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Abstract

Identifying the relic particles that constitute the cold dark matter in our
Universe is an outstanding problem in astro-particle physics. Direct de-
tection experiments are among the most promising methods of detecting
particle dark matter through non-gravitational interactions. In this the-
sis, the usual assumptions made when calculating the event rate at direct
detection experiments are examined. Varying astrophysical parameters
and the dark matter velocity distribution leads to significant changes in
acceptance regions and exclusion curves for scenarios in which the tail
of the velocity distribution is sampled; this includes ‘light dark matter’
(mass < 10 GeV) and ‘inelastic dark matter’. The DAMA and CoGeNT
collaborations both report an annual modulation in their event rate that
they attribute to dark matter. Two analyses of these experiments are per-
formed. In the first, it is shown that these experiments can be compatible
with each other and with the constraints from other direct detection ex-
periments. This requires some isospin violation in the couplings of dark
matter to protons and neutrons and a small inelastic splitting to boost
the modulation fraction. The second analysis provides a comparison of
the modulation signals free from all astrophysical parameters, under the
assumption that dark matter scatters elastically. Again it is found that
some isospin violation and a boosted modulation fraction is required in
order that DAMA and CoGeNT are consistent with all experiments. A
boosted modulation fraction may arise from a velocity distribution differ-
ent from the Maxwell-Boltzmann distribution, which is usually assumed.
Finally, a supersymmetric theory in which the dark matter candidate is a
mixture of left- and right-handed sneutrino is considered. This theory has
many novel signatures at colliders, indirect detection and direct detection

experiments.
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Prologue

The work in this thesis constitutes the body of research carried out for my D.Phil
at Oxford. Chapters [2] - [5] and Chapter [7] contain original research and are based on
published papers [11, 2, B, 4, 5]. Also included are two chapters reviewing background
information on dark matter and supersymmetry.

Chapter [1| provides a brief overview of dark matter. Some of the experimental
evidence that points towards the existence of a large abundance of particle dark
matter in our galaxy and throughout the Universe is presented. From this, we distill
what this tells us about the nature of dark matter. We develop the Standard Halo
Model (SHM), the simplest model of the distribution of dark matter in our galaxy
and discuss its limitations. Some of the most studied dark matter candidates are
discussed and we detail how a relic abundance is thought to arise for each. Finally,
we consider how dark matter might be discovered, focusing particularly on direct
detection experiments.

In Chapter [2] we investigate the dependence of the putative signal at the DAMA
experiment and the constraints from other direct detection experiments on the lo-
cal dark matter velocity distribution, when dark matter scatters inelastically. ‘In-
elastic dark matter’ (iDM) was proposed as a way to reconcile the DAMA experi-
ment with the null results from other experiments. To date, most analyses assume
a simple galactic halo dark matter velocity distribution that arises from the SHM:
a Maxwell-Boltzmann distribution. Direct experimental support for such a distribu-
tion is severely lacking and theoretical studies indicate possible significant differences.
Therefore, we utilise the dark matter velocity distribution extracted from the Via
Lactea and Dark Disc numerical simulations. We also investigate effects of varying
the solar circular velocity, the dark matter escape velocity and the DAMA quenching
factor within experimental limits. The scattering rate of iDM is more sensitive to the
tail of the velocity distribution. As a result, the DAMA results are consistent with

all other experiments over an enlarged region of iDM parameter space, when the Via



Lactea velocity distribution is used, with higher mass particles being preferred. How-
ever, the Dark Disc does not lead to any improvement. The research in this chapter
was carried out in collaboration with John March-Russell and Matthew McCullough
and was published in JHEP 05, 071 (2009).

In Chapter (3] the effects of astrophysical uncertainties on the exclusion limits at
direct detection experiments are examined for three scenarios: elastic, momentum
dependent and inelastically scattering dark matter. We find that varying the dark
matter galactic escape velocity and the Sun’s circular velocity can lead to signifi-
cant variations in the exclusion limits for light (mass < 10 GeV) elastic and inelastic
scattering dark matter. We also calculate the limits using one hundred velocity dis-
tributions extracted from the Via Lactea II and GHALO N-body simulations and
find that a Maxwell-Boltzmann distribution with the same astrophysical parameters
generally sets less constraining limits. The elastic and momentum dependent limits
remain robust for a dark matter mass 2 50 GeV under variations of the astrophysical
parameters and the form of the velocity distribution. The research in this chapter
was published in Phys. Rev. D82 (2010), 023530.

The CoGeNT collaboration has reported evidence of an annual modulation in its
first fifteen months of data. The simplest interpretation of these findings in terms of
dark matter—nucleus scatterings is excluded by other direct detection experiments. In
Chapter [4 we consider the robustness of these exclusions with respect to assumptions
regarding the scattering and test the compatibility of the CoGeNT modulation with
the modulation observed by DAMA. We find that isospin-violating inelastic dark mat-
ter helps alleviate the tension with the experiments reporting null results and allows
marginal compatibility between experiments for particles of mass ~ 8 GeV. Isospin-
violation can significantly weaken the XENON constraints, while inelasticity enhances
the annual modulation fraction of the signal, bringing the CoGeNT and CDMS results
into better agreement. The research in this chapter was carried out in collaboration
with Mads T. Frandsen, Felix Kahlhoefer, John March-Russell, Matthew McCullough
and Kai Schmidt-Hoberg and was published in Phys. Rev. D84 (2011), 041301(R).

In Chapter [5, we compare the amplitude and phase of the modulation signal
observed by CoGeNT with the modulation observed by the DAMA collaboration,
assuming that both arise due to elastically scattering dark matter. We directly
map the CoGeNT signal to the DAMA detector without specifying any astrophysical
parameters and compare this with the signal measured by DAMA. We also com-
pare with constraints from XENON10 and the germanium and silicon data taken
by CDMS II. We find that dark matter of mass 5-14 GeV that couples equally to



protons and neutrons is strongly disfavoured, requiring a modulation fraction that
is significantly larger than usually expected. Isospin-violating dark matter fares bet-
ter but still requires a boosted modulation fraction, pointing to deviations from a
Maxwell-Boltzmann velocity distribution. The research in this chapter was published
in Phys. Rev. D84 (2011), 043525.

Chapter[6|provides a brief introduction to supersymmetry (SUSY). Beginning with
the SUSY algebra, we develop the superfield formalism and gradually construct more
complicated field theories invariant under SUSY transformations. Starting from the-
ories containing only chiral superfields, we add both Abelian and non-Abelian gauge
fields and their associated superpartners. This allows the Minimal Supersymmetric
Standard Model (MSSM) to be written down in a relativity straightforward way. We
also introduce the ‘soft terms’, which parameterise the effects of SUSY breaking. We
end by touching upon some of the primary motivations that have led to the huge
abundance of research carried out into supersymmetric theories.

Finally, in Chapter [7| we study in detail a simple theory of supersymmetric dark
matter naturally linked to neutrino flavour physics. The dark matter sector comprises
a spectrum of mixed left- and right-handed sneutrino states where both the sneutrino
flavour structure and mass splittings are determined by the associated neutrino masses
and mixings. Prospects for indirect detection from solar capture are good due to
a large sneutrino-nucleon cross section afforded by the inelastic splitting. The solar
capture limits exclude an explanation of the modulation observed by DAMA. We find
parameter regions where all heavier states will have decayed, leaving only one flavour
mixture of sneutrino as the candidate DM. Such regions have a unique ‘smoking
gun’ signature; sneutrino annihilation in the Sun produces a pair of neutrino mass
eigenstates free from vacuum oscillations, with the potential for detection at neutrino
telescopes through the observation of a hard spectrum of v, and v, (for a normal
neutrino hierarchy). Next generation direct detection experiments can explore much
of the parameter space through both elastic and inelastic scattering. We show in
detail that the observed neutrino masses and mixings can arise as a consequence
of supersymmetry breaking effects in the sneutrino dark matter sector, consistent
with all experimental constraints. The research in this chapter was carried out in
collaboration with John March-Russell and Matthew McCullough and was published
in JHEP 1003, 108 (2010).



Chapter 1
Dark Matter

One of the outstanding puzzles in modern physics is to identify the matter that makes
up around 79% of the matter and around 22% of the energy density in the Universe.
The evidence for this non-baryonic ‘dark’ matter, which does not appear to emit
or absorb electromagnetic radiation of any wavelength, has been steadily growing.
The evidence for dark matter has increased to the extent that the primary question
motivating research is no longer “Does dark matter exist?” but rather, “What is dark
matter?”.

In Section[I.T]of this chapter, we briefly review some of the key evidence that points
to a large abundance of dark matter in our galaxy and throughout the Universe[]] In
Section we outline the Standard Halo Model; this is a simple model that predicts
the density and velocity distributions of dark matter in the Milky Way. Section
discusses some of the most theoretically appealing candidates, dwelling particularly
on weakly interacting massive particles (WIMPs) and the process of thermal freeze-
out. Finally, in Section we consider how dark matter might be detected through

non-gravitational interactions, focusing particularly on direct detection experiments.

1.1 Dark matter in galaxies and clusters

Historically, some of the earliest evidence for dark matter came from observations of
the Coma cluster, which contains roughly one thousand galaxies. Fritz Zwicky used
the virial theorem to infer the average mass of a galaxy within the cluster [9, [10]. He
found a value about 160 times larger than expected from their luminosity, implying
the existence of a large abundance of non-luminous matter.

Perhaps the most well known and robust evidence for dark matter on galactic

scales comes from the observations of the rotation curves of spiral galaxies. These

More detailed reviews can be found in [6] [7, 8.
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curves show the circular velocity of stars and gas in the galaxy as a function of
their distance r from the galactic centre. Most of the luminous matter is contained
within a relatively thin disc with a central bulge. Newton’s Laws imply that the
circular velocity should increase up to some radius 7,y (typically a few kpc), which
contains most of the luminous matter, before falling as 1/4/r beyond. However, what
is typically observed is that after rising from r» = 0, the velocity remains constant
out far beyond ry,, (measurements of the 21 cm emission line of atomic hydrogen,
from which the velocity is inferred, typically extend to a few tens of kpc) [11], 12].
This implies the existence of a large halo of non-luminous matter, in addition to the
observed disc and central bulge, whose mass interior to r increases linearly with the
distance from the galactic centre. Although complicated by our position within the
galaxy, astronomers have tried to infer the rotation curve of the Milky Way. Their
results are consistent with a flattening of the rotation curve at large radii [I3]. This
implies that the Milky Way, like other spiral galaxies, has a large dark matter halo.
For a recent analysis, see [14], [15].

There is also evidence that dark matter exists on the scales of galaxy clusters.
General Relativity predicts that light bends when traveling through the gravitational
field of a massive body. This effect can be used to ascertain the mass of this matter,
which acts as a lens, even if it were completely non-luminous, since it only relies on
the gravitational interaction [16]. There are two regimes of lensing: so called strong
and weak lensing. The lensing is said to be strong if an observer sees multiple images
or arcs of a distant bright object, such as a galaxy or pulsar. This can occur if the
source is fortuitously aligned behind a galaxy cluster (the ‘lens’). The mass of the
lensing object can be inferred from the resulting image and compared with the mass
of luminous matter.

Unfortunately, in many cases the lensing is too weak to produce the multiple
images and arcs of the source object associated with strong lensing. However, the
source can still be weakly distorted, or ‘sheared’, appearing more elliptical in shape.
Although not identifiable from individual sources, since the source galaxy may be
elliptical, observing a large ensemble of sources should average out this ‘shape noise’,
so that information can still be obtained on the intermediate matter distribution.
This is weak lensing, and has been used spectacularly to map the mass distribution
of the ‘Bullet Cluster’ (1E0657-558) [I7]. This is in fact two clusters that have collided
and it provides one of the most visually striking pieces of evidence that particle dark
matter exists and only weakly interacts with baryonic matter. The Chandra X-ray

observatory has mapped the hot gas, which makes up most of the luminous matter in



Figure 1.1: Two images of the Bullet Cluster. In the left image, the pink region
shows the luminous matter mapped with the Chandra X-ray observatory. The pur-
ple region shows the matter distribution mapped with gravitational lensing. In
the right image, from [17], the green contours show the matter distribution while
the coloured regions show the luminous matter distribution. It is clear that the
luminous matter and total matter distribution are displaced. Credit for left im-
age: X-ray: NASA/CXC/CfA/M.Markevitch et al.; Optical: NASA/STScl; Mag-
ellan/U.Arizona/D.Clowe et al.; Lensing Map: NASA/STScl; ESO WFI; Magel-
lan/U.Arizona/D.Clowe et al. The right image is reproduced by permission of the
AAS.

the cluster. As Fig. clearly demonstrates, the baryonic matter has been held up
due to electromagnetic interactions while the dark matter has passed straight through.
Thus, a separation of the net mass distribution and the luminous matter distribution
is observed, implying that most of the matter is dark. A weak upper bound can be
placed on the dark matter self interaction cross section [18]. Although dark matter

interacts weakly with baryonic matter, it may have sizeable self interactions.

1.1.1 Dark matter on cosmological scales

The evidence presented thus far does not allow us to determine if the dark matter
found in galaxies and galaxy clusters is non-baryonic. In fact, galaxies are expected
to contain a certain number of non-luminous compact objects composed of baryonic
matter, whimsically given the acronym MACHO, standing for massive astrophysical
compact halo object. These MACHOs could be black holes, neutron stars, white
dwarfs, brown dwarfs, faint red dwarfs or unassociated planets and are difficult to
observe. Fortunately, observations of processes from the early Universe do provide
insight into this matter.

The energy density of baryons can be determined from comparing observations of

the primordial abundance of light elements with the abundance predicted from Big



Bang Nucleosynthesis (BBN) [19]. The predicted abundances from BBN depend on
the density of baryons present and well understood Standard Model physics, leading
to one of the most reliable probes of the early Universe. During BBN the primor-
dial abundances of deuterium, helium-3, helium-4 and lithium formed from the free
protons and neutrons that where present in the early Universe. The abundance of
deuterium is a particularly sensitive probe of the baryon density, since there are no
known astrophysical sources of this isotope. Therefore, any observed abundance gives
a lower bound on the primordial abundance. The observed deuterium abundance can
be explained if Qgh? =~ 0.02 [20], where 2 is the baryon energy density in terms of the
critical density p. = 3H?/(87G), with Hubble parameter H = 100 - h km s~ *Mpc™*
and Newton’s constant G. Traditionally, h parameterises our uncertainty in the Hub-
ble constant. The WMAP-7 year data finds h = 0.710 £ 0.025 [21].

The position and amplitude of peaks in the power spectrum of cosmic microwave
background (CMB) anisotropies are sensitive to both the baryon and dark matter
energy densities. For a good review, see [22]. Fitting to the WMAP-7 year data
[21] gives Qpyh? = 0.1109 4 0.0056 and Qph? = 0.02587957 where Qpy; is the dark
matter energy density in terms of the critical density. This value of ()g agrees with
the result from BBN.

The results from BBN and the CMB imply that baryons only account for ~ 19%
of the matter in the Universe. Since MACHOs are composed of baryonic matter,
we can be confident that they do not make up a significant fraction of the observed
dark matter. Similar conclusions are borne out in microlensing observations from the
Milky Way [23].

Finally, the currently accepted cosmological model predicts that the same quan-
tum fluctuations that seed the anisotropies in the CMB also seed the formation of
structure on all scales in the Universe. Comparing the predictions of N-body cos-
mological simulations [24] 25, 26] with large-scale surveys indicate that most of the
dark matter should be cold (that is, non-relativistic) at the onset of galaxy formation.
Hot (relativistic) dark matter would disrupt the hierarchical formation of large scale

structure, contrary to what is observed.

1.2 Dark matter in the Milky Way: the Standard
Halo Model

The most likely place where we will directly probe dark matter is in our galaxy. In

particular, dark matter ‘direct’ and ‘indirect’ detection experiments, to be discussed in



Section [1.4] depend on the local dark matter velocity distribution and density profile.
Therefore, it is important to understand the Milky Way’s dark matter distribution.
In this section, we wish to review the simplest model of the dark matter in our
galaxy, the ‘Standard Halo Model’ (SHM) [27, 28]. This assumes the dark matter
is distributed spherically, isotropically and smoothly. Below, we closely follow the
formalism outlined in Chapter 4 of [29], which makes use of distribution functions.
The distribution function F(x, v, t) is defined such that F d*z d®v/My is the prob-
ability that at time ¢, a randomly chosen dark matter particle has velocity v and
position x in the given range. We assume that the halo has reached a steady state, so
that F no longer depends on time. Here we have chosen to divide by My, the total

mass of the dark matter halo, such that F is normalised as
/d3$d3v F(z,v) = My. (1.1)

In this case, the dark matter density p and velocity distribution f are

1
p(z) = /d?’v]-"(x,v) and f(v) = —/d%}"(z,v). (1.2)
My
We immediately see one advantage of this approach. Starting with a given distribution
function F, we can find a self consistent density profile and velocity distribution.

The distribution of the SHM is defined by

1,2
Po v —3v
Fsum = WGXP (0—22)7 (1.3)

where py and o are constants and U is the relative potential defined by ¥ = —® + .
Here @ is the gravitational potential and ® is an appropriately chosen constant. W
satisfies Poisson’s equation

VAU = —47Gp. (1.4)

Using the assumption that the dark matter is distributed spherically, isotropically
and smoothly implies W depends solely on r. Integrating Eq. ([1.3) over all velocities

gives an expression for p in terms of W. Substituting this into Poisson’s equation, we

find d [ Hdl e
a [ pampy ATl o
= (7" = ) =P (1.5)
which has the (singular) solution
2
o
= —. 1.
or) = 52 (16)



Similarly, integrating Eq. ([1.3)) over position, we obtain the velocity distribution

F(v) o exp (—%) (1.7)

The distribution of velocities in this model is the well-known Maxwell-Boltzmann
distribution, with a velocity dispersion v? = 3¢2.
It is interesting to note that an equation similar in form to Eq. (1.5) can be

obtained starting from the equation of hydrostatic equilibrium for an isothermal gas

do _ kuT dp
dr  m dr

dd GM(r)
—p =P :
r

(1.8)

r2
Here, kp is the Boltzmann constant, p and 1" are the pressure and temperature of the
gas, m is the particle mass and M(r) is the mass interior to radius r. Multiplying

through by r?m/(pkgT) and differentiating with respect to r, leads to an equation

identical to Eq. ((1.5)), when we identify

e (1.9)

o

We thus find that the density and velocity distribution of the SHM correspond to an
isothermal self-gravitating sphere of gas.
The mass interior to radius r and the circular speed vy are found to be
20%r

M(r) = G and vy(r) = v20. (1.10)

Hence, the SHM predicts that the circular speed is independent of radius. This
should not be surprising since observations of a flat circular speed as a function of
radius were presented as evidence for dark matter in Section We can infer the
value of o from the measured value of vy. The canonical value of vy is 220 km/s,

implying o = 155 km/s. Hence, the root-mean-square speed of particles in the halo
is Vv2 ~ 270 km/s ~ 10~3c.

1.2.1 Problems with the Standard Halo Model

The advantage of the SHM is its simplicity. It has, however, many problems. Perhaps
the most serious is the infinite size of the halo and the divergence of the mass as
r — oo. This is distinct from real galaxies, which are finite in size and mass.

To account for the finite size of a real halo, the SHM velocity distribution is

generally truncated at the escape velocity ves of the galaxy. This is usually done in



one of two ways: either having a hard cut at v = veg, or smoothly deforming the

distribution so that it tends to zero as v — v.. Mathematically, this is expressed as

f(v) { gxp (_U2/U§) — Bexp (_Ugsc/vg) Z i z::i : (1.11)

with 3 = 0 or 1 for the hard cut or smooth deformation respectively. Note that we
have used the result for the circular speed, Eq. (1.10]), to replace 20* with vg.

The assumptions input into the SHM, namely that of a smooth halo that is
isotropic and spherically symmetric, are also not expected to hold for a real halo.
Indeed, simulated halos from dark matter N-body simulations [30, 31, B2] do show
departures from these assumptions. In particular, N-body simulations show that the
density profile of a typical halo is more faithfully described by the Navarro, Frenk
and White (NFW) [33] or Einasto [34] profiles:

_ Ps
p(r) RO ETIE (NFW) (1.12)

p(r) =psexp —% ((r/r)*—=1)| (Einasto), (1.13)

where p; is the scale density, r, is the scale radius and « is a shape parameter for the
Einasto profile. N-body simulations find a ~ 0.16 [35].

The dark matter velocity distribution extracted from N-body simulations show
significant local and global departures from the Maxwell-Boltzmann distribution
[36, 37, 38, B9]: many high-resolution simulations have observed ‘bumpy’ features
or ‘wiggles’ in the velocity distribution, which are attributed to the hierarchical as-
sembly history. In comparison, the SHM predicts a smooth velocity distribution.
Secondly, simulations typically find halos with significant anisotropy, as opposed to
the isotropic halo of the SHM [40]. Finally, it is found that the Maxwell-Boltzmann
distribution tends to under predict the abundance of particles towards the high-energy
tail of the distribution, while over predicting the abundance of particles towards the
peak of the distribution [38].

There has been one glaring omission in our discussion thus far, namely the influ-
ence of the baryonic matter on the dark matter halo. Baryons are able to dissipate
energy and contract to the centre of the galaxy, creating a deeper gravitational well,
potentially increasing the dark matter density there. It has been observed in simu-
lations that the baryons can cause the dark matter halo to change shape, becoming
more oblate than prolate [41,142]. This seems to agree with measurements of the Milky

Way halo, which indicate a slightly more round, oblate halo shape [43]. Numerical
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simulations that include baryons are currently being pursued and should increase our
understanding of dark matter in the galactic halo.

In later chapters of this thesis, we will return to these departures from the SHM
when we consider the results of dark matter direct detection experiments, to be
discussed in Section [L.4l

1.3 Candidates for dark matter

Although there is much we don’t know about dark matter, the evidence we have
presented in Section does constrain any particle physics candidate. First of all,
any particle must be stable on cosmological time scales in order to have a sizeable
abundance today. Secondly, the Bullet Cluster indicates that dark matter must in-
teract more weakly than baryonic matter. In fact, the null results from searches for
exotic nuclei on Earth constrain the dark matter to be at most weakly interacting [44].
Thirdly, BBN and the CMB data indicate that it must be non-baryonic. Lastly, in
order to explain structure formation, N-body simulations indicate that dark matter
must be cold. This last constraint rules out the only candidate from the Standard
Model: the neutrino. Bounds on the neutrino mass tell us that at least one species of
neutrino is relativistic, so, neutrinos cannot make up all of the dark matter abundance
without having a significant effect on the formation of large scale structure.

The lack of other suitable candidates for dark matter within the Standard Model is
one of the clearest calls for new physics beyond the Standard Model. It is interesting
that many theories that address perceived theoretical problems with the Standard
Model often include a dark matter candidate. In the remainder of this section, we
outline some of the more popular dark matter candidates and briefly describe the

mechanism that leads to the generation of their primordial abundance.

1.3.1 WIMPs

Weakly interacting massive particles (WIMPs) are perhaps the most studied of any
dark matter candidate, and is the one we will be primarily concerned with in this
thesis. WIMPs are a generic class of particles with masses typically ranging from a
few GeV to a few TeV. They are characterised by having an interaction cross section
that is of a similar order in magnitude as a weak interaction cross section. Examples of
WIMPs are the neutralino or sneutrino in supersymmetric theories, or a Kaluza-Klein

(KK) excitation of the photon in theories of extra dimensions.

11



The relic abundance of WIMPs is determined from the ‘freeze-out’ mechanism,
first discussed in [45] 46], 47, [48]. Consider a massive particle xy which at early times
is in chemical and thermal equilibrium with the other constituents of the Universe.
If the interaction rate per particle I', which keeps the particle in thermal equilibrium,
stays above the expansion rate of the Universe (determined by the Hubble constant
H), the particle will remain in thermal equilibrium with an exponentially suppressed

number density

2T

Here ¢ is the number of internal degrees of freedom of the particle, m, is the par-

"o =g (mXT)3/2 exp(—m, /T). (1.14)

ticle’s mass and 7" is the temperature. At late times (small temperature), the relic
abundance is exponentially small. However, if I" falls below the expansion rate H, the
particle will decouple, or ‘freeze-out’ from the thermal bath. If the decoupled particle
is stable, this mechanism can give rise to a sizable relic cosmological abundance.

More quantitively, the time evolution of the WIMP number density n,, is described
by the Boltzmann equationﬂ

d
e 3Hn, = —(oav)[n

7 — (n°9)?]. (1.15)

2
X X
Here H = a/a is Hubble’s constant, a is the scale factor of the Universe and (o 4v) is
the thermal average of the WIMP annihilation cross section. This equation is simple
to understand: the second term on the left-hand side accounts for the dilution of
the number density due to the expansion of the Universe. In the absence of number
changing interactions, the right-hand side is zero, so n, ~ a2, as expected for non-
relativistic matter. The first term on the right-hand side accounts for the depletion
of WIMPs due to annihilation, while the second term accounts for the creation of
WIMPs from the inverse reaction.

In solving the Boltzmann equation, it is convenient to introduce the comoving
number density

nsd
=X and yeu= X (1.16)
s s
where s = 21%g,,T° /45 is the entropy density and g,, counts the number of relativistic

degrees of freedom. Conservation of s per comoving volume implies s ~ a~3. Since we

2The relic density calculation presented here can be significantly changed when coannihilations
or resonance enhancements are included. We refer the reader to [49] 50] for further discussion on
these processes.
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Figure 1.2: Numerical solution of the Boltzmann equation for m, = 100 GeV. At
early times the number density tracks the equilibrium value (black line). The late
time number density decreases as (04v) increases.

3 we deduce that Y is unchanged by the expansion of the Universe. It

is also convenient to introduce = m, /T, in which case, Eq. (1.15]) can be rewritten:
dY  (oav)s
de Hx

This form is more amenable for solving. In general this equation needs to be solved

know n, ~ a”

(Y2 — (Ye9)?]. (1.17)

numerically, although good approximations do exist, which typically give results that
are accurate to better than ~ 5%.

Figure [1.2| shows the numerical solution of Eq. for m, = 100 GeV and three
choices of (o4v). At early times, the number density closely tracks the equilibrium
value. Decoupling from thermal equilibrium occurs at zpo & 25. As (04v) increases,
the WIMP stays in equilibrium for longer and the resulting relic abundance after
freeze-out is smaller.

Good derivations of the approximate solution [51), 52] are presented in [7, 53], so
we do not review it here. Rather, we content ourselves with an order of magnitude
estimatePl

Oh2~2.8x100. —Tx
X % 100 GeV

3x 10727 ¢m? g7t

(0av)
10735 em? - ¢

(o)

Y(x — o0)

(1.18)

~ 0.1

3We have assumed there is no significant production of entropy following freeze-out.
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It is straightforward to check that this approximation is in accord with the numerical
results of Fig. It is also worth noting that Q,h?* is independent of m, (up to
logarithmic corrections not included here). It is striking that a particle interacting
with a typical weak scale cross section predicts a relic density close to the observed
value Qpuh? ~ 0.1. This fact has been coined the ‘WIMP miracle’.

Of course, one might wonder why a particle with just these properties should
appear. Remarkably, solutions of the ‘hierarchy problem’ of the Standard Model gen-
erally predict additional particles with weak scale masses ~ 100 GeV and additional
symmetries to stabilise the particle on cosmological timescales. We will return to

these issues in more detail in Chapter [6] which deals with supersymmetric theories.

1.3.2 Other candidates

Particles other than WIMPs have, of course, been suggested as the constituent of
dark matter. Here I briefly describe these other candidates, each of which clearly
represents physics beyond the Standard Model.

1.3.2.1 Asymmetric dark matter

As attractive as the freeze-out mechanism might be, it completely fails to explain the
observed baryon abundance, predicting an abundance around ten orders of magni-
tude smaller than what is observed [54]. Also, it gives no explanation for the observed
domination of baryons over anti-baryons in the Universe. Rather, a primordial asym-
metry between baryons and anti-baryons is required to explain the baryon abundance
observed today, which can not arise from the freeze-out mechanism. The anti-baryons
have subsequently annihilated with the baryons, leaving behind an excess of baryonic
matter, of which we are made.

The observation that the ratio

Q
REM — 5}:“ ~ 4.3~ O(1) (1.19)

has motivated the study of models of asymmetric dark matter (ADM). In these mod-
els, the abundance is determined from an initial asymmetry between dark matter
particles and their anti-particles, as in the case of the baryons. Unlike the freeze-out
mechanism, which provides no explanation for the value of the ratio Re™, in models
of ADM, the dark matter asymmetry may be linked to the baryon asymmetry, nat-
urally explaining why the ratio RE™ is O(1). Models of ADM are fairly generic and

have been constructed in theories of technicolour [55], in which a ‘technibaryon’ [56]
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is the dark matter candidate, or in supersymmetric theories, in which the sneutrino

[57] or additional gauge singlets [58] are the dark matter.

1.3.2.2 The QCD axion

The axion was posited as a consequence of the Peccei-Quinn solution [59] 60] of the
‘strong CP problem’ in QCD. In the Standard Model, there are no symmetries that
forbid the P and CP violating term

Tr(G,,G"). (1.20)

1672

Here G and G* are the SU(3) field strength and dual field strength tensors re-
spectively and 6 is a dimensionless parameter, which can a priori take values between
0 and 27. Explicitly breaking CP in this way leads to the generation of an electric
dipole moment for the neutron. The experimental upper limit on such an electric
dipole moment constrains |f| < 3 x 107'°. The strong CP problem is to explain the
extreme smallness of 6.

Peccei and Quinn introduced an additional global chiral U(1)pq symmetry to the
Standard Model, anomalous under SU(3) and spontaneously broken at a scale f,.
The axion a is the (pseudo)-Nambu-Goldstone boson of the broken U(1)pq symmetry
[61],62] and is identified with 6 (a = f,0). QCD instanton effects explicitly break the
symmetry and generate a potential for a, which is minimised for a = 0. Since 6 has
been promoted to a dynamical field (a/f,), its value has been naturally set to zero.
This is the attractive feature of the Peccei-Quinn solution. The explicit breaking also

leads to the generation of a mass for the axion [63]

M fr

a

mg ~

1 10
~ 0.6 meV (O—GBV) :

fa

where m, and f; are the pion mass and pion decay constants respectively.

(1.21)

Interactions of the axion with normal matter are suppressed by f,. A priori,
the Peccei-Quinn solution works for any value of f, and historically, the first axion
models identified f, with the scale of electroweak symmetry breaking. However,
various laboratory and especially astrophysical bounds, notably from the cooling of
red giants and SN 1987A, constrain f, > 10° GeV. Thus the axion is light and
interacts very weakly, potentially making it a dark matter candidate [64], 65, [66].

