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“The old man stopped and turned. Andy stopped. The deep-brown eyes looked at Andy
and the thin corded lips moved. What happened then Andy was never able either to
explain or to forget. For the eyes spread out until there was no Chinaman. And then
it was one eye — one huge brown eye as big as a church door. Andy looked through the
shiny transparent brown door and through it he saw a lonely country-side, flat for miles
but ending against a row of fantastic mountains shaped like cows” and dogs” heads and
tents and mushrooms. There was low coarse grass on the plain and here and there a little
mound. And a small animal like a woodchuck sat on each mound. And the loneliness
— the desolate cold aloneness of the landscape made Andy whimper because there wasn’t
anybody at all in the world and he was left. Andy shut his eyes so he wouldn’t have to see
it any more and when he opened them, he was in Cannery Row and the old Chinaman
was just flap-flapping between Western Biological and the Hediondo Cannery. Andy was
the only boy who ever did that and he never did it again.”

— John Steinbeck, Cannery Row (1945).






Abstract

Physics Beyond the Standard Model

by Jackson D. CLARKE

In this THESIS we present a collection of original bodies of work pertaining
to a number of theoretical/phenomenological questions of the Standard Model,
as studied from a “bottom-up” perspective.

In CHAPTER 2: HIGGS SECTOR we consider the implications of extending the
Standard Model Higgs sector by a very light (100 MeV < m, < my,/2) real singlet
scalar field. We identify the regions of parameter space which experiments at the
Large Hadron Collider are uniquely sensitive to. There is a strong focus on low
background displaced decay signatures.

In CHAPTER 3: NATURALNESS we show how a Higgs mass sensitivity mea-
sure can be rigorously derived from Bayesian probability theory. We use this
measure to constrain the masses of various fermionic and scalar gauge multi-
plets, obtaining naturalness bounds of O(1-100) TeV.

In CHAPTER 4: NEUTRINO MASS we write down the minimal UV comple-
tions for all the Standard Model dimension 7 operators which might be responsi-
ble for the radiative generation of Majorana neutrino masses. A detailed collider
study of a one-loop realisation is performed.

In CHAPTER 5: BARYON ASYMMETRY OF THE UNIVERSE we present a proof
that the three-flavour Type I seesaw model cannot provide an explanation for
neutrino masses and the baryon asymmetry of the Universe via hierarchical lep-
togenesis without introducing a Higgs naturalness problem. We then describe a
minimal extension (the “v2HDM”) which can avoid this conclusion.

In CHAPTER 6: STRONG CP PROBLEM we describe a very minimal model (the
“vDFSZ”) which can explain neutrino masses, the baryon asymmetry of the Uni-
verse, the strong C'P problem, and dark matter, without introducing a natural-
ness problem for the Higgs. This model serves as an existence proof that weakly
coupled high scale physics can naturally explain phenomenological shortcom-
ings of the Standard Model.

Lastly, in CHAPTER 7: DARK MATTER we consider the implications of a class
of self-interacting “plasma dark matter” models for direct detection experiments.
A number of qualitatively unique signatures (when compared to single compo-
nent collisionless dark matter) are identified. We emphasise the prediction for a
signal which modulates with sidereal day.
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Preface

This THESIS comprises eight Chapters based on publications and preprints
mostly written in collaboration.

CHAPTER 1 is an original introduction and literature review.

CHAPTER 2 is based on the publications “Phenomenology of a very light
scalar (100 MeV < my, < 10 GeV) mixing with the SM Higgs,” written in collab-
oration with Robert Foot and Raymond R. Volkas [1], and “Constraining portals
with displaced Higgs decay searches at the LHC,” which was single authored [4].
The original motivation for pursuing the phenomenology of very light scalars
arose from the previous work of Foot and Volkas in scale invariant models. The
calculations, analyses, and technical writing are primarily my own.

CHAPTER 3 is based on the preprint “Naturalness made easy: two-loop nat-
uralness bounds on minimal SM extensions,” written in collaboration with Peter
Cox [11]. The original concept was my own, and while the bulk of the techni-
cal writing is also my own, the ideas presented within are the result of a series
of spirited conversations over which we collaboratively developed our under-
standing. The numerical calculations were performed in collaboration.

CHAPTER 4 is based on the publication “Testing Radiative Neutrino Mass
Models at the LHC,” written in collaboration with Yi Cai, Michael A. Schmidyt,
and Raymond R. Volkas [2]. The UV completions of Section 4.1 were determined
by collaborators. Subsection 4.2.5, making up the majority of Section 4.2 and of
the Chapter, is largely my own work; otherwise the work in that Section was
mostly completed by collaborators.

CHAPTER 5 is based on the publications “Electroweak naturalness in the
three-flavor type I seesaw model and implications for leptogenesis,” and “Nat-
ural leptogenesis and neutrino masses with two Higgs doublets,” each written
in collaboration with Robert Foot and Raymond R. Volkas [3, 5]. The original
motivation for these papers stemmed from the observation of Foot and Volkas
that nobody had carried out a three-flavour naturalness analysis in the Type I
seesaw model. After confirming that, as the one-flavour case suggested, neu-
trino masses and hierarchical leptogenesis are inconsistent with naturalness in
the three-flavour scenario, a collaborative discussion exploring possible solu-
tions resulted in the “v2HDM” concept. The calculations, analyses, and technical
writing are largely my own.



xii

CHAPTER 6 is based on the publication “Technically natural non-
supersymmetric model of neutrino masses, baryogenesis, the strong C'P prob-
lem, and dark matter,” written in collaboration with Raymond R. Volkas [7]. The
inspiration for this paper arose from a long term desire of Volkas to write down
a technically natural solution to the major phenomenological problems of the
Standard Model. We realised that the “#DFSZ” model (originally written down
by Volkas and collaborators in a 1988 publication) could, in a certain region of
parameter space corresponding to a low scale ¥2HDM, solve the eponymous
problems. The calculations, analyses, and technical writing in this Chapter are
largely my own.

CHAPTER 7 is based on the publication “Plasma dark matter direct detec-
tion,” written in collaboration with Robert Foot [8]. This work was the end re-
sult of collaborative discussions concerning a question Foot has considered for
several years: how does plasma dark matter interact with captured dark matter
within the Earth? The plasma dark matter conditions in Section 7.1, and the de-
tails of captured dark matter in Section 7.2.1, were derived by Foot. The analogy
of the solar wind interaction with planetary bodies is my own, and the magne-
tohydrodynamic simulations and subsequent results are my own. Otherwise the
technical writing was a collaborative effort.

CHAPTER 8 is an original conclusion based on the conclusions contained
within the aforementioned collaborative works.

All work was supported in part by the Australian Research Council.
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1 Introduction

1.1 Physics beyond the Standard Model

The Standard Model (SM) has proven extremely successful in describing particle
physics phenomenology at energy scales < TeV. Still, a number of theoretical
and phenomenological questions remain. In this THESIS we present a collection
of original pieces of work pertaining to six major questions; they are summarised
presently.

HIGGS SECTOR

What is the nature of electroweak symmetry breaking? Are
there scalars beyond the Higgs?

NATURALNESS
Is the Higgs mass “natural”? That is, is it insensitive to the
fine details of the high scale physics?

NEUTRINO MASS
What is the mechanism by which neutrinos gain mass?

BARYON ASYMMETRY OF THE UNIVERSE
How did the Universe end up with more baryons than

antibaryons?

STRONG CP PROBLEM

Why is the neutron electric dipole moment so small?

DARK MATTER
What is the nature of the non-luminous, gravitationally

interacting matter which permeates our Universe?

Each of these questions either demand or non-trivially constrain particle physics
beyond the SM (BSM). We now describe them in more detail.

1.1.1 Higgs sector

Symmetry has been, and still remains, an extremely important principle for the
theoretical formulation of fundamental interactions in particle physics. It was
known since the late 1920s that the electromagnetic force could be described by



2 Chapter 1. Introduction

a theory with U(1)g gauge symmetry [12]. However, it was not until the late
1960s that a consistent gauge theory for the weak interactions was constructed.
A puzzle from the gauge symmetric perspective was the short-range of the weak
force, which implies massive vector boson mediators not invariant under gauge
symmetry. An important insight turned out to be that fundamental symmetries
of nature may not be manifest at low energy. The Goldstone theorem of 1961
[13, 14] appeared to be an impedement for the formulation of a broken symme-
try explanation for the weak interactions: the theorem states that if a continu-
ous symmetry is not realised at low energy, then there exist massless spin-zero
“Goldstone bosons” corresponding to the broken generators of the symmetry.
No massless spin-zero bosons are known to exist. A few years later, several sci-
entists [15-18] pointed out that the Goldstone theorem need not hold in gauge
theories. Instead, when a gauge symmetry is spontaneously broken by the low
energy vacuum state of a scalar field, the would-be Goldstone bosons become
longitudinal modes of the hitherto massless gauge bosons, imparting them with
a mass. This has become known as the Higgs mechanism (or the BEH or BE-
HGHK mechanism).

What turned out to be the successful theory of electroweak interactions was
proposed by Weinberg and Salam in 1967 [19, 20]. It is based on the gauge group
SU(2)r, x U(1)y (first written down by Glashow [21]) spontaneously broken to
U(1)g by the vacuum state of a complex SU(2); doublet scalar field: the SM
Higgs doublet. In the unitary gauge the Higgs doublet can be written

1 0
() ”

where v = /2(®) & 246 GeV is the vacuum expectation value (vev) and h is a
real scalar field. The gauge boson mass terms arise from the kinetic term (D, ®)*:

1 1 | (0
B (0, v) <29 =W, + QQ,BM> ( . ) , (1.2)

where 7; are the generators of the SU(2)1, symmetry. Diagonalising the resulting

mass matrix gives

1 1
2 199 Wt — Wt T iw?
Mw = g9 I \/5( p Tt u)ﬂ

1 —¢'B, + gW?3
2 2, 2\, 2 H p

= - 7 —
mz =7 (9" +4%) 0%, f s
9B, + gW}?
m4y =0, A, = u2 /2“. (1.3)
g°+g

Three of the Higgs doublet degrees of freedom are “eaten” to give mass to the
W= and Z bosons, while a massless gauge boson (the photon), and a massive
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scalar spin-zero boson h (the SM Higgs boson) remain.! Left-handed leptons
appear in SU(2);, doublets, whilst right-handed counterparts are SU(2), sin-
glets, consistent with maximal parity violation first observed in beta decay ex-
periments of the 1950s [22, 23]. The Higgs doublet then allows gauge invariant
“Yukawa” terms to be written down which result in fermion mass terms in the

vacuum. For example, the Yukawa term
—ye (VL , €r) P er + H.c. (1.4)

leads to an electron mass which is proportional to the Yukawa coupling: m. =
Ye(P).

The SM Higgs mechanism is extremely predictive; tree-level Higgs couplings
to gauge bosons and to fermions (and loop-induced couplings to photons and
gluons) are completely specified once gauge couplings and fermion masses are
known, whilst the vev is given by the W and Z boson masses. By early 2010,
when the Large Hadron Collider (LHC) first began collisions, the mass (and the
existence!) of the Higgs was unknown. The Large Electron-Positron (LEP) col-
lider had excluded mj;, < 114 GeV [24], and experiments at the Tevatron pp col-
lider had excluded 145 < my;/GeV < 180 [25]. There are theoretical reasons
to expect a light Higgs mass, in particular with m; < TeV, e.g. to cure unitar-
ity problems in WW scattering. Thus the LHC experiments were designed to
be essentially guaranteed to discover the SM Higgs, something like it, or some-
thing very surprising. As it turned out, a scalar boson very much resembling
the SM Higgs was discovered. We will comment on this shortly. Beforehand,
since collider phenomenology forms a major part of this THESIS (in particular
CHAPTERS 2 and 4), we will use this opportunity to briefly describe the detector
apparatuses of ATLAS (A Toroidal LHC ApparatuS) and CMS (Compact Muon
Solenoid), and the event simulation chain necessary for statistical inference.

The LHC is a pp collider operating at unprecedented centre-of-mass colli-
sion energies. Collisions took place at 7 TeV during 2010-11, and 8 TeV during
2012-13, delivering ~ 5 fb~! and ~ 21 fb~! of integrated luminosity to the multi-
purpose ATLAS/CMS detectors during these runs, respectively.? The detectors
broadly consist of: an inner detector region for the tracking of charged particles
and primary pp collision vertexing; calorimeters for high resolution measure-
ment of charged and neutral particle energy; a muon spectrometer for the track-
ing and energy measurement of muons; and a multi-level trigger system which
selects < 0.001% of all event data for storage and subsequent high-level analysis.
A transverse slice of the CMS detector is shown in Figure 1.1.

'To be clear, we will try to call the recently discovered boson, which may or may not coincide
with that which enters the SM, the Higgs boson (or simply the Higgs), to be differentiated from
the SM Higgs boson (or simply the SM Higgs).

*Since late 2015, data taking at 13 TeV has begun.
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FIGURE 1.1: Transverse slice of the barrel region of the CMS de-
tector.

Monte Carlo event generators are necessary to simulate the expected back-
ground and signal processes for statistical inference. It is a non-trivial property
of asymptotically free QCD that this event generation can be “factorised” as a
low multiplicity underlying perturbative parton process matched to a high mul-
tiplicity initial/final state shower of soft, collinear gluons and photons. Below
the QCD scale colour radiation then forms hadrons in a non-perturbative process
which can be modelled phenomenologically. These “truth-level” event simula-
tions of parton collisions must then be overlayed with beam remnants, radiation
from the incoming protons, possible multi-parton interactions, and additional
pp collisions from that beam crossing (pile-up) and neighbouring crossings (out-
of-time pile-up). The resulting complex event is then passed through a detector
simulation to replicate the detector response. This mess of activity can be boiled
down to a relatively small number of reconstructed objects for analysis: hadronic
jets, photons, electrons, muons, and missing transverse momentum. It is an un-
enviable task, largely beyond the scope of the typical phenomenologist, to clas-
sify the systematic uncertainties involved in each of these steps. Instead, phe-
nomenologists use publicly available parton-level event generators (e.g. MAD-
GRAPH/MADEVENT [26]) and showerers/hadronisers (e.g. PYTHIA [27, 28]),
together with rudimentary fast detector simulations (e.g. DELPHES [29]), largely
to demonstrate the feasibility of searches for BSM physics. The rest is left to the
experimentalists.

The discovery of the Higgs boson by both the ATLAS and CMS Collabora-
tions was announced in July 2012, after ~ 6 fb~! of integrated luminosity was
gathered at 8 TeV collision energy. An excess of events with > 50 combined lo-
cal significance was observed in the h =+ yyand h — ZZ (*) — 4] channels at
myp, = 126 GeV [30, 31]. The ATLAS discovery plots are reproduced (for admira-
tion) in Figure 1.2. Henceforth, one of the primary goals of the LHC programme
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FIGURE 1.2: Higgs boson discovery plots from the ATLAS Col-
laboration [30].

is to study the properties of the newly discovered state in great detail. So far the
state is fully consistent with the SM Higgs [32]. In particular: its mass has been
precisely measured as m;, = 125.09 £ 0.24 GeV [33]; decays to vy, ZZ, WW, and
77 are discovered, with evidence for bb decay; production via gluon fusion and
vector boson fusion are discovered, with evidence for Zh+Wh (V h) and tth pro-
duction; inferred couplings to the Z and W bosons, and to ¢, b, and 7 fermions
are consistent with the SM; and a spin-parity of 07 is highly favoured.

Still, plenty of room remains for new physics in the Higgs sector. Exotic decay
modes at the Br(h — unobserved) < 20% level are still allowed for an otherwise
SM Higgs [34, 35]. As well, by the end of its lifetime, the LHC experiments are
expected to measure Higgs couplings to fermions and vector bosons down to
the per cent level, and discovery of the self-coupling is plausible. Such mea-
surements will be important in ascertaining whether the Higgs is truly the fun-
damental scalar predicted by the SM. Of interest for this THESIS is whether the
Higgs is the only scalar involved in electroweak symmetry breaking. In particu-
lar, we consider Higgs sector extensions by: a real singlet scalar in CHAPTER 2;
a second Higgs doublet in CHAPTER 5; and a second Higgs doublet plus a com-
plex singlet in CHAPTER 6. Each of these scalars gains a vev and therefore enters
at some level to the details of electroweak symmetry breaking. Furthermore, in
CHAPTERS 3 and 4, we consider additional fundamental scalars of various gauge

charges which are not involved in electroweak symmetry breaking.

1.1.2 Naturalness

The SM Higgs potential is
Vo = p2@f @ + \(@7@)?, (15)

where ® is the SM Higgs doublet. Famously, with u? < 0 and A > 0, this
potential results in the spontaneous breaking of electroweak symmetry [16-
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18]. The electroweak scale is set by the Higgs vacuum expectation value (vev)
(®) = \/—p2/\ ~ 174 GeV, with the recent discovery of the Higgs boson reveal-
ing that u? ~ —(88 GeV)? at low energy [30, 31].

Much of modern high energy physics has been motivated by concern over the
“naturalness” of the electroweak scale, in particular in the presence of gravity
or other (hypothetical) high scale physics scenarios. In this subsection we will
introduce and discuss the concept of Higgs mass naturalness. Actually, a proper
discussion requires careful treatment, since the literature on the topic is plagued
with oversimplifications, hand-waving, a lack of distinction between physical
and unphysical quantities, as well as imprecise and inconsistent definitions. We

henceforth adopt the following definitions for use in this THESIS:

e A parameter in a quantum field theory is unnatural if it is very sensitive to
the input parameters of the theory.

e A small parameter (or a collection of parameters) in a quantum field the-
ory is technically natural if the limit whereby it is taken to zero reinstates
a symmetry. This requires that quantum corrections to the parameter be

proportional to that parameter.

e The happenstance that all dimensionless parameters in a quantum field
theory are O(1) is also often called “natural.” We do not ascribe this con-

cept any name, nor do we make use of it in the following.

e A quantum field theory has a hierarchy problem if there exists an unex-

plained hierarchy between mass scales.

o The hierarchy problem specifically refers to the unexplained hierarchy be-
tween the electroweak scale and the apparent scale of gravity, the Planck
scale Ap; ~ 101 GeV.

With those definitions clearly set out, we will proceed to discuss Higgs mass
naturalness in three distinct regimes: in the SM as an effective field theory (EFT);
in the SM with gravity; and in the SM with perturbative new physics.

First, a brief excursion is required to explain what in a quantum field the-
ory is of physical relevance. The parameters (and the normalisation of the fields
themselves) which enter the Lagrangian of a quantum field theory are so-called
bare quantities. When we try to perform calculations with these bare quanti-
ties, specifically quantum loop calculations, we inevitably run into divergences;
simple processes return apparent infinities. Understanding and taming these di-
vergences was an important problem of early quantum field theory. The key
insight turned out to be the following: the bare quantities are themselves not
measurable. What is measured are instead physical observables, e.g. scattering
cross-sections or decay rates, which are manifestly free from infinities. In or-

der to proceed, from a calculational perspective, a regularisation procedure must
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be implemented to capture the divergences arising in the bare quantity calcula-
tions. Calculation results can then be made consistent with the finite physical
observables by appending divergent counterterms to the bare quantities, which
cancel with the divergences arising in the calculations. The cancellation between
divergences can be interpreted as an unphysical intermediate artifact of the cal-
culation procedure. Indeed, if the calculation results are expressed in terms of
only observable quantities, the divergences do not appear. Once parameters are
regularised (under some scheme) and rewritten in terms of physical observables,
they are said to be renormalised. An interesting implication of this procedure is
that the renormalised parameters become functions of energy scale. The equa-
tions which relate the renormalised parameter values at different energy scales
are the differential renormalisation group equations (RGEs).

Now, the SM parameter ;2 in Equation (1.5) is an unmeasurable bare quan-
tity which, like all bare quantities appearing in the Lagrangian, should be renor-
malised in order to understand its physical implications. In a cutoff regularisa-
tion scheme, the dominant one-loop quantum correction to u? arises from the top
quark,

2 1 272

where A is the cutoff renormalisation scale. This potentially large quantum con-
tribution must be cancelled against a bare 2 contribution in order to realise the
observed p?(myz) ~ —m2 /2. It is possible to interpret this as an "unnaturally”
large cancellation. However, the viewpoint we will take throughout this THE-
SIS is that this is just the regularisation and renormalisation procedure, i.e. we
assign the cancellation of the cutoff contribution no physical significance. Once
the u? parameter has been renormalised, the physical effect of the top quark is to
(dominantly) contribute to the ;2 RGE,
dp? 1

~ 612 112 1.7
dlog,UzR (477')2 Ye s ( )

where yip is the renormalisation scale. Note that the RGE for ;2 is multiplica-
tive in p2.3 This implies that, since y?(my) ~ —(88 GeV)?, 1%(ug) remains
~ —(100 GeV)? even up to Ap;, by which point the SM EFT will be invalidated
by gravitational effects. This implies that the SM EFT is natural, since the low
scale Higgs mass is not especially sensitive to the high scale input parameter
pu?(Ap;) ~ —(100 GeV)?2. Furthermore, the SM EFT appears to be completely
valid and consistent up to A p;: the electroweak vacuum remains sufficiently sta-
ble, and no dynamical scales are generated.

So where is the problem? In SM with gravity we can distinguish two distinct

3In fact, this might have been guessed, since 1?2 is the only explicit scale in the SM.
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FIGURE 1.3: Loop quantum correction to x? from a right-handed
gauge singlet fermion.

concerns. The first is a hierarchy problem: what physics could set the bound-
ary condition p?(Ap;) << A%;? The second is a question of naturalness: is that
boundary condition natural? i.e. is it sensitive to changes in the input parameters
of the high scale theory? Now, it could be the case that quantum gravitational
effects at the Planck scale set the boundary condition, and that this boundary
condition is unnatural. However, this cannot be rigorously computed in the ab-
sence of a cogent theory of quantum gravity. Thus, we can say that the SM plus
gravity suffers a hierarchy problem, but it is not possible to say that it has a def-
inite naturalness problem. This might sound somewhat pedantic, but it is an
important distinction, since it is possible to have a hierarchy without having a
naturalness problem (as we will demonstrate soon). The issue with gravity is
just that we cannot calculate anything to be sure. In a perturbative quantum
field theory, we can calculate corrections to u? and quantify the resulting natu-
ralness problem which might arise, irrespective of the situation with gravity. Let
us explore a simple example.

Consider adding a massive right-handed gauge singlet fermion NV to the SM,
and coupling it to the Higgs via the term yI; ® N, where I, = (vp,e)” and & =
iTo®*. The one-loop RGE for 2 gains a term

dp? 1

— 4> M3 1.8
dlogpr ~  (amp2 0 VN (18)

from the loop diagram of Figure 1.3. Roughly, one expects a naturalness prob-
lem to arise when the quantum corrections are large compared to ;%(myz), i.e.
du?/dlog ur > p?(mz); in such a case, u?(ur) will evolve to very large values,
and p%(mz) will become extremely sensitive to variations around the necessary
boundary condition at high scale. Intuitive naturalness criteria are then: bound
the RGE contribution itself; or quantify and bound the sensitivity of 1?(mz) to
the high scale input x?(Ay,), where Ay, is some high scale. That is:

L4 ‘alog“Q(mZ) < Apas. (19)

< Apmaz; or
p?(mz) dlog pr 0 log pi(Ap)

Such criteria should not be taken too seriously (and nature may just be fine-tuned

after all), but they can certainly serve as guiding principles which capture our
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subjective sense of physical naturalness (of mass parameters).* Most importantly
they are calculable in any perturbative model. Taking A, = 10, Aj, = Ap;, and
ignoring the RG evolution of new parameters or additional contributions to the
12 RGE, the criteria of Equation (1.9) result in the bounds yMy < 1700 GeV or
yMpy S 320 GeV, respectively. Notice that My can be large as long as y is suffi-
ciently small. Indeed, this is because the limit y — 0 decouples N from the SM,
which returns the sensible result: there is no Higgs naturalness problem from a
particle which does not couple to the Higgs field. One might get uncomfortable
about a small coupling in the theory. However the limit y — 0 is technically
natural; the decoupling limit reinstates an enhanced Poincaré symmetry [36, 37]
under which independent spacetime transformations can be performed on two
decoupled actions.

The example we just considered is in fact a rather interesting one. As we
will discuss in more detail in Sections 1.1.3 and 1.1.4, it turns out that such
heavy fermionic singlets are capable of generating neutrino masses and the
observed baryon asymmetry of the Universe. The neutrino mass is given by
m, = y?(®)?/My, with m,, ~ 0.05 eV. This additional constraint implies a natu-
ralness bound of My < 107 GeV (ory < 107%).5

The point of this example was to emphasise that the existence of a very mas-
sive particle does not imply a naturalness problem for the Higgs mass. Instead,
the particle should fulfil a sensible naturalness criterion which is necessarily a
function of how strongly the particle couples to the Higgs field. For some well-
motivated BSM particles, the coupling strength is fixed (or there is at least a
lower limit), implying an upper mass limit arising from naturalness. For ex-
ample, particles with SM gauge charges will always couple to the Higgs field at
loop-level. We will examine this case in detail in CHAPTER 3. Another example
are grand unified models featuring vector fields of mass ~ 10'® GeV which cou-
ple to the Higgs with gauge strength. Alone, this leads to a severe naturalness
problem. Perhaps the most economic way to cure this problem lies in supersym-
metry (SUSY). In a supersymmetric theory, every particle has a supersymmet-
ric partner, and contributions to the RGEs of mass parameters exactly cancel at
all loop levels. Of course, SUSY is broken at low scale. The Higgs mass is not
protected from corrections below the SUSY breaking scale; this implies that the
breaking scale must be (roughly) at the TeV scale. Otherwise, strongly coupled
heavy supersymmetric particles (in particular the stops) will, rather ironically,

*They may also seem arbitrary, which is a fair assessment. In CHAPTER 3 we will show how
similar criteria can be rigorously derived from Bayesian logic.

°In the low energy theory, the neutrino masses arise from the dimension 5 operator
L(11)°®®"1;, with A ~ 10" GeV. Matching to the parameters of the high scale theory gives
1/A = y?/My. Thus, in this simple example, a dimensional argument implies an apparent very
large scale ~ 10'® GeV in the theory, which could just be due to the appearance of a technically
natural small coupling, and even the existence of a large scale ~ 10" GeV in the renormalisable
theory calculably does not introduce a naturalness problem. The reader can draw their own par-
allels with the Planck scale and gravity.
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induce their own naturalness problem. Alas, experiments have thus far seen no
evidence of SUSY up to the TeV scale, threatening this paradigm. SUSY is cer-
tainly an interesting possibility, but we will have very little to say about it in this
THESIS.

1.1.3 Neutrino mass

In the SM, working in the lepton mass eigenbasis, neutrinos are always produced
via the weak interactions as flavour eigenstates |v,) with a = {e, y1, 7}. Consider
the possibility that, like the quark sector, these flavour eigenstates are non-trivial

unitary superpositions of mass eigenstates |v;),
va) =D Usilvi), (1.10)
i

where U is the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix [38, 39]. The
mass eigenstates each evolve (in their own frame) according to the Schrodinger
equation, i.e. |v;(;)) = e "% |1;(0)) in vacuum. In the lab frame (m;r; = Et —
|p|L), and in the limit E > m; (or |p| ~ E — m?/2E), we can write

2

(1)) ~ e L) e=imigE |, (0)). (1.11)

Importantly, we see that each of the mass eigenstate components comprising a
propagating flavour eigenstate evolves differently, according to the square of its
mass. The probability that a flavour eigenstate |v,) is observed as flavour eigen-
state |v3) after propagating a distance L is then given by

x e . L
|(vslva)l® = 8ag — 47y _ Re [Up; Ug; Up, Uay] sin® <Am?j4E>

i>j

L
—2) Im [Ug; Uz Up; Usy) sin (AmijE> (1.12)
1>]

where AmZ; = m? — m3. This is the phenomenon of neutrino oscillation in vac-
uum (see e.g. Ref. [40] for a review). Plainly, neutrino flavour oscillates if and
only if (at least one of the) neutrinos have mass. A positive measurement of neu-
trino oscillation therefore implies neutrino mass, and precision measurements
can probe Am?j and certain aspects of the matrix U.

Neutrino oscillation is now experimentally well established. The atmo-
spheric muon-neutrino deficit (with respect to the prediction from cosmic ray in-
duced production), first observed by the water Cherenkov Kamiokande [41-43]
and Irvine-Michigan-Brookhaven [44, 45] experiments, was resolved by muon-
neutrino oscillation. In 1998 the Super-Kamiokande experiment reported an up-

down asymmetry in the v.-v, flux ratio, consistent with v, disappearance via
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v, <+ vy oscillation [46]. As well, the solar electron-neutrino deficit (with re-
spect to the standard solar model prediction), first observed by the chlorine-
based Homestake experiment [47] in 1967, was eventually resolved by electron-
neutrino oscillation in matter [48, 49] and in vacuum. An unambiguous explana-
tion involved a number of experiments from the late 1980s through to the early
2000s. The Kamiokande [50, 51] experiment, and the gallium-based GALLEX
[52] and SAGE [53] experiments, confirmed the deficit in high energy solar boron
electron-neutrinos and lower energy solar beryllium electron-neutrinos, respec-
tively. In 2001, the Sudbury Neutrino Observatory [54, 55] measured the total
solar boron neutrino flux, consistent with the solar model together with electron-
neutrino disappearance via oscillation.

Many subsequent experiments, including nuclear reactor experiments (e.g.
KamLAND [56]) and neutrino beam experiments (e.g. K2K [57], MINOS [58]),
have further probed the phenomenon of neutrino oscillation, measuring prop-
erties of the PMNS matrix and the mass squared differences Am7;. We will not
detail the PMNS matrix here, except to say that it is of a qualitatively different
form compared to its quark analogue, the Cabibbo-Kobayashi-Maskawa (CKM)
matrix [59, 60]. The Am?; are [61],

[8.66 x 1073 eV]*,
4.96 x 1072 eV]?. (1.13)

There are two mass-ordering possibilities: Am32, = Am3; > 0 with my < ma <
ms3, known as normal ordering; and Am2, = Am3, < 0 with m3 < m; < mo,
known as inverted ordering. The absolute mass scale is still unknown, al-
though there exist a number of constraints: time-of-flight measurements of neu-

trinos from supernova SN1987a [62-64] constrain (- |U62i\m22)1/ > < 58eV[65,
/2

~

66]; kinematic measurements of tritium beta decay constrain (- |UZ|m?)
2 eV [67, 68]; cosmology constrains ) m; < 0.17 eV [69], depending on vari-
ous cosmological assumptions; and neutrinoless double beta decay constrains
| > U%m;| < 0.1 eV [70] if neutrinos are Majorana particles (to be discussed
soon). These measurements reveal that the neutrino mass scale is extremely
small compared to that of the other fermions (cf. m. ~ 0.511 MeV). In fact, it
is still phenomenologically possible that one of the neutrinos is massless.

The origin of the neutrino masses and mixings remains an outstanding prob-
lem of particle physics. Their unusually small mass, together with the quali-
tatively different form of the PMNS matrix in comparison to the CKM matrix,
suggest that the neutrino mass generation mechanism is different to that of the
charged fermions. It is possible that the explanation is related to the fact that
vy, is the only SM fermion field from which one can construct a gauge invariant
Majorana mass term ~ (vg)¢vy. This Majorana neutrino possibility is the one
considered in this THESIS, specifically in CHAPTERS 4 and 5.
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FIGURE 1.4: Neutrino mass from the Weinberg operator (upper),
and two UV completions (lower): the Type I seesaw model, and
the radiative Ma model.

How might Majorana neutrino masses be generated? A sensible way to ap-
proach this question is to begin by constructing gauge invariant operators out of
the SM fields which violate lepton number by two units. One may then search
for “UV completions” for these operators, i.e. higher scale renormalisable mod-
els which generate them as low energy effective operators. We will explore this
programme in CHAPTER 4. For now let us consider the simplest such operator,

arising at dimension five: the Weinberg operator [71]

—_

K(ZL)C(I)(I)TZL; (1.14)

where @ is the Higgs field. This results in a Majorana neutrino mass m,, = (®)2/A
upon electroweak symmetry breaking, as shown in Figure 1.4. An interesting
possibility is that A >> (®) would explain the smallness of the neutrino masses.
One would like to identify A with some parameters in a higher scale renormal-
isable model. Let us now consider two well known possibilities, of particular
interest for this THESIS.

Perhaps the most elegant neutrino mass mechanism involves adding to the
SM three heavy right-handed neutrinos: the Type I seesaw model [72-74].6
Gauge invariance allows two additional renormalisable terms in the Yukawa La-

grangian,

—_— 1 - .
—ALy = ()il v + 5 Mi(vp)vh + He, (1.15)

The Type I seesaw model is one of only three possible single-field tree-level UV completions of
the Weinberg operator; the other two are the Type II [75] and Type III [76] seesaw models, though
they were each discovered independently, quite apart from this reasoning.
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where M; are the right-handed neutrino masses. Equation (1.15) can be rewritten

L0 @) ) [
—ALy = 3 <VL, (Vr) ) ( JT(@) Dy ) ( o ) + H.c., (1.16)

where Dy, = diag(M;, Ma, M3). If the eigenvalues of y, (®) are much smaller
than the M;, the neutrinos are essentially Majorana with masses given by the

eigenvalues of the neutrino mass matrix
my, = (@)Y, Dy, (1.17)

suppressed by the presumably large right-handed neutrino mass scale; the as-
sociated Feynman diagram is shown in Figure 1.4. Indeed, for y, ~ 1 and

» ~ 0.1 eV, one expects M; ~ 10'5 GeV.” Unfortunately, the minimal Type I
seesaw model is eminently untestable.

Another possibility is that neutrinos gain a “radiative” mass at loop-level (e.g.
Refs. [77-81]). In CHAPTER 5 we will encounter the one-loop Ma model [82], a
radiative UV completion of the Weinberg operator. The Ma model requires right-
handed neutrinos and a second Higgs doublet ®; which does not gain a vev. The

Lagrangian must contain

— 1 .
—ALy = (yu)ijl} Pavy, + 5M¢(V}%)CV}3 + h.c.,

A5 2
Vaom O [(qﬂ o ) (2l2) } . (1.18)

The neutrino mass is generated radiatively via the diagram shown in Figure 1.4.
The masses mp and m; of the real v/2 Re(®2) and imaginary v/2 Im(®3) compo-
nents of the second doublet are split according to m% — m? = 25 (®)?. If we take
this splitting to be small compared to m2 = (m% +m?)/2, then the neutrino mass
matrix is given by

M ( M? M?
Z yl/)lk k yV k (1.19)

log——l
m2 2
% M —mg M —mg mg

()i

One observes some similarities with Equation (1.17), particularly in the limit
My > my. However, in addition to suppression by a potentially large mass
scale, the neutrino mass is also suppressed by a loop factor, and an unknown
coupling A5 (which in fact may be taken to be small in a technically natural way).
Thus the smallness of the neutrino masses may be explained by a combination
of factors. An interesting additional property of the Ma model is that it provides
a dark matter candidate, with the symmetry preventing ®, from gaining a vev

"1t is of some interest that this scale is of the same order as the grand unification scale, es-
cpecially since a right-handed neutrino together with one generation of SM fermion fields fill a
complete representation of the SO(10) gauge group, within which the SM gauge group may be
embedded.
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implying a stable particle. For that reason it is also known as the “scotogenic”
model, meaning “dark-generated.”

1.1.4 Baryon asymmetry of the Universe

The non-observation of any astrophysical signature of matter-antimatter annihi-
lations in diffuse (or otherwise) microwave, x-ray, or vy-ray photons, implies that
the observable Universe is made up almost entirely of matter and not antimatter
[83]. This is known as the baryon asymmetry of the Universe (BAU).

The baryon density is often expressed in terms of the baryon-to-photon num-
ber ratio n = ny/n,. This quantity is measured in two different ways. First,
n is an unknown input which enters the prediction of big bang nucleosyn-
thesis (BBN) for the primordial abundances of helium-4, helium-3, deuterium,
and lithium-7; measurements of these abundances are in good agreement with
BBN and 1 = (5.6 £ 0.9) x 10719 [84, 85]. Second, 7 enters in the prediction
for the relative heights of peaks in the cosmic microwave background (CMB)
power spectrum due to baryon acoustic oscillations; measurements indicate
n = (6.19 £ 0.14) x 10719 [86]. These phenomena occur at very different tem-
peratures (0.1 < 7/MeV < 10 and T' ~ 0.3 eV, respectively) and can be consid-
ered as essentially independent determinations of 7. Thus their agreement is a
remarkable success of standard big bang cosmology. The value  ~ 10~!? should
be compared with the expected baryon-antibaryon abundance if the Universe
were exactly baryon—-antibaryon symmetric; in that case, baryon-antibaryon an-
nihilations freeze out at T ~ 20 MeV with  ~ 107! [87]. The implication is
that a baryon—antibaryon asymmetry must have been present well above this
temperature. It is usually assumed that this asymmetry was somehow gener-
ated dynamically from an initially baryon symmetric® state: this idea is known
as baryogenesis.

The necessary conditions for successful baryogenesis are the Sakharov con-
ditions [88]. They comprise: (1) baryon number violation, so that the initial
state can evolve from B = 0; (2) C and CP violation, so that interactions in-
volving particles and antiparticles differ; and (3) departure from thermal equi-
librium, since otherwise (assuming C'PT invariance) we have d(B)/dt = 0. In
fact, the SM and standard cosmology fulfil the Sakharov conditions. The latter
two conditions are trivially met: C'P violation appears in the CKM matrix, and
the expansion of the Universe (and electroweak symmetry breaking) provides
the necessary departure from equilibrium. For the first condition, despite the
fact that baryon number is a very well conserved quantity in the SM at low en-
ergy, non-perturbative SM “sphaleron” transitions at high temperatures violate
baryon number [89, 90]. The theoretical details of the mechanism are somewhat
involved, and not important for our purposes (see e.g. Ref. [91] for a summary).

8In standard inflationary scenarios this condition is set at the time of reheating, irrespective of
any asymmetry before inflation.
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FIGURE 1.5: Feynman diagrams for decay of the lightest right-
handed neutrino.

The important point is that the induced AB = AL = 3 transitions,

vacuum <— Z QriQriQrilri, (1.20)
i=12,3

preserving B— L while violating B+ L, are efficient at temperatures 7' >> 100 GeV
and (extremely) inefficient below. However, it turns out that these three effects
are not strong enough for successful SM baryogenesis; they result in  ~ 102
[92]. Therefore, explaining the BAU via baryogenesis requires BSM physics. In
particular, the B + L violation of sphaleron transitions suggests an intriguing
possibility: to generate an asymmetry in the lepton sector which is (partly) trans-
ferred to the baryon sector via sphalerons. This idea is known as baryogenesis via
leptogenesis or simply leptogenesis. It is the leptogenesis possibility which is con-
sidered in this THESIS, namely in CHAPTERS 5 and 6.

The paradigm example of leptogenesis [93] is within the Type I seesaw model
described by Equation (1.15). In the standard scenario the lepton asymmetry
is produced via the out-of-equilibrium decays of the lightest right-handed neu-
trino, assumed to be in thermal equilibrium in the early Universe. In the hierar-
chical limit My, < My, < My,, and ignoring subdominant details introduced
by AL = 1 scatterings and possible lepton flavour effects, the baryon asymmetry
is largely determined by the interplay of decays and inverse decays at 7' ~ My;,.
Leptogenesis is possible if the rates for these processes are sufficiently out-of-
equilibrium. This is captured by the decay parameter,

K—_1p _m (1.21)

Hlr=my, — ma
where T'p = I'(N; — [®) + (N, — [®) is the decay width of Ny, H is the
expansion rate of the Universe, 7 is the “effective neutrino mass,” and m is the
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“equilibrium neutrino mass,”

1 ~ (ylyu)ll
I'p=—( M = (P)2 I
D 87'[' (yyyl/)ll N17 ml < > ]\4]\[1 9
T2
H ~ 1.66,/gs—, my ~ 1.1 x 1073 eV, (1.22)
Mp;

with g, ~ 106.75 the effective number of degrees of freedom in the SM at a tem-
perature My, 2 T > 100 GeV. The C'P asymmetry in the decays which leads
to the lepton asymmetry, e; = [I'(N; — (®) — T'(N; — [®)] /T'p, is captured by
| Miree + Mioops|* cross-terms once the one-loop amplitudes of Figure 1.5 Feyn-

man diagrams are included:

3 My, Im [(y;muyy)11]
167 <CI>>2 (yltyu)ll ’

le1] ~ (1.23)

where m,, is given by Equation (1.15). It is useful to re-express the y, matrix in
the Casas-Ibarra [94] form,

1 11
, = —U'D2RD2,, 1.24
where R is a (possibly complex) orthogonal (RRT = RT R = I) matrix. Then

3 My, Im [(RIDLE)n] 3 My, o
167 ()2  (RTDmR)1  ~ 167 (#)2

le1]| ~ (1.25)
where the final inequality follows from orthogonality properties of R, and ms3 >
Marm ~= 0.05 eV is the heaviest neutrino mass.

The resulting baryon asymmetry, once the full thermodynamic system is
evolved to low temperatures in the presence of sphaleron transitions, is given

by
1~ 107%|e1|ry, (1.26)

where xy < 1 is an efficiency factor capturing the conversion efficiency of
CP asymmetry into baryon asymmetry; for a thermal initial abundance, x; ~
(O.E)/K)l'1 (kf ~ 1) for K > 0.5 (K < 0.5) (see Ref. [95] for better approxima-
tions). Taking m3 ~ 0.05 eV and 7 ~ 6 x 10~!Y, Equations (1.25) and (1.26)
imply a lower bound on the lightest right-handed neutrino mass for successful
leptogenesis: My, 2> 6 x 10® GeV. This is known as the Davidson-Ibarra bound
[96]. Thorough numerical calculations including scattering contributions, ther-

mal effects, and relaxing the initial thermal abundance, result in three bounds
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depending on initial conditions [97]:

2 x 109 GeV for zero initial N; abundance,
Mp, 2 <5 x 108 GeV for thermal initial N; abundance, (1.27)

2 x 10" GeV  for dominant initial N; abundance.

Naturally, since the conception of this idea, alternative leptogenesis scenar-
ios within the Type I seesaw model have been explored. For example, one can
imagine scenarios whereby the C'P asymmetry is instead dominantly produced
in decays of N, or Ns. Lepton flavour effects in the thermal bath, which become
important when T < 10? GeV, are usually invoked to enable this to occur. The
general picture (and the leptogenesis scale) is not much changed in such incarna-
tions. Another alternative realisation is resonant leptogenesis [98], which occurs
when the right-handed neutrinos are approximately degenerate in mass; in this
case the C'P asymmetry produced in the decays can be greatly enhanced and
leptogenesis can take place at the TeV scale. In this THESIS we will consider only
the hierarchical leptogenesis scenario.

1.1.5 Strong C'P problem
The QCD Lagrangian,

1 .
Locp = —ZGWGW — Z@(—Z%D“ +my) g, (1.28)

where G*” is the gluon field strength tensor, has an axial symmetry
4i — €50 (1.29)

in the massless limit m; — 0. This suggests that, for the u,d quarks with
my,q < Agep, there should exist a corresponding approximately conserved axial
current JX'. However, this current is anomolous: a loop of quarks coupling to glu-
ons induces a non-zero divergence, 8MJ§ x %;G’”’G’ v, Where G w = %eumBGaﬁ
is the dual gluon field strength tensor. This is dubbed the chiral anomaly [99-
101]. It turns out that G** G, can be rewritten as a total divergence proportional
to the gluon field A% [102]. Then the action, [ d*zd,J!, when rewritten as a
surface integral at spatial infinity, vanishes under the naive boundary condition
A% = 0, suggesting that no physical effect arises from the anomaly. It was "t Hooft
who showed that, in fact, for non-abelian gauge groups, many topologically in-
equivalent degenerate vacua exist such that any pure gauge transformation of
A% = 0 is an equally suitable boundary condition at spatial infinity [89].” The
surface integral is non-vanishing for a subset of these vacua.

9This important paper by t Hooft was cited previously for the introduction of non-perturbative
electroweak sphaleron solutions.
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The net effect is that gauge invariance and renormalisability insist that a

physical C P-violating term
—Qlg Y.
0% GG (1.30)

appear in the QCD Lagrangian. Chiral transformations of the form Equa-
tion (1.29) transform # — 6 — 2a;. Explicitly separating the effect of chi-
ral transformations involved in diagonalising the quark mass matrix M, gives
0 = 6y + Arg[det(M,)]. A priori, § is expected to be O(1). However, no CP
violation arising from the QCD sector has ever been observed, and bounds on
the neutron electric dipole moment constrain § < 10710 [103]. The strong C P
problem is: why is 6 ~ 0?

