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Abstract

The lack of signals in traditional dark matter (DM) searches beyond gravitational interac-
tions provide an excellent reason to investigate weakly coupled and/or light dark sectors
(DS). These receive motivation both from the theoretical and the phenomenological side
with rich physics across many different scales. Depending on the exact composition of the
DS the signals can show up at colliders, in astrophysical searches, and in specialised direct
detection experiments, which differ significantly from traditional nuclear recoil searches.
Furthermore, the low mass of these new particles opens up new opportunities for producing
new physics in the lab beyond the typical high-energy accelerators required for detecting
new heavy states.

This thesis will focus specifically on a broad class of DSs, namely those containing a
Dark Photon (DP) in the particle spectrum. The DP is a well-motivated candidate which
can act as a mediator between the standard model (SM) and the DS but it is also known
to provide a rich phenomenology by itself. This ranges from the oblique corrections to
electroweak precision observables (EWPO) at high DP masses to the subtle impact of
a light DP on electromagnetism (EM). This thesis will provide an introduction to the
conventional coupling of the DP to the full electroweak theory via the so-called kinetic
mixing. We will further discuss potential generalisations of this mixing, i.e. via the Z
boson mass or the Stiickelberg mechanism. We will show how a light DP decouples from
observables at colliders and that the kinetic mixing to electromagnetism is the low-energy
theory emerging from the mixing with the hypercharge boson.

This mixing with the photon enables non-trivial effects of the DP in an SM plasma. We
will use the well-known plasma effects to calculate the solar DP flux emerging from the
plasma of solar electrons. In contrast to the majority of the literature, we will focus on
the angular distribution of the solar DP flux and point out the advantage of applying this
additional information to helioscope searches for DPs. Using data from Hinode XRT, a
solar x-ray telescope, we demonstrate that the sensitivity boost can be significant. This
observation is interesting in light of future helioscopes, which is briefly discussed in this
thesis as well.

The second part of this thesis will then be focussing on the dark matter puzzle and the
potential role of the DP as a DM candidate. After providing a brief introduction to the
topic, we consider the LISA Pathfinder (LPF) mission as a direct detection experiment for
ultralight DPDM. In the spirit of a “no-go theorem”, we provide reasons why the direct
detection of kinetically mixed DPs using LPF is impossible. This result is also valid for
other direct detection setups with only a few caveats. However, we demonstrate that LPF
is an interesting instrument for investigating the signal of “general DPs”, i.e. DPs gauged
under global SM symmetries such as B — L. We point out that the auxiliary channels of
LPF provide a powerful tool to look for the DM signal, emphasising why it is expected to
be better than the main channel. In addition, potential follow-up projects are discussed.



Zusammenfassung

Das Fehlen von Signalen in traditionellen Suchen nach dunkler Materie (DM) jenseits
von Gravitations-Wechselwirkung bietet einen exzellenten Grund, schwach gekoppelte und
leichte “dunkle Sektoren” (DS) zu untersuchen. Motivation, diese zu studieren, erhalten wir
sowohl von theoretischer als auch von phénomenologischer Seite mit reichhaltiger Physik
iiber viele Grofienordnungen hinweg. Abhéngig von der genauen Zusammensetzung des
DS sind Signale an Teilchenbeschleunigern, in astrophysikalischen Suchen und in spezia-
lisierten Experimenten zur direkten Detektion moglich, welche von traditionellen Suchen
nach Riickstéfen von Atomkernen stark abweichen. Desweiteren ermdglicht die geringe
Masse dieser Teilchen ihre direkte Produktion im Labor ohne die Hilfe von den typischen
Hochenergie-Beschleunigern, die notwendig sind, um schwerere Teilchen zu entdecken.

Diese Dissertation wird sich mit einer breiten Klasse an DS-Teilchen detailliert beschafti-
gen, namlich mit den DS, die ein Dunkles Photon (DP) in ihrem Teilchen-Spektrum enthal-
ten. Das DP ist ein wohlmotivierter Kandidat fiir neue Physik, da es als Mediator zwischen
dem Standard Modell (SM) und dem DS dienen kann, aber es dariiber hinaus auch an sich
eine reichhaltige Phénomenologie bereithédlt. Diese reicht von den indirekten (“oblique”)
Korrekturen zu elektroschwachen Prazisionsobservablen (EWPO) fiir hohe DP-Massen hin
zum subtilen Einfluss auf den Elektromagnetismus (EM). Diese Dissertation wird eine Ein-
leitung zur konventionellen Kopplung des DP zur vollen, elektroschwachen Theorie durch
die sogenannte kinetische Mischung bieten. Wir werden desweiteren mogliche Verallgemei-
nerungen dieser Mischung diskutieren, d.h. durch die Masse des Z-Bosons oder durch den
Stiickelberg-Mechanismus. Wir werden zeigen, wie ein leichtes DP von den Observablen
an Teilchenbeschleunigern entkoppelt und, dass die kinetische Mischung mit dem Elektro-
magnetismus als Niedrig-Energie-Theorie aus der Mischung mit dem Hyperladungs-Boson
hervorgeht.

Diese Mischung mit dem Photon ermdglicht nicht-triviale Effekte des DP in einem Plas-
ma aus SM-Teilchen. Wir werden diese bekannten Plasma-Effekte nutzen, um den Fluss
an solaren DP zu berechnen, der aus dem Plasma an Elektronen in der Sonne hervorgeht.
Im Gegensatz zum Grofsteil der Fachliteratur werden wir uns die Winkelverteilung des
solaren Flusses der DP genauer ansehen und die Vorteile aufzeigen, die die Anwendung
dieser zusitzlichen Information auf Helioskop-Suchen nach DP bietet. Auf Grundlage von
Hinode XRT-Daten, einem Teleskop zur Beobachtung der solaren Rontgenstrahlung, zei-
gen wir, dass die Verstirkung der Sensitivitit signifikant sein kann. Diese Beobachtung ist
von Interesse im Kontext zukiinftiger Helioskop-Experimente, was auch in kurzen Ziigen
im Rahmen dieser Dissertation diskutiert wird.

Der zweite Teil dieser Dissertation wird sich dann auf das Rétsel der dunklen Materie
konzentrieren und dabei die mogliche Rolle des DP as DM-Kandidaten herausstellen. Nach
einer kurzen Einfithrung in dieses Thema, werden wir die LISA Pathfinder (LPF) Mission
als Experiment zur direkten Detektion von ultra-leichter DPDM indentifizieren. Im Stile
eines “No-go-Theorem” zeigen wir, dass LPF nicht in der Lage ist, kinetisch gemischte
DP zu detektieren. Dieses Ergebnis ist zu einem gewissen Grad universal und damit an-
wendbar auf andere Experimente. Dennoch demonstrieren wir, dass LPF ein interessantes
Instrument ist, um “verallgemeinerte DP” zu untersuchen, d.h. DP die unter globalen Sym-
metrien des SM geeicht sind mit B — L als Beispiel. Wir zeigen auf, dass die Nebenkanile
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von LPF ein michtiges Werkzeug darstellen, ein Signal der dunklen Materie zu entdecken.
Dabei betonen wir, warum diese Suche den Erwartungen nach besser als eine Suche mithilfe
des Hauptkanals ist. Desweiteren wird diskutiert, wie man dieses Ergebnis in vertiefender
Arbeit weiterfithren kann.






List of publications

This thesis is based on the following publications:

[1] J. Frerick, F. Kahlhoefer, and K. Schmidt-Hoberg, A’ view of the sunrise: boosting
helioscopes with angular information, JCAP 03 (2023) 001, [arXiv:2211.00022]

[2] J. Frerick, J. Jaeckel, F. Kahlhoefer, and K. Schmidt-Hoberg, Riding the dark matter
wave: Novel limits on general dark photons from LISA Pathfinder, Phys. Lett. B 848
(2024) 138328, [arXiv:2310.06017]

The following additional publication was completed during the time of this thesis but will
not be discussed:

[3] T. Emken, J. Frerick, S. Heeba, and F. Kahlhoefer, Electron recoils from terres-
trial upscattering of inelastic dark matter, Phys. Rev. D 105 (2022), no. 5 055023,
[arXiv:2112.06930]



List of abbreviations

ALP Axion-like particle

ASD amplitude spectral density

BBN Big Bang Nucleosynthesis

BSM beyond the Standard Model of particle physics
C.L. confidence level

CMB cosmic microwave background
CR control region

DESI Dark Energy Spectroscopic Instrument
DM dark matter

DN data number

DOF degree of freedom

DP Dark Photon

DPDM Dark Photon dark matter

DS dark sector

EM electromagnetic/electromagnetism
EOM equation of motion

EOS equation of state

EP equivalence principle

ET Einstein Telescope

EW electroweak

EWPO electroweak precision observables
EWSB electroweak symmetry breaking
FOV field of view

IGM intergalactic medium

KAGRA Kamioka Gravitational Wave Detector
LHS/RHS left-hand side/right-hand side

LIGO Laser Interferometer Gravitational-Wave Observatory
LISA Laser Interferometer Space Antenna

L.o.s. line of sight

LPF LISA Pathfinder (see LISA)

LSW light shining through the wall

LVK LIGO/Virgo/ KAGRA

MACHO massive astrophysical compact halo object
PBH primordial black hole

SC space craft

SIDM self-interacting dark matter

SM Standard Model of particle physics

SNR signal-to-noise ratio

SUSY supersymmetry

™ test mass

WIMP weakly interacting massive particle

XRT X-ray telescope



Contents

Abstract
Zusammenfassung
List of publications
List of abbreviations
1 Introduction

2 The Dark Photon

2.1 From kinetic mixing to the mass eigenbasis . . . . . .. ... ... .. ...
2.1.1 A note on the Stiickelberg mechanism and Stiickelberg mixing . . . .
2.1.2 Inclusion of Z mass mixing . . . . . . . ... L.
2.1.3 General mixing . . . . . ... oo

2.2 From the mixing angles to observables . . . . . . ... ... ... .. ....
2.2.1 Effects of kinetic mixing on electroweak (precision) observables
2.2.2 Decoupling of thelow mass DP . . . . . . ... ... .. ... ....
223 Puremass mixing. . . . . . . ... oo
2.2.4 Stiickelberg and kinetic mixing . . . . . ... ... Lo
2.25 (Induced) Millicharge . . .. . ... ... ... ... ... ... ..

3 Light Shining Through The Dark Side Of The Moon: Improving he-

lioscope limits with angular information

3.1 Solar production of DPs and their detection . . . . . .. ... ... ... ..
3.1.1 DP oscillations in vacuum and homogeneous plasmas . . . . . . . . .
3.1.2 Solar DP physics . . . . . . ..
3.1.3 DP oscillation and detection . . . . . . . ... Lo

3.2 Analysis . . . ..o
3.2.1 The Hinode solar X-Ray Telescope . . . . .. .. .. .. ... ....
3.2.2 Analysing thedarks . . ... ... ... ... L.
3.2.3 Analysing theeclipse . . . . . .. . ... .
3.2.4  Our limits in the context of the DP literature . . . . . . . . ... ..

3.3 Discussion . . . . ... L

4 The Dark Photon as a Dark Matter candidate
4.1 Evidence for Dark Matter . . . . . . . . . . . .. .. ... ...
4.2 A little bit of cosmology and the WIMP miracle. . . . . ... ... ... ..
4.3 Dark Photon Dark Matter . . . . . . . . . . . .. ... ... ... ... ...
4.3.1 Thermal Dark Photon Dark Matter . . . . . . . . . .. .. ... ...
4.3.2 Non-thermal production for ultra-light Dark Photons . . . . . . . ..

ii

vi

12
15
15

21
27
29
30

33
35
35
42
48
49
49
50
59
61
62



Viil Contents

5 Riding the Dark Matter Wave: General Dark Photon search with LISA

Pathfinder 89

5.1 Calculation of the signal . . . . .. . .. ... ... oL 90
5.1.1 Signatures of general Dark Photon Dark Matter . . . . . . . ... .. 91

5.1.2 A brief introduction of the signal-to-noise ratio . . . . .. ... ... 94

5.1.3 Alternative signals at gravitational wave interferometers . . . . . . . 98

5.2 LISA Pathfinder sensitivity . . . . . . . . . ... ... 102
53 Results. . . . . . . 105
9.4 Discussion . . . . . ... 112

6 Conclusions 115
Bibliography 117
Acknowledgements 145

Eidesstattliche Versicherung/Declaration on oath 147



1 Introduction

Steal the lights from our eyes
Take my blood from my heart
We're in all of this dark matter
Take the breaths from my chest
Take the thoughts from my mind
We're losing time, dark matter

Dark Matter
PEARL JAM

The observationally confirmed existence of Dark Matter (DM) is a long-standing puzzle
in modern physics [4]. Although we have convincing evidence from both cosmology and
astronomy, we are still left with many fundamental questions:

e Is DM a new particle beyond the Standard Model (BSM) of particle physics?

o If it is a particle, how was it produced?

Why haven't we seen it in direct detection?

Why haven't we found any (non-gravitational) traces in astrophysical observations
e Why haven't we observed it at colliders?

This list is far from exhaustive and in fact, this thesis can focus only on some aspects
of the DM puzzle. The arguments for particle DM are considered convincing by most of
the community, and we will adhere to this paradigm. While there is broad consent on the
particle nature of DM! the basic properties of this particle, let alone the question if it is just
a single species, are essentially completely unknown. This invites us to speculate about this
particle, motivated both by theoretical considerations and observational or experimental
hints. For many years, the so-called Weakly Interacting Massive Particle (WIMP) has
been the main paradigm for DM searches and theory work [6]. Indeed, the theoretical
need to overcome the hierarchy problem which in some formulations predicts particles at
or above the electroweak scale together with sizeable couplings delivered an almost perfect
DM candidate. This “coincidence” was therefore labelled the WIMP miracle and motivated
a still-lasting experimental programme to search for direct and indirect signals of DM, as
well as for direct production at accelerators.

Despite their theoretical motivation, all these searches have not found convincing evi-
dence to date, although several hints have appeared (and disappeared) over time [7, §].
This has brought the community to broaden the scope of the searches for other DM candi-
dates. While the WIMP was and maybe still is leading among the very well-motivated and
most sought-after DM candidates, parts of this community have experienced a paradigm
shift towards lighter and more feebly interacting particles. A big role in the motivation
of such DM candidates is played by the axion which, similar to the WIMP, comes with a

'Note that primordial black holes (PBHs) [5] are a valid non-particle DM (sub-component) candidate.
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strong theory motivation, this time solving the strong CP problem [9-11]|. It has opened
up the path for a plethora of light and ultra-light DM candidates.

Nowadays, the list of DM candidates is very long [12| and even a discovery of a non-
gravitational signal of DM might not immediately give away the identity of the particle.?
In this thesis, we will focus especially on a single yet broad class of BSM particles, the dark
photon® (DP) [19, 21-23] or its generalisations [20, 24, 25]. This model receives intrigu-
ing motivations from string theory [26-28| which predicts weakly coupled and potentially
extremely light new vector bosons. Beyond this deep theory motivation, it is, in general,
an interesting particle as a mediator to an extended dark sector, which can range from
simple setups such as millicharged particles [29, 30| to complex sectors such as a mirror
dark sector 31, 32].

These arguments motivate a thorough investigation of the DP as a BSM candidate. Due
to the broad applicability of the DP in dark sector setups, we will restrict the scope of this
thesis to certain aspects of the DP model. Throughout this thesis, the main focus will lie
mostly on lighter DPs, i.e. way below the electroweak (EW) scale. In general, heavier DPs
are often also referred to as Z’ since their phenomenology will resemble more the Z boson
than the photon. With this concluding remark, we will now give a brief overview of the
structure of this thesis.

We will first give an extensive discussion of the standard DP in chapter 2. We will
introduce the so-called kinetic mixing of the DP with the standard model U(1)y of the
hypercharge and consider the consequences. Furthermore, we will discuss different mixing
terms that are not as prevalent in the literature. These additional terms will be studied
using electroweak physics to understand the similarities and differences with the DP lit-
erature standard. According to the general theme of this thesis, we will then investigate
the low-energy behaviour in greater detail. Furthermore, we will have a brief discussion on
millicharges. Applying our findings in chapter 3, we will then fully turn to this low-energy
regime and discuss solar DP production in general and more specifically study in detail
the angular distribution of solar DPs. We will show how this can boost the detection
prospects using data from the space-based x-ray telescope Hinode XRT. This chapter will
also contain a brief discussion of plasma effects that drastically change the phenomenol-
ogy of the DP inside the Sun. Following up, chapter 4 will give a concise introduction
to the most important aspects of Dark Matter, specifically ultra-light DM. We will begin
with a historical overview of how we inferred the existence of DM. Then we will quickly
glance at the WIMP miracle as the methodology is interesting for the thermal production
of DPs from the SM bath of the early Universe, hinting for the first time at Dark Photon
Dark Matter (DPDM). Finally, we will sketch the idea behind wave DM, having in mind
ultra-light DPs as DM candidates, even though some aspects of the discussion are more
general. Chapter 5 will follow up on this by focussing completely on the DP in the ultra-
light regime; more specifically, we will scrutinise an interesting aspect of direct detection
for DPDM using gravitational wave observatories. We will discuss the phenomenology of
this concept, explaining the concept of a “general” DP and deriving different signals in the
process. We will then describe a novel approach and show how this can improve previous
analyses. The end of this thesis is marked with a conclusion in chapter 6 which summarises
the findings of the research carried out during this thesis. Throughout this thesis, we work
in natural units 2 = ¢ = 1 if not mentioned otherwise.

While this statement can be considered speculative, the many explanations brought forward for the
XENONIT excess indicate that a single signal will leave much room for different DM candidates [3, 13—
18].

% Also referred to as paraphoton [19] or hidden photon [20].
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Karma Police, arrest this man
He talks in maths

He buzzes like a fridge

He's like a detuned radio

Karma Police
RADIOHEAD

This chapter of the thesis will introduce and discuss the DP in-depth, beginning by intro-
ducing the basic Lagrangian and subsequent analysis of mass and interaction eigenstates.
From there it is very natural to discuss electroweak precision observables (EWPO) and
comment on the vast literature. We will then go to the usual low-energy regime, where all
effects except for photon-mixing are irrelevant. While this leads to rather simple vacuum
behaviour, the introduction of matter effects leads to a plethora of interesting phenomena
like low mass decoupling and resonant production. This is the foundation of the later
chapter 3 on solar production and angular distributions. Furthermore, it is of great im-
portance for the understanding of the potential couplings of general DPs as ultralight DM
in chapter 4 & 5. However, this chapter will mainly focus on heavier DPs, heavy here
typically referring to masses above the electron-positron pair threshold at around 1 MeV.

2.1 From kinetic mixing to the mass eigenbasis

The dark photon is a new vector boson added to the particle content of the standard model
of particle physics (SM). Tt is one of only three renormalisable portals between the SM and
a potential dark sector (DS). These three portals are

1. The vector or DP portal: —§F,, F*" with new vector boson A,

2. The Higgs portal: e?|H|? or €|¢|?|H|? with a new real/complex scalar ¢ (In case of
a real singlet field ¢ one can also add terms linear in ¢ like m.¢|H|?)

3. The neutrino portal: eLH Ng with a new fermion (right handed neutrino) Np .

Furthermore, we have introduced a generic dimensionless coupling € that connects the
visible sector and dark sector, and we used the standard notation H, F),, = d,A, — 0, A,,
and L for the SM Higgs boson, the electromagnetic (EM) field strength tensor of the
photon A,, and L for the leptonic SU(2) doublet. These are the only mass dimension 4
terms that allow the coupling of new particles to the SM without explicitly charging new
particles under the SM SU(3) x SU(2) x U(1) gauge group or charging the SM particles
under a new dark gauge group.

During this thesis, we will completely focus on the vector portal even though there is a
natural and close connection to the Higgs portal in case of a dark Higgs origin of the DP
magss. We will discuss the differences of the mass terms later in this chapter. In the case of
the DP portal, we call € the kinetic mixing parameter. This name of course derives from
the fact that the mixing term combines the kinetic terms of the pure/unmixed U(1)s. It is
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important to point out that this mixing term can only be gauge invariant for the mixing
of two U(1)s because only in that setup, the field strength tensor in itself is already gauge
invariant. Put simply, in non-abelian gauge groups the gauge bosons itself are charged and
thus a mixed term of field strength tensors cannot be gauge invariant.'

Introduction of kinetic mixing

We will now start from a general Lagrangian including only kinetic mixing and we will
gradually build up an intuition for the physical effect on SM observables while we increase
the complexity of the mixing.

We start by writing down the most general gauge invariant dark photon Lagrangian
before electroweak symmetry breaking (EWSB),

. 1 0 ep B ) B*
£=—wawﬁwxw 0 1 0 W3k +§wWWjX@M 3K
eg 01 Xmv X
B#
- (9135792]27938]3) W3#> ) (21)
XH

where e is the kinetic mixing parameters between the dark photon? X and the hypercharge
mediator B. The neutral component of the SU(2) triplet W3 retains its couplings and does
not experience any mixing if we demand gauge invariance. For our analysis, we can ignore
W because neither their mass nor their couplings will be modified. Once we move to the
phase after EWSB, the (tree-level) mass matrix is given by

)2 9 —g1g92 O
M=—|-9192 5 0 |. (2.2)
4 4 M2
0 0 X

Assuming that the DP mass does not come from the SM Higgs, we can find M in the
unbroken phase by sending v — 0.

For now, we have neglected additional mass mixing terms that are sometimes introduced
between W3 and X which will be discussed later. Furthermore, we will comment on the
so-called Stiickelberg mixing in the next subsection, where we give a brief explanation of
the Stiickelberg mechanism and show that the mixing that can be induced from this source
can be absorbed into the kinetic mixing parameter eg.

For interactions with fermions, we have added the hypercharge, weak isospin®, and
potential dark? currents jB:, j;’, and jjj, respectively, which come with their corresponding
gauge couplings.

Towards a different basis

This basis is not well suited for the typical QFT toolkit as the mass and kinetic terms are
non-canonical. Our aim will now be to move to another basis which provides more insights.

'If one goes beyond the renormalisable level non-abelian kinetic mixing can play a role [33, 34].

2We previously introduced the dark photon via the more standard notation A’. We will now opt for this
new notation to avoid confusion and to make clear that the mixing is actually with the U(1) of hypercharge
and not of electromagnetism.

3Here we have singled out the current coupled to the neutral component of the triplet.

*Note that in principle this dark current can contain both SM and BSM particles.
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Finally, we will from now on assume that the bare DP mass is below the bare SM vector
boson masses, i.e. the W and Z masses.’

We can bring the kinetic terms of the bosons defined by the matrix K, i.e. the first matrix
in eq. (2.1), into canonical form via GTKG = I using the non-unitary field redefinition,

1
— 0 0
\/1—623
G= 0 Lof. (2.3)
__ B 51

\/1—62B

The most elegant way to see this invokes the Cholesky decomposition of a real, symmetric,
positive-definite matrix. We see immediately that, by definition, we have the freedom to
rotate G — GO where O is an orthogonal matrix. We will use this important property to
diagonalise the mass matrix while keeping the kinetic term canonical.

Simply applying the same transformation that brings the kinetic term to canonical form
has the following effect on the magss matrix

gi+4eh ]\1{752{ 91 g2 ep  AM%
_ . v2 1;15%2 B 12—6% N 1-€4 v?
M = G MG = Z — l—e% 92 0 (24)

g 4AME 0 4 M2
Vi v v?
2 i +~4042ﬂ2 —51292 —dofi?
=7 —J1 92 95 0 ; (2.5)
—4aji? 0 412

where we have defined ji2 = M% /v?, ¢i = g1/1/1 — €%, and o = eg/y/1 — €% for conve-
nience. This basis makes one thing apparent: if the DP was massless, we see that, except

for a simple rescaling of the couplings, there is no effect on the EW physics, i.e. Mx — 0

and g1 — ¢g1/4/1— 623. Before we proceed, let us do another helpful rotation that will

make the following steps more intuitive. It is based on using the upper instead of the lower
triangle matrix for the non-unitary transformation. Using

1 a

Vit 0 T Vira
O = 0 1 0 (2.6)
« 1
14+a?2 0 V1+a?
1 ]
UQ 0 1—623
:G’:GO:Z 0 1 0 , (2.7)
0 0 11_52
B

For most of the following steps this is not strictly necessary but we will see that some of the expressions
will not be well-defined otherwise.

5The last condition breaks down for eg > 1. Furthermore, we could have chosen an upper triangle matrix
which would technically be beneficial for notation but we will go with this setup as it allows us to connect
more elegantly to our later consideration of Stiickelberg mixing, c.f. subsection 2.1.1.
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is the conventional approach for bringing the kinetic term into canonical form, c.f. the
remark above. Applying this new transformation to the mass matrix yields

o [ G —gv o —agy
-9y g2 g3 agy g2 , (2.8)
—ag?  agy gs o?gd +4u”

where we have rewritten” gy = ¢1/v1+ a2 = g1 and i/ = jiv/1 + a2. We see now why
it can be considered favourable to work in this basis. The EW 2-by-2 part is restored to
canonical form and thus invites us to define a (pseudo-)Weinberg angle.®

We can now change to what is often called the “physical” basis?, in which the gauge
boson mass matrix is diagonal, by two consecutive rotations,

v

M/ — OTMO - Z

cosfBy —sinfy 0

Ri(Ow) = | sinfy cosOy 0], (2.9a)
0 0 1
1 0 0
Ry() =0 cos{ —siné |, (2.9b)
0 sin& cosé

where the first rotation defines the (pseudo-)Weinberg angle Ay and the second rotation
diagonalises the Z — X block of the mass matrix.

Due to our clever choice of M/ , the first rotation can diagonalise the upper left 2-by-2
(EW) matrix following the usual conventions, i.e. cos Oy = g2/(g% + g3)*/2. The resulting
mass matrix will now be

0 0 0
2
UZ 0  g9v+9  agyy\/d}+33 (2.10)
0 agy /g3 +95 o’gy +4u”?

Mgw = RTM'R,;

~ (0 0 0
=Mz (0 1 o sin Oy , (2.11)
0 asinfy o?sin? by + p?

where we have defined the usual Z mass My = \/ 9% + g3v/2 as well as p = (/'v/My. Due
to the many redefinitions required to keep the matrix notation minimal, we present a table
with all relevant definitions in table 2.1 based only on the fundamental parameters from
eq. (2.1). This result demonstrates that indeed, two orthogonal transformations are enough
as we are left with only the lower right 2-by-2 components being non-diagonal. This follows
intuitively from the fact that we only introduced one new coupling to the EW sector ep
initially, which can be fully described by a single rotation angle which, together with the
Weinberg angle, makes two rotation angles in total. We make the additional observation
that the vanishing diagonal component of Mgw will not be altered by the final rotation.
Thus, we will at least have one massless particle, which of course corresponds to the photon
which we expect to not receive a mass since we do not break electromagnetism.

"This seemingly unnecessary complication arises due to “Stiickelberg-friendly” rewriting of the mass
matrix in eq. (2.4). In the case of Stiickelberg mixing, the relation between o and ep is modified, thus
gy # g1. The details can be found in the following subsection 2.1.1.

¥We will see later that this will not necessarily be the Weinberg angle that we know from the SM.

90f course, different bases are equivalent to each other and labelling one as physical is technically not
ideal but due to our intuitive understanding of particles with well-defined masses, this is a particularly
useful parametrisation.
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Parameter Definition (KM)  Definition (MM)  Definition (StM)
~ M M M
fi = = N
Om not defined not defined ]\”}[—)Y(
gl g1 g1 g1
l—e?3 1_525 \/@
€EB €B 6B—5m
o 176% 17623 17623
9y Vit = 91 Viter =91 ez 701
' av1+ o2 av1+a? av1+ a?
COS@ g2 g2 g2
w 92+93 93 +93 V95+93
My, V9% +g5v V9% +giv V93 +g3v
2 2 2
!/ v !/ v ! v
1% 1% i, 1% M, 2 2,
SM? not defined SM?V/1 + a2 not defined

Table 2.1: Definition of the auxiliary variables defined throughout this chapter. If neces-
sary, we distinguish between setups with kinetic mixing (KM), Z-mass mixing (MM), and
Stiickelberg mixing (StM).

The mass eigenbasis

To bring us into the desired diagonal form, we need the following rotation angle &

(26) vy oy oo (2.12)
tan = .
9y + 95 — a’gy — Ap”?
2 sin Oy o
= . 2.13
1 — a?sin? Oy — p2 (2.13)

With this definition, we have all the tools to describe the entire physics of our model.
Based on our initial parameters, i.e. the usual EW couplings and the vev as well as the
DP mass and mixing, we can go to the mass eigenbasis and find the corresponding masses
and couplings in this basis.

We can gain further insight by considering the ultralight and weakly coupled DP limit,
ie. p << a1l Wefind the following expressions

tan(2§) ~ 2sinfya = £ ~ sinfya (2.14)
These expressions are valid to quadratic order in « and neglect the DP mass completely.

In this limit, we see that there is just a linear relation between the mixing parameter and
the additional rotation angle. On the other hand, we might also be interested in the limit
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of small mixing and non-negligible (bare) DP mass

2 sin Oy« sin Oy«

tan(2¢€) ~ ==

(2.15)
This shows that there is an impact on the physics by the DP mass and we realise that, in
agreement with our intuition, a small mixing parameter still leads to a decoupling even for
sizeable DP masses.

Finally, we should evaluate the mass eigenvalues. As argued above, one of the three
masses will vanish. We will define the corresponding particle as the photon v. Of the
massive particle, the weakly coupled one will be the DP while the strongly coupled vector
boson corresponds to the Z

mi =m, =0 (2.16a)
mo :mZ:Mz\/(cosg—i—asinewsinf)Z—i—sian,u? (2.16b)
ms = mpp = ]\Z/Z\/(sinf — asin Oy cos 5)2 + cosZ£pu? . (2.16¢)

A brief look at the definitions shows that for vanishing mixing o — 0, we will restore the
bare DP and Z masses as the physical masses. Let us also look at the expansion in small
mixing parameters but keeping y arbitrary!?

~ a? sin? Oy
~ My |1+ ——u 2.1
et (1455 210
~ a? sin® Oy
~ M 1—— 2.1
mpp Z [ < 2(1 — 12) > ) (2.18)

which makes the aforementioned conversion to bare masses more explicit. All corrections
to the masses will be at least quadratic in the mixing parameter of choice (« or eg). As we
usually consider small mixing, we see that it is favourable to consider observables linear in
the mixing. However, we will see that also the electroweak precision observables treated
in the next section suffer from the same quadratic suppression.

Finally, let us point out a seemingly confusing observation: eq. (2.16b) suggests that
the mass of the Z boson is modified no matter how light the DP is. This seems naively in
conflict with the observation that a massless DP decouples completely from the visible/EW
sector. We will solve this apparent contradiction in the following sections.

2.1.1 A note on the Stiickelberg mechanism and Stiickelberg mixing

Before we begin, as promised, to look at the phenomenological consequences of more general
mixing, we need to discuss a mass generation mechanism that is often invoked for DPs.

Mass generation via the Stiickelberg mechanism [35, 36] is a simple and elegant way
to circumvent the existence of a (potentially) light scalar in the particle spectrum that
emerges from the U(1) breaking that generates the DP mass via the Higgs mechanism [37].
In general, these scalars have been shown to dominate the phenomenology in most of the
parameter space due to various effects [38-40].

Therefore, it is desirable to have a setup in which one can confidently focus on just the
effect of DPs. This can also be considered to be a more model-independent approach as
one can always consider limits both from purely vectorial or purely scalar effects for a
chosen model and focus on just the leading limit.

107t is extremely important to note that the region of equal/similar DP and Z masses is more tricky to
handle and the formulae are in general only valid for light DPs (w.r.t. the Z boson). Nevertheless, it is in
principle possible to cover heavy DPs as well.
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Sketch of the mechanism

The Stiickelberg mechanism provides such a “scalar-free” setup. Thus, focussing solely
on the DP without any additional dark Higgs is not a simplification, since there exists a
mechanism that naturally provides us with such a scenario. Let us start with the simplest
possible DP-only Lagrangian'?

1 1
L= =7 FuF" — gopAuj" + imQA“AM : (2.19)

This Lagrangian seems to violate our notion of gauge invariance, which requires a trans-
formation of the type A, — A, + J,a to leave the Lagrangian unchanged. As a first
step towards seeing that our Lagrangian can be made explicitly gauge-invariant without
changing the physics, we observe that A, + %thb is invariant under the aforementioned
gauge transformation if the new field simultaneously obeys a shift symmetry ¢ — ¢ — ma.

We will now make use of our freedom to redefine the dark photon field in the way
suggested above. As a brief remark, we note that this redefinition leaves the kinetic term
invariant due to the commutativity of the derivatives, i.e. F},, — Fw/"'% (0u0y — 0,0,) ¢ =
F,,. Furthermore, we will add a gauge-fixing term Ly = —(2¢)~! (9"A, + Ema)? which
also is invariant under the gauge transformation assuming that the gauge field obeys

(0#0“ — £m2) a = 0.!2 This produces a Lagrangian of the form!?
L——1F FH — gppA j#+1m2 A“+laﬂ¢ 2fi(aﬂA + Emo)? (2.20)
4 PRl Ty m 2¢ '
1 v L L o H 1 )2 1 12 Lo 2.0
=— ZFWF — gpp At + 5m AlA, — E(C%A )* + 58,@8 o — Efm o° (2.21)
= Lvector + Escalar ) (2.22)

where we have used partial integration to eliminate the ¢ — A cross term. We observe that
this is the sum of the Lagrangian for a gauge-fixed, massive, and interacting gauge boson
(Lyector) and the Lagrangian of a massive free scalar (Lgcalar). This already indicates that
the scalar will not influence the DP physics. Additionally, we get a gauge-dependent mass
for the scalar which further provides evidence for the decoupling of the scalar from DP
physics. As an important note, we have to mention that this mechanism is only valid for
abelian symmetries even though there have been attempts to generalise the concept [41].
Let us conclude this brief explanation of the Stiickelberg mechanism with the analogy to
the Higgs mechanism with infinitely heavy Higgs mass/vev but infinitesimally small gauge
coupling which also gives an interacting DP without any scalar in the spectrum. This can
be achieved via the tuning of the vev of the (dark) Higgs field, the quartic term in its
potential and the gauge coupling between scalar and vector boson. Let us discuss this idea
more explicitly by looking at a Higgsed U(1)

1 ‘
ﬁHiggs = _ZF;LVFMV — gDpAﬂjM + ’D#¢‘2 — V(¢) . (223)

We use the usual covariant derivative D, = d, —igpp A, and the potential is chosen to be
V(¢) = —p?|9|? + A|é|*. For u? > 0, the symmetry is spontaneously broken so that we get

' As there is no danger of confusion in this argument, we will drop the “ 7 ” for the DP fields. We will
reinstate it again as soon as we deal with multiple gauge bosons.

"2For conventional gauge-fixing, the gauge field/phase has to obey 9,0"a = 0.

