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Goldstone bosons in the universe: composite dark matter and the QCD
axion in neutron stars

Goldstone-Bosonen im Universum: zusammengesetzte dunkle Materie und das
QCD-Axion in Neutronensternen

Reuven Balkin

Abstract

The hierarchy problem of the standard model can be naturally explained if the Higgs is a
composite particle described as a Goldstone boson. In the first part of this thesis we explore the
rich collider and dark matter phenomenology of composite Higgs models with extended composite
sectors. The second part is dedicated to another Goldstone boson, the QCD axion, which solves
the strong CP problem. We explore the effects of dense baryonic background on the QCD axion
properties in nuclear densities, as well as in the color superconducting phase.

Zusammenfassung

Das Hierarchieproblem des Standardmodells ldsst sich auf natiirliche Art 16sen, wenn das Higgs
ein zusammengesetztes Teilchen ist, das als Goldstone-Boson beschrieben wird. Im ersten Teil
dieser Arbeit untersuchen wir die vielfdltige Collider- und dunkle Materie Phdnomenologie von
nicht-minimalen Composite-Higgs Modellen. Der zweite Teil ist einem weiteren Goldstone-Boson
gewidmet, dem QCD-Axion, das das Strong CP Problem 16st. Wir untersuchen die Auswirkungen
einer Baryondichte auf die Eigenschaften des QCD-Axions sowohl bei nuklearer Dichte als auch
in der farbsupraleitenden Phase.
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Part 1

Introduction






ne of the crowning achievements of science, and perhaps even humanity, was the discovery
O of the Higgs particle in the Large Hadron Collider [1, 2]. The Higgs boson was the last
piece needed in the mechanism which explains the origin of the short-range weak force and the
long-range electromagnetic force, the mechanism of spontaneous symmetry breaking. Even prior
to the Higgs discovery, a similar mechanism was used to explain the spectrum of the light mesons,
e.g. pions, which we understand to be pseudo Nambu-Goldstone bosons of a broken global
chiral symmetry. Importantly, the Higgs mechanism was conceived out of necessity, namely to
address the unitarity violation in the perturbative scattering of massive gauge bosons [3, 4].
To the low energy observer, who knows nothing about the Higgs boson, the scattering cross
section of longitudinal massive gauge bosons appears to increase uncontrollably with energy,
until perturbative unitarity is violated is the theory becomes strongly coupled. The appearance
of the Higgs at high energies prevents the violation of perturbative unitarity and effectively
UV-completes the standard model as a weakly coupled gauge theory. With its last piece in place,
the standard model of particle physics constitutes a consistent model which is able to accurately
describe physics up to the highest terrestrially accessible scales. There is currently no similar
obstruction limiting the validity of the standard model up to the Plank scale, where gravity must
be included.

However, we have several reasons to assume that the standard model is not a complete description
of Nature, namely that new physics must emerge at scales lower than the Plank scale. Some
of these reasons are based on hard experimental evidence. A prime example of such a smoking
gun is the observation of what appears to be large quantities of non-luminous matter in the
universe. This additional matter, dubbed dark matter, cannot be conventionally explained using
the particle content of the standard model (see Sec. 1.6 for an extended discussion). Other
evidence for physics beyond the standard model are more circumstantial in nature. They are
a result of a mismatch between the measured value of a standard model parameter and our
expectation for its value. The expectation is not arbitrary but rather based on observations of
similar phenomena in Nature. In this category we include the Hierarchy problem (see Sec. 1.1)
and the Strong CP problem (see Sec. 4.1). All of the above-mentioned issues can be resolved by
standard model extensions which are based on the spontaneous symmetry breaking mechanism.
These extensions and the phenomenology of the corresponding Goldstone bosons are the main
theme of this thesis.

In Part II we investigate the phenomenology of composite dark matter in non-minimal com-
posite Higgs models. We start by presenting the motivation and framework for these models
in Chapter 1. As mentioned above, we start by introducing in detail the Hierarchy problem in
Sec. 1.1. In the composite Higgs framework, presented in Sec. 1.2, the Higgs is described as a
pseudo Nambu Goldstone boson of a spontaneously broken symmetry G — H. The lightness
of the Higgs is than understood to be a consequence of an approximate shift symmetry. The
compositeness scale f, above which the Higgs is no longer a relevant degree of freedom, is the
natural cutoff scale of the theory. The phenomenon of dimensional transmutation can further
explain the large scale separation between f and a much higher cutoff scale A. The formalism
which describes the low energy theory that results from a symmetry breaking pattern G — H was
developed by Callan, Coleman, Wess and Zumino (CCWZ) [5, 6] and is presented in Sec. 1.3. In
this work we consider two non-minimal models based on the Little Higgs construction (Sec. 1.4)
and on the minimal composite Higgs (Sec. 1.5). We conclude in Sec. 1.6 by presenting the dark
matter problem and discussing the generic features of the composite dark matter.
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The first model under consideration is the Little Higgs with T-Parity, whose phenomenol-
ogy is the focus of Chapter 2. The original Little Higgs model does not contain the electroweak
custodial group, and therefore in the original model unacceptably large contribution to elec-
troweak precision observables are generated at tree level, forcing the compositeness scale to
be above 10 TeV. Such a high compositeness scale effectively reintroduces the fine tuning of
the Higgs mass. The original model was extended by an additional discrete symmetry dubbed
T-Parity, which prohibits tree level contributions to the electroweak precision observables. We
review the Little Higgs with T-Parity in Sec. 2.1, and in particular we discuss the difficulties
in constructing such a theory without introducing a massless T-odd doublet. This difficulty is
addressed by a minimal extension of the Little Higgs with T-Parity model, which we review for
the remainder of this section. The detailed full Lagrangian is presented in App. 2.A. Importantly,
this extension contains an additional singlet Goldstone boson, denoted by s. If s is the lightest
T-odd particle, it is stable and therefore a viable dark matter candidate. In Sec. 2.2 we present the
radiatively generated scalar potential, which is in general not calculable in this model. We provide
supplemental information regarding the scalar potential in App. 2.B. The LHC phenomenology of
the fermionic top partners, which are a generic prediction in composite Higgs models, is presented
in Sec. 2.3. Next we review the model constraints due to electroweak precision observables in
Sec. 2.4. Lastly we investigate the dark matter phenomenology of the composite dark matter in
Sec. 2.5.

The second model, which we investigate in Chapter 3, is the SO(7)/SO(6) extension of the
minimal composite Higgs. The composite sector contains, in addition to the Higgs, a complex
scalar, denoted by x, which is charged under a U(1)py subgroup of SO(6). This symmetry can
be used to stabilize the complex scalar, thus making it a viable dark matter candidate. We
start this chapter by reviewing the effective Lagrangian of the Higgs and x in Sec. 3.1 and the
composite dark matter phenomenology, which crucially depends on the manner in which the dark
matter shift symmetry is broken. The shift symmetry in the minimal composite Higgs framework
is broken by the linear couplings between the elementary sector (standard model fields) and the
composite sector, under the partial compositeness hypothesis. After reviewing the SO(7)/SO(6)
model in Sec. 3 (for supplementary material see Apps. (3.A) - (3.C)), we investigate the dark
matter phenomenology of several qualitatively different scenarios, where the shift symmetry
breaking of dark matter originates from the top quark couplings in Sec. 3.3, the bottom quark
couplings in Sec. 3.4 and lastly the gauging of U(1)py in Sec. 3.5. The latter scenario is of special
interest due to addition of a dark photon, which leads to a rich dark matter phenomenology.
The collider phenomenology of the heavy resonances, which is similar in all three scenarios, is
presented in Sec. 3.3.4.

The focus of Part III of this thesis is another well motivated Goldstone boson : the QCD
axion. The motivation behind the axion is the strong CP problem , namely the observation
that the CP violating phase in the strong sector is extremely small # < 10710, in stark con-
tradiction to the expected O(1) value, like the one observed in the CP violating phase in the
weak interaction. We present the origin on the strong CP problem and its relation to chiral
anomalies in Sec. 4.1. The QCD axion is a consequence the Peccei-Quinn mechanism [7]: it is
the Goldstone boson of an anomalous U (1) symmetry, which allows the axion the dynamically
relax the 6 angle to 0. We present the Peccei-Quinn mechanism in Sec. 4.2, as well as the
most notable realizations. First we discuss the so called wvisible axion due to Weinberg and
Wilczek [8, 9]. Next, we discuss the so called invisible axion, which was developed after the
exclusion of the Weinberg and Wilczek axion due to various experiments. In particular we
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present the axion models formulated by Dine, Fischler, Srednicki and Zhitnitsky (DFSZ) [10,
11] and Kim, Shifman, Vainshtein and Zakharov (KSVZ) [12, 13]. The last part of the general
introduction to the QCD axion is given in Sec. 4.3, where we discuss the axion potential in vacuum.

While the properties of the axion in finite temperature have been carefully studied [14], its prop-
erties in medium remained unexplored. Our goal in the remainder of Part III of this thesis is to
investigate the T' = 0 properties of the QCD axion in a dense background of baryons, such as the
one found in neutron stars. Finite density is introduced in quantum field theory by introducing
its canonical conjugate variable - the chemical potential. We review the relevant formalism in
Sec. 4.4. In preparation to the next topic, we present the phenomenon of density-induced meson
condensation in Sec. 4.5 and discussing its effect on the axion properties using a simple toy
model.

As oppose to finite temperature effects which can be simulated on the lattice, realistic QCD
at finite density cannot be simulated on the lattice due to the so called sign problem. Thus,
we must rely on the available theoretical descriptions. For baryon densities n < 2ng, with
no = 0.16 fm ™2 being the nuclear saturation density, matter is described by nucleons and other
baryons which experience the long-range electric force and the short-range nuclear force, the
latter being mediated by the pions. This theory is described using chiral perturbation theory.
We explore the axion properties within this framework in Part 5. In particular we single out the
effects on the axion potential due to the density dependence of the quark condensates in Sec. 5.1,
and due to the possible appearance of a kaon condensate at higher densities, which we discuss
in Sec. 5.2. Supplemental material regarding the kaon condensed phase is given in Apps 5.A
and 5.B. We conclude Part 5 by discussing the matter coupling of axion to nucleons inside
dense matter in Sec. 5.3. These are of special importance due to the oft-quoted SN1987A cool-
ing bounds [15], which are based on the cooling process of dense nuclear matter via axion emission.

At higher densities n 2 2ng, nuclear matter becomes strongly coupled and the perturbative
description begins to break down. Another perturbative regime reemerges only at ultra-high
densities n 2 (10 — 100)ng, where it is postulated that matter is in a color superconducting
phase, also known as the color-flavor locking (CFL) phase. Although this regime is somewhat
denser than the expected density in the core of a neutron star n ~ (3 — 6)ny, it is plausible that
the description of matter in terms of the CFL phase is still qualitatively valid. We consider the
properties of the axion in the CFL phase in Part 6. After reviewing the major ingredients of the
theory, namely the kinetic terms (Sec. 6.1), the mass terms (Sec. 6.2) and the instanton induced
terms (Sec. 6.3), we present the axion potential in the CFL phase in Sec. 6.4. Interestingly, we
find the in both phases - nuclear and CFL - the axion may be destabilized around the origin,
which could lead to a sourcing of axions inside large dense object i.e. neutron stars. We briefly
discuss some of the potential observable effects of such sourcing in Part 7, before presenting our
final conclusions in Part IV, pertaining to both Parts II and III of the thesis.
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Motivation and framework

1.1 The hierarchy problem

The Standard model (SM) is a renormalizable quantum field theory (QFT) written in terms of
relevant and marginal operators. The SM has been incredibly successful in describing physics at
small scales. The validity of the renormalizable theory is further reinforced by the experimental
evidence, which demonstrate how well various charges, associated with global symmetries such
as baryon and lepton numbers, are conserved [20)].

