86



In Fig. B the solid blue line corresponds to the best fit value for the dark matter
relic density, €, h = 0.1189 [7R], quoted by the Planck collaboration when including their
cosmic microwave background (CMB) results, WMAP polarization results, high-I CMB
data from ground telescopes, and baryon acoustic oscillation measurements. The shaded
region around this line represents the 3 ¢ uncertainty on this result, corresponding to a
range of values for €2, h between 0.1136 and 0.1238. All values of R~! greater than the
value traced by this line are forbidden as they lead to over-closure of the universe.

We also include the recent collider limits discussed in the previous section, as well
as constraints on the parameter space from direct detection experiments [84]. For the latter,
we have utilized spin independent cross sections as calculated with micrOMEGAs [19] and
the most recent exclusion limits at 90% confidence level on these cross sections from the
Xenonl100 [75] and LUX [i20] collaborations.

Finally, we have included the limit found by [66], requiring that the universe have
a sufficiently stable electroweak vacuum. This is plotted as a dashed brown line in Fig. b,
and is approximately a constant upper bound on AR < 5 for all the mass scales of interest
for dark matter physics.

One of the key findings of the present investigation is that the cosmologically
favored value for the KK scale R™! increases at low AR (the region of parameter space
favored by vacuum stability constraints) as AR decreases, while the behavior is the opposite
for higher values of AR. Inspecting the relevant processes contributing to the LKP freeze-
out, we find that this is to be attributed to coannihilation processes between level 1 KK

photons and other level 1 KK particles at low values of AR, particularly the KK excitations
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Figure 5.2: Projected collider and direct detection sensitivities in the mUED parameter space.

of the gluon and quarks, which quickly become irrelevant as AR increases because the
splitting between the mass of the level one KK photons and colored KK particles grows
rapidly.

In Fig. B3, we show the predicted sensitivities of the LHC and of future dark
matter direct detection experiments in the mUED parameter space. The projected sensi-
tivity of Xenon 1T is taken from [I21], and the future LHC reach is based on a four-lepton
search originally presented in [62], which has been updated to account for different possible
splittings in [T22]. We note that, since this final state requires splittings large enough to

detect the leptons produced in cascade decays of KK particles, sensitivity is lost as the
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smallest values of AR. These future bounds together leave only a small window of viable
dark matter parameter space around R~! of 1225 GeV and AR of 3. It is possible that
future ISR~driven searches may have sensitivity to this region, but no explorations of that
sensitivity which include the important systematic errors exist. Future generation-2 exper-
iments such as DarkSide G2 and LZ will conclusively probe the entire range of parameter
space, extending the reach of direct dark matter detection well beyond the cosmologically
favored blue band [I21], as shown by the pink dotted line.

We have also explored the effects on the calculation of the relic density of includ-
ing the annihilation of the LKP to second-level KK states as well as the effect of including
loop-induced vertices of second-level KK particles to SM particles. For a benchmark value
of AR = 20, the cosmologically favored valued of R~! = 1340.8 GeV when the calculation is
done as described in the previous paragraphs. However, the favored value of the compacti-
fication scale drops to 1105.0 GeV when we do not take into account the decays of second
level KK particles in the final state to SM states in our relic density calculation, and it
drops further to R~! = 1011.9 GeV when we then remove loop induced couplings of second
level KK particles to SM particles from our CalcHEP model file. The effects of including
these annihilation processes in the relic density calculation become more pronounced at
increasingly higher values of AR. Therefore, our results are in agreement with those of Ref.
[TT6): the inclusion of loop-induced couplings and particularly annihilation processes with
second level KK particles in the final state make a substantial difference in the calculation
of the relic density pushing the KK scale to up to more than 30% higher, with obvious

important phenomenological implications.

89



5.3 Discussion and conclusions

We explored the parameter space of the minimal Universal Extra Dimensions
framework after the Higgs discovery. We outlined and gave an updated overview on the
collider and direct dark matter constraints on the relevant parameter space defined, now
that the Higgs mass is known, by the inverse compactification scale R~! and the effective
theory cutoff scale AR. These constraints effectively limit the KK scale R™! to values in
excess of 700-800 GeV, depending on the precise value of AR, with direct detection searches
covering most effectively the low AR region where collider searches are less effective due to
a highly degenerate mass spectrum.

The requirement that the electroweak vacuum be stable bounds the theory pa-
rameter space from above, setting an approximate upper limit to AR < 5 for mass scales
that avoid overclosing the universe. We carried out the most accurate to-date calculation
of the LKP relic density, and we found that the physics driving the LKP dark matter relic
abundance in the low AR region is richer than previously thought. Several coannihilation
partners for the LKP dark matter particle contribute significantly to the total effective
pair-annihilation cross section, and important effects arise also from resonant KK-level 2
modes as well as from pair-annihilation into KK-level 2 particles subsequently decaying into
SM particles. The overall result is a significant increase in the cosmologically favored R~!
range towards larger KK masses, as well as a non-trivial behavior with the cutoff scale AR.
For intermediate values of AR, the benchmark range for R~! is around 1.2 TeV. We note
that our results for the relic density constraints differ from [I22], because of our inclusion

of resonances and annihilations to second level KK states in the calculation, increasing by
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as much as 30% the cosmologically favored value of R~!.

Finally, we discussed prospects for the detection of a signal from mUED with
both direct detection and collider experiments. We showed that the cosmologically favored
parameter space will be entirely exhausted by generation-2 direct dark matter noble gas
experiments such as DarkSide G2 and LZ, and LHC searches should also cover much,

perhaps all, of the viable parameter space for dark matter in mUED.
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Chapter 6

Cosmic Antideuterons from

Decaying Gravitino Dark Matter

In supersymmetric theories, R-parity[T23, [24] is usually introduced to remove
unwanted dimension four operators that would lead to fast proton decay; the renormalizable

R-parity violating superpotential is:
Wrpy = ptiLigu + NijiLi Ll 4+ N LiQjdy + N tidjdy (6.1)

where the indices are generation indices, 7,7,k = 1, ..., 3, and only antisymmetric combina-
tions of i, j (respectively, j, k) are allowed in A (respectively, \”). The first three operators
violate lepton number while the last violates baryon number, and both types of operators
are involved in proton decay. It is then possible for the proton to be stable if only one type
of operators is allowed, leaving B (or L) as an accidental symmetry of the theory [[25, 126].