The experimentally allowed values of f, imply that axions interact so weakly that

a thermal population is never created [53]. However, a non-thermal relic abundance
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of axions is created through the ‘mis-alignment mechanism’. The axions are produced

as a non-relativistic condensate with an abundance today of [67]

2 fa 7/ 0’5 2
Qah ~ 0.09 <m) (m) . (122)

Here 6; is the initial value of § in the early Universe, before the Peccei-Quinn mech-
anism relaxes it to zero. We thus see that the QCD axion is a viable dark matter
candidate for f, > 10° GeV. Values of f, > 10* GeV are somewhat disfavoured as
they require a fine-tuning of 6;, which many find unpalatable.

Detecting axion dark matter experimentally is very challenging due to the ex-
tremely weak coupling with normal matter. The ADMX experiments hopes to de-
tect the axion through its coupling to two photons and is sensitive to values of
fa ~ 10" GeV [68]. More recently, an experimental technique was proposed that

> 10'¢ GeV, but it relies on the development of new technol-

~J

can probe values of f,
ogy [69].

1.3.2.3 SuperWIMPs

There are candidates other than the axion that gain an abundance through non-
thermal mechanisms. One such class of particles have been coined super WIMPs [70],
which are particles that interact with ‘super weak’ interactions. The leading example
of a superWIMP is the gravitino [71], the spin-3/2 superpartner of the graviton.

Consider a WIMP which, after freezing-out from the thermal bath, decays via
super weak interactions to a superWIMP. The WIMP bestows its relic abundance to
the superWIMP. The two are related via

MsuperWIMP

Qsuperwinvp = Qwinp - (1.23)

MwiMP
Even though the superWIMP particle is not itself a WIMP, its abundance is indirectly
determined from the “WIMP miracle’.

Alternatively, if a superWIMP couples through a non-renormalizable interaction,
its abundance depends on the reheat temperature Ty after inflation. Requiring that
gravitinos do not have a relic abundance that is larger than experimentally observed
leads to the well known bound Tg < 1010 GeV [72, 73] [74].

1.4 Experimental detection

A noticeable feature of all of the candidates we have considered is that they all interact

with normal matter (to varying degrees). This opens up the possibility of directly
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or indirectly detecting the dark matter through non-gravitational interactions. In
this section we consider some of the experiments designed to search for dark matter

through non-gravitational interactions.

1.4.1 Direct detection

Direct detection experiments offer one of the most promising methods of detecting
dark matter that interacts with weak scale interactions. These experiments aim
to detect the energy deposited by a recoiling nucleus, after a collision with a dark
matter particle [75]. In the Earth’s frame, the maximum recoil energy of an initially
stationary nucleus after a collision with a particle moving at speed v, is

2,2
2mNmXUX

B — (1.24)

(my +my)?

From Section we know the typical speed v, of a dark matter particle in the
galactic halo is ~ 270 km/s. Thus, for a dark matter particle and nucleus of mass
m, ~ my ~ 100 GeV respectively, the recoil energy of the nucleus is tens of keV and
the de Broglie wavelength of the dark matter is Agg ~ 10 fm. This is similar in size
to the diameter of a heavy nucleus, which justifies the implicit assumption we have
made that DM scatters off the whole nucleus in a direct detection experiment. De-
signing experiments to detect recoil energies of this magnitude, while reducing energy
depositions induced by electron and neutron backgrounds, is extremely challenging.
Two main experimental approaches have been rigorously pursued. The first group
of experiments significantly reduce the background contribution, while searching for
the absolute scattering rate due to dark matter. A variety of target nuclei are used
in these experiments, each with different advantages and disadvantages. The second
group allow more background events, but search for an annual modulation signal in
the event rate that is characteristic of dark matter [

The annual modulation signal arises due to the motion of the Earth relative to
the galactic halo and peaks when the Earth is travelling fastest with respect to the
halo [27, 28]. Remarkably, two experiments have now detected an annual modulation
signal that has many features consistent with a signal arising from dark matter.
The DAMA collaboration [76] [77] has observed an annual modulation over thirteen
years; first with the DAMA /Nal setup and later with the DAMA /LIBRA upgrade.

The large mass of the target material and the long exposure time mean that the

4A third approach under development takes into account the direction of the recoiling nucleus,
as well as the recoil energy. Due to the (at present) reduced sensitivity of these experiments, we will
not consider them further in this thesis.
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Figure 1.3: The time evolution of the DAMA and CoGeNT event rates. The blue
points show the data, while the best-fit line with a period of one year is shown in red.
Data taken from Refs. [76, [77] and [7§].

statistical nature of the modulation is beyond question. More recently, the CoGeNT
collaboration [78] has presented tentative evidence for an annual modulation after
analysing fifteen months of data. The event rate for both experiments, measured
over time, is presented in Fig. [I.3l The blue points show the measured data, while
the best-fit line with a period of one year is shown in red. The DAMA /LIBRA data
displays the clearest signs of a modulation.

The simplest explanation of these experiments in terms of dark matter is spin-
independent elastic scattering on both protons and neutrons. Unfortunately, this
explanation is strongly disfavoured by the null results from other direct detection
experiments aiming to detect the absolute scattering rate. Any theory attempting to
explain the modulation signals must also be consistent with bounds from the CDMS II
[79, 80, 8T, 82], CRESST-II [83], SIMPLE [84], XENON10 [85, 86, 87], XENON100
[88, 89, ©0], ZEPLIN-II [91] and ZEPLIN-III [92, O3] experiments. In Chapters

and [5] we will explore theories that try and reconcile all of these experiments.
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1.4.1.1 Calculating the event rate

The differential event rate for DM-nucleus scattering in units of cpd/kg/keV (counts
per day/unit nucleus mass/unit exposure time/unit energy) as a function of recoil

energy EpR is

dR Py ° Lo do g
= o) —d’v. 1.2

Here m,, is the dark matter mass, p, the local dark matter density, my the mass of

VUmin

the target nucleus, v = ||, fo (¥, ¥.) the local dark matter velocity distribution in the
detector rest frame and do/dEg the dark matter-nucleus differential cross section.
For a nucleus to recoil with an energy Fg, the incident dark matter particle must

have a minimum speed given by

Umin _ / 1 mNER (1 26)
C QmNE'R UN ’ ’

where uy is the dark matter-nucleus reduced mass.

As was discussed in Section[1.2] the SHM predicts a truncated Maxwell-Boltzmann
velocity distribution in the galactic frame (see Eq. ) The velocity distribution
entering Eq. is evaluated in the frame of the detector, therefore we need to

transform the galactic velocity distribution f(¥) to the Earth frame. fg(¥,.) and

f(¥) are simply related through a Galilean boost
fa(U,0.) = f(V+ W) , (1.27)

where v, = U +Ug is the velocity of the Earth relative to the rest frame of the galaxy.
Up = Up + Ug is the sum of the Sun’s circular velocity vy ~ (0,220,0) km/s relative
to the galactic centre, and peculiar velocity vg ~ (11,12,7) km/s relative to Sun’s
circular Velocityﬂ Ug is the Earth’s velocity relative to the Sun’s rest frame and is
given by [94] 95]

)s
Up = (up)(1 —esin(A(n) — Ag)) COS(ﬁy; s%n()\(n) —Ay) | km/s, (1.28)

where the Earth’s orbit has a mean velocity (ug) = 29.79 km/s and ellipticity
e = 0.016722. The quantities [3;, \;, define the orientation of the Earth’s orbit in
galactic coordinates, and A(n) gives the angular position of the Earth’s orbit for a
given day number n, with n = 1 corresponding to 1st January 2000. These quantities

are given in [95].

°If they are required, precise values of 7y and ¥ will be specified in the relevant chapter.
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Generally, a model of dark matter is constructed by writing down a Lagrangian
that describes the interaction of dark matter with quarks. Calculating the dark
matter-nucleus differential cross section do/dER from this Lagrangian is non-trivial
as it involves matching the quark fields to the nucleon fields, followed by matching
the nucleon fields to the nucleus field. Finally, since the galactic dark matter is non-
relativistic, the resulting scattering amplitude and cross section must be evaluated in
the non-relativistic limit. When this limit is taken, it has been shown (for example in
Ref.[96]) that in general, only spin independent or spin dependent scattering occurs.
Below we outline how the matching procedure is carried out for vector and scalar
interactions, which lead to spin independent scattering, and axial-vector interactions,
which lead to spin dependent scatteringﬂ Further details, including a discussion of

other interactions, can be found in [6, 97, 98|, ©99].

1.4.1.2 Calculating cross sections: Vector interactions

The most straightforward case to consider is when dark matter interacts with quarks

through a vector interaction. In this case, the Lagrangian is

Liec = ag XV*X 014 (1.29)
where ¢ is the quark field and y the dark matter field. This dimension-6 operator
arises from integrating out a heavy vector mediator, in which case, the coupling
constant is a, = g, g,/M?, where M is the mass of the vector mediator and g, and g,
are the charges of the quarks and dark matter respectively.

The vector current is conserved so the contribution from each valence quark in
the nucleon adds coherently and there is no contribution from sea quarks or gluons.
Hence, the effective interaction of dark matter with a proton p and neutron n is
L= fpoXVxDyup and L, = fr X7 x nyun respectively, where f, = 2a, + aq and
fn = ay+2a4. The ratio f,,/f, depends on the charges of the quarks and can a priori
take any value. For example, for the Z boson, f,/f, = —1/(1 — 4sin? fy,) ~ —13.2,
where sin 6y, is the Weinberg mixing-angle.

To match to the nucleus, we again make use of the conservation of the vector
current. For a point like nucleus N, the Lagrangian is simply £Y. = ay x7*x Nv.N,
where ay = f,Z + fu(A—Z), and A and Z are the number of nucleons and protons

respectively. From this Lagrangian, the amplitude is

M = ay u Y uy unyuN (1.30)

where u are Dirac spinors. In the non-relativistic limit, ©v = /m (g), where £ is a

SThroughout we assume the dark matter is a Dirac fermion.
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two-component spinor, normalised such that £7¢ = 1. In this limit @,y"u, Uny,uy =
4mpym, (only the time component gives a non-zero contribution). The resulting cross

section for a point like nucleus is

vec

o= DX (74 (a2 A (1.31)

The de Broglie wavelength of the dark matter is similar in magnitude to the
diameter of a nucleus so it is not correct to ignore the finite size of the nucleus. The
nuclear form factor F/(ER) accounts for this correction. The amplitude and differential

cross section for a nucleus of finite size is

M =4 F(Er) = d0vee _ Ouee F?(ER) (1.32)
=4daxmpym = —_— .
NITTUN Ty R dER Egax R) >

where ER® = 2% v? /my is the maximum recoil energy of a nucleus after interacting
with an incident dark matter particle with speed v.

The form factor is the Fourier transform of the charge density. It is assumed
that all charge densities in the nucleus are proportional to the electric charge density,
which is determined from electron-nucleus scattering experiments. Different param-
eterisations exist but the most commonly used is the Lewin-Smith parameterisation
of the Helm form factor [95]

F?(Eg) = (M)2 e (1.33)

where ¢ = +2myER is the momentum transfer, R = \/62—1—%#2@2—552,
c=123AY3—-0.60fm, s = 0.9 fm and a = 0.52 fm. This has the advantage of
having an analytic form, however, it tends to be too large when the momentum
transfer is large. A more accurate form factor that we will use in cases when the

momentum transfer is large is the Fermi Two-Parameter form factor, defined by

o0 Pe sin(gr) 5
F = 4 dr . 1.34
(9) /0 er=a/a 1 gr mrar (1.34)

Here p. is chosen so that F'(0) = 1, while a and ¢ are constants that depend on the
target nucleus. Values for various nuclei can be found in Appendix I of Ref.[100].
Direct detection experiments use different target nuclei so it is conventional to

state results in terms of the cross section to interact with a neutron o,. This is
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in order that different experiments can be easily compared. From Eq. (1.31)), it is
straightforward to see that
o, 1 o 1

T W 2 A= 2) (13%)

where pt,,, is the dark matter neutron reduced mass. Therefore, the differential cross

section for a nucleus of finite size can be written as

dosi  mno, (foZ + [olA— Z))°

- F2(ER) . 1.36
dER QﬂinUZ fg ( R) ( )

1.4.1.3 The dark matter-nucleus cross section: Scalar interactions

We can next consider the interaction of dark matter with quarks through a scalar

mediator such as the Higgs boson. In this case, the Lagrangian is

Ll = aq XX 44 - (1.37)

Unfortunately, matching to the nucleon fields is not as straightforward as the vector
case because the scalar mediator will generally interact with the sea quarks and gluons
in addition to the valence quarks. To proceed, we use the fact that the nucleon mass
is determined from the trace of the energy momentum tensor [I0I]. For the proton,

we have

= W) = 6l Y e+ Y me@@+ A2 anamy s
q=u,d,s Q=c,bt

where m, and mg are the ‘light’” and ‘heavy’ quark masses respectively and

B(as) = —7a?/(27) is the QCD beta function [102, 103]. The last term arises due to
the trace anomaly [104].

There are no heavy valence quarks in the proton so they only enter through

virtual states. In particular, a triangle diagram with heavy virtual quarks induces an

(additional) effective coupling of dark matter with gluons. Integrating out the heavy

quarks @ we find (for each heavy quark) [101]

- 2
— _ - S Ma apuy ) 1
moQQ 3_87TG‘LWG (1.39)
If we define
myfi = (plmydqlp) and fif) =1— Y i), (1.40)

q:u7d7s
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then, making use of Eq. ((1.39) to rearrange Eq. ([1.38]), we find
moQQ = I 7o) (1.41)
27 PTe

Hence, for the proton, we can define f,

fop =l Y adqg+ D agQQlp)

q=u,d,s Q=c,b,t
m 9 m (1.42)
_ () "p 4 () 'p \ =
(S ek S )
q=u,d,s Q=c,b,t

By similar reasoning, we can get an expression for f,. Significant uncertainties exist
on the values of fr,, especially fr,. They are determined using a combination of chiral
perturbation theory and lattice calculations. Recent values can be found in [105]. For
the Higgs boson, f,/f, ~ 1 because the interaction is dominated by the strange quark
content of the nucleon, similar in both the proton and the neutron.

From here, matching the proton and neutron fields to the nucleus is relatively
straightforward as pp and nn simply count the number of protons and neutrons re-

spectively. Therefore the amplitude for a point like nucleus is
M = (f,Z + fu(A—2)) uyu, unuy . (1.43)

In the non-relativistic limit, u,u, tyuy = 4muym,, leading to

N _(fy A_7 2@ @_&FQE 1.44
oa= B2+ A= 2P o Sl gy (L
R

By assuming that the mass distribution of the nucleus is the same as the electric charge
distribution, we can use the Helm or Fermi Two-Parameter form factors described
above. Finally, when the differential cross section is expressed in terms of the neutron

cross section o, we get the same functional form as for the vector interaction, namely
Eq. (1.36).

1.4.1.4 Calculating cross sections: Axial-vector interactions

The final case we consider is the axial-vector interaction, which can arise from inte-

grating out a vector mediator with axial couplings. The Lagrangian is this case is

LLoe = g XV VX TG - (1.45)

It is instructive to first consider this interaction in the zero momentum transfer limit.

We will then generalise the result to the case when the momentum transfer is finite.
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In the non-relativistic limit, Yy#7°x reduces to 2m, £17¢, o 8\, where o' are the
Pauli matrices and s), is the spin of . Similar reasoning can be applied to the current
involving quarks. Therefore, the amplitude for dark matter quark scattering depends
on Sy - 54. Although complicated when matching from quarks to the nucleus, the
amplitude for dark matter nucleus scattering will still depend on the spin of the dark
matter and nucleus.

We consider matching from quarks to the neutron (similar reasoning applies for the
proton). We can define (n|gy,7°q|n) = A" 7iy,7%n, where Al give the fraction of
spin due to each quark in the neutron. Contributions from charm, bottom and top are
zero. Thus the effective Lagrangian for the neutron is L7 .. = a, X7*7°Xx 17,7,
where a, = 37 _, a,AMY . As discussed in [105], the individual AV are poorly
constrained. Taking the non-relativistic limit, the cross section to scatter off a neutron
in the limit of zero momentum transfer is

3y

_ toie el gie _
M = da,mymy§lo'€ §l o', = o, = — (1.46)

Similarly, the cross section for a point-like nucleus at zero momentum transfer is

given by
N Apdy Iy + 1
ax-vec TT

where Jy and (Sp,)) are the nuclear spin and expectation value of the spin content

g

(ap(Sp) + an(Sn))? , (1.47)

of the proton (neutron) in the nucleus respectively. It is useful to define

2y +1Jy+1
N m JN

(ap(S,) + an(Sp))?* = ol :ﬂS(O). (1.48)

S(0
( ) ax-vec 2JN _|_1

When the momentum transfer is non-zero and the finite size of the nucleus is taken

into account, the differential cross section is given by

dUax—vec . 1 4#?\[ S
dEr — ER2Jy +1

(ER) , (1.49)

where

S(ER) = a%SOO(ER) + (Z%Sll(ER) + aoalSm (ER) (150)
are the nuclear structure functions, which vary for different nuclei. We have defined
ap = ap+a, and a; = a, —a,. The functional forms of Syo(ER), So1(Er) and S11(ER)
for nuclei used in direct detection experiments can be found in [106]. Ultimately,

experiments place limits on a, or a,, which can be used to put limits on o, (or o))

through Eq. (1.46]).
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To summarise, in general, the dark matter-nucleus cross section can be separated
into a spin-independent (SI) and spin-dependent (SD) contribution. Expressing ev-

erything in terms of the SI and SD cross sections to scatter off a neutron, we have

do 1 (G2 RA-2)F ,  amo® 1 S(E)
_ FX(E n (151
dEr  2j0m0? ("" 72 B+ =501 @ (1.51)

Experiments are typically much more sensitive to spin-independent interactions. This
is in part due to the A* ~ 10* (assuming f,, = f, = 1 in Eq. enhancement
of the spin-independent scattering rate, and in part due to the challenge of scaling
up experiments containing nuclei with non-zero spin. For instance, the experiments
currently being scaled up contain germanium or xenon nuclei. Only 7.73% of naturally
occurring germanium contains an isotope with spin ("*Ge) [107]; xenon fares slightly
better, containing two isotopes with spin, with abundances of 26.4% (1?Xe) and

21.2% (13'Xe) [108].

1.4.2 Indirect detection

Indirect detection searches aim to detect the secondary particles produced in the de-
cays or annihilations of dark matter particles. These secondary particles are typically
high energy gamma rays, neutrinos, (anti-) electrons and (anti-) protons. The flux
of secondary particles depends on the density of dark matter p,, scaling as p, and
pi for decays and annihilations respectively. Therefore, the best places to search for
signals are in regions where the dark matter density is large, such as the galactic
centre or dwarf spheroidal galaxies. While the galactic centre will produce the largest
flux of, for instance, gamma rays, extraction of a dark matter signal is complicated by
the large background signal, which is difficult to understand in detail. Even though
dwarf spheroidal galaxies produce a much smaller flux of gamma rays, they are dom-
inated by dark matter, so extracting a signal originating from dark matter should, in
principle, be more straightforward.

Another interesting place where a significant abundance of dark matter can build
up is inside astrophysical bodies, such as the Sun. After scattering on one of the
nuclei comprising the Sun, the dark matter particles can lose enough kinetic energy
to become gravitationally bound. This can lead to two interesting effects.

If a significantly large abundance is captured, dark matter may change the he-
lioseismology and low energy neutrino fluxes [109, 110, 111]. This may happen if
the dark matter is, for instance, asymmetric, so that self-annihilations can not occur

(there are no anti-particles around to annihilate with).

25



The second interesting effect occurs when annihilations can proceed. Most neu-
trinos that are produced in the annihilation (or arise due to subsequent processes
resulting from the annihilation) easily escape from the interior of the Sun due to
the small neutrino interaction cross section. These high energy neutrinos can be
detected at dedicated neutrino observatories on Earth, such as Super-Kamiokande
[112] or Ice-Cube [113]. The flux of neutrinos depends on the initial spin-dependent
or spin-independent dark matter-nucleon scattering cross sectionﬂ so limits can be
placed on these cross sections. Indeed, the neutrino signals from the Sun are rather
complementary to direct detection experiments as they are able to put much stronger
limits on spin-dependent cross sections (for masses above the energy threshold of the

neutrino observatory) [114].

1.4.3 Collider searches

Finally, in the era of the Large Hadron Collider (LHC), we consider what information
colliders can provide on particle dark matter. For more detailed reviews, see e.g.
[TT5], TT6]. Due to the small interaction cross section and long lifetime, dark matter,
if produced in a collision, will escape the detector without depositing any energy or
momentum. Therefore, the signature of any dark matter particle at a collider will
involve missing (transverse) energy and momentum f [117].

Data from the Tevatron, LHC and LEP have been converted into limits on the dark
matter-neutron cross section o, [I18, [119,[120]. These analyses are particularly useful
because they are able to explore parameter space where direct detection experiments
are less sensitive; for example, for light (m, ~ 1 GeV) particles, particles that couple
dominantly to leptons or particles with spin dependent interactions with nuclei.

As an example of how limits are set, we consider the operator

O, = 9xYq

- q2 o M2 X’Y“X quuq I (152)

which arises from the exchange of a vector mediator of mass M| When the me-
diator is exchanged in the t-channel and M >> ¢, we recover the effective operator
considered previously (Eq. ), which can give rise to a signal at a direct detec-
tion experiment. This is represented in the left panel of Fig. A direct detection
experiment effectively puts a bound on the combination ,/g,g,/M. Similarly, when

the mediator is exchanged in the s-channel, we get the production mechanism for

"The dominant nucleus in the Sun is hydrogen, a single proton, which has non-zero spin.
8The discussion generalises in a straightforward manner for other operators.
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q q

Figure 1.4: Left panel: a typical scattering process at a direct detection experiment.
Right panel: production of dark matter and a mono-jet at a collider. The two pro-
cesses are related by s- and t-channel exchange of a mediator.

dark matter particles at a collider. A signal with only missing energy would not be
recorded; a collider needs to trigger on something. Therefore, the case when a photon
or gluon (giving rise to a jet) is emitted from one of the initial quarks is used to set
limits. Thus, the channels they consider are mono-jet (or mono-photon) plus F,
represented in the right panel of Fig. [1.4,. When M > ¢, these collider searches can
also be used to put a bound on ,/g,g,/M. For a vector mediator, this is directly

related to the cross section to scatter on a neutron through

(9u + 294)°9% 13,

1.53
M4 T ( )

Op —

For a model independent statement to be made, it is important that M > q. At
direct detection experiments this is a relatively weak condition since ¢ ~ 100 MeV.
However, at LEP/Tevatron/LHC, ¢ ~ 100/100/1000 GeV respectively. In the case
when M < ¢ the bounds from colliders can change considerably. If M > 2m, and
¢* &~ M?, the production cross section is resonantly enhanced, while if M < 2m, the
production cross section is independent of M. In this case, collider searches place a
limit on g,g, only and since o, scales as M ~*, for small M, the bound on o, is weak.

Unfortunately, data taken solely from colliders will never serve to definitely dis-
cover particle dark matter. Particles that live longer than ~ 107% s (the time it takes
to leave the detector) are considered to be ‘stable’ at the LHC. Thus, there is no way
to tell if the particle is stable on cosmological timescales. However, considering data
from the LHC in conjunction with direct and indirect searches may help in refining in-
formation on the properties of the dark matter. For example, combining experiments
may reduce uncertainties on the particle’s mass and couplings. Precise measurements
of these properties will be crucial in testing the mechanism that is responsible for the

dark matter relic abundance.
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Chapter 2

Inelastic Dark Matter,
Non-Standard Halos and the
DAMA /LIBRA Results!

Inelastic dark matter (iDM) [122] was proposed as a way to reconcile the positive
result from DAMA /Nal with the null result from germanium based detectors. In the
iDM scenario, dark matter-nucleon elastic scattering is suppressed, while inelastic
scattering from a ground-state dark matter (DM) particle to a slightly higher mass
excited particle is allowed and dominates the recoil event rate. As we summarise in
Section [2.1], the kinematics of the recoil scattering are changed by the inelastic nature
of the collision, and this can bring the DAMA results closer to agreement with the

other experiments for three principal reasons:
e Heavier nuclei are favoured.
e The recoil spectrum is changed at low energies.
e The ratio of modulated to unmodulated signal is higher.

Nevertheless the other direct detection experiments still strongly constrain the DM
interpretation of DAMA /LIBRA, with, apparently, only a relatively small region of
parameter space being allowed [123].

One unchecked assumption that goes into the analysis is that the velocity distri-

bution of the DM in the galactic rest frame is well described by so-called Standard

!Two years have passed since the publication of this work. Since then, the XENON and CRESST
Collaborations have published significantly stronger exclusion limits [90, [121], which seemingly ex-
clude all of the DAMA regions considered here. Due to the proximity in mass between xenon and
iodine nuclei, these new limits suggest that it is unlikely that consistency can be found amongst all
experiments, even with more significant deviations of the galactic halo than discussed here.
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Halo Model (SHM). The SHM assumes that in the galactic frame the DM distribution
is an isotropic isothermal sphere, which leads to an essentially structureless isotropic
Maxwell-Boltzmann velocity distribution with dispersion set by the local circular ve-
locity. This is a questionable assumption: Little is known about the phase-space
distribution of DM on the scales relevant for direct detection experiments and as
we outline in Section numerical simulations of DM distributions for Milky-Way-
like galaxies lead to results differing from the SHM in potentially significant ways,
especially for iDM, which is more sensitive to the DM velocity distribution.

In this chapter, we compare the results obtained using the SHM to those obtained
using two recent computer simulations of the DM distribution in a Milky-Way-like

galaxy:

e Via Lactea [124] - a Milky Way size DM halo distribution containing 234 million

particles.

e Dark Disc [125] - a simulation which contains in addition to the SHM, a slowly
rotating disc of DM.

With these less idealised halo models, we find that the iDM scenario allows the
DAMA region to be consistent with all other experiments, and that in the Via Lactea
distribution, more parameter space can be opened up at high DM masses, compared
to the SHM. After reviewing the details of each experiment and describing how we
calculate the allowed DAMA region and exclusion curves for the null experiments
in Section [2.3] we present our results together with their physical interpretation in
Section

2.1 Inelastic dark matter

2.1.1 Review of inelastic dark matter

If the dark matter particle can only scatter off nuclei by making a transition to a
heavier state, then the altered kinematics of the interaction can lead to significant
changes in detection rates for different detectors [122], 123], [126]. If we call the two
dark matter states y_ and x4, with mass splitting 6 = M, — M, ~ O(100 keV),
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then the minimum velocity to scatter off a nucleus and impart an energy FEg is no
longer given by Eq. (1.26]) but rather by

Umin 1 mNER
=4/ 0. 2.1
C ZmNER ( UN + ) ( )

There are a variety of particle physics models that lead to such phenomenology [122,

127, [128]. The models will not be our concern in this work, rather our focus will be
upon the consequences of iDM for direct detection experiments.
In this chapter, we will only be concerned with spin independent scattering. As

a result, the differential event rate for DM-nucleus scattering is found by combining

Egs. (1.25) and (|1.36]), resulting inE|

dR _ pyon (o2 + falA—2))?
dEr  2Mypi3,, o

F%(ER) h % d*v. (2.2)
The local dark matter density p, is taken as 0.3 GeV/cm?. The factors f, and f,
parameterize the relative scattering strength off neutrons and protons. For simplicity
and to maintain model-independence we assume that scattering off neutrons and
protons is the same and take f, = f, = 1. (This assumption is not always correct for
candidate dark matter particles from specific models). In accordance with [123] we
use the Helm form factor for CDMS II, KIMS, XENON10, ZEPLIN-II, and ZEPLIN-
ITI, and the Fermi Two-Parameter form factor for CRESST-II and DAMA /LIBRA.
In the left panel of Fig. we show the effect of the Helm and Fermi Two-Parameter
form factors for scattering off tungsten.

Finally, fs(V,.) is the local velocity distribution of the DM in the Earth rest
frame. The default assumption for the dark matter phase space density is the so-called
“Standard Halo Model” (SHM), which assumes a local isothermal and isotropic distri-
bution of dark matter leading to a Maxwell-Boltzmann velocity distribution. Changes
in this velocity distribution make major differences to the final differential event rate
as calculated from Eq., especially for iDM. We emphasise that fg (¥, ¥) is poorly
constrained by data and not well understood. The primary subject of this work is to
investigate the allowed parameter space for iDM taking account of reasonable varia-
tions in fq (7, U.) motivated by numerical simulations of the DM distribution in our
galaxy.

The most important difference between inelastic and standard elastic dark mat-

ter is the d-dependent increase in the minimum relative velocity for scattering with

2In this chapter, the DM mass is denoted by M,
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Figure 2.1: The recoil energy spectrum for scattering off tungsten. On the left the
inelastic scattering rates are shown for the two choices of form factor: the Fermi
Two-Parameter (dashed) and Helm (solid) form factor. Both choices show that iDM

leads

to a suppression of low-energy events. The right panel shows the recoil energy

spectrum for elastic scattering; in this case the difference between the two form fac-
tors is negligible. For elastic scattering the recoil spectrum peaks at low Egr. All
calculations assume M, = 200 GeV, 0, = 107% cm? and vese = 500 km/s.

recoil energy Egr (see Eq.(2.1)). The important consequences for direct detection

experiments are:

As only higher velocity portions of the dark matter distribution lead to recoils

the overall event rate for a given cross section is lower.

The spectrum of events is changed, with the greatest qualitative departure from
elastic scattering occurring at low energies. As one can see from the left panel of
Fig. [2.1] there is a low energy cut off in the recoil spectrum. This is not present

for elastic scattering as shown in the right panel of Fig. [2.1

Due to the higher minimum velocity, the annual modulation as a fraction of
the total signal can be much greater. It is possible that detection of DM occurs
solely during the summer months, when the Earth’s velocity into the DM wind
is greatest, leading to a modulation fraction of 100%.
consequences both for DAMA /LIBRA and XENON10.

This has important

As the minimum velocity cut-off, Eq. , is lower for heavier target nuclei,
inelastic scattering leads to higher expected detection rates for heavier ele-
ments. This has important consequences for the sensitivity of the CDMS II
(Age = 72.64) and CRESST-II (Aw = 183.84) experiments.
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2.1.2 Overview of consequences of iDM for the various ex-
periments

The minimum velocity for scattering will be much greater for the CDMS II detec-
tor compared to DAMA /LIBRA, where the dominant signal is from scattering off
germanium and iodine respectively, because germanium is much lighter than iodine.
This leads to a weakening of the constraints from CDMS II on the region of param-
eter space preferred by the DAMA/LIBRA annual modulation signal. In fact for
high enough ¢ the expected rate for CDMS II can be consistent with zero, while still
allowing signal at DAMA /LIBRA. The converse effect applies to the CRESST-II ex-
periment, where scattering occurs off tungsten. Here we would expect a higher rate
for scattering, which leads to CRESST-II setting the most stringent constraints on
the DAMA /LIBRA results.

