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Introduction

The Standard Model of Fundamental Interactions has been extremely successful in explaining
particle physics observations up to energies of a few TeV. Yet, astrophysical and cosmological data
suggest that more than 80% of the matter energy density in the Universe cannot be accounted
for in terms of ordinary matter. In this work we consider extensions of the Standard Model based
on the same principles that justify its effectiveness and featuring accidentally stable composite
dark matter candidates.

The success of the Standard Model in describing all the observed microscopic phenomena
can be understood if it is considered as an effective field theory with an high ultraviolet cut-off.
Higher dimensional non-renormalizable operators are suppressed by powers of the cut-off scale
and become irrelevant in the infrared. The renormalizable lagrangian features some accidental
global symmetries, such as baryon and lepton number conservation, and custodial symmetry;
these give a natural explanation to many experimental observations. A fundamental ingredient
of the Standard Model is its gauge theory structure, which provides a rich infrared dynamics
while giving, nonetheless, a renormalizable field theory.

We consider such properties as paradigmatic, offering a theoretical rational for the success
of the Standard Model, and try to use them as guidance principles to build possible extensions
featuring a dark matter candidate.

We focus on extensions of the Standard Model based on a new non-Abelian gauge interaction
(with gauge group Gpe) and new fermionic fields (dark quarks) charged under both Gpe and
Gsam. We refer to the field content added to the Standard Model as the dark sector. Differently
from technicolor and composite Higgs models, we require that the dark sector dynamics does not
break the Standard Model gauge group.

Previous works have studied QCD-like models which have accidentally stable baryon-like
states that can account for the dark matter |1,2]. The purpose of this thesis is to generalise this
construction and understand if there are different scenarios which, despite being based on the
same framework, feature a different dynamics and phenomenology.

As a first step, we critically analyse the implicit assumptions of these models and suggest
possible generalisations, identifying some interesting alternatives which have received little
attention.

An interesting class of models is that of chiral models, based on complex representations of the
gauge group, in which the fermionic fields transform in a complex (reducible) representation of
the gauge group. After discussing some general properties and what are the necessary conditions

to have a consistent model and preserve Gsaq, we focus on the case Gpe = SU(N)pc and argue



on general ground, using 't Hooft anomaly matching, that in the absence of fundamental scalar
fields these models have always light states. This considerations are compared with the case
of the Standard Model, which is itself a chiral theory, giving a different viewpoint on some
well-known facts.

We then consider models based on real representations and focus on the scenario in which
the dark colour gauge group dynamics has an infrared fixed point, up to deformations induced by
fermions mass terms. We discuss general model building issues and how the would-be conformal
symmetry is broken by the mass terms, inducing a confining dynamics. We identify, in particular,
a model with a perturbative infrared fixed point and consider two possible assignments of Standard
Model quantum numbers as benchmark scenarios. The dark sector field content corresponds to
five Weyl fermions, each one transforming as the adjoint of the gauge group Gpec = SU(3)pc,
together with the gauge bosons (dark gluons). We discuss the dynamics of these models, with an
emphasis on asymptotic states below the confinement scale (gluonium bound states, i.e. glueballs,
and gluon-quark bound states, i.e. gluequarks) and their accidental stability.

As a last step, we study the phenomenology of the two models, with particular attention
to the consistency with cosmological observations. Assuming that all the dark quarks have the
same mass, the model can be characterised by two scales, namely the confinement scale Ape and
the dark quark mass Mg. A natural hierarchy of scales arises from the structure of the model
and we study the different phenomenological regimes as a function of the two scales.

After estimating the glueball lifetime with an effective field theory approach, we identify two
relevant regimes for the models: one in which the glueballs are stable on cosmological scales and
one in which they decay quickly.

The first scenario has a non-standard cosmology with so called cannibalism in the glueball
sector (i.e. number changing interactions involving only glueballs, such as 3 — 2 processes). This
translates into an unusual scale dependence of the dark sector temperature. We evaluate the
glueballs relic density and the cosmological bounds, concluding that this parameter space region
is excluded by observations.

In the second scenario the only stable relics are gluequarks. To evaluate their relic density,
we compute the cross section for the annihilation of dark quarks in dark gluons, including the
Sommerfeld enhancement correction. In order to reproduce the dark matter relic abundance,
dark quarks with mass in the range Mg = (1 <+ 10) TeV are needed.

The thesis is organised as follows. Chapter [T] and [2] are devoted to presenting the motivations
and the aims of this work. In the first one we discuss the reasons for going beyond the Standard
Model, briefly reviewing the status of the theory, with a particular emphasis on the evidences
and properties of dark matter. In chapter [2] we discuss what are the motivations for considering
composite dark matter models based on non-Abelian gauge theories and than provide an overview
of the framework we shall be considering, identifying the purposes of the thesis in relation to the
literature. The original content of the thesis is presented in the chapters [3] [4] and [5] together with
some background material. The original results include an analysis of some dynamical properties
of chiral models (chapter , the introduction and study of two possible models for composite

dark matter with an infrared fixed point (chapter 4f) and the study of the phenomenology of the



two models previously introduced, taking into account the cosmological constraints (chapter |5)).
In the conclusions we summarise our results and give an outlook of the possible extensions of

this work.






Chapter 1
Motivations

Particle physics and its connections to cosmology offer some of the most pressing unanswered
questions in modern science.

In what follows we shall present a short summary of the current status of the theory, explaining
why we believe that the Standard Model is not a complete theory. Afterwards, we focus on the
problem of dark matter and outline the main observational evidences and what we know about

its properties.

1.1 Successes and limitations of the Standard Model

The Standard Model of Fundamental Interactions offers an accurate description of the elementary
constituents of matterﬂ It is a quantum field theory based on the gauge group Gsyp = SU(3). %
SU(2)gw x U(1)y, broken to SU(3)c x U(1)em through the Higgs mechanism. Its fermionic
field content can be described through the following irreducible representations of Gsax:

1 2 1 1
Qi = (3,2,6> ®ur = <3,1,3> @ d = (3,1,—3> ® Ly = (1,2,—2> ven=(1,1,-1)

where 17,r) denotes a left-handed (right-handed) spinor, and hypercharge is chosen to satisfy
the normalization Q.,, = T3 4+ Y. In addition to the fermions, the Standard Model includes a

complex scalar field (Higgs field), transforming as

1
= (123)
2

H has a non-zero vacuum expectation value, realising the Higgs mechanism which leads to the

breaking of the Standard Model gauge group.

1.1.1 Status

The discovery of the Higgs boson in 2012 by the ATLAS and CMS collaborations operating at

the LHC represents only the last of a long series of experimental successes.

!Elementary up to a distance scale of order 10~ m
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Quantum Chromodynamics explains satisfactorily the structure of mesons and baryons,
their classification and their interactions, as well as all the observations in hadronic physics.
Although the theory is non-perturbative in the low energy regime, the use of effective field theories
(such as chiral perturbation theory) and the development of non-perturbative methods (such as
lattice simulations) have provided an accurate description of the phenomenology. Asymptotic
freedom, confinement and chiral symmetry breaking are properties which are well accounted
by this description and verified experimentally. Moreover, the theoretical study of the non-
perturbative structure of gauge theories through semiclassical methods (such as instantons) and
the development of alternative perturbative expansions (such as the large N, expansion), have
offered a more complete and profound point of view on many phenomenological aspects.

The Standard Model is completely predictive also for what concerns flavour physics. All
the observed flavour violation effects can be explained in terms of the CKM matrix parameters:
three mixing angles and one complex phase. The existence of the charm quark, conjectured the
explain the suppression of flavour changing neutral currents, and that of a third generation of
quarks, necessary to account for the CP symmetry violation in the weak interactions, have been
two among the most well known theoretical prediction of the Standard Model that have been
experimentally verified.

Lastly, the electroweak sector describes in a unified setting the electromagnetic and weak
interactions. The observation of neutral currents and, later, of the massive vector bosons W and
Z have confirmed experimentally the Weinberg-Salam model of electroweak interactions based
on the pattern of symmetry breaking SU(2)gw X U(1)y — U(1)em. Nevertheless, it has been
only with the discovery of the Higgs boson in 2012 that the dynamical mechanism at the origin
of the electroweak symmetry breaking has been probed directly. All the experimental results,
such as interaction vertices with the gauge bosons and Yukawa coupling with fermions, agree
with the simple hypothesis of an Higgs field (complex scalar doublet). Altogether, electroweak

precision tests put strong constraints on the eventuality of a new dynamics at the TeV scale.

1.1.2 Problems

Despite the many successes of the Standard Model, there are several aspects that appear to be
not satisfactory from a theoretical point of view and some experimental observations are not
explained by the model.

From a theoretical perspective:

o There are strong indication in favour of an algebraical unification of the gauge group.
For instance, considering the group SU(5) and properly identifying some of its subgroups
with the factor of the Standard Model gauge group Gsa4, it is possible to organise all the
fermionic fields in just two irreducible representations: 5 @ 10, with a multiplicity of 3
(number of generations). Studying the evolution of the gauge coupling constants at high
energies under the renormalization group flow, one can show that they become comparable
at an energy scale of order 10'® GeV. However the unification is not completely realised

and the extension of the Higgs mechanism presents some problems.
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o Gravity can be included in the Standard Model, which however becomes non-renormalizable.
This limits the regime of validity of the theory, which has an ultraviolet cut-off at the scale
of the Planck mass My, ~ 101 GeV; beyond this scale an UV completion is needed.

o The hypercharge gauge group U(1)y is not asymptotically free and perturbativity is lost at
energy scales near its Landau pole. In general one would expect a UV completion, unless

the theory is proven to be asymptotically safe.

o The mass term in the Higgs potential has positive energy dimension and is not protected by
any symmetry. In a generic ultraviolet completion of the Standard Model in which the mass
of the Higgs boson in the effective IR theory is calculable, we expect terms proportional to
the UV cut-off scale. In order to have a light Higgs in the infrared theory it is necessary to
have very precise cancellations in the ultraviolet theory which appear to be unnatural. This
is called the naturalness problem. In particular, if we accept that the Standard Model has
an UV completion at the scale of the Planck mass, we would expect corrections proportional
to Mp,. The huge discrepancy between the electroweak scale and the Planck mass is often

referred to as the hierarchy problem.

o The cosmological constant is several order of magnitudes smaller than one would expects

from the estimates done in the Standard Model, giving again a problem of naturalness.

o The Standard Model has a great number of free parameters: 19 without including the
neutrinos masses and mixings (but including the € parameter). In particular, there are 9
Yukawa couplings that describe the interaction strength of the fermions with the Higgs
field. These display a hierarchical structure whose origin is not explained by the Standard
Model.

From a phenomenological point of view, there are some experimental observations that have no

explanation in the Standard Model:

o Neutrino oscillations, whose evidence is now well proven, require a mass different from zero
for at least two flavours of neutrinos. It is still an open question what is the origin of their
mass, that could be of the Majorana type (inducing lepton number violation), or Dirac (in
which case it is necessary to introduce a new fermionic field, the right-handed neutrino,

which is a singlet under the Standard Model gauge group).

o The QCD lagrangian includes a term QGWC?W which induces the violation of P and CP
symmetries in the strong interactions. These effect would induce an electric dipole moment
for the neutron, which is not observed. There is a strong upper bound 6 < 10719 and we

would like to have an explanation for the occurrence of such a small number.

o Astrophysical observations ranging from galactic to cosmological scaled, suggest that the
80% of the matter present in the Universe in non-baryonic. The observations can be
explained satisfactorily postulating the existence of a new form of matter which is usually

referred to as dark matter.
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1.2 The case for dark matter

Dark matter is an unknown form of non-baryonic matter whose existence is postulated in order
to explain several astrophysical observations. Understanding the fundamental nature of dark
matter is one of the most pressing unsolved problems in modern physics. At the moment, all the
solid evidences for dark matterﬂ are gravitational in nature. We shall briefly review the main

observations and then present a summary of how they constrain the properties of dark matter.

1.2.1 Observational evidence

One of the most compelling evidences in favour of dark matter is that its existence can explain
in a very economical and satisfactory way a great number of measurements on vastly different
scales and based on much different techniques.

The first strong indication that a large fraction of the mass in the Universe is dark was
provided by the measurement of the rotation curves of spiral galaxies [4.,[5] (see also reference |6]
for more recent results). By means of spectroscopic surveys it is possible to measure the circular
velocity of the stars in a galaxy v, as a function of their distance from the galactic center. From

standard Newtonian mechanics one expects:

GNM
r

Ve =

where M is the mass enclosed in a sphere of radius 7, as dictated by the Gauss’ law for classical
gravity. For distances greater than the galaxy disk r > Rgjsk the enclosed mass M should be
constant (all the visible mass is concentrated in the disk); therefore we obtain the scaling law
ve o r~1/2. Observations, however, give flat rotation curves at large distances (see figure ,
implying M (r) oc r. This suggests that a vast portion of the matter in spiral galaxies is invisible
and is not confined in the galactic disk. This component is called dark matter. From the accurate
measurement of rotation curves it is possible to reconstruct the density profile of matter inside a
galaxy [7]. The result, for spiral galaxies, is that while visible matter is distributed on a disk,
dark matter form a spherical halo that extends on scales of order Rpai, ~ 100kpc. These results
are supported also by numerical studies on the stability of galaxies that show that spiral galaxies
must be surrounded by an halo of dark matter [8]. Using the virial theorem it is possible to
estimate also the average velocity of dark matter inside an halo, obtaining v ~ 100 km/s; this
tells us that dark matter must be non-relativistic.

Further evidence is provided by observations of clusters of galaxies on a typical scale of
Reuster ~ 10 Mpc. Applying the virial theorem, knowing the velocity dispersion of the galaxies
in a cluster, one can estimate the total mass contained in the cluster. Comparing this value with
the mass of the observed galaxies, one obtains the ratio of dark and visible matter. This is found

to be of order
M

~ 100
Misible

2Leaving aside disputed claims of direct or indirect detection such as the anomaly observed by the DAMA /LIBRA
experiment at Gran Sasso National Laboratory [3].
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Figure 1.1: Rotation curves of spiral galaxies from the original article of Rubin et al. [4]. At large radial
distances from the center, the curves appear to be flat, suggesting a distribution of matter M (r) o .
This is in contrast with the expectations based on the distribution of visible matter (i.e. stars).

in a typical cluster. Indeed, this was first done by the astronomer Fritz Zwicky in 1933 [9], who
subsequently was the first to notice that some form of dark (i.e. invisible) matter was needed to
explain the large ratio.

More recently, gravitational lensing observations have provided a new independent strong
evidence for dark matter. A particular convincing observation has been the one concerning
two clusters spotted just after their collision |10,/11]. The density profile reconstructed through
lensing observation appears to be displaced with respect to the distribution of hot gas, obtained
through X-ray observations. The hot gas component usually represents the 90% of the total
budget of baryonic matter in a cluster, with galaxies representing the remaining 10%. Moreover
the distribution of galaxies follows the gravitational potential, providing strong evidence that the
cluster is dominated by dark matter (figure [I.2)).

One of the first hypothesis advanced to explain the nature of dark matter was that it was
composed by a population of compact astrophysical objects with low luminosity, such as planets,
neutron stars and black holes (MACHO). However, gravitational microlensing surveys have
excluded this possibility [12].

Finally, cosmological observations on scales > 100 Mpc strengthen the evidence for dark
matter and clarify unequivocally its non-baryonic nature. Big Bang Nucleosynthesis [13] predicts
the relative abundance of primordial elements in term of the parameter 7, the ratio of the number
of nucleons and photons

np
(o
In particular, astrophysical measurements |14] of the number ratio of deuterium to hydrogen give
a baryon-to-photon ratio
n=(6.0+0.1)10"1°

From this value and the knowledge of the number density of photons, which can be simply
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Figure 1.2: The distribution of hot plasma (signalled by X-ray emissions), which constitutes about the
90% of the baryonic matter in a cluster, is displaced with respect to the gravitational potential profile.
This observation suggests that the cluster is dominated by dark matter.

obtained integrating the black body spectrum describing CMB radiation, it is possible to derive
the present day baryon density parameter |14]

Qph? = 0.0220 + 0.0005

where h is the reduced Hubble constant defined by the relation Hy = 100k kms~! Mpc~!. This
value of 2, is much larger than the energy density of visible matter (i.e. stars) Quumh? ~ 0.0012 |15],
suggesting that a large portion of baryonic matter is given by intergalactic plasma. However,
the obtained value cannot account for the cold matter density Qarh? ~ 0.15, which has been
measured through studies of galaxy clusters and type-la supernovae |14]. This result gives a
strong evidence that the vast majority of non-relativistic matter in the Universe is non-baryonic
dark matter.

Yet another independent indication of the presence of dark matter comes from the precision
measurement of the spectrum of anisotropies in the cosmic microwave background radiation
(CMB). Fitting the spectrum observed by the Planck satellite, it has been possible to extract the

values of the cosmological parameters [16], yielding to the values

Qph? = 0.02226 + 0.00023
Qparh? = 0.1186 + 0.0020

The agreement of the different independent determinations is impressive and strengthen the
hypothesis that all the observations can be explained in terms of a new form of non-baryonic
matter, whose elementary nature and properties are still largely unknown.

A caveat to this conclusion is represented by the scenario in which dark matter is in the form
of primordial black holes, composed by ordinary matter and collapsed before the epoch of Big

Bang Nucleosyntesis. This scenario has been tested through gravitational lensing observation
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Figure 1.3: Temperature power spectrum of the cosmic microwave background radiation measured by
Planck 2015 [16], compared with the best fit based on the ACDM cosmological model.

and almost all the parameter space has been ruled out [17].

Lastly, we stress that observations of bullet-like clusters provide a strong evidence in favour
of the particle nature of dark matter |18]|. Indeed, theories of modified gravity can explain
in a simple way the observation of galactic rotation curves but encounter great difficulties in
explaining the observed displacement among the gravitational potential and baryonic matter
in the Bullet cluster. Further difficulties arise in explaining the cosmological observations, for

which a fully relativistic theory is needed.

1.2.2 What we know about dark matter

A strong experimental and theoretical effort has been devoted to understand the nature of
dark matter. Even though we did not uncover its nature and properties yet, we have gained
some knowledge on the features that a dark matter candidate should satisfy in order to be
phenomenologically viable.

In summary, what we know about dark matter is that:

o its relic abundance must be [16]: Qparh? = 0.1186 & 0.0020, as discussed in the previous

section.

o it must be cold. Numerical simulations on the cosmological formation of large scale
structures suggest the dark matter should be cold, meaning that it has to be non-relativistic

already at the epoch of structure formation [19].

o it must be non-baryonic. As discussed in the previous section, Big Bang Nucleosynthesis
and CMB data provide a determination of the density parameter for baryonic matter and

dark matter separately, suggesting that dark matter is non-baryonic.
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o dark matter self interaction cross section must satisfy the bound o/m < 1cm?g~!. This

has been obtained from astrophysical observations of bullet-like clusters [10,/11].

o a dark matter candidate must be neutral under the electromagnetic interactions [20].



Chapter 2
Composite dark matter

We want to study possible extensions of the Standard Model (SM) in which a dark matter
candidate arises. Yet, we would like to keep the successful aspects of the SM. In this chapter we
first analyse what are the properties of the SM that can explain its effectiveness and then try to
use them as guidance principles (section .

We focus mainly on model building aspects and consider models with a dark sector with a
non-Abelian gauge dynamics leading to accidentally stable composite dark matter candidates.

In section we provide an overview of the framework we shall be considering and of the
literature of works based on similar principles and motivations. The starting point of our work
will be a critical analysis of the implicit assumptions of models of accidental composite dark
matter based on vectorlike confinement (section [2.3)).

Once we have determined what are these assumptions and why they render the models
successful, we shall try to understand what are the possible generalisations. In section we
outline the possible routes that can be pursued to build new class of models for a composite dark

sector with composite dark matter.

2.1 The successful paradigm of the Standard Model

The Standard Model (SM) lagrangian corresponds to the most general renormalizable lagrangian
compatible with Lorentz and gauge invariance and comprising the SM field content. Its gauge
theory structure, apart from being necessary in order to implement the massless spin 1 particles
in the theory |21], is a fundamental ingredient in the proof of its renormalizability [22,23].

The incredible effectiveness of the SM can be explained if we regard it as an effective field
theory describing the low energy dynamics of a more fundamental UV theory, with an high cut-off
Auv [24]. The higher dimensional non-renormalizable operators are irrelevant in the infrared,

being suppressed by powers of the cut-off scale.

Lepp = Lsm + cBOb ¢ ZCEG)O? +

At low energies the dynamics is well described by the renormalizable lagrangian Lgy which

features some accidental global symmetries.

13
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2.1.1 Accidental Stability

One of the great successes of the Standard Model is its ability to explain in a natural way the
stability of all the matter that surrounds us in everyday life.

As we know, ordinary matter is composed by atoms, which in turn are bound states of nuclei
(made of neutrons and protons) and electrons, held together by electromagnetic interactions
mediated by the photon.

Any fundamental theory describing the Universe should explain the stability of ordinary
matter in a satisfactory way. The Standard Model accomplish this task through the following

explanations:

o The stability of the electron follows from charge and energy conservation: it is the lightest

state charged under the electromagnetic interaction.

o The photon and graviton stability is a consequence of their vanishing mass and Lorentz

Invariance.

o Lorentz invariance ensures the stability also of the lightest neutrino, since it is the lightest

spin 1/2 particle.

o The stability of the lightest baryon (the proton) is a consequence of an accidental symmetry,

called baryon number conservation.

The stability of electron, neutrino, photon and graviton follows from deep physical principles:
charge conservation, a consequence of the gauge structure of electromagnetic interactions, and
Lorentz invariance. On the contrary, the stability of baryons seems somehow peculiar.

The baryon number conservation is a consequence of a global U(1)p symmetry of the
Standard Model renormalizable lagrangian. At the non-renormalizable level, higher dimensional
operators can induce a violation of this symmetry, resulting in the proton decay through processes
such as p — et7® or p — vrT. Baryon number violation arises at the level of dimension 6
operators, which are suppressed by two powers of the cut-off scale Ayy. Current bounds give
7(p — etn0) > 1.6 x 103y [25].

Indeed, already in the Standard Model the U(1)p symmetry is broken explicitly by quantum
effects, since it has a non-vanishing anomaly with respect to the electroweak gauge interaction.
However, the processes causing the baryon number violation involve some selection rules that
prevent the proton from decaying [26]. In addition, the rate of baryon number violating processes
is suppressed by non-perturbative factors, exp(—167r2 / g%) < 1, so that process involving baryon

number violation have rates to small to be observationally relevant.

2.2 Gauge theories for composite Dark Matter

A dark matter candidate, in order to be successful needs to be stable on cosmological scales, i.e.

its lifetime must be longer than the age of the Universe.
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An appealing possibility is that the dark matter candidate is stable thanks to an accidental
symmetry, similarly to what happens for the baryons in the Standard Model. In order for this to
be the case, we restrict our attention to renormalizable models.

We focus here on this possibility and consider models in which there is a new non-abelian
gauge group Gpc inducing a strong dynamics and new fermionic fields (dark quarks). We refer
to the field content added to the Standard Model as the dark sector. The composite states of
the dark sector can be accidentally stable thanks to a global symmetry of the renormalizable
lagrangian. If there is a neutral state which is accidentally stable, then it can be a successful
dark matter candidate, provided it respects all the others phenomenological constraints and it
reproduces the correct relic abundance.

We are interested in studying models in which the dark sector is coupled to the Standard
Model sector through electroweak interactions and possibly Yukawa couplings, if allowed by the
quantum numbers. Differently from technicolor and composite Higgs models, we require that
the dark sector dynamics does not break the Standard Model gauge group, so that the new
strong dynamics plays no role in electroweak symmetry breaking, which we describe through the
ordinary Higgs mechanism. To stress the difference we shall refer to the new gauge interaction as
dark colour.

We shall focus our attention on the dark matter candidate and on phenomenological bounds
deriving from cosmological observations. However, we stress that these bounds are relevant also
in the case in which the dark sector provides an extension of the Standard Model aimed to
address an issue different from the nature of dark matter.

Schematically, the general framework we shall be considering is the following:

o A non-Abelian gauge theory with gauge group Gpe = SU(N)pc (dark colour)

(@]

Fermions (dark quarks) charged under both Gpe and Gsaq

(@]

No additional fundamental scalar fields

O

Cancellation of the gauge anomalies in order to have a consistent and renormalizable

quantum field theory

(@]

Most general renormalizable lagrangian, including gauge interactions and Yukawa couplings

with the Higgs field, if allowed by the quantum numbers

Models with composite dark matter have attracted some attention in the literature in
the recent years and have been realised in a number of different contexts and with different
phenomenological aims (representative example are the references [1,27-30], for a review see
reference [2]).

The vast majority of the models that have been proposed realise the framework of vectorlike
confinement |31], that we shall briefly review in the next section. These models provide, more
generally, a viable scenario for physics beyond the Standard Model and could be relevant also for
phenomenological problems different from dark matter, such as flavour anomalies, unification or

the strong CP problem.
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2.3 Vectorlike confinement

Let us define some terminology. A representation r of a group G is said to be real if it is unitary

equivalent to its complex conjugate, ¢.e. if its generators satisfy the relation
(iT*)* = SiT*S™!

or equivalently
77 = —8T,5™! (2.1)

where S is a unitary matrix. If $*S = 1, or equivalently ST = S, the representation is strictly
real and it is possible to choose a base in which the generators T, are purely imaginary and
antisymmetric matrices. If S*S = —1, or equivalently ST = —S, the representation is called
pseudo-real. If the condition 2.1 is not satisfied, the representation is called complez.

Let us consider the fermion content organised such that all the fields are left-handed Weyl
fermions.

We shall refer to a model as real if the fermions can be organised in a (reducible) representation

of the group G which is real. This class of models includes the following subclasses:

o a model is vectorlike if for each irreducible representation there is a corresponding complex
conjugate representation. This is equivalent to say that the model can be described in

terms of Dirac fermions.

o a model is strictly (pseudo) real if all the irreducible representations are strictly (pseudo)

real.

We shall refer to a model which is not real as chiral or complex.

Many of the models studied in the literature on composite dark matter realise the framework
known as vectorlike confinement |31]. New fermions are introduced and assumed to be vectorlike
under the dark gauge group, transforming in the fundamental (plus anti-fundamental) represen-
tation of Gpe; correspondingly, they are assumed to be real under Gsaq and globally real under
Gpe X Gsm. To be concrete, for Gpe = SU(N)pc, the (Weyl) fermion content is

U= {B (N, ) + (N, 7)] (2.2)

where N and N are the fundamental and anti-fundamental representations of SU(N)pc respec-
tively and r; is a generic irreducible representation of Gsaq. This is equivalent to say that the
new fields are Dirac fermions transforming in the fundamental of Gpe and in the r; representation
of Gsm-

Gauge anomaly cancellation is automatic in this scenario since the model is assumed to be
real under Gpe X Gsa (see section for a discussion).

The SM fields are singlet under Gpe and at the renormalizable level they interact with the
dark sector only through gauge interactions and Yukawa couplings with the Higgs field - if allowed

by the symmetries of the model, depending on the quantum numbers.
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Since the dark sector is real under Gsaq X Gpe, explicit mass terms are allowed in the
renormalizable lagrangian, without involving the Higgs sector. There are then Ny free mass
parameters in addition to the dark colour scale Apg, where 2Ny is the number of distinct
irreducible representations under Gsaq X Gpe, paired in couples to give Dirac fermions.

The fermion content is assumed to be such that the theory is asymptotically free and
confining in the infrared, with confinement scale Apc. If the dark quarks have a mass lower
than the confinement scale, this model corresponds to a QCD-like theory with Npc colours
and Ny = vazgl dim(r;) flavours, where the sum is restricted to the representations with mass
MQ> < Apc.

There is then an approximate chiral symmetry, which becomes exact in the massless limit.

At the classical level the flavour group is
Gr = SU(Ny)L x SUWNy)r x U(1)y x U(1)4 (2.3)

However, the factor U(1)4 is anomalous under Gpe and is thus explicitly broken at the quantum

level. Therefore we are left with
GF = SU(Nf)L X SU(Nf)R X U(l)v (2.4)

The dynamics is then assumed to be analogous to QCD: chiral symmetry breaking occurs due
to the formation of quark condensates; SU(Ny)r x SU(Ny)g is broken to SU(Ny)y and each
broken generator is associated to a Goldstone boson. The chiral condensate associated to dark
colour could in principle lead to a spontaneous breaking of the electroweak symmetry, in contrast
with our requirement. However, the choice of real representations under Gsay ensures that there
is always an orientation for the condensates such that they are electroweak singlets. This is
expected to be dynamically preferred [32,33].

If the flavour group was an exact symmetry group, the Goldstone bosons would be massless
scalars; however, the explicit breaking of the flavour group induced by the dark quarks mass
term induces a mass for these scalars, which in this case are usually called pseudo-Goldstone
bosons. Furthermore, dark colour confinement ensures that asymptotic states are singlets of Gpe
and thus composite hadronic states. As for QCD, these include mesons, baryons and glueballs.

The low energy dynamics can be efficiently described by means of chiral effective lagrangians
and chiral perturbation theory techniques, valid in the regime F < Apc, similarly to what is
done in Quantum Chromodynamics.

The lowest lying states are dark pions with a mass of order My ~ \/MgApc. Dark glueballs
have a mass of order Mg ~ Apc, while dark baryons mass scales with the number of dark colours
Mp ~ NpcApc.

The unbroken flavour group
Hy = SUNp)y x ULy

includes a U(1)y factor which corresponds to dark baryon number conservation. This symmetry
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ensures the stability of the lightest dark baryon, which (if neutral) can be a valid dark matter
candidate.

