
Aspects of Dark Matter
Phenomenology

Christopher McCabe

Worcester College

University of Oxford

A thesis submitted for the degree of

Doctor of Philosophy

Trinity 2011



This thesis is dedicated to my family:

my wife Caroline, my parents and my siblings.

Their loving support has been unwavering over many years.

The Lord is my light and my salvation

Psalm 27 v1



Aspects of Dark Matter Phenomenology

Christopher McCabe, Worcester College

A thesis submitted for the degree of Doctor of Philosophy

Trinity 2011

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 [1, 2, 3, 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
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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 & 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
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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 νµ and ντ (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).
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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 1.1 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.1 In

Section 1.2, 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 1.3

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 1.4 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

1More 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 rlum (typically a few kpc), which

contains most of the luminous matter, before falling as 1/
√
r beyond. However, what

is typically observed is that after rising from r = 0, the velocity remains constant

out far beyond rlum (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 [13]. 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) [17]. 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
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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/STScI; Mag-
ellan/U.Arizona/D.Clowe et al.; Lensing Map: NASA/STScI; ESO WFI; Magel-
lan/U.Arizona/D.Clowe et al. The right image is reproduced by permission of the
AAS.

the cluster. As Fig. 1.1 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
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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 ΩBh
2 ≈ 0.02 [20], where ΩB is the baryon energy density in terms of the

critical density ρc = 3H2/(8πG), with Hubble parameter H = 100 · h km s−1Mpc−1

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 ΩDMh
2 = 0.1109± 0.0056 and ΩBh

2 = 0.0258+0.057
−0.056, where ΩDM is the dark

matter energy density in terms of the critical density. This value of ΩB 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
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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 d3x d3v/MH is the prob-

ability that at time t, 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 MH , the total

mass of the dark matter halo, such that F is normalised as∫
d3xd3vF(x, v) = MH . (1.1)

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

ρ(x) =

∫
d3vF(x, v) and f(v) =

1

MH

∫
d3xF(x, v). (1.2)

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

FSHM =
ρ0

(2πσ2)3/2
exp

(
Ψ− 1

2
v2

σ2

)
, (1.3)

where ρ0 and σ are constants and Ψ is the relative potential defined by Ψ ≡ −Φ + Φ0.

Here Φ is the gravitational potential and Φ0 is an appropriately chosen constant. Ψ

satisfies Poisson’s equation

∇2Ψ = −4πGρ. (1.4)

Using the assumption that the dark matter is distributed spherically, isotropically

and smoothly implies Ψ depends solely on r. Integrating Eq. (1.3) over all velocities

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

find
d

dr

(
r2d ln ρ

dr

)
= −4πG

σ2
r2ρ, (1.5)

which has the (singular) solution

ρ(r) =
σ2

2πGr2
. (1.6)
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Similarly, integrating Eq. (1.3) over position, we obtain the velocity distribution

f(v) ∝ exp

(
− v2

2σ2

)
. (1.7)

The distribution of velocities in this model is the well-known Maxwell-Boltzmann

distribution, with a velocity dispersion v2 = 3σ2.

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

dp

dr
=
kBT

m

dρ

dr
= −ρdΦ

dr
= −ρGM(r)

r2
. (1.8)

Here, kB is the Boltzmann constant, p and T 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 r2m/(ρkBT ) and differentiating with respect to r, leads to an equation

identical to Eq. (1.5), when we identify

σ2 ≡ kBT

m
. (1.9)

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 v0 are found to be

M(r) =
2σ2r

G
and v0(r) =

√
2σ. (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 1.1. We can infer the

value of σ from the measured value of v0. The canonical value of v0 is 220 km/s,

implying σ = 155 km/s. Hence, the root-mean-square speed of particles in the halo

is
√
v2 ∼ 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 →∞. 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 vesc of the galaxy. This is usually done in
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one of two ways: either having a hard cut at v = vesc, or smoothly deforming the

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

f(v) ∝
{

exp (−v2/v2
0)− β exp (−v2

esc/v
2
0) v < vesc

0 v > vesc
, (1.11)

with β = 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 2σ2 with v2
0.

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, 32] 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:

ρ(r) =
ρs

(r/rs)(1 + r/rs)2
(NFW) (1.12)

ρ(r) =ρs exp

[
− 2

α
((r/rs)

α − 1)

]
(Einasto), (1.13)

where ρs is the scale density, rs is the scale radius and α is a shape parameter for the

Einasto profile. N-body simulations find α ∼ 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, 39]: 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, 42]. 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 1.4.

1.3 Candidates for dark matter

Although there is much we don’t know about dark matter, the evidence we have

presented in Section 1.1 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.
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The relic abundance of WIMPs is determined from the ‘freeze-out’ mechanism,

first discussed in [45, 46, 47, 48]. Consider a massive particle χ which at early times

is in chemical and thermal equilibrium with the other constituents of the Universe.

If the interaction rate per particle Γ, 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

neq
χ = g

(
mχT

2π

)3/2

exp(−mχ/T ). (1.14)

Here g is the number of internal degrees of freedom of the particle, mχ is the par-

ticle’s mass and T is the temperature. At late times (small temperature), the relic

abundance is exponentially small. However, if Γ 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 nχ is described

by the Boltzmann equation2

dnχ
dt

+ 3Hnχ = −〈σAv〉[n2
χ − (neq

χ )2]. (1.15)

Here H = ȧ/a is Hubble’s constant, a is the scale factor of the Universe and 〈σAv〉 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 nχ ∼ a−3, 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

Y ≡ nχ
s

and Y eq ≡ neq
χ

s
, (1.16)

where s = 2π2g?sT
3/45 is the entropy density and g?s 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 mχ = 100 GeV. At
early times the number density tracks the equilibrium value (black line). The late
time number density decreases as 〈σAv〉 increases.

know nχ ∼ a−3, we deduce that Y is unchanged by the expansion of the Universe. It

is also convenient to introduce x ≡ mχ/T , in which case, Eq. (1.15) can be rewritten:

dY

dx
= −〈σAv〉s

Hx

[
Y 2 − (Y eq)2

]
. (1.17)

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

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. (1.17) for mχ = 100 GeV and three

choices of 〈σAv〉. At early times, the number density closely tracks the equilibrium

value. Decoupling from thermal equilibrium occurs at xFO ≈ 25. As 〈σAv〉 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

estimate3:

Ωχh
2 ' 2.8× 1010 · mχ

100 GeV
· Y (x→∞)

≈ 3× 10−27 cm3 s−1

〈σAv〉
≈ 0.1

10−36 cm2 · c
〈σAv〉

(1.18)

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. 1.2. It is also worth noting that Ωχh
2 is independent of mχ (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 ΩDMh
2 ∼ 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

RDM
B =

ΩDM

ΩB

' 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 RDM
B , in models

of ADM, the dark matter asymmetry may be linked to the baryon asymmetry, nat-

urally explaining why the ratio RDM
B 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

θ̄

16π2
Tr(GµνG̃

µν). (1.20)

Here Gµν and G̃µν are the SU(3) field strength and dual field strength tensors re-

spectively and θ̄ is a dimensionless parameter, which can a priori take values between

0 and 2π. 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 |θ̄| < 3 × 10−10. The strong CP problem is to explain the

extreme smallness of θ̄.

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 fa.

The axion a is the (pseudo)-Nambu-Goldstone boson of the broken U(1)PQ symmetry

[61, 62] and is identified with θ̄ (a ≡ faθ̄). QCD instanton effects explicitly break the

symmetry and generate a potential for a, which is minimised for a = 0. Since θ̄ has

been promoted to a dynamical field (a/fa), 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]

ma ∼ mπfπ
fa
∼ 0.6 meV

(
1010 GeV

fa

)
, (1.21)

where mπ and fπ are the pion mass and pion decay constants respectively.

Interactions of the axion with normal matter are suppressed by fa. A priori,

the Peccei-Quinn solution works for any value of fa and historically, the first axion

models identified fa 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 fa & 109 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 fa 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]

Ωah
2 ∼ 0.09

(
fa

1011 GeV

)7/6(
θi

π/
√

3

)2

. (1.22)

Here θi is the initial value of θ̄ 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 fa & 109 GeV. Values of fa & 1011 GeV are somewhat disfavoured as

they require a fine-tuning of θi, 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 ∼ 1011 GeV [68]. More recently, an experimental technique was proposed that

can probe values of fa & 1016 GeV, but it relies on the development of new technol-

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 superWIMPs [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

ΩsuperWIMP =
msuperWIMP

mWIMP

ΩWIMP . (1.23)

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 TR after inflation. Requiring that

gravitinos do not have a relic abundance that is larger than experimentally observed

leads to the well known bound TR . 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 vχ is

Emax
R =

2mNm
2
χv

2
χ

(mN +mχ)2
. (1.24)

From Section 1.2, we know the typical speed vχ of a dark matter particle in the

galactic halo is ∼ 270 km/s. Thus, for a dark matter particle and nucleus of mass

mχ ∼ mN ∼ 100 GeV respectively, the recoil energy of the nucleus is tens of keV and

the de Broglie wavelength of the dark matter is λdB ∼ 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.4

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/NaI 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 [78].

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. 1.3. 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, 81, 82], CRESST-II [83], SIMPLE [84], XENON10 [85, 86, 87], XENON100

[88, 89, 90], ZEPLIN-II [91] and ZEPLIN-III [92, 93] experiments. In Chapters 2, 4

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 ER is
dR

dER

=
ρχ

mNmχ

∫ ∞
vmin

vf⊕(~v,~ve)
dσ

dER

d3v. (1.25)

Here mχ is the dark matter mass, ρχ the local dark matter density, mN the mass of

the target nucleus, v = |~v|, f⊕(~v,~ve) the local dark matter velocity distribution in the

detector rest frame and dσ/dER the dark matter-nucleus differential cross section.

For a nucleus to recoil with an energy ER, the incident dark matter particle must

have a minimum speed given by

vmin

c
=

√
1

2mNER

(
mNER

µN

)
, (1.26)

where µN 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. (1.11)). The velocity distribution

entering Eq. (1.25) is evaluated in the frame of the detector, therefore we need to

transform the galactic velocity distribution f(~v) to the Earth frame. f⊕(~v,~ve) and

f(~v) are simply related through a Galilean boost

f⊕(~v,~ve) = f(~v + ~ve) , (1.27)

where ~ve = ~v�+~v⊕ is the velocity of the Earth relative to the rest frame of the galaxy.

~v� = ~v0 + ~v~ is the sum of the Sun’s circular velocity ~v0 ∼ (0, 220, 0) km/s relative

to the galactic centre, and peculiar velocity ~v~ ∼ (11, 12, 7) km/s relative to Sun’s

circular velocity.5 ~v⊕ is the Earth’s velocity relative to the Sun’s rest frame and is

given by [94, 95]

~v⊕ = 〈uE〉(1− e sin(λ(n)− λ0))

 cos(βx) sin(λ(n)− λx)
cos(βy) sin(λ(n)− λy)
cos(βz) sin(λ(n)− λz)

 km/s, (1.28)

where the Earth’s orbit has a mean velocity 〈uE〉 = 29.79 km/s and ellipticity

e = 0.016722. The quantities βi, λi, define the orientation of the Earth’s orbit in

galactic coordinates, and λ(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].