A possible resolution to the strong C'P problem is that a chiral symmetry
exists so that 6 can be rotated away. This would be the case if there existed a
massless quark; however, this is not realised in the SM. Instead, as proposed
by Peccei and Quinn in 1977, a global chiral U(1)pg symmetry could exist in
the fundamental Lagrangian [104]. This symmetry is necessarily broken at low
scale, which implies a (pseudo-)goldstone boson a: the “axion.” If the sum of
the ur and dpr charges under U(1) pg is non-zero, then a interacts with the chiral

anomaly and an extra term appears in the Lagrangian:

ég—;G“”@W + g%é‘—;m”éuy, (1.31)
where f, is the U(1) pg symmetry breaking scale and ¢ # 0. The chiral anomaly
also induces a non-trival potential for a, and it turns out that the minimum of this
potential occurs at (a) = —f?“é. Therefore, remarkably, a acquires a vev which
exactly cancels the ¢ term, solving the strong C'P problem dynamically.

A U(1) pg symmetry is not realised in the SM. Thus the PQ solution to the
strong C'P problem requires BSM physics. The minimal way to appropriately
augment the SM is to add a second Higgs doublet coupling to the down-type
quarks [104, 105],

—Ly = yuQrPur + yaQrP2dr + . .. . (1.32)

This model, with f, ~ v, was quickly excluded by laboratory experiments.
Indeed, these experiments together with stellar energy loss constrains f, 2
4 x 10® GeV [106]. Thus the U(1) pg breaking scale must be very high, implying
an extremely weakly coupled “invisible axion,” named as such since the axion
inherits tiny v/ f, suppressed couplings nucleons, photons, and electrons.

In CHAPTER 6 we will construct a variant of the Dine-Fischler-Srednicki-
Zhitnitsky (DFSZ) invisible axion model [107, 108]. The DFSZ model adds a
complex scalar singlet to the minimal two-Higgs-doublet solution, which gains

a U(1)pg breaking vev of > 10° GeV. As it turns out, invisible axions can also
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provide a solution to the dark matter problem, to be discussed presently.

1.1.6 Dark matter

There is overwhelming observational evidence, arising at disparate scales and
at various epochs, for a non-luminous, gravitationally interacting “dark matter”
(DM) permeating our Universe. Still, the fundamental nature of DM remains an
open question.

Large scale observations, i.e. at scales greater than that of a typical galaxy,
are well explained by collisionless “cold DM” (CDM), i.e. DM which is non-
relativistic at the time when the cosmic horizon contained of order one galac-
tic mass. First, the power spectrum of temperature anisotropies in the cosmic
microwave background [109, 110] reveals acoustic oscillations consistent with
a significant additional component of purely gravitationally interacting matter.
Second, N-body CDM simulations [111, 112] are in good agreement with the
observed statistical properties of large scale structure [113-116]. Putting these
evidences together under the assumption of the ACDM cosmological model, the
energy density budget of the Universe today can be determined: €, ~ 0.05,
Qpwm =~ 0.27, and Q24 ~ 0.69, distributed between baryonic matter, DM, and dark
energy, respectively. Third, weak gravitational lensing measurements, in partic-
ular of galaxy cluster collisions [117], directly indicate a significant gravitational
component distinct from the baryonic gas.

At smaller scales the collisionless CDM paradigm has some shortcomings.
Galaxy rotation curves reveal star velocities which scale as v?(r) ~ constant at
large radius (as opposed to the ! relationship expected from the visible matter)
[118, 119]. Measurements are consistent with an approximately uniformly dis-
tibuted extended halo of DM with a cored central profile forming the dominant
mass component of these galaxies. This is at odds with the pure CDM prediction
for a cusped profile [120]. There are also discrepancies between the observed dis-
tribution of Milky Way satellite galaxies and that predicted by CDM simulations:
the so-called “missing satellite” and “too big to fail” problems [121, 122]. Still, it
could be that baryonic effects alone, once properly taken into account, are able to
solve these problems (see e.g. Ref. [123]).

The possibility remains that DM interacts only gravitationally. Indeed, clus-
ter collisions and extended galaxy halos appear largely consistent with a dis-
sipationless and collisionless DM [124, 125]. On the other hand, dissipational
and/or self-interacting DM can help to explain small scale discrepancies. Dissi-
pational DM can explain correlations between the shape of rotation curves and
the baryonic properties of galaxies [126]. Self-interacting DM (particularly with
light mediators) can provide a simple resolution to the core-cusp problem. It has
also been suggested that the Abell 520 [127, 128] and Abel 3827 [129] cluster col-
lisions show some evidence for a non-vanishing DM self-interaction. None of
these hints are definitive; it is plainly difficult to draw strong conclusions from
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necessarily simplified numerical simulations together with a finite catalogue of
astrophysical observations. Thus collisionless, dissipationless, cold DM remains
the benchmark for DM.

Perhaps the most studied DM candidate is the weakly interacting massive
particle (WIMP), hypothesised to have fallen out of equilibrium with the thermal
bath in the early Universe. This “freeze out”occurred when the WIMP annihila-
tion rate fell below the expansion rate of the Universe. Under this paradigm, the

energy density stored in DM mass density is given approximately by

QpM 1078 GeV 2

1.
0.2 o ’ (1.33)

if the freezeout temperature is taken to be Ty ~ mpn/20. Much has been made of
the “WIMP miracle” that this cross-section happens to coincide with weak scale

2 2 2

T
% ~ <g> ( ev > _ (1.34)
10-8 GeV 0.1 mMpM

If DM interacts via the weak force in such a way then there is a realistic hope

parameters:

that it might be detected in terrestrial experiments. Another well-motivated
DM candidate is the axion, whose existence is implied by the PQ solution to
the strong C'P problem discussed in Section 1.1.5. The typical axion associated
with DM is extremely light (~ peV). Instead of a mass density, the observed Qpy
is explained by energy stored in the coherent oscillations of the classical non-
relativistic axion field. This field has not yet decayed due to its tiny couplings
to standard matter. We will discuss the axionic DM scenario in more detail in
CHAPTER 6.

These single-component, collisionless DM scenarios are certainly well-
motivated. However, there is no a priori reason that DM could not con-
sist of a more complex, multi-component sector, and/or with appreciable self-
interactions. In fact, a multi-component self-interacting sector is the generic pre-
diction of asymmetric DM scenarios [130] in which the DM abundance is set by
a small particle-antiparticle asymmetry while the symmetric component is effi-
ciently annihilated away. In this scenario it is rather natural to consider the DM
as contained within a hidden sector with its own gauge interactions. The hidden
sector DM might then interact with standard matter through “portals” arising
from gauge kinetic mixing or scalar quartic mixing terms in the Lagrangian [131-
133]. We will study these portal possibilities in CHAPTERS 2 and 7.

The identification of DM is clearly of primary importance to our fundamental
understanding of the Universe. Fortunately, its nature can be probed in terres-
trial experiments. There are three generic possibilities: production via SM+SM
— DM+DM, e.g. at the LHC; observation of DM+DM — SM+SM annihilation in
galaxies; and direct detection via DM+SM — DM+SM scattering. In CHAPTER 7
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we will be interested in the latter, therefore let us spend the remainder of this
subsection introducing the fundamentals of direct detection.

In order to make predictions (or inferences) for direct detection experiments,
we require a model of the DM distribution within our galaxy, and in particular in
the vicinity of the Earth. In the “standard halo model,” the velocity distribution
of the (single-component) DM in the halo frame is everywhere locally described
by an isotropic Maxwell-Boltzmann distribution with an escape velocity cutoff:

[v]?
fom(v) o< exp <—v8> X O(Vese — |V]), (1.35)
where vy = (27/m)"/? = v,4;, and © is the step function, as motivated by the
virial theorem and N-body simulations. The velocity parameters, usually taken
as vpot ~ 220 km/s and vese =~ 550 km/s, along with a local DM density of
pom ~ 0.3 GeV/cm?, completes this description of the DM distribution in the
halo frame [134]. Due to the movement of the solar system through the halo, and
the movement of the Earth around the Sun, in the Earth frame this distribution
is boosted by a time-varying bulk velocity

(t— 1)

|Vwind| =~ [232 + 15 cos <27rTyTﬂ km/s, (1.36)
where t}" ~ 153 days (June 2"9); this is termed the “DM wind.” We note that the
standard halo model description is obviously a simplification and may not pro-
vide an adequate description even under the CDM paradigm. For example, re-
cent CDM simulations including baryonic matter suggest significant departures
from this model in Milky-Way-like simulated galaxies at solar radius [135-137].
Furthermore, as we will emphasise in CHAPTER 7, in multi-component scenar-
ios the standard halo model is in general not at all applicable. This should be
kept in mind when interpreting null results from direct detection experiments,
which are often presented as exclusion regions in parameter space assuming the
standard halo model.

From the local description of the DM distribution (Equations (1.35) and (1.36)
in the standard halo model), and the differential scattering rate do /dEr of a given
DM candidate with the target material, one can make predictions for the total
scattering rate in direct detection experiments. If any possible spatial depen-
dence and the rotational velocity of the Earth are ignored,

dR PDM / do 3
——(ER,t) = N —(E t d 1.37
dER( R, 1) T moat Do, dER( R, [V]) fom(v,t) [v[d®v,  (1.37)
where vy,in (ER) is the minimum DM velocity for a recoil energy Er.

Currently, there is a huge experimental effort aimed at directly detecting DM

via keV recoil scatterings off a target material (see e.g. Ref. [138] for a review).
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We will be interested in experiments which detect scatterings via the scintilla-
tion photons resulting from the de-excitation of an excited target nucleus, or via
the direct ionisation of the target atoms themselves. These experiments include
those with liquid xenon (e.g. XENON100 [139], XMASS [140], LUX [141]) and
scintillator crystal (e.g. DAMA /LIBRA [142]) target materials. Two major direct
detection methods are currently sensitive. First, a pure sensitivity search above
background for a signal with a differential event rate matching that expected
of DM. The liquid xenon experiments have set particularly stringent bounds on
spin-independent DM-nucleon scattering for mpy 2 1 GeV using this method.
Second, the annual modulation signal due to the velocity modulation in Equa-
tion (1.36) can in principle be used to discriminate signal and background. The
DAMA and DAMA /LIBRA experiments have long claimed significant obser-
vation of DM scattering via this signature [143, 144]. The claimed signal could
come from nuclear or electron scattering, since the experiment cannot discrimi-
nate between the two, although an interpretation in terms of nuclear scattering is
disfavoured by results from the xenon experiments. Even so, the signal could in
principle arise from some unknown seasonally modulating terrestrial effect, such
is the ambiguity in the annual modulation signature. Recently, the XENON100
and XMASS xenon experiments have also searched for the annual modulation
signature, with some hints of a positive signal [145, 146]. In CHAPTER 7 we de-
scribe an interesting class of models which might be able to accommodate the
DAMA signal via electron recoils, and which makes the distinctive prediction
for an additional sidereally modulating signal.

1.2 THESIS Outline

In Section 1.1 we introduced six major unanswered theoreti-
cal/phenomenological questions of the SM. Each of these questions non-trivially
constrain and/or demand BSM particle physics. For example, measurements of
the newly discovered Higgs boson require that electroweak symmetry breaking
is largely SM-like, and naturalness requires that no (trivial) heavy physics which
strongly couples to the Higgs boson should exist. Solutions to the phenomeno-
logical problems of neutrino masses, the BAU, the strong C'P problem, and dark
matter seem to demand new fields (with particular properties) in addition to the
SM content. In this THESIS we present a collection of original bodies of work
which follow the “bottom-up” philosophy in studying these six questions: we
explore the phenomenological implications of minimal extensions to the already
existing SM framework, constrained to explain the aforementioned problems
and/or to satisfy theoretical /experimental bounds.

In CHAPTER 2: HIGGS SECTOR we study the simplest extension of the SM
scalar sector by a real singlet scalar field. We examine the existing constraints

when the additional mass eigenstate is very light, 100 MeV < my < my/2, and
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identify regions of parameter space which experiments at the LHC are uniquely
sensitive to. In particular the opportunity to search for low background dis-
placed decay signatures is explored.

In CHAPTER 3: NATURALNESS we will attempt a balanced discussion of the
Higgs mass naturalness problem that might be introduced when perturbative
new physics is added to the SM. As in Section 1.1.2 we distinguish this poten-
tial problem from any hierarchy problem, or the potential naturalness problem
induced by gravity. We derive a Higgs mass sensitivity measure from Bayesian
probability theory and use it to constrain the masses of various fermionic and
scalar gauge multiplets.

In CHAPTER 4: NEUTRINO MASS we outline a systematic search strategy for
TeV scale radiative Majorana neutrino mass mechanisms at the LHC. A detailed
collider study of a one-loop realisation is performed.

In CHAPTER 5: BARYON ASYMMETRY OF THE UNIVERSE we reconsider the
three-flavour Type I seesaw model for neutrino masses and the generation of the
BAU via hierarchical leptogenesis. We present a proof that the minimal scenario
cannot provide a natural explanation, and list the simplest ways to avoid this
conclusion which already exist in the literature. We then describe a new solution
which can be accommodated with the addition of a second Higgs doublet.

In CHAPTER 6: STRONG C'P PROBLEM we describe a very minimal model
which solves the strong C' P problem and explains neutrino masses, the BAU, and
dark matter, without introducing a naturalness problem. This model serves as
an existence proof that weakly coupled high scale physics can naturally explain
phenomenological shortcomings of the SM, and rounds out a model building
programme which began in CHAPTER 5.

Lastly, in CHAPTER 7: DARK MATTER we consider a scenario in which the
DM exists mostly in the form of a plasma in spiral galaxies like the Milky Way,
and describe the unique phenomenological implications for direct detection. The
unique prediction for a signal which modulates with sidereal day is emphasised.

We conclude in CHAPTER 8.
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2 Higgs Sector

This Chapter is based on the publications “Phenomenology of a very light scalar
(100 MeV < mj < 10 GeV) mixing with the SM Higgs,” written in collaboration
with Robert Foot and Raymond R. Volkas [1], and “Constraining portals with dis-
placed Higgs decay searches at the LHC,” which was single authored [4].

Measurements following up on the newly discovered [30, 31] Higgs boson,
h, at mj, ~ 125 GeV, have revealed a CP-even scalar particle fully consistent with
a SM Higgs [33, 147]. This appears to confirm the basic picture of electroweak
symmetry breaking. That is, SU(2) x U(1) gauge symmetry is spontaneously
broken by the non-trivial vacuum of an elementary scalar field. This raises an
obvious question: is the Higgs the only scalar?

In this Chapter we investigate the phenomenological implications of extend-
ing the SM by a very light real singlet scalar s, with mass 100 MeV < m, <
mp,/2 GeV, which mixes with the SM Higgs. We point out apparently unresolved
uncertainties in the branching ratios and lifetime of s in a crucial region of pa-
rameter space for LHC phenomenology. Bounds from LEP, meson decays, and
fixed target experiments are reviewed. We then examine prospects at the LHC,
grouped by production mechanism:

e Production at parton-level via those mechanisms made familiar by the SM
Higgs, i.e. gluon fusion, vector boson fusion, V's and t¢ts. We demonstrate
that searches for subdominant V's production have the best sensitivity at
the LHC for m; 2 mp and that future bounds in this region could conceiv-

ably compete with those of LEP.

e Production via meson decay, which is the dominant production mechanism
at the LHC for m, <

~

mp. We calculate the differential pr spectrum of s
scalars originating from B mesons and predict up to thousands of moder-
ate (triggerable) pr displaced dimuons at ATLAS/CMS and at LHCb.

o Production via Higgs decay h — ss. We examine the region of parameter
space where s is long-lived (c7s 2 1 mm). Here, the LHC experiments
are particularly sensitive via searches for the low background signature of
back-to-back pairs of displaced narrow hadronic jets and/or lepton jets.

We demonstrate that it is possible to reinterpret existing searches using a
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Monte Carlo method utilising efficiency tables. We emphasise the impor-
tance for LHC collaborations to include a complete set of multidimensional

efficiency tables in future displaced work.

2.1 A very light real singlet scalar

2.1.1 Motivation

In general, if the SM is extended by a real singlet scalar S, then the SM Higgs
doublet state ¢, = ¢ — (¢) and S’ = S — (S) will mix to form mass eigenstates h

h _ [ cosp - sin p o 2.1)
s sinp cosp S )7 '

where p is a mixing angle and h is to be identified with the observed SM-like

and s,

Higgs state. Such a setup is of phenomenological interest as a benchmark simply
because it is the minimal extension to the SM scalar sector. We will study the di-
verse phenomenological implications of a very light s, with a mass in the region
100 MeV < mg < my, /2.

In addition to the minimality consideration, a very light s is motivated
by various BSM scenarios. For example: (1) Realistic perturbative Coleman-
Weinberg [148] models with classical scale invariance broken radiatively and
spontaneously generally feature at least one additional (real) singlet scalar [e.g.
149-157]. If scale invariance is broken at the electroweak scale, by the vev (S5),
then a GeV scale s (the pseudo-Goldstone boson of spontaneously broken scale
invariance) is predicted [158, 159]. (2) The Bezrukov & Gorbunov [160, 161] class
of inflationary models feature a light scalar. (3) More generally, some hidden
sector (which may or may not contain dark matter) might exist which couples
to the singlet scalar. In this case a “Higgs portal” quartic interaction term then
facilitates interactions involving the two sectors. Depending on the mass of the
hidden states, invisible decays of s and/or h could be allowed, and this could
serve as a probe of the hidden sector.

To make some explicit connection to the theory space, we will consider two

benchmark scenarios throughout our discussion.

e The Foot & Kobakhidze [159] benchmark, motivated by a scale invariant
model in which the cosmological constant (a finite and calculable param-
eter in these models [162]) is set to be small, consistent with observations.
This in turn implies that the effective couplings Hss and Hsss are very

small and the mass of s and the angle p are correlated:

sinp ~ 4 x 1072 ( (ZZSV) . (2.2)
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e The Bezrukov & Gorbunov [160, 161] benchmark, motivated by cosmolog-
ical inflation. In this set of models, constraints from primordial density

perturbations imply the relation

1% 107 ( Gev) <sinp<1x1073 ( GeV) . (2.3)

ms ms

Plainly, this defines a band in the (m, sin p) parameter space.

2.1.2 Model

Extending the SM by an extra real singlet scalar field S, the SM potential can be
written generally as

V= +12¢'0 + A1 066 + (o105? + €675 + u35? + AS* + a5 + 5S*, (2.4)

where ¢ is the Higgs field. The limits o, 3, — 0 and (,§ — 0 are technically
natural. Once ¢ develops a non-zero vev, the cubic term £¢f¢S induces mixing
as in Equation (2.1). If p? > 0, then to first order in o, 3, &, and ¢, the mixing p
and the effective hss coupling x are given by

&v
m2

mh_m§|’

tan p = Kk = (v, (2.5)
where v = 246 GeV. Terms odd in S can be forbidden by demanding some sym-
metry, for example Zy (S — —5), or classical scale invariance. Then s = S is
stable and a dark matter candidate [163] unless 2 < 0 and an effective cubic
term is generated by S acquiring a non-zero vev (S) = v,. In this case, at tree-

level and to leading order in ¢,

Cvvg M m% +4m§
tanp = ————— = (v , k= (v—2———3, (2.6)
|mi2l —2m?2| \/)\s|m,% — 2m2| mi —2m?

This is the simplest “Higgs portal” model [132, 133].
The decay width of the Higgs to light scalars is

K2 4m?
32mmy, m% ’

I'(h — ss) = (2.7)

In the simplest Higgs portal model this width is a function of mg, p, and A;

the perturbativity requirement A, < 47 implies p> > 2 x 1079 (&, )? Brlizss),

However, no such connection exists in the general case of Equation (2.5), and the

mass ms and mixing p can be considered completely independently of Br(h —
88).

Our approach in this Chapter is to explore generally the (m, sin p) parameter
space. The very light scalar s decays only to SM particles with a vertex factor
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sin p compared to the SM Higgs. The production cross section (in all channels
we consider) is proportional to sin? p, the branching fractions are independent of

sin? p, and the lifetime is inversely proportional to sin? p,

ery = M (2.8)
sin“ p

where crg)s is the mean decay length of a scalar of mass m, with exactly SM
Higgs couplings, i.e. s when sin?p = 1. Evidently s becomes long-lived as
sin?p — 0. We also note that, in extended models where s decays also into
invisible exotic states, one may repeat our analysis in the following way: the
production cross section is unaffected, the branching fraction to SM final states
is altered by a generally mass-dependent quantity Bsys = Br(h — Xgn) < 1,
and the lifetime becomes shorter by a factor Bgys. The branching to invisible
states must be taken into account for the invisible searches considered. We take
Bsy = 1 and comment on the Bgys < 1 case when appropriate.

2.2 Bounds

2.2.1 Branchings and lifetime

Before discussing bounds we must determine the branching fractions and life-
time for s as a function of m,. For sin? p = 1, s is a hypothetical SM Higgs boson
of mass m;. We may therefore appeal to the literature on the SM Higgs before it
was ruled out below 2m;, [164].

The decay width to leptons is given by

m2m
8mv?

By, (2.9)

[(s = 1T17) =sin?p x

where 8 = (1 — 4m12/m§)%, and v ~ 246 GeV. For my < 2m,, ~ 210 MeV, s de-
cays almost entirely to ete™. Above 2m,, the decay to utp~ takes over until the
2m, ~ 280 MeV threshold, where the ratio R, = I'(s — nm)/I'(s — pu) was
historically the subject of much debate [164-171]. In Figure 2.1 we reproduce a se-
lection of results to illustrate the large uncertainty in this mass range attributable
to resonant 77 enhancements. We note that Ref. [171] is the most recent paper,
that we are aware of, that is dedicated to the subject. Above the 2myx ~ 1 GeV
threshold the decay to K K must be taken into account, and has been by a selec-
tion of these authors [169-171]. Above the 2m,, ~ 1.1 GeV threshold we know
of no reliable prediction. Somewhere above 2 GeV, where the energy involved in
the decay is much larger than the typical quark binding energy, the perturbative
spectator approach may be utilised (we call the strange quark ¢, here to avoid
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FIGURE 2.1: Branching fraction for a light scalar s decaying into

muons and its mean decay length for sinp = 1 (see Equa-

tion (2.8)) as predicted by a number of models (see text) [164, 165,

168, 170, 171]. The Duchovni et al. prediction is an application of
the Raby & West result [167].

confusion with s) [164]:

. . . . o 2@3 . 2,02 @3 . 9203
Ppp : Touge : Tz 2 Drr : Tgg mmy, B, 0 3my, By + 3meBp

203 as(ms)ng mg i
R I — . @10
q S
where
2
I(z) =3 |22+ 22(1 — 42) <sin—1 \/zfz) ] . (2.11)

In Figure 2.1 we plot this result alongside that given in the classic text “The Higgs
Hunter’s Guide” [164].!

IRef. [164] set m, = mgq = 40 MeV, m,, = 450 MeV, and as = 0.157 in order to match the
result of Ref. [165] at ms ~ 1.5 GeV; this is no longer well-motivated. We use m,, = 100 MeV and
run o, according to Figure 17 of Ref. [172]
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FIGURE 2.2: Branching fractions (solid, left axis) and mean decay
length (dashed, right axis) for the very light scalar s, adopting the
most recent calculation [171] for R, below 1.4 GeV and smoothly
interpolating to the spectator result above 2 GeV. Here X = (ee,
e, light hadrons, 77, bb) in solid (black, blue, purple, green, red).

For definiteness we henceforth adopt the most recent calculation [171] below
1.4 GeV and smoothly interpolate to the spectator result above 2 GeV, with the
result shown graphically in Figure 2.2. We acknowledge the apparently unre-
solved large uncertainties between 2m, < my < 4 GeV. It would be interesting
to know whether a more sophisticated approach is now possible which would
provide new insight. A new result would be useful since, in this region, the
mean decay length plays an important role in LHC phenomenology.

We will now determine the experimentally excluded regions in (mg,sin p)
parameter space arising from collider, B factory, and beam dump experiments.
The results are summarised in Figure 2.4, presented at the end of this subsection.
The reader should keep in mind that this Figure assumes the aforementioned
branching fractions and lifetimes in the uncertain region 2m, < m, < 4 GeV;
exclusion regions which are independent of these assumptions can be found in

Ref. [1].

2.2.2 LEP

Constraints from the LEP collider experiment arise from the Bjorken process
ete™ = Z — Z*s.

Below ms = 2m,,, the unboosted mean decay length of s is ~ 1 cm /sin? p.
With a typical momentum of ~ 8 GeV [173] at this mass scale, s escapes the LEP
detector and the appropriate bound to apply is that for an invisibly decaying
scalar. The 95% C.L. bound is sinp < 5 x 1072 [174, 175]. The limits given in
Refs. [174-177] would also apply to scalars with Bsys < 1 for ms > 2my,.
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Somewhere not far above ms = 2m,,, prompt searches become relevant.? The
best constraints are from the LEP1 searches of ALEPH and L3 [174, 175]. The
95% C.L. bounds are reproduce in Figure 2.4 as green dashed and green solid
lines, respectively. For m, 2 30 GeV, the combined LEP analysis sets the best
limit [24]. These bounds are the best available for m; > (mp — mg) ~ 4.8 GeV,
and are enough to exclude the Foot & Kobakhidze benchmark for m, 2 mp.

We would like to add a short note on these results. L3 considered only
hadronic s decays in the sZ* — svv,se™e™, syt p~ channels for ms > 4 GeV.
ALEPH used sZ* — svv, with s — hadronic or s — two/four charged prongs in the
region 2m,, < m, < 2my,. Figure 5.5 in the Ref. [178] shows that, for m; > 5 GeV,
the efficiency of the charged prong search falls and the hadronic search domi-
nates. Therefore, in this region, the LEP limits are unique in that the limit is set
by the hadronic decay of s. This is attributable to the comparatively low hadronic
background atan e*e™ collider and the fact that the hadrons appear as a monojet
due to the boost of s when m; < 15 GeV. The LEP limits for my < 2m;, could have
been significantly improved beyond LEP1. The L3 search analysed 114 pb~! of
data, while the full LEP dataset is ~ 3000 pb~!. As well, with \/s > (mz + ms),
production of a real Zs pair becomes significant and background falls away [179].
Instead, analyses focused on the search for the SM Higgs above the bb threshold
[24]. We can only surmise that, without motivation, this area of parameter space

was overlooked.

2.2.3 Meson decays

The effective gsds (bgss) vertex contributing to kaon (B meson) decay is obtained
by integrating out the top-IW loop from the diagram shown in Figure 2.3. This
effective vertex leads to the decays K — s — npu*p~ and B — Ks — Kutu™,
with branchings [180, 181]

2|ps
Br(KT — nts) ~ sin? p x 0.002 M, (2.12)
mg
2|ps
Br(BT — K*s) ~sin?p x 0.5 77|f |]—"12((m5), (2.13)
B

where [p;| is given by two-body kinematics and the form factor Fz(ms) =
(1—m2/38 GeV?) ™" [182].

In applying experimental constraints from these decays one must properly
take into account the lifetime of s; either s decays “promptly enough” so that the
muons are reconstructed with the associated meson, or it does not and the exper-
iment sees missing momentum. In the following, we take into account lifetime
by requiring s to decay within a certain (experiment-dependent) distance of the

meson decay. For simplicity, and because we only expect a small correction, we

*We do not labour on exactly when this occurs, since we find that meson decays set the best
limits for ms < (mp — mxk).
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FIGURE 2.3: Kaon, B meson, and radiative T decays involving s.

do not impose any angular constraints. We stress that, where lifetime has an ef-
fect, these can only be considered as rough estimates. As discussed in Section 2.2,
there is large uncertainty in the lifetime of s above the 77 threshold. We find that
the dependence of the following bounds on s lifetime above this threshold is
small, and negligible for ms > 400 MeV with the existing experimental reach.

Kaon decays

The NA48/2 collaboration has measured Br(K* — 7 utp™) = (9.62 £ 0.25) x
1078 [183], in good agreement with the theoretical predictions (8.7 £ 2.8) x 1078
and (12 4+ 3) x 1078 [184, 185]. To derive limits on sin? p we assume that a
mpp vertex is reconstructed if the s — p™p~ decay occurs within the longitu-
dinal vertex resolution, o, ~ 100 cm [186], of the kaon decay, and not recon-
structed otherwise. A conservative limit on additive new physics is obtained
by taking the difference between the low end of SM theoretical predictions,
Br(K* — 750 107 )theory = 6 x 1078, and the experimental measurement:

Br(K — ms) x Br(s — utp™) x (1 — exp [_UZ]> <4x1078, (2.14)
vBet

where the bracketed term is the probability that a particle with lifetime 7, speed

Bc and boost v decays within a distance o, with 75 ~ 120 inherited from the

kaon with momentum 60 GeV. Note that both Br(K — ws) and ¢ depend on

sin p, so that this inequality may be used to constrain sin p. The obtained con-
straint is given by the solid orange curve in Figure 2.4.

The E949 collaboration has published a 90% C.L. upper limit on the two-body
decay Br(K* — 7%tX) x Br(X — invisible) that is better than 10~ between
170 MeV and 240 MeV [187]. The limit was derived assuming the decay of X
was detected and vetoed with 100% efficiency if X decayed within the outer
radius of the barrel veto, [py ~ 145 cm [188]. We therefore impose the following;:

Br(K — 7s) x /

0

™ sin 6d0 _ZBV
sinf ~vBcr

} < E949 limit, (2.15)
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where 73 ~ 1 is determined using two-body kinematics assuming a stationary
kaon. This bound applies where s escapes the detector (it also applies to invisibly
decaying scalars if Bgys < 1), resulting in the exclusion region depicted by the
orange dashed line in Figure 2.4. Notice that, for my; > 2m,, this constraint
results in a non-trivial excluded region in (ms,sin p) parameter space. This is
because the invisible yield falls with decreasing sin p, thereby making the total
cross section smaller, or with increasing sin p, thereby making the decay more

prompt.

B meson decays

The LHCD collaboration has measured Br(Bt — KTutp~) = (4.36 + 0.15 +
0.18) x 1077 [189], the most accurate measurement to date and in good agreement
with the theoretical prediction of (3.5 & 1.2) x 10~7 [190]. However, here we will
use the results from B-factories [191-194], since the nature of an eTe~ collider
makes it easier to predict the boost factor, and it is convenient to use the same

experiment to constrain both the prompt and long-lived case:

(5.370%+£0.3) x 1077 (Belle)

Br(BT = Kt ptp™) =
+1.6 7
(41775 +0.2) x 10~°  (BaBar)

)

~ (5.0 % 0.8) x 10”7 (combined) (2.16)

1.4 x 107°  (Belle)

Br(BT — Ktwp) < :
1.3 x107® (BaBar)

(2.17)

where the combined visible decay bound is obtained by first adding statistical
and systematic uncertainties for each measurement in quadrature and then com-
bining the measurements in the usual way assuming they are independent un-
biased estimators of Br(B* — KT putu™). A conservative limit on additive new
physics is obtained by taking the difference between the low end of SM theoret-
ical predictions, Br(B™ — KTu" 0 )iheory 2 2.3 X 1077, and the experimental

measurement:

Br(B — Ks) x Br(s — p ™)

™ si —lyy 1
x/ sin 00 (1 exp[ : y]) <3x 1077, (2.18)
0 2 sin@ yfScr
Br(B — Ks)
™ sin OdO —lyy 1 _
x/ i exp[ -y ] <1.4x1075, (2.19)
0 2 sin 6 vfBer

where we follow Ref. [181] in taking /., ~ 25 cm as the maximum reconstructed
transverse decay distance from the beampipe, and 73 ~ mp/(2m,) is dominated
by the energy inherited from the B decay in the region m, < 400 MeV. The
resulting bounds are shown in red in Figure 2.4. We do not set limits in the
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invariant mass regions surrounding J/i and ¢’ since the experiments vetoed
such muons to remove B — J/YX,y'X — p*p~ X background.

The visible B meson decay bound is stronger than the kaon bound since
K — s is CKM-suppressed compared to B — Ks. In the invisible case this
suppression is overcome by the O(10~%) stronger bound resulting from a dedi-
cated two-body kaon decay search. These bounds are enough to exclude the Foot
& Kobakhidze benchmark for 100 MeV < m, < (mp — mg) =~ 4.8 GeV. Indeed,
for this benchmark to be viable, it must be that m, < 100 MeV.

Visible decay bounds could be stronger if dedicated searches in the dimuon
invariant mass spectrum were performed. Such a search was carried out in
the B — K*X,(K** — K*n=,X — p*u~) channel at Belle in the region
212 MeV< mx < 300 MeV [195]. No excess was found and an upper limit on the
branching ratio of O(10~%) was set. Using this upper limit and the expression for
Br(B — K*s) in Ref. [181] we derive a limit similarly to Equation (2.18). This
limit is given by the maroon line in Figure 2.4.

In our Ref. [1], we noted that both the B-factories and LHCb could con-
ceivably improve on these B decay bounds by exploiting s lifetime for back-
ground rejection when sin p < 1073. The mean decay length for s in the region
above the 77 threshold ranges between 10~ cm /sin? p and 107° cm /sin?p
(see Figure 2.2). These mean decay lengths are to be compared with those for B
mesons, ctp ~ 5 x 1072 cm, for which LHCb for example is designed to mea-
sure a displaced vertex. The lifetime of s must be treated carefully at LHCb
due to the large boost factors expected. We encouraged, as did Refs. [161, 181,
196] for the B-factories and Ref. [197] for LHCb, dedicated displaced searches.
We also estimated the reach of these kind of searches at the LHC, to be pre-
sented in Section 2.4. Encouragingly, after our Ref. [1] was published, both
BaBar and LHCb performed such dedicated searches for the displaced decays
of very light scalars produced in B decays [198, 199]. The regions of parameter
space excluded by these searches are shown in Figure 2.4: the BaBar limit (grey)
is reinterpreted from Figure 3 of Ref. [198] (1 cm < cr, < 100 cm) assuming
Br(B — sX,) ~ 5.6sin*p (1 — mf/mQB)2 [166]; and the LHCb limit (magenta)
is reinterpreted from Figure 4 of Ref. [199] assuming the branching expression
found in Ref. [181]. It is clear from the improvement in the bound that exploiting
the displaced phenomenology in this region of parameter space is indeed a very

powerful technique.

Upsilon decays

Limits also arise from the radiative Y(nS) — <s decay shown in Figure 2.3.
The BaBar collaboration has searched in this channel for light bosons decay-
ing to " p~, 7777, hadrons, or escaping invisibly [200-203]. We reproduce the
limits from dimuon and ditau decays [200, 201] in Figure 2.4 in solid purple
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and dashed purple, respectively, assuming the QCD correction factor Focop dis-
cussed therein is equal to unity. Ref. [204] discusses limits in light of CLEO data;
for masses ms < 2m., scalar decays to pions and kaons can be more constraining
than decays to muons (see Figure 14 therein), though one must keep in mind the
significant uncertainties in branching fractions. In any case, B meson decays are
easily more constraining for my; < (mp — mg) ~ 4.8 GeV. For m, 2 4.8 GeV,
ditau limits give the best meson decay bound on sin p since Br(s — 7777) is
about m?/ mi ~ 290 times larger than Br(s — ut ™). Even so, these bounds do

not yet challenge the LEP limit of sin p < 1071

2.24 Fixed Target

Our scalar s can be produced either directly (through gluon fusion) or indirectly
(via meson decays) in fixed target experiments. The dominant process depends
on the centre of mass energy /s and m,. Meson decays dominate in the experi-
ment we will consider below.

Two important regions of parameter space may be identified for indirect pro-
duction: below the kaon threshold, ms < (mx — m;) ~ 360 MeV, where kaon
decays dominate, and below the B meson threshold, 360 MeV < my < mp,
where B meson decays dominate. We note that there is a small region where 7
decays can be important, but D meson decays are sufficiently CKM-suppressed
to ignore. Some discussion and analysis may be found in Ref. [160].

As an example, following Ref. [160], we look at the bounds set by the
CHARM Collaboration [205]. In this experiment, a 400 GeV proton beam was
dumped into a thick copper target (/s ~ \/2E,m,, ~ 27.4 GeV) and the decay
of a long-lived axion to photons, electrons, or muons was searched for in a 35 m
long decay region placed 480 m from the target. Zero decays were observed.

The total number of scalars intersecting the solid angle covered by the detec-

tor, N, is related to the number of decays in the decay region, Ng.., by
Ngee = Ns x [Br(s — ete”) + Br(s — ptp7)]
—L —L
X | —exp 2 )+ exp L , (2.20)
VBer VBer

where y8ms ~ 10 GeV, L1 = Ly — 35 m = 480 m, and N ~ 2.9 x 10! x og/0,
is normalised to the neutral pion yield [205]. We adopt o, ~ op,M,,/3, where

M, is the average hadron multiplicity and o, is the proton-proton cross section

[160]. The s production cross section is dominated by kaon decays:

Xs X $Br(K*T — nts)
s = oppMpp | +xs X %BT(KL — 7)) |, (2.21)
+xp X Br(B — s+ X)
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where xs = 1/7, xp = 3 x 1078, Br(K;, — 7%) = Br(Kt — 7ts) x
P(K+)/T(Ky), and [166]

4 2
Br(B — s+ X) ~sin?p x 0.26 <mt> (1 - mj ) . (2.22)
mw mp

Since the CHARM experiment observed zero decays, we may constrain Ny,
at 90% C.L. to be less than 2.3 (the solution of 0.1 = A\e=*/k!|x—g). Our result
is shown in Figure 2.4 by the blue curve, with the enclosed region being ex-
cluded. Observe that scalar masses 100 MeV < m, < 280 MeV are ruled out
for the Bezrukov & Gorbunov model by this analysis; the K — 7 + invisible
and CHARM bounds also extend this exclusion substantially below 100 MeV,
although it is not shown in Figure 2.4.

The reach of the CHARM experiment is testament to the enormous produc-
tion cross section of mesons in hadron collisions, as well as the exploitation of
the long s lifetime to remove all background. These two points, as we will see,
are important for LHC phenomenology when m, < mp.

Other beam dump experiments exist which may complement the CHARM
bound due to, in particular, differing beam energy and detector position (for a
partial list see Refs. [206-210]). These include fixed target neutrino experiments,
which have recently been considered as possibilities to probe GeV scale portals
(see e.g. Refs. [211-214]). It is beyond the scope of this study to analyse these
experiments in detail. However, we note that it does not appear that any of
these experiments has probed the area above the eta meson threshold for s, be-
cause of insufficient direct or indirect production at given /s (see Figure 30 of
Ref. [215] for B meson production rates) and/or the distance to the detector be-
ing too great. Ideally, high luminosity (and acceptance) fixed target experiments
with energy /s 2 20 GeV and a detector placed at a distance O(1-10 m) would
be needed to probe parameter space below the B decay bound for m 2 360 MeV.
Just such an experiment — the SHIP experiment — is proposed for implementa-
tion at the CERN Super Proton Synchroton [216], with the physics case made in
Ref. [217].

2.3 Production at parton-level

For ms 2 mp, s is dominantly produced in the ways made familiar by the SM
Higgs: gluon fusion, vector boson fusion, Vs, and tts. Table 2.1 shows the
production cross sections for an example scalar of mass 5 GeV and sin?p =
1. Cross sections were obtained using the HIGGSEFFECTIVE model in MAD-

GRAPH/MADEVENTS5 V1.5.9 [26] equipped with CTEQ6L1 parton distribution
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Parton-level o(pp — s+ X) (pb) Qideal
process Vs=TTeV | /s=13TeV | /s =T7TeV
gg — s ~ 770 ~ 1300 ~5x107%

Ws 170 360 1.7 %1073
Zs 70 150 2.3 x 1073
tts 5.5 27 2.4 x 1072
qq’s 0.87 1.9 1.3 x 1071

TABLE 2.1: Cross sections contributing to s production at the
LHC for m, = 5 GeV and sin® p = 1. Also shown is the accep-
tance factor «;g4eq; for a CMS dimuon search (see text).

functions [218], except in the case of gluon fusion where we used [164]

2 _

Z (pp — h) ngzf(h — 99) X gp <nihfj/mi> X gp <mljjmi> . (223)
where g,(z, Q?) is the gluon distribution function in the proton evaluated at mo-
mentum fraction x and scale %, and we integrated over all possible rapidities y
using CTEQ5M parton distribution functions [219].3 Table 2.1 reveals that gluon
fusion is dominant, but V's production is comparable. Such associated produc-
tion is important from an experimental point of view; trigger limitations and
backgrounds affect the gluon fusion channel much more than for V's or tts. In
the next two subsections we will demonstrate that the Vs channel is in fact the

most sensitive search channel at the LHC for ms = mp.

2.3.1 Inclusive dimuon search

Both ATLAS and CMS have performed a search for a light pseudoscalar, a,
produced via gluon fusion and decaying to two muons [220, 221]. The CMS
search analysed the mass range between 5.5 and 8.8 GeV and between 11.5 and
14 GeV, avoiding the T resonances. They provide a 95% C.L. upper limit on
o(pp — a) x Br(a — p* ™). The production cross section of s through the gluon
fusion mechanism is given by Equation (2.23). To constrain s we assume that the
acceptance in the CMS analysis is the same for our scalar as for the pseudoscalar,
and consider only the dominant production of s by gluon fusion. We then apply
the o(pp — a) x Br(a — p*p~) limit, evaluating Equation (2.23) by integrating
over all possible rapidities using CTEQ5M parton distribution functions [219].
The result is a limit of sin? p x Br(h — p*pu~) <5 x 1073, which is comparable
to the limit from Y — s — yu™ u~ decays, but far from that of LEP.

The 1.3 fb~! of data analysed by CMS was collected with the opposite-sign
dimuon trigger, requiring p/* > 6 GeV, and m,, > 5.5 GeV with a prescale
factor of 2. These low pr, low invariant mass dimuons are evidently plentiful
at the LHC. Thus, as the luminosity and centre-of-mass energy are increased the

*MADGRAPH/MADEVENTS5 returns a value for gluon fusion of 670 pb in the /s = 7 TeV case,
but breaks at /s = 13 TeV.
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trigger thresholds and/or the prescale factor must increase. In short, we are
background-restricted and trigger-restricted in the region that maximises signal.

So what happens if we demand high dimuon p7, so as to minimise back-
ground and avoid trigger-dependence? CMS have performed a search for light
resonances in the dimuon spectrum with 35 pb~! of data collected at /s = 7 TeV
[222]. At mg = 5 GeV, they set a 95% C.L. limit on ajgeq; X o (pp — s+X) x Br(s —
ptu™) < 0.1 pb, where «;4eq is an acceptance factor calculated in your favourite

event generator by requiring
P > 15 GeV, it >80 GeV, Inu] < 0.9. (2.24)

Using MADGRAPH/MADEVENT5 we found ajgeq; = 1.1 x 1073 for ms = 5 GeV;
it is broken down by channel in Table 2.1. For the gluon fusion channel we sim-
ulated gg — gs at parton-level, the hard gluon being necessary to give s nec-
essary pr. Interestingly, every channel contributes comparable amounts to the
result of Qigeqs X o(pp — s + X) ~ 1 x sin?p pb. From this we can constrain
sin?p x Br(s — ptp~) < 0.1 for my = 5 GeV. Assuming that the bound will
scale as ~ 1/ /N, with 100 times more data — comparable in size to the CMS
pseudoscalar search — we expect a bound of O(10~2). Therefore we have not
gained anything on the pseudoscalar search bound by requiring high dimuon
pr. This is not surprising, since both the background and the dominant gluon
fusion production mechanism have muons recoiling only against initial-state ra-
diation, so that acceptance falls quickly with p4¥; this is reflected by the small
value of ajgeq for gluon fusion in Table 2.1.

This leads us to consider instead triggering on associated activity so that
some background is removed and we may probe lower pr muons from the s
decay. In the next section, we demonstrate that bounds using the W's channel,
triggering on a high pr lepton from the W decay, are potentially stronger than
the bounds obtained from an inclusive dimuon search.

2.3.2 Associated search

There are three associated search possibilities: Ws, Zs, and tts. In this section
we consider the Ws — Wputp~ channel. Because it is in general difficult (and
not just for us) to model the combinatoric background, we appeal to the results
of experiment. ATLAS has performed a search in 4.6 fb~! of /s = 7 TeV data for
J /1 mesons produced in association with a W' boson, where both decay muon-
ically [223]. The search amounts to a measurement of the “bump size” in the
dimuon invariant mass spectrum around the J/1 mass of 3.1 GeV; they search
in the region 2.5 GeV < m,, < 3.5 GeV. If s exists in this region we would expect
to see a bump above the combinatoric background. We aim to estimate the reach
ofa Ws — (uv)(utp™) search using the background distribution therein.



40 Chapter 2. Higgs Sector

10° ‘ ‘ ‘
Vs =TTeV BaBar limit
[Ldt = 4.6 fb~! Obtained limit
pp — Ws — pvptu~ Expected limit ----------
101 | Expected +10 (stat.) |

Expected +20 (stat.)
Expected for /s = 8 TeV dataset -

sin? p x Br(s — utu™)

10~4

ms (GeV)

FIGURE 2.5: The obtained and expected 90% C.L. upper limit on

sin p x Br(s — p*p~) from the Ws channel using 4.6 fb~! of

Vs = 7 TeV data from ATLAS. Variance of the expected limit is

statistical only. Also shown is an approximation of the expected

limit using the 8 TeV dataset (see text) and the limit from T —
vs — yptp~ decays.