Summarising, the underlining assumptions of the models realising vectorlike confinement are:

o Vectorlike model under Gp¢; dark quarks are Dirac fermions in the fundamental represen-

tation of Gpe;
o Real representation (vectorlike, strictly real or pseudo-real) under Gsa4;
o Real representations under Gpe X Gsaq;
o Light dark quarks (Mg < Apc) and chiral symmetry breaking as in QCD;
o The dynamics is confining and the spectrum is similar to the one of QCD;
o The confinement scale is above the electroweak scale.
From these assumptions some of the properties we require for our dark sector follow directly:
o Gpe anomaly cancellation;

o Gsam anomaly cancellation;

(¢]

Dynamics does not break Gsag;

(@]

Mass terms arise prior to electroweak symmetry breaking;

(@]

Accidental symmetries ensure the stability of dark baryons.

2.3.1 Accidental Composite Dark Matter

The phenomenological implications of composite dark matter models based on the framework of
vectorlike confinement have been explored in [34].

Under the following two additional assumptions:
o partial SU(5) unification;
o the SM gauge couplings have no Landau poles below Mpy;

the authors provide a complete list of dark matter models and study their phenomenology.

If the relic density is produced thermally (through a mechanism that we shall review in
chapter , in order to reproduce the dark matter relic abundance dark baryons should have a
masses of order Mpy ~ 100 TeV. We stress that even though the dark matter candidate is weakly
interacting, i.e. it is the neutral component of an electroweak multiplet, it is not a standard
WIMP. Indeed, its relic density is not set by the rate of annihilation in Standard Model particles
through electroweak interactions but by the annihilation rate in dark pions, which in turn decay
in Standard Model particles. Since this process is mediated by dark color interactions, the cross
section is much larger, requiring an higher mass for the dark matter candidates.

Altogether, these models provide a well motivated and rich phenomenology for a dark sector.

The main features can be summarised as follows:
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o

Rich phenomenology at scales accessible by present or near future experiments (collider,

direct, indirect);

(¢]

Anomaly cancellation: extension of the fermionic content in a coherent way;

o

Flavour and EW precision tests limits avoided in a simple way;

o

Composite dark matter candidates stable thanks to accidental symmetries, similarly to

what happens in the Standard Model for the proton;

o May improve coupling constants unification.

2.4 Beyond vectorlike confinement

Models realising vectorlike confinement represent an interesting possibility for a composite dark
sector. However they are based on a quite restrictive set of assumptions, and represent a small
subset of the possible gauge theories. We want to understand what are the other classes of gauge
theories with a different phenomenology that could be viable models for a composite dark sector.

Relaxing this assumption we consider models in which the field content is given by Weyl
fermions transforming under generic irreducible representations of SU(N)pc. To be concrete, we
shall focus our attention on models built using representations with up to two indices.

The models need not to be necessarily vectorlike nor real. An interesting possibility is that of
chiral models, which we shall analyse in more detail in chapter [3] If this is the case, however, the
cancellation of gauge anomalies is no longer ensured. In order to have a consistent theory we
must impose this further constraint that gives non-trivial restrictions on the possible choices of
representations of the gauge group.

Moreover, we require that the infrared dynamics does not break the Standard Model gauge
group. Indeed, the formation of condensate could induce a dynamical breaking of the Standard
Model gauge group Gsaq, producing a technicolor model. We are interested in the opposite case
and this requirement gives again a non-trivial condition.

Lastly, we must check that the physical spectrum and the phenomenology are compatible
with the experimental observations.

Summarising, we shall work under the following assumptions:

@)

Weyl spinors in up to two indices irreducible representations of SU(N)pc and similarly for

Gsm;

(@]

Models not necessarily vectorlike;

(@]

UV: Gpe anomaly free;

O

UV: Gsaq anomaly free;
o UV: Renormalizable lagrangian;

o UV: No Landau poles at low energy for the gauge couplings;
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o IR: the dark sector dynamics does not break Gsag;
o IR: There are no massless or ultra-light states in conflict with experimental observations.

We can identify two broad categories of models realising a dark sector with composite dark matter,
depending on whether the strong dynamics induces the formation of fermionic condensates (and
thus the spontaneous breaking of the global symmetry group) or not.

The first class comprises the familiar case of models realising vectorlike confinement and,
more generally, of models with fermions transforming as real representations under Gpe X Gs
(not necessarily vectorlike), which have a dynamics qualitatively similar to the one discussed in
the previous section.

Models with a complex (reducible) representation under Gpe X Gsa (i.e. chiral models) and
no additional fundamental scalar fields are expected to break dynamically the gauge group,
through the formation of condensates. This scenario of is somehow peculiar, and can feature a
dynamics much different than the one of models with vectorlike confinement. Chiral models arise
naturally in the context of Grand Unified Theories, and the Standard model itself is a chiral
gauge theory. We shall discuss the motivations for considering this class of models as a dark
sector and some aspects of their dynamics in chapter [3

The second class includes models with dark quarks heavier then the confinement scale, that
have been recently considered [35], and models in which the dark colour dynamics has an infrared
fixed point. Models with infrared fixed points have been considered in the context of technicolour
models that try to explain the dynamics of the electroweak symmetry breaking [36]. In this work
we shall analyse the possibility that a dark sector is a gauge theory with an infrared conformal
dynamics, broken by the presence of dark quarks mass terms. Differently from technicolor we
consider the case in which the dynamics does not break the Standard Model gauge group. We
analyse this scenario in chapters [d and [5] both from the point of view of model building and

phenomenology.



Chapter 3

Chiral Models

We want to understand if a model with chiral field content can be a valid framework for a dark
sector. We restrict our attention to dark sectors with a simple gauge group, and to unitary gauge
groups SU(N)pc in particular.

In section [3.1| we give an overview of the general properties of chiral models and discuss some
additional motivations that explain why this class of models could be interesting. Subsequently,
in [3.2], we review the concept of anomaly and summarise the conditions that a gauge theory
must satisfy in order to be anomaly free and thus consistent. 't Hooft anomaly matching is
discussed and exemplified through applications to the Standard Model, that give a different
perspective on some well-known facts. In section [3.3] we analyse the dynamics of models with a
chiral field content under Gpe and discuss some model building issues on what are the necessary
conditions in order to have a model that does not break Gsaq dynamically. In the last section
we present a general argument based on 't Hooft anomaly matching that explains why, and
under which assumptions, chiral models have massless asymptotic states in the infrared. We
then provide a brief overview of some of the mechanisms that can induce a mass term for the

would-be massless particles.

3.1 General properties

A chiral model a model in which fermionic ﬁeldsﬂ transform in a complex (reducible) representation
of the gauge group Gpe X Gsaqs. In physical terms this translates in the condition that the fermions
cannot have explicit mass terms.

An appealing feature of chiral dark sectors is that, in absence of elementary scalar fields
charged under dark colour, they are characterised by a unique energy scale, Apc, which is
generated dynamically through dimensional transmutation.

In this scenario, the masses of all the asymptotic states in the dark sector arise dynamically
from the scale Ap¢ induced by the dark gauge interactions; furthermore they are naturally small

with respect to the cut-off of the theory (e.g. the Planck scale). The small value of the mass is

1We describe our theory in terms of left-handed fermionic fields only; right-handed fields can be obtained by
charge conjugation ¥r = io2v] .

21
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not only technically naturaﬂ but a consequence of the dynamics.

Indeed, if all the dark quarks transform in complex representations there are no explicit mass
terms. Therefore, all the masses of the asymptotic states in the dark sector arise dynamically
from the scale Apc induced by the dark gauge interactions. This is an attractive scenario since
there would be a single dynamical mass scale, with the masses of the states in the dark sector
all related among each other and dark matter stability ensured by accidental symmetries of the
renormalizable gauge theory.

Chiral models play a central role in high energy physics. A well-known example of a
chiral gauge theory is the Standard Model itself: the fermions have no explicit mass term in
the lagrangian and acquire a mass only through the Yukawa interaction with the Higgs field,
after electroweak symmetry breaking. Also in this case, the mass of the fermions is generated
dynamically and is of the order of the Higgs vacuum expectation value or smaller, leading to
naturally light particles.

In the context of grand unified theories, chiral models play a central role. Indeed, if the
Standard Model gauge group is unified to a simple gauge group at an high energies, the model
must be a chiral theory. This is just what happens in the case of Georgi-Glashow SU(5) grand
unification theory [37] in which the standard model fermions are organised in two irreducible
representations: an antisymmetric 10 and an anti-fundamental 5, each one coming in three
families.

It is then natural to explore the possibility that the dark sector is a chiral theory. This
alternative has not received much attention in the literature on dark sectors and can lead to a
phenomenology vastly different from the one of models based on real representations.

Models with a non-Abelian gauge group SU(N) with chiral representations were studied
in the context of technicolor theories [38]39], where they were proposed as a way to generate
dynamically a hierarchy of mass scales for quarks and leptons.

As for dark sector model building, chiral models have been considered recently by a few
authors. The case of an abelian dark sector with a chiral U(1) broken through the Higgs
mechanism by charged scalars has been considered in [40-43].

Recently, Nomura et al. have considered a model with a strongly interacting chiral dark
sector [44,/45]. Their model is based on a non-simple gauge group SU(N)pc x U(1) with fermions
transforming in representations real under SU(N)pc and U(1) but complex under the product;
no fundamental scalar fields are introduced and the abelian U(1) factor is broken dynamically by
the dark sector. The dark fermions are singlets under the Standard Model, and the two sectors
are coupled only through vector boson mixing of the Z’ with hypercharge.

Chiral dark sectors have been considered, with a different perspective, also in the context of
models with a mirror world [46,47]. In these models the dark sector is a copy of the Standard
Model with the same particle content and the two sectors can communicate gravitationally
and through the Higgs portal. Mirror baryons, stable thanks to the accidental baryon number

conservation, can account for dark matter.

2A parameter with a small value is said to be technically natural if in the limit in which it vanishes the model
acquires an enhanced symmetry.
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In this work we study the following alternative, that has not been considered yet in the
literature: a chiral dark sector with non-Abelian gauge group, featuring a strongly interacting
dynamics in the infrared, and with fermions charged under both Gpe and Gsag-

Chiral models can be classified in four different classes, according to the reality properties of

the representations under Gpe and Gsag.

Table 3.1: SU(N) irreps with up to two indices.

Gpc Gsm Gpc X Gsm

1
2
3
4

) Real Real Complex
) Real Complex  Complex
) Complex Real Complex
)

Complex Complex  Complex

We shall focus on models in which the fermions in the dark sector are charged under the
Standard Model but the dark gauge dynamics dominates, i.e. the dark sector becomes strongly
coupled at a scale Ape > myp. We do so because we are interested in understanding if there are
viable alternatives for dark sectors with fermions interacting with the Standard Model. The dark
sector dynamics is expected to induce a mass for the composite states of order Apc (unless they
are Goldstone bosons or unconfined fermions). If we require Apc > my, the confined composite
resonances (in particular the ones charged under Gsaq) will be heavier than the electroweak scale,
explaining why they have not been observed yet.

In this scenario, the formation of condensates of dark fermions due to the gauge dynamics
could induce a dynamical breaking of the electroweak symmetry (as in technicolor models). We
focus on the case in which the Gsq is left unbroken by the dark sector dynamics, i.e. they are
not technicolor theories, but theories describing a dark sector.

As we discuss in the next paragraph, models realising the scenarios 1) and 2) are incompatible
with this last request; the rest of the chapter will focus on models with complex representations

under Gpc, realising the scenarios 3) and 4).

Models with fermions real under Gp¢

Models in the first two classes, i.e. real under Gpe but chiral under Gs g or the product Gpe X Gs g,
cannot be compatible with the requirement that the strong dynamics of Gpe does not induces a
dynamical breaking of Gsag.

Let us first review what are the possible patterns of chiral symmetry for SU(N) gauge theories
with different representations.

For vectorlike models with Ny Dirac fermions transforming in a complex representation,
the global symmetry group is SU(Ny)r, x SU(Ny)g. The pattern of chiral symmetry breaking,

analogous to the one realised in QCD, is

SU(Nf)L X SU(Nf)R X U(l)v — SU(Nf)V X U(l)v
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This pattern of symmetry breaking describes extremely well the observations of hadronic physics,
providing a powerful principle to classify mesons and baryons. It has been proven theoretically [48|
that the vectorial subgroup SU(Ny)y x U(1)y cannot be broken spontaneously, and since this
pattern is the one that leaves unbroken the largest possible subgroup, one can safely conclude
that it is the only possible pattern of symmetry breaking in vectorlike theories. This has been
confirmed by lattice calculations.

Let us now consider the case of models with real representations. We consider a model
with 2N massless Weyl fermions, transforming as a real representation. In this case the global
symmetry is enhanced to SU(2N). The reality condition for the representation can be expressed
as

ST S = (iT%)*
where S is a unitary matrix. For a strictly real representation S is symmetric, i.e. ST = S, while
for a pseudoreal representation S is antisymmetric, i.e. ST = —S. Exponentiating this relation

we have
s~lus =u*

and using the unitarity of U and S we obtain
Uvrs—tu =51
We want to find a matrix X such that the condensate

(¥Tsy) #£0

is a singlet of the gauge group. Choosing ¥ = S~! we see that this condition is automatically
satisfied. Since the inverse of a (anti)symmetric matrix is (anti)symmetric, from the properties

of S we conclude that
o 3 is symmetric for a strictly real representation;
o 3 is antisymmetric for a pseudoreal representation;

Assuming that the dynamics leaves unbroken the maximal flavour subgroup [32,133|, we obtain
that:

o for a model with 2N Weyl fermions transforming in a strictly real representation the

condensate is Y is proportional to the identity and the pattern of symmetry breaking is

SU(2N) — SO(2N)

o for a model with 2N Weyl fermions transforming in a pseudoreal representation the

condensate is ¥ is a symplectic matrix and the pattern of symmetry breaking is

SU(2N) — Sp(2N)
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For pseudoreal representations the matrix ¥ has necessarily even dimension, while for strictly
real representations it is possible to extend the conclusion to system with an arbitrary number of
Weyl fermions N,,.

A generalisation of the Vafa-Witten theorem has been proven by Kosower [49], showing
that the unbroken group suggested by the maximal flavour subgroup criterion cannot be broken
spontaneously. Lattice simulations of models with real representations have confirmed these
symmetry breaking patterns [50,51].

Having analysed what is the pattern of flavour symmetry breaking for models with real
representations, we can now prove the following lemma: a model with field content real under
Gpe but chiral under Gpe X Gsaq and Ape > mpy leads to dynamical breaking of Gs .

Indeed, since the dark colour dynamics dominates, dynamical breaking of the (approximate)
flavour symmetry group occurs, realising one of the patterns described above (i.e. the condensate
involves all the dark quarks). Being a singlet under Gpc, the condensate cannot be a singlet
of Gsaq otherwise all the dark quarks could have an explicit mass term in the renormalizable

lagrangian and the theory would not be chiral.

3.2 Anomalies

Before dealing with the dynamics of a chiral model, we shall review the concept of anomaly and
some of its applications. We shall use the results of this section in our analysis of chiral dark
sectors.

An anomaly is an obstruction to the realisation of a classical symmetry at the quantum level:
one of the signals of the quantum violation of the symmetry is the appearance of anomalous
terms in the Ward-Takahashi identities.

Anomalies provide a tool that can be used to make concrete prediction on the non-perturbative
dynamics of quantum field theories.

First of all, the presence of an anomaly in a gauge theory signals an inconsistency. In the case
of chiral gauge theories, the request of gauge anomaly cancellation induces strong constraints
on the structure of the model, that must be satisfied in order to have a consistent theory. For
instance, the cancellation of gauge anomalies in the Standard Model provides a strong consistency
check.

Moreover, anomalies are an infrared effect, in the sense that only massless particles can
contribute to the anomaly. As a consequence, they can be used to obtain information on the
infrared structure of the gauge theory. In particular, through the so called anomaly matching,
it is possible to predict some of the properties of the low energy effective theory describing the
model in the infrared, even if the dynamics is strongly interacting and non-perturbative.

Finally, they are of great importance also from the phenomenological point of view: in QCD
they explain the decay of the neutral pion into two photons, predicting a lifetime in excellent
agreement with the experimental observations.

Let us consider a field theory described by an action S;; and assume that there is a continuous

symmetry group G that leaves the classical action invariant: 6S, = 0.
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By Noether theorem there is a conserved current j,(x) which satisfies, at the classical level,
the continuity equation 9,,j# = 0. This equation expresses a local conservation law of the classical
system. At the global level, if the symmetry is linearly realised and if the fields are localised, this

implies the conservation of the charge associated to this currentf|

d
= [ dxi%(&,t —Q1)=0
Q= [ @@ Sa
The symmetry G is said to be anomalous if it is violated at the quantum level. If there is

an anomaly, the quantum analogue of the continuity equatiorﬁ7 (Oug*) = 0, receives quantum

corrections, giving rise to anomalous Ward identities such as
(Oug") = A

where A is referred to as the anomaly.

If G represents a global symmetry group, then the anomaly results simply in an anomalous
non conservation at the quantum level of the Noether current associated to the symmetry.

On the other hand, if G is a gauge group, the presence of an anomaly would indicate an
inconsistency of the theory. Indeed, a gauge invariance is a redundancy in the degrees of freedom
we our using to describe our system. The physical degrees of freedom are in the quotient of the
space of fields by gauge transformations, i.e. gauge invariance is required to remove unphysical
degrees of freedom. Therefore, in order to have a consistent gauge theory, it is necessary to

require the cancellation of gauge anomalies.

3.2.1 Chiral anomaly

To be concrete, let us consider QED in four dimensions with one massless Dirac fermion v with

unit charge, described by the lagrangian
L=—-F,F" +ipD, "
| v Z?ﬂ “w ¢

We focus our attention to the case in which there is a dynamical fermion in a background with
fixed electromagnetic fields. In the path integral formulation all the correlation functions can be

computed by taking derivatives of the generating functional
Zlni) = [ DpDgeSHITL O

Let us consider axial transformations ¢ — €54y, This is a global symmetry group of the

classical action since it leaves unchanged the lagrangian. Considering a local transformation

30therwise, if the symmetry in non-linearly realised (i.e. there is spontaneous symmetry breaking) the charge
Q is not a well defined quantity and it is not a good quantum number.
“We indicate as (-) the expectation value on the vacuum of the operator in bracket.
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associated to the group we have
55 = [ da(@,a(a) it (0)

where jt'(z) = yH~P1) is the Noether current associated to the classical symmetry. Defining
carefully the integration measure in the path integral, following the approach of Fujikawa [52],
one finds that in presence of massless fermion the integration measure is not invariant under the

axial transformation:

where

62

AT

14 a
Epvpe FH FP

The path integral transforms as
/D¢D1Zei8 — /Dq/JD&eifaAeiSHés ~ /D@Z)D@Z_)eis [1 + /d4x(a(m)A(x) + (Opa(z))jt ()

Integrating by parts and requiring the invariance of the path integral under change of variables,

for an arbitrary parameter a(z), we arrive at

2

. e »
<6#]g>A = _We;wpoFu Fre (3.1)
where we are working with a fixed background field A*(x) and dynamical fermions, so that the

expectation value is given by

_ | DyDy O eSlHAl

(0,0)a = [ DD St Al

The anomaly can be computed directly by means of perturbation theory evaluating the triangle
diagram with a loop of fermions, two external gauge bosons and an axial current insertion, as
was first done by Adler [53|, and Bell, Jackiw [54].

From a more rigorous point of view, the anomaly can be seen as a consequence of the
regularisation procedure [55]. The current j£' = 1(Z,¢)v*v°¢(Z,t) is ill defined since it involves
the product of two operators at the same point which in general is divergent and needs some
kind of regularisation. It turns out that there is no regularisation procedure consistent both with
U(1)4 and U(1)y symmetries; preserving U(1)y gauge invariance gives an anomaly in the axial

current. Through a point splitting regularisation one can define the current as

—ie fx+5/2 Adx

3 =l §(x + e /2y e el Ay (@ — e /2)
e—>

Computing the divergence and using the Dirac equation, then taking the limit € — 0, one obtains

again equation [3.1]
Generalising upon the previous example, one can consider a system of massless fermions
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coupled to a non-abelian gauge theory. For a non-abelian chiral current
g =y T

one obtains the anomaly [21]:

2
Opjs; = —#%upa Tr [T T GL Gy (3.2)

Gravitational anomaly

Similar methods can be used to compute the anomaly for the axial current once the fermions are
coupled to gravity |56]. In particular, the fermion triangle with one axial current and two energy

momentum tensors at the vertices has an anomaly

1 1

Duls = =554z 3500

RM ,RP7P (3.3)
For a non-abelian chiral current

g =y T
the gravitational anomaly is proportional to Tr[r;], which vanishes for currents associated to
SU(N) global groups.
3.2.2 Gauge anomaly cancellation

So far we have discussed the anomalous non conservation of a global axial current in the presence
of external background gauge fields coupled to vectorial currents. In chiral models we deal with
a situation in which the gauge currents are themselves chiral.

For a chiral model we express the lagrangian in terms of left-handed fermionic fields ¢ ; in a

representation r of the gauge group
L=y} iz, D+
with spinor indices suppressed and covariant derivative defined as

D = osy; — igar (T, )

ij
Anomaly SU(N)3

The anomaly in the divergence of the gauge current is given by the triangle diagram with the

current at one vertex and the gauge bosons at the other two vertices |21]. It is proportional to

Tr [T(% {Tfn e H

If the representation r is reducible one obtains a sum on the irreducible representations.
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For an SU(N) gauge theory there is a unique totally symmetric three index tensor up to a

constant depending on the irreducible representation, known as the anomaly coefficient
Tr [T(%"i){T(bT’i)’T(i“i)H = A(ri)dabc (3.4)

If a representation is equivalent to its complex conjugate (i.e. it is real or pseudoreal), the

anomaly coefficient vanishes automatically. Indeed one has

(ig,)) = s(img))s = (1g,) = -s(18,)s"

from which it follows that A(r;)d®¢ = —A(r;)d®¢ and so A(r;)d*¢ = 0.

Some gauge groups such as SU(2) have only real or pseudoreal representations, therefore the
coefficient d®* is identically zero and there is no anomaly.

For SU(N) gauge groups with N > 3, in order to have a consistent gauge theory it is

necessary to have a cancellation between the anomalies of the different representations, therefore

Z A(’l“z) =0

Since the anomaly in the current is caused by the gauge bosons to which the current itself is

we obtain the condition

coupled, this anomaly is referred to as the SU(N)? anomaly.

SU(2) global gauge anomaly

Gauge anomalies are called local if they are associated with elements connected to the identity
and global if they are associated to gauge transformation that cannot be transformed continuously
into the identity (so called large gauge transformations).

Witten has shown in [57] that theories based on a gauge group with non-trivial fourth homotopy
group have an additional consistency condition arising from the transformation properties of the
generating functional Z under large gauge transformations.

As a consequence, an SU(2) gauge theoryﬁ must have an even number of doublets in order
to be consistent. More generally it must have an even number of fermions transforming as SU(2)
representations of even dimension, while the number of odd dimension representations can be
arbitrary.

No further constraint arises for SU(N) gauge theories for N > 3, nor for O(N) gauge theories
with N > 6 since they have trivial fourth homotopy group. Non trivial conditions arise only for
Sp(N) gauge theories which have m4(Sp(N)) = Zo [57].

Mixed gauge and gravitational anomalies

If the gauge group is not a simple group, mixed anomalies, with one gauge boson at one vertex
and two background external gauge bosons (associated to the other factor of the gauge group),

must be taken into account.

®The fourth homotopy group of SU(2) is ma(SU(2)) = Z2 [57].
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The mixed anomalies SU(N)SU(M)? and SU(N)U(1)? are automatically zero since they
are proportional to the trace of the generators of SU(N), which vanishes identically.
For U(1) SU(N)? one has the condition

Tr [QToTh)

where @ is the charge operator regarded as a matrix acting on left-handed fermionic fields. We

note that only fermions charged under both the gauge groups contribute to the anomaly.
Similarly, coupling our model to gravity, for consistency we must include the cancellation of

the gravitational anomalies SU(N)grav? and U(1)grav? [56]. The first vanishes identically as

described before, while the second gives the condition
TrQ =0
where the trace is on left-handed massless fermions.

3.2.3 ’t Hooft anomaly matching

The following argument has been put forward by 't Hooft in [58] and uses anomalies to gain
information on the non-perturbative dynamics of a strongly interacting gauge theory.

Let us consider an asymptotically free SU(IV) gauge theory with (massless) chiral fermions
and a global symmetry group G, free of mixed anomalies G - SU(N)? (i.e. G is valid even
in the presence of background gauge fields). Assume that there is an anomaly G2, which in
the ultraviolet picture can be computed through a triangle diagram with massless elementary
fermions running in the loop. In the infrared, whatever the strong dynamics gives, the anomaly
must be exactly reproduced if computed in terms of the massless particles of the exact physical
spectrum (which can be either fermions or Goldstone bosons).

This can be understood in the following way. Imagine that we introduce a set of massless
spectator fermions that are gauge singlets but contribute to the G% anomaly compensating exactly
the existing anomaly. Now the group G is completely free of anomalies and we can gauge it,
with a weak coupling so that the original interaction dominates the dynamics. Running in the
infrared, the original theory flows towards a strong coupling regime (in QCD, for instance, the
theory confines at low energies) and the original massless fermions can be replaced by a different
set of asymptotic states (baryons and mesons in QCD). The spectator fermions, on the contrary,
are gauge singlets and do not take part to the strong dynamics; therefore, they give the same G3
anomaly as before. Since we started with a consistent theory in the ultraviolet, the effective low
energy theory must be consistent too and so there must be massless states in the strong sector
that cancel again the G® anomaly.

The argument does not depend on the value of the gauge coupling constant of the group G
(provided it is weak), therefore we can take it to zero. The spectator fermions are now completely
decoupled and the conclusion on the existence of massless states must be true also in the theory
in which G is a global group and there are no spectator fermions.

In the low energy effective theory the anomaly can be reproduced by massless fermions
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(composite fermions if the theory is confining) or Goldstone bosons. In particular, in the effective
theory describing the Goldstone bosons the anomaly is reproduced by the Wess-Zumino-Witten
term [59,60].

The core of the argument resides in the fact that we can add spectator fermions that do not
interact under the strong dynamics but carry an anomaly under G*, in such a way to cancel the
existing flavour anomaly. The same line of reasoning can be applied to the gravitational anomaly
G - grav?, since the spectator fermions are coupled gravity, as was pointed out in [56].

This observation results in a second, independent, consistency condition: for any conserved
global charge @, the trace Tr[Q] must be equal if computed on the elementary left-handed
fermions or on the fermions of the physical spectrum, unless the corresponding U(1) symmetry
is spontaneously broken. Since only massless fermions can contribute to the anomaly, a non-zero
value for Tr [@] implies the existence of massless states, either fermions or Goldstone bosons from
the spontaneous breaking of the symmetry.

A rigorous derivation of t'Hooft anomaly matching from general principles (analyticity and

unitarity) has been provided by Coleman and Grossman [61].

Massless QCD example

Originally, the anomaly matching was used to constrain the infrared dynamics of QCD, specifically
to show that spontaneous chiral symmetry breaking is unavoidable.

Let us consider QCD with three flavours of massless quarks (we are working in the so
called chiral limit m, = mg = ms = 0). This theory has the global symmetry group G =
SU(3)r, x SU(3)r x U(1)y, free of anomalies under the colour group. The U(1)4 factor is
anomalous under the gauge group Gpe and so it is explicitly broken. The global group has
anomalies SU(3)%,R - U(1)y and SU(3)%7R. Assuming that QCD confines and that the global
group is linearly realised one has that the anomalies should be balanced by massless composite
fermions (baryons). However one can show (see |21] for a complete proof) that the anomaly
matching condition cannot be satisfied by composite fermion in QCD with three flavours of
massless quarks and it is possible to conclude that the spontaneous breaking of the global

symmetry group is necessary.

Neutrino masses

We can apply anomaly matching considerations to the Standard Model. The theory has a global
flavour symmetry group G = (SU(3) x U(1))®, one factor for each irreducible representation:
left-handed quarks @, and leptons Ly, right-handed quarks Ugr, Dr and right-handed electrons
Epg.

The global symmetry is broken explicitly by the Yukawa interaction with the Higgs field, so
that the anomaly matching cannot be applied directly to the group Gr. However, there are two
unbroken accidental U(1) symmetries, namely baryon number

B = (quarks), B =0 (leptons)

W=
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and lepton number
L =0 (quarks) L =1 (leptons)

Both these symmetries are anomalous under the electroweak symmetry group, with anomaly

The two anomalies cancel if we consider the linear combination (B — L):

B-L= (quarks) B—-L=—-1 (leptons)

Therefore the symmetry U(1)p_ is a valid global symmetry free of gauge anomalies (while
U(1)p4r is anomalous and thus broken at the quantum level).
To apply 't Hooft anomaly matching, let us consider the global anomaly U(1)3Bf .- If we do

not include right-handed neutrinos we obtain a non-zero anomaly:
T o] = 32V Y —¥) + (37 - ¥2) = 140

The existence of this anomaly, together with the fact that the symmetry is not spontaneously
broken, implies the existence of massless fermions. In the Standard Model these correspond
to the left-handed neutrinos, which in fact are very light states that have been believed to be
massless for long time.

In recent years, the observation of neutrino oscillations have suggested that the neutrinos do
have a mass different from zero. In order to have a consistent theory, the Standard Model must

be extended, and there are two possibilities:

o the anomaly in the (B — L) current is cancelled by new particles. This is the case, for
instance, if right-handed neutrinos are introduced, giving mass to both left and right-handed

neutrinos through the Higgs mechanism

o the global symmetry U(1)p_r is explicitly broken. This can be obtained, for instance,
taking into account non-renormalizable operators: at the level of dimension 5 there is a

single operator consistent with Lorentz invariance and the Standard Model gauge symmetry:
O5 = M, (L'H) (L H?)!