This is an aspect of the flavor problems associated with low energy Supersymmetry

Adapted from Angelo Monteux, Eric Carlson, and Jonathan Cornell. “Gravitino Dark Matter and Flavor
Symmetries”. JHEP 1408 (2014), 047. por: 10.1007/JHEP08(2014)047. arXiv: 1404.5952 [hep-phl]
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(SUSY): generic soft terms give large contributions to flavor-changing neutral currents (FC-
NCs), which can be suppressed by assuming that flavor symmetries govern the structure
of the Minimal Supersymmetric Standard Model (MSSM) Lagrangian. Two particularly
well motivated types of flavor symmetries are Abelian horizontal symmetries (a la Froggatt-
Nielsen [[27, 128, 129]) and Minimal Flavor Violation (MFV) [I30, [31], according to which
the Higgs Yukawa operators are spurions of a SU(3)% flavor symmetry under which the full
MSSM Lagrangian is invariant.

Under the assumption of these flavor symmetries, definite structures of the RPV

couplings are predicted:

e with a horizontal U(1) symmetry, the relative structure of the RPV couplings is
completely determined by the fermion masses and mixings alone [[32, 33, 134, [35];
the baryon number violating (BNV) or lepton number violating (LNV) operators are
allowed or forbidden independently. In [[32], it was argued that, in order not to
disagree with LHC null results, LNV operators should be forbidden altogether when
considering sub-TeV SUSY. The BNV couplings )\;’j , are written in terms of an overall
scale \jy4 and depend on the horizontal charges (we denote the charge of a field by the

field symbol itself, ® = ¢qg, and the inter-generational difference between two fields as

Qij = q, — qo;):

1k = NgggetioThiztdis, (where e = V55 ~ sinfc), (6.2)
M Agn A3 3x107% 3x1073 5x 102
Mo Nig My | =Mes| 1x107% 1x1072 2x 107t |- (63)
Tag Ao Alag 6x107% 5x1072 1
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e in the MFV framework [[30, [31], the baryon number violating couplings depend just
on tan 3 and an overall scale factor w”, while the lepton number violating operators

are naturally suppressed. For tan 8 2 1 we have:

/\gljk = w" tan? ﬁmgu)mg-d)m,(gd)ejkﬂ/;}‘/vg’, (6.4)
Tio Aoa Agpo 3x10712 1x107% 4x10°°
na ML M | =w"tan’ B 6% 107 1x 1070 6x 107
Moz Mgz A3gg 5x1077 4x107° 2x107*

(6.5)

The coefficient w” is not constrained by the flavor structure and should be an O(1)

number.

We take these examples as a justification to consider scenarios in which only Baryonic R-
parity violation (BRPV) is allowed, while lepton number is conserved (at least to a good
approximation). This is the scenario that will be studied in the rest of this study. It should
be noted that in both models (egs. (E3) and (63)), AJy4 is the largest coupling that does
not involve a top in the final state.

Implicit in R-parity scenarios is stability of the lightest supersymmetric particle
(LSP) which can provide a viable relic Dark Matter (DM) candidate. With a neutralino
LSP, this is the usual SUSY WIMP scenario, and problems can arise from late time gravitino
decays to the LSP [I36], disturbing the predictions of Big Bang Nucleosynthesis (BBN).
Alternatively, for a gravitino LSP, it is the NLSP decay to the gravitino that is suppressed

by the Planck scale Mp and can interfere with BBN. In contrast, R-parity violation allows
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superpartners to decay directly and quickly into SM particles,” solving this problem but
at the same time eliminating dark matter candidates from the theory. If, however, the
gravitino is the LSP, its decay (see Figure B) is suppressed by the SUSY breaking scale F'
(or equivalently, by Mp),? by the R-parity violating couplings, and by the superpartner scale
m. This naturally allows for lifetimes longer than the age of the universe [I37]. Because the
gravitino is unstable, its decays will generate cosmic-rays and high-energy ~-ray emission
which can potentially be detected by modern indirect-detection experiments. Given the non-
observation of gravitino decay products, we will proceed to set limits on RPV couplings and
will compare them to bounds coming from low-energy baryon-number-violating processes
(which are especially weak for couplings involving third generation fields). Although this
has been studied in the literature, many groups have focused only on the bilinear RPV
coupling ; L;,, [[37, 3R, 39, 140, 147] with just Refs. 142, 43, (44, 045] discussing the
trilinear interactions; weak scale supersymmetry was also frequently assumed. Here, we do
not set the superpartner scale, we discuss the connection to models with flavor symmetries,
which has been unexplored so far, and we show that the limits can be stronger than those
from low-energy flavor physics.

Following Ref. [T46], the decay rate of Figure Bl can be written as

19 " m§/2 <m3/2>4
m

T35 ~ .. 6.6
32760 - 76873 R M2 (6.6)

in the limit of vanishing masses for the final state particles and at leading order in mg /.

! As noted above, we consider only baryonic RPV in this study. Then, late NLSP decays are not a problem
for a neutralino or squark NLSPs, but they can be for a stau NLSP. In the second case, heavy superapartners
and/or light gravitinos would be needed.

*For a comprehensive review of gravitino interactions, see Ref. [56].
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- J
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Aijk dy,

Figure 6.1: Gravitino RPV decay; the white vertex marks the 1/Mp-suppressed interaction, while

the RPV interaction A} tiid;dy is marked by a black dot.

The lifetime is

10 GeV\?® 1 m \?
. =29 x 10" ) 6.7

In this equation m is the common mass scale of the squarks which participate in the pro-
cess; it is slightly modified in presence of a large hierarchy between different squarks. In
particular, the detailed dependence on the squark masses is recovered by substituting the

factor 19m§/2/m4 in (68) with

2 2 4
m ms. mz.
23 4 2y —t 4 3p3— | (6.8)
4 m= m=
i dj d;

where we have denoted by J]- the lightest down squark, and ng is the number of down

1, mg K mj
. . . . J k
squarks participating in the process, n =

2, mg, ~mg,

With the pre-inflationary gravitino abundance washed out during inflation, grav-
itinos are produced by thermal scattering at reheating and by decays of other fields (such
as moduli, or the inflaton). We will show overclosure limits coming from the overproduc-
tion of gravitinos, and in the following we will assume Tr > m > mg/; for the reheating

temperature. As a conservative choice, we will assume that the full DM relic abundance is
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generated in toto at reheating;® the second class of processes will just strengthen the over-
closure bounds that we are considering.? The thermal scattering, with a cross section of

~ 92 . L . .
order ¢ = g2 overcloses the universe unless (see [56, 53] for the precise expression)
3 Mpm3/2 ’ ’

~ 2
10328 < T (6.9)
ms/2

where the equality holds if the gravitino forms all of the dark matter, as we will assume in

the following, and T, ~ 1.5 €V is the temperature of matter-radiation equality.