However, the SM must be an effective field theory: we know that at some cutoff scale Axp, new
physics beyond the SM (BSM) must emerge. For example, gravity becomes strongly coupled
around the plank scale My, ~ 109 GeV. This presents one clear upper bound on the cutoff
scale. Moreover, there are already hints that a lower cutoff scale is required e.g. in order to unify
the gauge couplings at Mgy ~ 1016 GeV. The latter scale also appears to explain the origin of
neutrino masses.

The usual argument used to demonstrate the Hierarchy problem involves the calculations
of the quantum corrections to the Higgs mass, for example from the top quark loop

W_?’y?c%p)N(ANP )2 (1)
m2  8m2 \ m? 450 GeV ) '’ '

where y; ~ 1 is the top Yukawa and the calculation is regulated using a hard cut-off at the new
physics (NP) scale Axp. For Ayp > 450 GeV, the measured mass of m%{ = 125 GeV implies
an unnatural large cancelation between the contribution of Eq. (1.1) and a counter term. This
statement, while correct, obscures the physical argument which make the Hierarchy problem,
well, a problem. This large cancellation between counter term and quantum correction might
seem harmless to the naive IR observer, but the Hierarchy problem is in essence a UV problem.
From a UV perspective, the above statement is reformulated in terms of the renormalization

group equation (RGE) flow of the Higgs mass m% (1), given schematically by

3y2
mi(#m) ~ m}QL(ANP) - ﬁAiPa (1.2)

where the natural expectation is m7(Ayp) ~ O(AZ.). Hence we see that a UV theory at a

scale much larger than m,% can only account for the measured Higgs mass if two independent
contributions are tuned.

15
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If this tuning occurs in Nature, it has a very practical implications for the future of parti-
cle physics, namely our ability to resolve our parameters in terms of more fundamental constants.
A known successful example is the fermi constant Gr which effectively describes the weak
interaction strength between fermions at low energies. We know now that Gp ~ g%/ M%,, ie. a
combination of the more fundamental parameters g and My, the weak interaction coupling and
the W-boson mass, respectively. If the measured m%b is a result of a fine-tuned cancelation of
fundamental parameters, the required experimental accuracy needed to resolve them might be
beyond reach in the foreseeable future.

There are several possible solutions to the hierarchy problem. The first type of solutions
is phrased in terms of anthropical reasoning [21, 22, 23], with similar arguments used to explain
the smallness the cosmological constant [24]. A second type involves a dynamical relaxation
mechanism which explains the large mass hierarchy [25]. The third type utilizes additional sym-
metries which protect the Higgs mass from large corrections, most notably supersymmetry [26]
and composite Higgs models [27, 28]. We postpone the discussion about the latter as a solution
to the Hierarchy problem to Sec. 1.2.

1.2 The composite Higgs

In this section we present the conceptual building blocks of composite Higgs models (for a
detailed discussion see Ref. [29]) and present the mechanism which allows it to solve the Hierarchy
problem. Let us assume that our UV theory is approximately conformal (hence scaleless and
devoid of a Hierarchy problem) at some high scale e.g. Mgyr. The theory has a large global
symmetry G and gauged symmetries. As we flow to the IR, at some low scale the theory becomes
strongly coupled, breaking the global symmetry G — H. This dynamical generation of scale
is known as dimensional transmutation, which was already presented to us by Nature. The
Aqep scale, where QCD becomes strong, is largely separated from the scale of weakly interacting
Ny =3 QCD at p=myg,

my 1 47 2
. ( ) _ 1 <> . 1.3
& Aqep 18 \gs(p =mz) "
In direct analogy,
m 47'(' 2
g (27 ) ~ y
& Mguyr g(p = Mayr) .

where g denotes some gauge coupling of the new sector and m. denotes the compositeness scale.
Below my, similar to QCD, the theory contains resonances as well as the Goldstone-Nambu
bosons (NGBs) that result from the global symmetry breaking G — H. The Higgs doublet
is assumed to be an NGB in the coset G/H, with some associated scale f. This implies that
Dim(G/H) > 4, and that the electroweak group SU(2)r, x U(1)y must be a subgroup of H, with
the Higgs transforming as a doublet.

In the limit where G is exact, the Higgs potential is protected by a shift symmetry and electroweak
symmetry breaking (EWSB) is not possible. Therefore, some explicit breaking of G is required
in order to generate a scalar potential, making the Higgs a pseudo Nambu-Goldstone boson
(pPNGB). The explicit breaking is introduced by tree level interactions with matter and gauge
fields, which lead to a radiatively generated scalar potential a-la Coleman-Weinberg [30]. EWSB
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can be interpreted geometrically as a misalignment between two directions in field space, one
direction associated with the global symmetry breaking and the scale f, and another direction
associated with EWSB and the measured vacuum expectation value (VEV) of the Higgs field
v = 246 GeV. One usually defines the misalignment angle as

2 o ((A)) _ v
&% ~sin ( 7 ) =7 (1.5)
A generic breaking of G naturally leads to a large misalignment angle £ ~ 1. Such a scenario is
equivalent to the disfavored minimal technicolor model (see e.g. Ref. [31]). Thus, some mechanism
that can allow for £ < 1 is required. As discussed below in Sec. 1.4, in little Higgs models it
is achieved by a symmetry protection for the Higgs mass. For models based on the minimal
composite Higgs of Sec. 1.5, some contributions to the Higgs potential must be fine-tuned to
some extent in order to achieve £ < 1.

1.3 CCWZ

The Callan, Coleman, Wess and Zumino (CCWZ) formalism [5, 6] provides the building blocks
required in order to systematically write an effective field theory of NGB’s and resonances below
the confinement scale of a theory with a G — H symmetry breaking pattern. It has the advantage
of allowing us to remain agnostic regarding the unknown physics above the confinement scale.
The central object which parameterizes the vacuum fluctuations is

(1.6)

() = exp [Wf]

S

with 7% the NGB’s associated with the broken (global) symmetries and X% the corresponding
broken generators. The index & numerates the broken generators. Under a generic global
transformation g € G

ind(x) X4
f

where the non-linear transformation h € H is an element of the unbroken subgroup which depends
on g and 7(x). Due to the 7%(z) dependence, it is effectively a local transformation. The d and
e symbols are decomposed from the Maurer-Cartan form

geg : &x) =y [ ] h™*(g,7%(x)), (1.7)

i€ (2)0,8(x) = di X" + 4T (1.8)

where T are the unbroken generators numerated by the index a. One can than show that under
a global transformation

gE€G :dy— h(g, 7" (@) duh (g, 7" (@),
e — h(g, 7 (x)) (ey +i0,) b~ (g, 7% (x)) . (1.9)

The d symbol transforms regularly under h (still non-linearly) compared to the e, symbol, which
transforms as a covariant derivative. The latter is used to construct G-invariant kinetic terms
for fields transforming non-linearly under G in some representation of H. The d and e symbols
carry one derivative such that [d] = [e] = 1, and a perturbative expansion in d/F is performed
by writing higher order terms in d and e. For example, the leading order term in d is given by

LD fdid™. (1.10)
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This term contains the usual kinetic terms for the NGB’s (¢ is chosen such that they are
canonically normalized) as well the self-interactions. This formalism can be easily generalized to
include a gauging of some subgroup of G by promoting the derivative of Eq. (1.8) to a covariant
derivative

i€ (2)Dyé(x) = diX® + el (1.11)
with Dy, = 9, — igALX® — ig ALT".
There are two interesting private cases worth noting regarding the transformation of the NGB’s.

In the first case, under a global transformation of the unbroken subgroup h € H, the NGB’s
transform linearly

heH : nx)X% = h(r(z)X)h !, (1.12)

namely h(h, 7%(x)) = h is a regular linear transformation. It is therefore often useful to decompose

7@ to irreducible H representation!. In the second case, under a transformation g = exp [%}
in G/H associated with the broken generators, the NGB’s shift
GgeG/H mz) — nt(x) +al. (1.13)

It is this shift symmetry that protects the NGB from non-derivative interactions.

Lastly let us address the inclusion of external fields, sometimes referred to as an elementary
sector. These fields transform linearly under G

g € g : /l/)elem — g/l/}elem (114)

and can be dressed by &' and projected into all the H representation contained within a specific
G representation,

GEG: Yeomp = E Watem — Mg, T2)) € Wotem = PG, T(2))Yeomp - (1.15)

For example, for SO(N)/SO(N —1), a fundamental representation of SO(N) can be dressed with
¢ and projected to a singlet and fundamental representation of SO(N —1), since N = 1® (N — 1).
Equivalently, non-linearly transforming representations of H can be dressed by & and projected
into all the G representations that contain them.

1.4 Littlest Higgs

One realization of the composite Higgs is the so-called Little Higgs, with its minimal realization
denoted as the Littlest Higgs (LH) [32, 33, 34, 35, 36, 37, 38]. As shown below, the explicit
breaking of the Higgs shift symmetry is realized in a non-trivial manner dubbed Collective
Breaking. It relies on the shift symmetry of H being restored in the limit where either gy — 0 or
go — 0, with g1, go gauge or Yukawa couplings which partially break the Higgs shift symmetry.
As a result, the Higgs potential V(H) o g1 - g2. This restriction limits the divergence level of
some operators that are generated radiatively. In particular, the Higgs mass is not quadratically
sensitive to the cutoff scale at 1 loop, but only logarithmically.

n practice it is more useful to decompose 7% to irreducible representations of the gauged subgroup of H
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The model is based on an SU(5)/SO(5) coset. ¥ is a linearly transforming field, in the 15
(symmetric) representation of SU(5):

> - UxU”T. (1.16)

This field acquires a VEV which spontaneously breaks SU(5) — SO(5):
(Ey=3%y= 1 . (1.17)

The 10 unbroken SO(5) generators satisfy:

T + Xo(THT =0, (1.18)
While the 14 broken SU(5) generators satisfy:

X%y —2o(XHT =0. (1.19)

We can reparameterize the X field using the non-linear realization of the NGB’s, defining
Iy, = 7% X%

2 = eMle/fy eille/f = 2ille/fy (1.20)

The 14 Goldstone boson decompose under the EW group as 19 © 3¢ @ 2,/ ® 31 and can be
written as

To 4 %1, H P
2
Iy, = AN LA g N2 (1.21)
> V2 /5 L V2 ’ ORAVORE L '
ot H Tot 4 %0 1,
V2 2 25

The ¢ and 7 (in the 1¢ and 3 representations, respectively) are associated with spontaneously
broken gauged generators and are removed from the spectrum in the unitary gauge. H is the
doublet (2;/;) that we identify as the SM Higgs and ® is an SU(2) triplet (3).

