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Abstract

This thesis investigates an area of beyond the Standard Model (BSM) phenomenology
associated with the presence of additional light, “weakly interacting slim particles” (WISPs).
Particular attention is given to the hidden photon, the gauge boson associated with an

additional U(1) gauge group that mixes kinetically with hypercharge.

The theoretical foundation of the interactions studied lies in effective field theory, and the
first part of the thesis investigates a so-far untested aspect of effective theories, namely

effective non-locality in particle propagation.

There are no observable effects of hidden photons if they are massless. We investigate the
impact on experimental signatures in the case that the hidden photon gets its mass during

compactification from a higher dimensional theory.

WISPs make good dark matter candidates, and are especially compelling in light of the lack of
observation of heavy WIMP (“weakly interacting massive particle”) dark matter. Nonetheless,
it is shown that if WIMP dark matter is composed of a Dirac fermion that couples to the SM
only through a pseudoscalar, indirect detection may be our only experimental window, and

that it may already be appearing as a gamma ray excess at the Galactic Centre.

There is considerable interest in dark matter searches at beam dump facilities, in particular
for light dark matter coupled through a similarly light mediator particle. We investigate this
set up in the context of the E613 beam dump experiment. Owing to the light mediator, the
low-Q? kinematic region of deep inelastic scattering is especially important. We present a
new treatment of dark particle scattering in this region via a light vector mediator (such as a

hidden photon), and find that it enhances constraints.

The original research constituting this thesis has been previously presented in [1-4].
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1.1

Introduction

There’s no initiation either into such mysteries. He

has to live in the midst of the incomprehensible . . .

— Marlow

Motivation

The high energy frontier of particle physics has expanded enormously in the last few years
with the Run 1 LHC results. A new scalar boson has been discovered and looks alarmingly
like a “vanilla” Standard Model Higgs boson [5-7]. The guiding symmetry principles by
which the SM is constructed look as strong as ever and there is seemingly a complete lack of

any Beyond the Standard Model (BSM) physics at 8 TeV.

It is nonetheless clear that neither experimental nor theoretical efforts have yet unearthed
the full story. A handful of the problems that the Standard Model does not address are

catalogued below.

* Gravity: While potential UV completions of the Standard Model are numerous, there
is no theoretical consensus on the behaviour of gravity at Planck energies. This sits
uncomfortably with the description of all other observed fundamental forces as gauged
quantum field theories theories.

* The hierarchy problem: The difference between the Planck scale at which the
strength of gravity becomes comparable to that of the other known fundamental
forces, and the electroweak scale physics we commonly observe is extremely large,
spanning more than ~ 16 orders of magnitude. An unnaturally precise cancellation
of high scale physics would be required in order that a scalar boson coupling to the
Standard model fermions could acquire a vacuum expectation value at the weak scale,
and yet this is what we observe.

* Dark energy: Approximately ~ 68% of the observed total energy density is not
accounted for by matter [8]. A massive, unknown source of energy is required to
power the observed expansion of the Universe.



¢ Dark matter: Galactic rotation curves, structure formation, observations of the Bullet
cluster, baryon acoustic oscillations and numerous other phenomena all point to
the fact that the remaining ~ 32% of the energy density is composed of roughly 6
times more matter than we observe in baryonic matter [8], and that furthermore, the
additional matter cannot be baryonic.

* Neutrino masses: Neutrino masses, bounded to be non-zero by observation of flavour
oscillations, are not accounted for in the Standard Model. The essential nature of
neutrinos is not known — they could be either Majorana or Dirac fermions — but it is
quite possible that their masses originate with BSM physics.

* The strong CP problem: The Lagrangian describing QCD permits a C' P violating
term Loy < 0 G"*@G,,, yet no C'P violation is observed in the strong sector. One
attempt to explain the unnatural smallness of 6 is provided by the Peccei-Quinn
symmetry, which gives rise to QCD axions. Further discussion of this is given below.

* The muon anomalous magnetic moment: The anomalous magnetic moment of the
muon, a,, is truly anomalous, disagreeing with the SM predicted value by ~ 3o [9].
It is possible to explain this with the introduction of a new boson, such as the hidden
photon we discuss.