5If they are required, precise values of ~v0 and ~v~ 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 dσ/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 scattering.6 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

Lqvec = aq χ̄γ
µχ q̄γµq , (1.29)

where q is the quark field and χ the dark matter field. This dimension-6 operator

arises from integrating out a heavy vector mediator, in which case, the coupling

constant is aq = gχgq/M
2, where M is the mass of the vector mediator and gq and gχ

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

Lpvec = fp χ̄γ
µχ p̄γµp and Lnvec = fn χ̄γ

µχ n̄γµn respectively, where fp = 2au + ad and

fn = au + 2ad. The ratio fn/fp depends on the charges of the quarks and can a priori

take any value. For example, for the Z boson, fn/fp = −1/(1 − 4 sin2 θW ) ≈ −13.2,

where sin θW 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 LNvec = aN χ̄γ
µχ N̄γµN ,

where aN = fpZ + fn(A− Z), and A and Z are the number of nucleons and protons

respectively. From this Lagrangian, the amplitude is

M = aN ūχγ
µuχ ūNγµuN , (1.30)

where u are Dirac spinors. In the non-relativistic limit, u =
√
m
(
ξ
ξ

)
, where ξ is a

6Throughout we assume the dark matter is a Dirac fermion.
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two-component spinor, normalised such that ξ†ξ = 1. In this limit ūχγ
µuχ ūNγµuN =

4mNmχ (only the time component gives a non-zero contribution). The resulting cross

section for a point like nucleus is

σNvec =
a2
Nµ

2
N

π
= (fpZ + fn(A− Z))2 µ

2
N

π
. (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 = 4aNmNmχF (ER) ⇒ dσvec

dER

=
σNvec

Emax
R

F 2(ER) , (1.32)

where Emax
R = 2µ2

Nv
2/mN 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 2(ER) =

(
3j1(qR)

qR

)2

e−q
2s2 , (1.33)

where q =
√

2mNER is the momentum transfer, R =
√
c2 + 7

3
π2a2 − 5s2,

c = 1.23A1/3 − 0.60 fm, 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

F (q) =

∫ ∞
0

ρc
e(r−c)/a + 1

sin(qr)

qr
4πr2dr . (1.34)

Here ρc is chosen so that F (0) = 1, while a and c 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 σn. 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

σn
µ2
χn

1

f 2
n

=
σNvec

µ2
N

1

(fpZ + fn(A− Z))2 , (1.35)

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

section for a nucleus of finite size can be written as

dσSI

dER

=
mNσn
2µ2

χnv
2

(fpZ + fn(A− Z))2

f 2
n

F 2(ER) . (1.36)

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

Lqscal = aq χ̄χ q̄q . (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 [101]. For the proton,

we have

mp = 〈p|θµµ|p〉 = 〈p|
∑

q=u,d,s

mq q̄q +
∑
Q=c,b,t

mQQ̄Q+
β(αs)

4αs
Ga
µνG

aµν |p〉 , (1.38)

where mq and mQ are the ‘light’ and ‘heavy’ quark masses respectively and

β(αs) = −7α2
s/(2π) 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 Q we find (for each heavy quark) [101]

mQQ̄Q = −2

3

αs
8π
Ga
µνG

aµν . (1.39)

If we define

mpf
(p)
Tq

= 〈p|mq q̄q|p〉 and f
(p)
TQ

= 1−
∑

q=u,d,s

f
(p)
Tq

, (1.40)
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then, making use of Eq. (1.39) to rearrange Eq. (1.38), we find

mQQ̄Q = − 2

27
mpf

(p)
TQ

. (1.41)

Hence, for the proton, we can define fp

fp p̄p ≡ 〈p|
∑

q=u,d,s

aq q̄q +
∑
Q=c,b,t

aQQ̄Q|p〉

=

( ∑
q=u,d,s

aqf
(p)
Tq

mp

mq

+
2

27

∑
Q=c,b,t

aQf
(p)
TQ

mp

mQ

)
p̄p .

(1.42)

By similar reasoning, we can get an expression for fn. Significant uncertainties exist

on the values of fTq , especially fTs . They are determined using a combination of chiral

perturbation theory and lattice calculations. Recent values can be found in [105]. For

the Higgs boson, fn/fp ≈ 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 p̄p and n̄n simply count the number of protons and neutrons re-

spectively. Therefore the amplitude for a point like nucleus is

M = (fpZ + fn(A− Z)) ūχuχ ūNuN . (1.43)

In the non-relativistic limit, ūχuχ ūNuN = 4mNmχ, leading to

σNscal = (fpZ + fn(A− Z))2µ
2
N

π
⇒ dσscal

dER

=
σNscal

Emax
R

F 2(ER) . (1.44)

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 σn, 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

Lqax-vec = aq χ̄γ
µγ5χ q̄γµγ

5q . (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, χ̄γµγ5χ reduces to 2mχ ξ
†
χ~σξ

′
χ ∝ ~sχ, where σi are the

Pauli matrices and ~sχ is the spin of χ. Similar reasoning can be applied to the current

involving quarks. Therefore, the amplitude for dark matter quark scattering depends

on ~sχ · ~sq. 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|q̄γµγ5q|n〉 = ∆
(n)
q n̄γµγ

5n, where ∆
(n)
q 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 Lnax-vec = an χ̄γ
µγ5χ n̄γµγ

5n,

where an =
∑

q=u,d,s aq∆
(n)
q . As discussed in [105], the individual ∆

(n)
q are poorly

constrained. Taking the non-relativistic limit, the cross section to scatter off a neutron

in the limit of zero momentum transfer is

M = 4anmχmnξ
†
χσ

iξ
′

χξ
†
nσ

iξ
′

n ⇒ σn =
3 a2

n µ
2
χn

π
. (1.46)

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

given by

σNax-vec =
4µ2

N

π

JN + 1

JN
(ap〈Sp〉+ an〈Sn〉)2 , (1.47)

where JN and 〈Sp(n)〉 are the nuclear spin and expectation value of the spin content

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

S(0) =
2JN + 1

π

JN + 1

JN
(ap〈Sp〉+ an〈Sn〉)2 ⇒ σNax-vec =

4µ2
N

2JN + 1
S(0) . (1.48)

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

dσax-vec

dER

=
1

Emax
R

4µ2
N

2JN + 1
S(ER) , (1.49)

where

S(ER) = a2
0S00(ER) + a2

1S11(ER) + a0a1S01(ER) (1.50)

are the nuclear structure functions, which vary for different nuclei. We have defined

a0 = ap+an and a1 = ap−an. The functional forms of S00(ER), S01(ER) and S11(ER)

for nuclei used in direct detection experiments can be found in [106]. Ultimately,

experiments place limits on ap or an, which can be used to put limits on σn (or σp)

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

dσ

dER

=
1

2µχnv2

(
σSI
n

(fpZ + fn(A− Z))2

f 2
n

F 2(ER) +
4πσSD

n

3

1

2JN + 1

S(ER)

a2
n

)
. (1.51)

Experiments are typically much more sensitive to spin-independent interactions. This

is in part due to the A2 ∼ 104 (assuming fn = fp = 1 in Eq. (1.51) 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 (73Ge) [107]; xenon fares slightly

better, containing two isotopes with spin, with abundances of 26.4% (129Xe) and

21.2% (131Xe) [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 ρχ, scaling as ρχ and

ρ2
χ 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).
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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 section7, 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.

[115, 116]. 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 /ET [117].

Data from the Tevatron, LHC and LEP have been converted into limits on the dark

matter-neutron cross section σn [118, 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 (mχ ∼ 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

OV =
gχgq

q2 −M2
χ̄γµχ q̄γµq , (1.52)

which arises from the exchange of a vector mediator of mass M .8 When the me-

diator is exchanged in the t-channel and M � q, we recover the effective operator

considered previously (Eq. (1.29)), which can give rise to a signal at a direct detec-

tion experiment. This is represented in the left panel of Fig. 1.4. A direct detection

experiment effectively puts a bound on the combination
√
gqgχ/M . Similarly, when

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

7The 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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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 /ET ,

represented in the right panel of Fig. 1.4. When M � q, these collider searches can

also be used to put a bound on
√
gqgχ/M . For a vector mediator, this is directly

related to the cross section to scatter on a neutron through

σn =
(gu + 2gd)

2g2
χ

M4

µ2
χn

π
. (1.53)

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 q ∼ 100 MeV.

However, at LEP/Tevatron/LHC, q ∼ 100/100/1000 GeV respectively. In the case

when M � q the bounds from colliders can change considerably. If M > 2mχ and

q2 ≈M2, the production cross section is resonantly enhanced, while if M < 2mχ the

production cross section is independent of M . In this case, collider searches place a

limit on gqgχ only and since σn scales as M−4, for small M , the bound on σn is weak.

Unfortunately, data taken solely from colliders will never serve to definitely dis-

cover particle dark matter. Particles that live longer than ∼ 10−8 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 Results1

Inelastic dark matter (iDM) [122] was proposed as a way to reconcile the positive

result from DAMA/NaI 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:

• Heavier nuclei are favoured.

• The recoil spectrum is changed at low energies.

• 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

1Two 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 2.2, 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:

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

particles.

• 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 2.4.

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 χ− and χ+, with mass splitting δ ≡ Mχ+ −Mχ− ∼ O(100 keV),
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then the minimum velocity to scatter off a nucleus and impart an energy ER is no

longer given by Eq. (1.26) but rather by

vmin

c
=

√
1

2mNER

(
mNER

µN
+ δ

)
. (2.1)

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

Eqs. (1.25) and (1.36), resulting in2

dR

dER

=
ρχσn

2Mχµ2
χn

(fpZ + fn(A− Z))2

fn
2 F 2(ER)

∫ ∞
vmin

f⊕(~v,~ve)

v
d3v. (2.2)

The local dark matter density ρχ is taken as 0.3 GeV/cm3. The factors fn and fp

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 fn = fp = 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-

III, and the Fermi Two-Parameter form factor for CRESST-II and DAMA/LIBRA.

In the left panel of Fig. 2.1 we show the effect of the Helm and Fermi Two-Parameter

form factors for scattering off tungsten.

Finally, f⊕(~v,~ve) 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.(2.2), especially for iDM. We emphasise that f⊕(~v,~ve) 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 f⊕(~v,~ve) 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 δ-dependent increase in the minimum relative velocity for scattering with

2In this chapter, the DM mass is denoted by Mχ
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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 ER. All
calculations assume Mχ = 200 GeV, σn = 10−40 cm2 and vesc = 500 km/s.

recoil energy ER (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%. This has important

consequences both for DAMA/LIBRA and XENON10.

• As the minimum velocity cut-off, Eq. (2.1), 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 δ 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 (AXe = 131.293, AI = 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 XENON10 experiment. Moreover, the low upper-energy limit (30.2 keV) in

the analysed recoil energy spectrum of ZEPLIN-III reduces the sensitivity of this ex-

periment to the iDM scenario, as for a typical δ of 100 keV the xenon recoil spectrum

peaks at ∼40 keV. We return to the details of the experiments in Section 2.3.

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 1, the Earth’s velocity with respect

to the galactic rest frame is given by ~ve = ~v� + ~v⊕, 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

~v� = (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(|~v| > vesc) = 0. There is relatively

large error in the known value of the local escape velocity, 498 < vesc < 608 km/s

(90%), with a median of 544 km/s [129]. We have taken vesc = 550 km/s in the

analysis presented here. In Section 2.4.7 we check that varying vesc 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 1.2. The velocity

distribution is a Maxwell Boltzmann distribution, which in this chapter, we truncate

at the escape velocity according to

f(~v) =

{
1
N

[exp(−v2/v2
0)− exp(−v2

esc/v
2
0)] v < vesc

0 v > vesc
, (2.4)

where v0 = 220 km/s. Combining Eqs. (1.27) and (2.2), we see that the following

integral must be performed in dR/dER:

g(vmin) ≡
∫ ∞
vmin

d3v

v
f(~v + ~ve). (2.5)

In Appendix A we present an analytic expression for g(vmin) 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 [130] 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

f(vR) =
1

NR

exp

[
−
(
v2
R

v2
R

)αR]
(2.6)

f(vT ) =
2πvT
NT

exp

[
−
(
v2
T

v2
T

)αT ]
(2.7)

and the distribution was truncated in the same way as for the SHM. From Fig. 3 in

[130] we extracted the values αR ≈ 1.09, and vR/(
√−U(r0)) ≈ 0.72 and αT ≈ 0.73,

and vT/(
√−U(r0)) ≈ 0.47 at our radius from the centre of the galaxy, r0 ≈ 8.5 kpc.

(Although there is uncertainty in our radius from the galactic centre, r0 = 8.0±0.5 kpc

[29], from Fig. 3 in [130] one can see that the values of αT and vT do not change

significantly over the range 7.5 < r0 < 8.5 kpc, and the tangential velocity distribution

is the main determinant of the event rate). U(r0) is the gravitational potential.

For completeness we will present results using two values for
√−U(r0). In the

Via Lactea halo the average value of
√−U(r) between 7 and 9 kpc is 270 km/s;3 we

will refer to results using this value as VL270. Following [130] and in order to allow

direct comparison between inelastic and elastic scenarios, we also present results using√−U(r0) = 220 km/s, and refer to these as VL220.

We believe both values for
√−U(r0) 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 [130] 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 [131]. Here we investigate the influence

of the Dark Disc on iDM detection.

Following [131], we assume the Dark Disc kinematics match the Milky Way’s

stellar thick disc, whose properties are listed in Table 1 of [125]. 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 ~σ = (63, 39, 39) km/s, and a density in the

range 0.5 < ρDisc

ρSHM
< 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 δ

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/NaI set-up to give an impressive 0.82 ton-yr total exposure, yielding

a modulation signal at 8.2 σ C.L.

