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Abstract

Buried in Background: Hunting for Physics Beyond the Standard Model
by

Giacomo Koszegi

As experimental efforts to uncover the nature of physics beyond the Standard Model
continue to push the boundaries of energy and sensitivity, theoretical predictions of well-
motivated physics models will need to commensurately increase in precision so that we
may reliably distinguish signal from background. A prime example may be found in the
stochastic gravitational wave background that will soon be within reach of observatories
and which could contain imprints from a variety of ultraviolet phenomena, including first
order cosmological phase transitions and topological defects. We begin this thesis by
discussing scenarios in which the gravitational wave spectrum due to a phase transition
can be substantially altered by particle reflection off of relativistic bubble walls, an effect
which has been largely ignored in the literature thus far. We then move on to discussing
a particular class of parity-based solutions to the strong CP problem which also features
a potential gravitational wave signal, this time due to domain wall topological defects. In
addition, these models provide testable predictions for near-future colliders and tabletop
experiments. Finally, we point out an exciting new computational avenue for discrim-
inating between signal and background in particle collider data using machine learning

coupled with a physically motivated metric on the space of collider events.
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Chapter 1

Introduction

With the ultimate goal of discovering what lies beyond the Standard Model (BSM)
of particle physics, recent years have seen the emergence of a plethora of upcoming
experimental endeavors designed to achieve fantastic levels of precision, sensitivity, or
energy. While the results of these experiments will certainly be valuable in their own
right, it will be particularly interesting to interpret forthcoming data in the context of
constraints on well-motivated models of BSM physics. Doing so reliably, though, requires
comparable precision in the theoretical predictions against which we are comparing. For
this reason, current efforts to refine the expected signals of BSM models at a variety of
experiments — astrophysical, collider, dark matter, gravitational wave, neutrino, tabletop,
etc. — are not only exciting for their near-term testability but crucial for the robustness
of our conclusions. The hunt for BSM physics hinges on our ability to accurately separate
signal from background.

This thesis represents a small step in that direction from theoretical and computa-
tional perspectives. We begin by focusing our efforts on gravitational wave observatories,
the next generation of which promises measurements of increased sensitivity in a broader

frequency range. In fact, upcoming experiments like LISA could very well be sensitive to
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Introduction

a stochastic background of gravitational waves [B] [6], whose existence is well-motivated.
In addition to astrophysical events that have occurred throughout cosmological history,
like inspirals and mergers, such a background would also have received contributions
from more exotic phenomena like the Big Bang, inflation, topological defects, and (no-
tably) first order cosmological phase transitions. LISA, in particular, will be well-suited
to measuring the background coming from an electroweak phase transition [5] [6].

Stochastic gravitational waves are hence generally predicted by a wide array of particle
physics models, but measuring them is only part of the challenge. There remains an
wnverse problem: given a background with some spectral shape, how do we narrow down
the list of qualitatively different phenomena from which it could have arisen? For phase
transitions, the background has a power-law shape whose precise form depends mainly
on the strength, duration, and dynamics of the transition. While it is probably difficult
to isolate a single microscopic model from a given background, it would be far more
feasible to exclude large regions of parameter space based on qualitative differences such
as these.

Alas, identifying even these qualitative differences can be highly nontrivial. First or-
der phase transitions proceed through bubble nucleation, expansion, and then collision.
One very important characteristic of such a phase transition is whether the bubble expan-
sion runs away with constant acceleration, or if the bubbles reach some terminal velocity
well before collision. This can alter the subsequent gravitational wave spectrum by af-
fecting the duration and energy budget of the phase transition. Determining whether
a phase transition will feature run-away bubbles requires a solid understanding of its
dynamics. In general, a bubble expanding in vacuum will run away, but this is seldom
an accurate picture. More often, bubbles expand against a surrounding plasma which
can exert a frictional force that retards acceleration. If the friction (generally a function

of bubble wall speed), grows large enough to match the pressure driving expansion, then
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the bubbles will reach some terminal velocity.

In chapter 2| we present a new frictional effect based on particle reflection off of rela-
tivistic bubbles, which has typically been regarded as subleading in the existing literature.
However, as we show, it is possible for reflections to change an otherwise run-away bub-
ble into a terminal velocity bubble, underscoring the need for a more careful theoretical
treatment of bubble wall dynamics in anticipation of highly sensitive experimental data
from gravitational wave observatories.

Another avenue for tackling the stochastic background inverse problem is leveraging
complementarity between different experiments (when possible) to more thoroughly test
a model’s viability. The model we consider in chapter [2| also features a potential signal
in the effective number of relativistic degrees of freedom, quantified by AN, which
upcoming experiments like CMB-Stage 4 could be sensitive to. Our frictional effect relies
on the presence of either massive dark photons or U(1) Goldstone bosons, including the
QCD axion and axion-like particles (ALPs). We pay particular attention to the fact that
such particles are well-motivated candidates for dark matter in many BSM models.

The QCD axion, however, was originally proposed with a very different motivation
in mind — solving the strong CP problem. Experimentally, the strong CP problem arises
from the fact that the electric dipole moment (EDM) of the neutron (comprised of elec-
trically charged quarks) is constrained to be far smaller than we might expect a priori.
Theoretically, this implies that the QCD interaction seems to respect CP symmetry to
a very high degree, despite the fact that the electroweak interaction maximally violates
it. This is one of several fine-tuning problems in the SM. One well-known way of solving
it is by introducing a global U(1)pq symmetry and using the associated Goldstone (the
QCD axion) to dynamically relax the strong sector’s CP violating phase, 6, to zero. One
of the major issues with this solution, the “axion quality problem”, is that the U(1)pq

symmetry must be protected from violating terms in the Lagrangian to an exceptional
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level. This is particularly difficult to guarantee, given that quantum gravity is expected
to generate irrelevant operators violating all global symmetries.

In chapter [3| we consider a different class of solutions to the strong CP problem based
on generalized parity. We show that the parity solutions under consideration greatly
ameliorate the level of fine-tuning required to be consistent with existing experimental
constraints and do not suffer from the need to forbid Planck suppressed operators as
strongly as in the QCD axion case. The models we consider are by no means new; how-
ever, we do point out novel testable predictions that such models offer at a variety of
upcoming experiments. Collider searches for heavy resonances, tabletop EDM measure-
ments with even greater precision, and (depending on the mechanism of parity breaking)
stochastic gravitational wave background observation all provide possible avenues for
examining parity solutions to strong CP in the near future.

So far, we have discussed the theoretical refinements to various BSM model predictions
that will be necessary to draw trustworthy inferences from data. In the case of particle
colliders, the sheer volume of data produced also presents a computational challenge —
how can we efficiently discriminate between signal events from some hypothetical model
and background events from uninteresting sources?

The development of sophisticated machine learning (ML) algorithms offers an exciting
new approach to this challenge. Even within the realm of ML, though, there are myriad
options for the type of algorithm and the format of input data. For example, one could
use an image classifier in which the input is some sort of visualization of a reconstructed
collider event. While the goal is straightforward to understand (determining how similar
two events look), the results would lack a clear physical interpretation. It would be
preferable to use a simple algorithm coupled with a physically motivated representation
of the data in the hopes of understanding what the machine learned and what the salient

features are that allow one type of event to be distinguished from another.
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Chapter [4] presents such a method for supervised event classification. We use an
existing ML algorithm (support vector machine learning) based on a notion of distance
between events — the input data takes the form of a matrix of pairwise distance values.
The algorithm simply classifies events based on how close they are to one another, as
measured by whatever metric was used to produce the distance matrix. The closer two
events are, the more likely it is that they are of the same type (both signal or both
background). The algorithm is “supervised” in the sense that it is trained on data for
which it knows the correct answers before being asked to classify new data it has yet to
encounter. The algorithm itself is thus relatively intuitive.

The physics enters through our choice of metric for the space of collider events. It
turns out that there is actually a natural notion of distance between events when the final
state particles can be treated as approximately massless, valid for collisions occurring at
large energies in the center-of-momentum (CM) frame. In this case, the four-momenta
of the final state particles reside in massless N-body phase space. It was recently shown
that, in the CM frame, this phase space constitutes a (3N —4)-dimensional manifold that
can be decomposed into the product of an (N — 1)-dimensional simplex and a (2N — 3)-
dimensional sphere [7]. Combining the standard formulae for distances on a simplex and
sphere in quadrature yields a metric for the overall manifold.

In addition to the CM frame, we also show in chapter [4] that this decomposition
holds in the collinear limit, appropriate for high-energy jets. We then make use of this
physically motivated metric to classify several types of simulated events and jets with a
high degree of success. Our results demonstrate that this manifold decomposition encodes
a fair amount of information about the underlying identity of each event/jet and opens

up several topics for future study.



Chapter 2

Reflections on Bubble Walls

2.1 Introduction

Cosmological phase transitions in the early universe that proceed via nucleation of
bubbles are a well-motivated possibility in minimal extensions of the Standard Model, as
well as in more general scenarios featuring hidden sectors with their own dynamics. Such
first order transitions result in the emission of gravitational radiation [8| [O] 10, 11, 12]
that current and future observatories may be able to detect in the form of a stochastic
background of gravitational waves (see e.g. [5, [6] for reviews). An observation of this kind
would provide unambiguous evidence for the existence of degrees of freedom beyond the
Standard Model. This has spurred significant interest in the gravitational wave signatures
of hidden sectors in recent times [13] 14} [15], 16, 17, 18| 19, 20, 2], 22] 23, 24, 25| 26].

Despite the abundance of particle physics models susceptible of undergoing an out-
of-equilibrium transition, our ability to make use of the resulting gravitational wave
signal to extract information about the relevant dynamics is extremely limited. The
most revealing features concern the frequency peak of the stochastic background, as well

as its spectral shape at high frequencies. The former determines the epoch at which
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the transition takes place, whereas the latter contains information about the dominant
source of gravitational radiation. For example, if most of the energy released during
the transition goes into accelerating the bubble walls (as in vacuum [27]), these become
relativistic and continue to expand at ever-increasing velocities. In this case, collisions
of these “run-away” bubbles constitute the main source of gravitational waves, and the
resulting signal falls off as f~! at high frequencies [28]. Alternatively, pressure on the
bubble walls due to particles in the thermal plasma may cause the expanding walls to
reach a terminal speed. In this case, most of the latent heat gets damped instead into
the thermal fluid, and it is its subsequent motion that provides the dominant source
of gravitational radiation [29]. The high-frequency fall-off of the stochastic background
is steeper, e.g. decreasing as f~* for radiation sourced by sound waves [30, 311, 32, 33].
On the other hand, assuming radiation-domination at the time of gravitational wave
production, causal propagation restricts the low frequency shape of the spectrum to
grow as f3, independently of the dominant production channel [34]. EI

Understanding the dynamics of expanding bubble walls in the early universe is clearly
crucial to determine both quantitative and qualitative features of the resulting gravita-
tional wave signal. But given the intrinsic degeneracy present in any stochastic back-
ground, it is equally important to explore alternative probes of the relevant dynamics.
For example, the upcoming LISA experiment will be sensitive to phase transitions at elec-
troweak to multi-TeV scale temperatures, probing the nature of the electroweak phase
transition and potentially shedding light on the dynamics behind baryogenesis and elec-
troweak symmetry breaking. In this range of energies, the complementarity between
LISA and current and future colliders will no doubt be key in furthering our under-

standing of physics at and around the weak scale (see e.g. [39, B, [0, 2] for reviews and

'More generally, the low-frequency shape of the stochastic background depends on the equation of
state [35] B0, [37] and on the existence of free-streaming particles [38] [36], and could thus provide non-
trivial information about the universe at early times.
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references). Beyond (and below) the electroweak scale, phase transitions within hidden
sectors may occur at virtually any temperature, and the corresponding stochastic back-
ground could fall anywhere from the low frequency range of PTA observatories |40} [41]
(107% — 1077 Hz), to the high frequencies probed by LIGO (10 — 10® Hz), and beyond.
However, vacuum bubbles nucleated in hidden sector transitions may feature very differ-
ent dynamics to those linked to the weak scale, and the relevant degrees of freedom may
be inaccessible at laboratory experiments. Our work is motivated by the goal to more
broadly understand the potential behavior of expanding bubbles in the early universe, as
well as to identify alternative predictions that may accompany an observable stochastic
background of gravitational waves.

In a first order phase transition, bubbles of true vacuum are nucleated at rest, and
begin to expand fueled by the difference in free energy densities at either side of the

interface. In vacuum, the velocity of the bubble walls evolves according to [27]

d| v 1 1 AV
4l _ ~2Y 2.1
dt ¥Ry = oo (21)

with v =1/ V/1 — 02 the usual Lorentz ~-factor, Ry & J/AV the critical bubble radius,
and where AV and o refer to the difference in vacuum energy densities and surface
tension of the bubble wall. In reality, bubbles do not expand against a sea of false
vacuum, but rather within a non-trivial environment that in the early universe must
include the Standard Model plasma as well as, potentially, other ingredients such as dark
matter. As the bubble wall speed grows, friction from the surrounding environment can
exert a pressure on the interface that opposes the expansion of the bubble walls. Their

evolution can still be written as in eq. (2.1]), after the replacement [42), [43]:

AV - AV —-P | (2.2)
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where P refers to the frictional pressure resulting from the interaction between the in-
terface and the surrounding medium, and is in general dependent on the speed of the
bubble wall.

Two qualitatively different scenarios are thus possible. If AV > P during the entire
evolution of the bubble walls, these effectively behave as if they were in vacuum and most
of the energy released as the bubbles grow goes into accelerating the expanding interface.
The walls then “run away” — that is, they continue to expand with ever increasing
velocities. Alternatively, if P grows large enough so as to neutralize the difference in
vacuum energies, AV = P, the bubble walls reach an equilibrium regime of constant
speed. Once in equilibrium, the fraction of the total energy that becomes localized on
the interface quickly becomes tiny. Instead, most of the energy gets damped into whatever
sector of the surrounding environment is responsible for halting the acceleration of the
bubble walls. Calculating the pressure experienced by bubble walls as they expand is
a classic problem [44] 45, 46, 42, 47, 43] that has received renewed attention in recent
times [48], 29, [49] [50], 511, 52, (3] 54], 55, 56, (57, B8, 59, 60].

Within a thermal plasma, particles with phase-dependent mass create a pressure on
the expanding walls that asymptotes to a constant P, ~ Am?T? in the ultra-relativistic
limit E], independently of the type of particle [48]. An additional source of friction may
be present if the spectrum contains gauge bosons, of the form P, ~ v¢?Am,T?, with
g the relevant gauge coupling and Am, the change in the mass of the gauge boson at
either side of the bubble wall [50, 51l [56]. This effect has its origin in the transition
radiation emitted by charged particles as they cross the wall and its y-dependence can
easily render it the most significant source of friction on fast expanding bubbles. Indeed,

if the electroweak phase transition were first order, transition radiation would likely cause

2The ultra-relativistic limit refers to the kinematic regime where the energy of the incident particles
in the rest frame of the bubble wall is the largest energy scale. Alternatively, this corresponds to the
limit v — oo for the -factor of the bubble wall.
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the bubble walls to reach an equilibrium 7-factor as low as 7., = O(10) [50].

A crucial aspect of all sources of friction known so far is that the corresponding
pressure is a monotonically increasing function of the wall speed. As put forward in
[48, 50], this allows for a simple criterion to determine whether bubble walls during a
cosmological phase transition become run-away, by comparing the pressure in the ultra-

relativistic limit, P, to the difference in vacuum energy density across the wall:

Run-away criterion: AV > Py [48, 50] . (2.3)

In this chapter, we discuss a new physical effect that can qualitatively alter the
dynamics of bubble walls during a cosmological phase transition. Namely, the existence
of a transient relativistic regime characterized by an approximately constant reflection
probability of longitudinal massive vectors off an expanding interface. Effectively, the
wall behaves temporarily like an imperfect mirror that reflects a fraction of longitudinal
— but not transverse — modes. Two conditions need to be satisfied for this regime to be
accessible: (i) that the expansion of the bubble walls takes place against a population
of massive vectors whose mass changes across the interface; and (4i) that the expanding
walls are sufficiently “thin”. By thin, we mean that the wall thickness (in the rest
frame of the bubble wall) be much smaller than the Compton wavelength of the massive

vector, i.e.

L<m™t. (2.4)

In this case, the regime of constant longitudinal reflection corresponds to Lorentz -
factors in the range
1<y < (Lm)™, (2.5)

ending when 7 is so large that the Lorentz-contracted Compton wavelength of the dark

10
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photon becomes smaller than the wall thickness. We will refer to this kinematic regime
as the region of “inter-relativistic” motion. Equation ensures that (Lm)~ > 1, and
that this regime is indeed accessible during the evolution of the expanding bubbles. Once
v becomes > (Lm)~!, reflection probabilities for all polarizations die off exponentially —
a well-known feature of the ultra-relativistic limit.

Most notably, the effect described above leads to an additional source of friction
on expanding bubble walls. Unlike previously known cases, the corresponding pressure
features a characteristic non-monotonic dependence on the relevant vy-factor, reaching a
maximum at 7 ~ (Lm)~! before turning-off at larger values. In (superficial) analogy
with the behavior of spacecraft shortly after launch, we will refer to this pressure peak
as Maximum Dynamic Pressure. Its existence can make it much harder for bubble walls
to become run-away than previously believed, and we will show that eq. can be
qualitatively misleading in phase transitions where the bubble walls expand against an
existing population of phase-dependent massive dark photons.

This chapter is dedicated to deriving the claims made in the previous two paragraphs,
as well as illustrating some of their phenomenological consequences. We will refer to the
temperature of the Standard Model plasma at the epoch of the phase transition as Ty,

and denote the phase transition strength via the usual dimensionless quantity [5] [6]:

AV AV 2.6
psm(Ty)  Zsg.(T)T

o

We will focus on bubble walls that expand against a population of cold and non-interacting
dark photons. Despite its simplicity, this system will be relevant in some physically inter-
esting cases, such as when the dark photons furnish the dark matter [61], (62} 63], [64. [65], [66]

— a well-motivated benchmark that we often refer to throughout this work. H When the

30ther work exploring the interplay between cosmological phase transitions and dark matter includes,
e.g. [67, [68].
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bubble walls reach an equilibrium regime as a result of longitudinal reflections, the frac-
tion of the total energy that goes into accelerating the bubble walls becomes increasingly
small. Instead, most of the available energy goes into making the reflected dark photons
relativistic, turning them into dark radiation. If the dark radiation remains relativistic
until late times, an observable contribution to AN.g is possible. In particular, current
bounds on AN.g could probe phase transitions with strength o > 107!, whereas CMB
S-4 measurements could be sensitive to scenarios down to a ~ 1072 for all relevant
frequencies.

Extensions of the Standard Model featuring massive vectors are popular both because
of their minimality as well as their potential to furnish the dark matter, with a variety of
production mechanisms spanning a wide mass range [63, [64] [65], 66]. Before we move on,
let us summarize why the existence of massive dark photons whose mass changes in the
course of our cosmological history is not only a well-motivated possibility, but may be an
unavoidable feature in a wide class of models. At the renormalizable level, the physical

system that we focus on is described by a Lagrangian of the form

LD % (0,0)° =V (9) — %lFWF‘“’ + %mQVuV“ : (2.7)

where ¢ is a real scalar field and V), is the massive dark photon. By assumption, the
potential for ¢ features two non-degenerate vacua such that the scalar sector undergoes
a phase transition in the early universe. WLOG we take the false and the true vacuum
to lie at (¢) = 0 and (¢p) = v. V(¢) may be a finite temperature effective potential, or it
may be a zero-temperature potential in which case the transition proceeds via quantum
tunneling. If the scalar sector is in thermal equilibrium with the Standard Model then
T, ~ v, whereas T, < v is possible if the transition is ‘super-cooled’, or if ¢ belongs in

a hidden sector that is decoupled from the thermal plasma. At nucleation, the thickness
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of the bubble walls is determined by the features of the scalar potential, and typically
L ~ (v/Av)™, with X the typical quartic coupling in V(¢). The size of the dimensionless
combination T, L will have a quantitative effect on our results, as we will discuss when
relevant.

At the level of eq. , the scalar and dark photon sectors are fully decoupled.
Beyond the renormalizable terms of eq. , this need not remain true. For example,
the following operator

Lo gqo?wvu , (2.8)

leads to an additional contribution to the vector mass in the true vacuum, of the form

Am? = kv,

As the scalar vev ‘turns on’ in the early universe the dark photon mass
will shift accordingly. Of course, the scalar field may be complex instead of real, which
can be trivially accommodated by writing |¢|? instead. Indeed, an effective interaction
x |H[*V*V,, with H the Standard Model Higgs doublet, would lead to a shift in the
dark photon mass before and after the electroweak phase transition. We emphasize that
eq. (2.8) cannot be forbidden on the basis of symmetry, and its manifest lack of gauge
redundancy is a moot point given that the theory under consideration already contains a
mass for V#. Legalistically, one might object to eq. on the basis that it differs from
a Stiickelberg mass, %m2V“VM, in that the former is not a renormalizable interaction and
demands UV-completion. However, upholding the laws of effective field theory, we have
no choice but to overrule this objection. Accepting the existence of a finite cutoff in our
description of nature, a theory with a massive dark photon and scalar degrees of freedom
will in general feature effective interactions as in eq. (2.8).

Indeed, a non-zero k in eq. sets an upper bound on the scale of UV completion.
Provided that the term in eq. only accounts for a subleading contribution to the

overall mass of the dark photon in the true vacuum (Am? < m?), the upper bound on
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the UV cutoff can be conveniently written as [69]

A< AT (2.9)

S e
Here, we indeed focus on cases where the change in the dark photon mass is tiny. This
allows for a separation between the scale of the phase transition, v, and the UV cutoff,
allowing us to neglect the effect of heavy degrees of freedom on the dynamics of the phase
transition and focus instead on the consequences of non-zero Am? on the evolution of the
bubble walls. As we will see, even when Am?/m? < 1, the implications for the evolution
of cosmological vacuum bubbles can be significant. ﬁ

An important comment before we proceed. As made clear in the preceding paragraph,
the content of this chapter is only relevant in the presence of vector bosons that are
massive at either side of the bubble wall. Our results therefore do not affect the pressure
created by massless gauge bosons that gain a mass as they cross the wall, and so we
have nothing to add to e.g. the pressure created by W and Z bosons during a first order
electroweak phase transition.

The rest of this chapter is organized as follows. We begin in section [2.2| with a
summary of the physical setup that we will focus on. In section [2.3] we present our
calculation of the reflection probability for phase-dependent massive vectors. Figure
illustrates the main result of this section: the existence of a transient relativistic regime
characterized by an approximately constant reflection probability of longitudinally po-
larized dark photons. Section focuses on fleshing out the consequences of our results
for the evolution of bubble walls in the early universe, including the existence of a Maxi-

mum Dynamic Pressure in section [2.4.1] as well as a self-consistent determination of the

4Although most of our subsequent discussion will proceed within the effective theory defined in
egs. (2.7) and (2.8), we discuss in section how this effective description can arise from a UV-
complete model.
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equilibrium v-factor when this pressure is large enough to halt the acceleration of the
bubble walls in section [2.4.2] The fate of the reflected dark photons depends sensitively
on a variety of considerations, most notably on whether the sector undergoing the phase
transition is hot or cold, as we discuss in section [2.4.3] We summarize our conclusions in

section [2.0]

2.2 Setup

The rest of this chapter is dedicated to calculating the pressure on an expanding
bubble wall due to an existing population of phase-dependent massive dark photons and
to discussing the implications of our results. With this goal, we consider an expanding
planar interface, representing a portion of a sufficiently large bubble wall, moving with
local velocity @ and corresponding v-factor v = 1/4/1 — 72. The wall is not expanding
in vacuum, but rather against a population of cold and non-interacting massive vector
bosons with number density ny. WLOG, we take the velocity of the bubble wall in the
rest frame of the dark photons to be along the negative z-axis, ¥ = —|v]2. At leading
order, to compute the pressure on the wall we need the momentum transfer from particles
that either reflect or transmit across the interface. Our assumption that the dark photon
sector is non-interacting allows us to consider the individual interactions of particles with
the wall, although this approach is more generally valid whenever the relevant mean free
path exceeds the wall thickness.

Like previous work focused on computing pressure on expanding bubbles, we find it
convenient to work in the rest frame of the interface. In this frame, the scalar order pa-
rameter characterizing the transition varies only as a function of the spatial coordinates,
which in our convention will be along the z-axis. A dark photon wind moving from the

false to the true vacuum hits the bubble wall with velocity —¢ = |v]|Z. All particles hit
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the interface at normal incidence and there are no particles traveling in the opposite
direction — both observations follow from our assumption that the dark photon sector is

cold E| This setup is depicted in fig. .

true vacuum

(inside the bubble)

incident
— > transmitted
—_—
o — o - —
[k(2)] = k: = Vw? —m? reﬁectedJ [k(2)] = k: = Vw? —m?
2 2

miy (z) = m > 2 mi (2) — m? =m? + Am?
——
~ L

false vacuum
(outside the bubble)

Figure 2.1: In the rest frame of the bubble wall, a dark photon wind hits the interface
from the region of false vacuum. The energy of the incident dark photons, w = ym,
remains conserved in the interaction with the wall, whereas momentum along the
z-direction changes resulting in a net momentum transfer to the interface. L refers to
the wall thickness, i.e. the typical length scale over which the order parameter varies.
In this chapter, we focus on the case where the vector mass changes by a small amount
at either side of the bubble wall, i.e. Am? < m? ~ m?. Much of our work will be
concerned with the dynamics of the inter-relativistic kinematic regime of eq.
where m < w < L7L.