We generate Ws (W — uv, s — ptp~) parton-level events in /s = 7 TeV pp
collisions for a scalar of mass 2.7 GeV with SM Higgs couplings using the HIG-
GSEFFECTIVE model in MADGRAPH/MADEVENTS5. We performed the following
cuts to match those in Ref. [223]:

Inu| < 2.4, p;m > 25 GeV,
AR, > 0.3, P > 4 Gev,

Er > 20GeV, Py . , (2.25)
2.5GeV if |77M[3]| >1.3

where the muons are ordered by pr. We subsequently performed the following
intermediate state cuts (which made little difference):

8.5 GeV < p7 < 30 GeV, Ins| < 2.1. (2.26)

The results allow us to estimate the number of signal events in 4.6 fb~! of data
as~1x 10* x sin? p x Br(s — putTpu™).

We take the combinatoric background and the number of observed events
from Figure 2 of Ref. [223], restricting ourselves to the regions 2.50 GeV <
myy, < 2.94 GeV and 3.28 GeV < m,,, < 3.50 GeV to avoid the .J/¢ peak, since
the peak is fitted to the data in this region. The signal is modelled as a gaussian
with width 50 MeV and mean m.

Let u® and p° be the vectors representing the expected number of background
events and the expected number of signal events in k£ bins. Let y be the data
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vector. If we normalise 11° to one event, then A\p* represents a signal bump with
A expected total events. The likelihood of the data is

k

LiylA) = T + M) exp | =+ M) (227)
j=1

Bayes’ theorem relates this likelihood to our degree of belief in A:

P(Aly) o< Ly[A)m(N), (2.28)
where 7 is the prior distribution for \. If we take a flat prior,

1 A>0,
m(A) = (2.29)
0 otherwise,

then the 90% C.L. upper limit on A, Ay, is found by solving

0.90 = w. (2.30)
Jo~ LylN)
Given the result for the number of signal events, the 90% C.L. upper limit on
sin? p x Br(h — ptp~) is then ~ 107\ . We have performed this analysis for
a signal centred on each of 36 m, values spread 20 MeV apart.

The obtained upper limit is given by the red line in Figure 2.5. An expected
(£10/ + 20 stat.) limit was derived by performing the above analysis on 103
pseudodatasets generated assuming the background only hypothesis, ordering
them by the obtained Ay, and taking entry 500 ($33/0%7), shown by the dashed
line and bands in Figure 2.5. We also show the expected limit for the case with
five times the data, which serves as an approximation for the reach of the 8 TeV
dataset. One can see that the limit of O(107?) is better than that set by radiative
upsilon decays. A similar limit would be expected for m, > mp, potentially
setting the best LHC limit on sin? p x Br(s — p*u~) in that region. However, it
would still be an order of magnitude weaker than the LEP limit on sin p.

We note that the expected sensitivity of a Zs search, where both the Z and s
decay muonically, is expected to be higher because the extra lepton would help
to remove combinatoric background. In the future, a search for the production of
prompt J/1 mesons in association with a Z boson may allow the above analysis
to be reperformed. The reach of the 13 TeV run is not clear because we do not
know the combinatoric background, but one could speculate that more data and
higher sensitivity in the Zs channel may be enough to compete with LEP bounds
of O(1079).
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24 Production via meson decay

For m, < mp, the dominant s production mechanism at the LHC is indirect pro-
duction via the decay of mesons. The BB cross section in 7 TeV (8/13 TeV) pp
collisions has been calculated as ~ 2.5 x 10*! fb (=~ 3/10 x 10*! fb) [215]. Then, for
example, using Equation (2.22), at sinp = 1072 and /s = 7/8 TeV the s produc-
tion cross section is ~ 10° fb, to be compared with ~ 1 fb through gluon fusion.
This is also an area of parameter space where s lifetime becomes non-negligible.
In the following subsection we determine the differential pr spectrum for scalars
originating from B mesons at ATLAS/CMS and LHCb. We then show that up
to thousands of moderate (triggerable) pr displaced decays could have already

been produced at the LHC by very light scalars which are not yet excluded.*

2.4.1 Production via B decays

We developed an in-house simulation to calculate the differential cross section
dos/dpr for scalars from B decays, given dog/dpr and dog/dyp for B mesons in
Vs = 7 TeV pp collisions at ATLAS/CMS and at LHCb. It works in the follow-
ing way: within loops over p2 and yp, there is a loop simulating N, isotropic
B decays to s, which are then boosted from the B frame to the lab frame given
p2 and yp, rejected to a rejection bin in a histogram if they fall outside the an-
gular acceptance, or else p$. is measured and we add f(p2)f(ys)/Nae. to the
appropriate p3 bin in a histogram, where f(p2) and f(yp) define the discrete
probability distributions for the transverse momentum and rapidity of the B
mesons. The histogram (which should now have unit area) is then normalised
to Br(B = s+ X) x [ Zfﬁdp?. We infer f(p2) from the fixed-order-next-to-
leading-logarithm (FONLL) predictions in Refs. [224-226]; this amounts to creat-
ing a probability density function by normalising doz/dp? to unity over a chosen
pr range and then discretising to allow for numerical integration. The dop/dp?
distributions used are reproduced in Figure 2.6. We interpolate f(yp) for AT-
LAS/CMS from the FONLL prediction in Figure 6 of Ref. [225], and for LHCb
from the experimental measurements in Figure 4 of Ref. [226]. We make the ap-
proximations that f(yp) is independent of pZ, |p;| in the B frame is equal to that
from B — K decay, and the decay of the B meson is prompt.

Our results for a selection of m, are shown in Figure 2.6. Note that we have
only considered B decays; results for B~ would be identical, and for B° or B’
would be very similar, so that the total s cross section from B meson decay gains
a factor ~ 4. For larger m the pr tail falls more slowly because s is produced
at lower velocity in the B frame and therefore tends to follow the direction of

*We note that for m, < mx we also expect production via kaon decays. We ignore this area
since, in our benchmark model, it has been explored by CHARM (see Section 2.2.4). Below the
CHARM limit the lifetime becomes long enough so that the majority of moderate pr scalars would
escape the detector. The situation may be different in models with Bsxy < 1, since the lifetime
becomes shorter, though one must take into account non-negligible kaon lifetime.
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FIGURE 2.6: The differential cross section of s produced in B*

decays in /s = 7 TeV pp collisions for sinp = 1 and m, =

0.5,2.0,4.0 GeV descending. The mother B* mesons are con-
strained in transverse momentum and rapidity as indicated.

the B meson; the overall cross section also falls due to kinematic suppression in
Br(B — s+ X).

With the information that is available to us, we are limited to using B mesons
within a certain pr range and within rapidities that would be accepted at AT-
LAS/CMS or at LHCb. These limitations are written in the inset of Figure 2.6.
Consequently, values of do/dpr in the LHCD case for pr < mp are an underes-
timate, since smaller rapidity B mesons will contribute. Otherwise we believe
our results are a very good approximation. They could be improved by loop-
ing over the entire range of allowed B momentum and rapidity if the complete
d*op/ dp? dyp distribution were available.

The point to be gleaned from the distributions in Figure 2.6 is that, in unex-
plored parameter space with sin p < 1072 (recall that production will scale with
sin? p), there are still a large number of moderate (triggerable) pr scalars being
produced via B decays at ATLAS/CMS and at LHCb. While inclusive searches
for such light s scalars are limited by huge backgrounds (see e.g. Ref. [222] for
't~ background), we contend that searches for low background displaced de-
cays might be a viable way forward, especially seeing that B-factory bounds
are already pushing the boundary of non-negligible s lifetime. For m, between
360 MeV and 5 GeV, cr ranges between 1079 cm /sin? p and 1075 cm /sin? p, to
be compared with ~ 5 x 1072 cm for B mesons (which produce measurably dis-
placed vertices at the LHC). Therefore, we expect a substantial region of param-
eter space with sin p < 1073 for which this production mechanism will result in a
large number of displaced decays. It is this possibility that we pursue presently.
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2.4.2 Displaced decays

At the time that our Ref. [1] was published, the only existing search for long-lived
exotic light particles at the LHC was an ATLAS search for approximately back-
to-back collimated dimuons appearing outside the inner detector but within
the muon spectrometer, i.e. with transverse distance from the beamline 1 m <
L;y S 7m [227]. In that search the prompt muon background was heavily sup-
pressed (there is almost zero background) by requiring a lack of tracks in the
inner detector within a cone surrounding the direction of the muon jet; no events
are observed in 1.9 fb~! of \/s = 7 TeV pp collision data. There was no exist-
ing displaced exotica search by LHCb. The LHCb detector is designed to be able
to efficiently identify displaced decays of B mesons, thus LHCb should be par-
ticularly sensitive to decays of s within their vertex locater (which extends 1 m
beyond the interaction point and has excellent reconstruction capabilities), espe-
cially if its origin can be traced to a B decay vertex. In this subsection we will
estimate the expected number of moderate (triggerable) pr displaced dimuons
arising via pp =+ B+ X — s+ X — ("7 )dispiacea + X and occurring within
the ATLAS/CMS or LHCb detector volume. We assume s production only via B
meson decays, with the independent possibility of h — ss production treated in
Section 2.5.

Making the approximation p ~ E (5 ~ 1), the probability that a particle of
mass m will decay within absolute (transverse) distance L1 < L < Lg (L1 <
Ly < Lo) is given by

—mLsy > < —ml )
Prce ~—exp| —2 ) +exp | — ), 2.31
dec(D(T)) p (p(T) o p ry— (2.31)

where the bracketing indicates the absolute (transverse) case. Note here that
ct is inversely proportional to sin? p as in Equation (2.8). For ATLAS/CMS we
require the decay of s to occur within transverse distance 1 m < L,, <7 m,
with |n] < 1.3, and p}. > 8 GeV. For LHCb we require the decay of s within
1mm < L <10 cm, with 2.0 < 7y < 4.5, and p7 > 4 GeV. The cross section
of displaced s decays can be obtained from results like those in Figure 2.6 by
integrating over the differential distributions. For example, for ATLAS/CMS we
perform the numerical integral

. d
ag”placed ~ sin’ p x / Pdec(pT)ﬂde7 (2.32)
8 GeV

dpr
and multiply by 4 x Br(B — s+ X) x Br(s — u*p™) to account for production
via BY, EO, B*,and B~ decays. For LHCb we perform a similar integral but with
pr — p, and multiplying by 2 x Br(B* — K*s) x Br(s — u" ™) to account for
production only via B*.

In Figure 2.7 we show contours of the number of expected displaced dimuon
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FIGURE 2.7: Contours (0.1,1,10,100,1000) representing the ex-
pected number of moderate pr displaced dimuons produced via
pp = B = s+ X — (W17 )displacea + X and occurring within
the detector volumes of (top) ATLAS and (bottom) LHCb. Kine-
matic requirements and integrated luminosities are as indicated.
Efficiency factors have not been considered. Shown in colour are
the excluded regions from B decays and the CHARM experiment
(see Section 2.2.3 and Figure 2.4). Also shown is the Bezrukov &
Gorbunov benchmark (grey dotted).
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events in 20 fb~! (3 fb~!) of /s = 7 TeV pp collision data for ATLAS/CMS
(LHCDb); this plot serves to indicate the approximate reach of the 8 TeV dataset.”
Note that as sin p gets smaller, the tuning of the mean decay length to maximise
Paec plays off against the falling cross section to create a window in unexplored
parameter space where the number of displaced decays can be significant. The
ATLAS/CMS detector is in principle capable of probing longer lifetimes since the
lab-frame displacement can be larger, and the boost factors (momenta) are much
smaller than for a forward detector. Also notice that the area of parameter space
which ATLAS/CMS and LHCb are sensitive to coincides with the Bezrukov &
Gorbunov benchmark, meaning that the model might be extensively probed.

Of course, we have only estimated the number of truth-level decays in these
detectors. A dedicated study incorporating proper acceptance, trigger efficiency,
reconstruction efficiency, and backgrounds is desirable to say more about the
reach of the LHC. The greatest unknown for us is the trigger efficiency for these
exotic events, particularly at ATLAS/CMS, where muons detected by the muon
spectrometer are often required to pass quality criteria by matching to an inner
detector track. It may be that dedicated triggers are necessary to capture these
displaced events. We also note that at ATLAS/CMS the reconstruction efficiency
falls with muon impact parameter, which is generally non-zero for displaced de-
cays. Still, since we typically have E >> m, the collimated muons will point back
along the s direction to the B decay point so that we don’t expect reconstruction
efficiency to be significantly impacted. SM backgrounds can only arise from neu-
tral particles with lifetimes in the range ¢ ~ 1-100 cm. Of note are K3 mesons
(cTxo ~ 2.7 cm) decaying to pions which may fake muons with m,,, ~ 500 MeV
either through decays-in-flight or punching through the calorimeters; such back-
ground appears to be well modelled by Monte-Carlo [228]. Neutral strange
baryons =% and A° with masses 1.3 GeV and 1.1 GeV respectively are the only
other neutral SM particles with lifetimes in this range; it is not obvious how their
> 500 MeV, the back-

~

decays could fake a "~ vertex. Therefore, at least for m
ground is expected to be very low so that even a few events, particularly since
they will occur at the same dimuon invariant mass, may be significant.® At AT-
LAS/CMS, the SM background might also be suppressed by requiring s to decay
outside the hadronic calorimeter, 3m < L, <7 m. In this regime one could also
consider complementary signatures of decays to charged objects such as hadrons
or 777~ that might be picked up by the muon spectrometer. Whether these kind
of events can be triggered on is an interesting and open question for us. Further

analysis is beyond the scope of this study.

>For the LHCb results we observe that the bound from the subsequently performed search
agrees well with our 10 event contour, confirming that our estimate was a good one.

%Since publication of our Ref. [1], LHCb has performed a search for displaced dimuons in B° —
K*O(u* ™) [199]. Indeed, for sufficiently long lifetime, the backgrounds are essentially nil.
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2.5 Production via Higgs decay

As we noted in the Section 1.1.1, one of the primary goals of the LHC programme
is to study the properties of h in great detail. So far the state is consistent with a
SM Higgs. Still, plenty of room remains for new physics, particularly in its de-
cays; Br(h — unobserved) < 20% is still allowed for an otherwise SM Higgs [34,
35]. The real singlet scalar model predicts the possibility of h — ss decays. As
such, regions of (m, sin p) parameter space can be excluded under the assump-
tion of some value for Br(h — ss).

If s decays “promptly enough,” then the most sensitive h — ss searches lep-
tonic or tauonic final states. Above the ditau threshold ms > 2m,, the existing
dedicated searches in (I11)(I'l") (I = e, pn) and (up)(77) final states [229, 230] are
not yet powerful enough to exclude (m, sin p) parameter space for any assumed
value of Br(h — ss), since the s — pu branching fraction in this region is just
too small. However, for 2m, < m,; < 2 GeV, recent searches exploiting the
unique signature of collimated dimuons (or muonic lepton jets) have reached
the required level of sensitivity to constrain the real singlet scalar model [231,
232]. The strongest limit arises from a CMS search [232], which for promptly
decaying s in this mass range bounds Br(s — utpu™) < 0.015, /%, to be
compared with Br(s — p"p~) ~ O(1-10)% in Figure 2.2. This bound holds for
cts/ms < 1 mm, then falls precipitously by about two orders of magnitude by
cTs/mg &~ 1 cm due to the rapid fall in trigger and reconstruction efficiency when
decays become displaced. In this regime, which must be considered separately,
the displaced decays of s produced via h — ss leads to the spectacular signature
to be studied the remainder of this section: an approximately back-to-back pair
of displaced narrow hadronic jets and/or lepton jets [233, 234].

Null searches for displaced hadronic jet and/or lepton jet pairs have already
been performed by the LHC collaborations [227, 235-244]. The peculiarity of
the signature presents two complementary challenges: how do collaborations
present their results in the most model-independent way possible? and how do
phenomenologists reinterpret the results in the context of their own models? In
this subsection we will describe a simple Monte Carlo method which has impli-
cations for both. The short message is the following: if the relevant efficiency
tables are published, then phenomenologists need only take Monte Carlo events
and fold in these efficiencies to reinterpret searches. No displaced decays need
be simulated since decay probabilities are easily calculated. We will describe this
method by way of example, reinterpreting two ATLAS searches, and present ex-
clusion regions in (mg, sin p) parameter space for the real singlet scalar model.

In passing we note that this analysis is relevant to a variety of BSM scenar-
ios in addition to the real singlet scalar extension, including (see our Ref. [4]
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for more details): vector portal models with dark photons [131, 245-249]; right-
handed neutrinos [250-253]; R-parity violating supersymmetry [254-258]; hid-
den valley models predicting hidden cascades, hidden hadrons, or hidden jets
[233, 234, 259-266]; and “neutral naturalness” models [267-269]. The reason this
phenomenology is so generic is because long-lived neutral states decaying to
SM particles arise naturally in models with approximate symmetries. There are
four mechanisms often encountered in the literature: an approximate enhanced
Poincaré symmetry [37], which if exact would completely decouple a hidden
sector; an approximate discrete symmetry, which if exact would produce a stable
lightest particle; a low-energy accidental symmetry, with decays only proceeding
via a heavy off-shell mediator; and small mass-splittings. The first mechanism
is associated with the real singlet scalar model. This variety of models serves
as a reminder that displaced searches would benefit from a model-independent
approach, currently lacking in the existing analyses. Our analysis will provide
some insight as to how to acheive this.

2.5.1 Reinterpreting displaced searches

In the following section we describe a Monte Carlo method for recasting dis-
placed searches by way of example. The important point to be made is that
phenomenologists cannot reliably simulate the detector response to displaced
decays, and are therefore reliant upon efficiency information provided by the
collaborations.” The recast examples will serve to highlight which efficiency in-
formation is of most interest.

Displaced hadronic jets

The ATLAS Collaboration has presented a search for the displaced hadronic de-
cays of pair-produced long-lived neutral particles in 20.3 fb~! of data collected
at /s = 8 TeV [236, 237]. They considered pair production via the parton pro-
cess gg — ® — m,m,, where ® is a scalar particle and 7, is a hidden valley
> 10 GeV (the cc

~

pseudoscalar. The decay of 7, is dominated by bb for m.,
and 77 decays are subdominant, see their Table 1). No excess was observed, and
limits were placed on the branching fraction of ® as a function of m,, lifetime.
Presently we describe a method to reproduce the result.

Validation samples of gg — h — ss — (bb)(bb) events in /s = 8 TeV pp
collisions were generated using PYTHIA 8.180 [27, 28] with the default tune. We
took my, = 126 GeV and m, = 10, 25,40 GeV to match the ATLAS benchmarks.?

The cuts used in the ATLAS analysis are listed in the auxiliary Table 6 of
Ref. [237]. We recreate them as follows. The pair produced long-lived particles

"This point was also made (and a similar recast method was used) in Ref. [270].

8The accuracy of the Monte Carlo for an s of mass ms = 10 GeV decaying directly to bb is
questionable, nevertheless it is possible to force PYTHIA to do the decay, and it appears that this is
what was done in the ATLAS analysis.
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are required to have’
ET(Sl) > 60 GeV, ET(SQ) > 40 GeV, (2.33)

where Ep = E'sinf is a proxy for the measured transverse energy of the result-
ing jet, and the s subscript indicates pr-ordering. This is a fine approximation
except for the (non-hadronic) s — 77 decays with ~ 10% branching. We also
demand AR(s1, s2) > 0.4 to ensure well-separated jets; this makes very little im-
pact on the benchmarks considered by ATLAS, but will matter as mys — my,/2.
None of the relevant remaining cuts, such as on isolation and on electromagnetic
fraction, nor the trigger efficiency can be replicated since no public tool exists
to simulate the detector response to displaced decays.!’ Therefore the remain-
der of the analysis necessarily involves the folding in of efficiencies provided by
ATLAS.

The CalRatio trigger [273, 274] was used to search for 7, decays at or beyond
the edge of the electromagnetic calorimeter. This trigger selects narrow jets with
Er 2 35 GeV, logo(Eg/Egn) > 1.2, and a lack of tracks in the inner detector.
The trigger efficiency is given as a function of radial (longitudinal) decay position
for decays in the barrel (endcap) region corresponding to the pseudorapidity
region |n| < 1.5 (1.5 < |n| < 2.5) in Figure 1 of Ref. [236]. Based on these plots
we take the trigger+reconstruction efficiency of the trigger jet to be non-zero and
constant only between 2.0 to 3.5 m in the barrel and 4.0 to 5.5 m in the endcap,
with a respective ratio of 0.20/0.06. The reconstruction efficiency for the non-
trigger jet is not given, but we take it similarly. By construction, the following
quantity is then proportional to the trigger/reconstruction probability for a given
s of lifetime c7:

. 0.20P(s, ) if in barrel,
E(s,cT) = (2.34)
0.06P(s, cr) if in endcap,

where P is the probability that a state x decays between L,,;, and L4,

Lma:p me
P =— — — 2.
(x,cT) exp ( 7507'> + exp < ’YBCT> ) (2.35)

with v and f the relativistic parameters for . The timing of the s decay is re-
quired to satisfy At < 5 ns with respect to a § = 1 particle. This corresponds to
requiring an absolute decay distance

/B max
Labs < q15 m = abs * (236)

“Selections were made using the MADANALYSIS5 v1.1.10beta SAMPLEANALYZER framework
[271].
Though some attempts have been made [261, 272].
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Thus after the aforementioned selection cuts, each event is weighted by a factor
W (cr) = €(s1, cT)é(s2, ¢7), (2.37)

where we take

(min (223 pmaz) min (250 pmaz)) - if in barrel,

(me’ Lmtw) _ si;@ » Habs Si;le > abs (2.38)
: 2m 7max : 2m 7maz L
(mln ( cosf > abs ) » 11 ( cos @’ Labs )) if in endcap’

for each s, where 0 is the polar angle from the beam line. After this, the remainder
of the cuts used in the ATLAS analysis should be largely independent of c7. As
such, penultimately, we rescale the events (with a common number for all c7 and
ms) to fit ATLAS results; the factor turns out to be ~ 6 x 19.0 pb x20.3 fb= /Nyim,
where Ny, is the number of simulated events. We ignore for simplicity the
additional ms-dependent < 10% effect related to sub-dominant but non-zero s —
77 branching.

After these requirements we find good agreement for the m, = 10,25 GeV
samples, but we overpredict for mg; = 40 GeV. This is because as m, approaches
E, (Equation (2.33)), the s decay products spread out and the narrow jet trigger
efficiency decreases. To properly take this into account we require information
on how the efficiency depends on the bb opening angle, or equivalently, in the
limit E? > mg, the boost. In the absence of such information, and in an attempt
to capture the physics involved, we demand the following (admittedly crude)
bound on the opening angle of the bb pair from the leading s:!!

AR(b,b) < 1.5. (2.39)

This cut has been tuned so that our results for m, = 40 GeV best agree with those
of ATLAS. Note that the spatial separation of the bb pair as seen by the hadronic
calorimeter is smaller than such a large AR would normally suggest, since the
pair appears late.

In Figure 2.8a we compare the number of events predicted by our analysis to
those of ATLAS assuming 100% Higgs branching. Despite the apparent crude-
ness of some of our assumptions, we observe good agreement. The 95% CL limit
of 20 events (inferred from the ATLAS plots) can be used to obtain a limit on the
Higgs exotic branching fraction as a function of cr. To obtain the exclusion for
alternative masses, PYTHIA signal samples gg — h — ss — (bb)(bb) of varying
ms were fed through our analysis. In Figure 2.8b we present our results as limits
on Br(h — ss) x Br(s — hadronic)?
match to ATLAS, we are confident that our results for 10 GeV < m, < 40 GeV
are reliable, and for mg > 40 GeV are at least sensible.

as a function of mg and cr. Given the good

T Another option is to reject leading s with boost lower than 7., forbidding particles which
have the potential to produce opening angles ~ arccos [1 — 2/72,; + 8m2 (V2u: — 1)/ (m27eue)],
where m, is the decay product mass.
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FIGURE 2.8: (a) Predicted number of events for the displaced

hadronic jet analysis assuming 100% Higgs branching. Upper:

the results from ATLAS (dashed) and our results (solid) for ms =

10,25, 40 GeV beginning left-to-right. Lower: the ratio of our re-

sults to those of ATLAS. (b) Excluded parameter region for s as-

suming fixed Br(h — ss) x Br(s — hadronic)?; the contours
mark branchings of 30%, 20%, 10%, 5%, 3%.

We were fortunate in this analysis because the topology of interest was es-
sentially already considered by ATLAS for three benchmark values of m,. This
allowed us to demonstrate the not obvious fact that much of the cr dependence
is taken into account simply by reweighting events with easily calculated decay
probabilities (Equation (2.35)). In the region where v, ~ 1 we saw that there was
an additional effect that had to be considered, related to the boost-dependence
of the trigger/reconstruction efficiency. This could have been anticipated, since
any momentum dependence was already integrated out of the efficiency plots
provided by ATLAS. For this reason our analysis as it stands cannot be reliably
reapplied to another model since the overall efficiency will scale non-trivially
with the (correlated) pr distributions of the two long-lived particles. However it
should serve as a conservative estimate for models with more boosted (on aver-
age) long-lived pairs. In the next analysis the pr dependence of the efficiencies
is provided and taken into account.

Displaced lepton jets

In Ref. [239], the ATLAS Collaboration presented the search for a SM-like Higgs
decaying to a long-lived pair of O(100 MeV) dark photons in 20.3 fb~! of data
collected at /s = 8 TeV. The benchmark process considered was

99 = h— fa fa, = (fauva)(fay¥d) (2.40)

where the f;, are hidden fermions and ~, is the long-lived dark photon, inspired
by Falkowski-Ruderman-Volansky—Zupan (FRVZ) models [260, 261]. Each dark
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photon decays at or beyond the outer edge of the electromagnetic calorimeter
to either pp or ee/nn, resulting in a muon jet (Type 0) or a narrow jet (Type
2) respectively.!> No excess over the SM expectation was observed and limits
were placed on the exotic branching fraction of the Higgs as a function of 4
lifetime. These limits are clearly model-dependent, and it is not clear how the
phenomenologist might translate them. We describe a simple method below.

A validation sample of FRVZ events was generated in PYTHIA 8.180 [27, 28]
by changing the properties of in-built particles. We took (my,, my, , my, . ms,) =
(125,5,2,0.4) GeV and Br (s — Type 0) = 0.45 to match the ATLAS benchmark.

The selection criteria (cuts) for the ATLAS analysis are detailed in Table 1 of
Ref. [239]. We recreate the analysis as follows. The dark photons are required to
satisfy

In(va)l < 2.5, |AG(Yay s vd,)| > 1, (2.41)

as a proxy for the jet acceptance. The remainder of the analysis necessarily in-
volves the folding in of efficiencies. After each v, decays, the final states are of
Type 0-0, 0-2, or 2-2 in the obvious way. After selection, each event is weighted
by a factor

~ 19.2pb x 20.3 fb!

W (er) N

Preco(7d1 s CT)Preco(7d27 CT)Stm'g (7d1 s ’de)a (242)

where P,c.o(74, cT) is the reconstruction probability13 for a ~, of lifetime c7, and
Etrig(Ydy» Vdo ) 18 the trigger efficiency given that the event is reconstructed. Equa-
tion (2.42) assumes that the reconstruction probability for each of the lepton jets
can be considered independently. Both P, and ¢, depend on the event Type,
and will be described presently.

The reconstruction efficiencies for a 74 with transverse momentum p7 decay-
ing atalength L, €,cco = reco(pr, L), are provided in the ATLAS auxiliary Tables
1-4 [239] for Type 0 and Type 2 jets decaying in the barrel and endcap regions, as
defined in Table 2.2. We assume ¢,..., = 0 outside of those L, n, pr regions, which
appears to be stricter (and therefore more conservative) than the barrel/endcap
regions used in the full analysis. Since the 74 are very boosted, we do not require
a timing veto. The reconstruction probability for each jet is then

Preco(7d7 CT) = Z P(’Vda CT)Ereco(p%d7 L), (243)
L bins

12Note that electrons in the hadronic calorimeter will resemble a narrow hadronic jet.
BThis term includes additional rejection criteria such as inner detector isolation.
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Type 0 Type 2
Barrel Endcap Barrel Endcap
14 < Lyy/em <780 | 50 < L. /cm < 1400 | 150 < Lgy/cm <410 | 350 < L./cm < 650
[n| < 0.9 12<n <25 In] < 1.0 1.5 <|n| < 2.4
10 < pp/GeV <100 | 10 < pp/GeV <100 | 20 < pp/GeV <100 | 20 < pp/GeV < 100

TABLE 2.2: Definitions of barrel and endcap regions for
€reco(PT, L) as defined by ATLAS.

where P(vy, c7) is given by Equation (2.35) with

Lmin max

zy-bin zy-bin €
2 . if in barrel
sinf 7 sin@ 4
(Lmin; Lmaz) - ng.n ngx o (24:4:)
Z-bin Z-bin
( ibin | —=bi ) if in endcap.

For any event involving a Type 2 jet, ATLAS used the previously described
CalRatio trigger. ATLAS provides the CalRatio trigger efficiency e.,, defined
as the fraction of jets passing the offline selection which also pass the trig-
ger, separately as a function of pr and 7. Type 0-0 events are collected by the
3mu6_MSonly trigger [227, 239], which requires at least three standalone (not
combined with an inner detector track) muons with pr > 6 GeV. The efficiency
of this trigger is dominated by the granularity of the muon spectrometer; to re-
construct three muons at least one of the dark photons must produce a pair of
muons which have a discernible opening angle. ATLAS provides the efficiency
€9, defined as the fraction of 4 passing the offline selection and also producing
two distinguishable muons, separately as a function of pr and 7. The efficiency
for detecting at least one muon is quoted as >; = 0.8 (0.9) in the barrel (end-
cap) region. For our purposes we converted these efficiencies, making the as-
sumption of independence, into functions of two variables, . = €cq(p7,7) and

g2 = e2(pr,n). For each event, the trigger efficiency given event reconstruction

is taken as
ex1(var)e2(vaz) + e>1(vaz)e2(va1)
—&2(va1)e2(va2) if Type 0-0,
Etrig (Vi > Vdy) = ) (2.45)
Ecal (ﬂyd’rype_o) if Type 0'2,
L Ecal (’Yd1) + Ecal (’ng) — Ecal (7d1 )5cal (’ng) if Type 2'21

where, in an obvious notation, ¢(y4) = e(p)?,n"). This is not quite a model-

independent trigger efficiency, since €., and ¢3 are derived from a lepton-jet gun
event sample, in which the v, are generated uniformly in (pr,n), but it serves
as a good approximation for our purposes. After weighting by reconstruction
probabilities, we find that this trigger efficiency for the FRVZ sample rescales the
number of events by an approximately global number, ~ 0.5 for c7,, = 0.1 cm
and ~ 0.3 for cr,, = 100 cm.

In Figure 2.9a we compare the number of events predicted by our analysis
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FIGURE 2.9: (a) Predicted number of events in the lepton jet
analysis assuming 100% Higgs branching, m,, = 400 MeV, and
Br(ya — Type0) = 0.45. Upper: the FRVZ model results
from ATLAS (dashed) and our results (solid) for all event Types
(blue/upper) and excluding Type 2-2 events (red/lower). Also
shown are the number of events expected for the h — 474
model in solid black; dotted curves beginning left-to-right show
the break down in terms of Type 0-0, 0-2, 2-2 events respec-
tively. Lower: the ratio of our FRVZ model results to those of
ATLAS. (b) Excluded parameter region for vy, assuming fixed
Br(h — yava) x Br(va — pp)?. The contours mark branchings of
30%, 20%, 10%, 5%, 3%.

to those of ATLAS as a function of cr assuming 100% Higgs branching. The
obtained ~ 330 events at cr = 4.7 cm is an underprediction compared to the
full simulation results of 600 £ 40, most likely due to the stricter barrel/endcap
regions employed. For alternative lifetimes we cannot come up with a physical
explanation that could account for the shape discrepancy between our curve and
the reweighted result of ATLAS.!4

Let us now attempt to reinterpret the ATLAS analysis for h — 7474 decays
predicted by the vector portal model. A signal sample gg — h — 474 for m.,, =
400 MeV was generated in PYTHIA and fed through our analysis. Figure 2.9a
shows the total number of events predicted as a function of c7, as well as broken
down by event Type. More events are predicted than in the FRVZ model, and
they peak at a lower cr, since on average the v, are more boosted. The 95% CL
upper limit of ~ 120 (= 30) on the total (total excluding Type 2-2) number of
events can be inferred from the ATLAS plots. These numbers can be used along
with Figure 2.9a to limit exotic Higgs branching fractions for m,, = 400 MeV.

For alternative masses, since £/ > m, the properties of the simulated ~4 will

1t is not without careful consideration that we make this statement. Various possibilities were
excluded, including effects of: the Monte Carlo generator; a bug in the code; applying each ef-
ficiency independently; and the stricter barrel/endcap region used. Instead, what we found was
that the results were surprisingly robust to stricter /looser assumptions. Even a trip to La Sapienza
Universita di Roma to discuss with the ATLAS investigators could not resolve this discrepancy.
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FIGURE 2.10: Exclusion plot for the real singlet scalar (Higgs) por-

tal (see text). Incremental shadings mark areas of non-negligible

lifetime. The coloured regions (this analysis) mark the exclusions
assuming Br(h — ss) = 30%, 20%, 10%, 5%, 3%.

be approximately the same but for the boost v = E/m.,,. If the efficiencies do not
change significantly surrounding m.,, = 400 MeV, which according to ATLAS
is at least a good assumption for 0.25 < m,,/GeV < 1.5 [239], then according
to Equation (2.35) the number of events plotted as a function of ¢7/m.,, remains
invariant. Limits for alternative masses can be derived from the m,, = 400 MeV
results using this observation. In Figure 2.9b we present an example exclusion
plot derived from Figure 2.9a in this way: the limit on Br(h — v4v4) X Br(v¢ —
pie)? as a function of m., and cr. This is also a good approximation for the limit
on Br(h — ss) x Br(s — pu)?.

Exclusion regions

In Figure 2.10 we reinterpret the analyses of Section 3.3 within the real singlet
scalar model.’> The coloured regions mark the exclusion assuming Br(h —
ss) = 30%, 20%, 10%, 5%, 3%. We remind the reader that within the region
2my, < ms S 4 GeV the branching fractions and lifetimes are known to be un-
certain by up to an order of magnitude. See Section 2.2.3 and Figure 2.4 for a

description of the reproduced exclusion regions.

15 An exclusion region also for the vector portal model can be found in our Ref. [4].
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2.5.2 Discussion

Searching for the displaced decays of long-lived neutral states is a sensitive way
to look for exotic Higgs physics. Already, searches at the LHC have probed
branching fractions at the per cent level. The huge variety of BSM scenarios
which predict these sighatures demands a model-independent approach. How-
ever, unlike for prompt events, no public tool exists to simulate the detector re-
sponse to displaced decays. Hence phenomenologists wanting to reinterpret dis-
placed searches are reliant upon efficiencies provided by the collaborations. In
general, the reconstruction efficiency for a long-lived particle will depend on its
mass m, transverse momentum pr, lab-frame decay length L, pseudorapidity 7,
and its decay mode. Ideally the phenomenologist would know the reconstruc-
tion efficiency as a function of all five of these parameters together,16 and then
the simple Monte Carlo method we have described in Section 3.3, requiring no
simulation of displaced decays, could be used to determine the reconstruction
probability for any event. In the interests of simplicity, the dependence on 7 is
likely to be weak enough to be split into barrel and endcap regions, and then
the reconstruction efficiencies could be provided as three-dimensional (m, pr, L)
functions for each final state in the barrel/endcap. In certain limits the depen-
dence on one of these variables might even be removed. For example, in the
limit £ > m, the efficiency dependence on m for hadronic jets is expected to
be weak. The trigger efficiency, defined as the probability of triggering given

reconstruction, could subsequently be taken into account in a similar way.

2.6 Conclusion

In this Chapter we studied the phenomenological implications of extending the
SM by a real singlet scalar, s, with mass 100 MeV < m, < my,/2, which mixes
with the SM Higgs. We explored (m, sin p) parameter space, where p is the mix-
ing angle.

The existing limits, derived in Section 2.2, are summarised in Figure 2.4.
Fixed target experiments, B meson decays, and Z — Z*h — Z* + hadrons
searches at LEP1 set the most stringent limits in the regions ms; < (mg — my),
2m, < mgs < mp, and mp < m, < my/2, respectively. These limits are enough
to exclude the scale invariant benchmark model of Foot & Kobakhidze [159] for
light scalar masses 100 MeV < m, < 10 GeV.

We also studied three phenomenologically distinct regions of parameter
space at the LHC. For production at parton-level, we demonstrated that the sub-
dominant V's production channel has the best sensitivity at ATLAS/CMS for
ms > mp. The bound on sin? p x Br(s — ptp~) from the Ws channel using

~

16Al’chough it is only possible to provide a two-dimensional efficiency plot on paper, we see no
reason why collaborations couldn’t provide higher dimensional plots as an online resource.
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4.6 tb~! of /s = 7 TeV data was found to be stronger than those set by up-
silon decays. This bound is still about two orders of magnitude weaker than
that of LEP1, though it is conceivable that future LHC bounds could compete,
with the main uncertainty being knowledge of the combinatoric background at
Vs =13 TeV.

For ms < mp, s is dominantly produced at the LHC via the decay of
B mesons, with a rate ~ 10 times larger than gluon fusion. In the region
sinp < 1073, s lifetime is non-negligible. We investigated the possibility of
searching for displaced dimuons at ATLAS/CMS or at LHCb, showing that, in
unexplored parameter space coinciding with the benchmark model of Bezrukov
& Gorbunov [160], more than 103 potentially background free moderate pr dis-
placed decays (before efficiency factors) occur within the detector volumes. This
motivates a search for displaced dimuons at ATLAS/CMS and/or LHCb.

Lastly, we considered the displaced decay regime of when s is pair-produced
via Higgs decays h — ss. We motivated a simple Monte Carlo method to rein-
terpret displaced searches utilising efficiency tables. Although the ideal set of
efficiency tables were not provided for either of the ATLAS displaced searches
considered, we were still able to demonstrate the principles of this Monte Carlo
method, and we used it to constrain (ms, sin p) parameter space for Br(h — ss)
at the per cent level. Our hope is that this inspires the following take-home mes-
sage regarding displaced searches: if the relevant multidimensional efficiency
tables are provided, then phenomenologists will be able to reinterpret searches
in the context of their own models.
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3 Naturalness

This Chapter is based on the preprint “Naturalness made easy: two-loop naturalness

bounds on minimal SM extensions,” written in collaboration with Peter Cox [11].

The Standard Model (SM) appears to represent a very good effective field
theory (EFT) for energies at least < TeV. Still, it has several well known theoreti-
cal and phenomenological shortcomings, e.g. neutrino masses, dark matter, and
the baryon asymmetry of the Universe. It is possible to address these shortcom-
ings with minimal extensions of the SM by heavy fermionic and/or scalar gauge
multiplets (GMs). However, the Higgs mass parameter 1%(mz) ~ —(88 GeV)?,
appearing in the SM potential u? H'H + A(H' H)?, is sensitive to such heavy new
physics; GMs couple (at the very least) at loop level to the SM Higgs, thereby in-
ducing corrections to the Higgs mass and potentially introducing a naturalness
problem.

The subject of naturalness in the modern literature is rife with various (and
often conflicting) definitions. Let us therefore, at the outset, state the definition
used in this Chapter: a parameter in a quantum field theory is “natural” if its mea-
sured value at low scale is (sufficiently) insensitive to details of the physics at high scale.
Plainly, then, to examine naturalness of the Higgs mass parameter we require: (1)
a description of the low scale physics; (2) a description of the high scale physics;
(3) a map which relates them; and (4) a measure which quantifies sensitivity of
p?(mz) to the high scale physics.

In this Chapter we confront the question, at what mass does a heavy GM intro-
duce a physical Higgs naturalness problem? Vector-like fermionic and scalar GMs
of various charges are studied. We advocate a renormalisation group (RG) ap-
proach to naturalness. The description of the low (high) scale physics is provided
by the MS Lagrangian parameters of the SM (SM+GM) EFT defined at the scale
mz (Ap), and the map which relates them is the set of RG equations (RGEs). We
employ a sensitivity measure which can be interpreted as a Bayesian model com-
parison. Bayesian approaches to naturalness have previously been considered in
the literature [275-287]. We propose a particular model comparison, which cap-
tures the “naturalness price” paid for promoting the Higgs mass parameter from
a purely phenomenological input parameter at low scale to a high scale input
parameter of the model. We show that this sensitivity measure then reduces in

a well-motivated limit to a Barbieri-Giudice-like [288, 289] fine-tuning measure.
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Quantifying and bounding this sensitivity results in naturalness bounds on the
masses of the various GMs.

The Chapter is organised as follows. In Section 3.1 we describe an intuitive
and physical concept of naturalness built upon the RGEs, and the sensitivity
measure as a Bayesian model comparison. In Section 3.2 we describe how this
concept is applied to the SM+GM EFTs. Our main result is a list of naturalness
bounds presented in Section 3.3. These results are discussed in Section 3.4, and

we conclude in Section 3.5.

3.1 Physical Naturalness

In this section we describe a physical way to understand the Higgs naturalness
problem, especially pertinent in the context of bottom-up extensions of the SM.

To frame the discussion, let us appeal to an illuminating toy model.

3.1.1 Toy model

Consider a perturbative EFT consisting of the SM plus a heavy particle of mass
M (whose mass is obtained independently of electroweak symmetry breaking).
The 12 RGE valid at a renormalisation scale ur > M takes the form

d

dlog jir ¥ (pr) = C1ur)p* (pr) + Calnr) M*(ur) | (3.1)

where C1(ugr) ~ 6y:(ugr)/(47)?, with y; the top quark Yukawa coupling. The
quantity C2(ur) might be comprised of SM and/or beyond-SM couplings. The
RGEs allow p? (and other low scale parameters) to be extrapolated to a high
scale Ay, at most up to the scale at which the EFT is no longer valid. At Ay,
these renormalised parameters can be interpreted as “input parameters” which
might be derived from even higher scale physics. The input parameters are, by
construction, connected with the low energy parameters via the RGEs. If the
low energy parameters are very sensitive to these input parameters, then this
signifies a naturalness problem.

Let us now, under this paradigm, try to understand when a heavy particle
introduces a Higgs naturalness problem. One can fully solve Equation (3.1) in
the limit where C;, Cs, and M? have no scale dependence. Including a possible
threshold correction, p2 (M) = p? (M) — CrM?, when the SM EFT parameters
(—) are matched onto the full EFT parameters (+) at the threshold M, and in the
limit Cy log(Ap/myz) < 1,

W2(mz) ~ p2(An) — O(An — M) [@M? log <JAW’“L> - cTMﬂ . (62

where O is the step function. It is now easy to see when a naturalness problem

arises. If either of Co M? or CrM? is > p?(my), then the input parameter p?(Ay,)
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must be finely tuned against a very large contribution in order to realise the ob-
served Higgs mass. A small change in u?(Ap) ruins this cancellation, and thus
the Higgs mass is unnatural, i.e. it is sensitive to details of the high scale physics.
Note that the CyM? piece captures a steep (1) RG trajectory, whereby only a
very particular input ;%(Aj,) will lead to the observed low scale p%(mz); a small
change in this value leads to significant over- or under-shooting.

In this picture, the Higgs naturalness problem is cast in terms of a potential
sensitivity between measurable parameters (as opposed to a large cancellation be-
tween an unmeasurable bare mass and an unphysical cutoff contribution), con-
nected by fully calculable (in a perturbative theory) RG trajectories and matching

conditions.!

3.1.2 Sensitivity measure

To actually quantify the sensitivity to high scale physics is somewhat arbitrary
and subjective. There are many approaches in the literature. In this Chapter we
will adopt a sensitivity measure which can be interpreted as a Bayesian model
comparison, and which reduces (in the cases we consider) to an intuitively mo-
tivated Barbieri-Giudice-like [288, 289] fine-tuning measure. We provide below
a short description; more details can be found in Appendix A.1.