This operator induces an explicit breaking of the lepton number (and of U(1)p_1) and gives
mass to the left-handed neutrinos, once the Higgs field acquires its vacuum expectation

value.

3.3 Models chiral under SU(N)pc

The dynamics of a chiral dark sector, with fermions transforming in a complex reducible

representation of SU(N)pc, is expected to be much different from the one of the models based
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on real representations.

It has been suggested that a composite Lorentz scalar operator (a fermion bilinear) may
acquire a vacuum expectation value, inducing the dynamical breaking of the gauge group and
possibly also of the global (flavour) symmetry group of the original lagrangian. Indeed, in a chiral
model it is not possible to write a mass term for the fermions, and this is equivalent to say that
every Lorentz scalar bilinear in the fermions cannot be a singlet of the dark colour gauge group.

Once the original gauge group SU(N)pc is broken to a subgroup SU(N)p, one has to
decompose the representations of the original fermions in representations of the unbroken gauge
group. If the model is still chiral the process can repeat, generating a cascade of gauge symmetry
breakings with several energy scales. Since the running of the gauge coupling is logarithmic,
the separation of scales can be exponential: therefore it could be possible to generate in this
way a hierarchy of scales in a natural way. The chain of symmetry breaking ceases when we are
left with a real model with respect to the unbroken dark gauge group, which then experience
a confining dynamics; otherwise the dynamics can lead to a complete breaking of the original
gauge group. This scenario has been proposed by Dimopoulos, Raby and Susskind in [38] and is
referred to as tumbling.

In order to predict what is the pattern of breaking of the dark color group one needs a criterion
for which bilinear Lorentz scalar acquires a vacuum expectation value, .e. what is the form
of the condensate. The maximally attractive channel (MAC) criterion [38] has been proposed
and can be phrased as follows: the bilinear scalar operator that acquires a non-zero vacuum
expectation values is the one corresponding to the most attractive channel in the single gluon
exchange interaction among dark quarks. The interaction between two dark quarks transforming
as irreducible representations r1 and 79 depends on the composite representation r’ C ry x ro.

For each channel, the single gluon exchange approximation gives a potential

V-2 ("~ el — )
2r

The most attractive channel corresponds to the one for which the factor (C’ér/) — Céh) — Cém))

is negative and large.

The pattern of condensation obtained through the MAC criterion agrees with that predicted
independently through instantons methods [39).

An alternative to tumbling has been suggested by Peskin |39]: all the condensates could form
at the same energy scale, with a unique breaking of the gauge group. If this is the case, what
happens is that each irreducible representation forms a condensate in the respective maximally
attractive channel (i.e. all the dark quark form condensates and all the condensates form at the
same scale).

We stress that the previous scenarios are speculative, being based on the assumption that a
Lorentz scalar condensate acquires a vacuum expectation values; no rigorous argument or lattice
simulation confirming clearly these conclusion is available, due to difficulties in putting on the
lattice chiral gauge theories. Some authors have argued |62}/63] that a Lorentz vector condensate

(tqoutpy) (which can always be a gauge singlet) might form instead of the scalar condensate; in
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this case the gauge group could remain unbroken, while it is unclear if Lorentz invariance would

be spontaneously broken or not [63].

3.3.1 Anomaly cancellation and asymptotic freedom constraints

Let us discuss what are the general constraint that models with a chiral non-Abelian dark sector
must satisfy for consistency.

We consider here models with SU(N)pc gauge group and left-handed Weyl fermions trans-
forming as complex irreducible representations with up to two indices, i.e. fundamental, symmetric
and antisymmetric (and their complex conjugates). For Ny = 3,4 there are some special cases:
for Npe = 3 the antisymmetric representation is equivalent to the anti-fundamental, while for
Npe = 4 the antisymmetric representation is real and thus equivalent to its complex conjugate.

For simplicity, we assume that there are no subset of fermionic fields which transform in real
(reducible) representations of SU(N)pc, i.e. if there is a field transforming as the representation
r, there are no fields transforming as 7.

We denote by np the number of fundamental representations minus the number of anti-
fundamental representations, and similarly for ng and n 4.

Asymptotic freedom for SU(N)pc (for a discussion on the running of the coupling constant

and the condition of asymptotic freedom see section in the next chapter) requires

Since we are dealing with a chiral model the conditions of gauge anomaly cancellation give
non-trivial constraints. In order to make the notation less cumbersome we discuss first the case
of dark quarks charged under U(1)y D Gsaq only and leave the general case for later.

The condition involves the group theory factor 7" (Dynkin index) defined as:

Tr [TéﬂTb(’“)} — 75,

where Ty) are the generators of the irreducible representation r. Moreover, we denote by dim(r)
the dimension of the representation r. The anomaly coefficient is defined by equation [3.4, Here
we use the convention that A(r;) is definite positive, since we are taking n; already with a minus

sign for conjugate representations.
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Gauge anomaly cancellation than gives the following constraints:

SU(N)} — npA(F) 4+ nsA(A) +ngA(S) =0 (3.6a)
¥l [nal Ins|
Uy SUMN)pe = Y af T(F) + ) af T(A) + Y a7 T(S) =0 (3.6b)
i=1 = =
InF| Inal Ins|
U(1)ygrav? — Z qf dim(F) + Z ¢i'dim(A) + Z ¢’ dim(S (3.6¢)
\nFI \nA\ Ins|
U)y — Z (¢F)3dim(F) + Z (g)>dim(A) + > (¢f)*dim(S) =0 (3.6d)
Deﬁningﬁ
Inr| Inal Ins|
=>4 aa=Y 4" a=> 4
i=1 i=1 i=1
InF| Inal Ins|

pr=> (@)  pa=>_" ps=)_(¢)

i=1 =1 i=1

and using the group theory factors listed in table equations ((3.6) become

np +na(Npec —4) +ng(Npc +4) =0 (3.7a)

qr + qa(Npc — 2) + ¢s(Npc +2) =0 (3.7b)
Npe — 1 Npe + 1

ar + a4 =5 ) 4 g5 =5 ) _o (3.7¢)
Npe — 1 Npe + 1

pr+pat =5 ) 4 ps’! °S )y (3.7d)

Using equations (3.7b]) and (3.7¢|), the solutions for ¢; can be expressed as a one parameter family

of solutions:

__Noc+3 _ Noc =3
qr, 4qA = WNpo qr, 4s = qr

In particular, for Npe # 3, if one of the g; is zero then also the other two must be zero. Moreover,
(qr = pr =0,94 = pa = 0,qs = ps = 0) is always a solution for every Npc.

Equations and , together, give a constrain that can be graphically represented as
a polygon in a two dimensional space (for instance ng vs ng, with n4 given as a function of the
other two by eq. (3.74))). Considering dark quarks charged under SU(2)gw and SU(3). gives

the following further constraints:

o it is necessary to have an even number of electroweak doublets due to the SU(2)gw global

anomaly discussed in section

o the anomaly SU(3)3 must be zero, giving a constraint analogous to equation

SWe define also: ¢; := 0 if |n;]= 0 and similarly for p;.
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Figure 3.1: Combined bounds on ng and ng given by asymptotic freedom and anomaly cancellation,
for Npc = 3. Anomaly cancellation fixes the number of antisymmetric representations to be ny =
7(nF + nS(NDc =+ 4))/(NDC — 4)

Table 3.2: Group theory factors for irreducible representations with up to two indices of SU(N).

Irrep Dimension Dynkin index Quadratic Casimir Anomaly Coefficient
dim(R) T(R) Ca(R) A(R)
Singlet 1 0 0 0
Fundamental N : L;]Ql 1
Adjoint N2 -1 N N 0
Antisymmetric NU\;_I) N-2 %]\(IN—H) N4
Symmetric N(]\;H) N2 %A(INH) N4

o the mixed anomalies U(1)y SU(2)% and U(1)y SU(3)2, must vanish, giving constraints

analogous to equation [3.6b

3.3.2 Gsar chiralness

In this section we deal with the following question:

o is it possible to have a strongly interacting dark sector with field content chiral under Gsaq

such that the dynamics does not break Gsaq?

We have briefly discussed in section [3.1]that the pattern of spontaneous flavour symmetry breaking
for models with real representations under Gpe is such that the dynamics always breaks Ggsa if

the field content is chiral under Gsaq. For this reason in the literature on strongly interacting
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dark sectors, the fermions are assumed to be real under Gsaq in such a way that there can be an
orientation of the condensate that preserves Gsag.

We want to understand if this condition is still necessary in the case of models chiral under
Gpce. The previous line of reasoning does not apply to this case, since now the condensate cannot
be a singlet of Gpe, therefore could be a singlet of Gsag, depending on the quantum numbers.

We consider models completely chiral under SU(N)pc, with dark quarks transforming as
two indices complex representations of SU(NN)pc for a generic Npc, as described in the previous
section.

To understand the dynamics of these models, we need to understand what is the pattern of
symmetry breaking. Differently from the case of models with real representations, for which
robust theoretical and numerical results are available (as discussed in section , this class of
models is much less constrained on the theoretical ground and no observational or numerical
clues are available. We stress that, in principle, understanding what is the pattern of symmetry
breaking of the model is a well defined question with a unique solution determined by the

dynamics; however, since no robust result is available, we shall make the following assumptions:

o the condensate occurs in the maximally attractive channel;
o the condensate does not mixes colour and flavour indices;

o the condensate preserves the maximal unbroken subgroup;

These assumptions are inspired by the pattern of symmetry breaking observed in models with
real representations; we consider them as reasonable working hypothesis and use them in some
clarifying examples. In order to advocate the viability of a concrete model, a robust analysis on
the pattern of symmetry breaking in these models would be required.

Resting on this assumption we have tried to construct examples of models chiral under both
Gpc and Gsag, for which the dark sector dynamics leaves unbroken the Standard Model gauge
group. Although we have succeeded in finding examples of models in which at the first step
of the tumbling the condensates can preserve Gsaq, in our examples the further steps of the
dynamics break Gsng.

We have not a conclusive argument proving if this is possible or not; we present here the

examples, sketching the dynamics of the first step of the tumbling.
Models with dark fermions charged under U(1)y
Let us consider the following model:

Gauge group :  SU(3)pc x U(1)y
Fields: (6)o+ (3)o+ (3)o+ (3)—9+ (3)—5+(3)—1+ (3)7 + (3)s

The hypercharges are chosen in order to have the minimal model which is chiral and anomaly free
under U(1)y, and with integer charges. Indeed gs = pg = 0 is trivially verified and g4 = pa = 0,
as it can be readily checked (i.e. for each representation family, the sum of the hypercharges and

the sum of the cubes of the hypercharge are both identically zero).
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The model is also anomaly free, asymptotically free and chiral under SU(3)pc. Indeed
equations (3.6) and (3.7al) for ng =1, np = —7 and N = 3 give

1IN > |np|+(Npe — 2)|nal+(Npc +2)|ns] = 11-3=33>12=7+5-1
ngp +na(Npc —4) +ng(Npc+4) =0 — —7+1-7=0

The flavour group is given by U(1) x SU(7).

We assume that chiral symmetry breaking occurs, and that the condensate is given by the
most attractive channel: 6 x 3 — 3.

Assuming, moreover, that the condensate does not mix flavour and colour indices (there is no
colour-flavour locking), and that the maximal flavour subgroup is preserved (as for QCD), one
has: U(1) x SU(7) — U(1) x SU(6). Just one linear combination of the dark quarks transforming
in the anti-fundamental representation takes part in the condensate. It is then possible for the
vacuum to choose an orientation such that the condensate has zero charge and U(1)y is not
spontaneously broken. This orientation is expected to be dynamically preferred through vacuum
alignment as discussed in [32,33].

The gauge group is broken dynamically by the condensate to a residual SU(2)pc. Decompos-
ing the representations of the original gauge group in representations of the unbroken one, we are
left with a model with real representations under Gp¢ (indeed SU(2) has only real representation)
and chiral under U(1), so that the dynamics break Gsaq at the second step of the tumbling.

The choice of the hypercharges is not unique and it arises in a non trivial way. Due to
hypercharge quantisation one has to find integer solutions to a system of two homogeneous

polynomial equations in order to have anomaly cancellation for the U(1):
> 4 =0
i
> (@' =0

7

with the additional condition that there is at least an hypercharge ¢{' # 0 such that q;“ # —qit
for each 7. Problem of this kind are notoriously difficult to solve. We have found some solutions
numerically, that give alternative models with a dynamics similar to that of the one we just

analysed:

Gauge group :  SU(3)pc x U(1)y

Fields:  (6)o+ (3)o+ (3)-a+(3)-a+ (3)1+ ()1 +(3)1 + (3)s

Gauge group :  SU(3)pc x U(1)y

Fields: (6)o+ (3)o+ (3)—6 + (3)_5 + (3)2 + (3)1 + (3)5 + (3)5
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Models with dark fermions charged under SU(2)gw x U(1l)y

The same mechanism is possible with a more generic choice of quantum numbers, if the chirality
under Gsa is obtained through a mixed use of SU(2)gw and U(1)y.

Let us consider the following model:

Gauge group :  SU(3)pc x SU(2)gw x U(1)y
Fields: (6;2)0 + (3;2)0 + (3;2)y, + (3;2)y, + (3;2)y,
+2x (3 1)—y1 +2x (3 1)—y2 +2x (3 1)—y3

We note that there is an even number of doublets (6 4+ 3 - 4 = 18) and therefore there is no
global anomaly for the SU(2)gw gauge group. A further constraint is given by the requirement
of mixed anomaly cancellation: SU(2)Zy, - U(1)y implies the condition y1 + y2 + y3 = 0. If the
constraint is satisfied in a non-trivial way, i.e. the three hypercharges are taken all different from
zero, then the model is chiral by construction. Moreover, it is asymptotically free as it can be
checked using equation , anomaly free and chiral under SU(3)pc.

The pattern of condensation and the dynamics are the same as the ones discussed of the

previous example.

3.4 Flavour anomalies

We now consider in detail the global accidental symmetries of the dark colour dynamics and show
that for chiral models with gauge group SU(IN)pc, in absence of fundamental scalar fields and if
there are no further sources of breaking of the global symmetries, there are always asymptotic
massless states.

Assuming that the dark colour dominates the dynamics at high energies, the flavour symmetry

for a generic choice of quantum numbers (R;,r;) under SU(N)pc X Gsag is

n n—1
Gr= @ SU(N:) @ U;(1) (3.8)

where n is the number of different dark color representations and Nj is the number of fermions
that transform under the R;. The SU(N)’s mix fermions belonging to the same dark color
representation. The U(1)’s rotate each dark color representation with a phase. In principle there
would be n U(1) factors; however there is always a linear combination that is anomalous under
Gpe and thus explicitly broken at the quantum level. The remaining (n — 1) have associated
charges chosen in such a way to make them not anomalous under Gpe¢ .

The flavour group has in general self anomalies Gz} and gravitational anomalies G - grav?.
For the 't Hooft anomaly matching, described in section [3.2] the anomalies in the UV must be
reproduced in the IR; this is possible only if the exact physical spectrum includes massless fermions
or if the symmetry is spontaneously broken (in which case there will be massless Goldstone

bosons). The massless fermions can be either massless composite fermions (baryon-like), or
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elementary unconfined fermions if the gauge group is broken dynamically and the fermions of

interest are singlet under the unbroken confining gauge group.

3.4.1 Flavour anomalies in SU(N)pc chiral gauge theories

We want to prove that for chiral models with an SU(N)pc gauge group and fermions charged
under Gsaq, there is a flavour anomaly G%. or G - grav?.

As said before, the fermions in the same dark colour representation have an SU(N;) symmetry,
where N; is the multiplicity of the representation r;. They transform as the fundamental
representation of this global group. Moreover, there is a global U(1) factor for each distinct dark
colour irreducible representation. Under this transformation the dark quarks transforming under
the same irreducible representation share the same charge. One linear combination of the U(1)
factors is explicitly broken by the anomaly under the dark colour gauge group.

A model with a unique anomaly-free complex irreducible representation of SU(N)pc, would
have no U(1) unbroken global symmetry. However for SU(NN) gauge groups there are no
representations with these properties with dimension smaller than 3 - 10° |64], therefore we
consider models with two or more representation of small dimension.

We restrict our attention to chiral models with irreducible representations with up to two
indices (i.e. fundamental, symmetric and antisymmetric representations and their complex
conjugates).

The conditions that should be satisfied in order to have a consistent theory with an anomaly-

free flavour group are the following;:
1. SU(N)} (gauge anomaly cancellation npA(F) 4+ naA(A) +ngA(S) = 0)

2. U(1)- SU(N)3

5. SU(Nyg)?
6. U(l)y, - U2,
7. U(l)ﬁ ) SU(Nf2)2

In the scenario in which there are only two different representations, the conditions 2) - 4) become:

q1|n1|T(1) 4+ g2|n2|T'(2) =0
¢}n1|dim(1) + g3|ng|dim(2) = 0
q1|n1|dim(1) + go|na|dim(2) =0

The equations are homogeneous in the charges (they are scale invariant) and so we can choose

an arbitrary normalization without loss of generality: ¢; = 1.
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Subtracting the second and the third equation we obtain

q@2(q2 —1)(g2 +1)=0

|ng|dim(1)
=————=<0
2= 75, dim(2)
So we obtain go = —1. Using again the previous equations with ¢; = —¢s = 1 we arrive at|Z|
(1) A(1) dim(1)

T(2) A(2) dim(2)

Using the values of the group theory coefficients reported in table we check if this equality is
satisfied for the three possible couples: (fundamental, symmetric); (fundamental, antisymmetric);
(symmetric, antisymmetric). We find that there are no solutions to the system.

We consider now the case with three different kinds of representations. If NV; > 3 for a given
i, then we can conclude immediately that there is an SU(N;)? anomaly. To complete the proof,
we show that if N; < 3 for each 7 than one of the two abelian U(1) factors is anomalous.

Let us focus on the U(1) factors of the flavour group and consider the conditions they must
satisfy in order to be free of anomalies.

We make use the first four condition and see if there are solutions with INV; < 3.

Apnp + Agng + Agng =0 (3.11a)
ar || T(F) + qalnalT(A) + gslns|T(S) = 0 (3.11b)
b ldim(F) + g3 naldim(4) + Jns|dim(S) = 0 (3.11¢)
gr|np|dim(F) + ga|na|dim(A4) 4+ ¢gs|ng|dim(S) = 0 (3.11d)

As for the case of two irreducible representations, we choose the normalization ¢ = 1. Moreover,
dividing by |nr| and defining = = ng/np, y = na/np the system becomes:

Ap +x2As+yAs =0

T(F) + qs|z[T(S) + qaly|T(A) =0
dim(F) 4 gs|z|dim(S) 4 g4ly|dim(A4) = 0
A)=0

(
dim(F) + ¢3|2|dim(S) + ¢4 |y|dim(
For fixed number of dark colours Ny, this is a system of four equations in four unknowns.
However, the solutions are complicated functions of the parameters and do not take into account
that the variable z and y can assume only rational values. Therefore we choose a different
strategy: we concentrate only on the dangerous solutions with |n;|< 3.

The condition |n;|< 3 corresponds to the values +2, +1, +1/2 for x and y. For each dangerous
value of z and y, we solve the system as a function of ¢g, g4 and Np¢ (the system is over-

constrained). If we found a solution with Npc > 2 and integer, then we would have a model in

"We use the convention that A(r;) is definite positive, since we are taking n; already with a minus sign for
conjugate representations.
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which the conditions of flavour and gauge anomaly cancellation 1) to 5) are all satisfied. In this
case we should study the conditions 6) and 7) and see if they are satisfied or not. Numerically
we find that there are no solutions with Npc > 2.

Since none of this solutions is acceptable, we conclude that the anomaly cancellation conditions
cannot be completely satisfied and therefore that there are always 't Hooft anomalies in the
flavour group of the models we are considering.

By ’t Hooft anomaly matching there should be massless states in the physical spectrum,
unless the flavour group is broken explicitly.

This argument is not valid if one has a single anomaly free chiral representation. For instance
if one consider a single copy of the spinorial representation 16 of the gauge group SO(10), one
has a chiral model with no unbroken global symmetry group, since the U(1) factor is anomalous
under the gauge group. In this case one cannot use 't Hooft anomaly matching to conclude that

there must be massless states in the infrared.

3.4.2 Mechanisms to give mass to the light states

We have shown that, if there exist at least two types of representations of SU(N)pc and in
absence of elementary scalar fields, chiral models have non-vanishing flavour anomalies, that in
turn implies the existence of massless states. We want now to understand which are the possible
mechanisms that can give a non-vanishing mass to these light states.

In order to bypass the result of the flavour anomaly matching, an explicit breaking of the
flavour symmetry group is required. We shall present an overview of some mechanism that can

realise this and provide an estimate of the induced mass.

Yukawa coupling

A first possibility is to introduce a scalar field charged under the dark colour and with the right
quantum numbers so that it is possible to write Yukawa coupling terms in the lagrangian. We
stress that the scalar field has to be charged under Gpe since in a chiral model it is not possible
to write a fermion bilinear that is a singlet of Gpc¢.

In general these terms induce a breaking of the flavour group; if the scalar field acquires a
vacuum expectation value different from zero this interaction induces a mass for the fermions of
order yv.

This mechanism is the one that is realised in the Standard Model, where the Higgs field,

charged under Ggsaq, gives mass to the fermions through the Yukawa interaction.

Gauging

When we consider the flavour group we are considering the global symmetry group of the
lagrangian that describes the dark colour interaction, neglecting the Standard Model gauge
interactions (assumed to give a small correction). This is analogous to what we do when we
consider the QCD lagrangian and its global chiral symmetry group neglecting electroweak gauge

interactions.
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Switching on the Standard Model interactions induces, in general, an explicit breaking of the
global flavour group Gr. The asymptotic states that transform under non-trivial representations
of the gauge group receive loop corrections. For the fermion states we can estimate the contribution

to their mass as )

~ 1672

If the flavour group is spontaneously broken, the gauge interactions can generate a potential for

m

Apc

the Goldstone bosons charged under Gsaq. The contribution to their mass can be estimated as

2
2 g 2
Y

M~ ez e

This is what happens in QCD for the charged pions 7%, whose mass gets a contribution from

electromagnetic interactions.

Higher dimensional operators

The global flavour symmetry group is an accidental symmetry group of the renormalizable
lagrangian. If we consider higher dimensional non-renormalizable operators we can induce a

breaking of the global symmetry.

Axions and axion-like particles

Let us consider the Goldstone boson associated to the spontaneous breaking of the global
symmetry group and suppose that the current associated to the corresponding generator has a
mixed anomaly under the Standard Model gauge group.
This is for example the case for the pion: the current associate to the neutral pion 7% has a
mixed anomaly with electromagnetic interactions that induces the decay 7% — ~~.
The anomaly induces a term in the effective action describing the pion
Qe IV,

¢ F, Fiw
1277FW7T(‘”> v

We want to understand if this term can induce a mass for the Goldstone boson.

Without including the term induced by the anomaly, the effective lagrangian describing the
Goldstone boson has a shift symmetry which protects them from acquiring a mass. We want to
understand if this shift symmetry is still a valid symmetry when we include the term induced
by the anomaly. The point is that the shift induces a term which is analogous to the 6 term.
This term can be reabsorbed for U(1)y and for SU(2)gw. Therefore, the shift symmetry is a
valid symmetry that forbids the generation of a mass term (even by non-perturbative effects) for
Goldstone bosons anomalous under SU(2)gw x U(1)y.

The argument does not apply if there is an anomaly under the colour gauge group SU(3)..

Indeed, in this case, the Goldstone boson plays the role of an axion and its mass can be computed
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through chiral lagrangian techniques [65,66| to be

2 £2
2 MyMmy mﬂ'fﬂ'

m. =
“ (my, + md)2 fa2

where m, is the axion mass and f, is its decay constant where we expect the scaling law

Apc
Jo 47



Chapter 4
Models with an infrared fixed point

We are interested in studying the dynamics and phenomenology of a model in which the dark
sector has a non-trivial infrared fixed point and an explicit mass term of the fermions stops the
flow towards the fixed point and gives a confining theory. The model is characterised by two
scales, the dark quark mass Mg and the confinement scale Apc, and exhibits a natural hierarchy
of scales due to the non-trivial infrared dynamics. Furthermore, our choice for the fermionic
representations has non-trivial phenomenological consequences that differentiate our model from
others studied in the literature. Our scenario is a valid alternative to QCD-like models based on
vector-like confinement and gives a different phenomenology, as we shall discuss in chapter

In section [4.1] we briefly review the Renormalization Group flow and the definition of fixed
point. We then discuss how a relevant term in the lagrangian, such as a mass term, can change
the running of the coupling constant in a model with an infrared fixed point. We limit ourselves
to the study of models in which the coupling at the fixed point is perturbative in order to have
full control of the theory and perform reliable calculations, leaving the non-perturbative case for
further studies.

In section we show that an SU(N)pc gauge theory with 5 massless Weyl fermions in the
adjoint representations has a perturbative infrared fixed point. We choose this model as a simple
benchmark scenario and analyse its dynamics. We discuss what are the asymptotic states of the
confining dynamics in the infrared, specialising to the case Npe = 3 in order to have quantitative
clues from the existing lattice computations.

In the last section (4.3]) we discuss what are the possible assignments of Standard Model
quantum numbers for the dark sector fermions, compatible with the request that the SM gauge
couplings do not have Landau poles at low energies. We then write the lagrangian for the two
relevant models, discussing the masses of the different states, the accidental symmetries, and

how higher dimensional operators break these symmetries.

4.1 Renormalization Group flow and infrared fixed points

In Quantum Field Theory the cancellation of ultraviolet divergences is achieved through the
renormalization procedure [67]. The bare fields and parameters in the lagrangian are redefined

through infinite renormalization constants, yielding to finite physical predictions. If the theory is

45
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renormalizable, a finite number of terms in the lagrangian is sufficient to absorb all the infinities,
giving finite results for all the possible correlation functions needed in the calculation of physical
observables.

The effects of the high momentum virtual particles running in the loops are encoded in
the renormalization of the fields and parameters. As a result of the renormalization procedure,
the parameters of the field theory turn out to be scale-dependent, with their evolution being
described by differential equations known as renormalization group equations.

Formally, this can be seen as a consequence of the fact that in the renormalization procedure
an arbitrary, unphysical, renormalization scale (usually denoted ) must be introduced. Requiring
that the physical observables are renormalization scale independent (setting the derivative of the
observables with respect to the renormalization scale to zero) yields the renormalization group
equations describing the running of the parameters as a function of the scale.

The evolution of the coupling constant as a function of the momentum, i.e. its renormalization

group flow, is described by the § function

Blg) = u(j;g(m (4.1)

The sign of the § function controls the qualitative behaviour of the running coupling:

o a positive sign of the S function describes a running coupling that increases at high energies

(short distances) and decreases at small energies (long distances);

o a zero of the § function corresponds to a point at which the coupling constant does not flow
and has a constant value, independent of the energy scale. This is called a fized point of
the renormalization group flow. The non-interacting free field theory (¢ = 0) has a trivial

fixed point, 8 being identically zero;

o a negative sign of the 8 function describes a running coupling that increases at small

energies (long distances) and decreases at high energies (short distances).

In theories in which (g) is non-negative, the infrared dynamics takes place in the neigh-
bourhood of a fixed point, either trivial on non-trivial, while the short distance behaviour is
non-perturbative. A prominent example is QED, a U(1) gauge theory with charged Dirac
fermions: the infrared dynamics can be understood through perturbative computation while in
the far ultraviolet there is a Landau pole, symptomatic of a non-perturbative dynamics taking
place.

Conversely, theories in which the 8 function is negative are non-perturbative in the infrared
regime and flow in the ultraviolet towards a fixed point. If the coupling constant flows to
the trivial fixed point, then the theory is called asymptotically free. Theories in this class are
completely under perturbative control in the short distance regime; a prominent example is given
by QCD.

In the region in which the coupling constant is small enough, the S function can be computed
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in perturbation theory. Usually it is expressed as

3 5
Blg) = licig(/i) = - 091(6?2 —b (iqé%)Q + 0(9(#)7> (4.2)

Let us now assume to be in the weak coupling regime, in which the three loop contribution can

be neglected, and analyse the renormalization group flow of the model in different cases.

4.1.1 Asymptotically free models

If by > 0 and b; > 0, the model is asymptotically free and flows towards the trivial fixed point in
the ultraviolet. The qualitative behaviour of the running coupling constant in this case can be

well approximated by neglecting the two loop contribution. The 8 function then becomes

d 9(p)’®
- = _ 4.
Blg) = n 300 = ~boTg s (4.3)
from which, integrating, we obtain
1 bo p 9*(n) 1
= —log |+ = = (4.4)
92(,u) 82 <A) 1672 2b() log (%)

The theory can be defined either by assigning the value of the coupling constant g at a given
scale pg or by assigning the value of the energy scale A. The connection between these two point
of views is called dimensional transmutation since it allows one to trade a coupling constant with
a dimensionful parameter.

Even though the coupling seems to be divergent at the scale A, it should be noted that the
solution is valid only in the perturbative regime.

As an example, we plot in figure [.] the beta function and the evolution of the coupling

constant for an SU(3) pure Yang Mills gauge theory, for which by = 11.
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(a) B function dependence on the coupling constant at one loop. The
arrow denotes the orientation of the Renormalization Group flow with
increasing energy.
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(b) Running of the coupling constant at one loop. As it can be seen from
the graph, the scale A roughly corresponds (up to order one factors) to
the scale at which the dynamics becomes non-perturbative.