By assumption, the dark photon mass depends on the order parameter character-
izing the phase transition. As anticipated in the Introduction, and further discussed
in section , realistic situations often feature a dependence of the form m(z) =
m? + kv(z2)?, with v the relevant order parameter and x a constant determined by the
underlying model. However, for most of our discussion, it will be sufficient to just assume
that the vector mass-squared parameter is z-dependent, with asymptotic values m? and

m? for large negative and positive z, as indicated in fig. We define the difference in

2 2

J

squared masses as Am? = m?—m? > 0 and we will always assume that Am? < m? ~m

5Quantitatively, the assumption of normal incidence requires that, in the wall frame, the normal
component of the dark photon momentum is much greater than the components along the plane of the
bubble wall, i.e. [kL| > |kj|. For a gas of dark photons at temperature Ty, < m and a relativistic
wall, |k, | ~ ym > |EH| ~ /Tgym provided v > /Typ/m, which is satisfied trivially. It should be be
straightforward to generalize our results beyond these assumptions.
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in keeping with the discussion around eq. .

Since the wall background is independent of ¢, the energy of the incident particles,
w = ym, remains conserved in the interaction with the wall, whereas momentum in the
z-direction changes in a way that results in a net momentum transfer to the interface.
In total, the pressure exerted on the wall as a result of this dark photon wind can be

written as

1
P =qltlny x = > (RaAkp+ T\ Akr) . (2.10)
3 A

The factor y|U|ny corresponds to the flux of incoming massive vectors hitting the wall (in
the wall frame), whereas the quantity in parentheses represents the average momentum
transfer to the wall from an incoming particle with fixed polarization A, with R, and
T, the corresponding reflection and transmission probabilities. The momentum transfer
from reflected and transmitted particles is given by Akr = 2k, and Aky =k, — /22, with
k, and k, the asymptotic transverse momenta at either side of the bubble wall, as defined
in fig. 2.1} The sum over \ includes the three physical polarizations of a massive vector,
and the lack of mixing between different polarizations in eq. follows as a result of
normal incidence.

For example, in the regime of ultra-relativistic motion — when w is the largest en-
ergy scale in the problem, w > m, L=! - reflection and transmission probabilities must

asymptote to zero and unity respectively, and eq. (2.10) takes the form,

Am2
Poo = lim P > ynyAkyp = pVﬂ : (2.11)
700 2m?

where we have used Aky ~ Am?/(2ym), and py = mny is the energy density of dark
photons. If the massive vector population outside of the bubble wall was instead described

in terms of a fully thermal distribution, with 7" > m, we would have w ~ ~T and
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ny ~ T3, and therefore P,, ~ T*Am? as is well known [48]. As seen in eq. (2.11)), the
frictional pressure reaches a constant (independent of the wall velocity) in this limit.
A comment is in order before we move on. Comparing the asymptotic pressure in

eq. (2.11)) to the difference in vacuum energy densities, one finds

Poo Am? py l Am?* py(T.)  pam(T)
AV 2m?2 AV a m? pam(Ty) psm(Ty)

(2.12)

where « is defined in eq. and in the last step we have made it explicit that all the
relevant energy densities are to be evaluated at the phase transition epoch. The ratio
Pv/Pam N €q. is 1 if the dark photons account for all of the dark matter, whereas
a and Am?/m? are < 1 as discussed previously. The ratio of dark matter to Standard
Model radiation in the early universe is pam/psm <& 1, making eq. correspondingly
tiny. As per the run-away criterion of eq. , one would be tempted to conclude that
a small change in the dark matter mass would have a negligible effect on the evolution
of cosmological bubble walls. Our results will show that — in general — this expectation
can be mistaken.

To proceed, we must obtain reflection and transmission probabilities, as a function
of 7, for massive vectors interacting with the non-trivial background of the bubble wall.
This problem reduces to solving the equations of motion for massive electromagnetism

with a spatially varying photon mass, as we discuss next.

2.3 Reflection and transmission probabilities

We begin in section [2.3.1] with a brief discussion regarding massive electromagnetism
with a spatially varying vector mass. In section [2.3.2] we obtain reflection and trans-

mission probabilities in one the of the few non-trivial cases where an analytic solution is
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accessible: a step function change in the mass of the dark photon. This corresponds to
the limit of vanishing wall thickness, and it provides an accurate description of the system
in the regime w < L~!. Considering a step wall allows us to illustrate one of our main
results: that the reflection probability for longitudinal modes asymptotes to a constant
in the inter-relativistic regime of eq. . In section we turn to the realistic situa-
tion of finite width, and show that the existence of a relativistic regime of near-constant

longitudinal reflection is a generic feature of thin walls with finite thickness.

2.3.1 Massive electromagnetism

In the absence of charged sources, Maxwell’s equations in the presence of a varying
vector mass read

0 F" +mi(x)VV =0, (2.13)

which, in turn, imply the consistency condition
Oy (M3 (x)V*) =0. (2.14)

As is well known, when the vector mass is constant, m¥ (zr) = m?, eq. (2.14) reduces
to the familiar requirement that 9,V* = 0, and Maxwell’s equations admit plane-wave

solutions of the form
Vi(z) = vie T (constant vector mass) , (2.15)

for all k# such that k> = m?, and the v* are momentum-dependent complex coefficients

satisfying k,v* = 0. ﬂ As usual, the v* can be written as a sum over unit-normalized

6The field V* is of course real-valued. It is implicitly assumed that only the real part of eq. (2.15)
has physical significance. The same applies to all other expressions of this form in the remainder of this
chapter.
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polarization vectors, one for each of the three physical degrees of freedom of a massive

spin-1 particle. For k = i]/aé, a convenient basis is given by
' = (0,1,0,0) el =(0,0,1,0) and &= EOOiﬁ (2.16)
x ) Y ) Yy I ] [ m ) Yy Y m . .

When the photon mass has a non-trivial profile, analytic solutions to egs. (2.13)
and (2.14)) only exist in some special cases. Assuming the vector mass-squared features
no time dependence, as appropriate in the rest frame of the bubble wall, eq. (2.14)) can

be written as
oVt = — (6 logm%(f)) V. (2.17)

If k I ﬁm%/, as in the case of normal incidence, eq. (2.17)) is non-vanishing for the
longitudinal component, whereas 9,V* = 0 for the transverse modes. As summarized

around fig. [2.1] this is indeed the setup that we focus on in this work.

2.3.2 A step wall

We will first consider a step-function change in the vector mass:
mi(2) = m? + Ami(2) with Ami(z) = Am? O(z) , (2.18)

where Am? = m? — m? > 0 and O(2) is the Heaviside step function. With this mass

profile, the equations of motion feature plane-wave solutions on either side of the wall
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localized at 2z = 0. These can be written as

- 1(0,1,1,0)e*=* +7,(0,1,1,0)e == 2<0
VIt 2) =e ™! (2.19)

£1(0,1,1,0)¢*= Zz>0

for the transverse modes, [Z| and

] (52,0,0,2) e*E 4y (22,0,0,—2) ez 2 <0
VIt z) = e ™! (2.20)

t (%,0,0, %) eiks 2>0
for the longitudinal component, with k, = vw? — m? and k, = vw? — m? as defined in

fig. 2.1 The overall normalization of eqs. (2.19) and (2.20) is arbitrary, and with this

choice the reflection and transmission probabilities are given by

Ry = |ro|? and T, = —|ta]?, (2.21)

?r|z
LS IR\

with o =1, for transverse and longitudinal modes respectively.

We can now obtain analytic solutions for both reflection and transmission probabilities
by integrating the equations of motion across the interface. Let us discuss the transverse
modes first. As discussed below eq. , the transverse modes satisfy 0,V = 0, and
eq. reads (O + m?,(2))V}' = 0. We then have:

+e
lim dz (O+mi(2) VI'=0 = 0.V!" is continuous at z =0.  (2.22)

e—0 e

Combined with the requirement that V! itself remains continuous, we can solve for r

"We have taken advantage of rotational invariance in the x — y plane to set t, = t, = t; and
Ty =Ty =T1.
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and t,. In particular, the reflection probability is given by

wsmam [ Am2\? 4 [ Am? 2
\ (4w2 — () (2.23)

Unsurprisingly, R, falls off rapidly in the regime of relativistic motion.

2

k, — k.
k, + k.

The behavior of the longitudinal mode is starkly different. We can obtain a first

matching condition by integrating eq. (2.14]) across the wall:

+e
lim dz 0, (my,(2)V}') =0 = mi(2)V}? is continuous at z =0 .  (2.24)

e—0 J_

Integrating eq. (2.13) provides the second condition we need. Since 9,V} no longer
vanishes, expanding eq. (2.13)) we now have (O+m3,(2))V}*—0*(9,V}”) = 0. The matching
condition arising from the y = 0 equation is degenerate with eq. (2.24)). Instead, focusing

on p = 3, we find

+e
lim dz (B4 mi(2)V7? +0.(0,V})) =0 = 0,V is continuous at z =0 .

e—0 J_,

(2.25)
Given that the time dependence of V* is of the form e~ for all z, the previous require-
ment is equivalent to demanding that V;° itself remains continuous. The corresponding

reflection probability now reads

2
wsmam [ M2 —m? 2 N Am?2\ 2 (2.26)
“\m2+m2) — \ 2m? ’ '

where the last step assumes Am? < m? ~ m?. As advertised in the Introduction, in the

regime of relativistic motion the longitudinal reflection probability approaches a constant,
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independent of 7. | [

2.3.3 A smooth wall

In a realistic situation where the wall thickness is finite and the vector mass varies
smoothly, the analytic results of the previous subsection only provide an accurate approx-
imation to the reflection and transmission probabilities in the regime w < L~!. In what
follows, we perform a more general analysis of the case of finite width. We parametrize

the dark photon mass as in eq. (2.18]), except now

Ami(z) = Am*O(2) , (2.27)

where ©p(z) is no longer a step function, but rather some smooth function that ap-
proaches 0 and 1 for large negative and positive z respectively, and with an appropriate
step-function limit as L — 0. We will discuss a specific choice of mass profile at the end
of this subsection, but will otherwise keep things general.

Let us start by building some intuition behind the radically different behavior exhib-
ited by the transverse and longitudinal components discussed in section by taking a

closer look at the corresponding field equations. It will be helpful to factor out the time

8At the level of a Stiickelberg theory, a discontinuity in the number of degrees of freedom (dof)
occurs in the limit m — 0, with 2 vs 3 physical polarizations at either side of the interface. The fact that
Ry — 1asm — 0in eq. reflects the observation that the longitudinal mode would be unphysical
in the region z < 0, and therefore must not propagate into the region z > 0. In an Abelian Higgs
UV-completion, the number of dof of course stays continuous, with the would-be longitudinal accounted
for by the appropriate linear combination of the two real dof of the complex Higgs. The physical dof
are two transverse modes and the suitable combination of the real scalars, and therefore the treatment
presented in this section is not applicable in the massless regime. Scattering with m = 0 has been studied
long ago, e.g. [T0]. As emphasized in the Introduction, and in section we instead focus on cases
where (in the Abelian Higgs language) the Higgs vev is ‘on’ on both sides of the wall.

9See section for an alternative derivation of eq. making use the of Goldstone nature of
longitudinals at high energies.

23



Reflections on Bubble Walls Chapter 2

dependence of V#, as follows
VE(t, 2) = v'(2)e”™" (2.28)

and instead focus on the behavior of the v*(z). As we discussed previously, the equations
of motion for the transverse modes read (O 4+ m?,(2))V!" = 0. In terms of the v*, this

can be written as
(62 + k2) k(=) = A (2) i (=) | (2:29)

with k2 = w? — m?. The transverse components obey a Schrodinger-like equation for
a particle moving in one dimension with “energy” k? in the presence of a potential
Uy(z) = AmZ,(2). In the L — 0 limit, our problem reduces to one-dimensional quantum
mechanical scattering on a step potential, with energies above the step. Indeed, eq.
is just the reflection probability for this classic problem.

On the other hand, the Schrodinger equation governing the behavior of the longitu-
dinal component reads
azm%<z>)2 18 (2)

mi (2) 2 mi(2)

(2.30)

(02 + k2) M(z) = Ui(2)\(2) with Ui(z) = Ami(2) + Z (

where we have defined

etk=2 4y emik=2 for 2L —L
Az) = mV(z)v?(z) such that Az) —

ikyz

for z>+L
(2.31)

tle

The effective scattering potential for the longitudinal component, U;(z), depends on the
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length scale over which the mass changes not just through the choice of mass profile
but through its derivatives — much unlike its transverse counterparts. It is this crucial
difference that leads to the strikingly different behavior of longitudinal and transverse
modes.

In the relativistic limit, k, ~ w > m, we might neglect the first term in U;(z). The
derivative terms in the effective potential are localized in a region of thickness ~ L, and
the second-derivative term is dominant whenever Am?/m? is tiny. We then have

Ui(z) = — <%) ~ S (2.32)

2m

The step-function limit discussed in the previous subsection corresponds to ©7(z) L0,

d'(z), and eq. reduces to the Schrédinger equation in a potential Uj(z) = — %ﬂf; 8 (2).
Solving this equation subject to the appropriate boundary conditions, one indeed recov-
ers the result of eq. to leading order in the ratio Am?/m?, as we summarize in
section 2.B.2

Since the longitudinal reflection coefficient in the relativistic regime is £; < 1 when-
ever the change in the dark photon mass is tiny, we can go further and leverage the
one-dimensional Born approximation familiar from quantum mechanics to obtain an an-
alytic expression for the reflection probability in the case of a smoothly varying mass.

As we summarize in section [2.B.3] the Born approximation to the longitudinal reflection

coefficient can be written in closed form in terms of the effective scattering potential in

eq. ([2.30) as
2

1
452

/ dz e**=% Uy(2)

o0

Rl,Born - (233)
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Plugging eq. (2.32)) into eq. (2.33) and integrating by parts, we find

N I b (T
Ry Born =~ 2 ( 52 ) [e : @L(z)] T QZkJZ/ dz % O (2) (2.34)
2\ 2 L 2
~ (Am2 > / dz (1+ 2ik.z + O(k22%)) O (2) (2.35)
2m _I
Am?\*
= (2m2 ) (1+O(kL7)) . (2.36)

To get the second line, we used that ©’ quickly vanishes for |z| 2 L, and we Taylor
expanded the exponential for |k.z| < 1. Since Oy, interpolates between 0 and 1, ©, can
be treated as a probability density function. With this interpretation, the integral in the
second line is essentially an average of 1 4 2ik,z over the region (—L, L), weighted by
this probability density. The average of k,z is bounded in magnitude by k. L, giving the
final line. Equation coincides with the step-function result of eq. provided
k., ~ w < L7, as expected. Moreover, it highlights how the existence of a kinematic
regime where the longitudinal reflection coefficient stays nearly constant is in fact a
generic feature of any smooth mass profile, lasting all the way up to k, ~ w ~ L%
Given a specific profile, we can use eq. to obtain an analytic approximation to

the reflection probability. For example, for a wall profile of the familiar kink form
1
Or(z) = [1 + tanh(z/L)]* | (2.37)

one finds

(Am2>2 72 (k.L)*[1 + (k.L)?]
Rl,Born ~ .

2.38
2m? sinh?(mk,L) (2.38)

Equation (£2.38)) reproduces the result of eq. (2.26)) in the regime w ~ k, < L™, up to

26



Reflections on Bubble Walls Chapter 2

corrections of O(k?L?), whereas in the ultra-relativistic limit it takes the form

Am?\?
R Bormn ( 52 ) x An? (k,L)" e~ 2™k for k,~w> L. (2.39)
m

Indeed, the longitudinal reflection probability dies off exponentially fast — as expected —
in the regime of ultra-relativistic motion.

The results of this subsection are best summarized in fig. 2.2] where we show the
reflection probability for longitudinal and transverse vectors for the mass profile in
eq. (2.37), obtained by numerically solving the corresponding equations of motion. As
advertised, the longitudinal reflection coefficient features a plateau for v-factors in the
regime 1 < v < (Lm)~!, which is well-approximated by the step-function result of
eq. . The consequences of this behavior for the evolution of bubble walls are the

topic of the next section.

2.4 Dark photon friction on bubble walls

We now discuss the implications of the results presented in section for the dy-
namics of expanding vacuum bubbles in the early universe. In section we compute
the pressure on an expanding wall due to the presence of dark photons, and argue that
the requirement for run-away walls can be much stronger than previously believed. Sec-
tion focuses on the dynamics of bubble walls that reach an equilibrium regime as
a result of longitudinal friction, including a self-consistent determination of the equilib-
rium 7-factor. Once in equilibrium, most of the energy released in the transition goes
into making a fraction of the dark photons relativistic. The fate of this dark radiation
depends sensitively on the size of self-interactions among the dark photons, as well as

between the dark photons and particles in the thermal plasma, as we discuss in sec-
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Figure 2.2: Reflection probability for longitudinal (blue) and transverse (orange) mas-
sive vectors scattering off a planar wall in the limit of normal incidence, as a function
of the Lorentz v-factor. The change in mass across the interface is 1% and 0.1% for the
left and right panels respectively. Solid lines show numerical results for a smooth mass
profile of the form m# (z) = m? + Am?0(z), with ©.(2) as in eq. . Dashed
lines correspond to the step function results of egs. and . As anticipated,
the step-function analysis provides an excellent approximation up to v ~ (mL)™!.
Details on how we obtain our numerical results are summarized in section 2.B.4l

tion [2.4.3] If interaction rates are negligible — an assumption more likely to hold if the
sector undergoing vacuum decay is cold — we argue that the reflected dark photons ac-
cumulate in a thin “shell” of dark radiation surrounding the expanding bubbles. If they
remain relativistic until late times, their contribution to AN.g could be observable for
phase transitions with strength o ~ 1072 — 107!, Alternatively, if the scalar sector is
in equilibrium with the thermal plasma, interactions between the reflected dark photons
and ¢ particles can easily be efficient, in which case the energy density in dark radiation

gets transferred instead into the thermal fluid.
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2.4.1 Maximum Dynamic Pressure

It is helpful to rearrange eq. (2.10)) using the relationship 7\ = 1 — R), as follows:

1 ) -9 )

In the relativistic limit, k, + k, ~ 2ym and k, — k, ~ Am? /(2ym), and eq. (2.40) reads

P ~ pv R, + pv + PV or . .
3/ : om? 3! + 7

The second term above is just the asymptotic contribution of eq. (2.11). The last term
corresponds to reflections of transverse modes. As discussed around eq. , R, o~y
already in the inter-relativistic regime, and therefore this third term falls off as v=2 for
large v. In contrast, the peculiar behavior of the longitudinal reflection probability, R;,
which stays approximately constant in the region of inter-relativistic motion, leads to a
contribution to the overall pressure on the expanding interface that grows oc v2. In total,
neglecting the last term above and substituting the expression for R; appropriate in the

inter-relativistic regime (remember eq. (2.26))), we have:

2 Am?\ > Am? ~
P~ 5’720‘/ ( 52 ) + pv o2 for l<y< (mL)™. (2.42)
~—

N P,
longitudinal reflections o0

We emphasize that this 7?-growing pressure is a transient phenomenon that is only
present for ~-factors within the range indicated in eq. . Once v > (mL)™!, the
longitudinal reflection probability dies off exponentially fast, leaving the second term
above as the sole significant contribution to the overall pressure.

A consequence of our previous discussion is that the pressure exerted on the expand-

ing interface will reach a maximum near the end of the inter-relativistic regime, before
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dropping down to P, =~ py x Am?/2m? in the ultra-relativistic limit. As advertised
in the Introduction, we will refer to this pressure peak as Maximum Dynamic Pressure.

Parametrically, it is given by

Am? Am2\? Am?
m pv ( m) L Am (2.43)

2 o
m ~ — R ~ ,
Prnap 3 TmaxV 14 v 2m?2  (Lm)? \ 2m? 2m?

where Ypmay ~ (mL)~! is the value of v at Maximum Dynamic Pressure. As a result, for

bubble walls to become run-away, the following condition must be satisfied:
Run-away criterion: AV > Prap (this work) . (2.44)

Equation (2.44]) replaces eq. as a diagnostic of run-away bubble walls in the presence
of phase-dependent massive dark photons in transitions with access to the regime of inter-
relativistic motion, and is a primary new result of this work.

If the first term in eq. is a small correction on top of the asymptotic pressure,
P, the effect of longitudinal mode reflections will be largely irrelevant to describe the
dynamics of the expanding bubbles. However, if the first term dominates then eq.
can be much stronger than the requirement AV > P, quoted in eq. . Parametrically,
the effect of longitudinal reflections will dominate the overall pressure on the expanding

interface provided

Am?

mlL < 5

— (2.45)

When Am?/m? < 1, this is a stronger requirement than the condition in eq. for
the inter-relativistic regime to be accessible, although the main feature in both cases is
that there must be a significant hierarchy between the mass of the dark photon and the
energy scale L' characterizing the thickness of the bubble wall.

Our discussion thus far has only been concerned with the pressure due to a population
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of cold dark photons. If the sector undergoing the transition is cold, such that vacuum
decay proceeds via quantum tunneling and there is no thermal plasma that interacts with
the bubble walls, this will be a good approximation to the overall pressure. Alternatively,
if the scalar sector is in equilibrium with the thermal fluid, an additional source of pressure
will be present due to interactions between the plasma and the wall. As mentioned in
the Introduction, particles in the plasma that gain mass across the wall contribute as
Poo ~ Am?T? in the relativistic limit [48]. In perturbative theories this source of friction
can easily fall below AV, and therefore won'’t be large enough to obstruct the acceleration
of the bubble walls. Potentially more significant are those cases where the phase transition
sector features gauge bosons that acquire a mass as they cross the wall. As anticipated in
section [2.1] this can lead to an additional source of pressure from the transition radiation
emitted as charged particles cross the interface, of the form Py, ~ vg>Am,T? [50, 51 56].
For this source of friction to be subdominant to that from longitudinal dark photons, one
would need

Yeag?Am, TP S AV (2.46)

This condition can be interpreted as an upper bound on T, relative to the typical energy

scale of the phase transition. Parametrically, taking for simplicity AV ~ v* and Am, ~

gu, we find
o 1
- S 971/3 (2.47)
eq

1 A 2 2\ 1/3 1 _o\ 1/6 1 1/6 . 1/6
103 (L m?/m 0 00 GeV 0d ' (2.48)
g 104 Q@ T, %
If the relevant gauge couplings are g = O(1) — as in the Standard Model - then neglecting

transition radiation would require 7, < v, i.e. the transition needs to be significantly

super-cooled. More generally, in hidden sectors where the relevant gauge couplings are

31



Reflections on Bubble Walls Chapter 2

g < 1, the above condition could be satisfied even within ‘standard’ thermal transitions
where T, ~ v. A more comprehensive analysis of the class of thermal transitions for
which this assumption holds is an interesting direction for future investigation.
Figure|2.3|shows the pressure on an expanding interface due to massive dark photons,
relative to its asymptotic value in the limit v — 0o, in cases where the inter-relativistic
kinematic regime identified in eq. is accessible during the wall’s expansion. The
evolution of bubble walls that fail the run-away condition of eq. as a result of

longitudinal friction is the topic to which we now turn.

tmL =103 m/m | [m/m=102 mL x 10
2000F —1.020| f —1.0
f — 1015 | — 15
g 1500¢ 1010 | [ 2.0
& [ [
& 1000t 1.005 | | 2.5
f 1.001 | | 3.0
500F
O-I n 1 n n n 1 n n n n 1 I 1 i i 1 s n n n n 1 n i 1 3 1 ¥ ¥ 3y n ¥ ¥ 1
1 500 1000 1500 2000 1 500 1000 1500 2000
v Y
Figure 2.3: The pressure exerted by massive dark photons on an expanding bubble

wall can feature a non-monotonic dependence on the wall y-factor due to reflections
of longitudinal modes, reaching a peak at v ~ (mL)~! that is potentially much larger
than its asymptotic value in the ultra-relativistic limit. The criterion for run-away
bubble walls can therefore be far stronger than simply requiring AV > P, as dis-
cussed around eq. . Left: increasing the relative change in the dark photon
mass raises the Maximum Dynamic Pressure without significantly altering its posi-
tion. Right: decreasing the wall thickness increases both the height and position of
the MDP. This behavior is in qualitative agreement with the discussion in and around
eq. . Both plots have been obtained by evaluating eq. after numerically
obtaining reflection coefficients corresponding to the smooth wall profile of eq. .
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2.4.2 Equilibrium ~-factor and energy budget

If the Maximum Dynamic Pressure is dominated by the reflection of longitudinal
modes, and the run-away criterion of eq. (2.44)) is not satisfied, then bubble walls will

reach an equilibrium regime once P(7eq) >~ AV. Parametrically, the equilibrium v-factor

is given by
3AV V2
o~ 2.49
= (o) (2.49)
_ 1/2 1/2
e (10 ( : )1/2 RIS T (2.50)
Am?2/m? ) \10~2 100 GeV pv ’ '

How easy is it for bubble walls to reach an equilibrium regime as a result of longi-
tudinal reflections? An obvious self-consistency condition on our determination of 7, in

eq. (2.49)) is that it lies below the ~-factor at Maximum Dynamic Pressure, i.e.

1
< 2.51
’YquL ( )

Additionally, a “kinematic” condition is that the expanding walls reach equilibrium before
the bubble walls collide and the phase transition ends. The bubble radius at collision is
set by the Hubble scale at the epoch of the phase transition. Demanding that the size of
the expanding bubbles at the onset of the equilibrium regime is a fraction x < 1 of the

Hubble radius, we find

T

Req ™~ YeqRo S aH(T,)™ = Yeq S ROH—(T) ;

(2.52)

where Ry is the critical bubble radius.
Equations (2.51)) and (2.52) can be interpreted in various ways, but perhaps the

most relevant for us is to regard them as lower bounds on the fractional change of the

33



Reflections on Bubble Walls Chapter 2

dark photon mass for the effect of longitudinal pressure to be large enough to stop the

acceleration of the bubble walls, as follows:

Am? Am? AV /2 i
m2 2 ( m2 )min =2 ( v ) x Max {mL, T IROH(T*)} . (2.53)

This is illustrated in fig. , where we show contours of \/(Am?2/m?)y, for various

choices of the underlying parameters, as described in the caption. As can be seen in
fig. 2.4] even extremely small changes in the mass of the dark photon across the interface

can cause enough friction to halt the acceleration of the bubble walls.

103 ‘ ‘ ‘ ‘
L=11 L=10"T,)""

108 Ry = 102 L

m~t > H(T,)™* > H(T) ™!