13We assume that the current coupling to the DP ensures gauge invariance by charging the particles under
the U(1) and we further note that —gppj*9.¢ = 0 using partial integration and current conservation
ouj* =0.
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¢ = (h + v)e/? /4/2 in unitary gauge with v = \/u2/\ being the vev of the field.'* This
amounts to a change in the Lagrangian of the form

1 L1 2 1 -
Ebroken = - *F,uVFuV - gDPAu]M + = (8“h)2 + g'i(v + h)Q(A'u — 78;”1)2 — V(h)
4 2 2 gDpv
(2.24)
e P L 2 g]%P 25 iu T
= = EwF" = gop Ayt + 5 (0uh)* + T (0 + )P ALAY — V() (2.25)

We see that we have once again reproduced the typical DP Lagrangian via a redefinition in
the second step in complete analogy to the discussion above. This is the well-known case
of the would-be Goldstone boson being eaten by the vector boson which then becomes
the longitudinal component of the gauge boson. We further note that the DP mass is
mpp = gppv and the potential becomes f/(h) = —%V‘l + #lﬂ + Mvh3 + %h‘l where the
first term is just a constant that never impacts the physics of the Lagrangian'® and the
Higgs mass is given as my, = v2Av. We can now clearly observe that we can, in principle,
arrange the free parameters to have the Higgs decoupled by increasing its mass. As an
example, we could assume that the charges () inside j* « @ are very large while we send
the gauge coupling to 0, i.e. gpp — 0 and ) — oo with gpp@) = const. = § which means
that the DP does not decouple from potential additional particles in the DS. To not make
the DP arbitrarily light in this scenario, we also increase the vev so that v — oo with
gppv = const. = mpp, a choice that automatically sends m;, — oo as long as A < O(1).
With this choice, we end up with a Lagrangian that is effectively equivalent to eq. (2.19)

1~ - P |
L=—FuF" = gA,j"+ §m%PA”AM : (2.26)

where we have integrated out the heavy scalar so that this result is correct up to correc-
tions that roughly go like powers of mpp/my. In conclusion, we have shown that indeed,
the Higgs mechanism is equivalent to the Stiickelberg mechanism in this specific limit.
Therefore, we have found additional justification to consider a DS with a massive gauge
boson that is not accompanied by an additional scalar of similar mass.

No Stiickelberg mass in the SM

Now that we have a sufficient understanding of the underlying mechanism, let us investigate
how this mechanism can also lead to gauge-invariant and renormalisable mixing like the
well-known kinetic mixing. In terms of purely theoretical aspects, i.e. respecting gauge
invariance, nothing restricts us from adding a Stiickelberg mass for the hypercharge boson,
as it would not explicitly break the U(1)y. We will now show that this is in sharp contrast
with the well-measured fact of a massless (or at least extremely light'®) photon.
Therefore, we will demonstrate that a direct Stiickelberg mass term is problematic for
the EW sector even without invoking the existence of an additional DP. Adding such a
mass (my) to the hypercharge gauge boson will result in the following mass matrix after

lEffectively, we have rewritten the two DOFs of the complex scalar into two real scalars.

'5This is not the case for gravity, see the discussion on the cosmological constant in chapter 4.

'6The photon mass limit is, depending on the confidence in astrophysical/cosmological limits, constrained
to be my < My, max with 10718 eV 2 My max 2 10727 €V. Therefore it is still desirable to have an exactly
massless photon in the theory [42—46].
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EW symmetry breaking (see also Ref. [47])

1 (v +4m3 —g¢ 921)2>
Mgpw = - [ 7! Y 2.27
Wy ( —g1 g2v* 930 (2.27)
2 9 L ooy 1o 5o 1 59, 1o 994
= det [Mpw]| = m;mz = 1691 92v % myv” = 169192V = 192 My v #0, (2.28)

using that the determinant is equal to the product of eigenvalues.'” Based on this simple
argument, we see that the additional hypercharge mass term will be inherited by the
photon, rendering it massive as well. Assuming this mass to be a small perturbation, i.e.
my < v, we can infer that the photon mass will be proportional to the Stiickelberg mass
while the Z mass will only receive a minor correction, i.e. m, = O(my) and mz = O(v).

Stiickelberg mass mixing

Now, let us investigate how a mixed Stiickelberg mass, i.e. adding a DP Stiickelberg term
next to the hypercharge mass term, can both save us from a photon mass and simultane-
ously lead to interesting phenomenological aspects. We begin by introducing the following
term to the EW+DP Lagrangian following Refs. [48, 49|

N 2
LD —% (mqu +myB, + éw)) , (2.29)
where we denote the Stiickelberg scalar by ¢ and follow the gauge boson notation from
eq. (2.1). This scalar now has two transformations to respect, ¢ — ¢ — mjo; with i €
[DP,Y]. This clearly shows that the expression above is gauge invariant. We will now
ignore the scalar as argued above and consider the cross-term between the two gauge
bosons induced by this term. This modifies the mass matrix in eq. (2.2) resulting in

2
2 4m dm~ym
2 (91 + =25 —g192 —F=~

v v2 9 v
dmymx 0 4mx 52
v2 v2

Applying now the transformation from eq. (2.3) and defining my = §,,mx we obtain

m2
giH40—en)” X 514 (Bm—ep) 4mk
2 1€ V1-¢% Vi1-¢% v?
T - 91 92 2
(Om—ep) Am% 0 4m%

02

While many expressions here look rather convoluted, we realise that the definitions

/ _—
b _ _Odm—cB (2.32a)
2/ 1 — eg 1-— EQB
/
) S (2.32b)

/ 2 2
1—¢€f 1—e5

" This is just based on the two facts that det [AB] = det [BA] and that Mgw,diag = OTMpgwO with O
being an orthogonal matrix and Mgw diag the diagonal matrix with eigenvalues on the diagonal.
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restores exactly the form of eq. (2.4) with eg — €5 and g1 — ¢;. Furthermore, we see
now why it is in principle helpful to distinguish between g¢g; and gy as in the case of
additional mass mixing they are not the same even though they will coincide for 4,, = 0
(c.f. footnote 7). We therefore conclude that Stiickelberg mixing does not introduce any
new physics effect beyond a modification of the mixing parameter and thus a description in
terms of an effective kinetic mixing will suffice to capture all effects on the masses. Later
on, we will discuss possible further implications for the inclusion of Z mass mixing. We
note in passing that this effective parameter was also found in Ref. [50]. For clarity, we
point again to the summary of definitions contained in table 2.1.

Intriguingly, these findings imply that a potential cancellation between the two types of
mixing can lead to a small effective mixing parameter which is especially interesting in the
context of tight constraints on the kinetic mixing. However, to the best of our knowledge,
there is no known mechanism which would introduce such a cancellation. Finally, let us
point out that the sign of « is not fixed in this scenario and some of the steps should be
treated with more care if & < 0 as we assumed (and will assume throughout the following
sections) that sgn(a) = sgn(eg) = +1.

2.1.2 Inclusion of Z mass mixing

Before we finally discuss the phenomenological consequences, let us also consider DP-
Z mass mixing. As a hint towards UV completion, this could be attributed to a DP
which couples very weakly to the SM Higgs. Such an additional coupling will lead to
similar behaviour as in the classical EW sector, i.e. off-diagonal mass terms between W3,
Y and the DP. Naturally, a UV completion for this will come with additional observables
and complications even without considering the effects of the DP. In the spirit of model
independence, we should therefore take the mass mixing as a truly free parameter that
is completely independent of the bare DP and Z mass, ignoring the potential presence of
additional new particles or couplings.

A new source of mixing

In this idealised setup, the kinetic terms in eq. (2.1) remain the same and so does the
auxiliary matrix G. It is not really well defined what Z mixing means in this context as we
have performed several rotations before, obscuring our notion of a Z boson. We will focus
on the would-be Z which means that we need to reweight the off-diagonal components so
that after transforming the kinetic term to canonical form and rotating the EW 2-by-2
matrix, the would-be photon does not mix with the would-be DP. For this, we write in full
generality

2 46 M2
02 91 —9192 —Ci— 3
_ 45 M2
Mgz = 7| e 93 G273 ; (2.33)
. 48M?2 . 45M? 4 M5
v2 v2 v2

where we have included the new mixing parameter §M? together with two weighting factors
c1/2- Let us now follow closely our previous discussion and perform the same operation as



2.1 From kinetic mixing to the mass eigenbasis 13

before!®

M = 0TGTM ;GO (2.34)

72

02 91 —91 92 —agi —4aV1+ 0425%

72

vy —9192 ~2 95 LR —402\/1+75%

—ac? — 41+ o225 ag gy —4gaV1+ 0425% a?gi + 4p?

(2.35)

using also the same definitions as before. Once again, we can conclude that we can use the
rotations R; and Ry to diagonalise the mass matrix. Furthermore, R; can be parameterised
by the same cos 0y as before because the upper left 2-by-2 matrix is unchanged

Mzpw = B MRy (2.36)
0 0 0
= M2 0 1 asin Oy + % ‘ (2.37)
0 asinby + % a?sin? by + 45 + 2asin by SE

To improve the notation, we redefined §M? = §M?v/1 + a2 and we also defined ¢; = sin Oy
and co = —cosfy to enforce strict Z-DP mass mixing.!® It becomes clear that the
additional mixing will at least require a change in &.
Modified mixing angles
Applying the second rotation Rs we get a new expression for

2 (QM% sin Oy + (5M2>
M% (1 — a2sin? Oy — uz) — 2asin Oy M2

tan(2€) = (2.38)

Concluding this calculation, let us take a look at the expression for the mass terms

m1 =m, =0 (2.39a)

5M?
M

mo = my = MZ\/(COS£ + asin Oy sin§)2 + sin? €u? + 2siné (cos& + asin by sin§)

(2.39D)

5M?
M}

m3 = mpp = MZ\/(sin§ — asin Oy cos €)% 4 cos? £ — 2 cos & (sin& — asin Oy cos§) .

(2.39¢)

It is clear from these expressions that we will recover the vanilla kinetic mixing scenario
automatically if we send the mass mixing to zero, i.e. dM — 0. We observe that the relevant
(dimensionless) quantity is M /My which clearly shows that mass mixing requires mixing
terms not much smaller than the EW scale to have a large effect on EW physics.

'8We immediately transform using GO because the transformation G' was only relevant to demonstrate
that Stiickelberg mixing is effectively equivalent to kinetic mixing. Therefore, we will keep g1 and refrain
from using gy .

19This is equivalent to demanding that the photon remains massless as pointed out earlier, i.e. demanding
that det [Mz] = 0.
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This thesis Ref. |51]
€B sin x
« tan x
oM SM
oM SM cos™1/4 X
Mz My
_ 2 Mx My,
p (= VT S
sin Oy Sw

Table 2.2: Dictionary between the present work and Ref. [51].

As we have already discussed the kinetic mixing effect on the masses in detail, let us
also consider what happens for a dominant mass mixing, i.e. « < IM/My < 1

26M* oM

R T IS - T

: (2.40)

where we have neglected the cross term oc adM?. We realise that the structure is very
similar to the kinetic mixing only case. For the masses instead, we find

SM*
my ~ M ~ 2.41a
7z~ My < 2M§> (2.41a)
~ Mgp | 1 oM 2.41b
mpp ~ Mz - W . ( . )

Although Eq. (2.41b) is certainly valid for all values of g < 1 in our model-independent
framework, we should be very careful with the interpretation of this result. Unless we
invoke rather exotic physics, it seems only natural that the DP mass cannot be taken to be
completely independent of the mass mixing term. As an intuitive example, we can take the
EW mass mixing. If we send g1 — 0, we send the mixed mass term g1go — 0 as well. In
our setup, if we now simply decrease u, we will experience a breakdown of the perturbative
expansion in 6M/ My due to problematic factors of p~!. Therefore, these results should
be used only after ensuring that 5M << 1.

Comparison with the literature

Before concluding this section, let us reconcile our result with the well-known literature
result from Ref. [51]. To be precise, we would like to prove that our eq. (2.38) is equivalent
to their eq. (7). For this, we need to go back to our initial parameters and compare them
to their initial Lagrangian. The translation between the different parametrisations can be
found in table 2.2.

With these relations, we can write

r2
<taan gé\:[ )

X
tan 2§ = - 2.42
nszMQwQ P2 a2 i

7z — Mz tan XSw — cos2x tanXSVVCosx
—2cos Y (5M2 +sin XMZ§w>

: (2.43)

a M3, — M% cos? x + M25%, sin? x + 2sin xéy 6 M2
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which exactly reproduces the literature result. At this point, we should point out that this is
a remarkably simple result taking into account the plethora of parameters, including several
redefinitions, and transformations that led us to this point. The fact that we required only
two rotations to go from eq. (2.34) to the diagonal basis presented in eqs. (2.39a-2.39c¢) is
a relic of enforcing one of the mass eigenstates, i.e. the photon, to be truly massless. If we
allow ourselves to break the U(1)gy explicitly, we have to deal with the consequences of a
more involved diagonalisation procedure. Thus, for theoretical and experimental reasons,
we keep the photon mass strictly at zero and confine the DP phenomenology to this regime.

2.1.3 General mixing

In this brief interlude, we will generalise the previous results to the case of kinetic, Stiick-
elberg and Z mixing. Therefore, we will merge eqs. (2.27&2.33)

2, 4m3 4602 | 4m3
2 91+ = —9192  —C17%g + 2
— 2 48 M2
Miax = Z —91 92 95 —C2 32 . (244:)
45N | Am3 46 M2 4M
—C17 53—+ U2Y —C27 2 U2X

Unfortunately, we cannot simply proceed with the steps we have done before because the
Z mixing makes a clever recombination of the parameters eg and J,, impossible. This
leads to the problem that we cannot just combine two parameters?® into ¢ implying that
we need three separate rotations and therefore, we are required to introduce a third mixing
angle beyond Oy and €. The whole calculation becomes more complicated and no step in
the calculation is very enlightening. We can already see this from taking the determinant
of eq. (2.44) which will show that the simple previous conditions on ¢ 2 to have a massless
particle in the spectrum will be much more cumbersome and thus we will not discuss the
maximum mixing in this thesis. However, this points to the interesting result that kinetic
mixing and Stiickelberg mixing, in general, are not equivalent for the mass matrix, although
their impact thereon cannot be distinguished in the case of only kinetic and Stiickelberg
mixing. We will later come back to this result when we discuss millicharges.

2.2 From the mixing angles to observables

To summarise the results of the previous subsections, let us quote the total rotation matrix
that diagonalises the mass matrix and the kinetic part in the case of kinetic and Z mixing?!

cosby — (sinfy cos€ + asing) sinfy sin€ — acosé

D =GOR1Ry = | sinfy cos By cos & — cos By siné (2.45)
0 V1+a?siné V1+a?cosé
=D'KD=1 & D'MD = Diag[m,, mz, mpp) . (2.46)

It is important to realise that we also need to change the fields accordingly because only if
we leave the Lagrangian unchanged we leave the physics invariant. Let us investigate this

20Note that before, either we redefined eg and &, into v and then into £ or we redefined only ep into «
and then « and §M into €.

2Tn the case of kinetic and Stiickelberg mixing, we can keep the appearance of ¢ and 6y changing only
the definition of « since in this setup, « is a function of both eg and J,,, see also table 2.1 for a summary
of these definitions.
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via the mass term

BH AW
ﬁM = (B# Wgu X#) M WS,u = (A# ZH A;L) Diag [mw,mz,mDp] ZH (247)
XH AH
AM
= (A, Z, A)D'MD | z¢ (2.48)
Alr
B+ A
= WS,u =D | Z~ X (2.49)
X'“' Al,u

We therefore need to perform a D transformation to generate the interaction term for the
mass eigenbasis Lagrangian.

Modification of the couplings

Following the analysis of Ref. [51], we will now work out the contribution to the oblique
parameters S and T of the hidden photon through its mixing with the Z. For this purpose,
we first work out the Lagrangian of the Z mass eigenstate following the above prescrip-
tion, followed by a careful evaluation of the relation between theory parameters and the
experimentally determined ones.?? Using Q = Y/2+Tj, defining € = g1 cos Oy = go sin Oy
for the interaction part of the Lagrangian, and ignoring potential dark currents ;% = 0 we
find

LD éﬁ»'y“ sz Au
é _
o P o : :
Gy —— fiy {((asmfsm@w + cos &) T5 — 2sin Oy (asiné + cosEsin by ) Q)
+ (asin& sin by + cos &) T375} fiZ,
e _
e . o o e
ST —— fiv [((a cos & sin Oy —siné) Tz — 2sin Oy (acos§ — sin sin by ) Q)
+ (acos € sin Oy — sin &) T375} fiAl,

(2.50)

where we have explicitly written all electroweak currents in terms of SM fermions f; us-
ing the generic scheme j, = f (ayu + byuys) f as well as projecting out the left-handed
component for the isospin via Pr, = (1 — 75)/2. We make the following observations: if
we send all mixings to zero, we restore the usual broken electroweak interactions, which
is one of the key sanity checks for the calculation. Looking more carefully, we see that
the interactions of the DP are always small if the mixing parameter (let's say ep) is small.
Intriguingly, our parameter choices automatically restore the photon coupling to the EM
current with the correct strength é. This invites us to define the fine-structure?® constant
accordingly

é2

a=—
A7’

(2.51)

220f course, the parameters in the mass eigenbasis are not more physical than any other parametrisation
but they are the ideal choice based on intuition and parameterising differences to the (DP-free) EW sector.
23The notation using & is due to the usage of o as a mixing parameter in the previous sections.
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which could be measured e.g. from the anomalous electric moment of the electron. This will
later confront us with a serious problem as this definition will lead to limits which do not
decouple as mpp — 0. We will dedicate parts of the following sections to this unpleasant
effect of just defining the fine-structure constant following the suggestive notation. Indeed,
we will realise the importance of distinguishing between an intuitive parametrisation and
one based on carefully relating experimental results with the parameters. The core of this
upcoming issue is the DP coupling to the SM charges as shown in the last line of eq. (2.50)
which can mimic the photon in the low mass regime.

Electroweak precision observables

Before we conclude, let us quickly define the most relevant EWPO. In our setup, we are
mostly interested in the Peskin-Takeuchi parameters S and T' [51-55] defined via

e TN -
7 " 9sin Oy cos Oy ( 2 fov

(%a’ S — cos? Oy sin? Oy o T)

X T3 — QQ sin2 éW + = o — T3’Y5 le# s
cos? Oy — sin® Oy
(2.52)
as well as the p parameter?*
2
m
m7, cos® Oy

where we have introduced the W boson mass myy. Note that we have explicitly
taken into account that the “physical Weinberg angle” Oy may not coincide with
“Pseudo/parametrical Weinberg angle” Oy, Furthermore, the same applies to the newly
introduced electromagnetic coupling and fine-structure constant, which we denote with
a“’” and a “ 77, respectively. In the following subsections, we investigate some specific
limits of these universal expressions to gain more physical insight into the limits we can
derive.

Before we begin, let us quickly state the values of these parameters according to the
experimental results [46]

p = 1.00038 + 0.00020 (2.54a)
S= —0.01+0.07 (2.54D)
T = 0.04 +0.06 (2.54c)

where we have assumed that U = 0 according to the SM prediction.?> For a more robust
analysis, one should consider the correlation coefficient 0.92 in the measurements of the .S
and T parameters.

?4This definition of the parameter taken from the PDG book [46] deviates from the standard literature
as claimed in the book itself which may lead to some confusion. In general, this subsection should be
considered conceptual since a complete analysis would not align with the aim of this thesis which focusses
on the direct detection of lighter DPs. This also implies that p £ T.

% The U parameter is rather associated with modifications of the W bosons and thus will be less affected
by our class of BSM physics [51]. Therefore we immediately plug in the SM value of 0.
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2.2.1 Effects of kinetic mixing on electroweak (precision) observables

In this section, we will provide a rather simplified way to provide limits on the mixing
parameters using precision information from EW physics. Warning: The discussion con-
tains implicit assumptions about the definitions of several parameters. We will discuss the
breakdown of these assumptions and their severe implications for understanding the low
mass regime of the DP in the following subsections.

Evaluation of p

Let us begin with a thorough investigation of the p parameter in eq. (2.53). Since we have
not changed anything about the W mass in this setup we can just take the measured value
and use my = cos Oy My. For the Z mass which can also be directly measured, we can
use eq. (2.39b). Finally, we get

(cosqw>
o= cos Oy (255)

(cos & + asin Oy sin €)? + sin? Eu? + ZSinﬁ‘Sj\%2 (cos& + asin Gy sin€)
zZ

which is a function®® of y, 6M? and a. For simplicity, we will work with these parameters.
In the previous sections, we can find formulae to translate these into other parametrisations,
e.g. using the bare parameters or the physical DP mass. We will now set limits on the
kinetic mixing and the Z mixing for every given value of u. Before that, let us point out
an important subtlety: the measured cosine of the Weinberg angle cos Oy in eq. (2.53)
is usually determined by a global fit and thus will also have sensitivity to the mixing
parameters. In conclusion, we have Oy # Oy and we will therefore assume that we can
determine sin fyy from the relation to the Fermi constant Gp, i.e.

T

G = =
r V2 sin? QWm%V

, (2.56)

which can be inferred with high precision from the muon lifetime.?” We see that within
this expression, we have only quantities that are not altered by mixing, so we can conclude
that Oy ~ Oy because we found a way to measure the Weinberg angle independently of
the mixing parameters.

Alternatively, we can use the physical Z mass which is known with higher precision
to fix the Weinberg angle. For this, we replace my — mycosfy. In conclusion, the
Weinberg angle differs from the original definition. Due to the favourable error bars, this
is the conventional way of defining the physical Weinberg angle. We have concentrated
on the version presented above, as it is conceptually extremely helpful in understanding
the decoupling of the DP in the following subsection. However, to keep in contact with
the literature, we will from now on stick with the usual convention and define the new
Weinberg angle via cos éW sin éWmZ = cos By sin GWMZ.

Before we solve the given expression for the physical Weinberg angle, we will first consider
the expression for the physical Z mass. Since it is quite tricky to fix M by the requirement

26This is under the assumption that My is fixed to give the measured physical Z mass.

2"This also means that we need an independent determination of the W mass my . Although this is
technically possible, there is some debate on the exact value since the CDF collaboration has released their
new result at a stated 7o discrepancy to the SM prediction in strong disagreement with the world average
[56]. This greatly sparked the interest of the community [57-59], also in the context of DPs [60, 61], but
the result could not be confirmed by the latest ATLAS result [62], which is in good agreement with the
SM prediction and previous measurements.
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given in footnote 26, we will now proceed by expanding all expressions from eq. (2.39a)
to quadratic order in dM? and «. This should ensure that the final expression is self-
consistently valid for small perturbations to the SM results, well-justified by the smallness
of the deviation of the measured p parameter from 1

. M2
(oz sin Oy + e )

V1= p?

(a sin Oy + 5M2)

p)
mz

V1= p?

mQZz % 1+ @M%%mQZ 1—

(2.57)

Thus, we can fix My for every parameter point. Furthermore, since we expect sin @y
to only be affected at higher order in mixings, we are free to choose Oy or Oy in the
expression. We could even use the same approach to fix p to the correct physical DP
magss we would like to investigate. We will refrain from this additional step because, as we
have already pointed out in subsection 2.1.2, the behaviour of the physical DP mass in the
small mixing limit becomes dubious for small 1 once dM? > m2 . This will be partially
discussed in the next section. For a thorough analysis, it is of course advised to take the
general expression without any approximations but Z mixing and a small DP mass should
be handled with extra care anyways.

In our next step, we will extract the physical mixing angle from the aforementioned
condition. To leading order, we find

3 24 2
sin? Oy = sin? yy |1+ —; bw | =2 -1 (2.58a)
cos® Oy — sin“ Oy \ M7

B 24 2
cos? Oy ~ cos® Oy (1 - sin” Ow (njz — 1)) (2.58b)

cos2 Oy — sinZ Oy \ M 2
cos Oy sin Oy ~ cos Oy sin 0 1+1 m2Z—1 (2.58c¢)
w sin Oy ~ w sin Oy 2\ an . .

Equipped with these relations, we are now in a position to evaluate the electroweak preci-
sion observables to leading order.
Let us now investigate the limits we can derive in this simplified setup. Expanding
eq. (2.55) using our previous results, we find
~ 2 2
25 asin Oy + 24
cos® 6 w 2
pa | 1- W "z : (2.59)

cos2 Oy — sin? Oy V1 — p?

which simply allows us to derive a first limit on the mixing parameters. For this, we
observe two things: first, the way we have defined the mixing parameters, they are always
positive. Secondly, the induced correction to the SM value of pgy = 1 is always negative.
This should be contrasted with the measured result in eq. (2.54a) being larger than one
by almost 20. We, therefore, present the 30 exclusion limits over the measured result in
fig. 2.1 (left) in the limit of small mixing, 1 > a ~ ep as shown on the z-axis. We see that
this is self-consistently true for all our limits as the maximum reach always corresponds to
small mixing.?® We arrive at these limits simply by demanding that the deviation from the

280f course, the ruled-out region also naively extends to arbitrarily large o and §M?. While our as-
sumptions break down in this region, there will most likely be other observables ruling out the scenario as
large mixing implies strong couplings. However, only a complete analysis will be able to tell if the entire
parameter space is truly ruled out.
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Figure 2.1: Left: 30 exclusion limits of the kinetic mixing, parameterised by a = €p,
and the mass mixing, expressed as §M?2/m?%, for three different DP masses parameterised
by 4 = 107° (blue), 0.5 (purple), 0.9 (red). The limits are derived from the p parameter.
Right: Analogous limits based on the S and T parameters.

measurement be contained within 3 standard deviations. We have taken three benchmark
masses 4 = 1077 (blue), 0.5 (purple), 0.9 (red), and the coloured region is excluded by the
aforementioned argument.

We make two interesting observations. On the one hand, we see that for © — 1, we can
exclude the entire parameter space. As mentioned above, this part of the parameter space
should be handled with care. On the other side of the mass spectrum, the limits are the
weakest but they are not arbitrarily weak as we would naively assume knowing that for a
massless DP, we should not see any effects. This will be discussed in greater detail in the
next section.

Evaluation of S and T

For now, let us turn to the parameters S and 7. Comparing eq. (2.50) and eq. (2.52), we
conclude in the small mixing expansion®’

<‘W£2 + arsin 9~W> <5M2 (2 — p?) + pasin éW)

2
My Mz

(1 - p2)?

oT =~ &2 (,uz — 2) + 2asin Oy € = —

(2.60a)
a'S ~ 4 cos® Oy <£2 sin? Oy + asin éWf)

<%2 +asinéw> <sim2 éW <5M2 +asinéw> + asinéw (1 —,u2)>

2
z my

(1—p2)?

= 4 cos? éW
(2.60b)

assuming as before 6y = Oy and é = ¢’. Furthermore, we will use a correlation coefficient
of 0.92 for S and T [46, 63]. We can exclude all values at 95% confidence level (C.L.) that
are outside the ellipse defined by the above errors in eqgs. (2.54b&2.54c), the correlation

*The slight deviation from Ref. [51] is due to their treatment of large DP masses. Our treatment should
be more general and valid over a larger DP mass range, including smaller masses. However, on resonance,
our treatment also breaks down.
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Figure 2.2: 95% C.L. on the measurement of the S and T parameter. We see that the
SM prediction is already in mild tension with the measurement. We furthermore indicate
the region in S-T-space which can be populated by DP corrections with black lines. Our
benchmark DP masses are again p = 10~° (dotted), 0.5 (dashed), 0.9 (solid).

coefficient, and our choice of the confidence level. Once again, we see that T < 0 and
S > 0 for 4 < 1 and thus the mild tension with the SM in fig. 2.2 will only be increased
by the presence of a DP. The grey regions demonstrate that the accessible DP parameter
space can only worsen the match between measurement and theory prediction, effectively
independent of the DP mass as long as p < 1.

We can therefore also derive the 30 exclusion bounds by demanding that the theory
prediction for a given combination a and §M? does not deviate too far from the measure-
ment [46]. These bounds are shown in fig. 2.1 (right). Unsurprisingly, their reach is very
similar to the above discussion of the p parameter since both are quadratic in the mixing
parameters with similar error bars.

2.2.2 Decoupling of the low mass DP

Let us consider the often studied case of a low mass DP without any additional mass
mixing, neither Z nor Stiickelberg. We expect a decoupling for small masses based on
the additional symmetry gained when the DP becomes massless. Therefore, we will now
explicitly decrease the (bare) DP mass. We aim to use a mass so small that we cannot
observe it. In the most extreme case, this amounts to a Compton-wavelength exceeding the
size of the observable Universe if we expect that the theorem stated in Ref. [42] also holds
for photons mixed with massive DPs. It says effectively that experiments can only see the
effect of a photon mass m. if the corresponding “experimental scale” is similar to the length
scale m. 130" Following this logic, it is expected to be impossible to distinguish between
massless and massive DP in this case. Therefore, we expect that there cannot be any effect

30We note in passing that this theorem has been challenged in Ref. [64]. The authors find that the
boundary conditions that need to be imposed upon the EM fields inside a coaxial cable strongly rule out
a photon mass. Although this paper has passed peer review and was published in PRD, this topic has not
been picked up yet by the community despite their strong claims with potentially interesting implications.
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on the EW precision observables as intuitively, they can only probe comparatively massive
(i.e. around the EW scale) new physics.
An inconsistency

We will now prove this claim, but on the way there we will see that the decoupling is not
trivial

gM?, y?—0  2sin Ow

tan(2¢) = tané = sinfya , (2.61)

1 — sin? Oy a?
where we have used the trigonometric identities relating tan(x) and tan(2z). This helpful
simplification invites us to rewrite eq. (2.50)
2 2 _
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. B 14+ a2
;fi’y“ V1 +sin? Oy a2Ts — 2sin? Oy ta Q
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fiZ,u
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fiy" [ — 2sin Q szL .

2 sin Oy cos Oy
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We note that the Z-like contribution to the dark photon vanishes as long as we can neglect
the bare DP mass w.r.t. the bare Z mass, i.e. up to higher order in u. In fact, the coupling
to the SU(2) isospin via T3 is generically suppressed by O (a,uQ). Therefore, the new vector
boson couples like a photon which can be interpreted as another sanity check: in the low
mass limit (and without any mass mixing) we restore the photon-like A" coupling as the
only interaction of the new particle.

As already pointed out, we have just encountered an interesting issue. Although we
have considered a limit that should intuitively decouple the DP from EW physics, we
still observe a non-vanishing contribution to the S and T' parameter, as well as for the p
parameter, c.f. eqs. (2.52&2.53). We will now single out the assumptions that lead us to
this paradoxical behaviour.

Rethinking our definitions

The gravest mistake in the above chain of arguments is given by assuming that eq. (2.51)
gives what we measure as fine-structure constant. Let us therefore investigate the mea-
surement of the fine-structure constant via the anomalous magnetic dipole moment of the
electron [46, 65, 66]. The fine-structure constant is the best-measured fundamental quan-
tity in particle physics with an impressive precision of less than a part in a billion. In fact,
at the moment the best determination comes from atomic interferometry and not the elec-
tron g — 2 [67] but as this should only demonstrate that we can assume the fine-structure
constant to be very well-known it will not influence the argument in any way.?' In a setup
with an ultralight DP, i.e. with a macroscopic Compton wavelength, the magnetic field
will consist of a massless and a massive contribution, both of which will couple to the
anomalous moment of the electron.

3!Tn fact, some of the measurements are in slight tension with each other, see Ref. [68] for a brief discussion.
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Nevertheless, there is a reason why we can ignore the external DP leg (see also fig. 2.3)
following a very basic consideration in electrostatics. Let us assume for now that the
Compton wavelength is much larger than any experimental scale that has ever been used
to measure EM forces in the lab with high precision. Then, for example, as we have seen
in eq. (2.74), all the charged particles in an object will source a strong, static photonic
field and a weak, static dark photonic field. If we were to now measure the effect of this
field on a test charge, we would assume, based on standard EM, that the field is sourced
by a single (massless) field, the apparent photon which is just a superposition of photon
(the truly massless field) and DP (the ultralight field). Therefore, a description in terms
of a single massless particle with adjusted coupling strength is sufficient, and we encode
the two different particles into a single effective vertex between field and charged particles.
This effective interaction is described by the measured electric field via E = F/q where F
is given by a superposition of forces from the two mass eigenstates.

This means that in the case of a measurement of the anomalous magnetic moment,
the external magnetic field is also a superposition as argued above. Thus, if we have a
B-field of fixed strength and a sufficiently light DP, this automatically takes into account
that there is a DP and a photon on the external leg. In a sense, it means that we use
the interaction eigenbasis for the external leg, suppressing any mixing effects there but
modifying the external field instead, while we keep the mass eigenbasis for the internal
lines as demonstrated in fig. 2.3.

Furthermore, for dark photon masses too light to matter at typical modern accelerators,
i.e. usually much lighter than the Z mass®?, but still heavy enough such that its Compton
wavelength is microscopic, we expect that there is no “dark” external leg contribution to
static magnetic fields. This consideration follows a simple Yukawa potential reasoning,
assuming that the effect on a static field of a mediator with mass m is exponentially
suppressed over distances larger than 1/m. Taking, for example, m = 1eV< my, this
would correspond to length scales of O(10~" m) which we consider here to be shorter than
the experimental scales.

Following the above argument closely, we see that the assumptions of well-separated
scales will break down if the Compton wavelength roughly coincides with the experimen-
tal size or if we take and compare measurements of the EM interactions at different en-
ergy /spatial scales. The point here is that in this scenario the limits derived from this
transition between only photonic and superposition of photon and DP will yield stronger
results than any EWPO limit. This can be seen from the compilation of results shown in
Ref. [72], especially using tests of the Coulomb law in macroscopic lab experiments [43, 73—
75] but also tests on astrophysical [42, 76, 77| or microscopic |78] scales. The latter paper
also provides a very illuminating discussion on how to handle the transition region between
the ultraheavy and the ultralight DP. See also the discussion on limits on the photon mass
in footnote 16.33 Finally, let us emphasise that this is only a rather limited selection of
DP limits based on the modified Maxwell's equations. We will discuss the very relevant
astrophysical limits in later chapters as they require at least a small introduction to EM
plasma, effects.

320f course, several accelerators/experiments are operating at lower energies [69-71] but they typically
have at least energies on the GeV scale so this hardly changes the argument.

33 As pointed out in Ref. [77], photon mass limits are not necessarily in one-to-one correspondence to DP
limits.
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Redefining the parameters

In conclusion, we can self-consistently assume that we just need to modify the internal line
for the anomalous magnetic moment to account for the existence of a light DP. We get to
leading order in the mixing®* a contribution to g — 2 like

/ 2 2 2 0002 2 14 a2
o= &= O 2 O 1y ety %(%) (2.63)
2r 8w 8 1 4+ sin® Oy a2 872 \1 + sin® Oy a2
1 2
o= & ta (2.64)

1+ sin? Oya2’

where we measure a, directly and thus extract the effective coupling which we call e. As
the DP is ultralight and couples photon-like, we have included it for the internal line in the
triangle. This means, we sum up the usual triangle diagram and the one where we replace
the internal photon with a dark photon as shown in fig. 2.3 which gives in sum exactly the
result we have just seen as the impact of the mass vanishes at least like mpp/m. as the
DP propagator will roughly be given by

—g" + p‘;p" v 9 9
mpp 9 Mpp Mpp

2 2 - 2 +0 o5 ) . (265)
pT —mpp b p (max [p“])

Assuming that the 4-momentum p is at least coming from a non-relativistic electron, we
would conclude that p? ~ (max [p*])? ~ m2 which is even stronger than the point made
above. Of course, this is a rather weak argument as p* can be a loop momentum and
therefore, it might take arbitrary values. Now, the point is that whatever structure we are
integrating over with the loop integrals, the result can only depend on the external scales.
For a., an essentially non-relativistic experiment, the only scale involved is the electron
magss in usual QED and since a. is dimensionless, there are only terms that depend on
me/m,, or me/m, which are typically small. With the addition of a massive DP, we can
also write the combination mpp/me. We might already guess that (mpp/me)? is the
leading behaviour because only m%P appears in the propagators and to have a smooth
limit for vanishing mass, we need to avoid (mpp/me)~" with n > 0. The integration of
the loop momenta might change this behaviour but in any case, the contribution will be
suppressed by the electron mass, as it is the smallest additional scale in the calculation.®®
In complete analogy to our previous discussion, we can use our new definition of e
or respectively o, the “measured couplings”, to fix the “measured” Weinberg angle by
substituting this for & in eq. (2.56).%% From this, we can get the following relation

1+ a?