This chapter is organized as follows: in Section G, we review the importance
of antideuterons for the indirect detection of dark matter candidates and the coalescence
model of antideuteron formation. We then compute and discuss the antideuteron injection
spectrum. In Section B2 we derive the upper limits on the RPV coupling A\j,5 from the lack
of antideuterons and discuss the dependence on the SUSY and SUSY mediation scales. We
apply these limits in Section B23, where we discuss the implications for models with flavor

symmetries. Finally, we conclude in Section G4.

6.1 Antideuterons from gravitino decays

Measurements of the cosmic-ray antiproton spectrum by BESS [147, 148, 149] and
PAMELA [i50] have provided important constraints on cosmic-ray transport in the galaxy,
as well as placed limits on exotic source models such as dark matter annihilations or decays
and primordial black hole emission. In the near future, data from the AMS-02 experiment

on-board the international space-station will provide the most precise measurements to date.

3If the universe reheats below 7, gravitinos are not produced thermally. Still, a gravitino relic abundance
might be produced by moduli or inflaton decay.
40n the other hand, these limits can be relaxed with a late entropy injection diluting the relic abundance.
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While indirect detection limits on antiprotons currently provide the leading constraints on
R-parity violating )\;;k couplings, the production of secondary antiprotons through cosmic-
ray spallation processes provides an astrophysical background with considerable uncertainty.

In 2000, Donato et al. [I51] proposed new physics searches, specifically neutralino
annihilations, using heavier anti-nuclei such as antideuterons, antihelium-3, or antitritium.
In contrast to antiprotons, the secondary background for antideuterons is highly suppressed
at low energies while gravitino decays produce a peaked spectrum. This happens for three
reasons: first, the scattering of cosmic-ray protons with interstellar gas produces (secondary)
antiprotons only if the cosmic-ray proton has a total energy above the production threshold
E, = Tm,, in the galactic rest frame. At these energies, the density of Galactic cosmic-rays
is substantial, and the antiproton spectrum below ~ 5 GeV becomes heavily populated by
the astrophysical background. In the case of antideuterons, this threshold is increased to
E, = 17m,, where a rapid decrease in the Galactic proton spectrum heavily suppresses the
astrophysical background.® Second, astrophysical production occurs in a center of mass
frame which is highly boosted with respect to the rest of the galaxy, whereas dark matter
decays occur at rest. This results in the background spectrum peaking at higher energies
than that of dark matter decays, which typically peaks in the non-relativistic regime. Fi-
nally, the small binding energy of antideuterons causes them to disintegrate rather than
lose energy through inelastic scattering, unlike antiprotons for which such collisions lead
to an increased abundance at lower energies. These low-energy antideuteron astrophysical
backgrounds are 10-50 times less in magnitude than the primary signals expected from

naive thermal dark matter models [T52, 53], so searches for low energy antideuterons can

5The proton spectrum peaks at approximately 10 GeV and subsequently falls off proportionally to E~2-82,
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provide a promising discovery channel for new physics. Heavier elements such as antihelium
are even cleaner [54], although the expected signals are too small to be observed with the
current generation of experiments as shown by one of the authors (EC) [I55] and later in-
dependently [I56]. For the Baryonic R-parity violating operators under consideration here,
constraints on the couplings are currently competitive with those from antiprotons and are
expected to improve substantially with the results of AMS-02.

The detection of antinuclei from dark matter decay has been thoroughly inves-
tigated in the literature with an emphasis on simple two-body final states such as bb or
WHTW~ (see e.g. [I51, 060, 157, 159, 158, [52, 53] for antideuterons and [I55, 56| for
antihelium). Recently, Ref. [I45] provided the first antideuteron constraints for gravitinos
decaying through a variety of R-parity violating operators. One novel feature of their anal-
ysis is the detailed treatment of the Monte Carlo parameters controlling the hadronization
model which are tuned to reproduce a wider array of experimental antideuteron production
rates. In this study, much of the same production and propagation framework is used, but
we do not vary the hadronization model in order to extract the model-dependent features
of gravitino decay, and compare them to standard treatments of decaying dark matter. In
doing so, we can provide simple scaling relations which allow BRPV coupling constraints to
be easily adapted from future updated measurements and more sophisticated propagation
schemes that are presented in the context of two-body decays to heavy quark pairs.

In any process producing antinucleons, it is possible for antiprotons and antineu-
trons to bind together into a nucleus and produce antideuterons. The traditional formation

model, known as the ‘coalescence mechanism’, was designed to empirically describe nuclei
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production in heavy-ion collisions based on the phase-space distributions of the constituent
nucleons. It possesses a single energy-independent parameter, the coalescence momenta py,
and assumes that if any antineutron and antiproton pair have relative invariant 4-momenta
(kn — kp)? = (AK)2— (AE)? < p3, they will fuse and form an antideuteron. The parameter
po is then tuned to match collider measurements of d production.

It has long been known that this model cannot accommodate the available data
for a single value of the coalescence momenta to better than a factor of ~ 3. Despite
this simplistic model, an improved prescription is largely hindered by limited collider data
for production of antideuterons from eTe™ collisions at high energies, as well as a lacking
understanding of the underlying nuclear formation dynamics. However, recently renewed
interest in antideuteron searches have led to at least two important improvements. First,
it was pointed out in Ref. [T58] that the isotropic nucleon distribution functions used in
analytic estimates of formation rates led to an artificial suppression of the d production
rate at large center of mass energies. In particular, the jet structure of high-energy showers
introduces significant angular correlations between nucleons. One must therefore run Monte
Carlo simulations and apply the coalescence mechanism on an event-by-event basis using
the simulated phase space distributions of protons and neutrons. Second, it was realized
that the antideuteron wave-function is spatially localized to ~ 2 fm and contributions to the
nucleon population from long-lived baryons should be omitted, as they decay at large relative
distances from the other particles in the shower. In practice, weakly decaying baryons are
then excluded by stabilizing particles with a lifetime 7 > 2fm/c with a negligible dependence

on this parameter due to the large gap between weak and hadronic timescales.
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For our study, we first use Feynrules v2.0 package [161] (using a modified version
of the gld-grv [162] and RPV-MSSM [163] model files) to translate our R-parity violating
Lagrangian into a UFO format readable by matrix element generators. The matrix elements
and phase space for the hard process G — Eiczjcfk are then generated using MadGraph v5.0
and MadEvent [164]. Finally, these parton level distributions are fed into Pythia 8.1 [IG5]
for showering and hadronization.