10° 10° 107 10° : > 107 10°
T, | GeV

Figure 2.4: Contour lines indicating the lower bound on the fractional change of the
dark photon mass for longitudinal reflections to create enough friction to halt the
acceleration of the bubble walls. These contours saturate the inequality in eq. ,
with the choice z = 10! for illustration. The energy density in cold dark photons
is taken to be that of the dark matter, and the difference in energy densities, AV,
is taken to be 1% of that in the Standard Model bath (i.e. a = 1072 in eq. )
The blue shaded area corresponds to dark photon masses such that the corresponding
Compton wavelength exceeds the Hubble radius, m~! > H(T,)"! - a regime that
lies outside the validity of our discussion. Left: The wall thickness is related to
the temperature of the thermal plasma at the phase transition epoch as L = 7.1,
as expected in a ‘standard’ thermal transition. Right: L = (10*T,)™! < T}, as
could be the case if the phase transition took place within a cold hidden sector with
a characteristic energy scale > T, or for a thermal transition featuring significant
super-cooling (recall discussion below eq. (2.7)).
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After the bubble walls reach an equilibrium speed, they carry a decreasing fraction

of the total energy available in the transition:

Ewan 47 R(t)*Yeqo VeqT

~ ~ 2.54
Eiotal T R()PAV AV R(t)’ (2.54)

where R(t) is the bubble radius at time t. As R(t) grows, Fyan/FEiota quickly becomes
tiny. By comparison, the above ratio is identically 1 for transitions in vacuum, where all
the available energy goes into accelerating the bubble walls [27]. In thermal transitions
where the walls reach an equilibrium speed due to friction from the thermal plasma, most
of the available energy goes instead into producing motion in the form of sound waves or
hydrodynamic turbulence, as mentioned in the Introduction and summarized in [3] [6]. In
the case at hand, as we will now show, the energy released in the transition goes instead
into accelerating a fraction of the dark photons, turning them into dark radiation.

In the rest frame of the bubble wall, reflected longitudinal modes propagate away
from the interface with Lorentz-factor veq, while in the rest frame of the dark photons
far away from the wall — loosely, the rest frame of the dark matter — the v-factor of the

reflected dark photons is given by

_ 1+ ‘77eq|2

= ~ 2~2 g - 2.55
1 — [ty |2 Veq = Ve (2.55)

Ydr

Within a Hubble volume, the average number density of dark photons that become rela-
tivistic as the bubble walls sweep across the dark matter from the onset of the equilibrium

regime until the bubbles collide can be approximated by

1 R3
(ndr> >~ —RZTLV (1 - qu) . (256)

3

The factor in parenthesis takes care of the fact that we are only interested in keeping track
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of the fraction of dark matter that gets converted into dark radiation during equilibrium
(before, most of the energy released as the bubbles grow goes into accelerating the bubble
walls). Obviously, if the bubble walls only reach equilibrium right before they collide,
Req =~ Reon, then (nqr) will be correspondingly tiny. However, provided the onset of
equilibrium takes place well before collision, then (ng,) =~ %Rlnv. For example, taking
Req =~ YeqRo and Req ~ zH(T,)™', we find R} /R2; ~ 107 < 1, where we have
evaluated all parameters as in eq. , and for illustration we have taken z = 1072
as well as Ry L'— 7. = 100 GeV. More generally, notice that having Req S Reon is a
requirement for dark photon reflections to affect significantly the evolution of the bubble
walls (as per our discussion around eq. ), and so we proceed under this assumption.

Right after bubble walls collide, the volume-averaged energy density in dark radiation

is therefore

2
Pdr = War (Nar) =~ gfygq R, pv at T~T,, (2.57)

where wq, = vgm and 74, is given in eq. . Notice the right-hand-side above is
equal to AV by eq. — consistent with energy conservation in the rest frame of the
dark matter. Thus, in phase transitions where bubble walls reach an equilibrium regime
as a result of friction from the dark photons, most of the difference in vacuum energy

densities goes into turning a fraction of the (cold) dark photons into dark radiation.

2.4.3 Fate of the dark radiation

The fate of the reflected dark photons depends sensitively on the values of the various
underlying parameters. As a result, general statements about the later evolution of the
dark radiation are not possible, and a comprehensive study spanning all available param-
eter space is well beyond the scope of this work. Instead, we will focus on highlighting

the possible outcomes given certain assumptions.
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Although sweeping statements are not possible, there are two qualitatively different
cases that merit separate consideration, depending on whether the sector undergoing
vacuum decay is part of the thermal plasma or belongs in a cold hidden sector such
that the transition proceeds via quantum tunneling. We will focus on the cold scenario
first. In this case, the absence of a thermal population of particles that interact with
the wall background leaves the dark photons are the sole source of pressure on the ex-
panding interface, and the evolution of the dark radiation as the bubbles grow depends
primarily on the strength of the self-interactions among the dark photons. As discussed
in section [2.A.1] quartic dark photon self-interactions are generally part of the low en-
ergy theory, and in the context of an Abelian Higgs UV-completion the relevant quartic
coupling is as given in eq. . Interactions among the dark radiation and the cold
dark photons occur at a center-of-mass energy 1/s/2 ~ ~oqm, which always fall below the
cutoff scale of the effective theory. In this kinematic regime, the relevant cross section is
as given in eq. (2.72)), and one finds that the corresponding interaction rate can be tiny
compared to H(T,) across significant portions of parameter space.

When interactions between the dark matter and the reflected dark photons are neg-
ligible, the following picture emerges. Going back to eq. , notice that (in the dark
matter frame) the speed of the dark radiation is ever-so-slightly larger than the speed of

the bubble wall:

1 - ’ﬁeqF ~ |ﬁeq‘
1+ ‘Ueq‘z 27§q

Avgy = |Uar| — [Teq| = [Ueq <1. (2.58)

As a result, from the beginning of the equilibrium regime until the moment of bubble wall

collisions, reflected dark photons become uniformly distributed on a shell of thickness AL
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in front of the interface, with

‘77eq|At < Rcoll
2% 7 275

AL ~ Avg, X At ~ < Reon s (2.59)

where At refers to the time interval between when equilibrium is reached and collision
of the bubble walls, and we have used |Ueq|At < Reon. Thus, as the bubbles grow bigger,
a shell of dark radiation forms, moving ever-so-slightly in front of the bubble walls.
Although the walls move at constant speed, most of the energy density remains localized
in a thin layer close to the surface of the expanding bubbles.

The fate of these shells of radiation depends on the interactions between relativis-
tic dark photons as the bubble walls meet. Now, the relevant center-of-mass-energy
is \/s/2 ~ wqy ~ Qmﬁq, and interactions are often well-described within the high en-
ergy Goldstone regime of eq. . To estimate the interaction rate, notice that al-
though the average number density of dark radiation is well-approximated by (ng,) ~
%Rmv, the distribution of relativistic dark photons is highly inhomogeneous, with ng, ~
(nar)H '/AL > (ng,) in a thin shell surrounding the bubble walls and zero elsewhere.
This cross section defines a mean-free-path A,g = (ong:)~!. Comparing this length scale

to the typical thickness of one of these shells we find, e.g.

Amip 108 s/ 1070 \°( T. 2 ( pam \°
pr_2< m ) ( a ) Pdm ) (2.60)
AL A; \leV Am? /m? 100 GeV 102 pv

The above expression has a strong dependence on a number of parameters, especially the

fractional change in the mass of the dark photon. But interestingly it can remain > 1 in
a large region of the relevant parameter space where longitudinal reflections are relevant
to the evolution of the bubble walls. In this case, the shells of dark radiation will pass

each other without significant dissipation, a process that could last for much longer than
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the usual duration of a cosmological phase transitions. The long-lasting motion of these
shells could greatly enhance the strength of the gravitational wave signal, a possibility
that motivates more careful exploration of this potential new source of gravitational
waves. We will return to this topic in future work.

Moreover, it is interesting to consider the limiting possibility that the reflected dark
photons remain relativistic long after the phase transition is over, leading to a dark
radiation signal. Making the optimistic assumption that significant losses to gravita-
tional radiation and other “inelastic” processes can be ignored, the requirement that the

reflected dark photons remain relativistic at temperatures 7" < T, can be written as:

a(T,) 107 \*/ «a Pd T
. T < T* ~ 2 2 ~ 2 1 13 ( > m > 1 .
Yar (T < T5) Teq a(T) x 10 (AmQ/mQ) 102 pv 1 MeV ) ™

(2.61)

Of particular interest are the temperatures of Big Bang Nucleusynthesis (Tgpny ~ 1 MeV)
and recombination (Tie. ~ 1 eV), when AN bounds exist. As can be inferred from
eq. (2.61)), this is easily the case provided « is not too tiny. When this is the case, the

corresponding contribution to AN.g can be written as

AN = % (%)4/3 (p d;ii*)) (Zgﬂ;y (2.62)

a «(T%)
~ 1.4 <ﬁ> m (2.63)

~0.3 ((%) (%)1/3 , (2.64)

where p., o refers to the current energy density in (Standard Model) photons. In the first
step above we have used pg.(7%) ~ AV, as discussed around eqs. (2.56|) and (2.57)), and

in the final step we have ignored the difference between g, 5(7%) and g.(7%). Interestingly,
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phase transitions with a ~ 10~ would already be probed by current AN.g constraints —
though we emphasize that this is under the assumption that the highly relativistic dark
photons suffer no significant energy loss since the time of the phase transition other than
redshift due to Hubble expansion. Under this assumption, fig. shows the prediction
for ANy as a function of the characteristic temperature of the phase transition, for
various values of a. Strong phase transitions with a > 0.1 would be probed by current
measurements, while weaker transitions with o = 1072 could be probed by CMB-Stage 4

observations [71]. Because bubble acceleration is stalled by the reflection of particles, this

1f
a=0.1 )\Pl;mck — 2018 Limit (BBN)
Planck — 2018 Limit (CMB)
107t
L= I e rrrr——T— S |
Zm Simons Observatory (projected)
i< v = (.01
o CMB-S4 (projected) |
1072}
[ « 0.001
1076 10 1072 1 10? 10*

T, [GeV]

Figure 2.5: In phase transitions where bubble walls reach an equilibrium regime as
a result of dark photon reflections, most of the difference in vacuum energy densities
goes into turning a fraction of the (cold) dark photons into dark radiation. If the dark
radiation remains relativistic until late times, an observable contribution to ANgg is
possible. Plotted are the maximum possible contributions to ANg, as discussed in
the main text, as a function of the thermal plasma at the epoch of the transition, 7.
Solid gray lines correspond to current bounds [72], and dashed gray lines show the
projected sensitivities of upcoming observatories [71], [73].

effect is a particularly efficient manner of converting the latent heat of the false vacuum
to relativistic matter, thus leading to a significant contribution to AN.g if the reflected
particles remain relativistic until late times. When instead bubbles of the new phase

are run-away or reach a terminal velocity by dispersing energy into the thermal plasma,
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only the resulting stochastic background of gravitational waves contributes towards dark
radiation, and AN is a less important observable.

The second scenario highlighted early on in this subsection corresponds to the case
where the phase transition sector is in equilibrium with the thermal plasma. In this
case, the reflected dark photons will also interact with the population of ¢’s in the
thermal fluid via eq. (or its UV-complete version, as described in section .
Interactions take place at center-of-mass energies 1/s/2 ~ /2T, war/2 == YeqvVm T, and
the corresponding cross section is well-approximated by eq. or eq. ([2.76]) depending
on whether /s falls above or below the cutoff scale of the effective theory. As discussed
in section the corresponding interaction rate can be well above H(T)), although
once more this depends sensitively on the values of the underlying parameters. At any
rate, interactions between the reflected dark photons and the thermal plasma provide an
additional obstacle for the dark radiation to propagate undisturbed. It is therefore more
likely that the energy density in the dark radiation gets distributed within the primordial
plasma, in which case the main source of gravitational radiation would come from motion
within the thermal fluid, similar to the case of phase transitions that reach an equilibrium
regime as a result of thermal pressure.

Determining more precisely under what circumstances the reflected dark photons
remain relativistic until late times, and therefore contribute to ANgg, is an important

question worthy of further attention.

2.5 Conclusions

In this work, we have discussed a new physical effect that can affect the evolution of
cosmological vacuum bubbles expanding against a population of phase-dependent massive

dark photons, with a special focus on the case where the dark photons furnish the dark
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matter. Namely, the existence of a transient relativistic regime, for sufficiently thin
walls, characterized by a constant reflection probability of longitudinal dark photons.
The reflection of longitudinal modes creates a pressure on the expanding interface that
features a characteristic non-monotonic dependence on the ~-factor of the bubble wall,
reaching a peak at intermediate values of v that we have dubbed Maximum Dynamic
Pressure. The existence of a MDP that exceeds the asymptotic value of the pressure in
the ultra-relativistic limit can make it much harder for bubble walls to become run-away,
even in the absence of a thermal plasma that interacts with the wall background.

Our work opens a number of avenues for future exploration. In phase transitions
where bubble walls reach an equilibrium regime as a result of this effect, the later evolu-
tion of the reflected dark photons could modify the features of the resulting gravitational
wave signal and, in some cases, lead to an observable contribution to A N.g if the reflected
dark photons remain relativistic until late times. As discussed in section (especially
section , the extent to which this happens depends on a variety of considerations,
most importantly on whether the sector undergoing vacuum decay is cold or, instead, is
in thermal equilibrium with the primordial plasma surrounding the expanding bubbles.
Understanding more generally the possible implications of the dark radiation for these
two broad classes of models is clearly an important topic that deserves further attention.

Moreover, although we have focused exclusively on the case of phase-dependent mas-
sive dark photons, it is possible that the phenomenon of MDP on expanding bubble walls
could be realized in scenarios beyond this example. Given the impact this can have on the
dynamics of bubble walls, which in turn largely determine the features of the resulting

gravitational wave signal, this is an important question worthy of further investigation.
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Appendices

2.A Beyond the effective theory

2.A.1 Abelian Higgs UV-completion

In this appendix, we briefly discuss how the effective Lagrangian of eqs. and
may arise from a more complete framework. Our goal is not to be exhaustive, but rather
to identify the necessary features of underlying models giving rise to our effective theory.
The simplest UV-completion of egs. and can be written in terms of an Abelian
Higgs model:

1 1
Lov = = FuF™ + D = Va(0]) + 5(8,0)° = Va(d) + 260, (2.65)

where D,® = (9, —ig'V,)®. Assuming a Higgs potential of the usual form: Vi (|®|) =
Ao /2(|®% — v™/2)2, the corresponding radial mode gets a mass m, = /Apv’, whereas
m = ¢g'v’ is the mass of the dark photon. Integrating out the radial mode, one obtains
a low energy effective theory featuring additional interactions among the light degrees

of freedom. In particular, a term such as eq. (2.8) — repeated here for convenience — is
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generated at tree-level:

Lo gngV“Vu with K = =19 (2.66)

Notice in particular that the ratio Am?/m? is independent of ¢/, and it is therefore
controlled by a different set of parameters of the underlying model compared to the
overall mass of the dark photon. In this context, the scale of UV-completion is A = m,,

which can be written as

4
S VA L . CR (2.67)
VAmM2/m2 ™ \/Am?/m?

This reproduces our EFT expectation for the upper bound on the cutoff scale in eq.
subject to the perturbativity requirement n < 1672

Of course, the low energy effective theory contains interactions among the light de-
grees of freedom beyond eq. . Of particular interest are self-interactions among the

dark photons. Indeed, a quartic interaction is generated at tree-level, of the form

14 4
LD A (VVH)? with Ay ~ i’— — N < 1. (2.68)
o m}

Interactions among the dark photons, as well as between the dark photons and a
potential population of ¢ particles in the thermal plasma, are relevant (i) to assess the
extent to which our assumptions that the dark matter is cold and non-interacting are
self-consistent, and (i) to determine the evolution of the reflected dark photons, which is
the topic of section [2.4.3] For convenience, we summarize the relevant interaction rates

in the remainder of this appendix.
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2.A.2 Interaction rates

At low momenta, eq. (2.68)) leads to a self-interaction among the dark photons of the

form

2 2 6
ovy ~ Ay e (m > for k| < m . (2.69)

8rm?  8wm? m_p
The corresponding dark matter self-interaction rate is always tiny compared to the Hub-
ble rate in the early universe in the region of parameter space relevant to this work.
Potentially more relevant are interactions between the dark photons and ¢ particles in
the thermal fluid. In particular, processes of the form V¢ — V¢ could be efficient at
transferring energy from the plasma to the dark matter, unless the corresponding inter-
action rates are tiny. The relevant cross section is of the form, parametrically:

K2 1 Am2\? m*
~ ~ m 2.70
Ve 3rT2 T 8aT2 ( m? ) Tt (2.70)

where k ~ Am?/v?, as discussed below eq. , and we’ve taken my ~ v ~ T}, which
should be a good approximation at the epoch of the phase transition (barring a tiny
quartic coupling for ¢). Assuming a thermal population of ¢ particles, with number
density ng ~ T2, we find

Ty a0 (AM2/m2\? / m \4 (100 GeV\’
)~ 10-1 (1 eV> T, ' (2.71)

Clearly, this ratio can be very small in much of the parameter space of interest (see left
panel in fig. .

Let us now discuss interactions involving the (highly relativistic) reflected dark pho-
tons. These will be relevant in section [2.4.3|when we discuss the fate of the dark radiation,
and for convenience we summarize the relevant results here. At large center-of-mass en-

ergies, i.e. /s > m, the two-to-two scattering cross section among the dark photons is
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dominated by the scattering of longitudinally-polarized vectors, and so it will be suffi-
cient for our purposes to just consider the process V;V; — V;V;. Two limiting kinematic
regimes are of interest. In the region m < /s < m,, the relevant cross section is of the

form

L) e O

6
- S mp) for m<Vs<m,. (2.72)

This will be relevant for scattering between the dark radiation and the cold dark photons,
where the relevant center-mass-energy is given by 1/s/2 o~ v, m. Comparing the relevant

interaction rate to H(7%), we find

Tu 10-12 & ( m )5 1074 \? T ® /100 GeV* ( a )3 Pam \
H(T,) n* \1eV Am?2/m? v T. 10-2 ov )
(2.73)

where we have evaluated the cross section at /s/2 = yeqm, and substituted m, as given
in eq. . Notice that the ratio T, /v could be <« 1 if the phase transition sector is
cold and decoupled from the thermal plasma, as discussed below eq. , which would
further suppress the above ratio. If instead /s > m, then the cross section must be

computed in the complete theory of eq. (2.65]), and we find

op~ -2 for  s>m,, (2.74)

as expected by virtue of Goldstone Equivalence. This is the form of the cross section
used in deriving eq. (2.60)).

Another important class of interactions are those between the dark radiation and the
¢ particles in the plasma when the phase transition sector is thermal. In particular, if
the process V¢ — V¢ happens efficiently, the energy density stored in the dark radiation

would quickly become distributed among the thermal fluid, as discussed in section [2.4.3]
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The typical s-parameter is of the form s ~ 27T.wq,. In the regime /s < m,,

2 4
O1p ~ A (\/_5) for m<\s<m,, (2.75)
8mrs \ m

whereas in the high-energy limit /s > m,,

2
Ol ~ 77— for \/g > my . (276)

8rs

As an example, if the there’s a full thermal distribution of ¢ particles with ny ~ T2, then

the relevant interaction rate, relative to H(T) is given by
I

Am2\ 2 /1 2 /1 2 110-2\ 2 2
1082 m eV 00 GeV 0 v | (2.77)
H(T,) m2 m T, o Pdm

where we have used eq. (2.76)) in obtaining I';4, as appropriate given our choice of param-

eters on the right-hand-side. Clearly, interactions between the dark radiation and the
thermal plasma can be very efficient in parts of the relevant parameter space but — again

— this conclusion depends strongly on the choices of the various scales and couplings.

2.B Reflection probabilities — supplemental material

This appendix contains additional details supplementing the discussion of section [2.3]

2.B.1 Longitudinal reflection from Goldstone Equivalence

In the main text we described the theory of a massive vector in egs. (2.7)) and (2.13) in
terms of the Proca Lagrangian, featuring three degrees of freedom for the three physical
polarizations of a massive spin-1 particle. However, this is often understood as a partic-

ular choice of gauge, after gauge redundancy is restored via V,, — V,, — 9,,0. Although
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0 = 0 (unitary gauge) is naively simplest, often it is convenient to keep the ‘Goldstone’
0. The Goldstone Equivalence Theorem states that in the relativistic limit w > m cor-
rect amplitudes can be obtained by identifying the physical longitudinal vector with the
scalar 6, with an error of order O (m?/w?). Using the usual gauge-fixing parameter &,

the theory is described by

1 1 1

cz_ZFWEW+§m@@xm,—@ﬁV—§EQ%VW+m%@2. (2.78)
Proceeding with the equation of motion for 6:
9y (mi (2)0"0) + &m0 =0, (2.79)

where we have neglected mixing with V# in order to test the spirit of the Goldstone
Equivalent in our context. Working in the step function limit, the scattering solution is

simple for z # 0:

A e*er fra ez 2 <0
§ = it , (2.80)

tq etk=?, 2>0
ky =+/w?—Em?2, k,=+/w?— Em*/m? | (2.81)

and need only be supplemented by the matching conditions:
m3(2)0.0 and 0 are continuous at z =0, (2.82)

derived by integrating eq. (2.79)) once and twice respectively. A little algebra gives the

Goldstone reflection probability as

2 + k.zmQ mZ +m2

- 2
kz~2_kz 2 R ~2 2\ 2
oo = (Bt} s (B o) s
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which is ¢ (gauge) independent and matches the leading order result derived in the main
text, eq. , consistent with the spirit of the GET. This result suggests that the en-
hanced reflection of the inter-relativistic limit described in this work might fundamentally
be a property of Nambu-Goldstone bosons more generally, a topic that we will return to

in future work.

2.B.2 Scattering on a ¢’ potential

As anticipated in section [2.3.3] the effective scattering potential for the longitudinal

component in the limit of vanishing wall thickness takes the form

Ul(z) — kd'(2) with RE =55 (2.84)
and eq. (2.30) reads
(02 + kDA (2) = k' (2)A\(2) . (2.85)

We can obtain matching conditions for A and X’ by integrating (twice) over this equation.

First, integrating eq. (2.85)) from zy < 0 to z, we find

/z dz [(82 + k2)A(2)] = / dz k&' (2)N(2) (2.86)

= N(2) = N(z) + k2 / dzZMN2) = K \(2)0(2) — g [(N(OF)+N(07)] O(2) . (2.87)

20

Integrating eq. (2.87)) from z = —e to z = +€ and taking the limit ¢ — 0, we find:

K

AO0T) = \(07) = 5 IAOF) +A(07)] . (2.88)
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Similarly, taking zp = —e and z = +€ in eq. (2.87]), with € — 0, one finds:

N(OT) = N(07) == [NOF) +XN(07)] , (2.89)

o | =

where in the right-hand-side we have only kept terms of O(k). From the last two equa-

tions, one finds r; ~ k, and therefore

Am?\>
&:ﬁ:(m), (2.90)

2m?

in agreement with eq. (2.26) at leading order in k < 1.

2.B.3 The Born approximation

In section [2.3.3] we found it convenient to recast the equations of motion for both
transverse and longitudinal components as a one-dimensional Schrodinger equation, of

the form

(02 + kD (2) = U(=)v(2) (2.91)

with U(z) = Ui(z) and ¢ — £ for the longitudinal component (c.f. eq. (2.30)), and
U(z) = Uy(z) and ¢ — /! for the transverse modes (c.f. eq. (2.29)). It is an important
feature that the effective scattering potential vanishses in the limit z — —oo, as will
become clear in due time.

As is well-known, it is possible to recast eq. (2.91]) as an integral equation, as follows

[e.o]

P(z) = () +/ dz' G(z = U )(Z) , (2.92)

—00

where 1) is any function satisfying the free particle equation, (92 + k2?)ty = 0, and G(2)
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is a Green’s function for the differential operator on the right-hand-side of eq. (2.91)), i.e.
(92 + k2)G(2) = 6(z) . (2.93)

It is straightforward to check that eq. (2.92)) is equivalent to eq. (2.91) by applying
(02 + k%) to both sides and using eq. (2.93)). In order to solve for G(z), note that for

z # 0 eq. (2.93]) is just the free particle equation. The matching conditions at z = 0
are that G must be continuous and G’ must have unit jump. Putting this together, the

solutions are

1 .
G(z) = £——eFik=l2l (2.94)

up to addition of functions that satisfy the free particle equation. It turns out that we
only need one of these two solutions: the one with the + sign.

To represent an incoming plane wave, we take 1y(z) = e***. Then our integral
equation is

lZ)(Z) _ eikzz + ﬁ /OO dz/ eikz\z—z’\ U(Z/)l/}(zl) ) (295)

So far, we have made no approximations. However, if the correction to the incoming
wavefunction v is small (meaning the reflection coefficient is tiny), then we can plug

this equation for ¢ into itself in the integral and truncate higher order terms, leaving

) 1 > X / .
Y(z) e 4 —— / dz e*=F=21 () etk=2 (2.96)
2ik, J_o
= =% ¢ et /z dz' U(2') + i /00 d2 %% (%) (2.97)
2k, | 2k, . ‘ '

We wish to extract a reflection probability from this ‘first Born approximation’. To this
end, consider the limit 2 — —oo. The second term above clearly vanishes, given that

U(z') — 0 as 2/ — —oo as emphasized below eq. (2.91)). Furthermore, the third term can
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be identified as the reflected plane wave piece, with associated probability

1 2

e (2.98)

}%l7 Born —

/ dz *** U(z2)

—00

Keep in mind that R; ~ R; o only when R < 1.

2.B.4 Numerical methods

Finding the reflection and transmission coefficients for the longitudinal mode reduces
to solving eq. (2.30) with boundary conditions corresponding to plane-wave behavior far

away from the bubble wall. i.e.

ez e as 2 — —o0
Az) = (2.99)

teth=2 as 2 — +oo

It will be convenient to rescale A by an overall complex constant, and define f(z) =
t;7'A(2). The equation of motion for f(z) remains as in eq. , and the boundary
conditions can now be written as f(zy) = 1 and 0, f(20) = ik, for some zo > 0 far away
to the right of the wall. Our numerical solution will lie in the window z € [—zy, 2], where
2o is set to be much larger than the incident particle wavelength (constraining for low
energies) and the thickness of the bubble wall (constraining for high energies).