In order to realize the collective breaking scheme in the gauge sector, G must contain two copies
of SU(2) x U(1). This implies that the group rank is at least 4, making SU(5) the smallest
SU(n) group possible. The generators of these two copies are defined as:

a
O3x3  O2x2 .
Q% = (02i2 _0_;1/2> , Yo = dlag<_27 —2,-2,3, 3)/10 (123)

Both of these subgroups are gauged. One linear combination, Q¢ — ()4 is spontaneously broken.
The other linear combination remains exact - it corresponds to the usual SM electroweak (EW)
gauge group. The new gauge fields have masses my,, ~ gf,mp, ~ ¢ f, (with g,¢" the SM
gauge couplings) and they contribute at tree level to the electroweak oblique parameters, leading
to strong constraints on the parameter space of the model, see discussion below regarding 7-Parity.

Given the above gauge groups, let us examine how the collective breaking mechanism works. The
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SU(5) group in this model contains two custodial SU(3)’s spanned by the Gell-Mann matrices
A in the upper and lower 3-by-3 blocks

i A" O3x2 i O2x2  O2x3
A= (02><3 O2><2> ’ A= (03><2 Al ) ' (1.24)
It is clear from Eq. (1.21) that the generators associated with the shift symmetries of the Higgs
field can be written as linear combination of SU(3); and SU(3)2 generators. Therefore, if any
of these two SU(3)’s is exact, the Higgs field is protected by shift symmetry. In particular, in
the limit g; — 0 for either i = 1 or i = 2 (with g1, g2 the gauge coupling associated with the
gauge groups defined in Eq. (1.22) and Eq. (1.23), respectively), the group SU(3); becomes

exact and the Higgs potential vanishes. Therefore, the Higgs potential generated from the gauge
interactions Vi, (H) x g1 - g2.

The usual term which contains the kinetic terms and self-interactions of the NGB’s is given by

Lo ;TT[DE(DZ)*] (1.25)

with

pr=0x-i > | Y (aWHQIS+3Qi)) - i Bi(Yix + 3V . (1.26)
i=1,2 [a=1,2,3

Now we turn out attention to the top sector. It is of special importance, as the top quark loop
contributes the most to the Higgs mass. We introduce an incomplete SU(5) representation of

Weyl fermions?:

(
v=| x |. (1.27)

02x1

where ¢ and x are an EW doublet an EW singlet, respectively. We also introduce two EW
singlet Weyl fermions 7 and ¢, with the following interactions

A2
ﬁtop = Z Z Ewkﬁxy\:[/ ijZkytc + \/ng + h.c. (128)

1,7,k=1,2,3 ¢,y= 45

Similarly to the gauge sector, the matter couplings break the Higgs shift symmetry collectively.
In the limit Ay — 0, the SU(3); defined above in Eq. (1.24) is an exact symmetry which generates
a shift in the Higgs field. In the limit \; — 0, the Higgs is completely decoupled from the matter
sector and in particular, none of the Higgs shift symmetries are broken. Therefore, the Higgs
potential generated from the Yukawa interactions Vi(H) o< A1 - Ag.

Let us see how the interaction of Eq. (1.28) lead to the usual SM Yukawa interaction. Expanding
Eq. (1.28) to leading order in H,

Loy = =1 (PiH") E + \ff (A27° 4+ M) + hec. (1.29)

2Unless noted otherwise, Weyl fermions are left-handed. The superscript ¢ denotes a conjugate field transforming
as a right-handed field. When L and R subscripts are introduced they should be understood in the obvious way.
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~ 2 2
x gets a Dirac mass term with one linear combination of ¢ and 7, with mp+ = @ f. The
orthogonal combination of £ and 7 is identified as the right-handed top quark tg, and after
integrating out the heavy top partner one finds

Liop = Yt (q’ﬂ?) tp+hec, H=ioH", (1.30)

where

A1A2

q (tL> oot and y
L = = 2 = .
b NTEBY

Note that we remain agnostic regarding the other Yukawa couplings, since their contribution to
the Higgs mass is negligible compared to the top quark.

(1.31)

T-Parity

From a modern model building prospective, the Littlest Higgs lacks an essential component,
namely the electroweak custodial group SU(2)r x SU(2)g = SO(4), under which the Higgs
transforms in the bi-fundamental or fundamental representation, respectively. The explicit
breaking of the custodial symmetry leads to sizable corrections to electroweak precision test
(EWPT) observables, e.g. the p parameter [39, 40, 41, 42, 43, 44, 45, 46]. These constraints
pushed the symmetry breaking scale f to be a few TeV, thus reintroducing considerable fine-
tuning. T-Parity has been proposed in order to prevent tree-level exchanges of heavy states [47,
48, 49, 50], resulting in the so-called Little Higgs with T'—Parity (LHT) model. The new heavy
states are odd under a discrete T-parity, therefore contributions to electroweak observables are
possible only at the 1-loop level. This allows the symmetry breaking scale f to be O(1) TeV. As
an added benefit, T-Parity can be used as a stabilizing symmetry for a DM candidate, as the
lightest T-odd particle is guaranteed to be stable. Let us present how T-Parity is implemented
in the Littlest Higgs model. It relies on an automorphism, under which the broken and unbroken
generators are mapped to

T-parity : X% — —QX%Q, T% — QT°Q, (1.32)
with
Q = —exp[27mi(QF + Q3)] = diag(1,1,—-1,1,1). (1.33)

Note that Q is a member of SU(5), and its overall sign is arbitrarily chosen. From Eq. (1.32) we
can immediately deduce the T-parity transformation of the NGBs, namely

T-parity : Iy, — —QIIxQ2, (1.34)
Y- Q5Eiz=%. (1.35)

The Q matrix represents an SU(2)y, rotation of 27 around the 3rd direction, and its effect is an
extra minus sign for all half-integer representations of SU(2)r. This insures that the Higgs field
is T-even while all the other NGB’s are T-odd.

The realization of T-Parity in the gauge sector is straight forward. T-Parity is realized as
an exchange of the so-called sites 1 <> 2:

T-parity : Wi' < W3, By <> Bs. (1.36)
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Therefore, the heavy gauge Bosons associated with the odd combinations QY — Q4 are T-odd,
while the SM gauge boson associated with the even combination Q) + Q5 are T-even,

1 1
VH:E(Vl—VQ),VSMZE

The indistinguishability of the two sites implies that one must impose

(Vi +Vs) for V=wW,LW2W3B

g1 =92 = \/§QSM> gll = gé = \/igéM' (1.37)

We continue the detailed discussion about the realization of the Little Higgs with T-Parity (LHT)
model, in particular in the matter sector in Sec. 2.1.

1.5 Minimal composite Higgs

In this section we discuss minimal composite Higgs models and their main features. The generic
features discussed below are shared by extensions of the minimal composite Higgs, including
the SO(7)/SO(6) extension studied in Chapter 3. We start by presenting the general symmetry
structure of the model. Next we review the NGB self- and gauge interactions. As part of the
discussion on the matter sector, we present the partial compositeness hypothesis and discuss
the inclusion of fermionic and gauge resonances in the theory. We conclude by discussing the
calculation of the scalar potential and the Weinberg sum rules.

The minimal composite Higgs (MCH) [51] is based on the SO(5)/SO(4) coset. The un-
broken SO(4) is identified as the custodial group SO(4) = SU(2)r, x SU(2)g, under which the 4
NGB’s transform as a 4 = (2,2). SU(2)y, is identified as the SM gauge group. The symmetry
group must be extended by an additional U(1)x factor in order to realize hypercharge symmetry
with adjustable charges, as we demonstrate below. Hypercharge is than defined as the linear
combination Y = T3 + X. Since U(1)x commutes with SO(5), the X-charge of the NGB’s
vanishes and after gauging (2,2) — 21/ under SU(2)L x U(1)y, as needed. MCH models benefit
from the custodial symmetry and are therefore protected from dangerous EWPT constraints.

The gauge fields and the SM fermions in the MCH framework are external sources. They
are considered as an elementary sector which furnishes linear representations of SU(5). These
linear representations are incomplete e.g. only a subgroup of SO(4) is gauged, leading to an
explicit breaking of the global symmetries. The SM fermions also come in incomplete represen-
tations of SO(5), introducing another source of explicit symmetry breaking. The interactions
of the Higgs with the SM fermions can be seen as a consequence of mixing between the SM
elementary states and the resonant composite states. This is the mechanism behind the partial
compositeness hypothesis, to be discussed below.

The MCH models enjoy an additional practical advantage, namely that the coset structure
is simple enough to allow closed analytic forms. This greatly simplifies calculations, in compari-
son to the SU(5)/SO(5), for which closed analytic forms are not available. The leading order
term in the d symbol, which contains the Higgs-gauge interactions, is given in the unitary gauge

H= %(0, (h) + h)T by

| 1 (hy +h 1
(O [ L - 2.2 502 2 2
1 d,d 28Mh6 h + 19 [ sin ( 7 > (]W! + 2ch0> (1.38)
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2 and g,g are the gauge couplings of SU(2)r x U(1)y, respectively.

where ¢, = cos 0y, tan 0, = Z
2
)

We identify sin ( ) =¢ 7 This calculation relies on the CCWZ construction for the

SO(5)/S0O(4) coset which can be found in the literature (e.g. [29]). It can also be easily deduced
from the SO(7)/SO(6) CCWZ construction given in App. 3.A. The composite nature of the
Higgs manifests itself, among other ways, through deformation of the gauge couplings. Expanding
to linear order in h,

f? 1 1 h2
d@ a" > —g*v? (|W|2 + 2623) 2¢/1 — + O (1.39)
w

4

The linear hV'V coupling is reduced by a factor of /1 — £ in comparison to the elementary Higgs
coupling. In the limit £ — 0, taken as the limit f — oo with fixed v, the Higgs is effectively
reduced to an elementary particle. This is the generic expectation, since all the interactions that
originate from the strong sector and are weighted by powers of 1/f.

The top sector is constructed under the partial compositeness hypothesis [52]. Let us re-
view the hypothesis and its implications. We assume that in the UV theory at some high scale
A, the SM fermions have a linear interaction terms with composite fermion operators, given
schematically by

AL

WQLOL +

f

For operators whose dimension is close to the critical value ~ 5/2, the RGE flow is slow (ap-
proaching logarithmic) and sizable couplings can survive deep in the IR around the compositeness
scale my,

Ty

(0]—-5/2
A(m.) = A(A) <A> . (1.41)

As a result, in the IR the elementary states linearly mix with composite states. The simplest toy
model is given by [29]

LD —miqq —m,TT = A\ f(Qrq +h.c) = Agf(trT + h.c). (1.42)

The mixing angle is given schematically by

A
Or/r = 2L7/RQ ) (1.43)
A7 /R + gz
where g, = m./f. The resulting Yukawa coupling is given by
Y§ = g« sinfrsinfp . (1.44)

This simple picture can be easily modified by introducing more resonances and more mixing
angles. In order to write SO(5) invariant terms, we first imbed the SM fermion in incomplete
SO(5) x U(1)x representations which reproduce the appropriate SM quantum numbers (this
is equivalent to choosing the SO(5) representations of the composite operators). For example,
take the 55,3 of SO(5) x U(1)x. We can decompose it in two steps, according to the symmetry
breaking pattern SO(5) x U(1) — SU(4) x U(1)x — SU(2)r, x U(1)y, namely

52/3 = (2,2)2/3 © 13/3 — 27/6 © 216 © 12/3 - (1.45)
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The last two representations contained in the 55,3 are the appropriate SM representations for
the left-handed quark doublet and the right-handed quark singlet, respectively®. Equivalently, it
indicates that the composite operators in these representations contain states which can mix with
SM fermions. Once the SM fermions are imbedded in an SO(5) representation, we have a finite
set of SO(4) representation for the fermion resonances for which SO(5) invariant mixing terms
can be written. This is achieved by dressing the SO(4) representation with the NGB matrix
denoted in Eq. (1.6) as &.