T 2.66
1 + sin® Oy a2 (2.:66)

- . € .
sin Oy = sin Oy — = sin Oy
€

34For simplicity, we also stay at leading order in quantum electrodynamics (QED) for this calculation. In
principle, of course, we should take into account the effect of the DP up to the required number of loops,
i.e. it is up to ady [68]. Fortunately, we can apply the rescaling found at leading order for all higher orders.
This is simply because, for every internal photon, line we also need to put an internal DP line and add up
the contributions.

3%Indeed, a quick numerical analysis of the exact contribution of the DP to a. shows that deviations from
the leading DP term in eq. (2.63) have a behaviour o< a®*mpp/m., and thus they do not follow the naive
expectation. However, the decoupling still takes place as can be inferred from the expression eq. (4) in
Ref. [79] or eq. (3) in Ref. [80].

36Since it is conceptionally simpler, we will use this definition instead of the usual convention from the
literature. As we do not intend to make any quantitative statements in this section, this suffices to prove
the point because the larger error bars from the W mass never play a role. Of course, the final result is
independent of the choice but the resulting equation relating 6y and Ow are simpler in this setup.
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Figure 2.3: Left: Diagrams of the contribution to the electron g — 2 from photon and DP
in the scenario where the DP contribution to the magnetic field is Yukawa suppressed. For
extremely low masses, macroscopic magnetic fields are partially composed of DPs. This is
however already included in the measurement of the external magnetic field and thus for
the effective description, the internal line is the most interesting contribution.

as the remaining quantities in eq. (2.56) are determined by measurement and do not change
if we redefine €. This therefore provides us with a “clean” determination of the “physical”
Weinberg angle assuming that we can measure the W mass independently.

Successful decoupling

With these observations, let us investigate the interactions of the Z boson and see how
these new definitions change the S and T parameters. We begin from eq. (2.74) and then
simplify the expressions further

é . —— 9 1+ o
LD ———fi4# 1 + sin® Oy a?Ts — 28in” Oy Q
2 sin Oy cos Oy V1 + sin? Oy a2
(2.67a)
+v1+ sin2 HWa2T3’75 fiZ“
ev/1 + sin? Oa? - .oz
— VT Fiyt <T3 — 2sin HWQ> + Tys | fiZ, (2.67b)
2 sin Gy cos Oy
= %ﬁ’y‘u <T3 — 25in? éwQ> + 1575 fZZ,u , (267C)
2 sin By cos Oy
where we used the inversion of eq. (2.66) in the last step, i.e.
. .= 1
sin Oy = sin Oy (2.68a)

V1 + cos2 Oy a2
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cos Oy = cos _— . 2.68b
v v \/ 1 + cos? Oy o2 ( )

We conclude that all seemingly non-vanishing contributions to S and 7" cancel due to our
new definitions directly guided by measurement. We now just need to show that the p
parameter (eq. (2.53)) decouples following the same arguments. For this, we take the Z
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mass from eq. (2.16b) or equivalently eq. (2.39b) in the appropriate limit

my — MZ\/(COS§ + asin By sin &) = Mz\/ 1 + sin? Oy a2 (2.69)

S m%,v~ _ ] mé, _ ~ cos? Oy _1
m% cos? Oy MZ cos? Oy (1 + sin? Oyra?)  cos? Oy (1 + sin? Oyra?) ’

(2.70)

where we have made use of eq. (2.66) in the last step. In conclusion, we see that in fact, all
the typical EWPOs are unaffected by the existence of a light DP which only couples via
kinetic mixing, an observation known in the literature for a long time [54]37 even though
it is rarely discussed explicitly.

Let us emphasise our findings once again before we conclude with this section. We have
seen that going to the extremely low mass limit of the kinetically mixed DP we restore the
usual EW Lagrangian, albeit with the modification that the original DP conspires with
the would-be photon to mimic the presence of a single massless photon. This combination
modifies the relationship between the theoretical parameters and the real measured values
of the coupling constant3® that lead to the same physical observables as a DP-free EW
sector would provide. This relies on the effective restoration of the additional symmetry
in the system for vanishing DP mass. See also Ref. [78] for a thorough discussion on this
aspect of DP limits. In essence, this work provides a framework for connecting the two
limiting behaviours where the DP is either too heavy to participate in typical processes or
is sufficiently light that it needs to be taken into account.?”

The proper low-energy Lagrangian

Before we end this subsection, let us quickly write down the standard Lagrangian for the
low-energy theory of kinetic mixing (and only kinetic mixing). As we have seen just now,
the Z boson can be completely ignored in this setup. Therefore, we write for the interacting
part (referring back to eq. (2.74))

- aé cos ~

Ling = efiy" Qfi Ay — — W fﬂ“inAL (2.71a)
v/ 1 + sin® Oy a2
= 0

—efi" Qfi | A, - =222y, (2.71b)
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M

= mpp = —— (2.71d)

Vi—e2’

3"The low mass limit is an “amusing” exercise according to the author.

380f course, coupling constants are not considered physical quantities and thus it would be more precise
to replace “measured coupling constant” with “coupling constant naively extracted from data”.

39We have mostly discussed this regime separately but the most interesting behaviour will exactly lie in
this central region where DP effects cannot be fully explained by the previous simplified descriptions.
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where we defined € as the conventional kinetic mixing used in low-energy setups. To see
that this indeed corresponds to the correctly mixed Lagrangian, let us start with

1 UV 1 uv o/ € 17778 nll - 12 M)Q( w At
,C = — ZF F/,LI/ — ZF F/ﬂ, — §F FZU,V +]/,LA + TA AN (272&)
AsA—e/vi=a 1 U r € , Mm%,
- —-F"FE, —-F"F AF — —— A —=—A A
A —1/VI=E A 4 o4 p V1—¢2 T3 (1—e2) *

(2.72b)

with a self-evident notation of the fields and parameters. A comparison between
egs. (2.71c), (2.71d) & (2.72b) shows self-consistently that we have indeed recovered
the correct low-energy kinetic mixing from our “UV complete” Lagrangian taking the
appropriate limits. However, we note that this does not automatically solve our issue
with the rescaling of the masses. We need to perform the same renormalisation between
the high and low mass cases that we have thoroughly discussed in this subsection. This
is the case as there is an enormous hierarchy between the Z mass, i.e. the scale below
which the simplified Lagrangian eq. (2.72b) is a good approximation and the electron
mass which roughly marks the point below which virtual DP effects, e.g. in the calculation
of ae, become irrelevant. The correct decoupling behaviour should therefore always be
investigated with care. In the next chapter, we will further investigate the decoupling but
then taking into account plasma effects, which become especially interesting in the low
mass regime.

With this remark, let us conclude the vanilla case of simple kinetic mixing. Today,
the focus of DP studies, including this thesis, is on the light side of the mass spectrum.
Therefore, kinetic mixing being gauge-invariant and not invoking new, potentially heavy
scalars seems like a natural extension. Early works like |[51] considered mass mixing as the
usual term and studied kinetic mixing as a new effect. This also means that the above
discussion should rather be seen as a simplified discussion since light DPs will not only
contribute to the oblique parameters but will actively be produced. Therefore, only a
generalised study can treat the scenario consistently.?® In the next step, we will discuss
the case beyond kinetic mixing in more detail.

Before we conclude with this subsection, we can consider the visualisation of the previous
results in fig. 2.4 where we show the 30 exclusion bounds for kinetic mixing only derived
from the S and T parameters. On the right, we cut out the Z-resonance where our
expansion breaks down since |u— 1| < 1 which makes the use of eq. (2.60a) and eq. (2.60b)
inconsistent. In the regime of lower masses, the cutoff is slightly softer since the impact
of the DP on the measurement of the finestructure context (at least for the determination
via the electron magnetic moment) increases with decreasing DP mass roughly until the
DP mass drops below the electron mass [79]. Therefore, in this regime, it is clear that the
DP will be decoupled from the EWPO.

2.2.3 Pure mass mixing

Going back to our general expression in eq. (2.38), it is clear that the whole phenomenology
is driven by three parameters, namely yu, a, and §M?2. We have already discussed kinetic
mixing in great detail now so it seems only natural to focus on the case of pure Z mass
mixing featuring again a very light DP. Our aim now is to investigate if the same decoupling

4°This would among other things also include a discussion of the U parameter and a quantitative descrip-
tion of the decoupling discussed in this subsection.
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Figure 2.4: 30 exclusion bounds derived from the S and T parameters without mass mixing.
We indicate the breakdown of our expansions around the Z-mass and for low masses where
the DP will be probed in measurements of the finestructure constant &. This happens
around the electron mass below which the DP is definitely decoupled from the EWPO.

takes place.*! For this, let us also find an analogue of eq. (2.61)

dM?
a—0 M

Unfortunately, this expression does not simplify the way it does for the case of kinetic
mixing. Nevertheless, once again we can take a limit for the interaction term

L2 6fn  Qfi Ay

écosé : .
YT E———— 15 —2 0 gL A
QSiné’WcosHwa ( 3 Rl WQ)"‘ 375 | fidy (2.74)
—ésiné " )
mfw“ (T3 — 2sin® 0w Q) + Tss | fiA),

which clearly shows that the case of pure Z mixing leads to a particle that couples essen-
tially like the Z boson. Therefore, we cannot expect a decoupling of the limits in the same
sense as above. Nevertheless, as we need pM |2 > 6M? for a consistent theory the limit
1 — 0 automatically decouples the theory as & — 0.

We conclude that as long as no exotic new physics is involved, Z mass mixing cannot
generate new ultralow-energy phenomena. Still, should a mechanism exist that decouples
dM? and i we would expect strong signals from a low-energy particle with both axial and
vectorial couplings [81-83]. In this case, there is no way of redefining the couplings in the
style presented for the kinetic mixing since the photon cannot compensate for the axial
part.

1We note from the discussion beforehand in subsection 2.1.2 that this is a rather unnatural limit if we
take p?M|% < §M?. Therefore, we also keep the terms containing .
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2.2.4 Stiickelberg and kinetic mixing

We have observed now that pure kinetic mixing leads to a photon-like DP while pure
Z mass mixing results in a Z-like DP when it comes to the coupling structure. We have
observed that in the case of no Z mixing, the Stiickelberg mixing conspires with the kinetic
mixing into a single parameter. While this is true for the masses of the DP and Z boson
as becomes clear from eq. (2.30) the impact on the interacting part of the Lagrangian is
more subtle as we need to perform all rotations on the interaction part, including eq. (2.3)
which depends only on the kinetic mixing which makes a redefinition impossible.

For clarity, we will reiterate the most important definitions for the case of Stiickelberg
mixing here (see also table 2.1)

o= B 0m (2.75a)
1-— GQB
g1
\/1+Oé2\/1—623
cos Oy = 92 (2.75¢)

\ 9% + 93
~ v
My =\/¢%+ g§§ (2.75d)

1
p= = Mx (2.750)
1-— GQB Mz
2 sin Oy o
tan(2§) = 2.75f
an(2¢) 1 — a?sin? Oy — p2 ( )
my = MZ\/(COS§ + asin By sin €)? + sin? Eu2 (2.75g)
mpp = MZ\/(sinf — asin Oy cos €)% + cos? Eu? . (2.75h)

We observe some subtle changes here, especially gy # g1 as noted earlier indirectly impacts
the Weinberg angles and the Z mass. W.l.o.g. we assume that o > 0. With this, we can
express the analogue of eq. (2.45)
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where we have used the transpose in the first line to improve the readability and we have
reintroduced the mass mixing parameter in the second line. Of course, we recover eq. (2.45)
in the limit 6, — 0.

With this result, we can write the interacting part of the Lagrangian. Interestingly, due
to eq. (2.75b), we exactly recover the structure of eq. (2.50) as the factor of (1 — 2epd,, +
61%1)_1/ 2 always gets multiplied by the coupling constant g, again allowing a description
using only the effective parameter «. Interestingly, our entire discussion in section 2.2.2
only depended on « which leads us to the conclusion that also arbitrary combinations of
kinetic and Stiickelberg mixing decouple in the low mass limit. Furthermore, this discussion
once again emphasises the similarity between these two seemingly different types of mixing.

Nevertheless, eq. (2.76) makes clear that in the presence of an extended dark sector, i.e.
jx # 0, there will be observable and distinct effects due to the presence of terms directly
proportional to J,, which can never be reabsorbed into other couplings. To be specific,
this corresponds to the third column in eq. (2.76) leading to “non-redefinable” couplings to
the dark current which vanish only for d,,, = 0. We will discuss this in the next subsection,
where we briefly discuss the idea of induced millicharge.

2.2.5 (Induced) Millicharge

The idea of millicharge (sometimes also minicharge) is an intriguing concept. First, all
charges that we observe are multiples of the elementary charge e (excluding quarks that
have multiples of e/3) although this is not necessarily required by the SM symmetries [84].
Apart from these fundamental considerations, millicharged particles also offer intriguing
phenomenology in lab experiments, astrophysics, and cosmology [29, 78, 85-90.

The massless case

In general, millicharged particles can generically be split into “true” and “effective /induced”
millicharge [91]. The former consists of particles genuinely charged under electromagnetism
and will not be of any concern in this section. The latter requires two U(1)s, one for elec-
tromagnetism and the other one in the dark sector, as well as charged particles in the dark
sector. We will focus on the low-energy regime to simplify the procedure and reproduce a
few results from Ref. [30], including a discussion about the impact of Stiickelberg mixing
on millicharged particles. We will begin with the simplest possible setup of only kinetic
mixing of a massless DP and the SM photon and a dark current j§ as well as the EM
current jh

1 .., 1 0 € v ‘ .
L= [ FWE,, — FYWE, — CFYEL + iy A+ 44, (2.78)
A/ Alf _ 2A 1 1
— 6/\/1 € 77F#VFMV77F/PLVF/V+
Asl/vI=EA 4 4 :

1 . . €
e (- )
(2.79)

We observe that the dark current now couples weakly, and approximately proportional to
€, to the photon. However, we note that there is a hidden SO(2) symmetry, i.e. we can
rotate the states arbitrarily into each other without changing the kinetic term. While this
basis makes the millicharge of the dark current apparent, it exists in any other basis as
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well. After all, since we live in a world dominated by EM interactions, we would call A in
the above basis the photon, and this basis enormously simplifies all calculations.*?

In the next step, we will allow for a mass term of the DP. This will break the SO(2)
symmetry and determine a preferred basis: the mass eigenbasis. Clearly, in this case,
we would prefer to rotate the kinetic mixing away in the style of eq. (2.72b). Thus, the
interacting part of the Lagrangian will be

Ling = A, — 6AL) . (2.80)

1 jNA/_j.U (
Nl Vi_e

Ref. [30]*3 claims (rightfully so) that this should not be called millicharge since the dark
sector particles do not couple to the photon at all. In contrast, only the SM particles
receive a dark millicharge.

The massive case

Before we comment on this in more detail, let us also include the case of Stiickelberg mixing

using the eq. (2.29) in our simplified case of just two U(1)s?!
Lo tpwp  Lpwpr Cpwp g T 5a 32 (g1
=71 Wy pw Ty v T IEMA T4 ,u_?( u T u) , (2.81)

which we will transform exactly like eq. (2.80)
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using the following redefinition to go to the mass eigenbasis
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We see that we cannot consistently recover the effective o parameter from eq. (2.75a) which
would be sufficient to describe the DP physics if we did not have a non-empty dark sector.
As noted at the end of the previous subsection 2.2.4 this is an additional effect which dis-
tinguishes kinetic and Stiickelberg mixing. Since the dark sector is now directly connected
to the photon, Ref. [30] concluded that only Stiickelberg mixing yields millicharge. While

42 At this point it is important to once again emphasise the basis-independence of the physics. The above
basis is just convenient and in the most extreme case of a physicist (or another entity) living in the dark
sector, they would of course prefer the opposite choice.

4®Note that their convention of the labelling € and § is inverse to the one used throughout this thesis.

“We will neglect the Stiickelberg field in the following expressions.
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this statement is correct if taken at face value, the impact and implications of it are not
exactly clear since, in a similar fashion, the SM sector gets a dark millicharge, and thus
also the DP acts as a mediator between the two sectors. The exact interplay between
the two mediators which interfere with each other depends on the mass of the DP. From
some simple arguments, we can at least understand the limiting behaviour. In the high
mass limit, we can effectively integrate out the DP and thus we realise that the photonic
contribution drives the interactions and thus we indeed find what is usually considered as
millicharge. For very light DPs, i.e. lighter than the scales involved in the processes, par-
ticularly the SM and dark sector masses, we effectively reintroduce the SO(2) symmetry
and we eliminate the Stiickelberg mixing from our setup, since the mixing term decouples
with m — 0.

This simplified picture of mixing in vacuum is often insufficient in realistic setups as we
will see in the following chapter where we will introduce plasma effects. In the case of a
millicharged dark sector that accounts for (parts of) the DM relic density, it is possible or
even required to investigate the interesting interplay between the DP and the background
DM [92, 93| since millicharged particles can generate dark plasma effects for the DP. The
existence of the dark sector is imperative for these searches since we have now seen good
evidence that the massless DP decouples completely otherwise. We note however, that
millicharged particles can also affect SM observables via virtual effects as demonstrated in
Ref. [78].



3 Light Shining Through The Dark Side Of
The Moon: Improving helioscope limits
with angular information

And if your head explodes with dark forbodings too
I'll see you on the dark side of the moon

Brain Damage
PiNnk FLOYD

This chapter is based on the following publication:

[1] J. Frerick, F. Kahlhoefer, and K. Schmidt-Hoberg, A’ view of the sunrise: boosting
helioscopes with angular information, JCAP 03 (2023) 001, [arXiv:2211.00022]

We further introduce the following improvements:

e More exhaustive and pedagogical discussion of the plasma effects

In this chapter, we discuss the solar production of DPs. For this, we need to discuss
the more general topic of plasma/matter effects on the kinetic mixing portal. We will
make several interesting observations, including the different decoupling behaviours of the
transverse and longitudinal components. We will concentrate on the low-energy kinetic
mixing parameter € = ep cos Oy and the DP mass m for simplified notation, in agreement
with our discussion of the low-energy decoupling of the Z boson in the low-energy regime
presented in the previous chapter, e.g. in eq. (2.71c¢).

With the ever-increasing evidence for DM in the Universe, we have an excellent motiva-
tion to look for BSM. Despite enormous experimental efforts, we are still lacking convincing
direct or indirect signals from DM beyond its gravitational impact. These null results have
prompted parts of the community to shift their attention towards lighter and feebly cou-
pled new physics. With the heavy DP discussed, it is time to investigate the light and
very weakly coupled DP now as an outstanding example for such a new physics candidate.
Therefore, we will focus on kinetic mixing only and use that the light DP behaves more
photon-like than Z-like in this regime. We will focus on the DM aspects of the DP later in
this thesis, but it should be noted that the DP is a valid DM candidate over a wide range
of parameter space, offering a rich phenomenology even if DPs are only a fraction of the
observed DM abundance.

In the following, we will consider the simplest case from chapter 2. We introduce a DP
which has no gauge interactions with any other particles, neither from the visible nor the
dark sector, such that the setup is completely described by the mixing parameter € and
the DP mass m. As mentioned above, it is favourable to generate a mass for the DP via
the Stiickelberg mechanism since it circumvents the strong exclusion limits on the case of
a spontaneously broken U(1) via a dark Higgs boson [38-40].
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In general, DP limits extend over a massive parameter space. Usually, there is a bound-
ary between heavy and light DPs around the MeV to GeV scale, and these two parts of
the parameter space are typically shown separately. In particular, the mass threshold for
decay of the DP into an electron-positron pair distinguishes two phenomenologically dis-
tinct regions. Although far from exhaustive, we have achieved a good understanding of
the heavy DP in the previous chapter. The interested reader can find more on collider
and beam dump experiments in Refs. [20, 94, 95]. In most of the literature, the light
regime extends from the MeV /GeV scale down to the fuzzy DM [96, 97] regime at around
1072 eV. We will discuss these ultralight DPs more in chapters 4 & 5 and so we will now
focus more on the intermediate regime. There is an important distinction between two
classes of DP searches with the first being a pure DP search while the second type relies on
the DP being (a major part of) DM. In the latter case, there is an interesting mass region
down to ~ 10~ eV which can be probed directly using so-called haloscopes [98-101], i.e.
experiments looking directly for the presence of DPDM in the solar neighbourhood. The
former case is more general and yields more powerful bounds which are typically harder
to achieve though. Typically, one has to rely on indirect effects (like the impact of virtual
DPs) or a local production mechanism.

In the following, we will discuss a local DP source of particular importance in more detail:
the Sun. The Sun may copiously produce DPs with mass smaller or around its (core)
temperature [102-106].! A thorough description of the DP's behaviour in the Sun requires
the rigorous treatment of plasma effects, which can either resonantly increase or massively
suppress the DP production. These plasma effects, and with it the “dark” luminosity of the
Sun, depend sensitively on the DP mass, and so do the resulting DP limits. Conservatively
demanding that the dark luminosity stays below the visible luminosity, we can constrain
the coupling strength, i.e. the kinetic mixing strength, through this so-called solar cooling
argument. Indeed, this argument is not confined to the Sun, but can also be applied to
different astrophysical environments, such as horizontal branch stars, red giants [106] or
neutron stars [107]. Additionally, these plasma effects are crucial to understanding the
effect of DPs on early Universe cosmology [108-113]. One notable example of these effects
is the distortion of the CMB black body spectrum by resonant photon-DP conversions.
Finally, plasma effects might also play a role in black hole superradiance of DPs [114]
where electrons can quench the superradiant instability.

Most of these plasma-effect-driven probes of the existence of a DP are considered indirect
searches. However, we might also be able to directly observe the flux of DPs emerging from
the Sun. This idea is similar to earlier proposals of solar axion searches [115, 116], i.e. we
are looking for DPs oscillating into SM photons over a finite distance (called oscillation
length). These so-called helioscopes such as CAST [117]| do not require any modifications to
be repurposed as DP searches [102]. On the contrary, DPs do not require a magnetic field
to oscillate into SM photons and therefore, their setup is less involved which allows for the
construction of simpler, dedicated DP-only helioscopes like SHIPS [118]. These searches
are sensitive from several keV down to the peV scale. Finally, there are even stronger limits
from considering the absorption of the longitudinal DP component in conventional direct
detection experiments [104, 105, 119, 120].

In this chapter, we explicitly work out that DP constraints from helioscopes can be
improved significantly once their spectral and angular distributions are taken into account.
This aspect has previously been ignored in the literature even though it was studied for
axion searches [121].2 To underline this point, we will present an analysis of the publicly

!The precise quantity of interest is the Sun's plasma frequency as we will see in the following discussion.
2 Axions are known to be dominantly produced in the solar core.
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available data of the Hinode X-Ray Telescope (XRT) [122], offering outstanding angular
resolution. Furthermore, we extract spectral information from the data even though the
energy resolution is originally rather poor. Our analysis is based on long exposure “darks”,
i.e. calibration images of the Sun taken with the telescope closed, resulting in a clear
improvement of the DP limits over the naive strategy of just counting events without any
spectral or angular information, mimicking previous helioscope searches. Even though not
built to be a helioscope, we show that the additional information allows Hinode XRT to
compete with purpose-built helioscopes.

Furthermore, we will also have a look at Hinode XRT data taken during a solar eclipse.
This data set combines the large solar DP flux available at helioscopes with the advan-
tageously long oscillation length of so-called light-shining-through-the-wall (LSW) experi-
ments [19, 123, 124]. This “light shining through the Moon” experiment offers an unpar-
alleled oscillation length using the entire distance between the Earth and the Moon. Of
course, this comes at the price of small exposure times but we will show that the long
oscillation baseline can compensate for this, leading to increased sensitivity below meV
scale DP masses when compared to conventional helioscope searches. Of course, there
were/are many x-ray satellites beyond Hinode XRT constantly tracking the solar activ-
ity [122, 125, 126] which in principle allow for even stronger constraints by combining
several data sets and observations of multiple eclipses. This can also help to reject unphys-
ical features in the data.

This chapter is divided into several sections. First of all, in section 3.1 we will discuss
the solar production of DPs, especially focussing on the angular distribution in different
mass regimes. In section 3.2, we will identify Hinode XRT as a very useful instrument for
our kind of analysis. We will then present our analysis strategy, stressing the impact of
proper calibration, background subtraction, and robust theory predictions for the angular
and spectral distribution. For the next step, we put our results into the larger context
of DP searches, ending in a generalisation of our results on helioscope searches and their
effect on future experiments. Finally, we present a brief discussion of the overall results
in 3.3. 3

3.1 Solar production of DPs and their detection

This section briefly reviews the key properties of DPs in vacuum and then generalises
the framework to homogeneous plasma environments. Afterwards, we discuss how this
knowledge can be used to calculate the flux of solar DPs and their angular dependence.

3.1.1 DP oscillations in vacuum and homogeneous plasmas

Let us begin with a brief discussion of the vacuum physics of a massive DP A;L in the
low-energy limit, i.e. ignoring the mixing with the Z boson. In this specific case, we can
simplify eq. (2.1) for A}, and the photon A, in vacuum to the following form

1 uv 1 V%8 nll € 17278 nll - I m2 Al
Lyac = _ZF F, — ZF P, — §F F, + ju A" + TA Al (3.1)
where, as before, the off-diagonal kinetic term allows for coupling the dark and SM sector,
with FF (F'") being the electromagnetic (dark) field strength. Redefining the fields

yields again the canonical kinetic term, leading to either off-diagonal mass or interaction

3For the clarity of text, we have moved appendices from Ref. [1] to the corresponding parts in the main
text.
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terms.* We should stress that there are only two new parameters, namely the DP mass m
and the mixing angle e. Let us quickly write the interaction eigenbasis

1

A mat (32)
Ao A= g 33)
s, e e,

and the mass eigenbasis®

A, = V1-€e4, — eAL (3.5)
A;; - V1- EQAL + €A, (3.6)
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Oscillations in vacuum

Staying in the interaction eigenbasis for now, the kinetic mixing introduces DP-photon
oscillation completely analogous to neutrinos [127, 128]. As a result, any SM process
producing photons can also produce DPs. In the case of small kinetic mixing, we can derive
the oscillation formula in a very simplified quantum mechanical framework. For this, let us
denote an interaction state DP by |A’) and a photon state by |A). Furthermore, we denote
the mass eigenstates by |y/) and |v), respectively. Then, assuming we can approximate
all fields as plane waves propagating in x direction, we find the following for the wave
functions

AW®) = (V1= ) = /(1)) = (V1= @r(0))e™ = ey (0))e) e (3.8a)
A1) = (VI= 2l ®) +ehy(®)) = (VI = @1/(0))e™ + el1(0))e™) 7" (3.8b)

where we have written the initial amplitude using |y")(0)) and assumed that the time evo-
lution of this state is given by the usual plane wave notation with energy w and momentum
k. Note that the mass eigenstates have fixed energy, but different momenta. With this,
we can determine the oscillation probability P(A — A’) = [(A(0)|A’(2))|?

(A(O)|A' (1)) = e/1 — €2 (ei’m - e—i’f’x) et (3.9)
= P(A— A') =4é® (1 — €) sin’® ((k — K)z) (3.10)

where we have used several trigonometric relations and z = z(¢) with z(0) = 0 as we are
free to shift the origin. Furthermore, we assumed orthogonality (v(0)|4/(0)) = 0, while

“We see that in eq. (2.74) the DP couples to the EM current as well. To make the DP completely sterile,
we would need another orthogonal rotation that would induce off-diagonal mass terms between DP and
SM photon. Of course, the physics is invariant under this redefinition, but the interaction eigenbasis is
more useful for lighter DPs as they tend to have a larger oscillation length than the typical interaction
length scale.

5In this step we go from the interaction eigenbasis to the mass eigenbasis, i.e. the kinetically mixed
basis is not involved. Thus we can apply an orthogonal rotation leaving the kinetic term invariant as
demonstrated in chapter 2.
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equal states are normalised to 1 as the interaction eigenstates are independent of each
other and just the propagation drives the mixing. Assuming small mixing, i.e. € < 1,
and further going to the ultra-relativistic limit® &' = vw? — m2 ~ w — m?/(2w) we get to
leading order

P(A & A') = (2¢)*sin? <m2L> , (3.11)

4w

where we have used that the above argument is symmetric in A <+ A’. L is the distance
from the creation point of the initial DP /photon and w denotes the particle's energy. It
should be emphasised again that this formula is only valid in vacuum. This is identical to
the literature results, e.g. Ref. [103].

In the limit of m?L > w, we find that the probability rapidly oscillates with L which
implies that the sine averages out to % and the macroscopic effects (i.e. inside the detector)
do not depend exactly on the involved energy and length scales. In particular, we can argue
that eq. (3.11) is valid even if the DPs are not fully relativistic. In the opposite limit,
m?L < w, we can apply the small-angle approximation which shows that the oscillation
probability decreases with mass for fixed length and energy scale. From an intuitive point
of view, this is not surprising as the superposition of photon and DP mass eigenstate
sent out in an EM interaction is very degenerate in momentum, and therefore it takes
very long for the two propagating modes to decohere. We conclude that any experiment
searching for DP oscillation within some experimental apparatus of typical size L rapidly
loses sensitivity as soon as the DP mass drops below m < y/w/L. In particular, terrestrial
helioscopes suffer from this effect, as we will point out in section 3.2.4. See also table 3.2
for a compilation of helioscopes and sensitivity range.

A first glance at plasma oscillations

The above can be handled with relative ease since apart from the two fundamental param-
eters ¢ and m, there is only an additional length scale L and an additional energy scale
w. If we now consider processes embedded in an EM plasma, there will be more scales of
relevance, leading to a more complicated oscillation probability. Nevertheless, the plasma
also opens up the option of resonant conversions and it changes the decoupling behaviour,
making a dedicated study not only important but also very interesting with the potential
of probing deep into new parameter space on resonance. For a first hint at plasma physics
at work, let us briefly review the simplified calculation from Ref. [129]. Due to its inter-
actions, the photon receives an effective mass m. inside an EM plasma [130], essentially
given by the plasma frequency w,

dram,

(3.12)

My X Wy =
Y p Me

with the electron mass m, and electron density n..” In principle, all charged particles inside
a given plasma contribute but as we focus on the relatively cold solar plasma, electrons and
ions are the only (relevant) species. Since me < mion, it is sufficient to consider electrons
for this simplified treatment.

SWith the photon being massless we of course have w = k.
"More correctly, this is a contribution to the self-energy of the photon. There are many contributions in
a generic plasma as shown by the concise review in Ref. [103] with a focus on the solar plasma.
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In the interaction eigenbasis, only the photonic field couples to the plasma, inducing an
effective mass. Therefore, eq. (3.2) will be modified to

1 1 1
. _ T nuv N n 1128 nl) . w
Evncine = = B B = B P g |
m? " At em? Y eem? + m% i ’ (3.13)
+7A Au—imA A“+7—62 ArA,

where we have used that the interaction term modifies the effective value of the finestructure
constant « and thus also w,. Furthermore, we have suppressed the spatial dependence of
the photon mass which depends on the local properties of the plasma. In fact, for the case
of solar production, this results in a radial dependence m., = m(r) = m,(r) invoking
spherical symmetry. Introducing this additional mass scale now opens up two limiting
cases. For comparatively heavy DPs, i.e. m > m,,, we can safely neglect all plasma effects
and just work with the vacuum physics of the DP. In the opposite case, m < m,,, we will
find the well-known case of the DP decoupling at low masses in an otherwise empty dark
sector. In the literature, one can often find a discussion that the purely massive case and
the massless case are not the same [23], i.e. “m = 07 # “m — 0”. This claim is well
justified, as the third degree of freedom (DOF) of the massive DP cannot continuously go
to 0 like other properties of the DP. This is true in an idealised setup of pure vacuum, but
in more realistic environments, there will come the point where the energy scale of matter
effects ~ m, will become larger than the DP mass if one just decreases m arbitrarily.
Thus, there will be a rather smooth decoupling of the kinetic mixing. In conclusion, the
following considerations are not in contradiction with the conceptual difference between
massless and massive DPs.
To explore this further, let us go to the mass eigenbasis by diagonalising

e
M= o b | - (3.14)
V1—e2 1—€2

Diagonalising this matrix yields the following physical masses

m? +m? + \/(m2+m2/)2 —4(1—e€*)m?m2

M3 =
* 2(1—€2) ’

(3.15)

where the + denotes the solution for the heavier particle, based on m and m., i.e. My is
the DP mass if the “bare” DP mass m is larger than the plasma mass. This already hints at
a degeneracy for m = m, as we will see very soon.® Let us further consider the interaction
part of this new mass eigenbasis where we denote the plasma basis with a subscript ,

1—e2m? — M? 2
A, = S A+ an A (3.16a)

\/(1 —€2)(m? — M%) + e2m? \/(1—62)(m2 — M?2)? + e2m*
V1 — €2 2 _ M2
A= S A+ an A, (3.16b)
VA=) (m2— M2)2 4 mt L\ J(1 - e2)(m2 — M2)? + e2md

®In fact, an exact degeneracy can never be reached as the term under the square root is always larger
than 0 for physical parameters. This is known as avoided crossing [131, 132].
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for m > m,, and

V1 — €2 2 _ M2
A, = S A- an A (3.17a)

VA=) m2 =232+ et (1= @)(m? - M2)? + 2
1 — €2 2 _ M2
A= L A o A, (3.17b)
\/(1 —€2)(m?2 — M?)2 + 2m4 \/(1—62)(m2 — M?)2 4 e2m#

for m < m,. Although these results are exact, they are not particularly enlightening. To
connect with well-known literature results, we will now expand in small mixing, i.e. € < 1.
Then, we find for the states to leading order

2
em
Ap = A — WA/ (318&)
2
A= AN 3.18b
P ‘mQ . m?y‘ + ) ( )

which is valid for m < m.,. Making contact with our results from eq. (3.7), we observe
that we can define an effective kinetic mixing parameter here eqg

2
5 - (3.19)
Y

m2 €, m?>m
€eff = €E—5— R
2 — 7]

2
m 2
e—m% , me<K<m

In complete analogy to the previous derivation of the vacuum oscillation, we can then
modify eq. (3.11) with this new mixing parameter € — €. While the resonant region, i.e.
m = m. needs more scrutiny, we can already observe the important fact of the decoupling of
the (transverse) DP. In the resonant regime, we expect the production rate to be massively
boosted and additionally, we will find the interesting property of a factorisation between
the spectral and the angular part of the DP flux. This result substantially simplifies the
calculation of the flux, especially when compared to the two non-resonant regimes above
and below the resonance. In the next subsection, we will use a more careful treatment of
plasma, effects to study this case.

A closer look at plasma effects

We will derive the above result now in more detail from the plasma equations in the presence
of a DP. For this, we will show a minimal computation of the plasma frequency in a non-
relativistic plasma of electrons by combining Maxwell's equations extended by a massive
dark photon and the equations of motion (EOMs) for an electron in a background field.
For an analytical solution, this requires a linearisation of the equations. This calculation
is inspired by the work in Ref. [133] and is originally based on classical plasma physics
presented e.g. in Ref. [134]. We will, however, simplify to a scenario in which the electrons
do not experience any scattering.