Lastly, we need a prescription for extracting the reflection probability from the nu-

merical solution. Consider evaluating the asymptotic expression for f(z) at the following
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points, where n € N, n — oo:

f (—”1) — (Gt ) (-1 (2.100)

f <—u> — (7 =7 ) (1)) (2.101)

These equations can then be easily inverted to obtain the scattering coefficients r; and

t;, and ultimately the reflection and transmission probabilities.
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Chapter 3

P Not PQ

3.1 Introduction

The current upper bound on the size of the neutron electric dipole moment (EDM)
is |d,| < 1.8-10720 ¢ - cm [74][[] In turn, this severely constrains the size of the QCD

vacuum angle, which is required to be
0=0,+6,<107" (3.1)

where 0, is the argument of the determinant of the quark mass matrix, and 6, the

coefficient of the GG operator,

085
Lo 22

tr (GG) . (3.2)

™

In the Standard Model (SM), 6, = arg det(y,yaq), with vy, 4 the Yukawa matrices in the

up- and down-quark sectors. # provides a physical, basis-independent measurement of

Here we quote the direct limit; the inferred bound |d,| < 1.6 - 10726 ¢ - cm from the '°Hg EDM
limit [75] is comparable assuming no additional contributions to the atomic EDM.
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C P-violation in the strong sector of the SM.

That  is constrained to be so tiny is one of the most puzzling features of the SM, and it
is known as the strong CP problem. It stands alongside the electroweak hierarchy problem
and the cosmological constant problem as one of the three great naturalness puzzles that
remain unsolved. Although numerically the strong CP problem is orders of magnitude
less severe than either of its siblings, it is considerably more robust against anthropic
arguments | As such, it has drawn renewed attention during an era in which LHC null
results are challenging naturalness-based approaches to the electroweak hierarchy.

Although one could argue that 6, = 0 on the basis that QCD interactions otherwise
preserve C'P, a similar argument cannot be made for a vanishing 6,. For example, if C'P
were a good symmetry of the Yukawa sector then the Yukawa matrices would need to
be real. However, real Yukawas would lead to a vanishing phase in the CKM matrix, in
direct conflict with the O(1) C P-violation observed in the electroweak sector of the SM.
Besides C'P, a non-zero 0 also violates P. Again, the fact that the strong sector preserves
parity may allow us to impose 65 = 0. P invariance in the Yukawa sector would require
the Yukawa matrices to be hermitian, in which case 6, = 0 too, while still allowing for a
non-zero CKM phase. However, the fact that P is maximally violated by the electroweak
interactions severely weakens this line of reasoning as an attempt to argue for a small 6.

So although 6 is a measurement of both P and C P violation by strong dynamics, the
above discussion highlights how the origin of the strong CP problem in the SM ultimately
lies in the features of the electroweak sector. It is the fact that electroweak interactions
maximally violate both P and CP that precludes an understanding of the bound in
eq. based on the underlying symmetries of the SM.

With this in mind, it is natural to attempt an understanding of the smallness of

in the context of theories with an extended electroweak sector. If either P or CP are

2See, however, [76] for arguments to the contrary.
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good symmetries of the extended theory, then  will be forced to vanish. Of course,
to account for the P and CP violation we observe in nature, they must eventually
be broken, and a non-zero § will be radiatively generated. If the induced @ is small
enough, this class of theories offer a symmetry-based solution to the strong CP problem.
Concrete implementations of this idea based on spontaneously broken P and C'P were
first proposed in [77, [78, [79] (building on [80]) and [81], R2] respectively. It is the former
that will be the focus of this work Pl

There is another good reason to consider solutions to strong CP based on the restora-
tion of spacetime symmetries, namely that these may be realized as gauge symmetries in
the context of string theory [86, [87]. As such, they can only be broken spontaneously and
not explicitly. Depending on the scale of spontaneous symmetry breaking, the apparent
lack of P and C'P violation in the strong sector could therefore be fully, or partially,
explained in this context. Clearly, a resolution to the strong CP problem along these
lines would be especially attractive: it would allow us to understand the smallness of 8
as an accident resulting from the underlying structure of the UV-completion, as opposed
to being the result of a model-building effort specially designed to address eq. .

From the bottom-up, there are a number of ways the SM can be extended to accom-
modate spontaneously broken P. However, in order to address the strong CP problem,
a necessary feature of all of them is the presence of an SU(2)r gauge factor, as well as
an extended matter content that mirrors that of the SM. Crucially, the SU(3) quantum
numbers of SM fermions and their mirror counterparts must be the same, making the
presence of additional colored particles an irreducible feature of these models. With this
extended field content, parity enforces the Yukawa couplings in the two sectors to be
identical. To be phenomenologically acceptable, parity must be broken at some scale v’

above the weak scale, with the additional gauge bosons and mirror quarks being suffi-

3For recent exploration along these lines, see also [83], 84 [85].
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ciently heavy to evade experimental constraints. Naively, bounds on the mass of colored
particles would seemingly require y,v" 2 1 TeV [88] 89], in turn setting a lower bound
v’ 2> 108 GeV. But a parametric separation of scales between v and v’ entails an irre-
ducible amount of fine-tuning A™! ~ 2v2/v"%, which would become A~! < 1072 for such
a stringent bound on v’. Considering that the goal is to naturally explain a number of
O(10719), parity would hardly seem to remain an attractive solution to strong CP.

In this chapter, we show that the conclusion of the previous paragraph is premature,
and that a parity-breaking scale as low as 18 TeV is consistent with all experimental
constraints. This significantly improves the level of fine-tuning, and leaves an open
window for symmetry-based solutions to strong CP that are based on spontaneously
broken parity. The leading constraint on the low-tuning version of these models comes
not from bounds on colored particles, but from direct searches for Z’ and W’ resonances at
the LHC [90, O1]. Future searches for heavy gauge bosons at current and future colliders
are the most promising probes of this class of theories, with a 100 TeV proton collider
guaranteed to make a discovery if the level of fine-tuning is better than A=! ~ 1075
[92,93]. Overall, the viability of these parity-based models makes collider experiments a
central testing ground for solutions to strong CP.

Another attractive feature of this class of solutions to the strong CP problem is that
they are robust against the effects of symmetry-breaking higher dimensional operators
(HDOs) that may arise from short-distance physics associated with a gravitational UV
completion. If parity is a gauge symmetry of the underlying theory, we are led to consider
only those HDOs proportional to the source of spontaneous symmetry breaking. On the
other hand, if parity were global, the expectation that quantum gravity violates all global
symmetries [94, 95 [96] 97, O8] [99] 100} 101, 102, 103 104, 105l [106] suggests we should
include all HDOs that explicitly violate P. Although the nature of the operators is

different in the gauge and global implementations, the conclusion will be the same: in
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both cases, the leading HDOs with O(1) coefficients may be present without destabilizing
the solution to strong CP.

This stands in stark contrast with the reality of what has traditionally been the most
popular solution to the strong CP problem: the QCD axion [107, 108 [109] 110} 11T} 112,
113]. In this case, the parameter 6 is promoted to the status of dynamical field, the axion,
which is a pseudo-Nambu-Goldstone boson of a spontaneously broken U(1)pg global
symmetry. A potential for the axion is induced non-perturbatively by QCD dynamics,
and its vacuum expectation value (vev) adjusts such that § = 0, thereby solving strong
CP. To work, the QCD axion potential must dominate to 1 part in 10°, overwhelming any
other contributions that may arise from additional degrees of freedom. New dynamics
responsible for, say, dark matter, baryogenesis, or addressing the hierarchy problem,
cannot significantly contribute to the axion potential. Similarly, Planck-suppressed HDOs
that break U(1) pg must be exceptionally suppressed [114, 115, 116, 117]. The mechanism
is not robust. The need for U(1)pg to be a high quality global symmetry has become
known as the “axion quality problem”. Attempts to turn the QCD axion into a high
quality axion are valuable [118] [119] 120], 121 122} 123| 124] 125], but hardly helpful in
making a small § appear natural.

The goal of this work is to identify the most natural parity-based solution to the
strong CP problem, and highlight its experimental consequences. We do so by following
a strategy that combines the traditional notion of naturalness with the expectation that
gravity violates all global symmetries. The former singles out a specific implementation
of the spectrum of parity-symmetric models, and underscores the central role of collider
experiments in exploring solutions to strong CP. The latter opens up an entirely new
avenue of exploration for parity solutions to the strong CP problem, ranging from EDM
experiments to gravitational wave observatories, depending on the degree to which the

symmetry remains approximate.
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To this end, this chapter is organized as follows. In section we review the main
features of parity-based solutions to strong CP, and discuss how a low symmetry breaking
scale can be realized while complying with experimental constraints. We focus on the
main phenomenological signatures of these models that are relevant for collider and flavor
experiments in section [3.3] In section [3.4] we discuss the size of radiative corrections to
both 8 and the EDM of elementary fermions, including charged leptons, depending on the
details of the parity-breaking sector. We explore the effect of Planck-suppressed HDOs
on this class of models in section [3.5] paying special attention to a potential gravitational
wave signal from the spontaneous breaking of parity. Section [3.6]contains our conclusions.
Finally, a series of appendices contain results that have been crucial in our analysis, but

may be skipped on a first reading of the chapter.

3.2 P to solve strong CP

In this section, we introduce the main features of symmetry-based solutions to the
strong CP problem based on parity. In section we review the basic idea, as first
introduced in [77, [78, [79]. We focus on the scalar potential in section with an
emphasis on the implications for fine-tuning of the weak scale that arise as a result of
the breaking of parity. In section we discuss how the scale of additional colored
particles can be decoupled from the parity-breaking scale, in turn minimizing the level

of fine-tuning.

3.2.1 Parity as a solution to the strong CP problem

A symmetry-based solution to the strong CP problem based on parity requires ex-

tending the SM both in terms of matter content and gauge interactions. The minimal
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implementation of this idea is based on the gauge group

as well as a doubling of the matter content of the SM into a ‘mirror’ sector with identical
quantum numbers, except that SU(2), doublets are now doublets of SU(2)g. Table
summarizes the gauge charges in the quark and Higgs sectors of the theory. (Analogous
charge assignments apply in the lepton sector, which we don’t make explicit.) Crucially,
the Higgs sector of the theory does not introduce additional sources of C'P-violation —
indeed, the freedom to perform both SU(2), and SU(2)r gauge transformations allows

us to expand around a vacuum where both vevs are real. []

u 1 T 1t UIT ! ! I£
Q= d U D H | Q"= d't v D H

SU(3) 3 3 3 - 3 3 3
SU(2)y 2 2 : :
SU(Q)R . . . . 2 . . 2
ORI T N D L A

Table 1: Quantum numbers in the quark and Higgs sectors. Mirror sector fields are
distinguished with a prime. We use notation such that all of @, U, and D (as well
as their mirror counterparts @', U’, and D’) are left-handed, two-component Weyl
fermions, whereas daggered fields are always right-handed.

With this additional field content, the theory admits an alternative definition of
parity that combines the action of the ‘ordinary’ parity transformation with an internal

symmetry that exchanges the fields of the SM and mirror sectors. Explicitly, in the

4The model we have just introduced is not the minimal parity-symmetric extension of the SM, but
rather the minimal extension that solves the strong CP problem. The most minimal extension of the
SM that admits a generalized parity symmetry was introduced in [I126], and does not require a doubling
of the fermion sector. The scalar sector, however, requires the addition of an additional Higgs field
transforming as a bifundamental of the two SU(2) factors, in order to write Yukawa couplings in a
gauge invariant fashion. As discussed in [79], the vev of this field will in general be complex, precluding
a vanishing 0,.
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gauge, quark, and Higgs sectors:

W/ < W, (3.4)
Q. U, D« QT,U", D, (3.5)
H + H™, (3.6)

and similarly for leptons. Since SU(3) and U(1)y interactions are not mirrored, the
corresponding gauge fields transform as usual under parity. Unlike ordinary parity in the
SM, this ‘generalized’ parity transformation is now a good symmetry of the gauge sector
of the theory, thanks to the extended electroweak sector and matter content.

In this context, the strong CP problem is solved as follows. On the one hand, parity
requires that #, = 0, just as one may argue in the SM based on the properties of the
strong sector alone. On the other hand, the presence of additional colored particles
results in an extended quark mass matrix. In particular, Yukawa terms can be written

for both the SM and mirror sectors, of the form
£5 = { @)y QuHU; + (1)@ HUJ | + e, (3.7)

and similarly for down-type quarks and leptons. As a result, the tree-level value of §, in

these models is given by

0, = arg det(y,ya) + arg det(y. y.). (3.8)

Crucially, demanding that Yukawa interactions preserve parity, which is now a good

symmetry of the extended electroweak sector, enforces the Yukawa couplings in the two
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sectors to be identical, i.e.

Yy = s (3.9)

In turn, this implies §, = 0, as per eq. (3.8)), forcing  to vanish at tree-level in parity-
symmetric models.
With the field content outlined in table [T, the theory admits an additional fermion

mass term involving only the SU(2)-singlets, of the form
LD —(MU)Z]UzU; + h.c. (310)

(with analogous terms for down-type quarks and leptons), where invariance under gen-
eralized parity requires that the vector-like mass matrix be hermitian, i.e. ./\/l} =M f.

In general, the expression for ¢, can be conveniently written as
6, = arg det(M,M,), (3.11)

where M,, and M, are 6 x 6 matrices, of the form

0 f}—%y}*
My = : for f=ud. (3.12)
v , T

Due to the zero in the upper-left block of the overall 6 x 6 mass matrix, the expression for
g, remains as in eq. (3.8)). As we will discuss in section [3.2.3] the presence of vector-like

masses is crucial in implementing a version of the model with low ﬁne—tuning.ﬁ

5Note that a non-hermitian mass matrix is compatible with softly broken parity; we will explore the
consequences of such soft breaking in section

6A variation on the model we have so far discussed entails extending the gauge group in eq.
with an additional U(1), as first discussed in [79]. In this case, SM and mirror fields are charged under
different U(1) factors, which transform into each other under parity. Although this seems like a minimal
modification of the model presented here, this two-U(1) version does not allow for the vector-like mass
terms of eq. , in turn precluding the implementation of a low parity-breaking scale.
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To obtain a phenomenologically viable model, parity must be broken, with different
vevs in the mirror and SM Higgs sectors. This will induce a non-vanishing # beyond
tree-level, which must be small enough if the theory is to remain a bona-fide solution
to strong CP. The size of radiative corrections depends on the details of how parity is
spontaneously broken. If P is broken without breaking C'P, then the radiatively induced
0 will be no larger than in the SM [79], where § < 107" [127]. On the other hand, if
C'P is also spontaneously broken (e.g. through the vev of a pseudo-scalar) then a larger
0, as well as a neutron EDM independent of 8, may be radiatively generated. Even in
this latter case, we will see that radiative corrections can be small enough to remain
compatible with experimental constraints. Given that the final size of § is a somewhat
model-dependent feature of this class of models, we defer a more detailed discussion of
this issue to section [3.41

More generally, discussing the leading effect of broken parity on the fine-tuning of the
electroweak sector does not require committing to a specific implementation of sponta-
neous symmetry breaking. For this purpose, it will be enough to focus on the features of

the Higgs sector, to which we now turn.

3.2.2 Scalar sector and fine-tuning

For the time being, we will parametrize the necessary breaking of parity through an
explicit soft term in the scalar potential. Of course, such soft breaking should ultimately
be the result of some spontaneous symmetry breaking dynamics, as we will make more
explicit in section In this spirit, the most general scalar potential involving the
SU(2)., and SU(2)r Higgs doublets takes the form

V(H,H') = —my([H]* + [H'*) + M| H[* + [H'[")* + 6( H[" + [H'|') + p*[H[*. (3.13)
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At this level, eq. is identical to the scalar potential of theories of Neutral Natural-
ness, such as Twin Higgs [128], [129]. The first two terms respect both parity and a larger
accidental SU(4) (really, O(8)) symmetry, while x respects the former but not the latter.
The parameter ;2 softly breaks parity. In the interest of a non-trivial vacuum structure,
we take m% > 0. Depending on the relative signs and sizes of the quartic couplings, the
tree-level vacua for p? = 0 either preserve parity (with v/ = v) or spontaneously break
parity (with v # 0,7 =0 or v = 0,v" # 0). A vacuum with v' > v # 0 may be obtained
by deforming the theory away from the parity-symmetric vacuum with nonzero p? and

A,k > 0. At tree-level, the vevs in the SM and mirror Higgs sectors are then given by

2 _ 2
U2:mH H (1‘*’)\/“)7 and

U/Q — m%{ +/L2)‘/’%
2\ + K

2A+ K

: (3.14)

where v? < v"? is necessary in order to obtain a phenomenologically viable model. After
spontaneous symmetry breaking, the spectrum of the theory contains two scalar fields, h
and I/, with masses my, ~ 2v/kv and my ~ V2 ' respectively, as well as six Goldstones
that become the longitudinal components of the gauge bosons of our extended electroweak
sector. The physical gauge boson spectrum contains Z’ and W’ resonances, which are
heavier than their SM counterparts by a factor of v'/v. We defer further details of the
scalar and gauge sectors to section [3.A.1}

It is clear from eq. that to obtain a hierarchy of scales between v and v’ we
need to introduce a tree-level tuning between the parity-preserving and parity-breaking

mass-squared terms. Heuristically, the necessary fine-tuning is given by

Al = T ”2(21 AR @At ren 207 (3.15)

m2, T A+ r)? V2

This is an irreducible contribution to the fine-tuning in this class of models. Insofar
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as it involves the sensitivity of the weak scale v to underlying parameters, it may be
classified as a tuning associated with the electroweak hierarchy problem, although it is
not necessarily the only such contribution. For example, a hierarchy of scales v"? < M,
would constitute an additional source of fine-tuning in the absence of a stabilizing mech-
anism. Similarly, additional hierarchies of scales or couplings in the sector responsible
for spontaneously breaking P might necessitate similar accurate cancellations. However,
these are issues that could, at least in principle, be addressed at some higher scale above
v', provided the necessary dynamics do not spoil the smallness of § [130]. In contrast,
eq. is forced on us independently of the UV-completion. Although it is tempting
to attach the tuning in eq. to the electroweak hierarchy problem and attribute it
to anthropic selection (the perspective advocated in e.g. [84] [85]), this necessarily entails
some favorable assumptions about the properties of an anthropic landscape. Here we
prefer to render unto strong CP the things that are strong CP’s, and take the irreducible
tuning in eq. at face value as a measure of the degree to which a parity model
naturally explains the small value of § without reintroducing tuning elsewhere.

With this in mind, in this chapter we focus on implementations of parity solutions
to strong CP where the level of fine-tuning, as parametrized in eq. , is as mild
as possible. This will concentrate our attention on a specific mechanism to generate
fermion masses that in turn endows these models with characteristic phenomenology, as

we discuss next.
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3.2.3 Fermion masses and a low parity-breaking scale

Fermion mass terms arise from the Yukawa couplings of eq. (3.7)), as well as from the

vector-like mass involving the SU(2)-singlets. In total:

/

v v % 177/ /
LD - {E(yu)zjuin + E(yU)ijuin + (Mu)ijUin} the, (3.16)

where we have already set y!, = y,, as mandated by generalized parity, and analogous
mass terms are present both for down-type quarks and leptons.

The structure of eq. allows for two limiting realizations of the fermion spectrum.
If the overall scale of the vector-like mass matrix is M < v,v’, then fermion masses are
generated mainly through the Yukawa terms, as in the SM. In this case, mirror fermions
would be an exact copy of the SM, just heavier by a factor of v’ /v. Demanding that the
lightest mirror quark is heavy enough to comply with current experimental constraints
requires m,, X v'/v > 1 TeV [88] 8], in turn setting a lower bound v' > 10® GeV. As
advertised in the Introduction, this sets the level of fine-tuning in the electroweak sector
to A™! < 107!2. The phenomenology of parity solutions to strong CP in this regime was
discussed recently in [84].

On the other hand, the limit M > v, v, allows for a see-saw realization of the fermion
spectrum, consisting of three light (SM-like) fermions, and three heavy fermions with
mass of order M. A sufficiently high scale for the mass of additional colored particles
can now be achieved by increasing M, not v'. This allows for a much lower parity-
breaking scale, and therefore a much better level of fine-tuning. See-saw implementations
of fermion masses, for both quarks and leptons, are discussed in [131], 132, 133, 134], and
it was in fact in this context that a parity-based solution to the strong CP problem was

first proposed [77, [7§]. Tt is this second realization of the fermion spectrum that we
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concentrate on in this work. [

The up-quark sector requires special consideration, since the see-saw mechanism can-
not be applied to the top quark while maintaining perturbative Yukawas. So let us
discuss the down-quark and lepton sectors first. (We will use notation appropriate to the
down-quark sector, but emphasize that the same results apply for leptons.) To leading
order in both v/M and v'/M, the masses of the light and heavy fermions are obtained

by diagonalizing the 3 x 3 hermitian matrices
v’
Ty:lMglyg, and Md, (317)

respectively. We make the simplifying assumption that there are no significant hierarchies
in the eigenvalues of M, and therefore the heavy quarks appear at a common scale ~ M.
Parametrically, light quark masses are then of the form my, ~ |y[*vv'/M. The see-saw
mechanism generates fermion masses my, < v while allowing for much larger Yukawa
couplings than in the SM, which is obviously one of the main attractions of this class of
models. Generating the b quark mass through the see-saw mechanism while maintaining
perturbativity sets an upper bound on the ratio M /v, parametrically:

Y0 M

VU v
my ~ |y 5r S 57 S 10 (3.18)

4

Rotating from the flavor to the mass eigenbasis in the fermion sector can be conve-
niently performed step by step at each order in perturbation theory, and we present a
detailed discussion of this procedure in section [3.A.2, At zeroth order in v\)/M, it is

necessary to perform unitary transformations acting separately on the SU(2)-singlet and

"The vector-like masses of eq. provide a soft breaking of generalized parity, precluding the
existence of degrees of freedom that would be stabilized by the internal part of this symmetry. As a
result, these models do not feature a natural dark matter candidate whose presence is linked to the
resolution of the strong CP problem, unlike some of the viable parameter space of the QCD axion.
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doublet fields, of the form:
d—0Old, d -0% , and D —0OLD D—OLD. (3.19)

O, and Ops are 3 x 3 unitary matrices acting on flavor space that diagonalize the first
and second matrices of eq. 1) respectively. At first order in v) /M, a further rotation
is required that mixes the SU(2)-singlet and doublet fields as follows:
d 1, ) (d d L, &) (d
— I , and — I : (3.20)
D’ —€4 13 D’ D —6:1 13 D
where €; and €, are 3 x 3 matrices with entries of O(v/M) and O(v'/M) respectively,
and whose explicit expressions are given in eq. (3.95)).
Using Dirac notation, the left- and right-handed components of the light and heavy

mass eigenstates are then given by

, Dip = . (3.21)

In particular, notice that the right-handed components of the light (SM-like) fermions
consist of the corresponding component of the SU(2)g-doublets, up to corrections of
O(v'/M). This feature plays a crucial role in the phenomenology of these models. In
particular, it leads to unsuppressed couplings between SU(2)g gauge bosons, and the
right-handed currents of the SM-like fermions. As we will discuss in section [3.3.1], this
leads to the most stringent bound on the parity-breaking scale.

As far as the up-quark sector is concerned, the see-saw mechanism can be implemented

for the u and ¢ quarks, with the corresponding heavy partners appearing at the scale ~ M.
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The mass eigenstates for the first two generations are as in eq. . The top sector,
on the other hand, cannot be significantly “see-sawed”. Instead, it consists of light and
heavy top partners with tree-level masses m; ~ y,v/+/2 and my ~ my; x v’ /v, respectively.
In Dirac notation, and at zeroth order in v)/M, the mass eigenstates are now purely
made of SM and mirror sector fields, i.e.
us 0 U; 0
ty, = , tp= : and  t) = , U= : (3.22)
0 Ul 0 ul
As usual, rotation matrices in the quark sector are constrained by the requirement that
the CKM matrix is reproduced appropriately, which in this case implies V' = OuOIl, up to
corrections of O(v?/M?). Further details concerning the mass diagonalization procedure
in the fermion sector can be found in section B.A.2
This finalizes our discussion of the main characteristics of parity solutions to strong
CP that feature low fine-tuning in the electroweak sector. Before moving on, we include
in fig. [ a schematic representation of the typical spectrum of these models. Amusingly,
the combination of parity and the see-saw mechanism leads to a spectrum of partner
particles strikingly reminiscent of a “natural” left-right Twin Higgs model [129, 135]

with light top and W/Z partners.

3.3 Dial P for Phenomenology

We now turn to the phenomenology of natural parity solutions to strong CP, begin-
ning with direct bounds from the LHC in section before turning to indirect flavor
constraints in section [3.3.2] The collider and flavor phenomenology of similar left-right
models has been the topic of previous work [77, [78, 134, 136, 135, 137, 138], and our

focus here will be on those “irreducible” signatures that are mandated by the structure
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Figure 1: Schematic illustration of the particle spectrum of parity solutions to the
strong CP problem in their least tuned version. The lightest exotic particles are W’
and Z’ resonances, followed by a top partner appearing at a scale of order v’. A mirror
Higgs is also part of the low-lying spectrum, with my ~ v2Av'. (For illustration, we
have chosen A = O(1), but note that A’ could be much lighter if A\ < 1.) Additional
mirror quarks have masses of order the see-saw scale, M > v’. The lepton sector must

also be “see-sawed”, with mirror leptons similarly appearing well above v’ (although we
emphasize that the see-saw scales in the quark and lepton sectors need not coincide).

of the theory in its capacity as a solution to strong CP. A more in depth study of collider
and flavor signatures in light of forthcoming data can illuminate the additional structure

of these models, and it is a worthwhile direction for continued study.