Let us briefly present on the parallel procedure for vector resonances, based on the hidden
local symmetry formalism [53, 54]. Let us consider a simple example. A non-linearly transform-
ing (3,1)g of SO(4) x U(1)x can in principle mix with the W, triplet. Let us denote this vector
by pu = p,, 1T 1t transforms non-linearly under g € G as a gauge field

pu— hpyh™t +i(hd, b7, (1.46)

where the last term should be projected to the space of SU(2); generators. The composite
operator with the exact same transformation properties is found by decomposing the e symbol,
which transform as a 6 of SO(4), to its irreducible representations under SU(2), x SU(2)g,
namely 6 = (3,1) @ (1, 3)

AT = (e1)2T + (er)oTH (1.47)

The interactions terms are therefore given by

£5 o + D20 (er)? (1.4
——5 PP + 55 (o — (er :
2Pu 2 \Pu Iz
4g; 29;

Note that the combination (p, — (er),) transforms regularly (and non-linearly) under G. Depend-
ing on the representations of the fermion resonances, this combination can be used to construct
additional SO(5) invariant interactions. The mixing between the gauge states implies that the
effective gauge coupling g is a mixture of the elementary gauge coupling go and g,, namely
g2 = 9 24 9;)_2- Analogously, one can add a (3,1) vector resonance. This representation
contains a state with the same quantum numbers of the hypercharge gauge field B,,, inducing a
similar mixing and redefinition of the effective hypercharge gauge coupling.

The introduction of resonances and their interactions with the elementary sector explicitly
breaks the shift symmetry of the NGB’s. This explicit generates a Coleman-Weinberg potential,
which can be easily calculated at one loop. In the context of MCH models and their extensions,
it is usually preformed as a two-step calculation. The first step involves integrating out the heavy
resonances, resulting in form factors defined as

L C HLELptL + HRprtR — HLR<1?LZL/R + h.C) . (1.49)

The form factors Ily, 1z, I are functions of the NGB’s (only h in the MCH in the unitary
gauge), the composite sector parameters i.e. the vector masses and mixing couplings {m., A}
and momentum p? (remnant of the resonants’ propagators). The second step is the calculation
the Coleman-Weinberg potential, which in this case is given by

d4
V() = —2Nc/ (27:)94 log(p?TIL Tk + [Mzg|2) . (1.50)

3Note that U(1)x was necessary in order to recover the SM hypercharges.
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The coefficient of the renormalizable operators can be extracted by taking the appropriate number
of derivatives. Schematically this results in momentum integral of the following form, e.g. for
the Higgs mass term

av (h)

2 _
luh - 8h2

= [ @ P e, (151)
h=0

Lastly, the Weinberg sum rules [55] can be used the regulated the high momentum behavior of
F(p?,{m«, \}). This is achieved by imposing the following constraints on the resonant sector
parameters {m., A}, namely

%im p> F(p?, {m«,\}) =0 (to remove quadratic divergence), (1.52)
p?2—00

lim pt F(p?, {m.,\}) =0 (to remove logarithmic divergence). (1.53)
p?2—00

This renders the potential UV-independent, and therefore finite and calculable. The relations
imposed on the parameters can be often understood in terms of enhanced symmetries in the UV
e.g. restoration of the full SO(5) symmetry, i.e. reemergence of the Higgs shift symmetry which
prevents the generation of a non-derivative scalar interactions.

1.6 Dark matter

The gravitational effects of what appears to be non-baryonic matter were detected in various
astrophysical and cosmological scales. Starting from the galactic scale, observed rotation curves of
stars are inconsistent with the theoretically predicted curves [56, 57], suggesting there is additional
matter in galaxies, known as dark matter (DM). The DM is electrically neutral (hence dark) and
its dark halo is only detectable via its gravitational effects, e.g.. the flatting of rotation curves.
From gravitational lensing around galaxy clusters one can deduce that considerable amount of
DM exists in clusters of galaxies as well [58]. Lastly, at the cosmological scale, the cosmological
model A-CDM, which contains a cosmological constant A and cold (i.e. non-relativistic) DM,
is consistent with the observed Cosmic Microwave Background (CMB) [59, 60] and large-scale
structure formation in the universe [61].

CMB measurements provide the most accurate determination of the present-day DM relic
abundance [62]

Qpuh? = 0.1198 + 0.0012. (1.54)

There have been numerous realizations of DM, spanning an enormous range of scales. Starting
from ultra-heavy objects like primordial black holes [63, 64], all the way to ultra-light bosonic
particles [65]. One of the best motivated realizations of DM is the weakly interacting massive
particle (WIMP), which is the case we consider in this work. Initially, the active neutrinos were
considered DM candidates as they are both stable and electrically neutral. This idea has been
long excluded [66]. Moreover, with present day neutrino masses data, we know that they can
only account for small amount of the universe energy budget 2, ~ 1073 (3 m, /0.1 eV), and
that they are still fairly relativistic [67].

One therefore concludes that the SM does not contain a neutral and stable particle which
could be a viable DM candidate. As a result, BSM physics is often required in order to provide
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such a candidate. This fact has further motivated various extensions of the SM, which were orig-
inally intended to address other issues like the Hierarchy problem (see Sec. 1.1) or the strong CP
problem (see Sec. 4.1). If a new particle predicted by some SM extension is electrically and color
neutral, it could be a good DM candidate provided that it is stable in cosmological time scales.
From our understanding of Nature, stable particles are a consequence of symmetries, whether it
is the electron (electric charge conservation) or the proton (baryon number conservation). Since
DM is not charged under any of the SM symmetries, in most cases an additional symmetry is
needed in order to achieve the desired stability.

The stabilizing symmetry of DM can be a global symmetry, most simply a Zo discrete symmetry.
This is the case in the little Higgs with T-Parity, as well as in non-minimal composite Higgs
model such as the SO(6)/SO(5) [68], where the symmetry is extended to O(6) in order to include
a parity operator making the additional NGB odd, and thus stable. There are two caveats
regarding the use of a global symmetry for DM stabilization. First, it is conjectured that strong
gravitational effects break all global symmetries (see Refs. [69, 70, 71] and further references
therein)?. Second, global symmetry may be anomalous: respected at the classical level but
broken at the quantum level. In fact, in QCD the 7y is symmetric under a Z; symmetry and
naively stable. This Z5 is however anomalous, and the anomaly diagram mediates the main
decay channel of my to 7. In this respect, it is hard to imagine an anomalous symmetry as an
efficient mean to stabile DM®. Note that while the first caveat is an open theoretical question,
and the second caveat can be considered a model-building issue, neither of them is relevant in

case the stabilizing symmetry is local i.e. gauged.

Once DM is stable, one must come up with a production mechanism which could explain
its present-day abundance. A prominent (but certainly not the only) mechanism is the so-called
freeze-out mechanism (e.g.. Ref. [72]), which successfully predicts the present-day abundance of
neutrinos . The freeze-out mechanism could be easily understood by examining the Boltzmann
equation which determines the time dependence of the DM density n(t),

N+ 3H n = (0yy—sMv) (ni —n2), (1.55)

where H is the Hubble parameter and (ov) is a thermally averaged annihilation cross section of
DM to SM particles. Initially H < (ov) n and the DM is in kinetic and chemical equilibrium
with the SM heat bath. The dilution term 3Hn can be neglected and the abundance of DM
closely follows the equilibrium abundance n ~ n.,. Freeze-out occurs when H ~ (ov) n, after
which the dilution of DM is driven solely by the expansion of the universe. The Boltzmann
equation can be solved numerically. An approximate solution predicts the final relic abundance
(for self-conjugated DM) to be

Qxh2 3 10~26cm3s~!
0.1198 ~ (gyyssmv)

(1.56)

The WIMP miracle is phrased as the coincidence that (oy,—smv) ~ fr’% produces the correct
X

relic abundance for m, ~ O(100 GeV) and g ~ 0.1. WIMP’s are consequently one of the most
popular and studied form of DM.

4The counter argument would be that the coefficients of the Mpr-suppressed breaking terms are unknown,
which leaves the possibility that this effect does not jeopardize the stability of DM at cosmological time scales.

5The counter argument would be that given the correct matter content, global symmetries can be non-anomalous,
like B — L in the SM. Another possible approach to avoid anomalous global symmetries is to use groups which
allow only real representations, e.g.. SO(7).
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Composite dark matter

In non-minimal composite Higgs models, additional stable NGB’s in G/H constitute compelling
DM candidates. Let us assume {H, x} € G/H, with x being a complex (or real) scalar stabilized
by a global U(1) (or Z3) symmetry. The non-renormalizable operators play a crucial role in
the phenomenology of composite DM [73]. H and x interact derivatively through the dim. 6
operator

1
12
As shown in Sec. 3.1, one can always find a basis where this is the only derivative interaction term
at this order in the 1/f expansion. After EWSB, this interaction leads to s-channel annihilation
of x in the early universe. In the non-relativistic limit, the thermally averaged annihilation cross
section (ow) o (s)/f? ~ 4m?2 / f? can be of the right size in order to account for the observed DM
relic abundance with m, ~ 100 GeV and f ~ 1 TeV. This is a fortunate (some might even say
miraculous) coincident that the correct relic abundance is produced with the naturally expected
values for m, and f. As an added benefit, this interaction is extremely suppressed in scattering
processes probed by direct detection experiments: the cross section for the elastic scattering
scales like [t|/f2 ~ (100 MeV)?/(1 TeV) ~ 1078, with ¢ the usual Mandelstam variable associated
with the momentum transfer. Thus, one concludes that if the only interaction between the Higgs
and y was the derivative interaction of Eq. (1.57), x can account for all the DM while being
virtually invisible to present day direct detection experiments.

LD —0,|H*0"|x|?. (1.57)

However, the fact that H and x are massive already implies that their shift symmetry is
broken, and therefore one must also consider the so-called Higgs portal coupling,

L5 =NHPx, (1.58)

which is strongly constrained by direct detection experiments. If no other annihilation channels
are available, one finds that the derivative terms and portal coupling destructively interfere [73],
and the annihilation cross section scales like

4m? 2
(Oyx—SMU) X <f2X - 2)\> . (1.59)
fA> mi /f?, the composite nature of DM is negligible compared to the explicit shift symmetry
breaking effects and the model is reduced to the elementary singlet DM model. If A\ ~ mi /12,
there are two compatible values for the portal coupling, {A\_,\;}, which can reproduce the
correct relic abundance. Couplings inside the interval [A_, \;] lead to over-abundance of DM
and are excluded. Couplings outside the interval lead to under-abundance DM and are in

principle allowed. If A <« mi /f2, as stated above the observed relic abundance is produced for
my ~ 100 GeV and f ~ 1 TeV.