The three xenon based experiments, XENON10, ZEPLIN-II, and its successor
ZEPLIN-III, provide an excellent test of the DAMA /LIBRA results due to the simi-
larity of xenon and iodine masses (Ax. = 131.293, A; = 126.904). However the events
observed at these detectors lead to consistency with the DAMA /LIBRA preferred
region. Also, due to the enhancement of the modulation effect, detectors which took
results over the winter period, when signals would be lowest, inevitably set lower con-
straints than possible if running during the summer months. This applies in particular
to the XENONI10 experiment. Moreover, the low upper-energy limit (30.2 keV) in
the analysed recoil energy spectrum of ZEPLIN-IIT reduces the sensitivity of this ex-
periment to the iDM scenario, as for a typical § of 100 keV the xenon recoil spectrum
peaks at ~40 keV. We return to the details of the experiments in Section

2.2 Dark matter halos

Due to the long range of the gravitational force, and the distribution of matter in our
galaxy, one would expect the correct velocity distribution of dark matter particles
to deviate from exact Maxwellian and to show some anisotropy. N-body simulations
of large numbers of dark matter particles have shown that the SHM may well be
incorrect [124], [125].

Here we will consider three models for the local velocity distribution of particles
in the dark matter halo. As described in Chapter [I], the Earth’s velocity with respect

to the galactic rest frame is given by v, = U5 + Vs, where v is the Sun’s velocity
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relative to the galactic rest frame and v is the Earth’s velocity relative to the Sun
(Eq. (1.28))). In this chapter we take

7, = (10.00,5.23,7.17) km/s + (0,220,0) km/s . (2.3)

One feature common to all of the velocity distributions considered here is that
they are truncated at the local escape velocity, f(|U] > ves.) = 0. There is relatively
large error in the known value of the local escape velocity, 498 < v < 608 km/s
(90%), with a median of 544 km/s [129]. We have taken ve. = 550 km/s in the
analysis presented here. In Section we check that varying ves. between the 90%
confidence limits does not change the qualitative features of our results, and therefore

the conclusions.

2.2.1 The Standard Halo Model

Details of the Standard Halo Model (SHM) are given in Section [I.2] The velocity
distribution is a Maxwell Boltzmann distribution, which in this chapter, we truncate

at the escape velocity according to
1 27,2 2 7,2
. ~ lexp(—v*/v§) — exp(—vi./v UV < Vese
f(U) — { N[ ( / 0) 0 ( / O)] I 7 (24)

where vy = 220 km/s. Combining Eqgs. (1.27)) and (2.2)), we see that the following
integral must be performed in dR/dFR:

© Bv
9(Vmin) = / Tf(v + U). (2.5)
In Appendix [A| we present an analytic expression for g(vy,) for the SHM velocity
distribution, as defined by Eq. (2.4). To the best of our knowledge, this has not

previously been presented in the literature.

2.2.2 Via Lactea

Here we use results for the phase space distribution of dark matter in a Milky-Way-
like galaxy derived from a simulation containing 234 million particles of dark matter
and no baryons; Via Lactea [124] published in 2006.
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In [I30] the velocity distribution of dark matter particles was fitted to the distri-
bution of individual particles from the Via Lactea simulation [124]. The radial and

tangential velocity distributions were fit according to

=L e[ ()] oo

flur) = 2;;? exp {— (%) QT} (2.7)

and the distribution was truncated in the same way as for the SHM. From Fig. 3 in
[130] we extracted the values ag ~ 1.09, and Tr/(\/—U(r9)) = 0.72 and ar ~ 0.73,
and vp/(y/—U(ro)) =~ 0.47 at our radius from the centre of the galaxy, ro =~ 8.5 kpc.
(Although there is uncertainty in our radius from the galactic centre, ro = 8.040.5 kpc
[29], from Fig. 3 in [I30] one can see that the values of ay and vy do not change
significantly over the range 7.5 < ry < 8.5 kpc, and the tangential velocity distribution
is the main determinant of the event rate). U(ry) is the gravitational potential.

For completeness we will present results using two values for \/T(TO) . In the
Via Lactea halo the average value of \/T(r) between 7 and 9 kpc is 270 km/ s we
will refer to results using this value as VLyzo. Following [I30] and in order to allow
direct comparison between inelastic and elastic scenarios, we also present results using
v/ =U(ro) = 220 km/s, and refer to these as VLyg.

We believe both values for \/T(ro) are worth studying, given that the Milky
Way is baryon dominated at the solar radius, so uncertainties will arise from the
lack of baryons in any simulation which contains only dark matter particles. It is
also important to remember that the velocity distribution extracted from any DM
simulation is for a Milky-Way-like galaxy, and not the Milky-Way itself. Therefore it
is important to study the effects of reasonable deviations from results predicted by a
simulation.

The deviation from the Gaussian distribution and difference in radial and
tangential velocity dispersions have been shown in [I30] to affect the expected
DAMA /LIBRA modulation signal for elastic dark matter, although not by enough
to allow an elastic DM interpretation of the DAMA results.

Due to the smaller tangential velocity dispersion in this model compared to the
SHM, one would expect the results for inelastic scattering to be changed for light
nuclei. This is because the high minimum velocity for scattering on light nuclei
leaves only the high velocity part of the distribution detectable. This smaller velocity

dispersion reduces the population of this high velocity region further, leading to a

3We thank M. Kuhlen for providing us with this information.
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reduced event rate. This effect is particularly interesting as it arises through the
combination of iDM and the Via Lactea halo. We discuss this further in Section 2.4]

2.2.3 Dark Disc

Previous simulations of the DM phase space density distribution have modelled the
dark matter alone, while at the solar neighbourhood we expect the effects of the
baryons, the gas and stars that make up the Milky Way, to be important. Read et
al. [125] have performed a series of simulations including the baryons, and have shown
that massive satellites, dragged into the disc plane by dynamical friction, are torn
apart by tidal forces depositing their stars and dark matter into a thick disc, lying in
the same plane as the visible galaxy. Later the influence of this Dark Disc on direct
detection of elastic dark matter was examined [I31]. Here we investigate the influence
of the Dark Disc on iDM detection.

Following [I31], we assume the Dark Disc kinematics match the Milky Way’s
stellar thick disc, whose properties are listed in Table 1 of [I125]. This will be a good
approximation if the Milky Way’s stellar thick disc is mostly composed of accreted,
rather than heated stars. We model the Dark Disc as a component of DM additional
to the SHM, lagging the rotation of the Sun by 40 km/s in the tangential direction,
compared to the SHM which lags by 220 km/s. It is also assumed to have a Maxwellian
velocity distribution, with a dispersion of & = (63,39, 39) km/s, and a density in the
range 0.5 < % < 2. We employ these parameter ranges in our study of iDM signals
from the Dark Disc.

Due to the smaller relative velocity of the Dark Disc with the Earth, when com-
pared with the SHM, one would expect Dark Disc event rates to be low for high §
as the Dark Disc particles may not have high enough velocity to cross the minimum

velocity threshold.

2.3 Experimental information
We now turn to a detailed discussion of the individual direct detection experiments.

2.3.1 DAMA/LIBRA

As the Earth revolves around the Sun, there should be a larger flux of DM in the
forward direction incident on the detector around the 2nd June, when the relative

velocity of the Earth is at a maximum with respect to the galaxy. Conversely, the
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flux incident on the detector should be smallest around the 2nd December when the
relative velocity of the Earth is at a minimum with respect to the galaxy. It is the
annual modulation in the recoil event rate caused by this velocity modulation that
the DAMA collaboration claim to have measured.

The first results from the DAMA /LIBRA set-up, with an exposure of 0.53 ton-yr,
have recently been published [76]. These have been combined with the data collected
by the DAMA /Nal set-up to give an impressive 0.82 ton-yr total exposure, yielding
a modulation signal at 8.2 ¢ C.L.

For a DM mass M, > 10 GeV, this signal appears to be in conflict with other ex-
periments under the assumptions of spin independent, elastic DM-nucleon scattering,
with the DM phase space distribution described by the SHM. This has prompted a
number of alternative explanations: light DM [132, 133, 134 135} 136}, 137, 138, 139],
spin dependent interactions [140], mirror dark matter [141} 142] and iDM [122].

2.3.1.1 Quenching and channeling

DAMA use highly radio-pure Nal(Tl) scintillators as their target material. The light
yield of scintillators depends on whether the recoiling nucleus interacts electromag-
netically or via the strong nuclear interaction, since only electromagnetic interactions
will produce photons. As a result, the measured energy, F\, is different from the
recoiling energy of the nucleus. This difference is expressed by the quenching factor
q defined by Fy\ = qEr. We will follow the convention of measuring Er in keV, and
E\ in keVee (keV electron equivalent). The DAMA collaboration have measured the
quenching factor for iodine and sodium for their Nal(Tl) crystals. They obtained the
values gna = 0.3 and ¢; = 0.09 [143] with an error of 0.01 on the value of qIE] Fol-
lowing the analysis of Ref.[I23], in our calculations, we use gn, = 0.3 and ¢; = 0.085,
however in Section we investigate what effect varying ¢; within the experimental
limits has on our results.

If the nucleus recoils along certain directions in a crystalline structure, and if the
recoiling energy is low, no nuclear interactions occur, so the quenching factor, ¢, equals

one. This effect is known as channeling [144]. Since Nal(T1) is a crystalline material,

4The error on ¢p is from http://people.roma2.infn.it/~dama/web/nai_que.html.
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we need to include this effect in our calculations. We use the parameterisation given
in [130] for the fraction f of channeled events relevant for DAMA[]

o—Fr/18 o—Fr/40

Jxa(Er) 1+ 0.75ER Hi(Er) 1+ 0.65ER

(2.8)

2.3.1.2 Calculating best fit regions

DAMA have released their binned data from the combined DAMA/LIBRA and
DAMA /Nal data sets covering the range 2-20 keVee. A clear modulation signal is
present below about 8 keVee, while the modulation is consistent with zero at higher
energies [76]. The rate in the lowest energy bin, covering the range 2-2.5 keVee, is
smaller than in the next bin, covering the range 2.5-3 keVee, suggesting that the rate
is falling to zero at low energies. While care should always be taken when examining
the data at the edges of the experimental sensitivity, it should be noted that both of
these features are found naturally with inelastic scattering.

We use a x? goodness of fit test to analyse the DAMA results. We construct a
x? function using the twelve 0.5 keVee width bins between 2.0 - 8.0 keVee and their
relative uncertainties. We do not fit to the higher energy bins because, as mentioned
above, the inelastic spectrum falls off at high energies.

In our 2D plots, we find the best fit point by minimising the y? function for the
two unconstrained parameters, either o, and M,, or o, and . For a goodness of
fit, we require that the best fit point have y2. < 10, given that we have 12 bins
and 2 free parameters. Allowed regions at a given confidence limit are obtained by
looking for contours % = x2. + Ax?, where Ax? = 4.61 or 10.60 for 90% and 99.5%
confidence limits respectively.

DAMA have also released the unmodulated rate for a single-hit scintillation as
measured by DAMA /LIBRA. Dark matter is expected to scatter no more than once,
so we are using the rest of the detector as a veto. No other background subtraction
is applied. We can use this data to set a limit by requiring that the calculated
unmodulated rate not be larger than the measured rate across the energy range
shown in Fig. 1 of [76].

It should be noted that we have not included the effect of the finite energy res-
olution of the detector in our calculations. We are fitting to the modulated rate
from the combined data sets of DAMA/LIBRA and DAMA /Nal, however the energy
resolution for DAMA /LIBRA and DAMA /Nal are known to be different [146, [147].

5More recently, it has been shown that the expected fraction of channeled events is much smaller
than the estimate used here [145]. However, channeling has almost no effect on any of our results.
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2.3.2 Null experiments

In this section, we discuss the data used in calculating the regions excluded at 90%
confidence level by other direct detection experiments. We adopt a conservative ap-
proach and include events that the experiments ascribe to background processes when
setting limits. We will find that the most constraining experiment is CRESST-II. Un-
less otherwise stated, we use the ‘pyay method’ [148], to set our limits. This method
has the advantage of setting similarly strong limits as the ‘optimum interval method’,
but is easier to implement. A discussion of how exclusion limits are calculated can
be found in Appendix [B] Care should be taken when comparing exclusion curves at
90% confidence level and the region allowed by DAMA at 90% confidence limit, since
we are using different statistical methods in evaluating them. In calculating the total
event rate, we integrate the differential rate over the energy range of the experiment,
then find the average value over the running dates given by the collaboration, and
finally, we multiply by the exposure. As a final check of our methods, we have repro-
duced the published exclusion curves from CDMS II and XENON10 in the 6 = 0 keV

limit.
2.3.2.1 CDMS II

In setting the limits for CDMS II, we use the three runs from the Soudan Underground
Laboratory which were sensitive to nuclear recoil energies between 10-100 keV [149,
150% [79]. We only consider scattering from germanium as scattering off silicon is
highly suppressed. The published effective germanium exposures are weighted for a
DM mass of 60 GeV and averaged over recoil energies 10-100 keV, however these
numbers are expected to apply for iDM since their acceptance efficiency is fairly
constant over their energy range. The first run took place from 11th October 2003 to
11th January 2004, had an exposure of 19.4 kg-day and saw one event at 64 keV [149].
The second run was from 25th March 2004 to 8th August 2004, had an exposure of
34 kg-day and saw one event at 10.5 keV [150]. The latest five-tower run was between
October 2006 and July 2007, had an exposure of 121.3 kg-day and saw no events [79].

2.3.2.2 CRESST-II

For the CRESST-II limits, we use data collected by the Julia and Daisy detectors [151]
between 31st January 2004 - 23rd March 2004, and the Verena and Zora detectors
[83] between 27th March 2007 - 23rd July 2007. We only consider scattering off the

tungsten atoms in the CaWQy crystals, and include events on or beneath the curve
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where 90% of the tungsten recoils are expected. The Julia detector had a tungsten
exposure of 6.26 kg-day and we include the four observed events between 10 - 50 keV
and an unpublished event above 50 ke\/ﬂ The Daisy detector had a tungsten exposure
of 6.84 kg-day and we include the two events between 10-12 keV, the event which lies
on the curve where 90% of the tungsten recoils are expected, at approximately 22 keV,
the event at approximately 45 keV, and a second unpublished event above 50 keV®.
The Verena and Zora detectors had a combined tungsten exposure of 30.6 kg-day and
we use the seven published events between 10 - 100 keV. To take into account the
difference in energy regions, we do not integrate above the energy of the extra events
for the Daisy and Julia detectors.

Note that following [123] we have set limits by including the Daisy point which
lies on the tungsten curve at 22 keV in Fig. 9 of Ref.[I51]. If we redo the analysis by
ignoring this point and only including data which lie fully below the curve, we find
that CRESST-II just manages to exclude all of the DAMA/LIBRA 99.5% allowed
region. This point has such a large impact on the limits set using the ‘ppax method’
because it lies at the peak of the recoil energy spectrum, as can be seen in the left
panel of Fig. 2.1]

This shows us that with further data, the CRESST-II experiment has the ability
to completely exclude the DAMA /LIBRA region.

2.3.2.3 KIMS

From the null experiments we consider, KIMS [I52] is the only one where scattering
occurs off iodine, in the CsI(T1) crystals they employ. Two of the crystals collected
experimental data between June 2005 and March 2006, then another two crystals
were installed, running between December 2005 and March 2()06[| In setting limits,
we find the average rate and statistical error from the four crystals, and require the
calculated rate to be less than the measured rate plus 1.64 times the error in the first
five bins, corresponding to the energy range 3-8 keVee. For the quenching factor, we

use the parameterization

0.175eEr/137

. 2.9
14 0.00091 Er (2.9)

qosiemy (Er) =~

This function fits the curve shown in Fig. 13 of [I53] to a good accuracy.

6Data point provided by H. Kraus. We include it for completeness but it has little effect on our
exclusion limits as the expected rate is very small at this energy (see Fig. [2.1)).
"We thank H. S. Lee for providing us with the KIMS running times.
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2.3.2.4 XENON10

XENONI10 [154] is a liquid xenon based experiment which ran from 6th October 2006
until 14th February 2007 and had an effective exposure of 316.4 kg-day. In calculating
our limits, we include the 10 events used in their analysis in the range 4.5 - 26.9 keV,
as well as the 14 events in the range 26.9 - 45 keV. Below 26.9 keV, we use the
published acceptances and above 26.9 keV we use the known software cut efficiencies

and assume a constant nuclear recoil acceptance of 0.45 ]

2.3.2.5 ZEPLIN-II

We include only the limits from ZEPLIN-IT [I55] since ZEPLIN-I [156] is not com-
petitive with the other experiments we consider [123]. ZEPLIN-II is another xenon
based experiment with an effective exposure of 225 kg-day and was assumed to run
between May and July 2006/ In total, 29 events were observed in the range 5 -
20 keVee, which corresponds to a range of 13.9 - 55.6 keV if the published quenching
factor ¢ = 0.36 is used. In calculating our limits, we use the published efficiencies

and we take all observed events as signal.

2.3.2.6 ZEPLIN-III

We also include the first results from the ZEPLIN-IIT experiment [92], the successor
to ZEPLIN-II. ZEPLIN-III is also xenon based and improves on the limits set by
ZEPLIN-II as only 7 events were observed, in the range 10.7 - 30.2 keV. The effective
exposure was 126.7 kg-day, the data being collected between 27th February 2008 and
20th May 2008. Using Fig. 15 of [92], we extract an approximate quenching factor

parameterization:
Ixe(En) = (0.142Ey; + 0.005) exp[—0.305( )%, (2.10)

We extracted the energies of the 7 observed events from Fig. 12 of [92] and converted

to nuclear recoil energies using the above quenching factor.

2.4 Results and discussion

In this section we present our results for iDM in the context of the different halo

models.

8We thank K. Ni for providing us with this information.
9These dates are taken from http://pppa.group.shef.ac.uk/dm/zeplin2.php.
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Figure 2.2: Here we show the variation in the exclusion limits set by the experiments
as 0 is varied and M, is held constant. These limits are calculated using the SHM.
The preferred region of parameter space for the DAMA results is shown at 90% and
99.5%, and the DAMA best fit point is plotted with a dot. As one can see there is a
small region of agreement between all experiments for low masses and § ~ 130 keV.
At higher masses both CRESST-IT and CDMS II exclude the DAMA results and the
region of agreement with the other experiments is greatly reduced.
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Figure 2.3: Change in limits when the SHM is replaced by the VLyyg halo, cf, Fig.[2.2]
At low masses there is a smaller region of agreement between CRESST-II and DAMA,
with CRESST-II almost excluding DAMA at the 90% level over all masses. At high
masses, however, CRESST-II and CDMS II are significantly less constraining on the
DAMA region than for the SHM, this can be seen by comparing the bottom right
panels of both figures. One can also see that the typical cross sections are an order
of magnitude higher for the VL halo at low masses than for the SHM (note also
that the lower panels have a different scale for the cross section).

2.4.1 VL220 vs SHM

In Figs. and we present a comparison of the iDM limits on the DAMA /LIBRA
preferred region under the assumptions of the SHM and the VLggy halo, for a variety
of DM masses.

As one can see the allowed cross section limits are generally higher for the VLag
halo than the SHM. Also the CRESST-II results are slightly more constraining on
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Figure 2.4: The allowed parameter space for fixed 6 = 100 keV and varying M,. For
the SHM (left panel) and this value of 6, CDMS II excludes the DAMA region at
90%. For the VLggg halo (right panel) the tightest constraints are set by CRESST-II,
and there is agreement between DAMA and CDMS II up to high DM masses. Again
one can see that the typical allowed cross sections are an order of magnitude higher

for the VLo halo.

the DAMA /LIBRA preferred region at low mass when the VLyg halo is used. The
most interesting feature to note is that all of the experiments show less disagreement
with the DAMA /LIBRA region at high DM masses when the VLo halo is used.
This feature is most prominent for the CDMS II exclusion line, but is true for all
experiments to some degree.

This feature is made more explicit by observing how the limits change as a function
of M, for fixed §. In Fig. 2.4 we show the exclusion limits for 6 = 100 keV and
50 GeV < M, < 1000 GeV.

In this case all experiments are less constraining on DAMA/LIBRA at high mass,
however the CDMS II limits completely rule out the entire DAMA /LIBRA preferred
region under the assumptions of the SHM, yet for the VLgsy halo there is agreement
up to M, ~ O(TeV). This can be explained by a combined effect of iDM and the
VLyg velocity distribution, as noted in Section [2.2

Looking quantitatively at this effect we can take the example of germanium in
the CDMS II detector. As the inelasticity has pushed the minimum velocity up
significantly we need only consider the tangential velocity distributions (in the Earth’s
frame), as they are centred around v, ~ 220 km/s whereas the radial velocity
distribution is centred around vg, ~ 0 km/s. Therefore the high velocity components

scattering on the germanium will be from the tangential component of the halos.
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Figure 2.5: Left Panel: Tangential velocity distributions in the Earth rest frame. The

solid black and blue lines show the SHM and Dark Disc distributions and the dashed
and dot-dashed lines show the VLsyy and VL7 distributions respectively. The Dark
Disc distribution is peaked at 40 km/s. Right Panel: Detectable particle distributions
in a germanium detector as a function of tangential velocity. The detectable region
is shaded in grey. The left edge of the grey region corresponds to M, = 500 GeV.

The CDMS II detector is sensitive to the energy range 10 keV < Fr < 100 keV,
and if we consider 50 GeV < M, < 500 GeV, then for 6 = 100 keV the minimum
velocity lies in the range 550 km/s < vy, < 1006 km/s. As the escape velocity is
taken as vese = 550 km/s in the halo rest frame, then the highest velocity particles
observed in the Earth’s frame have vy ~ 770 km/s. Therefore the observable par-
ticles will have velocities 550 km/s < vops < 770 km/s. In Fig. [2.5[ we plot the two
different tangential velocity distributions and the region over which vy, varies as M,
is increased.

As one can see the detectable particle number in the SHM distribution grows
significantly as M, is increased and vy, decreases, leading to stronger limits on the
cross section from the CDMS II results. However, for the VLggg distribution this
growth in the number of detectable particles is not nearly as pronounced, due to
the reduced width of the distribution, and this leads to much slower variation in
CDMS II exclusion limits as M, is varied, and overall to much weaker limits than
from the SHM. As stated above this effect is due to the combination of iDM, which
increases the minimum velocity relative to elastic scattering, and the VLo velocity

distribution, which is much smaller than the SHM at high velocities.

44



VL270, MX =80 GeV “ VL270, MX =200 GeV
107 T T T T T T

10738

107} 107}

o, [em?]
o, [em?]

1074k 10740

r ,I' ’ 4
10°41Le2” / L n s n N n n 1041 L+ ’/‘ f n s s N s L
60 70 80 90 100 110 120 130 140 150 60 70 80 90 100 110 120 130 140 150
0 [keV] 0 [keV]

Figure 2.6: Exclusion limits for VLsy7o. These results are similar to those presented
in Fig. We see that there are still allowed regions of the DAMA parameter space

at the 90% confidence level for DM masses lower than 200 GeV and § ~ 130 keV,
however these typically occur at larger cross sections than in Fig. 2.2]

2.4.2 VL270 vs SHM

In Figs. and [2.7, we present the exclusion limits for VLaz. Comparing Fig. [2.6
with Figs. [2.2]and 2.3, and Fig. 2.7 with Fig.[2.4] we see that although the exclusion
limits from VLa7 typically occur at a larger cross section than the SHM, the DAMA
allowed region is much closer to that from the SHM than VLgg.

With reference to Fig. [2.5, we see that the departure from the SHM velocity
distribution is greater for the VLggy distribution compared to the VLg7g distribution,
particularly in the high velocity region. However, the tail of the distribution is still
much less populated in VLggg and VLs7g compared to the SHM, which explains why
the exclusion limits for VLgg and VLoyg typically occur at larger cross sections than
for the SHM. The increased population in the VLy7g tail, relative to the VLggg tail,
and the small change in particle numbers over the region of v, of interest leads to
stronger exclusion limits at high DM masses compared to VLsoy. This shows that
even a small change in the dispersion can lead to relatively large changes in allowed

parameter space.

2.4.3 The Dark Disc and iDM

In Fig. [2.8 we plot the exclusion limits as a function of § for the SHM and SHM +
Dark Disc. As a fiducial choice we have taken R = ;’;’ﬁ =1.
One can immediately see that the Dark Disc only influences the limits at very low

0. Increasing the density of the Dark Disc will change the limits at low § but not
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Figure 2.7: The allowed parameter space for fixed 6 = 100 keV and § = 135 keV while
varying M,. Comparing with Fig. [2.4) we see that these results are similar to those
obtained for the SHM, the difference being that the exclusion curves are typically
at larger cross sections. While all of the DAMA parameter space is excluded at

9 = 100 keV (the right panel), there is clearly some allowed parameter space at
9 = 135 keV (the left panel) for DM masses less than 200 GeV.

the value of § at which the disc is detectable. The fact that the Dark Disc is not
detectable at high § is due to the increased minimum velocity required for scattering.
As the disc lags the motion of the Sun by 40 km/s, and has velocity dispersion of
39 km/s in the tangential direction, 99% of disc particles will only have a relative
velocity up to vpp ~ 135 km/s. If the minimum velocity for scattering is above this
the Dark Disc will have little effect on event rates. This effect is demonstrated in
Fig. 2.9

One can see that for heavier DM masses the effect of the Dark Disc would increase,
but would still only be found for § < 20 keV. These results would suggest that
possible sub-halo components which are rotating roughly in the same way as the
visible galactic plane would have little or no effect on inelastic scattering event rates,
whereas the effect on elastic scattering rates should be pronounced. This effect could

have interesting consequences for clumpy dark matter.

2.4.4 Discussion

Variations in the regions of parameter space consistent with all experiments in
Figs. 2.2 and show that precise statements about the consistency of
DAMA /LIBRA with other direct detection experiments depend sensitively on the

precise details of the velocity distribution of the DM in our galaxy. Since the solar
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Figure 2.8: Exclusion limits for the SHM (left panel) and the SHM + Dark Disc (right
panel) for a DM mass of 90 GeV. The only major differences occur at relatively low
0 where one can see the region corresponding to DAMA channeled events is deformed
when the Dark Disc is included. However, this region of parameter space is completely
excluded by the other experiments.

neighbourhood is baryon dominated we would expect the DM velocity distribution
to be influenced by the effect of baryons. Although the Dark Disc simulation is
an important first step in this direction, since it looks at one possible effect of the
baryons, in this case the velocity distribution of the halo is taken to be the SHM with
an added Maxwellian component, as opposed to a velocity distribution resulting from
a cosmological simulation with baryons and dark matter included from the outset.
As this added Dark Disc component contributes negligibly to iDM scattering in the
region of parameter space of interest, the limits set for iDM are identical for the
SHM and SHM + Dark Disc scenarios. Therefore this uncertainty will remain until
such a time when the velocity distribution resulting from a cosmological simulation
with baryons included is obtained. Also, we emphasise again that any velocity
distribution obtained from a simulation will have an inherent uncertainty since it is
a Milky-Way-like galaxy, and not the Milky Way itself.

In light of recent results from the indirect detection experiments PAMELA [157]
and ATIC [I5§], it is interesting to note that with the VL220 velocity distribution,
the DAMA region is consistent with DM masses M, ~ 1 TeV, as shown in Figs. [2.3
and . In the context of the SHM, regions of agreement between DAMA /LIBRA
and other experiments only exist at DM masses too small to allow a DM annihi-
lation interpretation of the ATIC results. For the VL220 distribution this may be
possible and models attempting to explain the DAMA /LIBRA, PAMELA and ATIC

anomalies may be consistent with experiment.
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Figure 2.9: The minimum velocity for scattering at CRESST-II (dashed) and DAMA
(solid). The velocities are calculated using Eq. and taking the experimental
energy threshold. The DAMA line corresponds to channeled scattering and the grey
line is roughly the maximum velocity at which the Dark Disk particles would be
found. For 6 > 15 keV very few particles in the Dark Disc will scatter.

As our analysis has been purely phenomenological, keeping M,, o, and ¢ as free
parameters, comparison with specific models of iDM is possible, however a detailed

analysis of any specific model is beyond the scope of this work.

2.4.5 lodine quenching factor

The iodine quenching factor is ¢ = 0.09 £ 0.01]"™] As changing the value of the
quenching factor will stretch the recoil spectrum as a function of recoil energy it is
interesting to see what effect varying the quenching factor has on the DAMA/LIBRA
preferred region of parameter space, and whether this strongly influences the agree-
ment with other experiments. The effect of this variation is illustrated in Fig. 2.10]

As one can see, the overall effect can be significant, and the DAMA /LIBRA
preferred region can shift by a relatively large amount. For the lower quenching factor
there is a region of agreement between all experiments at the 90% confidence level,
whereas for the higher quenching factor there is disagreement between DAMA /LIBRA
and the CRESST-II and CDMS II experiments at almost a 99.5% level for the SHM.

As this effect is so pronounced it would be interesting if the DAMA collaboration
are able to put tighter bounds on the quenching factors in their experiment. For
elastic scattering the uncertainty is not so significant as it is the channeled event
regions where g = 1 that show best agreement with the other experiments. However,

as inelastic scattering finds greatest agreement for the region of parameter space

10This value and error are quoted onhttp://people.roma2.infn.it/~dama/web/nai_que.html.
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Figure 2.10: The exclusion limits with an iodine quenching factor of ¢ = 0.08 (left
panel) and ¢; = 0.1 (right panel), for a DM mass of 150 GeV and using the SHM.
One can see that the preferred region of parameter space for the DAMA results can
move by A(5) ~ 30 keV and A(c,) ~ 5 x 1074 ¢cm?, leading to agreement with or
exclusion by the other experiments.

corresponding to quenched events, the value of the quenching factor is of much greater

importance.

2.4.6 Circular velocity

In [29] the Sun’s circular velocity about the centre of the Milky Way is given as
Veire = 220 £ 20 km/s. In the iDM scenario, the majority of observed events are
expected to be from scattering off DM at the high end of the tangential velocity
distribution, so it is expected that varying the circular velocity will have an effect on
the exclusion limits set by detectors. In Fig. [2.11] we plot the exclusion curves for
DM of mass M, = 125 GeV for ve,e = 200,240 km/s.

As expected this variation does affect the exclusion limits, however there is little
overall change in the qualitative features. Unlike with the Dark Disc this variation
occurs over all ranges of 9. Due to the enhancement of the signal, through increasing
the number of particles with v > v,;,, increasing the circular velocity of the Sun

generally leads to marginally stronger upper limits on cross sections for iDM.