For a DM mass Mχ > 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 NaI(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, EM, is different from the

recoiling energy of the nucleus. This difference is expressed by the quenching factor

q defined by EM = qER. We will follow the convention of measuring ER in keV, and

EM in keVee (keV electron equivalent). The DAMA collaboration have measured the

quenching factor for iodine and sodium for their NaI(Tl) crystals. They obtained the

values qNa = 0.3 and qI = 0.09 [143] with an error of 0.01 on the value of qI.
4 Fol-

lowing the analysis of Ref.[123], in our calculations, we use qNa = 0.3 and qI = 0.085,

however in Section 2.4.5 we investigate what effect varying qI 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, q, equals

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

4The error on qI 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 DAMA5

fNa(ER) ≈ e−ER/18

1 + 0.75ER

, fI(ER) ≈ e−ER/40

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/NaI 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 χ2 goodness of fit test to analyse the DAMA results. We construct a

χ2 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 χ2 function for the

two unconstrained parameters, either σn and Mχ, or σn and δ. For a goodness of

fit, we require that the best fit point have χ2
min < 10, given that we have 12 bins

and 2 free parameters. Allowed regions at a given confidence limit are obtained by

looking for contours χ2 = χ2
min + ∆χ2, where ∆χ2 = 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/NaI, however the energy

resolution for DAMA/LIBRA and DAMA/NaI 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 ‘pmax 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 δ = 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 CaWO4 crystals, and include events on or beneath the curve

38



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 keV6. 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 keV6.

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.[151]. 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 ‘pmax 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 [152] is the only one where scattering

occurs off iodine, in the CsI(Tl) 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 2006.7 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

qCsI(Tl)(ER) ≈ 0.175e−ER/137

1 + 0.00091ER

. (2.9)

This function fits the curve shown in Fig. 13 of [153] 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).

7We thank H. S. Lee for providing us with the KIMS running times.
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2.3.2.4 XENON10

XENON10 [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 0.45.8

2.3.2.5 ZEPLIN-II

We include only the limits from ZEPLIN-II [155] 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 2006.9 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 q = 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-III 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:

qXe(EM) ≈ (0.142EM + 0.005) exp[−0.305(EM)0.564]. (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 δ is varied and Mχ 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 δ ∼ 130 keV.
At higher masses both CRESST-II 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 VL220 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 VL220 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. 2.2 and 2.3 we present a comparison of the iDM limits on the DAMA/LIBRA

preferred region under the assumptions of the SHM and the VL220 halo, for a variety

of DM masses.

As one can see the allowed cross section limits are generally higher for the VL220

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 δ = 100 keV and varying Mχ. For
the SHM (left panel) and this value of δ, CDMS II excludes the DAMA region at
90%. For the VL220 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 VL220 halo.

the DAMA/LIBRA preferred region at low mass when the VL220 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 VL220 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 Mχ for fixed δ. In Fig. 2.4 we show the exclusion limits for δ = 100 keV and

50 GeV < Mχ < 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 VL220 halo there is agreement

up to Mχ ∼ O(TeV). This can be explained by a combined effect of iDM and the

VL220 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 vcirc ∼ 220 km/s whereas the radial velocity

distribution is centred around v0r ∼ 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 VL220 and VL270 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 Mχ = 500 GeV.

The CDMS II detector is sensitive to the energy range 10 keV < ER < 100 keV,

and if we consider 50 GeV < Mχ < 500 GeV, then for δ = 100 keV the minimum

velocity lies in the range 550 km/s < vmin < 1006 km/s. As the escape velocity is

taken as vesc = 550 km/s in the halo rest frame, then the highest velocity particles

observed in the Earth’s frame have vmax ∼ 770 km/s. Therefore the observable par-

ticles will have velocities 550 km/s < vobs < 770 km/s. In Fig. 2.5 we plot the two

different tangential velocity distributions and the region over which vmin varies as Mχ

is increased.

As one can see the detectable particle number in the SHM distribution grows

significantly as Mχ is increased and vmin decreases, leading to stronger limits on the

cross section from the CDMS II results. However, for the VL220 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 Mχ 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 VL220 velocity

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

44



60 70 80 90 100 110 120 130 140 15010!41

10!40

10!39

10!38

∆ !keV"

Σ
n
!cm2 "

VL270, MΧ % 80 GeV

60 70 80 90 100 110 120 130 140 15010!41

10!40

10!39

10!38

∆ !keV"

Σ
n
!cm2 "

VL270, MΧ % 200 GeV

Figure 2.6: Exclusion limits for VL270. These results are similar to those presented
in Fig. 2.2. 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 δ ∼ 130 keV,
however these typically occur at larger cross sections than in Fig. 2.2.

2.4.2 VL270 vs SHM

In Figs. 2.6 and 2.7, we present the exclusion limits for VL270. 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 VL270 typically occur at a larger cross section than the SHM, the DAMA

allowed region is much closer to that from the SHM than VL220.

With reference to Fig. 2.5, we see that the departure from the SHM velocity

distribution is greater for the VL220 distribution compared to the VL270 distribution,

particularly in the high velocity region. However, the tail of the distribution is still

much less populated in VL220 and VL270 compared to the SHM, which explains why

the exclusion limits for VL220 and VL270 typically occur at larger cross sections than

for the SHM. The increased population in the VL270 tail, relative to the VL220 tail,

and the small change in particle numbers over the region of vmin of interest leads to

stronger exclusion limits at high DM masses compared to VL220. 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 δ for the SHM and SHM +

Dark Disc. As a fiducial choice we have taken R = ρDisc

ρSHM
= 1.

One can immediately see that the Dark Disc only influences the limits at very low

δ. Increasing the density of the Dark Disc will change the limits at low δ but not
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Figure 2.7: The allowed parameter space for fixed δ = 100 keV and δ = 135 keV while
varying Mχ. 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
δ = 100 keV (the right panel), there is clearly some allowed parameter space at
δ = 135 keV (the left panel) for DM masses less than 200 GeV.

the value of δ at which the disc is detectable. The fact that the Dark Disc is not

detectable at high δ 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 vDD ∼ 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 δ < 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, 2.3 and 2.6 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
δ 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 [158], it is interesting to note that with the VL220 velocity distribution,

the DAMA region is consistent with DM masses Mχ ∼ 1 TeV, as shown in Figs. 2.3

and 2.4. 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. (2.1) 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 δ ≥ 15 keV very few particles in the Dark Disc will scatter.

As our analysis has been purely phenomenological, keeping Mχ, σn and δ 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 Iodine quenching factor

The iodine quenching factor is qI = 0.09 ± 0.01.10 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 qI = 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 on http://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 qI = 0.08 (left
panel) and qI = 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 ∆(δ) ∼ 30 keV and ∆(σn) ∼ 5 × 10−40 cm2, 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

vcirc = 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 Mχ = 125 GeV for vcirc = 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 δ. Due to the enhancement of the signal, through increasing

the number of particles with v > vmin, 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 < vesc < 608 km/s at 90% confidence [129]. In this chapter, we have taken the

fiducial value vesc = 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 vcirc = 200 km/s (left
panel) and vcirc = 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 Mχ ∼ 1 TeV when

the VL220 velocity distribution is used (see Figs. 2.3 and 2.4), while for the VL270

velocity distribution, DM masses Mχ ≤ 200 GeV are allowed (see Figs. 2.6 and 2.7).
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Figure 2.12: Exclusion limits for the SHM for vesc = 500 km/s (left panel) and
vesc = 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.

2.10), and also to the local galactic escape velocity (see Fig. 2.12), 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. 3.1 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

GHALO. 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.1 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
Mχ = 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. (1.25).2

In this chapter we only consider spin independent scattering so the differential cross

section dσ/dER is given by Eq. (1.36). For simplicity, we assume fn/fp = 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 fn and fp 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 vmin that the incident

DM particle must have in order that a nucleus recoils with energy ER is given by

Eq. (1.26). We also consider inelastic dark matter, which alters this formula to

Eq. (2.1). 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 Mχ and MN respectively.
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other experiments [126, 123, 1, 91, 161], 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, 5, 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 [174, 175], the differential cross section is

suppressed by additional powers of q2 = 2MNER. 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 L = iaqχ̄γ
5χq̄q. 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 1.4.1.3. The matrix element is this case

is M = iaN ūχγ
5uχ ūNuN . Taking the non-relativistic limit, we find as before that

ūNuN = 2MN . However, at this order ūχγ
5uχ = 0. Therefore, we need to account for

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

uχ =
√
Mχ

(
(1− ~p·~σ

2Mχ
) ξ

(1 + ~p·~σ
2Mχ

) ξ

)
⇒ ūχγ

5uχ = ~q · ξ†~σ ξ′ , (3.1)

where q2 = |~q|2 is the momentum transfer. As a result, the square of the amplitude

is
1

4

∑
spins

|M|2 = 2a2
NM

2
NM

2
χ

q2

M2
χ

. (3.2)

We can see that this is suppressed by an extra factor of q2 compared with the cases

we have previously considered. Therefore, if those operators that have previously

been considered in Chapter 1 are not present and L = iaqχ̄γ
5χq̄q is the leading order

interaction, the DM will scatter with an interaction that is momentum dependent.

Following [175], in this chapter we parameterise the momentum dependence by re-

placing the differential cross section (Eq. (1.36)) with

dσ

dER

→ q2

q2
ref

· dσ
dER

, (3.3)

where qref = 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 β = 1 to smoothly truncate the distribution at vesc. 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, 94, 179, 134, 180, 130, 1, 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: ρχ, the local

DM density, with canonical value ρχ = 0.3 GeV/cm3; the Sun’s circular velocity

with respect to the galactic rest frame with fiducial value ~v0 = (0, 220, 0) km/s; the

Sun’s peculiar velocity relative to the Sun’s circular velocity, which is usually given

by ~v~ = (10.0, 5.25, 7.17) km/s [181]; and the escape velocity vesc, 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 δ = 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 < vesc < 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 δ = 130 keV (lower right panel) for three values of vesc; 498 km/s

(dotted); 544 km/s (solid); and 608 km/s (dashed) while keeping ρχ = 0.3 GeV/cm3

and v0 = 220 km/s fixed. For clarity, we have only shown the limits for CDMS II-Si
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Figure 3.2: Varying vesc within the 90% confidence limit found by the RAVE survey:
vesc = 498 km/s (dotted), 544 km/s (solid) and 608 km/s (dashed). Varying vesc 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 vesc is
increased (decreased).

and XENON10 at low masses (upper left panel), since the CDMS II-Ge limits behave

similarly to those from XENON10 in this mass range. CDMS II-Si is not able to set

any limits for inelastic DM with δ = 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 σn relative to value at vesc = 544 km/s for
vesc = 498 km/s (dotted) and vesc = 608 km/s (dashed) for inelastically scattering
DM with δ = 130 keV. The blue, red and green lines show the change for CDMS
II-Ge, XENON10 and CRESST-II respectively.

sensitive to vesc for all experiments and it is only for masses Mχ . 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 vesc is increased (decreased).

In Fig. 3.3 the fractional change in σn relative to the value at vesc = 544 km/s

is plotted as a function of mass for the inelastically scattering case. The dotted and

dashed lines show the ratio for vesc = 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 (Mχ ∼ 1000 GeV) and larger at

lower masses. Increasing vesc 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. 3.2. If there is a

lower escape velocity, there will be fewer particles in the halo capable of scattering,

therefore a larger σn 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 vesc will have a very small effect in the number of particles

able to scatter, unless vmin is close to vesc, in which case the fractional change can

be substantial. For elastic and momentum dependent scattering DM, this occurs

at Mχ . 10 GeV, and is true for all masses when δ = 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 vmin is higher, and much closer to

vesc. Similarly if vesc is raised, there are extra particles in the halo which can scatter,

so a lower σn will produce the same number of events in an experiment. Due to the

exponential suppression of the Maxwell-Boltzmann distribution, increasing vesc has a

smaller affect than decreasing it by a similar amount.

Unfortunately, the intricacies of the ‘pmax’ 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 vesc is varied. Since

the combination σng(vmin) enters dR/dER (from Eqs. (2.2) and (2.5)), the vertical

shift is given by

∆σij ≡
σn(i) − σn(j)

σn(j)

=
g(vmin)(j) − g(vmin)(i)

g(vmin)(i)

, (3.4)

where an analytic expression for g(vmin) is given by Eq. (A-5).

For example, for CRESST-II with vmin from Eq. (2.1), Mχ = 500 GeV,

δ = 130 keV, and ER = 25 keV 3, we find ∆σ
498 km/s
544 km/s = 0.13 and ∆σ

608 km/s
544 km/s = −0.08,

in good agreement with the values 0.15 and −0.08 presented in Fig. 3.3. In

comparison for CDMS II-Ge, with Mχ = 500 GeV, δ = 130 keV and ER = 80 keV 3,

we find ∆σ
498 km/s
544 km/s = 0.75 and ∆σ

608 km/s
544 km/s = −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

ER =
2µ2

Nv
2
χ cos2 θR

MN

, (3.5)

where vχ is the DM speed in the Earth’s frame and θR is the nuclear recoil angle. If

the recoil energy is the same, we expect a similar signal at an experiment. Increasing

vesc will increase the average speed of DM particles in the halo, but this increase will

only be perceptible if vmin is close to vesc, 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 left.4

3The peak energy of the recoil spectrum dR/dER [123]
4A similar argument is presented in [182, 183]
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Quantitively, the mass shift is found from differentiating Eq. (3.5), leading to

∆Mχ

Mχ

= −(1 +
Mχ

MN

)
∆vχ
vχ

, (3.6)

where ∆Mχ = Mχ2−Mχ1, and ∆vχ = vχ2−vχ1 corresponds to the shift in the average

speed of the DM responsible for measurable events.