3.3.1 Collider bounds

The doubling of the electroweak sector gives rise to a plethora of experimental signa-
tures at colliders, ranging from additional vector bosons (the W’ and Z’ of spontaneously
broken SU(2)g) to vector-like quarks (the SU(2)-singlet fermions) to additional Higgs
bosons. Ultimately, given that the Z’ and W' gauge bosons acquire masses exclusively
from SU(2)g breaking, and inherit couplings to the SM-like quarks and leptons, collider
searches for these additional vectors place the most solid and strongest direct bounds on

the models under consideration.
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Neutral currents

The Z' resonance inherits couplings to both the left- and right-handed currents of SM-
like fermions. In the down-type quark and lepton sectors, these are both flavor diagonal
and generation universal. After rotating to the mass eigenbasis in both the gauge and

fermion sectors, as outlined in section [3.A] we find:

3
L D) gZ;L Z (ZZIRJinVHdiR + zéRéiRV“eiR -+ Z;,leiR’)/'ul/iR) + {R — L} . (323)
=1

As discussed in section [3.2.3] the see-saw implementation of fermion masses leads to
unsuppressed couplings between the SU(2)r gauge bosons and right-handed fermions.
Up to corrections of O(sin?#,), these are identical to the couplings between the SM Z
and left-handed currents. Specifically:

~

/
zdR ~

(1+0(s2)), (3.24)

N

(1 + O(si})) . 2~

€R

RS

(1+0(s3)), and 2, ~

N

where s, = sinf,,, and we have ignored corrections of O(v?/v'?). On the other hand,

couplings of the Z’ to left-handed currents are now suppressed:

ro 9 Swihw . 2 Y
zg, = —>———==0(s,), and z, =z

6 Teesie = Olsi =32 . (3.25)

The situation in the up-quark sector is somewhat different. Now, couplings between the

7' and the right-handed fermion currents are no longer universal. Instead, we have:

3 2
LDgZ, (Z Zo, Ui Y Ui, + Z 2y Ui Y Ui g + zgRt_Ry"tR> : (3.26)
i=1 i=1
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As before, Z' couplings to first and second generation right-handed currents are unsup-

pressed, and are given by

(1+0(s2)) , (3.27)

UR

MIQ

whereas those to left-handed fermions, as well as to the right-handed top, now read

Swhw

w

6

Bounds on the Z' mass from its production at the LHC will therefore be similar to
those found in the so-called Sequential Standard Model, which features a Z’ resonance
that is just a heavy copy of the SM Z. In the present model, couplings of the Z’ to SM
fermions are similar to those of the Z after the replacement L <+ R — a replacement that
does not affect either the production cross section or the decay rates into light fermions.
The most constraining limits thus come from [90], where a search focused on leptonic
final states sets a lower bound myz 2 5 TeV. In turn, this translates into a lower limit

on the scale of parity breaking of order v = 13 TeV.

Charged currents

W' gauge bosons interact with the right-handed SM fermions in a way that mirrors

the interactions between their left-handed counterparts and SM W. In the lepton sector:

3
% Z (BiyW iy e, + BuWit g e; ) + hue,, (3.29)

i,7=1
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where B = B’ = 0,0!, up to corrections of order p? /M?. As far as the quark sector is

concerned, the up-type sector again requires special consideration. We find:

3
9 _
LD E E W:‘/;juiLv“djL + h.c., (330)

1,j=1

with V = 0,0 + O(v?/M?), whereas
35 /2
LD %W[f > (Z Vit pytd; , + Avgjzmﬂdm) +h.c. (3.31)
=1 \i=1

Up to corrections of O(v?/M?), we have V' =V, and AVy; = (€,;V)s;. The 3 x 3 matrix
€,,, whose entries are suppressed by a factor of v//M < 1, is given explicitly in eq. (3.101)).

As with the Z’, we expect bounds on the W’ to be comparable to those in the Se-
quential Standard Model. Current direct searches set stringent constraints on such W’
resonances, of order my 2 6 TeV [91]. In turn, this sets the strongest limit on the scale
of parity breaking: ¢’ 2 18 TeV. Although direct searches for vector-like quarks and
additional Higgs bosons are also germane, they lead to significantly weaker bounds on
the scale of parity breaking compared to W’ and Z’ searches. For example, null results in
searches for vector-like top partners [88], [89] lead to v" 2 2 TeV, with comparable bounds

coming from searches for SM-singlet scalars.

Looking to the future, a 100 TeV pp collider such as the proposed FCC-hh should be
sensitive to W’ and Z’ bosons as heavy as ~ 40 TeV [92] O3], corresponding to v" 2 120
TeV. This would comprehensively cover the most natural parameter space consistent with
current data, and the non-observation of heavy vectors at such a collider would suggest
that parity solutions are tuned at the A=! ~ 107° level. In this respect, future colliders

provide a decisive test of parity solutions to the strong CP problem.
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3.3.2 Flavor constraints

In the SM, flavor-changing neutral currents (FCNCs) are absent at tree-level, ap-
pearing only at one-loop, and being additionally suppressed by the GIM mechanism.
As a result, precision measurements of flavor-violating processes often imply stringent
constraints on extensions of the SM. In the class of models under consideration, FCNCs
arise already at tree-level, mediated by the Z and Z’ gauge bosons, as well as the scalars
h and h’. However, their size is suppressed by factors of the Yukawa couplings of the
relevant fermions, making their effect negligible. At one-loop, FCNCs proceeding via box
diagrams involving W’ gauge bosons and mirror up-type quarks can lead to deviations
in kaon properties, in turn setting the leading constraints on the flavor structure of these

models.

Tree-level FCNCs

Rotating from the gauge to the mass eigenbasis in the fermion and gauge boson
sectors, as specified in section leads to the presence of flavor-changing interactions
between the Z and the SM-like fermions. For example, in the down-quark sector there

are new interactions of the form

LD QL(GL%)Z‘J’ZMCLL’YMCZJ’L? (3.32)

Cw

where €4 is a 3 X 3 matrix acting on flavor space whose explicit form is given in eq. (3.95)).
Integrating out the Z, the effective hamiltonian relevant to describe |AF| = 1 processes,

such as the leptonic decay of B mesons, now contains additional terms, of the form

AHeg =~ —V2G p(€lea)s2 c05(20,,) (b s ) (ipyupiz) + h.c. (3.33)
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(An analogous term involving right-handed muons is also present, but suppressed by a
factor of s2, so we neglect it in the subsequent discussion.)
The deviation with respect to the SM prediction for the branching fraction of the

process BY — T~ as a result of the operator in eq. (3.33)) can be written as

S BR(B; = " p )psm 1 ~ Cio” + Cio™P? —1 (3.34)
TOBR(B =t ) [0S ’ '

where C’SM) and C{ESM) are the SM and BSM contributions to the Wilson coefficient of

the four-fermion operator (byy*sr)(fiy,7°1). In the SM

sy _ Groa o s
CIO - 2\/547_((‘/;%‘/;58)010 ’ (335)

with CYSM) ~ 4.41 [139], whereas from eq. (3.33) we have

B Gf cos(20,) (eheq) 5o (3.36)

A stringent upper bound on the size of the (Eilﬁd)gg coefficient arises from the requirement

that the masses of the down-type quarks are correctly reproduced in this model. From

eq. (3.95)), we have

v? _ . v /T
(chea)sr = 5 Z ~ e D (Ga)silGa)s: S i <1, (3.37)

where in the last step we have made use of the upper bound in eq. (3.94). We then have,

(BSM) 2,
s ~ 2|C—| <1078 (18 T,ev) (”—) | (3.38)
e v M

parametrically

This effect is much smaller than the theoretical and experimental errors on BR(B? —
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Figure 2: Additional box diagrams contributing to kaon mixing in the models under
consideration include any of the up-type quarks propagating inside the loop, as well as
(left) two W bosons, (center) one W and one W', and (right) two W’s. Quantitatively,

it is diagrams with one W and one W’ that are the most relevant.
pF ), which are both on the order of 10% [140]

The effects of Z-mediated FCNCs on other processes are even more suppressed. For
example, |[AF| = 2 processes such as kaon mixing require two insertions of the (tiny)
flavor-violating coefficient. In the lepton sector, even |AF| = 1 decays are virtually
unobservable, as the effect is now suppressed by the masses of the relevant leptons.
FCNCs mediated by the SM Higgs are similarly negligible, since the corresponding Wilson
coefficients feature the same suppression as those from Z exchange, on top the smaller
coupling between the Higgs and light fermions. Flavor-changing interactions mediated
by the Z’ and &’ are further suppressed by an additional factor of m%/m?%, and m3/m3,

respectively, making them irrelevant. Overall, the strong suppression of the tree-level

FCNCs that occurs naturally in these models makes their effects negligible.

One-loop FCNCs

Another source of FCNCs beyond those present in the SM arises at one loop. In
these models, the familiar box diagram that describes meson mixing in the SM is now
accompanied by similar diagrams that include W's as well as the additional (heavy) up-
type quarks running inside the loop, as we show in fig. 2 Given the level of experimental

precision in measurements of kaon mixing parameters, even a modification to this process

8The effective operator (bry*sr) (v, v’ 1) is also generated after integrating out the Z, with a Wilson
coefficient C{(OBSM) ~ CfgSM) that enters into eq. lj in a similar manner. The presence of this operator

does not quantitatively affect our analysis.
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at the loop level can be a significant source of constraints.
The relevant interactions are those involving the SM-like down-type quarks and both
the W and W’ gauge bosons. They are given by
3
g

LD EWJ Z (V;'jdiL’)/udjL + A‘/;jUiLfyudjL) + h.C., (339)

jii=1

where Uz, =t} here and AV = ¢,V as well as

3 2

qg _ —

LD EW:F Z (Z VijuiR’y”de + ‘/:‘),jt/R’)/Mde
j=1 \i=1

(3.40)
2 — _
+ Z A%;UZ'R’YNCZJ'R + A‘/gth’)/ude) s
i=1

with AV’ = €*V. The entries of the 3 x 3 matrices ¢, and €, are O(v/M) and O(v'/M)
respectively, and explicit expressions can be found in eq. (3.101]).

The detailed expressions, including loop functions, relevant to estimate the contri-
butions to the kaon mixing parameters Amy and |ex| can be found in section [3.C]
Additional box diagrams including two Ws or two W’s always lead to a contribution
which is much smaller than that of the SM, and can therefore be neglected. The leading
contribution arises from diagrams including one W and one W’. In this case, there is an
“irreducible” contribution to both parameters (irreducible in the sense that it can only
be “turned-off” by increasing v’), which comes from the u and ¢ quarks, whose couplings
to the W’ gauge boson are set to be equal to those of the CKM matrix as a result of

generalized parity. The size of this correction reads

6 TeV

mw

T 2
(Amg)ue = —6-1071% GeV ( 6 eV) ,

myw

(3.41)

2
) , and |€s¢|ue 71077 (

which in both cases is an order of magnitude below the theoretical error in the corre-
7
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sponding SM prediction, for values of my consistent with the direct bounds discussed
in section B.3.11

Contributions from box diagrams that involve additional members of the up-quark
sector additionally depend on the see-saw scale M, as well as the size of both diagonal
and off-diagonal entries in the up-type Yukawa matrices. As far as Amy is concerned,
the leading contribution comes from diagrams where the v and ¢ quarks propagate inside
the loop, and so it is roughly equal to the result in eq. , even for a see-saw scale
M that sits only slightly above ¢'. In contrast, the contribution to |ex| can be large,
and it is dominated by diagrams where the ¢t quark propagates inside the loop. Choosing
the individual entries in the Yukawa couplings to saturate the upper bound given in
eq. (3.100), |ex| sets a lower bound on M than can range between 750 TeV and 1000 TeV
(depending on whether the leading contribution interferes destructively or constructively
with the SM result) for v' ~ 18 TeV. This value of M sits comfortably within the upper
bound M < 10%', which follows from the requirement of perturbative Yukawas, as
discussed around eq. . Alternatively, even for v/ = 18 TeV and M = 40 TeV, an
additional suppression by a factor of ©(0.1) in the off-diagonal elements of the up-type
Yukawas with respect to their upper bound is enough to bring the predicted value of |ek|
within the allowed range.

Overall, the class of parity solutions to the strong CP problem that we focus on in this
work can comfortably satisfy existing constraints from flavor physics. Flavor-changing
processes are, nevertheless, an interesting probe of the structure of these models, and a

more in-depth investigation is a promising avenue for future work.
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3.4 Broken parity and the neutron EDM

As we discussed in section , parity-symmetric theories predict a vanishing 6, there-
fore offering a potential solution to the strong CP problem. However, the breaking of
parity that is necessary for phenomenological reasons implies that, although zero at tree-
level, a non-zero f may be generated radiatively. In this section, we investigate in detail
the size of radiative corrections to both @, and the EDM of elementary fermions. We fo-
cus on the effect of non-gravitational interactions, and leave gravitational considerations
to section B.5

The size of radiative corrections to the # parameter is a somewhat model-dependent
question, as it depends on the details of how parity is broken. For instance, we could
regard generalized parity to be a global symmetry that is only broken softly by dimen-
sionful parameters, as in eq. . More realistically, we might expect that the breaking
of parity is spontaneous, and not explicit. This must certainly be the case if, for exam-
ple, parity were a gauge symmetry of the UV theory. Even in this case, there are two
qualitatively different options: either parity is broken without breaking C'P (e.g. through
a symmetry-breaking sector with two scalar fields that obtain asymmetric vevs); or both
parity and C'P are broken simultaneously (e.g. through the vev of a pseudo-scalar). The
former situation is quantitatively similar to the global case. In the latter, however, the
symmetry-breaking sector can introduce an additional source of C P-violation beyond
that present in the SM, and a non-vanishing @ can arise already at one loop.

In the remainder of this section, we discuss the three qualitatively different possibil-
ities for the breaking of parity, with a focus on the implications for the size of radiative

corrections to the neutron EDM.
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3.4.1 Softly broken parity

We will first discuss the possibility of parity being broken softly, only as a result of
dimensionful parameters. Performing this analysis will give us an understanding of the
irreducible effects that will be present in any theory where the breaking of parity happens
dynamically.

There are two potential sources of soft breaking. One corresponds to the p? term in
the scalar potential of eq. , which splits the Higgs vevs in the SM and mirror sectors.
As anticipated in the introduction, if this was the only source of parity-violation, radiative
corrections to  would be no larger than in the SM [79]. Another potential source of soft
breaking are the vector-like mass matrices of eq. . Relaxing the requirement that
these be hermitian introduces a soft breaking of both generalized parity and C'P. In this
case, a correction to the EDMs of elementary charged fermions (both quarks and leptons)
arises already at one loop, whereas # remains zero both at the tree- and one-loop levels.
In turn, this translates into a contribution to the neutron EDM independent of 6.

Taking the vector-like mass matrices of the SU(2)-singlets to be general complex

matrices, WLOG we may write them as
' = My +iAMy, (3.42)

where both ./\/l} = My and AM} = AM;. If AM; is non-vanishing, M’ is no longer
hermitian, therefore (softly) breaking both generalized parity and C'P. At one-loop, a
non-zero AM  leads to a non-vanishing contribution to the EDM of elementary fermions,
with the relevant diagrams depicted in fig. [3] The result is dominated by diagrams where

the mirror Higgs, h’, and the heavy mirror fermions propagate inside the loop. We present

80



P Not PQ Chapter 3
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Figure 3: One-loop diagrams generating a non-zero EDM for the d quark in the
presence of soft breaking of generalized parity through non-hermitian vector-like mass
matrices for the SU(2)-singlets. The leading contribution arises from the diagram

where A/, and the heavy mirror quarks, D;, propagate inside the loop. Analogous
diagrams are present in both the up-quark and lepton sectors.

a detailed calculation in section [3.B.1l For any of the light SM fermions, we find

dr _ ngQrmy |[AM|
L S x 0 (5. (3.43)

where ny is the number of mirror fermions appearing at the see-saw scale in each fermion
sector (i.e. ng = n. = 3, and n, = 2), and |[AM| refers to the typical size of the entries
in the AM matrix.

Taking the soft-breaking through AM to be O(1), we find, parametrically,

2
dy,dg ~ 10728 (40 TeV> e - cm.

7 (3.44)

In turn, this will translate into an EDM for the neutron of approximately the same size.
For illustration, we have normalized the above expression to a value of M that is roughly
a factor of two larger than the current lower bound on v'. The corresponding result lies
two orders of magnitude below the current experimental bound on d,, and could fall
within reach of future experiments depending on the value of the see-saw scale (see e.g.
[T41] for a survey of prospective molecule-based searches promising orders-of-magnitude
improvement in sensitivity to hadronic CPV).

The see-saw mechanism must also be implemented in the charged lepton sector. If it
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were not, the mirror partner of the SM electron would appear at a scale my ~ m, x v /v,
which would be as low as ~ 40 MeV for the least fine-tuned version of the model where
v' >~ 18 TeV. Since mirror fermions carry the same electromagnetic charge as their SM
counterparts, this possibility is obviously ruled out. As a result, a non-zero electron EDM

is also a generic prediction of this class of theories. Parametrically

Tev\ 2
d, ~107% (90M6V> e - cm, (3.45)

where we have chosen the see-saw scale in the lepton sector so as to saturate the current
upper bound on the electron EDM, which is |d.| < 1.1-107% e - cm [142].

Although an EDM is generated at one loop for the various elementary fermions, 6
remains zero at this order. At tree-level, it is easy to see that # = 0, even in the presence

of non-hermitian vector-like mass matrices. Working in the flavor basis, the full 6 x 6

mass matrices in both the up- and down-quark sectors are only modified with respect to

eq. (3.12)) by replacing My with M/ in the bottom-right block. We then have

v«

05  5v
det My = det VR det (vfy7) for f=u.d, (3.46)
avr M

which is real regardless of M/, since y} = ys. This is clearly an accidental consequence of
the zero appearing in the upper-left corner of the quark mass matrix — the gauge struc-
ture of the theory does not allow for relevant operators with the appropriate quantum
numbers to fill that block. The vanishing of @ at one-loop is less immediately obvious.
The relevant calculation was performed in [78], and it is also apparent as a byproduct of
our EDM calculation in section As already emphasized in 78], a non-zero correc-
tion to A could appear at the two-loop order, and would lead to an additional contribution

to the neutron EDM that could be comparable in size to the one discussed here.
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3.4.2 Spontaneously broken parity and C'P

Perhaps more compellingly — and necessarily, if parity is a gauge symmetry — the
breaking of parity can be accomplished through the vacuum expectation value of an
additional field. The most minimal realization actually entails the breaking of both
parity and C'P through the vev of a pseudo-scalar field ¢. The soft term in eq. is

generated by pseudo-scalar couplings to the Higgs sector, of the form

VO (| HI* = [H'?) + Apo® (|H[* + [H']?) . (3.47)

The first term above splits the two vevs, and to obtain v’ > v entails

gV ~ KU . (3.48)

A natural possibility is to take vy ~ pg ~ v/, with K = O(1). However, K < 1 is
also possible, especially since this coupling breaks the otherwise accidental SU(4) global
symmetry of the scalar potential in eq. . Indeed, the quartic coupling of the SM-like
Higgs is Asar ~ 2k, suggesting £ < 0.1 and thus a pseudo-scalar vev v, that is numerically
somewhat smaller than v’.

Crucially, there is an additional operator consistent with all symmetries that involves

¢ and the SU(2)-singlet fermions, of the form [130]:

and similarly for up-type quarks and leptons. The ¢y matrices must be hermitian in
order to respect generalized parity. When ¢ gets a vev, this term breaks both parity

and C'P. In the notation of section [3.4.1], a non-hermitian contribution to the vector-like
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masses in the fermion sector is generated, of the form AM; = y;vs. More importantly,
new interactions involving the pseudo-scalar lead to a non-zero contribution to  already
at one loop, which sets stringent constraints on the size of these couplings. The relevant
diagrams are those on the left of fig. |3 minus the external photon line, and allowing
for ¢ to propagate inside the loop. In section [3.B.2] we present a detailed calculation,
performed in the mass eigenbasis, of the one-loop correction to the quark mass matrix,
and the corresponding correction to 8, in the context of left-right models with a see-saw
fermion structure. In the remainder of this section, we will reproduce the parametric
contribution to @ from the down-quark sector using a spurion analysis that the reader
might find more instructive.

If we parametrize the one-loop correction to the 6 x 6 mass matrix in the down-quark
sector in terms of 3 x 3 blocks, as follows

Apa Agp

AM, = : (3.50)
ADd ADD’

then the corresponding contribution to @ from the down-quark sector can be written as

04 = arg det (Mg + AMy)

~ Imtr (M;lAMd)

-1

v’ -1 v v -1
=Imtr{ — [ —y S Mt T) Agg+ (— T) Apg + (— ’*) Ngyprp.
{ ( 5 Ya Mg Ya d'd \/iyd Dd ﬁyd d'D

Notice that the App block does not contribute to 6y at this order, which again is a
consequence of the zero in the upper-left corner of M.

We will now estimate the size of the A matrices appearing in eq. (3.51)) through a
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spurion analysis, as follows. The Lagrangian will remain invariant under SU(3) flavor

transformations on the various quark fields, of the form

d—Rod, d—=Rgd, and D—=RpD, D —RpD, (3.52)

provided the various Yukawa couplings, as well as the vector-like mass matrix, similarly
transform in an appropriate manner. The correct transformation rules for these objects

are given by

i = Rpys Ry | v = RoyiRY
(3.53)
Mg — R MGRE, Ja — RpTaRb, .

On the other hand, the A matrices of eq. (3.51]) must similarly transform as follows:
Ad’d — Ra;Ad/ng , Ad’D’ — Ra’Ad’D’RE/ s and ADd — READdRZg . (354)

It is now straightforward to identify the leading objects that transform as in eq. ([3.54)

and contain a single insertion of ;. These are of the form

vv'v 1
Agg ~ Tﬂ'f (Y M gaM S yy) (3.55)
whereas
V'V e Vg 1T
Aypr ~ 162 (v M3 Ta) and  Apg ~ = (7aM7 yy) - (3.56)

We have also included numerical factors to account for the loop suppression, as well as to
take into account that the contribution to § must not diverge in the limits where either

v or v’ vanish. Plugging this back into eq. (3.51), we find that all three terms give a
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contribution of the same size. Parametrically:

Vg 1 |Ya|vg
Tk (M3 5a) : (3.57)

9 Y ~
d 1672 M

This result is consistent with the more detailed calculation of the contribution to 8 from
the quark sector presented in section [3.B.2]
Requiring that < 10719 sets an upper bound on the typical size of the entries of the

y matrices in the quark sector, of the form

M
7 <1078 — <1079, (3.58)
Vg

where in the last step we have assumed that v, ~ v’, and have taken into account the
upper bound on the see-saw scale M as given in eq. .

This result bring us to the following conclusion: if the spontaneous breaking of parity
also implies breaking C'P, then any interaction between the quark and symmetry breaking
sectors must be extremely weak. Fortunately, if § = 0 at tree-level, a non-zero value of
y will not be generated radiatively. Indeed, y and the vector-like mass matrices M are
the only two parameters that violate the Z, symmetry acting on the matter fields of the
mirror sector. The breaking through M, however, is soft, and therefore will not translate

into a non-zero ¥ at the loop order. In this sense, a vanishing ¥ is technically natural.

3.4.3 Spontaneously broken parity alone

A less minimal possibility is to spontaneously break parity while preserving C'P

through the addition of two scalar fields, ¢ and o', whose vevs differ. This can be
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achieved if this symmetry breaking sector has a scalar potential of the form

V, = —%(02 +0?) + ﬁ(a2 + 0?)? + &020'2 . (3.59)
2 4 4
where for simplicity we have forbidden cubic terms by imposing an additional Zy sym-
metry. If Ay > 0, the vacua lie at (o) = 0, (¢/) = £1/m2/A; and viceversa. This option
is not viable for the Higgs potential itself, which requires both v and v’ to be nonzero,
but is perfectly adequate for an additional scalar sector.
Parity breaking can then be translated into the Higgs sector by writing appropriate

couplings of the form
V O N (®|H? + % H')?) + N, (6”|H> + o*|H'|*) . (3.60)

These terms are compatible with the generalized parity introduced in section (3.2} acting
additionally as o <+ ¢’. Provided A\, # X/, this will generate the soft term in eq.
proportional to A\, — AL. For example, in the vacuum with (¢’) # 0, v' > v corresponds
to

(X, — A ) (") ~ k2. (3.61)

As this scenario breaks P without breaking C'P (and the additional Zy symmetry acting
on the os forbids marginal couplings between o,¢’ and fermion bilinears), there are
no significant additional contributions to the neutron EDM. There is, of course, the
possibility of collider signatures coming from the Higgs portal coupling in eq. ,
most notably mixing between the Higgs and the scalar that acquires a vev, as well as
invisible decays of the Higgs if kinematically allowed. The two scalars acquire masses
of order v/2X\;(¢’) ~ +/Av' and \/F/Z(a’) ~ v/ AU', respectively, and it is certainly

possible for one to be lighter than half the Higgs mass depending on the values of A; 5.
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3.5 Strong CP and quantum gravity

As we discussed in the Introduction, the strong CP problem arises out of the difficulty
of reconciling the smallness of § with the O(1) violation of both parity and C'P by the
electroweak sector. In turn, all attempts to address this puzzle are themselves based on
the introduction of an additional symmetry beyond those of the SM. However, there is
strong evidence that within a theory of quantum gravity, global symmetries cannot be
exact — they must be either broken, or gauged. The origin of this statement goes back
a long way [94], 95], 96l 97, 98, 99] 100, 10T, T02], and to some extent it has recently been
established [103] 104]. Of course, the single most pressing issue for phenomenology is
to establish a lower bound on the amount of global symmetry violation that must be
present in the IR. Attempts at finding such a “universal” lower bound have been made
[T05], [T06], but a fully satisfactory answer remains elusive. Absent a full understanding of
how quantum gravity affects global symmetries at low energies, we can at least attempt
to assess the robustness of an EFT against global symmetry violation by considering the
impact of HDOs suppressed by the appropriate power of Mp;. This both constrains the
viable parameter space of parity solutions to strong CP and illustrates the sense in which
P, rather than U(1)pg, provides a solution to the strong CP problem that is robust
against the expected intrusion of quantum gravity. Beyond imposing constraints, these
higher-dimensional operators also lead to new experimental signatures associated with

the spontaneous breaking of parity, which we explore in section [3.5.2]

3.5.1 Constraints from Planck-suppressed operators

The observation that the breaking of global symmetries by quantum gravity can
have a profound impact on the validity of the QCD axion solution to strong CP was first

made in [114, 115, 116, 117]. Planck-suppressed HDOs that violate the U (1) pg symmetry
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carried by the field ®, the phase of which is the axion, are of the form

Ui
d—4
Pl

LD |®|47"®™ + h.c. (3.62)

Here, d is the operator dimension, n its units of U(1)pg charge (so n > 1 in order to
break the symmetry), and 7 a coupling that will in general feature arbitrary real and
imaginary parts. HDOs of this form contribute to the axion potential, and, in general,
will displace the axion vev away from the value leading to a small . Following [115],
requiring that the shift in the axion vev is small enough so as not to spoil the solution

to strong CP translates into the following upper bound

fa I —81p —91
In| ( <107%4 <1077, (3.63)
V2Mp) ™ ~

where f, is the scale of U(1) pg spontaneous symmetry breaking (alternatively, the axion
decay constant), which is experimentally constrained to be between 108 and 107 GeV
[140]. Focusing on operators of dimension d = 5, this translates into an upper bound on
the size of 7, of the form

102GeV\’ / 6
< =55 - -
Il <10 ( 3 ) (1010) : (3.64)

In other words, for all experimentally allowed values of the axion decay constant, the
U(1)pg symmetry must remain an approximate global symmetry to an exceptional de-
gree. This is clearly one of the most significant drawbacks of the axion solution to strong
CP.