We consider three possible sources for the DM shift symmetry breaking:

DM shift symmetry broken by top quark couplings - we explore this possibility in
Chapter 2 in the LHT model and in Sec. 3.3 in the SO(7)/SO(6) model. In this case, the portal
coupling is generated by the same dynamics which generate the Higgs quartic Ag. The naive
expectation is A ~ Ag ~ 0.1, which is in tension with direct detection bounds. In the LHT model
the scalar potential is not calculable due to the unknown UV contribution, but we confirm that
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the IR contribution is indeed O(Ag). In the SO(7)/SO(6) model, we verify this expectation
numerically by scanning over the parameter model and calculating the scalar potential. The
conclusion is the same for both models: a model in which the DM shift symmetry is broken
by the top interactions can evade DM direct detection bounds if some cancellation takes place
which reduces A, at the price of fine tuning some of the model’s parameters. In Sec. 3.3.2 we
explicitly show how in the SO(7)/SO(6) model, this cancellation can be achieved by adding more
resonances and tuning their contribution. Let us note that the models differ in their prediction
for the DM mass. In the LHT model, the DM mass is protected at 1 loop and is generated
only at the 2-loop order. It is than reasonable to assume that the m, ~ mj. On the other
hand, in the SO(7)/SO(6) model the DM mass is again generated by the same dynamics as the
Higgs mass, but in general would not enjoy the same cancellation which allows for the small
misalignment angle { < 1. Thus, the naive expectation is m, > my,, which is confirmed by the
numerical results. Lastly we note that for the determination of the relic abundance, the following
dim. 5 operator

D) _2cttXX mttth s (160)

has to be considered as well. The coefficient ¢y, ~ O(§) such that the whole term scales like
1/f, and the amplitude for the annihilation process to top quarks scales like [M,, 7| o mi /f2
This leads to an irreducible annihilation cross section for m, > m;, which above some critical
my/ f value leads to under-abundant DM for every value of .

DM shift symmetry broken by bottom quark couplings - this possibility is consid-
ered in Sec. 3.4 in the framework of the SO(7)/SO(6) model. In this case the naive expectation
for the portal coupling becomes A ~ (y2/y?) g < 1, making the portal coupling small enough
such that it is irrelevant for direct detection. The dominant scattering process in this case is via
the contact term bb|x|?, leading to a scattering cross section that is within reach of future direct
detection experiments. Due to the smallness of the bottom Yukawa coupling, the DM mass can
be comparable to the Higgs mass my ~ /gsypf ~ mp,.

DM shift symmetry respected by SM gauge/fermion couplings - if all the couplings
between the elementary sector and the composite sector respect the DM shift symmetry, a
new BSM source of explicit symmetry breaking must be introduced. For a complex scalar DM,
gauging the stabilizing U(1) symmetry leads to an explicit breaking of the DM shift symmetry
and the addition of a dark photon to the theory. x and the dark photon form a minimal dark
sector, leading to a rich DM phenomenology which we explore in Sec. 3.5. The dark sector heat
bath can decouple from the SM heat bath once the rate of the interactions keeping the two
baths in kinetic equilibrium becomes slower than Hubble. After decoupling both sectors have
separately conserved entropy and independent temperature. In a dark sector, additional versatile
annihilation channels may become accessible, leading to scenarios such as co-annihilations [74]
and semi-annihilations [75]. If the dark photon is massless, its contribution to the energy budget
of the universe can be indirectly probed through CMB measurements, which gives a bound on
the relativistic degrees of freedom at recombination. A light mediator can lead to Boltzmann
enhanced annihilation cross sections at low velocities and potentially strong indirect detection
signatures. We consider the possibility of a massless dark photon in Sec. 3.5.1. If the dark photon
itself massive and stable, it can serve as an additional source of cold DM. The number densities
in this multicomponent DM scenario are determined via coupled Boltzmann equations which
must be solved numerically. We consider the possibility of a massless dark photon in Sec. 3.5.2.
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Composite dark matter in Little Higgs

2.1 Model

In Sec. 1.4 we review the littlest Higgs model and conclude with a discussion regarding the
necessity of T-Parity. In this section we present the realization of T-Parity in LH model. We
continue to discuss the challenge of realizing a spectrum compatible with the SM and some
potential solutions. The remainder of the section specifies in detail the structure and content of
the model in a minimal extension of the LHT model [76].

In the original littlest Higgs mode, the new heavy gauge states contribute at tree level to
the electroweak oblique parameters. These contributions lead to stringent constraints from
EWPT, pushing the symmetry breaking scale of the original LH model f ~ a few TeV (e.g [39]).
The corrections to electroweak observables from the heavy gauge states are made smaller by
introducing a discrete symmetry which forbids tree level exchanges of heavy states. The addition
of a discrete symmetry stabilizes the lightest odd particle, making it a viable DM candidate.
This discrete symmetry, usually referred to as T-parity, is defined as [47]

T-parity: T; — QT;Q, X; — —QX,;Q (2.1)
with

Q = —exp[27miQ} o] = diag(1,1,—1,1,1), (2.2)
which is an automorphism defined on the SU(5) generators. This definition determines the
T-parity of all the fields associated with the SU(5) generators, namely the Goldstone and gauge
fields. The € rotation is introduced to make the Higgs even under T-parity, while keeping the rest
of the Goldstone fields odd. For the gauge fields, the T-parity transformation can be interpreted

as an exchange symmetry between the gauge groups 1 <+ 2. Hence the diagonal combination is
even, and the broken combination is odd.

Let us understand how linear representations of SU(5) transform under 7T-parity. One can
use Eq. (2.2) to show that each transformation g = ¢*Xit#5Ti ¢ SU(5) is mapped under
T-parity to

g — §=0%09" 2. (2.3)
Therefore, up to a constant matrix, fundamental and anti-fundamental indices of SU(5) are
mapped to each other

5 5

(2.4)

29
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The ¥ field transforms with two fundamental SU(5) indices, so under T-parity

Y o Y =082150. (2.5)

2.1.1 A UV doubling problem, making the T-odd doublet massive

The coset structure of LH with 7T-parity is in tension with the SM matter content [77, 76]. The
low energy theory must contain a T-even massless SU(2) doublet, the left-handed quark doublet
of the SM. Since T-parity can be understood as an exchange symmetry between the two gauged
SU(2) subgroups of SU(5) (we omit the U(1) factors for the following discussion), one must
therefore introduce two doublets v;, each transforming under a different SU(2); with i = 1, 2.
Under T-parity the two doublets are mapped into each other

Y1 < Y. (2.6)

We would like to write a mass term for the T-odd combination 1_ = (1)1 — 1)) that respects the
SM gauge group. Let us introduce a right-handed field ¥¢ transforming as a doublet under the
SM gauge group [SU(2)]1+2

LD (g —ha)°. (2.7)

This term respects the SM gauge group, however each term by itself breaks SU(2); x SU(2)2
and cannot be generated by a reasonable UV theory which respects those gauge symmetries,
unless they are spontaneously broken. Assuming that ¢ cannot be a doublet of just one of the
SU(2)'s, we expect the mass term to arise as a result of spontaneous symmetry breaking

LD (P {p1) — by ($2))1°, (2.8)

where we introduced two sources of spontaneous symmetry breaking, the VEV’s (¢;) and (¢2).
Let us examine now the VEV’s which we can use to write this term in a gauge-invariant way. We
first examine two different constructions presented in the literature that generate the mass term
of Eq. (2.7): first by using a non-linear representation and second by adding a third SU(2) x U(1).
We mention possible shortcomings of these constructions, which motivate the construction used in
this thesis. This third and last construction, which involves the mirroring of the 1 <+ 2 exchange
symmetry, is presented at the end of this section.

Non-linear formulation of a massive odd doublet

One construction commonly presented in the literature uses the CCWZ formalism [5, 6]. The
main advantage of this approach is that no new sources of spontaneous symmetry breaking are
needed.

First we have the linear representations of SU(5) [48]

P 0
n=[0]|, w=[0], (2.9)
0/5 V2 5

with the following T-parity transformation

\1’1 — QEO\IIQ. (2.10)
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A mass term for the T-odd combination is constructed using a non-linearly transforming field

N (G
Ue=|[x|, abof SO(5). (2.11)
(&
Under a transformation g € SU(5)
U — h(Ily,g)¥¢, he SO(5). (2.12)

eM=/T transforms under a transformation g € SU(5) in the following way

eMo/f g/ It = petl=/f (5047 50) . (2.13)
The kinetic term for W€ contains the e, symbol defined by [5, 6]

ie" /19, ey = df X9 4 el T (2.14)

Using the automorphism defined in Eq. (2.2) we can write e, = efLTi in a T-parity symmetric
form

ey = % (e—in/fgﬂein/f + ein/fa#e—iHE/f) ' (2.15)

The e, symbol transform as a covariant derivative

(O +eu) — (D, +eu)hl, (2.16)
which allows us to write an invariant kinetic term for WU¢. Note that under T-parity

eu — Qe (2.17)
therefore the transformation of W¢ under T-parity is

T — —QU°. (2.18)
The benefit of the CCWZ formalism is that the pion matrix can be used to dress the field W€ as
linear representations of SU(5), e.g 5 and 5

M/ 1ge 5 g(eM=/13°) (2.19)
and

Soe MR/fge o g* (Spe /TG0 (2.20)
with g € SU(5). Finally the mass term is given by [48]

L D%(leoe—mﬂf — @261'112/1‘)@0 +h.c

kf — — .
:ﬁ( . 7%) WS+ ... (2.21)
The field ¥¢ must be a complete S O(5) representation, otherwise the kinetic term for U would
explicitly break the global symmetry protecting the Higgs mass [48]. The field ¢{ is still massless

at this point. One could formally introduce an additional doublet 1 and write a mass term
LD M(nyf+h.c). (2.22)

This term breaks the global symmetries protecting the Higgs mass, generating O(M?) contribu-
tions to the Higgs mass.
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Adding a third SU(2) x U(1)

We conclude that the model requires additional structure in order to give mass to the T-odd
combination without explicit breaking of the global symmetry.