For CDMS II-Ge with δ = 130 keV, Mχ = 90 GeV, the only particles which can

scatter have a speed vχ ∼ vesc + ve = 800 km/s. Changing vesc from 544 km/s by

±64 km/s leads to ∆vχ = ±64 km/s, which from Eq. (3.6) gives ∆Mχ ∼ ∓17 GeV,

in reasonable agreement with what we find in Fig. 3.2. For the elastic case ∆vχ ∼ 0

because the average speed doesn’t depend sensitively on the escape speed, unless

vmin ∼ vesc + ve which occurs at Mχ ∼ 10 GeV. For XENON10 at Mχ = 7 GeV,

δ = 0 keV, vχ = 800 km/s and ∆vχ = ±64 km/s, this leads to ∆Mχ ∼ ∓0.6 GeV,

again in reasonable agreement with Fig. 3.2.

3.2.2 The Sun’s peculiar velocity

The peculiar velocity ~v~ = (U, V,W )~ is often assumed to be well known:

~v~ = (10.0, 5.25, 7.17) km/s with small errors ∼ 0.5 km/s [181]. However three

recent papers have suggested that V~ may have been underestimated by ∼ 7 km/s

[184, 185, 186]. Ref.[186] found that the classical determination in [181] underesti-

mated V~ by ignoring the metallicity gradient in the Milky Way disc. Furthermore

when ~v~ is increased, [184] and [185] 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: ~v~ = (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 v0 = 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 v�/R0 = (v0 + V~)/R0 = 30.2 ± 0.2 km s−1kpc−1 [187]. Unfortunately R0

is still poorly determined with the most recent studies of stellar orbits obtaining

R0 = 8.4 ± 0.4 kpc [188] and R0 = 8.33 ± 0.35 kpc [189]. Combining these results,

and using the new value of V~ = 12.24 km/s, we find v0 = 242 ± 12 km/s and

59



5 10 15
10-42

10-41

10-40

10-39

10-38

MΧ @GeVD

Σ
n

@cm
2 D

HLightL Elastic scattering

5 10 20 50 100 200 500 1000
10-44

10-43

10-42

10-41

10-40

MΧ @GeVD
Σ

n
@cm

2 D

Elastic scattering

5 10 20 50 100 200 500 1000

10-43

10-42

10-41

10-40

MΧ @GeVD

Σ
n

@cm
2 D

Momentum dependent scattering

50 100 200 500 10001500
10-41

10-40

10-39

10-38

10-37

MΧ @GeVD

Σ
n

@cm
2 D

Inelastic scattering: ∆=130 keV

XENON10

CRESST-II

CDMS II-Ge

CDMS II-Si

v0=255 km�s
v0=220 km�s
v0=195 km�s

Figure 3.4: The exclusion limits for v0 = 195 km/s (dotted), v0 = 220 km/s (solid)
and v0 = 255 km/s (dashed). Varying v0 leads to a larger vertical shift in the exclusion
limits compared to varying vesc for all panels (cf. Fig. 3.2). The horizontal shift for all
experiments at masses ∼ 10 GeV for elastic and momentum dependent scattering is
∼ 1− 2 GeV, larger than when vesc is varied (cf. Fig. 3.2). In contrast, when varying
v0 in the inelastic case, the horizontal shift is smaller compared to varying vesc.

v0 = 239 ± 11 km/s respectively. This is in comparison to the analysis of the GD-1

stellar stream which found v0 = 221±18 km/s [190], and the best fit to masers in the

high mass forming regions which found the range v0 = 225± 29 km/s [184]. Wary of

the possibility of unknown systematic errors affecting one of these measurements of

v0, we 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 σn relative to value at v0 = 220 km/s for
v0 = 195 km/s (dotted) and v0 = 255 km/s (dashed) for elastically (left panel), mo-
mentum dependent (middle panel) and inelastically scattering DM with δ = 130 keV
(right panel). The blue, brown, red and green lines show the change for CDMS II-
Ge, CDMS II-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. 3.4 we investigate how the exclusion limits change for three values of v0; 195 km/s

(dotted); 220 km/s (solid); and 255 km/s (dashed), while keeping ρχ = 0.3 GeV/cm3

and vesc = 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 δ = 130 keV. We see that varying v0 has more of an

effect on σn than changing vesc for all cases (cf. Fig. 3.2), and that once again there

are two principal features to note: increasing (decreasing) v0 causes the exclusion

curves to shift down (up) and left (right).

Changing v0 has two effects: v0 is needed to boost from the galactic frame to the

Earth frame (Eq. (1.27)), so increasing v0 means there are more particles at speeds

above vmin available to scatter in the Earth’s frame; and in the SHM, v0 determines

the DM dispersion velocity (σdis ≡
√

3
2
v0), so increasing v0 also increases the range

of the speed of particles in the halo, with more at higher and lower speeds. Therefore

if vmin is close to vesc, as for inelastic DM and light DM, changing v0 has a similar

effect to changing vesc 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 v0 is

larger than varying vesc. This is demonstrated in the right panel of Fig. 3.5 where

we have plotted the fractional change in σn relative to the value at v0 = 220 km/s

for v0 = 195 km/s (dotted) and v0 = 255 km/s (dashed) assuming δ = 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. 3.5 show the fractional change in σn relative to
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the value at v0 = 220 km/s for v0 = 195 km/s (dotted) and v0 = 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 XENON10. 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 σn

when increasing or decreasing v0 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 3.2.1. 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 to vesc, so the

limits are effected more when v0 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

Mχ = 400 GeV, δ = 130 keV and ER = 35 keV 3, we find ∆σ
195 km/s
220 km/s = 1.59 and

∆σ
255 km/s
220 km/s = −0.56, in good agreement with the values 1.32 and −0.60 presented

in the bottom panel of Fig. 3.5, while for the horizontal shift at Mχ = 65 GeV,

δ = 130 keV, ∆vχ = ±35 km/s and vχ ∼ 700 km/s we find ∆Mχ ∼ ∓5 GeV. For

XENON10 at Mχ = 12 GeV, δ = 0 keV, ∆vχ = ±35 km/s and vχ ∼ 500 km/s we

find ∆Mχ ∼ ∓1 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 ρχ. 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 ρχ = 0.3 GeV/cm3 [191, 192]. Two recent studies using different

techniques found ρχ = 0.3± 0.1 GeV/cm3 [193] and ρχ = 0.43± 0.15 GeV/cm3 [194],

consistent with ρχ = 0.3 GeV/cm3 with an error of a factor of 2. Dark matter N-body

simulations from the Aquarius Project have shown that ρχ 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 ρχσn enters into dR/dER (Eq. (2.2)), the error in ρχ cor-

responds directly to an uncertainty of a factor of 2 in the DM-neutron cross section

σn, affecting all experiments equally.

3.2.5 Discussion: The correlation between v0 and ρχ

We have followed the standard procedure of varying these astrophysical parame-

ters independently, however, Refs. [187, 184] found that there is a strong correlation

between the Sun’s circular speed v0 and the distance from the galactic centre R0:

v0/R0 ≈ 29 kms−1kpc−1. Since ρχ also depends on R0, a more careful approach

should take into account the change in ρχ as we vary v0. Here we estimate this

correction.

Assuming v0 = 230 km/s and ρχ = 0.3 GeV/cm3 at R0 = 8 kpc, and assum-

ing ρχ follows an NFW profile, when ∆R0 = ±1 kpc, we find ∆v0 ≈ ±30 km/s

and ∆ρχ/ρχ ≈ ∓20%, similar to the range of v0 explored in Section 3.2.3. Therefore

for higher (lower) values of v0, the exclusion curves in Fig. 3.4 are shifted upwards

(downwards) by an additional ∼ 20%. Comparing with Figs. 3.4 and 3.5, we see

that this correction is of a similar size to what we found for ∆σn/σn when inde-

pendently varying v0 for the elastic and momentum dependent scattering case when

Mχ & 30 GeV, although the spread in the limits remains small. For light and inelastic

DM, the change when varying v0 independently is ∼ 200%, therefore the spread in

limits shown in Fig. 3.4 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.5 To facilitate a more direct comparison between the VLII and GHALO

simulations, we use the GHALOs 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 [38], 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 v0 = 184 km/s in Eq. (1.11). 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

ρχ = 0.3 GeV/cm3, ~v� = (10.0, 220 + 5.25, 7.17) km/s and vesc = 550 km/s and

586 km/s for VLII and GHALOs 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 GHALOs

respectively, centred at a distance of 8.5 kpc from the galactic centre. In Fig. 3.6 the

thin bands show the exclusion curves from Via Lactea II (left panels) and GHALOs

(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 GHALOs 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. 3.7 we only plot the limits for CRESST-II for δ = 130 keV (for CDMS II-Ge

and XENON10 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

5This 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 GHALOs

(right panels) simulations. The legend is the same as Fig. 3.4. 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 σn.
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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 Mχ ∼ 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 σn.

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 GHALOs

show some differences. Interesting features to note are the bumpy features in the

GHALOs exclusion limits, and near threshold we find that some spheres can not set

any limits for both VLII and GHALOs. 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. (1.11) 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. 3.4 and 3.7). 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 Mχ & 50 GeV,

we have shown that the exclusion limits are robust against variations in the galactic

escape velocity vesc and the Sun’s circular speed about the centre of the galaxy v0

(right upper and left lower panels of Figs. 3.2 and 3.4) and under realistic variations

in the form of the velocity distribution (middle and bottom panels of Fig. 3.6), 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 v0 and vesc and

the velocity distributions from the numerical simulations can shift the exclusion curves

horizontally by ∼ 1 GeV at masses Mχ ∼ 10 GeV (upper left panels of Figs. 3.2, 3.4

and 3.6). Similarly for inelastically scattering DM, we found the vertical shift in

the exclusion curves when varying v0 or vesc 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. 3.7 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. 3.1) they both respond to astrophysical uncertainties in a similar fashion for

germanium, xenon and tungsten targets, because vmin remains far from vesc. 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, 78],

have published data demonstrating evidence for such an annual modulation. The

combined results from DAMA/NaI and DAMA/LIBRA have a statistical significance

exceeding 8σ. CoGeNT has taken data for over a year and also observes an annual

modulation with a significance of 2.8σ [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, O(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 [1, 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.1 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. (2.2). We will allow the possibility of inelastic scatter-

ing so the minimum speed is given by Eq. (2.1). Throughout we take v0 = 220 km/s,

vesc = 544 km/s and ρχ = 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 QNa = 0.43, within the range QNa = 0.3±0.13,

deemed representative of experimental uncertainties in [202]. We do not include

channeling in our calculations [145]. 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/NaI and [146] for DAMA/LIBRA and weight them

appropriately.

For the CoGeNT parameter regions shown in Fig. 4.1, we use modulation ampli-

tudes of 1.20 ± 0.65, 0.54 ± 0.19 and 0.08 ± 0.16 events/kg/day/keVee for 0.5 − 0.9,

1Note 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 XENON10 data [87]. For the XENON experiments we assume a

detector resolution dominated by Poisson fluctuations and take Leff and Qy 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 fn/fp depends on the underlying model of DM and generally differs from

one. Equation (2.2) implies that if the DM scattering satisfies fn/fp = 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 fn/fp ∼ −0.7 reduces the

sensitivity of xenon experiments by three orders of magnitude. Here, instead of

treating fn/fp 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 δ . 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 δ > 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, δ = 0 keV and fn/fp = 1 (left) and fn/fp = −0.7
(right). The lower panels have δ = 15 keV and fn/fp = −0.7 (left and right). In the
lower right panel we have taken the sodium quenching factor to be QNa = 0.43. In the
other panels we take the standard value QNa = 0.3. Notice the upper left panel uses
a different scale for σn. 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-

tors.2 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 χ2 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 fn/fp = −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]3. 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, 206, 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 [118]. Assuming the mediator is heavy compared to the typical momentum

transfer at the Tevatron, the limits can be as strong as σn ∼ 10−39 cm2. 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 σn ∼ 3 × 10−34 cm2 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 gq are separately constrained. In the

case of a vector mediator with a mass in the range M & 10 GeV the constraints are

gq . 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 σn ∼ f 2
n g

2
χ µ

2
χn/(πM

4), where gχ is the DM mediator coupling and

the effective coupling constants via the vector current q̄γµq, for the neutron (proton)

are fn = gu+2gd (fp = 2gu+gd). We can then reach the required DAMA and CoGeNT

cross section σn ∼ 10−37 cm2 with gq ∼ gχ ∼ 5 × 10−2, within the above bounds. If

the light dark matter results from strong dynamics in another sector saturating the

perturbativity bound gχ ∼
√

4π [208] couplings to quarks as small as gq ∼ 10−3 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. 4.1

for DM annihilating into the cc̄, bb̄, τ τ̄ , νν̄, 4τ 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 [172, 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 ηχ = (nχ − nχ̄)/s in

DM, similar to that in baryons ηB, provides a natural link between their observed

energy densities. If some process shares or co-generates the two asymmetries

ensuring ηχ ∼ ηB, then the observed cosmological DM energy density is realised for

mχ ∼ 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 mχ and σn 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.1 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.