In the remainder of this section we study the effect of Planck-suppressed HDOs on
parity solutions to the strong CP problem. We consider separately the cases where parity

is global or gauged. The nature of the HDOs under consideration will be different, but
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in both cases we will see that even O(1) coefficients are compatible with solving strong

CP.

Parity as a global symmetry

If we regard parity as a global symmetry, then we must consider the effect of HDOs
that explicitly violate P. The relevant dimension-5 HDOs were already identified in [143],
and they are of the form

LS M%l ()i (H'Q)(HQ;) + ()i (HTQS)(H'Q;)] + hec. (3.65)

Notice that if ay = a} then the above terms would be parity-symmetric. In general,
however, the a’s will not be hermitian, and it is under this assumption that we proceed.

Setting the Higgs to their vevs, eq. leads to a correction to the quark mass
matrix that, for arbitrary a;’s, does not respect generalized parity. The leading contri-
bution to @ will come from the contributions to the up- and down-quark masses, which

are of the form

v ()11 vV ()11
oMy, ~ ————, d omg o2 —————. :
m S an mq I (3.66)
In turn,
Im(dm,)  Im(dmy) 5 v’
0, ~ ~ 1 .
q - + -~ 0 T (3.67)

where in the last step we have used m, /v ~ mg/v ~ 107°. Requiring that the above
contribution is smaller than the current bound on @ translates into an upper bound on

the parity breaking scale:

20 TeV 0
v < a <10_10>. (3.68)

Notice this upper bound is (just) compatible with the lower bound v" 2 18 TeV from

direct searches of W’ gauge bosons, as discussed in section [3.3.1, As a result, if global
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generalized parity is responsible for solving strong CP, an O(1) violation of the symmetry
due to gravitational effects would imply a contribution to  accessible in near-future

experiments.

Parity as a gauge symmetry

If parity is instead a gauge symmetry of the underlying theory, HDOs that explic-

itly violate P are therefore not allowed. Planck-suppressed operators such as those in

eq. (3.65) might still be generated, but only with oy = a}, and therefore will not con-

tribute to #. Instead, the operators of interest must be proportional to the source of
spontaneous symmetry breaking. If the latter takes place via the vev of a pseudo-scalar,
as discussed in section [3.4.2] then there are two dimension-5 HDOs that satisfy this

requirement, namely:

pa .
Loms - (G G ) : (3.69)
and
£ J\ZTZ {(CQiHU; + (C)iQH'U; + (Ca)i HTQiDj + (G)is H QiU } + hic., (3.70)

with n, € R, and C} = (} so as to satisfy generalized parity.
The operator of eq. (3.69)) will generate a contribution to 6, after spontaneous sym-

metry breaking, of the form

NV
0y ~ —. 3.71
Mp, ( )

Assuming that vy ~ ¢/, demanding that this contribution is smaller than the current

bound on @ leads to an upper bound on the parity breaking scale

10° GeV 0
Vg ~ U/ 5 n ¢ <1O_10> ’ (372)
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which is clearly well above current bounds on v'.

At the same time, once ¢ gets its vev, the operator of eq. leads to an extra
contribution to the Yukawa couplings of the up- and down-type quarks in the SM and
mirror sectors that are mot parity-symmetric. In turn, this will lead to an additional
contribution to the mass eigenvalues of the light quarks which will in general contain an

imaginary component. For example, in the down quark sector

|(Ya)ixl, (3.73)

Im(dma,) ~ vv' Im{ g (yd)fj(Cd)ij} N v_v’ |Calve

Mp, P Mmp; M Mp

where |(y4)ix| refers to the typical size of the entries in the i-th row of the y; matrix. The

leading contribution to 6, will come from the up and down quarks. In total:

0

(3.74)

~ Im<5mu> + Im((smd) ~ ) U_U/ ’Cu‘(yu)l* + ’Cd‘(yd)l*
T m, mq  Mp M My my ’

Taking into account the upper bound on the entries of the Yukawa couplings necessary to
reproduce the light quark masses (see eq. (3.94))), as well as the requirement that v/ < M

in order to implement the see-saw mechanism, the previous equation implies

0, < 102% : (3.75)

where we have set m, /v ~ mg/v ~ 107°, and have assumed that |(,| ~ |(4]. In turn,

taking v, ~ v', this sets an upper bound on the scale of spontaneous symmetry breaking:

, _107GeV [ 0
vg ~ VS H (1010> : (3.76)

As before, this is fully compatible with current experimental bounds on the parity-

breaking scale, even for O(1) coefficients of the corresponding HDOs.
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3.5.2 Gravitational waves from the spontaneous breaking of
parity

Beyond providing additional constraints on the parameter space of parity solutions
to strong CP, the expected effects of gravity also introduce new experimental signatures.
Here we highlight one possibility, namely the impact of HDOs when parity is a sponta-
neously broken global symmetry. The spontaneous breaking of discrete symmetries can
lead to the formation of a network of domain walls in the early universe, provided the re-
heating temperature after inflation is above the scale of spontaneous symmetry breaking
[144] ﬂ If the spontaneously broken symmetry is global, but otherwise exact, a domain
wall configuration interpolates between two distinct vacua that are degenerate, making
these defects topologically stable objects. The formation of such networks can be fatal
on two grounds. On the one hand, the energy density in domain walls redshifts slower
than that of matter or radiation, and would eventually dominate the universe’s energy
budget. If this happened before the current epoch, the rapid expansion of the subsequent
domain-wall-dominated era would be at odds with observation. On the other hand, even
if only a subdominant component of the total energy density was in the form of domain
walls today, their effect on large-scale density fluctuations rules out defects with char-
acteristic scales above ~ 1 MeV [147]. These considerations are often referred to as the
“domain wall problem” of theories with spontaneously broken discrete symmetries.

These problems are largely solved when we take into consideration that, within a
theory of quantum gravity, we expect all symmetries to be either broken or gauged
[941, 95, [96], 97, 98, 99, 100}, 10Tl [102] 103, [104] — an expectation that includes spacetime

symmetries [103] 104]. In this context, the domain wall network is unstable, rendering

9This statement relies on the restoration of the spontaneously broken symmetry at high temperatures.
Scenarios where symmetry restoration does not take place have been explored in [145, 146]. In these
cases, topological defects would not form via the mechanism of [144].
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its earlier formation largely unproblematic (see e.g. [148], and also [145] [146]). More-
over, the significant amount of gravitational radiation emitted in the process results in a
stochastic gravitational wave background that may be within reach of current and future
observatories. We discuss this possibility in the remainder of this section.

We will focus first on the scenario where parity is a global symmetry that is only
explicitly broken by gravitational effects. At low energies, the symmetry-breaking dy-
namics will enter the effective potential for ¢ through HDOs that violate parity. One
such operator is of the form

Voe——-. (3.77)

This breaks the degeneracy between the two previously degenerate vacua, corresponding

to (¢) = tv,. Parametrically, the energy difference now reads

5
€U¢

SV~ —2 (3.78)

Pl

If the reheating temperature is above the scale of spontaneous symmetry breaking,
then we expect that a network of domain walls will be formed once the temperature of the
universe drops bellow 7" ~ v, [144]. Numerical [149] 150} 151} [152] [153] and analytical
[154] [155] studies suggest that, shortly after formation, the network evolves according
to a scaling solution, with ppw(t) ~ o/t, and typical domain wall size comparable to
the Hubble scale H(t)™!. o corresponds to the tension of the domain walls, which in
our model is of the form o ~ \//f_d,vf;, where kg4 refers to the quartic coupling in the ¢
potential. Two competing effects determine the network’s subsequent evolution. On the
one hand, the pressure difference between the two vacua exerts a force per unit area of
order ~ oV. On the other, the tension per unit area acting on a wall with curvature

radius R is ~ o/R. In the scaling regime, R(t) ~ H(t)"! ~ t (assuming the universe is
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radiation dominated), and therefore the effect of tension decreases with time. Eventually,
the pressure difference between the two vacua dominates, causing the network to collapse

at a time of order

o \//iquPl
tco R T .
LSy evfb (3.79)

Clearly, the domain wall network could be very long-lived if ¢ <€ 1. The requirement
that collapse takes place either before the universe becomes domain wall dominated,
or before the start of BBN (so as to avoid energy injection into the SM plasma that
would disrupt light element formation), sets a lower bound on € as a function of the
spontaneous symmetry breaking scale. This is depicted in fig. 4, where the BBN and
domain-wall-domination restrictions dominate for values of v4 below and above ~ 73 TeV
respectively. As can be appreciated in the figure, in the region of parameter space where
the fine-tuning is better than 1071° (that is, vy ~v' < 3.5-10* TeV), € may be as small
as O(10713).

The collapse of a domain wall network leads to the production of gravitational waves
[156), [157]. On dimensional grounds, one would expect the energy density in gravitational
radiation to be of the form pgy, ~ Gno? (the mandatory power of G times the necessary
factors of o to make up dimensions), an expectation that is largely upheld by numerical
analysis [158] 159, 160, [161]. The resulting gravitational wave spectrum has an extended
shape, peaking at a frequency corresponding to the Hubble size at the time of collapse
(corresponding to the typical size of the domain walls), and falling off as 1/f for larger

frequencies. At the present epoch, the peak frequency of the gravitational wave signal is

_ Teon. 9x(Teon.) 1/6
. ~10°H
/ ‘ (10—2 GeV> ( 10

1/2 1 1/4
~10 1 () () (5
AN TY SANT=E ko)
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Fine-tuning

1075 |

Collider bounds
AL 81 = a

10710

Vg / GeV

10*15 i . .
102 104 108 108 1010 1012

1‘014 | 1‘016
Figure 4: Constraints on the size of the coefficient of the Planck-suppressed HDO
of eq. , as a function of the scale of spontaneous symmetry breaking, vys. The
region vy, < 18 TeV (green) is in conflict with direct bounds on the mass of W’
and Z’ resonances, under the assumption that vy ~ v, as discussed in section
Values of € that are too small (blue) do not destabilize the domain wall network early
enough to either avoid a domain-wall-dominated era, or to ensure collapse before
the onset of BBN, and are therefore ruled out. The region of parameter space in
pink is experimentally allowed, but the level of fine-tuning in the electroweak sector
worsens as vg is increased (corresponding to a darker shade). The dashed line at
vy =~ 3.5-10% TeV corresponds to a fine-tuning of O(1071%) in the electroweak sector.
(For illustration, we have set the quartic coupling in the pseudo-scalar potential to be
kg = 1 in this plot.)
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and the energy density in gravitational radiation at frequency peak reads [162]

2 _92 4 4/3
107¢ GeV 10
¢ (f ) (20 TGV)3 Tcoll. G« (Tcoll.>
2 (10712\? /Ky 2
~ 1 —10 U¢ _<Z5
0 (18 TeV) € ( 1 ) ’

where T, refers to the temperature of the SM plasma at a time t.,., and we have

(3.81)

assumed that network collapse takes place during radiation domination.ﬂ

Figure |5 shows the region that can be spanned by the peak of the stochastic grav-
itational wave background in the f. vs. Qg h?(fi) plane, together with the sensitivity
curves of a number of gravitational wave experiments. The lower bound on € depicted
in fig. [4] translates into a lower bound on f, for each value of the symmetry breaking
scale (e.g. f. 2 107 Hz for vy ~ 18 TeV). As can be seen in fig. , a region of param-
eter space with low v’ falls within reach of gravitational wave observatories probing the
low frequency regime such as SKA [163], NANOGrav [164], and the EPTA [41]. As €
is increased, the collapse of the domain wall network occurs earlier, further suppressing
the current value of the energy density in gravitational radiation by the corresponding
redshift factor.

Our discussion so far applies in the context of global discrete symmetries provided
that they either do not descend from a continuous symmetry, or that, if they do, the
symmetry breaking scale of the continuous factor is above the reheating temperature, so
that a network of cosmic strings is not formed in the early universe. On the other hand,
if the reheating temperature is larger than the scale set by the tension of the strings,
i, then a string network will be formed first, with the strings later joined by domain

walls. The entire string-wall network now evolves together, and the problem features an

10Tn the second steps of egs. (3.80) and (3.81)), we have substituted T.on. by the corresponding expres-
sion in terms of the model’s fundamental parameters, while ignoring a weak dependence on g,.
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10710 :

Qgwh?(f2)

10715
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1ty

10720

107 1077 107° 1073 107!
Figure 5: In blue, region of parameter space where the frequency peak of the stochastic
gravitational wave signal, f., as well as the corresponding energy density, nghZ( fe)s
can fall in light of the experimental constraints on the various model parameters
summarized in fig. @l Dotted lines correspond to constant e. The region to the right
of the dashed line corresponding to v, = 3.5 - 10 TeV features a level of fine-tuning
worse than 1 part in 10'°, and it is therefore less attractive. Sensitivity curves for a
variety of gravitational wave experiments are shown, including the pulsar timing arrays
EPTA [41], NANOGrav [164], SKA [I63] (observation time of 5, 10 and 20 years as
indicated), as well as the space-based interferometers LISA [165], and DECIGO [166].
(For illustration, we have set the quartic coupling in the pseudo-scalar potential to be

kg = 1 in this plot.)
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additional time scale, given by

to~ = (3.82)

o

At t ~ t,, the force per unit length on a string of radius R(t) ~ ¢, given by ~ pu/t,
becomes comparable to the wall tension. The system then becomes dominated by the
tension of the domain walls, causing the network to shrink, and break down into pieces
that will further decay into gravitational waves (or, potentially, also massive particles,
depending on their size and the relevant particle spectrum) [156] [157]. If this timescale
is shorter than t.,., the earlier destruction of the network of defects could move any
potential gravitational wave signal into an unobservable regime.

The discussion of the previous paragraph is especially relevant if parity is instead
realized as a gauge symmetry, for which explicit breaking is no longer allowed. Naively,
one would hope that the gauge case would be cosmologically more benign: the gauge
equivalence of the two vacua makes them no longer distinct, eliminating the topological
stability of the domain walls. Indeed, domain walls can be destroyed by a process in
which a string loop is nucleated on the wall, further growing to destroy the entire defect.
However, the corresponding nucleation probability is proportional to e "/ [167], which
will be exceedingly small for any reasonable separation of scales between the string and
wall tensions, therefore rendering gauge domain walls effectively stable. It is therefore
crucial that the reheating temperature is above the string tension scale, so that a string
network is formed that can later result in the entire collapse of the subsequent string-
wall network. The cosmological implications, as well as potential gravitational wave
signatures, of a discrete parity symmetry that is gauged will be further explored in

future work.
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3.6 Conclusions

The strong CP problem remains one of the great naturalness problems of the Standard
Model, and is perhaps the most compelling in light of its resistance to straightforward
anthropic explanations. Fully satisfying solutions to the problem remain elusive given
the expected violation of global symmetries in a theory of quantum gravity, which de-
mands extensive effort to protect the Peccei-Quinn symmetry underlying axion-based
approaches. In this work we have pursued a possibility that is more transparently robust
against the effects of quantum gravity, revisiting parity-based solutions to the strong CP
problem. Our approach highlights the experimental signatures associated with the most
natural regions of parameter space in these models, as well as ancillary signatures that
are dependent upon the detailed mechanism of parity breaking.

The notion of naturalness within this parameter space is governed by the tuning
associated with the separation of scales of SU(2), and SU(2)g breaking, which are
related by generalized parity. Given this tuning, “see-saw” vector-like masses for the
SU(2)-singlet fermions play a key role in allowing the scale of SU(2)r breaking to be
lowered toward its most natural value consistent with experimental constraints. Within
this framework, the LHC provides the strongest test of natural parity-based solutions to
the strong CP problem, probing the scale of SU(2)g breaking through searches for W’
and Z' vector bosons as well as vector-like quarks and additional Higgs bosons. This
leaves parity solutions tuned at the ~ 1073 level, which while not fully natural remains
a significant improvement in explaining the observed # < 107!°. The extended reach
for heavy resonances at future colliders such as FCC-hh will decisively test these parity
solutions at the level of ~ 107° tuning. Constraints on new sources of flavor violation
play a complementary role, with additional sensitivity to the scale of vector-like fermions

and the underlying model of flavor.
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The detailed mechanism of parity breaking gives rise to additional signatures within
reach of near-future tabletop experiments and gravitational wave observatories. Soft par-
ity and C P-violating terms give rise to EDMs for elementary fermions at one-loop, both
quarks and charged leptons, which provide a pathway to discovery in precision searches
for C'P-violation in molecular systems. Spontaneous violation of parity and C'P through
the vev of a pseudo-scalar gives rise to additional one-loop contributions to @, which
provides an additional pathway to discovery and already requires the source of parity vi-
olation to be sequestered from the quark sector (albeit in a technically natural way). The
expected violation of global symmetries in a theory of quantum gravity further shapes
the viable parameter space and potential experimental signatures through the impact
of various Planck-suppressed operators whose form depends on the underlying parity-
breaking mechanism. If parity is a global symmetry that is broken both spontaneously
(by a pseudo-scalar vev) and explicitly (by gravitational effects), collapse of the domain
wall network associated with the spontaneous breaking of parity can generate a gravity
wave signal accessible at low-frequency gravitational wave observatories. In this respect,
the violation of global symmetries by gravitational effects is a feature of parity-based so-
lutions to the strong CP problem, rather than a bug. Taken together, these experimental

opportunities warrant further exploration of generalized parity as a solution to strong

CP.
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3.A Mass eigenstates

3.A.1 Gauge and Higgs sectors

With the gauge group of eq. (3.3)), and the Higgs sector specified in table |1}, sponta-

neous symmetry breaking takes place in two steps, as follows

v’ #0 0

The physical spectrum contains SM-like Z, W=, and ~ gauge bosons, as well as exotic
Z' and W'* excitations. At tree-level, no mixing occurs in the charged gauge boson

sector, and the mass eigenstates are given in terms of the gauge eigenbasis by the usual

expression:
1
W* = —(W'FiW?), 3.84
\/5( FiW?) (3.84)
and similarly in the W’ sector. Tree-level masses are of the form my = gv/2 and

my = gv'/2, where we have assumed that ¢’ = g, as mandated by generalized parity.
By contrast, in the neutral gauge boson sector mixing between SM and mirror fields takes

place already at tree-level. At zeroth order in a v/v" expansion, the gauge eigenstates
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can be written in the mass eigenbasis as follows

W —\/chssifw —sinf,, tan 6, sin 0,, 4
Wi | = 0 cos 0, sin 6, Z, | (3.85)

B, —tané, — tan 6,4/ cos 20, v/cos 20, A,

where sin® 6, ~ 0.231 as usual. Corrections to the above expression arise at O(v?/v"?).

Masses for the SM-like Z and mirror Z’ are given by

2 / 2

gu v gv’ cos 0, v
= o— d ==t 00— . 3.86
"7 Ycosh, " (U’Q) ’ o 2=y Jeos 20, * (v’2) (3:86)

After electroweak symmetry breaking, the Higgs sector consists of two real scalar
fields, h and R/, with masses given by my, ~ 2v/kv and my ~ v/2 \'. Rotating from the

gauge to the mass eigenbasis can be performed as follows

h CcoS v sin o h
— : (3.87)

h' —sin CoSs v h

with mixing angle oo ~ v/v'.

3.A.2 Fermion sector

Rotating from the flavor to the mass eigenbasis in the fermion sector requires solving
the eigenvalue problem for the 6 x 6 matrices M}M 5, and M fM}, with My as given in
eq. . This can be conveniently done as a perturbation expansion in v/M,v'/M < 1.
In this section, we summarize the relevant results of this procedure. We focus first on the
down-quark and lepton sectors (although we will use notation appropriate to the down-

quark sector, we emphasize that identical results apply for leptons). The singularities
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of the up sector as related to the top quark merit a separate discussion that we present

later.

Down-type quarks and leptons

The mass eigenvalues in the down-quark sector can be found by diagonalizing the two
3 X 3 matrices
v'v 4

7y{;‘/\/ld vy and M, (3.88)

In full generality, i.e. without yet imposing generalized parity, the above matrices are not

necessarily hermitian, and two unitary matrices are needed in order to bring them into

real diagonal form. This corresponds to the unitary transformations
d—Old, d - 0Ld, and D—OLD D —OLD. (3.89)

By definition, the rotation matrices are such that

!/

v’ )
mg = O} (Ty&*MdlyC?) (’)2 = diag(my,) , (3.90)

and

mp = O}, M,0}, = diag(mp,) , (3.91)

where mg4, and mp, are the masses of the SM and exotic heavy quarks respectively. As
advertised in section [3.2.3 we will make the simplifying assumption that all three mirror
quarks appear at a common scale mp, ~ M > v,v'. Imposing generalized parity makes
both matrices in eq. hermitian. In this case, a single unitary matrix suffices to
make them diagonal, and we have Oy = O} and Op = O},,.

It is convenient to define two new matrices corresponding to the Yukawa couplings in
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this new basis

Ja=Oya0),  and gy = Ogy,0F, . (3.92)

With this definition, the tree-level masses of the SM-like fermions read

v’ (W7 )ij(Ya)i; vV | (a)is]?
R S L Y 1 3.93
& 2 ; ij 2 ij ( )

where the last step holds provided we impose generalized parity. From this expression,

we can find an upper bound on the individual entries in the Yukawa matrix, of the form

~ 2mg,mp, 1/2 mq, M 1/2
|<yd>ij|s(—) o ((ma . (3.94)

v’ v’

As advertised in section [3.2.3] bringing the full 6 x 6 matrix of eq. (3.12) into diagonal
form requires a further transformation that mixes the SU(2)-doublet and singlet fields,
as specified in eq. (3.20). In terms of the g4 and ¢/, couplings defined earlier, the 3 x 3

blocks appearing in eq. (3.20) can be written as

/
— =Ml and b= 5o, (3.95)

whose entries are of O(v/M) and O(v'/M) respectively. When generalized parity is only
broken by the different vev’s in the SM and mirror sectors, we have €, = (v'/v)€.
Up-type quarks

The diagonalization procedure in the up-quark sector is analogous to that for down-
type quarks and leptons, although this time accommodating for the singularities of the

third generation for which the see-saw mechanism cannot be implemented.
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As before, at zeroth order in v") /M, we perform transformations of the form
u— Olu, u' — OL,u', and U— OITJU, U — OTU,U'. (3.96)

On the one hand, the matrices Oy and Oy must be chosen such that the vector-like
mass matrix M, is brought into diagonal form. In this case, we make the assumption
that two of the eigenvalues of M, are my,, my, ~ M, whereas the third one is much
smaller, and for simplicity we will take it to vanish in what follows. On the other hand,

the matrices O, and O, must now be such that

(G ™y T )iy = 0i (T M5 Gy )i and (Fu)iz = (Fu)is =0 (3.97)
fori,j = 1,2, and where ;' = dlag(mU1 ng ,0), and the g, and g/, matrices are defined
as in eq. (3.92). Moreover, we define y; = 933, and yy = 745, which we may choose to be
real and positive.

With this preliminaries, the tree-level mass eigenvalues in the top sector read

Y
my = —uv , and my =

V2

Y
—, 3.98
V2 (3.98)
with vy = y; if we impose generalized parity. For the first and second generation, we

have instead

~ /%

o S )iy _ v [l
My, = —= Y Z " (3.99)
J

my Uj 2 = U
where the last step holds provided we impose generalized parity. As before, we can now

obtain an upper bound on the individual Yukawa entries, of the form

2my my.\ w M 1/2
|(Fu)is] S (—UJ) ~ (m_) for i,j=1,2. (3.100)

v’
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A further transformation mixing the SU(2)-singlet and doublet components is again
necessary in order to diagonalize the full 6 x 6 mass matrix, which can be written as in

eq. (3.20). The corresponding €, and €, blocks are now given by

v L v’ My (gl*mflng%{
Eui':_mlTi'a €u)3j = ——7~ L ja
(€w)ij \/5( v U )ij (€u)s; 2 m2 — 6,5m? 3.101)
v o m(grng g |

(s = =gy (=

2 2
my — 5j3mt,

V2

fori =1,2and j = 1,2,3. Just as in the down-quark sector, if generalized parity is only

broken by the difference between v and v’, we have €, = (v'/v)el.