2.4.7 Local galactic escape velocity

The RAVE survey have measured the escape velocity to lie within the range
498 < Vese < 608 km/s at 90% confidence [129]. In this chapter, we have taken the

fiducial value vese = 550 km/s, however the experiments are only sensitive to the
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Figure 2.11: The exclusion limits for a local circular velocity of veye = 200 km/s (left
panel) and vepe = 220 km/s (right panel), for DM of mass 125 GeV and using the
SHM. One can see that the limits change a small amount and that the overall agree-
ment with the DAMA results is slightly better for a lower circular velocity. However,
the overall qualitative effect of changing the circular velocity is relatively small.

tails of the velocity distribution, which depend on the escape velocity. In Fig. [2.12
we illustrate what the effect of varying the escape velocity within the range allowed
by the RAVE survey has on the experimental limits.

The limit which shows the largest change is from CDMS II, although all experi-
mental limits show some variation, particularly at lower masses. This effect can be
understood with reference to Fig.[2.5] At lower masses, the minimum velocity is closer
to the escape velocity, therefore for lower escape velocities, the range of integration is
smaller, hence the limits are weaker. At higher masses, the relative change in varying
the escape velocity is lower because the range of integration is larger, so the difference

for all experiments is smaller.

2.5 Conclusions

We have shown, in the context of iDM, that the region of agreement between the
DAMA data and results from other experiments is sensitive to the uncertainties
present in the galactic DM velocity distribution. In particular we have found that
the other direct detection experiments, including the most recent ZEPLIN-II and III,
CRESST-II, XENON10, KIMS, and CDMS-II data sets, do not exclude the region of
parameter space preferred by the DAMA results up to DM masses M, ~ 1 TeV when
the VLag velocity distribution is used (see Figs. and , while for the VLaqg
velocity distribution, DM masses M, < 200 GeV are allowed (see Figs. and .
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Figure 2.12: Exclusion limits for the SHM for ve. = 500 km/s (left panel) and
Vese = 600 km/s (right panel). There is better agreement between experiments for
lower escape velocity and the limits from CDMS II show the most sensitivity to vesc.

Furthermore, we have also argued that the region of agreement between experiments
is very sensitive to the quenching factor used to interpret the DAMA data (see Fig.
, and also to the local galactic escape velocity (see Fig. , both of which
presently have ~10% uncertainties, and somewhat to the Sun’s circular velocity (see
Fig. [2.11]).

Independent of experimental set-ups we have also shown that, in the iDM scenario,
detectors would be insensitive to DM traveling with a small velocity relative to the
Sun due to the increased minimum velocity for scattering. This would lead to dark
matter clumps or streams being undetectable if rotating in the galactic plane, as in
the Dark Disc halo model, or streaming with a small relative velocity (see Fig. [2.8]).

New data from heavy element experiments such as CRESST-II and XENON100
could have the potential to completely exclude the DAMA preferred region for iDM,
especially if taken during the modulation maximum. In particular, if the planned
EURECA experiment were to use a tungsten detector it would provide significant
limits on both the elastic and iDM scattering cross sections. Furthermore because of
the low energy cut-off in the recoil energy spectrum for iDM, it is important that the
experiments increase their sensitivity at higher recoil energies, where the iDM recoil
spectrum peaks.

Without a better understanding of the details of the velocity distribution in our
galaxy, including the effects of the baryons, precise statements about the consistency

of various direct detection experiments are not possible.
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Chapter 3

The Astrophysical Uncertainties Of
Dark Matter Direct Detection
Experiments

As well as depending on particle physics models, the recoil spectrum and scattering
rate at dark matter (DM) direct detection experiments depend on the astrophysical
parameters and the form of the local velocity distribution the particle DM in the galac-
tic halo takes. Unfortunately, these parameters still suffer from large uncertainties,
while high resolution numerical N-body simulations have shown that the velocity dis-
tribution deviates significantly from the default choice, namely, a Maxwell-Boltzmann
distribution.

Given this, in this chapter we investigate the effect of astrophysical uncertainties
on three scenarios: elastic spin independent scattering; and, as proxies for the many
varied models, inelastic and momentum dependent (aka form factor) spin independent
scattering. In Fig. we have plotted the differential scattering rate at a germanium
detector to illustrate the differences between the three scenarios. We vary the galactic
escape velocity, the Sun’s velocity relative to the galactic centre, and the local DM
density within their experimental errors. We then compare the exclusion limits for
these scenarios assuming a Maxwell-Boltzmann velocity distribution with those ex-
tracted from two of the highest resolution DM N-body simulations, Via Lactea II and
GHALOQO. We particularly focus on four experiments with different target nuclei which
span a large range of atomic number A to compare the relative change at different
experiments: CDMS II-Si; CDMS II-Ge; XENON10; and CRESST-II, with silicon
(A = 28), germanium (A = 72), xenon (A = 131) and tungsten (A = 184) target

nuclei respectively.[] In Appendix [C| we summarise the relevant experimental details.

1Since we are seeking to understand the effects of the astrophysical uncertainties, we do not
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Figure 3.1: The differential scattering rate at a germanium detector for
M, =100 GeV for elastic, inelastic and momentum dependent (MD) spin-
independent scattering. The normalisation of each curve is different.

In particular, we call attention to the reanalysed early CDMS II runs and discuss

uncertainties affecting the XENON10 exclusion limits at low masses.

3.1 Review of standard formalism

The differential scattering rate at direct detection experiments is given by Eq. ﬂ
In this chapter we only consider spin independent scattering so the differential cross
section do/dER is given by Eq. . For simplicity, we assume f,,/f, = 1 through-
out this chapter, but one should bear in mind that in specific particle physics models,
this may not be the case. Fortunately the rescaling of the cross section for different
values of f,, and f,, is trivial. For tungsten and xenon we use the Fermi Two-Parameter
form factor while for germanium and silicon, we use the Helm form factor.

For dark matter that scatters elastically, the minimum speed vy, that the incident
DM particle must have in order that a nucleus recoils with energy ER is given by
Eq. . We also consider inelastic dark matter, which alters this formula to
Eq. . As we saw in the previous chapter, inelastic scattering of the DM to a
state ~ 100 keV heavier [122] changes the phenomenology in three principal ways:
it leads to a suppression of scattering rates at low mass target nuclei experiments;
the ratio of the modulated to unmodulated scattering rate increases; and the recoil
spectrum at low recoil energies is kinematical suppressed. Although often invoked as

a way of reconciling the modulation signal seen by DAMA with the null results at

specifically address whether astrophysical uncertainties can improve the fit between the CoGeNT
and DAMA signals. For analyses in this direction, see [159, [160].
2In this chapter the mass of the DM and nucleus is denoted by M, and My respectively.
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other experiments [126], 123, [1, O], T61], the latest results from XENON100 [90] and
CRESST-II [121] rule out this interpretation. However, having this splitting is natural
in many models [162] [163] 164, 127, 128, 165 Bl 166, 167, 168] and leads to much
other interesting phenomenology, for example through capture in astrophysical bodies
[169, 170, 171, 172, 173]. Therefore, we emphasise that even if inelastic scattering
can not reconcile the DAMA result with other experiments, it remains an interesting
and viable possibility worth exploring.

In momentum dependent scattering [I74] [I75], the differential cross section is
suppressed by additional powers of ¢> = 2MyEgR. This leads to a suppression of
the exclusion limits from experiments which rely on having a sensitivity at low recoil
energies, in our case XENON10 and CDMS II-Si. This dependence can arise for
example, from the Lagrangian £ = ia,xy°xgq. This could result from integrating
out a pseudoscalar so matching to a point like nucleus closely follows the case of
the scalar interaction discussed in Section [L4.1.3l The matrix element is this case
is M = iaNﬂX’y%X unuy. Taking the non-relativistic limit, we find as before that
uyuy = 2My. However, at this order aX'y%X = 0. Therefore, we need to account for

higher order terms in the non-relativistic expansion of u,. Doing so, we find

(1-H5)¢ _ ot
Uy = /M, ) QI%X = ux'y5ux =q-&a¢ (3.1)
(1+557)¢
where ¢? = |7]? is the momentum transfer. As a result, the square of the amplitude
is
1 2 2 O
T > IM|? = 2a} MR M R (3.2)
X

spins
We can see that this is suppressed by an extra factor of ¢> compared with the cases
we have previously considered. Therefore, if those operators that have previously
been considered in Chapter [1] are not present and £ = ia,\7°xqq is the leading order
interaction, the DM will scatter with an interaction that is momentum dependent.
Following [I75], in this chapter we parameterise the momentum dependence by re-
placing the differential cross section (Eq. (L.36)) with

do ¢ do

4 7 3.3
dER - qfef dER ’ ( )

where ¢ = 100 MeV is the typical scale of the momentum transfer at direct detection

experiments.
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3.1.1 Astrophysical formalism

The simplest model of the DM distribution is the Standard Halo Model (SHM),
described in detail in Section [1.2] This assumes an isotropic, isothermal sphere for
the DM distribution and leads to a Maxwell-Boltzmann velocity distribution in the
galactic frame. Throughout this chapter, we use the distribution given in Eq. (1.11)),
with 6 = 1 to smoothly truncate the distribution at wve.. High resolution N-body
simulations of the galactic DM structure have shown that the DM velocity distribution
departs from the SHM [176], 38, [36], and the effects can be large, especially in scenarios
such as inelastic DM where only the high velocity tail of the velocity distribution is
sampled [177, 178, 104} 179, 134, 180, 130, [I, [37]. Therefore in Section 3.3 we explore
how the exclusion limits vary when we use data from the Via Lactea II [30] and
GHALO [31] simulations, two of the highest resolution simulations of galactic DM

structure.

3.2 Astrophysical Uncertainties

The quantities entering into this calculation from astrophysics are: p,, the local
DM density, with canonical value p, = 0.3 GeV/cm?; the Sun’s circular velocity
with respect to the galactic rest frame with fiducial value vy, = (0,220,0) km/s; the
Sun’s peculiar velocity relative to the Sun’s circular velocity, which is usually given
by U = (10.0,5.25,7.17) km/s [I81]; and the escape velocity ves, which is often
chosen in the range from 500 km/s to 650 km/s. In this section we will discuss recent
determinations of these parameters and investigate the changes in the exclusion limits
when we vary them within their allowed ranges, for elastic, momentum dependent and
inelastic scattering DM with § = 130 keV.

3.2.1 The galactic escape velocity

The RAVE survey [129] has determined a 90% confidence interval for the galactic
escape velocity of 498 km /s < ves. < 608 km/s with a median likelihood of 544 km//s.
In Fig. [3.2] we plot the exclusion limits for CDMS II-Si in brown, CDMS II-Ge in blue,
CRESST-II in green and XENON10 in red for elastically scattering (left and right up-
per panels), momentum dependent (lower left panel) and inelastically scattering DM
with a mass splitting § = 130 keV (lower right panel) for three values of ves; 498 km /s
(dotted); 544 km/s (solid); and 608 km/s (dashed) while keeping p, = 0.3 GeV/cm?
and vy = 220 km/s fixed. For clarity, we have only shown the limits for CDMS II-Si
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Figure 3.2: Varying ves. within the 90% confidence limit found by the RAVE survey:
Vese = 498 km/s (dotted), 544 km/s (solid) and 608 km/s (dashed). Varying ves. has
a negligible effect on the limits for momentum dependent and elastically scattering
DM except at low masses, where the limits are shifted horizontally by ~ 0.5 GeV.
For inelastically scattering DM, the effect is much larger, especially for CDMS II-Ge.
The two principal features to note are a shift left (right) and down (up) when v is
increased (decreased).

and XENON10 at low masses (upper left panel), since the CDMS II-Ge limits behave
similarly to those from XENONI10 in this mass range. CDMS II-Si is not able to set

any limits for inelastic DM with § = 130 keV since its low mass means the minimum

speed required to scatter off a nucleus is higher than the galactic escape velocity.

The limits for momentum dependent and elastically scattering DM are very in-
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Figure 3.3: The fractional change in o, relative to value at ve. = 544 km/s for
Vese = 498 km/s (dotted) and vese = 608 km/s (dashed) for inelastically scattering
DM with § = 130 keV. The blue, red and green lines show the change for CDMS
[I-Ge, XENON10 and CRESST-II respectively.

sensitive to ves for all experiments and it is only for masses M, < 10 GeV that the
three lines can be separately resolved. In comparison, inelastically scattering DM is
much more sensitive, with two principal features to note: the curves shift left (right)
and down (up) when v is increased (decreased).

In Fig. the fractional change in o, relative to the value at ves. = 544 km/s
is plotted as a function of mass for the inelastically scattering case. The dotted and
dashed lines show the ratio for ves. = 498 km/s and 608 km/s respectively. We see
that the XENON10 and CRESST-II limits change in a similar way, varying by < 20%
at high masses, and remaining fairly constant until ~ 100 GeV, when a very rapid
increase occurs. In comparison, decreasing the escape speed dramatically weakens
the CDMS II-Ge limits, by 80% at high masses (M, ~ 1000 GeV) and larger at
lower masses. Increasing ves. has a less dramatic effect with a change of ~ 40% for
CDMS II-Ge until ~ 150 GeV when a rapid increase happens. These effects are
simple to understand qualitatively and quantitively.

We will first explain why the curves move vertically in Fig. 3.2l If there is a
lower escape velocity, there will be fewer particles in the halo capable of scattering,
therefore a larger o, is required to produce the same number of events at a given
experiment. Since the Maxwell-Boltzmann distribution is exponentially suppressed
at high velocities, decreasing ve. will have a very small effect in the number of particles
able to scatter, unless v, is close to ves, in which case the fractional change can
be substantial. For elastic and momentum dependent scattering DM, this occurs
at M, < 10 GeV, and is true for all masses when ¢ = 130 keV. CDMS II-Ge is
particularly affected relative to XENON10 and CRESST-II because its germanium
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target is much lighter than xenon and tungsten, so vy, is higher, and much closer to
Vese. Similarly if veg. is raised, there are extra particles in the halo which can scatter,
so a lower o, will produce the same number of events in an experiment. Due to the
exponential suppression of the Maxwell-Boltzmann distribution, increasing vs. has a
smaller affect than decreasing it by a similar amount.

Unfortunately, the intricacies of the ‘ppax’ method [148] for setting exclusion limits
prevents very accurate estimates. However, we can give a quantitive estimate which
should serve as a useful guide to the size of shift expected when v is varied. Since
the combination 0,,g(vmi) enters dR/dEg (from Egs. and ), the vertical
shift is given by

Agt = 900 = n5) _ 9(0nin)5) = 9(min)ii (3.4)

Un(j) g(”min)(i)

where an analytic expression for g(vm,) is given by Eq. .

For example, for CRESST-II with vy, from Eq. , M, = 500 GeV,
5 =130 keV, and Fr = 25 keV [ we find Aci}} v/ = 0.13 and Aglyy /2 = —0.08,
in good agreement with the values 0.15 and —0.08 presented in Fig. [3.3l In
comparison for CDMS II-Ge, with M, = 500 GeV, § = 130 keV and Fr = 80 keV ?,
we find Aaéﬁi 11:2;2 = 0.75 and Aagﬁ 11:2;: = —0.29. This compares to the values of
1.1 and —0.39 shown in Fig. [3.3, a difference of around 40%.

To understand the horizontal shift, we will consider the energy of the recoiling
nucleus, which is ultimately what experiments measure. In the Earth frame, the

nuclear recoil energy is given by

2p%v% cos® O

Ern = 3.5
R MN ) ( )

where v, is the DM speed in the Earth’s frame and 0 is the nuclear recoil angle. If
the recoil energy is the same, we expect a similar signal at an experiment. Increasing
Vese Will increase the average speed of DM particles in the halo, but this increase will
only be perceptible if v, is close to ve, as for inelastic and light DM. When the
average speed increases, the average kinetic energy will be the same for a lighter DM
particle, and since we expect the nuclear recoil energy to depend on a simple way on

the dark matter’s initial kinetic energy, the exclusion curves shift to the leftﬁ

3The peak energy of the recoil spectrum dR/dEg [123]
1A similar argument is presented in [182] [183]
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Quantitively, the mass shift is found from differentiating Eq. (3.5)), leading to

AM, M,  Av

=—(1+-2)—= 3.6
MX ( + MN ) UX ? ( )
where AM, = M, — M,,, and Av, = v,5—v,; corresponds to the shift in the average

speed of the DM responsible for measurable events.

For CDMS II-Ge with § = 130 keV, M, = 90 GeV, the only particles which can
scatter have a speed vy, ~ Uese + v = 800 km/s. Changing ves from 544 km/s by
+64 km/s leads to Av, = £64 km/s, which from Eq. gives AM, ~ F17 GeV,
in reasonable agreement with what we find in Fig. For the elastic case Av, ~ 0
because the average speed doesn’t depend sensitively on the escape speed, unless
Umin ~ Vese + Ve Which occurs at M, ~ 10 GeV. For XENONI10 at M, = 7 GeV,
d =0 keV, v, = 800 km/s and Av, = 64 km/s, this leads to AM, ~ F0.6 GeV,
again in reasonable agreement with Fig.

3.2.2 The Sun’s peculiar velocity

The peculiar velocity v = (U,V,W)g is often assumed to be well known:
Ug = (10.0,5.25,7.17) km/s with small errors ~ 0.5 km/s [I81]. However three
recent papers have suggested that Vg may have been underestimated by ~ 7 km/s
[184] 185] [186]. Ref.[I86] found that the classical determination in [I8I] underesti-
mated Vg by ignoring the metallicity gradient in the Milky Way disc. Furthermore
when Ty is increased, [184] and [I85] found better fits to the observations of masers in
high mass star forming regions and the Milky Way distribution functions respectively.
Therefore unless otherwise stated, in the remainder of this chapter we will use this
newly determined value for the Sun’s peculiar velocity: Ug = (11.1,12.24,7.25) km/s
with uncertainties ~ (1,2,0.5) km/s.

3.2.3 The Sun’s circular velocity

The Sun’s circular velocity can be determined in a number of ways, which give slightly
different values from the fiducial value of vy = 220 km/s. The ratio of the total
velocity of the Sun about the galactic centre to the distance of the Sun from the
galactic centre has been determined from the apparent proper motion of Sgr A*
to be vy /Ry = (vo + Vig)/Ro = 30.2 + 0.2 km s~ 'kpce™! [I87]. Unfortunately R,
is still poorly determined with the most recent studies of stellar orbits obtaining
Ry = 8.4+ 0.4 kpc [188] and Ry = 8.33 4+ 0.35 kpc [189]. Combining these results,
and using the new value of Vg = 12.24 km/s, we find vy = 242 £+ 12 km/s and
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Figure 3.4: The exclusion limits for vy = 195 km/s (dotted), vy = 220 km/s (solid)
and vy = 255 km/s (dashed). Varying v, leads to a larger vertical shift in the exclusion
limits compared to varying vegs. for all panels (cf. Fig. . The horizontal shift for all
experiments at masses ~ 10 GeV for elastic and momentum dependent scattering is
~ 1—2 GeV, larger than when veg is varied (cf. Fig. . In contrast, when varying
vp in the inelastic case, the horizontal shift is smaller compared to varying veg..

vo = 239 4+ 11 km/s respectively. This is in comparison to the analysis of the GD-1
stellar stream which found vy = 221+ 18 km/s [190], and the best fit to masers in the
high mass forming regions which found the range vy = 225 + 29 km/s [I84]. Wary of
the possibility of unknown systematic errors affecting one of these measurements of

Vg, wWe take a conservative approach by giving the same weight to each and hence, in
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Figure 3.5: The fractional change in o, relative to value at vy = 220 km/s for

vo = 195 km/s (dotted) and vy = 255 km/s (dashed) for elastically (left panel), mo-
mentum dependent (middle panel) and inelastically scattering DM with § = 130 keV
(right panel). The blue, brown, red and green lines show the change for CDMS II-
Ge, CDMS I1I-Si, XENON10 and CRESST-II respectively. For clarity we only show
the change for CDMS II-Ge and XENON10 in the left panel and CDMS II-Ge and
CDMS II-Si in the middle panel.

Fig. we investigate how the exclusion limits change for three values of vy; 195 km/s
(dotted); 220 km/s (solid); and 255 km/s (dashed), while keeping p, = 0.3 GeV /cm?
and vese = 544 km/s fixed. Again the left and right upper panels shows elastically
scattering DM while the lower left and right panels show momentum dependent and
inelastically scattering DM for § = 130 keV. We see that varying vy has more of an
effect on o, than changing ve. for all cases (cf. Fig. , and that once again there
are two principal features to note: increasing (decreasing) vy causes the exclusion
curves to shift down (up) and left (right).

Changing vy has two effects: vy is needed to boost from the galactic frame to the
Earth frame (Eq. (L.27)), so increasing vy means there are more particles at speeds
above v, available to scatter in the Earth’s frame; and in the SHM, v, determines
the DM dispersion velocity (oqis = \/gvo), so increasing vy also increases the range
of the speed of particles in the halo, with more at higher and lower speeds. Therefore
if Upin 1S close to ves, as for inelastic DM and light DM, changing vy has a similar
effect to changing v since it also increases or decreases the number of particles
which can scatter. However since we are not just changing the tail of an exponential
distribution, but rather its overall shape and position, the effect of changing v, is
larger than varying ves. This is demonstrated in the right panel of Fig. [3.5] where
we have plotted the fractional change in o, relative to the value at vy = 220 km/s
for v9 = 195 km/s (dotted) and vy = 255 km/s (dashed) assuming § = 130 keV.
Comparing this to Fig. [3.3, we see that it has the same features, but the effects are
exaggerated.

The left and middle panels of Fig. show the fractional change in o, relative to
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the value at vy = 220 km/s for vy = 195 km/s (dotted) and vy = 255 km/s (dashed),
assuming elastic and momentum dependent scattering. For clarity, in the left panel
we have only plotted the fractional change for CDMS II-Ge (blue) and XENON10
(red) since the fractional changes for CRESST-II and CDMS II-Si are similar to those
of XENONT10. In the middle panel, we have only plotted the change for CDMS II-Ge
and CDMS II-Si. In the top panel, for masses > 75 GeV, the fractional change in o,
when increasing or decreasing vg remains at ~ 10% for all experiments. However, for
lower masses, the fractional change at all experiments increases dramatically, reaching
~ 100% at 10 GeV. This sudden increase is caused by the horizontal shift in the
exclusion limits which occurs for the same reasons as outlined in Section [3.2.1l In the
middle panel, the CDMS II-Ge curves are similar to those in the left panel (although
not shown, XENON10 and CRESST-II are also similar), but those for CDMS II-Si
are quite different. This is because for momentum dependent scattering, the events
at higher recoil energies are more important. To scatter with a larger recoil energy, a
larger speed is required. For CDMS II-Si, this minimum speed is close t0 Ve, SO the
limits are effected more when vq is varied, compared with elastic scattering.

We can use the formulae from Section [3.2.1]to estimate the vertical and horizontal
shifts of the exclusion curves for inelastic scattering. In particular for XENON10 at
M, = 400 GeV, § = 130 keV and Eg = 35 keV ﬁ we find Agi® K5 _ 1 59 and

220 km/s

Ao /s —0.56, in good agreement with the values 1.32 and —0.60 presented

7920 km/s
in the bottom panel of Fig. |3.5, while for the horizontal shift at M, = 65 GeV,

=130 keV, Av, = £35 km/s and v, ~ 700 km/s we find AM, ~ F5 GeV. For
XENONI10 at M, =12 GeV, 6 = 0 keV, Av, = £35 km/s and v, ~ 500 km/s we

find AM, ~ F1 GeV. These estimates are all in reasonable agreement with what is
observed in Fig. 3.4

3.2.4 The local dark matter density

We next consider the local DM density p,. Unfortunately, this is the least well
known astrophysical parameter with an often quoted uncertainty of a factor of 2 or 3
in the fiducial value p, = 0.3 GeV /em?® [191], 192]. Two recent studies using different
techniques found p, = 0.3+£0.1 GeV/cm? [193] and p,, = 0.43+0.15 GeV/cm?® [194],
consistent with p, = 0.3 GeV /ecm?® with an error of a factor of 2. Dark matter N-body
simulations from the Aquarius Project have shown that p, should be very smooth at
the Sun’s position, varying by less than 15% at the 99.9% confidence level from the

average value over an ellipsoidal shell at the Sun’s position [36]. Therefore we can
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be reasonably confident that the Earth is not sitting in a particularly over or under
dense region of the halo.

Since the combination p, o, enters into dR/dEgr (Eq. (2.2))), the error in p, cor-
responds directly to an uncertainty of a factor of 2 in the DM-neutron cross section

on, affecting all experiments equally.

3.2.5 Discussion: The correlation between vy and p,

We have followed the standard procedure of varying these astrophysical parame-
ters independently, however, Refs. [I87, [184] found that there is a strong correlation
between the Sun’s circular speed vy and the distance from the galactic centre Ry:
vo/Ry ~ 29 kms 'kpce!. Since p, also depends on Ry, a more careful approach
should take into account the change in p, as we vary vy. Here we estimate this
correction.

Assuming vy = 230 km/s and p, = 0.3 GeV/cm?® at Ry = 8 kpc, and assum-
ing p, follows an NFW profile, when ARy = +1 kpc, we find Avy ~ £30 km/s
and Ap,/py = F20%, similar to the range of vy explored in Section m Therefore
for higher (lower) values of vy, the exclusion curves in Fig. are shifted upwards
(downwards) by an additional ~ 20%. Comparing with Figs. and , we see
that this correction is of a similar size to what we found for Ac, /o, when inde-
pendently varying vy for the elastic and momentum dependent scattering case when
M, 2 30 GeV, although the spread in the limits remains small. For light and inelastic
DM, the change when varying v, independently is ~ 200%, therefore the spread in
limits shown in Fig. is overestimated by ~ 10%, but still remains significant.

3.3 Uncertainties in the form of the dark matter
velocity distribution

In the previous section we investigated the effect of astrophysical uncertainties whilst
always assuming a Maxwell-Boltzmann distribution for the DM velocity distribution.
Dark matter numerical N-body simulations have shown that a typical velocity dis-
tribution exhibits global (the overall shape) and local departures (‘bumpy’ features)
from a Maxwell-Boltzmann distribution, and in this section we wish to investigate

how these affect exclusion limits.
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We use data extracted from the Via Lactea II (VLII) [30] and GHALO [31] sim-
ulations[’| To facilitate a more direct comparison between the VLII and GHALO
simulations, we use the GHALOq data from [38] in which the maximum circular
speed in the GHALO simulation has been rescaled to agree with that from VLII. As
explained in [3§], the lack of baryons in the simulations means that the dispersion of
the extracted velocity distribution is lower than expected from a galaxy which con-
tains baryons and DM, because it is expected that the baryons will create a deeper
gravitational potential well, increasing the velocity dispersion. Since we are inter-
ested in departures from a Maxwellian distribution, we will compare the simulation
limits with those from a Maxwell-Boltzmann distribution with the same dispersion.
This corresponds to using vy = 184 km/s in Eq. (1.1I). In the previous section we
found that different astrophysical parameters can lead to significant deviations in
the exclusion limits, therefore we will match these as closely as possible so that we
are just observing the effects of the simulation distributions. Following [38] we take
px = 0.3 GeV/em?, v = (10.0,220 + 5.25,7.17) km/s and vee = 550 km/s and
586 km/s for VLII and GHALOq respectively.

With the simulation data, it is possible to examine the effects of local structure
in the DM velocity distribution. This was done in [38] by extracting the velocity dis-
tribution for one hundred spheres of radii 1.5 kpc and 1 kpc for VLII and GHALOq
respectively, centred at a distance of 8.5 kpc from the galactic centre. In Fig. the
thin bands show the exclusion curves from Via Lactea II (left panels) and GHALOq
(right panels) assuming elastic and momentum dependent scattering for all one hun-
dred spheres for CDMS II-Si (yellow), CDMS II-Ge (blue), CRESST-II (green) and
XENON10 (red). We have checked the robustness of these bands by comparing the
strongest and weakest limit with the sixteenth strongest and sixteenth weakest limit
at each mass, and find that the limits are essentially the same. The dashed line shows
the limits derived from a Maxwell-Boltzmann distribution with the astrophysical and
dispersion parameters above. We find that VLII and GHALO; produce similar limits,
which are generally more stringent than those from a Maxwell-Boltzmann distribu-
tion.

The inelastically scattering case has been studied in detail in [38], therefore in
Fig. we only plot the limits for CRESST-II for 6 = 130 keV (for CDMS II-Ge
and XENONT10 we find a similar spread in the limits). To give an estimate of what
the typical limits are, we have plotted the limits excluding five and sixteen maximum

and minimum cross sections at each mass as the blue dashed and red dotted bands

®This data is available from http://astro.berkeley.edu/~mqk/dmdd/.
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Figure 3.6: The exclusion limits from the Via Lactea II (left panels) and GHALO,
(right panels) simulations. The legend is the same as Fig. The solid bands shows
the range of limits from the velocity distribution of 100 random spheres centred at
8.5 kpc. For comparison, the dashed line show the limits from a Maxwell-Boltzmann
velocity distribution with the same astrophysical parameters as found in the simu-
lation halos. The Maxwell-Boltzmann distribution generally sets less constraining
limits on o,,.
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Figure 3.7: The exclusion limits for CRESST-II, assuming inelastic scattering from
100 random spheres from the Via Lactea II (left panel) and GHALOs (right panel)
simulations. The dotted red and dashed blue lines indicate the range of limits when we
exclude five and sixteen of the highest and lowest cross sections at each mass. For com-
parison, the long-dashed black line shows the limits from a Maxwell-Boltzmann dis-
tribution with the same astrophysical parameters and dispersion. At M, ~ 60 GeV,
we find that some of the spheres are not able to set any limits. As in Fig. 3.6, we
find that the Maxwell-Boltzmann distribution generally sets less constraining limits
on o,.

respectively. As we might expect, the inelastic case shows much more of a spread in
the cross section compared to the elastic case, and the limits from VLII and GHALO
show some differences. Interesting features to note are the bumpy features in the
GHALOQOy exclusion limits, and near threshold we find that some spheres can not set
any limits for both VLII and GHALO;. The black dashed line shows the exclusion
limits from a Maxwell-Boltzmann distribution which as in the elastic case, is typically
more conservative than the limits from the simulations.

We emphasise here that we have not been comparing the simulation limits with the
SHM, in which the circular speed enters Eq. but rather to a best fit Maxwell-
Boltzmann distribution which has the same velocity dispersion. Until simulations
include baryonic effects, which will increase the dispersion, we urge caution in making
direct comparisons to the SHM. The velocity distributions from the simulations are
interesting since they show that the overall shape of the limits can change, rather than
causing a spread about a central value as we found when varying the astrophysical
parameters (cf Figs. and . Furthermore since different experiments vary by
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different amounts, when comparing exclusion curves at one experiment with preferred
regions of parameter space at another (for example, comparing CDMS II-Ge to the
DAMA/LIBRA or CoGeNT preferred region), one should bear in mind that different
velocity distributions may affect the limits from different experiments by differing

amounts.