In order to fix the coalescence parameter we must choose a value which reproduces
a measured rate. As previous studies have noted, a single value of the coalescence momen-
tum cannot simultaneously reproduce rates from different underlying processes such as pp
vs eTe”. While this can be slightly improved by tuning the hadronization parameters, we
follow previous studies which use electron-positron collisions more likely to resemble a dark
matter scenario — i.e. color singlets that are not composite. Following the approach of Refs.
[[53, 152, [57], we use eTe~ — d measurements from ALEPH at the Z° resonance, find-
ing (5.9 + 1.8 +.5) x 10~% antideuterons per hadronic Z%-decay with d momenta 0.62-1.03
GeV/c and polar angle |cos | < 0.95 ([I66]). We find a value py=2 = 0.192 4 .030 GeV/c
consistent with Refs. [Th3, I57].

In Figure B2 we show the typical antideuteron injection spectra for a gravitino
decay of mass mg/y =10 GeV, 30 GeV, 100 GeV, 1 TeV, and 10 TeV. In solid lines, we
show the spectra from the heaviest accessible channel, which is expected to dominate the
decay rate in scenarios with flavor symmetries, while dashed lines show the second heaviest
contribution®. For comparison, we also show the spectra for a standard dark-matter decay

to bb in dotted lines. Shaded bands show the acceptance energies for BESS (red), GAPS

51n the case of the cbs channel at 10 GeV we observe no events.
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(green), the low-energy band of AMS-02 (blue), and the high energy band of AMS-02 (gray).
Here we assume that the spectra will be shifted to lower energies as the antideuterons
propagate through the heliosphere and shift each band upward in energy due to the Fisk
potential ¢y = 500 MV acting on a unit electric charge in accordance with the Gleeson &
Axford Force Field approximation [[67]. The vertical normalization of each energy band is
arbitrary and we have slightly offset the BESS band in order to keep the others visible. We

note that while the energy range of each experiment is fixed, they are rescaled by a factor

-1

M3 /o

in these dimensionless coordinates. With the injection spectra now in hand, several

observations can be made:

1. Comparing between decay channels, we see that the second lightest quark mass chan-
nels have a significantly harder spectrum than the heaviest. For ms/, less than a
few hundred GeV, these low mass final state channels yield slightly more detectable
antideuterons. Such behavior is also evidenced in Ref. [I45] where the light quark
channels provide the best limits on the trilinear BRPV coupling. Interestingly, this
behavior reverses for mg/5 2 1 TeV, where the heaviest quark channel dominates by
a factor ~ 20 — 30% over the detectable low energies. One explanation may be the
following: Increased jet multiplicity as the 2nd and 3rd generation quarks cascade
down to u and d type quarks will divide the gravitino’s energy. For low masses, this
could sufficiently raise the threshold where heavy channels can consistently form the
requisite number of protons and neutrons. When the gravitino mass is very high,
each jet will contain energy E > m,,, and the 3-tiered decay of the top-quark will

effectively soften the otherwise harder spectrum.
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Figure 6.2: Antideuteron injection spectra for different operators involved and different gravitino
masses, as displayed in the legend. dN is the average number of antideuterons with energy dT
generated in the decay of a single gravitino. In particular, we display spectra generated by the
operators tydidy (uds), ladads (cbs), tzdads (tbs). Solid lines represent the heaviest accessible
channel while dashed lines show the second heaviest. Dotted lines represent the case of a 2-body
decay to b-quarks, which is often presented in antideuteron analyses. In shaded bands, we show the
ranges of experimental detectability after accounting for solar modulation effects. The bands are
for BESS (red), GAPS (green), AMS-02-L (blue), and AMS-02-H (gray). We have vertically offset
the BESS band for readability (vertical normalizations for these bands are arbitrary). The energy
range of the bands is identical for different gravitino masses, but in these coordinates the horizontal

. . -1
locations scale as a function of Mg -
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2. Compared with the 2-body decay to bb, we see a significantly softer spectrum for
our gravitino decay in all cases. This results in a mild enhancement in detectable
antideuterons of O(50%) for mg3/; ~ 50 GeV increasing to a significant factor ~ 3
above 1 TeV. This is mostly attributed to the higher initial multiplicity of quarks in
the final state of the hard process which splits the initial gravitino energy into three
final states rather than two. In addition to this, the 3-body phase-space allows the
hard jets to occasionally align, and thus increase the probability of a neutron and
proton coalescing. In the 2-body case, jets are forced back-to-back for a decay at rest,

and are therefore less likely to have cross-jet correlations.

3. The formation model used here is distinct from Ref. [[45]. Notably, we use Pythia for
hadronization (based on the string fragmentation model) while in Ref. [45], Herwig++
(based on the cluster hadronization model) is used. It has been shown in Ref. [I68]
that differences between the two different models can lead to substantially differ-
ent preferred values of the coalescence momentum and variances in the spectrum of
anti-deuterons produced. Furthermore, our coalescence momentum is fit to a sin-
gle data-point at the Z%resonance while the Ref. [[45] varies the parameters of the
hadronization model in order to reproduce results from eTe™ and pp collisions at 50
GeV-7 TeV. We therefore expect to see some level of disagreement at higher gravitino
masses. In fact, we do find a significant enhancement in our yield (integrated over the
low-energy experimental bands) of around 30% at 50 GeV up to 300% at 1 TeV. As
this is an artifact of the underlying hadronization and coalescence model, it occurs

independent of the two results enumerated above for which the comparison is based
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on a common framework.