3.B Radiatively induced EDM

3.B.1 One-loop EDM

We will now present a calculation of the one-loop correction to the EDM of elementary
charged fermions that arises under the assumption that parity is only broken softly, both
in the scalar potential and through the presence of non-hermitian vector-like masses
for the SU(2)-singlets. The relevant diagrams are those featured in fig. We will
concentrate first on diagrams where either h or h’ propagate inside the loop.

In full generality, a Dirac fermion f that interacts with another fermion v, and a

neutral scalar ¢ through Yukawa couplings of the form

LD L(frp)¢ + R(frvr)é + h.c., (3.102)

will receive a one-loop EDM given by

df (Qw m¢
—_— = —A Illl LR* 3103
e 16712 ”L%qb (T) ( ) ’ ( )
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where r = m?p / mé, and the loop function A is given by

A(r) = 2(1—;)2 (3 P ilig;) | (3.104)

In the model we are considering, the Yukawa interactions involving both light and heavy

fermions can be written as

£5 =3 s (dwiidy + dpf*Dy + Dpi*dy + Dpd™Dy ) +hic., (3.105)

s=h,h/
where we are using notation specific to the down-quark sector, but analogous expressions
apply for up-quarks and leptons (although the specific form of the Yukawa matrices will
differ). It will be convenient to write the above matrices as @° = Rjw" 4+ Ryw" (for
w = mn,05,7,0), where Rj; = Rgs = cosa and Rjs = —Ry = sina, with a ~ v/
the mixing angle the Higgs sector. For the down-quark sector, the w matrices can be

conveniently written as follows

=T g L gmg), 4= oot (" 5'my), (3.106)
v V2 V2 2
and
nh/ _ _% Bh/ _ g_/* 'yh‘/ _ _im_lg/de 5h/ _ 'U_/ (m—lg/Tg/*)
V' \/57 \/5 D ’ 2 D :

(3.107)
The one-loop correction to the EDM of one of the SM-like quarks, d;, is dominated by
diagrams where the heavy mirror quarks propagate inside the loop. Since mp, ~ M >

my, my, we can expand the loop function A(r) in the limit r > 1. Keeping the first two
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terms, we find

mg Qs 28
rat ()

The last factor in the previous expression can be written as

where we have taken into account that B”fyjz, i ’yﬂ € R, so those combinations don'’t
appear on the right-hand-side. When summing over s in eq. (3.108))), the contribution
from the leading term in the m3/m7, < 1 expansion vanishes since > RisRos = 0. The

leading contribution to dg4, then reads
ddi Qd m ’ ’

Z

(3.110)

Qd mh’ SlnaIm <sz 7ﬂ> :

where in the last step we have neglected the first term in parenthesis since it is suppressed
by a factor of O((vv'/M?)?) with respect to the second, and we have only kept the
contribution from A’, since the contribution from h is suppressed by an additional factor
of m3 /m?,.

From eqs. (3.106]) and ([3.107)), we find
]‘ ~/* ~
6@_7 f}/jz - yljylj (3111)

When generalized parity is a good symmetry, we have §' = ¢, and therefore the above
term is real, in turn leading to a vanishing EDM. In the presence of soft breaking through
non-hermitian vector-like masses, the relationship ¢’ = ¢ no longer holds, even if the

Yukawa couplings in the flavor basis remain identical since the breaking is soft. To see
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that the equality of the Yukawa couplings in the SM and mirror sectors no longer holds
in the mass basis, it is useful to remind ourselves of the fermion mass diagonalization
procedure discussed in section [3.A.2] When generalized parity remains unbroken, the
unitary matrices of eq. are such that Op = O%, and Op = O}. However, the non-
hermiticity of the vector-like mass matrix means the unitary matrices needed to bring
the 3 x 3 matrices of eq. into real diagonal form will no longer satisfy this simple
relation. Instead, writing the new vector-like mass matrices as My + ¢AM, with both

M and AMy hermitian, the new unitary matrices are modified as follows

OF/%@F/iOF/—l-AF/, OF%@F:O}/— ;v,
(3.112)
Of—>Of:Of+Af, Of/%Of/:O}—A}.
The A matrices arise at O (|JAM|/M), and are given by
[AM, Mgy [Arn, My
ki Mg, —Mp, ki My, — My,
where
AM=O0pAMOL,  and  Am= %y Myt AMm LT (3.114)
Using the above expressions in the definition of g, it is possible to write
7 =g"(1+¢), (3.115)

where ¢ is a matrix with entries of O(|AM|/M). Explicitly, after some massaging,

) AM . P AM,,
¥i; = Zyzz (% i (1= ) +i Z Uit : ) . (3.116)
l J
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In total:
i~ N AM
Im(5759i5) = |i5]* x O ( i ) (3.117)
Plugging this back into eq. (3.110)), we have
Qd mh, . 1 s~ nde my, AM
Z 9% smoz§ I35 9i5) =~ 3902 32 < O =) (3.118)

with ng = 3 the number of mirror fermions appearing at the see-saw scale in the down-
quark sector. The above expression also applies to the lepton sector, after making the
obvious substitutions. In the up-quark sector, the expressions for the Yukawa couplings
are somewhat different to those in eqs. and , but can be similarly found
by following the flavor-to-mass-basis rotation procedure outlined in section [3.A.2] In the
end, diagrams where h’ and the mirror partners of the v and ¢ quarks propagate inside
the loop give the leading contribution to the one-loop EDM. Thus, the above expression
also applies for the up-quark sector, this time with n, = 2 instead.

Additional contributions arise from diagrams where Z and Z’ propagate inside the
loop (see fig. [3). In this case, the leading contribution arises from diagrams involving Z’
as well as heavy mirror fermions. In total, the final result is parametrically the same as
that in eq. , except for an additional suppression by a factor of ¢%sin?f,,.

Although the potential one-loop correction to 8 that could arise as a result of the soft
breaking through non-hermitian vector-like masses was already shown to vanish in [7§],
this can also be seen from the calculation we have just performed. The relevant diagrams
contributing to the quark mass matrix, and therefore to 8, are those of fig. , minus the
external photon line. So although the appropriate loop function will be different, the

overall correction will be similarly proportional to eq. (3.111)). Using eq. (3.90)) to rewrite
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7 in terms of ¢, and the diagonal mass matrices, we find
Im(dmyg,) oc Im(g57:5) oc ma, Im((57"):0i5)- (3.119)

As a result, the corresponding contribution to 6 from the down-quark sector reads

) % oc Im (Z(g_l)ji?jij> = 0. (3.120)

% v 7

Notice the sum over quark flavors is crucial in the above cancellation.

3.B.2 One-loop ¢

The calculation of the one-loop correction to the quark mass matrix, and, in turn,
to 6, proceeds along similar lines to the EDM calculation we have just discussed. The
leading contribution to § comes from corrections to the light quark masses, and it is due
to diagrams where either A’ or ¢ propagate inside the loop.

Rotating from the gauge to the mass basis in the scalar sector requires performing a
transformation s; — R;;s;, with s; = {h, ', ¢}, and R is a 3 x 3 orthogonal matrix that

we parametrize in terms of the various mixing angles as

CaCp CaSBSy + SaCy —CaSBCy + SaSy
R =1 —s,cs —8aS85y + CaCy SaSBCy + CaSy (3.121)
Sg —C/gSfy (350y

where ¢, = cosa, s, = sinq, etc. Parametrically, we expect ¢, ~ ¢z ~ ¢, = O(1),
whereas s, ~ v/v', 83 ~ v/v,, and s, ~ v,/v'. In the down-quark sector, the Yukawa

interactions of eq. (3.105)) need to be extended to include ¢ in the sum, and the @w?*
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matrices are now given by
&° = Risw" + Rosw" + Rasw? for w=mn,05,7,0. (3.122)

The expressions for w” and w" are as in eqgs. (3.106)) and (3.107), whereas for ¢ we have

n® = 2 (y my'gmy'g") B = 7 (g’*mD ¥)

(3.123)
(:lj B ) ) 5¢ = _Zgja

where § = OpgO},, as usual.

In the notation of eq. (3.102)), the one-loop correction to Im(dmy) is given by

m¢ %
m(dmy) = T6n2 (my, mg) Im(LR"), (3.124)
where the loop function F now reads
F( ) ! { 2 (1 my 1) (1 m¢ 1)} (3.125)
My, My) = —5— |m3, | log — — 0g — — : .
v 1T m?p — mi ¥ 2 2

For the case at hand, the leading one-loop correction to the mass of the SM-like fermions
involves diagrams where the heavy mirror partners appearing at scale M propagate inside

the loop. Specifically, in the down-quark sector, we have

mp Q8 28
m(dmg,) = Y - GW;F(mD my) Im(B545)- (3.126)
$,J

In analogy to the discussion in the previous section, the leading term in F in the limit
mp, >> ms is independent of ms, and its contribution to Im(dmy) vanishes as a result

of the orthogonality of the mixing matrix in the scalar sector. The leading correction to
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m(dmyg,) then reads

2

2
mg ij DS 28
Im(dmy,) ~ § log 2 Im(3745)

1672mp,
J,s
2 (3.127)
m? mp,
= Z ].67T2mD. 10g m2 Im(8752] /YJZ+S’YSOC/BZ]’Y]Z)
j,S:h/,Qﬁ J S

where in the last step we have neglected the contribution from A, which is suppressed by
a factor of m? /m? compared to that from A’ and ¢. The two terms inside the parenthesis

are given by

v g;*gj]kgzk mdigj vd,mdigj
SWIm(ﬁUfyﬂ) 572 JmD ~ S, o T (3.128)
k

where in the last step we have substituted s, ~ vs/v’, as we expect when v, < v/, and

v’ yzkyk]ym s s mq,y N VMg, Yy
2 mp, e V"

S+Sa Im(ﬁlﬂﬂ) SySa = (3.129)

Both terms are therefore of the same order. When v, < ¢/, the contribution from ¢ to

m(dmyg,) is subleading to that from A'. Setting my ~ v2\v' ~ v/, we then have

my, y% 1 M2

omg,) ~ “— log — 1
and the contribution to 6 from the down-quark sector reads
- Im(dmy,) 1 yog M 2
0 ~ o~ 1 131
2. e, 1672 M Cmd, (8.131)

i

The above expression agrees with the parametric estimate presented in section |3.4.2]

except for the log factor that is not captured in our spurion analysis.

114



P Not PQ Chapter 3

3.C Kaon mixing

The Amy and |ex| parameters characterizing the kaon sector can be written as

rie Tm (15 )|
Amyg = 2Re(m%), and (x| = ————=, 3.132
K = 2Re(m) x| = 2 (3.132)
where mf$, = ﬁ(K 0| H | K9), and Heg refers to the effective hamiltonian appropriate

to describe kaon mixing.
In the SM, H.g is generated at one-loop through box diagrams involving two W gauge

bosons. The corresponding contribution reads

GZm?, - -
LW (dpysn) (dpytst) Z AaAgF (x4, g) + hc., (3.133)

Het DO —
eff 471‘2
a’/B

where the loop function F' is given by [168]

22 logx TaZ3
o %8 %o 1-2 o ) i
(g — x0)(1 — z4) ( T+ 4 iz va}

R T (mz% - 1) |

and A\, = VI,V for @ = u, ¢, t. In the present model, the sum over a and 3 in eq. ((3.133])

F(xq,25) = 5

(3.134)

must be extended to include the additional members of the up-quark sector. The corre-

sponding couplings can be read off from eq. (3.39)), and are given by

Ao = AV AV, for a=UC,T. (3.135)

An additional contribution to H.g arises from diagrams involving one W and one W’.
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In this case:

2, 9
Grmiy
472

Heg D — B(drsp)(drsr) Y AFNFEF(B, 24, 25) + hoc, (3.136)

a?ﬁ

where 8 = mj, /m¥, = v?/v”?, and the loop function now reads [169]

F(8,%a,28) = \/TaZs {(1 + B)o(ta, 26, ) — (4 + Bras)[i(2a, 2, 8)},  (3.137)

with
B 2o log 4 Blog s
]1(5,$a,$5) = (1 — [Ea)(l — B$a>(xo¢ — 335) + {l‘a <~ $,3} - (1 _ 5)(1 — ﬁaja)(l — ﬁxﬁ)y
B 72 log log 5
]g(ﬂ,xa,l‘g) = (1 — xa)(l — Bxa)(xa — xﬂ) + {ﬁa — $,3} - (1 _ 5)(1 — nga)(l — ngﬁ)

(3.138)

The relevant couplings follow from the interactions in egs. (3.39)) and (3.40). For the u

and ¢ quarks, we have AL = \BL = )\ | whereas for their heavy partners

LR = AVZAV,

as)

and M= AVEAV,,, for a=U,C. (3.139)

In the top sector, on the other hand, we have

N = VEAVY NEE = AV, and Nt = AV Vi, NBE = VA AV, (3.140)
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The Power of Covariantized Phase

Space

4.1 Introduction

Novel representations of collider data play an increasingly important role in the mod-
ern machine learning (ML) era. In particular, a physically-motivated notion of the dis-
tance between collider events is a powerful input to ML-based methods for event classifi-
cation and anomaly detection. Recently, optimal transport distances between energy flow
distributions [I70, 171, 172] or spectral functions [I73] have given rise to a new geome-
try of collider events, with widespread applications. However, there is another natural
distance between collider events that has yet to be fully explored: the one furnished by
the phase space manifold on which scattering amplitudes are defined.

Traditionally, little attention has been paid to the intrinsic geometry of the phase
space manifold itself, except within the context of the structure of S-matrix elements
(especially at the boundaries of phase space). The deeper potential of the phase space
manifold was recently highlighted in Ref. [7], which presented a covariant description of
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the massless N-body phase space manifold Il and demonstrated that it is isomorphic
to the product space of a N — 1-dimensional simplex Ay_; and a 2N — 3-dimensional
hypersphere S?V =3 TIy = Ay_; x S?N=3. Explicit global coordinates can then be con-
structed on the phase space, promoting it to a metric space. This offers a new way to
organize collider data that is firmly grounded in the underlying physics and furnishes a
novel representation of collider data for any downstream machine learning applications.

In this paper we develop and demonstrate a practical metric for collider events using
the global phase space coordinates presented in Ref. [7], tailored in part to the structure of
events at hadron colliders. Constructing a true metric from these phase space coordinates
poses a number of challenges, which we address in turn. Given that the dimension of the
phase space manifold depends on the particle multiplicity, exclusive clustering of events
into a fixed number of N “particles” enables the calculation of distances between different
events on a phase space manifold of uniform dimension 3N — 4. Ensuring that the phase
space metric satisfies the identity of indiscernibles requires minimizing distances over
N! permutations of particles for each pair of events, an exponentially computationally
intensive task that we efficiently approximate by exactly minimizing distances on the
simplex part of the phase space manifold and azimuthally rotating events to minimize
distances on the hypersphere part. Together, these steps ensure that the metric on phase
space satisfies the identity of indiscernibles and define a physically principled prescription
for event pre-processing. We further tailor the metric to global phase space coordinates
relevant to hadron colliders, including both the center-of-mass frame for total events and
a collinear frame for individual boosted jets.

Different types of collider events exhibit distinctive structures in phase space, making
the phase space distance between events a potentially powerful tool for event classification
and anomaly detection. We demonstrate this potential with a number of examples in

which the phase space distances among ensembles of signal and background events are
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inputs to simple ML algorithms for event classification. Distances on the phase space
metric lead to competitive classification both at the level of entire collider events and
within the substructure of boosted jets. Taken together, our results suggest that distances
on a suitably-defined phase space manifold provide a practical and effective representation
of collider data with numerous applications.

This paper is organized as follows: In section we review the prescription for
constructing the phase space manifold and explicit global coordinates in the center-of-
mass frame presented in in Ref. [7] and develop an analogous prescription in the collinear
limit for boosted objets. We then address the practical aspects of constructing a phase
space metric for collider events in section [£.3] including the representation of different
events in terms of a fixed number of particles and the efficient minimization of distances
over particle permutations. We demonstrate the classification power of the phase space
metric coupled to simple ML algorithms in section 4.4 with an event-level Standard Model
tt vs. QCD dijet study, an event-level beyond-the-Standard Model isotropic Hidden Valley
vs. QCD dijet study, and a boosted W boson vs. QCD jet study. We summarize our
conclusions and sketch future directions in section [4.5] reserving technical details about

the minimization over particle permutations for an appendix.

4.2 Intrinsic geometry of N-body phase space

In this section, we review the formalism of Ref. [7] for establishing the phase space
manifold in the center-of-mass (CM) frame. We restrict our study to assume that ex-
perimentally detected particles are all massless, which will be a good approximation in
the high energy collider environment of the LHC. For our purposes in this paper, we
will need more explicit results for application on realistic collider event data. We will

thus provide all necessary mappings from momentum space coordinates to the natural
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coordinates on simplex-hypersphere formulation of phase space and the corresponding
Riemannian metric. Additionally, we will construct the manifold on the phase space of a
boosted jet, effectively in the infinite-momentum frame. The coordinate of the jet’s axis
is special, breaking the event’s O(3) invariance in the CM frame, and also the mass of

the jet is not necessarily measured and constrained, which introduces a new coordinate.

4.2.1 Phase space in the CM frame: a product manifold

We start with the volume form of N-body phase space in terms of the four-momenta

p; of the N massless particles constituting an event in Cartesian coordinates, where

dlly = (27)4=3N [H d'p; 5+(p?)] oW (Q - Zp) . (4.1)

i=1

Here Q = (Q,0,0,0) is the total energy of the event in the CM frame and d+(p?) =
8(p?) O(po;) enforces that all particles are on-shell with positive energy. The on-shell
constraints can be satisfied by re-expressing the four-momenta in terms of the two spinors

for each particle, where

\o — 1 Poi + P3i Sé 1 Poi + P3i (1.2)
v/ Doi + P3i D1+ ipo; VPoi + Ds3i D1 — Do

with ¢+ = 1,..., N labeling the particle and «, @ = 1,2 labeling the spinor components.
Note that we have here 5\? = A\ because the momentum matrix p; = /\,-5\1» is Hermitian.

We now define two N-component vectors

U= ()\% )\é - )\}V) , with components u; = v/po; + psi , (4.3)
7= (N )3 ... \%) , with components v; = Pri Wi (4.4)

VDoi + p3i
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Notice that u is a real vector while ¢ is complex. Written in terms of these , v’ vectors,
eq. (4.1) now becomes

ﬂ PPN 22
1 U@

dNudNv
— (9 )4-3N )2N—4

dHN (271')4 3NQ2N 4 [

(4.5)
(1 — |@*) 6(1 — |5*) 6@ ('),

where the division by U(1) represents implicit restriction to one element of the little

group action on the spinors. By introducing the new coordinate

the @ part of the volume form reduces to

Ud(ly O(1 —Jaf*) = LN U dpi) 6 (1 - Zm) ox dAN-1, (4.7)

where dAy_1 is the flat measure on a N — 1-dimensional simplex. We therefore obtain
the simplex part of the phase space manifold.

For the terms in eq. (4.5)) involving ¥, we first enforce the orthogonality condition
5@ (4'7) to reduce the dimension of ¥ by 1 via the removal of the last component of @,

i.e., vy. Thus, we have

dN—l

dNus(1 — |7]?) 6@ (a@'0) = T2 5(1 — |72 — un]?). (4.8)

Note that the ¢ on the right hand side of eq. (4.8) now has only N — 1 components, and

vy can be expressed in terms of the components of 4 and v. We then perform a change
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of variables from ¥ to ¥, where ¢ is an N — l-component complex unit vector,

dN "1y

§(1 — U2 — Jun|?) = dV ' 8(1 — |T7)?) = dS*N 3, (4.9)
PN

which is manifestly the measure for the sphere S?V=3,

Putting it all together, we have shown that the phase space is a product manifold of

the simplex Ax_; and the sphere S?V=3:

4 2\ N
dlly = (252 (16{;3) dAy_1 dS*N 73 (4.10)

One can easily check that dimensionality works since the sum of the simplex and sphere
dimensions gives us (N — 1) + (2N — 3) = 3N — 4, which is the correct phase space
dimension for a system of N massless particles. Also, because we will always compare
events with the same total energy (), we will often rescale energies so that () = 1, and

so the overall dimensionality of the phase space metric is eliminated.

4.2.2 Phase space in the CM frame: metric and explicit coor-

dination

From this factorization of the phase space manifold into a simplex and a sphere, we
can then introduce explicit, global coordinates. First, let’s explicitly work out the full

transformation from ¢ to ¢'. This can be expressed by

(% U1
V! 1 Vg
P l=——— R (4.11)
UN(l — UN) :
Un_1 UN-1,
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where the matrix R is

R (4.12)
uf +uy(l —uf —uk) urug(l — uy) wun_1(1 —uy)
B uus (1 —uy) ui +un(l —ui —u%) - usuy—_1(1 — upy)
uuy_1(1 — uy) ugun—1(1 — up) e ud  un(l— Ui —ud)

Note that the above matrix R is a real, symmetric and positive-definite, and the reality
of R ensures that the real and imaginary components of @ are not mixed with each other.
Furthermore, the determinant of the matrix is u]_\,l, and inverting R gives a Jacobian
J = u3;, which ensures that d¥ v = u3, d¥ "1 = py d¥ 0.

The vector v can now be conveniently expressed by a generalized spherical coordinate

system,

I =i
vy =€ % cos

/ —i&2

Uy =¢€ Sin 71 cOS 72

(4.13)

Uy o = e ®N-2gingy - sinny_3CcOSNN_2

Uy_q =€ “N-tsingy - sinny_s sinny_o,

where &; € [0,27] and n; € [0, 7/2]. These coordinates explicitly enforce the normalization

|7|> = 1. In the case of N = 2, the sphere part of the manifold is S**7% = S! and so no

71 coordinate remains, and we’re left with only one parameter for the sphere part, i.e., & .
To summarize, we have shown that the (3N —4) degrees of freedom of the phase space

manifold are composed of two groups of coordinates, with (N — 1) p coordinates on the

simplex AY~! and (N — 1) ¢ together with (N — 2) 5 coordinates on the hypersphere
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SZNfS

Armed with a system of explicit coordinates, we can now easily define the correspond-

ing metric on the phase space manifold. The line element of the simplex is

dsh, , = > dp}. (4.14)

The summation above is over N coordinates despite the fact that the simplex has dimen-
sion N — 1. Indeed, these coordinates are not all independent but are instead constrained
via the d-function in eq. . With a suitable change of variables, the simplex line el-
ement could be written using only N — 1 coordinates, but this is not necessary for our

purposes. The line element of the hypersphere follows a recursive description
dsian—s = dnx_o + COS* Ny_o déx_y + sin® Ny_o dsgen—s (4.15)

starting from ds%, = d&i.

In this paper, we are more interested in the distances between pairs of events assigned
according to their positions on the phase space manifold, so these line elements can be
promoted to honest Riemannian metrics that satisfy symmetry, identity of indiscernibles,
and the triangle inequality. For two events that we label A and B, their metric distance

on the simplex is

N
da(pa, 8) =/ (Pa— Ps)® = | D_(pia — pin)’ (4.16)
i=1

Distances on the hypersphere are determined by the angle between the two events, and
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therefore the metric on the hypersphere is
ds (¥, T) = cos H(RT|T) = cos™ (%Z vasz> : (4.17)

where R’ 7, is the real part of the inner product of the vectors @, and @. Any convex
linear combination of these two metrics is itself a metric, and could therefore be a metric
on the phase space manifold. However, the volume element of phase space is fixed, which
constrains the determinant of the metric.

By demanding that the metric on phase space reproduces the dependence on mul-
tiplicity N in the volume element of eq. , we can express the metric between two

events A and B on phase space as dependent on a single parameter ¢ > 0, where

. . 1 /eNines o, . 1 /c\sxva
dn<pA,ﬂA;pB,vB>=¢@(;l) Ea i)+ 15 ()7 BT (418)

Varying the value of ¢ then reweights the simplex and sphere contributions to the distance
between events. With only the volume of phase space as a constraint, there is no natural
value for ¢, and so in our studies we will consider a few values to identify where on phase
space are events most different.

Actually, to ensure that dyj is a metric on phase space, we must further enforce permu-
tation invariance of the particles in the events. Specifically, if the events were identical,
A = B, then for two distinct orderings of the particles, the metric would in general be
non-zero. This would immediately fail the identity of indiscernibles requirement, and so
we must additionally enforce that the metric is minimized over permutations of particles
in the events. In practice, global minimization over N! permutations is exponentially
computationally intensive and unfeasible even for reasonably small N. Nevertheless,

in section we will discuss simple pre-processing steps that can be implemented to
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approximate the global permutation minimum, and, at the very least, ensure that the

distance from an event to itself is 0.

4.2.3 Phase space in the collinear limit

The phase space for an isolated jet, as a collimated, high-energy collection of parti-
cles, is distinct from the phase space of a high-energy event. In particular, our starting
approximation for a jet will be in the infinite momentum limit, in which momentum
transverse to its axis is parametrically smaller than the momentum along the axis. In
this limit, there is no Lorentz transformation that can be performed to boost to the rest
frame of the jet, and so this requires a new analysis of the corresponding manifold on
which particle momenta live.

Without loss of generality, we assume that the net momentum of the jet lies along

the +2 axis and introduce the lightcone momentum components

P =po+Ds3, Pt =po—ps. (4.19)

Then, for our purposes here, we define a jet as a collection of particles for which their
net — component is parametrically larger than the + component: p~ > p*. To just
find a jet, we require some net p~ but are inclusive to the value of p*, without further
restrictions on the structure of the jet. Additionally, as the axis of the jet is defined to
be the direction of net momentum, the net momentum transverse to the axis is 0. We
denote these components of momentum transverse to the jet axis as p .

With this set-up, the differential phase space volume of a jet that consists of NV

126



The Power of Covariantized Phase Space Chapter 4

massless particles is then:

N N N N
dIlfy) = (2m)" N [H d'p, 5*(1}?)] dp* o (p - Zm‘) 0 (p+ - ZPT) 5 (Zm) .
=1 =1 =1

=1

(4.20)

As with phase space in the CM frame, we introduce vectors ¢ and ¢ to automatically
incorporate the on-shell constraints, where now the individual components are:

D; _ b + 1 P2 (4.21)

Ui = A —> Uj = -
p VoD
Note that unlike their definition for phase space in the CM frame, these vectors are

dimensionless, which is preferred because to good approximation jets are scale invariant.