One possible solution is to add an additional gauge group [77, 78], denoted by [SU(2) x U(1)]s.
Now ¢ of Eq. (2.8) transforms as a doublet under [SU(2) x U(1)]3 and the scalars ¢; transform
as a bi-fundamentals of [SU(2) x U(1)]; x [SU(2) x U(1)]s with ¢ = 1,2. This solution introduces
new heavy T-even gauge fields. The new T-even gauge fields can be made heavy by making the
coupling constant of the third SU(2) x U(1) gauge group large, effectively decoupling them from
the theory without spoiling the naturalness of the model. One has the choice of how to enlarge
the global symmetry to incorporate this additional gauge group. The most naive extension is

SU(5) — SU(5) x [SU(2) x U(1)s (2.23)

We introduce additional scalars ®; and ®, transform under the enlarged group as (5,2) and
(5,2) respectively (disregarding the U(1) charges), namely

®) —g*rgl, Dy — gPagi,
geSUB), g3 [SU(2) x U(1)]s. (2.24)
Under T-parity
P — 209(1)2, 1/)6 — —1[)6 . (225)
The T-odd doublet gets a mass
K N3 N c
L Dﬁ (q’l (@1) — Wy <(I)2>) (0
Kf

AR AT (2.26)

after ®; and @9 acquire VEV’s given by

1o « 2
(@1) = [ 01 x 2 | = o (P2) . (2.27)
02 x 2

The appearance of @1, ®5 results in a deviation from the original coset structure of the LH, with
the altered coset structure
SU(5) x SU(2) x U(1)
[SU@2) x UM)|iv24s
We now identify [SU(2) x U(1)]14+2+3 as the SM gauge group. This coset contains in the

original 14 NGB’s of the LH coset, and additional 10 NGB’s from the spontaneously broken
SO(5). These 10 additional states decompose under the SM gauge group as

(2.28)

10® 30 21/2 D 11/2 . (229)

The additional neutral singlet 19 and triplet 3¢ are eaten by the additional T-even gauge fields.
This naive approach unavoidably introduces additional physical NGB’s in the form of a T-odd
doublet 27 /5 and a T-even complex scalar 1; /5 . These states must be made massive without
spoiling the symmetry protection of the SM Higgs. Additional NGB’s are a generic result of
the enlarged global symmetry structure, even more so when the additional SU(2) is a gauged
subgroup of a larger global symmetry [77].



2.1. Model 33

Mirroring the 1 <+ 2 exchange symmetry
In this thesis we consider a concrete solution suggested in [76]. We extend the global symmetry
SU(5) — SU(5) x [SU(2) x U] x [SU(2) x U(1)]g.
(2.30)
We introduce a scalar field, X, which transforms linearly under [SU(2) x U(1)]r, x [SU(2) x U(1)]r
X = grXgh. (2.31)

When the ¥ and X acquire VEV’s, (X) = Xy and (X) = 1, the symmetry is spontaneously
broken to
SU(S) _ [SU@) x U]y % [SU(2) x U]
SO(5) [SU((2) x U]y
We gauge two SU(2) x U(1) subgroups defined as the combinations [SU(2) x U(1)];41 and
[SU(2) x U(1)]a4+r. The residual gauge symmetry [SU(2) x U(1)]142+1+r is identified as the
SM gauge group. We can parametrise X using the non-linearly transforming Goldstone fields
associated with this symmetry breaking,

(2.32)

i i 2i 1 A
X =7 x) et — oIy = 5 (mio' + mola) - (2.33)

Note that the symmetry breaking scale f’ may be different than f, the symmetry breaking scale
of the original coset defined in Eq. (1.21). T-parity in the additional coset is realized as an
L < R exchange, mirroring the 1 <+ 2 exchange symmetry of the original coset. Under T-parity,

HX — —Hx, (2.34)
We introduce a non-linear representation of

[SU@2) x U(1)] x [SU(2) x U(1)]g.
1¢ is a doublet of the unbroken subgroup [SU(2) x U(1)]|r4r, transforming non-linearly under
9z, 9r € [SU(2) x U]z x [SU(2) x U(1)]r

¢C — V(HX,QLQR)wC ; (235)

Ve [SU(2) X U(l)}L_;,_R.

The transformation properties under [SU(2) x U(1)] x [SU(2) x U(1)]x of ¢™x//" in this case
are

eMx /1" gLeiHX/f’VT — Vemx/f,gjq. (2.36)
This object can be used to dress ¥¢ as linear representations

eiHX/f’wc _ gL(ein/f'¢c) : (2.37)

e~ /F pe s gr(eMx/F ey . (2.38)

Finally the mass term can be written as [76]
L3 @ eMx/ " — 5 0e X/ )ype 4 hec. (2.39)

This extension allows us to add a single SU(2) doublet to the spectrum, ¢, and write a mass
term for the T-odd doublet, without any explicit breaking of the global symmetry. In additional
to the 14 original NGB’s of Eq. (1.21), our spectrum includes now an additional NGB’s, a real
singlet 19 and a real triplet 3.
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2.1.2 Gauge sector

We write the Lagrangian for the non-linear ¢ model

2 !
Loto = (D) (P50 + v, ) (0 xT). (2.40)
We parameterize ¥, X using the NGB’s as defined in Eq. (1.21) and Eq. (2.33). The exact form

of the covariant derivatives can be found in App. 2.A.
Once we set X, X to their respected VEV’s, we find that the following linear combinations,

1 1
W =—W{-W3), By=—=(B1— Bs), 2.41
i \/i( I —Wy), Bu \/5( 1 — Ba) (2.41)
acquire a mass
2 2 2 2 2 L 2,9 Lo
with
f/
r=. 2.43
7 (2.43)
We recognize the orthogonal linear combinations,
We— L (we L wg), B=-(Bi+B) (2.44)
- \/5 1 2) - \/Q 1 2) .

as the SM gauge fields.

2.1.3 Goldstone sector

In addition to the complex Higgs doublet H and the charged triplet ®, the Goldstone sector
includes additional physical states: a real singlet s and a real triplet ¢ = %gpaaa, defined as the
following linear combinations

$ = como + S000, Pa = C3Ta — S3Tq (2.45)

with the mixing angles

r
so=1/1—-c = N (2.46a)
/ T

The orthogonal linear combinations,
Gy = —somy + cog, G = 8374 + ¢34, (2.47)

are eaten by the heavy gauge fields and removed from the spectrum in the unitary gauge.
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2.1.4 Matter sector

The top Yukawa generates the largest quadratically divergent contribution to the Higgs mass,
therefore we limit our discussion to the third quark family. The terms in the top sector must
respect enough of the global symmetries in order for the Higgs mass to be protected from 1-loop
quadratically divergent contributions. This mechanism is usually referred to as collective breaking.
In order to respect these symmetries we enlarge the multiplets introduced in Eq. (2.9) and
introduce top partners. The quadratically divergent contribution to the Higgs mass from these
top partners would eventually cancel out with the top contribution. We start by introducing
left-handed Weyl fermions. We embed the doublets 11 o with the singlets x; 2 (the top partners)
in incomplete SU(5) multiplets

() 0
\1’1 = X1 s \112 = X2 . (2.48)
0/)5 v2/

Under T-parity,

Wy — QW (2.49)
or equivalently

Y1 P2, X149 —Xx2. (2.50)
We introduce 3 right-handed singlets denoted by g, 71 2. Under T-parity,

trrtp, Mo 1. (2.51)

The top Yukawa is given by [32, 49]

Mf o= T 5) n 4 22f o Y
Liop =3 (\Iquz' + (‘I’QQEO)iOi> lr+ 2 (X171 — XaT2) +h.c,
0; =€k XjsSks, O0; = €k 5455 - (2.52)

Y is defined in Eq. (2.5). The indices i,j, k are summed over 1,2,3. We define the T-parity
eigenstates

1 024L
\I’+ :72 (\Ifl + QEQ\IJQ) = X+ , (253)
0
1 oy
U_ :ﬁ (\111 — QEO\IJQ) = T(‘)L_ s (2.54)
with
i, )
qr = bL) = 502(% + ), (2.55)
U7 =ty — ). (2.56)
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The singlet T-parity eigenstates are defined as

X+ :\}5 (X1 —=x2), T+ = \2 (11 +7m2), (2.57)
Ty, :\}5 (X1 +x2), Tp = \}5 (11 —T2) . (2.58)

Note that the T-even fields, and in particular 1, %, are not the mass eigenstates (hence the

tilde). After the Higgs field acquires its VEV, (H) = %(O, v)T, we find the following mass matrix

for the T-even fermions

- M0 (7
Loy 2 f (tL Y+) <,\1(12+cv) >\2> (TR> +h.c. (2.59)
2V2 V2 +
We denoted
02

Sy =sin/2€, ¢, =cos /26, €= (2.60)

P .
The physical basis is given by

ir\ _ (e —sL tr
() -2 2) (),
tr __ [C¢R —SR t~R
()~ () (),

with sin0r,/r = s1 /g and cos /g = cr/r. The mixing angles are given by [50]

1 22025, (1 + ¢)
0 == tan " 1°v v 2.63
L=ytan <4A§+(1+cv)2A% —oNZs, ) (263)
1 _ 4)\1)\2(1+cv)
Op ==t 1( ) 2.64
R NI - N0e2+ (1+a)?) (2.64)

The masses at leading order in £ are

mi = (m) VEf, (2.65)

V2 \ /32422
A2+ A3
Vo2 (2.66)

mp+ = \/§
The top Yukawa coupling at leading order in £ is therefore
A1A
Y= e (2.67)

We shall keep A9 as a free parameter and fix A1 to produce the correct top Yukawa y; ~ 1. The
mixing angles at leading order in £ are

YRV A2 ’ ‘
A1 Yt

SR = ———==—.
NYEST IR

(2.69)
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For the T-odd sector we must introduce a mass term for the doublet similar to the term
in Eq. (2.39). To this end, we introduce a RH doublet v, transforming non-linearly under
[SU(2) xU(1)]r, x [SU(2) x U(1)|g according to the CCWZ formalism. 15 is odd under T-parity

Yr — —Vg- (2.70)

The mass term is given by [76]

L. = ,:/‘g (1/}10'26;'1_[)( - wQUQe_fi’HX) Y +he. (2.71)

Our spectrum contains a T-odd singlet T~ and a T-odd doublet 1~ with the following masses
A2
mp-=—f, My- =Kf. 2.72

Lastly, the explicit form of the kinetic terms can be found in App. 2.A.

2.2 Scalar potential

At tree level, the pNBG’s interact only through derivative interactions and their classical
potential vanishes. The gauge and top sector couplings explicitly break the global symmetry.
The classical scalar potential is radiatively generated from fermion and gauge loops. At 1-loop
the UV-dependent fermion and gauge loops contributions are given by [30]

Vi(H,®,s,0)
= e oy [Mya]) - [(zwa;)%og (Mgfy}) , -
Vv(H, P, s,p)
= 323?/\2@3 Tr {M\ﬂ + 643772 as'Tr lMé log <]X[§>] , (2.74)

respectively. My¢(H,®,s,¢) and M2(H,®, s, ) are the fermion and gauge bosons mass matrices
in the background of the pNGB’s. The a; parameters with ¢ = 1, ..,4 are O(1) numbers originating
from unknown UV contributions to these operators. A ~ 4 f is the cutoff scale of the theory.
Expanding the scalar potential V' = V; 4+ V4, in the NGB fields, we find that

Vo= mgTe[@'®] — pj |HI> + m2Tr[?] + M| H|' + X [HI? + ApsHI@H + ... (2.75)

We have omitted additional radiatively generated operators that are inconsequential for the
upcoming discussions. A detailed analysis of the symmetries of the scalar potential of this model
can be found in App. 2.B. In this section we summarize the most important features of the scalar
potential.