In order to translate the injection spectra into the observable astrophysical fluxes,
one must propagate the d nuclei through two stages: interstellar transport from the posi-
tion of production to the solar system and modulation of the spectra during through the
heliosphere. Interstellar transport of antiprotons and light-nuclei is very well studied but
unfortunately still suffers from considerable uncertainties. Our implementation of interstel-
lar propagation follows the standard semi-analytical treatment using the ‘two-zone diffusion
model’ which provides a simplified but good approximation by neglecting energy losses and
diffusive reacceleration. The neglect of tertiary processes — i.e. non-annihilating inelastic
scatters are treated as annihilations — is well justified and in particular does not redistribute
the spectrum of antideuterons toward lower energies. In other words, the Green’s function
which solves the simplified transport equation is proportional to a d-function and as a result,
the injection spectrum can be factored out of propagation. Similarly, propagation through
the solar system in the Force-Field model [I67] only introduces an energy dependent scaling
and a global shift of the spectrum to 500 MeV lower energy. This implies that event-rates
and observable fluxes can be readily compared by computing the ratio of the injection
spectra, integrated over the experimental acceptance range. As AMS-02 and GAPS results
become available, propagation uncertainties are likely to be reduced based on upper limits
on the antiproton spectrum. Recent analyses have already incorporated sophisticated nu-
merical treatments of interstellar and heliospheric propagation and present their findings
in terms of annihilation or decay to heavy quarks [52]. Conversion of these rates to case

of gravitino dark matter is therefore a simple rescaling according to the integrated ratios
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of injection read from Figure 2. Our treatment of propagation and conversion of the flux
to event rates is completely identical to that presented in Section 3 of Ref. [I45] and we
therefore omit our own details, pointing the interested reader to the discussion presented
there?. In the next section we will discuss how the differences between our injection spectra

and that of Ref. [T45] lead to different limits on the BRPV couplings.

6.2 Model-independent limits on RPV couplings

In this section, we will show the model-independent limits on the RPV couplings
coming from null observation of antideuterons at the BESS experiment [I'70] and the future
reach of the AMS-02 experiment; as a starting point, we take the limits on A" due to lack
of observation of cosmic antideuterons from Ref. [[25], where the full gravitino decay G —
ﬁiczjczk — D + ... was studied. There, no flavor symmetry was assumed, and the strongest
limits were set on the coupling A/}, (uds channel) in the range 10 GeV < my 2 S 1TeV,
for m =1 TeV.

In Figure B2, we showed the spectra generated by decays of a gravitino in the uds,
cbs, and tbs channels for different choices of the gravitino mass: compared to Ref. [[45],
we find that the number of antideuterons produced in the uds channel in the BESS energy
sensitivity range is about 50% higher at low gravitino masses (ms/, = 50 GeV), and about

a factor of 3 higher at m3/, = 800 GeV. The local flux of antideuterons scales as N2 A

change in the injection spectra by a factor A therefore strengthens the bounds on A’ by a

"Here, and in Ref. [I25], the halo model chosen is a standard NFW profile and the Fisk potential is taken
to be ¢ = 500M V. In the next section, our results use the ‘MED’ propagation model to compute the flux,
although it should be kept in mind that these propagation uncertainties span 2-3 orders of magnitude. See
also Ref. [[6Y] or a recent review of indirect detection of decaying dark matter.
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factor of v/A assuming we are in the signal dominated regime (i.e. low relative background
flux). We then rescale the 95% confidence level limits on the coupling \};, from Figures 7
and 8 of [45] in order to self-consistently employ our injection spectra.

As previously mentioned the number of antideuterons produced in the uds and cbs
channels differs only by 20-30% in the energy range accessible by the BESS and AMS-02
experiments. This implies that the limits on the respective couplings differ only by 10-15%.
We are particularly interested in the coupling Ay, which, according to both egs. (633) and
(63), is the largest coupling that does not involve a top in the final state. As such, the
decay process will proceed through the cbs channel for gravitino masses between the b-quark
mass and about 1 TeV. At high gravitino masses (above 1 TeV), the decay involving the
coupling \j,; and a top quark will also be relevant. For such high masses, the tbs channel
gives a slightly higher number of antideuterons when compared to the cbs channel, so that
the 95% CL limit on Ajy5 will be slightly stronger than the limit on \j,; at the same scale.
As the resulting antideuteron spectrum flattens at the low energies relevant experimentally,
we can extend the bounds from Ref. [[45] to gravitino masses above 1 TeV and expect no
qualitative change in behavior. As we will see in Section B3, because both flavor models
predict Aip3 > Njos, A4y will be the most constrained in this regime. At lower masses, the
constraints are strongest for Ajys.

In Figure B3 we compare the limits from Ref. [[45] with the ones that will be
used in the following. We plot the bounds on the individual couplings A5, Ajys (Aag is
degenerate with A/},) as a function of the gravitino mass, with a reference superpartner

scale m =1 TeV.
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Rescaling of Aj limits from BESS d data
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Figure 6.3: 95% CL upper limits on different couplings )\;’Jk from antideuteron data, compared to

the values in Ref. [I73]. The region above the lines is excluded. In this graph, m is set at 1 TeV.

Provided that the gravitino is the LSP, the injection spectra are independent of
the mass of the superpartner involved in the process. Thus, the only dependence on the
superpartner scale m is in the hard process that determines the decay rate, as shown in
Eq. (68). In Figure B4, we show how the limits on \j,; depend on the superpartner
scale: the dot-dashed diagonal lines show the upper limits on \j,; for given values of
m = 1,10,100 TeV. The parameter space above each line is ruled out. Alternatively, we fix
the ratio m/ms/y to approximately 1,10, 10%,10% and show the allowed parameter space.
Here the vertical black dashed lines show the upper bounds on the gravitino mass coming
from overproduction during reheating. Setting the ratio 1m/ms/; corresponds to setting
the SUSY mediation scale M: if the gravitino mass is mg/, ~ MLP and the squark masses
are m ~ %, we have m/mgz/, = Mp/M. The limits on A\y,3 presented in Figure 64 are

independent of the flavor structure. As stressed above, for ms/,, 2 1 TeV, similar limits

apply to Nios.

108



Maximum coupling A5 allowed by d data (from BESS)
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Figure 6.4: Mazimum coupling Nyss allowed by the non-observation of antideuterons at BESS, for
different values of mg/o/m; the shaded region above each continuous line is excluded. The blue
lines correspond to fived values of m = 1, 10, 100 TeV (repectively dotted, dashed and solid line).
The vertical dashed lines are the upper limits on the gravitino mass coming from overproduction of
gravitinos at reheating, with the labels indicating the respective values of Tr/m; the regions to the

right of these lines are excluded for each given value of mg/o/m.