Owing to the remarkable precision with which the SM accounts for observations of nature, it
seems worthwhile to attempt to explain the above phenomena using the same principles
and construct new theories (to say, particles and forces) in the language of gauge theory.
Naturally doing so means there must be some interaction between any new theory and
the existing SM: it is a pillar of theoretical particle physics that the Lagrangian density'
describing a theory ought to include all gauge and Lorentz invariant terms — including any
that mix old physics and new. Indeed if we are to solve any of the outstanding issues in
physics, we had better ensure that our new theory interacts with existing physics - if not, it
cannot be affecting the results of observations. Whether or not this interaction is observable
is determined by nature, though one may be pragmatic and focus on those theories that
have some hope of observation?. The raison d’étre of beyond the Standard Model physics
then is to provide an explanation, in terms of fundamental particles, of results for which the
SM does not account, without perturbing the phenomenology of the SM sufficiently to be in

conflict with other experimental results.

'Henceforth, we conform to the general convention of referring to the Lagrangian density simply as
the Lagrangian.

2For example, it is possible that dark matter interacts with baryonic matter only gravitationally, in
which case the prospect of an experimental discovery vanishes. Of course this does not mean that
one should not search for non-gravitational interactions of dark matter experimentally.

Chapter 1 Introduction



1.2

1.2.1

While all the listed phenomena, and others, have engendered interesting physics, probably
the problem that has attracted the most attention is dark matter, to which we turn now. First
we present some preliminaries, followed by a general outline of the searches for dark matter,
which are related by a complementarity exhibited by 4-particle scattering processes. The
dominant paradigm in particle dark matter has long been that of the weakly interacting
massive particle (WIMP) — we present some theory relating to this paradigm and motivate the
introduction of an alternative: WISPs, or weakly interacting slim particles. After introducing
WISPs and the surrounding theory, we turn to the experimental hunt for this kind of particle,
in particular focusing on models with a hidden photon, which is central to some of the work

in this thesis.

Dark matter

Substantial evidence has accrued that the baryonic matter in the Universe cannot be a full
account of the total energy density. Based on observations of the gravitational interactions
of nearby galaxies, and accepting that gravity persists unmodified at galactic scales, approxi-
mately five times the baryonic energy density must be added from an additional, unknown,
source to reconcile theory and observation. No such source is visible to astrophysics (except
through gravity) and SM neutrinos are thoroughly ruled out as the principal component (or
even a large one) of the missing energy density, being far too relativistic to allow structure
formation. A promising direction is to consider the missing component to be some sort of

non-luminous dark matter, which interacts only weakly with the SM.

Preliminaries

While in general very little is known about dark matter, there are some particular properties
to which it must conform (within the generally established framework of ACDM cosmology).

Let us briefly consider the role of dark matter in the thermal history of the Universe.

The early Universe may be usefully described in the language of thermodynamics and we

may write a Boltzmann equation for the number density of a single simple WIMP species,

dn 2 2
e —3Hn — {(00)ann.(n” — neq.). (1.1)

1.2 Dark matter
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The Hubble parameter, H = a/a, measures the expansion rate of the Universe, and a is
the scale factor describing the relative size of the Universe (ranging from O at the Big
Bang to 1 in the present day). It is defined by the Friedmann-Robertson-Walker (FRW)
metric for a homogeneous and isotropic Universe, which, schematically, has line element
ds? = dt?> — a®(t)da?. The expression (o)., indicates the cross-section multiplied by the
the Mgller velocity (i.e. relative velocity between annihilating particles®) and thermally
averaged over a Maxwellian distribution, where o is the effective annihilation cross-section
for two DM particles to two SM particles. n is the present time number density of DM
particles, and n.,. the equilibrium number density (n., = g(mT/27)%/?exp(—m/T) for
a non-relativistic Maxwell-Boltzmann distribution). Then the first term on the r.h.s. of
Eq. (1.1) encodes the dilution of the dark matter number density due to the expansion of

the Universe, and the second term the effect of dark matter annihilating into SM particles.

With the aim of calculating properties of the present day Universe, one important quantity is
the interaction rate per particle,

I' = now. (1.2)

We can compare this to the Boltzmann equation above and see that while the expansion rate
of the Universe is approximately equal the interaction rate of a particle species, H ~ I, the
particles are in thermal equilibrium with the Universe. When H becomes substantially larger
than I, particle freeze-out occurs, corresponding to the particles no longer being likely to

interact due to their rapidly increasing spatial separation.