In such a plasma environment, the electron velocity follows the momentum conservation
equation

ov

mee—I-me(ve-V)ve:—e(E— <

ﬁE’ v, % (B - \/16_7623’» o (3.20)

where we denote the electron velocity and mass by ve and me, respectively. Furthermore,
we have introduced the electric and magnetic fields in the above mass eigenbasis. This

ot
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basis further provides us with the modified Maxwell's equations in the form of

2 _
m, 0 Al Al =\ .
_ | 1= wy viFv) — | Vi
b (% N -ar (- (T o
where we used that the photon and the DP couple to the same current but with differ-

ent strengths. Our first observation is that the temporal component of the field is fully
determined by the (pseudo-)Lorenz condition (see also Chapter 5)

MAYD =0. (3.22)

Although this is a pure gauge choice for the photon, we can see that this is a required
condition for the DP if we apply an additional partial derivative 0" to eq. (3.21). Since
the current is conserved, the RHS is eliminated by that operation. The d'Alembertian,
on the other hand, cancels with the additional derivative term, and thus we see that the
additional mass term truly enforces the above condition. We will therefore from now on
drop the additional derivative term beyond the box operator in the eom. Furthermore,
we will focus on the 3-vector component of the fields since we can always determine the
temporal component via eq. (3.22).

For our next step, we will introduce the Fourier transformation for our quantities of
interest. We will assume that there are no background fields and that the plasma is non-
relativistic. We can therefore treat the fields and the electron velocity as perturbations.
For a generic quantity, we then have

X(x,t) = 4—;2 / dwd®k X (k,w)e " Wi—kx) (3.23)

We can then solve the EOM of the electron velocity in Fourier space

e €
Ve = —1i E - E') , 3.24
=it (B w) (3.29
where we have neglected all second-order quantities, i.e. the gradient and the magnetic
field term. For Maxwell's equations, we will split the vector fields into transverse and
longitudinal component

A:ALk

5t A7 with k- Ar=0. (3.25)

Deriving the electric field from this decomposition and the previous Lorenz condition, we
find

A =0 iwAl) =iA, (3.26)
_ k2 k
= E" = -vAY — 9,A" = i Kl - w2> A(L/)@ Ag)] : (3.27)

which means that longitudinal and transverse components will contribute differently to the
non-relativistic current density

j,u = *(neaneve) (3.28)

) k2 k € k? k
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where we have introduced the electron density again from eq. (3.12). For a stationary
electron density, current conservation dictates that the temporal component is not required
to determine the EM and DP fields. This leads to two different sets of EOMs

( 332 il g A
2 1-£3)(1-€) —e 1—€? L\ _
w” + w2 , Ay 0, (3.30)
T Vi-e “p

and

m2+62w12, _ ewg ,

Wkt | U0 Vi@ Ar) _o. (3.31)
_ & w2 Ar
V1—e2 p

This already hints at the fact that the longitudinal mode of the DP is non-propagating.
This becomes apparent if we send € — 0, in which case photon and DP decouple, and thus
all the k dependence drops out of the EOM. This is an indicator that the longitudinal mode
is just a so-called plasmon, i.e. an excitation of the plasma and not of the EM field. We see
that we have re-derived eq. (3.14) from first principles, and we can now understand better
the physical origin of this effect. We further realise that the above argument is only valid
for transverse modes, but these will be the focus of this chapter anyway. However, we note
that the longitudinal component requires greater care as the wave function renormalisation
needs to be taken into account [106].

Now that we have derived the plasma frequency in this simplified framework, let us
investigate the resonant regime under more realistic conditions. At the moment, it seems
like the oscillation probability diverges, cf. eq. (3.11) plugging in eq. (3.19). This is an
unphysical result. The reason for this behaviour is the lack of damping in the plasma
EOMs above. One contribution to this damping would be the interactions of the electrons
with the ions of the plasma. This Coulomb term was taken into account e.g. in Ref. [133].
With this choice, the above calculation essentially reproduces the Drude model of electrical
conduction [135]|. For the solar plasma, different contributions dominate the picture [102,
103]. The quantity to consider in general is the (transverse) photon self-energy in the
plasma II [102, 136] that yields the oscillation probability

I = m? + iwl (3.32)

e2m?

(mZ{ — m2)2 +w2re’

P(Ap — Aly) ~ (3.33)

which is valid for small € and at distances from the point of photon production beyond an
absorption length I'~! [102-104, 106]. Strictly speaking, this result is only valid for homo-
geneous plasmas, for a treatment of inhomogeneous plasmas we refer to Refs. [102, 103].
However, in a plasma that only mildly changes in time and/or position, this expression
is still a robust approximation.® At leading order and with focus on electrons, we find
m., = wp and

As mentioned above, for a more thorough discussion of the different contributions, we refer
the interested reader to [103].

9The quantity of interest is given by I'L where L denotes the length scale of the inhomogeneities of the
plasma.
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These ingredients are already sufficient for a discussion of solar DP production which
we will do in the following subsection. In that context, we will learn that I' also plays an
important role in DP production beyond the damping of the resonance. In a thermody-
namical context, I" is known as the absorption coefficient.

3.1.2 Solar DP physics

In the following, we will specialise the previous discussion more towards solar DP pro-
duction. We will reproduce parts of the exhaustive discussion from Refs. [102, 103] here.
Additional literature [104, 106] focuses more on the longitudinal component of the DP
which is, for most parts of this chapter, of secondary interest, as outlined above and dis-
cussed in further detail in section 3.1.3.

Our description of solar DP production is based on the solar standard model [137-139]
that provides us with solid predictions of the plasma properties. Our original publication [1]
was the first work to explicitly estimate the angular distribution of DPs over the entire
mass spectrum. In the following, we will explain these estimates in detail.

General considerations

We now derive the total production rate of DPs. The first ingredient we need is the
local production rate of photons I'proq. Assuming local thermodynamic equilibrium, we
generally have the following

11p1rod = 67w/TFabs ) (335)

where we have further introduced the absorption rate ', and the temperature of the
plasma T'. Of course, T' = T'(r) carries a radial dependence inside the Sun. We now want
to relate this quantity to the damping rate (or absorption coefficient) I' encountered before.
The relevant expression is I' = I',roq — Lans. We therefore conclude

_ T(w,ro)
Fprod(Q),rO) — m . (336)
The production rate of DPs at one point rg can be written as [102]
dN d3k
a0 =2 [ GeTmaleo ) Pler@) (3.37)

where we have furthermore introduced the oscillation probability P which needs to be
multiplied by the photon production rate to get the DP production rate. This, as we have
seen, depends sensitively on the local plasma properties. Therefore, the correct argument
for Pisr(l) =ro + Ik, the path from the point of creation to the point of observation in
the direction of the produced DP k at a distance . The whole setup is sketched in 3.1.
Finally, we integrate over all momenta to derive the total production of DPs at a given [
away from a given point rg which implicitly depends on the energy of the initial photon
and the local plasma properties via the oscillation probability. Finally, it should be noted
that we took into account a factor of two for the two transverse polarisations of the DP.

We can simplify this expression further via the on-shell relation w? = k% + m? and the
rotational symmetry of the momentum in eq. (3.37) to find

dN  4r¢ INw,rp)
dvdt — (2m)3 w/T(ro) — 1
1 dN do wVw? —m? I'(w,rp)
dcosOp———

/dcos@kk:Qdk P(w, (1)) (3.38)

T R AVdde  dVdw | 8mR?

ey 1L w ), (3.39)
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Earth Sun

Figure 3.1: Sketch of the Sun-Earth system (adapted from Ref. [103]), where all geometric
quantities necessary to calculate the solar DP flux are defined. Assuming that the Sun is
to good approximation isotropic, the angular flux will only depend on the angle ¢ under
which the Sun is observed.

where we have defined the flux of DPs ® at the position of Earth, i.e. at distance R, from
the Sun. Now in the next step, we integrate over the entire solar volume to compute the
total spectral'!® DP flux of the Sun

dd  wyw? —m? ,7)

5= e [, ¥ [ acot i P (3.40)
wovVw? —m2 [Fe 1 T(w, )
7T2R2 / T/ dCOSHWP(w,T’, 0) (341)

with Rs denoting the solar radius. Furthermore, we used that P can only depend on the
radial coordinate r as well as the angle # between r, i.e. the position vector, and k, i.e. the
photon's/DP's momentum. Thus we have defined r - k = rk cos § while we performed the
remaining trivial angular integral.

The angular distribution

In the following, we will refine the previous calculation by adding also the angular depen-
dence of the rate. As we assume the Sun to obey perfect spherical symmetry, the signal
can only depend on %), the angle under which we observe the Sun as also shown in fig. 3.1.
In other words, the 2D image of the Sun in DPs will have exact polar symmetry.

Let us now become more explicit with the calculation. For the angular flux, we must
consider only the DP production along a given line of sight (l.o.s.) as shown in figure 3.1.
The l.o.s. can be parametrised by its radius = (in solar centric coordinates) and the point

1°Tn the previous and following paragraphs, we have made and will often make use of the terms “angular”
and “spectral”. Let us therefore define them in a bit more detail here. Generically, this refers to the
differential spectrum of DPs observed from the Earth. Angular here refers to the dependence of the flux
on the radius of the 2D projection of the Sun that we observe while spectral is identified with the energy
distribution of the flux.
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of closest distance to the solar core rmin. We find

do \/ - m2 [Nw,r)
o0 = - 7ew/T o 1P(w,r(l)) (3.42)

\/71)12 /RG 2rdr ,T)

. ew/T -1
min
VT mm

which, following Ref. [103], can be further simplified under the assumption that the typical
oscillation length of the photon into the DP is always much smaller than the scale of
gradients in the plasma, i.e. the plasma is assumed to be locally homogeneous. We will
now make good use of the general expression derived above. Doing so requires to plug in
the oscillation probability from above, i.e. eq. (3.33) with m, — m.(r) and I' — I'(r).!!
The radial dependence of the plasma mass and the absorption coefficient are important for
the position and the strength of the potential resonance of the conversion probability. We
note in passing that this setup allows us to connect the microphysics of the oscillation to
the macroscopic plasma properties, such as its electron density.

P(w,r,0), (3.43)

The resonant regime

Let us first investigate the arguably most interesting regime of m ~ m,(r), i.e. the res-
onance condition is fulfilled. This equality is only valid for a finite mass window as the
maximum plasma mags in the Sun is capped by the densities in the core while for the
lowest mass, the resonance will be Boltzmann suppressed in the outer solar layers due to
the low temperatures compared to our energies of interest, cf. eq. (3.36).!? In this mass
range, which will be defined later in more detail, there will be a radius r = r, where
the resonance condition is met. A thin shell around that radius will dominate the total
production of DPs. To understand this, let us evaluate the conversion probability in more
detail, especially in the resonance region.

To derive the full distribution, we need to focus on the spectral part in eq. (3.41) first,
plugging in explicitly the conversion probability. In the resonant regime, we can use the
narrow resonance approximation

em? Ar.<Ro TEMAS(r — 1))

(m2(r) —m?)? + (wl'(w,7))? WD (w) ‘d;:z,

P(w,r,0) = (3.44)

with Ar, = wl(w, 74) |dm%/dr‘;1 defining the sharpness of the resonance. For this step
we have first expanded the plasma mass of the photon around the radius of resonance, i.e.
where m.,(ry) = m. This expansion yields

2 2 dm?

mv(r) %mv(r*)—f- ? T*(T—’f‘*) N (345)
which naturally explains the appearance of (r — r,) in eq. (3.44). In the next step, we
follow the discussion of Ref. [103] where it was discussed that the previously introduced
Ar, resonance width is sufficiently narrow to allow for the approximation of the Breit-
Wigner term as a d—distribution

1 €

e—0

"Note also the brief discussion on spatially varying plasmas in that context.
123ee also Ref. [103] for a very thorough discussion of the more technical details of the oscillation proba-
bility and the outskirts of the solar plasma.
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In passing, we note that with the previous discussion, we now have a hierarchy of length
scales: we demand that the plasma changes slowly on scales of an oscillation length /pjasma
and also, the resonance region is supposed to be much smaller than the radial extent of
the Sun, i.e. ljlasma < Ary < Rg. Using the above approximation we find

d®  wvw? —m? Ro 24 ! dcosd D(w,7)  7Em*§(r —ry) (3.47)
dw ° 7 2m’RZ r COSU STy — 1 dm?2 '
w T 1 ev W (w, ry) | 2
2 2 2
9 4 TE w2 —m
=emt = , (3.48)
R2 (e/Tre) — 1) ’dg;%

which agrees with Ref. [102] except for a factor of 7/2 which can be traced back to a slight
normalisation error in the implementation of the narrow resonance in the original work.!?
This result now allows us to evaluate eq. (3.43) explicitly

do \/ —m2 [Bo  2rdr INw, T) 7e2mAS(r — ry)

dwdQ T'min \/ InlIl eLU/T wr( )

2 2 _ 2 1 1
= |emie MY T (R (r*rmin)> . (3.50)

RZ m(ew/T —1) ‘d—ﬁ D e

which invites us to factorise the angular from the spectral part

APres AP dXyes

(3.49)

dm,Y
dr

N — .01
dwdQ)  dw dQ (3.51)
using d®/dw according to eq. (3.41) and
dX, 1 R 1
a— O(7% — Tmin) - (3.52)

aQ o Te A /qp2 )2

Notation-wise we follow Ref. [103] here, i.e. we define the angle ¢ = “gi» (see figure 3.1)
and the resonance angle ¥, = w‘mfm . However, our final result slightly deviates from the
— Mty

discussion found in Ref. [103], in particular in the normalisation factor. Let us therefore
quickly demonstrate that our result is indeed correctly normalised in the sense of an angular

distribution

Y 1
/deX [T Re singdy Re, (3.53)

dQ 27 Jo o ore Y2 —9p2 1
For this result, we used that 1) < 1 over the entire integration range, i.e. the Sun only
covers a small part of the solid angle. In contrast, the corresponding formula in Ref. [103]
does not fulfil this normalisation condition, although nevertheless, the approximate shape
of the angular distribution is qualitatively similar. We will therefore use the expression
derived above in the following analysis, disregarding the literature result.

We will now discuss the applicability of the narrow resonance approximation in more
detail. Looking at the photon mass of the solar plasma, we can roughly see that the reso-
nance condition can only be met for a small interval of DP masses [5,300]eV. As already
mentioned above, since the Sun more or less continuously goes over into the interplane-
tary medium, we would expect that for m < 5eV there will be resonances in the outer

13While this error indeed makes the angular spectrum somewhat inconsistent, the O(1) differences will
hardly affect the exclusion bounds.
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solar region. Fortunately, the exponential suppression in eq. (3.36) will render any con-
tribution from this region irrelevant anyway for the x-ray energies we are interested in.'*
Helioscopes can be sensitive in a much larger mass range of [107%,103] eV which requires
us to also investigate the non-resonant regimes above and below the mass window. With
the breakdown of the narrow width resonance, the factorisation of the angular and energy
dependence will not be available to us as a tool of simplification since the absorption term
now depends inseparably on position and energy. With a full numerical calculation being
computationally very expensive, an approximate expression for the angular distribution in
these cases is still very desirable. Here, we recap these approximate formulae, which have
been presented for the first time in Ref. [1] derived from basic arguments.

The non-resonant regimes

To begin with, we note that there are of course two distinct non-resonant regimes. On
the one hand, we have the suppressed regime (m < my min ~ 5eV) where plasma effects
start suppressing the impact of kinetic mixing, while on the other hand, we have the
unsuppressed/vacuum-like regime (m > my max ~ 300eV) where the DP barely feels the
presence of the plasma. Our approximate expressions rely on the weak energy dependence
of the flux which we will use now for both cases. We will label the relevant quantities with
the subscript vac and gup, respectively. Thus, for fixed values of € and m we find

62 m4 m>>m-

(m2(r) —m2)® + (Wl (w, 7))
Prac / 2rdr () (3.55)

dwdQ \/7 ew/T(r) —

and analogously for the suppressed case

Poac(w,r,0) ~

const (3.54)

m<m, const

Pyyp(w,r,0) —— () (3.56)
d@sup / 2rdr ne(r ) 4
S (3.57)
deQ Tll]ln « ew/T T.)

For both expressions, we made the crucial assumption that the absorption coefficient I" is
dominated by the contribution from the solar electron density.'® In general, the electron
density should qualitatively track the general behaviour of the absorption coefficient. This
approximation should be seen as a first attempt to calculate the angular spectrum explicitly
and not as a high-precision prediction for the solar DP flux. The angular dependence of
the flux arises directly from the integration limit rmin.

Now in the next step, we obtain the angular distribution of DPs for a telescope/helioscope
of our choice.'® For that we convolute the flux of DPs with the energy-dependent efficiency
Q(w) of the given instrument, which yields

dXvac/sup Emax dq)vac/sup
a0 = / dw Q(w)———~—

3.58
Emin deQ ( )

1This is fortunate as the breakdown of spherical symmetry in the outer solar layers makes the calculation
much harder if not impossible.

'5See Ref. [103] for a detailed discussion of all contributions.

'6For consistency, we also need to introduce the binning which becomes important later in our analysis.
We do this by dividing the signal region into 50 annuli [r;,7;4+1] of equal width, allowing for radial binning
of the events. We further divide the energy spectrum into 10 bins [F;, E;1+1] of equal size.
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Figure 3.2: Examples of different angular shapes of the DP distribution in the suppressed
(red), resonant (blue), and unsuppressed (black) regimes. f(r) is the probability density of
these distributions normalised such integration over the dimensionless radius r/Ra yields
1. It should be noted that the resonant case is not energy-dependent except for the obvious
kinematic threshold of m < w while the other two are directly dependent on the energy.

This approximation is reasonable as long as the range of integration [Fyin, Fmax] is smaller
than the scale of significant changes in the DP production rate.'” Setting appropriate values
of Enin/max> €d- (3.58) can either be used for the entire spectrum or individual bins.

Now in the final step, we use the temperature, density and plasma mass in dependence
on the radius shown in Ref. [102] which were originally published in Ref. [137]. The only
issue left for us is the normalisation which we need to fix by hand. Therefore, we can write
an effectively factorised angular DP flux using the tools used above

APres /vac/sup N @eres/vac/sup (3.59)

dwdQ  © dw do :

which explicitly depends on the detector properties.'® This approximation can of course be
applied to both non-resonant regions. With the steps shown above, we have demonstrated
that within reasonable precision we can factorise the spectrum for all masses and energies
as made explicit in eq. (3.59), i.e. we can use the prediction of % from Ref. [103] for all
regimes.!?

While we will consider specific instruments and their explicit efficiency functions later
in section 3.2 we should briefly consider the predictions without weighted averaging, i.e.

specifying a DP energy. In this context, we define

fr=2r——7%—=—— (3.60)

7 This specifies the rather vague requirement of “weak energy dependence” from above.
'8In particular, the approximation technically becomes better if the energy range of the detector is narrow.
19Thanks to Javier Redondo for providing the tabulated dark photon predictions!
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which yields the probability of finding a DP coming from a solar ring of radius r with
width dr given by f(r)dr. This probability distribution is displayed in figure 3.2 where,
as expected, the resonant regime shows a strong peak where r = r,, i.e. my(ry) = m. The
position of this peak is independent of the DP energy as long as the resonant production
is kinematically allowed. In contrast to that, the radial distribution of the suppressed
and vacuum-like regimes is both broader and energy-dependent. The vacuum-like case in
particular has a distinct peak close to the solar centre as it massively benefits from the
high densities which allow for larger production rates. Interestingly, these high densities
suppress the production in the suppressed case?® which pushes the maximum of the dis-
tribution towards larger radii, especially for the lowest energies. In other words, there is a
competition between the enhanced production of photons and the suppressed conversion
into DPs in this case. For the highest energies available, the main contribution will nev-
ertheless come from the solar centre due to the exponential /Boltzmann suppression in the
solar outer, i.e. colder, regions according to eq. (3.36).

3.1.3 DP oscillation and detection

After its production, a transversely polarised DP inside the Sun will propagate through
the solar plasma and may oscillate back into a visible, i.e. (mostly) interacting, photon.
However, the solar plasma will constantly project the DP onto its local propagation eigen-
state since the interacting component quickly gets absorbed. Therefore, using the rather
slow change of the plasma density on typical oscillation scales and the efficient absorption
processes even far in the outer regions of the Sun the DP will approach its vacuum propa-
gation eigenstate when leaving the Sun [102].2! Thus, the DP will propagate through the
vacuum without oscillating back into the vacuum photon state irrespective of the travelled
distance.

Nevertheless, as soon as this DP state passes through dense matter (like the shutter
of a telescope or the Moon), the interacting component of the DP will be absorbed by
EM interactions. Then, the DP will leave the medium in the sterile interaction eigenstate
instead of the propagation eigenstate.?? Now with the DP in an interaction eigenstate,
the two different mass eigenstates will start to decohere and an oscillation probability will
build up.

Before beginning our analysis in more detail, let us quickly discuss the case of longitudinal
DPs. Unfortunately, longitudinal DPs can effectively only show up due to matter effects as
the vacuum state of the photon is purely transverse. This results in an issue for helioscope
detection: the propagating DP mode cannot oscillate as there is no photonic counterpart.
However, inside a dense medium, absorption of the longitudinal mode is still possible,
which allows for direct detection experiments to search for solar DPs.

For masses below 1 eV, the longitudinal component even gives the dominant contribution
of the total solar DP flux, which enables leading limits from DM direct detection experi-
ments [119] (see also section 3.2.4). The following discussion and the presented methods
are, in principle, also applicable to these kinds of experiments, provided they can be made
sufficiently precise in their angular resolution. There is enormous interest in directional
detection [140-143] which is very interesting in the context of the DM substructure and

20Hence the name.

21Tp this context, vacuum refers to the mean free path of photons being large compared to the oscillation
length Aosc = w/m?.

#2This is possible due to the rapid change of the medium when compared to the slow/adiabatic change
in the solar plasma. This issue is discussed in greater detail in Ref. [102] where this whole process is also
described in a helpful sketch (fig. (5)).
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neutrino fog [144-146]. However, the angular resolution will not reach the one of telescopes
in the foreseeable future, which gives us motivation to focus on helioscope setups which
already provide data sets with excellent angular resolution.

3.2 Analysis

Having completed the detailed discussion of the solar DP production, it is now time to
discuss the question of detection in more detail. The most important question now is
which data set we should use to investigate the impact of the angular resolution. This is
tightly linked to the question of which telescope is best suited for detecting the predicted
signal using both our angular and energy dependence of the spectrum. In the following,
we will demonstrate that Hinode XRT is the best option to obtain data sets with excellent
angular resolution. We will focus on two types of data sets: on the one hand, we want
to maximise the exposure and thus consider calibration images taken with the telescope
closed (so-called darks with an oscillation baseline of around 1 m) and on the other hand, we
prioritise a large oscillation baseline, i.e. around 380000 km from observing a solar eclipse,
which effectively shuts the helioscope.

3.2.1 The Hinode solar X-Ray Telescope

As we want to set the most stringent constraints possible, it is clear that the exposure
of the solar observation should be maximised. For our case in particular, there are two
reasons for this: first of all, long observation times lead to the telescope witnessing more
solar eclipses and secondly, it increases the statistics for the analysis of the darks. Indeed,
there are several telescopes dedicated to observing the Sun over different wavelengths and
time scales. Of these, we are mainly interested in x-ray telescopes, since the lunar and
terrestrial x-ray albedos, and with them, the probability of observing x-rays from various
sources, are very low [147]. This fact ensures that the background is minimal, especially
in the case of analysing a solar eclipse. Furthermore, the sensitivity to higher energies
allows us to probe up to higher DP masses when compared to telescopes operating at
lower frequencies, making them more attractive for our purposes, as they can easily cover
all three production regimes. For example, a telescope in the optical regime never fulfils
m > m. except for regions where m ~ w > T. But this can only happen in the exponential
tail of the production rate, which leads to a massive penalty for this parameter regime from
the Boltzmann suppression of this process, c.f. eq. (3.36). A resonance will still be hit but
only in the outer regions of the Sun. However, in this region, the description of the plasma
requires more sophisticated modelling than in the inner regions. For details, we refer to
Ref. [103], especially subsection (4.3).

With this list of requirements in mind, we are set to choose from a small list of telescopes,
including YOHKOH [125], Hinode [122] and the GOES series (see e.g. Ref. [126]). All of
these satellites carried/carry an x-ray telescope on board, and the collaborations made the
relevant data publicly available. The height of the orbit is another important factor in
choosing the instrument, as it determines the dominant background sources (see below for
a more detailed discussion). Hinode is on a Sun-synchronous orbit of only a few hundred
kilometres while GOES-12 was on a geostationary orbit at around 36000 km.

Due to the long exposure times and good data availability with helpful documentation,
we will focus on Hinode XRT [122, 148-152].2 Figure 3.3 presents two representative

Z3We acknowledge the use of the complete data sets which are available at http://sdc.uio.no/search/
form also offering very helpful search criteria. Hinode is a Japanese mission developed and launched by
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Figure 3.3: Representatives for our two data sets from http://sdc.uio.no/search/form.
Left: Calibration image (dark) with 2048 x 2048 pixels. Right: Solar eclipse from 2012
with 1024 x 1024 pixels.

images for the two types of data sets of interest: on the left a calibration image and a
solar eclipse on the right. Originally, the main purpose of these calibration images was
to collect statistics for background subtraction, which included looking for time-varying
effects. However, even though the backgrounds are expected to be large for space-based
telescopes, we can in principle analyse them just like terrestrial helioscopes of oscillation
baseline L on the scale of a few metres. For obvious reasons, images of a solar eclipse
are much rarer, but their strength lies in the enormous boost for the oscillation baseline,
increasing the length scale by 8 orders of magnitude. For the remainder of this section, we
will consider the details for the analyses of the two different types of data.

3.2.2 Analysing the darks

Our analysis begins by selecting all full-resolution images, i.e. 2048 x 2048 pixels on a
35 x 35 arcmin? field of view (FOV). We discard the lower resolution darks as the zero-
point subtraction method of the calibration routine is optimised for the full-resolution
images [153]. This data set is then calibrated using the “empiric” version of the XRT
standard routine [153] of SolarSoft [154] available at https://www.lmsal.com/solarsoft/.
The zero point calibration is found to be precise with an uncertainty of around 1data
number (DN), i.e. the telescope's measure for energy. We can translate using the factor
208.05¢eV /DN which demonstrates that the calibration results in much better resolution
compared to the uncalibrated images with zero points scattered around 42 DN. As a last
step, we choose a set of quality requirements which removes damaged, incomplete, or
unsuitable images.

Discussion of image selection and choice of cuts

In the following, we will discuss the aforementioned quality cuts in more detail. For this,
we will automatically set criteria to exclude damaged pictures.

ISAS/JAXA, with NAOJ as domestic partner and NASA and STFC (UK) as international partners. It is
operated by these agencies in co-operation with ESA and NSC (Norway).
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Figure 3.5: Images from http://sdc.uio.no/search/form. Left: Image with mostly
empty pixels. Right: Image with obvious damage which does not however have neces-
sarily empty pixels. The quality selection cuts eliminate both images from the candidate
list for the final analysis.
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Figure 3.4: Exposure time versus median count rate for all darks. To allow for a logarithmic
plot, we show the sign of the median in red/blue. We choose to focus on the high-quality
images outside the two cuts represented by the horizontal and vertical black lines.

Initially, we require a way to identify (potentially) damaged images. The software rep-
resents damaged or oversaturated pixels with DN value —999 during calibration which
enables a simple way to discard images with extreme damage. We just require that the
absolute value of the median for a given image is smaller than 1 DN/pix/s for a usable
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Figure 3.6: Image of all viable events stacked into a 2D histogram which demonstrates that
two clear streaks (encircled) will systematically lead to larger event rates in the background
(light red shading) region than in the signal region light yellow shading).

Table 3.1: Specifications of different DP searches

Analysis image size # of images combined exposure
Darks 2048 x 2048pix 960 ~ 9500s

Eclipse 07 512 x 512pix few ~ 1s

Eclipse "12 1024 x 1024pix few ~ 1s

image which already offers a good hint toward finding intact data sets. Additionally, we
ignore data sets with exposure < 1.5 s since these show larger fluctuation than long expo-
sure images. The reason for these cuts lies in the observation that only for images with
exposure longer than 1.5s the median is consistently and robustly lower than the median
cutoff as long as we ignore the obvious outliers (see figure 3.4). Furthermore, removing
the low-exposure images only mildly affects the total statistics, as it decreases the total
exposure by only a few per cent. Figure 3.3 presents an image chosen for analysis (left)
and figure 3.5 (left) shows an image that was rejected due to empty pixels.

Even with these strict cuts, there are still some damaged images such as the right image
in figure 3.5. It is possible to limit the number of allowed events per image, which provides
a simple but relatively secure method of identifying strongly damaged images. The cut we
impose removes images with at most 9900 counts outside the solar region and at most 990
counts in each radial bin inside the solar region.?* This leaves us with 960 (potentially)
valid images with a combined exposure of tey, = 9463s. A concise summary of our results
can be found in table 3.1.

24 Adding to the 50 radial bins mentioned before, we have also introduced a 51st bin which contains
everything outside the 2D projection of the solar disk in the images. See also the later discussion of the
analysis methods to learn more about the bin size.
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Figure 3.7: Number of events detected in each pixel after stacking all images into a his-
togram. The resulting distribution is very broad with up to 600 events per pixel. The
(expected) Poisson distribution deviates significantly from the data as shown in the inset.

After all these extensive measures, there are still some clear systematic trends inside
these images. As one example, the inner radial bins contain (on average) significantly
fewer events per pixel when compared to the outer radial or the background bins. In part,
this is due to a small subset of pixels showing an anomalously high count number which is
visible in the 2D histogram of figure 3.6. This effect is hard to detect in a single image, but
stacking up all 960 viable images makes this systematic effect clear. Especially in the upper
left and lower right corner, we observe two streaks which show several hundred events in
only a few pixels compared to an average of 0.17 events per pixel. Apart from these two
striking features, several smaller substructures can be observed all over the histogram.

We can easily sort out many of these anomalously populated pixels by investigating the
1D histogram of event counts in figure 3.7. We expect a Poisson distribution with ¢ = 0.17
but observe a significantly longer tail of events up to an extremely high event number.
Effectively, the Poisson distribution predicts that the number count per pixel should not
exceed 5 which leads us to the simple method of removing all pixels from the stacked image
which violate this condition. This cut is very efficient as it reduces the total number of
observed events by 23% while removing only 0.1% of all pixels.

With the help of this removal of anomalous pixels, we can reduce the systematic trend in
the data set but we cannot fully eliminate it. Indeed, even with a now almost Poissonian
distribution, we still note that outer bins contain typically a larger number of events. This
may hint at a physical effect that requires a more refined background model. Unfortunately,
such a detailed analysis of the issue at hand is beyond the scope of this thesis.

We confirm the interesting observation of Ref. [153] where it was noted that the number
of counts in the darks is to good approximation independent of the exposure time, i.e. the
active time of the detector hardly impacts the calibration data. Similarly, we do not have
any hints for significant variations in the counts over the several years of data taking. We
can interpret this as a sign of a dominant internal noise source as external backgrounds
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Figure 3.8: Demonstration of the noise domination by a histogram of the darks in red. In
blue we show the expected signal for a DP with m = 200V and € = 2- 107!, Black lines
indicate cuts on the energy range aiming to suppress the noise further.

such as cosmic-ray hits should increase with exposure and fluctuate in time. This result is
advantageous for us as such a noise source is well handled by the calibration routine.

Since Hinode XRT was built to sustain the intense stress of near-constant exposure to the
solar x-ray flux, the instrument needed to be rather robust than ultra-sensitive. Therefore,
its energy resolution cannot compete with more sensitive telescopes like XMM-Newton
[155] or Chandra [156] which were constructed to detect even faint x-ray signals. Among
the most striking consequences of this technical decision, the instrument was not designed
to resolve individual photons. Instead, the focus was on the measurement of the large flux
of solar x-rays, which allows us to only access the total energy deposited per pixel over
the entire exposure of an image. This prevents us from distinguishing individual photon
hits.?> However, we can recover limited sensitivity to the spectral distribution under the
assumption that the exposure time of each image is small enough to expect at most one
event per pixel for a given signal hypothesis. This assumption was verified a posteriori to
be consistent with the sensitivity reached within the analysis.

Based on the above discussion of the calibration routine and its zero-point adjustment,
we can now identify potential hits lying in the correct energy range.?® The fundamental
idea is illustrated in figure 3.8, showing a histogram with the energy deposition across all
pixels for a single representative dark. Due to the calibration routine, the distribution is
rather narrowly peaked around a data number of zero, indicating that physical detector
hits, i.e. external backgrounds and DP events, will become visible as an excess of events
in the regions marked by the two black lines. This choice of the upper bound (Epax =
3keV = 15 DN) is motivated by the Hinode XRT sensitivity limit, while the lower bound
(Emin = 1keV & 5 DN) is given by a compromise between the nominal threshold of 200 eV
and our aim of suppressing the background noise and maintaining ideal sensitivity to a
potential DP signal.

Z5Note also the comment on photon counting in the data analysis guide https://xrt.cfa.harvard.edu/
resources/documents/XAG/XAG.pdf.
?6See Ref. [157] for another approach to extracting energy-resolved information from Hinode XRT data.
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Also shown in figure 3.8 is the signal prediction for a 200eV DP with ¢ = 2 - 107!,
The signal is below the background noise level, indicating that exclusion of this parameter
point is impossible unless additional information on spectral and/or angular distribution
is included in the analysis. In the following, we will discuss and demonstrate the method
of including this additional information with emphasis on the significant improvement of
sensitivity to the DP signal. Finally, we will from now on denote pixels with DN in the
above range as an “event”.

Increasingly complex analyses

A first step towards these improved limits is to sum up the observed events for all pixels
pointing at the Sun as indicated by the white circle in the left panel of figure 3.3. We call
this number S and we aim to compare this number with the full solar signal prediction for
the number of events

R@ Emax d@ dX
_— L pop , 61
R=t, p/o ar [ TS POP - 9)Qw) (3.61)

min

where dX/dr is computed from eq. (3.59) via dQ ~ 27dy and ¢ =~ r/R.. We denote
the combined detector efficiency by Q(w). This total efficiency is made up of the effective
area, the quantum efficiency, and the transmittivity of the filter [122] of the telescope. The
prediction depends solely on the two parameters of the DP model, i.e. the DP mass m and
the mixing parameter e.

Collecting the above arguments, we expect that the entirety of the observed events
follow a Poisson distribution. With only this information, we can already immediately
set an exclusion limit on the signal at 90% confidence level. For this, we simply use
R —1.28V/R > S which can be approximately solved for sufficient statistics, i.e. R, S > 1,
by R > S + 1.28V/S. This simple exclusion limit is shown by the dotted purple line in
figure 3.9. We label this analysis method as SHIPS/CAST-like since it does not take into
account any radial or spectral information of the signal as it is integrated out in eq. (3.61).