It should be noted that the relevant squarks in this process are Sg, ¢p, l~>R; limits
from R-parity conserving LHC searches for first and second generation squarks are above 1
TeV, while for b; they are at &~ 650 GeV [T71, I72]; without R-parity it is in principle possi-
ble for squarks to be significantly lighter than the R-parity conserving constraints. However,
we find it a plausible assumption that the superpartners are not hiding at extremely low
masses. Allowing for a little hierarchy between b and ¢, 3, we require that m > 500 GeV for

simplicity.
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6.3 Constraints on models with flavor symmetries

As seen in egs. (B33) and (EH), flavor symmetries constrain the structure of the
unknown RPV couplings; limits on one coupling (as \j,3) directly translate into limits on

all the other couplings (in particular, the largest one, A\,3).

6.3.1 Horizontal symmetries

In models with a horizontal symmetry, as \j,s is smaller than Aj,5 by a factor
of 20, the conversion is straightforward: for mg/, between 10 GeV and 200 GeV, the cbs
channel is predominant in creating antideuterons. Above the top mass, from about 200 GeV
to about 1 TeV, the tbs channel contribution grows until it eventually outweighs the cbs
channel due to its larger coupling. For m3/, 2 1 TeV, the tbs channel gives approximately
20-30% more antideuterons per decaying gravitino than the cbs channel (see Figure 63),
with tbs dominating the decays given the larger coupling.

In Figure B3, we present the limits on the largest allowed RPV coupling, \jys,
which is likely to be the most relevant for LHC phenomenology. On the left, we show limits
on Mjyg for given values of m, while on the right we fix the ratio mg /2/™. We also show
the future reach of the AMS-02 experiment. An improvement of a factor of 10 is expected
across the entire range of gravitino masses.

These limits on RPV couplings can be compared to those found when requir-
ing RPV gives a small contribution to low-energy flavor changing processes, in particular
neutron-antineutron oscillation or the neutron decay n — =. In [I32], one of the authors

(AM) showed that the largest RPV coupling is bound to be less than about 1072 — 1073,
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Figure 6.5: Mazimum coupling N5 allowed by the non-observation of antideuterons at BESS, and
the reach of AMS-02, in the context of horizontal symmetries. The region above each line is excluded.
Left: the blue lines indicate current upper bounds on Nijss for fived values of m = 1, 10, 100 TeV,
while the red lines and red shaded area correspond to the parameter space which will be probed by
AMS-02. Right: for different values of mgsp/m, solid lines show the upper bound on N33 from
BESS, while dashed lines show the future reach of AMS-02. The vertical dashed lines are the upper
limits on the gravitino mass coming from overproduction at reheating, with the labels indicating the

respective values of Tr/m; the regions to the right of these lines are excluded for each given value of

mg/g/m.

depending on the dominant process and the superpartner scale, and independent of the
gravitino mass. We see that, apart from mg,, < 30 — 50 GeV, the antideuteron limits from
a decaying gravitino DM are stronger than those from low-energy experiments.

Some reference scales should be kept in mind while discussing these limits:

e N3 = 1077; in Ref. 73], it was discussed how large R-parity violation would have
washed out baryon number in the early universe if the B-violating processes were in

equilibrium at a temperature of order m, and how RPV SUSY at colliders would most
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likely involve displaced vertices (this was also pointed out in [I32] in the context of
horizontal symmetries, and in [[74]). In Figure EH, the requirement \jy; < 1077 is

2 500 GeV for TeV-scale SUSY. For heavier super-

~

automatically satisfied for ms o
partners, or split spectra, it is true for mg/, 2 2 —5 TeV. In other words, for large
splittings between the gravitino and the superpartners, the cosmic ray flux from grav-
itino DM is more constraining than the requirements of having baryogenesis with a
large reheating temperature. It should be noted that in baryogenesis scenarios with
low reheating temperature [['75, [76], this bound does not apply as the baryon asym-
metry is created after the BNV processes has fallen out of equilibrium (An alternative
setting in which baryogenesis is generated by the decay of a meta-stable WIMP was

presented in [I77].).

e M3 =107 in [I32] one of the authors (AM) showed that, in order to evade collider
signatures for subTeV SUSY, the lower limit Mjy; > 107 should hold for either a
neutralino NLSP (in which case the missing energy signature of R-parity conserving
SUSY reappears) or a stop NLSP (for which the the long lived stop hadronizes into
R-hadrons and heavy stable charged particle searches would apply). From Figure 63
we can conclude that heavy gravitinos with mg 5 ~m > 1 TeV imply o3 <1079 and

either give standard R-parity conserving LHC phenomenology or long-lived particles.

o Niyg = 10~ 13: the lowest scale for which the RPV decay of the NLSP happens before

BBN is 107!3. We see that this scale is not particularly constrained by Figure E3.

For collider-accessible superpartners, we can conclude that if the coupling M\, was

measured to be large, it would imply a small gravitino mass.
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Figure 6.6: Constraints in the ms/, — tan 3 plane when the RPV couplings have a MFV flavor
structure; the shaded region above each continuous line is excluded in that case. The region above
each line is excluded.. Left: the blue lines indicate current upper bounds on Nijys for fized values
of m =1, 10, 100 TeV, while the red lines and red shaded area corresponds to the parameter space
which will be probed by AMS-02. Right: for different values of msg,q/m, solid lines show the upper
bound on Ny from BESS, while dashed lines show the future reach of AMS-02. The vertical dashed

lines are the upper limits on the gravitino mass coming from overproduction at reheating, with the

labels indicating the respective values of T&. We set w” ~ 1; the limits scale as 1/v/w".

m

6.3.2 MFV: A gravitino on the edge

In models with a minimal flavor violating structure [T30, T31], the only free pa-

rameters are the overall scale w”, tan 8 and mg/,. The cbs coupling \j,3 is set to
tos = 4 x 1075 tan? fu” (6.10)

As we will see, we do not need to consider the larger tbs coefficient A\5y5 =~ 5A5,3 as the
limits from the cbs channel are already enough to rule out the large gravitino mass range

where the tbs channel (with a top quark in the final state) would dominate.
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Setting w” ~ 1, the resulting limits on mg3/, and tan 3 are shown in Figure GG.
For fixed values of 1, we are forced into a corner with small tan 8 and/or small mg/,. In
particular, for LHC-accessible superpartners, the gravitino must be lighter than 50 GeV if
tan3 ~ 1, and tan 8 can be as large as 20 for mg/; = 10 GeV. We also note that it is
possible to accommodate a 125 GeV Higgs mass in the case of large tan 8 and m = 10 TeV,
as well as in the case of m = 100 TeV. The AMS-02 experiment will remove a large fraction
of this parameter space: for m = 1 TeV the limits will be m3/, < 10 GeV, with tan3 <5
for m ~ 10 GeV.