Observation informs us that the Universe is, to a very good approximation, flat. A very
important constraint on dark matter arises from this, as it must decouple to leave a sufficient
density that Universe is not convex, but must also not be over dense, which would result in

a concave Universe. The density parameter 2 is defined,

0=_" 8rG

= = —= 1.3
Pecrit. 3H2 P ( )

where p is the density, p..i;. is the critical density for a flat (Euclidean) Universe, and the
r.h.s of the equation arises from Einstein’s field equations for a FRW metric (G is Newton’s
gravitational constant). Note that the density parameter given above accounts for all matter,
baryonic and dark, in the Universe (as well as the dark energy that is powering expansion),

but may be considered component-wise by the insertion of the appropriate density p.

U1 — U 27 U- e 2 . . . . .
30 = vpg is defined as vyg = Y (T —2)° —(51X52)7 " cych that the annihilation rate per unit velocity

1—771-Ug

. dN _ . .
and time 55 = ovninz is frame independent.
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The density parameter is often quoted multiplied by the Hubble parameter squared, 22
(h = (Hy/100)kms~' Mpc~!, where Hy is the present time Hubble parameter). Then
Qh? ~ 0.45 is the density parameter of a flat Universe. Formally one must solve the
Boltzmann equation to find an expression for the relic density of dark matter. However,
accounting for the measured energy density, a useful approximation exists for a thermal

WIMP [10],
MpPDMNDM 3x 10 2"cm3s~!

Pcrit. N <UU>ann.

Qpmh? = 1.4

where pe,i. ~ 107° h? GeV em 2 and mpy; and npy; are the WIMP mass and number density
respectively. Note though that the above result is subject to several assumptions. For example,
it requires modification if there are any species in the early Universe that interact with the
WIMP and are also approximately degenerate in mass with it, due to the resonant effect of

co-annihilations [11].

With the above considerations in mind, we may make a few generic statements about dark

matter that we expect to hold true relatively model independently.

* It must interact sufficiently weakly with the SM to have thus far escaped all but
gravitational detection (modulo some potential astrophysical “hints” discussed later).
The best current limits on WIMPs from direct detection experiments are shown in
Figs. 1.2 and 1.3.

* To allow structure formation, the dominant component of dark matter must be cold
(non-relativistic). In our galaxy, this has an average local velocity in the region of
¥ ~ 200 — 300 km/s relative to Earth, subject to a significant uncertainty [12, 13].

* The particle comprising dark matter must be stable w.r.t SM decays on cosmological
time scales, having a lifetime my > O(10'7s).

* The local density of dark matter, at the Sun’s location in the Galaxy, is pgo ~
0.4GeV/cm? [14, 15].

* The relic density of cold dark matter is Qh? ~ 0.12, approximately 27% of the total
energy density of the Universe [8].

As mentioned above, a popular paradigm in constructing models of Cold Dark Matter (CDM)
is that of the Weakly Interacting Massive Particle (WIMP). It turns out that for a single
species of thermally produced particles with a mass in the 10s to 1000s of GeV range and a
weak scale cross section, the relic abundance matches that experimentally observed with
very little to no fine tuning. In order to do so, the thermally averaged cross section for pair
annihilation into SM particles must fall in the region of (ov)ann. ~ 3 x 10726cm3s™1, based

on the estimate in Eq. (1.4).

1.2 Dark matter
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6

=

SM

Annihilation

—

Elastic
scattering

=

Pair production

(0 SM

Schematic 2 — 2 processes, where v and 1) represent some dark matter field and
its conjugate (it may be self-conjugate, ¢ = ).

We'll now turn to experimental and theoretical approaches to dark matter.

Experimental approaches

Based on the known interactions of the SM and the requirements for gauge and Lorentz
invariance of the Lagrangian, it is not unreasonable to expect particle dark matter (hence
simply “dark matter”) to scatter in a 2 — 2 process featuring two SM particles and two
dark particles. In such a scattering process there arises a natural complementarity between
search techniques, paralleling a crossing symmetry in the process itself. Fig. 1.1 shows a
sketch of the scattering process, which may proceed along three directions, corresponding to
SM-dark matter scattering, DM-DM annihilation into SM and pair production of DM particles
via SM-SM annihilation. The blob in the sketch represents some interaction which could,
for example, be a 4-point effective vertex resulting from the presence of a heavy mediator
particle. These three processes are vital to the experimental search for dark matter, each
corresponding to one of the three canonical search techniques: direct detection (scattering),
indirect detection (annihilation) and collider studies (pair production). We’ll discuss the

salient features of each in turn here.
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Direct detection: DM + SM — DM + SM

From observations of galactic dynamics, we know that dark matter is clustered around the
Milky Way in a roughly spherical distribution [16]. The Earth’s rotation around the Sun must
then necessarily create some relative motion between the dark matter and the Earth, and
we may search for an annual modulation in the signal of a suitable detection experiment.
While there is some uncertainty in the absolute velocity distribution of galactic dark matter
relative to Earth, this uncertainty is much reduced in the annual modulation signal, since

the unknown velocities cancel over the course of one Solar orbit [17].