The mass of the charged triplet ® is quadratically divergent, mg ~ a few TeV. We consider
energy scales well below mg. We remove ® from our spectrum by integrating it out. Due
to T-parity, integrating out ® at tree-level does not influence any of the couplings explicitly
written in the scalar potential of Eq. (2.75). Like mé, the Higgs quartic A is generated by 1-loop
quadratically divergent diagrams.
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The rest of the operators in Eq. (2.75), including the Higgs mass term ,u%, are generated
through logarithmically divergent loops, and as such they exhibit a mild dependence on the
UV cutoff scale. The explicit calculations, found in App. 2.B, give us an order of magnitude
estimation for the IR contribution to these operators at 1-loop. However quadratically divergent
2-loop diagrams as well as UV contributions can have comparable effects on these operators.
Therefore we do not presume to be able to predict these couplings accurately in terms of the
fundamental parameters of this model. In this thesis we treat the couplings in Eq. (2.75) as free
parameters, except u% and A\, which are fixed to their measured values. Our goal is to allow the
free parameters to take values that are reasonable in light of the approximation given by the
1-loop IR contribution, and state explicitly when this is not the case.

In addition to mi,)\ and Ay, we must introduce a mass term for the singlet s. The sin-
glet remains massless at 1-loop, and a mass for s is generated at the 2-loop level. We take the
pre-EWSB mass term of the singlet, denoted as M2, as a free parameter as well. The sizes and
ranges of ma, Ags m?2, X are dictated by the DM phenomenology and are discussed in Sec. 2.5.

2.3 LHC phenomenology

2.3.1 T-even singlet T

The T-even singlet is responsible for cancelling the quadratically divergent top loop contribution
to the Higgs mass, hence it is the standard top partner predicted by composite Higgs models.
It can be doubly produced at the LHC via QCD processes, as well as singly produced with an
associated third generation quark through the following EW interactions

L> ngWT;WbL + gthT;ZtL +he. (2.76)

In this model,
2 1\2/1TeV
CbW :ﬁsL%g%0.35 () ( ° > s

2 )\2 f
srer VE <1>2<1 TeV)
Ciy = ~ ~0.28 ( — : 2.7
Yo T ewAd A2 / (2.77)

Decay modes

We consider the limit mp+ > mpy, my, mz. In this regime EWSB effects are negligible and
we can formally take & — 0. The dominant decays of T are to the physical Higgs or to the
longitudinal components of the SM gauge bosons with an associated third generation quark, in
accordance with the equivalence theorem. We can parameterize the Higgs field in a general R
gauge using these would-be longitudinal components as

¢+
H= . : 2.
(\%(v—l—h—i—qug)) (2.78)
The relevant interactions between the Higgs doublet and T are
1 _ _
Lup 3= N5 (v +h+igo) — V2bro™ ) Tf (2.79)

predicting that in the high energy limit,
Br[Ty — ht]:Br[Ty — Zt]:Br[Ty, = Wb =1:1:2. (2.80)
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LHC searches

Single production: Ty can be singly produced at the LHC in association with a third generation
quark. A recent search from CMS [79] looked for (T — Z t)bq with a fully leptonic Z decay.
The search places a lower bound on the mass of the singlet LH Top partner at 1.2 TeV, assuming
negligible width and BR[T" — Zt] = 0.25. The bound strongly relies on a model-dependent
production cross-section, which in term depends on the coefficients of Eq. (2.77). In the CMS
search the coupling is fixed at Chyy = 0.5. Conservatively we consider the mp+ > 1.2 TeV bound
at face value, although we expect a smaller value for Cyyy, as can be seen in Eq. (2.77). Cyyy is
further suppressed for Ay > 1, which is the region in parameters space that, as we later show, is
consistent with the LHC constraints on the T-odd top partners masses. The mass of the T-odd
singlet is bound from below to be my+ > v/2f. The lower bound of 1.2 TeV can be trivially
satisfied by taking f > 850 GeV.

Double production: T can also be doubly-produced via QCD processes. A recent search from
ATLAS [80] looked for a pair produced top partners in a range of final states, assuming that at
least one of the top partner decays to th. The quoted nominal bound of the singlet top partner is

mys > 1.02 TeV . (2.81)

This bound can be satisfied by taking f > 700 GeV.

2.3.2 T-odd singlet T~

The phenomenology of the T-odd singlet resembles that of a stop squark with conserved R-parity.
It can be doubly produced at the LHC via QCD processes, and consequently decay to tops and
missing energy.
Decay modes

We consider the limit mp- > mg,mp,,m¢. T~ couples to the singlet ¢¢ of the original
SU(5)/SO(5) coset. In a general R¢ gauge, ¢g is composed of the physical singlet and the
would-be longitudinal component of By,

$o = sos + coGo - (2.82)

The relevant interactions are

Emp > i)\l\/z ((boT_tR) + h.c

2 _ _
= i)\l\/; (80 sT tr+ ¢y Gy T_tR) +h.c. (2.83)
Leading to the simple prediction in the high energy limit
so\2 2
N(T™ —st): I'(I" — Byt) = () =5 (2.84)
€o

LHC searches

We performed a simple recast of recent stop bounds by accounting for the enhanced production
cross section of the fermionic T~ relative to the scalar stop squark case. We would like to account
for the presence of the T-odd doublet, which contributes to the same final states as T—. We
postpone the derivation of these bounds to Sec. 2.3.3.
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2.3.3 T-odd doublet ¢~

The phenomenology of the T-odd doublet resembles that of a mass-degenerate stop and sbottom
squarks with conserved R-parity. The upper (lower) component up ¥~ can be doubly produced
at the LHC via QCD processes, and consequently decay to tops (bottoms) and missing energy.

Decay modes

We consider the limit where m,,- > mp,, mw,, ms, my,. In a general Re¢ gauge, we can express
our original pNGB’s in terms of the physical pNGB’s and the would-be longitudinal modes of
the heavy gauge fields defined in Egs. (2.45) and (2.47),

Y [ ez sz [¢°

7T0 Cco —S0 S
()= (0 =) (2) asn
with the mixing angles ¢y, c3, o, s3 defined in Eq. (2.46). The relevant interaction in the £ — 0

limit originate from L. For (¢p)!,

ik 1 _ _ _
Ly > %; {(003 — 50Go)lr + (—s3p3 + c3G3)tr + V2(—s3p™ + CsG_)bL} (Vp)t, (287

and similarly for (/%)2,
ik 1

Ly 97 [(Cgs — SOGO)BL — (—s3p3 + CgGg)BL + \/5(—83@—’— + 63G+)EL] (1/11})2 . (2.88)

In the high energy limit

2 2

Br[y)™ — ¢ s ZCZO , Br[p” — qGol = %0 ; (2.89)
1 2

Brly™ = q sl =5[¥" 2 gl = % ; (2.90)
2

Brlu™ — g Gs] =3[0~ = ¢ Ga] = 3. (2.01)

with the final state with ¢ = {b,¢} depending on the electric charge of the initial state. The
exact branching ratios for ¢~ including EWSB and phase space effects can be found in Fig. 2.1.

LHC searches

The T-odd sector contains two top-like and one bottom-like fermions. We perform a recast of
recent bounds on stop and sbottom masses by accounting for the enhanced production cross
section of a fermionic colored top partner, along the lines of [81] and [82]. The quoted bounds in
Ref. [83] for the stop and sbottom masses are

m; > 1070 GeV, mj > 1175 GeV, (2.92)

respectively. We denote the QCD pair production cross section at /s = 13 TeV for a spin s
coloured particle with mass M as o2, (M). We require that

pair
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Figure 2.1: Numeric results for the branching ratios of the upper (lower) component of ¥_ presented in
the left (right) panel, with f = 1 TeV,r = 3,ms =200 GeV,m, =1 TeV and Ay = 2.5.
The masses of the heavy gauge boson are fized at mp, = 270 GeV and my, = 2.1 TeV.
The dashed colored lines indicate the branching ratios to the different exclusive final states.
The solid thick lines indicate the sum of branching ratios with either a top (purple curve) or
a bottom (yellow curve) at the final state.

60, (1070 GeV) > o M2 (mp-) + oal2(my-) x BR[(h_)1 — t + MET] (2.93)
and

00 (1175 GeV) > oM2(my-) x BR[(1_)y — b+ MET], (2.94)
with my,- = kf and mp- = )‘%/g the masses of the T-odd doublet and T-odd singlet top partners

. . 1/2
respectively. We use ¢, (M) reported by the CMS collaboration [84] and o, (M) calculated

using HATHOR [85]. We conservatively assume all the branching ratios to be 100%. We thus
obtain the following lower bounds on the T-odd fermion masses

My, mr_ > 1.6 TeV . (2.95)

The combination of all LHC constrains in the (f, A2) plane is shown in the right panel of Fig. 2.2.
We summarize the constraints for the couplings for a for a given f,

1.6 TeV
Te <k < 47T, (296)
2.3 T
Max [1, 3feV} <o < 4. (2.97)

2.4 Electroweak precision tests

The main contributions to electroweak precision observables are unaffected by the extended coset

structure. The mixing in the left-handed sector generates a correction to the T oblique parameter

due to loops of the T-even singlet T [50]
512 2

2s
T+ :TSMSL2 7—2+8L2—
Tt 1—£Ct

log x| (2.98)
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Figure 2.2: Left Panel: Exclusion limits (blue region) in the (my-, mr-) plane, using recasted limits
from the CMS SUSY search of Ref. [83]. We impose the condition of Eqs. (2.93) and (2.94),
assuming branching ratios of 100%. Right Panel: Exclusion limits in the (f, \2) plane using
Ref. [83] (blue region, using the bound from Egq. (2.96)), Ref. [79] (orange region) and
Ref. [80] (green region).

with
3 1 m? m? A2 —1

Ty = — —t ~1.24 =t ~ 22 2.99
SM 167 S%chu mQZ y Tt m%+ ( )\421 Ea ( )

and

. Tt
sp =sinfp = . (2.100)
A3 -1

We express Tp+ in terms of x; using Eq. (2.100). In light of the LHC constrains on the T-even
top partner mass of Eq. (2.81), we expect x; < 0.03 < 1. We therefore expand Eq. (2.98) to
leading order in xy:

= () (s =] )
~ 2log — + |~ | — 2
Ton (Ag—l P ey

(4o ]2

An additional contribution to the T parameter is due to loops of T-odd heavy gauge bosons.
The correction is proportional to the mass splitting after EWSB,

1 §
2 _ 2 2 2 2 .4
Amyy, = Miyg, = Myt = if g°sin ( 2) , (2.102)

neglecting corrections of order O(g’?). The T-odd gauge loops generate the following correction
to the T parameter [50]

9 A?
T, = ——2— Am% log | oo
W 16mc2 s2 M2 MW 108 <f2g2(1 + r2)>

9 A
_mglog (W) . (2.103)
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Figure 2.3: Combined EWPT and LHC exclusion regions in the (f,\2) plane, for r = 3 and A =
drf. The EWPT exclusion regions due to T-parameter (blue region) and 59551’ (orange
region) are plotted at the 30 level using the results of Ref. [86], T = 0.12 £ 0.07 and
59%5 = 0.002 £ 0.001. The LHC exclusion (green region) is due to Ref. [83] using the
lower bound of Eq. (2.96).

This correction is A9 independent, and becomes the dominant one for higher values of Ay as
Tr+ — 0. We assume that the UV contributions to these loop processes are sub-leading with
respect to the log-enhanced IR contribution.