[1, 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 [87].

5.1 A formalism free from astrophysics

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

space. As we will show, when the vmin 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. (2.2)) as

dR(t)

dER

=
ρχσn

2mχµ2
χn

CT
f 2
n

F 2(ER)ε(ER)g(vmin, t). (5.1)

Here, ε(ER) is the efficiency of the detector, which in general depends on ER, and

we have defined CT ≡ κ (fpZ + fn(A−Z))2, where κ is the detector mass fraction of

the target nucleus. For all elements we will consider, we use the Helm form factor.

g(vmin, t), previously defined in Eq. (2.5), encodes all the information about the DM

velocity distribution while vmin, defined in Eq. (1.26), is the minimum speed an inci-

dent DM particle must have for a nucleus to recoil with energy ER. We can invert

Eq. (1.26) to consider ER as a function of vmin; that is,

ER(vmin) =
2µ2

Nvmin

mN

. (5.2)

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

R(t) =
2ρχσn
mNmχ

µ2
N

µ2
χn

CT
f 2
n

∫ vhigh

vlow

F 2(v)ε(v) v g(v, t) dv (5.3)

≈ 2ρχσn
mNmχ

µ2
N

µ2
χn

CT
f 2
n

F̄ 2(v)ε̄(v)

∫ vhigh

vlow

v g(v, t) dv . (5.4)

The efficiency ε(ER) and form factor F (ER) 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

in the integral
∫ vhigh

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

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. (5.2) to find the energy range at CoGeNT (C) which spans the same vmin space.

Doing so we find

[EC
low, E

C
high] =

µ2
Cm

D
N

µ2
Dm

C
N

[ED
low, E

D
high]. (5.5)

Given the modulation amplitude ∆R = (R(tmax) − R(tmin))/2 observed by Co-

GeNT (in cpd/kg), and a specific choice of mχ and CT , we can invert Eq. (5.4) to solve
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for
∫ vhigh

vlow
vg(v, t)dv. This allows us to calculate the amplitude expected at DAMA (in

cpd/kg)

∆RD
expec =

ε̄D(ED
R )F̄ 2

D(ED
R )

ε̄C(EC
R)F̄ 2

C(EC
R)

CD
T

CC
T

mC
Nµ

2
D

mD
Nµ

2
C

∆RC
obs . (5.6)

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

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 qNa = 0.3. Varying qNa 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 vmin 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

E[keVee] = 0.199E[keV]1.12. 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. 5.1 we show the peak day found at DAMA and CoGeNT. The regions

between the red lines indicate the preferred regions at 1σ (solid), 90% (dashed) and

2σ (dotted) after fitting to the residual events as a function of time measured by

DAMA/NaI [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. (5.5) 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 χ2 ≤ χ2
min +∆χ2. The

variation in the peak day for different values of mχ 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 mχ. 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. (5.5). It is clear that the CoGeNT modulation generally peaks
earlier in the year than DAMA’s modulation signal, although there is agreement at
1σ for mχ ∼ 7 GeV. The SHM predicts that the modulation peaks on Day 152 = 2nd
June. These results are independent of the value of fn/fp.

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 mχ ∼ 7 GeV that there is agreement at 1σ.

Figure 5.2 shows the 1σ (solid), 90% (dashed) and 2σ (dotted) contours in the

peak day against modulation amplitude plane for mχ = 7 GeV (left panels) and

mχ = 12 GeV (right panels). In the upper panels, we choose fn/fp = 1 while in the

lower panels fn/fp = −0.7. The choice fn/fp = −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. (5.6) 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 CoGeNT, determined from

the value which minimises the χ2. We proceed to find the values of the modulation

amplitude and peak day that satisfy χ2 ≤ χ2
min + ∆χ2.

The energy ranges at CoGeNT for mχ = 7 GeV and mχ = 12 GeV, determined

from Eq. (5.5), 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 2.0σ and 2.4σ 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. (5.5), 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 mχ = 7 (12)
GeV. In the upper (lower) panels fn/fp = 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. (5.6). 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 mχ ∼ 7 GeV is preferred over 12 GeV and that the fit is worse for fn/fp = −0.7,

where a larger modulation amplitude is generally predicted.

For 7 GeV and fn/fp = 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 fn/fp = −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 fn/fp = 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 2σ regions that

are in agreement. We thus conclude that a 12 GeV DM particle with fn/fp = 1 or

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

5.3 Other constraints

CDMS II 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].2 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(tmin)
. (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 fn/fp = 1 (dotted) and fn/fp = −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 mχ = 7 GeV. For each value of the mass,

we use Eq. (5.5) to find the energy range at CDMS II which spans the same vmin

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 fn/fp = 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 fn/fp, while for CDMS II-silicon, is larger for fn/fp = −0.7.

The 2-6 keVee range at DAMA corresponds to 1.84-5.52 keV at a xenon-target

experiment (for mχ=7 GeV). We do not consider limits from XENON100 [89], as

Leff 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 Qy 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. (5.5) to find the energy range that spans

the same vmin space as the 2-6 keVee range at DAMA, and assume a modulation

amplitude of 0.0028 cpd/kg/keV. For fn/fp = 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 fn/fp = −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 1σ

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 (fn/fp = 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 mχ = 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 II-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 fn/fp = 1 is unlikely to be the

source of the DAMA and CoGeNT modulation signals.

We also considered DM with isospin violating couplings fn/fp = −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

mχ = 12 GeV, we find that only the 2σ CoGeNT and DAMA regions overlap.

However, for mχ = 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 σn – mχ 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].1 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].2

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

1A 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 QA and QȦ, where A, Ȧ = {1, 2}. The

most important additional terms for our discussion are3

{QA, QB} = {QȦ, QḂ} = 0 (6.1)

{QA, QḂ} = 2σµ
AḂ
Pµ , {QȦ

, QB} = 2σ̄µAḂPµ . (6.2)

Here Pµ is the generator of translations, σµ
AḂ
≡ (I, ~σ) and σ̄µAḂ ≡ (I,−~σ), where ~σ

are the usual Pauli matrices and I the identity matrix.

At this point it is useful to introduce four fermionic coordinates: θA and θȦ. These

are Grassmann variables satisfying

{θA, θB} = {θA, θȦ} = {θȦ, θḂ} = 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 (xµ, θA, θȦ). 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 θ and θ. Due to their Grassmann nature, powers of θ (θ) higher

than θθ (θ̄θ̄) vanish.4

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 µ = i∂µ,

the fermionic generators can be represented by

QA = −i(∂A + iσµ
AḂ
θ
Ḃ
∂µ) (6.4)

QȦ = i(∂Ȧ + iθBσµ
BȦ
∂µ) , (6.5)

where ∂A = ∂/∂θA and ∂Ȧ = ∂/∂θ
Ȧ

. These relations can be explicitly verified by

substituting into Eqs. (6.1) and (6.2).

The fermionic coordinates allow us to rewrite Eq. (6.2) as a commutation relation

[θQ, θ̄Q̄] = 2θσµθ̄Pµ (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(xµ, θA, θȦ) = ei(−x
µPµ+θQ+θ̄Q̄) (6.7)

3For the full super-Poincaré algebra, see, for example, [227]
4We use the standard summation convention θθ = θAθA and θ̄θ̄ = θ̄Ȧθ̄

Ȧ.
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Hence, an infinitesimal SUSY transformation is δS(α, ᾱ) = i(αQ + ᾱQ̄). It is conve-

nient to introduce SUSY covariant derivatives, which transform covariantly under a

SUSY transformation5

DA ≡ ∂A − iσµAḂ θ̄Ḃ∂µ (6.8)

DȦ = −∂̄Ȧ + iθBσµ
BȦ
∂µ (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 Φ(Φ†):

DȦΦ(x, θ, θ) = 0 and DAΦ†(x, θ, θ) = 0 . (6.10)

It should be clear from Eq. (6.9) that DȦθ = 0. It is also straightforward to verify

that DȦyµ = 0, where yµ = xµ − iθσµθ̄. Therefore, any function of these variables

will satisfy DȦΦ = 0. Hence, a left-chiral superfield can be expressed as

Φ(y, θ) = φ(y) +
√

2θψ(y) + θθF (y) . (6.11)

Here, φ is complex scalar field (usually called a sfermion), ψA a complex left-handed

Weyl spinor and F an auxiliary complex scalar field. It is straightforward to find

Φ(x, θ, θ) by substituting for yµ 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 θ and

ȳµ = xµ + iθσµθ̄, so that Φ†(ȳ, θ̄) = φ?(ȳ) +
√

2θ̄ψ̄(ȳ) + θ̄θ̄F ?(ȳ). 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.

5That is, they satisfy [DA, δs] = [DȦ, δs] = 0.
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Applying an infinitesimal SUSY transformation to a left-chiral superfield, one

finds that the components transform as

δSφ(x) =
√

2αψ(x) (boson→ fermion), (6.12)

δSψA(x) =
√

2αAF (x)−
√

2iσµ
AḂ
ᾱḂ∂µφ(x) (fermion→ boson), (6.13)

δSF (x) =
√

2i∂µ(ψ(x)σµᾱ) (F→ total derivative). (6.14)

Eq. (6.14) shows that the θθ term (the ‘F -term’) transforms as a total derivative.

This implies
∫
d4xF (x) 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 (x, θ, θ̄) = V †(x, θ, θ̄) . (6.15)

They can be constructed from chiral superfields Λ: in particular, the combination

iΛ− iΛ† satisfies Eq. (6.15). This allows us to define a ‘supergauge transformation’

V → V + iΛ− iΛ†. (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

VWZ(x, θ, θ̄) = θσµθ̄Aµ(x) + θθ θ̄λ̄(x) + θ̄θ̄ θλ(x) +
1

2
θθ θ̄θ̄D(x) . (6.17)

Here Aµ is a gauge field, λ 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

δSD(x) = i∂µ(λσµᾱ + λ̄σ̄µα) , (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:

δS

∫
d4xL(x) = 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:∫
d2θ

[
f(x) + θAgA(x) + θθ h(x)

] ≡ h(x)∫
d2θ̄ [f(x) + θ̄Ȧg

Ȧ(x) + θ̄θ̄ h(x)] ≡ h(x)∫
d4θ [f(x) + · · ·+ θθ θ̄θ̄ h(x)] ≡ h(x)

(6.20)

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

written as

L =

∫
d4θ∆D +

[∫
d2θ∆F + h.c.

]
, (6.21)

where ∆D and ∆F 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 =

∫
d4θ K(Φi,Φ

†
j) +

[∫
d2θW(Φi) + h.c.

]
, (6.22)

where K(Φi,Φ
†
j) and W(Φi) are known as the Kähler potential and superpotential

respectively. The fact thatW depends only on Φi and not Φ†i 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 θ:

W(Φi) ≡ W(φi +
√

2θψi + θθ Fi)

=W(φi) +
∂W
∂φi

√
2θψi + θθ

[
∂W
∂φi

Fi − 1

2

∂2W
∂φi∂φj

ψiψj

]
.

(6.23)

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

remains.

For the Kähler potential, we consider the simple choice K = Φ†iΦi. The integration

over Grassmann variables gives∫
d4θΦ†iΦi = ∂µφ

?
i∂

µφi + iψ̄iσ̄
µ∂µψi + F ?

i Fi . (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

F ?
i = −∂W

∂φi
. (6.25)

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

the dynamical fields

L =

∫
d4θΦ†iΦi +

[∫
d2θW(Φi) + h.c.

]
= ∂µφ

?
i∂

µφi + iψ̄iσ̄
µ∂µψi −

[
1

2

∂2W
∂φi∂φj

ψiψj + h.c.

]
− V (φ, φ?) .

(6.26)

Here we have defined the scalar potential V (φ, φ?),

V (φ, φ?) =

∣∣∣∣∂W∂φi
∣∣∣∣2 = F ?

i Fi . (6.27)

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

with one chiral superfield in which

K = Φ†Φ and W =
m

2
Φ2 +

g

3
Φ3 . (6.28)

Using the techniques we have developed, the component form Lagrangian is

L = ∂µφ
?
i∂

µφi + iψ̄iσ̄
µ∂µψi − 1

2
m(ψψ + ψ̄ψ̄)

− g(φψψ + φ?ψ̄ψ̄)− ∣∣mφ+ gφ2
∣∣2 .