Several experiments are underway to search for this phenomenon, and there exists a
pronounced tension between their reported results and those looking directly for WIMP
interactions. The most stringent constraints on the interactions of potential WIMPs (currently
from the LUX collaboration [18], which is directly searching for dark matter interactions
via nuclear recoil) rule out the claimed annual modulation from the CoGeNT [19] and
DAMA [20] collaborations. The CDMS experiment finds no sign of an annual modula-
tion [21], but does report three WIMP candidate events with an expected background of
only 0.4170-3%(stat.) T 3% (syst.) events, resulting in the preferred region shown in Fig. 1.2.
CRESST also detected candidate events, resulting in the corresponding preferred region [22].
There have been numerous attempts to resolve the conflict, and there exist proposals for

several non-exotic (SM) explanations of the apparent annual modulation [23, 24]%.

The current generation of direct detection experiments operate on the basis of nuclear
recoil, which limits their region of sensitivity to masses of a GeV and above (though this
can be extended to lighter masses, O(few MeV) by looking for ionisation [29]). In the
xenon-based detectors presently providing the most sensitive probes for spin independent
interactions, a DM particle striking a nucleus with sufficient energy in an elastic collision
causes both scintillation and ionization. The time delay in detection (with photomultiplier
tubes) between the photons created by the initial scintillation (the “S1” signal) and the later
scintillation of the ions (“S2”), which are accelerated, allows for positional and directional

determination of the initial DM interaction.

The constraints on the DM-nucleon interaction cross-section resulting from this method have
the advantage of being relatively model agnostic. Typically, the interaction is described by

an effective theory that integrates out the particle mediating the WIMP-nucleon interaction.

4All of which are refuted by the DAMA collaboration [25-28].

1.2 Dark matter
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Due to the very low energy of the collisions (WIMPs in the halo are non-relativistic, and
recoil energies are on the order of 10s of keV), and correspondingly low 4-momentum
exchange, the mass of the mediator need not be too high in order that it is not resolved:

even O (2 GeV) is safe.

The cross-section for WIMP scattering depends strongly on whether the interaction is spin
dependent or not. In the case that it is, for example for interactions mediated by pseudoscalar
exchange, the cross-section is suppressed by the non-relativistic velocity of the WIMPs, and
the constraints from direct detection experiments are weakened by a factor of v? ~ 1076
(¢ = 1) relative to the spin independent case. We explore the difference between spin

dependent and spin independent scattering further in Chapter 4.

-39
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Exclusion limits on spin independent scattering of WIMPs with nucleons. Isospin
symmetry between protons and neutrons is assumed. Combination given in [30],
showing the constraints of [22, 31-41] with the more recent LUX [18] and
SuperCDMS constraints [42] added.

Indirect detection: DM + DM — SM + SM

Should the WIMP interact with the Standard Model through any means that is not gravi-
tational, there are numerous astrophysical environments that make for promising hunting
grounds. In particular, the galactic potential well, strongest in the centre, can act as an
amplifier for dark matter annihilations (the rate grows with the square of the density,

Dann. o pha/m3a), the products of which can be searched for in terrestrial and space based

Chapter 1 Introduction
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Exclusion limits on spin dependent WIMP scattering with a proton [34, 35,
43-46]. The results of IceCube are model dependent, representing limits on
annihilation to the indicated particle pairs. The neutron limits are similar [30],
though XENON100 is strongest, and IceCube present no constraint.

gamma- ray telescopes, positron and anti-proton telescopes and neutrino telescopes [16].
The annihilation products of dark matter are model dependent, but commonly result in a
continuous photon spectrum from secondary decays/annihilations and synchrotron radiation

from the propagation of charged annihilation products.

If the dark matter annihilates through an on-shell mediator, this would give rise to a
distinctive peak in the photon spectrum. A strong line with no astrophysical explanation
would be a smoking gun signal of dark matter annihilating into photons. Otherwise, one
may expect some particle abundances to be enhanced in high density regions of the galaxy,

corresponding to the product of dark matter annihilations.