Figure 4.1: g function and running of the coupling constant in an asymptotically free model with no
infrared fixed point (in the plot we use by = 11, corresponding to the pure Yang Mills SU(3) gauge theory).
The coupling constant decreases at high energy, approaching the trivial fixed point in the ultraviolet.
The shaded area corresponds to the region in which the theory is non-perturbative and the perturbative
calculation is no more valid.
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4.1.2 Models with an infrared fixed point

Let us consider the case in which by and b; have opposite sign. In the perturbative regime

(g9 < 4m), assuming the three loops contribution to be negligible, the 5 function takes the form

3 5
Blo) = g0 = by — b S (1.5

A representative plot of the 8 function is shown in figure [4.2a]

The perturbative calculation would imply the existence of a zero of the 8 function, i.e. a
fixed point 5(g«) = 0. In particular, since by > 0 and by < 0, the flow towards the fixed point
is obtained for decreasing energies, both from above (g(u) > g«) and from below (g(u) < g«).
Therefore, in this case the fixed point is said to be an infrared fixed point.

The value of the coupling at the fixed point would be given by

b
ge = 47r,/—£ (4.6)

However, we stress that this calculation can be trusted only if the coupling at the fixed point is
perturbative g, < 4, that in turn implies |bp|< |b1|. Usually, in order for this to be the case, it
is necessary to have a cancellation in the one-loop coefficient, so that the two-loop contribution
is not a small correction in the neighbourhood of the fixed point. In the next section we shall
show explicitly a model in which this is the case. For the moment let us just assume we are in
this situation.

We point out that differently from the case discussed in the previous section, the condition
bo > 0 does not assure that the model is asymptotically free. Indeed, this is true only in the
region in which the § function is negative: the left branch of figure [4.1] corresponding to the
condition g(u) < g«. On the contrary, if g(u) > g« then the coupling grows with energy and the
model has a Landau pole in the ultraviolet. In order to completely define a model it is necessary
to specify the value of the coupling constant at a given scale and this assignment specifies in
which branch we are.

In the neighbourhood of the fixed point the 8 function can be approximated as

uig(u) =a(g — g+) (4.7)

where
3

b1

A model with an infrared fixed point has a > 0, while a model with an ultraviolet fixed point

d
B(g«) =0, a= dfgﬁ(g*) =

would have a < 0.

Equation [£.7] can be readily integrated, obtaining:

9 = g+ (90 = 9.) (§)° (4.8)
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(a) B dependence on the coupling constant at two loops. The coupling at
the fixed point is denoted by g, and it is perturbative. The arrows denote
the orientation of the Renormalization Group flow with increasing energy.
As it can be seen, there are two branches: the left one corresponds to
an asymptotically free model with an infrared fixed point; the right one
corresponds to a model with a Landau pole in the UV and a fixed point
in the infrared.
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(b) Number of e-folds necessary to be near the fixed point as a function of
the initial value. Specifically, we plot —log(u/A) where |g(1) — g«|= 0.05
and g(A) is the initial condition, solving numerically the two loop equation.
As can be seen from the graph, the running for this model is very slow;
the reason is that in this model the 8 function in the asymptotically free
branch is bounded by |3| < 0.0015, a very small value.

Figure 4.2: 8 function and running of the coupling constant in a model with an infrared fixed point and
massless fermions. In the graph we use by = 1 and b; = —138, corresponding to the model described in
section - an SU(3) gauge theory with 5 Weyl fermions in the adjoint.
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Not asymptotically free branch

In the branch at the right of the fixed point in figure the S8 function is positive and the model
is no longer asymptotically free but has a Landau pole in the ultraviolet.

This is the case because in this region the two loops contribution to the § function, which is
positive for a model with an infrared fixed point, starts to dominate the evolution.

In order to have a viable model we require the Landau pole to be above the Planck mass
scale Mp, = 1.2 x 1019 GeV. If we define our model by assigning the value of the coupling at a
given scale, this request results in an upper bound on the value that the coupling can have. In
order to have a quantitative bound, we do an order of magnitude estimate of the Landau pole
scale by approximating the 8 function with the two loop contribution alone, which is the one
that dominates in the region in which § > 0.

Then we have

9(w)°
— =-b 4.9
Ndug(ﬂ) 1 (1672)2 (4.9)
and integrating we obtain:
1 by 1%
—=—1 T 4.10
94(M) 21074 o8 <ALP> ( )
From this, requiring that A p > Mp;, we obtain an upper bound on the coupling:
1
9104
o < | ———— (4.11)
b1 lo
s (37

By including the one loop contribution, which is negative, the estimate for the upper bound
would increase, since the running would be slower. In our analysis, however, it will be sufficient
to use the lower estimate, which gives a more restrictive bound, as we shall not work on the

boundary of this region.

4.1.3 Conformal window

To be concrete, let us consider an SU(N)pc gauge theory with Ny Weyl fermions transforming
as a representation r of the gauge grouﬂﬂ The /8 function coefficients are given by [68,69]:

11 (aa) 2

by = Ecéad”) - TNy (4.12)
34 adj 2 5 adj r

by = E(cg d”) — 27" N [305 W 4 cf )} (4.13)

where Cg) is the quadratic Casimir invariant of the representation (r) defined by

o) =531,

!N} is the multiplicity of the representation r, often referred to as the number of flavours



52 CHAPTER 4. MODELS WITH AN INFRARED FIXED POINT
and T is the Dynkin index of the representation defined as
7050 = Tr| T

(adj)

Using the explicit value of the Casimir invariant for the adjoint representation Cy " = Np¢, we
obtain:
11 2
by = — Noc — gT<">Nf (4.14)
34 2
b = 5 (Noc)? = STNy [5Npe + 305”] (4.15)

Varying the number of dark colours and the number of flavours, the 8 function coefficient can
change sign. Let us consider the behaviour of the two coefficients as a function of the number of
flavours Ny for a fixed number of colours Npc.

The one-loop coefficient by is positive for Ny = 0 and, since T) > 0, it decreases with N [
At a certain point, by becomes negative and asymptotic freedom is lost: we define (Ny), s to be

the value (not necessarily integer) at which the zero is attained. One finds

11 Npe
NDas = 5 709

Similarly, the two loop coefficient b; is positive for Ny = 0 and decreases with Ny. We define

(Ny), as the value at which the zero occurs. We have

17(Npe)?

W =1 (5V0c +3¢57)

At fixed number of colours Npc, one finds (Nf)af > (Ny), as can be readily verified; therefore,
there is always a region in which by > 0 and b; < 0. As we discussed in the previous paragraph,
the perturbative analysis implies the existence of a fixed point in the region in which the coupling

gs is perturbative. We have

g2 11(Npc) — 2T Ny

1672 97Ny (5Npe +3C47) — 34NZ,

To be conservative, we consider as perturbative the region in which ¢2/167% < 1/100. The
existence of a fixed point can extend beyond the perturbative regime; the region in which the
theory has an infrared fixed point is referred to as the conformal window. Lattice simulations are
the main tool available to analyse the behaviour of the theory in the non-perturbative regimeﬂ
and many works have been devoted to finding the lower boundary of the conformal window (for
a review see [36], while for a summary of lattice results see |51]).

The phase structure of non-Abelian gauge theories with vectorlike fermions has been studied

2With the exception of supersymmetric theories, for which exact non-perturbative results have been derived by
analytical methods.
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(b) Weyl fermions in the adjoint representation.

Figure 4.3: Conformal window as a function of the number of dark colours and the number of Weyl
fermions for two different representations. The conformal window encompasses the region in which the
coupling is perturbative; however, the boundary between the conformal window and the confinement
region is non-perturbative and the graph is only representative.

first by Banks and Zaks in [70] and the fixed point is often called Banks-Zaks fized point.
Representative plots are shown in figure for Weyl fermions in the fundamental and the

adjoint representations.

4.1.4 Mass term and breaking of the approximate conformal symmetry

We are interested now in describing the dynamics of the model in the vicinity of the fixed point

and to see what happens if there is a deformation such as a mass term.
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A model is said to have a conformal symmetry if the stress-energy tensor is traceless, i.e.
Ol = 0. In particular, it is possible to show that if this condition is satisfied, then the model
is scale invariant [67]. A gauge theory with massless fermions and only marginal terms in the
lagrangian is scale invariant at the classical level, since there is no mass scale. This invariance is

however broken at the quantum level by the so called trace anomalylﬂ [67]:

0

o), = ﬁ(g)a—gﬁ (4.16)

In the region in which the g8 function is negligible (i.e. near a fixed point) we have a model with
an approximate conformal invariance.

Let us introduce now a deformation to this model by adding a relevant term in the lagrangian:
LD A" 20,

where A is the scaling dimension of Oa and we require A < 4 in order to have a relevant
term. For example this could be the mass term of a fermion: Oa = ). If the model is weakly
interacting, for this operator we haveﬂ A ~ 3 and cA*™® = Mg. However, if the dynamics is
strong and we are near the fixed point, the anomalous dimension can be large.

Let us assume that at a given energy Ay, the § function and the coefficient in front of the
relevant operator in the lagrangian are both small § < 1, cyy < 1, so that the model exhibits
an approximate conformal symmetry.

Then, flowing at low energies towards the infrared fixed point, the coefficient of the relevant

term grows like:

AUV 4—A
c(p) = cuv
1
At a scale A the coefficient becomes of order 1 and the approximate conformal invariance is

explicitly broken by this term. This happens at:
1
A = (CUV) =8 Ayy (4.17)

If the dynamics near the fixed point is perturbative, then the dimension of the operator is

approximately the classical one A ~ 3 and equation [£.17 becomes
Ar = covAyy = Mg

Below the scale Mg the heavy fermions decouple and we are left with an effective gauge theory
with an effective coupling [71]. At tree level, neglecting threshold effects, the matching between
the effective coupling and the true coupling must be done at the energy Mo.

If, for instance, the fermions share all the same mass, then we are left with an effective

theory which is a pure gauge theory that confines in the infrared. The running is described by

3That is to say: at the quantum level a scale arises through dimensional transmutation.
4This means that the anomalous dimension is a small correction with respect to the classical dimension of the
operator.
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equation where by = %NDC for a pure gauge theory. Inverting this equation we obtain

872
Apc = Mgexp| ————— (4.18)
bog(Mo)
If the fixed point is perturbative, or if the coupling at the scale Mg is perturbative, a great
separation of scales between Mg and Apc can be obtained in a natural way.
From the low energy point of view we have then a confining gauge theory with fermions
heavier than the confinement scale and a natural hierarchy between the mass and the confinement

scale.

4.2 Model with adjoint fermions

We consider here an SU(NV)pc gauge theory with Ny Weyl fermions transforming as the adjoint
representation of the gauge group.
For the adjoint representation, the group theory invariants Céad] ) and T(4) have both the

value Npc. Therefore, from equation |4.12| we obtain

11 2
bo = — Npc — 5 Npc Ny

3 3 (4.19)
b = ENSC — 2NpcNy |:3NDC + NDC:| = ?Ngc - ?NgCNf

We stress that the one loop and two loops coefficients of the 5 function are renormalization-scheme
independent.

In order to have an infrared fixed point it is necessary to have

11
bo>0= Ny < —

127 (4.20)
by < 0= Nf > g

However the perturbative calculation is valid only if the value of the coupling at the fixed point
is perturbative (¢2/1672) < 1.
The value of the coupling at the fixed point is

bo 11— 2N,
S 4.21
P =N Ty ﬂ\/ 15N, Noc — 34Npe (421)

which is a decreasing function of the number of flavours Ny.
The conditions @ are satisfied for Ny = 3,4, 5, therefore the perturbative calculation would

suggest an infrared fixed point for these models.

The case Ny = 4, which can be equivalently seen as a vector-like model with two flavours
of adjoint Dirac fermions, has been studied through lattice simulations; the results indicate a
non-perturbative dynamics: for Ny = 2 the model is in the conformal window [72|, while for
Npc = 3 there is confinement |73}/74]. This suggests that the models with Ny = 3,4 have a
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non-perturbative dynamics. The model with Npc = 2 and Ny = 4 has been studied in the
context of technicolor theories for the electroweak symmetry breaking, in particular in the works
Minimal Walking Technicolor [75].

For Ny = 5, there is a cancellation between the two terms of the coefficient by, leading to the

smallest value for the coupling g.. We have:

1
bo = §NDC
46
by = _ENI%C

4 1 1.85
¥ — 2T ~
g V46 Noe ~ Voo

For Npc = 3, the value of the coupling at the fixed point is g, ~ 1.07. The case Ny = 5 is more
difficult to study on the lattice with the usual techniques since we are dealing with a gauge
theory which is not vector-like. At the moment there are no available lattice simulations; since
(g2/16m%) < 1, we assume the perturbative calculation to be valid and that there is an infrared
fixed point.

The existence of a perturbative fixed point for this choice of representations is known in
the literature. However phenomenological studies based on models with conformal dynamics
have been conducted mainly in the context of technicolor theories describing the electroweak
symmetry breaking (for a review see [36]). At our knowledge, no concrete phenomenological
model based on the choice of representations with 5 adjoint Weyl fermions has been studied yet,
in particular in the context of dark sectors.

We shall consider this model as a benchmark scenario for a dark sector with an infrared fixed
point and study its phenomenology, that, as we shall see, is vastly different from the one realised
in models realising vector-like confinement.

An other possible choice would be to study the phenomenology of a dark sector with an
SU(N)pc gauge theory near the Banks-Zaks fixed point [70]. However, to be near the Banks-
Zaks fixed point in the perturbative region, 16 Dirac fermions (i.e. 32 Weyl fermions) in the
fundamental representation of the gauge group are needed. This is a huge multiplicity compared
with the 5 Weyl fermions that are sufficient in the adjoint case. Furthermore, we find interesting
to study the phenomenology of a model with fermions in the adjoint which is much different and

has not received much attention in the literature on non-abelian dark sectors until now.

4.2.1 Dynamics of the model

From now on, we shall focus on the model with gauge group SU(N)pc and 5 Weyl fermions
transforming as the adjoint. To be concrete, we specialise to the case Npc = 3. We shall refer to
the gauge bosons of SU(3)pc as dark gluons and to the fermions charged under this group as
dark quarks.

Using the results of the previous section, for this model we obtain by = 1,b; = —138. The 3
function is shown in figure [4.2

From equation [£.6] the coupling at the fixed point is g, = 1.07.
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The running in the asymptotically free branch is very slow. This is due to the fact that the
B function in this branch is bounded by |5| < 0.0015, a very small value. It follows that, for
example, to have an increase Ag = 0.1 in the coupling constant the running scale should decrease
by 29 orders of magnitude.

In fact, such large excursions are never obtained. In practice, the coupling has an approxi-
mately constant value in the mass range of interest. We consider the Planck mass Mp, as the
ultraviolet cut-off of the model. In the infrared, the coupling flows towards the fixed point until
the energy becomes smaller than the mass of the dark quarks. Let us assume for simplicity that
the 5 adjoint fermions all share the same mass. Then, below this threshold the fermions decouple
and the dynamics can be described by an effective pure gauge theory.

To define the model we specify the value of the coupling at the mass scale of the fermions.

In the asymptotically free branch we have 0 < g(Mg) < g« = 1.07. The confinement scale
is given by equation [£.18] In this branch due the exponential suppression we obtain a large

hierarchy between the mass and the confinement scale:

872

Apc < MQGXP(—M
YM I

> =2x103Mg (4.22)
where bgly) is the § function one-loop coefficient of the pure gauge infrared theory. For an
initial condition g(Mg) = 0.5 we would have a confinement scale Apc ~ 10713 M.

In the second branch g(Mg) > g.. The upper bound for a typical fermions mass scale of
Mg ~ O(1 —10) TeV becomes g(Mg) < 2.1. In this case there can be a smaller separation of
scales among Apc and Mg. The upper bound on the coupling constant translates into an upper

bound on the confinement scale:

1

b1 log Mo : M.

Apc < Mgexp| — ( 1 bg\Mpl)) = Mg exp (—2.9 log < Pl)) (4.23)
YM

For Mg ~ O(1 — 10) TeV this gives Apc < 0.2 Mo.

Bound states

We have a confining gauge theory with heavy dark quarks transforming as the adjoint represen-
tation.

The dark gluons form bound states known as glueballs with a mass of order Apc. The ligthest
glueball, ®, has quantum numbers J7¢ = 0%+ and a mass Mg ~ 7 Apc [76/78].

In the heavy quark regime Mg > Apq, we expect the mass of the bound states containing
at least one dark quark to be roughly the sum of the masses of the constituent quarks, with a
negligible contribution from the binding energy.

In the case of adjoint fermions the lightest state involving a quark is a bound state of one
quark and one gluon. Indeed since they both transform as the adjoint we have the following
decomposition

8R8=158d8®10310¢ 27 (4.24)
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and we see that it is possible to have a dark colour singlet. The bound state, which we shall call
X, has a mass of order M, ~ Mg, spin % and the same Standard Model quantum numbers as its
constituent dark quark. Its existence is confirmed by lattice calculations [79,80]. In the context
of supersymmetric theories in which gluons come with gluinos (adjoint fermions), this bound
state is known as glueballino. We shall call it gluequark to remark that we are dealing with a
non-supersymmetric model.

As we shall discuss in the next section, the models we shall be considering feature an accidental
Zo symmetryﬂ acting on the dark quark fields, referred to as dark parity. Summarising, the

asymptotic states can then be classified according to this symmetry:

o dark parity even states are composite states with an even number of constituent dark
quarks. The lightest state which in this group is the glueball ® with quantum numbers

JPC = 0t lattice simulations suggest a mass Mg ~ 7 Apc.

o dark parity odd states have an odd number of dark quarks. The lightest state in this group
is the gluequark X which in the heavy quark regime has a mass M, ~ Mg

Dark quarks can also form bound states with two or more constituent quarks, such as di-quarks
(the analogue of mesonic states) and tri-quarks (the analogue of baryonic states for an SU(3)
gauge theory). Nevertheless, these states are heavier and are expected to decay to glueballs
and gluequarks, the lightest states with odd and even dark parity. Indeed, the multi-quark
states are not protected by any further symmetry and the decay modes are kinematically allowed
(in the regime Mg > Apc). This is a crucial difference with respect to the case of fermions
transforming as the fundamental representation, where dark mesons and dark baryons are the

relevant asymptotic states with constituent dark quarks.

4.3 Standard Model quantum numbers and spectrum

We are interested in studying the possibility that the dark sector interacts with the Standard
Model fields not only through gravity but also through electroweak interactions. For our model
we have then to understand what are the possible assignments of Standard Model quantum
numbers for the new fields.

The introduction of new fermions charged under the Standard Model gauge group modifies
the running of the Couplingtﬁ The main restriction arises from the requirement that the Standard
Model gauge couplings do not have Landau poles below the Planck mass.

The new particles charged under the electroweak group modify the running at scales above

their mass scale Mg. Let bM e the one loop S function coefficient predicted by the Standard

5This is an accidental global symmetry of the renormalizable lagrangian, but could be broken explicitly by
higher dimensional operators.

5Tt has been proposed in reference [81] to use the energy dependence of the coupling constants a1, az to set
limits on new particles with electroweak interactions in a model independent way. However, the current sensitivity
is limited to new states of mass Mg < 1TeV (see figure 17 in [81]). As we shall see, in our models the dark
matter candidates have a mass greater than 1TeV, avoiding the collider bounds on the running of the electroweak
couplings; future experiments such as a 100 TeV proton-proton collider can be sensitive to the mass range of
interest.
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Model and let Ab be the contribution from new particles with mass Mg. We point out that
Ab < 0: indeed, matter fields can give only negative contributions to the coefficient of the
function, as can be seen from equation [£.12}

Neglecting threshold corrections at Mg and demanding that the couplings do not have Landau

poles below Mp,, equation [.4] gives the constraint:

2 SM Mo
81 + > log o

92(m) log 2

pBSM _ pSM | Ap > (4.25)

where 1 < Mg In the Standard Model, at scales y > m; ~ 173 GeV, the running of the

electroweak gauge couplings is determined by the coefﬁcientﬂ

41 19
b = ~ 5 bsM = " (4.26)

Using the values of aen(Myz) =~ 1/128 and sin?(fy (M,)) =~ 0.23 from the PDG Review of
Particle Physics [82], we have:

g% (My) = 4wm ~0.13
g5(Mz) = 47?% ~ 0.43
Assuming Mg ~ 1TeV, we obtain:
WOSM > 14— Aby > -7 (4.27)
WoSM > 55 —  Aby> -85 (4.28)

Contributions from electroweak multiplets and hypercharges

From equation for a non-abelian gauge group SU(N) each Weyl fermion transforming in the

representation r contributes to the § function
2
AbQ — —gT(T)
Using the following group theory identity, valid for SU(N) representations:
c{” x dim(r) = (N2 — 1)T) (4.29)
and specialising to the case N = 2 for which we know that

dim(r) =2 +1  C§) = j(j +1) = 3 (dim(r) ~ 1)(dim(r) +1)

"Here by™ is the one loop beta function coefficient relative to the hypercharge coupling constant. b5 is the
one loop coefficient relative to the running of the SU(2) electroweak coupling constant.
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we derive the relation:

T — %Qdim(r)(dim(r) — 1)(dim(r) + 1) (4.30)

For SU(2) doublets and the triplets this gives:

7)) — 5 TG —9

For an abelian gauge group U(1), a Weyl fermion with hypercharge y contributes as
2
Aby = — =92
Y 3 Y

4.3.1 Model with a triplet and two singlets under SU(2)gw

Let us consider a model in which three of the 5 adjoint Weyl fermions transform as a triplet of
the electroweak SU(2) gauge group, with zero hypercharge, and the other two are singlets of the
Standard Model. Schematically:

Gauge group : SU(?))DC X SU(B)C X SU(2)EW X U(l)y
Fields : (adj; 1,3)0 + (adj; 1,1)o + (adj; 1,1)o

Using the notation of reference [1| we denote the triplet with zero hypercharge as V' and the
singlets as Ny, No, calling this model VNN.

For this model Aby = 0 but Aby = —32/3, therefore it has a Landau pole near the Grand
Unification scale Mgyt ~ 10 GeV. Even though the Landau pole is below the Planck mass, we
choose to study this model as a relevant example. A UV completion will be needed at the GUT
scale, which is anyhow an incredibly high and physically motivated scale.

Using a two components spinor notation, the most general renormalizable lagrangian for this

model is given by

1 a ~a 1 a)2 _a ac abe c
L= Lsur = Zg"”g/‘” N 2?(3,“4“) + (Ouc )(5 Oy + gpe f® AZ)C
- ab,ij 1 ab,ij
+ Vit DIV — o M (Va,iVb,j +V) Z.bej) (4.31)
1

o b b,
N i DNy g = S M (NapNog + NN, )

where the a = 1,..., N2, — 1 (dark colour), i = 1,2, 3 (electroweak triplet), p = 1,2 (singlets) and

the Einstein summation convention is understood. The fields V,; and N, , are left-handed Weyl

spinor ﬁeldsﬂ and carry a Lorentz index a = 1,2 which is understood and properly contractedﬂ
The field strength is defined as usually

G, = 9, AL — 9,A% + gpo freAb AS

8They are a (%, ()) representation of the Lorentz group. Under a generic rotation of angle 6; and boost of
rapidity f;, they transform as V, N — e2(#iitBicoy N
9We use the convention 919y = ¢{1han = Eaﬂwuﬂ/}za
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The covariant derivative acting on the triplet is
Dzb,z‘j _ 5ab6ij8“ . 5ijigDcAz( ;dj)ab B 5“biggwl'f (tl‘c/)ij
The covariant derivative acting on the singlet is
Dabt = 5955919, — Mg AS (Toy) ™

All the fermions transform as the adjoint of SU(3)pc; moreover, the SU(2) triplet corresponds

to the adjoint representation. Therefore we need the generators of the adjoint representations of
SU(3) and SU(2), which can be expressed as

( ;dj)ab — _Z'fcab — _Z'fabc

(t@) = —igh = itk

where 2% are the structure constant of SU(3) and £¥* is the Levi-Civita tensor.
The mass term for the triplet must be invariant under SU(3)pc and SU(2). For a real
representation the most general invariant mass term can be written in a base in which the

generators are antisymmetric and rea]lE in the following way:
M{;b,z’j = My 55
Indeed one has that
My —s eiaTT My eial _ eiaTT i My = e—iaT jiaT My = My

where TT = —T follows from the antisymmetry of the generators. We stress that this form of the
mass term is consistent with the Fermi-Dirac nature of the fields. Indeed the Lorentz structure is
antisymmetric (there is an ¢ in the contraction of the Lorentz indices), while the mass matrix is
symmetric in its indices, giving a antisymmetric mass term.

The most general mass term for the singlets can be written as:

Mxlb,pq:éab M1 Mo
Mo Moo

where the diagonal elements correspond to Majorana mass terms and the off-diagonal elements
correspond to a Dirac mass term. It is always possible to diagonalise this matrix through an
orthogonal transformation that rotates the fields IV,. Therefore we can always redefine the fields

in such a way that the mass matrix is

Mabqu — 5(112 MNl 0
N 0 My,

is completely antisymmetric and real |67].
1 As the one that we are using.

IOfabc
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Therefore, we are dealing with a lagrangian describing a triplet of Majorana spinors V' with mass
My transforming as an adjoint representation of SU(2) and two Majorana spinors Ny o of masses
My, and Mp,, singlets under Gsag. Each one has a dark colour index and transforms as the
adjoint of SU(3)pc.

It is possible to rewrite the lagrangian using a four component notation for the Majorana

1% Ny No
' <V> " <N i ) " (Nf >

where V¢ = ig?VT = ¢VT, the lagrangian becomes:

spinors. Defining

1

28
1oy (. . 1oy (- .

+ 5%, (59" — My, 0" ) Wh, + S5, (™ — My,0™ ) W, (4.32)

1
L= Lon = 799 — 52 (0uA0)" + (0,) (6°0, + goo ™A} )

+ %@?;i (ilDij’ab - Mvéabdif) wh
The triplet has one electromagnetically neutral component and two components with charge +1.
Loop corrections split the multiplet, increasing the mass of the charged components and leaving
the neutral one as the lightest. The mass splitting is not affected by dark colour interactions and
corresponds to the one of an electroweak multiplet. This has been computed in reference [83|
and it is of order 150 MeV.

Accidental stability

In this model the Majorana nature of the fermionic fields forbids the presence of U(1) global
charges, i.e. the Majorana mass term breaks explicitly the global U(1) symmetries associated to
each species.

However, the renormalizable lagrangian has three accidental Zo symmetries, acting on the

corresponding specieﬁ

. Uy, — —Tp,
Y Wy, =Ty,
AR Ty — —Uy

These symmetries guarantee, for each family, the stability of the lightest state containing an odd
number of dark quarks, the gluequark X.
The three symmetries can be combined into a global Z2D ¢ symmetry, which we shall call dark
parity:
zDC . Uy, = Uy, Uy, = Ty, Ty — Ty

In this way, the stability of the dark matter candidate follows naturally from the renormalizability

of the theory, with no further ad-hoc symmetry requirement.

12The unspecified transformation rules, relative to the other fields, are intended to be the identity.
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At the non-renormalizable level, however, the above symmetries can be broken by higher
dimensional operators. If we consider our lagrangian as an effective field theory, all the higher
dimensional operators compatible with the symmetries of the model should be included. These
operators will be suppressed by powers of the cut-off scale of the theory Ayy and give suppressed
contributions to low energy observables.

Nevertheless, if they are the only source of the breaking of an accidental symmetry, they give
the dominant contribution to the rate of processes violating this symmetry. In order to estimate
this rate one should understand what is the dimension of the lowest dimensional operator that
induces the breaking. The higher the dimension, the higher the suppression of the effect.

In order to break the Z2DC an operator has to include an odd number of dark quarks operators.
In addition, it has to be a gauge singlet and a Lorentz scalar.

The lowest dimensional operators that include an odd number of dark quarks and are dark
colour singlet are

VG, VARV

and have dimension 7/2 and 9/2 respectively. These are fermionic operators; to have a Lorentz
scalar it is then necessary to include an other fermionic field, that should be a singlet of dark
colour and should have the right quantum numbers to give an operator that is a Standard Model
singlet.
For the triplet V, the lowest dimensional operator that satisfies these conditions is:
1

A%V HUiLLO'uV‘/'ig;LV

where H is the Higgs doublet and Ly, is the left-handed lepton doublet and ¢ are the Pauli
matrices (with electroweak indices).

Similarly, for the singlets N7 and N, the lowest dimensional operator built using only
Standard Model fields is:

1
Agy

1

HLLO'W/ng#l,, A2
uv

HL10" NyG,,

These operators have dimension 6 and are suppressed by two powers of A?,,. They induce the

decay of the gluequark, for example X1 — ® vy, with an estimated width of order:

1 22 Mo\ ® /101 Gev\*
T ~ 77M3 ~ 1 —50 Q T
X~ g pa Mo~ 10 (TeV Aoy v

where v &= 174 GeV is the Higgs vacuum expectation value. In order to have a cosmologically
stable candidate, we should compare its lifetime with the age of the universe Tyniv & 10'7s. This
translates into the requirement I'), < 10~#** TeV. For dark quarks of mass Mg ~ TeV and cut-off
Ayy = Mgyr ~ 10" GeV or higher, the bound is satisfied.

We point out that these operators can also generate neutrino masses through so called type 1
see-saw (singlet) and type 3 see-saw (triplet). Indeed, the composite states X1 and X3 have the

right quantum numbers to play the role of "right-handed neutrinos" (fermionic singlets), while
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Xy can play the role of the fermionic triplet of the type 3 see-saw.

4.3.2 Model with two doublets and a singlet under SU(2)gw

Let us consider now a model in which the four adjoint Weyl fermions transform as two elec-
troweak doublets, with hypercharges :I:%, and the fifth is a Standard Model singlet. As before,

schematically:

Gauge group :  SU(3)pc x SU(3)e x SU2)gw x U(1)y
Fields : (adj; 1,2)_% + (adj; 1,2)% + (adj; 1,1)o

We denote the two doublets as L1, Lo and the singlet as N. We shall refer to this model as the
LLN model.