For given values of mg/; /7, the only viable options are m = 10%mg s2 and m =
103msg s2- In the first case, the gravitino mass should be lower than ~ 200 GeV for low
tan 8 and below a few tens GeV for larger tan §; in the second case, a larger zone of the
parameter space will be explored by AMS-02, but the gravitino is easily overproduced.

If the overall scale factor w” was allowed to be < 1 a larger region of the parameter
space would survive. Given that some couplings are larger than O(10~7), the MFV structure
is consistent with high temperature baryogenesis only if w” < 1. In this case, the limits
would scale as vw” and can be relaxed. Still, w” cannot be infinitely small, and using
the expression (63) for the RPV couplings, we avoid the previously discussed limit of
Mg 21079 with w” > 1075, If allowed, a small w” should be considered as a tuning of the

model.
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6.4 Conclusions

In this work, we studied how the non-observation of antideuterons cosmic rays
places significant constraints on gravitino dark matter in baryonic R-parity violating models
with flavor symmetries. We studied a selected number of decay channels and presented limits
on the RPV couplings \j,5 and \fy4, which are almost everywhere stronger than bounds
from baryon-number-violating low-energy processes. If flavor symmetries can be used as
guides, these are the largest couplings and severe bounds can be cast. While the limits
on horizontal flavor symmetries are not as strong, in the minimal flavor violating case the
gravitino mass is forced to mg/, < 20 GeV for TeV-scale SUSY. The AMS-02 experiment
will be able to reduce this bound below 10 GeV. A suggestive implication (which could hold
at least for the MFV scenario) is that the gravitino might be effectively stable, not because
of a discrete symmetry such as R-parity, but because decays are not kinematically allowed.®
Further studies, especially at gravitino masses between 1 and 10 GeV, are needed. In this
range, the best constraints on the RPV coupling will come from antiprotons, positrons
and gamma rays. This would also imply a somewhat suppressed mediation scale for SUSY
breaking, lower than Mp or Mgy, providing a suggestive hint for more new physics at
intermediate energies. In a forthcoming publication [IX0], we are comprehensively exploring

all the different decay and detection channels, the uncertainties related to propagation and

81f the gravitino is lighter than the proton, the proton can decay to it p — K*@G. This was considered in
Refs. [I'78, [°79]), with the most relevant bounds being:

~ 2 ~ 2
"o —16 m ms/2 "o« -8 m msz/2 .
iz £ 510 565E Y (1 eV) o M S50 RrE s (1 eV) (6.11)

For models with a horizontal symmetry, this corresponds to Ajp3 < 1072 (300%9\/)2 (mrg?;\é[iv)’ which should

be compared to the limits in figure GEA. In the MFV scenario, the gravitino mass has to be above O(100 keV) x
tan® 3 (a similar bound was also studied in ref. [I31], resulting in a dependence on tan®* 3).
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DM halo profile, as well as the full dependence on the SUSY spectrum.

Note Added While the write-up of the paper this chapter is based on was being com-
pleted, reference [IX1] was submitted to the arXiv, which puts similar limits on gravitino
DM in the MFV framework by analyzing the antiproton and - fluxes and has no mention of
the SUSY scale. In the present work, the source of the bounds is the lack of observation of
antideuterons, which is less sensitive to astrophysical uncertainties. In addition to analyz-
ing other types of flavor symmetries and a larger range of gravitino masses, we extensively

discuss sensitivity to the superpartner scale and limits from overclosure.
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Chapter 7

Conclusion

In this thesis, I have presented studies of four dark matter candidates: a generic
WIMP which interacts via four-fermion interactions, the neutralino and gravitino of su-
persymmetry, and the KK photon of minimal UED. For these candidates, I have explored
how they can be probed via their cosmological properties, their astrophysical signatures,
and the signals they are expected to produce in terrestrial searches at both direct detection

experiments and the LHC. A summary of the results follows:

e In chapter B, we calculated the kinetic decoupling temperature for WIMPs that in-
teract via various effective operators with SM particles. These limits were then cross
correlated with constraints from null searches in direct detection experiments and
colliders. Also considered were limits from overclosure. In general, the limits on the
couplings are quite constraining, leading to cut-offs of the matter power spectrum that
are at mass scales below an Earth mass, too small to be easily observable. However,

the major exception to this conclusion was in the case where dark matter couples

117



only to leptons. As limits from the LHC and direct detection in general do not apply
in this case (or at the very least are much weaker), for some operators we do not
constrain the cutoff scale at all for masses above 100 GeV. It is also interesting to
note that when we assume that direct detection rates and annihilation rates in the
early universe which set the relic density are related to one another via a crossing
symmetry, many operators are excluded entirely at DM masses of 100 GeV or less.
However, this assumption is often not true, as the rate for each of these processes can

be set by different operators in more complicated models.

In chapter B, we again considered the matter power spectrum cutoff, but in this case
we calculated the matter spectrum cutoff for two specific dark matter candidates:
neutralinos and KK photons. Here we showed that for these models there is a direct
correlation between the direct detection scattering rates and the power spectrum
cutoff, as would be expected as it is scattering processes which determine each of
these. However, in the case of the neutralino, the correlations are only valid in the
case of spin-dependent scattering rates, as spin-independent scattering is dominated by
Higgs exchange, which is of minimal importance in the early universe. The correlation
is strong for KK photons in mUED for both types of direct detection mainly due to
the limited parameter space of the theory. For neutralinos, we also showed that there
is a strong correlation between the rate of neutrinos from DM annihilation in the sun
and the power spectrum cutoff. While the results we presented are for specific models,
it should be noted that for any model in which couplings of DM to quarks and leptons

are related, such a correlation would generically be expected. These correlations are
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useful because they allow us to make statements about the halo mass cutoff, which
is often quite small and hard to observe directly, from direct detection results and

observations of the solar neutrino flux.