Assuming a flat prior belief in the high scale input parameters 7 =

(Z1,...,Zy), and a perfectly measured set of m < n independent observables
O = (0y,...,0y), the Bayesian evidence B for a model M is a function of the
unconstrained input parameters Z' = (Z,41, - . ., Zy):
, 1
B(M;Z") x (3.3)

VITIT o,

T/

where J is the m x n matrix defined by J;; = 00;/0Z; [283]. Let us take, for
model M, T; = log u?(A) and O; = log u?(mz). The logarithms here ensure that
our result is independent with respect to units or parameter rescalings (absolute
values are implied for the argument of any log and dimensionful parameters can
be normalised by any unit). Our Higgs mass sensitivity measure arises from a
particular Bayesian model comparison: we compare to a model M in which we
instead take 7; = O = log ;ﬂ(m z), i.e. the Higgs mass parameter is considered
as an input parameter at scale myz. The sensitivity measure can then be written
as a function of the unconstrained parameters,
. B(MyT

sz - BT, 6

This measure captures the “naturalness price” paid for promoting the Higgs

mass parameter to a high scale input parameter of the model as opposed to a

'See Refs. [290-299] for similar naturalness philosophies.
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purely phenomenological input parameter at low scale. In our context, a large
value of A essentially tells us that, given a flat prior density in log ;%(Ay), the
observed value p?(my) is unlikely [specifically with respect to a flat probability
density in log u?(mz)], i.e. u%(mz) is sensitive to the realised input parameters.
In the special case that the low scale observables, except for possibly u?(my),
are approximately insensitive to the unconstrained inputs, B(M,;Z’) becomes
independent of 7' and Equation (3.4) reduces to

dlog p%(mz)\”
> ((,ﬂ]) . (3.5)

jzm+1 Oez
T/

o | (0logp2(mg)\’
AMT) = <810gu2(/\:)>

In the absence of unconstrained inputs (n = m) the summation disappears and
the equality is exact. This is clearly reminiscent of the Barbieri-Giudice fine-
tuning measure. A value of A = 10 can now be interpreted as the onset of strong
Bayesian evidence (for M over M) on the Jeffreys scale [300], or a 10% fine-
tuning from the Barbieri-Giudice perspective.

Notice here that we have a sensitivity measure which depends on uncon-
strained inputs. It might be that we want to “project out” some of these nuisance
parameters. In this Chapter we will minimise over them, which picks out a con-
servative best case naturalness scenario in the model. Our SM+GM models M
are defined by MS inputs at the high scale Aj,, with the renormalised mass param-
eter M*(A;,) € T’ [and k = 1 (2) in the fermionic (scalar) case]. We minimise over
all unconstrained parameters apart from M*(A},) to obtain a sensitivity measure

which depends only on M and Ap:

. o
A(M,Ay) = I’\{%ir(l/\h)} [A(M,I)] . (3.6)
In practice we minimise over Equation (3.5), which is now valid under the looser
criterion that the low scale observables, except for possibly u?(my), are approxi-
mately insensitive to the unconstrained inputs in the vicinity of the minimum.

This all may sound rather abstract. Let us now check that, in the relevant
cases, the sensitivity measure Equation (3.6) captures the sensitivity we expect in
our toy model when Co M2, CrM? > p?(my).

3.1.3 Fermion-like case

In the minimal fermionic SM+GM there are no new dimensionless parameters;
C, is fully constrained by experiment so that O; = {log u?(mz), log C1, log Co}
and Z; = {logp*(Ap), log C1, log Ca, log M}. 1t is easy to show directly from
Equation (3.4) that, even allowing for possible C > correlation dlog C /0 1og Cy #
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0,

_|{dlogu2(mz)\® | (Dlogut(mz)\?
A<M’Ah>—\/ (Toeetig) +(Comar) - @7

This is just a Barbieri-Giudice-like fine-tuning measure comparing percentage
changes in the low scale Higgs mass parameter to those in the input parameters.
In the limit C; log(An/myz) < 1 and taking A, > M, we see that A(Ay) is made
up of two pieces:

‘8logu2(mz) B ‘1+ CyM? ) <Ah> B CrM?

9log % (Ap) (2 (mz) M) p*(mz)|’

dlog 2 (my) CoyM? Ay, CrM?

— = = 21 — | =1 =2 .

‘ dlog M |~ |i2mz) |2\ g O

The “1” piece is the SM contribution, the log(Aj,/M) pieces reflect sensitivity to
the RG trajectory (with slope C2M?), the Cr M? piece is due to the finite threshold
correction, and the log-independent CyM? piece arises because a variation in
log M results in a shift in the matching scale, which reintroduces a small amount
of RG evolution. Clearly A > 1 if CoM? or CrM? is > p?(myz), as expected.
This even holds in the limit where the high scale approaches the heavy particle
mass, A, — MT.

In the fermionic SM+GM EFT at two-loop order with one-loop matching, we

have

4

"

Cr =0, (3.9)

where g is a placeholder for a gauge coupling(s). It is interesting to note that in
the limit Aj, — M, Equation (3.7) just becomes

WWH (Ceamnry 6.10)

pA(mz)

If we bound this sensitivity measure by A, this is almost equivalent to simply
bounding the contribution to the 1%(1z) RGE in Equation (3.1) at the scale g =
M,ie. Co( M)M? < Apazp®(mz). This is not an uncommon practice as a zeroth-
order naturalness bound for M.

There is one case we wish to comment on here: the special case where Cy(M)
happens to vanish, somewhat reminiscent of the Veltman condition [301]. In this
case there is plainly no naturalness bound on M from the A(M™) measure we
have written above, no matter the size of M. So it appears that there is a fine-
tuning which is not captured by our framework in this limit. Is this indeed the
case? One can show that extending this toy model to include RG evolution of C5
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is not enough to reintroduce the naturalness bound (we will see this in our nu-
merical analysis). Instead, it turns out that this apparent “Veltman throat” is only
a limitation of the order to which we are working. In the fermionic SM+GM EFT
with two-loop matching, C7 becomes a non-zero function of the gauge couplings.
In general C7(M) # 0 when Cy(M) = 0, and thus a sensitivity proportional to
M? and powers of gauge couplings is recaptured at this special value of M. In
any case, we do not attribute much physical significance to this special case; in
the full model, even if Co(M) = 0, RG effects reinstate Co(ur) # 0 at ug > M,
and the sensitivity of u?(my) to M? is rapidly recaptured in the realistic case with
Ap > M.

3.1.4 Scalar-like case

Let us first consider the SM plus scalar GM case with only one portal quartic
A1 (HTH)(®T®) and one self quartic A\p(®T®)(®T®). This occurs whenever the
scalar is an SU(2) singlet. At two-loop with one-loop matching, we have

AH1 AH1
Co=C5M +2 Cr= Qs —5 3.11
2 2 + Q3 (471')2 + ) T Q3 (471')2’ ( )
where C5M ~ g*/(4m)4, and (Q1, Q2, Q3) are the (U(1)y, SU(2), SU(3)) charges
of the GM. Assuming for simplicity no RG evolution of these parameters, we
have O; = {log u?(mz), log C1, log C5M} and Z; = {log ?(A}), log C1, log C5,
log A1, log Ap, log M 2}. The sensitivity measure, assuming C; and C’§M are

insensitive to changes in A1 and Ag, is given by

dlog p2(mz)\? | (dlogp(my)?
0log u?(Ap) O0log M*

+ dlog u?(mz) \? ’
dlog \1 A\
1

A(M,Ap) = H)l\in (3.12)
1

where we have ignored the subdominant 9/0log A¢ term for clarity. Before min-
imisation, the contribution of the first two terms under the square root are ex-
actly those in Equation (3.8). Note that the C,M? contributions are removed
if A1 takes the fortuitous value —(47)2C5™ /(2Q3), however the C7M? contri-
butions remain. Conversely, A1 = 0 removes the threshold correction contri-
butions, leaving non-vanishing Cy M 2 contributions. Thus it seems that, even
with the extra freedom granted by Ag1, one cannot remove the naturalness prob-
lem. Indeed, the minimisation over A\f; can be performed analytically in this
toy model. The result is rather lengthy, and we do not reproduce it here. It is
anyway not terribly illuminating, since this toy model is too strong of an over-
simplification to reflect the full scalar SM+GM case when A}, > M; pure gauge
contributions in the A1 (1r) RGE which destabilise any fortuitous cancellation
for C2(ur) = 0 must be taken into account. Nevertheless, the toy model result
can serve as an argument for the existence of a finite naturalness bound even in
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the limit A, — M ™, where we obtain

1

(3.13)

oG ()]
pHmz) — \ p*(mz)
if C1log(Ay/mz) < 1. Again, clearly A > 1 when C5MM? > p2(my), as
expected. If we bound this sensitivity measure by A(M™) < A4, this is ap-
proximately equivalent to C5™ (M)M? /12 < Apazp®(myz).

The scalar SU(2) doublet or triplet SM+GM EFT case with two portal quartic
couplings is more delicate. At two-loop with one-loop matching we have

AL oy avie Cr = A1 3.14
am? Q3W+---, T=Q3Q2——5, (3.14)

Cy = C3™M +20Q3Q, (am)?’

where A1 2 will be defined in Section 3.2.2. There is now enough freedom for a
minimisation analogous to Equation (3.12) to select Az such that o, = 0 and
Cr = 0 simultaneously, removing the sensitivity of y?(my) to M2. Still, in the
realistic case including RG effects beyond our toy model, C # 0 and Cr # 0
will be reinstated at pr > M, and A(Aj) with A, > M will sensibly capture
the 1%(mz) sensitivity to M?. A question remains as to whether A(M™) acts
sensibly in this scenario. Is it possible to choose A1 2(M) such that Cy(M) =0
and C7(M) = 0 and the relevant terms < M? in Equation (3.8) vanish? Indeed,
it is possible. However, once RG effects are included, this is not sufficient to

minimise A(M ™). In particular, dCr/d log g will generally be non-zero, leading

#R=M>

(3.15)

to an extra term in the 9/ log M? sensitivity measure:

MQ
p*(mz)

dCrp
dlog i

dlog pi*(mz)

.
N 0log M2

AhHM+

1
2

(CZ(M) +2C7r(M) +

The extra term can be thought of as arising from a shift in the matching scale. If
Ag1(M) = 01is chosen so that C(M) = 0 in order to minimise the 9/0 log 1?(Ay,)
sensitivity, the full sensitivity measure is no longer minimised for Cy(M) = 0.
Instead, one would like to set [Co(M) + dCr/dlog pir|u,=m] = 0. However,
dCr/dlog ir|upz=ns is itself a function of Afq2 (and gauge couplings), thus it
is not guaranteed that this is possible. Indeed, in the cases we explore, it is not;
remarkably, dCr/dlog gl ,=m D +24Q3A%,/(4m)%, which cancels the negative
contribution in Equation (3.14) and leaves [Co(M) + dCr/dlog jir|u,=n] posi-
tive for any value of \yo(M) when A1 (M) = 0.2 Our numerical study captures

this, and we always recover a sensible value for A(M™).

The reader might wonder if this is just a convenient happenstance. It is possible. However, we
note that extending to three-loop RGEs with two-loop matching, this objection becomes moot. At
higher loop matching the threshold correction will generally become a function of both Az1 and
Arr2. The 9/81og 1i?(An) sensitivity is minimised for Cr(M) = 0. However, 9/ 1log Amr1,2(An)
terms also appear in the full sensitivity measure. The simultaneous vanishing of these terms is in
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A(Ap)=10 contoursfor Ap={M™*, Ap}
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FIGURE 3.1: A(M,A;) = 10 contours for A, = M™ (solid), or

Ap; ~ 10" GeV (dashed). Also shown as gray dotted lines are

approximate C3 contours for some benchmark heavy particles.
The results for negative values of C; are very similar.

Much of the discussion here has only been of technical interest since we have
chosen to project out our unknowns by minimising the sensitivity measure over
them. Clearly the possibility of a miraculous cancellation is not the generic case,
and such cancellations are anyway quickly violated in the realistic scenario with
RG effects and A, > M. Nevertheless we find it interesting that, in this frame-
work (and even in the limit A, — M7 limit), there is a certain amount of %(mz)
sensitivity which cannot be made to go away by a judicious choice of quartic

couplings.

3.1.5 Naturalness bounds

Naturalness bounds can be derived simply by bounding the sensitivity measure
Equation (3.6). In Figure 3.1 we show the A(Ap) = 10 contours for A, = M,
or Ap; ~ 10" GeV in our fermion-like toy model Equation (3.7). Points in pa-
rameter space below these lines can be considered natural, and points above
increasingly unnatural.

Figure 3.1 can be used to estimate naturalness bounds on the masses of
fermionic particles. Consider for example a heavy fermion with a top-like cou-
pling strength such that Cy = 6y7/(47)?; taking y7 = y7(mz) ~ 0.96 and reading
across one finds a naturalness bound M < TeV. For a right-handed neutrino in-
volved in a Type I see-saw, Cy = 4y2/(47)? with y2 ~ Mm, /(174 GeV)?; taking

general only guaranteed if A1 (M) = Ag2(M) = 0. Plainly this restriction is too severe to absorb
sensitivity arising elsewhere.
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m, = 0.05 eV results in a naturalness bound M < 107 GeV [3, 302].3 The reason
that this naturalness bound is so large is simply because C is so small. Indeed,
in the limit Uy — 0 there is no naturalness bound on M. In models with gauge
singlets, Co — 0 can correspond to a technically natural limit [36, 37] associated
with decoupling of the particle from the SM fields. It makes sense that there is no
Higgs naturalness bound on the mass of such a particle, given that in this limit
the heavy particle can no longer “talk” to the Higgs at all.

The focus of this Chapter will be Higgs naturalness within the EFT of the
SM plus a heavy GM. For fermionic GMs with SU(3), SU(2), or U(1)y charge
Q3, Q2, or @1, the leading pure gauge contributions to C are —2@%gil (47)4,
—3Q2(Q3 — 1)g3/(4m)*, and +48(NZ — 1)gjy?/(4m)®, respectively. Taking g7 ~
0.13, g2 ~ 0.43, and g§ ~ 1.48, these correspond to rough naturalness bounds of
(perhaps surprisingly to some) tens to hundreds of TeV, as sketched in Figure 3.1.
The size of the mass bounds is just a reflection of the smallness of g*/(47)%.
The main purpose of this Chapter is to derive these bounds more rigorously;
we perform a full two-loop analysis to examine the effects of adding various
(vector-like) fermionic and scalar GMs to the SM. The above naturalness bound
approximations turn out to be quite good for the fermionic GMs, but they sig-
nificantly deviate for scalar gauge multiplets, since these always couple directly
to the Higgs via a quartic term(s). As already indicated, sensitivity to the RG
evolved quartics must be properly taken into account.

3.1.6 Comment on the Planck-weak hierarchy

Before leaving this section, we want to comment on how the Planck-weak hierar-
chy fits into in this picture. From Equations (3.2) and (3.5), one can see that A ~ 1
in the pure SM limit, i.e. there is no enhanced sensitivity when the Higgs mass is
promoted to a high scale input parameter. This should come as no surprise, since
the only explicit scale in the SM is p? itself: the value p%(A,) is multiplicatively
related to the value ;%(mz) and remains electroweak scale up to high scales.*
Indeed, the effective Higgs potential remains consistent (albeit metastable) even
up to the very highest scale to which the SM can be valid: Ap; ~ 10! GeV. Now,
it could be that gravity introduces large and physical corrections to p?(ug) [or
some related parameter(s)] at or below this scale. However, without a complete
theory of quantum gravity, we cannot calculate these corrections. This picture
therefore claims that the SM with inputs at Ap; is natural, in the sense that the
low-energy observable 1i%(my) is not extremely sensitive to the input y?(Ap;). In
such a case, one could sensibly ask: why is y?(Ap;) < A%,? We do not address

*This is not quite the correct thing to do, since the observable at low scale is m, and not C>
[which was assumed to derive Equation (3.8)]. Rest assured that using the appropriate sensitivity
measure derived from Equation (3.4) only marginally changes this picture.

* For the SM at two-loop we find p?(Ap;) ~ —(94 GeV)? and A(Ap;) =~ 1 to one part in 10°.
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this problem. By construction our sensitivity measure remains agnostic to this in-
put value by assuming a flat prior in log ?(Ap;). Of course, as we have argued,
the presence of a heavy gauge multiplet can introduce a calculable and physical nat-
uralness problem irrespective of the situation with gravity, and this is the problem that
we study. In such models a flat prior belief in log 1%(Aj,) devolves to a low scale
posterior belief which favours p?(mz) 2 CoM?. It could be that gravity behaves

in a similar way, but we cannot yet perform the calculation.

3.2 Method

The main purpose of this Chapter is to derive and present naturalness bounds
on the masses of GMs within SM+GM EFTs valid up to scale Aj,. In Section 3.1
we motivated a general procedure for determining these bounds: take the low
energy observables at mz, evolve them under the RGEs to the scale A, then
evaluate and bound the sensitivity measure Equation (3.4). Presently we detail
our method. We use sets of two-loop RGEs generated using a modified version
of PYR@TE [303].

The low scale observables are taken as the logarithms of SM MS Lagrangian
parameters at scale mz: exp(O;) = {u?(mz), A(mz), g1(mz), ga(mz), g3(mz),
w(mz), w(mz), yr(mz)} = {—(88GeV)2, 0.13, 0.36, 0.66, 1.22, 0.96, 0.017,
0.010}. For simplicity we ignore the Higgs and the top quark thresholds. The
high scale input parameters are taken as the logarithms of the minimal set of
SM+GM MS Lagrangian parameters at scale A, (to be explicitly listed in the fol-
lowing subsections); by minimal we mean that terms in the SM+GM Lagrangian
which can be set to zero in a technically natural way are not included. The ob-
servables are numerically evolved under the two-loop SM RGEs up to the thresh-
old of the GM, pr = M, where we perform one-loop matching onto the param-
eters of the SM+GM EFT. The mass parameter for the GM is also a renormalised
MS parameter, which we set equal to M at the scale up = M 5 New parameters
are introduced in the case of a scalar GM; these are left as free parameters which
are numerically minimised over when evaluating the sensitivity measure. The
two-loop SM+GM RGEs are used to evolve all parameters up to the high scale
Aj. The approximation to the full sensitivity measure, Equation (3.5), is then
evaluated numerically by varying the appropriate input parameters around their
values at Ay, evolving all parameters back down to the scale mz, matching the
SM+GM EFT onto the SM EFT at the matching scale pr given by M(ur) = pg,

and measuring the change in the Higgs mass parameter.

5The bounds we present are therefore bounds on the parameter M (i.e. the MS mass of the GM
at the scale M), not the pole mass.
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(B) g3y? corrections.

FIGURE 3.2: Corrections to x? from a heavy vector-like fermion.

3.2.1 Vector-like fermion

The minimal SM+GM Lagrangian for a vector-like fermion is that of the SM plus
AL = D"y, 0p — M), (3.16)

The high scale input parameters of this model are those of the SM plus the renor-
malised parameter M(Ay), ie. Z; = {p(An), AM(An), 91(An), g2(An), g3(An),
ye(An), yp(An), y-(An), M(Ap)}. The one-loop matching conditions are trivial,

pi(ur) = 12 (pr) M (1) = A= (kr) , (3.17)

where the + (—) subscript denotes the SM+GM (SM) EFT parameter.

The 12(1r) RGE takes the form of Equation (3.1) with C2(ur) a function of
SM parameters. Recall that it is primarily the Ca(11r) term which leads to a po-
tential naturalness problem, as argued in Section 3.1.1 for constant C5. In the
vector-like fermionic SM+GM EFT it takes the form

C2=-2Qs0 in S QsQa(Q3 - 1) 9 +96Q2(N2 — 1)e(r )7g§y3
Y T R e VT 2e Y (476’
(3.18)

where c(ry) = 3 (3) for @3 = 3(8), and dependence on scale pp is implied.
Representative diagrams leading to these terms are shown in Figure 3.2. Note
that we have added by hand the leading three-loop SU(3) correction, arising
from three diagrams [see Figure 3.2b], since otherwise the two-loop RGEs do
not capture any SU(3) correction beyond multiplicity factors.® This correction
turns out to be competitive with the two-loop pure gauge corrections at scales
pr S 10° GeV due to the relatively large couplings g3 and y; below this scale. It
is also opposite in sign, thus potentially delaying the growth of u?(ug) (and the

This three-loop correction was calculated with the aid of MATAD [304].
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corresponding naturalness problem) if it happens to approximately cancel with
the other gauge contributions.

There are no unconstrained high scale dimensionless inputs to minimise over,
so the sensitivity measure Equation (3.5) is just

B dlog i2(mz)\? dlog p2(mz)\”
AWM Aw) = ¢ (Toeaca) * (oeaag) - 6

Results are obtained by numerically evaluating A(M, Ap) at points of interest in
(M, Ay) space.
3.2.2 Complex scalar

The minimal SM+GM Lagrangian for a complex scalar is that of the SM plus
AL = D'®'D,d — (M2cI>T<I> +3 Aei® 10010 + Y AHjHTH¢T<I>> . (3.20)

where H is the SM Higgs field, and the sums are over all possible contractions.

Explicitly, we take the following convenient contractions for the portal quartics
AL S A HVH Te(@T0) + Ao (2 T(H oo H) - HIH Tr(<1>Tc1>)) . (321)

where the second term is relevant only for ()2 > 2. The high scale input param-
eters of the model are those of the SM plus the extra self and portal quartics and
renormalised mass parameter, i.e. Z; = {u%(An), A(An), 91(An), g2(An), g3(An),
Ye(AR), Yo(An), yr (An)s Ao1(An), - .o, A1 (Ag), . .., M2(Ap)}. The one-loop match-
ing conditions are

2
13 (ur) = 2 (1R) — Q3Q2/\I{17(MQR)M2(MR) [1 —log (M (Q’MR)H , (322

(4m) )
‘ 2 2
Mslin) = A eg) — L5 A v (G ) 623)

where the + (—) subscript denotes the SM+GM (SM) EFT parameter and we
have neglected terms suppressed by powers of v?/M?. We will always work in
the limit where ® does not obtain a vacuum expectation value. This is a well-
motivated simplification, since for masses at the naturalness bounds we will
obtain (typically M > TeV), experimental agreement with the canonical Higgs
mechanism for electroweak symmetry breaking generically constrains any scalar
GM to observe this limit, and of course a coloured scalar multiplet must exactly
satisfy it. Evidently the x? term receives a threshold correction when matching
is performed at the scale pup = M (ug).

The p?(ur) RGE in the SM+GM EFT with a complex scalar takes the form of
Equation (3.1) with Cy(pr) a function of both the SM parameters and the extra
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FIGURE 3.3: Corrections to 2 from a heavy scalar, and related
corrections to Ag;.

quartics,
AH1 Ain
+2Q3Q2( )2 Q3Q2( )
2 91 94
+5Q3Q2Q( 1) + Q3Q2(Q2 )(477)
2\ g3N
+16Q3Q2Q2*‘§1 T+ 4QsQa(@5 - DTS
— 2405 a H)2 + 64 ngf’)\;n (3.24)

where the final line A\, (g3 A1) term appears only if Q2 = 2,3 (Q3 = 3), and de-
pendence on scale jip is implied.” Representative diagrams which lead to these
terms are shown in Figure 3.3a. Recall that the naturalness problem can be ame-
liorated in the limit Co — 0. Indeed, it could be the case that at some scale the
Ami conspire to give Ca(ur) = 0. However, this will not be stable under RG evo-
lution; the portal quartics receive gauge corrections via the diagrams shown in
Figure 3.3b:

d\m1 > gt 94 y2gs

_ 32 2
dlogpur ~ 2y 32 gy ~ 32 (3.29)
dXpr2 919%
_dAm2 2
dlog ug 2 3n2Q1 (4m)? (3.26)

Here, ny = 1(2) and the quadratic Casimir c3(re) = 3/4(2) for Q2 = 2(3);
and the term proportional to g3 applies to the case Y3 = 3. Note that there
exist corrections with odd power in @)1; this means that (unlike the fermion case)
RG evolution will depend on the sign of the hypercharge, however we do not
observe any noticeable consequences from this effect. Also, in this case, we see

"We encountered difficulties with PYR@TE when generating the two-loop scalar octet RGEs.
Thus, regrettably, they are left out of this study.
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that the two-loop scalar RGEs do capture an SU(3) correction ~ g3y, through
a two-loop correction to the portal quartics. Thus we do not add by hand the

three-loop giy? term to the > RGE in our scalar SM+GM analysis.

The portal and self quartics are unknown and unconstrained high scale input
parameters which must be projected out to obtain a sensitivity measure which
is a function of (M, Ay). Our measure Equation (3.6) requires them to take on
such values which minimise the Bayes factor, i.e. such values which give a con-
servative “best case scenario” for Higgs mass sensitivity in the given model. In
Equation (3.5), we wrote down an approximation to the full sensitivity measure
Equation (3.4), which is valid when the low scale dimensionless SM observables
are approximately insensitive to the unconstrained inputs in the vicinity of the
minimum. In that case we can evaluate the sensitivity measure Equation (3.5),

(8logu2(m2))2 N (mog;ﬁ(mz) )
Tog 122 (A Tog M2(An
A(M, Ay) = min Olog 1 (An) Olog M*(An) . (327)

i 2 2 2
~Z (Gaitning) 2 (Faitatins) | o

where A\g;(M) = 0is minimally consistent with our assumption that ¢ attains no

vacuum expectation value.® We will now make an argument for why we indeed

expect this approximation to be valid in the scalar SM+GM.

Intuitively, since C2M? is the primary quantity which leads to a naturalness
problem, to zeroth approximation we expect the minimum to occur where the av-
erage value of C(ur) over the RG evolution is zero. Consider the case with only
one portal coupling Agi. Then from Equation (3.24) our expectation requires
A1 (pr) to take on values O(g*/(4m)?) (in order to cancel the pure gauge contri-
bution), and for Cs(ir) to swap sign along its RG evolution. Indeed, we observe
this to be the case in our numerical study, as we will demonstrate in Section 3.4.
Now, Ag1 enters the one-loop dimensionless SM parameter RGEs only for the
Higgs self-quartic ), as ~ A%, /(4w)?. Therefore its contribution to the evolution
of A (and all dimensionless SM parameters) is very small at the minimum, and we
can say that OA(mz)/0An1(Ap) =~ 0. As for the new quartic couplings \¢;, they
do not directly enter any of the dimensionless SM parameter two-loop RGEs,
therefore their effect is also very small. Extending to the case with two portal
quartics, Equation (3.24) clearly implies that a contour in (Ag1, Ag2) space will
satisfy Co(ur) = 0, so our argument for O(g*/(47)?) quartics no longer holds.
However the 9/01og Api(Ap,) terms in the sensitivity measure Equation (3.27) are
proportional to Ag;(A), so that the minimum will always prefer smaller values
for these quartics. The dimensionless SM observables will then be insensitive to
variations around Ap;(A,) for the reasons already argued.

8The full sensitivity measure Equation (3.27) should also involve a minimisation over the Ae;.
However, we found that, after demanding Ae;(M) > 0 to ensure no non-trivial vacuum expec-
tation value, the minimum always occurred for Ag;(M) ~ 0. Thus in practice, to improve speed
and numerical stability, we set Ag; (M) = 0 when evaluating the sensitivity measure and note that
even varying this up to < 0.5 made little difference to our results. We also note that the As; always
evolve to positive values due to pure gauge contributions to their RGEs at one-loop, and therefore
the potential does not become trivially unstable.
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3.3 Results

The naturalness bounds for various vector-like fermionic and scalar GMs, de-
rived according to the method detailed in Section 3.2, are presented in Tables 3.1
and 3.2 for A, = {M*,Ap;} and A(A,) = {10,100,1000}. Contour plots in
(M, A) and (M, Aj) parameter space are also provided in Figures 3.4-3.7. These
constitute the main result of this Chapter, and we hope that they will serve
as a useful reference of naturalness benchmarks for phenomenological model
builders.

Before we discuss them in more detail, let us briefly reiterate their meaning.
The scale A, corresponds to the input scale of MS parameters in the SM+GM
EFT. The quantity A(Aj), defined in Equation (3.6), is a sensitivity measure for
the Higgs mass parameter which can be interpreted as a Bayesian evidence on
the Jeffreys scale or (more loosely) to a percentage fine-tuning in the Barbieri-
Giudice sense. A stringent naturalness constraint is then A(Ap;) < 10, which
(loosely) ensures < 10% sensitivity for u?(myz) ~ —(88 GeV)? when the MS pa-
rameters are defined at Ap;. If a phenomenological model can satisfy this con-
straint then we would say it does not induce a Higgs naturalness problem. The
bounds weaken in the limit A;, — M. Still, rather remarkably, they remain finite
in this limit, as we argued in Section 3.1. The A(M ™) < 10 bound can therefore
be interpreted as a conservative naturalness constraint on M. It is also of interest
if A(Ap;) is not applicable, e.g. if new physics arises at a scale above A which
markedly affects the u?(ug) evolution, or if the EFT hits a Landau pole below
Ap.

3.4 Discussion

Some aspects of our results can be understood by scaling relations. At fixed Ay,
the bounds in Tables 3.1 and 3.2 scale approximately as /A /C5, as one would
expect from Equation (3.8) for the simple example discussed in Section 3.1.
Where they are violated (particularly for the A(Ap) bounds) it is due to some
cancellation between contributions: the contributions arising from SU (3) charge
are opposite in sign to those from SU(2) and U(1)y charge. The contour plots in
Figures 3.4-3.7 make these cancellations more obvious, and we will discuss them
shortly. Comparing bounds evaluated at disparate Aj, is more involved. Indeed,
this is why we have gone to the trouble of a two-loop RGE analysis! Still, some
qualitative observations will be made presently.

For the fermionic GMs in Table 3.1, the rough scaling relation ~

\/1/\/510g(Apl/M) between bounds evaluated at A(M™) and A(Ap;), as ex-
pected from Equation (3.8), is broken by the RG evolution of C;. We observe

that the naturalness bounds at Ap; are more stringent than this relation would
suggest for ¢(1,1, Q1), and less stringent for ¢)(1, Q2,0) and ¢(Qs, 1,0). This is
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Ap=MT Ap =107 GeV
SUBB) SU®@), U@y | A=10[ A=100 [ A=1000 [ A=10 | A=100 [ A =1000
1 1 +1 1400 4300 13000 130 420 1300
+f 690 2200 6800 64 210 670
ﬁ:% 350 1100 3400 32 110 340
+1 230 730 2300 22 72 230
+2 120 370 1200 13 43 140
+3 80 250 790 - - -
2 0 70 230 740 11 35 110
+1 69 220 720 10 34 110
+1 65 210 670 9.7 32 100
+2 54 170 550 - - -
3 0 35 110 370 6.0 20 64
+1 34 110 350 6.1 20 65
+2 31 100 330 - - -
3 1 0 54 190 700 17 56 190
+1 54 200 710 17 60 210
ig 56 210 750 21 77 300
+1 59 220 830 72 140 340
+2 110 800 1600 - - -
2 0 180 350 850 13 37 110
+1 110 250 660 9.0 28 84
+2 57 150 440 - - -
3 0 29 86 260 - - -
+1 27 82 250 - - -
+2 24 72 220 - - -
8 1 0 20 74 270 73 25 86
+1 21 77 280 - - -
+2 23 91 360 - - -
2 0 17 67 270 - - -
+1 18 72 310 - - -
+2 21 110 780 - - -
3 0 63 110 270 - - -
+1 50 98 240 - - -
+2 32 72 190 - - -

TABLE 3.1: Naturalness bounds on the mass M (in TeV and to 2

significant figures) of various vector-like fermionic gauge multi-

plets for A, = {M*,10' GeV} and A(A,) = {10,100, 1000}. The

dashes indicate that a Landau pole arises below 10'? GeV along
the A(Ap) = 10 contour.
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Ap=MT Ap =107 GeV
SUB) SUQ)L UMy [[A=10] A=100 [ A=1000 [[ A=10 [ A=100 [ A =1000

1 1 e 1300 4100 13000 29 9% 310
L+ 670 2000 6400 14 47 150

i% 340 1000 3200 6.8 23 75

+1 230 690 2200 44 15 48

+2 120 350 1100 2.0 6.5 21

+3 77 240 740 - - -

2 0 67 210 680 23 7.7 25

+3 65 210 660 2.1 7.2 24

+1 62 190 620 1.8 6.0 20

42 52 160 510 11 3.6 12

3 0 33 100 340 11 36 12

+1 32 100 330 0.95 32 10
+2 30 94 300 045 17 6.7
3 1 0 220 820 2900 12 40 130
+1 290 1200 5400 12 38 110

ig 330 880 2500 42 14 45

+1 160 470 1400 25 8.4 27

+2 71 210 660 0.99 32 10

2 +0 40 130 400 13 43 14

+1 37 120 370 0.99 33 11

+2 31 9 300 - - -

3 +0 20 62 200 - - -

+1 19 60 190 - - -

+2 18 55 180 - - -

TABLE 3.2: Naturalness bounds on the mass M (in TeV and

to 2 significant figures) of various scalar gauge multiplets for

Ap = {M*,10' GeV} and A(A,) = {10,100,1000}. The dashes

indicate that a Landau pole arises below 10'® GeV along the
A(Ay) = 10 contour.
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FIGURE 3.4: Ay, = {M™,Ap;} contours {solid, dashed} in the

vector-like fermionic SM+GM EFT. The “throat” features are an

artifact of the loop level to which we are working [see Sec-
tion 3.1.3].



3.4. Discussion

77

A(Ap)

A(Ap)

M [GeV] M [GeV] M [GeV]
10%02 10 104 10° 10 107102 10® 10* 10° 10° 107202 10° 10* 10° 10° 10;03
£ R e T
Fe(11Qy /S ®(12.Q) 1o resQy ]
102;'”'”””71”,’/’1/”,’/” 3 E E /r' ”””””””””” *5102
10%E--- ———/C——%—#— -4 3 10t
10° . El: 310°
F®(3,1,Q)/ / 3 E®(3,2,Qp/ 1 E®(3,3,Qy) i
102 3 B e E Dty A *5102
0% 4 E D -l A *5101
10k S N/ 4 e 1 410°

102

10°

104 10° 10° 107m0% 10® 10* 105 10° 10710
M [GeV] M [GeV]
Q;: 0 1/6 1/3 1/2 2/3

10°

1

104 10° 10® 107
M [GeV]
2 3

FIGURE 3.5: Ay, = {M™,Ap;} contours {solid, dashed} in the

scalar SM+GM EFT.

A(Ap)

A(Ap)



78 Chapter 3. Naturalness
M [GeV] M [GeV] M [GeV]

PP AN AN UM SN S SNRE AN NN SRS UM AN AR
o7 ¥(11Q) | v(1,2,Q) | w3Q | Lot
Lots) i i \ Jyos

% 1013: | :1013 %

O 10t} {10t 9

< 109: [ :109 <
107} I o7
105} | 110°
10° 7 “108
LT — e m10%e
1ok ¥(31.Q0) 1 [ w200 Ly
1085} 11 I 1o

< 10%% 11013 —

8 oul 1 i ‘\ low &

< 100 | foe £
107 | 1207
105] | 110°
P = rvrt AUV RUUOTY S ERUUUTV = e R VTS~ e UTPRUTI PP
[T e — N ——— L]
10t7] ¥(8,1,Qp) 1 | w®2,Q) 1| ¥(83Qy) 1017
1015: | [ 1 [ :1015

T 10%% 11018 —

§ Loul ]

< 100) hoe £
107 1107
105 110°
. A i o o

M [GeV] M [GeV] M [GeV]

1/3

1/2

2/3 1

Q: — 0 1/6

FIGURE 3.6: A(Ap) = 10 contours in the vector-like fermionic
SM+GM EFT. If a line ends it is because the system hits a Landau
pole.



3.4. Discussion

79

Ap [GeV]

Ap [GeV]

M [GeV] M [GeV] M [GeV]
10° 10° 104 10° 10°102 10° 104 10° 10102 10° 10* 10° 10° o
10 IERmaRl LU U1 v e e e e e e o e e ALY s e e SRR e 10
1017: ‘D(l: ,Ql) {1107
1015: :1015
1080 lyote
1011: :1011
10°r 110°
107 1107
10°¢ 110°
103 m 103
1o0t7f ®(3,1,Q1) ?(3,3,Q1) 11017
1015: :1015
1013: :1013
1011: ,1011
109F 110°
107f 1107
10°+ 110°
103 L L i Lo Lol L T L Lo Loy T M Lo 03
102 10° 104 10° 10°102 10° 104 10° 106102 10° 104 10° 1036
M [GeV] M [GeV] M [GeV]
Q: —0 ——1/6 ——1/3 —— 1/2 —— 2/3 1 — 2 3

FIGURE 3.7: A(A},) = 10 contours in the scalar SM+GM EFT. If a
line ends it is because the system hits a Landau pole.

Ap [GeV]

Ap [GeV]



80 Chapter 3. Naturalness

u?(uR) in SM+9(1,2,-1/2) i (uR) in SM+9/(3,1,-1/3)
2 4 6 8 10 12 14 16 18 2 4 6 8 10 12 14 16 18

S C e e e

w2 )/ 1u2(mz)]
#2(ur)/ ln?(mz)]
ey

2 4 6 8 10 12 14 16 18 2 4 6 8 10 12 14 16 18
10919( R/ GeV) 10g19( 1R/ GeV)
FIGURE 3.8: Example running of u?(ug) in the SM+GM EFT for a
heavy lepton doublet ¢(1, 2, —1/2) and a heavy down-type quark
¥(3,1,—1/3) with M = 3,5, 10, 20, 30 TeV. The dashed line is the
SM-only case.

simply because g{(ur) (and therefore Cs) grows at higher energy, whereas the
opposite is true for g (1r) and g5 (1r)y? (1r)- This effect can be observed in Fig-
ure 3.8, where we show the example RG evolution of ;%(ur) for gauge multiplets
of increasing mass. The naturalness problem which broadly arises from a sensi-
tivity to the high scale input p?(A},) is self-evident for large masses.

For the scalar GMs in Table 3.2, there is no obvious scaling relation between
naturalness bounds at different scales. One observation is that, although the
A(M™) bounds are similar’ to those found in the fermionic GM case, the A(Ap;)
bounds are much more stringent. This is because the sole one-loop term in the 1.2
RGE involves the portal quartic Ay, which is itself renormalised by pure gauge
RG terms at one-loop. Thus the scaling relation is expected to more closely re-
semble ~ 1/log(Ap;/M) [rather than ~ /1/log(Ap;/M)]. What actually hap-
pens is unfortunately quite opaque, since it is hidden by various complexities:
a coupled set of RGEs; a non-trivial sensitivity measure Equation (3.27); and a
minimisation procedure over the Ap;. Let us attempt to convey some intuition
for what happens by considering the example of a two Higgs doublet model,
i.e. the SM+®(1,2,1/2). To this end it is useful to define a reduced sensitivity

measure

dlog pi*(mz)

dlog p?(Ap) | (3:28)

Ared(Ma Ah) = ‘

which is a subcomponent of the full measure Equation (3.27). This reduced mea-
sure vanishes in the limit z?(A;) — 0. As we already argued in Section 3.2.2, it
is always possible to choose the Ap; such that C> swaps sign over its RG evo-
lution and MQ(Ah) = 0. Thus one expects a contour in Ag; space along which
Ayed(M, Ap) vanishes [5]. In Figure 3.9 we plot A,.q(M,Ay) as a function of
(AH1(M), Ag2(M)) for Aj, = Ap; and M = 1 TeV, where such a contour is readily

? The larger relative difference between the bounds for coloured states may be partly accounted
for by the three-loop g4y7 term which is not captured in our pure two-loop scalar analysis.
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FIGURE 3.9: Sensitivity measure and RG evolution in the
SM+®(1,2,1/2) (i.e. the 2HDM). Upper panel: The not-yet-
minimised sensitivity measure for M = 1 TeV as a function of
(A1 (M), Aga(M)) for: (left) A,eq(Ap;) of Equation (3.28), and
(right) A(Ap;) of Equation (3.27). The dashed line shows the
uz(A p1) = 0 contour and the star denotes the global minimum.
Lower panel: RG evolution of p?(ugr) and Co(ug)M?(ug) for
M =1,3,5,10 TeV evaluated at the (Ag1, Ag2) points which min-
imise A(Apy).

observed. Obviously this contour constitutes a fine-tuning in the Ag;, and we
would hope that our full sensitivity measure captures this tuning and restores
a finite naturalness bound. Indeed, it does; also shown in Figure 3.9 is the full
sensitivity measure as a function of (A g1 (M), Am2(M)), with a unique minimum
of A(Ap;) ~ 2.7 nearby the 12(Aj) = 0 contour. In the lower panel of Figure 3.9
we also show the running of p?(ug) and Ca(ugr)M?(ug) at this minimum (and
for other example masses). It is seen that C'; does switch sign, as expected.

We will now briefly comment on some features in the (M, A) and (M, Ap)
contour plots of Figures 3.4-3.7. In Figure 3.4 there is a sharp “Veltman throat”
in the A(M™) contours for coloured fermions. This occurs when the three-
loop colour contribution cancels with the electroweak contributions such that
C2(M) = 0. It was already noted in Section 3.1.3 that this is only an artifact of
the loop level to which we are working. The A(Ap;) contour for the (3,1, 1)
GM demonstrates how this feature is effectively removed when A;, > M. In Fig-
ure 3.5 the qualitative form of the contours in the ®(3,1, Q1) scalar case is seen
to change as () is increased from 0 to 2. This is due to a transition in dominance
between colour and hypercharge effects, which are opposite in sign.

In Figure 3.6 a cusp feature is observed when A, is just above M. This
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can be understood from the toy model Equation (3.8): it is the point where
2log(An/M) ~ 1 and the 9/0log M? sensitivity measure is minimised. Also,
the “turn-around” features in the (3,1, Q1), ¥(8,1,Q1), and ¥(8,2,Q1) plots
can again be understood as a balance between the colour and electroweak con-
tributions. In Figure 3.7 a number of cusp features are observed, mostly occuring
at A, ~ 20M. These features all have the same origin: they occur for solutions
where p?(Ay,) ~ 0. For example, in the ®(1,2,1/2) case at A, = Ap; we saw that
the A p; took on values such that u?(Ap;) < 0 (see Figure 3.9). It turns out that, for
Ay, < 20M, the sensitivity measure is minimised for values such that z2(Aj) > 0.
At the transition point the reduced sensitivity measure Equation (3.28) vanishes,
and hence the full sensitivity measure is somewhat reduced. Note that in the
cases where @ is coloured the transition occurs later due to the competiting con-
tributions between gauge contributions.

Before concluding we would like to make a few comments about the appli-
cability of these bounds in the context of extended models. First, in deriving
our sensitivity measure we have made the assumption of flat priors on the loga-
rithms of MS input parameters at scale Aj. This makes logical sense in a bottom-
up approach where one would like to remain maximally agnostic to the higher
scale UV theory. However, if one were to derive these priors as posteriors arising
from a flat set of priors in the UV theory, they would almost certainly not be flat.
Hence our results are only broadly applicable if those derived priors are approx-
imately flat. In particular, some might argue that this is unlikely for log u?(Aj)
in the presence of gravity, but then some might choose to remain agnostic. Sec-
ond, we have assumed no correlations between the high scale MS input param-
eters. Again, this makes sense from an agnostic bottom-up standpoint, but is
not the general expectation if these parameters were derived from some UV the-
ory. Third, one might contend that our bounds (especially the A(Ap;) bounds),
which are only derived in the context of minimal SM+GM extensions, are not
applicable in a realistic model with additional high scale states. This is true in
a quantitative sense: the bounds are sure to change. Nonetheless, this does not
imply that they are not qualitatively useful. It would take very special physics
to ameliorate these bounds by a significant amount. For example, one could try
to introduce new states with particular properties at A, ~ M such that loop
contributions approximately cancel at this scale [298]. In the absence of a sym-
metry which introduces the appropriate correlations between parameters at this
scale, and a symmetry which ensures the cancellation remains satisfied under RG
evolution, naturalness bounds similar to those we have derived will be quickly
reintroduced at A;, > M. Actually, such symmetry requirements are just those
provided by supersymmetric theories, and herein lies the connection between
our RG description and the usual naturalness arguments in the context of su-
persymmetry. In any case, the framework we have outlined in Appendix A.1 is
fully generalisable to perturbative models with more states. Naturalness of the
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low scale Higgs mass parameter can be quantified by the Bayesian sensitivity
measure Equation (A.7), as long as one is prepared to calculate and solve RGEs
at least at two-loop order with one-loop matching between intermediate physical

scales.

3.5 Conclusion

The aim of this Chapter was to confront the question, at what mass does a heavy
gauge multiplet introduce a physical Higgs naturalness problem? In Section 3.1 we
described a physical way to understand the Higgs naturalness problem which
might be introduced when perturbative heavy new physics is added to the SM.
The description is of particular interest in bottom-up extensions of the SM. The
premise is essentially as follows. In any perturbative EFT, the low scale Higgs
mass parameter ;%(myz) ~ —(88 GeV)? can be connected by renormalisation
group equations to MS “input” parameters defined at some high scale Aj. If
u?(myz) is especially sensitive to these input parameters, then this signifies a
Higgs naturalness problem. In particular, this can occur if a heavy particle of
mass M is added to the SM.