Now that we handled the more technical details of the calibration, let us remember that
to improve upon the first analysis, we divided the signal region into 50 annuli [r;,7j41]
of equal width, allowing for radial binning of the events. We further divide the energy
spectrum into 10 bins [E;, F;11] of equal size. Therefore, we can categorise all events by
two parameters, i.e. S(E;,7;), whereas we find the signal prediction as

T+ B dedX
T E; w T

This binning choice provides us with further means to exclude any signal hypothesis which
predicts a number of events significantly exceeding the background noise in any bin. With
sufficient events in each bin, i.e. S(E;,7;) > 1 for all 4,7, we are able to define the test
statistic

2
2 max (R(Ei,rj) —S(Ei,rj),())
x“(m,e) = , 3.63
mo =3 S (3.63)
using the maximum to ensure only bins with R(E;,r;) > S(E;,rj) give contributions to
the sum. This choice is important to guarantee that the “background-only” hypothesis
x%(e = 0) does not give an artificially large value as would be the case without taking the
maximum. This provides us with an upper bound on the mixing parameter by solving for

Ax? = x2(e) — X3 (e =0) = 1.64 , (3.64)
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Figure 3.9: Sensitivity plot to DPs in the m—e plane. The focus of the plot lies on the
different constraints derived in the previous paragraphs emphasising the improvements of
the full analysis over the more naive initial analysis.

at 90% confidence level according to Chernoff's theorem [158].

Following this method, we obtain the exclusion limit shown as the dash-dotted purple line
in figure 3.9 which indicates a significant improvement over the previous analysis ignoring
angular and radial information. Of course, this results from the substantial differences
between the shape of the signal and of the background as is visible in figure 3.10. The
top-left panel displays the simple distribution of the actual data in units of events per
pixel per second over all selected signal bins. There is a clear tendency of a decrease in
the event rate towards lower energies but the rate is rather constant in the angular/radial
direction. This needs to be contrasted with the signal prediction for three representative
DP masses (1eV (suppressed), 15 €V (resonant), 400 eV (unsuppressed)) in the other three
panels of figure 3.10. We have adjusted the values of the kinetic mixing parameter € so
that they are close to the exclusion bound discussed above to emphasise that the shape
of the signal strongly impacts the limits. To follow up on the above-discussed problem
that the total signal is hidden beneath the background noise level, we now realise that the
inclusion of additional differential information allows us to even investigate much smaller
signal hypotheses.



3.2 Analysis 57

1.0 1.0
4.0
Signal region m=400eV and e=6.1-10"1!
0.8 0.8
3 35
oc 0.6 0.6 1
wn
2
TCoa 0.4 3.0
o«
0.2 0.2 v
25 X
o
o
0.0 . . : . 0.0 L o
6 8 10 12 14 6 8 10 12 14 50 —
g
1.0 1.0 ©
€
m=15eVand e=1.2-10"10 m=1eVande=1.5-10"% 15 @
0.8 0.8 o
o [mmm——
& 0.61 0.6 F1.0
wn
2
©
0.4 0.4
& 0.5
021 0.2
Lloo
0.0 . . . : . 0.0 . . : : .
6 8 10 12 14 6 8 10 12 14
Energy [DN] Energy [DN]

Figure 3.10: 2D plot of the actual data in the selected signal region in the top left as well as
the signal predictions for 400eV (top right), 15eV (bottom left), and 1eV (bottom right)
DP masses.

Yet another important realisation from figure 3.10 is the fact that the background shape
is flat in its radial extent even up to large radii, while the signal tends to peak at lower
radii. This additional feature invites us to perform background subtraction aiming at even
more stringent limits. In the next step, we will investigate two potential methods for the
subtraction of the background noise: fitting the data with a simple constant or relying on
a data-driven approach by considering the event rate in a control region, i.e. a region not
used for the analysis.

It is apparent from figure 3.3 that there is a large “reservoir” of pixels not pointing at
the Sun which we have not used yet. In the next step, we will incorporate this additional
information. As we do not expect any (significant) DP signal to originate from that region,
we can consider this part of the images as a control region (CR), allowing us to determine
the background rate. Introducing B(E;), the number of events in the control region for a
given energy bin, it is straightforward to predict the background for all radial bins by a
simple rescaling relation with the number of pixels

Npix (Ei, 75)

Npix,cR
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Figure 3.11: Comparison of data from signal and control region as well as the prediction
for the three benchmark masses introduced above. The values for € are, as discussed above
close to the exclusion bounds.

Relying on the massive number of pixels in the control region compared to any signal
region bin, we will from now on neglect the systematic uncertainty of the background rate
arising from Poisson fluctuations as it will always be subdominant to the uncertainty of
the signal region bins due to the generic 1/v/B scaling.

Figure 3.11 shows a comparison between the background prediction obtained from the
CR and the actual radial dependence, obtained by summation over all energy bins, and
the three benchmark DP parameter points introduced before. As we have noted before,
the signals have a substantially different radial dependence than both the predicted and
observed event rates. The most striking feature of course is the very distinct peak of
the resonance similar to figure 3.2 while both the suppressed and unsuppressed signal
predictions are fairly smooth.?” Nevertheless, we still get rather distinct predictions with
the vacuum-like regime producing a strong signal at small radii due to the local high
temperatures and densities, whereas the suppressed regime leads to a more stretched-out
signal.

Furthermore, figure 3.11 also makes it obvious that the background prediction based on
the evaluation of the CR is flawed since there is a mild decrease of the observed event
rate towards the centre of the solar disk, such that the data-driven method of background
subtraction fails in this region and overpredicts the observational event rate. It is of
extreme importance to make sure that this issue does not bias our analysis and therefore,
we will now discuss an alternative method for the estimation of the background. For this,
we simply fit the observed event rate individually for each energy bin and then multiply

2"The careful observer may note that the signal predictions seem to disagree with the ones shown in
figure 3.2. This is simply explained by the different observables shown here. Figure 3.11 shows the event
rate per pixel, whereas figure 3.2 gives it per radial bin. Also, as noted in the discussions of section 3.1.2,
the predictions for the non-resonant production regimes here are based on the Hinode XRT instrument
specific-sensitivity according to the prescription in eq. (3.58).
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with texp and Npix(FEj,75) to rescale this result to the predicted number of background
events which we denote by Bgt(Ei, 7;).28 Once more, the systematic uncertainties from
this method can be neglected against the statistical uncertainty for any signal region bin.
Now that we have access to fairly robust estimates for each signal bin, we can define an

improved test statistic

(ft) 2
2( ) Z (R(Ei,?”j)-i-BS (Ei,rj) —S(Ei,rj)> (3 66)
x“(m,e) = . :
7 S(Ei,rj)

,J

The additional background model inside our test statistic enables us to perform a search
for constellations of DP parameters preferred over the background-only hypothesis, i.e.
€ = 0. Thus, we obtain improved exclusion limits from eq. (3.64) by a simple replacement
x2(e = 0) — x2(e = epr) with epr as the best-fit point [159]. Once we have determined
the best-fit point, we can even solve eq. (3.64) analytically for fixed DP mass because the
signal is just proportional to €?.

These new bounds are shown in figure 3.9 as a solid (dashed) purple line for the data-
driven (best-fit) background subtraction method. As became clear from our previous dis-
cussions, both approaches lead to substantially stronger exclusion bounds, outperforming
our earlier naive analysis by more than an order of magnitude in ¢, i.e. by more than four
orders of magnitude in terms of the signal strength. Furthermore, the two distinct methods
give similar results confirming the robustness of our analysis.?? From this chapter we can
conclude that it is necessary to use the full angular and spectral information to distinguish
signal from background, thus maximising the sensitivity of Hinode XRT.

3.2.3 Analysing the eclipse

With the analysis of the darks being completed now, we turn our attention towards the
analysis of images of solar eclipses, i.e. changing long exposure times for a large oscillation
baseline to probe smaller DM masses. Ideally, we would try to stack as many images of
eclipses on top of each other to increase the exposure, but as these events are very rare,
we are left only with a very limited data set. The only way to produce a usable data set
is to manually search for all solar eclipses in Hinode's lifetime. This leaves us with two
good candidates, the eclipses on March 19, 2007, and November 13, 2012, as indicated
in table 3.1. For our analysis, we will focus on the latter as these images have a higher
resolution, 1024 x 1024 vs. 512 x 512 pixels to be specific. As both the Moon and the Sun
cover very similar solid angles, only very few images show an actual total eclipse for the
telescope. The image closest to such a total eclipse is shown in figure 3.3 on the right.3’
The right image of figure 3.3 makes it clear that both the control region and even parts
of the signal region are “polluted” by solar activity. As an obvious conclusion, the control
region becomes effectively useless for background subtraction. Furthermore, we notice a

280f course, it is possible and, depending on the scope of the analysis, even preferable to fit a more
complicated function than just a constant to account for the observed slight radial dependence. For this
specific analysis, we have made sure that a more complex fitting function has no significant impact on our
results.

2We note in passing that the data-driven method never yields a preference for a DP signal as the
background prediction is always larger than the actual observed event rate. Nevertheless, the best-fit
method finds a few points with small excesses (see figure 3.11) in the resonant regime, which tends to
weaken the exclusion limits. As the parameter space under scrutiny is already excluded and the hints for
DPs are very weak, we will not further investigate these points.

30The entire eclipse is nicely displayed in this short movie: https://www.youtube.com/watch?v=
XNzleYZL6u8.
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tendency towards increasing event rates in the outer regions of the image, both for the raw
and the calibrated data. This is in agreement with the observations in Ref. [160|, where this
systematic was studied in the context of calibrating the telescope's point spread function.
To enable a robust analysis, the outermost parts of the signal region should therefore be
excluded from our analysis.

In the following, we quickly discuss how to prepare the eclipse data in a way that makes
the same statistical methods as for the darks from section 3.2.2 applicable.

We observe that the image of the eclipse did not get properly calibrated, which is ex-
pressed as a magsive deviation from the expected scattering around zero signal as is visible
in red in figure 3.12. Unfortunately, we cannot even use a dark from the same day and
with the same resolution to correct the zero-point since for these images, the zero-point
calibration yields another badly calibrated result as apparent from the blue histogram in
figure 3.12.3!

However, the inner regions of the solar disk and the corresponding bins still allow us
to fix the true zero-point of the data number. To visualise the idea we can see as the
blue histogram of the dark in figure 3.12 that the distribution looks Gaussian to good
approximation while the distribution of the eclipse (red histogram) exhibits a substantial
non-Gaussian tail due to pixels with large energy deposition from solar x-rays originating
from parts of the Sun not covered by the Moon. Nevertheless, the central parts of the
image the x-rays are fully blocked and we see in the approximately Gaussian shape of the
main peak that the dominant contribution in this region is due to internal noise.

Focussing for now solely on the pixels contained within the inner 50% of the solar radius,
the distribution indeed resembles a Gaussian to good approximation. This invites us to
use these pixels for the determination of the zero point which we find to be at —5.16 DN/s.
Similar to the darks there is a tendency of increased event rates towards larger radii after
the (manual) zero-point calibration which we demonstrate in figure 3.13. This trend is
more pronounced for eclipse images than for darks, and when compared to figure 3.11 we
also realise that due to the contamination of solar x-rays and limited statistics, the overall
event rate and the error bars are orders of magnitude larger.

As a final step in this dedicated calibration, we scrutinise the efficiency of our cuts with
a small consistency check: even with the identification of pixels with deposited energy
of more than 3000eV as a double (or even multiple) hit of background photons of any
energy within the sensitivity range, we find that the fraction of pixels with this potential
background pollution stays below 5% even in the most outer radial bin. However, as
we know that such large energy depositions are unlikely to arise from internal noise, we
conclude that these physical background events from the solar corona are the most likely
explanation. As we suppress this pollution below 5% with our cuts, we can confidently
conclude that the cuts efficiently remove the problematic regions, leaving us with a data
set effectively free of external backgrounds.

After this small detour into the more technical details of the calibration, we can now
go ahead and perform a darks-like analysis for the eclipse as well. Theoretically, we can
perform the same energy and angular binning as before, but because of the very limited
exposure time, this procedure would result in a large number of empty bins, indicating
an unnecessarily fine binning. Thus, we restrict ourselves to a single bin taking up to
half the solar radius, minimising the pollution of physical background hits in the process.
Especially in the suppressed and unsuppressed regime, we additionally expect that these

3'Furthermore, a straightforward subtraction of a dark will also subtract any trace of a potential DP
signal, at least in the mass range where the closed telescope can already be considered a good helioscope,
i.e. when the DP oscillation length is low.
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cuts still retain very good signal efficiency, but there will be a stronger loss in sensitivity
in the parameter space that produces peaks at large solar radii, as these will be cut out of
the analysis. We have made sure that this sensitivity decrease has only a mild impact on
the strength of the actual limits.

We find a total of 389 events in the signal region, a number that may still be background-
dominated due to additional physical backgrounds originating from outside the Sun and
of course internal noise. An interesting example for this class of non-solar x-ray sources
would be solar wind charge transfer [161] which in principle can produce x-rays in the
entire signal region.3? For simplicity, we will not attempt to design a background model
and instead, we will perform a SHIPS/CAST-like analysis without background subtraction
as initially discussed for the darks. While this naively seems to imply that the additional
differential information is unnecessary for this analysis, we have to realise that the cuts
require us to know at least the angular distribution, as we cannot rely on the total signal
of the solar disk.

We show these final limits as the blue solid line in figure 3.9. Following our expectations,
these eclipse bounds are much weaker for the more massive region of the DP parameter
space, as the oscillation length is tiny compared to the size of the telescope. Still, these
limits are only mildly subdominant to the darks exclusion bounds obtained ignoring the
additional radial and spectral information as well as any form of background subtraction.
This once more emphasises the point that the refinements imposed upon our analysis in
section 3.2.2 are of extreme importance to profit from the large exposure of the darks.

Only once the mass drops below the threshold value where the oscillation length exceeds
the telescope scale, we truly benefit from the enormous oscillation baseline. The transition
where the eclipse becomes the dominant bound occurs for DP masses below around 1 meV
as is visible in figure 3.9.

3.2.4 Our limits in the context of the DP literature

To clarify the broader context of these limits, we make a comparison with different limits
from the literature in figure 3.14. The two limits labelled “Hinode XRT” reflect the most
optimistic reach of our analysis. The solid purple region is based on the data-driven
background subtraction and the blue region stems from the eclipse analysis. For the plot,
we have consulted the excellent database and design available via Ref. [162] which was,
at least for DPs, initially introduced in Ref. [72] which also acts as a brief review on
many of the limits shown.?® As already briefly discussed initially in section 3.1.3, the solar
limits, and any other limit in this mass range, are mostly dominated by the longitudinal
production of DPs. These can be split into applying the solar cooling argument which
leads to the limit label “solar” or the search for absorption of DPs in DM direct detection
experiments, labeled “XENONIT longitudinal absorption”) [120]. Although these search
channels are dominant, we still conclude that Hinode XRT is setting significantly more
stringent limits than lab experiments such as spectroscopy searches |78|.

Additionally, we observe that LSW searches, here mainly in the form of ALPS [163],
become important for small DP masses as the design of these experiments is not required
to be able to track the Sun which allows for the construction of larger oscillation baselines.
The next generation of LSW experiments, especially ALPS II [164], will probe much deeper

32Here “non-solar” of course refers to being produced in a way that is not blocked by the eclipse which
covers the direct line of sight.

33This plot can be considered somewhat historic as the most up-to-date version already includes our
Hinode XRT limits as well as further updated results. To keep the internal logic of this chapter intact, we
nevertheless focus on the original plot from Ref. [1].
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Experiment CAST SHIPS Darks Eclipse
Typical energy in eV 5000 3 1000 1000
Length in m 9.26 5 ~1 ~3.8-10%
Kink mass in eV 7-1073 2-1073 3-1072 2-1079
Exposure times in s 709200 1188000 9500 1
Sensitivity to e at m =1eV ~ 6-10719 3-10710 1-107° 4-1078

Table 3.2: Specifications of different solar DP searches.

into this parameter space. The clear advantage of these experiments is the extremely precise
control over the entire setup which eliminates the astrophysical uncertainty of the solar
production that affects helioscope searches. The price to pay for the higher quality of
initial state control is the immense reduction of the dark luminosity of the experiment, i.e.
a laser versus the entire Sun.

Even when compared to dedicated helioscope experiments like CAST and SHIPS, the
Hinode XRT limits are only slightly weaker. This emphasises the potential reach available
for helioscope searches using the additional information and analysis approaches supplied
above as these dedicated instruments are very precise and have extremely long exposure
times as shown in table 3.2. In conclusion, we have seen that the angular and spectral
resolutions are on a similar footing as exposure for running a helioscope most efficiently.

Let us now investigate the advantages and disadvantages of the different instruments
in more detail. As the large DP mass cutoff is only driven by the maximum energy
accessible to a given experiment, we realise that CAST with its sensitivity up to 15keV,
is the best instrument in that regard, especially when compared to SHIPS, which focused
on the optical energy range, suffering from insensitivity for masses beyond the eV scale.
Furthermore, we observe a distinct bump structure in the spectra for the two x-ray-sensitive
experiments in the range of ~ 5-300 eV originating in the resonant DP production regime
of the solar plasma. However, the low DP mass sensitivity loss is less directly affected by
the energy scale of the experiment. It corresponds to the oscillation length becoming equal
to the telescope length. Therefore, the position of the kink can be obtained from setting
the argument of the sine in eq. (3.11) to an O(1) number

2
m-L 4w
— ~lem~y/—. 3.67
dw NI (3.67)
All relevant scales for the experiments discussed above are compiled in table 3.2. Finally,
the eclipse data offers unparalleled reach in terms of small DP masses due to the enormous
oscillation length.

3.3 Discussion

The solar plasma is an intriguing laboratory for light and weakly coupled BSM physics and
has received much attention [165, 166]. The DP in particular is known to be a candidate
for potential solar production with many of the most stringent constraints derived from
this source in the eV to keV mass range. In this chapter, we investigated if the exploita-
tion of all the available information from the DP angular and spectral distribution can be
used to maximise the reach of helioscopes. To this end, we have found a new approach to
approximating the angular distribution of solar DPs outside the resonant production win-
dow. To demonstrate the potential sensitivity increase we have used the publicly available
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data from Hinode XRT), a solar x-ray telescope with outstanding angular resolution, for a
thorough analysis.

Initially, we have investigated so-called darks. These are calibration images taken with
the shutter closed, effectively transforming the telescope into a space-based helioscope.
Based on the very low count rates, we generated additional spectral information from the
darks with the help of the standard calibration procedure of Hinode XRT. After a detailed
study of the calibrated data, we have introduced quality cuts identifying and removing
damaged images and pixels with intrinsically large backgrounds. This further enabled us
to perform an additional background subtraction, which we have done in two different
approaches, i.e. data-driven or fitting. Combining the inclusion of additional differential
information and background subtraction yields a sensitivity improvement of more than an
order of magnitude in terms of the kinetic mixing parameter over the naive bounds from
“event counting”.

In addition to this analysis, we also investigated the amusing idea of interpreting Hinode
XRT during a solar eclipse as a giant helioscope. This approach provides an impressive
sensitivity boost in the low DP mass region of the parameter space while it suffers sub-
stantially from the decrease in exposure time for heavier DPs. Based on a single image of
a total eclipse in 2012, we were able to bound the parameter space of DPs more stringently
than existing dedicated helioscopes below 1meV. However, this parameter space is also
covered by LSW experiments like ALPS since the production of very light DPs becomes
increasingly suppressed for particle masses below the solar plasma frequency.

At this point, we need to point out that the analysis above is thought to be a proof-
of-principle, based on very simplified background modelling. These simplifications ignore
several features in the data sets, an issue that could easily be refined, especially for the data
from the solar eclipse. Further improvements in the analysis and the inclusion of partial
eclipses are a pathway to a simple boost of sensitivity due to the exposure potentially
increasing by more than an order of magnitude. Unfortunately, an effectively indefinite
increase in exposure time is impossible for the eclipse data due to the rarity of such events.34
This issue could be partially solved by a telescope in a lunar-centric orbit, an exciting
possibility that trades some of the oscillation baseline for potentially much longer exposure.

To conclude this chapter, let us emphasise that the entire analysis routine above which
was developed in the context of Hinode XRT is also applicable to studying the angular
distribution of solar DPs in the most recent version of the CAST experiment and the
future helioscopes BabyIAXO and IAXO [167, 168]. To guarantee the robustness of the
limits from these high precision observations, it is imperative to improve the calculation
of the DP angular distribution, including an update of the solar model [169, 170], and
to estimate the corresponding uncertainties. Another interesting direction is to consider
additional specific observables beyond the total DP flux such as the polarisation of solar
DPs which might become an interesting new avenue towards DP searches with upcoming
plans to measure the polarisation of solar x-rays with the CUSP project [171]. This would
constitute an entirely new lever on solar DP detection. Of course, combining the maximal
information will lead in the long run to the strongest bounds and allow for the detection
of potentially new physics hidden in the vast amount of open parameter space.

34For helioscope-like observations, increasing the run time is more a question of costs or usefulness for

the analysis since the permanent observation of the Sun requires tracking of the relative motion between
the Earth and the Sun. Long oscillation baselines are highly favourable for good limits but they are
counterproductive to extensive tracking manoeuvres. For an interesting example, see this video of the
tracking mechanism of CAST on the CERN website.
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Figure 3.12: Normalised histogram of the DN/s for the eclipse (red) and a dark with the
same resolution taken on the same day (blue). The zero-point calibration did not work as
efficiently as for the darks analysed above and both images give rather different results.
The image of the eclipse has a clear non-Gaussian tail from the physical x-ray hits that
sits on top of the mostly Gaussian internal noise.
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zero-point determination is fully driven by the inner region.
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Figure 3.14: Same limits as in figure 3.9, but focusing only on the strongest and thus most
optimistic limits obtained in this work, i.e. using the data-driven background subtraction, in
comparison to other competing DP bounds. The plot design is taken from the outstanding
repository for DP and axion-like particle (ALP) bounds by Ciaran O'Hare Ref. [162], see
also Ref. [72] for a compilation of many of these limits. Generically, green contours are
driven by the astrophysical production of DPs, whereas red bounds are often based on
various lab-based experiments.
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In this chapter, we will apply our previous results on the DP to the DM problem to allow
for a smooth transition into the results from Ref. |2|, i.e. the core of Ch. 5. We will first
give a minimalistic review of the idea behind and the state of the Dark Matter paradigm.
Once we have collected the most important facts and the relevant observations that DM
has to explain, we will turn towards the DP as a DM candidate. In particular, we will
sketch the central aspects of producing Dark Photon Dark Matter (DPDM). Finally, we
will summarise a selection of important works on the bounds limiting the DM parameter
space. This chapter acts as a preparation for the following chapter 5 in which we will
perform and discuss general’ DPDM search in detail.

4.1 Evidence for Dark Matter

The existence of Dark Matter is a well-established observational fact. We will now quickly
trace the main steps towards our modern understanding of the DM problem. For a dedi-
cated history of DM, we refer the interested reader to Ref. [4]. For a very complete review,
we refer to recent work in Ref. [12] and a textbook on particle DM is provided in Ref. [172].

Both the SM of particle physics and the ACDM model of cosmology are in remarkable
agreement with observations. It is fascinating that our understanding of the most funda-
mental processes at the energies available on Earth allowed us to tell a consistent story of
cosmology. However, just relying on the SM clashes with our cosmological observations in
three important points: first of all, the observed dark energy is much lower than the naive
expectation from the SM of particle physics, the so-called cosmological constant problem
which has spawned an enormous number of ideas providing potential solutions [173-180].2

!We will discuss the concept of general DPs in chapter 5 as well. For now, it suffices to know that most
of the following points are applicable for both standard DPs as discussed so far and general DPs.

2The observations yield an approximate energy density of pa ~ 1077 GeV* [46, 181]. The naive expec-
tation of the SM is that the energy density is dominated by the EW scale, leading to pa ~ (100 GeV)* ~
108GeV* [182], which leads to the unexpected hierarchy of many decades in orders of magnitude between
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On the other hand, the SM cannot explain the amount of matter-antimattwer asymmetry
in our Universe [183, 184|. Finally, and in the focus of this chapter, there is cosmological
and astrophysical evidence on a variety of scales that the visible/baryonic matter around
us is not the entire story. In contrast, it seems to make up only around 20 % of the total
matter in the universe [46, 181]. We will now collect the major observational evidence and
discuss the implications. Before we do that, we should note, however, that both standard
models also have more theoretical issues, both internal and in their interplay. Among
the most prominent ones are the hierarchy problem [185-187| and the strong CP problem
[188-190]® on the side of the SM whereas the so-called Hubble tension between late- and
early-time probes of the expansion of the Universe [194-196| represents one of the most
urgent questions in cosmology. Furthermore, the lack of a consistent theory of quantum
gravity is one of the most urgent questions in modern theoretical physics [197, 198|.

Rotation curves

After this short detour through a very brief (and biased) selection of pressing questions in
particle physics and cosmology, let us return to the problem of DM. The common lore is that
the Swiss astronomer Zwicky was the first to introduce the term “Dark Matter” (“dunkle
Materie”) to explain the anomalously large velocity dispersion in the Coma cluster [199].
Over the coming decades, the question of missing mass remained unclear until 1970, when
Rubin and Ford published the rotation curve of M31 [200], which is flat out to large radii,
a telltale sign of an extended distribution of DM. By now we even have access to the local
DM density using a mixture of simulations and observations [201].

The CMB

Now that we have reviewed the early, astrophysical evidence for DM, let us turn towards
cosmological data. With the detection of the cosmic microwave background (CMB) by
Penzias and Wilson [202]|, cosmology was able to turn, over the decades, into precision
physics whereas before it was often considered to be barely predictive [4]. Subsequent
missions increased the precision of the CMB measurements [203—205] and today, with the
results from the Planck mission, we have convincing evidence for non-baryonic, long-lived
DM at the time of CMB decoupling [46, 181]

Qcepmh? = 0.1200 £ 0.0012 (4.1a)
Qaryonh? = 0.02237 £ 0.00015 (4.1b)
Hy
h=———" = 0.674+0.005 4.1
100 ki /s/Mpc : (4-1c)

where he have introduced the fractional abundances €2; and the Hubble constant Hy (see
also section 4.2). This implies, together with the Universe being flat within observational
uncertainty, i.e. ) . €; = 1, that the energy budget of the Universe today has a sub-
stantial, but not dominant matter contribution. The most significant observation here is
nevertheless that the baryonic contribution to the total matter budget is small, at the level
of (18.64 £ 0.22) %. This is a fascinating observation, as it makes for a very consistent

observation and prediction. If instead of the EW scale we consider the Planck scale (mp, ~ 10'° GeV), this
even gives around 120 orders of magnitude difference.

3Recent developments question the physical relevance of the § term in quantum chromodynamics (QCD)
which is responsible for the strong CP problem [191, 192] but they require further scrutiny as there are
robust arguments for the physicality of the 6 term [193].
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story together with the astrophysical DM evidence. Furthermore, it rules out conven-
tional baryonic DM candidates like massive astrophysical compact halo objects (MACHOs)
[206, 207.*

On top of these observations, we have an ever-improving set of large-scale N-body simu-
lations at our disposal which we can use to study DM properties by comparing simulations
of differently modelled DM particles with the observations in our Universe. One central
aspect is that DM cannot be fully relativistic if it is supposed to account for the formation
of structure from an otherwise hot and very homogeneous Universe [209], a fact that was
also derived analytically [210].

The Bullet cluster

The probably most famous piece of evidence for the existence of DM is the so-called Bullet
cluster [211]. This is the observation of the remnant of a merger between two galaxy
clusters which has a set of outstanding properties giving us insight into the nature of DM,
albeit only superficially. The visible component of the cluster is dominated by hot gas with
a subdominant fraction of stellar mass. Compact objects such as stars survive the merger
virtually unaffected because of their small, practically geometric cross section. The two
respective plasma clouds, however, interact more strongly since they get slowed down and
heated up in the centre of the merger, as visible in the x-ray emission of the gas. A galaxy
dominated by visible matter, and thus by the plasma, would necessarily have a gravitational
potential that is especially deep in the central region. On the contrary, the bullet cluster
has two potential minima offset significantly from the peak of the plasma density. This
is demonstrated in fig. 4.1 where the green contours track the gravitational well and the
yellow to blue regions show the plasma distribution. On top of this unique hint towards
particle DM, we can immediately conclude that DM has limited self-interactions, as these
would change the post-collision distribution significantly. These limits are, however, rather
weak and allow still for interesting effects [212] which often require large simulations [213—
215| to be fully understood. The upper limit on the self-interaction strength is found to
be around o/m < 1em?g~! [216].° Should the cross section be velocity-dependent, this
result is not necessarily true for probes of self-interactions on smaller, i.e. galactic, scales
[217] where slightly larger cross sections are allowed. This result is especially interesting as
light mediators in DM self-interactions naturally imply a velocity-dependent cross section.
Ref. [218] discusses this issue and presents an interesting discussion of the impact of SIDM
on the small-scale structure and with it the possible resolution of the so-called small-scale
crisis, a collection of (long-standing) mismatches between observations and collisionless
DM simulations [219, 220].

DM lifetime

Additionally, we can also constrain the lifetime of DM with further observations. While the
CMB tells us about the DM density at the time of photon decoupling, the story is of course
more complicated. First of all, we know from local observations that there is a non-zero
DM density in the larger solar neighbourhood [201]. Furthermore, the observation of the
DM-dominated rotation curves implies that, at the time of the photon emission, DM was

*Furthermore, gravitational lensing robustly rules out MACHOs [208| as primary DM component.

5This is the standard quantity for self-interacting DM (SIDM) since most probes are sensitive to the
interaction rate I' = onv and we only have experimental /observational access to the energy density p and
the relative DM velocity v. Thus, replacing the number density n with the relation p = mn, we get that
o/m is what can be determined from observation [216].
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Figure 4.1: Image of the bullet cluster from the original publication [211]. The deviation
between SM mass distribution (blue-red-yellow) and total mass distribution (green and
white contours) becomes immediately clear.

present in those galaxies. On cosmological time scales, this time of emission is of course
a very recent event. From all that we have discussed before, we know that DM has to be
more long-lived than the Universe Tpy > Tyni = (13.801 £ 0.024) Gyr. For rather heavy
DM, which in the context of this thesis means above the GeV scale, this simple constraint
from the consistency of the early Universe and late Universe data can be improved by many
orders of magnitude. Looking for ultra-high energy neutrinos or gamma-rays, especially
from a directed search in a region with high expected DM density, a broad variety of visible
DM decay channels can be covered over an enormous spectrum of DM masses [221-223].
For lighter particles, Ref. [224] showed that these limits can still be extended but now rather
from an overproduction of the Isotropic Diffuse Photon Background, covering parameter
space down to almost keV scales while still excluding lifetimes of mpy ~ 10225 > 1017 s ~
Tuni- In this mass regime, the only visible decay channels are neutrinos and photons and
for even lighter DM, neutrinos will become kinematically unavailable (unless one neutrino
turns out to be massless). Following a very basic argument, we can estimate that the
lighter the DM candidate, the easier it is to stabilise it due to kinematic suppression. In
fact, with only (effectively) massless particles remaining for the decay channels, the decay
width will typically be given by

—— =T'pm ~ smpwMm , (4.2)
DM

where & is some constant. This means generically that the lighter the particle is, the less
the coupling is constrained by demanding that the DM lifetime obeys the observations.
The prefactor x can furthermore be very small, especially in the case of light DPs [225].
But no matter how sophisticated the decay channels, there are model-independent, and
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thus unavoidable, bounds for any kind of DM which arise from purely gravitational inter-
actions.® These gravitational probes include, but are not limited to, the Lyman-a forest
[226, 227] and late-time effects on the CMB [228, 229]. While these limiting frameworks
are generically unavoidable the exact results still have some remnant model dependence
like the number and mass distribution of the decaying particles. Nevertheless, in most of
the parameter space, this approach can improve the naive lifetime limits by about an order
of magnitude.

Direct detection

Having now discussed the history of the DM paradigm and a handful of the most powerful
observations on the DM properties, we can turn to perhaps the most urgent question:
Why isn't the DM showing up in our direct detection experiments? Why don't we see its
annthilation signals in our astrophysical observation? Why didn't we produce it directly at
one of our colliders? Although it is possible to formulate a more unified framework for
the three questions within a single thesis [230], the focus of this work will remain on the
DP. In the following, in preparation for chapter 5, we will therefore focus on the direct
detection aspect of the DM puzzle with a strong emphasis on the ultralight regime.

As we will discuss the detection of ultralight DM candidates in more detail later, let us
for now consider the heavier side of the DM mass spectrum. Particle DM masses are usually
considered up to the Planck scale for two reasons. The pragmatic reason is that, to have
the correct local DM energy density, the number density necessarily has to be low for ultra-
heavy DM. Indeed, the Planck mass roughly corresponds to fluxes, which can yield event
rates of at most a few per year. Additionally, our usual QFT description will begin to break
down around this scale as quantum effects of general relativity become no longer negligible
close to the Planck scale. Although this does not necessarily forbid particle DM in this
regime, the description requires tools that do not exist at this moment. Therefore, even
heavier DM is often not expected to be a fundamental particle but instead a composite
state [231]. In this extremely heavy regime, there is even hope for direct gravitational
detection using mechanical sensors [232, 233]. Let us now again turn to more conventional
direct detection, i.e. via the recoil of a nucleus induced by a DM scattering event [234].
This technology is well-established and gives the dominant limits over a large mass range
between the GeV scale [235-238| and the Planck scale [239, 240]. These instruments are
typically placed in a well-shielded underground lab to avoid any SM backgrounds like
cosmic rays. Infamously, the reach of these detectors is fundamentally limited by the
so-called neutrino fog (or floor) [241], the unshieldable background of ambient neutrinos
which coherently scatter on nuclei and thus mimic a recoil from a much heavier but non-
relativistic DM particle. This is shown in fig. 4.2 for a sample of experiments from the
year 2021. One way to distinguish the signals is directional detection [140-142, 242] since
we have robust predictions for the velocity distribution of the DM particles [243].7

Going to even lighter DM masses makes conventional direct detection looking for nuclear
recoils increasingly insensitive. Simply applying energy conservation to the kinematics of
the process tells us that the recoil energy cannot be higher than the incoming kinetic
energy of the DM particle.® Once the DM is significantly lighter than the nucleus, the

SEspecially decays into other lighter particles within a secluded dark sector will erase the aforementioned
limits from indirect detection as they do not provide any SM signature.

"During the writing process of this thesis, first hints for the detection of solar neutrinos were presented
by the XENON collaboration [244, 245] and the PandaX collaboration [246] at the level of 2.7 and 2.60,
respectively.

A simple workaround here is the concept of inelastic DM [3, 247, 248].



72 4 The Dark Photon as a Dark Matter candidate

10~ 37
10~ 38
NE 10~k xexonit.,
(Migdal) °’..
10—40 CDMSlite

10—41 DarkSide

10—42
10—43
10—4
10—45
10—46
10—4
10—48

SI DM-nucleon cross section [c

—49 | N =™ ]
10 — = v floor (APPEC report)
10—50 Lol L1l Lol Lol Lol 11l
1071 10° 10! 10? 103 10*

DM mass [GeV/¢?]

Figure 4.2: Exclusion limit of several direct detection experiments around the GeV scale
from [144]. The plot also shows the neutrino fog. See the same publication for more details
on this challenging but fascinating aspect of direct detection.

recoil energy of a nucleus quickly becomes too small for detection as we know that the
(bulk of the) local DM particles should not exceed velocities of v ~ 1073 since they
are gravitationally bound to the Milky Way [243]. The options are typically to consider
signatures different from conventional nuclear recoils, e.g. the Migdal effect [249, 250] which
corresponds to the ionisation of an atom due to the electronic cloud lagging behind after a
nuclear scattering event.® Another option is to look for the ionisation of an atom directly
induced by a DM particle scattering on an electron. While the nucleus can usually be
treated as a free (but composite [6]) particle, the electrons are clearly in a bound state. This
changes the description significantly since bound particles do not have fixed momentum but
rather follow a distribution which needs to be predicted from their wave function. This
complication has spawned several solutions and nowadays these effects are well-known
[252-254]. Similarly, more “exotic” materials receive increasingly more attention as they
open up the opportunity to probe the parameter space deep within the sub-GeV range
[255]. See also Ref. [256] for a recent review on the status of sub-GeV DM.