There are several such astrophysical “hints” of dark matter, including a ~ 3.5keV line in the
x-ray spectrum of some galaxy clusters [47], an excess of 511 keV gamma rays originating in
the galactic central bulge [48], an overall gamma ray excess from the galactic centre [49], a
~ 130 GeV line from the galactic centre [50] and an anomalously high positron abundance
in cosmic radiation [51]. The soft x-ray spectrum of the Earth was recently reported to show

seasonal variation, consistent with the conversion of meV mass Solar axions [52].

1.2 Dark matter
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Further details of indirect detection — in particular regarding the observation of a galactic
centre excess [49] by the Fermi satellite’s Large Area Telescope — will be discussed in

Chapter 4.

Collider: SM + SM — DM + DM

The LHC has pushed the frontier of understanding to a new mass scale, and will do so again
in coming years. While the LHC is not responsible for the highest energy interactions ever
observed (that title is held by cosmic rays), it is the highest luminosity controlled source of
TeV scale collisions by a very large margin. When searching for dark matter at or below TeV

masses, one could expect that there may be signatures at the LHC.

The standard LHC search for dark matter particles (at least, WIMPs) has long been the
monojet [53-55], whereby a single jet appears in the detector with no corresponding particle
detection to balance transverse momentum, through interactions of the type pp — xx + jet.
Example Feynman diagrams for the process are shown in Fig. 1.4. Another promising channel
for dark matter searches is a single photon plus missing transverse energy, or monophoton
events [56, 57]. The two searches share a common operating principle. BSM particles must
be weakly interacting in order to have evaded detection, so once produced, they are unlikely
to interact again inside the detector, unless they decay near instantly to SM particles. This
signal has a neutrino background, a feature common to dark matter searches, since the
neutrino is also extremely weakly interacting and can bypass shielding designed to isolate
detectors from SM particles. The ATLAS and CMS detectors are both multipurpose, and

other searches for exotic phenomena will be made reference to throughout this thesis.

For some models of dark matter, LHC searches are competitive with, or exceed, the exclusion
limits of direct detection experiments. However, they are reliant upon an effective 4-point
interaction which is not valid in all regimes, and fails in particular if the particle mediating

the interaction of the DM and SM particles is light. We return to this point below.

Complementary to the LHC, there are also a host of experiments employing a single particle
beam (p or e~) incident upon fixed targets, whose results may be adapted to place constraints
on the interactions of dark particles [58-63]. The centre of mass energy of fixed target
experiments scales as Ecom = 1/2Fbeamm™,, (Where m,, ~ 1GeV is the proton mass), meaning

that even with a high energy beam, such facilities will never compete with the CoM energy

Chapter 1 Introduction



1.2.3

DM
q DM q
W b
q DM q

Simple monojet processes of the type that could contribute to an LHC signal. The
DM particles (which here interact with quarks through a vector mediator) do not
interact with the detector and contribute to a missing transverse energy signal,
whereas the radiated gluon and final state quark form QCD jets.

attainable at the LHC, which scales linearly with the beam energies. The great advantage of
fixed target facilities is in the large luminosity and well controlled backgrounds. The latter
may be achieved due to the large spatial separation of the target and detector, allowing, for
example, magnetic shielding to filter charged particles out of the beam. This makes them
uniquely suited to neutrino production, but also production of any other stable, neutral
particles with the appropriate couplings. In Chapter 5, we will extend the reach of the
Fermilab E613 proton beam dump experiment by a detailed treatment of dark particle

scattering, particularly considering QCD effects at low momentum transfer.

Theoretical approaches

Recent searches for dark matter, in particular at the LHC, have employed effective field
theories for a hypothesized 2 — 2 interaction [64], as schematically shown in Fig. 1.1. These
methods rely upon the assumption that the mediating particle — for example a new vector
boson associated with a hidden U(1) gauge group — is heavy, i.e. its mass is sufficiently
above the interaction energy (where sufficient is determined in part by how accurate we

demand the predictions of the effective theory to be).

The canonical example of an effective field theory, Fermi’s theory of weak interactions,
includes a four-fermion vertex, where we now know a W boson mediates the interaction.

The effective Lagrangian for charged current neutrino scattering is,
ECC = 2\/§GF (Z’Y“PLV) (ﬂ’yMPLd) + h.c. (15)

Py, is the left projection operator, P, = (1 — v5)/2, reflecting the chiral nature of weak
interactions. When the full theory is resolved, we realise that the coupling, G, the Fermi

2
constant, is inversely proportional to the W boson mass squared, G = ﬁﬁm%: where ¢
w
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is the weak coupling constant. The effective coupling constant G actually encodes the
effect of the W boson propagator in the limit of small momentum compared to the W boson

mass.