3.4 Conclusions

If we are to understand the nature of DM, it is vital that we have a full understanding
of the astrophysical uncertainties affecting DM direct detection experiments. For
spin-independent elastic and momentum dependent scattering with M, 2 50 GeV,
we have shown that the exclusion limits are robust against variations in the galactic
escape velocity ves. and the Sun’s circular speed about the centre of the galaxy v
(right upper and left lower panels of Figs. and and under realistic variations
in the form of the velocity distribution (middle and bottom panels of Fig. , with
uncertainty ~ 10%. The major uncertainty in this mass range arises from the error
in the local DM density (a factor of 2).

In comparison, for lighter masses, we found that uncertainties in vy and ves. and
the velocity distributions from the numerical simulations can shift the exclusion curves
horizontally by ~ 1 GeV at masses M, ~ 10 GeV (upper left panels of Figs. ,
and . Similarly for inelastically scattering DM, we found the vertical shift in
the exclusion curves when varying vy or ves. is large (~ 100%), with lighter target
experiments such as CDMS II being particularly affected. Variations in the velocity
distribution can also lead to significant changes, as we explicitly demonstrated in
Fig. for the CRESST-II experiment.

Inelastic and light DM are particularly sensitive to astrophysical uncertainties be-
cause the minimum speed needed to scatter is just below the galactic escape speed, so
experiments only sample the tail of the velocity distribution. Even though the recoil
spectrum for momentum dependent DM is different from elastically scattering DM
(Fig. they both respond to astrophysical uncertainties in a similar fashion for
germanium, xenon and tungsten targets, because vy, remains far from ve.. There-
fore, models that only sample the tail of the velocity distribution should carefully

examine the effect of astrophysical uncertainties on their limits.
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Chapter 4

On the DAMA and CoGeNT
Modulations

Among the most promising strategies for the identification of particle dark matter
(DM) are direct detection experiments, which aim to observe the scattering of DM
particles off target nuclei. While the recoil energy spectrum has no features that allow
for an unambiguous identification of a DM signal, a characteristic annual modulation
of the differential event rate is expected due to the motion of the Earth relative to
the Galactic halo [27, 28].

Two DM direct detection experiments, namely DAMA [77] and CoGeNT [195, [7§],
have published data demonstrating evidence for such an annual modulation. The
combined results from DAMA /Nal and DAMA /LIBRA have a statistical significance
exceeding 80. CoGeNT has taken data for over a year and also observes an annual
modulation with a significance of 2.80 [78]. The simplest explanation of these ex-
periments in terms of DM is spin-independent elastic scattering on both protons and
neutrons of a light, @(10) GeV DM particle [196] [197]. However, this explanation is
strongly disfavoured by other null results, most notably by the CDMS [82], XENON10
[87] and XENON100 [89] experiments.

Various proposals towards reconciling all experiments have been put forward. First
of all, doubts have been raised concerning experimental details, such as the proper
calibration of the nuclear recoil energy scale and the correct assessment of the various
quenching factors (see e.g. [198]). Secondly, significant astrophysical uncertainties
are present in all analyses, which may considerably change the implications of the
data [, 2]. Finally, it may well be that the DM-atom interaction is not solely with
the nucleus or that the DM-nucleus interaction is more complicated than generally

assumed.
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In this chapter we will primarily focus on the third option in the context of nuclear
recoils. Of particular interest is the combination of two effects that have been recently
considered as possibilities to alleviate the tension between the various experiments:
Isospin-violating dark matter (IVDM) [199, 160, 200] and inelastic dark matter (iDM)
122, [126), 123, 161}, 201]. In fact, if one assumes that DM scatters differently on
protons and neutrons, then for a particular choice of the proton to neutron scattering
fractions, it is possible to weaken the limits from XENON, which would otherwise
give the strongest constraints[|] On the other hand, inelastic scattering of the DM
particle can enhance the annual modulation signal and reduce the tension between
CDMS and CoGeNT, which cannot be reduced by isospin-violating couplings.

We only take the annual modulation of the signal measured by DAMA and Co-
GeNT as a hint of DM. We make the important assumption that the background does
not modulate, and that the modulation is entirely due to DM interactions. We do not
fit to the unmodulated spectrum as it is very difficult to interpret an exponentially
falling energy spectrum in the presence of an unknown background in terms of a DM
particle. Rather we can use the unmodulated recoil spectra for the sole purpose of
calculating exclusion limits to constrain the parameter region consistent with annual

modulation.

4.1 Direct Detection of Dark Matter

In this chapter, we consider spin independent inelastic scattering, therefore the differ-
ential event rate is given by Eq. . We will allow the possibility of inelastic scatter-
ing so the minimum speed is given by Eq. . Throughout we take vy = 220 km/s,
Vese = 544 km/s and p, = 0.3 GeV/cm3.

For DAMA, we fit to the latest data [77] and take the sodium quenching factor to
be Qna. = 0.3. In one case we consider (In, = 0.43, within the range Qn. = 0.3+0.13,
deemed representative of experimental uncertainties in [202]. We do not include
channeling in our calculations [I145]. We find that scattering off of sodium dominates
that of iodine in the low mass DM region that we consider. We use the detector
resolution from [147] for DAMA /Nal and [146] for DAMA /LIBRA and weight them
appropriately.

For the CoGeNT parameter regions shown in Fig. we use modulation ampli-
tudes of 1.20 £ 0.65, 0.54 4+ 0.19 and 0.08 £ 0.16 events/kg/day/keVee for 0.5 — 0.9,

INote that it is not possible to completely suppress scattering on xenon due to the presence of
different isotopes, as emphasised in [200].
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0.9—3.0 and 3.0—4.5 keVee respectively. We use the detector resolution and efficiency
given in [195] [78] and use a quenching factor for germanium of 0.2.

A DM explanation of a signal in DAMA and CoGeNT must be confronted with
the exclusion limits obtained by the XENON and CDMS collaborations. While heavy
DM is most strongly constrained by the recent results of XENON100 [89], an even
stronger bound for low mass DM can be obtained from a dedicated low threshold
analysis of the XENONI10 data [87]. For the XENON experiments we assume a
detector resolution dominated by Poisson fluctuations and take L. and Q, from the
respective papers. For the XENON10 data, we include the S2 width cut and assume
the absence of fluctuations at the low energy threshold (i.e. impose a cut-off).

The ratio f,/ f, depends on the underlying model of DM and generally differs from
one. Equation implies that if the DM scattering satisfies f,,/f, = Z/(Z — A)
for a given nuclear isotope, this isotope would then give no constraint. In practice,
experiments consist of targets with more than one isotope, so they can still yield
some constraints. As considered in [160, 200] the choice f,/f, ~ —0.7 reduces the
sensitivity of xenon experiments by three orders of magnitude. Here, instead of
treating f,/f, as a free parameter, we fix the ratio in such a way that the constraint
from xenon is reduced as much as possible.

The most restrictive limit from CDMS results from a low-energy analysis of the
CDMS II data from the Soudan Underground Laboratory [82]. In this chapter we
only include the detector with the best ionisation resolution (T1Z5), treating all
observed events as potential DM signals. We find that the constraint obtained with
this simplification agrees well with the limit published by CDMS. Since both CoGeNT
and CDMS are germanium target experiments they cannot be reconciled using isospin-
violating couplings. Inelastic scattering increases the modulation fraction, and hence
reduces the tension between CDMS and CoGeNT. However, for scattering on sodium
in DAMA, the tension between DAMA and CDMS increases as germanium is greater
in mass. Thus, we must require § < 15 keV in order for DAMA not to be excluded
by CDMS.

Exothermic dark matter [203] has been proposed as a way to reduce the tension
between DAMA and CDMS. However, the possibility of down-scattering will reduce
the modulation fraction and therefore bring the CoGeNT modulation into disagree-
ment with the constraint from the absolute rate and the CDMS bound. Therefore,

we only consider o > 0, corresponding to endothermic inelastic dark matter.
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Figure 4.1: Allowed parameter regions for DAMA and CoGeNT (coloured regions) as
well as exclusion limits from XENON10, XENON100, CDMS II and the unmodulated
CoGeNT signal. In the upper panels, 6 = 0keV and f,,/f, = 1 (left) and f,,/f, = —0.7
(right). The lower panels have § = 15 keV and f,,/f, = —0.7 (left and right). In the
lower right panel we have taken the sodium quenching factor to be Qn, = 0.43. In the
other panels we take the standard value Qn, = 0.3. Notice the upper left panel uses
a different scale for o,,. It is clear that employing the IVDM and iDM mechanisms
significantly weakens the constraints from null searches, and allows for a small region
of agreement when the sodium quenching factor is varied within a reasonable range.

In Fig. 4.1 we show how the combination of the iDM and IVDM mechanisms can
reduce but not completely resolve the apparent conflict between the annual modula-
tion observed in both CoGeNT and DAMA with exclusion limits from other detec-

torsP] Any alteration of these limits due to uncertainties in low-energy efficiencies,

2Note that we do not perform a parameter estimation, but show the regions that give a sufficiently
small x? corresponding to a satisfactory goodness-of-fit for the annual modulations.
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astrophysical parameters, quenching factors, or inclusion of channelling could weaken
the limits sufficiently to allow a DM interpretation of the CoGeNT and DAMA annual
modulation. As a demonstration, we consider a larger value of the sodium quenching
factor and find better agreement as shown in the lower right panel of Fig. 4.1 In
fact, it should be noted that our 95% best-fit and 90% exclusion regions do not take
into account uncertainties in all such astrophysical and experimental parameters, and

therefore are not truly 90% regions.

4.2 Future constraints from direct detection ex-
periments

Even with f,/f, = —0.7, the XENON100 limit remains strong and cannot be sup-
pressed much further due to the different isotopes present in natural liquid xenon.
Consequently, additional data from XENON100, as well as a dedicated S2 only analy-
sis with lower threshold may provide strong constraints for isospin-violating inelastic
DM. The CDMS collaboration has also collected data from detectors with a silicon
target. From the unpublished data presented in [204], we find a limit which is more
constraining than the CDMS germanium low threshold analysis. We have not in-
cluded this in Fig. [4.1] because of uncertainties related to the calibration of the silicon
nuclear recoil energy scale [204] 202]@. We encourage the CDMS collaboration to

perform a dedicated analysis of the Soudan silicon data.

4.3 Other constraints and implications for the
dark sector

Mono-jet [205, 2006, 118] and di-jet searches at the Tevatron constrain the DM cou-
plings to quarks. For light DM the Tevatron limits on mono-jet production are
relevant, but sensitive to the mass of the particle mediating the DM interaction with
quarks [T18]. Assuming the mediator is heavy compared to the typical momentum
transfer at the Tevatron, the limits can be as strong as o, ~ 1073 cm?. However,
if the mediator is light, or if the coupling is not by a vector current, the constraints
weaken. For example, a mediator of mass M ~ 10 GeV interacting via a vector
current allows o, ~ 3 x 10734 cm? easily allowing our best fit CoGeNT and DAMA

regions.

3We thank J. P. Filippini for clarifying uncertainties associated with the silicon data.
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The couplings of the mediator to quarks g, are separately constrained. In the
case of a vector mediator with a mass in the range M 2 10 GeV the constraints are
gy S 0.1 from meson decay measurements [207] which easily satisfies the constraints
from the di-jet measurements at Tevatron. The DM-neutron scattering cross section
may be written as o, ~ f7 g2 i3, /(7M*), where g, is the DM mediator coupling and
the effective coupling constants via the vector current gy*q, for the neutron (proton)
are f, = gu+294 (fp = 294,+94). We can then reach the required DAMA and CoGeNT
cross section o, ~ 10737 cm? with g, ~ ¢, ~ 5 x 1072, within the above bounds. If
the light dark matter results from strong dynamics in another sector saturating the
perturbativity bound g, ~ Var [208] couplings to quarks as small as gq ~ 1072 are
allowed.

If the DM has no particle-anti-particle asymmetry, additional constraints from
searches for the annihilation products apply. For example, there are constraints com-
ing from neutrino telescopes searching for the annihilation products of DM accreted
in stars. In particular, annihilations of light DM captured in the Sun are constrained
by SuperKamiokande which excludes the DAMA /CoGeNT regions shown in Fig.
for DM annihilating into the c¢, bb, 77, vz, 47 channels (even with velocity suppressed
annihilations) [209]. Note that also inelastic, annihilating DM is constrained by cap-
ture and annihilation in the Sun [169, 170] and compact stars [I72] 173] and for the
small splittings we are considering the above mentioned limits still apply.

An attractive framework which avoids the annihilation constraints is asymmetric
dark matter (ADM), where a particle-antiparticle asymmetry 7, = (n, — ng)/s in
DM, similar to that in baryons npg, provides a natural link between their observed
energy densities. If some process shares or co-generates the two asymmetries
ensuring 7, ~ 1, then the observed cosmological DM energy density is realised for
my, ~ 1 —10 GeV. Consequently, ADM offers a motivation for the low DM mass
favoured by the DAMA and CoGeNT data, and naturally avoids the constraints

from annihilation in the Sun [209)].

Note added: After this work was completed, the CRESST-II Colloboration
released data showing an excess of events at low energies [210]. Light DM-nuclei
scattering can offer an explanation of this excess with m, and o, taking values
close to those required for an explanation of the DAMA and CoGeNT signals.
Unfortunately, a preliminary investigation of this data indicates that including

an inelastic splitting does not lead to an improvement in the agreement between
CRESST-II, DAMA and CoGeNT or to a reduction in the tension with XENON100.
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Chapter 5

DAMA and CoGeNT without
astrophysical uncertainties

As discussed in the previous chapter, the DAMA and CoGeNT Collaborations have
detected an annual modulation signal that has many features consistent with a signal
arising from particle dark matter (DM). In this chapter, we assume both signals arise
due to DM and study the consistency of the two signals assuming the DM scatters
elastically. In particular, we consider whether the phase and amplitude of the modu-
lations are consistent. Previous studies [3, 211], 212} 213] 214] have shown that DAMA
and CoGeNT can be in agreement for DM of mass ~ 5-14 GeV that scatters elasti-
cally via a spin independent interaction, albeit with tension from the CDMS II [82],
XENON10 [87], XENON100 [89] and SIMPLE [84] experiments[[| However, it is well
known that interpreting the signals at direct detection experiments is sensitive to
many uncertainties, particularly uncertainties in astrophysical parameters (see e.g.
[T, 2, 38, 39, 130, 218, 219]). Therefore, we follow the approach of [220], which speci-
fies how to directly map experimental signals from one detector to another, allowing a
comparison without specifying any astrophysical parameters. Given the modulation
observed at CoGeNT, we calculate the peak day and modulation amplitude expected
at DAMA, which we compare with that observed at DAMA. The phase and ampli-
tude will be the same if both modulations arise from DM. We finish by considering
constraints from the low threshold analysis of CDMS II [82] 81] and XENON10 [&7].

5.1 A formalism free from astrophysics

Following the approach of [220], we wish to map the differential event rate into vy,

space. As we will show, when the v, space probed by two different experiments

1See [215, 216, 217] for a critical discussion of these experiments.
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is the same, we can compare them directly without making any assumptions about
any astrophysical parameters. This allows us to map the peak day and amplitude of
the CoGeNT modulation onto the DAMA detector, which can be compared with the
signal that DAMA observes. Below we briefly recap the relevant theory from [220)].
First, let us rewrite the differential event rate for elastic spin independent DM-
nucleus scattering (Eq. ) as
dR(t)  pyon Cr
dER 2mxuxn 12

7 F2(ER)e(Er)g(vmin, ). (5.1)

Here, €(ER) is the efficiency of the detector, which in general depends on Eg, and
we have defined Cr = k (f,Z + fu(A — Z))?, where £ is the detector mass fraction of
the target nucleus. For all elements we will consider, we use the Helm form factor.
9(Umin, ), previously defined in Eq. , encodes all the information about the DM
velocity distribution while vy,;,, defined in Eq. , is the minimum speed an inci-
dent DM particle must have for a nucleus to recoil with energy Fr. We can invert
Eq. to consider ER as a function of v,;,; that is,
243 Vinin

ER(Umin) - MmN

(5.2)

This allows us to rewrite Eq. (5.1) in vy, space:

R(t) = 20300 Py C1 /vhigh F2(v)e(v)v g(v,t) dv (5.3)

2 2
mNmX /“an f

2950 1N T P (w)e(r) / " uglo.t)dv. (5.4)
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Q

The efficiency €¢(FEg) and form factor F'(Egr) are almost flat across the range of recoil
energies we consider at DAMA, CoGeNT and later CDMS II. Therefore, we remove
them from the integral and evaluate them at the average value across the domain of
integration. The error introduced by this approximation is less than a few percent.
All of the physics that determines the peak day of the modulation is encapsulated

e g g(v, t)dv. By arranging to have the same integration limits for

in the integral f
DAMA and CoGeNT, the respective modulations will have the same peak day if they
both arise from DM scattering. Given an energy range at DAMA (D), we can use
Eq. to find the energy range at CoGeNT (C) which spans the same v, space.

Doing so we find
pem

2
[Elovw Ehlgh] 2C
D

D
](\}[ [Elovw Ehlgh} (55)
N

Given the modulation amplitude AR = (R

(tmax) — R(tmin))/2 observed by Co-
GeNT (in cpd/kg), and a specific choice of m,, and Cr, we can invert Eq. (5.4]) to solve
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for f el g g(v, t)dv. This allows us to calculate the amplitude expected at DAMA (in

cpd/kg) ( ) ( )
ERVF3(ER C’D m§
QRD €p(Lg ) I LR N D QRC .
expec ( EC) F?( EC) CC C obs

We compare this with what is observed at DAMA. If both modulations arise from

(5.6)

DM scattering, the expected and observed amplitude will be the same. Since no as-
trophysical parameters enter into this formula, the two experiments can be compared

free from astrophysical uncertainties.

5.2 Comparing DAMA and CoGeNT

For the purposes of this analysis, we assume the DM only scatters off the sodium
nuclei at DAMA. This is a very good approximation for the light DM that we con-
sider. DAMA presents their time-dependent results in fixed energy ranges: 2-4 keVee,
2-5 keVee and 2-6 keVee. This can be converted to keV by dividing by the quenching
factor for sodium, which we take as gn, = 0.3. Varying gn. does not lead to significant
differences in our results. We do not include channelling, as theoretical calculations
indicate this is small [145].

The CoGeNT Collaboration has released the time-stamped data for independent
analysis. We bin their data in the energy range that spans the same v,;, space as
DAMA. Statistics at CoGeNT are limited, therefore we concentrate on the 2-6 keVee
bin at DAMA, as this corresponds to the largest energy range at CoGeNT and will
therefore contain the most events. To convert from keV to keVee at CoGeNT, we use
ElkeVee| = 0.199F[keV]*!2. For each energy range, we divide the 458 days of data
into 15 time bins with a width of 30 days, and one final bin with a width of 8 days,
correcting, when appropriate, for periods when the detector was not running.

In Fig. we show the peak day found at DAMA and CoGeNT. The regions
between the red lines indicate the preferred regions at 1o (solid), 90% (dashed) and
20 (dotted) after fitting to the residual events as a function of time measured by
DAMA /Nal [76] and DAMA /LIBRA [77] over thirteen annual cycles. For each mass,
we bin the data at CoGeNT in the relevant range determined from Eq. and plot
the results in blue. For both DAMA and CoGeNT, we fix the period of the modulation
to be one year and consider variations of the phase that satisfy x? < x2. + Ax?% The
variation in the peak day for different values of m, is expected, since for each mass the
data are binned in a different energy range. As well as purely statistical fluctuations

in the observed count rate, N-body simulations have shown that variations in the
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Figure 5.1: The peak day of the modulation signals measured by DAMA (red) and
CoGeNT (blue) for different values of m,. At DAMA, we fit to the data in the
2-6 keVee energy range while at CoGeNT, we fit to the data in the energy range
determined using Eq. . It is clear that the CoGeNT modulation generally peaks
earlier in the year than DAMA’s modulation signal, although there is agreement at
lo for m, ~ 7 GeV. The SHM predicts that the modulation peaks on Day 152 = 2nd
June. These results are independent of the value of f,/ f,.

peak day as a function of energy should be expected [38] and are also observed by
DAMA (see Fig. 9 of [77]). Generally, the CoGeNT modulation peaks earlier in the
year than DAMA. It is only for m, ~ 7 GeV that there is agreement at lo.

Figure shows the 1o (solid), 90% (dashed) and 20 (dotted) contours in the
peak day against modulation amplitude plane for m, = 7 GeV (left panels) and
m, = 12 GeV (right panels). In the upper panels, we choose f,/f, = 1 while in the
lower panels f,,/f, = —0.7. The choice f,,/f, = —0.7 is phenomenologically motivated
by the desire to suppress the event rate at xenon experiments [199, 160} 200} 3], 221].
Given the modulation amplitude measured at CoGeNT, we show in blue the preferred
region calculated using Eq. for the expected amplitude at DAMA. The red region
shows the fit to the DAMA data measured over thirteen cycles. In our fits, we fix
the period to be one year and subtract a constant rate at CoGeN'T, determined from
the value which minimises the 2. We proceed to find the values of the modulation
amplitude and peak day that satisfy y? < x2., + Ax%

The energy ranges at CoGeNT for m, = 7 GeV and m, = 12 GeV, determined
from Eq. , are 0.70 — 2.38 keVee and 0.87 — 2.96 keVee respectively. In these
energy ranges, the presence of an annual modulation is preferred over a constant
event rate at 2.00 and 2.40 respectively. The purple solid horizontal line indicates
the constraint from the unmodulated rate measured by CoGeNT. We integrate the
unmodulated rate in the energy range, calculated using Eq. , after subtracting
the L-shell EC contribution and a constant background. We map this onto the DAMA
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Figure 5.2: Best fit regions for DAMA and CoGeNT from a two parameter fit to the
amplitude and peak day of the respective modulation signals. Day 152 = 2nd June.
The blue region shows the amplitude and peak day expected at the DAMA detector
based on what CoGeNT observe. The red contours show the regions obtained from
fitting to the 2-6 keVee DAMA data in 76, [77]. In the left (right) panels m, = 7(12)
GeV. In the upper (lower) panels f,,/f, = 1 (—0.7). The purple solid line indicates the
unmodulated rate at CoGeNT. Modulation amplitudes above this line are excluded.
Note the lower panels have a different scale for the modulation amplitude.

detector using Eq. . A modulation amplitude above this line predicts a modulated
rate which is larger than the unmodulated rate. A modulation amplitude above this
line is excluded since it would predict a negative event rate in the winter. Although
the regions favoured by CoGeNT are large due to the low statistics, we can already see
that m, ~ 7 GeV is preferred over 12 GeV and that the fit is worse for f,,/f, = —0.7,
where a larger modulation amplitude is generally predicted.

For 7 GeV and f,,/f, = 1 (upper left panel), we see that there is good agreement
between the DAMA and CoGeNT modulation amplitude and peak day. However,

the modulation amplitude is close to the unmodulated limit, so a large modulation
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fraction (~ 70%) is required to be consistent. We will return to this issue in the
next section. For f,,/f, = —0.7 (lower left panel), the best fit modulation ampli-
tude predicted by CoGeNT is much larger than that observed by DAMA. However,
the 90% regions do overlap and a smaller modulation fraction (~ 15%) is required
to be consistent with the unmodulated rate. For 12 GeV and f,/f, = 1 (upper
right panel), the CoGeNT unmodulated rate excludes all of the DAMA region. For
fn/fp = —0.7 (lower right panel) it is only the DAMA and CoGeNT 20 regions that
are in agreement. We thus conclude that a 12 GeV DM particle with f,/f, = 1 or

—0.7 is disfavoured, before applying constraints from other experiments.

5.3 Other constraints

CDMS ITI has analysed data over a similar energy range as CoGeNT in its low thresh-
old Soudan Underground Laboratory germanium analysis [82] and Stanford Under-
ground Facility silicon analysis [81]E| Limits on an annual modulation signal have not
been published but we can restrict the unmodulated rate, which we use to constrain

the modulation fraction, defined as

R(tmax) — R(tmin)
R(tmax) + R<tm1n) ‘

(5.7)

For the germanium analysis, we use the 35 kg-days of data collected between
October 2006 and September 2008 from the T1Z5 detector, which has the best ioni-
sation resolution. For the silicon analysis, we use the 24.64 kg-days collected between
December 2001 and June 2002. To set conservative limits, we assume that all of the
observed events arise due to DM. In Fig. [5.3] the 90% lower confidence limits on the
modulation fraction for f,,/f, =1 (dotted) and f,,/f, = —0.7 (solid) are shown. The
blue (green) lines are from the germanium (silicon) analysis. We assume the modula-
tion amplitude at DAMA is 0.0028 cpd/kg/keV, which we see from Fig. 5.2} is on the
lower edge of the CoGeNT 90% region for m, = 7 GeV. For each value of the mass,
we use Eq. to find the energy range at CDMS II which spans the same vy,
space as the 2-6 keVee range at DAMA. As the energy range varies for each mass,
discrete jumps occur whenever a measured event at CDMS II enters or leaves the en-
ergy range. For comparison, the purple dashed horizontal line shows the modulation

fraction predicted from the SHM. We see that the modulation fraction required at

2Unpublished silicon data has also been presented in [204]. We do not consider it here due to un-
certainties in calibrating the energy scale for nuclear recoils near threshold. We thank J. P. Filippini
for discussions on this point.
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Figure 5.3: The 90% lower confidence limit on the fractional modulation required to
be compatible with CDMS II. The blue (green) lines indicate constraints from the
Ge (Si) analysis. The dotted (solid) line is for f,,/f, = 1(—0.7). For comparison, the
purple horizontal dashed line shows the modulation fraction from the SHM.

DAMA and CoGeNT to be compatible with CDMS II-germanium is larger for both
choices of f,,/ f,, while for CDMS Il-silicon, is larger for f,/f, = —0.7.

The 2-6 keVee range at DAMA corresponds to 1.84-5.52 keV at a xenon-target
experiment (for m,=7 GeV). We do not consider limits from XENON100 [89], as
Leg has not been measured below 3 keV [222]. However, we can apply the lim-
its from the S2 only analysis of XENON10 [87], which has a low energy threshold
of 1.4 keV. The 15 kg-days of data were collected between 23rd August and 14th
September. Since this is approximately half way between the maximum and mini-
mum of the CoGeNT and DAMA modulation signals, we assume the measured rate
is the same as the unmodulated rate. We use the parameterization for Q, given in
[87] and assume all events arise due to DM. We do not apply the edge (in z) event
rejection. For each mass, we again use Eq. to find the energy range that spans
the same v, space as the 2-6 keVee range at DAMA, and assume a modulation
amplitude of 0.0028 cpd/kg/keV. For f,/f, = 1, we find the required modulation
fraction is > 100% for all masses we consider. Hence, under the assumptions we have
made, XENON10 excludes all parameter space. For f,/f, = —0.7 the constraints
are severely weakened; a modulation fraction greater than ~ 2% is required over the

whole mass range, which is easily achievable.

5.4 Summary and Conclusions

We have presented a comparison of the CoGeNT and DAMA modulation signals
free from astrophysical uncertainties, having assumed that both modulation signals
arise due to elastically scattering DM. We found that the peak day of the CoGeNT
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modulation is always earlier than the peak day of the DAMA modulation. The 1o
confidence regions do overlap in some parameter space, but the best fit points typically
differ by ~ 30 days. The SHM, which assumes the DM is distributed isotropically,
predicts a peak day close to 2nd June. If CoGeNT continue to measure a peak day
at the lower edge of the DAMA confidence regions (around mid-May), there will be
interesting consequences for DM galactic halo models.

For DM that couples equally to protons and neutrons (f,,/f, = 1), we found the
measured modulation amplitude at DAMA is consistent with that expected based on
the CoGeNT results. However, the XENON10 S2 analysis excludes the whole mass
range in question. Even if we were to ignore the XENON10 analysis, tension remains
with the unmodulated CoGeNT rate and the constraint from CDMS II-germanium,
which both require large modulation fractions. For m, = 12 GeV, the CoGeNT
unmodulated rate excludes the DAMA modulation signal. Moreover, for all masses we
consider, the modulation fraction needs to be larger than ~ 70% to be consistent with
the low energy analysis of CDMS Il-germanium. The SHM predicts ~ 9%, which is
significantly smaller. Such large deviations from the SHM seem unrealistic. Therefore,
based on the constraints from XENON10, CDMS II and the CoGeNT unmodulated
rate, we conclude that elastically scattering DM with f,,/f, = 1 is unlikely to be the
source of the DAMA and CoGeNT modulation signals.

We also considered DM with isospin violating couplings f,/f, = —0.7. For
this choice, the expected modulation amplitude at DAMA, calculated from the
CoGeNT measurement, is generically higher than that observed at DAMA. For
m, = 12 GeV, we find that only the 20 CoGeNT and DAMA regions overlap.
However, for m, =7 GeV, amplitudes at the lower end of the CoGeNT 90% region
are compatible. Furthermore, the CDMS II germanium and silicon constraints on
the modulation fraction are milder, typically requiring modulation fractions ~ 15%.
This is still larger than that from the SHM, so if the DAMA and CoGeNT signals do
arise from DM, the constraints from CDMS II indicate the galactic halo model must
deviate from the SHM.

It is clear that the evidence for a modulation in the CoGeNT data is still tentative
and that more data is required to definitively confirm a modulation. Fortunately,
the CoGeNT-4 upgrade should provide much more data and significantly shrink the
CoGeNT best fit regions. With more data, the approach presented here will serve as a
useful complementary test on the consistency of DAMA and CoGeNT. In comparison
to the usual method of displaying results in the o,, — m, plane, this approach has the

advantage that the results do not depend on any astrophysical parameters.
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Chapter 6

Supersymmetry

In this chapter we provide a brief introduction to (N = 1) supersymmetry (SUSY)
[223), 224], 225] E] Our ultimate goal is the construction of the minimal supersymmetric
Standard Model (MSSM). As well as being much studied in its own right, it often
serves as the starting point in the construction of new supersymmetric theories. On
our journey to the MSSM, we will find it fruitful to introduce the superspace for-
malism, in which manifestly supersymmetric Lagrangians can be written down with
relative ease. Since SUSY is manifestly not an exact symmetry of nature (where are
the super-particles?), we must introduce the soft SUSY breaking terms, which pa-
rameterise the breaking of SUSY in a ‘safe’ way. This we do in Section [6.4] Finally,
we end by mentioning the successes of SUSY, both theoretical and phenomenological.
There are many good introductions to SUSY. The ones that have most influenced this
chapter are [227, 228, 229, 230, 231] [

6.1 SUSY: A voyage through superspace

In this section we give a brief mathematical introduction to SUSY. SUSY is special
as it is the only consistent non-trivial extension of the Poincaré group consistent
with quantum field theories [232]. In addition to the usual Poincaré commutation

relations, the Poincaré algebra can be extended (to a Super-Poincaré algebra) by

LA historical account of the development of SUSY can be found in [226].
2In particular, we follow the conventions of [229].
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including the fermionic symmetry generators Q4 and Q i, where A, A= {1,2}. The

most important additional terms for our discussion ard’|

{Qa,Qp} ={Q4,Qp} =0 (6.1)
_ i oy
(Qa,Qp} =20" Py, {Q",QF} = 20"42p, . (6.2)
Here P, is the generator of translations, O'ZB = (1,5) and GHAB = (I,—7), where &

are the usual Pauli matrices and I the identity matrix.
At this point it is useful to introduce four fermionic coordinates: #4 and 6 ;. These

are Grassmann variables satisfying
{04,0°} = (07,0} ={0,4,05} = 0. (6.3)

By combining these 4-fermionic coordinates with the usual spatial and time dimen-
sions, we can generalise 4-dimensional Minkowski space to an 8-dimensional super-
space [233], with coordinates (z#,04,6 ;). It is also natural to generalise the usual
notion of fields to superfields, which can be understood in terms of their finite power
series expansion in § and 6. Due to their Grassmann nature, powers of @ () higher
than 06 (09) vanish/]

The action of the symmetry generators on a superfield can be reproduced using dif-
ferential operator representations. In a similar manner to the usual relation P* = i0*,

the fermionic generators can be represented by
Qa = —i(d4 +ic" 80, (6.4)

Q=104 +i0%0" .0,) . (6.5)

where 94 = 9/004 and 9, = 0/ 99", These relations can be explicitly verified by

substituting into Egs. (6.1]) and (6.2)).