We will later discuss the options we have for the detection of even lighter DM but as

these are typically less model-independent, we will then focus mostly on the DP as the
DM candidate.

9We note in passing that, although the Migdal effect is a robust prediction of atomic physics, it has never
been observed despite dedicated searches [251].
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Table 4.1: Brief recap of the most important DM properties

DM needs to be... Constraint (if applicable) Source
weakly interacting no single figure of merit [235-238, 261]
globally abundant Qcpm ~ 0.12 [46, 181]
non-baryonic Qcpum =~ 50 [46, 181]
locally abundant PDOM,Joc = 0.4 GeV /cm? [201, 262-265]
stable oM 2 14 Gyr or even > 14 Gyr  [226-229] or [221-224]
restricted self-interactions o/m < 1lem?g™! [216-218|

As a minimalistic recap of all the aforementioned DM properties, we present a collection
of the most significant features in table 4.1. Basically, any viable DM candidate must meet
all of these requirements'® as they are derived from purely gravitational observations or
null results in searches for interactions with the SM.

Without going into too many details, it is still imperative to discuss the potential mech-
anism of production for DM in general (to fulfil the condition of the correct global relic
abundance) and more specifically for DPDM. First of all, we will review the most famous
generic production process, the so-called freeze-out mechanism. We will then demonstrate
that this mechanism cannot be valid for DPs. Therefore, we will discuss aspects of how to
produce lighter DPs from the thermal bath but finally, we will realise that, especially for
ultralight DPs, the production can only proceed non-thermally.

Due to its historical importance and still lasting impact on the way we think about DM,
we will now sketch the fundamental idea of the so-called WIMP (weakly interacting massive
particle) miracle. This describes the curious incident that a weak-scale particle with an
electroweak-like interaction strength yields the correct DM abundance via the freeze-out
process. As the interactions are, despite their name, relatively strong, the WIMP will be
in thermal equilibrium early on in the primordial plasma as long as the temperature is
sufficiently above the mass of the WIMP. As soon as the temperature drops below the DM
mass, the process drops out of equilibrium and the remaining WIMPs survive until today,
acting as a potentially detectable DM candidate.

4.2 A little bit of cosmology and the WIMP miracle

We will now review a minimal amount of cosmology required to understand the freeze-out
mechanism in particular and DM production in general following mostly Ref. [182]. As
a proper introduction to the Friedmann-Lemaitre-Robertson-Walker (FLRW) metric and
ACDM is not necessary for a good understanding of thermal DM production, we will state
only the most basic facts relevant to the computation.

Cosmological basics

For this, let us quickly emphasise the assumption of (statistical’!) isotropy and homogene-
ity. This simplifies our calculations enormously: The metric, which describes the geometry

"For DM with strong interactions (strong referring to interaction strength, not QCD), we refer to
Refs. [257, 258] for strong interactions with the SM and to Ref. [259, 260] for strong interactions within
the dark sector.

"1n cosmological perturbation theory the geometry and matter content of the Universe is only homoge-
neous and isotropic on the background level while small perturbations are allowed on top. These, of course,
then seed the structure formation which leads to the enormous small-scale anisotropies/inhomogeneities
we observe today.
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of the Universe and therefore controls all general relativistic effects, will be confined to the

following form'?
-1 0 0 0
[ 0 «a®) O 0
0 0 0 a(t)

with the so-called scale factor a(t) (see below).!3 Similar considerations also drive the
description of the matter content of the universe, i.e. assuming a perfect fluid, the stress-
energy tensor of the matter distribution in the cosmic comoving frame must take the form

pt) 0 0 0
0 pt) 0 0

=10 po pt) 0 |- (44)
0 0 0 pk

where p and p denote the energy density and pressure, respectively. For now, these two
results are unrelated, and thus we need additional equations to connect them. These are
of course the celebrated Einstein equations'*

1
R, — §ng/ =8rGT,, , (4.5)

where G is Newton's constant and R, and R are the Ricci tensor and scalar respectively
which involve derivatives of the metric g and thus amount to a system of partial differential
equations. In general, an analytical solution is impossible to find. Still, in our specific setup
the high degree of symmetry allows for an exact solution, the aforementioned Friedmann-
Lemaitre-Robertson-Walker metric which is only determined by the time-dependent scale
factor of an expanding Universe. The evolution of a(t) is driven by the content of the
Universe backreacting on the changes in the metric. From a simplified point of view,
all particles in the Universe can be divided into relativistic/hot and non-relativistic/cold
species at a given time. In the equations, this difference is given by the equation of state
(EOS) w of a given species

H 0o , non-rel.
w(t) = p(t) = % , ultra-rel. , (4.6)
p(t)
-1 A

where we have also added the cosmological constant A for completeness. In a more realistic
setup, the EOS is of course time-dependent as indicated in the equation. This is natu-
rally the case for a massive particle red-shifting down from relativistic to non-relativistic
energies, but the same is valid for models of evolving dark energy [267]|, which became
especially interesting recently in the context of observations from the Dark Energy Spec-
troscopic Instrument (DEST) which shows a preference for an evolving EOS for dark energy
[268]. As one expample, there exist models where the cosmological constant is mimicked
by the evolution of a scalar field [269].

12To simplify our results further, we also assume that the Universe has vanishing curvature which of
course is well in agreement with observations [181].

13We will follow the metric conventions according to Refs. [182, 266]).

'4Once again for simplicity, we disregard the (in)famous cosmological constant term Ag,, which can in
principle also be absorbed into the stress-energy tensor and is also negligible for early cosmology.
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With these considerations, we can now go ahead and evaluate the Einstein equations for
a generic matter content

. 2
H(t)? = (Zg;) _ %p(?ﬁ) (4.72)

H(t) = —4nG(p(t) + p(t)) = —4nGp(t) (1 + w(t)) . (4.7b)
where we have now defined the Hubble parameter mentioned earlier.'® It is now instructive
to solve these equations separately for different EOSs. We can simply solve the continuity

equation V,T* = 0 to find (suppressing the time dependence for conciseness from now
on)

p=—3H(p+ P)=—3Hp(1+w) . (4.8)

We will now make a simple power law ansatz for p o af and assume that w is either
constant or only mildly time-dependent which in turn implies

-3 non-rel.
k=-31+w)=< -4 |, ultra-rel. . (4.9)
0 , A

This result can also be derived on more intuitive grounds. For that, we realise that the
number density of particles dilutes proportionally to the change in the overall volume'®,
that is, it must be proportional to =3 in our setup. As for non-rel. particles the energy
is dominated by the mass of the particles, the scaling of p with a will follow the number
density. For the relativistic case, we simply note that on top of the dilution, there is also
the redshifting of the energy of the particles, adding another factor of a~!. Finally, for a
cosmological constant, it is almost self-evident that the energy density is not impacted by
the expansion.

In addition, we also derive the relation between the scale factor and time. Having the

scaling derived above this is a fairly simple exercise

$2/3 non-rel.
ao {2 ultra-rel. (4.10)
eM A

)

where we, in an abuse of notation, have defined A = (87Gp/3)'/? as the cosmological con-
stant which, as expected, has units of energy. This essentially concludes the gravitational
part of our mini-review of particle cosmology.

Particle cosmology

Let us therefore now turn to the particle side. If we want to track the evolution of the
particle distribution for species z, we need to use the Boltzmann equation'”

15Before we used Hy, i.e. the Hubble parameter today.

61f the total number of particles is conserved.

"The Boltzmann equation is technically classical and the inclusion of the QFT matrix elements makes
it therefore semi-classical. A full quantum field theoretical generalisation can be found in the so-called
Kadanoff-Baym equations [270].
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For a more pedagogical and stringent derivation, the interested reader can find more mate-
rial in Refs. [271, 272| which also mainly use the same notation. The distribution function
contains all the information about the bulk of particles, but due to the imposed homogene-
ity and isotropy, it can only depend on time and the absolute value of the momentum, which
of course is related to the particle's energy via the usual on-shell relation E2 = p? 4+ m2.
We see that the second term on the left-hand side (LHS) is driven by the expansion of the
Universe since in Minkowski space (where @ = 0 = H = 0) the second term vanishes. The
RHS on the other hand describes the collision between the particles of species x and others
(1) as well as self-interactions. We will not discuss this further as for our description of the
particles' time evolution, it is sufficient to look at the leading moments of the distribution
function

3

ng(t) = gx/(;:;fx(t,p) (4.12a)
3

pa(t) = gx/(;f;sExfx(t,p) (4.12b)
3 2

polt) = 0. [ Gttt (1120

i.e. the number density n, and energy density p., as well as the pressure p,, respectively.
We see immediately that the definition of the pressure is consistent with eq. (4.6) in the
non- and ultra-relativistic case. Additionally, we have introduced the internal degrees of
freedom (DOFs) g,.

Before we specify the setup to the case of freeze-out, let us quickly discuss the Boltzmann
equation in equilibrium. A simple consideration of demanding that processes containing x
are equilibrated (with rates faster than the Hubble expansion) yields the famous thermal
equilibrium distributions

1
eXp[(Eac - Mw(t))/T:v(t)} F1 ’

where T, denotes the temperature of the species x. The — is for the bosonic solution
(Bose-Einstein) and the + is for fermions (Fermi-Dirac), and p, denotes the chemical
potential of the species x which we will however set to 0 from now on. At least for the
SM, this is a reasonable assumption for the early cosmic history [273, 274], i.e. before big
bang nucleosynthesis (BBN). It should also be noted that all the particles participating in
these equilibrium processes share the same temperature.

Unfortunately, it is impossible to find a closed form for the Boltzmann moments for all
regimes. We will nevertheless give the results for the non- and ultra-relativistic regimes

(4.13)

fm(tvp) =

(g7 )3/2 emme/Te non-rel.

nz(t) ~ ga @ s 1, bosonic T (4.14a)
™ " 13/4 , fermionic |
(me + 3T%) na(t) non-rel.

pz(t) =~ gs 2 7 1, bosonic dltra-vel (4.14b)
307 17/8 | fermionic
Tong(t) non-rel.

£ ~ 1 b : , 4.14
pa(t) = 9o g—éTf ) osonie , ultra-rel. ( %
7/8 fermionic
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with ¢ being the Riemann zeta function. The immediate conclusion is that non-relativistic
particles in equilibrium will be exponentially suppressed in number (and thus energy)
density. However, our Universe famously carries an asymmetry in the baryon number
which allows for a late Universe as we know it [183] which makes the non-relativistic
formulae inappropriate for low enough temperatures. In other words, there is a chemical
potential that becomes non-negligible at some point in time.

With that knowledge, let us further investigate the Boltzmann equation. The moments
of the Boltzmann distribution come with their own version of eq. (4.11). For the following,
it is sufficient to consider only the Boltzmann equation for the number density. We will
further simplify the setup by considering a toy model DM candidate in contact with the
SM. Before we can discuss this setup, we should quickly explain the thermal history of
the SM. Under the assumption that the thermal bath of SM particles drives the expansion
of the Universe, we note that the heavy particles in the SM become non-relativistic first.
They could potentially start an era of matter domination, but since they are both short-
lived and strongly interacting, they annihilate and decay away before the a2 scaling can
take over. It is thus fair to assume that species in chemical equilibrium become irrelevant
once the temperature drops below their mass. We can therefore relate the total number
density of the Universe with the temperature via

3
nsMm = g*,nis;TgM , (4.15)

and analogously for the other moments. These variables g, ,,/,/,(T") are known as effective
DOFs and are functions of temperature. They can either be inferred from the literature
[275] or alternatively, the system can be solved by taking into account all SM particles and
using effective masses for the light quarks to account for the QCD phase transition [272].
Since we are not interested in a separate dark sector, we will from now on use Tgy = 7.
For us, it suffices to know that the relation for the energy density allows us to relate the
time with the temperature immediately. To this end, we write
da  daqr AT
_ dt _ dT —

H=A - = & =-HT, (4.16)
where we have used that p oc a=* oc T* from eqs. (4.9) and (4.14a), respectively. We note
that the second proportionality is only valid using the observation that the g , is only
slightly time-dependent in the SM.

The freeze-out mechanism

Equipped with these relations, let us now finally consider the behaviour of a DM candidate
interacting with the SM. In addition, assume that this particle is stable and only coupled
to the SM via 2-by-2 annihilation processes DM + DM <« SM + SM. For the number
density, we find the following expression after integrating over momentum space as defined
in eq. (4.12a)

npMm + 3SHnpm = <0pr0dv>n§M - <Uannv>n2DM (4.17)
dnpum 3 (Cannv) <O'prodv> 2 2

N 2 — — 4.18

dz + anM Hzx (0annv) "'sM T DM ] o ( )

where (ov) denotes the thermally averaged cross section. The first term on the RHS of
the first line can be understood intuitively by the following consideration: the number
density changes at the rate of DM production from SM annihilations. Parametrically, nv
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is a current of particles and no is essentially an inverse mean free path. In combination,
this yields the number of annihilations per time and volume, exactly what we need for the
evolution of the number density. In analogy, the second term describes the annihilation
of DM particles into the SM. In the second step, we have replaced time with the inverse
temperature via eq. (4.16). To be precise, we choose x = m/T since the DM mass is the
only additional scale in the problem, and thus we have a dimensionless quantity at hand.
For this choice, the relation in eq. (4.16) transforms into dz/dt = Hz.

Noting that the RHS must vanish in chemical equilibrium, we can invoke detailed bal-
ance, which says

(Tprod) N80 eq = (Tann¥) Dyt eq - (4.19)

To further simplify the Boltzmann equation we need to introduce the total'® entropy
density sior (see e.g. Ref. [182] for details). The central observation is that this quantity
is comovingly conserved in thermal equilibrium, i.e. sio; o< a™3. With the help of this
quantity, we can define the (dimensionless) yield Ypar/sm = npa/sm/stor and further write

dYpum <Uannv> Stot Ybum eq 2 2 2
= ! Yé&g, — Y, . 4.20
dzx Hax YSM,eq SM DM ( )

Our next step towards a more illuminating equation requires us to realise that the SM
particles are typically rather strongly coupled (and that we assumed vanishing chemical
potential), and thus we can assume that they never deviate too much from equilibrium,
that is Ysm = Ysm,eq- In conclusion, we find the so-called Riccati equation

dYpm <Uannv>3t0t

o = He (Yo You) (4.21)
- z dYpum _ <Uannv>nDM,eq 1— ZSM 7 (4.22)
YDM,eq dx H YDM,eq

which makes it apparent that the interactions with the SM drive the DM yield generi-
cally towards its equilibrium density, i.e. vanishing RHS. This is an efficient process if the
interaction rate is sufficiently fast, i.e. if the prefactor on the RHS is large enough. Let
us therefore investigate this prefactor in more detail. The important factor driving the
whole process is the dimensionless quantity <aann,eqv>nDM,eq/H = Tann/H. We imme-
diately identify this as the ratio of the (would-be) equilibrium annihilation rate and the
Hubble rate. We conclude that as soon as the reaction rate is less than the Hubble rate
the process will drop out of equilibrium. Dropping out of equilibrium means that Ypu eq
rapidly vanishes as the distribution suffers from Boltzmann suppression. In contrast, the
actual yield will deviate from this behaviour. We will therefore consider the simplified
equation where we can safely ignore the equilibrium yield in eq. (4.21)

ay;
o <”anlf;”ft°t Yiu (4.23)
dYpm <Uannv>3tot fLf -0 . Stot Stot,f [ Lf
_ [Ty, th _ Stotf (7) 4.24
7 Tz Hea? pv Wit e = (% (4.24)
H,
= YDM,00 & ! (4.25)

<Uannv> Stot,f ’

'8 As mentioned above, the Universe is dominated by the SM.
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where we explicitly used the temperature dependence of s¢or and H and defined their values
at freeze-out with subscript . Furthermore, we assumed that a time-independent thermally
averaged cross section is a reasonable approximation. We can immediately read off one
of the most striking and maybe initially unintuitive results: the stronger the interaction,
the less DM will be produced! Thinking about this phenomenon for a minute, it quickly
becomes clear that the naive intuition (“more interactions = more DM”) must be wrong.
Stronger interactions keep up the equilibrium for longer and thus, less of the DM remains.
In the next step, we should determine x¢. For this, we effectively need to solve

1—‘ann,f = <Uann,eqv>nDM,eq,f = Hy (426)
2\ 3/2
= <Uanne U> i e” ™ = Hy (4.27)
cd 2mxs ’

using the result from eq. (4.14a). We see that x¢ scales mostly logarithmic with the other
variables of the problem. Thus, determining it once will fix it for a broad parameter range.
We will now make a rough estimate on purely dimensional grounds. Assuming that ¢ does
not vary too much from 1, we write Hy ~ mgl and (Tann,eqV) ~ m~2. We thus find as the
leading contribution e™* ~ m/my and therefore z¢f ~ 30 — 40 for DM masses around the
GeV scale. In the literature, one may also find varying values like 10 — 20 but this barely
plays a role for our arguments here as the main purpose is a sketch of the mechanism.

Now that we have produced our DM candidate, we need to figure out how much DM
we ended up with. We will continue using simple estimates and therefore, among other
assumptions, we will neglect the SM effective degrees of freedom now and ignore O(1)
prefactors, thus simply writing

pcom . mnpm mYpae Ty zp 107 GeV 2
Qcpm = = ~ ’ ~ 0l

Perit 3mg H? 3mg H? 10 (oamv)

(4.28)

Note that we have explicitly defined the relative abundance of DM w.r.t. the complete
energy density of the Universe from eq. (4.1a). This is labelled here as the critical energy
density perit-

We have just witnessed the so-called WIMP miracle! For that, we realise that a weak-
scale cross section will very roughly scale like o ~ a2/ U]%W ~ 1072 GeV~2. Our result
therefore shows that a particle with roughly this size of cross section can explain the
correct DM relic abundance. Certainly, this extremely simplified picture might not be
fully convincing but it captures the main essence. It should be emphasised here that this
result is not just a product of the estimates we were taking as proper calculations yield the
same result, too; see, e.g. Refs. [182, 276, 277|. This cosmological motivation, paired with
theoretical expectations of supersymmetry (SUSY)[278] and the experimental feasibility
of the discovery of such a particle at colliders [279], direct |6, 280] and indirect detection
[281, 282] was the main driver for DM searches over a long time. The complete solution
to the Riccati equation is visualised in fig. 4.3. We see that our analytical expectation
is well-confirmed, i.e. the time of freeze-out is well-modelled by x¢f = O(10) and the final
vield stays constant, whereas the equilibrium contribution vanishes quickly.

Before we now turn to the production of DPs in the early universe, we note that this
process is very general and not only valid for DM. See also e.g. Ref. [182] for the freeze-out
of neutrons, which is all-important for BBN, i.e. the production of light elements from the
thermal plasma. Interestingly, neutrinos freeze-out as well but they are still relativistic at
that time.

Furthermore, there are many variations of thermal production known in the literature
which operate in different parts of parameter space like the freeze-in [283-286] which is
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Figure 4.3: Solution to the Riccati equation (4.21) for a selection of cross section and
a 1 TeV WIMP. The inverse proportionality of the final abundance to the cross section
becomes clear. We further show the target abundance which yields the correct DM relic
density.

relevant for particles with much weaker interactions. On top of this simple variation, there
is a plethora of increasingly specific thermal mechanisms like forbidden DM [287, 288],
Cannibal DM [289, 290], Coscattering DM [291-293], Zombie DM [294], Elder DM [295],
Kinder DM [296], SIMP DM [297-299], and Pandemic DM [300, 301].

4.3 Dark Photon Dark Matter

In this section, we will delve deeper into the more specific production mechanism considered
for DPDM. We will initially consider the case of DP production from the thermal plasma
of the SM. We will quickly conclude that this mechanism is efficient only for comparatively
heavy DPs around the electron mass threshold. Furthermore, the parameter space is
robustly excluded, and thus we will consider the broad class of non-thermal production
mechanisms.

4.3.1 Thermal Dark Photon Dark Matter

In the next step, we discuss the feasibility of thermal DPDM. Let us begin with rather
heavy DPs, at least heavy enough to decay into electrons. Then for electrons alone, we
have an inverse decay time [23] of

e2am 2m,\ 2 2m?
o= 3 1-( m> <1+ m;) : (4.29)
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which of course increases if we take into account more decay channels that open up kine-
matically for higher masses.'® We see that parametrically 7 < (62 )_1, which means,
using 1 eV~ ~ 7-107165, that the total lifetime is estimated as

(7-107%5) €2 (

GeV

|

> > Tior 2 10%s (4.30)
m
where we have used that the lifetime of DM is constrained around 10%°s (as discussed
above) for heavy masses as an order of magnitude estimate. This makes it immediately
clear that the DP must be extremely weakly coupled, in fact so weakly coupled that it
cannot be produced thermally, at least not enough to be a viable DM candidate and
especially not via freeze-out. However, there are interesting limits on the existence of DPs
from thermal production and subsequent decays in specific islands of the parameter space,
e.g. CMB bounds for MeV-scale masses and € ~ 10710 [303]. At this point, it is potentially
interesting to point out that other models of spin-1 DM can fulfil the relic density while
still being rather heavy [304, 305] but as the title of the first reference already suggests
(“beyond the dark photon model”), these ideas are rather vaguely related to the minimal
DP setup we are considering here. We will therefore now turn to a lighter regime.

The first detailed study about light DPDM from the thermal bath was performed in
Ref. [306] which was refined that same year by Ref. [302]. In these seminal papers, the
focus was on DPs below the electron mass threshold for DP decays but higher masses were
also considered even though this will not lead to a stable DM candidate. In the latter
work, it became clear that the parameter space for thermal DPDM is essentially ruled out,
and additional work in the following years made this result even more robust with the
inclusion of direct detection limits from absorption in the same style as discussed for the
detection of solar DPs [119], see also chapter 3. Several direct detection experiments have
thus been considered for DPDM exclusion and some of the best bounds are derived from
there [120, 307-311].

Thermal DPDM production

Let us now sketch the production mechanism. We will focus on the slightly more detailed
work in Ref. [302] which identified two very distinct regions. At the higher mass limit, the
process of coalescence of an electron-positron pair is the dominant production mechanism.
This at first seems unintuitive, since the on-shell condition requires that a given electron
can only coalesce into a DP with a small subset of the phase space of positrons and vice
versa. Nevertheless, this effect occurs at leading order in O(«), while other interactions
like Compton scattering or annihilations with DPs replacing photons are at higher order,
i.e. O(a?), in the fine-structure constant even for resonant conversions which dominate the
lower mass regime. All relevant processes are shown in fig. 4.4. We note in passing that pair
annihilation can also produce two DPs at the same time, but this contribution is heavily
suppressed by the small kinetic mixing. Furthermore, these production mechanisms only
work if the DP never reaches thermal equilibrium, as otherwise, we would rather find a
freeze-out-like behaviour. This cannot be in agreement with observations because light
DPs would freeze-out late and therefore be hot and abundant during BBN or even the
CMB decoupling which is heavily constrained.

The interesting observation is that the amount of DM produced only weakly depends
on the DP mass and it is effectively independent of the exact processes producing the DPs

19We note a minimal typo in Ref. [302] which quotes the above result with a factor of 1/2 instead of 1/3,
i.e. ignoring the longitudinal component of the DP.
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Figure 4.4: Top left: Coalescence/inverse decay of an electron and a positron into a DP.
Top right: Sketch of the Compton contribution to DP production. Bottom centre:
Sketch of the pair annihilation contribution to DP production.

which is due to the special behaviour at the resonance, an effect we already observed in
chapter 3 where the solar DP production rate was independent of I', the production rate
of photons. For a more detailed analytical and numerical treatment, we refer once again
to Ref. [302]. The punchline here clearly is that while relatively light DPs (much lighter
than the typical WIMP) can be produced from the thermal plasma, modern experiments
and observations rule out this mechanism.

4.3.2 Non-thermal production for ultra-light Dark Photons

Now that we have realised that the presumably simplest production mechanism turns out to
be in tension with experimental results let us turn to the class of non-thermal production
mechanisms. There is a plethora of different mechanisms, all of which can produce the
correct DM relic densities for light DPs without invoking interactions with the thermal
plasma of SM particles.?? We will keep the review of the vast literature concise, focussing
only on a few outstanding examples.

Wave DM

However, before we begin with this discussion, let us spend some time explaining why
we are interested in this light regime. The most obvious reason is that we have only
a few hints at the mass of DM. As iterated before, DM essentially only needs to fulfil
the criteria in section 4.1 which is feasible over a wide mass range, especially if DM is
bosonic.?! However, the same effect also drastically changes the behaviour of ultra-light
DM. Whereas before, the typical DM search looks for direct particle-particle interactions,

200f course, in the presence of kinetic mixing, there are additional constraints on DPs, independently of
the production mechanism.

2IThe Pauli exclusion forces the mass of fermionic DM to be above ~ 100 €V, the so-called Tremaine-Gunn
bound [312, 313] to explain DM bound to dwarf galaxies.
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e.g. nuclear recoils, this becomes practically hopeless in this low mass regime since the
non-relativistic particles carry only negligible kinetic energy. The only hope is therefore to
detect the collective effects of the entire local density of DM. We will now see that this is in
fact what happens to ultra-light DM. As DM is non-relativistic and confined to the galaxy,
the particles can be localised down to their de Broglie wavelength A ~ 27 /(mv). For
fermions, these regions clearly should not overlap resulting in the Tremaine-Gunn bound.
For bosons, there is no problem in an overlapping wavefunction, and thus the particles can
populate the same regions in phase space. To quantify this behaviour, let us determine
the occupation number Ngp in a de Broglie volume from the local DM density

PDM m \ 4
Nas ~ 033 1<1Oe\/> ' (4.31)

In conclusion, around the regime where fermionic DM becomes forbidden, we might expect
new phenomena to emerge in bosonic DM models as well. Decreasing the mass further
leads to a massive increase in the occupation number Ngg due to the scaling with the
fourth power of m. Interestingly, as soon as the occupation number increases above 1 we
observe that the DM particles start to behave differently: In this regime, the DM behaves
more like a classical field than a collection of individual particles [96, 314|. The argument
is that a quantum field ¢ can be decomposed according to [315]

¢ = () +0¢, (4.32)

where (¢) denotes the expectation value of the field and d¢ stands for the quantum fluc-
tuations. For a coherent state, the typical scaling is

5 1
(®) Nag

i.e. the high occupation number derived above drives the field towards an almost ideal
classical /wave-like state [316, 317]. See also the seminal paper on the quantum mechanical
description of the EM field by Glauber [318].

Now we might wonder if this special regime comes with additional motivation and/or
bounds. Let us therefore discuss the most extreme case first. The question is essentially,
if DM could be arbitrarily light. The answer is a clear “no” since the uncertainty principle
requires that, if DM is supposed to be bound to a system, e.g. a dwarf galaxy, it should
be localised within this system. Therefore, the de Broglie wavelength should not exceed
the size of dwarf galaxies.?? This corresponds to bounds that require DM to be more
massive than ~ 1072 eV, corresponding to kpc wavelengths, a number that follows quite
consistently from the Lyman-a forest [320-322|, density profiles [319, 323], Milky Way
satellite masses [324], or from Milky Way satellite abundances [325].

DM in this extremely low mass regime is generally referred to as “fuzzy”. Intriguingly,
there are also observational hints towards a preference for ultralight DM. One particular
example would be the small-scale challenges of CDM which might be explained by fuzzy
DM [326]. In particular, fuzzy DM reduces DM structure formation below its de Broglie
wavelength and thus would deliver an explanation for the mismatch between simulated
and observed DM core densities. This suppression of structure on smaller scales led to the
initial introduction of this idea in Ref. [96]. However, since there are no clear hints towards
the DM mass or even the approximate mass range there are parts of the community with
a vivid interest in wave DM over all mass scales below m ~ 10eV. The next chapter will
discuss a particular sub-region around 10717 eV,

(4.33)

22Ref. |319] refers to this as “folk wisdom”. Nevertheless, the estimates coming from this are in excellent
agreement with a more rigorous treatment of this idea.
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The misalignment mechanism

We will now return to the gravitational (i.e. non-thermal) production of DM in the ultra-
light mass range. In this context, we will have a brief look at the first two papers [327, 328|
that wanted to generalise the misalignment mechanism, a simple yet powerful method to
produce (pseudo-)scalars from the expansion of the Universe and an initial misalignment
in field space. (In-)Famously, these papers initially contained an error in the calculations,
which seemed to imply that the misalignment mechanism can easily be transferred to vec-
tor particles as well. A more detailed look showed that only the transverse modes can be
produced in this way if a non-minimal coupling to gravity is invoked [328].

We will now sketch the misalignment mechanism for a scalar field and then we will
discover where the generalisation to vector fields breaks down. For this, we will begin with
the action of a scalar on an FLRW background

2
Sucane = [ atey/=g (50"0)(0,0) = 567 + L) (434
=2 O (V=g0"8) + V/—gm?¢ = 0 (4.35)

9i0=0, FLRW, 5\ 3Hé + m?p = 0. (4.36)

In the first step, we have derived the equations of motions from the action of the field,
ignoring all interactions (including self-interactions) from Lin;. Early on, when the Hubble
rate is much larger than the mass, this is the equation for an overdamped harmonic oscilla-
tor, albeit with a decreasing damping term. Nevertheless, this change of the damping does
not play a major role as long as H > m, implying that the field value is frozen. Later on,
once H < m, the field will oscillate rapidly while the overall amplitude, i.e. the envelope,
slowly redshifts down. To clarify this, let us begin with an ansatz where we split ¢ into an
oscillating and a slowly evolving part

¢ = ¢o(t)e™ with |go| < m|go| and |do| < m?|gy| (4.37)
= ¢o + (3H + 2im) ¢ + 3imHgy = 0 (4.38)
= 200 = —3Hdpy + O (H @, ¢02> (4.39)

m m m
ini | 3/2
= ¢0 ~ Pini (%) ; (4.40)

where we denote initial values with the subscript i,;.2% In conclusion, the energy density?*
stored in ¢, i.e. py $? o< a~3, redshifts in a way that mimics the evolution of a non-
relativistic matter component, i.e. CDM. We note in passing that this is the leading term
in a WKB approximation that is a good match for late times but breaks down when
H ~ m. For higher precision, one would need to introduce higher terms in the WKB
expansion but if we consider the Hubble rate e.g. at BBN we already see that it is H ~
T2/m, ~ (1MeV)? /101 GeV ~ 10710 éV. We conclude that even during our earliest probe
of cosmology, m > H is a robust assumption in large parts of the generic DM parameter
space.

22Note that we have used a time-independent mass for the scalar field. For the QCD axion, the mass is
known to be explicitly temperature- and thus time-dependent [329].

24This can be derived from the stress-energy tensor of the field. For simplicity, we can read this off from
the mass term in the Lagrangian. See also Ref. [328]. Furthermore, we average out the rapid oscillations.
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The key difference for a vector boson lies in the Lorentz structure of the Lagrangian

which modifies the equations of motion®®
4 1 v m2
Svector = d Ty —g —ZFMVF“ + TAMAM + »Cint (4.41)
EOM v 9 v
» — 0y (V—gF™) — —gm*A” =0 (4.42)

DA FLRW, A HAj 4+ m24; =0, (4.43)
where in the first step we have once again written the EOM explicitly. Further simplifica-
tions then bring us to the third line. It is important to note that the equations of motion of
a perfectly homogeneous field force the temporal component A° to vanish.?® This equation
was incorrectly derived in the original publications and thus, it was not realised that the
DP behaves different free three independent scalars. Furthermore, we have to realise that
pa o< AFA, =g AA, = a_QA? = BJZ- (if we once again read this off from the mass term
or consult Ref. [330]) and thus we should rather express our equations in terms of this
quantity. This leads to a different equation of motion

Bj +3HB; + <m2 +24 HQ) Bj =0 (4.44)
a
. : , R
& Bj+3HB; + (m*+ = | B =0, (4.45)

where we have explicitly defined the Ricci scalar R in the FLRW metric which was in-
troduced earlier for the Einstein equations eq. (4.5). We see that the vector field cannot
follow the same time evolution as the scalar, and thus we cannot use misalignment in the
most naive formulation for the production of DPs. The trick is to introduce a non-minimal
coupling to gravity

Loray = %RA,LA“ , (4.46)

with the conformal choice k = 1 which will cancel the dangerous term and allow for the
production of transversely polarised DPs. Unfortunately, this seems to cause unphysical
behaviour in the longitudinal mode [331-335]. Focussing on the longitudinal mode instead,
there is an alternative mechanism to misalignment which can produce longitudinally po-
larised DPs from quantum fluctuations during inflation, introduced in the seminal paper
Ref. [330]. Since then, gravitational production has come under more scrutiny and this
approach was explored in greater detail [336-338|. See also Ref. [339] for a recent review
of gravitational particle production in cosmology including not just vector bosons.

Furthermore, there are additional mechanisms that qualify as non-thermal but require
coupling to additional particles like the inflaton [340-343], a general spectator field [344—
347, an axion [348, 349| or from cosmic strings [350].

The DP limit landscape

As a concluding remark, the detection (both direct and indirect), as well as the direct
production, become increasingly tricky the further we go down the mass scale of the DPs.

ZWe note in passing that we should use the covariant derivative for the field strength 8, — V,, but
the antisymmetric structure of the tensor cancels the contributions from the Christoffel symbols. For the
scalar, the covariant derivative in GR coincides with the one we are used to in Minkowski space. See e.g.
Ref. [182] or any book on GR/cosmology for details on the covariant derivative.

26We will observe a similar effect in the following chapter 5 where we discuss the wave DM limit for DPs.
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Plasma effects, or in general matter effects, play a major role in that context. As long as
the DP has a non-negligible mass in a given setup, detection prospects are good. Now, the
lighter the DP, the easier it is for usually irrelevant scales such as plasma frequencies to
become larger than the actual DP mass. This generically induces decoupling, as we have
realised in detail in the previous chapter 3. Therefore, in the next chapter, we will consider
a modified version of the DP which enjoys the same non-thermal production mechanisms as
the kinetically mixed DP but has experimental signatures which do not suffer so strongly
from plasma effects.

However, before we move towards the next chapter, we should discuss the general land-
scape of kinetically mixed DPDM limits. In the previous chapter 3 we have already seen
very strong limits on the sheer existence of DPs in the low mass regime. These included
the solar/stellar limits [120] which start to become dominant below roughly the electron
mass and peak around the keV scale. Their dominance is only broken by limits from
cavity-based light-shining-through-the-wall experiments [351]?7 at the ueV scale, especially
DarkSRF [352]. Also, tests of the Coulomb law [43] can be very sensitive and are probably
the strongest probe of the existence of DPs in a purely lab-based setup in this region. If we
want to cover smaller masses, we need to check for cosmological observations [109, 110, 112]
since resonant conversions of CMB photons into DPs can distort its black body spectrum
which becomes relevant also at the peV scale and stays the strongest bound down to around
10~ eV. Interestingly, the limits for the existence of the DP at lowest masses are due to
the magnetic field of Jupiter [76, 77] relevant at DP masses of around 10716 —10717eV. A
good summary of all the limits can be found in fig. 4.5.