The new fields contribute to the Standard Model 8 function: Aby = —16/3 and Aby = —16/3,
therefore the model has no Landau poles below the Planck scale.

Writing as before the most general renormalizable lagrangian for this model in a two compo-

nents spinor notation we have

1 1 2 = be Ab
L="Lsm— -GG — — (9,492 + (9 ca)(daca + gpcfeA )cc
47T 25( = N) K % i (433)
+ LY, da" DI Ly + LY, g D2 Loy ; + NJio" D Ny + Linass

where the covariant derivative acting on the singlet is the same as before, while the one acting

on the doublet is

a

Dl = 500511, — 6igno Ag (Tey)™ — 0%iga Wi ()™ = 5059igy Y B,

with Y = —1/2 for L and Y = 1/2 for Ls.
The mass term, suppressing the indices which are intended to be properly contracted to give

gauge singlets and Lorentz scalars operators, can be written as:

—Lonass =M, (L1L2 + LQLI) + %MN (NN + NTNT) (4.34)

+y1 L HN + yo Lo HON + i LV HINT 4 5 (L5)THNT

The Yukawa interactions, after the breaking of the electroweak symmetry, induce a mixing of
the neutral components of the doublets L.y and Ly with the singlet N. The mass of the charged
components of the doublets L1 and Lo is not affected by the Yukawa interactions and is given by

M7y,. The mass term for the three neutral states can be recast in a matrix form

1 0 My v L(l]
_Lmass ) 5 (L(l) Lg N) ML 0 Ya2v Lg + h.c.
yiv yv My) \N
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Let us assume for simplicity y; = yo = y. The mass term can be diagonalised by
Mgiag = U MU

where U is a 3 X 3 unitary matrix.

Defining AM = My — My, at the lowest order in the Yukawa couplings the mass term
becomed 2}

) My 0 0 N
—Limass D B <N1 Ny Ng) 0 M- 2(%\)/[2 0 Ny | + h.c.
0 0 My + 2922 ) \ Ny
where .
N LY VARG 0 LY
N | =UN I8 =L & —2yv | g (4.35)
N3 N yvo yv 1 N

AM AM

The Yukawa interaction with the Higgs boson in the flavour basis is given by

0 0 y\ /LY
Lyvac> (L8 18 N)[0 0 y||L3]n@) +he
y y 0 N

Differently from the Standard Model, in this model the Yukawa matrix is not proportional to the

mass matrix; therefore, going to the mass basis
Ymass = UTYﬂavU
we get flavour changing interactions mediated by the Higgs boson:

0 0 0
Yiass = |0 — %]2\; \/iy
0 VIy ¥y

Similarly, rotating the coupling to the Z bosons we get flavour changing neutral currents in the

dark sector

1 i iyv
2 0 0 0' 2 VR2AM
utf o L olu=| -& 0o o0
iyt
0O 0 O WINYi 0 0

If AM > my, then the Yukawa interaction induces the decay N3 — No h with a decay width

P, 2 OO0 =03 ) 4
SRR 8 2M?2

13We are assuming yv < AM.



66 CHAPTER 4. MODELS WITH AN INFRARED FIXED POINT

Similarly, for the case AM < —my, the Yukawa interaction induces the decay of Ns into Nj.
In the intermediate range —my, < AM < my, the decay can proceed through a virtual Higgs
boson decaying to light Standard Model particles in the final state.
The interaction with the Z connects the states N3 and N7, inducing the decay of the heavier

one of the two.

Accidental stability

The renormalizable lagrangian for this model has some accidental symmetries. Differently from
the previous model, the individual Z and ZJ are broken explicitly by the Yukawa interactions.
However, dark parity is still a valid symmetry, i.e. there is a ZYC symmetry acting only on the
fermionic fields of the dark sector.

This ensures the stability of the gluequark at the renormalizable level. At the level of non-
renormalizable interactions, we must include all the higher dimensional operators consistent with
gauge and Lorentz invariance.

The lowest dimensional operators odd under dark parity and that involves the doublet Lq or
the singlet IV have dimension 6 and are respectively

1
Agy

1

vV _cC (&
L1GoteCHE, A2
uv

NG o H
where e and [}, refer to the right-handed electron and lepton doublet of the Standard Model.
These operators induce the decay of the gluequarks, with a decay width that can be estimated,

similarly to the case previously analysed, as

1 o2 Mo\ /101 Gev\*
Dy~ —— M3 ~ 10790 =2 TeV
< gpaa, Mo~ 10 <TeV Aoy ¢

This corresponds to a lifetime longer than the age of the Universe for Ayy > Mgyr.
However, in this model it is possible to write a dimension 5 operator with an odd number of

dark quarks, involving the doublet Lo:

L rgomrge,
uv
where Ly, is the Standard Model electroweak doublet with hypercharge —1/2; the operator can
be written only for the Lo doublet which has hypercharge +1/2, .
This operator is suppressed only by one power of the ultraviolet cut-off scale Ay, and it
induces the decay of the neutral mass eigenstates Ni 23, through their mixing with Ly. We can

estimate the decay width as

1 1 Mo\? /10" Gev\*
T ~ ]2 ——— M3 ~ |¢]210733 [ =2 TeV
N: ~ el ArAZ, e il TeV Aov ¢

where ¢; is the mixing of the of the mass eigenstate NV; with the neutral component of the doublet
Lo. We have |e1 2]?=1/2 and |e3|*= (yv)?/(AM)? (see equation [4.35)).
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For typical Mg and Ayy, this corresponds to a lifetime of order 7y, ~ |€;]210%s. For the
gluequarks N1 and Ny this is much smaller then the age of the universe; these two states are
unstable on cosmological scales and cannot be the dark matter candidate.

The state N3 can be stable on cosmological scales if the Yukawa coupling satisfies the condition

L AM

4.
1TeV (4.36)

y <10

The constraint we have obtained on y is quite strong even if the mass difference between the
dark quarks is large, AM ~ O(1TeV). Although this is unpleasant, we note that also in the
Standard Model we observe small Yukawa couplings. For instance, the electron has y, ~ (’)(10_6).
Indeed, it is technically natural to have small Yukawa couplings: in the limit of zero Yukawas we
recover two additional symmetries: Z% and ZY', the Zs symmetries acting on L-type or N-type
dark quarks separately.

We stress that even if we assume y; # yo, the previous constraint applies to the two Yukawa
couplings separately (i.e. even if one of the two vanishes). Indeed, we can understand the situation
in terms of symmetries: the Dirac mass term couples L1 and Lo at order one, so that there is a
unique symmetry Z%. If the singlet IV is coupled to one of the two doublets through a Yukawa
coupling (it is sufficient to have one of the two Yukawas different from zero), the symmetries Z&
and Zév are no longer valid individually; we are left with a single le)c. At the non-renormalizable
level, this symmetry is broken by the dimension 5 operator; a cosmologically stable dark matter
candidate can be obtained if the Yukawa couplings satisfy the condition [£.36]

Another possibility is that the coefficient in front of the operator is sufficiently small, with
no constraint on the Yukawa coupling. This circumstance would be technically natural, since in
this limit we recover the Z& ¢ symmetry, but it is somehow contrary to the spirit of accidental
stability.

Lastly, we point out that this dimension 5 operator is peculiar of models with adjoint fermions.
Indeed, in models with fermions transforming as representations different from the adjoint the
operator WG, is not a singlet. The lowest dimensional operator with an odd number of dark
quarks that is a singlet of dark colour is WWW; therefore, non-renormalizable operators violating
dark parity can arise only at the level of dimension 6. For comparison, models realising vectorlike
confinement have baryonic dark matter candidates whose stability is ensured up to dimension 6

operators.

Custodial symmetry

Custodial symmetry is an approximate global symmetry in the Standard Model that explains, in

an elegant and conceptually clear way, the reason why the p parameter

Mgy,
cos? (Ow ) M2

p

is so close to unity [84].

Switching off gauge and Yukawa interactions, the Standard Model electroweak sector has an
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enhanced global symmetry:
SO(4) ~SU(2);, x SU(2)

with the Higgs boson transforming as a fundamental representation ¢ = 4 of SO(4) or, equivalently
a M =(2,2) of SU(2); x SU(2)p, where we use the following notation:

b1
$1 + 12 b2
o= - H=(H H
(¢3 + i¢4> ’ b3 ( )
o

At the global level the pattern of symmetry breaking induced by the Higgs field acquiring a

vacuum expectation value (¢3) = v is
SO(4) — SO(3)

The number of Goldstone bosons is given by the number of broken generators: 6 —3 = 3. The
three Goldstone bosons transform as a triplet of SO(3).

The gauging of the group SU(2), alonﬁ does not break the custodial symmetry. But now,
the vacuum expectation value of the Higgs field induces the Higgs mechanism for SU(2);; the
gauge fields associated to the three broken generators acquire all the same mass Myy .

Switching on the hypercharge gauge group U(1),- induces an explicit breaking of the custodial
SO(3). At tree level this gives the following relation

MW = COS (Qw)MZ

This tree level effect due to the breaking of custodial symmetry is reabsorbed in the definition of
the p parameter so that at tree level one has p = 1. Further corrections to the p parameter must
be induced by loop diagrams involving hypercharge insertions or by further source of custodial
symmetry breaking.

Let us consider the Yukawa couplings in the Standard Model:
Lyur = YuQrLHur + YaQrHdg

They induce an explicit breaking of the custodial symmetry for Y,, # Y;. However, if we were in

the situation Y, = Yy, we could arrange the right handed quarks in a doublet of SU(2)

(5
()1

and restore custodial symmetry. In particular, one finds that the corrections to the p parameter

14%We set to zero for the moment the gauge coupling associated to the hypercharge, i.e. gy = 0.
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are proportional to the strength of symmetry breaking effects
Ap (o8 (Yu — Yd)

Similarly, in the LLN model we just analysed, one should understand if custodial symmetry is
preserved or broken by the mass term and by Yukawa interactions

The dark sector has an SO(4) global symmetry, that can be viewed as a subgroup of the
SU(5) symmetry group that there would be if My = M = 0. We can organise the dark quarks
in the following representations of SO(4) = SU(2) x SU(2):

L:(Ll L2>:(272) N=N=(11)
The mass term can then be rewritten as
frt) oL T s o S
My (L1Ly + Ly Ly —|—2MN NN+ N'NT) = 2MLLiLke 5JZ+2MNNN—|—h.c.

and therefore it preserves the custodial SO(4) = SU(2) x SU(2). The Yukawa interaction preserve

the custodial symmetry only if y; = yo = y. Indeed in this case we can write the lagrangian as
1M LjHl ik
o ML HEE T E

We conclude that also in this case, the corrections to the p parameter (and to the closely related

T parameter) are proportional to the difference of the Yukawa couplings:

Ap o AT o (y1 — yo)
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Chapter 5
Phenomenology

We shall study the phenomenology of the two models described in the previous chapter, with an
emphasis on the cosmological history and the constraints deriving from cosmological observations.
For each model we build a phase diagram, as a function of the quark mass and confinement scale.
As we shall see these models exhibit a very reach phase diagram with many different regimes and
physical mechanisms describing their cosmological history. All the calculations outlined in this
overview are done for the two models described in chapter 4], which are representative models
with and without renormalizable interaction involving the Higgs field in the dark sector.

The different regimes are characterised by the lifetime of the glueballs: if they are stable on
cosmological scales they could be a dark matter component. It is then important to evaluate
their relic abundance and the phenomenological consequences on cosmological observables.

To identify the parameter space region in which glueballs are stable on cosmological scales,
we estimate the lifetime of the glueballs (section . We use an effective field theory approach,
matching to the fundamental theory at the confinement scale. We then discuss what are the
phenomenological constraints for the parameter space region in which the glueballs are unstable
and decay with a lifetime smaller than the age of the Universe.

Next, we want to evaluate the glueball relic density. As we shall see the glueball relic density
is proportional to the entropy ratio between the two sectors at the moment of kinetic decoupling.
Therefore, we need to estimate the temperature of kinetic decoupling between the dark and the
visible sector (section . This is the temperature below which the two sectors are no longer in
thermal equilibrium and their temperatures evolve independently.

In section [5.3]| we compute the glueball relic density. The glueball sector exhibits cannibalism
and its thermal history is non-standard. We analyse in detail the relevance of the bounds coming
from BBN and CMB observations. In particular, we explore the possibility that the glueballs
are a dark matter component, briefly discussing the constraint coming from galaxy formation
and from the knowledge of the matter power spectrum. We conclude that, in our models, this
possibility is not consistent with the observations, excluding the parameter space region with
stable glueballs. However, we point out a possible route to obtain glueball dark matter in a
concrete model, without assuming a cosmologically secluded dark sector.

We then consider the parameter space region in which the glueballs are unstable and decay
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before BBN. The only state of the dark sector which is stable on cosmological scales is the
neutral gluequark. In section [5.4] we evaluate its thermal relic abundance. We first compute the
annihilation cross section - this is a non-trivial calculation (due to the non-abelian structure of
the gauge theory). We then include the non-perturbative corrections due to the Sommerfeld
enhancement and compute the relic density through an approximate solution to the Boltzmann
equation. At last we compare the results obtained in our model to the ones of other classes of
models studied in the literature, pointing out what are the main differences and why this model

could be an interesting scenario.

5.1 Glueballs decay

Neglecting higher-dimensional operators generated at the UV cut-off scale, dark quarks interact
with the Standard Model through gauge interactions and Yukawa terms if allowed by their
quantum numbers. We want to estimate the decay rate of dark glueballs in Standard Model
particles. To do so, we take advantage of the separation of scales between Mg and Apc

(Mg > Apc), proceeding in two steps:

o we integrate out the heavy dark quarks at the scale Mg. Matching to the effective field
theory describing dark gluons interactions with Standard Model particles, we write an

effective operator describing interaction between dark gluons and Standard Model particles;

o below the confinement scale Apc we write an effective lagrangian for the glueballs and their

interaction with Standard Model particles.

The resulting vertex is then used to estimate the decay rate of glueballs into Standard Model
particles.

To complete the matching procedure, we should know the glueball to vacuum matrix element
of the gluonic operator. This parameter must be computed at energies of the order of the
glueballs mass and non-perturbative methods are needed. In what follow we shall use lattice
results obtained for QCD and extrapolated for use with our model.

The glueball spectrum in QCD has been predicted through lattice calculations [76-78]. The
lightest glueball is a state with quantum numbers JP¢(®) = 07F and mass Mg = 17504150 MeV.

Similarly, the glueball to vacuum matrix element of local gluonic operators has been determined

numerically. For the scalar operator one has [77,85|
F = (0] ¢* Tr(GuwGu) |®) = 15.6 £ 3.2 (GeV)?

These values have been obtained from lattice simulations of a pure gauge SU(3) theory with
confinement scale Aqcp ~ 260 MeV, corresponding to the confinement scale of the physical

Quantum Chromodynamics [86]. Rescaling by Apc we obtain results which are valid in general
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for our SU(3)pc models. We obtain

M@ ~ 7 ADC (51&)
F ~10° (Apc)® (5.1b)

We shall use these results to estimate the glueball decay rates in the two models of interest.

5.1.1 VNN model

In this model there are no Yukawa interactions in the dark sector, therefore the glueball decay
proceeds only through gauge interactions. By inspection, the lowest dimensional local operator
generated below Mg that induces glueball decay has dimension 8 and is generated through a

box diagram with a loop of heavy fermions:

a \2 i \2
Og = (Gw) (Wpo)

To estimate the decay width of the glueball induced by the operator Og we use an effective field
theory approach.

The first step of the matching procedure is done choosing the coefficient of the effective
operator Og so that the value of the amplitude for the annihilation of two dark gluons in two
Standard Model gauge bosons (at energies much smaller than M) is reproduced.

The effective lagrangian at energies below My is:

Goe 2 1 (a2 )2
Lot O CSNDcﬁgzﬁé(Guu) (Wo)
where cg is a dimensionless parameter deriving from the matching condition.
Let us consider the regime Mg < 2My+. In this case the main decay mode is to photons

and there is a suppression factor sin? (fy). Equivalently, we make the substitution
2 (i )2 2 2
92 (Wpa) —E€ (FMV)

Below the confinement scale we can write an effective lagrangian for the glueballs: the gluonic
scalar operator (GZ,,)2 interpolates between the vacuum and the glueball state ®. Parametrising

the matrix element as F = (0] g2, Tr(G G ) |®) we obtain the effective vertex:

Fe2

@ 1672 (I)(FW)Q (5.2)

Ly = cgNic

The decay width can then be estimated as

F ~ 27['(6 )20é2 N]%C L 2 3
Dy 8 em (167‘(’2)2 Mg [

where we have include a factor of 1/2 for identical particles in the final state. This estimate is in

agreement, up to the factor cg, with the results of reference [87].
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For Ny = 3, using the numerical values of equation [5.1] taken from lattice simulations, and

the value of cg computed in reference |87] we obtain:

(Apc)?
(Mg)®

Toypy ~2-1072 (5.3)
In the regime Mg > 2Myz, we must take into account the decay modes in W or Z bosons.
Three body decays ® — Wiy, ® — ZII are suppressed by a factor (Mg /My )*(g3/1672) and we
neglect them since we are interested in an order of magnitude estimate. Neglecting phase space

factors we have

4 9
cos™* (Ow) _1 (Ape)
I ~————-T ~ 3-10
27 sin? (Ow) D=y (Mg)?8
1 1 (Ape)?
r ~2— T ~ 81071 229
S—-WW sin4 (0W) D—yy (MQ)S

5.1.2 LLN model

Differently from the previous case, the model with two electroweak doublets and a singlet, includes
also Yukawa couplings with the Higgs field (see equation [4.34)). These terms can induce the decay

of the glueball through a dimension 6 effective operator
O¢ = (G%)’HTH
6 — ( W)

If the glueball has a mass Mg > 250 GeV, the decay in two Higgs bosons is kinematically
allowed. Integrating out the heavy fermions and matching as described above, we arrive at the

effective interaction

2
y- F 2
Lo—shn ~ ND07167T2 e h

giving rise to a decay width

Lo ~ g Noe 1 .51
- T (1672)° M&~ My

8

The decay in WW, ZZ give a comparable contribution [8§].

If Mg < 250 GeV, the decay can proceed through a virtual Higgs boson decay to Standard
Model particles, with the second Higgs field acquiring a vacuum expectation value 1[[

In order to match to the effective field theory, we need to evaluate the amplitude for this

process; this can be factorised as

y? F v
1672 M2 M2 —m]

where h* is the virtual Higgs boson. Since h* carries all the momentum of the incoming glueball

'In the mass range 125 GeV < Mg < 250 GeV there is also the three body decay with an on-shell Higgs boson
plus a virtual one decaying to a couple of fermions. However this is suppressed by a factor Mq%/(167r2v2) and
gives a subleading contribution.
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(Q* = M2), this amplitude is equivalent to the one for the decay of an Higgs-like boson with mass
Mg in Standard Model particles. This amplitude has a strong dependence on Mg, especially in
the mass range Mg > 100 GeV. For a detailed study see, for instance, reference [8§].

Between 100 GeV and 250 GeV there are various channels that give a comparable width. Near
250 GeV the dominant channel is the decay in a couple of W bosons.

In the mass range 2my < Mg < 100 GeV, the dominant decay channel is in a pair of b quarks
h* — bb. The effective lagrangian is

2 F v

Ly, ~ Noc 6 2002 02— 2

7 Y (I)Bb

giving a decay width

3N2, y* F? Mg 2
2 374 2

b (162" MG (M3 — )

FqHEb ~

where colour factors have been taken into account. Our result is in agreement with that of
reference [89].

In the range of masses near 2m;, there are various thresholds and relevant channels (éc, 77).
Glueballs decay in two gluons should also be considered, becoming relevant for masses in the
range 2m, < Mg < 2my.

The decay of the virtual Higgs boson in gluons proceeds at one-loop and in order to estimate
its amplitude we use again an effective field theory approach, integrating out the quarks heavier
than Mg. The coefficient of the effective operator inducing the decay of the Higgs can be

estimated using Naive Dimensional Analysis [90-92]:

Eh*gg ~ ZN Yi gs h*(Ga )

m; 1672

where the sum runs on all the quarks heavier than Mg. The powers of the Yukawa coupling y;

and of the mass m; are dictated by NDA, and the loop factor 52 account for the fact that the

coupling arises only at one-loop level. Using the relation m; = vy; we arrive at

Lhgg ~ ZN 1 gs She(G4,)?

We see that all the quarks heavier than the glueball contribute the same amount to the decay
amplitude in gluons, as a result of the cancellation between the suppression m% and the enhance-
ment y; for each heavy quark. This is the so called non-decoupling effect, well-known in Higgs
physics. Therefore, from the sum we get a factor Nj, which corresponds to the number of quarks
heavier than Mg.

We arrive at the effective lagrangian

v g2 F 1
672 167r2]\42 ]\J2 h

Lygg ~ 3NpcNpg T 5 GG
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which gives the decay width

INZ Ny, o I M3
Am (1672)% (1672)° M§ (M2 — m2)’

P@—)gg ~

The decay into photons, in addition to the contribution given by the operator Og (equation ,
gets a contribution mediated by the Higgs field through the operator Og. This can be estimated
similarly to what we just did for the decay into gluons, including an additional contribution due
to a loop with W bosons.

We obtain the effective lagrangian:

F 82 y2 Q2€2 r 1
Ly ~ <NDC%167&'2 + Npc — 1672 1é7r2 Mé M(% — mi OF,, Fly
(2

(5.4)

where the sum runs on the fermions heavier than Mg (both leptons and quarksEI) and on the W
boson.

For Yukawa, couplings of order y ~ 10~° or lower, required in order to have cosmologically
stable relics, the contribution from the dimension 8 operator Og discussed in the previous section

dominates, and the glueballs have a similar lifetime to that discussed in the previous section.

5.1.3 Constraints on glueballs decay

Cosmological and astrophysical observations give tight constraints on the decay of long lived
thermal relics, that exclude a portion of the parameter space of the models we are considering.

We can identify three different regimes:

o the glueballs are stable on cosmological scales, corresponding to the condition 7¢ > Tuniv-
We shall consider this scenario in the following two section. In this case we need to evaluate
the glueballs relic density and see if they can be a dark matter component and if their
presence as thermal relics is compatible with cosmological constraints (number of relativistic
degrees of freedom at the epoch of BBN and CMB) and astrophysical observations (structure

formation).

o the glueballs are long-lived and decay during or after BBN. This possibility is strongly

constrained as we shall analyse in this paragraph.

o the glueballs decay quickly, i.e. before the onset of the Big Bang Nucleosynthesis . In order
to be consistent with the observations, a lifetime 79 < 1s = I's > 10727 TeV is required.
This situation is basically unconstrained since the earliest cosmological data correspond to
the epoch of BBN.

The region in which the glueballs are not cosmologically stable corresponds to the condition

7o < Tuniy = 1017 s = g > 1074 TeV

2The colour multiplicity factor N, must be included for each quark, but not for leptons.
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In our models, for dark quarks with mass Mg 2 1 TeV, the calculation of the previous paragraph
tells us that this condition is realised for confinement scales Ape = 35 MeV. Therefore, in the
regime in which the glueballs are long-lived decaying relics, they are already confined at the
epoch of Big Bang Nucleosynthesis Tgpn ~ 1 MeV.

The limits on the number of relativistic degrees of freedom at the epoch of BBN do not
apply in this case, but primordial light-elements abundances, predicted by BBN, give other
strong constraints on relics decaying electromagnetically and hadronically [93]|. In our case,
cosmologically unstable glueballs have masses Mg ~ 7TApc 2 250 MeV and can thus decay both
electromagnetically and hadronically (with a smaller branching ratio). The bounds inferred from
BBN observations depend on the number density of glueballs and are expressed in terms of the
relic abundance the decaying relics would have if they were stable [93]. In the mass range we are
considering, the relic abundance of glueballs would be very large Qgh? > 5- 109, as we will see in
section therefore, the strongest constraint of reference |93| applies, excluding the parameter
space region in which glueballs have a lifetime 1s < 7o < 10'%s.

An independent bound on long lived glueballs comes from observations of the diffuse gamma
rays spectrum [94]. For the mass range and would-be relic abundance of interest, the data
exclude the region 10'2s < 7 < 10'7s, closing the window in the parameter space with long-lived
unstable glueballs.

Summarising, these observations rule out the parameter space region in which glueballs are

long-lived, i.e. have a lifetime 1s < 79 < 10!7s.

5.2 Kinetic decoupling

At high temperatures, in the early universe, the dark sector and the Standard Model sector are in
thermal equilibrium. Elastic scattering processes involving particles of both sectors keep the two
in equilibrium until the rate of these interactions becomes smaller than the Hubble parameter,
that is the expansion rate of the universe. This moment in the thermal history of the universe is
called kinetic decoupling.

It is important to differentiate kinetic decoupling from chemical decoupling. This corresponds
to the moment at which number changing processes (such as dark matter annihilation QQ — f f,
where f is a Standard Model fermion) cease to be efficient. Chemical decoupling is usually
involved in the calculation of the thermal relic density of dark matter candidates, as we shall
do in section [5.4, However here we are addressing a different issue: we want to estimate the
temperature at which the two sectors are no longer in thermal equilibrium. As we shall see,
thermal equilibrium can last much longer than chemical equilibrium.

The crucial difference is in the observation that the rate for a number changing process
QQ — ff is 0VNnon_rel, Where npon_rel is the density of targets Q which is suppressed by
a Boltzmann factor, while elastic processes such as Qf — Qf have a rate cvng with no
suppression, since now the density of targets refers to light Standard Model fermions (1. ~ T3).
Therefore, we expect Trg < Tehem ~ Mo/20. Indeed we shall find that the kinetic decoupling
temperature is of order Ty ~ 100 MeV. We note that the region with cosmologically stable
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glueballs corresponds to confinement scales smaller than the kinetic decoupling temperature;
therefore, in our calculation we consider deconfined dark quarks and not gluequarks.

There are different processes that can contribute to the elastic cross section of dark sector
and Standard Model particles. Since, as we have just anticipated, kinetic decoupling temperature
is small, we consider only light Standard Model particles in the final state. At tree level, charged
particles in the dark sector can interact through electromagnetic and weak interactions, while the
neutral ones interact through weak interactions mediated by the Z boson. Interactions involving
the Higgs boson (present in the LLN model) are suppressed by the Yukawa couplings of light
fermions and are therefore negligible.

The dark quark corresponding to the neutral component of an electroweak multiplet has
an induced magnetic dipole moment. However, this is a one-loop effect involving electroweak

interactions. We can estimate the magnetic moment as

2
g5 e Gr Mgom, 7 Moo
ROz 6n2 2 T o a2 BT 1Tev )17

where pup = eh/2mecc is the Bohr magneton. The electromagnetic scattering scattering cross
section induced by this interaction is subdominant with respect to the weak interaction (in the
relevant temperature regime) and therefore we neglect it.

At temperatures lower than the electroweak scale the two relevant processes have respectively

a cross section:

2

1
Oweal Qf = Qf) ~ | -GET” Gem (QFf — QFf) ~ 47r0;§gl (5.5)

For typical dark quark masses Mg ~ O(1)TeV, the weak cross section gives the leading effect for
temperatures 7' > 100 MeV.

At lower temperatures the electromagnetic interaction of the charged relics would dominate.
At temperatures higher then the mass difference Mg+ — Mo, the two species are both relevant
and electromagnetic interactions can be efficient in guaranteeing thermal equilibrium. However,
the charged component QF is expected to be heavier then the neutral candidate Q° and to decay
into the neutral one through weak interactions. At temperatures T < (Mg+ — Mgo) the density
of charged species drops and only the weak interactions of Q° can be efficient, with cross section
Oweak ~ GHT? JAm.

In our models, as we discussed in section typically the mass difference of the charged
and neutral component of an electroweak multiplet is (Mg+ — Mgo) ~ 150 MeV > 100 MeV,
therefore we can consider the weak cross section oyeax as the relevant one in determining the
kinetic decoupling.

To estimate the kinetic decoupling temperature we proceed as follows (our discussion is based
on the one in reference |95]; for a more rigorous treatment see [96]).

We need to compare the rate at which elastic scattering reactions are efficient in establishing
kinetic equilibrium with the Hubble expansion rate.

Let us consider two gases at the same temperature T one of relativistic particles (standard
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model photons and light fermions) with typical energy and momentum 7' and one of non-
relativistic (cold) dark quarksE| with typical momentum p ~ /MgT, given by the equipartition
theorem.

The typical momentum transfer per collision is dp ~ T'. The relative momentum transfer in a

single elastic scattering event is then, in average

In order to keep the dark quarks in thermal equilibrium, we need an order one relative change in
momentum 0p ~ p. Therefore, a single scattering process is not sufficient and we need a large
number of interactions. This results in a suppression of the effective rate of elastic collisions that
give kinetic equilibrium.

Since thermal equilibrium is a stochastic process, after N collisions the momentum will be

<(Z)>TOT - (29) (NCOH)%

Accordingly, we can estimate the average number of collisions needed to establish kinetic

changed by

equilibrium as
M
Ncoll ~ TQ
Let us assume that we are at temperatures 7' > 100 MeV, so that the elastic cross section is
Oweak- Comparing the rate of effective collisions with the Hubble rate we obtain the temperature
of kinetic decoupling

1
Nyrel O4C —— ~ H
coll

Using the Friedmann’s equation in the radiation dominated epoch

8GN T2
H? = = H ~
3 7 Mo
we have )
1 T T
T3 —G%T? — ~
dr FT Mg T My

We arrive at the following order of magnitude estimate for the kinetic decoupling temperature

1
Mg \i
Ty ~ 50 MeV
kd ¢ (1TeV>

Therefore we can conclude that
de ~ 0(100) MeV

Below this scale, the two sectors are no longer in thermal equilibrium and their temperatures

evolve independently. There is, however, a caveat to this conclusion: after confinement, in

3We neglect the dark gluons thermal bath, since at low energies their interactions with standard model particles
proceed through irrelevant (i.e. higher dimensional) operators.
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the dark sector the asymptotic states are glueballs and gluequarks. X is stable thanks to an
accidental symmetry as discussed in section [1.3] whereas glueballs can decay to Standard Model
particles. If the decay is fast, what happens is that the entropy density of the dark gluons at
the time of confinement is completely transferred to the radiation in the standard sector. This
results in a reheating, i.e. an increase of the temperature and of the radiation energy density in

the standard model sector.