In order to sensibly quantify this potential problem, we derived a sensitiv-
ity measure using Bayesian probabilistic arguments. The measure can be inter-
preted as a Bayesian model comparison [see Equation (3.4)] which captures the
“naturalness price” paid for promoting the Higgs mass parameter to a high scale
input parameter of the model as opposed to a purely phenomenological input
parameter at low scale. It is fully generalisable to any perturbative QFT, with the
details provided in Appendix A.1. The measure reduces in a certain (relevant)
limit to an intuitively motivated Barbieri-Giudice-like fine-tuning measure [see
Equation (3.5)]. The resulting sensitivity measure is generally a function of un-
known high scale inputs. We conservatively projected these out by minimising
over them, thereby obtaining the sensitivity measure Equation (3.6), which is a
function of A;, and the mass M of a heavy new particle.

This sensitivity measure was used to set naturalness bounds on the masses
of various gauge multiplets, using a full two-loop RGE analysis with one-loop
matching. An interesting outcome is that, once RG effects are taken into account
and finite threshold corrections are captured, a naturalness bound on M remains
even in the limit A, — M™. The resulting bounds are presented in Tables 3.1
and 3.2, and as contours in Figures 3.4-3.7. They form the main result of this
Chapter, and we hope they are of interest to model builders. For A, = Ap; we
find “10% fine-tuning” bounds of M < O(1-10) TeV on the masses of various
gauge multiplets, with the bounds on fermionic gauge multiplets significantly
weaker than for scalars. In the limit A;, — M ™ the bounds weaken to M < O(10-
100) TeV; these can be considered as conservative naturalness bounds, of interest

if new physics is expected to substantially alter the RG evolution of u?(ur) above
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the scale M. We also found that the bounds on coloured multiplets are no more
severe than on electroweak multiplets, since they correct the Higgs mass directly

at three-loop order.
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4 Neutrino Mass

This Chapter is based on the publication “Testing Radiative Neutrino Mass Models
at the LHC,” written in collaboration with Yi Cai, Michael A. Schmidt, and Raymond
R. Volkas [2].

In Section 1.1.3 we motivated Majorana neutrino masses and described two
generic generation mechanisms: tree-level seesaw mechanisms, and loop-level
radiative mechanisms. The focus of this Chapter will be radiative mechanisms,
in which the neutrino mass is suppressed by powers of loop factors ~ 1/(4r)?
in addition to the mass suppression from heavy particles appearing in the loop.
One reason to be interested in such models is that the new physics required might
lie at a nearby scale, and therefore may be searched for at the LHC or in lepton-
flavour-violation (LFV) experiments.

A challenge is that there are many viable radiative models, and one wishes to
study them in as generic and inclusive a way as possible. One way to approach
this task is to begin with gauge-invariant effective operators that violate lepton-
number by two units (AL = 2), constructed out of SM fields [305-307]. These
operators, which Babu & Leung [305] systematically classified for mass dimen-
sions 5,7, 9, and 11, produce vertices that feature in loop-level graphs generating
Majorana masses (and mixing angles and phases). By “opening up” the oper-
ators in all possible ways subject to some minimality assumptions, one may in
principle construct all candidate renormalisable models that yield radiative Ma-
jorana neutrino masses consistent with those assumptions [307].

In this Chapter we first write down the candidate models implied by open-
ing up all of the dimension 7 (D7) operators in the Babu-Leung list, restrict-
ing ourselves to tree-level ultraviolet (UV) completions subject to the following
minimality assumptions: the gauge symmetry is that of the SM only, and ef-
fective operators containing gauge fields are excluded from consideration; the
exotic particles that are integrated out to produce the effective operators are ei-
ther scalars, vector-like fermions, or Majorana fermions. We predict vector-like
quarks, vector-like leptons, scalar leptoquarks, a charged scalar, a scalar doublet,
and a scalar quadruplet, whose properties are constrained by neutrino oscilla-
tion data. As well, a detailed collider study is presented for O3 = LLQdH and
Os = Lde'u'H completions with a vector-like quark x ~ (3,2, —2) and a lepto-
quark ¢ ~ (3,1, %), taking account of LFV constraints in the process. The existing
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limits extracted from LHC searches for vector-like fermions and sbottoms/stops
are m, 2 620 GeV and my 2 600 GeV.

4.1 Minimal UV completions of D7 AL = 2 operators

In Weyl-spinor notation, the D7 operators of interest, using the numbering sys-
tem of Babu-Leung [305], are

Oy = LLLeH, O3=LLQdH, O,=LLQ'4'H, ©g=Lde'a'H, (4.1)
and the Weinberg-like operator
Oy =LLHHHH. (4.2)
The pertinent part of the SM Lagrangian is
Lsyy = YoLeH + Y, QuH + YyQdH + H.c. (4.3)

where H = impH* is the charge conjugate of H. The Weinberg-like operator
O] has not been explicitly shown in the list of Babu-Leung [305], but has been
studied in Refs. [308, 309]. Note that this operator always induces the usual
Weinberg operator O; = LLH H by connecting the two external legs H and H
via a Higgs boson to form a Higgs loop. This contribution dominates if the scale
of new physics is large, much above the TeV scale.

We will consider minimal UV completions of these D7 operators using scalars
and fermions, following the programme set out in Ref. [307]. We do not include
models with new gauge bosons. Also, we only consider models which do not
generate the dimension-5 Weinberg operator at tree-level. Hence we remove
models in which one of the three seesaw mechanisms may operate, i.e. mod-
els containing SM singlet fermions, electroweak (EW) triplet scalars with unit
hypercharge, and EW triplet fermions.

We group the completions by topology in Figures 4.1-4.3 and Tables 4.14.3,
where quantum numbers are given with respect to SU(3). x SU(2);, x U(1)y.
More details can be found in the Appendix of our Ref. [2]. The contents of Ta-
bles 4.1-4.3 constitute a workable list of exotic particles relevant to D7 radiative
neutrino mass models which may be searched for at the LHC or in LFV experi-
ments.

It turns out that the operators Oy and O3, lead to one-loop models, while
the others only admit two-loop models. Generally for models with scalar lepto-
quarks and vector-like fermions, the radiatively generated neutrino mass is pro-
portional to the quark or lepton mass in the loop (we will show this in detail in
Section 4.2). Thus the exotic fermions dominantly mix with the third generation

quarks or leptons, as the third generation masses dominate the neutrino mass
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FIGURE 4.1: Scalar-
only extension.

FIGURE 4.2: Exten-
sion by a scalar and a
fermion.

\_T---;----

FIGURE 4.3: Exten-
sion by a scalar and a
fermion.

Scalar Scalar ~ Operator
(L2,9)  (LL1) O34 77]
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(3)2,6) (35357§) (93

TABLE 4.1: Topology
of Figure 4.1.

Dirac fermion  Scalar ~ Operator

(172a_§) (1’171) 02
(372a_§) (17171) 03
(3,1,2) (1,1,1) O3
(37 17 %) (37 27 %) 03 [311]
Es,z, —gg Es, 1, _%i gg,g*
3721 6 373a -3

63l G2l o
(37232) (17171) Oy
(3,1,—-1) (1,1,1) Oy

( ’ ’%) (3727 %) 08
(1,2,—3) (3,2,5) Os

TABLE 4.2: Topology
of Figure 42. The
completion marked
with a * is studied in
detail in Section 4.2.

Dirac fermion  Scalar ~ Operator

TABLE 4.3: Topology
of Figure 4.3.
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matrix unless there is an unnatural flavour structure for the various coupling
constants.

The completions listed in Tables 4.1-4.3 each contain two fields beyond the
SM, including vector-like quarks, vector-like leptons, scalar leptoquarks, charged
scalars, EW scalar doublets and EW scalar quadruplets. In our Ref. [2] we dis-
cussed the pertinent LHC searches and limits for these exotic fields. We will
not reproduce that discussion here. However, we would like to emphasise the
generic predictivity of these minimal UV completions. The exotic particles are
required to not only conform to existing flavour constraints, but also to fit low
energy neutrino measurements. As a result it is common in these neutrino mass
generation models to be able to predict the decay patterns of the exotic particles.
Then for a specific model it is possible to extract the limit based on the decay pat-
terns, either from existing searches, as we shall see in Section 4.2.4, or by carefully
recasting relevant LHC searches, as in Section 4.2.5.

4.2 Detailed study of a specific model

421 An O3 and Og completion

In order to demonstrate the LHC reach with regard to minimal UV completions
of D7 AL = 2 operators, we study a specific example model (marked in Table 4.2)

with a scalar leptoquark ¢ and a vector-like quark x with quantum numbers

D~ (3,1,;) , X ~ (3,2,—2) . (4.4)

These particles arise in the minimal UV completions of O3 = LLQdH and Og =
Lde'u' H operators, whose SU(2), structures are

LOLPQVdH e ryess, Lede'a’ HP ey, (4.5)

respectively. The corresponding neutrino mass diagrams are shown in Figure 4.4.

Their flavour structures are
[OF 7 179 O 7 =T =
/ﬁijﬂ}LiaL]@QZdZH €avEBS) liijzlL?djeZuerﬁeaﬁ, (4.6)

and the neutrino mass matrix (m, );; is

Hg}?}(md)kz I, &gil(mgmu)ﬂmgk I, 4.7)

with the loop integral I. Note that the proportionality on the SM mass matrices
introduces a hierarchy.
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FIGURE 4.4: Neutrino mass via the Og;, (upper left) and Og (lower
left) operators, and their respective UV completions in our de-
tailed study (right).

In our specific model, the Yukawa couplings of the new exotic particles are
given by

Lyue = Y% LiQj6 + Y el + Vi dix, H + Y X Lixe! + H.c..  (48)
Besides the SM gauge symmetry group, we have to demand baryon-number con-
servation, in order to forbid the operators Yi]QQ‘bQinqﬁT and Yi?wcﬁﬂjqﬁ, which
induce proton decay in analogy to Ref. [313].

4.2.2 Neutrino mass generation

The neutrino mass receives its dominant contribution from the loop diagrams in
Figure 4.4. The two-loop Og contribution (as well as the corresponding three-
loop contribution obtained by connecting the two external Higgs lines) is gen-
erally subdominant to the one-loop O3, contribution unless the coupling of the
leptoquark ¢ to right-handed fermions is much larger, \YZ?M’\ > \ngQ‘z’\ The
neutrino mass matrix is proportional to the down-type quark mass matrix, dom-
inated by the bottom quark. For simplicity we will assume that the vector-like
quark only mixes with the third generation quarks and set all couplings to the
tirst two generation quarks to zero. In addition we will focus on the O3 contri-
bution, neglect the Og contributions, and assume Yi?w =0.
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Decomposing the vector-like quark y and x into its components with respect
to SU(2), we write

B el

Y and Y form a Dirac pair with mass my = m, and B’ and B’ mix with the

gauge eigenstate of the bottom quark v/,

()= () (B) ()= () () o
B —S81 C1 B’ B —S89 Co B’

forming the mass eigenstates b and B. The physical masses are

2 2

2 _ 2 2 X 2 _ 2 2 My
mb = mb, — mbBW 5 mB = mX —I—mme . (411)

X My X 4

with myp = Y3JXHU /N2, my = yyv/+/2 and the mixing angles are given by

o = MpB My 6 — mpp My
V™ mz 2 2T m2 —m2
X 4 X b’

(4.12)

with ¢;5 = /1 — 57 ,. After electroweak symmetry breaking, and in the m; <
mp, mg limit, we calculate the radiatively generated neutrino mass as

3 _ 2
(my)i; (Y;§Q¢YLX¢ 4 (i o j)) mpp—a By B 4.13)

= 1672 J mg — mQB mi

This is a rank 2 matrix, thus there is one almost massless neutrino and two mas-
sive neutrinos.

Next we would like to use the low-energy parameters (the PMNS matrix as
well as the neutrino masses) to determine the Yukawa couplings in terms of the
high-scale parameters. The flavour structure of the neutrino mass matrix can be

parameterised by vectors a+ and a common factor «,

my, = alayal +a_al), (4.14)

i.e. the neutrino mass matrix is generated by multiplying two different vectors
a+ symmetrically. On the other hand it can be written in terms of the low-energy
parameters for normal (NO) as well as inverted (I0) mass ordering,

NO
v

T i

m, " = mgu’z‘u; + mauzus mi0 = mlu’{ui + moujuy (4.15)
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where m; are the neutrino masses and U = (uy, uz, uz) is the PMNS matrix. We

can rewrite the right-most expression of Equation (4.14) as
al(a a 4
alayal +a_al) = 5 [ <C+ + Ca) <g + CG>

) (e )]
¢ )\ ¢ - '

and match it onto Equation (4.15) to obtain the vectors a4 in terms of the low-

energy parameters:

1 1
NO _ C:I: <:i:

ay” = N (Vmaub + iv/mzuy), o = N (vVmiui +iy/maus) . (4.17)

The complex parameter ¢ is a free parameter not determined by low-energy
physics. In the following analysis we use the best fit values (v1.2) of the Nu-
FIT collaboration [314]! assuming normal ordering:

sin? 612 = 0.306 , Am3, =745 x 107 eV?2,
sin? 013 = 0.0231, Am2, = 2417 x 1073 eV?, (4.18)
sin? B3 = 0.446 .

Furthermore we set the lightest neutrino mass to zero and assume vanishing CP
phases in the PMNS matrix, i.e. § = ¢1 = @2 = 0.

4.2.3 Constraints from flavour physics and neutrinoless double-beta
decay

Experimental constraints on flavour violating processes already constrain the pa-
rameter space. Similarly to the two-loop model in Ref. [313], we expect the most
stringent constraints from LFV processes, in particular from the y — e transi-
tion. We calculated p — e, 1 — eee as well as uN — eN conversion in nuclei
and compared the results with the current experimental limits. We use the con-
tributions calculated in Ref. [313] and add the contributions from the additional
coupling of the leptoquark to the vector-like lepton (see the Appendix of Ref. [2]
for details).

As all parameters are fixed by the leptonic mixing and the neutrino masses,
the constraints directly translate to a constraint on the complex rescaling param-
eter (, more precisely on |(|. The phase of ¢ drops out in the flavour physics
amplitudes, at least for the leading contributions, because they are of the form
Y;qub*Y;-qub }/iLQ¢*Y'jLQ¢

and . We present the constraints on |{| while varying

one of the masses my , in Figure 4.5. The other mass is fixed to 2 TeV. The grey

!The newest best fit values in v1.3 of the NuFIT collaboration are slightly changed. See [315,
316] for other global fits to the neutrino oscillation data.
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FIGURE 4.5: Constraints in (mye },|¢|) parameter space. The
grey shaded region is excluded by: perturbativity of Yukawa
couplings by requiring max(|Yi]L.Q¢|7 |§Q§’z¢\) < 1 (black solid);
Br(p — ey) < 5.7x10713 [317] (green dot-dashed); Br(u — ece) <
1072 [318] (blue dotted); and Br(uAu — eAu) < 7 x 10713 [318]
(red dashed). The magenta dashed line indicates the projected
experimental sensitivity of yTi — eTi conversion in Mu2E at
FNAL and COMET at J-PARC [319-321]. As well, we indicate two
phenomenologically different experimental search regions for the
leptoquark ¢: the light blue region (B) has Br(¢ — bv) ~ 100%,
while the light red region (T) has Br(¢ — bv) < 100%.

shaded region is excluded (see the caption for an explanation of the different
exclusion lines). Within the bounds on |¢| from LFV experiments there are two
regions, separated by a sharp transition, with very different search strategies for
the leptoquark ¢. The light blue shaded region (region B) indicates the allowed
region with Br(¢ — br) ~ 100%. The light red shaded region (region T) has
Br(¢ — br) < 100%. We discuss both of these regions in Section 4.2.5.

In addition to constraints from flavor violating processes, there are con-
straints from lepton-number violating processes, like neutrinoless double beta
decay. This specific model will lead to additional short-range contributions to
neutrinoless double beta decay via couplings to the first generation of quarks.
As neutrino mass does not depend on the coupling to the first generation of
quarks, this bound can always be satisfied by setting these couplings to zero
without affecting the mechanism of neutrino mass generation. This leaves the
long-range contribution via an exchange of active neutrinos, which is controlled
by the effective mass

(Mee) =D UZm . (4.19)

As the minimal framework leads to a strong mass hierarchy, there are currently
no competitive constraints from neutrino-less double beta decay, similarly to the

discussion in Ref. [313].
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FIGURE 4.6: The branching ratio of B — bZ as a function of the
heavy B mass with the observed limit from CMS.

4.2.4 Vector-like quark search

The mass eigenstate B will decay mainly through B — Zband B — Hb while the
third channel B — Wt is highly suppressed due to the small mixing between
the heavy vector-like quark B and the SM b-quark. The dominant branching
ratios obey the relation

Br(B — Zb) AL, 7)Y L+1% — 202 — 204 4 b 4 122

= 4.20

Br(B — Hb)  A1,rp,rg) /2 1+6r —r% +rf—riry, (4.20)
where 1y, i 7 = mp g,z/mp and

A(M,m1,ma) = (M? = (my + mg)*)(M? = (m1 —my)?) . (4.21)

> 620 GeV, from the exclu-

~

We can easily read our limit on the mass of B, mp
sion curve provided by a dedicated CMS search [322], which is reproduced in
Figure 4.6 as a function of the branching ratios.

4.2.5 Leptoquark searches

In the following subsection we take L = {e, 1,7} and | = {e, u}. The scalar lep-
toquark ¢ can be pair-produced at the LHC via gg fusion and ¢¢ annihilation.
The cross section o(pp — ¢¢) is determined purely by colour charge and there-
fore depends only on the mass m,. We use NLO PROSPINO2 [323] cross sections
for the LHC running at /s = 8 TeV, which gives o(pp — ¢¢) = 82 (23.5) fb for
mg = 500 (600) GeV. We ignore the t-channel lepton exchange contribution and
single production gg — ¢L, since these will be suppressed by powers of small
Yukawa couplings.

Upon pair production, the leptoquarks will decay with branching ratios de-

pendent on the parameters YLL?)Qd) and YgdxH relevant to neutrino mass generation.
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The partial decay widths are

m 2
(¢ — Lt) = 87‘? ‘YLL?,W( Flmg,mr,me) | (4.22)
m 2 _ 2
(6 — vib) = 87‘:’ (’YL@)Q%’ n ’YLLX‘f’sl‘ ) F(me, mu, , mp) (4.23)

— %Re (Y]{})Q%QYLLWS“{) f'(mey,my, ,myp)

L(¢—vB) = 2* <\YLL3@%2\2 T 1YLLX%1\2) flmg,my, mp) — (424)
+ %Re (YIZQ(i)SQY[{/quCT) f'(mgy,my, ,mp) ,

T(¢ = LY) = % ‘YLLWF Flmg,mp, my) (4.25)

where b, B are the two heaviest down-type quark mass eigenstates and the func-
tions f, f’ are defined as

(M? —m? — m3) \(M,mq, mo)'/?
2 M4 ’
mymgA(M, my, mg)*/?
M* ’

f(Mvmlva) =

(4.26)

f/(MamlamQ) =

(4.27)

with X given in Equation (4.21). The term in the second lines of Equation (4.23)
and Equation (4.24) is neglible because it is suppressed by the neutrino mass.
Note that the phase of ¢ drops out in all decay widths. Non-zero couplings that
are not constrained by the neutrino mass generation generally open extra decay
channels. Since we are only interested in the consequences of neutrino mass
generation, all these couplings are taken to be zero.

In the following we will concentrate on the region in parameter space with
my,mp > mgy: each leptoquark may decay into either bv or tL, resulting in bvbv,
butL or tLtL after pair production. The branching ratios are determined by the
single complex parameter ( after fitting to low energy parameters as described
in Section 4.2.2. There are two regions of interest:

e Region B where the branching ratio Br(¢ — bv) ~ 100%), either because the
other channels are kinematically not accessible for my < m; or ‘YLQ(b} <
|YLX?| Tt is shaded light blue in Figure 4.5.

e Region T in which all decay channels are open. It is shaded light red in
Figure 4.5.

In region B we have Br(¢ — " bvy) ~ 1, resulting in a bb[ final state for
which sbottom pair searches can be directly applied [324, 325]. In this case my
is constrained to be 2 730 GeV at 95% CL. Figure 4.7 shows branching ratios
for region T in the case of normal ordering. The hierarchy between Br(¢ — tu) ~
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FIGURE 4.7: Branching fractions for ¢ as a function of m, in the
region T. Also shown are limits on Br(¢ — >, bvy) from sbottom

pair searches of ATLAS (light blue) and CMS (the limit line lies
somewhere within the magenta band).

Br(¢ — t7) and Br(¢ — te) is larger for normal compared to inverted mass order-
ing.? Hence there will be slightly more electrons in final states for the inverted
mass ordering. The relative size of Br(¢ — tu) and Br(¢ — t7) is controlled by
the atmospheric mixing angle 63, i.e. for 623 > /4, Br(¢ — tu) > Br(¢ — tr1)
and we expect the limits to get slightly stronger. In the limit of large m, it is
apparent that Br(¢ — > bvy) =~ Br(¢ — > tL) =~ 0.5.

In region T we can now calculate the branching fractions to LHC recon-
structable final states.> The most frequent final state is bbf at about 30%; as
we will see, because Br(¢ — ) bvy) is always greater than 50%, existing sbot-
tom pair searches alone can provide a bound of m, > 500 GeV. But can another
final state compete? The next most frequent final state is Ibbjj Er at about 22%;
in this case, searches for top squark pairs in final states with one isolated lepton
are applicable. About 8% of the time a two-lepton final state is produced; again,
searches for top squark pairs are applicable. Three- and four-lepton final states
are also predicted by this model in < 1% of events. For m, = 600 GeV, where
we will find the existing bound lies, one expects ~ 500 leptoquark pair events
in the /s = 8 TeV dataset. When compared to existing limits, it turns out there
are simply not enough three- or four-lepton events to provide a competitive limit
[327, 328]. However it is possible that, with more data at /s = 13 TeV, these final
states can be competitive.

In the following subsections we will cover three final states of interest,
namely bbFr, LB + (b-)jets, and [T~ 'y + jets. Our aim is to recast LHC stop

For example, at mg = 500 GeV, normal ordering gives (0.028,0.183,0.226) for Br(¢ —
te, tp, tT), whilst inverted ordering gives (0.070,0.165,0.202).

*We do not attempt to reconstruct 7 leptons since this will not improve sensitivity. CMS has
performed a dedicated search for leptoquarks decaying to ¢7 [326]; the resulting bounds are not
competitive with the bounds found henceforth.
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searches [329, 330] in order to constrain m.

Event samples and reconstruction

We generated two hadron-level signal samples* at ms = (500,600) GeV using
PYTHIA 8.180 with default tune [27, 28]; each contained 5 x 10° pair-produced
leptoquark events where at least one leptoquark decays to tL. A validation
set of 107 t¢ events where at least one ¢ decays leptonically was also gener-
ated using PYTHIA, normalised to the predicted NNLO+NNLL cross section of
235 x [I — Br(W — hadrons)?] pb = 137 pb [331-336]. Lastly we used MAD-
GRAPH5 V1.5.10 and PYTHIA to generate a validation set of 10° stop pair events,
where the stops each decayed to a top and neutralino, #; — t¥J; we took
m(t1, X9) = (600, 50) GeV.

The event samples were reconstructed after passing through the DELPHES
3.0.12 detector fast-simulation [29], both with and without simulated pileup.
Jets were reconstructed with FASTJET 3.0.6 [337] using the anti-k; clustering al-
gorithm [338] with radius parameter 0.4, and were required to have pr > 20 GeV.
We used a flat b-tag rate of 70%, with a rejection factor of 5 (140) for jets initiated
by charm (light) quarks. Electrons were considered isolated if ) pr, the scalar
sum of the pr of inner detector tracks with py > 1 GeV withina AR = 0.2 cone
surrounding the electron candidate, was less than 10% of the electron pr. Muons
were considered isolated if }  pr, defined as above, was less than 1.8 GeV. Other-
wise, the default DELPHES ATLAS card was used. In the simulations with pileup
we used a mean pileup ;1 = 21, and pileup subtraction was performed using de-
fault parameters; the neutral pileup subtraction uses the jet area method [339,
340] with average contamination density p calculated using a k; jet clustering al-
gorithm with radius parameter 0.6. We note that this pileup subtraction method
does not match that used in either of the ATLAS analyses. The results simulated
with pileup therefore serve only as an indicator of pileup effects.

Further cuts were made with the aid of the MADANALYSIS5 v1.1.10beta SAM-
PLEANALYZER framework [271]. For preselection we required isolated leptons
and

ne| < 2.47, .| < 2.4, Inj| < 2.5, P > 10 GeV. (4.28)

We rejected jets within AR = 0.2 of a preselected electron, and leptons within
AR = 0.4 of remaining jets.

Each of the stop search analyses use variants of mpg, known as the Cam-
bridge mq2 or stransverse mass variable [341, 342], as a powerful discriminant
of signal over background. For events where mother particles are pair produced

and subsequently decay to two visible branches along with invisible momentum,

*We also used m, = 2 TeV and s; = 0.01, but the branching ratios do not depend on the choice
of my and s; as long as m, > mg.
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such as in leptonic or semi-leptonic t¢ decays, mps can be constructed to have an

upper limit at the mother particle mass. It is defined as

ng(ﬁf,ﬁgf,ﬁT) = min {max [mT(ﬁf,ﬁT),mT(ﬂ,ﬁT)} } , (4.29)

ﬁT +17T :ﬁT

where . is the missing transverse momentum, % and 7 are the transverse
momenta of two visible decay branches, and my is the usual transverse mass
calculated assuming some mass for the invisible particle associated with that
branch. It can be thought of as the minimum mother particle mass consistent
with pair production, the decay hypothesis, and the observed kinematics. We
calculated m7 using the publicly available bisection method codes of Refs. [343,
344].

bbET

The bbE 7 final state arises primarily from the decay ¢¢ — bubv. There are also
contributions from the other decay chains, where either leptons are missed or
hadronically decaying taus are produced; these contributions will be subleading
and additive, and will generally appear with extra hard jet activity in the event
which may be vetoed in analyses. We will ignore them to obtain a slightly con-
servative limit.

Constraints on the production cross section of sbottom pairs decaying via
by — bx{ have been provided by both ATLAS and CMS [324, 325]. Along the
contour mgo = 0, this provides a limit on the production cross section o(pp —
$¢) x Br(¢ — br)?, and therefore on Br(¢ — bv). These limits are reproduced
in Figure 4.7.°> The existing 95% CL limit from the CMS search for region T is
somewhere between my > 520-600 GeV.

LEr + (b-)jets

The single lepton final state is produced primarily through the mixed decay
¢¢ — butL — ljjbbEy, where the top decays hadronically. This final state
is the same as for semi-leptonically decaying top pairs, which is the primary
SM background. It can also be given by stop pairs decaying via the chains
t = bxE — WY = blvx) or i — tHx) — blvx). ATLAS and CMS
have performed searches for stop pairs in the single lepton final state, with no
significant excess observed [329, 345].% In this section we will recast the ATLAS
analysis.

>The ATLAS limit on Br(¢ — bv) can be read off the auxiliary Figure 5. The CMS limit on
o(pp — ¢¢) x Br(¢ — br)? can be read off Figure 6 and converted to a limit on Br(¢ — bv) using
the NLO value of o(pp — ¢¢) from PROSPINO2.

%In the time since this analysis was performed, ATLAS submitted a more detailed search in this
channel [346].
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SRtN2 SRtN3 SRbC1 SRbC2 SRbC3

mz, =600GeV  As ATLAS (%) 27 2.3 5.7 1.7 0.84
mg =50GeV  Asobtained (%) 20(21) 14(15) 58(5.6) 18(1.6) 10(0:89)

mg = 500 GeV N 21 (22) 14 (14) 75(74) 28 (26) 16 (14)
me = 600 GeV N 78(83) 55(57)  26(26) 11(10)  7.0(64)
NP limit 10.7 8.5 83.2 19.5 7.6
Approximate m,, limit (GeV) 567 (574) 553 (556) 490 (489) 537 (532) 589 (579)

TABLE 4.4: Acceptance times efficiency (Ae) and total number of

events (N) for three event samples without (with) pileup. The

stop pair production sample is compared to the ATLAS result as

a validation of our analysis. The 95% CL limit on new physics

(NP) contributions are given; these limits are quoted ATLAS re-

sults. Lastly we provide an approximate limit on m, based on
our results.

After preselection we demanded exactly two opposite sign leptons with the
leading lepton having pr > 25 GeV, at least four jets with pr > 80, 60, 40,
25 GeV, and at least one tagged b-jet. We refer to Ref. [329] for the definitions
of the remaining kinematical variables and of the signal regions (SRs) SRtN2-3
and SRbC1-3, designed for 71 — ¢t and #; — bX: topologies respectively (see
their Table 1). Variables amp, and m7., are variants of mp, designed to reject
leptonic and semi-leptonic ¢ background respectively: amry takes for its visible
branches b and (bl), with a missing on-shell IV associated with the b branch; m7.,
takes [ and a jet for its visible branches, assuming massless invisible states. Both
amyo and mp, require two jets in the event to be chosen as b-jets, regardless of
whether they are b-tagged. ATLAS are able to choose those jets which have the
highest b-tag weight. However, DELPHES only outputs a boolean variable which
identifies whether a jet is b-tagged or not. We must therefore find a way to choose
two b-jets. We follow Ref. [344]. There are three cases:

e 2 b-tags: Take both as b-jets.
e 1 b-tag: Assume that second b-jet is in the leading two non-b-tagged jets.

e 0 or > 2 b-tags: Ignore b-tagging information and assume that b-jets are in
leading three jets.

Then, to calculate amys, we take the j;(ji!) permutation over the b-jet candidates
which minimises amqy. For m7,, we assume that the 7-jet is in the leading three
jets. We find the j;l combination over the candidate jets which minimises m7,.
These methods are in the spirit of m72 as the minimum mother particle mass
consistent with the decay hypothesis and observed kinematics. Since the mini-
mum plausible m7 value is selected, the results after cuts are also conservative.
We compared our obtained amrg and m7., distributions for the ¢t sample at the
preselection stage to Figure 3 in the ATLAS analysis [329] and found good agree-
ment, particularly at large values where cuts are made.
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The Nsot*k cut applied to the SRbC1-3 SRs cannot be replicated after our re-
construction has been performed. Cut-flows published in auxiliary Figures 112—
117 of Ref. [346] suggest that after all other cuts, the N requirement reduces
the signal by 15-25%, consistent between the single-muon and single-electron
channel. We therefore conservatively post-scale our results in the SRbC1-3 SRs
by a factor 0.75 to take this into account.

The results of our analysis are shown in Table 4.4. The acceptance times effi-
ciency (Ae) for our stop pair validation sample agree well with ATLAS results in
each of the signal regions; our predicted event rates are likely an underestimate
for the SRtN2-3 SRs. We are confident that the discrepancies can be assigned to
some combination of: different event generators, the third-party detector sim-
ulation, our b-tagging efficiency approximation, the necessary amendments to
amqo and m7., calculation methods, and our inability to recreate the pileup sub-
traction procedure. The predicted number of events in the 20.7 fb~! of data for
each of the signal samples are also given in Table 4.4.

Since the branchings of ¢ and the distribution shapes do not change signifi-
cantly from masses 500 GeV to 600 GeV, and since log[o (pp — ¢¢)] varies approx-
imately linearly with mass m,, an approximate limit on m, can be determined
by taking the published ATLAS new physics (NP) limits and assuming that, in
each SR, the log of the number of accepted events scales linearly with my. These
results are also shown in Table 4.4. Since this is only a recast of the ATLAS results,
these limits are not to be taken too seriously; they serve only as an indication of
the present experimental reach.

We note that these limits are found using the sum of single electron and muon
channels. In our model ~ 75% of accepted events are single muons, whereas
an approximately even share is expected for the background (and stops). We
would likely obtain stronger limits if ATLAS published a NP limit on each lepton

channel separately.

ItV FEr + jets

The dilepton final state is produced primarily through the mixed decay ¢¢ —
butL — IT1'""bbFp. There is also a non-negligible contribution from ¢¢ — tLtL/,
where the top pair and possible 7 lepton(s) decay such that only two leptons are
detected. This final state is the same as for leptonically decaying top pairs or for
stop pairs decaying via the same chains considered in the previous subsection.
ATLAS has performed a search for stop pairs in the dilepton final state, with no
significant excess observed [330]. In this section we will recast the analysis in
order to place a constraint on m.

After preselection we demanded exactly two opposite sign leptons with the
leading lepton having pr > 25 GeV. Any lepton pairs with invariant mass less
than 20 GeV were rejected. We then defined three SRs in Table 4.5: 1110, L100,
and C1. We use the notation pr[1] (pr[2]) to stand for the leading (subleading)
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L110 L100 C1
m(IT17)ST]; GeV opposite flavour
A¢p < 1.5 meypy > 300 GeV
A¢p; > 1.0 Er > 50 GeV
- N(@G) =2 N@) =2

- P(1] > 100GeV  ph[1] > 50 GeV
Ph[2] > 50 GeV

mpe > 110 GeV mpo > 100 GeV mpe > 150 GeV

TABLE 4.5: Signal region selections after preselection require-
ments.

10*
10?
10?
10"

Events per bin

10° E

107!

1072
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FIGURE 4.8: Distribution of my2 opposite flavour events for the
three SRs in ¢t and mg = 500,600 GeV event samples descend-
ing, simulated without (solid) and with (dashed) pileup. The
ATLAS data, dominated by ¢t background for mre < 100 GeV,

~

is overlaid as points. The apparent “excess” of tt events above

mr2 > 100 GeV is only because we have not simulated sublead-

ing backgrounds (only t¢ is necessary for validation of our analy-

sis). These can be compared with Figures 9, 10, and 3 respectively
of Ref. [330].

pr object. We refer to Ref. [330] for definitions of any unfamiliar variables. The
most important is my9, which takes leptons for the visible branches and assumes
massless missing particles. It is constructed to have a parton-level kinematic
upper limit at myy for the dominant ¢ background.

Plots of the number of events expected in 20.3 fb~! of integrated luminos-
ity for each SR are shown against m75 for opposite flavour events in Figure 4.8.
These are to be compared with Figures 3, 9, and 10 of the ATLAS analysis [330].
One can see that our analysis does a good job of reproducing the background
distribution in the region mrs < 100 GeV where ¢t dominates. We are confident
that the discrepancies can be assigned to some combination of: an overall nor-
malisation factor, the LO t¢ event generator, the third-party detector simulation,
and our inability to recreate the pileup subtraction procedure. The number of
events in the SRs are broken up by lepton flavour in Table 4.6.

The limits on the number of NP events summed over the lepton channels in
SRs L110 and L100 are provided by ATLAS and reproduced in our Table 4.6. The
limit from the C1 SR was not published, since this SR is subsequently filtered
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L110 L100 C1
mgy (GeV) 500 600 500 600 500 600
ete 093 (0.86) 0.34(0.32) 0.79(0.68) 0.30(0.27) - -
utu— 3028  1.0(093) 27(23)  092(0.81) -
uteF 4.6 (4.2) 1.5 (1.4) 3.9 (3.4) 14(12) 75(76) 2.8(29)
St 8.5 (7.8) 29 (2.7) 7.4 (6.3) 2.6 (2.3) - -
NP limit 9.0 56 23*
Approx. my, limit (GeV) 495 (487) 527 (512) 621 (622) *

TABLE 4.6: Number of events in each SR without (with) pileup.

The 95% CL limit on new physics contributions are also given;

these limits are quoted ATLAS results for L110 and L100, and in-
ferred from a plot for C1 (which is why we mark it with a *).

through a multivariate analysis. However, one can read off Figure 3 in Ref. [330]
that three events were observed with 3.6757 expected before the multivariate
analysis. It is therefore reasonable to model the probability density function for
the expected number of events as a gamma distribution with shape parameter 1.3
and mean 3.6.” We performed toy Monte Carlo pseudoexperiments for different

signal+background hypotheses (H;.;) under this assumption, measuring

CL, = PT'(TZ < nobs|Hs+b)
Pr(n < nobs|Hb)

(4.30)

each time. We found C'L; = 0.05 for an expected new physics contribution of 2.3
events, corresponding to the observed 95% CL limit on the number of NP events
determined using the C'L; method [347], the same as that used in the ATLAS
analysis.

An approximate limit on mg can be derived in the same way described in the
previous subsection, and the results are shown in Table 4.6. Again, since this is
only a recast of the ATLAS analysis, these limits are not to be taken too seriously;
they serve only as an indication of the present experimental reach.

The best limit is obtained from the C1 SR. There are three principal reasons
for this. (1) The L110 and L100 limits are quoted on the sum over all flavour
channels. In our model we expect greater than half of the events to be in the
opposite-flavour channel. Simply requiring opposite flavour leptons reduces the
background significantly (compare Figures 2 and 3 of Ref. [330]), so that one can
afford to make softer cuts that keep more signal. (2) The L110 and L100 cuts on
Agy and A¢; are designed to reject background events with high mq arising
from events with large £7 from mismeasured jets. These cuts keep about 50%
of the stop pair signals considered by ATLAS (see auxiliary Figures 24 and 25
of Ref. [330]). We found that only ~ 35% of events were kept for our model
due to different kinematics. (3) The signal-to-background ratio and the limit is

significantly improved if the cut on mr is slightly increased.

"The gamma distribution is the standard conjugate prior for rate parameters. A shape parame-

ter of 1.3 ensures that f;f%j dx f(z; k = 1.3, p = 3.6) = 34.1%, corresponding to one half of the
68.2% confidence interval.
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Summary

It is clear from these analyses that the existing constraints on the leptoquark from
sbottom and stop searches are comparable, my4 2 600 GeV. Inferred limits could
be even stronger if the collaborations provided limits before combining lepton
flavour channels. But this conclusion can be turned around: if the collaborations
were to see a significant excess in any of the discussed final states, this model
predicts that it should show up in all of them at around the same time, with a
well-predicted, non-universal flavour signature and distinctive kinematics. Sim-

ple SUSY models might find this scenario difficult to accommodate.

4.3 Conclusion

In this Chapter we wrote down the minimal UV completions for all of the D7
AL = 2 operators which could be responsible for radiatively generating a Ma-
jorana neutrino mass. These completions involve vector-like quarks, vector-
like leptons, scalar leptoquarks, a charged scalar, a scalar doublet, and a scalar
quadruplet. The properties of these particles are generally constrained by low-
energy neutrino oscillation data, making the models predictive.

A detailed study of the collider bounds was presented for O3 = LLQdH and
Os = Lde'u'H completions where a leptoquark ¢ ~ (3,1, %) and a vector-like
quark x ~ (3,2,—2) are introduced. In the detailed study, we constrained the
vector-like quark mass m, 2 620 GeV using a dedicated LHC search. For the
leptoquark ¢ we recast LHC sbottom/stop searches and explored in the parame-
ter space allowed by the constraints from flavour physics. We found two distinct
areas of parameter space, one where Br(¢ — bv) ~ 100%, and the other where
Br(¢ — br) < 100%. In the first case my 2 520-600 GeV, and in the second case
we found my 2 600 GeV using three different final states.

Through this detailed analysis we have shown the powerful discovery
and/or exclusion potential of the LHC for the radiative neutrino mass mod-
els based on AL = 2 operators, and advanced a systematic approach to these

searches.
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5 Baryon Asymmetry of the Universe

This Chapter is based on the publications “Electroweak naturalness in the three-
flavor type I seesaw model and implications for leptogenesis,” and “Natural lepto-
genesis and neutrino masses with two Higgs doublets,” each written in collaboration
with Robert Foot and Raymond R. Volkas [3, 5]. See also the conference proceedings

paper “How to avoid unnatural hierarchical thermal leptogenesis” [6].

The SM and the paradigm of electroweak symmetry breaking realised by the
Higgs potential Vo = p2®Td + A ((IJT<I>)2, with p?(mz) ~ —(88 GeV)?, has been
extremely successful in explaining low energy phenomena. However it fails to
explain neutrino masses and the baryon asymmetry of the Universe (BAU). A
straightforward way to explain both, as introduced in Sections 1.1.3 and 1.1.4, is
to add three heavy right-handed neutrinos: the minimal Type I seesaw model
[72-74, 348]. Gauge invariance allows two additional renormalisable terms in

the Yukawa Lagrangian,

—~ 1 n .
—ALy = (yy)ijly Pry, + §Mi(u}%)cuﬁ + h.c., 6.1)

where I, = (vp,ep)?, ® = im®*, and M; are the right-handed neutrino masses.
After ® gains a vev (®) = v/v/2 ~ 174 GeV the Type I seesaw model provides an
elegant explanation for the smallness of the neutrino masses. If y,v < M;, the
neutrino mass matrix is given by the seesaw formula

02

my, = gyﬂ?ﬁyf, (5.2)

where Dy, = diag(M;, M2, M3), suppressed by the presumably large right-
handed neutrino mass scale. The BAU can be produced via hierarchical ther-
mal leptogenesis [93]: the C' P violating out-of-equilibrium decays of the lightest
right-handed neutrino N; create a lepton asymmetry which is transferred to the
baryon sector by electroweak sphalerons. The Davidson-Ibarra bound [96, 97],
ensuring enough C'P violation for successful hierarchical (My, < My, < Mn,)
thermal leptogenesis, is

My, 25 x 108 GeV (5.3)

(246123eV)2 ’

where v is the vev that enters the seesaw Equation (5.2).
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FIGURE 5.1: Bounds on hierarchical thermal leptogenesis as a

function of v. Shown is the Davidson-Ibarra bound (purple),

and the Vissani bound (blue). The dashed lines indicate v =
246,30 GeV.

The ability of the minimal Type I seesaw model to simultaneously explain
neutrino masses and the BAU is certainly intriguing. However, it appears to be
incompatible with a naturalness argument for right-handed neutrinos made by
Vissani [302] (see also Refs. [293, 296, 349-353]). In a one-flavour model, Vissani
essentially bounded directly the induced 2 RGE term to obtain a naturalness

bound on My:

dp? 1 9
= |-y, M3y} <1TeV?
‘dloguR ‘ A2 Ny

2

v 3
-~ M <3><107GV(7) , 5.4
N €Y \246 Gev (54
where 1 is the renormalisation scale, and the neutrino mass is m, = %]\% ~

0.05 eV. The incompatibility of leptogenesis and naturalness is exemplified in
Figure 5.1; nowhere at v = 246 GeV is it possible to simultaneously fulfil the
Davidson-Ibarra and Vissani bounds. Thus it appears that the minimal Type I
seesaw model cannot explain both the observed neutrino masses and baryogen-
esis via standard thermal leptogenesis without ceding naturalness.

In Section 5.1 of this Chapter we address the following question: can three-
flavour effects ameliorate this conflict? It is answered in the negative. We present
a three-flavour treatment which generalises the Vissani result to obtain three nat-

uralness bounds:

My, <4x107 GeV, (5.5)
My, <7 %107 GeV, (5.6)
1
0.05eV\ 3
MN3§3x107GeV< e~ c ) : (.7)
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I

FIGURE 5.2: Loop diagram leading to 6.

where m,,,;,, is the lightest neutrino mass. We discuss how these bounds imply
that natural Ny-, N2-, or N3-dominated hierarchical thermal leptogenesis is not
possible in a minimal three-flavour Type I seesaw.

In Section 5.2 we address the logical follow-up question: in what minimal
ways can this incompatibility be overcome? We list some solutions already exist-
ing in the liteature. We then focus on an apparently new solution motivated
by the following observation: if v < 30 GeV in Equation (5.2), then Equa-
tions (5.3) and (5.4) become compatible, as is clear from Figure 5.1. Thus we
expect that two-Higgs-doublet models with right-handed neutrinos (v2HDMs)
and tanf = wv;/v2 2 8, where ®, is responsible for a tree-level seesaw, can
naturally accommodate leptogenesis and neutrino masses. Indeed, we discover
viable natural models which predict a SM-like Higgs boson, (maximally) TeV-
scale scalar states, and low to intermediate scale hierarchical leptogenesis with

103 GeV < My, <108 GeV.

5.1 Naturalness in the three-flavour Type I seesaw

5.1.1 Three-flavour Vissani bound

The neutrino mass matrix, entering the Lagrangian as %E(m,,)ij(yi)c, is given
. . 2 _ . .
in Equation (5.2) and reproduced here: m, = %y,,DMlyZ. One can diagonalise

m,, with a unitary matrix U,
D,, = diag(mq,ma, m3) = Um,U”, (5.8)

where m; are the neutrino masses. Following Casas-Ibarra [94], it is possible to

express y, as

V2
Y =

v

1 1
U'D3,RD},, (5.9)

where R is a (possibly complex) orthogonal (RTR = RRT = I) matrix. R is
physically relevant and measurable in principle (e.g. by studying the production
and decays of the 1/3%), however measurements to date tell us nothing about it.
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From Figure 5.2, we calculate the correction to x? in MS scheme as

2 1 i a2 pr| LY 2
o = )2 4y, M5 { log M, 1) W +(9(,u) , (5.10)

where pp is the renormalisation scale. The RGE for 1?2 therefore gains a contri-
bution from all nine diagrams of
dp? 4

_ T [VDQ T}. 5.11

Upon substitution of the Casas-Ibarra form, this can be written

dp? 4 2 5
— ~Tr |D,,RD3,R'| . 5.12
dlog ur - (4m)2 v? r[ M } (5.12)

Note that there is no explicit dependence on U, as one could anticipate, since all
of U can be absorbed by I;, — Ul, y, — Uy,. One ends up with three corrections
proportional to the cube of each heavy neutrino mass.