Finally, let us come to the DPDM limits, which are often stronger than the limits of the
sheer existence of DPs.2® Once again, there are limits from direct detection experiments
such as XENON, now looking for the signal of DPDM [120] in the keV region. Toward
lower masses, there is a plethora of dedicated?® experiments, which penetrate deep into
the parameter space around 107% — 1077 V. These experimental ideas have mostly been
developed from theoretical proposals to real experiments in the last decade. These ideas
can usually be categorised as broadband or resonant searches. Examples of the former
are haloscopes [328], initially proposed for axion searches [115] and resonant, tunable LC
circuits picking a DM-induced magnetic field [353] to name two important concepts. For
the broadband case, a major example is the dish antenna setup [354] but as shown in
Ref. [355], there is a transitional regime and quickly tunable setups can bridge the gap
between resonant and broadband detection, as, e.g., in the case of dielectric layers (see the
aforementioned paper and, e.g., [356]).

We will refrain from a complete collection of limits here and instead focus on the limits
providing the deepest reach and/or the widest spread in DP mass. These are, among
many others, ordered by mass range, WISPDMX [357], Dark E-Field [358], ADMX [359],
BRASS-p [360], and DOSUE [361]. A quick look at the publication dates of these results
shows that over the next few years, we can hope for a gradual coverage of the parameter
space.

Until then, the gaps between these direct searches are dominated by cosmological limits
on DPDM which are even stronger than the aforementioned CMB limits on the existence of
DPs. At the highest masses where these limits become relevant, i.e. around the meV scale,

27Tt should be emphasised that this paper marked a new understanding of DPs in cavity setups and it
enabled strong efforts in the experimental community.

%80nly due to the Sun being so efficient at producing DPs, there is some parameter space where the
DPDM limits do not dominate.

29These are typically experiments constructed mainly for ALP DM searches. Nevertheless, we have already
realised in chapter 3 that these searches can often be reinterpreted in terms of DP bounds [102].
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these come from the stringent constraints on the effective number of relativistic degrees of
freedom at BBN and CMB (for more recent data see also [362| and [181], respectively for the
data and [363] for DM-independent limits). Then analogously to the disappearance of CMB
photons due to resonant conversions, a background of DPDM can resonantly oscillate into
photons, thus potentially distorting the CMB black body spectrum. This effect dominates
the limits from ~ 10~ eV down to masses of neV. From here on downwards, there are even
stronger limits, in fact globally among the deepest reach of the kinetic mixing parameter,
derived from the heating of inhomogeneous structures as seen in the Ly-a forest [113] or
from observations of the temperature of the intergalactic medium (IGM) during the time
of Hell reionisation [110].3°

Beyond these bounds from cosmology that reach ~ 10~ eV, the best limits come from
astrophysical systems and the anomalous heating they receive from the presence of DPDM
[133, 365, 366] which decouple comparatively slowly and thus stay dominant from here on
until they vanish and /or become unreliable.?! While these limits are indeed the strongest in
the ultra-light regime, we should mention an idea brought forward for the direct detection
of ultra-light DPDM, using the Earth itself as a cavity which generates an oscillating
magnetic field which can be readily picked up [368, 369]. This intriguing idea is the
strongest “lab-based” limit at an impressively small mass of ~ 107!6 V. With an analogous
or at least similar concept, additional searches followed or have been proposed after the
original publications [370-373].

Before we end this chapter, let us point out a final method for searching DPs which
is almost completely independent of the kinetic mixing. The effect in question is called
superradiance [374]. Simply put, rotating black holes can build up clouds of light bosons
while simultaneously spinning down. The cloud build-up is only efficient for a DP Compton
wavelength, i.e. the inverse mass, that roughly matches the horizon size of the black hole.
The observation of spinning black holes with specific masses therefore limits the existence
of DPs in a given mass range without invoking kinetic mizing. Therefore, this probe can
be considered extremely powerful, excluding all parameter points with a given mass in the
usual mass vs. kinetic mixing plot [375]. Interestingly, interactions with an extended dark
sector or with the SM via kinetic mixing can inhibit the growth of the superradiant cloud
and thus invalidate the limits in parts of the parameter space [114, 376].

Since the DP is an attractive model in general and an interesting candidate for DM, this
field of research is constantly evolving, and new limits or proposals appear constantly. In
this brief review, we have tried to focus primarily on peer-reviewed articles. However, there
are numerous intriguing new ideas on the market. Let us explicitly mention Ref. [377| which
utilised a satellite probe that was originally designed for a different purpose as a semi-direct
detection search for DPDM.?? Fundamentally, the idea is to use the Parker Solar Probe
for the detection of monochromatic photons from the reflection of the interacting part of
DPDM at the solar plasma [378].

30Gee also Ref. [364] for an earlier description of similar limits in that region of the parameter space.
31Note that some of the limits in [365] were later discovered to be invalid [367].
32This concept is very well aligned with the publications presented here in this thesis.
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Figure 4.5: Exclusion limits of many DP(DM) searches [162]. Note that it is not im-
mediately apparent from this plot which curves exclude the existence of DPs and which
only bound the interactions of DPDM. We thus refer to our small review in this thesis,
the GitHub repository itself, or Ref. [72] which covers a good explanation of many limits
which however misses several recent developments.



5 Riding the Dark Matter Wave: General
Dark Photon search with LISA
Pathfinder

Yes, there are two paths you can go by
But in the long run
There's still time to change the road you're on

Stairway to Heaven
LED ZEPPELIN

This chapter is based on the following publication:

[2] J. Frerick, J. Jaeckel, F. Kahlhoefer, and K. Schmidt-Hoberg, Riding the dark matter
wave: Novel limits on general dark photons from LISA Pathfinder, Phys. Lett. B 848
(2024) 138328, [arXiv:2310.06017]

We further introduce the following improvements:

More detailed discussion of the signal description and the signal-to-noise ratio

Comment on criticism of the original work in Ref. [379]

Further details on the exclusion of kinetic mixing from the analysis and clarification
of the impact of plasma effects on general DPs

Outlook on follow-up analysis

Having discussed the DM problem throughout this thesis and especially in chapter 4,
we will now go ahead and perform a specific DM direct detection search. As discussed
in the previous chapter, there is a case to be made for light and ultralight DPDM, which
will be, with some features added, the focus of this chapter. These additional features are
newly introduced vectorial couplings beyond the “vanilla” kinetic mixing. We will refer
to this concept as generalised DP but for simplicity, we will call this particle just DP in
this chapter. In practice, this simply means that the DP is gauged under a combination
of baryon number (B) and lepton number (L), with a particular focus on the difference
(B — L). For the later discussion of the vanilla/canonical DP in the same setup, we will
therefore refer to it as the kinetically mixed DP (cf., e.g., [20, 22-25, 380]).

In this chapter, we will focus on the ultra-light mass regime of DM. Especially for small
DP masses m, the Stiickelberg |35, 36] mechanism is of great importance since the Higgs
mechanism introduces a new, typically also ultra-light scalar into the particle spectrum
which tends to dominate the phenomenology.

As introduced in the previous chapter, for m < 10eV the local DM halo behaves like
a classical wave as the spacing between particles becomes smaller than the de Broglie
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wavelength [314]. Having discussed the plethora of production mechanisms, we will stay
agnostic about the details of the mechanism as long as it is non-thermal.

Astrophysical objects like the Sun can efficiently produce light DPs even beyond the
kinetic mixing paradigm, which, in turn, results in impressive limits on the existence of
DPs without requiring them to be DM [1, 102, 104, 381, 382|. Additionally, lab experiments
testing the equivalence principle are perfect setups to look for this kind of new physics that
induces long-range forces beyond electromagnetism and gravity [383-386|. Planetary [387]
and asteroidal [388, 389] orbits are also sensitive to new long-range forces. Finally, the
gauge anomaly associated with baryon number leads to strong constraints from meson
decays [25] for this specific gauge group.

If the DPs are also DM, new tests become available, e.g. with accelerometers as proposed
in Ref. [390] and realised in [391]. A particularly interesting possibility is to search for these
DM candidates directly at gravitational wave observatories. This idea was first pointed out
in Ref. [392] for ultra-light scalar DM and later briefly discussed for DPDM in Ref. [390].
Independently, Ref. [393] focused especially on GW interferometry and performed a more
detailed analysis for several instruments based on the small inhomogeneity of the field.
We will use this work as a guideline for our analysis, as it also investigated new vector
bosons gauged under B and B — L, and discussed both ground-based and space-based
laser interferometers. However, it makes use of the differential acceleration between two
equal test masses and is therefore limited by the small ratio of arm length to the scale of
inhomogeneity. Here, we point out that the setup of LISA Pathfinder (LPF') also offers the
possibility to use the differential acceleration between a test mass and the satellite carrying
the interferometer itself. As we will argue this type of search is not limited by the arm
length, significantly increasing the sensitivity in the relevant mass range compared to a
previous analysis [394]. That said, we want to point out that the use of auxiliary channels
was already proposed for KAGRA in Ref. [395] and applied by the LIGO/Virgo/KAGRA
(LVK) collaboration directly [396].!

Before we discuss the detailed structure of this chapter, let us quickly point out that
GW searches, in general, are also now considered as direct detection of DM-induced grav-
itational effects. See Refs. [397-404| for many different ideas and DM candidate searches
with a variety of GW search setups.

We briefly discuss the signal prediction and analysis method in sec. 5.1 and point out
the similarities and differences to previous DPDM interferometer limits. This is followed
by an introduction to LPF including a discussion of the sensitivity in sec. 5.2. Finally, we
estimate the sensitivity of this instrument to DPDM and discuss the necessary steps for a
refined analysis in section 5.3 before we conclude in section 5.4.

5.1 Calculation of the signal

Our first step is to introduce a new Lagrangian for the general DP |20, 21, 51|

1 v EKM m2

E D) _EF,L,LVF,IJ‘ — TF,L/J,VF#V + TA;J‘A,'U‘ — EgeALJ; y (51)
which contains the renormalisable interactions of the DP field AL in full generality. To
be specific, this model has both the (by now) well-known kinetic mixing exy between the
field strength tensors F,SQ of the SM photon and the dark photon, and an explicit direct
coupling €, to a current Jj associated with a new U(1) gauge group g. Note that we have

!The LVK paper appeared only after the work this chapter is based on was published.
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rescaled the gauge coupling g, to the electromagnetic coupling e, i.e. g4 = €4e. Adhering
to our idea of a minimal setup, we will assume that the DP field constitutes all of DM.

5.1.1 Signatures of general Dark Photon Dark Matter

At this point, it should be pointed out that the interplay of an extended dark sector
can be extremely rich, even if one introduces only a single new particle charged under
this new gauge group. As mentioned in chapter 2, this setup is usually called (induced)
millicharge and opens up a plethora of new effects and detection mechanisms. However,
we will now transition from thinking about dark sectors? to new gauge groups in the
visible sector. The existing global symmetries of the SM offer natural candidates for new
gauge groups. However, as is well-known, there are certain consistency relations required
for gauging symmetries to make a theory anomaly-free [25] which restricts our choices
for gauging SM particles. This leaves us with a handful of global SM symmetries that
can be gauged [20]. For most of this chapter, we focus on the explicit couplings with
g= Borg=B—L,ie. gauging baryon and baryon-minus-lepton number, respectively,
unless mentioned otherwise. In sec. 5.3 we will discuss how to generalise our analysis to
arbitrary gauge groups and we will further give strong arguments for why we ignore the
kinetic mixing in the following even though it was the main driver of the phenomenology
in previous chapters. As we do not rely anymore on the interactions with the photon field,
we will from now on drop the “ 7”7 as long as there is no risk of confusion.

Under the choice of these two gauge groups, essentially any piece of baryonic matter is
charged. To be more specific, let us focus on the atomic matter that makes up most of
our surroundings, and thus also our experimental setups. For B, the situation is clear as
the charge of an atom is just given by the number of nucleons, disregarding the electrons
on the shell.> For B — L, the situation is slightly more complex. Basically, as atoms are
charge neutral, we have B — L = N,, + N, — N, = N,. The contribution from protons
and electrons must cancel and thus B — L is just given by the number of neutrons. In
particular, this means that most hydrogen atoms, i.e. excluding deuterium and tritium,
are neutral under this charge. Furthermore, ionisation impacts the total B — L charge
through missing or additional leptons in the form of electrons. Despite this complication,
it is a good approximation to consider all the matter as not ionised and thus we can keep
the simple rule B — L = N,,.

DP electrodynamics

As was discussed before, as soon as the DM mass drops below the ¢V mass scale, it can and
should be described by a classical field as the quantum fluctuations become less and less
relevant. As we have seen in the previous chapter, DM has to be cold (non-relativistic).
Combining this with the classical description of a DP field with mass m yields

A(t,x) = Apye o) (5.2)

Here we have moved any spatial dependence into the phase ¢(z) =i k-x+ ¢ and we note
w = m(1 + O(v?)) in our non-relativistic setup. To be specific, the typical DM velocity
in our halo is given as v ~ 1073 [243]. Here we have focused explicitly on the 3-vector
component of the field A, as we can always use the “Lorenz” condition to calculate the

*Note that most of the phenomenology still requires kinetic mixing to make contact with the SM.
3This further means that atoms and ions of arbitrary electric charge have the same B charge.
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temporal component

Ck-A()

%

DAt =0 = At) = v A(t) < A1), (5.3)
which furthermore indicates that this component is velocity-suppressed compared to the 3-
vector. We note that we have already made a similar observation in chapter 3, in eq. (3.22)
to be specific. However, in that setup, it was not clear that the temporal component is
small since the solar DPs can be relativistic. At this point, it needs to be emphasised
again that this is dictated by the equation of motion (EOMs) for a massive vector boson
in stark contrast to the massless case where this can be considered a gauge choice. For
the detailed derivation, we refer to the aforementioned passage on plasma effects. Now
that we have made sure that the temporal component is small, we can justifiably neglect
it. Furthermore, we can see that in the case of a purely transversely polarised DP, the
temporal component vanishes exactly since k- Apy = 0. Whatever setup is present in a
realistic scenario, we can thus safely ignore the temporal component.

DPDM properties: coherence & polarisation

Our above discussion is to some degree oversimplified. Instead of a slowly oscillating
plane wave, we rather have several coherence patches neighbouring each other, which are
however smoothly connected. Each of these patches has a different density [401, 405]
and potentially also a different polarisation [379, 406]. We will neglect the aspect of the
density here as it is difficult to handle in the analysis. We could be unlucky that the
density during the mission time of LPF was anomalously low. On the other hand, even if
we see a signal it might be that it slowly disappears as we are slowly moving towards a
new coherence patch with a lower density such that potential follow-up experiments would
not see anything. We will leave this issue aside for this thesis and always rely on the
average value of the energy density. Indeed, the fluctuation of the energy density follows a
Rayleigh distribution centred around the average density, indicating that we do not expect
enormous or completely vanishing signals.

Let us now discuss the aspect of DP polarisation. In terms of DPDM polarisation,
there are typically two classes of production mechanisms discussed in the literature, either
polarised production over the entire Hubble patch or completely random polarisation (down
to the coherence patch) [72]. On top of the different production mechanisms, there still
is an ongoing debate about the gravitational infall into the potential well of galaxies. It
is not clear yet whether it will break the polarisation down into coherence patches. The
main argument for the breakdown of the polarisation comes from virialisation and the
equipartition theorem [379]. On the other hand, there is a simple but robust argument
presented in Ref. [72]| based on the spin evolution in GR which may indicate that the non-
relativistic infall will barely influence the alignment of the polarisation. This work also
pointed out the need for simulations to settle this debate.

In general, this ongoing discussion motivates us to consider both scenarios in our setup
to allow for truly robust and fundamentally conservative limits.> Even though the aspect
of DPs having a polarisation in contrast to scalar ULDM seems like an additional com-
plication, it also allows for novel signal discrimination opportunities. This effect will be

“This is not the case for thermal production which operates typically above the wave DM bound and
so individual particles can have individual polarisations produced from a very homogeneous and isotropic
SM plasma.

SWe will discuss later that the polarisation can lead to blind spots in the worst-case scenario making
naive limits potentially too optimistic.
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Figure 5.1: Visualisation of coherence patches taken from Ref. [379] with the left-most
figure originating from Ref. [407]. We see the coherence patch structure of the DM halo
and how we can imagine the coherence length as the size of these patches. The coherence
time is then just the time it takes for an entire patch to pass by the position of the Earth.

discussed explicitly later in this chapter, even though certain aspects will already appear
throughout the following paragraphs.

Now that we have discussed the polarisation in great detail, let us return to the coherence
patches. These patches are found in simulations of vector DM, and by definition, within a
coherence patch, the signal can be treated as being monochromatic. This derives from the
narrow spread in velocities of the non-relativistic DM halo, i.e. the dispersion of the field is
strongly suppressed. The typical size of these patches, i.e. the coherence length, is given by
the wavelength \. ~ 27/(mv).% By analogy, the coherence time is t. ~ 27 /(mv?). Simply
speaking, the coherence time measures the amount of time it takes for a coherence patch to
pass by a fixed position. The coherence length, on the other hand, measures the distance
between two distinct patches. As a reminder of our earlier discussion, it is important to
keep in mind that, on top of the monochromatic frequency, neither the amplitude nor the
polarisation of the field changes (significantly) within a coherence patch. For a visualisation
of this concept, we present fig. 5.1 taken from [379] which shows on the left a zoom-in of
a simulation from Ref. [407]. We can clearly see the granular structure of the different
patches. The graphic demonstrates the variation of density and polarisation in each patch.

As we shall see, the DPs will induce a signal that oscillates at a frequency given by the
DP mass. LISA Pathfinder (LPF), as our improvised direct detection experiment, covers
a frequency range from a few Hz down to around 10~ ° Hz (see sec. 5.2). Especially for the
lowest frequencies this implies an extremely long coherence time due to the non-relativistic
velocities. Even for the highest frequencies in LPF's sensitivity range, the coherence time
is more than a week. We conclude that even long-term searches for monochromatic sig-
nals suffer at most weakly from the decoherence of the signal, thus enhancing the limits

STechnically, the more relevant quantity would be the spread in velocities, Av which is however of similar
magnitude as v. This also explains the divergence in the v — 0 limit as a field exactly at rest must oscillate
perfectly at a frequency given by the DM mass and cannot have gradients since the momentum vanishes.
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significantly without employing new technology. The decoherence should not be an enor-
mous problem even in a dedicated search as, when looking for a DP with fixed mass, we
already know the coherence time and we can bin the data accordingly as we should see a
monochromatic line in every bin. Observing such a line over several coherence times will
allow us to even probe the underlying velocity distribution. We refer to Refs. [408-411] for
similar attempts in conventional direct detection.

Understanding the signal

For the sake of clarity, we will give a minimal description of LPF here and use it as an
example of the main idea behind our analysis. A more detailed description will follow in
sec. 5.2. We should emphasise that the following arguments are equally valid as a signal
prediction for two generic objects. In LPF, two (almost) identical test masses (TMs) are
enclosed separately in the spacecraft (SC), also referred to as the science module, and the
relative motion between the TMs themselves and between TMs and the SC is tracked in the
main and auxiliary channels, respectively. The dominant effect of the gauged DPDM on a
charged object is analogous to the electric component of the Lorentz force. Conceptually,
the following was discussed in Ref. [390] but several steps will be clarified and the result
will be generalised. Before we can calculate any forces, we need to determine the “electric
field” from the background DPDM

Eg = —ékA(t,x) = iwADMe_iwt+¢(x) . (54)

For our purposes, we could completely ignore the phase of the field and set ¢(x) ~ 0 and
consider it spatially constant over the size of the experiment as already discussed in great
detail. In the broader context of using GW interferometers as DPDM direct detection
experiments, it is nevertheless very beneficial to keep this spatial dependence. In the case
of LPF, it is however helpful to think about the field as oscillating at a single frequency as
long as we consider only coherent time scales.

This field then exerts a force on all objects charged under the given gauge group. There-
fore, we find the following acceleration

a(t,x) ~ iwege%ADMe_in‘ﬁ(x) = iege%\/ZpDM & e wite(x) , (5.5)

for an object of mass M and charge ¢ (under g). The gradient of the temporal compo-
nent contributes to the Lorentz force as well and so does the magnetic field, but these
contributions are at least O(v?) suppressed according to eq. (5.3). Therefore, we neglect
these signatures in our deeply non-relativistic setup. Furthermore, we used the well-known
relation between the average energy density and amplitude of wave-like DM

1
PDM = §w2!ADM\2 , (5.6)

which is also correct up to quadratic terms in the velocity from the kinetic energy of the
DPs. Finally, €4 is the unit vector in the direction of the DPDM field within a coherence
patch.

5.1.2 A brief introduction of the signal-to-noise ratio

For the exclusion of a given parameter point, we need to determine the signal prediction
and compare it to the noise.” This is done via the signal-to-noise ratio (SNR). In the

"For our analysis, we will adhere to the use of simplified data from the calibration of the LPF auxiliary
channels in the form of noise curves. Therefore, we will not be able to perform an actual search for
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following, we will perform a simple derivation of this quantity based on Ref. [412] which
can be consulted for a more extensive and pedagogical discussion.

Signal & Noise
On a general level, we can model the output of a generic detector s as

s(t) = h(t) + n(t) , (5.7)

where h denotes the actual signal and n generically represents all noise.® In the next step,
we will try to disentangle the noise from the signal. Initially, we will Fourier transform®
these quantities

o) = [ Sratiemst, (5.9
and assume that the noise is uncorrelated, i.e.
!/ !/ 1
(" (Fn(f)) = 6(f = ) 55a(F) - (5.9)

We know that the noise is real, i.e. n*(t) = n(t) and thus S, (—f) = S;:(f). We will refer to
this quantity as the power spectral density, and it has units of [n]?/Hz where [X] denotes
the unit of the quantity X. Furthermore, we take

(n(t)) =0. (5.10)

We note that the d-function in eq. (5.9) is an idealised result that derives from assuming
that we can take an exact ensemble average on the LHS. Assuming ergodicity, we can
approximate the ensemble average with several independent measurements over a time
T'. This procedure immediately introduces a frequency resolution Af = 1/T. This finite
resolution will soften the divergence of the § distribution. Assuming a binning in A f allows

us to write the otherwise divergent function as
1
0f—f)=9¢ —=1T. 11
(F= 1) =50 = 37 (511)

As a quick consistency check we see that for infinite resolution Af — 0, i.e. infinitely
long measurements 7" — oo, the result is divergent as was the case for the exact ensemble
average. We therefore conclude

(In(F)?) = 5Su(T (512

and we can determine the average of the quadratic noise in the time domain via

(n(1)?) = / af df’ (n*(Fn(f) = /0 T arsay). (5.13)

We see therefore that the power spectral density is a very useful quantity for measuring
properties of the noise. For a more intuitive handling of the noise, it is nevertheless helpful
to define the amplitude spectral density (ASD) as /S, (f) which is what we will use later

in our analysis.

monochromatic lines in the raw data. However, the noise curves are still sufficient to exclude parameter
space.

8See the aforementioned [412] for more details on the origin and validity of this modelling, especially for
the introduction of the transfer function. The notation h is usually used for GW detection, i.e. denoting
the strain. We will be more interested in an acceleration, but we will continue to stick to this nomenclature
so that the interested reader can more easily make contact with the existing literature.

°In the usual abuse of notation, we will not change the variable for the Fourier transformation and just
write z(t) — z(f).
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Matched filters

In the next step, we will have a brief look at matched filtering, an important step towards
maximising the visibility of a known signal hidden in the noise. In other words, we define
a new quantity

5= / Tt s(K () (5.14)

where the detector output s is convoluted with a filter function K. We will now define the
expectation value of § as

S = /Oo dt (s(0) K (1) (5.15a)

—00

- / T ALK (1) (5.15b)

—00

~ [ arnnr . (5.15¢)

—00

where we have used eq. (5.10) and Parseval's theorem to go from time to frequency space.
We furthermore need the standard deviation of S, called N, in the absence of the signal

N* = [(8%) = (8)*],_, (5.16a)
= (80 (5.16D)
= /dtdt’K(t)K(t’)<n(t)n(t’)> (5.16¢)
= / dtdt' K(t)K(t) / df df’ (n*(f)n(f))e2m =1 (5.16d)
—5 [ ars.iE. (5.160)

where we have again used eq. (5.10) and additionally eq. (5.9) in the last step. Now we
can finally express the SNR for a general filter function as

g S IS

N A AT S DIK(P

(5.17)

The most urgent question now clearly is how to determine the ideal filter function. We will
skip over the derivation for which we once again point towards the literature [412]. The
result for the ideal matched filter is given by

h(f)
5.7 (5.18)

up to an arbitrary rescaling constant. Plugging in this result yields an SNR of

K(f) =

[h()I?
Sn(f)

SNR = 2 /Oodf (5.19)
0

To use this knowledge, we now need to determine the Fourier transformation of the signal.
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In our setup, we realise that h(t) = a(t).!” Since the signal is monochromatic, it is trivial
to determine the Fourier transformation

Lo a4 A _m
ai(f) = 5ege==+/2por 0000 (£ = 3-) (5.20)

where ¢ = x,y, z denotes the axis and cosf4; denotes the angle between axis and polari-
sation and we needed to introduce a factor of 1/2 as we are working with one-sided ASDs.
In passing we note that it becomes explicit in this expression that a one-dimensional setup
or even a typical planar interferometer can, in principle, be insensitive to this effect if the
polarisation is orthogonal to the plane of the experiment. LPF offers the advantage of
having a full 3D sensitivity of the SC motion w.r.t. the TMs. We therefore find for the
SNR. of the relative acceleration between two test masses

1

SNR — 26° (A%) V2ppm cos O 577 = Aa; 5T —7). 591
I/ Vo(r =1 5V (f =1 (5.21)

This result could have been guessed given some intuition for the signal. Since it is
monochromatic, we are sensitive to the amplitude Aa; which corresponds to taking the real
part of the signal and discarding the oscillatory component. Unfortunately, the expression
will once again yield a divergent result. However, this is once again a relic of assuming
infinite resolution, and we can replace the remaining delta function by the measurement
time as done in eq. (5.11). We need to pay attention, though, since the signal is only
monochromatic within a coherence time. For a complete treatment, we would require the
stochasticity of the signal to be taken into account. However, we can still use a monochro-
matic description if we instead divide the measurement time into bins of coherence times.
We therefore need to replace the §-distribution by

Tobs ) Tobs <t.

: (5.22)
V Tobstc ) Tobs > tc

5(0) — Tog = {

as outlined e.g. in the appendix of Ref. [413] using both the observation time Tt and
coherence time t.. The basic reasoning behind this result is that n different coherent
patches are independent of each other and thus in eq. (5.19) we need to add n different
|h(f)|? in quadrature, yielding a multiplicative factor y/n. In the final result, this rescales

te by v/nte = v/nter/te = V/Topste- Finally, we can write the full SNR as

Aa;
SNR = —2+/Togp 5.23
VS, Vet (5.23)

for which we know the theory prediction Aa; and the time scale Teg. In the next section,
we will discuss the ASDs /S, of LPF, thereby completing the set of relevant parameters.!!

Let us end the computation of the signal prediction with another comment on the coher-
ence patches. From our discussion of the coherence time, we conclude that in the ultra-low
mass regime, we will not be able to tell the difference between the two polarisation models
discussed before (barring higher order effects) as all experiments with realistic lifetimes
will only observe a single coherence patch. At the higher end of the LPF frequency range

100n the scale of the experiment, it is well justified to disregard the spatial dependence of the signal, i.e.
¢(x) = 0. We will later discuss higher-order effects, which are however negligible for the main analysis.

" Conventionally for most GW searches, results are quoted as ASDs for the relative displacement, also
known as strain, instead of acceleration as used for this analysis. The translation from our ASD to this
strain sensitivity is fairly simple as it only requires a rescaling factor of ~ w?/L.
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the situation might be more promising if we allow for an observation time of several years.
This can get even better if the sensitivity can be extended to higher frequencies. In con-
trast, for larger masses, measuring at different times corresponds to measuring different
polarisation of the DPs. Combining this with the fact that LPF has a non-trivial orbit and
orientation will result in a very complex scheme required to perform a rigorous analysis.
However, applying this information, which is known in principle, might provide additional
constraining power as demonstrated in Ref. [72], following our discussion above. We will
further comment on this issue in section 5.3. To conclude this discussion we emphasise
that the position and orientation of the SC will not change significantly on the time scales
of the used observations [414], i.e. a few days at a time per measurement series. Thus, a
single measurement as we use it in this chapter will not have that additional constraining
power, but it also does not require the complex scheme required for tracking LPF's orbit
and relating it to a potential signal.

5.1.3 Alternative signals at gravitational wave interferometers

Before we begin our discussion of LPF in detail, we should still answer some remaining
questions on the theory side. Now that we understand the relevant framework, let us
quickly compare our result for the auxiliary channels between SC and TMs, to the case
where A4 = 0. This corresponds to two bodies (i.e. TMs) made from the same material,
which is the case for the main channel TMs in all existing and planned interferometric GW
searches including LPF.'? Additionally, any elemental impurities that could break this
degeneracy are kept extremely small to improve the performance of the interferometer,
even though in principle it might be worth investing as long as the impurity is larger than
the suppression we get from higher order effects discussed in the following paragraphs.'3
In principle, according to the equivalence principle (EP) [417] the material will not make
a difference in pure GR for the detection of GW waves and even potential violations for
the EP are constrained to be so small that it would be completely negligible [386, 418|.
While this seems to imply that any GW interferometer could be made more sensitive to
DPDM by using different materials for the TMs without impacting the performance, this
theorist's point of view is oversimplified as the technical aspects of the GW detectors make
it much simpler to use the same material for all TMs. Especially in the case of ground-
based detection like LIGO, Virgo or KAGRA, the mirrors'* are the product of a long
optimisation process after which the best material was chosen [419] such that the TMs are
necessarily made from the same material.

Therefore, we have to look for subleading effects to detect the DPDM signal in equal TM
setups like LIGO or the LPF main channel, e.g. from the phase in eq. (5.4) which however
introduces both an arm-length and a velocity suppression. This is exactly the approach
followed by Ref. [393]|. Only later it was re-discovered that the finite light-travelling time
of the laser 420 leads to an improvement if the length scale associated with the DP
mass (i.e. 1/m) coincides with the arm length of the interferometer L as already pointed

2LPF and LISA will use AuPT cubes while LIGO, Virgo and GEO600 use fused silica [396, 415]. KAGRA
uses sapphire mirrors in the main channel, but as mentioned earlier, they have fused silica in their auxiliary
channels {395, 396]. For the Einstein Telescope (ET), there will be two different sets of mirrors [416] but
they are deployed in separate interferometers and it is unclear if there is a connecting channel between
them which could be used for our analysis.

13Determining the composition of these impurities might, however, be difficult in itself but for this ap-
proach, such a determination would be crucial to interpret the data. Furthermore, in conventional GW
interferometers, the suppression is substantially weaker than in LPF which makes this idea less attractive
overall.

"We will use the term test mass and mirror interchangeably in this chapter.
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Figure 5.2: Sketch of the gradient/decoherence effect which represents a snapshot at a fixed
time. The black lines indicate the background field where the inhomogeneity is strongly
exaggerated. (Since the field is technically vectorial, this is just the projection of the
field in the direction of the sensitive axis.) Furthermore, it is important to note that the
field oscillates much faster in time than it does change with position. Since the two TMs
experience different field values they are accelerated differently.

out in Refs. [390, 392].15 This “new” analysis method and the decoherence effect from
the small inhomogeneity of the field will give an observable relative acceleration even for
strictly equal charge-to-mass ratios. However, the acceleration induced by these effects is
suppressed by max {(wL)Q, va}. For full-scale interferometers where the arm length is on
the scale of 1/m ~ 1/w by construction, this may not be big a problem. But for LPF with
its very limited arm length of ~ 40 cm, these effects will substantially suppress all limits
derived following the standard methods in the literature, as shown in Ref. [394]. Therefore,
looking for auxiliary channels between TMs and the SC that feature A # 0 is promising.
Indeed for KAGRA and its auxiliary channels; this observation was already utilised in
Ref. [395], which enhanced the limits in the low-frequency region significantly as pointed
out above. The combined collaboration of LVK has followed up on this more conceptual
work with a detailed analysis, which however performed significantly worse than expected
from the original forecast due to high noise levels and short observation times [396]. Both
the decoherence approach and the finite light-travelling time method are shown in fig. 5.2
and fig. 5.3, respectively. The scaling introduced above will now be derived in the following
paragraphs based on the intuition gained from the two sketches.

The decoherence effect

Let us now quantify the behaviour of two identical TMs. For that, we will return to
eq. (5.5) and specify a given axis z; by introducing cos 64 ;. Then, we can simply write for

5 Thankfully, this interesting “historical anecdote” was pointed out by the anonymous referee of the
original publication [2] this chapter is based on. This hint towards the historically correct version of how
these limits were (re-)derived should be acknowledged here again to respect the original works on this
topic. At this point, it should be emphasised that this analysis method was already applied directly to
LIGO/VIRGO data [421, 422].
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Figure 5.3: Sketch of the finite light-travelling distance effect active even for a perfectly
homogeneous background. On top, we see the distance travelled by light in a setup at rest
(or moving at constant velocity). The centre represents the change in the reflection for an
accelerated motion for three snapshots in time which correspond to the time of emission
of the light ray from the left TM, the time of reflection on the right TM, and the time of
detection for the returning light ray, respectively. It is apparent from the lower sketch that
even though the distance between the particles remains the same, the distance travelled
by the light is still affected. This mimics a relative acceleration between the two TMs.

the relative acceleration between two objects with equal charge-to-mass ratio

Aa;(t,x) = iege%\ﬂpDM cos 9,47@'672'&”‘/ (1 — ei¢(x)> = qe ! (1 — ei¢(x)> (5.24a)

: d d 2

~ vjziwaie @t (5.24c¢)

where we have put the first object at z; = 0 and assumed w.l.0.g. $(0) = 0. The definition of
a; reflects the previous definition of Aa; in eq. (5.21) with A(q/M) — ¢/M. In the following
step we have used that ¢(x) = x -k and k =~ mv =~ wv. It should be noted that in our
calculation, there is only one axis of relevance. The usual two-arm interferometer however
requires a more careful treatment as shown in the appendix of Ref. [393]. Plugging in that
x; = L, the distance between the two TMs, we have the well-known but rather discouraging
gradient effect which says that small, equal TM interferometers suffer a massive suppression
~ vwL which can be of the order of 107'° or smaller for LPF. The fundamental idea
is sketched (in a rather exaggerated way) in fig. 5.2. We note that this approximation
breaks down for large excursions of the objects away from their initial position or large L.
This decoherence effect is much more powerful in conventional GW detectors and is thus
thoroughly discussed in the aforementioned literature.
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The finite light-travelling time effect

The decoherence of the signal is not the only observable effect. The aforementioned finite
light-travelling time effect is even at play when the field is perfectly homogeneous. We will
therefore neglect the phase, i.e. the spatial dependence, once again. Interestingly, this is
an “integrated” effect, and thus we need to work with positions instead of accelerations.
For better visualisation, another sketch is provided in fig. 5.3. We will then derive the
perceived acceleration in a second step. Assuming the same initial positions as before and
vanishing initial velocities, we will now calculate the time it takes for a photon to propagate
from one TM to the other and back again. We therefore define the positions as

zia(t) = Z; (1 — et (5.252)

zia(t) = L+ % (1—e™t) (5.25b)

which ensures that the TMs start at the correct positions 0 and L. Furthermore, we have
used a; defined above in eq. (5.24a).