(6.29)

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

teraction with coupling g and a quartic scalar interaction with coupling g2. 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

Φ
′

i = e−2iqiΛ(x,θ,θ̄)Φi with DȦΛ = 0 , (6.30)

Φ
′†
i = e2iqiΛ(x,θ,θ̄)†Φ†i with DAΛ† = 0 , (6.31)

where qi is the gauge coupling. The condition imposed on Λ ensures the chiral nature

of Φ remains after the gauge transformation. One can easily check that the kinetic

term Φ†iΦi is not gauge invariant. However, if we introduce a gauge vector superfield

V ,6 which transforms as in Eq. (6.16) under a gauge transformation, then the com-

bination Φ†i exp (2qiV )Φi is gauge invariant. After some lengthy algebra, it can be

shown that ∫
d4θΦ†ie

2qiV Φi = |Dµφi|2 + iψ̄iσ̄
µDµψi + F ?

i Fi

+ qiD |φi|2 −
√

2qi(λ̄ψ̄iφi + h.c.) ,

(6.32)

where Dµ = ∂µ + iqiAµ 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

WA = −1

4
D̄D̄DAV (W Ȧ = −1

4
DDD̄ȦV ) . (6.33)

It is straightforward to check that this object is chiral and gauge invariant.7 After

some more lengthy algebra, it can be shown that∫
d2θ

1

4
WAWA +

∫
d2θ̄

1

4
W ȦW

Ȧ
= −1

4
F µνFµν + iλ̄σ̄µ∂µλ+

1

2
D2 , (6.34)

which we recognise as the usual kinetic term for the U(1) gauge field with

F µν = ∂µAν − ∂νAµ, a kinetic term for the gaugino and a non-derivative term for

the auxiliary field D.

6Throughout we work in the Wess-Zumino gauge.
7Use that DADBDC = 0, DȦΦ = 0 and {DA,DȦ} = 0.
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As with the F -term, the auxiliary field D can be eliminated from Eqs. (6.32) and

(6.34) via its Euler-Lagrange equation. Doing so we find

D = −qi |φi|2 . (6.35)

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

fields is

L =

∫
d4θΦ†ie

2qiV Φi +

[∫
d2θ

{
W(Φi) +

1

4
WAWA

}
+ h.c.

]
= |Dµφi|2 + iψ̄iσ̄

µDµψi − 1

4
F µνFµν + iλ̄σ̄µ∂µλ

−
√

2qi(λ̄ψ̄iφi + h.c.)−
(

1

2

∂2W
∂φi∂φj

ψiψj + h.c.

)
− V (φ, φ?) .

(6.36)

In this case, the scalar potential V (φ, φ?) is given by

V (φ, φ?) = F ?
i Fi +

1

2
D2 . (6.37)

6.2.3 Non-Abelian gauge theories

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

The generators T a of the gauge group satisfy the algebra [T a, T b] = ifabcT
c, where

fabc are the structure constants and we normalise such that Tr[T aT b] = 1
2
δab. The

generalisation of the gauge transformations of the chiral and vector superfields are

Φ
′

i = e−2igΛijΦj with DȦΛ = 0 ,

Φ
′†
i = Φ†je

2igΛ†ji with DAΛ† = 0 ,

e2gV
′
ij = e−2igΛ†ike2gVkle2igΛlj ,

(6.38)

where g is the gauge coupling and we have defined the matrices Λij = T aijΛ
a and

Vij = T aijV
a.

The field strength tensor in the non-Abelian case is defined by

WA = −1

4
D̄D̄e−2gVDAe2gV (W Ȧ = −1

4
DDe2gV D̄Ȧe−2gV ) . (6.39)

In this case, WA is not invariant under a gauge transformation but rather transforms

as

WA → e−2igΛWAe
2igΛ

(
W Ȧ → e2igΛW Ȧe

−2igΛ
)
. (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 n with n > 2 vanish, therefore it is convenient to

consider the expansion of Eq. (6.39) in powers of V . Defining W a
A by

WA = 2gW a
AT

a (6.41)

and carrying out the expansion, we find

W a
A = −1

4
D̄D̄ [DAV a + igfabc

(DAV b
)
V c
]
. (6.42)

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

L =

∫
d4θΦ†ie

2gVijΦj +

[∫
d2θ

{
W(Φi) +

1

4
W aAW a

A

}
+ h.c.

]
= (Dµijφj)†(Dµikφk) + iψ̄iσ̄

µDµijψj − 1

4
F aµνF a

µν + iλaσµD̃µλ̄a

−
√

2g(λ̄aψ̄iT
a
ijφj + h.c.)−

(
1

2

∂2W
∂φi∂φj

ψiψj + h.c.

)
− V (φ, φ?) ,

(6.43)

where F a
µν = ∂µA

a
ν − ∂νAaµ − gfabcAbµAcν , Dµij = δij∂

µ + igAµaT aij and D̃µλ̄a = ∂µλ̄
a −

gfabcAbµλ̄
c. In this case, the scalar potential V (φ, φ?) is given by

V (φ, φ?) = F ?
i Fi +

1

2
DaDa , (6.44)

where Da = −gφ†iT aijφj.
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) × SU(2)L × 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)L U(1)Y Nomenclature

`iL = (νiL, eiL)
Li ˜̀

iL = (ν̃iL, ẽiL)
1 2 -1 Leptons

eciL
Ēi ẽ?iR

1 1 2 & Sleptons

qiL = (uiL, diL)
Qi q̃iL = (ũiL, d̃iL)

3 2 1
3

Quarks

uciL
Ūi ũ?iR

3̄ 1 −4
3

&

dciL
D̄i d̃?iR

3̄ 1 2
3

Squarks

Hu = (H+
u , H0

u)
Hu H̃u = (H̃+

u , H̃0
u)

1 2 1 Higgs fields

Hd = (H0
d , H−d )

Hd H̃d = (H̃0
d , H̃−d )

1 2 −1 & Higgsinos

Bµ B boson
VY B̃

1 1 0
& Bino

Wµ W boson
V a
W W̃ a 1 3 0

& Winos

Gµ Gluons
V a
G G̃a 8 1 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 groups.8 As with the Standard Model,

there are three generations of quarks and leptons (and their superpartners), labelled

by the subscript i in Table 6.1.

As in the Standard Model, the electroweak symmetry SU(2)L × U(1)Y is broken

to electromagnetism U(1)EM through the Higgs mechanism [240, 241, 242]. However,

unlike in the Standard Model, two Higgs doublets are required. In the Standard

Model, Hu and H?
u 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 + Y

2 .
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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 Hu and

H?
u. 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

electroweak symmetry breaking, the neutral Higginos H̃0
u and H̃0

d mix with the neutral

gauginos B̃ and W̃ to form four neutralinos χ̃0
i . Similarly, the charged components

H̃±u , H̃±d and W̃± mix to form charginos χ̃±i .

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 symmetries9

W = µHu ·Hd − yeijHd · LiĒj − ydijHd ·QiD̄j − yuijQi ·HuŪj +WRPV , (6.45)

where y are the Yukawa couplings and µ is a mass term. Any of the terms from

WRPV ∈ {Li ·Hu, Li · LjĒk, Li ·QjD̄k, ŪiD̄jD̄k} (6.46)

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

since they violate lepton or baryon number. For example, when ŪiD̄jD̄k and Li ·QjD̄k

are included in the superpotential, the proton can decay via p → π0e+. We can use

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

we find

τp ∼
m4
q̃

m5
p

∼
(

1 TeV

mq̃

)4

10−9 s , (6.47)

where mp and mq̃ are the proton and squark masses respectively. Given the exper-

imental limit τp > 8 × 1033 years [244], at least one of these terms must have an

extremely small coupling in the superpotential.

9We use the notation A ·B ≡ εCDACBD, where ε11 = ε22 = 0 and ε21 = −ε12 = 1.
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R-parity is the standard way to forbid all of the operators in Eq. (6.46).10 This

is a discrete Z2 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−L)+2S,

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 |Ω〉 to be invariant under a SUSY transformation

is

δs|Ω〉 = i(αAQA + ᾱȦQ
Ȧ

)|Ω〉 = 0 . (6.48)

This implies QA|Ω〉 = 0 and Q
Ȧ|Ω〉 = 0 if SUSY is a symmetry of the vacuum.

The relation σµ
AḂ
σ̄νḂA = 2ηµν allows us to invert the SUSY algebra (Eq. (6.2)),

solving for Pµ. The vacuum expectation value (vev) of the Hamiltonian can therefore

be written as

〈Ω|H|Ω〉 = 〈Ω|P0|Ω〉 =
1

4
〈Ω|{Q1, Q1̇}+ {Q2, Q2̇}|Ω〉 . (6.49)

It follows that if the vacuum has a non-zero vev, QA|Ω〉 6= 0 or Q
Ȧ|Ω〉 6= 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

10There 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 Fi or Da will lead to a vev for

the Hamiltonian, and thus, a theory in which SUSY is spontaneously broken. These

two types of breaking, when 〈Ω|F |Ω〉 6= 0 or 〈Ω|D|Ω〉 6= 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

• Scalar mass terms: −m2
φi
|φi|2

• Gaugino mass terms: −Mλiλ
a
i λai

• Trilinear scalar A-terms: −Aijkφiφjφk
• Bilinear scalar B-terms: −Bijφiφj + h.c.

• Linear scalar C-terms: −Ciφi.

The MSSM does not have any gauge singlet scalars so cannot have any C-terms. The

only B-term arises in the Higgs sector: −BµH
0
uH

0
d + 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 µ

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.

94



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: MPlanck ∼ 1019 GeV, the scale of

quantum gravity and MWeak ∼ 102 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 mH 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

δm2
H ∼ O

(
− y2

16π2
Λ2

)
, (6.50)

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

Standard Model, this would be MPlanck. 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 y2 (see end of Section 6.2.1). The correction from these

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

δm2
H ∼ O

(
y2

16π2
Λ2

)
(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

δm2
H ∼ O

(
y2

16π2
(m2

f −m2
f̃
)

)
, (6.52)

where mf and mf̃ 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× 1016 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 H0
u and H0

d 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 space.1 The traditional reason why sneutrinos have not been considered a good

DM candidate is that pure lhd, ie, SU(2)L-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)L-sterile, sneutrinos which mix with the lhd states once electroweak

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

1Another attractive feature of considering such sneutrino DM is that it might afford a dynamical
explanation of the baryon-to-dark-matter ratio Ωb/ΩDM ' 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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δα,H ∼ 10 keV

ν̃−1,L
ν̃−2,L

ν̃−3,L

ν̃+
3,L

ν̃+
2,L

ν̃+
1,L

ν̃+
1,H

ν̃+
2,H

ν̃+
3,H

ν̃−3,H
ν̃−2,H

ν̃−1,H

Mν̃H

Mν̃L δα,L ∼ 100 keV

∼ 250 GeV

Figure 7.1: The spectrum of sneutrino masses after lifting of scalar and pseudoscalar
mass degeneracy by the mass term M2

B. 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. 7.1). 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 ν3 (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 νµ and ντ but not

νe. 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, 126, 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 µ-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, 272, 273, 274,

275, 276, 277, 165, 278, 279, 280, 281, 282, 283, 284, 285, 286, 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 7.1 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 7.2 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 7.3 the potential

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

in Section 7.4.

7.1 The Model

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

model we employ—that of [128], 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)× SU(2)L × U(1)Y -sterile

neutrinos and their sneutrino superpartners, ñi, which combine into the chiral su-

perfields Ni. Here i = 1, 2, 3 labels the generation. The terms arising from the

superpotential are

∆L =

∫
d2θ

(
λijLi ·HuNj +

1

2
MNNiNi

)
. (7.1)
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The SUSY-preserving superpotential term for the rhd neutrino mass, MNNiNi,

arises from a higher-dimension Kahler term involving a SUSY-breaking spurion

F -component, in analogy with the Giudice-Masiero mechanism for the µ-term,

thus giving rhd neutrino masses at the weak scale MN ∼ m2
I/M ∼ TeV. (Here

mI ∼ 1010−1011 GeV is the intermediate scale at which SUSY is broken in the hidden

sector, while M is the reduced Planck scale.) The Yukawa coupling λij between

the lhd lepton doublet superfields, Li, and the rhd neutrino supermultiplets, Ni,

also arises from a Kahler term involving a spurion F -component and is suppressed

in magnitude by a factor of |λij| ∼ mI/M ∼ 10−7 − 10−8. 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

−∆L = m2
ñ |ñi|2 + A L̃iñihu +

1

2
λijM

2
B ñiñj + h.c. . (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

B2
ij ∼ λijM

2
B ∼ m2

I(mI/M)3 ∼ (TeV5/M)1/2 ∼ (100 MeV)2 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. (7.1) and (7.2) is the simplest structure that leads to a

successful spectrum of masses and mixings in the neutrino sector (as we quickly

recall in Section 7.1.3). 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

M2
ij =


M2

L13 Av sin β13 0 λijMNv sin β
Av sin β13 M2

R13 λijMNv sin β λijM
2
B

0 λijMNv sin β M2
L13 Av sin β13

λijMNv sin β λijM
2
B Av sin β13 M2

R13

 , (7.3)
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where the basis is (ν̃∗, ñ, ν̃, ñ∗). Due to the flavour diagonality of the unsuppressed

terms after electroweak symmetry breaking, this 12×12 sneutrino mass matrix is made

up of a total of sixteen 3×3 blocks which are either proportional to the identity matrix

(from the A-term, Majorana mass F -term and D-terms), or λij (from the B-term and

the rhd sneutrino F -term). Therefore the sneutrino flavour structure is completely

determined by the matrix that diagonalises λij, which we will call Uλ.