5.3 Glueballs relic density

We shall calculate the relic density of glueballs in the region of the parameter space in which the
glueballs are stable on cosmological scales (as described in section .

As the universe cools down, the dark sector and the Standard Model go out of thermal
equilibrium at a temperature Tyq ~ 100 MeV, as described in the previous section. In the following
all the primed symbols will refer to quantities relative to the dark sector, while unprimed symbols
will refer to Standard Model quantities (i.e. T is the temperature of the dark sector and T is
the temperature of the Standard Model sector).

After kinetic decoupling the temperatures in the two sectors evolve independently and the
entropy is separately conserved in each sector.

In particular, the ratio of the comoving entropies in the two sectors has a constant value

= 5 = constant (5.6)
In our model the dark sector corresponds to an SU(3)pc gauge theory with 5 adjoint fermions and
it is in thermal equilibrium with the baryonic thermal bath until Tj4. At this temperature, the
entropy density in the Standard Model sector |97] can be expressed as a function of the effective
number degrees of freedom g (a function of the temperature), parametrising the contribution of
relativistic and non-relativistic species:
_ 272

== g7
VT

If Tra > T’

vonf =~ Apc, the dark sector is unconfined at kinetic decoupling and its entropy

is dominated by the relativistic degrees of freedom (the dark gluons), which correspond to
Ghy = 2(N2e — 1) =16
The entropy ratio is then fixed at this temperature by

_gkdTP; Gka
§=-7 3 = o (5.7)

Ikitkd  Ikd
Since the kinetic decoupling temperature Tjg ~ O(100) MeV is near the temperature at which
the QCD phase transitions undergoes, the number of effective relativistic degrees of freedom
at kinetic decoupling has a big uncertainty, being in the range 15 < ggqg < 65. This gives a &

parameter in the range
156354 (5.8)
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At temperatures 7! . < T’ < Tjq both the dark sector and the Standard Model entropies are

dominated by radiation. Entropy conservation then gives

1
s~ gT3 oc — (5.9)

a3
and similarly for the dark sector. The number of relativistic degrees of freedom in the dark sector
g’ does not change until confinement and so T” %

At the dark confinement scale, the gluons confine in glueballs. Energy is conserved and the
energy density of relativistic gluons gets converted in energy density of glueballs. Therefore we
have

/ 2 2 /4 8 94
PP conf = %2(Nnc — 1) Tou = 5™ Leont (5.10)
After the confinement transition, the dark sector is made up of non relativistic particles only:
glueballs and gluequark .

If the glueballs are stable on cosmological scales, it is important to evaluate if they can
account for a part of the dark matter and what are the bounds from cosmological observations.
We shall now evaluate their relic density and discuss if there are regions of the parameter space

with stable glueballs that are phenomenologically viable.

5.3.1 No number changing interactions

Let us compute first the relic density of glueballs neglecting number changing interactions in the

glueball sector.

3 3
Gconf Gconf
/ / / con / con
Po0 = Mg Ny = Mg Meonf < a > = P& conf < >

0 @0 (5.11)
o so S0
= P conf = Pd conf s
Sconf Sconf€

Using the principles of thermodynamics one can show (see for example [97]) that in the expanding

Universe, the entropy density is given by

p+ P —un
§=———

- (5.12)

where P and p denote the pressure and the chemical potential respectively. At the confinement

we have pu, P ~ 0 and therefore

piI’,conf o
- f
S/conf “on
Using this relation we finally arrive at
/
Py = 807‘2’nf (5.13)

1

In this regime dark matter is non relativistic and its temperature evolve as T" o =3
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5.3.2 Cannibalism in the glueball sector

The glueball sector can experience a phase of so called cannibalism if number changing reactions
in the dark sector keep the glueballs in chemical equilibrium with vanishing chemical potential.

This scenario is different from the standard cold dark matter paradigm and has been studied for
the first time in [98] and reconsidered recently in a different perspective in [99,/100] and [101}/102].
In the usual cold dark matter scenario, the number changing reactions involve the annihilation of
dark matter in Standard Model particles and the number of dark matter particles per comoving
volume remains constant when this interaction becomes inefficient. This happens when the dark
matter is already non relativistic (usually T, ~ M, /25) but the two sectors are still in thermal
equilibrium.

In the scenario with cannibalism, what happens is that number changing interactions in the
dark sector are efficient even after kinetic decoupling has occurred. Since the two sectors are out
of equilibrium, their temperatures evolve independently and their entropies per comoving volume
are separately conserved.

When a number changing reaction occurs (for instance a process 3 — 2), the energy stored
in the rest mass of a glueball is redistributed as kinetic energy, reheating the dark sector. As a
result, the dark sector temperature decreases only logarithmically as a function of the scale factor
and the glueball energy density has an unusual scale dependence with respect to the standard
cold dark matter.

Number changing interactions are usually expected to be present in the glueball sector of a
confining gauge theory. Writing an effective action for the glueballs below the confinement scale,

Naive Dimensional Analysis [90H92] gives

Mg
2

cg 4w 3 41672
= Me®® + —
3 VN T 41 Npe

where the coefficients ¢; are expected to be O(1) factors and we assumed that in the non-

1
Lo = 5((9,1<I>)2 — 22 4 4. (5.14)

A
vV Npc '’

We shall now derive the scaling law of temperature and energy density during the cannibal

perturbative region T" < Apc the theory is in a strong coupling regime : gpc ~

phase and the relic density of stable glueballs.
The confinement temperature is 77 ¢ ~ Apc < Mg, glueballs are non relativistic when they

are formed. When number changing interactions are efficient, glueballs number density is given

3

MasT'\2 M

n’zg’( ; > e~ T (5.15)
s

by the thermal expression

Moreover, the chemical potential is zero during this phase and the pressure is zero for non

relativistic particles, so from equation [5.12| we obtain:

S

3
Mgn/ Mg ((MaT'\ 2 _ Mg
= T g T ( om )¢ (510)
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Entropy conservation then gives:

/
8&3

3 1
3 (277)28/a3_a3( T >2 -z

= const = a° =
g' M3 Mg

where a is a dimensionless constant. Neglecting the polynomial dependence on the temperature
we arrive at the scaling law:

T 1 M
= e (5.17)

My 3log <§> a
a
Again using equation [5.12] and entropy conservation we arrive at the scaling law for glueball

energy density during the phase with cannibalism

/ 1 a3
== a5 =p =T «
a

The phase with cannibalism ends when the rate of number changing interactions in the dark

(5.18)

sector becomes smaller than the Hubble rate and chemical equilibrium is lost. This process is
known as chemical decoupling, and after it occurs the number of glueballs per comoving volume
is fixed.

The glueball density at chemical decoupling can be computed as

3 Qconf
/ o Qconf log ( a )
Po.d = pfb,conf( ag > log (%i)

where acont 1S the scale factor at dark confinement and a4 is the scale factor at chemical decoupling.
The present day relic density can then be obtained by rescaling (the number of glueballs per

comoving volume is fixed)

3 con 3 3 con
/ o Qconf IOg (a a f) aq N Qconf log (a a f)
P®,0 = P, conf — = P conf

ag log (%) \ ao aop log (%)

Using the scaling law for the dark sector temperature (equation [5.17) we arrive at

teont \° T}
/ / con
_ 5.19
p<1>,0 p@,conf( ao ) Téonf ( )

Comparing with equations and we obtain the expression

T T T T
Plp,o(camnibalism) = plg o (no cannibalism) 4 = 5o =2 74 = 5= (5.20)
conf g conf f

We stress here that even though the dark sector cools down more slowly than in the case without
cannibalism, the glueball energy density is smaller. This fact can be understood intuitively: for a
non relativistic species, the energy density is given by the number density times the mass of the

particle. Number changing reactions deplete the number of glueballs, while the increased kinetic
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energy is not enough to bring up the temperature of the dark sector that keeps cooling down due
to the Hubble expansion, even though more slowly. The net result is a lower relic density for the
glueballs.

The ratio between mass and temperature at chemical decoupling has been computed in [98].

As for the usual freeze-out of cold dark matter, it depends only logarithmically on the strength

of the interaction and typically one has A%I? ~ O(20 — 40).
d
Multiplying and dividing by Mg we can write the glueball relic density as a function of the

*0 £ \ Mg
The Standard Model sector entropy today is dominated by the CMB radiation that is well
measured by the Planck satellite and is given by sg = 2.9 x 103 cm™3. Dividing the relic density

glueball mass

by the critical densit Perit = % = 107 h2GeV cm™2 we obtain the present day density
parameter for the glueballs
Mg (T
boh? =03 — [ —% 5.21
20 £eV \ Mg (5:21)

Validity of the relic density calculation

The calculation of the glueball relic density presented in the previous section relies on the
assumption that the glueballs have enough time to cool down and arrive at the decoupling
temperature. However, since the temperature dependence on the scale factor is only logarithmic
in the glueball sector, we have to verify if this is the case.

We consider the logarithmic evolution of the dark sector temperature in the era in which
number changing interactions are efficient and find what would be the present day temperature
if there were no decoupling: Tl’og(a =1). In order for the decoupling to have occurred, this

temperature must be smaller than the decoupling temperature: Ty, (a = 1) < Tj.

At confinement we have:
7
3

M<I> Qconf _
Tl/og(aconf) ~ Apc = ? = 3log (%) =7 = Qeont = Q€

It is easy to relate the temperatures in the two sectors at the moment in which dark confinement

occurs: 3 3 y
IkdTiq ot _ Tha

3 - 3 '3
gCOHchonf kg Tconf

from which we obtain

1

/ Geonf \ 2

conf — ( ) Teont = Teont
9kd

1 is the reduced Hubble constant: Hy = 100 hkms™' Mpc™!
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We can then derive an expression for the scale factor at confinement

My 1 Mg
T n ~ T, S — :> ~
cont conf 7 Gconf 7T’CMB
Putting all together we arrive at
Moy Moy My
Tiogla=1) = . = . = P (5.22)
31 7 31 7
310g < 7> o8 <aconf> * Og<7TCMB> *
Qconf € 3

For a typical decoupling temperature 77, ~ % we have the inequality

M. M.
® < - = Mg > 7€8TCMB
3log ( Mg, ) +7 30

TIcmB

Tyla=1) <Tj=

Using the CMB temperature Teyp = 2.73K = 0.25meV we find that the result [5.21] is valid

only for cosmologically stable glueballs of mass
Mg Z 5eV (5.23)

For glueballs of lower mass, the equation for the relic density must be modified replacing the

decoupling temperature with the present day dark sector temperature

Mg [Tipgla=1 M, 1
Uy h? = 0.3 = ( log )> =03 —2 (5.24)
{eV My geV 3log<7%§[ >+7

B

This formula for the relic density is valid for glueball masses such that confinement has

occurred before today, that is Teons > Tomp. The range of validity is

1

3

Mg ~ TApe ~TT s =T (gc"nf) Teont = 2 Teont > 2Temp = Mg > 0.5 meV
9kd

1

where we used the estimate (%) 3 > 3—15
If Mg < 0.5meV the dark sector temperature today is still higher then the confinement
temperature and the dark sector is in the deconfined phase. The energy density of dark gluons is

then given by the standard relation for relativistic radiation

IS

2 4
e ’ 8 / 8 Gtod 3
pbgluons = %Q(Ngc - 1)Tc§nf = BWQT b= 157T2< gok;y> TéMB

1

13g1uons,0h2 ~ 5 /CMB,Oh2 (525>
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5.3.3 Constraints on cosmologically stable glueballs

We have already discussed in section [5.1.3] what are the constraints on glueballs decaying
during the BBN or after, with lifetime 1s < 76 < 10'”s. We want now to analyse the case
of cosmologically stable glueballs and understand if they can be a component of dark matter,
accounting for a part of the dark matter density together with the gluequarks. Let us outline

the main cosmological bounds.

Upper bound on the mass of stable glueballs from the relic abundance

First of all, the relic abundance of glueballs is bounded from above by the value of the dark
matter density parameter, in order not to overclose the Universe.

The density parameter for dark matter measured by Planck [103] is
Qpph® = 0.1186 + 0.0020

This translate into an upper bound on the mass of stable glueballs:

M
Mg < 0.4 T? £eV (5.26)
d

As discussed previously (see equation, we have the estimates 1 < £ < 4 and ]\:/F[? ~ O(20 — 40).
d

The upper bound on the glueball mass then becomes
My S O(8—64)eV

Number of relativistic degrees of freedom during BBN

The upper bound on the mass of stable glueballs analysed in the previous section implies that in
the allowed parameter space region with stable glueballs the confinement temperature is below
the Big Bang Nucleosynthesis temperature Ty ~ 1 MeV.

At the epoch of BBN the dark sector is then still in the deconfined phase and the dark gluons
contribute to the relativistic degrees of freedom, behaving as dark radiation. Extra radiation at
the time of BBN modifies the primordial Helium fractionP] and is constrained by observations.

Usually this effect is parametrised as a contribution to the effective number of neutrinos

4 '\*
ANe = - gipN () (5.27)
7 T BBN

®The expansion rate in the early Universe is fixed by the Friedmann equation H? = 47G np/3; in the radiation
dominated era it depends on the energy density of relativistic degrees of freedom, with no distinction between dark
and visible sector. The presence of dark radiation increases the expansion rate, inducing an earlier neutron-proton
freeze-out. This leaves an higher fraction of neutrons available for the synthesis of * He.
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Inverting the definition & = ggid we can express the temperature ratio as

/'3
(= (e
T ) gpN 9' ) BBN ¢ 3
We can then express £ as a function of ANz and obtain a bound on £ from the experimental

bound on ANgg: ,
4\14 _3
§= <7> % (ANeg) ™ 1
(gBBN) *

Using the values gggn = 10.75 and ghpy = 2(N2. — 1) = 16 we arrive at
€ = 3.5(ANy) (5.28)

Using the bound AN.g < 1 at 95% of confidence level from reference [104], we obtain the
constraint
§>3.5

This is only marginally consistent with the estimate for the £ parameter (equation that we
obtained in our model 1 < ¢ < 4.

Stronger bounds can be found in the literature [105-107] giving ANeg < 0.3 = & > 8.5.
This would completely rule out the whole parameter space region with 7" . < Tjpy, however

these bounds have been disputed and so we use the more conservative result of reference [104].

Cosmic Microwave Background radiation constraint

Dark radiation at the time of the last scattering is strongly constrained by Planck 2015 data on
the CMB radiation.

These constraints are relevant for the parameter space region in which T

T} is the temperature of the dark sector at the time of the last scattering and is given by
1

Tis = (222) Tis ~ §Tis ~ 0.16V. Since My ~ TApc and Tl ~ Apc, this constraint is
relevant for glueballs with mass Mg < O(1)eV.
Usually this is expressed as a bound on the effective number of neutrinos and the most recent

bound at 2 ¢ from Planck [103] is

¢ < T{g, where

AN < 0.6 (5.29)

This translates through equation [5.28| into the bound & > 5, that is incompatible with the range
for £ of equation 1 < ¢ < 4. This rules out the whole parameter space region in which
Mg < O(1)eV. However, as we stressed previously, the value of £ has a large uncertainty, and

the observation could still be marginally consistent if Tjq = O(1) GeV.
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Structure formation

There is still a small region in the parameter space of stable glueballs that is not excluded. Using
the looser bound from equation this corresponds to

1eV < Mgy < 656V

If the glueballs are the main component of dark matter there is a bound on their mass deriving
from galaxy formation dynamics: the dark matter thermal velocity at the epoch of galaxy
formation zgp ~ 5 should be the typical velocity measured in the galaxies = 2 ~ 1072 [98].

From the virial theorem we have, thus, the condition

3 1

iTé}F S §M¢>52

In order for this condition to be satisfied, galaxy formation must happen after chemical decoupling
of the glueball (since 3% < T)/Ms). We can relate the dark sector temperature at galaxy
formation to the photon temperature and to the decoupling temperature using the scaling
relations: Tp /Ty ~ a=? and Tgr /Ty ~ a~!, valid for the glueballs and the photons respectively

after chemical decoupling in the glueball sector. We obtain:
Taor \? T 2
TéF = Tc/l ZGF = Toli CMB (1 + ZGF)2
Ty Ty

Combining the two equations we derive the conservative bound:

!/

T 2
szzev< d > = T;>0.3eV
Mg

We need to relate this temperature to the temperature of the dark sector. The calculation is
analogous to the one shown in equation with T, in place of Teymp. We obtain the limit on
the glueballs mass:

Mg 2 5keV

We conclude that glueballs in our model cannot be the main component of dark matter.

There could still be the possibility for the glueballs to be a minority component, together
with gluequark X as main candidate for dark matter. For this to be the case, equation [5.26| gives
a decoupling temperature T; < 0.2€V, or equivalently Apc < 1eV. This case is constrained
by observations of the matter power spectrum: during the matter dominated era, density
perturbations grow forming structures such as galaxies and galaxy clusters; if confinement
occurs during or after the epoch of matter radiation equality Ttoq ~ 1€V, dark gluons form a
relativistic fluid that interacts with dark quarks, modifying the matter power spectrum. This
possibility has been explored by Schmaltz [108{110] and results in a bound gpe < 1072 for typical
Mg ~ O(1) TeV, corresponding to Ape << Tomp. This last possibility is excluded in our models
by CMB observations on the number of effective neutrinos, with the caveats discussed previously

(deriving from the large uncertainty on the kinetic decoupling temperature).
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Summary and outlook

From the discussion in the previous paragraphs, we can conclude that in our models the region
of the parameter space with stable glueballs is completely excluded by one of the following three

reasons:
o the relic density is too large;

o there is too much dark radiation at the epoch of Big Bang Nucleosynthesis or last scattering
(CMB);

o structure formation is not compatible with light glueballs or dark matter interacting with

dark radiation with a coupling greater than gpe ~ 1073,

Glueball dark matter could be viable if heavier than few keV. In particular, if it is heavier than
1 MeV it can evade also the bound from BBN.

In general, if the dark sector and the standard model sector have been in equilibrium, the &
parameter will be given by & = ZZ—'Z. The number of relativistic degrees of freedom in the standard
model is 106.75; therefore, if kinetic decoupling happens before confinement in the dark sector,
the maximum value for £ is L0675

S = 5z, 1) T
This is not enough to evade the bounds of reference [108-110| and to provide a viable model of
dark matter with stable relic glueballs.

A different scenario can be one in which the two sectors have never been in thermal contact
with each other. This is the assumption usually made in most of the studies on glueball
dark matter (see for instance [111,/112]), in order to accommodate higher glueballs masses
€2>10%, Mg > 1MeV.

Another possibility is that kinetic decoupling occurs when confinement has already taken
place in the dark sector, as put forward on general grounds in [101,[102]. The glueball entropy
is suppressed by a Boltzmann factor and the ratio £ can become large in a parametric way. In
our model we could have an explicit realisation of this scenario if there were a parameter space
region in which glueballs are stable and heavier than 1 MeV and kinetic decoupling happens later
than confinement. This could be the case if there can be stable glueballs with Mg 2 O(10) MeV

and MF — M? < Mg (sec the discussion in section [5.2)).

5.4 Gluequark relic density

The thermal relic density of a species is determined by the moment at which the chemical
decoupling happens, that is when the interaction rate of number changing processes becomes
smaller than the Hubble expansion rate. This event is referred as freeze-out: after this moment
the number of particles per comoving volume is fixed and the their momentum and number

density are just red-shifted by the expansion of the universe.
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The freeze-out is determined by the condition I' ~ H

T2
npo. (00) ~ S (5.30)
Pl

A naive estimate of the relic density can be foundﬁ using the previous equation:

0. — Mxn() _ Mxnf.oA (TCMB>3 _ Tgngf <nf.o.> _ ( T(%MB )l'f.o.
X Pcrit Perit Tto. Perit © Tf2_0_ Perit M <UU>

where ¢, = M, /Tt . Inserting the numerical values we arrive at

Q 1078 GeV—2
x| o o (1077 Ge (5.31)
0.26 26 (o)
Using the expression for the number density of a non-relativistic particle in thermal equilibrium

3
MXT, 2 _Mx M)% —x
n=g< o > e T Nix?’/?e

the value of z¢, can be obtained by making again use of equation [5.30

3
My,
23/2

2
LM
2 Mp (ov)
1
LUB_I ~N
Ve o)

Solving numerically this equation for typical values of (ov) and M, one finds that

Tio. ~ O(20 — 40) (5.32)

with a weak logarithmic dependence on M, (ov).

Therefore the dark matter relic abundance Qpy; ~ 0.26 is reproduced by equation if the
annihilation cross section is of order

(ov) ~ 1078 GeV 2

For a more careful calculation one has to solve the Boltzmann equation [113]. For the annihilation
of two identical particles this reads

dn
T +3Hn = —<0’1)>(’rl2 - ngq)

where n is the number density of dark matter particles, neq its equilibrium value and (ov) the

5Tn this calculation we are assuming that the dark matter candidate is non-relativistic at freeze-out, i.e. it is a
cold relic.
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thermally averaged annihilation cross section defined as

(o) = fav dniqdngq
f dn‘iqdngq

It is customary to reabsorb the term due to the Hubble expansion 3Hn using the variable
Y = n/s, where s is the comoving entropy and entropy conservation dictates % +3Hs = 0.
Using the scale factor a as a time coordinate and the definition of Hubble parameter H = a/a
we arrive at

dY  s(ov)
da aH

As a last step we rewrite the Boltzmann equation as a function of the variable = M, /T, where

(V* =7e)

T is the photon temperaturdﬂ obtaining:

dY  s(ov)

dz Hzx

(Y*-Y2) (5.33)

This equation must be solved numerically or through approximate analytical methods in order

to find the dark matter relic abundance.

5.4.1 Annihilation cross section

The annihilation of X can take place through two different channels: dark gluons (for all the dark
quarks) or Standard Model particles (for the dark quarks charged under Gsaq).
The relevant scale for the annihilation is T, ~ Mg/20 > Apc in the allowed parameter
space region, therefore we are still in a perturbative regime.
The cross section for the annihilation of two dark quarks in two dark gluons can be estimated
as )
o~ 47TOCLC

My

while for the annihilation in Standard Model particles one has

1 ofw
N2, M?

o~ 4mr

The additional factor 1/N2 is due to the average over initial states: dark quarks transform as
the adjoint of SU(N)pc and have thus a multiplicity of (N2, — 1). Since the final state is a dark
colour singlet we get a suppression factor of order 1/N2.

In our models, the parameter space region compatible with a fast decay of the glueballs
and consistent with observations from BBN and CMB corresponds to apc ~ 0.1, while the
electroweak coupling gives agw ~ 0.03. Comparing the two estimates, for Ny = 3, we find that
the annihilation cross section in dark gluons is two orders of magnitude stronger than the one in

Standard Model particles. We thus neglect the latter, focusing our attention on the former.

"As we discussed in section at freeze-out the dark sector is in thermal equilibrium with the visible sector,
therefore we have a single thermal bath.
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Calculation of the annihilation cross section in dark gluons

We consider the annihilation of a pair of Weyl adjoint fermions (dark quarks) in two dark gluons.
For simplicity we consider the case in which the dark quark is a Standard Model singlet (this
corresponds to the field IV defined in section .

There are three diagrams that contribute to the annihilation cross section at tree level:
t-channel and u-channel annihilation (with a virtual dark quarks) and s-channel annihilation
(with a virtual dark gluon).

Using the lagrangian [4.31] one obtains the following amplitudes for the three diagrams:

» V]% M+ M

iMl = —ig%c@(pz — M2 W“U(pl)ﬁug;y <TadJTadJ)

, 9 9’1 Ko + M

Mg = _ZgDcv(pQ)'Y'LL w— M2 Y u(pl)glpEQV (TadJTadJ)b (5_34)
. Lo I v v

iMsz = —Zg%cv(pQ)'Ypu(pl)? {g“ (k2 — k1), + gp(=k1 — 2k2)" + g (2k1 + k2) ]

Ei(ugzu (ngj) ba(dee)

where s,t,u are the Mandelstam variables.

Squaring the amplitude we have
IM 2= | My P4 Mo+ M3 > +2 Re(M1M3) + 2 Re(MM3) + 2Re(Ma M)

Summing over gluon polarisations A we need to evaluate the sum ), €1,€1p and similarly for es.
The sum is restricted to the physical polarisations of the gluons in the final state, namely transverse
modes. Usually in QED one takes advantage of the Ward identity k1, M"” = ko, M* = 0 and

replace this sum with the sum over transverse and longitudinal polarisations

* —_—
Z €1u€1p = ~YGup

transverse,
longitudinal

In words, this is equivalent to say that in QED the Ward identity ensures that the amplitude to
produce on-shell longitudinal photons in the final state from an initial state with no longitudinal
photons is identically zeroﬂ

In the non-abelian case more care is needed. The naive Ward identity is no more valid and it

must be replaced with Slavnov-Taylor identities [114}|115] such as

ape (T Ay (x) Ay (y)) = —i(Te () (Dye)’ (y))

where ¢*(x) is the Faddeev-Popov ghost. This implies that ki, M* # 0, ko, M* # 0. In
particular, the amplitude for producing a couple of unphysical longitudinally polarised gluons is
non-zero, while the amplitude to produce a transverse gluon together with a longitudinal gluon

is zero as for the usual case (see |67] for a discussion).

8This is true at each loop order, but only once all the diagrams have been included (i.e. it is not true diagram
by diagram).
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As a result, we cannot sum over physical and unphysical polarisation because these would
give a spurious contribution to the cross section, violating the unitarity of the theory. This was
first noted by Feynman in 1963 ( [116]), long before QCD was formulated and recognised as the
fundamental theory of strong interactions, and led to the introduction of Faddeev-Popov gosths
few years later [117].

Three possible routes can be chosen (all yielding the same resuhﬂ)

o perform explicitly the sum over transverse polarisations in the reference frame of interest.

This is straightforward but computationally cumbersome.

o sum over physical and unphysical polarisation and add the (negative) cross section to

produce a ghost-antighost pair, in order to recover unitarity.

o modify the three-gluons vertex in such a way that the amplitude for physical polarisations
is uthanged MHV ey 5, = Mvuys’{”séy but now, differently from before, kluﬂuy =
ko M* = 0. This was first suggested by Feynman in [116].

We choose to pursue the last route and modify the gluon vertex, following [119]. The amplitude

M3 becomes:

R 1
iMs = —igheo(p2)y"u(p1) =5 [ (ke — k1)’ — 267K} + 29 Y | 1,5, (Tia) , (foae)

We can now replace the sum over physical polarisations with a sum over transverse and longitudinal
polarisations, and use €,Ep = —Gup-

To calculate the cross section we square the amplitude, sum over final state polarisations and
colours indices and average over initial state spin and colour indices. The following group theory

factors are needed in the calculation:

d rpd 2 2
Tr (TadjTadj adi acdj) = (Npe — 1) Ny

2 2
p J (N — )N,
Tr<TadszfdjTadj afdj) == - = 5 =<

Tr (dejTahdj) Tr <T:djT£Ldj> = (N — 1) N3,
(ngc - ]‘)NI2)C

H<T§djngjT§dj> (ifak) == 5

Using the previous results and performing the Dirac algebra we arrive at the averaged squared

9Explicit calculations in the context of QCD were carried to evaluate the cross section for the production of
charmed particles from gluon-gluon annihilation in proton-antiproton collisions. The first two methods were used
in |118|, while the third in |[119}|120]. All the results are in agreement.
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amplitudﬂ
2 2 9 5
mpy =11 S IMP= 367r2a2<2(MQ_t)(—MQ+S+t) L Mis-aME)
4(N]%c_1)2 82 (Mé—t)(—Mé+s+t)

MG (2M3 — s — 2t) 4+ (M3 — t)(—M3 + s+ 1) N (M3 —t)(—M3 + s +1t) —2ME(BME — s — t)
s(M3 —t) (—M2 +s+1)?

+

_l’_

(M3 —t)(—M3 +s+1t) —2MJ(MZ +1)  ME(—2M3 + s +2t) + (MJ — t)(—MZ + 5 +1)
(M3 —t) s(—M3 + s +1)

where we used the kinematic identity s +t 4+ u = 2M é to eliminate wu.

The differential cross section in the center of mass frame is then given by

do(s,t) 1 1 1

2
I 5.35
dt 2 64ms |p1\2<‘M‘ ) (5.35)
and the total cross section is obtained integrating on t:
O =g [ MR (5.30)
s)=— — :
’ 2647s |p1|* Jr,,

where the 1/2 factor accounts for the presence of two identical particles (dark gluons) in the final

state. After some relativistic kinematics one finds

2
=—|1- —=
1 4< s )

s AM2
tmax = 5—5 1-— 1_TQ

s | 4M2
tmin:Mé_§ 1+ _TQ

Defining A = /1 — 4M é /s and evaluating the integral, the cross section can be expressed as

31 ape 1 AM%  AMY 1+A 17M%
U(S):Z S A2[3<1+ S B 52 IOgl—A_ i+ S A] (5'37)

This result is consistent with a similar calculation carried out in the context of MSSM, the cross
section for the production of a pair of gluinos from the annihilation of two gluons, once the two
cross sections are related through crossing symmetry [121,/122].