The fermionic coordinates allow us to rewrite Eq. (6.2) as a commutation relation
[0Q,0Q)] = 205"0P, (6.6)

Using the standard technique for Lie groups of exponentiating the generators, a gen-

eral group element (ignoring Lorentz transformations) can be written as

L((ﬂ'u, GA’gA) _ ei(*I‘“PH‘l’eQ‘i’éQ) (67)

3For the full super-Poincaré algebra, see, for example, [227]
4We use the standard summation convention 00 = 64604 and 00 = 9A§A.
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Hence, an infinitesimal SUSY transformation is dg(a, @) = i(aQ + a@Q). It is conve-
nient to introduce SUSY covariant derivatives, which transform covariantly under a
SUSY transformation?]

Da =04 — ic" 070, (6.8)
D= —0;+i0%0", .0, (6.9)

So far everything we have written holds for an arbitrary superfield. However, to
describe chiral fermions and gauge bosons, we need only consider two irreducible
representations of the SUSY algebra: the chiral and vector superfields. We consider

each in turn.

6.1.1 Chiral superfields

In general, superfields do not transform under irreducible representations. However,
irreducible representations can be found by imposing constraints. The first constraint
we consider defines the left- (right-) chiral superfield ®(®):

D ,;®(z,0,0) =0 and D4®'(x,0,0) =0 . (6.10)

It should be clear from Eq. that D ;0 = 0. It is also straightforward to verify
that D y" = 0, where y* = a# — ifo”f. Therefore, any function of these variables

will satisfy D ;® = 0. Hence, a left-chiral superfield can be expressed as
Oy, 0) = ¢(y) + V200(y) + 00F (y) . (6.11)

Here, ¢ is complex scalar field (usually called a sfermion), ¥4 a complex left-handed
Weyl spinor and F' an auxiliary complex scalar field. It is straightforward to find
®(z,0,0) by substituting for y* and Taylor expanding. It is not particularly illumi-
nating so we do not explicitly show it here.

Similarly, the right-chiral superfields are in general a function of 6 and
g" = ot +i0c0, so that ®f(y,0) = ¢*(4) + V20¢(y) + 00F*(3). We note that a
product of left- (right-) chiral superfields is also a left- (right-) chiral superfield. This

is not the case for a general product of left- and right-chiral superfields.

>That is, they satisfy [Da,ds] = [D 4, 5] = 0.
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Applying an infinitesimal SUSY transformation to a left-chiral superfield, one

finds that the components transform as

Sso(x) = V2at(z) (boson — fermion), (6.12)
Ostha(z) = V204 F (x) — ﬁiJZBdBau¢(x) (fermion — boson), (6.13)
SsF(x) = V20, (1 (x)o" @) (F — total derivative). (6.14)

Eq. (6.14) shows that the 00 term (the ‘F-term’) transforms as a total derivative.
This implies [ d*'zF(z) is invariant under SUSY transformations, assuming, as usual,
that boundary terms vanish. This fact will be important when we come to construct

field theories invariant under SUSY transformations.

6.1.2 Vector superfields

We have defined the chiral superfields, capable of describing the chiral fermions found
in nature. We next consider vector superfields, which, as we will show, contain the

gauge fields. Vector superfields satisfy the reality constraint
V(z,0,0)=VT(x,0,0) . (6.15)

They can be constructed from chiral superfields A: in particular, the combination
i\ — iAT satisfies Eq. (6.15)). This allows us to define a ‘supergauge transformation’

V — V 4+iA — AT, (6.16)

The reality constraint Eq. (6.15) holds after this transformation, so V' remains a
vector superfield. This gauge freedom allows us to choose a gauge, called the ‘Wess-
Zumino gauge’, in which only the physical fields remain. With this choice, the vector

superfield is
_ _ _ _ 1
Vivz(z,8,0) = 00"0A,,(z) + 00 OX(x) + 00 X (x) + 56’9 00D(x) . (6.17)

Here A, is a gauge field, A a Weyl fermion (usually called a gaugino) and D an aux-
iliary real scalar field. We can again consider an infinitesimal SUSY transformation

on these fields. Being succinct, we only display the important result
6sD(z) = i0,(Ad"a + Aota) (6.18)

which shows that the D-term, like the F-term, transforms as a total derivative. We

will use this result to build SUSY invariant field theories, which we turn to next.
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6.2 Building a supersymmetric Lagrangian

In this section we present the steps employed in constructing the Lagrangian of a
supersymmetric field theory. By definition, we want the action to be invariant under

SUSY transformations:

5 / iz L) = 0. (6.19)

This occurs if the Lagrangian transforms as a total derivative. Here we use the knowl-
edge gained in the previous section, namely, that F-terms and D-terms transform as
total derivatives under SUSY transformations. Thus Lagrangians constructed from
F- and D-terms will transform in the required way. This is the key insight in con-
structing supersymmetric field theories. The simplest way to extract the D-term or

F-term uses integration over Grassmann variables. By definition:

/d29 [f(z) + 0%ga(z) + 00 h(z)] = h(z)
/ P26[f(x) + 0,97 (x) + 60 h(z)] = h(z) (6.20)
/d49 F(2) + - + 0000 h(z)] = h(z)

for arbitrary functions of f(x), g(z) and h(z). Thus a general Lagrangian can be

written as

L= /d40 Ap + U d29AF+h.c.] : (6.21)

where Ap and Ap are general combinations of vector and chiral superfields respec-
tively.

Ultimately we would like to construct theories with chiral fermions and (non-)
Abelian gauge bosons since these are observed in nature. In the following, we will
gradually increase the complexity of the theories we consider until we have included
all the interactions found in the Standard Model. We begin with the simplest theory,

containing only chiral superfields.

6.2.1 Theories with interacting chiral superfields

A general Lagrangian with chiral superfields can be written as
L= /d‘*@ K(®;, @) + U dP*OW(®;) + h.c.| , (6.22)

where K(®,, @;) and W(®;) are known as the K&hler potential and superpotential
respectively. The fact that WV depends only on ®; and not <I>ZT is known as holomorphy.
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It lies behind many of the powerful results obtained in supersymmetric theories (see,
for example, [234]). It is useful to consider the expansion of W in powers of 6:
W(®;) = W(¢i + V20 + 00 F,)
oW ow 1 OPW (6.23)
— V200, + 00 | —F, — = ;i
a¢z‘ \/_ Vit 3¢i 2 8¢ia¢jw %

After integrating over the Grassmann variables, only the term in square brackets

= W(é:) +

remains.
For the Kéhler potential, we consider the simple choice K = CI>ZTCI>Z~. The integration

over Grassmann variables gives
/ d*0 ®I0; = 9,070 ¢ + i) 5" O + FIF, . (6.24)

We recognise the first two terms as the kinetic term for a complex scalar and Weyl
fermion respectively. The auxiliary field F' may be eliminated from Eqs. (6.23]) and
(6.24) through its Euler-Lagrange equation, which gives
Fr = _@W
' d¢;

Substituting everywhere for F; allows us to express the Lagrangian solely in terms of

(6.25)

the dynamical fields

L= /d40 oD, + U *OW (D) +h.c.]

. vy (6.26)
— I M i O b — | =L _ *
#¢za ¢z + 21/11(7 3#% [2 a¢za¢] 1/’sz + hc:| V(¢> ¢ ) :
Here we have defined the scalar potential V (¢, ¢*),
o_|owp_
vie.o) = || =R (6:27)

As an explicit example, we consider the Wess-Zumino model [235], a simple theory

with one chiral superfield in which
K= and W= %@2 + %@3 . (6.28)
Using the techniques we have developed, the component form Lagrangian is

_ 1 _
L = 0,070" i + 100" ihs — gm(y) + )
— g(dP + ¢GD) — [mo + go?| .

We see there is a complex scalar and Weyl fermion each of mass m, a Yukawa in-

(6.29)

teraction with coupling ¢ and a quartic scalar interaction with coupling ¢?. That
these relations hold in supersymmetric theories is important, as we will see when we
consider the ‘hierarchy problem’ in Section [6.5.1]
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6.2.2 Abelian gauge theories

A U(1) gauge transformation of the chiral superfields is defined by

P = ¢ 2ab@00P,  with DA =0, (6.30)

1

of = 2ah @00 T with DAAT =0, (6.31)

)

where g; is the gauge coupling. The condition imposed on A ensures the chiral nature
of ® remains after the gauge transformation. One can easily check that the kinetic
term @;r(bi is not gauge invariant. However, if we introduce a gauge vector superfield
Vﬂ which transforms as in Eq. under a gauge transformation, then the com-
bination <I>ZT exp (2¢;V)®; is gauge invariant. After some lengthy algebra, it can be
shown that

d* d1eV d, = | D,y |* + ith;5"D,); + FFF;
/ 1 | M¢| 1/} H,lvz) 7 (632)

+q;D |¢z’|2 - \/E%(S\%Cbi +h.c.),

where D, = 0, + iq;A, is the familiar U(1) covariant derivative. We see that this
contains the correct kinetic terms for the complex scalar and Weyl fermion, as well
as a gaugino-fermion-sfermion Yukawa interaction.

The generalisation of the gauge field strength is

1~ - — 1 _
Wy = —ZDDDAV (W= _ZDDDAV) . (6.33)
It is straightforward to check that this object is chiral and gauge invariant[] After
some more lengthy algebra, it can be shown that
2y Lia 27 i T4 | 3 = 1
d-6 ZW Wa+ | d°0 ZWAW = —ZF“ F, 4+ 1iAd"0,\ + §D , (6.34)
which we recognise as the usual kinetic term for the U(1) gauge field with

Fr = 0rAY — 9V A*, a kinetic term for the gaugino and a non-derivative term for
the auxiliary field D.

6Throughout we work in the Wess-Zumino gauge.
"Use that D4DpDc =0, @A‘I) =0 and {DmfA} =0.
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As with the F-term, the auxiliary field D can be eliminated from Egs. (6.32]) and

(6.34]) via its Euler-Lagrange equation. Doing so we find
D=—g |¢i’2 . (6.35)

Bringing everything together, the Lagrangian solely in terms of the dynamical
fields is

1
L= /d49 Ple?V o, 4 [/ d*0 {W(@i) + ZWAWA} +h.c}

_ 1 _
= [D,i|* + ithid" Dyt — T F + 25" 0,0 (6.36)
1 9*°W

— \/5%(5\1@‘@ + h.c.) — (§W

Yy + h-0-> —V(g,9%) .
In this case, the scalar potential V (¢, ¢*) is given by
1
V(g,0) = FFi+ 5D (637

6.2.3 Non-Abelian gauge theories

The generalisation of the Abelian case to the non-Abelian case is straightforward.

The generators T of the gauge group satisfy the algebra [T, T = i fu.T¢, where

fabe are the structure constants and we normalise such that Tr[T*T"] = $6°°. The

generalisation of the gauge transformations of the chiral and vector superfields are
P, = e 29Nid; with DA=0,

/7

o =l with DuAT =0, (6.38)

)

!
e2gV

Lot .
i — e_QZgAik 62ng1627,gAlj

)

where g is the gauge coupling and we have defined the matrices Ay; = T5A® and
Vij = T35V
The field strength tensor in the non-Abelian case is defined by

1= = — 1 _
Wy = _ZDDQ*ZQVDA‘BQQV (W, = —Z—l’DDeQQV'DAefzqv) . (6.39)

In this case, Wy is not invariant under a gauge transformation but rather transforms
as
Wi o e M Pi0N (T, — PATT o %o (6.40)

However, it is straightforward to verify that the term Tr [WAWA} is gauge invariant.
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In the Wess-Zumino gauge, terms V" with n > 2 vanish, therefore it is convenient to

consider the expansion of Eq. in powers of V. Defining W¢ by
Wy =2gW4aT" (6.41)
and carrying out the expansion, we find
W4 = —im) [DAV® +igf™ (DaV) VC] . (6.42)

Finally, expressing the Lagrangian solely in terms of the dynamical fields

1
L= /d“@ D2V, 4 [/ d*0 {W((I)i) + ZWaAWj;} + h.c.]

1
= (D)) (Duindr) + 10" Dyigtyy — 7 F* Fy, + X0 D, X" (6.43)
1 02W
2 D¢ 0;

where F, = 0,A7 — 0, A}, — gfebe Al Ac D“ = 0;;0" + ig A*TY: and D M= G\ —

pivs ij
g f“bCAZXC. In this case, the scalar potential V (¢, ¢*) is given by

VB (TG, + b)) — ( OW b ) V),

1
V(6,¢") = F/F, + 5D"D" , (6.44)

where D = —go!T%¢;.
This completes our discussion of theories containing the matter and gauge fields
found in nature. With the all of the formalism now in place, we turn to consider the

supersymmetric generalisation of the Standard Model.

6.3 The MSSM

We are now in a position to write down the supersymmetric part of the minimal
supersymmetric Standard Model (MSSM) [236]. The model is minimal in that it
adds the fewest additional particles to the Standard Model; in additional to adding
the superpartner of every known particle, an extra Higgs doublet is also required for
reasons we will explain below.

The gauge symmetry group of the Standard Model is SU(3) x SU(2), x U(1)y
[237, 238, 239]. Therefore, in the MSSM we include three vector superfields, one
for each gauge group, to accommodate the experimentally observed gauge bosons.
We upgrade all of the matter fields of the Standard Model to chiral superfields. In
Table [6.1] the fundamental superfields and component fields of the MSSM are listed,
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Superfield  Component fields SU(3) SU(2), U(l)y Nomenclature

Ui, = (ViLy eiL)
L; ~ - 1 2 -1 Leptons
Ui, = (ViLa eiL)

eir,
Ei ~% ]_ ]_ 2 & Sleptons
€iR
¢ir, = (uir, dir) 1
‘ B ) . )
@ Gir, = (Uir, dir) 3 3 Quarks
ugr,
UZ ~ % 3 1 _% &
U;R
dir,
- : i 2
b dig 3 1 3 Squarks
H, = (i, 1)
He H, = (Hf, HY) 1 2 1 Higgs fields
H, = (HY, H)) o
e Hy = (HY, Hy) ! 2 -1 & Higgsinos
By B boson
N B : ! 0 & Bino
W W boson
H we : ’ 0 & Winos
Gl Gluons
e G ° ! 0 & Gluinos

Table 6.1: The chiral and vector superfields of the MSSM with their associated gauge
charges.

together with their charges under the gauge groupsﬂ As with the Standard Model,
there are three generations of quarks and leptons (and their superpartners), labelled
by the subscript ¢ in Table [6.1]

As in the Standard Model, the electroweak symmetry SU(2);, x U(1)y is broken
to electromagnetism U (1)gy through the Higgs mechanism [240, 241, 242]. However,
unlike in the Standard Model, two Higgs doublets are required. In the Standard

Model, H, and H} can be used to give masses to all of the fermions. This is not

8The hypercharge Y of each field is related to the electromagnetic charge and the third component
of left isospin T3 though Q = T3 + %
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possible in the MSSM; a second Higgs doublet with hypercharge —1/2 is required to
give mass to the leptons and down quark. This is for two reasons. The first reason is
due to the holomorphy of the superpotential, which forbids the use of both H, and
H?. The second reason is for anomaly cancellation. In a theory with chiral fermions,
it is possible that gauge anomalies are present in the theory [243]. With one Higgs
chiral superfield, the MSSM would have one additional chiral fermion and a gauge
anomaly would exist. However, adding a second Higgs chiral superfield with opposite
hyper charge adds one more chiral fermion, and all anomalies cancel.

The extra Higgs doublet means there will be five massive Higgs bosons (three
degrees of freedom from the original eight are ‘eaten’ in the Higgs mechanism) in
the particle spectrum, as opposed to the single one in the Standard Model. After
clectroweak symmetry breaking, the neutral Higginos H? and H9 mix with the neutral
gauginos B and W to form four neutralinos X7. Similarly, the charged components
ﬁf, ﬁlj and W* mix to form charginos )ch.

The Lagrangian of the MSSM consists of kinetic terms for the gauge and matter
fields as well as the superpotential. The kinetic pieces can be written down using
the formalism constructed in the previous sections, therefore, here we only explicitly
write down the superpotential. It is constructed by writing down all terms permitted

by the gauge symmetrieﬂ
W =uH, - Hy—y;Hy - LiE; — yfde - QiD;j — yiQi - HU; + Wepy (6.45)
where y are the Yukawa couplings and p is a mass term. Any of the terms from
Whepy € {L; - H,, L; - LiEy, L; - Q; Dy, U;D;Dy;,} (6.46)

are also consistent with the gauge symmetries, but lead to phenomenological problems

since they violate lepton or baryon number. For example, when Uil_)jl_?k and L;- QjDk

0

are included in the superpotential, the proton can decay via p — 7e™. We can use

dimensional analysis to estimate the proton lifetime. Assuming order one couplings,

we find ) .
mg 1 TeV
Ty~ —2 ( ¢ ) 107 s (6.47)
mp mq

where m,, and my; are the proton and squark masses respectively. Given the exper-
imental limit 7, > 8 x 103 years [244], at least one of these terms must have an

extremely small coupling in the superpotential.

9We use the notation A - B = ecpA® BP, where €11 = €22 = 0 and €37 = —€12 = 1.
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R-parity is the standard way to forbid all of the operators in Eq. (6.46) [°] This
is a discrete Zy symmetry under which all Standard Model particles are even and all
superpartners odd. For a given field, R-parity can be calculated from (—1)3(B=1)+25
where B, L and S are baryon number, lepton number and the spin of the field. The
R-parity of the chiral superfield is the same as the R-parity of the scalar component.
Only terms which are even under the R-parity are kept in the superpotential.

The presence of R-parity has important implications for dark matter. The lightest
particle that is odd under R-parity is stable. Since only superpartners are R-parity
odd, SUSY naturally predicts that the lightest supersymmetric particle (LSP) is stable
on cosmological time scales. Furthermore, if the LSP only interacts through the
weak interactions (as the sneutrinos and neutralinos do), we have a natural WIMP

candidate.

6.4 Supersymmetry breaking

Exact SUSY implies that a particle and its superpartner have the same mass. Since
we have not observed a selectron at 511 keV, or any other particles degenerate in mass
but with a different spin, we must conclude that SUSY, if a symmetry of nature, is
broken. In this section we discuss the conditions required to break (global) SUSY.

The condition for the vacuum |Q2) to be invariant under a SUSY transformation
is .

5,Q) = i(a’Qa+a,Q1) Q) =0 (6.48)

This implies @ 4|2) = 0 and @A|Q> = 0 if SUSY is a symmetry of the vacuum.
The relation o, B&”BA = 2n" allows us to invert the SUSY algebra (Eq. (6.2)),
solving for P,. The vacuum expectation value (vev) of the Hamiltonian can therefore

be written as
(QIHI0) = (QIPI) = F(OH{Q1. T} +{Q2 Tu}i0) (6.49)

It follows that if the vacuum has a non-zero vev, Q4[|Q2) # 0 or @Am) # 0 and
(global) SUSY is not a symmetry of the vacuum.

The Lagrangian for a general theory with a non-Abelian gauge symmetry and
chiral fields is given in Eq. (6.43). The only fields that can have a non-zero vev,

without breaking Lorentz invariance, are the scalar fields. Thus, if the Hamiltonian

10T here is one other discrete anomaly free symmetry that can forbid the dangerous terms that
lead to proton decay. This is baryon triality [245]. We do not discuss is further because it does not
lead to a sparticle that is stable on cosmological time scales.
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has a non-zero vev, we should look to the scalar potential of the theory, given in Eq.
(6.44)). As this is a sum of squares, a non-zero value of F; or D will lead to a vev for
the Hamiltonian, and thus, a theory in which SUSY is spontaneously broken. These
two types of breaking, when (QF|Q) # 0 or (Q|D|Q2) # 0, are usually called F-term

and D-term breaking respectively.

6.4.1 Soft breaking

There are many ways in which SUSY can be broken (see [246] for an introduction).
Therefore, most phenomenological analyses do not explicitly give the details of the
SUSY breaking but rather, parameterise the effects by including ‘soft terms’ in the
Lagrangian. A special property of SUSY theories, which we will consider in more
detail in the next section, is they do not have quadratic divergences. Here ‘soft’
means that the additional terms do not reintroduce any quadratic diverges to the
theory. The full set of soft terms was classified in [247]. They are

e Scalar mass terms: —mii ’@'\2

e Gaugino mass terms: —My A? Ay

Trilinear scalar A-terms: —A;;,¢;¢;0x

Bilinear scalar B-terms: —B;;¢;¢; + h.c.
e Linear scalar C-terms: —C;¢;.

The MSSM does not have any gauge singlet scalars so cannot have any C-terms. The
only B-term arises in the Higgs sector: —B, H HY + h.c.. Each scalar particle and
gaugino gets a mass term, and there are many A-terms allowed by gauge invariance.

The large number of soft terms introduces many additional free parameters to the
MSSM compared to the Standard Model. However, once the soft terms and the pu
term in the superpotential are specified, all of the phenomenology of the MSSM is in

principle, completely determined.

6.5 The attractiveness of SUSY

Much research has been carried out into supersymmetric theories and their conse-
quences and it is probably the most expected ‘Beyond the Standard Model’ theory
to be discovered at the LHC. We end this chapter by considering some of the reasons
for its popularity.
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We have already mentioned some of the mathematical reasons why SUSY has
attracted so much attention: it is the only non-trivial extension of the Poincaré
group and powerful results arise from holomorphy of the superpotential. SUSY has
also played an essential and central role in string theory, although string theory does
not provide a reason for why the symmetry should remain unbroken to the electroweak
scale.

Of course, mathematical elegance does not guarantee that SUSY has anything to
do with nature. However, there are phenomenological reasons to believe that SUSY
is a symmetry of nature that is softly broken at the weak scale. We briefly outline

these reasons.

6.5.1 The hierarchy problem

The hierarchy problem is probably the best reason why there is a ‘good’ chance that
SUSY will soon be discovered. It is the most serious problem with the Standard
Model and its resolution requires new physics at O(1) TeV [248]. In high energy
physics, there are at least two fundamental scales: Mpianex ~ 10 GeV, the scale of
quantum gravity and Mwe ~ 10? GeV, the electroweak symmetry breaking scale
of the Standard Model. Understanding the large disparity of these scales and how
such a large difference can remain stable against quantum corrections is the hierarchy
problem.

To demonstrate the influence of the high energy scale on low energy phenomenol-
ogy, we consider the one loop correction to a scalar boson’s mass my from a fermion
running in a loop. To make contact with the Standard Model, we will imagine that the
scalar is the Higgs boson and the fermion is the top quark. The one loop correction
is

2

Sm? ~ O (—#M) , (6.50)

where y is a Yukawa coupling and A is the ultraviolet cutoff for the theory. In the

Standard Model, this would be Mpiana. This correction, quadratic in the UV cutoff,
drives the scalar mass close to the highest scale in the theory.

SUSY helps to tame this problem by introducing additional scalars in the theory

with quartic interactions y? (see end of Section [6.2.1). The correction from these

scalar bosons comes in with a different sign due to the different statistics

2
2 Y a2
omy ~ O (167?2[\ ) (6.51)

and exactly cancels the contribution from the fermion. In fact, SUSY cancels all
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quadratic divergences to all orders in perturbation theory. When SUSY is softly

broken, the terms do not cancel exactly, but rather we find

2
2 Y 2 2
dmz ~ O (167r2 (my — mf)) : (6.52)
where my and my are the fermion mass and sfermion mass respectively. Thus, in

order that the correction should not be too large, the sfermion mass should not be

very different from the fermion mass.

6.5.2 Gauge coupling unification and radiative electroweak
symmetry breaking

In the 1970s it was realised that the Standard Model gauge groups could be simply
embedded into a single gauge group (a grand unified theory or GUT) such as SU(5)
[249]. Furthermore, the renormalisation group (RG) equations showed that the cou-
plings approached each other at a high scale [250]. In SUSY GUTs, the addition of
sparticles at O(1 TeV) changes the running [251]. Precision measurements from LEP
indicated that the unification of couplings is much more precise in supersymmetric
theories, unifying at ~ 2 x 106 GeV [252).

In the Standard Model, a negative mass squared for the Higgs particle is required
for electroweak symmetry breaking to occur. While in the Standard Model this
condition seems rather ad hoc, since the mass squared is introduced by hand, SUSY
can provide a more natural explanation for why the electroweak symmetry is broken.
Starting with positive masses for all of the scalar particles at the GUT scale, the
large top Yukawa coupling tends to drive the mass squared of H? and HY apart
as the masses evolve to low energies via the RG equations. Over a large region of
parameter space, the low energy parameters satisfy the conditions necessary to break
the electroweak symmetry. Thus, SUSY can provide a dynamical explanation for

electroweak symmetry breaking [253].

6.5.3 Dark matter

Finally, as we have already mentioned, supersymmetric theories can provide a natural
WIMP dark matter candidate. Although much attention has been focussed on the
neutralino, in simple extensions of the MSSM, the sneutrino can also provide a good
dark matter candidate. We will explore this in detail in Chapter [7]
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Chapter 7

Neutrino-Flavoured Sneutrino
Dark Matter

The substantial observational evidence for non-baryonic dark matter (DM) is one
of the clearest calls for new physics beyond-the-Standard-Model, specifically the ex-
istence of an exotic stable or very-long-lived massive particle or particles. All this
evidence, however, is indirect in form, and to-date does not fix the nature of the DM
particle beyond requiring it to be colour and electromagnetically neutral and relatively
weakly self-interacting. Despite this ignorance, one particular candidate has tended,
until recently, to dominate theoretical speculation—the neutralino of the minimal
supersymmetric (SUSY) extension of the Standard Model, the MSSM. Although the
neutralino is the lightest supersymmetric particle (LSP) over substantial regions of
parameter space, and thus stable if R-parity conservation is assumed, the increasing
reach of both direct DM searches and collider constraints on the MSSM now pushes
MSSM neutralino DM into uncomfortable corners, as has been widely recognised.
The problems are two-fold: First, direct search experiments probe WIMP-nucleon
cross sections orders of magnitude smaller than canonical weak scale cross sections;
and second, given the direct search and collider constraints, the standard freeze-
out mechanism of dark-matter-genesis generically generates a substantial excess of
MSSM neutralino DM, limiting the allowed neutralino parameter space to special
‘fine-tuned’ regions of parameter space with coannihilations or resonances. Overall,
neutralino DM matter works much less naturally than it did in the early 1990s after
the excitement of the LEP-I results pointing to SUSY unification.

An independent reason to possibly doubt the standard MSSM neutralino story
is that it is based on an assumption of simplicity of the dark sector that is proba-

bly not warranted given our experience of normal matter. In the observable sector
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there is an extraordinary richness of stable or very long-lived massive states, includ-
ing more than one hundred essentially stable nuclear isotopes (on the timescale of
the Hubble time), a stable charged lepton, and three essentially stable neutrino mass
eigenstates of various flavour compositions. This is despite the fact that all global
discrete and continuous symmetries such as individual lepton number, as well as total
lepton and baryon numbers are violated (by at least neutrino mixing plus the elec-
troweak anomaly, and likely GUT-suppressed interactions too which violate B — L
also). There is no reason why we should expect the DM sector to be any less compli-
cated than the observed world, and in a sense the observation of massive neutrinos
already directly supports this hypothesis—the WIMP dark sector is already composed
of at least a four-component cocktail of the three massive neutrino species plus one
more WIMP.

Motivated by these arguments, in this chapter we investigate the physics of a very
slight modification of the usual SUSY LSP hypothesis that naturally and simply ac-
commodates a much more structured and varied DM sector (and in fact one that has
attractive and potentially testable connections to neutrino flavour physics). Specif-
ically we study what we consider to be one of the simplest alternatives to standard
SUSY neutralino DM, though maintaining the SUSY framework that naturally pos-
sesses the well-known successes of weak-scale SUSY theories, such as precision gauge
coupling unification and a solution to the hierarchy problem, namely, mixed lhd-rhd
sneutrinos.

Sneutrinos are potentially interesting alternate SUSY DM candidates since, unlike
Majorana neutralinos, they can carry flavour quantum numbers while being charge
and colour neutral, In addition they are the LSP in reasonably large regions of param-
eter spaceﬂ The traditional reason why sneutrinos have not been considered a good
DM candidate is that pure lhd, ie, SU(2)-active, sneutrinos have too large an anni-
hilation cross section, and thus too small a freeze-out relic density to be the observed
DM. However this problem is easily solved if one posits the existence of weak-scale
rhd, ie, SU(2)-sterile, sneutrinos which mix with the lhd states once electroweak

symmetry and SUSY is broken. Because of the observed family replication it is most

I Another attractive feature of considering such sneutrino DM is that it might afford a dynamical
explanation of the baryon-to-dark-matter ratio Qy/Qpar ~ 1/5 as the DM can now possess a lepton
number asymmetry connected to the baryon-number-asymmetry, in contradistinction to Majorana
neutralino DM matter which can carry no such asymmetry. We will not pursue these ideas in this
work, but see [254] 57, 255 256, 257, 258, 259 (260} 261, 262], 263, 58], 264, 265] for studies along
these lines.
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Figure 7.1: The spectrum of sneutrino masses after lifting of scalar and pseudoscalar
mass degeneracy by the mass term M3. The red, yellow and blue lines represent,
respectively, the electron, muon and tau lepton number flavour components, which
mirrors the neutrino flavour structure (here we have assumed the normal neutrino
mass hierarchy). Note that the 12 real degrees of freedom split into a heavy sec-
tor and a light sector of 6 states each, with further fine structure splittings among
these two groups, and the splittings between scalar and pseudoscalar components are
proportional to the neutrino masses. This diagram is not to scale.

natural to posit three rhd sneutrinos, one associated with each lepton flavour, in
addition to the three standard lhd sneutrinos.