As argued in CHAPTER 3, if the new physics contribution in the 2 (ur) RGE
is much larger than ;%(mz) then this leads to a naturalness problem, manifesting
as a sensitivity of the Higgs mass parameter to the high scale input parameters
p2(Ap) and M;. Naturalness demands that these corrections each be less than
some scale not far above p%(mz) ~ —(88 GeV)?. Following Vissani, we bound
each of the new contributions by 1 TeV?:

4 2

3 2 2
(471')2 UQMj ;mZ]RW\ < 1TeV

1
. V 3
0.05e ) ’ (5.13)

> mil Rij|?

where R;; are the entries of R. This equation reveals the Vissani result together

:»Mjg3x1o7cev<

with the three-flavour effects. Our results can be easily rescaled for a different
naturalness criterion.

5.1.2 Extremising the bounds

Equation (5.13) results in three upper bounds on the right-handed neutrino
masses. It says nothing about their mass ordering, since one can always append
to R a permutation matrix. However we can always order the bounds by their
size; we will call them B; and take B < By < Bs.

We are interested in the values of B; attainable from Equation (5.13). Thus

all we have to do is extremise these bounds over R. We used the mass squared
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FIGURE 5.3: Region of attainable values for the B; > By > By
(red /blue-hatched/green) right-handed neutrino mass natural-
ness bounds as a function of the lightest neutrino mass, by re-
quiring their contribution to the u?(ugr) RGE be no greater than
1 TeV (Equation (5.13)). The upper (lower) panel is for NO (10).
The regions assume the orthogonal matrix R is real. Thick solid
lines show the case when R = I (note that the thick blue line is
obscured by the thick green line in the IO case). The case for com-
plex R is similar, except there is no lower limit to the B; (see text).
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differences of NUFIT v2.0 [61],

Am3; = 7.50 x 107° eV?,
Am?, = +2.46 x 1072 eV?, (5.14)

where Am2, = Am3; > 0 for normal ordering (NO) and Am3, = Am3, < 0 for
inverted ordering (IO), and treat the lightest neutrino mass (1 for NO or m3 for
IO) as unknown. The B; were numerically extremised over a parameterisation of
R. The results were checked analytically and with scatterplots. Figure 5.3 show
the cases for NO and IO when R is real. The solid lines are for R = 1.

The first thing to notice is that as the lightest neutrino mass tends to zero, the
largest bound B3 can potentially evaporate. This only happens in models where
R is of a particular form, e.g. in NO, as is evident from Equation (5.13),

R=| Ry Ry 0 (5.15)
R31 Rz 0

or some column permutation, where R1; = R2 = 0if Ris real. This corresponds
to the Poincaré protected decoupling limit > — 0 and an effective two-flavour
seesaw [354-356]. The maximisation of By occurs when By = Bz and corre-
sponds in NO to R of the form

(5.16)
+1

up to column permutations. Similarly the minimisation of Bs occurs when By =
Bs, and corresponds to

0 0 +1
R=+ % —% 0 |. (5.17)
11 0
V2 V2

The maximisation (minimisation) of By (B3) occurs when By = By = Bjs. This
corresponds to a conspiratorial form of R.

Even though these arrangements are possible, it is clear from Figure 5.3 that
it is not possible to construct a Type I seesaw model that changes the bounds B;
and B, by more than a factor of 2 when R is real. Even if one does saturate these
bounds, it is not possible then to place the right-handed neutrino masses at this
bound and maintain a hierarchy which is a key assumption for the Davidson—
Ibarra bound.

In the case of R complex the upper limits of the B; are the same as the R real
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case. However the lower limits can potentially be much lower. The reason is that
complex R with entries of arbitrarily large magnitude exist. Let us illustrate this

in the two-flavour case. An example is

Rz( cosh x isinhx>. (5.18)

—¢sinhx  coshz

In this case,

Uyuzi
v

V2 ( vVmiMicoshx —iv/miMsysinhx ) (5.19)

i/ moMi sinh x moMs cosh x

If coshz > 1, one need only calculate m, to see that the smallness of neutrino
masses is only explained by fortuitous cancellations between entries of y, that
constitute a fine tuning. If we demand that the entries of R have magnitude not
exceeding 1, then the results for complex R are essentially the same as in the real
case. In general, however, allowing complex R can only degrade the attainable

region for the B;.

5.1.3 Implications for leptogenesis

Corrections to the ;2 parameter in the Type I seesaw model can be expressed in
the concise form of Equation (5.12), as a function of an unknown (but in principle
measurable) orthogonal matrix R. Requiring these corrections to be less than
1 TeV results in three bounds on the right-handed neutrino masses. Figure 5.3

reveals that, no matter what form R takes, there are three generic bounds:

My, <4x107 GeV, (5.20a)
My, <7x 107 GeV, (5.20b)
1
3
My, <3 x 107 GeV <0'05 eV) : (5.200)
Mmin

where my,;, is the lightest neutrino mass. For a given model, however, the
bounds will be more stringent.

Baryogenesis via standard (/Ni-dominated, hierarchical) leptogenesis re-
quires My, 25 x 10® (2 x 10?) GeV for N; with thermal (zero) initial abundancy
[97]%, in conflict with Equation (5.20a).

In N, leptogenesis, it is possible to have My, < 107 GeV. There are two sce-
narios. One is in the Ni-decoupling limit [359], and the other relies on special
flavour alignments to protect an No-generated asymmetry from N; washout [360,
361]. Both are in conflict with Equation (5.20b), as such a light N> is unable to

produce the required asymmetry for the usual reasons [96, 97].

!These bounds are unaffected by flavour considerations [357, 358].
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One might think that there is still room left for N3 leptogenesis. This turns
> 10° GeV, one must have

~

out to not be the case. In order to naturally have My,
Mmin S 1079 eV and R in a decoupling limit such as Equation (5.15). However

in this limit the CP asymmetry from N3 decays is [359]
s~ 1070y ST (RY) (5.21)

which is far too small.
Thus our results confirm that no minimal Type I seesaw model can ex-
plain the neutrino masses and baryogenesis via hierarchical (Ni-, Na-, or N3-

dominated) thermal leptogenesis while remaining completely natural.

5.2 The v2HDM

5.2.1 How to avoid unnatural hierarchical thermal leptogenesis

An obvious question is: in what minimal ways can we adapt the Type I see-
saw to realise a natural BAU? Figure 5.1 suggests three conspicuous possibilities:
(1) lowering the Davidson-Ibarra bound, e.g. by considering dominant initial
N; abundancy [97]?, resonant leptogenesis [98], a different baryogenesis mecha-
nism entirely (such as neutrino oscillations [362]), or by introducing new fields
which allow increased C'P violation in N; decays; (2) raising the naturalness
bound, e.g. by partially cancelling right-handed neutrino corrections [352, 363],
or removing it entirely by restoring low-scale supersymmetry; (3) lowering the
(possibly effective) vev entering the seesaw Equation (5.2) so that the bounds of
Equations (5.3) and (5.4) become consistent (v < 30 GeV).

In our Ref. [5] we implemented the latter possibility within a two-Higgs-
doublet model with right-handed neutrinos (¥2HDM). The remainder of this
Chapter is dedicated to describing such models. It is organised as follows. In
Section 5.2.2 we build the ¥2ZHDM models of interest, describe the scalar states,
and briefly review the relevant experimental constraints. In Section 5.2.3 we pay
particular attention to naturalness limits on the extra scalars; we verify that a
natural »2HDM of any Type is still allowed by experiment. We discuss neutrino
masses in Section 5.2.4 and leptogenesis in Section 5.2.5. The region of parameter
space which naturally achieves hierarchical leptogenesis is identified.

>The bound becomes My, > 2 x 107 GeV, marginally consistent with the naturalness bound in
Equation (5.7).
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Model uly | diy | ey | vk

Type I (I)l @1 (I)l (I)Q

Type II (I)l @2 (I)Q (I)Q
Lepton-specific (LS) | 1 | &1 | 2 | D2
thped (I)l @2 (I)l (I>2

TABLE 5.1: The four models with no tree-level flavour-changing
neutral currents and allowing for a GeV-scale vev to provide the
seesaw whilst preserving perturbativity of y;.

5.2.2 Model
Lagrangian

The scalar content of the model contains two doublets ®; 5 each with hyper-
charge +1. For simplicity we consider the softly broken, C'P conserving, Z-
symmetric potential (see e.g. Ref. [364])

Varow = md; @] @1 + m3, ®L@, — mi, (@], + 0l
A 2 A 2
+ 2 (@}@1) + 22 <<1>§<1>2)
2 2
+ 2 (0f@1) (@l@s) + Ay (@]02) (0fey)

h 2 2
+3 [(@1@2) n (cbgcbl) ] : (5.22)
where all the parameters are real. To explain observations, at least one of these
doublets must obtain a non-zero vev. We consider m?; < 0 and a C'P conserving

vacuum,

1 0 1 0
(®q) = ﬁ ( o ) ) (®g) = \ﬁ ( o ) , (5.23)

where v; > 0, v9 > 0, and v? + v3 = v? ~ (246 GeV)2.

A general 2HDM will have flavour-changing neutral currents at tree-level.
These can be avoided if right handed fermions of a given type (u%, d%, %) cou-
ple to only one of the doublets [365, 366]. Although not strictly necessary, we
will assume that this is realised, and adopt the convention that only ®; couples
to the u%. In a ¥2HDM, if we assume this also applies for the v, then there
are eight possibilities. As mentioned in the Introduction, the seesaw constraint
Equation (5.2) can be made consistent with naturalness and leptogenesis if the
vev contributing to the seesaw is sufficiently small. Since we would like our
model to remain perturbative, and already y; ~ 1 for v ~ 246 GeV, we anticipate
that ®, obtains the small vev and thus we couple it to the v%. Remaining are
four possible ©2HDMs which we refer to by their conventional Types as listed in
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Table 5.1.3 The Yukawa Lagrangian is then given by

—Ly = + 3. G2 P1ur + yaqr®rdr
+ el ®rer + ylPovg

|
+ §MN(VR)CVR + h.c., (5.24)
where I, J depend on the model Type, and family indices are implied.

Scalar masses and mixings

Consistency with experiments requires the extra scalar states to have masses at
least 2 80 GeV. In order to construct models with potentially TeV-scale scalars
with a naturally small v, we will consider m3, > 0 and m?,/m3, < 1[367]. This
is technically natural, since in the limit m?3,/m3, — 0 a U(1) or Z, symmetry is
restored if A5 = 0 or A5 # 0, respectively.

For m?, < 0, the vevs are given by

2 1 1
" \/Al it s (et 00 .
1 m?
Vo R 2 52 V1, (526)
1+ 2m12 A345 ma
22

In the limit m3, > v#(A3 + A1), A2v3, we have tan 8 = vy /v2 &~ m3,/m?, and

v~ \/ < (=m}, + m3,/ tan? 8). This implies a relevant condition,

1
m3y < B ()\111%) tan® 3, (5.27)

to ensure m?, < 0 and avoid a fine-tuning for v. Figure 5.4 illustrates how m?,
deviates from its standard value of —(88 GeV)? as m3, approaches this bound.

2 and v =~

For m3, above this bound, m?, very quickly grows to values > v
246 GeV is only explained by a miraculous balance of m?, against m3,/tan? 3,
which constitutes a fine-tuning. Thus we adopt Equation (5.27) as a consistency
condition. Typically we have m3,/tan? 8 < |m% | so that m?, sets the mass of
the Higgs (as does 2 in the SM).

The charged scalar and pseudoscalar (neutral scalar) mass-squared matrices

are diagonalised by a mixing angle 3 («). The neutral mass eigenstates are

h = p1cosa+ pysina,
H = pycosa — pysina,

A =n9sin 8 — ny cos 3, (5.28)

*Type I v2HDMs with v2 ~ eV were considered in Refs. [367-370]. We will end up considering
vs of O0(0.1-10) GeV.
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FIGURE 5.4: Constraints on mas, as labelled. Solid black contours
are m?,/GeV? = —802, —70%, and so on. The green shaded region
has no solution for m?; < 0. A subset of the models hit a Lan-
dau pole below Mp; when tan 8 2 70. The H/A — 77 bound is
taken from the CMS search [371]. The naturalness bound is only
illustrative, to be covered in Section 5.2.3.

where p; = v2Re(®?) — v; and 7; = v/2Im(®Y). The masses are given by

2 2 milQ 2
my = >\1U1 + O <4’U1> s

Mo
m% = miy + %)\3451)% +0 <Z§2m52> )
1 mi
m124 = m§2 + 5(/\345 — 2/\5)1)% + 0 <T7fgm§2> ,
2 2 Ly miy o
M+ = Moy + 5)\31)1 +0 (WL%QmQQ) , (5.29)

i.e. the same as in the inert doublet model [364] up to corrections proportional
to m1,/m3,, which we provide in Appendix B.1. Clearly, if m3, > v?, the mass
scale of extra scalar states is ~ mas.

In the alignment limit cos(a — 3) — 0, the couplings of h to SM particles
become SM-like. We calculate

1y ol AL — Agas)?
cos?(a — ) ~ 2 11 N ™) : S, (5.30)
Mg Mo <1 — 2;1%2 2\ — )\345)) (1 + 72;1%2 /\345>

suppressed by the approximate U(1) or Z; symmetry (m3,/m3, < 1) as well
as the usual decoupling limit suppression (v?/m3, < 1) [372]. Thus the model

naturally accommodates a SM-like neutral scalar state.
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Constraints

With My > mgo the constraints (and search strategies) for a ¥2HDM of given
Type are largely identical to those for a 2HDM of the same Type, for which there
is extensive literature (see references henceforth). The 2HDM potential Equa-
tion (6.4) is subject to a few standard theoretical constraints [364]. The necessary
and sufficient conditions for positivity of the potential in all directions are [373—
375]

A2 >0,
A3 > —v/ A1,
A3+ A — [As] > —v/ A, (5.31)

Vacuum stability of the potential minimum is more difficult to evaluate. An in-
equality which ensures a global minimum, missing possible metastable vacua, is
presented in Ref. [376]. Tree-level perturbative unitarity of scalar-scalar scatter-
ing is ensured by bounding the eigenvalues of the scattering matrix [364, 377-
379]. Perturbativity of the \; can also be demanded [380]. At the very least these
bounds should be implemented at the mass scale of the scalar states. In addition
they may be demanded up to some high scale under the renormalisation group
evolution, which results in non-trivial constraints on the parameter space (see
e.g. Refs. [381-383]%). Type I, LS, and Flipped 2HDMs are particularly suscep-
tible to exclusion by such a demand at large tan 3; at one-loop, their Yukawa
couplings hit a Landau pole before Mp; ~ 10'® GeV when vy < 3.6,2.3,3.3 GeV
(tan 3 2 68,110, 75) respectively [384]. These Landau poles merely indicate the
breakdown of perturbativity.

The scalar boson discovered at the LHC is to be identified with the mass
eigenstate h. Its couplings have been measured to be SM-like, which constrains
the ¥2HDM to lie in the alignment limit cos(a — ) ~ 0, particularly at large
tan 3, and for Type II and Flipped 2HDMSs.® As is evident from Equation (5.30),
the alignment limit is automatically preferred in our model due to the approxi-
mate Z3 or U(1) symmetry. Thus we limit the following discussion on additional
experimental limits to those that constrain moderate to large tan # models very
close to the alignment limit.

In Type Il and Flipped 2HDMs, the ®; coupling to down-type quarks is tan
enhanced. The H* state then contributes significantly to radiative B — Xy de-
cay; the experimental measurement [390] combined with a recent next-to-next-
to-leading order SM calculation [391] bounds mpy+ 2 480 GeV at 95% CL for

~

*Note that some of the bounds derived in these papers do not apply to the softly broken Zo-
symmetric case, and also do not apply to the Z>-symmetric case when one of the vevs vanishes.

SWe refer the reader to Refs. [34, 383, 385-389] for allowed parameter space as a function of
cos(a — B) and tan § in all 2HDM Types.
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tan 8 2 2. This bound along with the consistency condition Equation (5.27) im-
plies vo < 45 GeV (tan 8 2 5.4) for these ¥2HDMs. In the Type II 2HDM the
®, coupling to ezé is also tan 8 enhanced, and the bound on my=+ from B — v
decays exceeds the radiative bound when tan 8 2 60 [364]. These bounds are
depicted in Figure 5.4.

Direct searches at LEP constrain my+ 2 80 GeV assuming decay to SM par-
ticles [392]. At the LHC, searches for H/A — 77 [371, 393] are particularly con-
straining in the Type II 2HDM. The 95% CL limit rises approximately linearly
frommy 2 300 GeV attan § = 10 tom 4 = 1000 GeV at tan 5 = 60. Such searches
can also be mildly constraining for the LS 2HDM at moderate tan /3. Searches for
H* — 7v [394, 395] cannot compete with B — Xy for Type II/Flipped 2HDMs
or with H/A — 77 for the LS 2HDM. However, for my+ < 160 GeV, significant
parameter space is ruled out in Type I 2HDMs with moderate tan 3.

The (y,); jg(i)g ui2 Yukawa term related to the neutrino masses can induce lep-
ton flavour violating decays; these are suppressed by the small y,, and the right-
handed neutrino mass scale My > ma2. The processes of interest are [, — g7,
lo — 3lg, and © — e conversion in nuclei (see Ref. [396] for expressions). As
well, b — sl,l5 decays are induced in Type Il and Flipped ¥2HDMs. In practice,
lepton flavour violating measurements constrain linear combinations of (v, );; bi-
and tri-linears as well as the My;.

In summary, for moderate to large tan 8 and cos(ow — 5) ~ 0, experiments
are most constraining for the Type II and Flipped 2HDMSs, with may 2 480 GeV
< 45 GeV). For Type I and LS 2HDMs, even additional

~

necessary (implying vy
scalars with masses down to 80 GeV may still have evaded detection.

5.2.3 Naturalness

In CHAPTER 3 we laid out our naturalness philosophy. A physical naturalness
problem arises when the Higgs mass parameter 1%(up) receives large correc-
tions, du?/dlog ur > p?(mz). Indeed, the Vissani bound of Section 5.1 is a di-
rect bound of the ;2 RGE contributions from the heavy right-handed neutrino.
Below we present a discussion and a one-loop RG analysis within the v2ZHDM.
In practice, the naturalness considerations can be divided into two distinct
calculations: the influence of mgy on mq1, and the influence of My on mas. These

influences will be considered in turn.®

Corrections to m?,

If m3, < m? tan® 3/2, then m?, sets the mass of the observed SM-like Higgs via
Equations (5.26) and (5.29). The one-loop RGE for the m?, parameter is [364] (see

%In the following we ignore the influence of the small y,, Yukawas on m3;, and hence those
results also hold in a general 2HDM.
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Ref. [383] for a recent two-loop calculation)

dmj, 1

g~ (G2 (s + 2h)mi, + O(miy)] (5.32)

The O(mfl) term contains gauge, A1, and Yukawa contributions, which, as in the
SM case, do not induce a naturalness problem. However if A3 4 are non-zero then
a naturalness problem is induced for sufficiently large m3,; we are interested in
when this generically occurs. Even if A3 4 = 0 at some scale, they will quickly be

reintroduced by gauge interactions at one-loop. Their one-loop RGEs are given

by

dAs3 1 3

_ 4 2 9 4
Ao pn  (4n)2 1 (QY —29y95 + 392) + s

= 3 5.33

where g3(myz) ~ 0.43 and g% (myz) ~ 0.13 are the gauge couplings and the el-
lipses contain terms multiplicative in 3 4, terms proportional to A%, and terms re-
lated to the Yukawas. Let us ignore those effects for now and return to them later.
Note that ignoring the contribution from \? is equivalent to assuming A5 < 0.2,
so that its contribution is subdominant to the gauge couplings. Typically, one

would expect

As(pr)| 2 (471r)22 (9y — 29595 + 393) ,
Nalpr)| 2 (471)239%95, (5.34)
and thus
] df?i; 21 4jr)4 (391 +9g3) m3,. (5.35)

This lower bound is of the same order as the two-loop pure gauge contribution
[383].

Equation (5.35) represents a conservative bound on the running of the m?,
parameter above the scale ~ mgo. Naturalness demands that this running not be
significantly larger than the value measured at a low scale, |m1;| ~ 88 GeV. A

very conservative naturalness bound is therefore

1
(i) (3gy + 9g3) m3, < 1 TeV?, (5.36)
= mas <1 x10° GeV. (5.37)
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Alternatively, we can try to bound a quantity which measures the fine-tuning

in m?, at some high scale Aj,. A typical quantity is [288, 289]

m%l(Ah) am%l(mZ)
m%l(mz) 87”%1(/\11) ’

A(Ap) = (5.38)
which compares percentage variations of two (in principle) measurable parame-
ters. Let us now estimate how such a bound might constrain ms.

For simplicity, and anticipating that the m2y scale is not far above the elec-
troweak scale, we will evolve the dimensionless parameters using the (v)2HDM
RGEs from the mz scale. First, the one-loop gauge coupling RGEs [364, 397] can
be solved analytically. Upon substitution into the A3 4 RGEs (Equations (5.33)),
and considering only the pure gauge contribution, the A3 4 running can be solved
for given initial conditions. For simplicity we take A3(m22) = Mi(mg2) =
A3.4(mg2) and consider it a free parameter. Next we solve Equation (5.32) for
m?, (ur) with the initial condition m?, (ma2) = —(88 GeV)? (neglecting any RGE
evolution of m3,). With these simplifications Om?,(mz)/0m?2,(A;) = 1 and the
fine-tuning measure is given simply by A(A) = |m?,(Ap)/(88 GeV)?|.

Note that in setting the initial condition m?,(mg2) = —(88 GeV)? we have
implicitly assumed that m3, < m? tan? /2 (see Equation (5.27) and Figure 5.4).
This is conservative for negative m?,, since |m?, (ma2)| shrinks as m3,/tan? 3 —
m? /2 and the naturalness constraint would become more stringent. In some cir-
cumstances we will obtain naturalness bounds on m3, which exceed m? tan? 3/2,
which just indicates that the naturalness constraint is weaker than the consis-
tency condition Equation (5.27).

In Figure 5.5 we show A = 10 and A = 100 contours as a function of A
and A3 4(mg2). These represent naturalness upper bounds on mg;. The cusp-like
structures of apparently low fine-tuning in m?,; occur when m?, runs negative
before turning and passing through m?, = 0, which just corresponds to a fine-
tuning in (34, Ax), as discussed in CHAPTER 3. A stringent naturalness con-
straint is obtained by demanding A < 10 at A, = Mp;; from Figure 5.5, it is clear
that this implies

mao < few x 10° GeV. (5.39)

Indeed, in our two-loop study of CHAPTER 3 we obtained a similar bound of
M < 2.1 TeV (see Table 3.2) for scalars in a minimal 2HDM (with v5 = 0 and no
Yukawa couplings). If any new physics comes in below M p; then the running of
m?, could change, and these bounds do not strictly apply. If that is the case then
it is more appropriate to consider A, at the scale of the new physics, which weak-
ens the bound, as is clear from Figure 5.5. In the ¥2HDM this new physics scale
is the right-handed neutrino scale My, after which the right-handed neutrinos

can contribute to the running of m?; through m3, at one-loop.
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FIGURE 5.5: Contours of the fine-tuning measure A(A;) = 10

(100) in black (grey) as a function of (top) Aj, for Az 4(mez) =

0.0,0.1, —0.01 (solid, dashed, dotted), and (bottom) A3 4(ma2) for

A = 10'%,10'2,107 GeV (solid, dashed, dotted). See the text for
the assumptions that accompany this plot.
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FIGURE 5.6: Contours of the fine-tuning measure A(A) = 10 in

an illustrative Type Il ¥2HDM (see text) for different values of vs.

The solid lines for v = 20 GeV match approximately onto the
solid lines in Figure 5.5.
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We have so far ignored the RGE contributions from possibly large Yukawas.
There are two situations in which the Yukawas play a significant role. The first
is in Type II, LS, and Flipped v2HDMSs with tan 3 large enough such that an
early Landau pole is induced (see Section 5.2.2), and the second is in Type II
and Flipped v2HDMs with moderate to large tan 8 when the pure Yukawa term
iﬁmygyf induced by a quark box diagram contributes significantly to the
X34 RGEs (Equations (5.33)). In Figure 5.6 we show how the A = 10 con-
tours change as a function of v3 in an example Type II »2HDM. For this Fig-
ure we have numerically solved the full set of one-loop RGEs [383] including the
top/bottom /tau Yukawas, taking the following values at the scale m : g2 =1.48,
Al = A2 = 0.26, and y; = 0.96/sin3, y, = 0.017/cos 3, y» = 0.010/ cos S.
Comparing to Figure 5.5, it can be seen that the pure Yukawa term has a no-
ticeable effect when vy < 20 GeV. It is also apparent from Figure 5.6 that nearing
vg = 3.6 GeV (below which a Landau pole is induced before Mp;) can act to de-
grade or improve the naturalness bound. The vy = 3 GeV bound in Figure 5.6
shows the effect of hitting the Landau pole at ~ 10? GeV. We note that this only
signals the breakdown of perturbation theory, and of our one-loop RGEs; we
cannot calculate ma2(11r) above this scale though it is perfectly possible that the
theory remains natural.

In a repeated full one-loop RGE analysis we found that the Flipped v2HDM
gave essentially the same results as the Type II ¥2HDM in Figure 5.6, and there
was no noticeable Yukawa effect in the LS »2HDM until the Landau pole was
reached. Thus we find that the stringent naturalness bounds of Equation (5.39)
and Figure 5.5 are applicable at all times in the Type I 2HDM, for v, 2 2 GeV
in the LS v2HDM, and for va 2 20 GeV in the Type II and Flipped »2HDM:s.
Otherwise Yukawa effects must be taken into account. Either way, the important
point is now clear: a TeV scale mgs can be both completely natural and, as was

discussed in the previous subsection, is experimentally allowed in all »2HDM
Types.
Corrections to m2,

Let us now consider the influence of the right-handed neutrinos. The one-loop
RGE for m3, is [3, 398]

dm3, 1 9
- —ATr[y, D3] 21 . 4
T o = P [~ 4Te[y, D3]] + O(mdy)| (5.40)
A conservative naturalness bound is obtained by bounding the running as we
did in Equation (5.37),

1

3 Tl Dhyl] < Aouna: (5.41)
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where taking Apoung = 1 TeV gives the Vissani bound on My, of Equation (5.4)
[3]. However, now we are bounding corrections to m2, rather than m?,, which
may be TeV scale. Thus, depending on the mass of the extra scalars, it is possi-
ble that we can sensibly take Apyung > 1 TeV, in which case the the naturalness
bound is somewhat relaxed; in Figure 5.7 we show a Relaxed Vissani bound for
Apoung = min(10 TeV, 104 /m% tan? 3/2), where we have kept in mind the consis-
tency condition Equation (5.27). The Vissani bound still represents the unnatural
area of parameter space if mas is closer to 100 GeV.

Asbefore, we could instead bound a quantity which measures the fine-tuning
in m2, at some high scale A;. In this case, the fine-tuning measure of Equa-
tion (5.38) is

1 Zi7j(yl/)iij2(yl)ji In(M;/Ap)

AA) =1+ 5 0L . (5.42)

Taking maa (M) ~ 1 TeV and demanding A(Mp;) < 10 gives a similar bound to
Vissani (Equation (5.41) with Apyung = 1 TeV). Note that there is no naturalness
bound on My in the y, — 0 limit. This is the technically natural limit corre-
sponding to an enhanced Poincaré symmetry in which vz decouples from the
theory [37].

In summary, there are up to three scales in the v2HDM: v, may, and My. We
have described the conditions under which v? (or m?,) is protected from m2,,
and m3, from MZ. Under such conditions it follows that m?, is also protected
from M3, and the model is entirely natural.

5.2.4 Neutrino masses
If m3, = 0 and \; = 0 then a U(1) lepton number symmetry can be defined and
neutrinos remain massless. Let us now consider turning each non-zero in turn.

If m?, > 0 then the U(1) lepton number symmetry is softly broken, i.e. the
breaking does not force us to insert a non-zero A5 term in order to introduce a
divergent counterterm, and it is consistent to consider m2, > 0, A5 = 0.

In this situation the neutrino mass matrix is given by the seesaw formula,

v3 -1, T 1 v’ -1, T
my = EyVIDM Yy = tan2 3 <2nyM y}/) ) (5.43)
where tan 8 & m3,/m?, for m3, > A345v?, and we have bracketed the usual
seesaw formula.

The analogous Davidson-Ibarra and Vissani bounds are given by the stan-
dard Equations (5.3) and (5.4) with the replacement v — wv;. These bounds are
depicted in Figure 5.7. If v < 30 GeV (tan 8 2 8) then both bounds are satisfied.
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FIGURE 5.7: Upper: Bounds on the ¥2HDM as a function of vs.
Shown (as labelled) are the Davidson-Ibarra bound, the Vissani
and Relaxed Vissani naturalness bounds, and the areas of param-
eter space with strong AL = 2 scattering washout. The Type
IT and Flipped »2HDMs are excluded by B — X,y for values
of vy greater than indicated by the grey dashed line (see Sec-
tion 5.2.2). The grey dotted lines indicate the v below which the
Yukawas hit a Landau pole before My, in the Type 1I, Flipped,
and LS v2HDMs right-to-left. Lower: As in Upper but for the Ma
model. The Vissani and Relaxed Vissani bounds are evaluated
at mao = 100, 1000 GeV respectively. The Davidson-Ibarra bound
and strong AL = 2 washout region are shown for my; = 500 GeV,
though they are only mildly sensitive to mgs.
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As well, as discussed in Section 5.2.3, if mqy is TeV scale the Vissani bound can
be relaxed and the required C'P asymmetry needed to reproduce the BAU via
leptogenesis may be naturally achieved for vy < 60 GeV (tan 3 2 4). In the Type
I v2HDM, v5 can be naturally < GeV. Otherwise, requiring a perturbative theory
up to My, restricts vy 2 1 GeV (v2 2 2 GeV) for the LS (Type I1/Flipped) v2HDM
in the parameter space region of interest, as depicted in Figure 5.7.

m%Z:O, )\5;'50

In this situation v = 0 and a Z, symmetry remains unbroken; this is the sce-
nario of Ma [82]. The model yields a radiative neutrino mass and a dark matter
candidate. This is only possible in the Type I ¥2HDM, since in any other Type
the unbroken Z; forbids a Dirac mass term for any charged fermion coupling to
5. Note that the limit A5 — 0 is technically natural, since in that limit the U(1)
lepton number symmetry is reinstated.

If M% > m3,,v? the radiatively induced neutrino mass matrix is

02 (Y)ik (YL ki As 2M?
V)ij Ao I I8 T (k1) 5.44
(mv)ij ~ 5 M, 82 <n [(m%—i—mi)} ) (5-44)

The analogous Davidson-Ibarra and Vissani bounds are given by the stan-
2

dard Equations (5.3) and (5.4) with the intuitive replacement v —
v?2% (In [2M%, /(m3, +m?%)] — 1). This assumes that there is no fine-tuning

in the complex y, parameters to reproduce the observed neutrino masses (see
Appendix B.2 for details). These bounds are depicted in Figure 5.7, where the
Davidson-Ibarra bound has been evaluated at msy = 500 GeV as an illustrative
example (the bound is only mildly sensitive to ms2). We find that the Ma model
with A5 < 0.5 can naturally achieve the required CP asymmetry to reproduce the

BAU via hierarchical leptogenesis.”

In this case both the tree-level seesaw and the radiative mechanism will con-
tribute to the neutrino mass. Both contributions are calculable, and either might
dominate. Note that it is still technically natural to take A5 — 0 in this case, since
it restores a softly broken U (1) symmetry. In other words, the A5 RGEs to all or-
ders will be multiplicative in A5, indicative of the fact that the soft-breaking term

can only generate finite U (1)-breaking corrections.

7 A similar observation was made in a recent paper [353].
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5.2.5 Leptogenesis

The observed BAU is achieved analogously to standard hierarchical thermal lep-
togenesis [93]; the out-of-equilibrium C'P violating decays of the lightest right-
handed neutrino Ni — [®; create a lepton asymmetry which is transferred to the
baryons by the electroweak sphalerons above 7" ~ 100 GeV.

The details of the leptogenesis are (as in the Type I seesaw case introduced
in Section 1.1.4) largely defined (in the one-flavour approximation) by the decay
parameter

I'p mi

=1 (5.45)

K=--D
Hlr—pr,  ma

comparing the rate for decays and inverse decays to the expansion rate at the

time of departure from thermal equilibrium. Here, the rates

1

1
Tp=—(yly)11Mi, H~ ;
( 1 V) MP[

8

(5.46)

are typically rescaled and expressed in terms of an effective neutrino mass 7m;

and an equilibrium neutrino mass m,

~ (yiyu)HUQ

i = I m*x1.1><10*3ev(

v
246 GeV) ’ (547)

where v is the vev that enters the seesaw Equation (5.1). In the »2HDM with
A5 = 0 (with m2, = 0,5 # 0) the analogous definitions make the replacement
v? = v} (0 = v225 (In[2M3, /(m3, +m?)] — 1)). Note that for the scenarios
we are interested in (e.g. v2 < v), m, is smaller than its usual value in standard
leptogenesis.

Let us briefly demonstrate that this picture is consistent. A simple ex-
ample configuration which achieves maximal C'P violation and saturates the

Davidson-Ibarra bound is (assuming normal ordering) m; < m and

VI—RZ 0 Rs
0

1 0 , (5.48)

Ry 0 —\/1—RZ

where R3; = kexp(im/4). Here « is related to the decay parameter by

R =

(5.49)

0.15vVE (0.05 ev>5
K~ ,

tan 5 ms

and is typically < 1072 in the parameter range of interest. In the limit m; = 0,
this corresponds to a Uy, which has one zero row, but is otherwise approxi-
mately diagonal. We note that, in this configuration, /m; and the C P asymmetry
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are sufficiently stable under radiative corrections. The point is that, with three-
flavour effects, it is possible to have (yiy,,)n arbitrarily small (in order that K ~ 1
and N is sufficiently out of equilibrium) and still achieve maximal C'P violation
in its decays.

When only decays and inverse decays are considered, leptogenesis for given
K proceeds exactly as in standard hierarchical thermal leptogenesis (see e.g.
Ref. [95] for a review). In the weak washout regime K < 1, the baryon asym-
metry strongly depends on the initial asymmetry and the initial N; abundance,
with Np decays occuring at T' < M;. The strong washout regime K >> 1 is inde-
pendent of the initial conditions, and the asymmetry is generated as the V; fall
out of thermal equilibrium.

The 2 <+ 2 scatterings with AL = 1 (see e.g. Ref. [399]) provide a correction
to the simple decays plus inverse decays picture; they act to increase N; produc-
tion at T' > M, and contribute to washout at T < Mj. In standard hierarchical
thermal leptogenesis, the scattering contributions involving the top quark and
the gauge bosons are roughly equal. In the present model the gauge boson con-
tribution is the same as in the standard scenario. However, by construction, the
®, involved here in leptogenesis does not couple directly to the top quark, and
thus the usual s-channel (NI < tg) and t-channel (Nt < lq, Nq « [t) scattering
contributions do not occur. Instead, at large tan 3 they can be replaced by the
analogous contribution from other charged fermions, i.e. the bottom quark in
Type II and Flipped v2HDMSs and/or the tau lepton in Type II and LS »2HDMs.
A large tau lepton Yukawa will also introduce new s-channel (N ®; <> 7®3) and
t-channel (N®y < 7Py, TN < $ydy) scattering contributions. All of these pro-
cesses are proportional to (ylyy)n and hence My /v?, with the appropriate
v2HDM replacement for v2. Therefore, they scale with the decays and inverse
decays so that they represent only a minor (but obviously important) departure
from the standard leptogenesis scenario.

The 2 < 2 scatterings with AL = 2 mediated by the right-handed neu-
trinos (®ol < Pol, Po®y < 1) occur as they do in the standard scenario.
These processes are proportional to Tr[(y, ¥ ) (y,yL )T] and hence MZm? /v* where
m? = > m? is the neutrino mass scale > (0.05 eV)?. Comparing this rate to the
decay/scattering rates oc Mj;/v?, it is easy to see that after making the ap-
propriate v2HDM replacement for v?, e.g. v? — v3 < v?, these scatterings will
become comparatively more important than in the standard case. For T' < M; /3,
and in the one-flavour approximation, the thermally averaged AL = 2 scattering

rate is well approximated by [95]

Tap—2 _ T 246GeV\'/ m \° (5.50)
H 7 22x1013 GeV v 0.05eV ) ’ '

where the previously described »2HDM replacements for v? hold (see Appendix
B.2). The upper (lower) panel of Figure 5.7 shows the region in the \s = 0
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(m3y = 0,Xs # 0) ©2HDM where these scatterings are still in equilibrium at
T < M;/3.3 This is the region where strong AL = 2 scatterings can potentially
wash out the generated asymmetry, depending on the details of the leptogene-
sis (e.g. in a weak washout scenario with IV; decays at 7' < M; this washout
may be avoided). Demanding that the scatterings fall out of equilibrium be-
fore sphaleron freeze-out at 7' ~ 100 GeV provides a lower bound vy 2 0.3 or
A5 = 1075; this is represented by the strong AL = 2 scattering washout regions
in Figure 5.7. We note that this calculation has been performed in the context of
a perturbative theory. This is reliable for the Type I »2HDM but not for Type II,
LS, or Flipped »2HDMs with sufficiently small vo, when perturbativity breaks
down.

Since leptogenesis in this model will be occurring at temperatures below
10° GeV, the Yukawa couplings will be in equilibrium and flavour effects cannot
be ignored (see e.g. Refs. [357, 406—409]). These departures from the standard
scenario deserve further detailed study. Still, we do not expect the picture to be
dramatically changed.

Putting this all together, we can now read off from Figure 5.7 the regions
of parameter space which can achieve natural hierarchical thermal leptogenesis.
For v2HDMs with m?, > 0 and A5 = 0, we find 10% GeV < My, < few x 107 GeV

~

is viable for Type I ©2HDMs, and 10* GeV < My, < few x 107 GeV for all other
Types if they are to remain perturbative. For the Ma model with m%, = 0 and
A5 # 0, we find viable parameter space for 10° GeV < My, < 108 GeV and
107° < A5 <0.5.

Lastly we note that the lightest scalar state in the Ma model is stable.” It is
therefore possible that this state, if it is neutral, constitutes some or all of the ob-
served dark matter. During the leptogenesis epoch, ®; is produced in abundance
in N1 decays. Overproduction of dark matter is of no concern as long as ®; ef-
ficiently thermalises at or below the temperatures when N; decays occur, which
suggests mao < My, . In this case the lightest state is a thermal relic dark matter

candidate.

5.3 Conclusion

The three-flavour Type I seesaw model is a simple way to explain neutrino
masses and the BAU via hierarchical thermal leptogenesis. However, we proved
in Section 5.1 that it cannot do so without introducing a naturalness problem.

8A similar plot to Figure 5.7 Upper appears in Ref. [400] in the context of the Type I ¥2HDM
with v2 > 0. We are not aware of any plot similar to Figure 5.7 Lower in the literature, though see
Refs. [401-405] for leptogenesis studies at points in the Ma model parameter space.

’The lifetimes of the heavier scalar states are governed by mass splittings A via T' ~
G%A®/(10°73). In the parameter space of interest, one can check that A is typically already large
enough at tree-level so that lifetimes remain well below O(1 s) and therefore do not disturb big
bang nucleosynthesis.
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In Section 5.2 we listed some minimal ways to adapt the model to avoid this
inconsistency: dominiant initial /V; abundancy; resonant leptogenesis; neutrino
oscillations; introducing an independent source of C'P violation in N; decays;
partial loop cancellations; supersymmetry; and reducing the (possibly effective)
vev entering the seesaw. We described viable, natural v2HDMs which utilise the
latter mechanism. This can be done radiatively, or by having the second Higgs
doublet provide a tree-level seesaw with a small vev vy, kept natural by softly
breaking a U(1) or Z; symmetry.

The v2HDMs accommodate a SM-like Higgs and predict the existence of ap-
proximately TeV scale extra scalar states in order to remain natural. We redis-
covered the radiative Ma model as the only possibility when v, = 0; in that case
we found 10° GeV < My, < 10° GeV and 107° < A5 < 0.5 could simultaneously
explain neutrino masses and the BAU via leptogenesis while remaining natural.
The vy > 0 models require tan 3 > 4; we found 103 GeV < My, < few x 107 GeV
was viable for Type I ¥©2HDMs, and 10* GeV < My, < few x 107 GeV for all
other Types if they are to remain perturbative up to My. The interesting areas of
parameter space are well summarised in Figure 5.7.
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6 Strong C' P Problem

This Chapter is based on the publication “Technically natural non-supersymmetric
model of neutrino masses, baryogenesis, the strong C' P problem, and dark matter,”

written in collaboration with Raymond R. Volkas [7].

The theme of this THESIS has been the inability of the SM to explain certain
theoretical and phenomenological questions, such as neutrino masses, the BAU,
the smallness of the neutron electric dipole moment (the strong C'P problem),
dark matter, and gravity. Whether nature realises these phenomena in a “nat-
ural” way, i.e. in such a way that ;2 is (sufficiently) insensitive to physically
meaningful quantum corrections, remains an open question. Still, motivated by
aesthetics, the pursuit of a natural “theory of everything” has inspired much of
modern particle physics.

In the same vein, this short Chapter describes a minimal extension of the
SM by three right-handed neutrinos, a scalar doublet, and a scalar singlet, which
serves as an existence proof that weakly coupled high scale physics can naturally
explain phenomenological shortcomings of the SM. The model can be thought of
as an extension of the Dine—Fischler-Srednicki-Zhitnitsky (DFSZ) invisible axion
model [107, 108] by right-handed neutrinos, and is thus henceforth referred to
as the vDFSZ. The vDFSZ can explain neutrino masses, baryogenesis, the strong
C'P problem, and dark matter, and remains calculably natural despite a hierarchy
of scales up to ~ 10'! GeV. This is achieved by a seesaw mechanism, intermediate
scale hierarchical leptogenesis (10° GeV < My < 107 GeV), the Peccei-Quinn
(PQ) mechanism, an invisible axion, and a technically natural decoupling limit,
respectively. Much of the groundwork for the vDFSZ was laid in the v2HDM of
CHAPTER 5, so the discussion here will be kept brief.

This Chapter is organised as follows. We first detail the vDFSZ, its vacuum,
and its scalar sector (and constraints). We then describe how it provides expla-
nations for the strong C'P problem, dark matter, neutrino masses, and the BAU.
Penultimately, we identify the symmetries which protect each scale from quan-

tum corrections, and study an example point in the parameter space.
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6.1 The vDFSZ

6.1.1 Lagrangian
The scalar content of the model is a complex singlet S and two complex doublets

@ 5 of hypercharge +1. The potential is

Viprsz = M3 ®1®; + M2, &1®y + M2g S*S
% (ofon)'+ 2 (i)' + 2 57

+ 2 (@]@r) (ofes) + 2 (0f@,) (0)e))
-+ALS(¢I¢1)(S*S)4—Azg(¢;¢2)(S*S)

— DI Dy5? — €®I D152, (6.1)

—+

where M2g ~ — (10" GeV)® = —Mp sets the PQ scale. Additional terms oth-
erwise allowed by gauge symmetry are forbidden by a global U(1) pg symmetry
to be defined in Section 6.2.1, which is essential in solving the strong C'P prob-
lem. The ¢ terms are necessary? to assign a PQ charge to S and help to generate
neutrino masses once .S obtains a vacuum expectation value (vev).

The only addition to the SM fermionic content is three right-handed neutri-
nos. The strong C'P solution dictates that ®; (®2) couple to ur (dr), and our
solution for natural neutrino masses and leptogenesis requires that ®2 couple to
vg. The Yukawa Lagrangian is therefore

—Ly = + yGrP1ur + yaqrPadr
+ yeEQJeR + qu‘i)WR

+ %yN(Z/R)CSVR + H.c., (6.2)
where family indices are implied, ®; = im,®}, and J = 2 (1) is a Type II (Flipped)
v-two-Higgs-doublet model (v2HDM) arrangement. We will work in the basis
where yy is diagonal and real. Again, additional terms are forbidden by the
U(1) pg symmetry.’

We note here that each of € = 0, yv — 0, and y, — 0 is a technically natural
limit, since they lead to an extra U(1) symmetry which can be identified with
lepton number. As well, there are two apparent technically natural decoupling

limits associated with enhanced Poincaré symmetries [37]: €, A\15, Aag,yn — O

1 As far as we are aware, the vDFSZ was first discussed in Ref. [36]. See Refs. [410-412] and
references therein for other minimal approaches to connecting the PQ mechanism with neutrino
masses.