After diagonalisation of the flavour structure the sneutrino mass matrix is in the

form of sixteen diagonal 3× 3 blocks, which by further rotations can be manipulated

(detailed in Appendix D) into the simple block-diagonal form of six 2 × 2 matrices,

three for the scalars and pseudoscalars each

M2
ν̃+
α

=

(
M2

L Av sin β + λαaνM
2
B

Av sin β + λαaνM
2
B M2

R + λαM
2
B

)
(7.4)

M2
ν̃−α

=

(
M2

L Av sin β − λαaνM2
B

Av sin β − λαaνM2
B M2

R − λαM2
B

)
. (7.5)

Here ν̃+ and ν̃− denote the scalar and pseudoscalar components respectively. The

subscript α = {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), λα are

the eigenvalues of the λij matrix, M2
L = m2

L̃
+ 1

2
M2

Z cos 2β and M2
R = m2

ñ+M2
N , where

mL̃ and mñ are the usual soft mass terms, and, v = 174 GeV, is the Higgs expectation

value. We have also defined

aν =
vMN sin β

M2
B

, (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 × 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 ν̃+ and two ν̃− for each flavour, and both the heavy and light ν̃+ and ν̃− states

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

λα → 0. Expanding to first order in the small parameter λα the splitting between

the light ν̃+
L and ν̃−L components for each flavour is given by

δα,L = Mν̃+
α,L
−Mν̃−α,L

= λα
M2

B

Mν̃L

(cos2 θ − aν sin 2θ) ∼ 100 keV , (7.7)

where Mν̃L and θ are the lightest mass eigenstate and the rotation angle which

diagonalises the 2 × 2 matrices in Eq. (7.4) in the limit λα → 0. Similarly, the

splitting between the ν̃+
H and ν̃−H components is given by δα,H = Mν̃+

α,H
−Mν̃−α,H

=
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ν̃α

νjνi
χ̃x

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

λα
M2
B

Mν̃H
(sin2 θ + aν sin 2θ) ∼ 10 keV, where Mν̃L is the heavy mass eigenstate in the

limit λα → 0. Therefore we are left with a sneutrino mass spectrum as shown schemat-

ically in Fig. 7.1.

7.1.3 Neutrino Masses

As the Majorana mass for the rhd neutrinos (MN ∼ 1 TeV) is very small compared

to the standard seesaw set-up (MN ∼ 1010 − 1015 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

(λ2 ∼ 10−14 − 10−16) 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 ν̃+ and ν̃− 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

Mνij =
1

2

(
MZ

4πv

)2 12∑
α=1

4∑
x=1

mχx(Nx1 sin θW −Nx2 cos θW )2U †i,αL(rα,mχx)Uα,j+6 , (7.8)

where α runs over the twelve sneutrino mass eigenstates, Nxy are the neutralino

mixing matrices, mχx the neutralino masses, rα = Mα/mχx and2

L(r,mχx) =
r2 ln(r2)

1− r2
+ 1 + ln

(
Λ2

m2
χx

)
. (7.9)

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

2As
∑12
α=1 Uα,iU

†
j,α = δij the last two terms vanish when summing over the sneutrinos as they

are independent of the sneutrino masses and α.
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apparent by expanding the previous exact one-loop formula to first order in the λij

matrix. This gives

Mνij = λij

(
MZMB

4πv

)2 4∑
x=1

1

mχx

(Nx1 sin θW −Nx2 cos θW )2

· {sin2 θ(cos2 θ − aν sin 2θ)L1(xx, yx)

+ cos2 θ(sin2 θ + aν sin 2θ)L2(xx, yx)
}
,

(7.10)

where L1 and L2, defined in Appendix D, are the loop contributions from the sneutrino

soft mass term and the F -term contributions. The parameter aν , defined in Eq. (7.6),

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 λij.

From Eq. (7.10) we can see that the neutrino masses are proportional to the

eigenvalues of λij. Combining this with Eq. (7.7), it is clear thar δα ∝Mνα . In order

to obtain the correct neutrino masses it is necessary that λα/λβ = Mνα/Mνβ and

therefore δα/δβ = Mνα/Mνβ . Once these ratios and all other parameters are set, then

the overall magnitude of the neutrino masses depends on the parameter aν . We allow

aν to take values −1 < aν < 1, and find that for reasonable values of this parameter,

neutrino masses below cosmological bounds and with Mν3 >
√

∆m2
12 + ∆m2

23 are

obtained. This will be discussed in more detail in Section 7.2.3.

It is clear from Eq. (7.10), and is shown to all orders in λij in Appendix D,

that the flavour structure of the neutrino mass matrix takes a simple form. The

PMNS neutrino mixing matrix is given simply by UPMNS ≡ Uλ, where Uλ was defined

previously as the matrix which diagonalizes λij, 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 λij is completely known, up to an overall normalisation factor which is

absorbed into M2
B. Since δα ∝Mνα , the largest sneutrino splitting δα 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 µ and τ , there-

fore we know the four sneutrino states ν̃3 (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.3

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, ν̃−3,L, 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 δ1 and ∆1,

(defined in Fig. 7.3), which as shown in Eq. (7.7) depend on the ratio aν . As we will

show later, there are regions of the parameter space of aν where the lifetime of the

decays of ν̃−1,L and ν̃−2,L to ν̃−3,L are longer than the age of the Universe. In this case,

the DM is comprised of equal abundances of all three states ν̃−1,L, ν̃−2,L and ν̃−3,L, and is

therefore overall flavour neutral. However there are also portions of parameter space

where the states will have decayed to only ν̃−3,L, 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, ν̃+
1,L, as shown in

Fig. 7.3. The particle can decay by νν 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 Ωh2 = 0.1143± 0.0034[288].
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Figure 7.3: The six lightest sneutrino mass eigenstates (splittings not to scale). ν̃+
1,L

can decay to ν̃−1,L by νν emission through intermediate Z exchange, as shown by the
blue line, or to any of the lighter states by νν emission through a neutralino (red
lines). ν̃−1,L and ν̃−2,L can decay to ν̃−3,L 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, ν̃−1,L, or by νν emission through an in-

termediate neutralino exchange to any of the lighter pseudoscalar particles. Typically

the dominant decay mode is through the Z-boson,

Γ
ν̃+
1,L

Z = sin4 θ
G2
F δ

5
1

20π3
∼ (9× 104 yrs)−1

(
sin θ

0.1

)4(
δ1

100 keV

)5

, (7.11)

and is around an order of magnitude faster than neutralino-mediated decay. The

associated ν̃+
1,L lifetime is, for all reasonable parameters, short enough that no ν̃+

α,L

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

estimate this branching fraction as fγγ ' 1.3× 10−12( δ
100 keV

)4 and for each sneutrino

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

below the bounds given in [289].

We will now consider the decays of the pseudoscalar particles, and in particular,

the decay of ν̃−1,L to ν̃−3,L, as indicated by the dotted red arrow in Fig. 7.3, 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 ν̃−2,L to decay to ν̃−3,L will also be longer. These decays can

only occur by νν emission through an intermediate neutralino. The decay width for

typical parameters is

Γ
ν̃−1,L
χ = χ sin4 θ

(
Mz

v

)4
∆5

1

960π3m2
χ1
M2

ν̃L

(7.12)

∼ (1010 yrs)−1
( χ

0.22

)(sin θ

0.1

)4

·
(

∆1

25 keV

)5(
100 GeV

Mν̃L

)2(
200 GeV

mχ1

)2

,

(7.13)

where

χ =

(∑
x

mχ1

mχx

(Nx1 sin θW −Nx2 cos θW )2

)2

+

(∑
x

mχ1Mν̃L

m2
χx

|Nx1 sin θW −Nx2 cos θW |2
)2

(7.14)

depends on the neutralino mixing matrix, Nxy, and neutralino masses, mχx .

The decay width Eq. (7.13) is in the range where, depending upon parameters, the

pseudoscalar ν̃−1,L 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 ν̃+
α,L 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, 7.6 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. (7.15) and (7.16), on

the mixing angle sin θ. 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 ν̃−3,L to ν̃+
3,L, and therefore is sensitive to the small mass

splitting δα,L, 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 Mν̃L , while the

inelastic cross section limit is stronger for smaller δα,L, as we will explicitly demon-

strate later. The cross section for coherent scattering off a nucleus at zero momentum

transfer by Z exchange is

σZN = sin4 θ
G2
F µ

2

2π

(
(A− Z)− (1− 4 sin2 θW )Z

)2
. (7.15)

Here µ 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

σhn =
g2
hnn

8πm4
h

(
mn

mn +Mν̃L

)2(
A sin β sin 2θ − M2

Z

v
cos 2β sin2 θ

)2

, (7.16)

where mn is the nucleon mass and ghnn = mn√
2v

(∑u,d,s
q fTq + 2

27

∑c,b,t
Q fTG

)
. We use

the values of fTq and fTG from Ref.[277] which give ghnn = 1.43× 10−3.

The red dot-dashed lines show the indirect detection limits on sin θ 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 sin θ - Mν̃L

plane for M1 = µ = 250 GeV, M2 = 500 GeV and tan β = 10, and with Higgs mass
121 GeV. The green solid line indicates the value of sin θ 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 θ 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 [112]. Note that the solar capture and annihilation limits are the most

constraining limits over a sizeable region of parameter space.

In the limit λα → 0, the sneutrino masses and mixings are determined by ML,

MR, A and tan β, however we find it more intuitive to trade in ML, MR and A for

mL̃, Mν̃L and θ. Furthermore, once aν and one of the δα,L are specified, and M1, M2

and µ are chosen so that the neutralino masses mχx and mixing angles Nxy can be

computed, the absolute neutrino masses can be calculated from Eq. (7.10) and the

other two δα,L can be found from the ratio δα,L/δβ,L = Mνα/Mνβ . At the top of each
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Figure 7.6: Left panel: Exclusion curves and thermal relic density constraints for
M1 = µ = 150 GeV, M2 = 300 GeV and tan β = 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 Mν̃L , we have
chosen sin θ 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 mL̃ and δ we have fixed. Note that δ always

refers to the smallest δα,L from the sneutrinos which have not decayed.

For all further calculations we fix the MSSM parameters at the weak scale. We set

tan β = 10, the pseudoscalar Higgs mass MA = 500 GeV, the rhd slepton soft mass

mẼ = 250 GeV, the top soft coupling At = −1 TeV and all other soft parameters to

1 TeV giving a Higgs mass of 121 GeV. M1, M2 and µ are varied in different plots

but we maintain the relation M2 = 2M1.

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. 7.5, 7.6 and 7.7 is 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 sin4 θ rather than sin2 2θ, cf. Eqs. (7.15) 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 δ 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 mL̃ increases with θ and Mν̃L held constant, the A-term increases, so smaller

values of sin θ are required to ensure the sneutrinos do not over-annihilate producing

a relic density below the measured value. From Eq. (7.16), we can also see that this

increase in the A-term is the reason why the elastic direct detection limits become

stronger as mL̃ is increased.

For mL̃ < 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. 7.6 demonstrates that the Z-funnel region at ∼ 45 GeV

also opens up. For mL̃ > 500 GeV, the elastic direct detection limits and relic density

curve move to lower values of sin θ together so that no new lower values of Mν̃L are

allowed.

Changing δ 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
σn 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 δ = 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 δ = 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, 7.6, 7.7 and 7.8

is because we have only plotted the strongest constraint arising from the different

possible annihilation channels; νν, ττ , bb̄, W+W−, ZZ and hh. Typically we found

that for Mν̃L < MW , the limits from annihilation into νν dominate except for when

Mν̃L ∼ Mh/2, where the ττ 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 Mν̃L > MW , the W+W− 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.[1] 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

113



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

II [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 δ ∼ 30 keV; and a higher mass

region with a splitting δ ∼ 125 keV [123, 1, 162, 91, 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. 7.8, the shaded regions show the (channeled) DAMA/LIBRA

90% and 99% confidence regions with a splitting δ = 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 ∆ΓZ = 3 sin4 θ
2

(1− (2Mν̃L/MZ)2)3/2 Γν ,

where Γν = 167 MeV is the invisible Z-width into one species of neutrino. We adopt

the LEP bound ∆ΓZ < 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 δ = 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 aν parameter space

For a given set of the parameters {mL̃, µ,M1,M2, tan β} one can see from Figs. 7.5,

7.6 and 7.7 that the allowed values of sin θ and Mν̃L 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 Mν̃L

is chosen, sin θ is set by this constraint.