Our modern understanding of the SM as itself an effective theory suggests that it is possible
that even this is not a complete description of the same scattering process, but the effects of

additional dynamics are simply too small to notice at currently accessible energy scales.

While there are undeniably some desirable features in this framework, in particular the easy
classification of all combinations of vector, scalar, axial-vector, etc. dark matter particles and
interactions, the utility of such models is contingent upon the interaction originating at a

sufficiently high scale.

Schematically, the Lagrangian term for an effective 4-point interaction between Dirac
fermions v and x looks like,
2 —_
£5 HUT T, (1.6)
where A is the scale associated with new physics. The I" encode the nature of the interaction

between the Dirac field bilinears i.e. the properties of the mediator particle that has been

integrated out in the effective Lagrangian:

1 scalar
iv®  pseudoscalar
Iy = o vector (1.7)

4% axial vector

loald tensor

and it is implicit that the Lorentz indices are contracted across the two field bilinears in the
Lagrangian. Mixed axial and non-axial interactions, for example vy, xy*~°X, where T is
vector-like and I's is axial in nature are permitted, though such interactions would violate
CP symmetry. In [64], 24 possible operators coupling Dirac fermions and real and complex
scalars to SM quarks and gluons are enumerated, and have since been adopted by both
CMS [65] and ATLAS [66] in their respective presentations of dark matter search results.
While the advantage of a unified framework and notation is clear, there are limitations to
this approach [67], not least of which is that it does not encompass the scenario in which
mediator masses are lighter than TeV scale. There are several motivations to consider an

alternative framework.

Chapter 1 Introduction



As illustrated above with the example of the weak force, 4-point interactions of the sort
described by Eq. (1.6) originate from the elimination of a mediator particle from a theory.
In order that the effective theory is valid at LHC energies, the scale A suppressing the
interaction must be sufficiently large compared to the momentum exchange that the latter
may be ignored in the propagator for the removed mediating particle. The suppression by a
potentially very high scale A lowers the cross section for processes involving the operator,
but it is possible that this is compensated by a high value of the coupling constant. Owing
to the large momentum exchange interactions at the LHC, one can find that even for the
maximum allowed perturbative coupling (g ~ v/4r for an expansion in «), the suppression
scale must be so large that the resulting cross sections are too small to result in a sufficient
event rate. Additionally, in the case that the mediator is light, such effective operators may
actually underestimate the cross section by not accounting for resonant production of dark

particles via on-shell mediators.

That dark matter can be detected at the LHC at all is not a requirement nature imposes.
However, in the case of thermal WIMPs, if the mediator is heavy and the coupling is not
too large the dark matter may not annihilate efficiently enough, overclosing the Universe
(i.e. resulting in a much higher than observed relic density), so there is reason to hope that
the LHC may yet discover a candidate. However, as discussed in Chapter 4, there are viable
models of even light particle dark matter that could be accessible to us only through their
astrophysical signs at present. Fortunately, we will see below that the WIMP paradigm is not

the only candidate.

The alternative approach: simple models

The great advantage of the effective theories, in the region where they are valid, is that they
are relatively model independent (modulo the assumptions necessary to allow the use of
effective theories). If one introduces lighter mediators, the interaction may be resolved, and

one must specify the theory in greater detail®.

Interest in simple models has recently been revived in light of the above criticisms of
applying a purely effective operator approach [68-70]. One complication of resolving a more

fundamental theory, i.e. replacing the 4-point interaction with space-time-separated 3-point

>Note that the result is likely still to be an effective field theory, but the scale at which the effective
theory is not valid has been raised. It is the modern view that any field theory, at least below the
Planck scale, may be considered fundamental only in so far as its short distance interactions have
not been probed

1.2 Dark matter
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interactions connected by an intermediate state, is the introduction of new parameters. In
the effective view, the unknown couplings and mass scale by which an operator is suppressed
may be combined into a single Wilson coefficient. This is not the case if the interaction is
resolved (though couplings may still be combined multiplicatively if the mediator width
is unimportant), but it is nonetheless possible to characterise some interaction types with

relatively few parameters.