Therefore we are led to a model with six weak-scale sneutrinos, that mix with each
other and form, as we will argue in detail, a structured DM sector carrying lepton
flavour quantum numbers identical to that carried by the neutrino mass eigenstates
observed in neutrino oscillation experiments. In addition, each of these complex
scalars splits into CP-odd and CP-even components, so the full spectrum of DM
states is thus twelve real degrees of freedom with a variety of masses.

Shortening the story of the subsequent sections, what we find is a successful model
comprising an entire sector of mixed sneutrino DM with the novel feature that the
sneutrino flavour structure is identical to that of the neutrinos. Further to this the
sneutrinos have mass splittings between scalar and pseudoscalar components that are
proportional to the neutrino masses (see Fig. . In addition to these interesting

features we find regions of parameter space where the splittings are large enough
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that all states will have decayed down, leaving only one flavour of sneutrino as the
candidate DM. These regions of parameter space potentially have a unique ‘smoking
gun’ signature as pair annihilations of these sneutrinos through neutralino exchange
produce just one neutrino mass eigenstate vz (for the normal neutrino mass hierar-
chy), free from vacuum oscillations, that has the potential for detection at future
neutrino telescopes through the observation of a hard spectrum of v, and v, but not
V. These neutrinos would have energy equal to the sneutrino mass and could arise
from annihilations in the Sun.

Since we require rhd sneutrinos at the weak scale our model also possesses sterile
rhd neutrinos at this scale or below. Naively one may therefore think that, as the
rhd neutrinos are not superheavy, it is impossible to generate, eg, by the see-saw
mechanism, an acceptable spectrum of light neutrinos as observed in neutrino os-
cillation experiments. However as originally show by Arkani-Hamed etal [127, 266]
and Borzumati etal 267, 268] and amplified on and extended by later authors (see,
eg, [122], 120, 128 269, 270]) this is not the case. In fact there occurs a new and
extremely attractive mechanism of neutrino mass generation linked to supersymme-
try breaking, in a sense generalizing the Giudice-Masiero mechanism for generating
the u-term—the Higgsino mass term—in the MSSM. This model of neutrino masses
allows for new explanations of the origin of the neutrino mass and flavour structure
[127, 266], 128, 270] and elegantly accommodates such nice features as weak-scale res-
onant leptogenesis [269]. Since our main focus in this work is the novel sneutrino
DM phenomenology we only very quickly summarize the physics of neutrino mass
generation in as far as it impacts the sneutrino sector, and we strongly encourage the
reader to refer to these other papers for more details.

Before we start, one other feature that deserves discussion is the fact that this
class of models was the original and motivating example of inelastic DM [122] [126],
providing a possible explanation of the reported DAMA/LIBRA [76] signals consis-
tent with the exclusions reported by other direct DM detection experiments. Since
these original models involving sneutrinos, the idea of inelastic DM has been im-
plemented in many more set ups, and has been much studied (see, eg, [162] and
references therein). This inelastic scattering also changes the phenomenology of DM
solar capture and we include the exclusion limits from Refs. [169, 170] on the nucleon
scattering cross-section. These can be more constraining than the current generation
of direct detection experiments over large regions of parameter space.

There are many previous studies of sneutrino DM, see eg, [271, 272l 273, 274,
2775, 276, 277, 165, 278, 279, 280, 281, 282, 283, 284], 285], 280], 287], though most do
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not consider connecting the sneutrino and neutrino flavour structure. For treatments
of sneutrino DM taking limits from the generation of neutrino masses we refer the
reader to [277, [165], 287].

The previous work most closely related to that considered here is Ref.[287] where
the flavour structure of the sneutrinos is also considered. However our model has the
novel feature that the neutrino and sneutrino flavour structures are exactly the same,
allowing a predictive ‘smoking gun’ signature for sneutrino annihilations into neutri-
nos, as discussed in Section [7.3.1 Another important difference is that in our model
there is an interplay between two terms contributing to the neutrino mass generation
(see the off-diagonal entries of Eq. (7.4)) that allow us to fit the observed neutrino
masses consistent with successful sneutrino DM over a significant region of parameter
space. Finally, our analysis includes the important limits arising from solar capture,
which excludes the possibility of an inelastic DM explanation of DAMA /LIBRA using
mixed sneutrinos.

In Section we first discuss the specific model, outlining the generation of neu-
trino masses and the origin of the identical neutrino and sneutrino flavour structure,
as well as the resulting mass spectrum of the sneutrino states. We then go on in
Section to present the decay lifetimes for the different flavoured sneutrino states
and consider the DM phenomenology of the sneutrinos, showing the regions of pa-
rameter space where they are good DM candidates. In Section the potential

unique signatures of this model are considered, while our conclusions are contained

in Section [T.4]

7.1 The Model

We start by summarizing the relevant field content and effective Lagrangian of the

model we employ—that of [I28], to which we refer the reader for additional details.

7.1.1 Field content and interactions

To the field content of the MSSM we append three SU(3) x SU(2), x U(1)y-sterile
neutrinos and their sneutrino superpartners, n;, which combine into the chiral su-
perfields N;. Here i = 1,2 3 labels the generation. The terms arising from the

superpotential are

1
AL = / d*9 (AijLi - H,N; + 5MNJ\@J\@) : (7.1)
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The SUSY-preserving superpotential term for the rhd neutrino mass, MyN;N;,
arises from a higher-dimension Kahler term involving a SUSY-breaking spurion
F-component, in analogy with the Giudice-Masiero mechanism for the p-term,
thus giving rhd neutrino masses at the weak scale My ~ m?/M ~ TeV. (Here
my ~ 1019 —10" GeV is the intermediate scale at which SUSY is broken in the hidden
sector, while M is the reduced Planck scale.) The Yukawa coupling \;; between
the lhd lepton doublet superfields, L;, and the rhd neutrino supermultiplets, N;,
also arises from a Kahler term involving a spurion F-component and is suppressed
in magnitude by a factor of |\;;| ~ m;/M ~ 1077 — 107%. These suppressions are
justified with an R-symmetry, with explicit charges given in [128], which gives a
natural motivation for these terms.

In addition to the usual soft-SUSY breaking terms of the MSSM there are also
SUSY-breaking terms of the form

. 1
— AL = m |fu]* + A Lifi;hy, + 3N M3 iy + hc. . (7.2)

Namely, TeV-scale, but flavour diagonal, soft mass and trilinear scalar A-terms, and
a small but significant rhd sneutrino lepton-number violating B-term with coefficient
B ~ NjM} ~ m3(mi/M)* ~ (TeV®/M)"? ~ (100 MeV)? and flavour structure
identical to that of the neutrino Yukawa coupling, which we assume to be real. Again
this structure of suppressions and lepton flavour breaking can be justified by the
R-symmetry and flavour structure properties of the SUSY-breaking spurions. More
complicated flavour breaking patterns, for instance those with non-diagonal A-terms,
are also possible, but Eq. and is the simplest structure that leads to a
successful spectrum of masses and mixings in the neutrino sector (as we quickly
recall in Section . It also leads to a simple and direct connection between the

neutrino and sneutrino flavour structure and masses.

7.1.2 Sneutrino Masses

In total we have six complex sneutrino fields, however these are split into scalar and
pseudoscalar components by the sneutrino B-term in Eq. (7.2)), leaving twelve mass

eigenstates. After electroweak symmetry breaking the sneutrino mass matrix has the

form
M35 Awvsin (13 0 AijMpyvsin 8
M2 . Avsin ﬁ]].g Mé]].g )\ijMNU sinﬁ )\UM% (7 3>
g 0 A\ijMyvsin 8 M, Avsin 315 ’ '
AijMNU Sinﬁ )\UM% Av Sinﬁﬂg M]%L]lg
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where the basis is (", n, v, n*). Due to the flavour diagonality of the unsuppressed
terms after electroweak symmetry breaking, this 12x12 sneutrino mass matrix is made
up of a total of sixteen 3 x 3 blocks which are either proportional to the identity matrix
(from the A-term, Majorana mass F-term and D-terms), or \;; (from the B-term and
the rhd sneutrino F-term). Therefore the sneutrino flavour structure is completely
determined by the matrix that diagonalises \;;, which we will call U,.

After diagonalisation of the flavour structure the sneutrino mass matrix is in the
form of sixteen diagonal 3 x 3 blocks, which by further rotations can be manipulated
(detailed in Appendix @ into the simple block-diagonal form of six 2 x 2 matrices,

three for the scalars and pseudoscalars each

A2 ( M? Avsin f + \qa, M3 ) (7.4)
2 Avsin 8 + \,a, M ME+ N\ M3 '
M? Avsin 8 — \ya, M?
2 _ L alyMp
My, = ( Avsing — Aaa, ML M3 — A M3 ) ' (7.5)

Here " and 7~ denote the scalar and pseudoscalar components respectively. The
subscript a = {1, 2,3} denotes the mixed flavour sneutrino mass eigenstate (note the
change from Latin to Greek indices on going from weak to mass eigenstates), \, are
the eigenvalues of the A;; matrix, M7 = m? 4 5 M3 cos 26 and Mz = mZ + M3, where
mj; and m; are the usual soft mass terms, and, v = 174 GeV, is the Higgs expectation
value. We have also defined _
ay = —”M]J\gnﬁ , (7.6)
which gives a measure of the relative size of the B-term and F-term contributions to
the splitting of the CP-eigenstate masses.
These 2 x 2 matrices can then be diagonalised to complete the exact sneutrino
rotation matrix U. Further, in this form one can see there are twelve mass eigenstates:
two T and two U~ for each flavour, and both the heavy and light o and 7~ states

for each flavour have their masses split due to \;;, becoming degenerate in the limit

R
Ao — 0. Expanding to first order in the small parameter A, the splitting between

the light 7} and 7; components for each flavour is given by

M2
O =My —M,- =), MB (cos® § — a, sin 26) ~ 100 keV , (7.7)

VL

where M;, and 0 are the lightest mass eigenstate and the rotation angle which
diagonalises the 2 x 2 matrices in Eq. (7.4) in the limit A, — 0. Similarly, the

splitting between the 7}, and o components is given by d, 5 = Mﬂ:’H — M,;;H =
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X

Figure 7.2: Feynman diagram corresponding to the radiative neutrino mass genera-
tion.

Ao L (sin®@ + a, sin20) ~ 10 keV, where M, is the heavy mass eigenstate in the

My,

limit A, — 0. Therefore we are left with a sneutrino mass spectrum as shown schemat-

ically in Fig. [7.]]

7.1.3 Neutrino Masses

As the Majorana mass for the rhd neutrinos (My ~ 1 TeV) is very small compared
to the standard seesaw set-up (My ~ 10 — 10 GeV) one would naturally expect
the seesaw contribution to the light neutrino masses to be large. However, here
this contribution is suppressed by the square of the small neutrino Yukawa coupling
(A% ~ 1071 — 107'%) and instead the dominant Majorana masses for the neutrinos
arise radiatively through loops involving sneutrinos and neutralinos. This is due to
the combination of the lifting of the degeneracy between vt and 7~ sneutrino states
and the Majorana nature of the neutralinos and can be seen schematically through
loop diagrams involving perturbative mass-insertions, as in [128]. However, as it is
possible to solve for the sneutrino masses and mixing matrices analytically, the exact
one-loop contribution to the neutrino masses can be calculated from the Feynman
diagram in Fig. [7.2]
Correspondingly, the neutrino masses are given by

2 12 4
M, =2 (—) ZZsz(NM sin Oy — Ny cos Hw)zUiT’aL(ra,sz)Ua,j% , (7.8)

where o runs over the twelve sneutrino mass eigenstates, N, are the neutralino

mixing matrices, m,, the neutralino masses, r, = M,/m,, andﬂ

r?In(r?) A?

The parameter dependence and flavour structure of the neutrino masses is more

2As Z:‘f:l Ua:U f j,o = 0j; the last two terms vanish when summing over the sneutrinos as they
are independent of the sneutrino masses and «.
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apparent by expanding the previous exact one-loop formula to first order in the \;;

matrix. This gives

MyMg\” 1
M,,, = X\ (ﬁ) Z —— (N, sin Oy — Nyo cos Oy )?

=1 Ma
- {sin”0(cos® 0 — a, sin 20) Ly (2, y.)
+ cos® O(sin® 0 + a,, sin 20) Ly (24, y,) }

(7.10)

where L; and Ly, defined in Appendix[D] are the loop contributions from the sneutrino
soft mass term and the F-term contributions. The parameter a,, defined in Eq. ,
gives the freedom to generate neutrino masses that aren’t too large by cancelling these
two contributions off each other. Once the overall scale of the neutrino masses is set
the mass splittings and mixing angles are determined by the matrix A;;.

From Eq. we can see that the neutrino masses are proportional to the
eigenvalues of \;;. Combining this with Eq. , it is clear thar 6, o< M, . In order
to obtain the correct neutrino masses it is necessary that A\,/Ag = M,, /M,,ﬁ and
therefore 6,/03 = M,,, /M,,,. Once these ratios and all other parameters are set, then
the overall magnitude of the neutrino masses depends on the parameter a,. We allow

a, to take values —1 < a, < 1, and find that for reasonable values of this parameter,

neutrino masses below cosmological bounds and with M,, > \/Am?2, + AmZ, are
obtained. This will be discussed in more detail in Section [7.2.3

It is clear from Eq. , and is shown to all orders in )\;; in Appendix @,
that the flavour structure of the neutrino mass matrix takes a simple form. The
PMNS neutrino mixing matrix is given simply by Upyrns = Uy, where U, was defined
previously as the matrix which diagonalizes );;, and also completely determines the
flavour structure of the sneutrinos. Therefore the flavour structure of the neutrinos
is automatically identical to that of the sneutrinos in this model. This enables us to
make definite statements about possible ‘smoking gun’ signatures.

Hence, in order to reproduce the measured neutrino mixing and mass parameters
the form of \;; is completely known, up to an overall normalisation factor which is
absorbed into M#%. Since , o< M, , the largest sneutrino splitting d, is in correspon-
dence with the largest neutrino mass. For the normal neutrino mass hierarchy, we
know the heaviest neutrino’s flavour structure is almost exactly half x4 and 7, there-
fore we know the four sneutrino states 3 (two heavy scalar and pseudoscalar, and
two light scalar and pseudoscalar states) must also have this flavour structure. This
is shown schematically in Fig. [7.1]
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7.2 Dark Matter

In the previous section we have derived the sneutrino mass spectrum and shown that,
as well as giving mass to the neutrinos, they also pass on their flavour structure to
the neutrinos. In this section we would like to apply current experimental constraints
to find the regions of parameter space where the flavoured sneutrinos are a good DM
candidate [

As explained above, the sneutrino spectrum is split into two groups of six particles
with the same flavour structure as the neutrinos. In this section we will only be
concerned with the possible transitions of the six lightest particles as the heavier
ones very rapidly decay. We will find that there are three general possibilities for
the current DM composition: 1) In a Hubble time all of the heavier sneutrinos could
have decayed to the lightest state, v5;, which makes up all of the measured DM
relic density; 2) The three lightest species survive to the present day, each making
up a third of the measured relic density; 3) An intermediate situation where one or
more of the heavier sneutrino states have decayed (or are currently decaying) down to
the lighter states, but a non-trivial cocktail of different flavoured sneutrinos remains.
For pedagogical clarity, we shall assume in the following that the neutrinos follow the
normal mass hierarchy, however we will briefly highlight the differences if the inverted

mass hierarchy is assumed at the end of this section.

7.2.1 Stable and meta-stable sneutrino spectrum and decays

The lifetime of the lighter six states is a sensitive function of the splittings d; and Ay,
(defined in Fig. [7.3), which as shown in Eq. depend on the ratio a,. As we will
show later, there are regions of the parameter space of a, where the lifetime of the
decays of vy ; and v, to vy are longer than the age of the Universe. In this case,
the DM is comprised of equal abundances of all three states v, U5 ; and v3 ;, and is
therefore overall flavour neutral. However there are also portions of parameter space
where the states will have decayed to only 7y, leading to one flavour of sneutrino
as the DM candidate with potential signatures linked to the mixing properties of
neutrinos.

Initially we consider the decay of the lightest scalar particle, fo 1, as shown in

Fig.[7.3] The particle can decay by vv emission through intermediate Z exchange to

3For all of our studies we take the current total DM density to be given by the
WMAP5+BAO+SN value Qh% = 0.1143 + 0.0034[288].
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Vs L

Figure 7.3: The six lightest sneutrino mass eigenstates (splittings not to scale). Df’ I

can decay to v ; by vv emission through intermediate Z exchange, as shown by the
blue line, or to any of the lighter states by vv emission through a neutralino (red
lines). 7, and 7, ; can decay to 73, through an intermediate neutralino exchange.
For some regions of parameter space, these decays will be longer than the age of the
Universe.

the pseudoscalar particle of the same flavour, vy ;, or by vv emission through an in-
termediate neutralino exchange to any of the lighter pseudoscalar particles. Typically

the dominant decay mode is through the Z-boson,

i, . ,GR w o (sin\' /6 N’
I'," =sin 6—2O7T3 (9 x 10" yrs) 01 0KV ) (7.11)

and is around an order of magnitude faster than neutralino-mediated decay. The
associated ﬁff ; lifetime is, for all reasonable parameters, short enough that no 17(; I
states survive to the current day. Although these decays occur after Big Bang Nu-
cleosynthesis there are no changes in the predicted light element abundances as the
mass splittings are small and there is no hadronic energy injection.

There are similarly no constraints from spectral distortions in the CMB [289] from
the energy injection due to Z-mediated decays to two photons, as the loop-suppressed

branching fraction into photons is too small for these features to be observable. We

)
100 keV

decay this leads to an energy release per CMB photon at least ten orders of magnitude

estimate this branching fraction as f,, ~ 1.3 x 107%( )* and for each sneutrino

below the bounds given in [289).

We will now consider the decays of the pseudoscalar particles, and in particular,
the decay of vy, to v3;, as indicated by the dotted red arrow in Fig. , since it
will be the fastest of the possible decays. If this lifetime is longer than the age of the
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universe, the lifetime for 7, ; to decay to vy, will also be longer. These decays can
only occur by vv emission through an intermediate neutralino. The decay width for

typical parameters is

. ) M, 4 A®

)" = ysin* 6 ( 5 ) —9607T3m1i Ve (7.12)

1 L

~ (10 ) () (2 4

0.22 0.1
5 ) ) (7.13)
( A ) (100 GeV) (200 GeV>
25 keV M, My, ’
where
2
X = (Z %(Nﬂ sin Oy — N,a cos GW)2>

o (7.14)

2
+ (Z Mha o, iwDL | Np1 sin Oy — Nyo cos 0W|2>
- M
depends on the neutralino mixing matrix, N,,, and neutralino masses, m,, .

The decay width Eq. is in the range where, depending upon parameters, the
pseudoscalar vy states can either have essentially all decayed by the present epoch,
or can be substantially still present, or can be currently decaying. For the purposes
of matching to the observed DM density, however, this ambiguity is immaterial as
each heavier state decays to one only marginally lighter state. The same is true for
the decays of the 17;; ; states, so in computing the total freeze-out relic density it is a
good approximation to sum the contribution of all six light states ignoring the later

effect of decays.

7.2.2 DM relic density and experimental constraints

Although various thermal and non-thermal mechanisms for generating the observed
DM relic density are possible, we assume that the relic density is generated by the
standard thermal freeze-out process. In particular we do not here consider the pos-
sibility of using the calculable and IR-dominated thermal freeze-in process recently
advocated by Hall etal [290], as this would apply for supersymmetric theories with
Dirac neutrino masses, rather than the model outlined in Section |7.1

The three main processes which contribute to the freeze-out relic density calcula-
tion are shown in Fig. [7.4, We performed the calculation using micrOMEGAs 2.2 [97]
with model files created using LanHEP 3.0.4 [291] and the results are shown as the
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Figure 7.4: The dominant processes which set the sneutrino relic density.

solid green curves in Figs. [7.5] and [7.7] Coannihilation between the six lightest
sneutrinos, which is obviously important since they are almost degenerate in mass,
is automatically included in micrOMEGAs. The dashed black and purple lines show
the limits from the current generation of direct detection experiments on the DM-
nucleon scattering cross section, or equivalently from using Eqs. and , on
the mixing angle sinf. An interesting feature of this model is the possibility of two
signals at future direct detection experiments; the DM can up-scatter inelastically via
Z exchange, for example from vy} to D; 1, and therefore is sensitive to the small mass
splitting 0, 1, or can elastically scatter by Higgs exchange. This also means that we
can constrain the parameter space in two regions due to the different kinematics of
each collision. The elastic cross section is larger at smaller masses Mj, , while the
inelastic cross section limit is stronger for smaller d, 1, as we will explicitly demon-
strate later. The cross section for coherent scattering off a nucleus at zero momentum

transfer by Z exchange is
G2 2
0% :sin49§—u (A-2) - (1—4Sin29W)Z)2 . (7.15)
s
Here p is the reduced mass for the sneutrino-nucleus, Z the proton number and A,

the number of protons and neutrons in the nucleus. The cross section for elastic

scattering off a nucleon by Higgs exchange in the decoupling limit is given by

2 2 2 ?
M
oh — Ihnn ( My ) (A sin 3 sin 20 — TZ cos 23 sin? 9) ; (7.16)

" 8mmp \my, + M,

where m,, is the nucleon mass and gpn, = :/’g; <ZZ’d’S fr, + % Zgb’t fTG>. We use
the values of fr, and fr, from Ref.[277] which give gpn, = 1.43 x 1072
The red dot-dashed lines show the indirect detection limits on sin @ from the DM

capture, and subsequent annihilation into neutrinos, by the Sun. At the masses
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Figure 7.5: Exclusion curves and thermal relic density constraints in the sin6 - M;,
plane for M; = p = 250 GeV, My = 500 GeV and tan 3 = 10, and with Higgs mass
121 GeV. The green solid line indicates the value of siné where the observed DM
relic density is generated thermally. The dashed lines give the exclusion curves from
direct detection experiments and the shaded regions show the values of sin 6 which fit
the DAMA/LIBRA experiment at 90% and 99% confidence levels. The dot-dashed
curve gives the exclusion curve from the measurement of solar neutrinos from Super-
Kamiokande. The green solid line below the dashed and dash-dotted lines indicate
parameters where the sneutrinos are a good thermal DM candidate. The two features
below 60 GeV on this thermal relic density curve correspond to the Higgs- and Z-
funnel regions. The Z-funnel is a co-annihilation effect and so would be absent from
indirect detection signals. Note that, with the exception of the Higgs-funnel region,
the elastic direct detection, and solar capture indirect detection limits are close to the
region of parameter space required for a successful thermally generated relic density.

we consider, the limits are set from the observation of solar neutrinos by Super-
Kamiokande [I12]. Note that the solar capture and annihilation limits are the most
constraining limits over a sizeable region of parameter space.

In the limit A\, — 0, the sneutrino masses and mixings are determined by M,
Mpg, A and tan 3, however we find it more intuitive to trade in My, Mg and A for
mj, My, and 6. Furthermore, once a, and one of the d, ; are specified, and M;, My
and p are chosen so that the neutralino masses m,, and mixing angles N, can be
computed, the absolute neutrino masses can be calculated from Eq. and the
other two do,, can be found from the ratio 0, 1/03L = M,,/M,,. At the top of each
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Figure 7.6: Left panel: Exclusion curves and thermal relic density constraints for
M, = p = 150 GeV, My = 300 GeV and tan 3 = 10. As well as the Higgs-funnel
region at ~ 60 GeV, the Z-funnel region at ~ 45 GeV is now also viable. Again, note
that, with the exception of the Higgs-funnel region, the elastic direct detection, and
solar capture indirect detection limits are close to the region of parameter space re-
quired for a successful thermally generated relic density. Right panel: The branching
fractions for the same parameters as in the left panel. For each value of Mj, , we have
chosen sin @ to give the correct thermal relic density. At low masses the branching
fractions to neutrinos dominates, and at masses just below the W mass is substantial.
At masses above the W mass, that to W W~ dominates.

figure we have displayed the value of m; and J we have fixed. Note that § always
refers to the smallest d, ; from the sneutrinos which have not decayed.

For all further calculations we fix the MSSM parameters at the weak scale. We set
tan # = 10, the pseudoscalar Higgs mass M4 = 500 GeV, the rhd slepton soft mass
mg = 250 GeV, the top soft coupling A; = —1 TeV and all other soft parameters to
1 TeV giving a Higgs mass of 121 GeV. M;, M, and p are varied in different plots
but we maintain the relation My = 2M;.

The dominant channel which contributes to the relic density is through the Higgs
s-channel because of the large A-terms. An especially noticeable feature in the relic
density curve in Figs. and [7.7is the Higgs-funnel at half the Higgs mass ~ 60
GeV. A similar effect can be seen at ~ 45 GeV, the Z-funnel, but is much smaller
because it is suppressed by sin? § rather than sin®26, cf. Egs. and ([7.16)). The

annihilation through the neutralino t-channel is important at lower mass (< 45 GeV)
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Figure 7.7: The effect of changing § while keeping everything else fixed. The relic
density and elastic direct detection curves remain the same, while there is a small
change at low masses in the solar capture limits. The major change is in the inelastic
direct detection limits which change considerably due to the different kinematics of
the collision with the target nucleus.

and just below the W mass, where, from the right panel of Fig. [7.6] we see that the
branching fraction into neutrinos can be large.

As mj; increases with 6 and Mj, held constant, the A-term increases, so smaller
values of sin 6 are required to ensure the sneutrinos do not over-annihilate producing
a relic density below the measured value. From Eq. , we can also see that this
increase in the A-term is the reason why the elastic direct detection limits become
stronger as mj is increased.

For mj; < 350 GeV, the only region of parameter space not excluded from elastic
direct detection and solar limits is below the W mass; as well as the Higgs-funnel
region, the left panel of Fig. demonstrates that the Z-funnel region at ~ 45 GeV
also opens up. For m; > 500 GeV, the elastic direct detection limits and relic density
curve move to lower values of sinf together so that no new lower values of M;, are
allowed.

Changing 4 has virtually no effect on the relic density calculation and the elastic
direct detection limits, while the change in the solar limits is very minor. However as
Fig. [7.7 shows, the major difference is in the inelastic direct detection limits which

change considerably.
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Figure 7.8: The grey shaded regions show the values of the scattering cross section
0, which fit the DAMA/LIBRA experiment at 90% and 99% confidence levels. Also
shown are the best direct detection limits (purple dashed). In the left panel we
concentrate on the low mass DAMA/LIBRA region with 6 = 30 keV. The blue dot-
dashed line is the constraint arising from the sneutrino contribution to the invisible
Z width. Regions above this line are excluded. In the right panel, we concentrate
on the high mass DAMA/LIBRA region with 6 = 125 keV. The red dot-dashed line
show the constraints from solar capture. Regions above the line are excluded. Clearly
the invisible Z-width and solar capture limits completely exclude both the low and
high mass DAMA /LIBRA regions in this model.

The somewhat erratic appearance of the solar limits in Figs. [7.5] [7.0] and
is because we have only plotted the strongest constraint arising from the different
possible annihilation channels; vv, 77, bb, WtW =, ZZ and hh. Typically we found
that for My, < My, the limits from annihilation into vv dominate except for when
M;, ~ My/2, where the 77 limits dominate. This is because the neutrinos are
produced through t-channel neutralino exchange which are not enhanced in the Higgs-
funnel, as other massive particles are. For M;, > My, the WTW~ limits typically
dominate. The branching fractions were calculated using micrOMEGAs and we used
the limits on the annihilation branching fraction derived using the methods in [169].
We have also only shown the strongest limits from the direct detection experiments.
We assume the Standard Halo Model and refer the reader to Ref.[I] for details on
how these limits were calculated and the experimental details.

Since our model naturally includes a splitting of order 100 keV, it is natural to
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ask whether this is consistent with the inelastic DM [122] explanation of the pos-
itive annual modulation signal measured by the DAMA/LIBRA [76] experiment
and the null results from the other direct detection experiments (notably CDMS
IT [79] and XENON10 [154]). There are two regions of parameter space where the
DAMA /LIBRA experiment may still (just) be consistent with the other direct detec-
tion experiments; the low mass region with a splitting 6 ~ 30 keV; and a higher mass
region with a splitting § ~ 125 keV [123], 1, 162}, 0T, [161]. However, as we demonstrate
in Fig.[7.8] both the low and high mass regions are conclusively excluded in our model.
In the left panel of Fig. , the shaded regions show the (channeled) DAMA/LIBRA
90% and 99% confidence regions with a splitting § = 30 keV, while the dashed purple
line shows the best limit from direct detection experiments (the excluded region lies
to the right of this line). The blue dot-dashed line shows the limits from the invisible
Z-width (the excluded region lies above this line). The contribution from the six
lightest sneutrinos to the invisible Z-width is Al'y = &340(1 — (2M;, /M2)?)*2 T,
where I', = 167 MeV is the invisible Z-width into one species of neutrino. We adopt
the LEP bound Al'; < 2 MeV [277]. We see that the invisible R-symmetry-width
constraint completely excludes all of the low mass DAMA /LIBRA parameter space.
In the right panel of Fig. [7.8 we show the limits on the high mass DAMA /LIBRA re-
gion for 6 = 125 keV. We find that when the solar capture limits from Refs. [169, [170]
are included, the DAMA/LIBRA region is conclusively excluded.

7.2.3 The allowed a, parameter space

For a given set of the parameters {mj, u, My, My, tan 5} one can see from Figs. ,
and @ that the allowed values of sin@ and M;;, are tightly constrained by limits
from direct and indirect detection. Although non-thermal mechanisms for generating
a relic density are possible, we also impose that the correct relic density is generated
thermally and this reduces the allowed parameter space further. Therefore once M,
is chosen, sin f is set by this constraint.

Finally it remains to constrain the parameter a, which contributes to the inelastic
splittings and the neutrino masses through Eqs. and . For a given splitting
03 1, the allowed parameter space for a, is determined by the requirement that the
neutrino masses satisfy both the cosmological bound, Y m, < 0.61 eV [292], and the
mass bound M,, > \/Am?2, + AmZ,.

In Fig. [7.9| we show the allowed values of a, for a given parameter set with varying

WIMP mass Mj, . For a typical set of soft mass and electroweak parameters it is in
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Figure 7.9: Regions of parameter space for the a, parameter for which the neutrino
masses satisfy both cosmological and mass-splitting bounds. The other parameters
are p = M; = 250GeV, My = 500GeV, mj = 350 GeV, sinf = 0.2, tan 3 = 10 and
0 =100 keV.

general possible to find a value of a, for which the neutrino masses satisfy the bounds,
although the allowed region may become small.

We have shown that within this model it is possible to generate all of the observed
neutrino parameters and satisfy cosmological mass-sum bounds. Concurrently the
mixed sneutrinos have the same flavour structure as the neutrinos and are good DM
candidates capable of providing the observed relic density and avoiding current direct
and indirect detection limits.