The trajectory described in the previous paragraph is the round-trip distance/time in
conventional Fabry-Pérot interferometers where a light ray enters through one mirror and
then returns after being reflected on the other. In LPF, this is not exactly what happens
(cf. fig. 5.5) but we will not focus on this since our auxiliary channel configuration is
more sensitive anyway. Assuming a small armlength, i.e. a short travelling time w.r.t. the
oscillation time (not the wavelength!) of the DP, we get for the distance travelled by the
light

Azx; = (ﬂ?@g (t + L) - $i71(t)) + (SULQ(t + L) - :Ei71(t + QL)) — 2L (526&)
_ Qi ( _iw(t+L) —iwt i [ o(rD)  —iw(+2D)))
<L+w2 (e e ))+(L+w2 (e e )) o1,
(5.26b)
; ) 2L2
~ %e*“ﬁ (2 <1 —iwl — > ) —1— (1 2iwl — 2w2L2)> (5.26¢)
= Lot 22 (5.26d)
w

Also, here we needed to assume that to leading order the distance between the two objects
stays at L, i.e. the arguments of z; ; /» have an O (ai/wQ) < L correction, which we neglect.
Furthermore, it needs to be emphasised that we can assume the light to propagate in
vacuum and thus the travelling time is set by the travelling distance in natural units.
From this apparent relative motion, we can extract a pseudo-relative acceleration

Aa;(t) = w?Az; = (wL)%a;e™™t (5.27)

which we infer from the data although the distance between the TMs is L at every point
in time. Therefore, this effect is based on the fact that the speed of light is finite and
that the motion of the TMs is accelerated.'® Nevertheless, the speed of light is very large,
and thus this effect becomes massively suppressed, even more than the gradient scenario
if wL < v which is the case over the entire LPF parameter space. This observation also
explains why Ref. [394] used only the gradient-induced acceleration, ignoring completely
the pseudo-acceleration induced by the finite light-travelling time.

161t is important that the motion is accelerated since constant velocities would cancel each other in the
above calculation.
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5.2 LISA Pathfinder sensitivity

To begin this section, we will explain the experimental setup of LPF in more detail, now
also taking into account technical considerations in contrast to the previous section where
we have mostly taken a theorist's perspective.

LPF instrumentation

LPF [423] was a precursor mission to the planned space-borne gravitational wave interfer-
ometer LISA [424].17 The mission's main objective was to demonstrate that the technology
developed for LISA will be able to perform as predicted in a realistic space environment.
For this purpose, a SC containing two TMs was sent to the first Lagrange point of the
Sun-Earth system. These TMs are 2kg Gold-Platinum alloy cubes with a side length of
~ 5 cm which were placed in two separate electrode housings with an optical bench placed
between them. The main aim was to keep the noise in the relative acceleration between
the two (effectively) free-falling TMs at a level that would verify the applicability of this
technology for LISA. In fact, the test was successful and performed even better than ex-
pected [425, 426]. Such a high-precision instrument requires more scrutiny than a single
interferometer measuring the relative TM displacement. Therefore, LPF contained a radi-
ation monitor [427], additional interferometers [428], and capacitive sensing [429]. Several
of these auxiliary channels were used to avoid a collision between “TM1”, the reference test
mags, and the SC. The choice of a preferred TM is required as two TMs on their respective
geodesics within a single SC cannot coexist without a collision. Therefore, there are mea-
sures in place to correct the trajectory of the second TM w.r.t. the reference TM. In other
words, the TM chosen to be the reference effectively guides the SC which moves around
the TM to leave it unperturbed on its geodesic. As a result of these involved manoeuvres
and due to the geodesic deviation'® which generically induces a relative acceleration be-
tween two masses initially parallel to each other, the second test mass, i.e. TM2, has to be
corrected on its orbit.

These two TMs are aligned on what the collaboration labelled the x-axis. On this axis,
there is the so-called x19 interferometer which is the central instrument on-board as it is
used to measure the relative acceleration between the TMs. For our purposes, we focus
on another instrument, the x; interferometer, which controls the SC position w.r.t. TMI1.
This auxiliary interferometer will be the best channel for searching for DPDM over a large
mass/frequency range. All interferometers use the optical bench placed between the TMs
which is the heart of the mission [431].

LPF elemental composition

As we have pointed out in great detail in sec. 5.1 we require knowledge about the charge-
to-mass ratio and therefore the elemental composition of both the TMs and the SC to
calculate the signal correctly. Unfortunately, the SC itself is made up of a collection of
different materials and components hard to determine from the literature. Nevertheless, on
average they are expected to have much lower atomic numbers than Au or Pt for practical
reasons. For example, it is highly preferable to have a light and cheap spacecraft and thus
the science module will contain only negligible components with similarly heavy nuclei as
the TMs. Thus, they will have different, or to be more specific for most cases even smaller,

'"Earlier this year, the construction phase for LISA was officially confirmed by ESA.
18 A derivation and discussion of the geodesic deviation equation can be found in most GR textbooks, e.g.
in [430].
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charge-to-mass ratios. This result is intuitive for B — L as the total charge of an atom
under this gauge group is given by the neutron number and the neutron-to-proton ratio
tends to increase with atomic number for stable elements. This effect generates different
charge-to-mass ratios for light and heavy elements.

This effect is more subtle for B. The difference mainly comes from the variation in
binding energies and the small mass difference between proton and neutron, and it is not
linearly increasing as clearly with the atomic number. For a first understanding, we can
nevertheless find an estimate for the suppression of the charge-to-mass ratio w.r.t. the
B — L result: both the binding energies and the nucleon mass difference are of order MeV
compared to the total nucleon masses which are at the GeV scale. Naively, this suggests a
suppression factor ~ 1073 that turns out to be quite accurate, as we will see in section 5.3.

Let us now try to take a first step towards an estimate of the SC's elemental composition.
The second most important contribution, after the technology package enclosing the TMs,
arises from the base structure of the SC. This enclosing construction was built mainly
from carbon and aluminium [432]. Unfortunately, the SC contains many different sub-
components beyond that, several of them with a similar mass. Furthermore, it is not
unlikely that some of them will also contain elements with atomic numbers much larger
than those of C or Al. A detailed analysis of the SC composition requires a deep dive into
the development of LPF and might not be possible without intense discussion with the
LPF collaboration itself. Thus, we will simply use a lower bound on the charge-to-mass
ratio of the SC. To arrive at a conservative estimate, we will assume that all components
are made from the same material as the TMs except for the SC structure which we assume
to be entirely made from carbon. Using this approximation and table 1 from Ref. [432],
we conclude that the 450 kg SC has an 83 kg C component and the remaining material will
have a charge-to-mass ratio equal to that of gold."?

LPF data

To clarify the entire setup and especially for a better understanding of the geometry, we
show an exploded view of LPF in fig. 5.4. For us, the propulsion module can be ignored
as it was already detached during data taking. We can therefore focus on the remaining
components. Let us now focus for a moment on the electrode housing. An important factor
in the sensitivity analysis of the SC motion against the TMs will be that not just the x-axis
but also the y- and z-axis are tracked where the z-axis points from the TMs to the solar
array. The details are shown in fig. 5.5. These axes can not be measured with the optical
bench and thus they are inferred via capacitive sensing which in general is less precise than
the interferometers for most frequencies. Nevertheless, we have the advantage of being able
to analyse the relative acceleration ASDs for all SC axes [433] and we show these results in
fig. 5.6. They represent the simulated, data-backed sensitivities to the relative acceleration
of the SC w.r.t. the TM(s) which is exactly what we are interested in for eq. (5.23).2°
These results were obtained from a 6.5-day noise-only run in April 2016 [425]. The curves
explicitly account for all known noise on SC and TMs and therefore they present the best
estimate for the stability of the SC w.r.t. the TM(s). To derive limits, we will set cuts
at 1Hz and 10~*Hz since the noise model breaks down in these extreme regimes [433],
therefore requiring further expertise on the instrument. However, a detailed analysis of

19The difference in the charge-to-mass ratio of gold and platinum is so small that we can safely neglect it
here.

20Tn fact, the y- and z-directions are tracked w.r.t. the average of both TM coordinates while for the x-
axis only the relative motion w.r.t. TM1 is measured via the additional interferometer. (See the discussion
above for the reasoning behind this.)
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LISA Technology Package
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Figure 5.4: Exploded view of LPF showing the science module containing the test masses
in its centre as well as the propulsion module. The technology package contains all of
the experimental setup relevant to our analysis but since the entire mass of the SC goes
into the calculation, we cannot completely ignore the structure or the solar panel. For
simplicity, we will just perform a conservative estimate (see text). Image by ESA/ATG
medialab (with permission).

the data will most likely lead to interesting constraints in these extremal regimes. We will
briefly discuss a planned follow-up project in the concluding section 5.4 of this chapter
which also takes into account that there is more data beyond the noise-only run from April
2016.

Before we calculate the limits from the ASDs derived from this data set, let us briefly
discuss the frequency dependence and the distinct features in the curves in fig. 5.6. For
higher frequencies down to ~ 1073 Hz, the sensitivity is limited mostly by the so-called out-
of-loop noise which describes several external influences on the SC. This is where the ASDs
are the weakest compared to the main channel, which is shielded from these influences by
the SC arranging itself around the TM. The bump at the low frequency part of the spectrum
is due to the star-tracker noise which comes from imperfections in the determination of
the position of the SC. Ref. [433] argues that this low-frequency noise will most likely be
mitigated in the LISA mission, pointing out an interesting avenue for future investigations
of gauged DPDM. We will discuss this in more detail in sec. 5.3. In the extremely low
frequency region, we observe an additional loss in sensitivity from the capacitive actuation
noise experienced by the TMs. In this regime, the simulation also predicts a significantly
better sensitivity than the data as shown in Ref. [433] further justifying the cuts introduced
above. At peak sensitivity, the x-axis almost reaches the TM1-TM2 result, cf. the dashed
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Figure 5.5: Sketch of the science module with the degrees of freedom tracked during the
LPF mission. These are x12, x1, as well as the y and z direction and rotations of the
test masses. Furthermore, the same is done for the SC. The optical bench in the centre is
responsible for the most precise tracking on the x axis. The electrodes inside the housing
track the movement in the other directions and the SC is itself controlled by the thrusters.
Image taken from Ref. [433].

black line in fig. 5.6 taken from Ref. [425] which is based on the same data sample.?! At
this point of best sensitivity the other axes perform comparably worse as the capacitive
sensing cannot compete with the interferometer on the x-axis.

5.3 Results

Now let us piece together our detailed knowledge of the LPF sensitivity with our signal
prediction. Table 5.1 shows the elemental charge-to-mass ratios for carbon and gold [434].
As argued above, we ignore the Pt contribution to the TMs as its charge-to-mass ratio
is close to the one of Au. We can derive the simple relation for the SC-TM difference
of charge-to-mass ratio under the conservative assumptions about the SC composition of

sec. 5.2
<%>TM - <%>Au 258
()~ (0= (), )
26D =G = GPsel * |G =GRl 6280

with fo ~ 83kg/450kg ~ 0.18. The last column of Table 5.1 shows the corresponding
absolute value of this difference. It is an unfortunate coincidence that the baryon charge-
to-mass ratio is so similar for Au and C. Taking into account the true composition of the

2IUnfortunately, the full frequency range is not shown in that work.
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Figure 5.6: Sensitivity of the LPF SC acceleration w.r.t. the TM(s). Red shows the inter-
ferometer sensitivity, focussing only on TM1, while green and orange are found from the
capacitive sensors in the housing averaged over both TMs; data from [433]. The dashed
black line shows the maximum sensitivity of the LPF TM-TM measurement based on the
same data set; taken from [425]

Material Au C SC-TM
(&) 5, in Gev? 0.64  0.54 0.018
(#)p in Gev! 1.0736  1.0737 1.8-107°

Table 5.1: Charge-to-mass ratios for Au, C, and the difference between these two elements
rescaled to our estimate for the SC composition.

SC will alleviate this suppression. At this point, it should be emphasised that these are
very conservative limits in both cases and that we rather expect the suppression in both
cases to be about an order of magnitude weaker once the full SC is taken into account, i.e.
introducing fx for all existing elements and their corresponding contribution to the total
mass. In the end, of course, we need to have )y fx =1 and since the typical charge-to-
mass ratio of light elements is similar to the one of C, especially for B— L, this will alleviate
the suppression. Finally, we observe that our initial estimate of the suppression in the B
charge-to-mass ratio to be about 10~2 is in good agreement with the actual calculation.

Combining the different axes

Demanding that the SNR in eq. (5.23) is at most unity we get a good estimate for the
LPF sensitivity on the coupling strength of the DP to the chosen gauge group. For the
DM density, we assume ppy ~ 0.4 GeV /cm? [435].22

As noted earlier, there is a rigorous way to combine the different axes but it requires
taking into account a proper convolution of SC position and orientation with all possible

22We note in passing that unfortunately, for the otherwise outstanding repository of limits in Ref. [162],
the DM density varies between different sources which leads to somewhat limited comparability. However,
as most DPDM limits scale only with /ppm and the values considered in the literature usually vary only
between 0.3 — 0.45 GeV/cm?, the actual effect is expected to be rather small in practice.
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DP polarisations. Although this procedure necessitates knowledge of the exact orbit of
LPF, it will provide even stronger limits if one follows the detailed guide provided in
Ref. [72]. LPF offers the advantageous feature that it is in principle sensitive in all three
spatial dimensions?? which means that our results cannot suffer from “blindness” due to
an unfortunate orientation of the polarisation. We can always set a conservative estimate
by taking the least sensitive axis for every frequency according to fig. 5.6.

B — L sensitivity

In fig. 5.7, we show our main result for B — L as solid lines for the individual axes following
the colour-coding of fig. 5.6. Here we assume for each axis separately that the polarisation
is exactly aligned with the given axis, i.e. setting cosf4; = 1 in eq. (5.20). We see that we
get rather similar constraints from all axes, except for the better peak sensitivity of the x-
axis. Following the above argument by taking the upper envelope, that is, just considering
the weakest limit for every mass, we can obtain a conservative combination of the limits.
At this point, we should comment on the criticism brought forward in Ref. [379] which
rightfully points out that the polarisation might not be linear as assumed throughout the
publication this chapter is based on. While this certainly changes the signal, our search
is effectively independent of the polarisation being linear or elliptical, as we have solely
focused on the projection to some axis which will still just give a sinusoidal signal. Our
setup is effectively sensitive on all axes and thus with sufficient statistics, in case of a signal,
it might even be possible to extract the exact polarisation by combining results from all
channels.

Keeping this in mind, we will opt for a more optimistic way to simplify the visualisation
of additional forecasts and later the results for B. Following Ref. [393] we perform an
average over all possible velocities and polarisations. While this is technically not the
most conservative assumption for these long coherence times, we adopt this approach to
facilitate comparison with previous LPF limits [394] and LISA projections [393, 420].2* As
our limits are independent of the velocity of the DPs as a direct result of not having to rely
on the gradient, the resulting “geometry factor” is 1/v/3 as compared to the usual result
of 1/3. Then, instead of taking the upper envelope, we will use the lower envelope, i.e. the
strongest limit for every mass, multiplied by this suppression factor. We will refer to this
as the envelope simplification.??

Using this approach, we also include an estimate of the improved reach of LPF as a
dashed blue line taking into account the entire data set and using the improved under-
standing of the detector noise and the reduction of Brownian noise in the later stages of
the mission [426].2° We demonstrate the impact of the observation time by also including
the blue dotted line, which assumes the same sensitivity as the solid lines, but we set the
observation time to the coherence time for each frequency. This explains why the high
frequency sensitivity is similar to the "fixed observation time" scenario: For the highest
frequencies available, i.e. around 1Hz, the coherence time is about 10%s, which is roughly

Z3We note that it would be preferable though to rely only on the interferometer for the analysis. While
this is a good option for taking into account the entire data, our analysis is limited to an “instantaneous”
measurement, i.e. the SC attitude barely changes throughout the 6.5 days. Therefore, electrostatic mea-
surements are important to avoid complete blindness. We thank Luis Mendes for this hint.

24\We refer appendix A of Ref. [436] or all of Ref. [437] for a thorough discussion of this issue.

Z5Most of the limits we show with this method are more optimistic projections anyway. Only for the solid
blue line of the B limits in fig. 5.8 and the blue region in fig. 5.9 we should keep the shape of all three axes
in mind.

26For this we set the observation time to 1 month and assume an improvement in noise-reduction by a
factor 3.
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on the time scale of a week, coinciding with the real observation time used to model the
sensitivity curve. On the low frequency end of the spectrum, the coherence times approach
millennia scales making the dashed line much stronger than the other limits. Although
people have considered the possibility of ultra-long time observations [438], we will refrain
from considering this as a realistic forecast. However, this sensitivity scaling with time is
an interesting aspect of ultralight DM in general. In this regime, the time evolution of the
signal is effectively completely deterministic once we have measured it since the coherence
time is far beyond the realistic plannability of future missions and thus the signal looks
monochromatic with fixed polarisation for the lifespan of any observation.

To demonstrate the power of our approach we compare it to three major results from
the literature. We see that our analysis can cover new parameter space beyond the oth-
erwise dominant limits set by the fifth-force search interpretation of the MICROSCOPE
experiment [386]. Furthermore, it is immediately clear that our analysis can easily outper-
form previous LPF limits [394] just because there is no need to rely on the decoherence
of the field which is the dominant effect if one only considers the two test masses. The
improvement of our limits over the naive results that can be obtained from the decoherence
method evaluated around our peak sensitivity at ~ 5- 10718 eV is given by

. AL
Bbsat  Zm (mpL) ™t~ 3102 (5.29)
€B—L,dec M

ignoring the small difference in sensitivity between the x12 and the x; sensitivity at this
mass. The first factor takes into account that our method suffers from a mild charge-to-
mass ratio suppression w.r.t. the decoherence method, while the second factor comes from
the smallness of the decoherence on a length scale of 40cm. If we go beyond the peak
sensitivity, we, of course, receive a penalty from the decline in sensitivity of the auxiliary
channels. We note that the limits found in Ref. [394] are better than naively expected from
our analysis method, presumably because of their more sophisticated statistical analysis.
This observation gives us confidence in the potential reach of our approach for future
analyses using all available data. The third literature result is a LISA forecast using the
conventional analysis method [420].

B sensitivity

Before turning to the LISA projections, let us discuss the results for B shown in fig. 5.8.
We lose around 3 orders of magnitude in sensitivity which can be explained by the stronger
charge-to-mass ratio suppression in eq. (5.29) for B. This becomes immediately clear in
the comparison of our results to the decoherence limits from LPF which do not suffer from
this issue as they scale with the total charge-to-mass ratio. Nevertheless, the decrease in
sensitivity of the Equivalence Principle limits due to the same effect still allows to probe
a small region of new parameter space and makes an extended study of LPF (and LISA)
auxiliary channels very attractive as it will cover a significant amount of new parameter
space. Additionally, we added limits from the baryon number anomaly [25] which are
non-existent for B — L. It is fascinating that our limits can be stronger than this line
even though it grows with decreasing mass. This demonstrates the exquisite sensitivity of
instruments such as LPF or MICROSCOPE.

LISA forecast

The limits shown as solid lines are rather robust and include conservative estimates on sev-
eral different levels. Now we will take a more optimistic point of view and focus especially
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Figure 5.7: Limits on the rescaled coupling to B — L, eg_r,, of DPDM. In grey, we show
the DM-independent limits from searches for violation of the Equivalence Principle [386]
and the dark red filled region shows the LPF limits derived from decoherence in Ref. [394].
The dark red dotted line shows the forecast from LISA [420]. In red, green and orange we
show the main result of this paper. Forecasts for similar analyses are shown in blue using
the envelope simplification explained in the text.

on the future LISA mission. As noted earlier in eqgs. (5.22) & (5.23), longer observation
times up to one coherence time are extremely efficient to enhance the limits. With the
peak sensitivity of LPF lying at around 1073 Hz, it would be ideal to have data for around
30 years, which of course is far beyond the actual lifetime of the mission. Nevertheless, the
LISA mission may take data for up to 10 years [424] which means that it naively maximises
the efficiency for frequencies around ~ 3-10 2 Hz. Together with a general decrease in the
noise, this will allow for probing the ultra-low frequency parameter space complementary
to the previous LISA forecasts.?”

Previous projections using the planned arm length of around 2.5 - 105km significantly
cut into unexplored parameter space as shown in figs. 5.7 & 5.8. These limits are based
on looking for TM-TM displacements using the light-travelling time method and they are
strongest around masses of 1076 eV. However, reducing the mass by just one order of
magnitude already introduces a decline of the limits by a factor of at least 100. In contrast
to that, our method is well-suited for the lowest frequencies available because eq. (5.23)
does not depend on the arm length at all. Thus, there is no suppression of the constraints
for low frequencies, i.e. large coherence lengths, except for the intrinsic sensitivity loss of
the instrument. Indeed, the enhanced reach of our limits at small masses agrees very well
with the findings of Ref. [395] using the KAGRA auxiliary channels. Even though these
auxiliary channels are at best as sensitive as the main interferometer, they outperform the
conventional limits in the low mass region. In conclusion, the LISA mission will provide
us with a very powerful tool to constrain the interactions of DPDM when combining the
main channel analysis with the auxiliary channel analysis. These limits, spanning several
orders of magnitude in mass, will reach deep into the unprobed parameter space.

2T Optimistically, we will assume a factor 10 improvement from the LPF sensitivity in 2016 and mitigation
of the star tracker noise for our projections.
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Figure 5.8: Limits on the rescaled coupling to B, €g, of DPDM. While most of the limits in
fig. 5.7 are quite similar for baryon number, there are additional limits from the anomalous
nature of this gauge group [25] shown as a solid black line.

Generalisation to different couplings

As mentioned in section 5.1 our approach is not limited to B—L and B. There are a number
of additional gauge groups ¢ that will have very similar limits. These limits require just a
proper rescaling procedure depending on the type of coupling. As noted earlier, there are
essentially two types of couplings in our problem when it comes to analysing observations
involving different elements. The first one (“B — L-like”) is essentially sensitive to different
neutron-to-proton ratios of the different elements while the second one (“B-like”) relies on
the smaller differences in binding energies for different nuclei. Limits that instead depend
on the total charge-to-mass ratio do not suffer from this “binding energy suppression” as can
be seen from the small changes between the LISA projections and the previous LPF limits
in fig. 5.7 to fig. 5.8. For arbitrary gauge groups with a given combination of baryon and
lepton number B — S we find that the charge-to-mass ratio can change from element to
element.?® Therefore, ignoring different isotopes and changing to nuclear physics notation
we find for an element with atomic number Z = L and mass number A = BB

q aA—-BZ 1 Z/A
<M>anﬁL7 Am,  “m, ﬁmp ’ (5.30)

where m, denotes the proton mass.
If instead, we are interested in the difference between two elements we find

a _ oA () p=0
A<M>aB5L_{ﬁA(%)BL , else (5:31)

using our results for the total charge-to-mass ratios from before. This makes the distinction
between “ B — L-like” and “ B-like” immediately clear. Only a gauge group without coupling
to the electron number will suffer from the binding energy suppression. The interesting
observation is that the calculation for 8 # 0 is already enough to rescale our limits to
all possible gauge groups that meet this criterion. We present a selection of groups in
table 5.2. The second column shows the rescaling for the relative charge-to-mass ratio,
and the third column shows the rescaling for the total charge-to-mass ratio. We note that

28For simplicity, we take L = L. here as L, and L, will give no contribution.
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Limits Type of coupling Relative Acceleration Decoherence/Light-travelling time (Au)

L. — L, B-L 1 79/(197 — 79) ~ 0.67
L.—L, B-L 1 79/(197 — 79) ~ 0.67
B-—3L. B-1L 3 (379 —197)/(197 — 79) ~ 0.34
B 3L, B 1 1

B-3L, B 1 1

Table 5.2: Recipe to rescale the limits for more gauge groups. We give the type of coupling
and the corresponding rescaling factor.

the decoherence/light-travelling limit rescalings are technically only valid for Au and the
B = 0 are only valid for Au-C systems. Nevertheless, the rescalings for these cases will still
give solid approximations for the true rescaling factor to arbitrary elements.

A rigorous discussion of kinetic mixing

In section 5.1 we neglected any contribution from kinetic mixing. Let us discuss the reasons
why this is well justified although the limits on the kinetic mixing parameter ey are much
weaker in this mass range (c.f. fig. 4.5). First, both TMs and SC are essentially electrically
neutral [439], immensely suppressing the charge-to-mass ratio compared to B — L or B.
One way to circumvent this problem is by instead investigating higher order effects like
the radiation pressure on the TMs.?? Even this higher order effect will be shielded from
the TMs by the SC which acts effectively like a Faraday cage for the TMs since the
background field is effectively static. Furthermore, the enormous wavelength of the DPs
has another effect: the reflection of the DPs on the SC is massively suppressed. Since
the SC is extremely small compared to the wavelength of the DP, the DPs will essentially
undergo Rayleigh scattering with the SC, i.e. the long wavelength limit of the scattering
of EM waves on small objects. Thus, the reflection and with it the radiation pressure is
suppressed by ~ (Lsc/Ac)*, where Lgc denotes the scale of the SC. All the tools necessary
for a simplified calculation can be found in Ref. [440| which is straightforwardly generalised
to DP-modified electrodynamics.?°

Finally, there is another effect suppressing the radiation pressure of DPs. As we have
already realised in chapter 3, in-medium effects lead to the effective suppression of the
kinetic mixing if the plasma mass w, = \/4man/m, is larger than the DP mass [102], i.e.
EKM,eff X mz/wf). me denotes the electron mass and n ~ 5ef/cm3 denotes the electron
density in the interplanetary medium close to Earth [441] implying a plasma mass of
~ 107 '%¢V which is much larger than our mass range of interest. For a more thorough
treatment, we refer to chapter 3. Of course, the plasma will also interact with the gauged
DPs and we will now improve the treatment of the original publication [2] using the results
from [442|. Although this work focused on the relativistic plasma in the early Universe,
the results can also be applied to the non-relativistic plasma of the interplanetary medium
which is dominated by electrons. To be precise, the only relevant contribution to the plasma
mass comes from electrons since they are the lightest charged particles in the plasma. We

29This effect is complementary to looking for the reflected interacting component in a dish antenna setup
[354]. Instead of the power focused on the receiver antenna, one would look for the pressure applied on
the mirror by the same process.

39The idea is to follow the spherical cow approach and make the crude approximation of a spherical satel-
lite. Then the DP and the photonic field can be expanded in vector spherical harmonics (Mie scattering),
and the reflection coefficient can be derived for large wavelengths compared to the scale of the satellite.
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Particle f  qf qrB-L 4B QfaB—pL 4 4f,B—L 4f,B GQf,aB—BL

Electron -1 -1 0 —p 0 0 0 0
Proton +1 +1 +1 +a 0 0 +1 a—pf
Neutron 0 +1 +1 +o 0 +1 +1 «

Table 5.3: Impact of the plasma effects on the constituents of atomic matter.

can then have a quick look at the expression for the effective charge ¢s, of a fermion f

with £ D ee(jfynglf resulting from the plasma mixing effects on general DPs via eq. (9)
of Ref. [442]3

~ q ,
Qg = (qf,g — eng) (5.32)
ge

where we denote with the subscript g the gauge group, e.g. B — L, and with the subscript
e the electron. We will evaluate this in table 5.3. We can see, that the components similar
to photon couplings get eliminated in this framework, a statement that explicitly holds
for kinetic mixing which just couples proportional to EM and thus gets projected out
completely. For the sum of charges in an atom, it is now simple to conclude that the total
charge under a given group is not modified at all. This is easiest to see for B — L where
before electron and proton contributions cancelled and now in a plasma environment, they
effectively do not carry any charge. The result in both cases is that the total B — L charge
of an atom is its neutron number.

In conclusion, all these effects modifying the kinetic mixing sensitivity cannot be com-
pensated by weaker limits on exyr and thus, especially the shielding and plasma effects
make it virtually impossible to directly detect kinetically mixed DPs at extremely low
masses.

Finally, let us put the constraints derived in this chapter into a larger context for gauged
B — L using once again the excellent collection of limits from Ref. [162] shown in fig. 5.9.3?
Note that the y-axis shows the gauge coupling gp_; = ep_re. In addition to the limits
shown above, one can also consider conventional equivalence principle violation searches as
direct detection experiments in a similar mass range [391|. These limits are quite similar
to our work as they also search for a monochromatic DPDM signal on a “B — L-dipole”
test mass. Several additional projections are shown in this figure that come from asteroids
[436], atomic interferometry [443|, space-based quantum sensors [444], and future torsion
balance experiments [390]. We see that neither LPF nor LISA are expected to have the
best sensitivity in the long run but as LPF already has available data, this makes it
the leading limit over almost two orders of magnitude in mass and at peak sensitivity, it
outperforms the current limits by more than two orders of magnitude in the gauge coupling.
Furthermore, we have outlined why and how a detailed analysis of the LPF data can push
the sensitivity providing excellent motivation for further work.

5.4 Discussion

In this chapter, we drew from our knowledge of DPs and DM to constrain ultralight
DPDM. We demonstrated how to improve existing DP limits based on the LPF data. The

31We will slightly modify the nomenclature from this work, i.e. define the EM charges with ¢; and the
ones of the additional U(1), by gy,g.

32The result derived in this work was later added to this repository. For consistency, we will nevertheless
use the plot which was part of the original publication.
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Figure 5.9: Limits on the gauge coupling of B — L DPDM. These now include additional
projections and limits as presented in [162].

novel idea is that there is the option to use auxiliary measurements for the acceleration
between the SC and the TMs to constrain the coupling strength of gauged B — L and B
DPDM in analogy to the use of auxiliary arms in KAGRA [420]. The main advantage
is the different atomic compositions of the test masses and the spacecraft leading to a
relative acceleration. Relying only on the measurement between the two TMs will lead to
extremely suppressed limits as the TMs react identically to the DPDM field. The existing
literature focused on decoherence and light-travelling time effects which weakly break this
degeneracy at the cost of a massive suppression for low frequencies where the arm length
is much smaller than the wavelength. While our new limits are also moderately suppressed
by the similar charge-to-mass ratios they are free from any arm length suppression and can
therefore rely on the auxiliary channels working at almost full sensitivity. For LPF, the
auxiliary channels are not significantly more noisy than the main (x12) channel at their
peak frequency which is an important advantage for our work. Furthermore, we can cover
all three spatial dimensions with the auxiliary channels, which will prevent a potential
blindness toward specific DP polarisations.

We showed that even conservative estimates of the LPF results are already able to probe
much new parameter space in the B — L case and at least a small region for B considering
masses around 5 - 10718 eV. Our approach offers an improvement of up to about 12 orders
of magnitude over the most naive analysis of B — L. It is therefore likely that a detailed
analysis of the whole data set of LPF will set even better and thus world-leading limits
over a considerable mass range. Additionally, this work motivates a rigorous analysis of the
reach of LISA using auxiliary channels as our approach might be highly complementary to
the previous forecasts.
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Sounds of laughter shades of life are ringing

Through my open ears inciting and inviting me

Limitless undying love which shines around me like a million suns
It calls me on and on across the universe

Across the Universe
THE BEATLES

This chapter marks the end of this thesis and will thus provide concluding remarks on the
results collected in the previous chapters. In general, this thesis investigated two aspects
of the DP model in great detail: the angular distribution of the potential solar DP flux
and the direct detection of general DPDM using gravitational wave interferometry.

Initially, we discussed the general impact of a DP on the electroweak sector in chapter 2.
We drew the important conclusion that in the low-energy limit, the DP behaves very simi-
larly to an EM photon, an aspect we have heavily relied on in later chapters. Furthermore,
we have clarified the decoupling of the dark photon from general high-energy phenomena
in the extremely low mass limit. This result was a reoccurring theme in this thesis, where
we often saw that beyond a scale dictated by SM physics, the effect of kinetic mixing drops
out. Beyond these general results for the rest of the thesis, we have also presented a toy
analysis of the impact of the DP on EW precision observables as shown in fig. 2.1. We
conclude that some interesting aspects of the generalised mixing parameters might require
further scrutiny than what we have shown here and point towards potential future work.
Finally, we introduced the concept of millicharge in this chapter, discussing some literature
results.

Chaper 3 was dedicated to a detailed description of the angular dependence of the solar
DP flux, improving upon existing literature predictions. The main result is summarised
in fig. 3.2 which demonstrates the main points worked out in this work. Furthermore, we
have included a more rigorous discussion of plasma effects than in the original publication.
We have then introduced an analysis framework for an “impovised helioscope”, Hinode
XRT, in great detail which, in increasing complexity, showed how the additional angular
and spectral information can be incorporated. The emphasis in this analysis, as shown
in figure 3.9, was placed on the relative improvement of the limits due to the enriched
information available by exploiting the theory prediction as much as possible. However,
fig. 3.14 demonstrates that the limits are also strong in a global context, especially if we
keep in mind that Hinode XRT was not designed as a helioscope. Furthermore, we pointed
out that future helioscopes might be able to use this formalism for stronger constraints
and discrimination power in case of detecting a signal.

After having concluded the discussion of solar DP production, we began to focus on
DPDM in chapter 4. This required a concise summary of the history and observations
of DM that are at our disposal. As is self-evident, we need any viable DM candidate
to agree with the observations, both the gravitational effects (positive observations) and
the lack of direct signals (negative observations). The first main task was then to discuss
the production of DPDM. Motivated by our previous discussion of DP production from
the solar plasma, we investigated briefly the production of DPs from the primordial SM
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plasma. We argued that this simple mechanism is in tension with other observations, and
thus we briefly introduced gravitational, or in general non-thermal, DPDM production.
We then reviewed the state of DPDM bounds from the rich set of existing literature.

Finally, our last full-blown chapter 5 investigated the concept of general DPDM in the
ultralight regime with greater scrutiny. With increasing coverage of the standard DPDM
parameter space, this extended class of DPs is an interesting alternative. Furthermore, the
kinetically mixed DP in the ultralight regime is notoriously hard to detect because of the
by now often-discussed plasma effects which we quickly reviewed towards the end of this
chapter. The focus therefore lay on B and B — L gauged DPs and their direct detection
via GW interferometers, specifically using LPF data. We summarised the conventional
approach using the finite light-travelling time and the decoherence effect and pointed out
the advantages of having a non-vanishing difference of charge-to-mass ratios available,
even if it was only in the auxiliary channels. We applied this idea to pre-analysed LISA
Pathfinder data, which allowed us to set world-leading limits in fig. 5.7 and fig. 5.8. We
then set these limits in a global picture in fig. 5.9 and emphasised the need for a thorough
analysis of the LPF data.

Let us now end this thesis with a conclusion on its overarching theme. Generically,
new U(1) symmetries are considered in many BSM scenarios, thus providing enormous
motivation to study the DP. Especially in string theory, we even expect the existence of
many new U(1l)s. The importance of the DP in BSM physics is further emphasised by
the simplicity of the kinetic mixing term. We have seen that the DP can be just a small
part of a larger dark sector, but we emphasised here that with a DP alone, there is a
rich phenomenology in particle physics, astrophysics and cosmology. Although all searches
conducted so far, including the ones presented in this thesis, could not find a definite signal,
the search will continue because of the strong evidence for DM. Extending the scope of the
searches from WIMPYy to light or ultralight DM seems like the logical next step. Also, with
the advent of GW detection, multi-messenger observations will only increase in scope and
precision which offers us an increasingly complete picture of our Universe. As discussed,
many experiments will be conducted in the next years and we can only look forward to new
results and hope for a discovery, be it in direct detection, in astrophysical/cosmological
observations or in lab experiments.
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