In chapter B, we continued our study of KK photons considering the case where the
mUED cutoff is quite low. This was motivated by the measurement of the Higgs mass,
which implies that the cutoff of the theory must be low in order to assure the stability
of the electroweak vacuum. The low cutoff leads to increased degeneracy in the masses
of the various KK particles at each mode. Therefore, in determining the relic density,
there are important co-annihilations which had not been previously considered, par-
ticularly annihilations of KK gluons. By combining direct detection constraints, LHC
limits, and limits from universe overclosure, we showed that currently the KK photon
is still allowed to be within the mass range of 800 to 1250 GeV. However, the next
generation of direct detection experiments should probe all of the remaining viable

mUED parameter space.

Finally, in chapter B, we considered a last dark matter candidate: the gravitino of
supersymmetry. This gravitino was allowed to decay through R-parity violating oper-
ators which violate baryon number. Furthermore, we considered the situation where
the relative strengths of these R-parity violating operators are set by flavor symme-
tries. We constrained the strength of these operators by considering the decays of
gravitinos to anti-deuterons, showing that in the minimal flavor violating scenario
with TeV-scale SUSY, the gravitino mass is currently constrained to be below 20 GeV

from searches for this species of cosmic ray. While there have been many studies of
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cosmic rays from dark matter decays, this one is unique because it is a probe of flavor

physics as well, albeit indirect.

To truly understand the particle nature of dark matter, multiple complementary
probes such as the ones that I have considered in this dissertation are necessary. To be-
lieve that one has truly discovered dark matter, it will almost certainly be necessary for
a discovery to be made both at the LHC and at a direct detection experiment or through
an astrophysical search. Any new particle discovered at the LHC must correspond to a
signature from a cosmic source, for without such a signal how can we be sure that this
particle is the dark matter? Likewise, any direct or indirect detection signal would likely be
the result of a theory which would lead to observable interactions at the LHC. While these
are the most direct ways to constrain particle dark matter models, my work has shown that
there are others that can be useful as well, such as measurements of small scale structure.

The next few years will put the WIMP paradigm to the test. The LHC is running
again, the Fermi Gamma Ray Space Telescope continues to take data, AMS-02 is measuring
cosmic ray fluxes, and a wide range of direct detection experiments are either already on-
line or in the works. If these searches do not discover signals that can be conclusively
associated with dark matter, a large region of the theoretical parameter space where the
WIMP is a thermal relic will be excluded. We could be either on the verge of a discovery or
a recognition that we need to move beyond the WIMP model, however compelling it may

be.
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Appendix A

EFT Scattering Matrix Elements

A.1 Standard model fermions

A.1.1 Scalar

For the effective operator describing the scalar interaction between a SM fermion
f and a Dirac fermion y
ms =
Os = —+xx[ T, (A.1)
A
S
the matrix element for the scattering process between f and x squared and summed over

initial spin states and averaged over final spin states is of the form

1 m7
Y |M|2=4A—§(p-p’+m§)(k-k’+m§), (A.2)

Spin States

where p and p’ are the incoming and outgoing 4-momentum of the y particle respectively

and f and f’ are the same for the SM fermion. Setting ¢t = 0, this becomes

4,,2
mfm

1
i > M|=16 Agx' (A.3)

Spin States
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A.1.2 Psuedoscalar

We now consider the effective operator describing pseudoscalar interactions,
mye _ _
Op = 13 X" X[ f - (A.4)
P

For a scattering process when the interaction is described by this operator, we find

1 m> m>
T IMP=a (md—pep) (mf—£-8) = H2 (A.5)
P P

Spin States

A.1.3 Vector

Now considering the operator

1 _
Oy = ATXV“xfwf, (A.6)
Vv

DX M S e ) (o) ()

Spin States

—(p-p)m?— (k-K)m2 +2mim?] . (A7)

As before, we consider only forward scattering, so ¢ = 0. Working in the frame where the

dark matter particle is stationary, s = mi + 2myw + mfc and the matrix element becomes:

1 2 my o,

Spin States

A.1.4 Pseudovector

The axial vector operator is of the form

1 _
O4= F%v“ﬁxfwfﬂ (A.9)
1%
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L M= S [ () + (k) (0K

Spin States

+(p-p)m3 + (k-K)m2 +2m2m3] . (A.10)
Once again, taking the two limits ¢t = 0 and s = mi +2myw + m?c, this becomes

1 m?
1 > M= 167 (w? +2m3) . (A.11)
Spin States A
As my ~ 0 for relativistic fermions, this is essentially the same as the result for the vector

operator.

A.1.5 Tensor

Finally, the tensor operator takes the form

Or = %XU“”XfUMVf (A.12)
T
where o = (i/2)[y*,~"].
1 2 m?” ! ! / / I /
LY M=l e (oK) - (0P (- K) 4200 k) (oK)
Spin States T

+3mim?) , (A.13)

and then when ¢t =0 and s = m?( + 2myw + m?c, this becomes

2

1 ) mfm2
1D MP=6 AGTX (2w? +m3) . (A.14)

Spin States
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A.2 Pions

A.2.1 Scalar

For the scalar pion coupling we have a Lagrangian term [S1]

mZ L
LD 2A%XX7T'7T7 (A.15)
where
% (nt+77)
T = % (7t —77) | - (A.16)
0
Simplifying the dot product, this gives
LD m—%XX (7T07TO + 27 77) . (A.17)
2A3

Note that this leads to a Feynman rule which is identical for all pion charges, and the

scattering amplitude which we calculate is
m2
S

Squaring and averaging over initial spins, then choosing the zero relative velocity limit,

gives the final result

1 4dmim?
5> IMP = (A.19)

Spin States

A.2.2 Vector

The coupling from the vector operator has the form [S1]

21 . o
1%
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when we introduce a negative sign in front of the operator in Eq. B for down type quark
interactions, as otherwise this term is zero. The relevant component of the cross product is

w10 e — meOH 1, which can be rewritten in terms of the physical fields to give

2

LD —
A

XX (rtotn —xokn ) . (A.21)

Thus, this operator does not couple to neutral pions, and the scattering amplitude off of a
charged pion is equal to

. 2 _
IM = EX'}/MX (k + k/)u . (A.22)

Squaring and averaging over incoming spins, we have
1 8
52 IMP = (e K) (m—pp) +2p- (k+K) P (k+K)) . (A23)
Spin States 14
Simplifying this in terms of Mandelstam variables we find
1 2 4 2 2, .2 2
3 Z |M| :AT(Zlm,rt—t + 5% +u® — 2su) (A.24)
Spin States Vv

and working in the limit where ¢ — 0, this becomes

1 64m?2w?
3 > |M|2:T€. (A.25)

Spin States
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