Phase space volume in these coordinates then becomes

+\ N-2 4N, N
> dud v e s — a2 6(1 — 1) 82 (@) .

() _ (9 )43N (,,—)2N—4 b

(4.22)

Here we can go a bit further and simplify the phase space volume by incorporating
some additional physics. In the soft and/or collinear limit that dominates the description
of a jet, perturbative QCD is approximately scale-invariant, which imposes structure on
the squared matrix element |M|? as a function of the present scales. By dimensional anal-
ysis, the squared matrix element for NV final state particles must have overall dependence

on p~ as
IM? oc (p7) 2, (4.23)

in order to ensure that probabilities are dimensionless. Further, assuming scale invari-
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ance, probabilities are unchanged if the ratio

J’_

(4.24)

>0
i
ik

is rescaled as y — Ay, for any A > 0, and so the matrix element must have dependence

on y as
M~ N ()2 (4.25)

Including this knowledge of the matrix element, the phase space now becomes

dNudNv

ng\*[]) |M|2 ~ (27T)4_3N leX W

5 (L—1a?) 6 (1—19) 6@ (@'v) .  (4.26)
If one is inclusive over particle number N, then this exact scale invariance in QCD
is modified by an anomalous dimension (and the running coupling), proportional to «s.
In general, the matrix element will exhibit singularities on the phase space when pairs of
particles become collinear, but those details depend precisely on the specific dynamics of
the jet ensemble of interest.
One can now proceed to construct explicit global coordinates on the jet’s phase space

manifold. As in the case of events in the CM frame, we will have coordinates p,v’, &, n

expressed with the same formulae as in eqs. (4.6)), (4.11]) and (4.13]). Therefore, we again

end up with (N — 1) p coordinates for the simplex and (2N — 3) ¢ and 71 coordinates for
the hypersphere. For a jet, we will also have an additional y coordinate whose form is
dictated by the specific structure of the squared matrix element. As a result, the phase
space for collinear jets is a product of three parts: the simplex, the hypersphere, and a
scale factor.

For two jets A and B, the metric of the scale factor y is simply the Euclidean metric
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on the real line:

dy(xa, xB) = |log(xa) — log(xs)| - (4.27)

Now, with three components to the jet phase space manifold and one constraint on its
volume form eq. (4.26)), we can express the metric as a convex sum in terms of two

parameters c1, cy > 0, where

dZH(J)<ﬁA7UA7XA'ﬁB:6/BaXB) (4.28)
() () e+ ()7 ()
~ 1672 \ 4 167/ (Pa: o) + 5\ 1672 s\Va Up

3 —4
C1 3 Co 3 —3
d

()7 (o) dlvaxs),

where da is again given by eq. and dg by eq. . In some jet studies, there is
an expected natural mass scale, for example, when searching for resonances that decay
hadronically, and in those cases, one would impose a narrow cut on the jet mass. As
such, the value of x would vary very little on a jet-by-jet basis in the relevant ensemble,
and so the contribution to the metric from d, can typically be ignored. Additionally,
as discussed for events in the CM frame, permutation invariance of the particles must
be imposed externally to ensure that the distance between a jet and itself is 0. Pre-
processing steps that ensure the identity of indiscernibles will be discussed in the next

section.
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4.3 Implementation of the phase space metric for
classification

In this section, we describe the practical implementation of the metric on phase space
that we explore in a specific case study later. This will involve significant pre-processing
steps that can get a long way toward permutation invariance and exact minimization
required for the metric on phase space reviewed and established in the previous section
to indeed satisfy the requirements of a metric. We also describe the general techniques
employed for post-processing the phase space representation of the events for the task
of event classification, which will necessarily introduce machine learning to establish
boundaries between signal- and background-rich regions.

Pre- and post-processing of particle physics collider event data for any analysis, with
machine learning or not, has long been employed to simplify the representation of the
data. Typically, pre-processing is done in an ad hoc manner, modding out by symmetries
that are expected to hold to good approximation, but are rarely ever quantitatively
justified. On the phase space manifold with explicit global coordinates and a local metric,
these pre-processing steps are motivated by the necessary minimization over particle
ordering and orientation to enforce the properties of the metric. The steps discussed here
can therefore inform a more principled pre-processing prescription in other contexts.

Throughout this section, we will refer to the complete collection of particles produced
in a collision as an “event”. We will later consider both analysis of complete collision
events as well as individual jets excised from events, but refer to either case as “events”,
with the understanding that the appropriate description of phase space is used depending

on the particular application.
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4.3.1 Pre-processing of collider events

We first discuss the pre-processing that we perform on events. These pre-processing
steps ensures that the distance between an event and itself vanishes according to the

metric on phase space.

Event representation

This formulation of a metric on phase space explicitly fixes the particle multiplicity
N. So, the first step of pre-processing is to map any given event onto N-body phase
space. We accomplish this by clustering the event into N jets with the kr clustering
algorithm. Further, for each identified jet, we also set its four-momentum to be massless
(fixing hadronic coordinates).

For small N, we might expect that this masslessness restriction is a poor approxima-
tion, as each jet may consist of relatively hard, relative wide angle particles that generate
a relatively large mass for the jets. However, as multiplicity IV increases, it is expected
that this masslessness restriction weakens as small clusters of hadrons are resolved that
have high energy, but are collinear with one another. At any rate, in principle mass can
be incorporated in the phase space manifold and calculations in perturbative QCD as-
sume partons are massless. We leave a detailed analysis of the limitations of this massless

approximation to future work.

Particle ordering

Events on which only energies and momenta are measured have no natural ordering
of their constituent particles and so any function of them must be permutation invariant.
For the phase space metric, this permutation invariance is implemented as a minimiza-

tion of the distance between two events over all possible permutations of particles. This
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minimization ensures that the metric then satisfies both the triangle inequality and the
identity of indiscernibles. However, for every pair of events with N particles on which
their distance is calculated, we would have to scan over all possible V! distinct orderings
to identify the minimum. Such an exhaustive search is clearly computationally impossi-
ble even for moderate N, so we will propose a different approach here. While minimiza-
tion over an exponentially-large number of permuations is ripe for machine learning, we
present a much more pedestrian proposal here that is provably correct for the simplex
submanifold, and will motivate prescriptions on all of phase space.

Recall that the metric on the simplex is the Euclidean metric in N dimensions:

N
dzA(ﬁAv PB - ml Z PiA — Po(s) 2' (429)

Of course, the simplex is N — 1 dimensional by energy conservation, but we will work
with this manifestly permutation invariant form. Also, here we have explicitly included
the minimization over the permutations of particles in event B, where ¢ is an element of
the symmetric group Sy. Without loss of generality, we can assume that the particles in
event A are, say, ordered monotonically decreasing in p value. Then, the permutation of
the particles of event B that minimizes this distance is also when the particles in event

B are ordered in decreasing p value. That is,

N
dA(Pa; PB) = Z (pia — pin)? . (4.30)

=1
PiA>P(i+1)A
PiB>P(i+1)B

We provide an elementary proof that this ordering does indeed render the distance a
metric on the simplex in section [4.A]

d% is of course a convex linear combination of the squared metrics on the simplex and
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the hypersphere, and so ordering particles according to their p value does not guarantee
minimization over permutations of the complete metric on phase space. Nevertheless, this
pre-processing step is very simple and computationally cheap, and at the very least ap-
proximates a local minimum over permutations. To practically implement this ordering,

recall that the definition of p is

pP=Dpo+tDs, (4.31)

the sum of the energy and z-component of momentum of the particle. For events in the
CM frame, there is possibly an O(3) rotation symmetry of particle momenta. For events
at a hadron collider, this O(3) symmetry is broken to O(2) about the beams and reflection
of the beams, but still, the direction of the +z-axis is not unambiguously defined. In our
analyses, then, we will consider the following three different particle orderings to probe

the sensitivity to the choice of axis:
e Descending order in py + p3,
e Descending order in py — p3,

e Descending order in pr = /p? + p3.

Azimuthal rotation

Even with the particle ordering that minimizes distances on the simplex, there are still
minimization ambiguities on the hypersphere that can be addressed with pre-processing.

Recall that the metric on the hypersphere is

ds (T, 7)) = min cos ' (3‘% [UQU'BD : (4.32)

arg(v’z)
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Here, the minimization is a bit subtle. Event-by-event, there is an O(2) azimuthal sym-
metry about the beam, for which the momentum transverse to the beam can be rotated
by a common angle or reflected. In the metric, then, SO(2) rotation invariance is manifest
as minimization over the argument of the vector v’;, for example, and we fix the vector
v"y because only their relative phase is important. We will address reflection invariance
shortly.

1

Then, because cos™ monotonically decreases as its argument increases from 0, the

minimization over the phase of ¥ is implemented by maximizing
max R [#17) < ’zﬂvB‘ . (4.33)
Thus, because the real part of this vector dot product is bounded from above by its
absolute value, even when maximizing over the argument of /5, we should just use the
absolute value in calculating the metric on the hypersphere. This prescription will mini-
mize the distance on the hypersphere for any given particle ordering, but does not ensure
that that ordering is a global minimum. Nevertheless, with the ordering prescription on
the simplex, this will produce at least a local minimum of the metric on the entire phase
space manifold.
To account for reflections in the transverse space, note that a reflection of p, — —p,
corresponds to complex conjugation in the vector . Then, to minimize the hypersphere
metric over reflections with a given particle ordering, we simply choose the larger of

—»/"‘—»[
’UAUB

and |17' XU’B|. Again, we only reflect/complex conjugate vector ¢y in the product
because the metric is only sensitive to the relative orientation between events. Finally,

for a given particle ordering, the form of the metric we take on the hypersphere is

, |5;WB|]) . (4.34)

T —
UAUB

ds (T, ) = cos™* (max [
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Crucially, the particle ordering on the simplex ensures that the distance between an event
and itself vanishes, and this prescription for minimization over azimuthal symmetries en-
sures that the distance on the hypersphere also vanishes. Therefore, these pre-processing
prescriptions explicitly ensure that the metric on phase space satisfies the quality of

identity of indiscernibles.

4.3.2 Processing the phase space manifold

With the pre-processing steps discussed above, we now turn to discussion of practical
evaluation of the coordinates on the phase space manifold and the corresponding distances

between realistic events.

Definition of the simplex and sphere coordinates

If events enjoy invariance to O(3) transformations of the celestial sphere and all
particles are detected, then there is a continuous infinity of possible choices for the @ and
U coordinates, all of which are equally valid. This is because, in the center-of-mass frame,
the net momentum is 0 and so the net momentum transverse to any fixed axis is also 0.
However, in this paper, we either consider events produced at a hadron collider, for which
numerous particles are lost down the beam region and undetected, or of individual jets
for which a center-of-mass frame does not exist. These systems then break the infinite
degeneracy of coordinate systems and reduce to just a couple of different choices that
respect the symmetries of the events in the lab frame.

The possible choices are exclusively set by the coordinates on the simplex, u, or

equivalently, p. Given fixed coordinates for which the Z-axis lies along the beams and
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one beam is fixed to be the +2 direction, there are two possibilities:

p=po—+Ds3, or  p=py—p;3. (4.35)

Note that either choice produces a valid metric, because there is no absolute frame for the
coordinates on phase space. Instead, the choice of coordinates should be determined by
the particular task at hand; here, we would choose the coordinates based on optimization
of discrimination power. However, lacking infinite computing resources, we will simply
study the response of our classification task with different choices of coordinates. Note
that this choice of coordinates ensures that the momentum transverse to the z axis,
that defines the coordinates ¥/, is (very nearly) 0, up to the small residual transverse
momentum lost down the beams. However, the visible particles in general have a large
net momentum along the z axis, which will need to be boosted away to render the events
in the center-of-mass frame. Such a boost does not affect the direction of the z axis, and

further the p coordinate transforms homogeneously under a z-axis boost, where

p—€p, (4.36)

where the (pseudo)rapidity of the visible particles in the lab frame is 7.

Given a possible natural choice for the « coordinates, the ¢ coordinates are unique.
Conservation of transverse momentum requires that @ is transverse to @, @@ = 0, and so
¥ must be formed from a complex linear combination of p;, po. We can in principle rotate
the x and y axes about the z axis however we desire, naively producing another continuous
infinity of axis choices. However, focused on ultimately evaluating the metric distance
between events, we have already optimized this azimuthal rotation in the implementation

of the metric on the hypersphere. Global event rotations about the z axis, as would be
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used to define new (x,y) axes, cannot affect the metric distance, and so we can happily
take whatever axes are provided to us in the representation of the data.

For studies on jets, we simply note that all of these considerations apply there, too.

Compute distances

At this point, we can actually compute the simplex and sphere distances separately

to get 2 distance matrices (or 3 for jet level because of the y coordinate). These distances

are calculated according to eqs. (4.16), (4.17) and (4.27))

4.3.3 Post-processing for classification
Relative weightings

We must now choose the relative coefficient between the simplex and sphere parts in
the metric to determine how to combine them into a total distance. In principle, one
must also vary the coefficient in front of the xy component for the jet-level metric, though
we do not consider this variation in the present work.

There is again a continuous infinity of coefficient choices here. We do not need
to choose the weighting to minimize distance. Rather, any finite choice represents a
valid metric. In a perfect world with infinite computational power, we would want to
continuously vary the weighting(s) to maximize final AUC. Here, we will simply choose

three different benchmark weightings.

Machine learning algorithm

Once the phase space coordinate of an event or a jet is obtained, one needs a classifier
to determine whether it belongs to the signal or the background. In principle, any

classifier can be employed, such as deep neural networks which are known to deliver
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amazing tagging performance. Given that our purpose here is to better understand the
power of phase space, it is more desirable to choose a basic classifier which can elucidate
the underlying metrics and coordinates themselves. Therefore, we only consider the
classifiers k-Nearest Neighbors (kNN) and support vector machine (SVM), leaving the
experimentation of more sophisticated models to future study.

The supervised kNN [I74] model works simply by using a majority vote of the closest
k neighbors of an unlabeled data point to determine its membership. Here, k is a hyper-
parameter of the model to be tuned by a validation set, with a smaller value indicating
that only local information is needed in classification. The only input kNN replies upon
is the notion of a pairwise distance, which in our case is the phase space metric. We
also test SVM, which is a more sophisticated algorithm that works by constructing a

hyperplane to maximally separate the data points belonging to different classes.

4.4 1t vs. QCD dijet event classification

Now we apply the preceding formalism to event classification. For clarity of pre-
sentation, we limit ourselves to supervised classification tasks, but we emphasize that
metrization and coordination of the phase space manifold have far-reaching potentials
beyond tagging. This will be briefly discussed in section 4.5 and a full development of
various applications will be the topic for future studies.

The separation of signals from backgrounds is a key task for the search of new physics
beyond the Standard Model (BSM) at the Large Hadron Collider (LHC). Oftentimes, the
majority of background processes are made up of QCD events, whose dynamics in the
perturbative regime is dominated by the emission of soft and collinear quarks and gluons
due to the small 't Hooft coupling A = g?N¢c of QCD at high collider scales. Much of

the kinematic information from this initial perturbative showering is retained through
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subsequent hadronization, and the final state particles of QCD events, mostly populated
by light mesons, display jet-like structure that occupy a certain marked region in the
phase space manifold.

In contrast, various kinds of signals (including both SM and BSM events) may show
distinct phase space structures due to the unique nature of their respective underlying
physics. For example, top-quark pair production, a typical SM process, gives rise to an
event configuration with six prongs (on average), inducing a more uniform distribution
than the QCD background. This will in turn differentiate the phase space region occupied
by tt events from that of QCD events. In this section we perform the classification task for
top pair production vs. QCD dijets as a proof of concept for our phase space formalism.

One can of course go further and consider classifying more exotic signal events. For
example, many BSM models can produce high-multiplicity events whose final state par-
ticles have a uniform distribution on N-body phase space. Hidden Valley models, which
emerge from solutions to string theory constructions and the hierarchy problem, consti-
tute one such class of BSM models [I75]. With large 't Hooft couplings in contrast to
QCD, Hidden Valleys can yield uniform radiation patterns and are a good signature to
compare against SM backgrounds such as QCD events. This event-level classification
task is the subject of ongoing work, as is the jet-level task distinguishing two-pronged
boosted W boson jets from QCD background jets.

In what follows, we take SM decays of ¢t pairs to be our signal events, with our
background coming from QCD dijets. A total of 10k events are simulated, about half of
which are signal events.

Proton-proton collision events at /s = 14 TeV are generated in MADGRAPHS 2.9.6
[T76], with top quarks being pair produced via pp — tt and QCD dijet events generated
through pp — jj, where j represents a quark (u,d,c,s) or gluon. The top (or anti-

top) quarks subsequently decay via t — W'q (or t — W~q) where ¢ = b,s,d and §
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represents the corresponding anti-quarks. We restrict W boson decays to hadronic ones
with W — j7. Thus, top events in principle have six jets.

Particles are then hadronized and further decayed in PyTHIA 8.303 [177], where
default tuning and showering parameters are used. Only final state particles with pseudo-
rapidity |y| < 2 in the lab frame are kept. We select events whose scalar transverse

momentum is > pr > 400 GeV and cluster them into jets using FASTJET 3.4.0 [I7§].

Event pre-processing

To construct the phase space manifold, we first need all events to be represented by
a fixed number of N constituents. This is accomplished by clustering each event into
a certain number of jets. Here we use the kr jet clustering algorithm with R = 0.6 to
exclusively cluster each event into the N = 3,4, 5,10, 15, 20, 25, 30 hardest jets, in order
to examine the effect of the number of jets used to represent one event. For comparison,
we also test inclusive clustering with N = 2,3,4,5 jets. Only events with the indicated
number of jets are kept. Each event is then represented by N jets, which we term
the N-jet representation, where a jet is treated as a pseudo-particle with its kinematic
information given by the jet axis and its mass manually set to zero in order to comply
with the requirements of the phase space formalism. Finally, we boost each event (now
represented by N massless jets) to its CM frame.

Of course, in the above process, kinematic information will be distorted and lost to
some degree. Ideally, the phase space formalism should be generalized to incorporate
cases with massive constituent particles. However, the added complexity of doing so
makes the prospect of finding a closed-form solution for the phase space coordinates
unlikely. We leave the extension to massive particles as a future project and content
ourselves with the massless approximation for the time being.

Figure (1] visualizes a top pair production event and a QCD dijet event randomly
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selected from our 10k dataset. The events with all the constituent particles are shown

first, followed by the N-jet representation on the y— ¢ plane with N = 2, 3,4, 5,10, 20, 30.

particle 3 jets 4 jets

5 jets 10 jets

PR LN

-2

-2 0 2 15 jets 20 jets 25 jets 30 jets

particle 3 jets 4 jets 5 jets 10 jets

2l QCDiy

-2 0 2 15 jets 20 jets 25 jets 30 jets

-2

Figure 1: Visualization in the y — ¢ plane of a ¢t event (red) and QCD dijet event
(green), represented by all the final state particles (leftmost plot) or N exclusive jets

(N = 3,4,5,10,15,20,25,30). The size of each dot is proportional to the py of the
constituents.

Results

Figures 2] to 5| show the AUC scores, indicating the classification performance of phase
space coordinates coupled with either kNN or SVM, using N-jet representations under

various approximation schemes for particle permutations. We test two different simplex
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coordinate definitions, given by p = E £ p,.

From these figures, we wish to point out several key observations. First, our results are
quite robust to different simplex coordinate definitions and machine learning algorithms.
Using SVM does give better results than kNN (particularly for N > 10), which is to
be expected as it is a more sophisticated algorithm, but the improvement is modest for
smaller N values.

Second, we see that the simplex and sphere encode complementary information, as the
AUC values for their combination are generally higher than for either manifold component
alone. This synergy is also robust to different weightings between the sphere and simplex.

Third, the overall classification performance is quite good for N = 3,4, 5. Clustering
into N = 2 jets encodes almost no information and the performance deteriorates after
the threshold Nopy ~ 4 —5 is passed. The optimal performance AUC is quite remarkable,
given that (1) the PS approach is entirely grounded in phase space itself, which does
not incorporate any dynamics of the underlying collision process; (2) the particle-level
details are completely discarded and an event is only approximated by a few jets which
are artificially set to be massless; and (3) the computational cost for obtaining the PS
coordinates is relatively cheap.

As a comparison, [I79] introduced event isotropy as a new event shape observable.
Roughly speaking, it quantifies how similar a given radiation pattern of an event is to a
uniform N-body phase space configuration. Our phase space approach gives moderately
better results than event isotropy on the ¢t vs. QCD dijet event tagging task, with the
caution that the underlying datasets of the two studies are similar but not the same, and

that our purpose and focus are different from theirs.
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Figure 2: AUC values for kNN classification of QCD dijet events vs. tt events. The
simplex coordinate is chosen to be p = F —p,. On the horizontal axis of each plot, we
vary the number of jets N used to represent each event. Exclusive clustering is used
unless otherwise noted (e.g. “2in”). The blue, black, and gray curves represent results
with particles in a jet ordered by their F—p,, E+p,, and pr values, respectively. The
top, middle, and bottom panels differ in the relative sphere-to-simplex weighting in
the metric (see eq. (4.18)), with ¢ = 0.25, 1, 4, respectively. The left, middle, and right
columns show results for the machine learning classifier applied to the total, simplex,
and sphere distance matrices, respectively.
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Figure 3: AUC values for SVM classification of QCD dijet events vs. tt events. The

simplex coordinate is chosen to be p = F — p,. Remaining details are as in fig.
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Figure 4: AUC values for kNN classification of QCD dijet events vs. tt events. The
simplex coordinate is chosen to be p = F 4 p,. Remaining details are as in fig.
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Figure 5: AUC values for SVM classification of QCD dijet events vs. tt events. The
simplex coordinate is chosen to be p = F 4 p,. Remaining details are as in fig.

4.5 Conclusions

The phase space manifold furnishes a natural and powerful notion of the distance

between collider events. In this paper, we have developed a practical prescription for
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defining and computing phase space distances at hadron colliders, both for boosted ob-
jects and entire events. These distances illuminate the distinctive phase space structures
of different scattering amplitudes and lead to competitive event classification when cou-
pled to simple machine learning algorithms.

There are a number of promising directions for future study. In converting explicit
global coordinates on the phase space manifold to a practical metric, we have made
a number of choices that leave room for exploration. For example, we have fixed the
dimensionality of the phase space manifold for a given ensemble of events by clustering
into N jets, mapping events onto an N-jet representation that influences the effectiveness
of ML-based event classification. Alternative approaches to treating events of different
intrinsic dimensionality may prove fruitful. Furthermore, the phase space distances com-
puted between these N-jet representations assume massless phase space, which is not
guaranteed to be a good approximation in all regimes; this could be circumvented by
generalizing the phase space metric to massive particles. Finally, we forego an exact
(and computationally prohibitive) minimization of the distance over particle permuta-
tions in favor of an approximate procedure that is only guaranteed to find local minima.
Alternative approaches to the minimization problem (potentially using machine learning)
may ultimately prove effective.

Further opportunities also abound within our prescription for computing phase space
distances. Analytic and numerical study of the phase space structure of different scatter-
ing amplitudes is likely to be productive. And while we have demonstrated the value of
phase space distances in classification tasks, they are equally likely to be useful in other
collider physics applications such as unsupervised anomaly detection.

Long a backdrop to the calculation of scattering amplitudes, the geometry of phase

space is beyond ready to step into the limelight.

147



Appendices

4.A Proof of minimal ordering for Euclidean metric

In this appendix, we present a simple proof regarding the permutation-invariant Eu-

clidean metric.

Lemma 1. The permutation-invariant Euclidean metric distance between two sets of

points {x;}, {yi}X, can be expressed as

N N
. 2
d? ({xi}f\’zl, {?/z'}iNﬂ) = ggg% (SEZ - ya(i)) = Z (x; — yi)Q. (4.37)
= risan
Yi>Yit+1

That is, the ordering of points that minimizes their distance is when they are in descending

order.

Proof. We will assume that all points are distinct, i.e., x; = x; implies ¢« = j. With
probability 1, all points are distinct in our application of this theorem to the study
of phase space because the number of points is finite and drawn from a continuous
probability distribution. The case with degeneracies can be considered as well, but the
main result does not change.

Without loss of generality, we can assume that the x; points are ordered, x; > xy >

-+ > xy, while the y; points are in random order. Expanding out the square, the metric
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can be expressed as

N N N
;2}9% - (atz - ya(i)) = ; (:icl + yl) 2({2% ; TilYo (i) - (4.38)

We only need to consider the final term on the right for the minimization of the metric.
Let’s consider two terms in that sum and determine if permuting them increases its value.

That is, we will consider x; > z; for j > ¢ and focus on the terms

N
Z TilYo(i) 2 TilYo(i) T TYs(j) - (4.39)

=1

Now, there are obviously two cases: either Y, > Yos(j) OF Ys(j) > Yo(i)- Further, we
can assume, without loss of generality, that o(j) > o(i). First, if ¥,4) > ¥o(;), then note

that
(i = 25) Woti) — Yo(3)) > 0, (4.40)
or that
TilYo(i) T TjYo() > TilYo() + LiYa() - (4.41)

That is, the points are already ordered to minimize the metric, with i < j and o (i) < o(j).

In the other case, where y,(;) > ys(;), we have

(i — ) (Yo () — Yori)) > 0, (4.42)
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or that

TilYo(j) T TjYo(i) > TilYo(i) + TjYo(s) - (4-43)

In this case, we can swap the indices on the y points, o(i) <> o(j), and after this swap,
the metric is minimized with the index ordering i < j and (i) < o(j).

We can perform this pairwise comparison of points and their contribution to the
metric, swapping indices on the y points as necessary, until no swap increases the value
of the sum in eq. . After this procedure, we have therefore reordered all y points
such that y; > y; with ¢ < j, forall 1 <4 < j < N. That is, all y points have been sorted
in descending order, just like the x points. Further, note that this sorting is the global

minimum because any other ordering necessarily increases the metric distance. This then

proves the equality of eq. (4.37)). O
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