The Lagrangians specified in [68] give simple models of vector and axial vector mediated

scattering of dark Dirac fermions,

Lyector D gDMV;D_(’YuX + Z nguquuq
q

Laxial O goM VX7 95X + D 94V 154, (1.8)
q

where the vector V,, axial vector VM and dark fermion Y have standard mass terms and
the sum runs over all SM quark species. We see that either model depends on only a
few parameters: (i) the mass mpj; of the dark matter particle, (ii) the mass myeq of the
mediating particle, (iii) the coupling gpy of the dark particle to the vector mediator and (iv)
the coupling g, of the mediator particle to the SM quarks. If we assume a flavour universal
mediator-quark coupling, the parameters number only four. One could in principle allow
for an arbitrary coupling to each quark flavour, increasing the number of free parameters.
Often though, there will be some inherent structure to the coupling scheme; for example,
with a scalar or pseudoscalar mediator instead of vectors, one may take inspiration from
the Standard Model and couple to quarks with a Yukawa hierarchy. Then, though each
quark has a different coupling, the number of model parameters remains low. In the limit
that myeq is large, these models in any case reproduce the same phenomenology as the
corresponding effective 4-point vertex (though in the case of the Lagrangians above no
C P-violating interactions are present, and as such they do not represent the full complement

of the 4-point interactions of [64]).

There is no reason to expect that nature in reality conforms to a simple structure. Indeed,
it may be a little naive, given the rich structure of the SM, to hope that dark matter or
other BSM phenomena can be explained with the introduction of a single, arbitrary, new
particle species or two. Nonetheless, the hope is that by studying such models, we can learn

something of the full structure, if it extends beyond our first guess. This has the advantage
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[ DM

Hidden
Sector

SM
" D

Sketch of the communication of the hidden and visible sectors through a mediator
particle, or portal. In this instance the mediator is the hidden photon (which we
discuss below in Section 1.3.2), which interacts with dark matter in the hidden
sector, and communicates with the SM through a kinetic mixing operator with the
photon (here represented with a black dot).

of being computationally simpler, in part by not introducing a large spectrum of new states®.

The “WISPy” models presented below conform well to the principles of simple models.

WISPs

Given the rich structure of the Standard Model matter and gauge fields that account for
only approximately 5% of the observable energy density of the Universe, it does not seem
unreasonable that dark matter also has a nontrivial field content. Nonetheless, following a
“bottom up” approach and beginning with the phenomenology of BSM physics, we ought
to start with simple field configurations, and see what we can learn. The historical tactic
for discovery of new physics has been to probe ever higher masses. There is at least one
orthogonal direction to probe in the search - that of weak couplings. We will see that light,
weakly coupled hidden sectors of physics can provide solutions to BSM problems that are as
compelling as their heavier cousins. By hidden sector, it is meant that there exist distinct
sets of fields that are not charged under the Standard model SU(3) xSU(2)xU(1) gauge
group. Such models arise naturally in brane constructions, where distinct sectors of physics
may be located on branes that are spatially separated in higher dimensions. Constructing
models in such a way also provides the mechanism for achieving the requisite extremely

weak couplings [71-79]. In order that a hidden sector can interact with the SM fields at all,

®The clear allusion here is to the comparatively ‘complicated’ (meaning having many free parameters)
supersymmetry (SUSY) and its many variants and extensions. This is not to be derided for its
complexity, however, since the principal reason for introducing SUSY was not explaining dark
matter. There are a host of good motivations to extend the space time symmetry group, including
a solution to the hierarchy problem, unification of the SM coupling constants in the UV regime
and indeed providing a WIMP candidate in the lightest supersymmetric particle (LSP). Further
discussion of SUSY lies beyond the scope of this thesis.

1.3 WISPs

15



1.3.1

16

there must exist some mediating particles that interact with both sectors. Numerous possible

portals exist, for example [80],

* Vector’” ~ xB* X ,,,.

9

* Axial/pseudoscalar ~ fiF‘“’F,W, }‘G@V" Y.

* Scalar ~ (uS + A\S?)H'H.

* Neutrino ~ y, LHN.

This thesis will be concerned principally with the vector portal, though Chapter 4 investigates
the phenomenology of a pseudoscalar mediated interaction in the context of astrophysical
hints of dark matter. First though, let us review the case for light, weakly interacting particles,

by way of introducing the WISP “zoo”.

Axions

QCD provides a theoretically sound and phenomenologically successful framework for strong
interactions, but still hides several mysteries. The non-perturbative regime at small Bjorken-
z, for example, is poorly understood (something we revisit in the context of dark matter

scattering in Chapter 5). Strikingly, the C P-violating term in the QCD Lagrangian,

0 .
Lacn D 55-C" G (1.9)

where # is in principal non-zero and G** is the gluon field strength tensor (with dual G**),
appears to be vanishing, or at least unnaturally small. No C'P-violating interactions have
been observed in the strong sector, so that the limit (from measurements of the neutron
electric dipole moment, which would be generated by C P-violating strong interactions)
on the magnitude of 6 is that it is at least 10 orders of magnitude smaller than would be

expected naively.