It is now interesting to consider properties of the sneutrinos that could lead to a
positive identification at future experiments. A potentially unambiguous annihilation
signal could arise if the DM sneutrinos have all decayed down to the lowest state.

By choosing the same parameter set as that used to generate Fig. and vary-
ing values of sin# and WIMP mass, we have calculated the fraction of the allowed
parameter space of the parameter a, for which the sneutrinos will all have decayed
down to the lightest state. The results for two different values of 9 are shown in
Fig. From this it seems that, for this model of DM, the fraction of parameter
space for which the DM sneutrinos are made up of one state lies in the range 5 — 30%

for WIMP masses above My, and the range 0 — 45% for masses below My .
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Figure 7.10: Contours of constant fraction of a, parameter space for which the sneu-
trinos have decayed down to the lightest state (i.e. constant fraction of allowed values
of a, for which Tog =iy, < 10 yrs). For comparison the regions where the ob-

; —)V?’7
served relic density is produced are superimposed. The SUSY-breaking parameters
are u = My, = 250 GeV, My = 500 GeV, tan f = 10 and the solid and dashed lines
are for m; = 350 and 500 GeV.

7.2.4 Neutrino mass hierarchy

This model does not have a preference for the neutrino mass hierarchy, since it is
equally capable of generating either. In the discussion above we have assumed the
normal mass hierarchy. Here we highlight how the phenomenology changes if the
inverted hierarchy is assumed. Since 7, < M,,, the 0, 1 follow the neutrino mass
hierarchy so that in the normal hierarchy, ds 1, is the largest splitting. This is much
bigger than ds; and ¢; 1, which are expected to always be close together because
05, — 01, o Am3,, which is known to be small from solar neutrino measurements.
Conversely in the inverted hierarchy, ds 7 will be the smallest splitting, do 7 will be
the largest, but 0, will be similar because Am3, is small. Therefore even if 7, has
decayed, we expect to have a significant fraction of both 7y ; and 7, ; and the overall
flavour structure of the DM will depend precisely on the relative abundances of v,

and Uy p-
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7.3 Detection and Identification

7.3.1 Indirect Detection

Mixed sneutrinos present an interesting scenario for indirect detection through neu-

trino annihilation products for three reasons:

e The inelastic splitting allows for a comparatively large WIMP-nucleon scatter-
ing cross section, o,, due to the kinematic suppression of scattering at direct
detection experiments. However, the large escape velocity of the Sun implies
a typical WIMP kinetic energy in the Sun greater than this inelastic splitting,

thus allowing a relatively large solar capture rate.

e Sneutrino annihilation can proceed via t-channel neutralino exchange to two
neutrinos which propagate relatively unhindered (with some attenuation in the
Sun, see e.g. [293]) to the Earth. These neutrinos could be detected in future
neutrino telescopes as a hard spectrum centred at the sneutrino mass, although

this hard spectrum may lie below the flux of neutrinos from annihilations to
other SM particles. This is illustrated in Fig. [7.11]

e If the DM were made up of all three lowest lying states then annihilations to
neutrinos would result in equal numbers of v,, v, and v,, with the directional
flux of hard v, equalling roughly one third of the total flux of hard neutrinos.
If the sneutrinos have all decayed down to the lightest state then the hard
spectrum of neutrinos would be comprised solely of the v3 mass eigenstate, and
the v, flux would equal roughly one half of the total flux for the normal hierarchy
neutrino structure. In the vacuum none of the neutrinos would oscillate as they
are produced in the mass eigenstates v 2 3. Moreover, if annihilations are purely
to v states in the Sun, MSW effects would be negligible due to the small v,

component of v3.

As the WIMP-nucleon scattering cross section is typically large, sneutrino capture
and annihilation in astrophysical bodies provides the most promising scenario for
indirect detection. However it should be noted that neutrino signals from annihilation
in the galactic halo are not subject to the large uncertainties relating to the DM
structure in the centre of the galaxy [294], and a dedicated analysis by neutrino
telescope collaborations could place interesting limits on thermal relic WIMPs from

annihilations resulting in final state neutrinos.
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Due to the suppressed capture rate in the Earth from the inelastic splitting, we
will only discuss potential signals from sneutrino capture in the Sun. Although a
thorough treatment of limits from upcoming neutrino telescopes is best left until af-
ter the collection of data, it is interesting to speculate about the detection potential.
Compared to existing Super-Kamiokande limits [I12] projections of the performance
of the completed IceCube + DeepCore detector indicate an order of magnitude in-
crease in sensitivity to v, from the Sun for WIMP masses ~ 100 GeV [295]. An order
of magnitude increase in sensitivity to o, corresponds to an increase in the limits on
sinf by a factor ~ 1.8. As the regions where the observed relic density is generated
are already close to current indirect detection limits then inspection of Figs. [7.5]
and would suggest that the completed IceCube detector will be sensitive to large
portions of parameter space of this model for m; < 500 GeV.

In Fig. we plot the neutrino spectrum at the Earth for various sneutrino
masses where current direct and indirect detection bounds are just satisfied. Inspect-
ing Fig. one can see that when M;, > My (respectively Myz) then W (and Z)
bosons are the dominant annihilation products, while for M;, ~ M), /2 then bb domi-
nate due to the Higgs resonance. Neutrinos from both these annihilations swamp the
hard spectrum of neutrinos from neutralino exchange. However when the sneutrino
masses lie out of these ranges the sharp peak from annihilation to neutrinos can be
seen where the annihilation to neutrinos is at its greatest. Observation of such a
feature would constitute a compelling case for sneutrino DM as direct annihilation of
neutralinos to neutrinos is forbidden due to their Majorana nature. As described in
Ref. [28]1], the peak from annihilations to neutrinos would lead to a linear component
in the muon energy spectrum at IceCube and, if large enough, could be distinguished
from annihilation to other Standard Model particles which give a non-linear muon
energy spectrum. Further, if the flavour content of this component or alternatively
just that of the highest energy neutrinos could be determined and was found to be
non-democratic, then this would be an indication of neutrino-flavoured sneutrino DM.

We emphasise that if the sneutrinos have all decayed down to the lightest state
then the prediction of this model for the ratios of the flavour content of the hard
neutrino spectrum from annihilations through neutralinos is ~ (0,1/2,1/2), in the
basis (fe, fu, fr), exactly matching the flavour content of the heaviest neutrino in
the normal hierarchy. If the inverted hierarchy is assumed and the sneutrinos have
decayed down to the two lightest states, which are very long lived due to their small

mass splitting, the flavour content would be expected to take the form ~ (1,1/2,1/2).
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Figure 7.11: The spectrum of neutrinos from the Sun per sneutrino annihilation
for two sets of parameters lying just below current indirect detection bounds. The
SUSY-breaking parameters are as in Fig. and mj; is varied in order to stay just
below current indirect detection bounds for higher sneutrino masses. The neutrino
spectrum is evaluated using the branching fractions calculated using micrOMEGAs
2.2 [97] along with the oscillation and propagation code publicly available [296]. For
the two lhd panels the hard feature corresponds to two-body annihilation and gives
neutrinos at energy M;, . The branching fraction to neutrinos is large away from the
Higgs-funnel and below the W mass, as shown in the rhd panel of Fig. Note
that these are raw spectra. In the rhd panels we illustrate cases where the direct
2-neutrino final state branching fraction is small, the spectrum of neutrinos being
dominated by secondary decays of annihilation products.
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7.3.2 Direct detection

Referring the reader back to Figs. [7.5] and one can see that current direct
detection bounds are close to large portions of parameter space for this model, whether
for elastic scattering via Higgs exchange or inelastic scattering when the splitting
0 is smaller than ~ 100 keV. Therefore the prospects for the direct detection of
sneutrino DM are good as future direct detection experiments such as EURECA [297],
XENON100 [298] and LUX [299] are expected to have significant increases in detection
sensitivity.

Regardless of the size of the inelastic splitting the elastic scattering via Higgs
exchange is unavoidable and future direct detection experiments should be capable
of placing strong limits or possibly observing a positive detection signal with this
channel. Also, if the inelastic splitting isn’t too large (§ S 150 keV) then there is
also good potential for observing inelastic scattering, which could be discriminated
against elastic scattering by the shape of the event spectrum, thus giving a unique
window onto the size of the inelastic splitting among sneutrino states.

Therefore upcoming direct and indirect detection experiments will provide a com-

plementary test of the validity of this model of DM.

7.3.3 Collider Signatures

Due to the small mass splittings of the six lightest sneutrino states, to a good approx-
imation all six states would be produced in equal multiplicity at the LHC, making
a determination of flavour structures at the LHC very difficult. However it may be
possible to identify sneutrinos as the LSP. The LHC signatures of mixed sneutrinos
have been studied previously [165] where it was found that mixed sneutrinos can be
distinguished from the MSSM over large regions of parameter space. If the NLSP
is a right-handed slepton then large lepton multiplicities may result from the de-
cays of more massive sparticles. In particular, decays of the lightest neutralino lead
to opposite-sign, same-flavour dilepton signatures. This can be distinguished from
similar MSSM scenarios by observing the shape of the dilepton invariant mass distri-
bution [I65]. For large sin # decay chains starting with squarks can lead to jet-lepton
signatures which are present in the MSSM, but could be distinguished by observ-
ing sneutrino-charged slepton mass splittings which arise only through electroweak
symmetry breaking in the MSSM [165].

Finally, if the sneutrinos were to lie in the Z-funnel region, M;, ~ 45 GeV, as in
the left panel of Fig. [7.0], Higgs searches at the LHC and ILC could be dramatically
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altered because the large A-term implies that the dominant decay of the Higgs will
be to two sneutrinos. For the parameters of Fig. and sin§ = 0.2, the Higgs decay
width I'j, will increase by an order of magnitude from I'j, ~ 5 MeV to I';, ~ 50 MeV.
Although not directly measurable at the ILC, this could be determined indirectly from
Iy, =T'(H — WW*)/Br(H — WW?*) where Br(H — WW¥) is directly measured
and I'(H — WW?*) is estimated from the measurement of the WW H coupling [300].
The branching fractions for the decays to SM particles, in particular, bb and 7y
would also be lower by an order of magnitude, making Higgs searches at the LHC
more difficult. Therefore, it seems that this model of mixed sneutrino DM has signals
at colliders, and is testable through direct and indirect detection experiments over

much of the parameter space.

7.4 Conclusions

The model detailed herein constitutes a viable model of both DM and neutrino mass
generation in which the DM is comprised of mixed lhd-rhd sneutrinos in the same
flavour mixtures as the neutrino mass eigenstates. We have shown in detail that it is
possible that the observed neutrino masses and mixings arise as a consequence of su-
persymmetry breaking effects in the sneutrino sector, consistent with all experimental
constraints. The prospects for indirect detection of the associate sneutrino DM from
solar capture are good, owing to the large sneutrino-nucleon cross-section afforded by
the inelastic splitting of Z-coupled states as shown in Figs. [7.5], [7.6] and[7.7] For some
regions of the allowed parameter space, a potential ‘smoking gun’ signature of this
model would be monochromatic, non-oscillating, neutrinos comprised of just one mass
eigenstate which originate from sneutrino annihilation in the Sun, see Fig. [7.11] The
current generation of direct detection experiments place strong limits at low sneutrino
masses and at high mass if the inelastic splitting is small, and next generation experi-
ments can explore much of the parameter space, see Figs. [7.5][7.6] and [7.7] There is a
prospect of seeing both elastic and inelastic scattering in these experiments, allowing
the size of the sneutrino splitting d,,;, to be directly measured. Despite being one of
the earliest examples of inelastic DM, limits from solar capture completely exclude
this model as an explanation of DAMA/LIBRA. The mixed lhd-rhd sneutrinos can
have signatures at the LHC, and can change aspects of Higgs physics. Finally, we
have shown that a simple extension of the MSSM leads to a much richer structure in
the DM sector linking different areas of beyond-the-Standard-Model physics, namely

dark matter and neutrino physics.
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Epilogue

The nature and properties of particle dark matter remain mysterious. However, there
are intriguing hints that a few direct detection experiments may have detected it
through non-gravitational interactions.

The modulation signal observed by the DAMA collaboration remains a puzzle.
Although it has many features consistent with a signal arising due to the scattering of
dark matter particles, the exclusion limits from many other experiments challenge this
interpretation. More recently, the CoGeNT collaboration has also presented tentative
evidence for a signal that it attributes to dark matter. It is by no means clear that
the ‘excess’ of events reported in the unmodulated rate is caused by dark matter, as
an understanding of the background at low energies is completely lacking. However,
the modulation signal is much more intriguing, as there are no known reasons why
the background should modulate with properties similar to those expected of a signal
arising from dark matter. Unfortunately, at this stage, the statistical evidence for the
modulation is weak and it appears to have some puzzling features; the peak day of
the modulation is about a month earlier than expected and the modulation fraction
is larger than predicted. Furthermore, a reported excess of events in the oxygen band
observed by the CRESST collaboration has also been claimed as evidence for dark
matter. Again however, there are doubts as to how well the background is understood.

Unfortunately, the signals from the three experiments are not quite consistent
with each other. They are also strongly excluded by other experiments under the
standard assumptions of light dark matter described by a Maxwell-Boltzmann velocity
distribution, which scatters elastically with a spin-independent interaction and with
equal couplings to protons and neutrons. The challenge facing theorists is to come
up with and test new models that allow a consistent explanation. It is clear that
we must move beyond the simple assumptions underlying the dark matter velocity
distribution and its interaction with nuclei. In this thesis we have considered such
extensions and have sought to understand the robustness of potential experimental

signals.
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In Chapter 2] inelastic dark matter was considered as a way of reconciling DAMA
with the constants from other experiments. Since inelastic dark matter is particularly
sensitive to the tail of the local dark matter velocity distribution, we examined the
sensitivity of these results when the distribution is varied, using data extracted from
the Via Lactea and Dark Disc numerical simulations. Although we found that the
velocity distribution from the Via Lactea simulation did lessen the tension with other
experiments, more recent results from the CRESST and XENON100 experiments now
cast doubt on this form of inelastic dark matter as an explanation for DAMA.

In Chapter [ the consistency of the CoGeNT modulation signal was compared
with the DAMA modulation signal. At first sight, both signals appear to be in conflict
with the exclusion curves from XENON10, XENON100 and CDMS. However, with
some isospin violation to reduce the XENON constraints, and an increased modulation
fraction provided by an inelastic splitting to reduce the tension with CDMS, a small
region of parameter space that is consistent emerges. The inelastic splitting required
here is much smaller than that considered in Chapter [2| but its effects are similar.

The effects of astrophysical uncertainties on the exclusion curves set by direct
detection experiments were considered in Chapter [3] It is important that the effects
of these uncertainties are well understood before interpreting any signal. Scenarios
that sample the tail of the velocity distribution are particularly sensitive to variations
in astrophysical parameters; this includes light dark matter (masses < 10 GeV) and
inelastic dark matter, precisely the properties that may be required to explain the
DAMA, CoGeNT and CRESST signals. For these reasons, in Chapter [ a formalism
that does not depend on any astrophysical parameters was used to compare the
modulations at CoGeNT and DAMA. Although the CoGeNT best fit regions are large
due to low number of observed events, non-trivial conclusions can still be drawn;
isospin conserving elastically scattering dark matter is almost certainly excluded.
Isospin violation to reduce the constraints from CDMS and XENON helps, but a
larger than expected modulation fraction is required. If the signals do arise from dark
matter, this points to deviations from a Maxwell-Boltzmann velocity distribution.

In Chapter [7] a theory of supersymmetric dark matter was considered. Super-
symmetry is a compelling theory, especially as it can solve the hierarchy problem
in the electroweak sector. Discrete symmetries such as R-parity, motivated to avoid
dangerous operators that allow rapid proton decay, can give an explanation for why
supersymmetric dark matter is stable. The sneutrino is an interesting, somewhat

overlooked candidate as it is experimentally excluded as a dark matter candidate in
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the MSSM. However, as was shown in Chapter |7, a simple extension of the MSSM al-
lows this to be a dark matter candidate again, with interesting phenomenology linked
to flavour physics in the neutrino sector.

This is a very exciting time in the field. The anomalous signals at DAMA, Co-
GeNT and CRESST may be due to dark matter scattering through non-gravitational
interactions. However, the constraints from other direct detection experiments make
it clear that the positive signals can not be explained in terms of the usual simple
assumptions. Meanwhile, the LHC is rapidly collecting data and should soon pro-
vide us with a better understanding of the mechanism behind the breaking of the
electroweak symmetry. If the WIMP paradigm for dark matter is correct, the LHC
should also be capable of directly producing dark matter particles. The lack of any
observed deviations from the Standard Model at the LHC only adds to the tension;
new physics may be just around the corner. Clearly supersymmetry has many theo-
retical benefits but in this era of experimental data, it will be experiments that judge

whether nature has taken advantage of it.
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Appendix A: Formula for ¢(vy,i,)

Here we present an analytic formula for g(vmym), defined by

< P .
o) = [ SEf(@+7), (A1)
where
l _U2/v2 — —ngC/UQ
f@) =4 v <e 0 — fe 0) V < Vege (A-2)
0 UV > Vesc

and # =0 or 1, depending on whether the exponential cutoff is desired. An analytic
formula for g(vmm) with 5 = 0 was presented in [301] and we agree with their results
in this limit. In Chapter , we take § = 1. It is convenient to define Zese = Vesc/v0,
Tmin = Umin/Vo and . = ve/vy, where v; = |¥j].

The normalisation constant N is given by:

4 esc s
N = 7'('3/2118 {erf(xesc) - ﬁexgsc (xz + %)1 . (A—B)

If Le + Tmin < Tesc:

3/2, 2
g(vmiﬂ) = ZN;)S [erf(xmin + Ie) - erf(xmin - ZL'e)
(A-4)
— e “esc T — e _ 2t ]
ﬁ esc 3 min
If Zmin > |$esc - xe| and Lo + Toge > Tmin:
3/2,2 5
9(Vmin) = ZN;:):) [erf(xesc) + erf(ze — Tmin) — ﬁe—l‘ﬁsc
(A-5)
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Appendix B: Exclusion limits

In this appendix we briefly describe three methods commonly used to set an exclusion
limit in the m, — o, plane from data collected by a dark matter direct detection
experiment. After running for a set period of time and after applying various cuts to
reduce background events, a direct detection experiment reports the number of events
n that are observed in a predefined energy range [Eiow, Ehign]. To set an exclusion
limit at the 90% confidence level (C.L.), we wish to find the number of events p such
that 90% of these experiments would have observed more than n events.

For a given mass m,, the expected number of events NV in an energy range [Ey, Es]
is calculated by integrating Eq. between E; and E5 and multiplying by the
experiment’s exposure €, usually given in kg days. The only free parameter that
enters N is the cross section o,,. Thus, to set a limit, o, is varied until N = p.

Direct detection experiments are essentially counting experiments looking for a
small number of nuclear recoils that arise independently from each other. Hence, the
three methods we will discuss to determine u rely on Poisson statistics. The first
method, the ‘Poisson method’; is the simplest and tends to give the weakest limit.
The other two methods, ‘maximum gap’ and ‘ppax, were developed by S. Yellin
[148] and work well in the presence of an unknown background. When no events
are observed, they reduce to the Poisson method. After describing each method, the
resulting exclusion limits derived with data collected by the XENON100 experiment
[89] is shown. We will see that the pyax method tends to set the strongest limit.

Poisson method

The Poisson distribution tells us the probability of observing exactly n events if the

expected number is p. It is simply

P(nlp) = pre ® (B-1)

The Poisson method takes into account all events n observed in the energy range

n!

[Elow, Enign] and assumes that all events arise from dark matter scattering. To set an
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Figure B-1: Left panel: The typical differential rate at a direct detection experiment.
The black dots represent observed events. The red dotted lines at Ejo, and Eyigh
represent that energy range of the experiment. Right panel: The limits for the
XENON100 experiment using the three methods. puna. tends to set the strongest
limit.

exclusion limit at the 90% C.L., we need to find the expected number of events p

such that 90% of the experiments would have observed more than n events. Mathe-

matically, this is just

e}

Y Pimlp)=09 =

m=n-+1 m=0

where we have used >~ P(m|u) = 1 and Eq. (B-1)). For example, if an experiment

observes no events (n = 0), then p = 2.303.

=0.1, (B-2)

Yellin’s methods

The Poisson method does not work well in the presence of background events. Ideally,
the number of background events would be known and a method such as Feldman
Cousins [302] could be used. In reality, the backgrounds at direct detection exper-
iments are usually poorly understood and are difficult to model theoretically. A
conservative approach is too accept all events, assume they all arise from dark matter
and use the Poisson method. Better methods were developed by Yellin. In his ap-
proach, the spectral shape of expected events, in addition to the number of observed
events are used to set a limit.

To illustrate his approach, in Figure we show a typical differential event spec-
trum expected of dark matter. The energy interval in which dark matter is searched
for is [Elow, Enign|, denoted by the dashed red lines. The small black rectangles rep-

resent observed events that pass all cuts. An interesting feature is the presence of

127



four events near Eypie,. Given the recoil spectrum predicted by dark matter, a cluster
of events here, without additional events at lower energy, indicate that it is proba-
ble that at least some of these events arise from a background source. The Poisson
method does not account for the additional information gleaned from the spectral
information. A limit would simply be set taking into account all five events in the
energy range. Yellin’s methods do take into account the spectral information. The
limit is set by choosing the energy interval with the fewest events, while paying the

appropriate statistical penalty for the freedom to choose the interval.

Maximum gap

A gap x; is defined to be the number of events in the energy interval [E;, F;,4]:

Pier dR
=€ / —— dFER . B-3
, dbg PR (B-3)
Here i = 0,...,n, where n is the number of observed events. F; for i = 1,...,n are

the event energies, while Ey = Fioy and F, 1 = Ehien. The maximum gap x is defined
as the largest x; and is used to set the limit. o, is excluded at the 90% C.L. if 90% of
experiments give a smaller maximum gap. In Appendix A of Ref.[14§], this is shown

to occur whenever

= (kx — N)ke ke k
Co_kz o gy I (B-4)
=0

where N is the total number of expected events in the interval [Eloy, Epigh|, m is the

greatest integer < N/z, and Cy = 0.9 for a 90% confidence level.

pmax

We can generalise the maximum gap to also consider intervals that include 1,2,...,n

events. Here, we calculate all

pelr) =3 C (B-5)

m=0
for all intervals with &k events. ppax is defined as the maximum pg(z) over all possible
intervals. o, is excluded at the 90% C.L. when puax = Diax(0.9, N) where N is the
total number of expected events in the interval [Ejgy, Ehign]). Unfortunately an ana-
lytic expression for p,,..(0.9, N) is unavailable and it must be evaluated numerically.

Tabulated values are given on Yellin’s website/l]

Ihttp://www.slac.stanford.edu/~yellin/ULsoftware.html.
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Appendix C: Details of the
experiments considered in

Chapter

In this appendix we discuss the four experiments which we will use as our reference
experiments in Chapter [3| and highlight particular uncertainties associated with each.
These experiments all publish unbinned data, so we use Yellin’s ‘pya,’ method [148§]
to calculate the limit on the dark matter-nucleon cross section, since it generally
provides a stronger constraint than unbinned methods for the case of an unknown
background. It produces similar limits to the ‘optimum interval’ method used by
CDMS II, the ‘maximum gap’ method used by CRESST-II and XENON10 (in their
elastic dark matter (DM) analysis), and was later used by XENON10 (in their inelastic
DM reanalysis).

CDMS II-Ge

We initially consider the four published running periods (runs 118, 119, 123-124 and
125-128) by the CDMS II collaboration for scattering off germanium in the energy
range 10 — 100 keV [149, [150] [79], R0]. The first analysis saw one event at 10.5 keV;
the second, one event at 64 keV; the third, no events; and the fourth, notably saw
two events at 12.3 keV and 15.5 keV.

It was realised that there was an error in the published analysis of the first two
runs (118 and 119) and a combined reanalysis was performed, which had redesigned
cuts, and lowered the energy threshold from 10 keV to 5 keV [303]. After the cuts
were applied, it was found that the two events at 10.5 keV and 64 keV were no longer
present, but two new events at 5.3 keV and 7.3 keV passed all the cuts. These were
not thought to be real DM events. The 5.3 keV event is very close to the energy
threshold so was thought to be from background leakage, while the 7.3 keV event

had an unphysical negative phonon delay, but was passed because of a pathology in
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the cut definitions. We follow CDMS by using this reanalysis when setting limits
rather than the two published runs[l] It should be noted that due to the lower energy
threshold of these first two runs (5 keV rather than 10 keV), CDMS II-Ge is able to
place stronger limits on light DM than is often calculated. Similarly, the removal of
the event at 64 keV leads to stronger limits being set on inelastic DM since this event
lies near the peak of the differential recoil spectrum [123].

In the analysis of the final run, an improved measurement of the germanium
detector mass found a 9% decrease in the effective exposure. In addition, a correction
of the neutron systematic errors led to a 4.5% increase in the effective exposure. We
therefore multiply the published exposures (excluding the final run analysis) by 0.955.
The effective germanium exposure of the combined analysis of runs 118 and 119 is
given in Figure 10.1 of [303]. For the exposure of the 2008 analysis (runs 123-124),
we use 0.995 x 397.8 kg-days and use the fit to the efficiency from [136]. For the 2009
analysis (runs 125-128), we use an exposure of 612 kg-days and use the efficiency

found in the online supplementary material of [80].

CDMS II-Si

The silicon data from the first two runs was also reanalysed and two events at 34.9
keV and 94.1 keV passed all the cuts [303]. The 2008 analysis saw no events [204].
These runs had a low energy threshold of 5 keV and 7 keV respectively, so again, are
capable of setting strong limits at low masses.

The effective silicon exposure of the combined analysis of runs 118 and 119 is given
in Figure 10.1 of [303]. For the exposure of the 2008 analysis, we use 53.47 kg-days
and fit to the efficiency from Fig. 5.13 of [304].

CRESST-II

CRESST-II have released data from two modules from the prototype phase [151] and
two modules from the commissioning phase [83]. Here we only include the seven
events in the energy range 10 — 100 keV from the commissioning phase, since there
was a significant upgrade to the experiment after the prototype phase. Combining

the data leads to significantly weaker limits [161].

'We have checked the exclusion limits without the unphysical event at 7.3 keV and the differences
are small.
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XENON10

Finally we consider the liquid xenon based experiment XENON10, which combines
scintillation and ionisation measurements to infer the nucleus recoil energy Fg. There
have been two analyses performed; the first considered only elastically scattering DM
[154] and saw 10 events in the energy range 4.5 —26.9 keV; the second analysis, which
used the same data but with redesigned cuts considered inelastically scattering DM
[86] and saw 13 events in an energy range extended to 75 keV. We use an energy
resolution for XENON10 given in [136].

The quantity L.g is needed to convert from the measured scintillation energy
(measured in keVee), to the nuclear recoil energy (measured in keV). Unfortunately
L is poorly determined and presents the largest systematic uncertainty in the results
of the XENON10 experiment. The original analysis, and the energies quoted above
assume a constant value L.g = 0.19, however more recently, [305], 306, B07] have
determined that L.z decreases at low energies, but there is still some uncertainty in
its value. Refs. [305], 306] found Leg ~ 0.15 for Er < 10 keV, while Ref. [307] found
that it continues to decrease from L. ~ 0.15 at EFr = 10 keV to L.g ~ 0.10 at
Er =5 keV. At M, ~ 10 GeV, the exclusion limits from L. = 0.19 and L.g from
Manzur et al. differ by more than an order of magnitude [307].

When setting limits in this paper, we use the average value of L.g from [305],
300, B07] and use the elastic analysis to set exclusion limits for momentum depen-
dent and elastically scattering DM, and the inelastic analysis when setting limits for
inelastically scattering DM.

We end this section by mentioning another liquid xenon based experiment,
ZEPLIN-IIT [92], which uses a value of L.g which is smaller at low recoil energy than
the three measurements mentioned above. Therefore in contrast to XENON10, we
would expect the ZEPLIN-III limits to be stronger at low masses if they were to use
Leg from Manzur et al. However we don’t reproduce their limits here since they take

into account background subtraction which is beyond our capabilities.
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Appendix D: Mass and mixing
formulae for Chapter

Sneutrino Masses and Mixings

After electroweak symmetry breaking the sneutrino mass matrix has the form

M?13 Awvsin (G153 0 AijMyvsin 8
M2 Awvsin 13 M21; AijMyvsin 8 i M3 (D-1)
g 0 )\Z’jMNU sinﬁ Mg]lg Awv sin 6]13 ’
)\ijMNU Sinﬁ )\ZJM]_% Av Sinﬁﬂg Méﬂg

where the basis is (0", nn, 7, »*) and individual terms are defined in Section [7.1.2] If
Uy is the matrix that diagonalises the \ matrix as Uy - A - UJ\L = Diag(A1, A2, A3), and

FPs is a permutation matrix given by

OO OO O
S oo~ OO
_ o O O O
(el ellell e
OO = O OO
_0 O O OO

0

which rotates 6 x 6 matrices made up of four diagonal 3 x 3 blocks down to three

2 x 2 matrices along the diagonal, then the product

1 Ps 0 l¢ —1g 1, ® Uy 0
U‘ﬁ(o PG)'<z'16 il ) U 0 Leu (D-3)
rotates the sneutrino mass matrix down to the block-diagonal form of six 2x 2 matrices
described in Section [Z.1.2]

Neutrino Masses and Mixings

From the form of the neutrino mass formula one can see that the neutrino mass matrix

is diagonalized by the matrix Uy to all orders. Considering just the mixing part of
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Eq. (7.8) we have the term
12
Ml’ij & Z UiT,aL<r0m sz>Ua,j+6 : (D_4>
a=1

L(ry,my,) is a diagonal matrix and as Ps is a permutation matrix, P} - Diag(6 x 6)- Py
is also diagonal. Therefore the only non-diagonal contribution to the neutrino mass
matrix is from the Uy part of the sneutrino mixing matrix and U) - M,, - Ui must be

diagonal.

Perturbative Mass Formula

Here we give the full form of Eq. (7.10). Defining x, = My, /m,, and y, = My, /m,,,
then

MzMp\* < 1
M,,ij:)\ij< Z B) ZM_<lesin9W—NIQCOSHW)2

4o Xeo
o, ,o (D-5)
- {sin® 0(cos® 0 — a, sin 20) Ly (x4, y.)
+ cos? 9(51112 0 + a, sin 20) Ly (z,, yx)} )
where
1 22 Inz?  y?lny? 1 Iny?
I _ _ - 1 D-6
1(5(7,y) $2—y2(1—$2 1—y2) 1—y2< +1_y2) ( )
and
1 ?Inz?  y?lny? 1 In 2
I _ _ — 1 : D-7
2(%3!) x2—y2<1—x2 1—3/2) 1_x2<+1—1-2) ( )
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