2 Another option is to have terms —(k®!®>S + H.c.) [413].

3In this model the right-handed neutrinos gain mass from the vev of S, but an alternative
scenario with explicit Majorana masses is also possible.
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decouples S, and €, A5, A\ag,y, — 0 decouples the (vg, S) subsystem. These
limits will prove important in protecting the hierarchy of scales in the model.

6.1.2 Vacuum

The scalar fields acquire vevs (S) = vg/V2, (®;) = (0, vi/\/i)T. If vg >> v;, then

| —202
vg ~ TSS ~ 10! GeV. (6.3)

Expanding around this vev, the right-handed neutrinos acquire Majorana masses

My = yn(S) and the scalar potential becomes
Viarom ~ miy @[y -+ mi, @40y —mi, (0] + @l ) + ...,

where m2, = M2 + \is(S)? and m?, = €(S)2. Up to v/vg corrections, at low
scale the vDFSZ therefore just becomes the »2HDM discussed in CHAPTER 5,
with an additional very weakly coupled axion. We will adopt the same natural
explanation of neutrino masses and baryogenesis detailed therein. This requires
vy ~ O(1-10) GeV achieved with m¥; < 0, m3, > 0, and m?,/m3, < 1.* Antici-

pating m3, > v3(A3 + A1), A2v3, the ®; vevs can be written

2

2 2 L m%z (6.4)
vy = ~ —2y v~y —(—m )
>~ tanp m3, b ! A1 W tan28 )’

where \/v? +v3 = v ~ 246 GeV and we have implicitly defined tan 3. The
consistency condition Equation (5.27) applies in order to avoid a fine-tuning for

v.

Typical values for the mass parameters are m?, ~ —(88GeV)?, moy ~
10® GeV, and m3,/tan? B3 < |m3,|. Therefore, for no fine-tuning between M3
and m?i, we already expect A\ig S 10718, Aog < 10716, and € < 10718,

6.1.3 Scalar sector

The scalar mass eigenstates are, up to vy /mas and m?,/m3, corrections (see Equa-
tion (5.29) for expressions), a CP even state (h) with m? ~ Ajv?, three heavy
scalar states (H, A, H*) with masses ~ ma2, a PQ scale neutral scalar (s) with
m? = A\gv%, and a very light pseudo-Goldstone boson (the invisible axion).
Owing to the approximate U(1) symmetry due to m2,/m3, < 1 and
v?/m3, < 1, the state h closely resembles the SM Higgs. We refer to Figure 5.4 for
the various constraints on mgg. These are the aforementioned consistency con-
dition, measurements of B — X,v [390, 391], H/A — 77 LHC searches (for the

“Note that, like ¢ — 0 in the original Lagrangian, mi;/m3, — 0 is a technically natural limit
associated with U (1), [367].
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Field | U(1)pg | Value in [Type II, Flipped]
S Xs z
[oN X1 cos? B8
(1)2 X2 — sin2 ﬁ
qL Xy 0
UR Xu cos? B8
dr Xy sin? 8
I X % —cos? 3
VR Xu 7%
€R Xe [2.2] —2cos? B

TABLE 6.1: Charges of vDFSZ fields under the PQ symmetry.

Type Il model) [371, 393], perturbativity up to the Planck scale [384], and natural-
ness [5]. The naturalness bound was derived in Ref. [5] subject to the naturalness
condition we describe in Section 6.3.1, and we refer the reader there for details.

6.2 Strong CP problem, dark matter, neutrino mass, and
the BAU

6.2.1 Strong C P problem

In Section 1.1.5 we described the solution to the strong C'P problem by PQ sym-
metry; let us now identify the global U(1)pg symmetry in the vDFSZ. Defining
the U(1) pg charge names as in Table 6.1, we can (without loss of generality) set
Xy =0and X,+X, = 1. Equations (6.1) and (6.2) set an additional six constraints
on the charges, which brings the total to eight for nine unknown charges. They
are completely defined by setting X = aX», as long as a # 1; it is convention to
choose a = — cot? 3 so that the PQ current does not couple to the field eaten by
the Z boson. The resulting charge values are given in Table 6.1. This is enough
to solve the strong C'P problem, in the same spirit as the original DFSZ model.

A final comment before moving on. In the SM, if § is set to zero by hand at
some high scale, renormalisation implies § < 10717 [414, 415], well below the
experimental bound. In this sense, in the SM, 0~ 0is already natural. Yet this
explanation remains unsatisfying, since the limit § — 0 cannot be identified with
a symmetry. The vDFSZ solution requires \;s << 1, and thus one could similarly
ask: why are the \;s ~ 0? At least, here, this limit is identified with an increased
Poincaré symmetry. As well, in the presence of C'P violating new physics (such
as the right-handed neutrinos), this solution guarantees 6 ~ 0.

6.2.2 Dark matter

The vDFSZ axion gains a mass

(6.5)

10' GeVv
Mg ~ 60 eV (e>

Ja



6.2. Strong C'P problem, dark matter, neutrino mass, and the BAU 133

due to the chiral anomaly [106, 416], where f, ~ (S) is the axion decay constant,
and inherits v/ f, suppressed couplings to nucleons, photons, and electrons (for
expressions see e.g. Ref. [106]). Stellar energy loss constrains f, > 4 x 108 GeV
[106].2

The axion provides a cold dark matter candidate via the misalignment mech-
anism [420—422], wherein a significant amount of energy density is stored in co-

herent oscillations of the axion field, [423]

2 fa 6 92
Qah? ~ 0.02 (1011 GeV) <W2 /3>, (6.6)

where —m < 6 < 7 is the misalignment angle. The requirement that this quantity
not exceed the measured cold dark matter energy density Qcpmh? ~ 0.12 [69]

implies

6
2 7
£ <6 x 10! GeV <ﬂ9£3> : (6.7)
with equality reproducing the observed density. If the PQ symmetry is broken af-
ter inflation, then the misalignment angle is the average value taken over many

< 6 x 10" GeV [424].° Fu-

~

distinct patches, 02 ~ 72 /3, and one obtains f,
ture projections of the ADMX and CAPP resonant microwave cavity experiments

promise to probe this interesting region of parameter space [426, 427].

6.2.3 Neutrino mass and the BAU

Neutrino masses and the BAU are reproduced by the same mechanisms as in the
v2HDM detailed in Sections 5.2.4 and 5.2.5 of CHAPTER 5.
The neutrino mass matrix is given by Equation (5.43), and reproduced here

for convenience:

v3 -1, T 1 v? -1, T
my = ?yl/DM Yo = m <2yz/DM yy> ) (6.8)
where the bracketed quantity is the typical Type I seesaw formula.

The BAU is produced analogously to standard hierarchical thermal leptogen-
esis, via the out-of-equilibrium, C'P violating decays of the lightest right-handed
neutrino: N1 — [®. As argued in Section 5.2.5, there will be minor changes to
the standard picture from extra AL = 1 scatterings mediated by b quarks and
(in Type II) 7 leptons. The AL = 2 scatterings can constitute a significant de-

parture from the standard case, particularly in K < 1 scenarios dependent on

°In a Type I vDFSZ, red giants and white dwarfs constrain f, > 8 x 10%sin® 8 GeV (the white
dwarf cooling fit is actually improved for f, = 1 x 10°sin” ) [106, 417-419].

®1f inflation occurred after PQ symmetry breaking then a smaller § can be anthropically chosen,
allowing f, > 10" GeV [425].
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My [GeV]

Vo [GeV]

FIGURE 6.1: Constraints on the right-handed neutrino masses.
The naturalness bound on My corresponds to the rough bound
Equation (6.13) evaluated at mgs = 1 TeV.

initial conditions. However for the parameter space of interest to us, the gen-
erated asymmetry is safe from strong AL = 2 scattering washout, as shown in
Figure 6.1. An additional consideration in the vDFSZ is N1/N; — aa annihila-
tions; an estimate of the rate is I'y, Ny aa ~ 1072M ]E{,l /(S)* at T = My,, which
implies the out-of-equilibrium condition My, < 10° GeV, easily satisfied the pa-
rameter space of interest. As we noted in the vY2HDM picture, these departures
from the standard scenario deserve further detailed study. Still, we do not expect
the picture to be dramatically changed. In particular we expect the Davidson-
Ibarra bound [96, 97] for successful hierarchical thermal leptogenesis, scaled for

the differing vev in Equation (5.43), to approximately hold:

5 x 108 GeV

M >
N~ T an? B

6.9)

This bound is depicted in Figure 6.1.

6.3 Naturalness

6.3.1 Our naturalness philosophy

In CHAPTER 3 we explained why the RG formalism is a sensible way to quantify
a physical naturalness problem in any perturbative quantum field theory. If the
12 (pr) RGE contains no large corrections then a model can be considered natu-
ral: ;%(;1r) remains stable under RG evolution up to high scales. Extending this
idea to other mass scales in the model, we can say that a model is natural if all

scales remain stable under RG evolution. In that case, it follows intuitively that
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the low scale observables are not extremely sensitive to variations around their
high scale inputs. In this Section we show that there exists a region of vDFSZ pa-
rameter space where our phenomenological goals can be achieved and the heavy

PQ scale induces no naturalness problem.

6.3.2 Naturalness in the vDFSZ

Defining D = (47)? 2 and keeping only v, Yukawas, the one-loop RGEs

MR

for the [Type 11, Flipped] v2HDM mass parameters can be written [303]

3 9
Dm?, = m$2< — g - 593 + 203 4+ 4Ny + 2)\g + 415 + 4)hag

2
32432y 4 T <yiyy> > , (6.10)
Dty =i (=307 = 308+ on + 67 + [0.222))
+ M3 (403 4 2\1) + (S)?A15 (415 + 4Ns) + M242)s, (6.11)
Dmjy = m3y (;’g% - ggg + 62 + 647 + [2y7,0] + 2Tr (ylyy>>
+m2; (43 + 20) + ()2 Nag (4Xag + 4)s) + M2g2)as
4Ty (y,,M?Vyl) : (6.12)

where M% = y]T\,yN(S)2 is the (diagonalised) right-handed neutrino mass ma-

trix. The (S)? and M2 terms correspond to the contribution from the heavy real
singlet s in the broken phase. We provide the full list of RGEs in Appendix C.1.
These RGEs make manifest the decoupling limit €, A5, Aa2g, Tr(yiy,,y}vy N) —
0 which protects the scales from large corrections. First, corrections to m3, are
proportional to m?,, reflecting the fact that ¢ — 0 reinstates a U(1);, symme-
try. Second, because the parameters A3 4 are reintroduced by gauge loops, m?,
can only be protected from m3, by having m3, not too much larger than m?;; in
CHAPTER 3 it was shown that mss < 2.1 TeV can accommodate a 10% fine-
tuning measured at Ap;. Third, m3, is protected from the My by (roughly)
Tr(yly,,yj\,y ~)/(47%) < m3,/(S)?; this translates to the sufficient condition (see

Section 5.1)

o 3% 107 GeV (mgg)§7

M
N tans 3 \TeV

(6.13)

~

for all the right-handed neutrinos, illustrated in Figure 6.1. Last, the m? are
protected from the PQ scale by (again roughly) \;s < mZ/(S)%. We note that

there is a lepton box induced correction to A2g; this correction is also bounded by
mZ/(S)? through Equation (6.13).
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6.3.3 Explicit example

As a final demonstration we thought it illustrative to solve the coupled set of
RGEs for an explicit example. We consider tan 5 = 30 and neglect running in the

following six quantities:

M2s = — (10 GeV)?, My, =6 x 10° GeV,
(8)2 = — M2g/)s, My, = My, = 10° GeV,
As = 0.26, yn = Mn/(S). (6.14)

We have taken My, at the Davidson-Ibarra bound and My, ; below the rough
naturalness bound Equation (6.13). We take y, according to Equations (5.48) and
(5.49) with K = 1, and neglect running here as well. A glance at the RGEs in
Appendix C.1 will convince the reader that neglecting running in these param-
eters is a good approximation. Decoupling of the heavy degrees of freedom at
ms, My, and mgs should be accompanied by an associated shift in the \; pa-
rameters, matching to the effective theory below each threshold. However, in
practice, since the \;g,y, are so small and ms; is not too much larger than mz,
it makes little numerical difference to implement this shift. Therefore we evolve
the following parameters under the vDFSZ RGEs:’

As(mazz) = Aa(maz) = 0.02, Ars(ms) =107,
A(mz) = Aa(mz) = 0.26 Aag(mg) = 10716
yt(mz) = 0.96/ sin f3, gi(mz) = 0.13,
yp(mz) = 0.017/ cos j, g5(mz) = 0.43,
y-(mz) = 0.010/ cos 3, g3(myz) = 1.48.
Their evolution is shown in Figure 6.3.8
To evolve the mass parameters we set m?3, (ma2) = —(88 GeV)? and consider

maz(ma2) = 0.6,0.8,1.0,2.0 TeV, with N; and s decoupled by step functions
at their thresholds. Their RG evolution is shown in Figure 6.2; it is plain that
the mass parameters in this (viable) example remain relatively small up to high

scales, and are therefore natural according to our philosophy.

6.4 Conclusion

We have described an extension of the SM (the “vDFSZ”) by three right-handed

neutrinos, a complex scalar doublet, and a complex scalar singlet. The vDFSZ

"For definiteness we take a Type I arrangement, but the Flipped arrangement gives very simi-
lar results.

8We note that the parameter \; tends to run negative, threatening the stability of the elec-
troweak vacuum; nevertheless we expect the problem to be no worse than in the SM, i.e. we
expect a metastable vacuum.
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FIGURE 6.2: Example RG evolution (see text) of m?, (ur) (black
solid) and m3,(ur) (blue dashed) for mas = 0.6,0.8,1.0,2.0 TeV
bottom to top.

serves as an existence proof that weakly coupled high-scale physics can explain
phenomenological shortcomings of the SM without introducing a naturalness prob-
lem. The model explains neutrino masses, the BAU, the strong C'P problem,
and dark matter, via a seesaw mechanism, hierarchical leptogenesis, the PQ
mechanism, and a DFSZ invisible axion, respectively. It contains four scales:
Im11| =~ 88 GeV, mag ~ 10° GeV, My ~ 105-107 GeV, and Mpg ~ 10* GeV, each
protected from quantum corrections by a technically natural decoupling limit.
The ~TeV scale scalars and the invisible axion of the model will be probed in

upcoming experiments.
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7 Dark Matter

This Chapter is based on the publication “Plasma dark matter direct detection,” writ-

ten in collaboration with Robert Foot [8].

In Section 1.1.6 we introduced the overwhelming evidence for dark matter
(DM). Still, its precise nature remains uncertain. Collisionless DM is a simple
and well studied possibility, which works very well on large scales, but has some
shortcomings on galactic scales (e.g. Refs. [120, 121, 428]). On the other hand, it
is possible that DM has a very rich structure. This is especially natural if DM
resides in a hidden sector with its own gauge interactions. In particular, DM
might be multicomponent, charged under an unbroken dark U(1)" gauge inter-
action, i.e. it interacts with itself via a massless “dark photon”. It has been sug-
gested that such self-interactions may even go some way toward ameliorating
small scale structure problems (cf. Refs. [429-431]). Mirror dark matter (MDM)
is a theoretically constrained example of such a theory [432] and there are many
other scenarios considered in the literature (e.g. Refs. [433—444]). In such a frame-
work, it is possible that the DM in the Universe exists primarily in a plasma state,
as a macroscopically neutral “conductive gas” of ions with dark charge, broadly
analogous to the state of much of the ordinary matter in the Universe. It is this
“plasma dark matter” scenario that is the subject of this Chapter.

One important and distinctive property of a multicomponent plasma DM
halo with light and heavy mass components is the following: energy equipar-
tition implies light component velocities which are much larger than those ex-
pected under single component virialisation, and overall U(1)" neutrality im-
plies they can even be much larger than the galactic escape velocity. It has been
pointed out [445] that this effect can give rise to observable keV electron recoils in
direct detection experiments. It might even be possible to explain the DAMA an-
nual modulation signal [143, 144, 446—448] in this manner, since the constraints
on electron recoils provided by other experiments are generally much weaker
than those of nuclear recoils. However, a detailed description of the plasma DM
density and velocity distribution in the vicinity of the Earth is required. This
is a highly non-trivial problem. If the dark plasma has interactions with ordi-
nary matter then it will by captured by the Earth, forming an approximate “dark
sphere” within. Understanding the interaction of the dark plasma with this dark

sphere as the Earth moves through the halo is therefore of primary importance.
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FIGURE 7.1: The solar wind interaction with Moon/Venus. These

systems appear to represent useful analogues to the possible

ways in which the dark plasma wind interacts with captured DM
within the Earth.

The aim of this Chapter is to provide a consistent description of this interaction
in order to qualitatively understand the implications for direct detection.

The captured dark sphere within the Earth forms an obstacle to the dark
plasma wind. Two limiting cases can be envisaged: (1) if the captured DM is
largely neutral, i.e. poorly conducting, then the dark plasma wind will be ab-
sorbed by the dark sphere, or; (2) if the captured DM is largely ionised, then the
obstacle forms a conducting sphere which effectively deflects the dark plasma
wind. Interestingly, these limiting cases appear analogous to the solar wind in-
teraction with the Moon and Venus, respectively (e.g. Refs. [449, 450]); this is
sketched in Figure 7.1. The Moon has no magnetic field and no atmosphere, so
that the solar wind is largely absorbed at the lunar surface with very little up-
wind activity. Venus has no magnetic field, but forms an electrically conductive
layer at the edge of its ionosphere, which at first approximation forms an impen-
etrable obstacle to the solar wind. These systems have been studied using mag-
netohydrodynamic (MHD) models, and this would seem to be an appropriate
starting point for studying the dark plasma wind interaction with the captured
DM within the Earth.

This Chapter is set out as follows. In Section 7.1 we provide a brief introduc-
tion to the plasma DM model and identify the parameter space of interest. In Sec-
tion 7.2 we discuss some relevant properties of the dark sphere of DM captured
within the Earth, and the DM plasma wind interaction with this dark sphere,
modelled via magnetohydrodynamics. In Section 7.3 we consider the direct de-
tection of plasma DM, identifying the general sources of event rate modulation,
studying the modulation in a specific example (electron recoils in MDM), and
describing the implications of our results in the light of the current experimental
situation. In Section 7.4 our conclusions are drawn. In particular, the analy-
sis presented here leaves open the intriguing possibility that the DAMA annual
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modulation signal is due primarily to electron recoils (or even a combination of
electron recoils and nuclear recoils). The importance of diurnal modulation (in
addition to annual modulation) as a means of probing this kind of DM is also

emphasised.

7.1 Plasma dark matter

DM might reside in a hidden sector with its own gauge interactions. If the hid-
den sector contains an unbroken U (1)’ gauge interaction, then U(1)’ neutrality
of the Universe implies a multicomponent self-interacting DM sector consisting
of fermions and/or bosons carrying U(1)’ charge. In the following discussion
we consider the minimal two-component case with fermionic DM. The DM con-
sists of a “dark electron” (e4) and a “dark proton” (pg) with masses m., < my,
and U(1)’ charge ratio Z' = |Q'(pa)/Q'(eq)|- The fundamental interactions are
described by the hidden sector Lagrangian:

‘c — ‘CSM(ea o, U, dv A‘uv ) + 'Cda’r‘k?(edapd; Ag) + ‘mec . (71)

Self-interactions of the dark electron and dark proton are mediated via the mass-
less dark photon. These self-interactions can be defined in terms of the U(1)’
gauge coupling, ¢/, or more conveniently by the dark electron fine structure con-
stant, ag = [¢’Q’(eq))? /4. The dark sector is then fully described by the funda-
mental parameters: me,, mp,, Z', aq.

One special case of this picture is a thermal relic DM scenario with particle—
antiparticle DM [433].! In this case the parameters are constrained: m., = m,,, =
my, Z' = 1,and ag & 4 x 107° (m,/GeV). We will be more interested in the
general asymmetric DM scenario in which m., # m,,. A special case of this is
MDM [432], where the hidden sector is exactly isomorphic to the standard model
so that an exact discrete Z; symmetry swapping each ordinary particle with a
“mirror” particle can be defined [132]. The interactions of the mirror electrons
together with the dominant mass component, assumed to be mirror helium, is
then described by: m., = m. ~ 0.511 MeV, m,,, = mp, ~ 3.76 GeV, Z’' = 2 and
ag = a~1/137.

The interactions of the dark sector with the standard sector are contained
within the £,,;; term in Equation (7.1). The only renormalisable (and non-
gravitational) interaction allowed in the minimal setup is kinetic mixing of the

U(l)y and U(1)" gauge bosons [451], which implies also photon - dark photon

!The particle-antiparticle case is also special because such DM can undergo annihilations into
dark photons. DM annihilations are forbidden in the more general case assuming the minimal
particle content (A4, eq, pa), which can be viewed as a consequence of accidental U(1)" dark
lepton and dark baryon number global symmetries.
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kinetic mixing:
¢ 2 nlk

Here F),, and F},, denote the field strength tensors for the photon and dark pho-
ton respectively and the dimensionless parameter €’ encodes the strength of the
mixing interaction. The kinetic mixing interaction imbues the dark electron and
dark proton with an ordinary electric charge, proportional to this kinetic mixing
parameter, € [131]. It is convenient to introduce a new parameter, ¢, such that the
magnitude of the dark electron’s ordinary electric charge is ee. Now, including
the dark sector parameters, the fundamental physics is fully described by five
parameters: me,, mp,, Z', g, €.

In this Chapter we are interested in the region of parameter space whereby
the DM in spiral galaxies such as the Milky Way is in the form of a dark plasma.
Typically this requires that the dark atomic binding energy be much smaller than
(or of order) the temperature of the dark electrons (see [452] for more precise
calculations). The binding energy of the hydrogen-like dark atom consisting of a
dark proton and a dark electron is

1
=3 Z%Gpa, (7.3)

where pg = me,my,/(me, + myp,) is the reduced mass. The temperature of the
dark electrons is more difficult to determine. Let us assume for now that the
frequency of interactions of the dark electrons and dark protons is sufficiently
great so that they have approximately the same temperature, and that this tem-
perature is approximately the same throughout the halo (we will return to this
condition shortly). The halo temperature can then be estimated from the virial
theorem [453] and also by assuming hydrostatic equilibrium [432]:
1

T ~ = mv?

) rot (74)

where v, is the asymptotic value of the rotational velocity of the galaxy (for the
Milky Way, v,.o; ~ 220 km/s) and m is the mean mass of the particles in the halo.2
For a fully ionised halo the mean mass can be determined from U (1)’ neutrality:

!
Mp, + Z'Me,

Z'+1 7.5)

m =
The plasma will be fully ionised if I /7" < 1, a condition that reduces to:

I g \2 [ Hd GeV 220 km/s\
— ~0.202%27 +1 1.(7.6
T 0.20 27%(2°+1) (10—2) (MeV) (mpd + Z'me, Vrot <1.(76)

*Unless otherwise stated we adopt natural units where h = ¢ = kg = 1.
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Of course with the dark photon massless this type of DM is dissipative. The
plasma halo can radiatively cool via processes such as dark bremsstrahlung and
potentially collapse onto a disk on a timescale less than the Hubble time. Thus,
there is another condition for such a plasma to exist today, namely that the cool-
ing timescale is longer than the Hubble time, or that a heating mechanism exists.
The cooling timescale is given in e.g. [444] and requiring that this timescale be
longer than the Hubble time for the Milky Way gives the approximate condition

MeV ag \2
My, 2 20 < - ) (10%) 75/3 GeV . (7.7)
€d

This was derived assuming that cooling is dominated by bremsstrahlung for the
most stringent case of m., < my,. The alternative possibility is that the cool-
ing rate is sufficiently high for the halo to have collapsed but is prevented from
doing so due to heating [126, 444, 452-455]. If ¢ ~ 1079-10"!° then sufficient
heating of the halo can be provided by ordinary core-collapse supernovae [444,
453]. In that scenario, the halo is viewed as a dynamical object which evolves
until an equilibrium configuration is reached where heating and cooling rates
locally balance.

The conditions so far have been derived assuming that interactions were suf-
ficiently rapid so that dark electrons and dark protons have approximately the
same temperature. Let us briefly estimate the parameter space where this as-
sumption is reasonable. If the mean kinetic energy of the dark electrons hap-
pened to be much greater than that of the dark protons, then the two body
Rutherford scattering process (eq + pq <> eq + pqg) would transfer net energy
from the dark electrons to dark protons. Requiring that the timescale for which
dark electrons are able to transfer all their excess energy to the dark protons is
less than the Hubble time gives:

do
nednpd/dERERv dER 2 ” , (7.8)

where T is the temperature of the dark electrons, ty ~ 14 Gyr is the Hubble
time and do/dEp is the differential cross section in terms of the recoil energy
Er of the scattered dark proton (approximated as initially at rest relative to the
incoming dark electron of velocity, v). The cross section for this Rutherford
scattering process is given by do/dEr = 2wZ"?a?/(m,,E%v?). Equation (7.8)
can be straightforwardly evaluated with the result depending logarithmically
on the integration limits. The upper integration limit is obtained from kine-
matics: EF* = 4E;uq/[me, + my,] (Where E; ~ T is the initial energy of the
dark electron) while the lower integration limit is given in terms of the Debye
shielding length, A\p = \/T/(4magn.,), the scale over which the dark proton’s
charge is shielded by the dark electrons. Assuming 7' given by the estimate,
Equation (7.4), and for typical Milky Way DM densities, ppas ~ 0.3 GeV/cm?,
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we find that Equation (7.8) reduces to the condition (for m., < my,):

220 km/s /T 1 200\ Y7 [ e, N7
< 102 (72 + )37 | /2 °d . 7.
mp, S 10° (2 +1) - =5) (%) Gev. @9

Strictly this derivation assumes the case of negligible dissipation and heating of
the halo during the Hubble timescale, and modification is possible in the alter-
native case.

Equations (7.6), (7.7), and (7.9) give the rough conditions under which the
DM is expected to take the form of a plasma in galaxies with the mean kinetic
energy of the dark electrons comparable to that of the dark protons. It is clear
that there is a significant region of parameter space available. In the limit where
the dark electrons are much lighter than the dark protons, an important feature
emerges: the velocity dispersion of the dark electrons is much greater than that of the
dark protons, and in fact can be even larger than the typical galactic escape velocity. The
dark electrons are prevented from escaping the galaxy due to U(1)" neutrality;
the plasma is highly conducting, and dark electric forces act to keep the plasma
neutral over length scales larger than the Debye length. This is a distinctive fea-
ture of the plasma DM halo, indeed this behaviour is very different from weakly
interacting massive particle (WIMP) DM or even a collisional gas of light and
heavy neutral components.

Before proceeding further, we conclude this Section with a brief discussion
relating to the bigger picture. Cosmological aspects of plasma DM have been
discussed in the literature in the special case of MDM (e.g. Refs. [432, 456-461]).
There is also a growing literature exploring more generic models with DM fea-
turing unbroken U (1)’ (dark photon) gauge interactions (e.g. Refs. [433—435, 437,
438, 440444, 462-466]). These studies demonstrate, among other things, that this
type of self-interacting DM can reproduce the success of collisionless cold DM
on very large scales with deviations expected on smaller scales. Indeed, the self-
interactions might be important in addressing long-standing problems on small
scales, including an explanation for cored DM profiles within galaxies. However,
there are also upper bounds on the strength of such self-interactions. In particu-
lar, merging cluster systems have been used as a probe of DM self-interactions,
the Bullet cluster system being one well studied example [124, 467]. Attempt-
ing to evaluate robust bounds on plasma DM from cluster collisions is, unfor-
tunately, non-trivial. Firstly, the plasma DM self-interactions on cluster scales
require careful modelling, as it is the collective plasma effects (i.e. not hard col-
lisions) which potentially dominate [468]. Secondly, the plasma DM distribution
within the cluster is required but is very uncertain. If the DM is sufficiently
“clumpy” then the DM associated with each cluster can pass through each other
essentially unimpeded, thereby consistent with the observations [469]. This de-
pends on the fraction of the DM bound to individual galaxy halos compared to
the diffuse cluster component, which is difficult to determine as it depends on
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the detailed properties of the cluster and its history, as well as the properties of
the dark plasma. In short, despite the fact that such cluster mergers do in princi-
ple constrain the plasma DM parameters, it is not yet possible to write down any

reliable and caveat-free bounds.

7.2 Plasma dark matter and the Earth

7.2.1 Within the Earth

The physical properties of the halo DM in the vicinity of the Earth are influenced
by the way in which the halo DM interacts with the DM bound within the Earth.
It is therefore pertinent to try to understand some of the relevant features of this
“dark sphere” of influence. Some aspects of this problem have already been
discussed for the specific cases of MDM [470] and for more generic dissipative
DM models [471]. The discussion below draws on this work and extends it to
the more general plasma case.

How does DM within the Earth arise? The kinetic mixing induced interaction
with standard matter will occasionally trap some halo DM particles within the
Earth during its formation phase and subsequently. Eventually sufficient DM ac-
cumulates so that further DM capture is primarily facilitated by self-interactions
of halo DM with this captured DM. Once captured, it is expected to quickly ther-
malise with the ordinary matter within the Earth via the kinetic mixing interac-
tions, to a temperature Tz ~ 5000 K (0.4 eV). If m,, > MeV, this is much cooler
than the halo temperature and the dark protons and dark electrons can poten-
tially combine into neutral dark atoms. The dark sphere will be largely neutral
(ionised) if Tr < I (T'g > I), where I is the dark atomic binding energy given
already in Equation (7.3). This motivates two limiting cases: a neutral “Moon-
like” case in which the dark sphere largely absorbs the dark plasma wind, and;
an ionised “Venus-like” case in which the dark sphere largely deflects the dark
plasma wind by way of a current-carrying sheet at the “dark ionopause” (lo-
cated where the plasma wind and “dark ionosphere” pressures equilibrate). In
addition to its ionisation state, the other defining feature of the dark sphere is its
effective size. Let us define a parameter, Rpys, which corresponds to the dark
plasma wind stopping radius for the Moon-like case, and the dark ionopause ra-
dius for the Venus-like case. We will now attempt to estimate Rpjs in terms of
the fundamental plasma parameters.

If the dark sphere is Moon-like, then the (relatively stationary) dark protons
accumulate at the “geometric” rate

dNp,

pr ~ TrR%MUmtnpd . (7.10)
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Dark electrons will be captured at a similar rate: dN,,/dt = Z'dN,,/dt given
the expected approximate U(1)’ charge neutrality of the Earth.® This represents
an upper bound for the accumulation rate in the Venus-like case, though it might
still be a useful estimate so long as a significant fraction (2 1%) of the halo wind is
stopped within the Earth. Loss rates due to mechanisms such as thermal escape
and dark atmospheric stripping are difficult to evaluate. Naturally, any estimate
of the total amount of DM captured within the Earth is uncertain. Fortunately,
it turns out that Rp)s; depends only weakly on the total number of Earth bound
DM particles.

If we equate the radial temperature profile of the dark sphere gas/plasma
with that of the Earth [472], the dark thermal pressure is given by p(r) =
ppy(r)Tg(r)/m. Here m is the mean mass taking into account the ionisation
state of the captured DM at the temperature Tg(r). Assuming m,, > m.,, then
p(r) =~ Epprm (r)TE(r)/my, where § = 1 (£ = Z'+1) for the Moon-like (Venus-like)
case. The mass density profile ppas(r) of the captured DM can then be estimated
from the hydrostatic equilibrium condition (with spherical symmetry assumed):

dp(r)
dr

= —ppum(r)g(r), (7.11)

where g(r) ~ Gy [y ppdmr’?dr’ /1 is the local gravitational acceleration within
the Earth, almost entirely due to the ordinary matter component. Numerical
work [470, 471] indicates that ppas(r) falls exponentially, with a scale length in-
versely proportional to the square root of m,,,. This behaviour can be understood
via simple analytical considerations. For radially constant 7', pg, and assuming
my, > me,, the hydrostatic equilibrium condition has the analytic solution:

pon (r) = poar(0) e /B (7.12)

where
3Tpe \?
E
Ry, = (=—72
" <GNPE27Tmpd>
1 1 1
Rg 5000 K'\ 2 PE >2 <mpd/§>2
= — ~ 1.2 . 7.13
Ry, ( Ty ) <10 g/cm3 GeV 713)

Evidently the DM density profile depends only on the mass and ionisation state

of the DM particles. Here, R}, is the dark sphere scale length, which can be
viewed as a rough estimate for Rpys. If my, 2 few GeV, then R, is expected
to be within the Earth. In the alternative case which suggests Rg/R; < 1, the
thermal equilibrium assumption used in this calculation breaks down, and we
would expect thermal escape and dark atmospheric stripping effects to act to

*This corresponds to a captured mass of ~ 10'*(Rpar/Re)? kg if Rpas has remained roughly
constant throughout Earth’s history; note that this is much smaller than Mg ~ 10** kg.
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keep Rr/Rpym 2 1, though it is difficult to say much more than this without
detailed calculations.

For the Venus-like case, Rj, can only provide a rough estimate for the loca-
tion of the dark ionopause, as the ram pressure of the dark plasma wind and
the pressure of the captured dark sphere can typically vary by many orders of
magnitude. For the Moon-like case the stopping radius Rpys scales with R, but
also depends on the DM self-interaction cross section and hence on the other fun-
damental parameters. In fact, the Rpys value for dark electrons is not the same
as that for dark protons as their self-interaction cross sections are different. For
now, we shall ignore this subtlety and focus on the Rpys scale relevant for dark
protons. Explicit calculations [471] that take into account the Earth’s temperature

and density profiles indicate that Rpys for dark protons is roughly:

_9~ 0.06 0.55 0.14

Re ~ 10 My /€ 1 ’ (7.14)
Rpn ag 5 GeV A
which is approximately valid for 5 x 107 < ag <5 x 1072, 5 GeV < my, /€ <
300 GeV, 1 < Z' < 40. Again, if the plasma parameters suggested Rg/Rpy < 1,

we expect that dark sphere interactions with the dark plasma wind will keep
Rg/Rpum 2 1.

In the next Section we proceed to describe the interaction of the halo DM
with the dark sphere. We model the halo DM using the MHD equations. Specif-
ically we shall consider single fluid equations describing the system in terms
of the total density, temperature, bulk velocity, and dark magnetic field. Such
a description is only valid over distance scales larger than the Debye length:
Ap = \/T/(Tadned) . For the dark plasma near the Earth, i.e. for v,,s ~ 220
km/s and ppas =~ 0.3 GeV /cm?,

1
N A _1y2 (Mpy + Z'me, 10
Ap ~0.2[Z'(Z' +1)] ( oy o) (7.15)

Requiring Ap/Rpy < 1 imposes only a very mild restriction on parameter

space.

7.2.2 Near-Earth environment

The interaction of the dark plasma wind with a macroscopic obstacle (length
scale > Ap) may be modelled via the magnetohydrodynamic (MHD) equations.
It is a remarkable fact that the MHD equations can be derived as the moment
equations of dark ion distribution functions obeying the kinetic Vlasov equations
for a collisionless plasma; thus, even in the absence of hard collisions, collective

effects of the long-range Coulomb force give rise to a fluid-like behaviour. For a



148 Chapter 7. Dark Matter

perfectly conducting ideal fluid, the MHD equations take the form (in cgs units)

ap B
E-G-V-(pv)—o,
d(pv) B? B
En +V-[pvv+1<p+2 BB| =0,
oF B?
E"ﬁ‘V' [<E+p+2>v—B(v-B)] —O,
687]? +V.(vB—-Bv)=0, (7.16)

where p is the mass density, p is the thermal pressure, v is the bulk velocity,
B is the (dark) magnetic field (a factor of 1/y/4w has been absorbed), and E =
pv? /24 B?/24+p/(y—1) is the energy density, where we take an ideal gas equation
of state with a ratio of specific heats v = 5/3.

In practice the MHD equations are solved in a dimensionless form by setting
p=p/po, L =LJLo, v =v/vo,p=p/(pov3), t =t/(Lo/vo), B = B/\/4mpyv3. For
the dark plasma wind it is convenient to take pg = 0.3 GeV/ cm?, Lo = Rpys, and
vg = ¢, Where ¢, is the sound speed in the plasma far from the Earth (r > Rpg),

T
co= 2 -/~ \ﬁt (7.17)
P m 2

Once these dark plasma units are set, the (quasi-)stable steady state solutions
we are interested in will only depend on the wind mach number M = vy /c,
and the magnetic field strength By, far from the Earth. The quantity v, is the
plasma wind speed (as measured in the Earth frame) far from the Earth, which

is a time-dependent quantity due to the Earth’s orbital motion:
Voo = Vg + Avg cosw(t — o) (7.18)

where w = 27/year, v, = vyt + 12 km/s (the 12 km/s correction is due to
the Sun’s peculiar velocity) and Avg =~ 15 km/s results from the Earth’s orbital
motion. Evidently, v, varies by £Avg during the year with a maximum at ¢t =
to =~ 153 days (June 2"9).

As suggested by the tilde in Equation (7.17), the local sound speed is not
known precisely [cf. the temperature Equation (7.4)]. It is worth remarking here
that the phenomenology is rather sensitive to the value of ¢, that is realised.
This is because ¢, lies very close to the plasma wind speed v+, so that the Mach
number straddles M ~ 1 throughout the year. Three distinct regimes can imme-
diately be identified: the supersonic regime ¢; < ve — Avg; the subsonic regime
¢s 2 Vo + Avg, and; the intermediate regime vy — Avg S ¢ S vo + Avg. In
order to explore a representative range of possibilities in these models we choose
to study Mach numbers M ~ 0.74-1.77 (i.e. ¢cs = 140-290 km/s for v,.,; = 220
km/s).
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As discussed in the previous Section, if the plasma DM has some interac-
tion(s) with the standard matter then it will be captured within the Earth, form-
ing an approximate “dark sphere” of dark protons and dark electrons which may
or may not have recombined into dark atoms. For simulations we consider two

limiting cases:

1. “Moon-like”: the large majority of the captured dark plasma is in the form
of dark atoms, and therefore cannot carry a significant dark current. In this
case, to first approximation, the dark sphere acts as a perfect absorber of
the dark plasma wind, much like the Moon in the solar wind.

2. “Venus-like”: if a sufficient proportion of the captured dark plasma is
ionised, then an ionospheric surface layer exists on the dark sphere. A
current-carrying sheet then forms at the ionopause and, to first approxima-
tion, the dark sphere acts as a perfect spherical conductor which deflects
all of the dark plasma wind, much like Venus in the solar wind.

We emphasise that these are first approximations of limiting cases. Satellite ex-
periments have shown that MHD simulations employing these approximations
give good descriptions of the Moon [473, 474] and Venus [475-478] solar wind
systems, and we adapt them here as well-motivated paradigm cases in order to
gain useful insight.

We solve the MHD equations numerically within the PLUTO V4.2 simulation
framework [479] utilising CHOMBO V3.2 [480] for adaptive mesh refinement.?
The coordinate system is defined in the frame of the dark sphere, with the origin
at the dark sphere centre and the z axis pointing in the wind direction. We con-
sider the yz plane (assuming azimuthal symmetry) on a polar 2048 x2048 equiv-
alent grid with spatial extent 1 < 7 < 12 and 0 < # < 7. Simulations were
performed with inflowing dark plasma Mach numbers M = 0.74-1.77 (in steps
of 0.01) and B = 0. These unmagnetised simulations are relevant when the ther-
mal pressure dominates over the magnetic pressure, i.e. when the plasma beta
B = p/(B?/2) > 1. Far from the Earth, 3 = 2c2py/(vB?), implying the rough
requirement B, < 1. For ay = « this translates to B, < 5 [cs/(200 km/s)] nT,
to be compared with typical values within the galactic (intergalactic) medium of
~ 0.1-10 nT (~ 0.1 nT). Note that the existence of a significant magnetic field will

“In the Moon-like limiting case, the dark sphere consists predominately of neutral dark atoms,
that is, a poorly conducting medium. Since the dark electron and dark proton stopping distances
within the Earth are in general not equal due to their differing interaction cross sections in the
Earth frame, significant dark charge separation within the Earth is possible and hence current
flows. While dark electric fields are not expected to directly influence the halo DM distribution
at the Earth’s surface (r = Rg) where conductivity is expected to be high and effective Debye
screening should occur, there remains the possibility that dark magnetic fields generated due to
the current flows could have important implications for the distribution of halo DM at the Earth’s
surface. Unfortunately, such effects are very difficult to estimate, and no attempt to model them
has been undertaken here.

>We make the relevant code and some example datasets publicly available at http://
github.com/jdclarke5/DarkSphere; see the readme . md file therein for more information.
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generally break the azimuthal symmetry of the system and potentially change
the phenomenology appreciably. Some tests showed that our results are valid
for the field-aligned case with B, < 0.6 z, after which we saw a sharp change in
the system’s behaviour. Study of the magnetised case is left for potential future
work.

All simulations are initialised with a flat density and are allowed to evolve
to a steady state. The dark plasma wind inflows at the 7 = 12 boundary when
0 > 7/2, and outflows when 6 < 7/2. In the Moon-like case we take the 7 = 1
surface boundary condition as absorbing (v, < 0) for the windward side and
reflective (v, = 0) for the leeward side. This boundary condition was adopted
for Moon simulations in previous works [474, 481]. For the Venus-like case the
7 = 1 surface boundary condition is fully reflective (v, = 0). Our simulations
were validated against the Moon and Venus simulations of Refs. [474, 477, 481]
for solar wind parameters (k, ~ 10 cm™3, M ~ 7, B = 1).

The solutions for a collection of Mach numbers are shown in Figures 7.2 and
7.3. We show the distributions for the density p, temperature 7' = mp/p, and
absolute velocity |v|, normalised to their values far from the Earth. The solutions
are characterised by the existence of various shocks (i.e. abrupt discontinuities),
where the local bulk velocity exceeds the local sound speed. There are three
dominant features: the downwind wake region of underdense hot plasma; the
tail shock, which detaches from the sphere just below 6§ = 7/2 and recedes with
increasing Mach number, and; the upwind bow shock, which is only present in
the Venus-like case (there is very little upwind activity in the Moon-like case),
defining the edge of an induced magnetosphere [449, 450].

These distributions illustrate the non-trivial (and time-dependent) dark
plasma environment which surrounds the captured dark sphere and encom-
passes the Earth. It is clear that there are implications for direct detection ex-

periments, and we will discuss these presently.

7.3 Plasma dark matter direct detection

7.3.1 General considerations

Plasma DM can potentially be probed by both nuclear and electron recoils. Kine-
matic considerations suggest that dark electrons scattering off electrons (dark
protons scattering off nuclei) would be of relevance if m., ~ mc (mp, ~ 10—
100 GeV). As already emphasised, plasma DM has the distinctive feature that
the dark electrons and the dark protons have comparable kinetic energies given
by Equation (7.4). Consequently, if the dark proton is sufficiently heavy (2 GeV),
electron recoils in the keV range are possible, making DM scattering off electrons

(in addition to nuclear recoils) an important means of probing this type of DM.
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FIGURE 7.2: Moon-like (B = 0): normalised density, temperature,
and absolute velocity solutions for various Mach numbers.
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The rate of DM interactions in a direct detection experiment depends on both
the properties (density and velocity distribution) of the DM particles and the
interaction cross section. Let us define the dark electron and dark proton ve-
locity probability density functions as fc,(v) and fp,(v) in the Earth frame. It
is generally expected that these functions are both space and time dependent.
The time dependence arises from the velocity of the Earth with respect to the
DM halo, vg(t), given by Equation (7.18). To make this dependence explicit we
rewrite fe,(v) = fe,(vix,vg(t)) and fp,(v) = fp,(vix,vE(t)). The local num-
ber densities are also generally space and time dependent: k., — n,(x,vEg(t)),
kp, — np,(x,vE(t)). The local differential interaction rate (i.e. at some point, x,
in space near the Earth) for dark electron scattering off electrons is then:

o do

(%,£) = Neey (%, VE (1)) / TtV V@) M d'. (719)

|V|>Vmin

dR.
dEg

where Eg is the recoil energy of the target particle (electron). Also, NN, is the
number of target electrons in the detector, do /dER the relevant cross section, and
the lower velocity limit v, (ERr) is given by the kinematic relation

Urnin = VmeEr/2 (7.20)

e

with g = meme, /(me + me,) the reduced mass (the target electrons are approxi-
mated as being at rest). The rate of dark proton - nuclei scattering has a similar
form.