One possible solution to the problem of an anomalously small 6 is to introduce a new
symmetry: Peccei and Quinn introduced an approximate global U(1) symmetry [81, 82].

The symmetry (which is already anomalously broken by the QCD vacuum) is spontaneously

7Up until now we have used x to represent a non-SM fermion. We avoid this notation here and in the
remainder of this thesis, to prevent confusion with the kinetic mixing parameter intended here.
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broken, and the resulting pseudo-Goldstone boson acquires a mass. The potential that this
generates sets the natural value of the CP violating term to zero, by a cancellation between
the 6 term and the expectation value of the axion field ((a) = f,0), which has a Lagrangian
term,

a U A
Lor= 1 G" G, (1.10)

suppressed by the mass scale f, at which the Peccei-Quinn symmetry was spontaneously

broken.

The axion also has a gauge invariant two photon interaction, which is key to many searches
for the (so far, completely) elusive particle. If one has a pseudoscalar with a two photon
coupling that does not solve the strong CP problem, it is often referred to as an axion-like-

particle (ALP), and is subject to many of the same constraints.

Hidden photons

We may attempt to reconcile the success of the Standard Model with the necessity of
additional physics by introducing new matter and forces in such a way that the essential
structure of the SM is not changed, but perhaps appended to. We'll here give considerable

attention to the simplest possible addition, which underpins much of the present thesis.

Consider the extension of the SM gauge group to include an additional Abelian symmetry [71,
72, 74-78, 83-92], becoming SU(3) xSU(2) xU(1) xU(1)’, before electroweak symmetry
breaking. After symmetry breaking, so that the gauge bosons have mass, the electroweak

gauge part of the SM Lagrangian, with an additional U(1)’ gauge field is,

1 1 1 1 1
L= B" By — (XWX, = JW W, — Sxy B Xy 4 A X1X,,
1m%/v 3,0 ipm2 Lo 1urp71 2,17772
+ 59—2(9W H—g' B+ imW(W MW, = WEEWE. (1.11)

Assuming no SM matter fields are charged directly under the U(1)’, the principal interaction
comes from the the kinetic mixing of the new gauge boson with hypercharge, with mixing
angle yy. Considering only the Abelian portion of the Lagrangian at energies sufficiently
below the electroweak scale that we can ignore the heavy electroweak gauge bosons, the

terms consistent with gauge and Lorentz invariance are:

1 1 1 1
L= = PP Fyy = XM Xy = SxX " X + §m§(XHXD + jHA,. (1.12)
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The j - A term couples hypercharge to the electromagnetic current and the additional term
o m?% is a mass for the gauge boson associated with the new field, X* (with field strength
tensor X+ = g XV —9” X*). Such a mass term can arise from either a Higgs or Stueckelberg
mechanism — we return to the question of mass generation below and in Chapter 3, where
we will consider the impact of the U(1)’ being extra-dimensional, such that initially massless
hidden photons generate a massive Kaluza-Klein tower upon compactification. The direct
mixing with the photon described by Eq. (1.12) is valid so long as mx < my. For hidden
photon masses comparable to or larger than m 2, the additional mixing of the hidden photon
with the hypercharge component of the Z boson must also be included. The kinetic mixing
parameter in Eq. (1.12) relates to the kinetic mixing with hypercharge as x = xy cosy,

corresponding to the factor cos 6y relating the hypercharge and photon gauge fields®.

The kinetic mixing between the two gauge fields is the novel feature that generates interesting
phenomenology for hidden photon models, but let us try to remove it, and bring the
Lagrangian into a more familiar form. This may be accomplished with either of two field
redefinitions. Consider first redefining the hidden gauge field as such: X* — X# — yA*,
Note that terms of order x? and above will be ignored — we are interested in small values
of x, which justifies the approximation. In the case that the new gauge field is massless,
myx = 0, this decouples the two fields entirely - the SM phenomenology would not be
impacted at all. However, in the presence of a mass term, we find that the result of the shift
is simply to change basis, diagonalising the kinetic term and moving the mixing to the mass
terms,

1 1 1
L= = PP Fyy = XM X + §m§<(Xﬂ — YA + A, (1.13)

Instead of shifting the hidden field, we could have shifted the SM photon field as A* —

A — x X*. The resulting Lagr