We are interested in the non relativistic limit of this cross section. Therefore we perform a

10We evaluate the colour factors for Npc = 3, the relevant case for the models we are studying.
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Laurent expansion in powers of the Mgller velocity

: 2 _ (M- M. 2 4M2 4M2
v:\/(pl p2)? — (M1 Ms) o1 - 29 _9A o g — Q
Eq E, s -7

where we specialised to the center of mass frame and used some relativistic kinematics. It follows
that

_2Tmado 1l 15made 3097 b B4 0 (o) (5.38)

2 a2 VT 2
32 MQU 64 MQ 2560 MQ

The first term of the expansion (usually referred as the s-wave annihilation cross section) agrees
with the one quoted in [123].

We then calculate the thermal average following [113| and obtain our final result:

_2Tmape | 9mapel  963mapg 1

= — = - 5.39
ool = S g ey s a0 (5.39)

where © = Mo /T ~ M, /T.
We define, for later convenience, oy as the thermally averaged s-wave annihilation cross

section, corresponding to the first term of the previous expansion:

277 ad g
=D 5.40
00 39 Mé ( )

5.4.2 Sommerfeld enhancement

The tree level annihilation cross section computed in the last paragraph can have large non-
perturbative corrections due to the so called Sommerfeld enhancement [124/125]. Long range
interactions among the incoming particles can strongly distort their wave function, yielding
significant increase (if the long range interaction is attractive) or decrease (if it is repulsive) of
their annihilation cross section.

For s-wave annihilation, in the non relativistic limit the cross section is proportional to the

modulus squared of the reduced two body wave function at the origin

o a [¢,(0)]

The Sommerfeld enhancement factor with respect to the tree level cross section can then be

expressed as

Pr(0)]?
5 = 12O _ s oy
[y, (0)]
where w,go)(f) — k7 is the plane-wave approximation for the unperturbed case while 1 (%) takes

into account long range interactions among the two incoming particles and can be determined by

solving the Schrodinger equation.
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For an abelian U(1) gauge group with massless mediator, generating Coulomb potential

V(r) =

«
r

the Sommerfeld correction [124}125] is given by

Sabelian <04DC > = _ﬂ-aDC/B

5 o 1— e_WaDC/B

where 3 is the velocity of an incoming particle.
The non-abelian case can be reduced to the abelian one decomposing the tensor product
of the two representations of the incoming particles (R; and Rs) into a sum of irreducible

representations [126]|. For each irreducible representation R; the potential is given by:

Vi(r)= a;f (Z Co(R;) — Ca(Ry) — 02(32)>

Using the result of reference [123,/127] for the decomposition of the product of two adjoints
representations one has the following Sommerfeld enhancement factor for the annihilation cross

section of two dark quarks:

1 apc 1 3 apc 1 apc
Sann = *Sa elian —3— *Sa elian\ — 5~ 5 *Sa elian| = 5 5.41
g (3%52) # (55 ) g5 (5¢) G0

5.4.3 Relic density and mass of the candidate
To compute the dark matter relic density we need to solve the Boltzmann equation [5.33

dY  s{ov)

dz Hzx

(V* = Yeo)

We follow reference |127]| and use an approximate analytical solution for the asymptotic relic
density.
We can rewrite the Boltzmann equation as
dY sog (ov) 1
- 0< >7(Y2_)/'62)
dz H oy = d
where o is the thermally averaged s-wave annihilation cross section computed at tree-level,
defined in equation [5.40} During the radiation dominated epoch we have
sogp sog sog T

1
7 H H \r=n, M, x

Using the Friedmann equation and expressing the entropy density we can write A as

272 3M2 30 1 gTOTT
\ = -0 M3 Pl I Mo M.
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where groT = gsm + gpc = 106.75 + 16 = 122.75 is the effective number of relativistic degrees of
freedom at temperature 7' ~ Mo.

The factor (ov)/og corresponds to the Boltzmann enhancement S(z) discussed previously.
Therefore we obtain our final form for the Boltzmann equation

dY_ AS(z)
B 2

-y (5.2)

An approximate asymptotic solution has been obtained in [127]:

—1
Y (00) = i(/ S(f) do + S(xf)> (5.43)

5
;g T Ly

where s is defined by the relation

29, S(w5) A
f= In 3/2
(2my)
and can be identified with the scale at which freeze-out occurdt]
The relic abundance can then be expressed as:
PDM npmMy Y (c0)soM,y

Q pr— pr— p—
DM it 3HZMZ /8~ 3HZMZ /3%

where we have used the definition of Y = npy/stoT and the fact that the present day entropy
is dominated by the cosmic background radiation photons (there is no dark radiation, since the
gluons confine in glueballs and then decay quickly), so that stoT = so.

Inverting the previous relation, using equation and the definition of A we obtain an

expression for M, :

2 o)
A2 = omh” JgrorT (o0 M2) ( / @) 4, 4 S >) (4 x 10° TeV?) (5.44)

X 2 2
0.110 45 ;T Ty

For a dark quark singlet under the Standard Model (i.e. N), the thermally averaged s-wave cross
is given by equation The Q? of this process is of order Mg, so we use the value of the dark

colour coupling constant at the scale Mg:

2
27n 1 2

32 Mé 1110g<AM—£)

oy =

If the dark quark is an SU(2)gw multiplet of dimension L, the cross section is modified by an
additional factor 1/L (due to the average over initial state), giving a relic density enhanced by a
factor of L, if Mg is fixed.

11¥We should say, more properly, that this is the scale at which the qualitative behaviour of the solution changes,
since the freeze-out is not instantaneous.
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The Sommerfeld enhancement is given by equation [5.41} In this case, since the typical
transferred Q? is of order apcMg we use the dark colour coupling renormalized at this scale.
Moreover, using the virial theorem, we express the velocity 8 as a function of x = Mg/T:
8= \/iTa.

At a certain temperature T confinement occurs. We cut-off the integral at zeons ~ Mo /Apc,
where we have estimated the confinement temperature to be of order Apc. In our model the
dark quarks transform as the adjoint representation, therefore they can form a bound state with
a gluon. We assume that nearly all the dark quarks confine in gluequarks, which have a mass
M, ~ Mg, and that the recombination in di-quarks or multi-quarks is negligible. We assume,
moreover, that after confinement the annihilation of gluequarks gives negligible eﬁectﬁ

Our calculation is valid in the hypothesis that confinement occurs after freeze-out. If this is
not the case, a more careful analysis is needed. The freeze-out temperature can be estimated
solving the previous relation and in our model we obtain xy ~ 27. We consider our calculation
valid if Apc < Ty /4, i.e. Teont 2 100.

Solving iteratively equation [5.44] we can determine the value of the dark matter candidate

that reproduces the observed relic density as a function of Apc.

VNN model

In this model all the neutral gluequarks V0, N1, Ny are separately accidentally stable due to the
three accidental Zs symmetries. Non-renormalizable operators (of dimension 6) are expected to
induce their decay with a lifetime greater than the age of the universe, as discussed in section [4.3]
The charged components of the triplet are heavier than the neutral one by AM =~ 150 MeV [83]
and decay to the neutral component through weak interactions after the temperature drops below
150 MeV, with a short lifetime.

The dark matter is composed by the three neutral gluequarks; if the three gluequarks have
similar masses, since the relic density is determined just by dark colour interactions, the three
species will be present with the ratio V°: Ny : No =3 :1: 1. Since V? is the neutral component

of an electroweak triplet it has electroweak interactions.

LLN model

As we discussed in section [£.3.2] in this model the only neutral accidentally stable gluequark is
N3, under the conditions that My > My and y < 107°.

The charged component of the doublets L1 and Ly decays dominantly into the neutral mass
eigenstates N1, Vg through weak interactions. These in turn decay to N3 through flavour changing
neutral currents, mediated by the Yukawa interactions in the dark sector, as discussed in section.

The relic density is given by N3 which is the mass eigenstate predominantly composed by the
Standard Model singlet dark quark N, but has non-zero coupling to the Higgs and Z bosons due
to the mixing with the doublets (see section [4.3.2]).

2The annihilation cross section for the confined states could be enhanced [35]. A dedicated study of this effect
would be needed in order to understand if it is relevant or not in this model.
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Results and discussion

The results of our calculation of the dark matter candidate mass are shown in figure In the

graph we display also the following regions and boundaries:

o green curve corresponding to the upper bound on Apc, coming from the requirement that the
Landau pole of the dark colour gauge coupling, if present, occurs at a scale higher than the
Planck mass (as detailed is section : Apc < Mg exp(—\/bl log(Mgo/Mpg)/(4 bo\YM));

o green-shaded area: in this region freeze-out and confinement occur approximately at the

same epoch and our calculation is not reliable. The left boundary is given by: Apc < T'¢/4;

o orange curve: gauge coupling constant at the scale Mo corresponding to the value of the

would-be conformal infrared fixed point Ape = Mg exp(b1/(2bo bolyy));

o red-shaded area: region in which the glueballs decay during or after BBN and are uncon-
strained by cosmological or astrophysical observations (see section . The right boundary

corresponds to the condition: 7 = 1s;

o blue-shaded area: region in which the glueballs are cosmologically stable. This region is
excluded due to cosmological observations, as discussed is section [5.3] The right boundary

corresponds to the condition 7¢ = 10'7s.

For the model LLN, in the case in which the Yukawa coupling is small 3 < 107 (so that the
gluequark N3 is cosmologically stable), the glueball decay width, computed in section is
dominated by the decay induced by the operator Og. Therefore, the glueball lifetime boundaries
are unmodified for the two models, in the relevant parameter space region and figure is
representative for both. For comparison, we show also the corresponding graph if Yukawa
couplings of order one were allowed (figure . For instance, this possibility could be realised
forbidding the dimension 5 non-renormalizable operator responsible for the gluequarks (discussed
in section by imposing the ZIQDC symmetry.

In the graph we show the mass Mg that the candidate should have in order to reproduce the
correct thermal abundance, as a function of Ape. We note that in the region in which freeze-out
and confinement overlap, the mass of the candidate drops, due to the fact that the annihilation
lasts for a shorter time. Indeed in this region even though the coupling increases, the annihilation
is less efficient; as a result the relic number density of dark matter particles is larger, requiring a
smaller mass. This can be seen from equation there are two competing effects, the rise of
the cross section og due to the higher coupling and the fall of the factor in parenthesis.

In the region in which our calculations are valid, we find viable dark matter candidates
if the dark quarks have a mass in the range Mg = (2 + 3) TeV, with a confinement scale
Apc = (10 =+ 100) GeV. We have not included non-perturbative corrections due to bound-state
formation which could lift the mass of the candidate.

From the graph we see that cosmological and astrophysical bounds on long lived decaying

relics such as glueballs [93,/94] exclude almost all the parameter space region corresponding to



100

Mg in TeV

40,

15

356
300
2.5%
20

10F
0.5F

CHAPTER 5. PHENOMENOLOGY

T

T

T

T

T

T

1

1

IWEREIT

1

LU

1

1

INEEEIT

1

1

Ll T TTTTT

g
.

mmmmmmn®

LLL

Lt

107 10 10 10* 102 102 107! 10° 10!

ADC in TeV

(a) Parameter space region, dark matter candidate mass and cosmological
bounds for the model VNN, and the model LLN with Yukawa coupling y < 107°,
for which there is a cosmologically accidentally stable gluequark .

40,

T

T

T

LI

Lol

L 1111

.

mmmmmms®

1077

1076

1072

104

10-3

1072 107! 10° 10!

Apc in TeV

(b) Parameter space region, dark matter candidate mass and cosmological
bounds for the model LLN with Yukawa coupling y ~ 1, for which the cosmo-
logical stability of the gluequark can be obtained imposing a ZP® symmetry.
This graph is presented for comparison with the previous one.

Figure 5.1: Value of the dark quark mass Mg necessary to reproduce the correct thermal relic abundance
as a function of the confinement scale Apc. Cosmological bounds on the parameter space Mg versus Apc
are represented: the blue shaded region corresponds to the regime with stable glueballs, which is excluded
by BBN or relic abundance; the red region corresponds to the regime with long-lived glueballs decaying
during or after BBN, which is excluded by astrophysical observations. The orange curve corresponds
to the condition g(Mg) = g« &~ 1.07, i.e. the approximate infrared fixed point of the model. The green
shaded region can be viable, but the calculation of the dark matter relic density is no more reliable since
confinement occurs at the same epoch as freeze-out. Finally, the upper bound on Apc corresponds to the
condition that the dark colour gauge coupling does not have a Landau pole below Mp,.
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the first branch of the  function (i.e. in which the dark colour coupling at the mass scale Mg is
smaller than g, and the model is asymptotically free).

The dark matter candidate in this model falls naturally in the TeV, while the region with
dark quarks with masses heavier than a few TeV is excluded. We stress that the candidate is not
a standard WIMP, since its relic abundance is not determined by electroweak interactions but by
dark colour interactions. Electroweak interactions play, however, a fundamental role in keeping
the two sector in kinetic equilibrium; this is a crucial point that sets the relevant mass scale at
the TeV for annihilation proceeding through interactions with coupling of order a ~ 1/10.

The mass range of interest is much lower than the one typical of composite dark matter models
realising vectorlike confinement [1]|, which falls in the 100 TeV range saturating the perturbative
unitarity bound for the mass of thermal relics |[128]. This is due to the fact that in our model
the confinement occurs when the dynamics is still perturbative, while in the other case the
annihilation of dark baryons takes place in a non-perturbative regime, with large hadron-like
annihilation cross sections.

Moreover, the candidates of our model are lighter also with respect to the baryonic dark matter
candidates of models with heavy dark quarks transforming as the fundamental representation of
the dark colour gauge group [35|, which are typically in the mass range of (10 <+ 100)TeV. This

mismatch can be traced back to the following reasons:

o gluequarks have a mass M, ~ Mg while baryons with heavy dark quarks have a mass
Mp ~ NpcMo;

o the tree-level annihilation cross section and the Sommerfeld enhancement factor are modified

by group theory factors due to the difference in the representations of the dark quarks;

o at the confinement transition, adjoint dark quarks confine predominantly in gluequarks while
dark quarks in the fundamental representation can confine in (cosmologically unstable)

mesons and baryons with comparable probabilities;

o our calculations do not include corrections to the annihilation cross section due to bound

state formation [127], nor the effect of annihilation after confinement.

The mass range we have obtained is interesting also from the phenomenological point of view,
since it lies at the boundary of the current collider and direct detection sensitivities. Further

studies will be needed to address the collider phenomenology and the direct detection signatures.
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Conclusions

In this work we have studied theories with a dark sector featuring a non-Abelian gauge dynamics
that induces accidentally stable composite dark matter candidates. We have identified two classes
of theories, namely chiral models and models with infrared fixed points, that have received little
attention in the literature and that can provide new scenarios for composite dark matter, with a
dynamics much different from the one realised in theories with vectorlike confinement.

This work represents an introductory study for the dynamics of the two classes of models
that we have identified. After discussing some general properties of chiral models, we have shown
that under quite general assumptions, in the absence of fundamental scalar fields, models based
on SU(N)pc gauge group have massless or light states, suggesting a few mechanisms to lift their
masses.

In the second part of the thesis we have considered models with an infrared fixed point. We
have identified two models with a simple field content (five adjoint Weyl fermions) which have
a perturbative fixed point and we have studied their dynamics. The explicit mass term of the
dark quarks drives the theory away from the fixed point, breaking the approximate conformal
invariance and leaving a confining dynamics in the infrared. If the dark quarks have all the
same mass, the dynamics of the model automatically gives a confining gauge theory with dark
quarks heavier than the confinement scale. Below the confinement scale, the relevant asymptotic
states are given by gluequarks (dark gluon-quark bound states) and glueballs (gluon-gluon bound
states).The models are characterised by two scales: the confinement scale Apc and the dark
quark mass Mg. A large separation of scales can arise naturally between Mg and Apc, due to
the renormalization group flow, if the dark colour gauge coupling at the scale My is of order one
or smaller.

The two models differ in the assignment of Standard Model quantum numbers for the dark
quarks. They represent two benchmark scenarios: one without Yukawa couplings with the Higgs
field in which three of the dark quarks transform as a triplet of SU(2)gw, while the other two
are singlets (we refer to this model as VNN using the notation of reference [34]); one with
Yukawa interactions, in which four of the dark quarks transform as two doublets with opposite
hypercharges and the last one transforms as a singlet (LLN model). For the two models, we
have analysed how robust is the accidental stability of the neutral gluequarks: while in the
VNN model the accidental symmetry protecting the gluequark from decaying is broken only at
the level of dimension 6 operators, in the LLN model there exists a dimension 5 operator that
induces the breaking of the accidental symmetry. In this case, in order to have a cosmologically

stable dark matter candidate, it is necessary to have a small Yukawa coupling y < 107°. This
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dimension 5 operator is peculiar of theories with adjoint fermions and its existence depends
crucially on the Standard Model representations of the dark quarks. This observation represents
a crucial difference with respect to models in which the dark quarks transform in the fundamental
representation [1,35]: in that case baryon number is violated at the level of dimension 6 operators,
while dimension 5 operators induce only the decay of mesons, that would be stable thanks to
species number and G-parity.

Subsequently, the phenomenology of the two models has been analysed. Depending on the
two scales Apc and Mg the dynamics realises different regimes and different physical mechanisms
become relevant; in particular we must treat separately the two cases in which the glueballs are
stable or decay on cosmological scales. We have computed the glueball decay rate, identifying
the relevant regimes. In the parameter space region with stable glueballs, we have computed the
glueball relic density, including the effects of number changing interactions in the glueball sector
that imply a non trivial cosmological evolution. Taking into account the constraints deriving
from cosmological observations, we have concluded that a great portion of the parameter space
is excluded by cosmological observations (in particular the whole region with stable glueballs
and the region with glueballs decaying with a lifetime greater than 1s).

One of the main results of the thesis is the calculation of the mass of the gluequark dark
matter candidate as a function of the confinement scale Apc, as displayed in figure [5.1] We
have computed the gluequark relic density, including the Sommerfeld enhancement correction,
deriving the value Mg of the dark quarks mass necessary to reproduce the correct thermal relic
abundance. The calculation of the relic density that we have presented is limited to the case
in which the freeze-out occurs before dark confinement. The computations give a dark matter
candidate in the region of a few TeV, which seems very interesting from the phenomenological
point of view. This result distinguishes our model from other models of composite dark matter,
in which usually the mass of the dark matter candidate is heavier: Mpy ~ (10 = 100) TeV.

Our study demonstrates that there are models based on a non-Abelian gauge group with a
dynamics different from models realising vectorlike confinement and with peculiar properties,
which can serve as viable dark sectors with accidentally stable dark matter candidates.

The dark matter candidate of the models with an infrared fixed point that we have studied is
qualitatively different from dark baryons or dark mesons, being a composite state made of an
heavy dark quark and a dark gluon. We plan to analyse the collider phenomenology of these
models in further studies, assessing the reach of ongoing and future experiments for the detection
of gluequarks and glueballs, and the bounds deriving from electroweak precision observables and
electric dipole moments. A key point of this analysis will be the identification of characteristic
signatures for this composite dark matter candidate, that in case of detection can discriminate
its nature from that of other candidates.

Moreover, some refinement to the calculation of the relic density would be needed. Our
calculation does not include the effect of bound state formation prior to annihilation [127] nor the
annihilation of gluequarks after dark confinement, which could be relevant if the annihilation cross
section becomes enhanced after confinement. The case in which dark confinement and freeze-out

occur at the same epoch needs a separate analysis; while, in the case in which freeze-out occurs
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after confinement, the freeze-out mechanism should be modified, due to the unstable nature
of the glueballs in which the gluequarks annihilate, realising a variation of the one-way phase
described in [100].

From the view point of model building, the models we have considered have dark quarks
transforming in Standard Model representations which are fragments of SU(5) representations,
following [34] and assuming an SU(5) unification scheme at high energies. Since the dimension
of the non-renormalizable operators that violate dark parity (giving strong constraints on the
Yukawa couplings) depends crucially on the Standard Model quantum numbers, one could try to
use different representations, embedding the theory in a different great unification scheme. This
could allow, for instance, to have a model with Yukawa couplings but with no dimension 5 dark
parity violating operators.

Finally, our analysis has been limited to the case of perturbative fixed points. It would be
interesting to analyse a model for a dark sector based on a strongly interacting infrared fixed
point and see which properties generalise to this case and which are the new features.

As for models with chiral representations, following this work, one point that we would like to
clarify is what are the observational constraints on the light states required by 't Hooft anomaly
matching. Regarding explicit models for a chiral dark sector, due to the difficulties in simulating
chiral gauge theories on the lattice, there is no firm result on what is their infrared dynamics.
One possibility is to make some dynamical assumptions and study the phenomenology that
results, trying to build explicit models in which all the asymptotic states acquire a non-zero mass.
In particular, we would like to build a chiral model of a dark sector with fermions charged under
both Gpc and Gsag and to study its phenomenology, understanding if there can be a viable dark

matter candidate and what are its peculiar properties.

Acknowledgements

It is a pleasure to thank my advisor Roberto Contino for his constant support and the many
stimulating discussions. I am also grateful to Andrea Mitridate for his precious help and
collaboration. Finally, I would like to thank Raffaele D’Agnolo for pointing out some useful
references, Enrico Trincherini, Alessandro Strumia and Massimo D’Elia for discussions and,

especially, Michele Redi for some illuminating conversations and suggestions.

105



106



Bibliography

1]

2]

3]

4]

[5]

(6]

7]

8]

19]

[10]

[11]

O. Antipin, M. Redi, A. Strumia, and E. Vigiani, Accidental Composite Dark Matter, JHEP
07 (2015) 039, arXiv:1503.08749.

G. D. Kribs and E. T. Neil, Review of strongly-coupled composite dark matter models and
lattice simulations, Int. J. Mod. Phys. A31 (2016), no. 22 1643004, arXiv:1604.04627.

DAMA, LIBRA, R. Bernabei et al., New results from DAMA/LIBRA, Eur. Phys. J. C67
(2010) 39, arXiv:1002.1028.

V. C. Rubin and W. K. Ford, Jr. Rotation of the Andromeda Nebula from a Spectroscopic
Survey of Emission Regions, Astrophys. J. 159 (1970) 379.

V. C. Rubin, N. Thonnard, and W. K. Ford, Jr. Rotational properties of 21 SC galazies
with a large range of luminosities and radii, from NGC 4605 /R = }kpc/ to UGC 2885 /R
= 122 kpc/, |Astrophys. J. 238 (1980) 471.

M. Persic, P. Salucci, and F. Stel, The Universal rotation curve of spiral galaz-
ies: 1. The Dark matter connection, Mon. Not. Roy. Astron. Soc. 281 (1996) 27,
arXiv:astro-ph/9506004.

G. Gentile et al., The Cored distribution of dark matter in spiral galaxies, Mon. Not. Roy|
Astron. Soc. 351 (2004) 903, arXiv:astro-ph/0403154.

J. P. Ostriker, P. J. E. Peebles, and A. Yahil, The size and mass of galazies, and the mass
of the universe, Astrophys. J. 193 (1974) L1.

F. Zwicky, Die Rotverschiebung von extragalaktischen Nebeln, Helv. Phys. Acta 6 (1933)
110, |Gen. Rel. Grav.41,207(2009)].

M. Markevitch et al., Direct constraints on the dark matter self-interaction cross-
section from the merging galaxzy cluster 1E0657-56, Astrophys. J. 606 (2004) 819,
arXiv:astro-ph/0309303/

S. W. Randall et al., Constraints on the Self-Interaction Cross-Section of Dark Matter
from Numerical Simulations of the Merging Galazy Cluster 1E 0657-56, Astrophys. J. 679
(2008) 1173 arXiv:0704.0261.

107


http://dx.doi.org/10.1007/JHEP07(2015)039
http://dx.doi.org/10.1007/JHEP07(2015)039
http://arxiv.org/abs/1503.08749
http://dx.doi.org/10.1142/S0217751X16430041
http://arxiv.org/abs/1604.04627
http://dx.doi.org/10.1140/epjc/s10052-010-1303-9
http://dx.doi.org/10.1140/epjc/s10052-010-1303-9
http://arxiv.org/abs/1002.1028
http://dx.doi.org/10.1086/150317
http://dx.doi.org/10.1086/158003
http://dx.doi.org/10.1093/mnras/281.1.27, 10.1093/mnras/278.1.27
http://arxiv.org/abs/astro-ph/9506004
http://dx.doi.org/10.1111/j.1365-2966.2004.07836.x
http://dx.doi.org/10.1111/j.1365-2966.2004.07836.x
http://arxiv.org/abs/astro-ph/0403154
http://dx.doi.org/10.1086/181617
http://dx.doi.org/10.1007/s10714-008-0707-4
http://dx.doi.org/10.1007/s10714-008-0707-4
http://dx.doi.org/10.1086/383178
http://arxiv.org/abs/astro-ph/0309303
http://dx.doi.org/10.1086/587859
http://dx.doi.org/10.1086/587859
http://arxiv.org/abs/0704.0261

[12] EROS-2, P. Tisserand et al., Limits on the Macho Content of the Galactic Halo from
the EROS-2 Survey of the Magellanic Clouds, Astron. Astrophys. 469 (2007) 387,
arXiv:astro-ph/0607207.

[13] R. H. Cyburt, B. D. Fields, K. A. Olive, and T.-H. Yeh, Big Bang Nucleosynthesis: 2015,
Rev. Mod. Phys. 88 (2016) 015004, arXiv:1505.01076.

[14] R. Cooke et al., Precision measures of the primordial abundance of deuterium, Astrophys.
J. 781 (2014), no. 1 31, arXiv:1308.3240.

[15] M. Fukugita and P. J. E. Peebles, The Cosmic energy inventory, Astrophys. J. 616 (2004)
643, arXiv:astro-ph/0406095.

[16] Planck, P. A. R. Ade et al., Planck 2015 results. XIII. Cosmological parameters, Astron
Astrophys. 594 (2016) A13, arXiv:1502.01589.

[17] B. Carr, F. Kuhnel, and M. Sandstad, Primordial Black Holes as Dark Matter, Phys. Rev!
D94 (2016), no. 8 083504, [arXiv: 1607 .06077.

[18] D. Clowe et al., A direct empirical proof of the existence of dark matter, Astrophys. J. 648
(2006) L109, arXiv:astro-ph/0608407.

[19] G. R. Blumenthal, S. M. Faber, J. R. Primack, and M. J. Rees, Formation of Galazies and
Large Scale Structure with Cold Dark Matter, Nature 311 (1984) 517.

[20] S. D. McDermott, H.-B. Yu, and K. M. Zurek, Turning off the Lights: How Dark is Dark
Matter?, Phys. Rev. D83 (2011) 063509, arXiv:1011.2907.

[21] S. Weinberg, The quantum theory of fields. Vol. 2: Modern applications, Cambridge
University Press, 2013.

[22] G.’t Hooft, Renormalization of Massless Yang-Mills Fields, Nucl. Phys. B33 (1971) 173.

[23] G.’t Hooft, Renormalizable Lagrangians for Massive Yang-Mills Fields, Nucl. Phys. B35
(1971) 167.

[24] W. Buchmuller and D. Wyler, Effective Lagrangian Analysis of New Interactions and Flavor
Conservation, Nucl. Phys. B268 (1986) 621.

[25] Super-Kamiokande, K. Abe et al., Search for proton decay via p — et7° and p — p*n°
in 0.31 megaton-years exposure of the Super-Kamiokande water Cherenkov detector, Phys!
Rev. D95 (2017), no. 1 012004, |arXiv:1610.03597.

[26] G. 't Hooft, Symmetry Breaking Through Bell-Jackiw Anomalies, Phys. Rev. Lett. 37
(1976) 8.

[27] M. J. Strassler and K. M. Zurek, Echoes of a hidden valley at hadron colliders, Phys. Lett,
B651 (2007) 374, arXiv:hep-ph/0604261.

108


http://dx.doi.org/10.1051/0004-6361:20066017
http://arxiv.org/abs/astro-ph/0607207
http://dx.doi.org/10.1103/RevModPhys.88.015004
http://arxiv.org/abs/1505.01076
http://dx.doi.org/10.1088/0004-637X/781/1/31
http://dx.doi.org/10.1088/0004-637X/781/1/31
http://arxiv.org/abs/1308.3240
http://dx.doi.org/10.1086/425155
http://dx.doi.org/10.1086/425155
http://arxiv.org/abs/astro-ph/0406095
http://dx.doi.org/10.1051/0004-6361/201525830
http://dx.doi.org/10.1051/0004-6361/201525830
http://arxiv.org/abs/1502.01589
http://dx.doi.org/10.1103/PhysRevD.94.083504
http://dx.doi.org/10.1103/PhysRevD.94.083504
http://arxiv.org/abs/1607.06077
http://dx.doi.org/10.1086/508162
http://dx.doi.org/10.1086/508162
http://arxiv.org/abs/astro-ph/0608407
http://dx.doi.org/10.1038/311517a0
http://dx.doi.org/10.1103/PhysRevD.83.063509
http://arxiv.org/abs/1011.2907
http://dx.doi.org/10.1016/0550-3213(71)90395-6
http://dx.doi.org/10.1016/0550-3213(71)90139-8
http://dx.doi.org/10.1016/0550-3213(71)90139-8
http://dx.doi.org/10.1016/0550-3213(86)90262-2
http://dx.doi.org/10.1103/PhysRevD.95.012004
http://dx.doi.org/10.1103/PhysRevD.95.012004
http://arxiv.org/abs/1610.03597
http://dx.doi.org/10.1103/PhysRevLett.37.8
http://dx.doi.org/10.1103/PhysRevLett.37.8
http://dx.doi.org/10.1016/j.physletb.2007.06.055
http://dx.doi.org/10.1016/j.physletb.2007.06.055
http://arxiv.org/abs/hep-ph/0604261

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

M. Baumgart et al., Non-Abelian Dark Sectors and Their Collider Signatures, JHEP 04
(2009) 014, [arXiv:0901.0283|

G. D. Kribs, T. S. Roy, J. Terning, and K. M. Zurek, Quirky Composite Dark Matter, Phys|
Rev. D81 (2010) 095001, arXiv:0909.2034.