What the detector will actually measure is the rate Equation (7.19) time-
averaged over its position x(¢) in space. In the well studied WIMP annual
modulation scenario [482, 483], there is no spatial dependence. The mass (and
number) density is neither space nor time dependent, and is estimated to be
po ~ 0.3 GeV/cm? near the Earth. All of the modulation arises from vg(t), un-
derstood simply as the time variation of a Galilean boost through a Maxwellian
velocity distribution. The plasma DM scenario is distinctly different. Far from
the Earth, and for a fully ionised plasma, the velocity distributions are (ideally)
expected to be described by boosted Maxwellians in the Earth frame with num-
ber densities:

o Z/PO e Ney
Z'ime, +mp, P 2

Ne, (7.21)
However, this will not be the case in the vicinity of the Earth, where the detector
is located. As is evident from Figures 7.2 and 7.3, both the number density and
the velocity distributions are expected to display strong and non-trivial space
and time dependence. It is therefore necessary to time-average the rate over the
detector path x(¢), and this will introduce an important new source of modula-
tion. We will now describe this detector path.
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Location of Gran Sasso

6

Halo wind _ __(_\

FIGURE 7.4: The relevant geometry (r, § projection) of the dark
halo wind interaction with the dark sphere (of radius Rpas)
within the Earth. The variation of the location of an example de-
tector (Gran Sasso) due to the Earth’s daily rotation is indicated.

Consider the spherical coordinate system with its origin at the Earth’s center
and with z axis pointing in the direction of the halo wind as shown in Figure 7 .4.
Assuming azimuthal symmetry around the z axis, the position of the detector is
given in polar coordinates by x(t) = (R, 6(t)), where 6(t) is the angle between
the direction of the halo wind and the zenith at the detector’s location. The time
variation of the angle 6(¢) is due to the Earth’s daily rotation and motion around
the sun. This angle has been evaluated previously [470] and is given by

cosO(t) = — sin 61 (t) cos 04 cos (;ﬂ

) — cos 61 (t) sin 4y | (7.22)
day

where Tjq, = 1 sidereal day, and the phase is such that §(t) is maximised at ¢t = 0.
Here, 6,4 is the latitude of the detector’s location, which anticipates the impor-
tant feature that the measured rate and modulation will depend on the latitude of the
detector. The parameter 6, (t) is the angle subtended by the direction of the Earth’s
motion through the halo with respect to the Earth’s spin axis, which varies dur-

ing the year due to the Earth’s motion around the sun:

cos 01 (t) ~ cosfy +y

ot — T1)>

cos 61 cos ysin
year

, (7.23)

2 (t — T
+ sin B sin <7T(2)>

year

where 6,;; = 23.5° is the angle between of the Earth’s spin axis and the normal
of the ecliptic plane, v = 60° is the angle between the normal of the ecliptic plane
and the direction of the halo wind, T} = tp + 0.25 years ~ 244 days, T5 ~ 172
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t [hours]

FIGURE 7.5: The time variation in sidereal hours of 6(t), the an-
gle between the direction of the halo wind and the zenith at the
detector’s location. The time variation of the angle 6(¢) is due
to the Earth’s daily rotation and motion around the sun [Equa-
tions (7.22) and (7.23)]. Shown are results for four detector lo-
cations, for April 25 (solid-curves), October 25 (dashed-curves).
The four detector locations are, from top to bottom: Gran Sasso
(black curves), Kamioka (blue curves), Jin-Ping (red curves), and
Stawell (purple curves). The 90° line is also shown, which is the
demarcation between the upwind and downwind regions.

days (northern summer solstice), and y = vg/ve =~ 30/232 ~ 0.13. Evidently the
angle 01 (t) varies during the year with an average value of 6; ~ 43°, a maximum
of around 49° on April 25" (115 days), and a minimum of around 36° six months
later (297 days).

In Figure 7.5 we show the time variation of ¢ for four detector locations of
interest: Gran Sasso [139, 142] or Sanford [141], Kamioka [140], China Jin-Ping
[484], and Stawell [485], which correspond to 6, ~ 43°,36°,28°, —37°, respec-
tively. Also shown in Figure 7.5 is the § = 90° line which is the demarcation
between the upwind and downwind regions. In this region, the p, T, |v| quan-
tities can vary significantly due to the tail shock feature, evident in Figures 7.2
and 7.3. Interestingly the Gran Sasso laboratory spends most of its time in the
near upwind region, while the Kamioka and Jin-Ping laboratories loiter in the
near downwind region. Thus, even the relatively small latitude difference be-
tween these laboratories might be important, leading (potentially) to different
DM interaction rates for detectors at these locations. Note that the Southern
Hemisphere detector traverses a very different path compared to the Northern
Hemisphere detectors, and can potentially probe the downwind wake region for
part of the day.

Let us summarise the origin of modulation signals in plasma DM models:

1. Annual modulation with phase around June 2"¢ (153 days) due to the vari-
ation of the Earth’s speed relative to the DM halo. This variation not only
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acts to provide a Galilean boost with respect to the halo, as in the well stud-
ied WIMP scenario, but also to change the non-trival density and velocity
distributions in the vicinity of the Earth. In the previous Section we used
MHD simulations to describe some features of these distributions for two

idealised scenarios, as shown in Figures 7.2 and 7.3.6

2. Annual modulation with phase around April 25 (115 days) due to the
variation of the Earth’s spin axis relative to the wind direction. This effect
changes the detector’s daily path through the DM distribution according

to Equation (7.22), and can be the dominant source of annual modulation.

3. Sidereal daily modulation due to the rotation of the Earth with respect to
the direction of the plasma wind and the subsequent time-dependent posi-
tion of the detector throughout the day, again according to Equation (7.22).
This is an extremely distinctive feature which can be probed with direct
detection experiments. It is difficult to conceive any background which

modulates with sidereal day.

The latter two effects are, of course, generic predictions of any spatially depen-
dent near-Earth DM density/velocity distribution. Including, for example, mod-
els with DM subcomponents with sufficient interactions with the ordinary mat-
ter within the Earth to be stopped (or at least impeded) [486—488]. In the plasma
DM case the spatial dependence arises from the complex interaction between the
dark plasma wind with the captured dark sphere within the Earth. In the next

Section we will explore these modulation effects in an example model.

7.3.2 Example: electron recoils in mirror dark matter

So far we have only outlined the origin of direct detection modulation signals in
plasma DM models. In this Section we will explore more explicitly, based on our
MHD simulation results of Section 7.2, the range of possible annual and diurnal
modulations. The aim is to gain insight into where and how direct detection ex-
periments should be searching for plasma DM. To facilitate this we will consider
an explicit example: the MDM model.

The mirror model has fundamental plasma DM parameters m., = m, =~
0.511 MeV, mp, = mpy. ~ 3.76 GeV, Z' = 2, and ag = o ~ 1/137. Then, in the
Milky Way, T' ~ 0.35 keV and I/T" ~ 0.16, so that the DM exists primarily in a
plasma state. DM-SM interactions are due to the photon - dark photon kinetic
mixing term Equation (7.2), which induces Coulomb scattering of dark electrons
(dark protons) against electrons (nuclei). At 3.76 GeV, the dark proton is just

light enough so that nuclear recoil rates are strongly kinematically suppressed

®There are additional contributions to the annual modulation with phase June 2", which we
haven’t considered, and may be important. Among these are the variation of the physical prop-
erties of the dark sphere: variation of the effective Rpys, the surface ionisation fraction, “dark
atmosphere” interactions, etcetera.
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in current experiments.7 Of most interest, therefore, is dark electron - electron
scattering.
Coulomb scattering of dark electrons off electrons (eje — egqe) is a spin-

independent process with cross section:

do A
_—= 7.24
dEgr E%,p27 (7.:24)
where
2 2.2
A=Y (7.25)
Me

and Ep is the recoil energy of the scattered electron, approximated as being free
and at rest relative to the incoming dark electron of speed v. Naturally this ap-
proximation can only be valid for the loosely bound atomic electrons, i.e. those
with binding energy much less than Er.

To proceed, we need to determine the local scattering rate as a function of po-
sition in the vicinity of the Earth. To do this we have to evaluate Equation (7.19),
i.e. we have to integrate over the local velocity distribution. Unfortunately our
MHD simulations only tell us the local moments of this distribution. Thus, with-
out making a further assumption, we are stuck. In order to continue, we will as-
sume that the velocity distribution is everywhere locally given by a (boosted) Maxwellian,

ie.

N

(V) = <7i}2) * exp (_("_2"3)2> 7 (7.26)

0 Ch)

where vy = (2T/m.,)? ~ 11200 (T/0.35 keV)z km/s, v is the bulk velocity
in the Earth (i.e. detector) frame, and the space and time dependence is im-
plied. We do not expect this to be a good assumption in general. Nevertheless, it
will reproduce naive expectations that the scattering rate scales positively with
temperature and bulk velocity. Due in a large part to this assumption we warn
that our results should be interpreted only as qualitative. With this caveat ac-
knowledged, the local differential rate Equation (7.19) can be evaluated for the
(boosted) Maxwellian dark electron velocity distribution:

d e N e A min min
Re _ Nrgrneh | g (Vmin T VBLY _ e (Vmin —IVEIN] 7 57
dEgr 2ER|VB] i) 0

Here Nt is the number of target particles (e.g. Nal pairs for DAMA, and Xe

7 The MDM model can have heavier, mirror metal halo (sub)components, of known masses but
uncertain abundances. Several works (e.g. Refs. [489, 490]) have explored the possibility that these
components might lead to observable nuclear recoils in existing experiments. However, these
studies used a very simplified picture for the halo distribution function, i.e. without considering
the modifications due to the interaction of the plasma wind with the dark sphere within the Earth
as discussed here.
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for the xenon experiments), gr is the effective number of “free” electrons (bind-
ing energy < 1 keV) per target particle (gna1 = 54, gxe = 44), and v =~
26500 (Er/2 keV)% km/s [from Equation (7.20)].8

For electron recoils in the MDM model, |vp| < vp, and in the limit |vg|/vg —
0 Equation (7.27) can be integrated from a threshold energy, E;, to give:

2me 2 (7 F[O, Q]
RezszngedA< > BENLL IR (7.28)

7wl by T

where I'[0, 2] is the upper incomplete Gamma function. Corrections due to non-
zero v are O(|vg|?/v2) and remain below one per cent for all cases considered.
We note here that this rate is dominated by low energy recoils, and is therefore
very sensitive to the lower limit of integration, E;. For E;, = 2 keV (DAMA
value), it is also a rather sensitive function of T, since Er > 2 keV requires v, >
26500 km/s, in the tail of the dark electron velocity distribution. In Figure 7.6 we
illustrate this sensitivity for the range of T, we consider. These sensitivities are
further reasons to interpret our results only qualitatively.

The local differential rate, Equation (7.27), is a function of the local T, p, and

|vg| (the rate depends on p via its dependence on k). In particular these space

8The differential event rate evaluates (for a Nal detector) to:

R ne (- >2 2keV\? [0.35keV ) 7
dEr  \0.16cm=3/ \10-9 Eg T

2 ER/leV
£ (LRExEV d/ke/keV.
0.35 (T/0.35keV )} cpd/kg/ke

This can be compared with the rough limit from DAMA that the differential rate should be less
than about 0.25 cpd /kg/keV at Er ~ 2 keV [491]. Evidently ¢ in the range 10™° — 107'° is being
probed in direct detection experiments via electron recoils in the mirror model, which coincides
with the range of interest for small scale structure [432, 444, 453].

X exp [—
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and time dependent quantities were obtained in Section 7.2, as shown in Fig-
ures 7.2 and 7.3. Fixing v,o: = 220 km/s to give the time-dependent dark plasma
wind velocity in the Earth frame [Equation (7.18)], the space and time depen-
dence of the differential rate throughout the year will depend only on the plasma
sound speed cs, or equivalently T, = 0.35 [cs/(200 km/s)]? keV. Then for a
given detector latitude 6;,; and dark sphere size Rp)y it is possible to determine
the quantities of interest: the rate as a function of time of year averaged over
the day (the annual modulation), and; the rate as a function of time of sidereal
day averaged over the year (the diurnal modulation). This average includes the
variation throughout the year of dark plasma wind Mach number and position
of the detector according to Equations (7.18) and (7.22), respectively.

For the numerical work, we set E; = 2 keV (current DAMA threshold) and
considered an idealised detector with 100% detection efficiency and perfect res-
olution. We give our results in Figures 7.7-7.10 under each of the scenarios pre-
viously considered, i.e. Moon-like/Venus-like dark sphere with unmagnetised
plasma wind. We consider sound speeds ¢, = 140-290 km/s, encompassing the
supersonic to subsonic dark plasma wind regimes, and 6;,; = 43°, 36°,28°, —37°,
which correspond to detectors at Gran Sasso [139, 142] or Sanford [141], Kamioka
[140], China Jin-Ping [484], and Stawell [485], respectively. We leave the size of
the Earth with respect to the dark sphere, Rr/Rps, as a free parameter which
is assumed to remain constant throughout the averaging procedure. Strictly, the
particle physics should dictate the nature and size of the dark sphere. Indeed, for
MDM, the procedure described in Section 7.2 suggests a Moon-like scenario with
Ri/Rpym =~ 1-1.5 . Still, it is possible that effects such as surface ionisation and
dark atmospheric stripping significantly change this picture. Thus it is sensible
to consider each scenario and a range of dark sphere radii, and this agnosticism
anyway coincides with our aim to explore the range of modulation possibilities
in plasma DM models in general.

In the next Section we will make some qualitative observations from these

results and deduce the implications for direct detection experiments.

7.3.3 Implications for direct detection

In the previous Section we presented results for the annual and diurnal modu-
lation of electron recoils in the mirror dark mater model. Here we gather some
comments on these results and discuss the current experimental situation.

The behaviour exhibited in Figures 7.7-7.10 is clearly quite diverse, and we

make the following observations:
1. The annual modulation fraction can be large, even > 90%.

2. There are situations where the modulation is approximately sinusoidal, but
this is not the general case. Interplay with various shocks may produce

sharp transitions in the rate.
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3. The two annual modulation contributions, with phases of 153 days and

115 days, can be seen by eye, e.g. Moon-like ¢, > 260 km/s (Figure 7.7) or
Venus-like ¢; < 170 km/s (Figure 7.8). The contributions can be different
sign and either might dominate.

. The dependence on 6, is obvious. In particular, the Stawell detector gives

very different results since it probes the downwind wake region. Still, even
between Northern Hemisphere detectors, significant changes in the mod-
ulation can be observed. For example, in the Moon-like case with ¢, in
the intermediate region (cs ~ 230 km/s) with Rg/Rpy < 2 we observe a
change in the effective sign between Northern Hemisphere detectors. This
is due to the interplay of the wind speed pushing the tail shock back around
155 days, and the detector moving further into the shock at 115 days.

It is possible to see modulation effects in a detector at one latitude which

would escape detection in an identical detector at a different latitude.

The diurnal modulation fraction can be large, typically of order the annual
modulation, or larger. It is in general not sinusoidal and can display sharp

transitions.

. The azimuthal symmetry (in the unmagnetised case) implies that diurnal

modulation is symmetric about ¢ = 12 hours (with our phase convention).
This motivates combining data from 0 < ¢/hours < 12 with data from
24 > t/hours > 12. As well, the average rate during the middle half of the
day (6-18 hours) often differs markedly from the average rate during than

the other half. This motivates a far/near ratio measurement,

R(6 < t/hours < 18)

7.29
R(0 < t/hours < 6 U 18 < ¢/hours < 24) ’ (7.29)

Riar /near —

looking for deviations from unity.

Nuclear recoils arising from dark proton scattering are, in principle, also very

interesting. Although we haven’t given any results for nuclear recoils, qualita-

tively they are expected to follow a similar pattern to the electron recoil results

of Figures 7.7-7.10. Indeed, the nuclear recoil rate has a similar form to Equa-

tion (7.27), and in particular, the rate depends on the same variables p, T, |vp|

(in the single fluid approximation). The principle difference is the nuclear re-

coil kinematics, which depend on the mass of the dark proton. In general we

expect nuclear recoils to show similar sensitivity to variation in p, comparable

or smaller sensitivity to variation in 7' (depending on the mass of the dark pro-

ton), and more sensitivity to variation in |vg| (since |vg|/vp is larger by a factor

V Mpy/Me,)-
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Let us here add somewhat of a disclaimer. We have sketched what we believe
to be a sound general picture of modulation effects in plasma DM models. How-
ever, there is great difficulty involved in modelling the interaction of the dark
plasma wind with the captured dark sphere. We have made a first attempt at a
consistent description using MHD simulations. Obviously there are shortcom-
ings. Notably, we have only studied two idealised dark sphere scenarios in the
special unmagnetised case, and we have also made the questionable assumption
of locally Maxwellian distributions in order to explore the modulation signals
for an example model. Quantitative results for the actual realised case may be
very different. Nonetheless, we believe that the above qualitative observations
should still hold.

We have yet to discuss the current experimental situation with regard to DM
direct detection. A variety of experiments, employing different techniques, are
probing DM interactions with nuclei and electrons. Stringent limits on DM nu-
clear recoils have been found, with XENON100 [492], LUX [493], CRESST-II
[494], and CDMS [495] among the most sensitive. By contrast, a positive hint
for DM interactions has been obtained by the DAMA and DAMA /LIBRA exper-
iments in the Gran Sasso Laboratory (latitude: 43° N) [143, 144, 446-448]. The
DAMA experiments were designed to search for DM via the annual modula-
tion signal and indeed such a modulation (with phase: ¢, = 144 + 7 days) was
observed in their measured event rate at around ~ 90 C.L.. The DAMA and
DAMA /LIBRA experiments feature a sodium iodine target with sensitivity to
both nuclear and electron recoils in the keV recoil energy range. The stringent
limits on nuclear recoils obtained by other experiments (as mentioned above)
appears to indicate that electron recoils is the most likely DM option.

There are only a few experiments with sufficient sensitivity to probe electron
recoils as the source of the DAMA annual modulation signal. At the present
time, three such experiments have published results: CoGeNT, XENON100, and
XMASS, all of which have some, albeit statistically weak, evidence for an an-
nually modulated event rate. Consider first the CoGeNT experiment. This ex-
periment involves p-type point contact germanium detectors operating in the
Soudan Underground Laboratory (latitude: 48° N). Analysis of three years of
data found evidence for an annual modulation at 2.20 C.L. with phase consistent
with that of DAMA [496]. The XENON100 experiment, located at Gran Sasso,
recently analysed data collected over a 13 month period, observing an annually
modulated electron recoil event rate at 2.80 C.L. with phase consistent with that
of DAMA [145]. The XENON100 experiment also obtained strong limits on the
average electron recoil event rate, thereby suggesting that DM interactions with
electrons could only be the source of the DAMA annual modulation if the mod-
ulation fraction was large: > 50% [145, 497]. Most recently, the XMASS experi-
ment at Kamioka Observatory (latitude: 36° N), also utilising a xenon target, has
searched for DM—electron interactions [146]. Their data shows a possible hint
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of annual modulation with opposite sign to that of DAMA (i.e. approximately
six months out of phase). Naturally it is difficult to directly compare DAMA’s
annual modulation signal with the results of these other experiments, as they
differ in their recoil energy range, energy resolution, and low energy cutoff. The
CoGeNT and XMASS experiments are also at different latitudes.

Of these experiments, only DAMA has given results for their event rate
binned into 24 sideral hours (i.e. diurnal modulation). Taking our phase con-
vention, where ¢t = 0 is the time of day when 6 is maximised, and motivated by
azimuthal symmetry, it is sensible to combine the data from 0 < ¢/hours < 12
with data from 24 > ¢/hours > 12. We plot the data [498] combined in this way
in Figure 7.11. The figure does show some modest evidence for a rising event

rate toward ¢ = 12 hours. The far/near ratio Equation (7.29) can be evaluated as:
Rear /near = 1.0072 £ 0.0031 . (7.30)

That is, Ryay near is different from unity at approximately 2.30 C.L..

The current experimental situation is rather intriguing, especially when
viewed in the context of plasma DM. Indeed, plasma DM appears to have the
potential to resolve the diverse results of the different experiments. In particular,
our analysis leaves open the interesting possibility that the DAMA annual mod-
ulation signal might be due to electron recoils (or even a combination of electron
and nuclear recoils). This modulation fraction can be large, thus potentially satis-
fying the constraints on electron recoils from XENON100. Similarly, constraints
on nuclear recoils (such as those in [492-495]) are considerably weakened if the
modulation fraction is large. Also, the results of XMASS might not be inconsis-
tent with DAMA given the difference in latitude between the locations of these
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two experiments.

Clearly further work is required to clarify this situation. More experiments
could analyse their data for possible DM interactions with electrons, in addition
to nuclear recoils. Diurnal modulation in addition to annual modulation should
be searched for. Experiments at different latitudes are important, and more ex-

periments in the Southern Hemisphere would be helpful.

7.4 Conclusion

DM may have non-trivial particle properties leading to all sorts of interesting ef-
fects on small scales. The particular situation studied here is that DM in spiral
galaxies like the Milky Way takes the form of a dark plasma. Hidden sector DM
charged under an unbroken U (1)’ gauge interaction provides a simple and well
defined particle physics model realising this possibility. The assumed U (1)’ neu-
trality of the Universe then implies (at least) two oppositely charged DM com-
ponents with self-interactions mediated via a massless “dark photon” (the U (1)’
gauge boson). We considered the simplest case of two such DM components, the
“dark electron” and the “dark proton”, with m., < m,,.

Various astrophysical and cosmological aspects of this type of DM have been
explored in the literature previously, but there have been relatively few attempts
to understand the implications for direct detection experiments. This seems to
be particularly relevant at the present time in view of the rapidly progressing ex-
perimental activity in the field of DM direct detection. Moreover, plasma DM is
quite unique in that it can potentially lead to both nuclear and electron recoils in
the keV energy range; this is because energy equipartition implies a potentially
large dark electron velocity dispersion, and U (1)’ neutrality prevents dark elec-
trons from escaping the galaxy. In fact, previous work has speculated that plasma
DM might possibly be able to explain the DAMA annual modulation signal via
electron recoils, as the constraints on electron recoils from other experiments are
generally much weaker than those for nuclear recoils.

To properly examine this idea, and the implications for direct detection exper-
iments more generally, requires a detailed description of the plasma DM density
and velocity distribution in the vicinity of the Earth. This is a rather complex
problem as any assumed interaction with ordinary matter will inevitably lead to
DM being captured by the Earth, forming an approximate “dark sphere” within.
This dark sphere provides an obstacle to the halo DM wind, the nature of which
depends on whether the captured DM is largely neutral or ionised. We consid-
ered these two limiting cases, referred to as “Moon-like” or “Venus-like,” making
use of analogy with the solar wind interactions with the Moon and Venus. We
studied these limiting cases using single fluid magnetohydrodynamic equations.

We numerically solved the magnetohydrodynamic equations to obtain the

space and time dependent dark plasma density, temperature, and bulk velocity
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in the vicinity of the Earth. We identified two distinct sources of annual modu-
lation: the first arises from the variation of the Earth’s speed relative to the DM
halo, and; the second arises from the variation of the Earth’s spin axis relative
to the wind direction. While both effects are due to the Earth’s orbital motion
around the Sun, their phases are different: June 2nd yersus April 25" In addition,
the variation of the location of a given detector relative to the wind direction due
to the Earth’s daily rotation leads to a diurnal modulation (i.e. with period of one
sidereal day). The latter two modulation effects are a direct consequence of the
spatially dependent near-Earth DM density and velocity distributions, and are
expected to be an important consideration in general self-interacting DM models
capable of giving a direct detection signal. Importantly, they imply latitudinal
dependence of the measured event rate.

In order to make predictions for direct detection experiments, a kinetic de-
scription of the plasma dark electron and dark proton components is required.
This is a challenging and unsolved problem. To make progress, we modelled
the velocity distribution locally in terms of a Maxwellian distribution. Although
this is rather unsatisfactory, it is hoped that such a description will provide use-
ful insight. We considered mirror DM as an example, and evaluated the annual
and diurnal modulations, focusing on the distinctive electron recoil interaction.
Several relevant qualitative observations were made from the results.

Plasma DM is very different from e.g. weakly interacting DM. Large annual
and diurnal modulations can arise. These modulations need not be sinusoidal
and may contain sharp features. Moreover, the spatial dependence of the lo-
cal event rate in the vicinity of the Earth implies that experiments at different
latitudes will not necessarily find the same thing (even qualitatively). This is es-
pecially true for a Southern Hemisphere detector, but is even true for varying
latitudes in the Northern Hemisphere. The analysis presented here leaves open
the interesting possilibility that the DAMA annual modulation signal might be
due primarily to electron recoils (or even a combination of electron and nuclear
recoils). The modulation fraction can be large, thus potentially satisfying con-
straints from other experiments. Furthermore, the results of XMASS might not
be inconsistent with DAMA given the difference in latitude between the loca-
tions of these two experiments. Much more experimental activity is required.
A greater emphasis on electron recoils would be helpful and we encourage all

experiments to present results for diurnal variation.
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8 Conclusion

The Standard Model (SM) is an enigma. On the one hand it has proven to be
an extremely successful effective field theory for describing particle physics phe-
nomenology at energy scales < TeV, and even remains theoretically consistent
when extrapolated to the Planck scale. On the other hand it leaves unanswered
a number of theoretical and phenomenological questions. In this THESIS we
presented a collection of original pieces of work pertaining to six of the major
questions, which were introduced in Section 1.1: the Higgs sector; naturalness;
neutrino masses; the baryon asymmetry of the Universe (BAU); the strong CP
problem; and dark matter (DM). Since the SM is already so successful, a logical
(and tractable) way to study these questions is by so-called “bottom-up” exten-
sions, whereby new physics is minimally added to the SM framework in order
to address and/or to understand the implications of those questions. This was
the general philosophy embraced throughout the THESIS.

In CHAPTER 2: HIGGS SECTOR we explored the phenomenological impli-
cations of extending the SM Higgs sector by a very light real singlet scalar s
(100 MeV < mg < my/2). Constraints on this scenario from collider, meson
decay, and fixed target experiments were derived; they are summarised in Fig-
ure 2.4. Three distinct regions of parameter space exist for LHC phenomenology.
First, for my 2 mp, future searches for parton-level production via Vs can poten-

< mp,

~

tially probe parameter space beyond existing constraints. Second, for m
we found that s production via the decay of B mesons could have resulted in
up to thousands of potentially background free moderate pr displaced dimuons
within the detector volumes of ATLAS/CMS or at LHCb during the 8 TeV run.
This motivates a search for B — s + X — (u"p~) + X displaced dimuons at
ATLAS/CMS and/or LHCb. Indeed, as a result of that work, a search was later
performed at LHCb which excludes a large region of previously unexplored pa-
rameter space. Third, when s is long-lived, production via Higgs decays h — ss
result in a spectacular signature in the LHC detectors. We demonstrated a simple
Monte Carlo method to reinterpret displaced searches utilising efficiency tables,
which we hope goes some way to motivating the LHC Collaborations to publish
relevant multidimensional efficiency tables along with their displaced searches.
In CHAPTER 3: NATURALNESS we considered the question, at what mass
does a heavy gauge multiplet introduce a physical Higgs naturalness problem?
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We motivated a renormalisation group description of naturalnes, of particular in-
terest for bottom-up extensions of the SM. The Higgs mass is interpreted as a de-
rived quantity of high scale MS “input” parameters. If u?(my) is especially sen-
sitive to these input parameters, then this signifies a Higgs naturalness problem.
It was shown how a Higgs sensitivity measure can be rigorously derived using
Bayesian probabilistic arguments. The derived measure captures, in essence, the
“naturalness price” paid for promoting the Higgs mass parameter to a high scale
input parameter of the model. We used this measure to set naturalness bounds
on the masses of various gauge multiplets in a full two-loop RGE analysis with
one-loop matching. The resulting bounds are presented in Tables 3.1 and 3.2, and
as contours in Figures 3.4-3.7; they lie in the range M < O(1-100) TeV, depend-
ing on the gauge multiplet and the naturalness criterion considered. Bounds on
fermionic gauge multiplets are weaker than for scalars, and bounds on coloured
multiplets are no more severe than on electroweak multiplets, since they correct
the Higgs mass directly only at three-loop.

In CHAPTER 4: NEUTRINO MASS we wrote down minimal UV completions
for all of the dimension 7, AL = 2 SM operators which could be responsible for
radiatively generating a Majorana neutrino mass. These completions predict a
plethora of particles whose properties are constrained by low-energy neutrino
oscillation data, and form the basis of a systematic approach to testing radiative
neutrino mass models at the LHC. A detailed collider study was presented for
a LLQdH completion with a leptoquark ¢ ~ (3,1, %) and a vector-like quark
X ~ (3,2, —%). The analysis constrained m,, 2 620 GeV and my 2 600 GeV.

In CHAPTER 5: BARYON ASYMMETRY OF THE UNIVERSE we proved that the
three-flavour Type I seesaw model cannot explain neutrino masses and the BAU
via hierarchical leptogenesis without introducing a Higgs naturalness problem.
We then described a model with a second Higgs doublet (the “v2HDM”) which
can avoid this conclusion. Neutrino masses are generated radiatively, or by a
tree-level seesaw with small vev insertions. The ¥2HDM accommodates a SM-
like Higgs, predicts approximately TeV scale scalar states, and low to intermedi-
ate scale leptogenesis (10° GeV < My, < few x 107 GeV). The interesting areas
of parameter space are summarised in Figure 5.7.

In CHAPTER 6: STRONG CP PROBLEM we wrote down a simple model (the
“vDFSZ”) which serves as an existence proof that weakly coupled high-scale
physics can explain phenomenological shortcomings of the SM without intro-
ducing a naturalness problem. Neutrino masses, the BAU, the strong C'P prob-
lem, and DM are explained via a seesaw mechanism, hierarchical leptogenesis,
the PQ mechanism, and a DFSZ invisible axion, respectively. The vDFSZ con-
tains four scales: |mi1| ~ 88 GeV, may ~ 103 GeV, My ~ 10°-107 GeV, and
Mpg ~ 10" GeV, which are protected from large corrections by a technically
natural decoupling limit. Furthermore there are testable predictions: TeV scale
scalar states, and axionic DM.
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Lastly, in CHAPTER 7: DARK MATTER we considered the implications of the
“plasma dark matter” scenario for direct detection experiments. Plasma DM is
type of hidden sector DM which is minimally composed of a “dark electron,” a
“dark proton,” and a massless “dark photon” which mediates a dark electromag-
netism. An interesting consequence is that, if m., < m,,, energy equipartition
and U(1)’ neutrality in the galactic halo imply a much larger dark electron ve-
locity dispersion than in standard single component models. Plainly this has
implications for direct detection experiments. As well, if this DM interacts with
standard matter, then some amount will be captured inside the Earth. There,
since the DM is self-interacting, it will form an obstacle to the DM wind, imply-
ing a spatially dependent near-Earth DM density and velocity distribution. This
has a number of implications for direct detection signals: a new source of annual
modulation (from annual modulation of the Earth rotation axis direction); modu-
lation with sidereal day; and latitudinal dependence. We studied the interaction
of plasma DM with the captured DM in certain limiting cases using numerical
magnetohydrodynamic simulations. The specific example of electron recoils in
mirror DM was then studied under simplifying assumptions. Several qualitative
implications were identified from the results, as summarised in Section 7.3.3. The
analysis leaves open the interesting possilibility that the DAMA annual modu-
lation signal might be due primarily to electron recoils. We hope that, since this
picture can be abstracted to general self-interacting DM scenarios, the analysis
encourages direct detection experiments to search for sidereal modulation.

If an overarching conclusion is to be made from this THESIS, then perhaps it
would be the following. As we have discussed, the SM leaves open a number of
questions. These questions can be answered by physics beyond the SM, featuring
a huge variety of phenomenologically distinct predictions, some within the reach
of existing or soon-to-be existing experiments. Exactly which of these questions
will be resolved first, or even if they will be resolved at all, is not clear. In the
mean time, it is vitally important to probe nature in all the ways it could plausibly
be probed. This requires dilligence from the full spectrum of particle physicists:
theorists, phenomenologists, and experimentalists. After all, nature has only one

manifestation, and it is our job to find out which one that is.
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A Appendix A

A.1 Sensitivity measure as a Bayesian model comparison

In this Appendix we show how a Barbieri-Giudice-like fine-tuning measure for
u?(mz) arises in a certain limit of our Bayesian model comparison. Similar con-
nections have been made in earlier works, e.g. Refs. [279, 283].

Bayesian probability allows one to assign a degree of belief to some hypoth-
esis, in our case a particle physics model. The model M consists of a set of
input parameters Z and a rule for connecting these to a set of observables O.
Let us assume that there are n fundamental input parameters Z = {Zi,...,Z,}
and m < n independent observables O = {Oi,...,0,,}. The rule is just a
map R : Z — O from input space to observable space with (Zi,...,Z,)
R(Zi,...,I,) = (O1,...,0p). In CHAPTER 3 the models consist of the SM plus
a new gauge multiplet of mass M, with inputs as the logarithms of MS parame-
ters of the full Lagrangian defined at scale Aj, observables as the logarithms of
MS SM Lagrangian parameters at scale mz, and R given by the RGEs. The loga-
rithms are taken to avoid dependence on units or rescalings of the Lagrangian.!
The Bayesian evidence B for M is the probability that the observables O at-

tain their experimentally observed values O;, assuming M is true:
BOM) = p(0 = O M) = [ p(O = Oul) p(E) T (A1)

where p(O = O,|Z) is also called the likelihood function £(Z), and p(Z) is
the prior density for the model parameters. The prior density represents the
degree of belief in the values of the input parameters before any observations
are made. In the absence of any knowledge about the complete UV theory, we
should assume priors which are maximally agnostic. This corresponds to a flat
prior in the n-dimensional input space Z. The mapping R can be used to ex-
press some point in input space (Zi, . ..,Z,) in terms of a new set of coordinates
(0,7) = (01,...,0m, I+, - .., Ly) simply by T — R'(Z) = (R(Z),I'). We
assume that this is a one-to-one mapping (indeed, it is for RGEs in the perturba-
tive regime). If we assume perfectly measured observables, then Equation (A.1)

! Absolute values inside the logarithms are implied. The signs of the parameters can be consid-
ered as separate inputs. Explicitly including them with a flat prior probability mass function does
not change the final result, and we ignore them henceforth for clarity.
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becomes

B(M) /5(0 — Ou) poRHO, T

oL, ... 0oL

801 80777.
wm ... OIm
001 00m

where the likelihood has become a delta function multiplied by a constant term,
and | ()| = |[det[( - )]| is the determinant of the Jacobian associated with the
coordinate transformation. Performing the integration over the observables,

oL, .. (o)A
001 00m

B(M) / vyl : || di - d . (A3
00, OO0 m O=0¢s

where p/(Z') = p o R"YOes, ). The requirement O = O,, has carved out an
experimentally allowed (n — m) dimensional submanifold within the original
n dimensional input space. We know that, since the original prior was flat in
n dimensions, the prior on the submanifold must be flat with respect to the in-
duced volume element (as opposed to the volume element dZ,, 1 - - - dZ,). We

can rescale the existing volume element to write, equivalently,

15} L. [ 18]
001 00m
m . OIm
00 0O0m
B(M) x /p'(I’) L %
[45) oooam \ T 0T, ... 9L,
Py T, T mi1 T
oL, ... O L, ... OIa
0Tt T, Ol o7,
O:Oez
(A4)

where the quantity under the square root is the determinant of the induced met-
ric, d¥ is the induced volume element, and the prior p/(Z’) is constant with re-
spect to this volume element. This reduces to

B(M) / , (A5)

/ U
AT
VIJIT]
where J is the m x n matrix defined by J;; = 00;/0Z; [283]. Additionally, by tak-
ing a delta function prior on Z’ we can evaluate (and compare) Bayesian evidence

O:Oca)

for the model M with unconstrained input parameters (Z,, 1, . . . , Z,,) taking on
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specific values:

1

VITIT ow

T/

B(M;T') (A.6)

Let us now put this in the context of minimal extensions of the SM by a gauge
multiplet of mass M. We take Z; = log y?(A;,) and Oy = log y%(mz). The remain-
ing inputs and observables are logarithms of the MS Lagrangian parameters.
The Bayesian evidence Equation (A.6) is not enough by itself; it can only be in-
terpreted with respect to some reference model. We will, after all, be interested in
the sensitivity of 1%(mz) to the input parameters, and we have not so far treated
the p? parameter in any special way. The reference model we choose to com-
pare to is the model M in which the Higgs mass parameter is instead taken as a
“phenomenological” input parameter at scale mz, i.e. Z; = O; = log 2 (myz). In
My we have that Ji; = 1 and Ji; = 0 for j > 1. The Bayes factor between these
two models is then

B(Mgy; T’
KWM;T) = B((/\/LI’)) o . (A7)
Since the dimensionful parameter u? (1) does not enter the (mass independent)
RGEs of the remaining dimensionless observables, we have that J;; = 00;/07; =
0 for ¢ > 1. Additionally, in the special case that the dimensionless observables
are approximately insensitive to the unconstrained inputs, i.e. J;; ~ 0 fori > 1
and j > m + 1, Equation (A.6) becomes

80, . 00, \ |TF
812 8I7n
00m ... OOm

B(M;T') 9 O . (A.8)
dlog p2(mz) \? | T (2logp2imz) 2

07 . 0Z;

j>m+1
Oecx

I/

We can see that a Barbieri-Giudice-like fine-tuning measure has appeared in the
denominator. In this case the quantity B(My;Z’) becomes independent of 7,
and the Bayes factor Equation (A.7) is

dlog 2(mz)\ > dlog pi2(mz) >
K(M;T') = (2 + Z —— : (A9)
!

This is reminiscent of the Barbieri-Giudice fine-tuning measure. We observe

the interesting emergence of additional terms quantifying Higgs mass sensitivity
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only to the unconstrained parameters of the model. Conceptually, K is a com-
parison between a flat prior in log 1:2(mz) and the RG devolved (to mz) flat prior
in log 12(Ay,), in the vicinity p?(myz) ~ —(88 GeV)2. A Bayes factor of K > 10
corresponds to the onset of strong evidence (on the Jeffreys scale) for Mg over
M.

Lastly, note that the Bayes factor K is still a function of the unknown param-
eters Z'. In order to write down a sensitivity measure for the model M as a func-
tion of a subset of these unknown parameters (e.g. the gauge multiplet mass M),
we might want some way of projecting out the nuisance unknowns. One way
is to integrate over some region of 7', i.e. evaluate Equation (A.5). However, in
CHAPTER 3 we instead choose the following conservative projection:

A(M) = min {K(M;I’)}. (A.10)

This identifies the best case scenario for Higgs mass naturalness in M by finding
the point in 7’ with the lowest Bayes factor.
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B Appendix B

B.1 v2HDM squared scalar masses at O(m3,/ms3,)

To order m{,/m3,, the scalar masses Equations (5.29) are given by

2
v
1 2A315 = A1 — 5 M A3

m v? v? 2 ’
22 (1 + L (/\345 — 2)\1)) (1 + L )\345)

2 2
2ms, 2ms,

2

2 2 U1
mi &~ m 1+ A
H 22 345 oml,
2 4
N méllQ 1-— 2:17132 (2)\345 — 3)\2) + 4:17%2 ()%45 + 32345 — 6)\1)\2)
4 2 2 2 ’
m v v
22 (1 + 5z, (Aas — 2)\1)> (1 + 5z >\345>
B 2
2 4 1+ 5 (Agas + Ao — 225)
v m 2
m124 ~~ m%Q 1+ ()\345 — 2)\5) 5 12 + }12 22 5 5 s
Moy My (1 4 2”712)\345)
L 22
B 2
2 4 14 52 (Ao + A3)
ms mmy |14+ Ay + A2 2 (B.1)
% " (1 n)
L Mag

B.2 Bounds for more general m,

We consider the seesaw Lagrangian as in Eq. 5.1 and a neutrino mass matrix of

the form

U2

5 WD DrnyYs - (B.2)

my, =
where D, = diag(z1,x2,23). Note that in the »2HDM with A5 = 0 we have
f(M;) = v3/v?, and in the Ma model with My > mas we have

A M?
FOMG) = 22 <ln W] - 1) . (B.3)

872
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Following Casas-Ibarra [94], it is possible to write

V2 TSNS
where R is a (possibly complex) orthogonal (RR? = RTR = I) matrix. The

Vissani bound on each right-handed neutrino mass becomes [3]

12 M
42 v2 f(M;)

> mi|Ri* < 1 TeV?

= My, <3x 107 GeV x f(My,)3. (B.5)
The CP asymmetry for hierarchical neutrinos [96] becomes
o] = 6 2 Iml(RIDn(RD ;6 B D R
U™ 167 12 (RTDpmR)11
M 1
0 msMn, (B.6)

~16m  v?2  min[f(M;)]

where the approximate inequality holds for max(|R;;|) < 1. For larger max(|R;;|)
the inequality can be exceeded, but this corresponds to a fine-tuning (see Ref. [3]).
With this caveat, the Davidson-Ibarra bound for min[f(M;)] = f(Mpy;, ) therefore

becomes
My, 25 x 108 GeV x f(My,). (B.7)

The AL = 2 scatterings are proportional to [95, 499]

1
3 For Voo (oo Vo]
l‘y Re[(yuyl/)zj (yVyV)Z]] ]\4@]\4‘7
= Trl(y Doty ) (oD )]
4 -1 T -1 T
= i Tr[D(RD( ) BT )Din(RD ) R )

4 2

S o minf (L) (B8)

where the last line is an exact equality for f(M;) = f(Mz) = f(M3), an exact
inequality when R is real, and an approximate inequality (as indicated) if R is
complex with max(|R;;|) < 1. Again, for larger max(|R;;|) the inequality can
be exceeded. Then for min[f(M;)] = f(Mn,), the AL = 2 scattering Eq. 5.50

becomes

N
| N =) < T 1 m (B.9)
H 7~ 22x1018GeV f(Mpy,)? \0.05eV ) ~ '
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C Appendix C

C.1 vDFSZ RGEs

Following is the full list of RGEs in the [Type II, Flipped] model, found using
PyR@TE [303]. Underlined are those parameters which, for simplicity, we did
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not evolve in our RGE analysis.

3 9
DM =M (63 = Sa = S8 + 6 + 0.22])

+ M2, (423 + 20a) + M252)\15,

2
+ MZ (423 + 204) + M242)05,

3, 9
DM3, = M3, (6>\2 = 591 = 595 + 6y; + [207,0] + 2Tr (yiyu))

DM = Mg (1hs +Tr (yhuw ) ) + ME s + Mbados,
LS)2 = —Tr (y}vy N) (S)? [ie. the wave function renormalisation],
Dy(1,23) = {7, =3, 719} 2.3}
DAy = gg‘f + gg%gg + %gg — A1 (397 +993) + 1227 + 4xsha + 423 + 227 + 203
+ 122197 — 127 + [0,4My7 — 4y7]
Dha = gt + 2g3gd + Sof — da (30 +968) + 1228 + Dada + D + 24 + 223
+ 120197 — 1297 + [4h1y2 — 4y2, 0] + 4N Tr (ylyu) — ATr (yiy»ylyu) ,

(C1)

(C2)
(C3)

(C4)

(C5)

(C6)

(C7)

3 3 9
D3 =gt — Zg3g2 + Zg% — A3 (397 +993) + (6A3 + 224) (A1 + A2) +4A3 + 203 + 2h15)0s

FRE

+ X3 (Gyf + 6yZ + 2y2 + 2Tr (yiyu)) - 12y7y; — [07 4 (ylyu)33 yf] ,
DXa = 39795 — M1 (395 +993) + 2Ma (A1 + A2) + 8Aads + 473

+ (Gyf + 6yj + 2y7 + 2Tr (yiy»)) + 120793 + [07 4 (ylyu)33 yf] :

DAg =100 + 2AgTr (yj\,yN) 422 4 4rZg — 2Tr (y}VyNijyN) ,

3 9
DA1s = Ais (—595 - 593 + 45 +4As + 6A1) + Aog (4X3 + 2)4)

+ Ais <6yt2 +[0,242] + Tr (y}vyw)) ;

3 9
DAgs = A2s (759% - 593 +4Xos + 4As + 6A2) + A1s (4Xs + 204)

+ A2s (6y§ + [242,0] + 2Tr (yiyu) +Tr (yfvyzv)) —4Tr (yiyuy}vyw) ,

3 9
De = 5( - 59% - 595 +2X3 +4X4 + 2X5 +4A15 + 4dosg

+ 37 +3y; +yr + Tr (ylyu) +Tr (yLyN)) ,

17 2 9 2 2 9 2 1 2 2
Dyt =yt (_Egl — 592 893 + L + SV +1[0,%2] ),

15 9 5
- Sa e D+ i),

4 4 2

5 9 9 1
Dyy = s (—fgf — 95 =895+ Jup v+ [yfvo]) :
Dy :y‘r(

3 9 3.
Dy, =y (—Zg% - 193 +3yp +Tr (ylyu)) + [yuzﬁ — ;Diag (0,0, ¥2) yu, 0

3 t 1
+ -y Yy +

;
5 SUVUNUN,

1
Dyn = 5Tr (yLyN) yN + yzvyLyN +unybyw +ulyiun.

(C.8)

(€9
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