Finally it remains to constrain the parameter aν which contributes to the inelastic

splittings and the neutrino masses through Eqs. (7.7) and (7.10). For a given splitting

δ3,L the allowed parameter space for aν is determined by the requirement that the

neutrino masses satisfy both the cosmological bound,
∑
mν < 0.61 eV [292], and the

mass bound Mν3 >
√

∆m2
12 + ∆m2

23.

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

WIMP mass Mν̃L . For a typical set of soft mass and electroweak parameters it is in

114



50 100 150 200
0.0

0.1

0.2

0.3

0.4

0.5

MΝ
�

L
@GeVD

a Ν

Allowed

Ú MΝi < 0.6 eV

MΝ3 > Dm12
2

+ Dm23
2

Figure 7.9: Regions of parameter space for the aν parameter for which the neutrino
masses satisfy both cosmological and mass-splitting bounds. The other parameters
are µ = M1 = 250GeV, M2 = 500GeV, mL̃ = 350 GeV, sin θ = 0.2, tan β = 10 and
δ = 100 keV.

general possible to find a value of aν 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. 7.5 and vary-

ing values of sin θ and WIMP mass, we have calculated the fraction of the allowed

parameter space of the parameter aν for which the sneutrinos will all have decayed

down to the lightest state. The results for two different values of δ are shown in

Fig. 7.10. 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 MW and the range 0− 45% for masses below MW .
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Figure 7.10: Contours of constant fraction of aν parameter space for which the sneu-
trinos have decayed down to the lightest state (i.e. constant fraction of allowed values
of aν for which τν̃−2,L→ν̃

−
3,L

< 1010 yrs). For comparison the regions where the ob-

served relic density is produced are superimposed. The SUSY-breaking parameters
are µ = M1 = 250 GeV, M2 = 500 GeV, tan β = 10 and the solid and dashed lines
are for mL̃ = 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 δα,L ∝ Mνα , the δα,L follow the neutrino mass

hierarchy so that in the normal hierarchy, δ3,L is the largest splitting. This is much

bigger than δ2,L and δ1,L, which are expected to always be close together because

δ2
2,L − δ2

1,L ∝ ∆m2
21, which is known to be small from solar neutrino measurements.

Conversely in the inverted hierarchy, δ3,L will be the smallest splitting, δ2,L will be

the largest, but δ1,L will be similar because ∆m2
21 is small. Therefore even if ν̃−3,L has

decayed, we expect to have a significant fraction of both ν̃−1,L and ν̃−2,L and the overall

flavour structure of the DM will depend precisely on the relative abundances of ν̃−1,L
and ν̃−2,L.
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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:

• The inelastic splitting allows for a comparatively large WIMP-nucleon scatter-

ing cross section, σn, 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.

• 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.

• If the DM were made up of all three lowest lying states then annihilations to

neutrinos would result in equal numbers of νe, νµ and ντ , with the directional

flux of hard νµ 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 ν3 mass eigenstate, and

the νµ 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 ν1,2,3. Moreover, if annihilations are purely

to ν3 states in the Sun, MSW effects would be negligible due to the small νe

component of ν3.

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 [112] projections of the performance

of the completed IceCube + DeepCore detector indicate an order of magnitude in-

crease in sensitivity to νµ from the Sun for WIMP masses ∼ 100 GeV [295]. An order

of magnitude increase in sensitivity to σn corresponds to an increase in the limits on

sin θ 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, 7.6

and 7.7 would suggest that the completed IceCube detector will be sensitive to large

portions of parameter space of this model for mL̃ < 500 GeV.

In Fig. 7.11 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. 7.6 one can see that when Mν̃L > MW (respectively MZ) then W (and Z)

bosons are the dominant annihilation products, while for Mν̃L ∼Mh/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. [281], 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, fµ, fτ ), 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. 7.6 and mL̃ 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 Mν̃L . 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. 7.6. 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, 7.6 and 7.7 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

δ 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 (δ <∼ 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 [165]. For large sin θ 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, Mν̃L ∼ 45 GeV, as in

the left panel of Fig. 7.6, 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. 7.6 and sin θ = 0.2, the Higgs decay

width Γh will increase by an order of magnitude from Γh ∼ 5 MeV to Γh ∼ 50 MeV.

Although not directly measurable at the ILC, this could be determined indirectly from

Γh = Γ(H → WW ∗)/Br(H → WW ∗) where Br(H → WW ∗) is directly measured

and Γ(H → WW ∗) is estimated from the measurement of the WWH coupling [300].

The branching fractions for the decays to SM particles, in particular, bb̄ and γγ

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 δα,L 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 4, 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 5, 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 g(vmin)

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

g(vmin) =

∫ ∞
vmin

d3v

v
f(~v + ~ve), (A-1)

where

f(~v) =

{
1
N

(
e−v

2/v20 − βe−v2esc/v20
)

v < vesc

0 v > vesc

(A-2)

and β = 0 or 1, depending on whether the exponential cutoff is desired. An analytic

formula for g(vmin) with β = 0 was presented in [301] and we agree with their results

in this limit. In Chapter 3, we take β = 1. It is convenient to define xesc = vesc/v0,

xmin = vmin/v0 and xe = ve/v0, where vi = |~vi|.
The normalisation constant N is given by:

N = π3/2v3
0

[
erf(xesc)− 4√

π
e−x

2
esc

(
xesc

2
+
βx3

esc

3

)]
. (A-3)

If xe + xmin < xesc:

g(vmin) =
π3/2v2

0

2Nxe

[
erf(xmin + xe)− erf(xmin − xe)

− 4xe√
π
e−x

2
esc

(
1 + β(x2

esc −
x2
e

3
− x2

min)

)]
.

(A-4)

If xmin > |xesc − xe| and xe + xesc > xmin:

g(vmin) =
π3/2v2

0

2Nxe

[
erf(xesc) + erf(xe − xmin)− 2√

π
e−x

2
esc

·
(
xesc + xe − xmin − β

3
(xe − 2xesc − xmin)(xesc + xe − xmin)2

)]
.

(A-5)

If xe > xmin + xesc:

g(vmin) =
1

v0xe

. (A-6)

If xe + xesc < xmin:

g(vmin) = 0 . (A-7)
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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 mχ − σn 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 [Elow, Ehigh]. To set an exclusion

limit at the 90% confidence level (C.L.), we wish to find the number of events µ such

that 90% of these experiments would have observed more than n events.

For a given mass mχ, the expected number of events N in an energy range [E1, E2]

is calculated by integrating Eq. (1.25) between E1 and E2 and multiplying by the

experiment’s exposure E, usually given in kg days. The only free parameter that

enters N is the cross section σn. Thus, to set a limit, σn is varied until N = µ.

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 µ 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 ‘pmax’, 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 pmax 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 µ. It is simply

P (n|µ) =
µne−µ

n!
. (B-1)

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

[Elow, Ehigh] 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 Elow and Ehigh

represent that energy range of the experiment. Right panel: The limits for the
XENON100 experiment using the three methods. pmax tends to set the strongest
limit.

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

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

matically, this is just

∞∑
m=n+1

P (m|µ) = 0.9 =⇒
n∑

m=0

µm e−µ

m!
= 0.1 , (B-2)

where we have used
∑∞

m=0 P (m|µ) = 1 and Eq. (B-1). For example, if an experiment

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

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 B-1 we show a typical differential event spec-

trum expected of dark matter. The energy interval in which dark matter is searched

for is [Elow, Ehigh], 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
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four events near Ehigh. 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 xi is defined to be the number of events in the energy interval [Ei, Ei+1]:

xi = E ·
∫ Ei+1

Ei

dR

dER

dER . (B-3)

Here i = 0, . . . , n, where n is the number of observed events. Ei for i = 1, . . . , n are

the event energies, while E0 = Elow and En+1 = Ehigh. The maximum gap x is defined

as the largest xi and is used to set the limit. σn is excluded at the 90% C.L. if 90% of

experiments give a smaller maximum gap. In Appendix A of Ref.[148], this is shown

to occur whenever

C0 =
m∑
k=0

(kx−N)ke−kx

k!

(
1 +

k

N − kx
)
, (B-4)

where N is the total number of expected events in the interval [Elow, Ehigh], m is the

greatest integer ≤ N/x, and C0 = 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

pk(x) =
k∑

m=0

xm e−x

m!
(B-5)

for all intervals with k events. pmax is defined as the maximum pk(x) over all possible

intervals. σn is excluded at the 90% C.L. when pmax = p̃max(0.9, N) where N is the

total number of expected events in the interval [Elow, Ehigh]. Unfortunately an ana-

lytic expression for p̃max(0.9, N) is unavailable and it must be evaluated numerically.

Tabulated values are given on Yellin’s website.1

1http://www.slac.stanford.edu/~yellin/ULsoftware.html.
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Appendix C: Details of the
experiments considered in
Chapter 3

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 ‘pmax’ 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, 80]. 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.1 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× 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].

1We 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 ER. 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 Leff is needed to convert from the measured scintillation energy

(measured in keVee), to the nuclear recoil energy (measured in keV). Unfortunately

Leff 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 Leff = 0.19, however more recently, [305, 306, 307] have

determined that Leff decreases at low energies, but there is still some uncertainty in

its value. Refs. [305, 306] found Leff ∼ 0.15 for ER < 10 keV, while Ref. [307] found

that it continues to decrease from Leff ∼ 0.15 at ER = 10 keV to Leff ∼ 0.10 at

ER = 5 keV. At Mχ ∼ 10 GeV, the exclusion limits from Leff = 0.19 and Leff 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 Leff from [305,

306, 307] 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-III [92], which uses a value of Leff 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

Leff 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 7

Sneutrino Masses and Mixings

After electroweak symmetry breaking the sneutrino mass matrix has the form

M2
ij =


M2

L13 Av sin β13 0 λijMNv sin β
Av sin β13 M2

R13 λijMNv sin β λijM
2
B

0 λijMNv sin β M2
L13 Av sin β13

λijMNv sin β λijM
2
B Av sin β13 M2

R13

 , (D-1)

where the basis is (ν̃∗, ñ, ν̃, ñ∗) and individual terms are defined in Section 7.1.2. If

Uλ is the matrix that diagonalises the λ matrix as Uλ · λ · U †λ = Diag(λ1, λ2, λ3), and

P6 is a permutation matrix given by

P6 =


1 0 0 0 0 0
0 0 0 1 0 0
0 1 0 0 0 0
0 0 0 0 1 0
0 0 1 0 0 0
0 0 0 0 0 1

 , (D-2)

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

2× 2 matrices along the diagonal, then the product

U =
1√
2

(
P6 0
0 P6

)
·
(

16 −16

i16 i16

)
·
(
12 ⊗ Uλ 0

0 12 ⊗ Uλ
)

(D-3)

rotates the sneutrino mass matrix down to the block-diagonal form of six 2×2 matrices

described in Section 7.1.2.

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 Uλ to all orders. Considering just the mixing part of
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Eq. (7.8) we have the term

Mνij ∝
12∑
α=1

U †i,αL(rα,mχx)Uα,j+6 . (D-4)

L(rα,mχx) is a diagonal matrix and as P6 is a permutation matrix, P †6 ·Diag(6×6) ·P6

is also diagonal. Therefore the only non-diagonal contribution to the neutrino mass

matrix is from the Uλ part of the sneutrino mixing matrix and Uλ ·Mν · U †λ must be

diagonal.

Perturbative Mass Formula

Here we give the full form of Eq. (7.10). Defining xx = Mν̃L/mχx and yx = Mν̃H/mχx ,

then

Mνij = λij

(
MZMB

4πv

)2 4∑
x=1

1

Mχx

(Nx1 sin θW −Nx2 cos θW )2

· {sin2 θ(cos2 θ − aν sin 2θ)L1(xx, yx)

+ cos2 θ(sin2 θ + aν sin 2θ)L2(xx, yx)
}
,

(D-5)

where

L1(x, y) =
1

x2 − y2

(
x2 lnx2

1− x2
− y2 ln y2

1− y2

)
− 1

1− y2

(
1 +

ln y2

1− y2

)
(D-6)

and

L2(x, y) =
1

x2 − y2

(
x2 lnx2

1− x2
− y2 ln y2

1− y2

)
− 1

1− x2

(
1 +

lnx2

1− x2

)
. (D-7)
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