J. M. Cline, Z. Liu, G. Moore, and W. Xue, Composite strongly interacting dark matter,
Phys. Rev. D90 (2014), no. 1 015023, arXiv:1312.3325.

C. Kilic, T. Okui, and R. Sundrum, Vectorlike Confinement at the LHC, JHEP 02 (2010)
018, larXiv:0906.0577.

M. E. Peskin, The Alignment of the Vacuum in Theories of Technicolor, Nucl. Phys. B175
(1980) 197.

J. Preskill, Subgroup Alignment in Hypercolor Theories, Nucl. Phys. B177 (1981) 21.

O. Antipin, M. Redi, A. Strumia, and E. Vigiani, Accidental Composite Dark Matter, JHEP,
07 (2015) 039, arXiv:1503.08749.

A. Mitridate, M. Redi, J. Smirnov, and A. Strumia, Dark Matter as a weakly coupled Dark
Baryon, arXiv:1707.05380.

F. Sannino, Conformal Dynamics for TeV Physics and Cosmology, Acta Phys. Polon. B40
(2009) 3533, larXiv:0911.0931l

H. Georgi and S. L. Glashow, Unity of All Elementary Particle Forces, Phys. Rev. Lett. 32
(1974) 438.

S. Raby, S. Dimopoulos, and L. Susskind, Tumbling Gauge Theories, Nucl. Phys. B169
(1980) 373.

M. E. Peskin, CHIRAL SYMMETRY AND CHIRAL SYMMETRY BREAKING, in Les
Houches Summer School in Theoretical Physics: Recent Advances in Field Theory and
Statistical Mechanics Les Houches, France, August 2-September 10, 1982, 1982.

E. Dudas, Y. Mambrini, S. Pokorski, and A. Romagnoni, (In)visible Z-prime and dark
matter, JHEP 08 (2009) 014, arXiv:0904.1745.

A. de Gouvéa and D. Hernandez, New Chiral Fermions, a New Gauge Interaction, Dirac
Neutrinos, and Dark Matter, JHEP 10 (2015) 046, arXiv:1507.00916.

P. Ko and T. Nomura, Dark sector shining through 750 GeV dark Higgs boson at the LHC,
Phys. Lett. B758 (2016) 205, arXiv:1601.02490.

P. Ko and T. Nomura, Phenomenology of dark matter in chiral U(1)x dark sector, Phys|
Rev. D94 (2016), no. 11 115015, arXiv:1607.06218.

109


http://dx.doi.org/10.1088/1126-6708/2009/04/014
http://dx.doi.org/10.1088/1126-6708/2009/04/014
http://arxiv.org/abs/0901.0283
http://dx.doi.org/10.1103/PhysRevD.81.095001
http://dx.doi.org/10.1103/PhysRevD.81.095001
http://arxiv.org/abs/0909.2034
http://dx.doi.org/10.1103/PhysRevD.90.015023
http://arxiv.org/abs/1312.3325
http://dx.doi.org/10.1007/JHEP02(2010)018
http://dx.doi.org/10.1007/JHEP02(2010)018
http://arxiv.org/abs/0906.0577
http://dx.doi.org/10.1016/0550-3213(80)90051-6
http://dx.doi.org/10.1016/0550-3213(80)90051-6
http://dx.doi.org/10.1016/0550-3213(81)90265-0
http://dx.doi.org/10.1007/JHEP07(2015)039
http://dx.doi.org/10.1007/JHEP07(2015)039
http://arxiv.org/abs/1503.08749
http://arxiv.org/abs/1707.05380
http://arxiv.org/abs/0911.0931
http://dx.doi.org/10.1103/PhysRevLett.32.438
http://dx.doi.org/10.1103/PhysRevLett.32.438
http://dx.doi.org/10.1016/0550-3213(80)90093-0
http://dx.doi.org/10.1016/0550-3213(80)90093-0
http://dx.doi.org/10.1088/1126-6708/2009/08/014
http://arxiv.org/abs/0904.1745
http://dx.doi.org/10.1007/JHEP10(2015)046
http://arxiv.org/abs/1507.00916
http://dx.doi.org/10.1016/j.physletb.2016.05.014
http://arxiv.org/abs/1601.02490
http://dx.doi.org/10.1103/PhysRevD.94.115015
http://dx.doi.org/10.1103/PhysRevD.94.115015
http://arxiv.org/abs/1607.06218

[44]

[45]

[46]

[47]

48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]
[57]

[58]

[59]

[60]

[61]

K. Harigaya and Y. Nomura, Light Chiral Dark Sector, Phys. Rev. D94 (2016), no. 3
035013, larXiv:1603.03430.

R. T. Co, K. Harigaya, and Y. Nomura, Chiral Dark Sector, Phys. Rev. Lett. 118 (2017).
no. 10 101801} |arXiv:1610.03848.

R. Barbieri, T. Gregoire, and L. J. Hall, Mirror world at the large hadron collider,
arXiv:hep-ph/0509242.

R. Barbieri, L. J. Hall, and K. Harigaya, Minimal Mirror Twin Higgs, JHEP 11 (2016)
172 larXiv:1609.05589.

C. Vafa and E. Witten, Restrictions on Symmetry Breaking in Vector-Like Gauge Theories,
Nucl. Phys. B234 (1984) 173.

D. A. Kosower, SYMMETRY BREAKING PATTERNS IN PSEUDOREAL AND REAL
GAUGE THEORIES, Phys. Lett. 144B (1984) 215!

P. H. Damgaard, U. M. Heller, R. Niclasen, and B. Svetitsky, Patterns of spontaneous
chiral symmetry breaking in vector - like gauge theories, Nucl. Phys. B633 (2002) 97,
arXiv:hep-1at/0110028.

T. DeGrand, Lattice tests of beyond Standard Model dynamics, Rev. Mod. Phys. 88 (2016)
015001} larXiv:1510.05018.

K. Fujikawa, Path Integral Measure for Gauge Invariant Fermion Theories, Phys. Rev
Lett. 42 (1979) 1195,

S. L. Adler, Axial vector vertex in spinor electrodynamics, Phys. Rev. 177 (1969) 2426.

J. S. Bell and R. Jackiw, A PCAC puzzle: pi0 —> gamma gamma in the sigma model,
Nuovo Cim. A60 (1969) 47.

F. Strocchi, An introduction to non-perturbative foundations of quantum field theory, Int.
Ser. Monogr. Phys. 158 (2013) 1.

L. Alvarez-Gaume and E. Witten, Gravitational Anomalies, Nucl. Phys. B234 (1984) 269.
E. Witten, An SU(2) Anomaly, Phys. Lett. 117B (1982) 324.

G. 't Hooft, Naturalness, chiral symmetry, and spontaneous chiral symmetry breaking,

NATO Sci. Ser. B 59 (1980) 135.

J. Wess and B. Zumino, Consequences of anomalous Ward identities, Phys. Lett. 37B
(1971) 95.

E. Witten, Global Aspects of Current Algebra, Nucl. Phys. B223 (1983) 422.

S. R. Coleman and B. Grossman, t Hooft’s Consistency Condition as a Consequence of
Analyticity and Unitarity, Nucl. Phys. B203 (1982) 205.

110


http://dx.doi.org/10.1103/PhysRevD.94.035013
http://dx.doi.org/10.1103/PhysRevD.94.035013
http://arxiv.org/abs/1603.03430
http://dx.doi.org/10.1103/PhysRevLett.118.101801
http://dx.doi.org/10.1103/PhysRevLett.118.101801
http://arxiv.org/abs/1610.03848
http://arxiv.org/abs/hep-ph/0509242
http://dx.doi.org/10.1007/JHEP11(2016)172
http://dx.doi.org/10.1007/JHEP11(2016)172
http://arxiv.org/abs/1609.05589
http://dx.doi.org/10.1016/0550-3213(84)90230-X
http://dx.doi.org/10.1016/0370-2693(84)91806-9
http://dx.doi.org/10.1016/S0550-3213(02)00252-3
http://arxiv.org/abs/hep-lat/0110028
http://dx.doi.org/10.1103/RevModPhys.88.015001
http://dx.doi.org/10.1103/RevModPhys.88.015001
http://arxiv.org/abs/1510.05018
http://dx.doi.org/10.1103/PhysRevLett.42.1195
http://dx.doi.org/10.1103/PhysRevLett.42.1195
http://dx.doi.org/10.1103/PhysRev.177.2426
http://dx.doi.org/10.1007/BF02823296
http://dx.doi.org/10.1016/0550-3213(84)90066-X
http://dx.doi.org/10.1016/0370-2693(82)90728-6
http://dx.doi.org/10.1007/978-1-4684-7571-5_9
http://dx.doi.org/10.1016/0370-2693(71)90582-X
http://dx.doi.org/10.1016/0370-2693(71)90582-X
http://dx.doi.org/10.1016/0550-3213(83)90063-9
http://dx.doi.org/10.1016/0550-3213(82)90028-1

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

73]

[74]

[75]

[76]

[77]

78]

F. A. Bais and J. M. Frere, Composite Vector Fields and Tumbling Gauge Theories, Phys|
Lett. 98B (1981) 431.

T. Banks and A. Zaks, Composite Gauge Bosons in Four Fermi Theories (Or Honey and
Condensed Vectors), Nucl. Phys. B184 (1981) 303,

E. Eichten, K. Kang, and I.-G. Koh, Anomaly Free Complex Representations in SU(N), J|
Math. Phys. 23 (1982) 2529.

P. Di Vecchia and G. Veneziano, Chiral Dynamics in the Large n Limit, Nucl. Phys. B171
(1980) 253.

G. Grilli di Cortona, E. Hardy, J. Pardo Vega, and G. Villadoro, The QCD axion, precisely,
JHEP 01 (2016) 034, arXiv:1511.02867.

M. E. Peskin and D. V. Schroeder, An Introduction to quantum field theory, Addison-Wesley,
Reading, USA, 1995.

W. E. Caswell, Asymptotic Behavior of Nonabelian Gauge Theories to Two Loop Order,
Phys. Rev. Lett. 33 (1974) 244.

D. R. T. Jones, Two Loop Diagrams in Yang-Mills Theory, Nucl. Phys. B75 (1974) 531,

T. Banks and A. Zaks, On the Phase Structure of Vector-Like Gauge Theories with Massless
Fermions, Nucl. Phys. B196 (1982) 189.

S. Weinberg, Effective Gauge Theories, Phys. Lett. 91B (1980) 51.

J. Giedt and E. Weinberg, Finite size scaling in minimal walking technicolor, Phys. Rev|
D85 (2012) 097503, arXiv:1201.6262.

F. Karsch and M. Lutgemeier, Deconfinement and chiral symmetry restoration in an SU(3)
gauge theory with adjoint fermions, Nucl. Phys. B550 (1999) 449, arXiv:hep-lat/9812023.

G. Cossu et al., Monopole condensation in two-flavor adjoint QCD, Phys. Rev. D77 (2008)
074506, arXiv:0802.1795.

F. Sannino and K. Tuominen, Orientifold theory dynamics and symmetry breaking, Phys,
Rev. D71 (2005) 051901} arXiv:hep-ph/0405209.

C. J. Morningstar and M. J. Peardon, The Glueball spectrum from an anisotropic lattice
study, Phys. Rev. D60 (1999) 034509, arXiv:hep-1lat/9901004.

Y. Chen et al., Glueball spectrum and matriz elements on anisotropic lattices, |[Phys. Rev.
D73 (2006) 014516, arXiv:hep-1lat/0510074.

E. Gregory et al., Towards the glueball spectrum from unquenched lattice QCD, JHEP 10
(2012) 170, larXiv:1208.1858.

111


http://dx.doi.org/10.1016/0370-2693(81)90446-9
http://dx.doi.org/10.1016/0370-2693(81)90446-9
http://dx.doi.org/10.1016/0550-3213(81)90220-0
http://dx.doi.org/10.1063/1.525299
http://dx.doi.org/10.1063/1.525299
http://dx.doi.org/10.1016/0550-3213(80)90370-3
http://dx.doi.org/10.1016/0550-3213(80)90370-3
http://dx.doi.org/10.1007/JHEP01(2016)034
http://arxiv.org/abs/1511.02867
http://dx.doi.org/10.1103/PhysRevLett.33.244
http://dx.doi.org/10.1016/0550-3213(74)90093-5
http://dx.doi.org/10.1016/0550-3213(82)90035-9
http://dx.doi.org/10.1016/0370-2693(80)90660-7
http://dx.doi.org/10.1103/PhysRevD.85.097503
http://dx.doi.org/10.1103/PhysRevD.85.097503
http://arxiv.org/abs/1201.6262
http://dx.doi.org/10.1016/S0550-3213(99)00129-7
http://arxiv.org/abs/hep-lat/9812023
http://dx.doi.org/10.1103/PhysRevD.77.074506
http://dx.doi.org/10.1103/PhysRevD.77.074506
http://arxiv.org/abs/0802.1795
http://dx.doi.org/10.1103/PhysRevD.71.051901
http://dx.doi.org/10.1103/PhysRevD.71.051901
http://arxiv.org/abs/hep-ph/0405209
http://dx.doi.org/10.1103/PhysRevD.60.034509
http://arxiv.org/abs/hep-lat/9901004
http://dx.doi.org/10.1103/PhysRevD.73.014516
http://dx.doi.org/10.1103/PhysRevD.73.014516
http://arxiv.org/abs/hep-lat/0510074
http://dx.doi.org/10.1007/JHEP10(2012)170
http://dx.doi.org/10.1007/JHEP10(2012)170
http://arxiv.org/abs/1208.1858

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[36]

[87]

[33]

[89]

[90]

[91]

92]

(93]

[94]

G. S. Bali and A. Pineda, QCD phenomenology of static sources and gluonic excitations at
short distances, Phys. Rev. D69 (2004) 094001, arXiv:hep-ph/0310130.

K. Marsh and R. Lewis, A lattice QCD study of generalized gluelumps, Phys. Rev. D89
(2014), no. 1 014502, jarXiv:1309.1627.

D. S. M. Alves, J. Galloway, J. T. Ruderman, and J. R. Walsh, Running FElectroweak
Couplings as a Probe of New Physics, JHEP 02 (2015) 007, arXiv:1410.6810.

Particle Data Group, C. Patrignani et al., Review of Particle Physics, Chin. Phys. C40
(2016), no. 10 100001.

M. Cirelli, N. Fornengo, and A. Strumia, Minimal dark matter, Nucl. Phys. B753 (2006)
178, larXiv:hep-ph/0512090.

P. Sikivie, L. Susskind, M. B. Voloshin, and V. I. Zakharov, Isospin Breaking in Technicolor
Models, Nucl. Phys. B173 (1980) 189.

H. B. Meyer, Glueball matriz elements: A Lattice calculation and applications, JHEP 01
(2009) 071, larXiv:0808.3151.

S. Aoki et al., Review of lattice results concerning low-energy particle physics, Eur. Phys. J|
C77 (2017), no. 2 112, jarXiv:1607.00299.

J. E. Juknevich, D. Melnikov, and M. J. Strassler, A Pure-Glue Hidden Valley I. States
and Decays, JHEP 07 (2009) 055, arXiv:0903.0883.

A. Djouadi, The Anatomy of electro-weak symmetry breaking. I: The Higgs boson in the
standard model, Phys. Rept. 457 (2008) 1, arXiv:hep-ph/0503172.

J. E. Juknevich, Pure-glue hidden valleys through the Higgs portal, JHEP 08 (2010) 121,
arXiv:0911.5616.

A. Manohar and H. Georgi, Chiral Quarks and the Nonrelativistic Quark Model, Nucl. Phys|
B234 (1984) 189.

M. A. Luty, Naive dimensional analysis and supersymmetry, Phys. Rev. D57 (1998) 1531,
arXiv:hep-ph/9706235.

A. G. Cohen, D. B. Kaplan, and A. E. Nelson, Counting 4 pis in strongly coupled super-
symmetry, Phys. Lett. B412 (1997) 301, arXiv:hep-ph/9706275.

K. Jedamzik, Big bang nucleosynthesis constraints on hadronically and electromagnetically
decaying relic neutral particles, Phys. Rev. D74 (2006) 103509, arXiv:hep-ph/0604251.

G. D. Kribs and I. Z. Rothstein, Bounds on longlived relics from diffuse gamma-ray
observations, Phys. Rev. D55 (1997) 4435, arXiv:hep-ph/9610468, |Erratum: Phys.
Rev.D56,1822(1997)].

112


http://dx.doi.org/10.1103/PhysRevD.69.094001
http://arxiv.org/abs/hep-ph/0310130
http://dx.doi.org/10.1103/PhysRevD.89.014502
http://dx.doi.org/10.1103/PhysRevD.89.014502
http://arxiv.org/abs/1309.1627
http://dx.doi.org/10.1007/JHEP02(2015)007
http://arxiv.org/abs/1410.6810
http://dx.doi.org/10.1088/1674-1137/40/10/100001
http://dx.doi.org/10.1088/1674-1137/40/10/100001
http://dx.doi.org/10.1016/j.nuclphysb.2006.07.012
http://dx.doi.org/10.1016/j.nuclphysb.2006.07.012
http://arxiv.org/abs/hep-ph/0512090
http://dx.doi.org/10.1016/0550-3213(80)90214-X
http://dx.doi.org/10.1088/1126-6708/2009/01/071
http://dx.doi.org/10.1088/1126-6708/2009/01/071
http://arxiv.org/abs/0808.3151
http://dx.doi.org/10.1140/epjc/s10052-016-4509-7
http://dx.doi.org/10.1140/epjc/s10052-016-4509-7
http://arxiv.org/abs/1607.00299
http://dx.doi.org/10.1088/1126-6708/2009/07/055
http://arxiv.org/abs/0903.0883
http://dx.doi.org/10.1016/j.physrep.2007.10.004
http://arxiv.org/abs/hep-ph/0503172
http://dx.doi.org/10.1007/JHEP08(2010)121
http://arxiv.org/abs/0911.5616
http://dx.doi.org/10.1016/0550-3213(84)90231-1
http://dx.doi.org/10.1016/0550-3213(84)90231-1
http://dx.doi.org/10.1103/PhysRevD.57.1531
http://arxiv.org/abs/hep-ph/9706235
http://dx.doi.org/10.1016/S0370-2693(97)00995-7
http://arxiv.org/abs/hep-ph/9706275
http://dx.doi.org/10.1103/PhysRevD.74.103509
http://arxiv.org/abs/hep-ph/0604251
http://dx.doi.org/10.1103/PhysRevD.56.1822, 10.1103/PhysRevD.55.4435
http://arxiv.org/abs/hep-ph/9610468

[95]

[96]

[97]

(98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

S. Profumo, Astrophysical Probes of Dark Matter, in Proceedings, Theoretical Advanced
Study Institute in Elementary Particle Physics: Searching for New Physics at Small
and Large Scales (TASI 2012): Boulder, Colorado, June 4-29, 2012, pp. 143-189, 2013.
arXiv:1301.0952. doi: 10.1142/9789814525220 0004.

T. Bringmann and S. Hofmann, Thermal decoupling of WIMPs from first principles, JCAP
0704 (2007) 016, arXiv:hep-ph/0612238, |Erratum: JCAP1603,n0.03,E£02(2016)].

E. W. Kolb and M. S. Turner, The Farly Universe, Front. Phys. 69 (1990) 1.

E. D. Carlson, M. E. Machacek, and L. J. Hall, Self-interacting dark matter, Astrophys. J|
398 (1992) 43.

D. Pappadopulo, J. T. Ruderman, and G. Trevisan, Dark matter freeze-out in a nonrela-
tivistic sector, Phys. Rev. D94 (2016), no. 3 035005, arXiv:1602.04219.

M. Farina, D. Pappadopulo, J. T. Ruderman, and G. Trevisan, Phases of Cannibal Dark
Matter, JHEP 12 (2016) 039, [arXiv:1607.03108.

E. Kuflik, M. Perelstein, N. R.-L. Lorier, and Y.-D. Tsai, Elastically Decoupling Dark
Matter, Phys. Rev. Lett. 116 (2016), no. 22 221302, arXiv:1512.04545,

E. Kuflik, M. Perelstein, N. R.-L. Lorier, and Y.-D. Tsai, Phenomenology of ELDER Dark
Matter, JHEP 08 (2017) 078, larXiv:1706.05381.

Planck, P. A. R. Ade et al., Planck 2015 results. XIII. Cosmological parameters, Astron|
Astrophys. 594 (2016) A13, arXiv:1502.01589.

G. Mangano and P. D. Serpico, A robust upper limit on Neg from BBN, circa 2011, |Phys|
Lett. B701 (2011) 296, arXiv:1103.1261.

K. A. Olive, D. N. Schramm, G. Steigman, and T. P. Walker, BIG BANG NUCLEOSYN-
THESIS REVISITED, Phys. Lett. B236 (1990) 454.

T. P. Walker et al., Primordial nucleosynthesis redux, Astrophys. J. 376 (1991) 51.

V. Barger et al., Effective number of neutrinos and baryon asymmetry from BBN and
WMAP, Phys. Lett. B566 (2003) 8, arXiv:hep-ph/0305075.

M. A. Buen-Abad, G. Marques-Tavares, and M. Schmaltz, Non-Abelian dark matter and
dark radiation, Phys. Rev. D92 (2015), no. 2 023531, arXiv:1505.03542.

J. Lesgourgues, G. Marques-Tavares, and M. Schmaltz, Fvidence for dark matter interactions
in cosmological precision data?, | JCAP 1602 (2016), no. 02 037, arXiv:1507.04351.

M. A. Buen-Abad, M. Schmaltz, J. Lesgourgues, and T. Brinckmann, Interacting Dark
Sector and Precision Cosmology, arXiv:1708.09406.

113


http://arxiv.org/abs/1301.0952
http://dx.doi.org/10.1142/9789814525220_0004
http://dx.doi.org/10.1088/1475-7516/2007/04/016, 10.1088/1475-7516/2016/03/E02
http://dx.doi.org/10.1088/1475-7516/2007/04/016, 10.1088/1475-7516/2016/03/E02
http://arxiv.org/abs/hep-ph/0612238
http://dx.doi.org/10.1086/171833
http://dx.doi.org/10.1086/171833
http://dx.doi.org/10.1103/PhysRevD.94.035005
http://arxiv.org/abs/1602.04219
http://dx.doi.org/10.1007/JHEP12(2016)039
http://arxiv.org/abs/1607.03108
http://dx.doi.org/10.1103/PhysRevLett.116.221302
http://arxiv.org/abs/1512.04545
http://dx.doi.org/10.1007/JHEP08(2017)078
http://arxiv.org/abs/1706.05381
http://dx.doi.org/10.1051/0004-6361/201525830
http://dx.doi.org/10.1051/0004-6361/201525830
http://arxiv.org/abs/1502.01589
http://dx.doi.org/10.1016/j.physletb.2011.05.075
http://dx.doi.org/10.1016/j.physletb.2011.05.075
http://arxiv.org/abs/1103.1261
http://dx.doi.org/10.1016/0370-2693(90)90382-G
http://dx.doi.org/10.1086/170255
http://dx.doi.org/10.1016/S0370-2693(03)00800-1
http://arxiv.org/abs/hep-ph/0305075
http://dx.doi.org/10.1103/PhysRevD.92.023531
http://arxiv.org/abs/1505.03542
http://dx.doi.org/10.1088/1475-7516/2016/02/037
http://arxiv.org/abs/1507.04351
http://arxiv.org/abs/1708.09406

[111] K. K. Boddy, J. L. Feng, M. Kaplinghat, and T. M. P. Tait, Self-Interacting Dark
Matter from a Non-Abelian Hidden Sector, Phys. Rev. D89 (2014), no. 11 115017,
arXiv:1402.3629.

[112] L. Forestell, D. E. Morrissey, and K. Sigurdson, Non-Abelian Dark Forces and the Relic
Densities of Dark Glueballs, Phys. Rev. D95 (2017), no. 1 015032, arXiv:1605.08048.

[113] P. Gondolo and G. Gelmini, Cosmic abundances of stable particles: Improved analysis,
Nucl. Phys. B360 (1991) 145.

[114] A. A. Slavnov, Ward Identities in Gauge Theories, Theor. Math. Phys. 10 (1972) 99, [Teor.
Mat. Fiz.10,153(1972)].

[115] J. C. Taylor, Ward Identities and Charge Renormalization of the Yang-Mills Field, Nucl
Phys. B33 (1971) 436.

[116] R. P. Feynman, Quantum theory of gravitation, Acta Phys. Polon. 24 (1963) 697.

[117] L. D. Faddeev and V. N. Popov, Feynman Diagrams for the Yang-Mills Field, Phys. Lett,
25B (1967) 29.

[118] J. Babcock, D. W. Sivers, and S. Wolfram, QCD Estimates for Heavy Particle Production,
Phys. Rev. D18 (1978) 162.

[119] H. M. Georgi, S. L. Glashow, M. E. Machacek, and D. V. Nanopoulos, Charmed Particles
From Two - Gluon Annihilation in Proton Proton Collisions, Annals Phys. 114 (1978) 273.

[120] B. L. Combridge, Associated Production of Heavy Flavor States in p p and anti-p p
Interactions: Some QCD Estimates, Nucl. Phys. B151 (1979) 429.

[121] P. R. Harrison and C. H. Llewellyn Smith, Hadroproduction of Supersymmetric Particles,
Nucl. Phys. B213 (1983) 223, [Erratum: Nucl. Phys.B223,542(1983)].

[122] S. Dawson, E. Eichten, and C. Quigg, Search for Supersymmetric Particles in Hadron -
Hadron Collisions, Phys. Rev. D31 (1985) 158]1.

[123] A. De Simone, G. F. Giudice, and A. Strumia, Benchmarks for Dark Matter Searches at
the LHC, JHEP 06 (2014) 081, arXiv:1402.6287.

[124] A. Sommerfeld, Uber die beugung und bremsung der elektronen, Annalen der Physik 403
(1931), no. 3 257, Cited By :248.

[125] N. Arkani-Hamed, D. P. Finkbeiner, T. R. Slatyer, and N. Weiner, A Theory of Dark
Matter, Phys. Rev. D79 (2009) 015014, arXiv:0810.0713.

[126] A. Strumia, Sommerfeld corrections to type-II and III leptogenesis, Nucl. Phys. B809
(2009) 308, arXiv:0806.1630.

114


http://dx.doi.org/10.1103/PhysRevD.89.115017
http://arxiv.org/abs/1402.3629
http://dx.doi.org/10.1103/PhysRevD.95.015032
http://arxiv.org/abs/1605.08048
http://dx.doi.org/10.1016/0550-3213(91)90438-4
http://dx.doi.org/10.1007/BF01090719
http://dx.doi.org/10.1016/0550-3213(71)90297-5
http://dx.doi.org/10.1016/0550-3213(71)90297-5
http://dx.doi.org/10.1016/0370-2693(67)90067-6
http://dx.doi.org/10.1016/0370-2693(67)90067-6
http://dx.doi.org/10.1103/PhysRevD.18.162
http://dx.doi.org/10.1016/0003-4916(78)90270-1
http://dx.doi.org/10.1016/0550-3213(79)90449-8
http://dx.doi.org/10.1016/0550-3213(83)90510-2, 10.1016/0550-3213(83)90070-6
http://dx.doi.org/10.1103/PhysRevD.31.1581
http://dx.doi.org/10.1007/JHEP06(2014)081
http://arxiv.org/abs/1402.6287
http://dx.doi.org/10.1103/PhysRevD.79.015014
http://arxiv.org/abs/0810.0713
http://dx.doi.org/10.1016/j.nuclphysb.2008.10.007
http://dx.doi.org/10.1016/j.nuclphysb.2008.10.007
http://arxiv.org/abs/0806.1630

[127] A. Mitridate, M. Redi, J. Smirnov, and A. Strumia, Cosmological Implications of Dark
Matter Bound States, JCAP 1705 (2017), no. 05 006, arXiv:1702.01141,

[128] K. Griest and M. Kamionkowski, Unitarity Limits on the Mass and Radius of Dark Matter
Particles, Phys. Rev. Lett. 64 (1990) 615.

115


http://dx.doi.org/10.1088/1475-7516/2017/05/006
http://arxiv.org/abs/1702.01141
http://dx.doi.org/10.1103/PhysRevLett.64.615

116



	Introduction
	Motivations
	Successes and limitations of the Standard Model
	Status
	Problems

	The case for dark matter
	Observational evidence
	What we know about dark matter


	Composite dark matter
	The successful paradigm of the Standard Model
	Accidental Stability

	Gauge theories for composite Dark Matter
	Vectorlike confinement
	Accidental Composite Dark Matter

	Beyond vectorlike confinement

	Chiral Models
	General properties
	Anomalies
	Chiral anomaly
	Gauge anomaly cancellation
	't Hooft anomaly matching

	Models chiral under SU(N)_DC
	Anomaly cancellation and asymptotic freedom constraints
	G_SM chiralness

	Flavour anomalies
	Flavour anomalies in SU(N)_DC chiral gauge theories
	Mechanisms to give mass to the light states


	Models with an infrared fixed point
	Renormalization Group flow and infrared fixed points
	Asymptotically free models
	Models with an infrared fixed point
	Conformal window
	Mass term and breaking of the approximate conformal symmetry

	Model with adjoint fermions
	Dynamics of the model

	Standard Model quantum numbers and spectrum
	Model with a triplet and two singlets under SU(2)_EW
	Model with two doublets and a singlet under SU(2)_EW


	Phenomenology
	Glueballs decay
	VNN model
	LLN model
	Constraints on glueballs decay

	Kinetic decoupling
	Glueballs relic density
	No number changing interactions
	Cannibalism in the glueball sector
	Constraints on cosmologically stable glueballs

	Gluequark relic density
	Annihilation cross section
	Sommerfeld enhancement
	Relic density and mass of the candidate


	Conclusions
	Bibliography