Let us mention that the oblique S and U parameters also receive corrections due to the mixing the
LH fermion sector. As noted in Ref. [50], the size of these corrections are an order of magnitude
smaller than the correction to the T' parameter and are therefore sub-leading. Additionally, the
Zbrby, vertex receives corrections due to T loops [50]

_ 4 2
1 m
R A A —_L ( )1 It 2.104
IL cw 882, myma., \ N} — 1 °8 m7 ( )
with 595% = gfi’b — ngSbM and gfgst = —% + % We constrain the parameters of the model
using the results of Ref. [86], namely
T =0.12£0.07, §gZ% = 0.002 £ 0.001. (2.105)

The combinations of the EWPT and LHC constraints are plotted in Fig. 2.3. For f < 1.5 TeV,
values of Ay < 1.5 are excluded by LHC. The correction T+ decreases as Ay increases, and in the
allowed regions we find that Ty, > Tp+. We conclude that the correction from 7T-odd gauge
loops to the T-parameter is the dominant constraint in the allowed region where Ag is large. We
find the following lower bound on f from Eq. (2.103) at 3o after taking A = 4n f

f>(1240 GeV) x \/1 - élog(l +1r2)
~ (970 GeV) x (1 —0.08(r —3))) . (2.106)

Therefore we set the lower bound on the symmetry breaking scale to be f > 1 TeV.
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2.5 DM phenomenology

2.5.1 Spectrum

The lightest T-odd particle (LTP) in the spectrum is stable and therefore a natural DM candidate.
One possible LTP is the gauge field By. This possibility has been considered in the past in the
context of the original LHT model [87]. In this thesis we explore the possibility of DM being part
of the composite scalar sector, in particular the singlet s. The singlet mass m is a free parameter
in our model. The mass mp,,, given in Eq. (2.42), is of order O(200) GeV. The region in which s
is the LTP corresponds to r ~ 2 — 3 and thus would be the focus of our study. In this region
we may safely neglect co-annihilation effects of s with Byr. Since larger values of r correspond
to heavier T-odd gauge bosons, one might be concerned that the gauge contribution to the
Higgs mass suffers from larger tuning. However, by comparing the logarithmically divergent
contributions to the Higgs mass from the gauge and top sector

2 4 2 4
— 1

M;;uge ~ g ()\2—1):274 ) ~ <g ) (14 1%) ~ a few precent x (1 + 7?), (2.107)
top 172

A3

one finds that the gauge contributions is in any case negligible compared to the dominant
contribution of the top sector, which remain the dominant source of tuning in the model.

2.5.2 Singlet-triplet mixing

The last term of the scalar potential in Eq. (2.75) induces mixing between the singlet s and the
neutral component of the triplet ¢3 after EWSB. The effects of singlet-triplet mixing on the
DM phenomenology have been considered in Ref. [88]. We focus on the composite nature of the
singlet DM. For simplicity, we limit ourselves to the region in parameter space where we may
neglect the mixing effects. The mixing angle is given by

. 1 1
sin*fsp = 3 [1_ Vize

;= L , (2.108b)

2
= tz +0(th, (2.108a)

Assuming for simplicity that ms ~ v, A, ~ 1 and demanding conservatively that sinf,, < 5%,
we find the following lower bound

Me > 95, (2.109)
ms

which implies m, 2 600 GeV, consistent with current collider bounds. 1 We note that the
assumption A\, ~ 1 as well as the lower bound on m,, are consistent with the IR contribution of
Eq. (2.75) to these operators. We find that the operator corresponding to A, enjoys an accidental
factor ~ 5 enhancement to its coefficient in the CW potential. The IR contributions can be
found in App. 2.B in Egs. (2.180) and (2.181). We conclude that a moderate mass separation is
sufficient in order to neglect the singlet-triplet mixing effects.

! The LHC phenomenology of ¢ resembles that of the Wino, which implies that the charged components can
be doubly produced via electroweak processes and decay to W+ and missing energy. However, the relevant SUSY
searches, e.g [89, 90] , do not pose strong constraints on m, especially in light of the reduced production cross
section of the scalar triplet in comparison to the fermionic Wino.
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2.5.3 Annihilation cross section

The DM relic abundance is calculated by solving the Boltzmann equation for the particle
density [72]

i+ 3Hn, = — {ov) [n2 — (nE9)?] . (2.110)

The thermally averaged cross section for a non-relativistic gas at temperature 7' is given by [91]

iz ds ols = 4m2) V5K (V5/T)

(ov) SmITRZ(m)T) , (2.111)
and the usual approximation yields [72]

it (L et (1) oo
The measured DM relic abundance is [92]

Qpuh? = 0.1199 £ 0.0027 . (2.113)

In the following we consider three types of interactions relevant to our model that determine the
annihilation cross section, the Higgs portal, the derivative couplings and the contact term [73,
93].

Higgs portal

Due to the explicit breaking of the global symmetry, the scalar potential of Eq. (2.75) is generated
radiatively, and in particular the following operators are present in the theory

1
LD —imjs? ~\s’H'H . (2.114)

A is the usual Higgs portal coupling of the singlet DM model [94, 95, 96]. The Higgs mediates
s-channel annihilation to SM gauge fields and fermions. The annihilation channel ss — hh is
also possible via the s,t and u channels as well as directly via the dimension 4 operator s?h%. We
assume that freeze-out occurs after the EW phase transition. In unitary gauge, we can rewrite
Eq. (2.114) as

L o 2\ .2 2 Ao
ED—i(ms—l—)\v)s —)\vsh—§sh. (2.115)

We define the physical mass of the singlet

m2 =m? + . (2.116)
As discussed in Sec. 2.2, we take mg, A to be free parameters. We note a posteriori that the
phenomenologically viable regions not excluded by direct detection have A < 1%. The naive IR
contribution to A is O(10%). To obtain a viable model we assume that additional contributions
generate cancellations of order a few in order for the Higgs portal coupling to take smaller values.
These additional contributions can originate from UV physics, e.g loops of heavier resonances, and
higher loop order diagrams containing the lightest top partners . The latter can be quadratically
dependent on the UV scale, since we expect the collective breaking mechanism to break down at
higher loop order. These additional contributions are expected to be comparable to the leading
logarithmic contributions, allowing a substantial cancelation with the leading order contributions
to take place in some parts of parameter space.
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Goldstone derivative interaction

The kinetic term of the non linear sigma model of Eq. (2.40) contains derivative interactions
among the Goldstone fields, in particular in the unitary gauge (before EWSB)

5s?

Liomzs g g2 550
Lot 3 50u)* + 5 0u5)® = 575

(s9uh — hoys)?. (2.117)

We can remove the derivative terms that contribute to the direct detection cross-sections (namely
h%(0,s)? and s?(9,h)?) by the non-linear transformation

honf1e 20 2] g1y 50 g (2.118)
24f2% | o4f2" | '

In this new basis the leading order derivative interactions are

5s3
16f2

1 1
Lo D 5(a#m? - 5(8#3)2 + 0, h2ots? (2.119)
The transformation of Eq. (2.118) changes the form of the scalar potential, in particular it
generates a shift in the portal coupling

555 (mj, +m3)

A— A+ 122

(2.120)

In this new basis, the effect of the derivative interactions are disentangled: the term in Eq. (2.119)
contributes to the s-channel annihilation of DM after EWSB, and its contribution scales like
m?2/f?. As discussed below, the derivative interaction interferes with the portal coupling A\. The
A in the old basis is effectively larger, as seen in Eq. (2.120). This is is due to the derivative
interactions of the old basis, and the effective portal coupling has an additional contribution
proportional to s3m?/f?, s%m%/f2 ~ 1073 for f ~ 1 TeV and r = 3. Importantly , the derivative
interaction term of Eq. (2.119) is suppressed in the elastic scattering probed by direct detection
experiments.

Contact term

The non-renormalizable nature of the theory and the mixing in the top sector leads to the
appearance of the following contact term,

2
-8
Liop D —Citss matt-s (2.121)
with
7 4
Citss = S5 [CL (é) + 53L\/g:| : (2.122)

As opposed to the standard singlet DM which interacts with the SM only through the Higgs
portal, this dimension 5 operator allows the singlet to annihilate directly into tops without
the mediation of the Higgs. Similarly to the derivative interactions, the contact term becomes
increasingly important at higher energies. At leading order in &, we obtain

15

Corpy = (1 + 71A2§> E+0(£%). (2.123)
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Note that both the derivative interactions and the dim. 5 contact term scale with s3. The
r — oo limit correspond for f'>> f. In this limit s &~ ¢y (with ¢ the singlet that belongs to the
SU(5)/SO(5) coset) and the derivative interactions are at the maximal value as so — 1. In the
opposite regime, r — 0, which corresponds to f’ < f, the DM is comprised almost entirely of
s ~ Ty (with 7o the singlet that belongs to the [SO(2) x U(1)]2/[SU(2) x U(1)] coset). h and g
are decoupled since they belong to different cosets, and the derivative interactions between h
and s are effectively shut down as sy — 0.

2.5.4 Relic abundance

We can characterize the DM phenomenology in 3 distinct mass regions, see also [97]. In the first
region where my < v/ Apm f, all the effects of the interactions originating from higher dimensional
operators, namely the derivative interactions and contact term, are negligible compared to
the portal coupling interaction. The DM phenomenology in this region coincides with the
standard singlet DM [94, 95, 96]. In regions where my ~ +/Apy f, the effect of higher dimensional
operators becomes comparable with the marginal portal coupling operator. In particular we find a
destructive interference between the Higgs portal coupling and the derivative interactions. Lastly,
for heavy DM masses mgs > v/Apm f, the higher dimensional derivative operators dominate. For
the following discussion it would be useful to parameterize the thermal cross section as

(ov) = o0(@) [(A = fi (@) + fa(2)O(my — my)] ,

ms

Zs (2.124)

f

00, f1, fo are monotonically increasing functions of x. Furthermore, oy, f1, fo depend in general
on f,r, \o. fi(z) parametrizes the destructive effects of the dimension 6 operator of Eq. (2.117),
hence we expect f; ~ x2 . fa(x) accounts for the dimension 5 operator of Eq. (2.121), which
allows the singlet to annihilate into two tops independently of the Higgs interactions, therefore
we expect fo ~ x.

xT

Portal coupling dominance

In regions of parameter space where

ms < v/ Apmf (2.125)

the composite features of the DM are negligible, and the phenomenology is that of the standard
singlet DM [94, 95, 96], where irrelevant operators are irrelevant. In this area of parameter space,
the thermally averaged cross section is approximately

(ov) & a9 () A2, (2.126)

and the observed relic abundance is produced for

M)~ | 2BD (2.127)
(o) (CIZ)

For A < AT the singlet is over-abundant. These regions are experimentally excluded. In the
range A > A1 the singlet is under-abundant. In this region an additional source of DM must be
present in order to account for the observed relic abundance. For a fixed value of f, this region
is characterized by a large portal couplings or small DM masses. The mass region mgs < my,/2 is
severely constrained by the LHC due to the Higgs invisible width to singlets. For mg ~ my, /2,
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the Higgs mediator is resonantly produced and Apy must be extremely suppressed in order to
produce the correct relic abundance, making this finely tuned region hard to probe experimentally.
We shall focus on DM masses above my, /2 the avoid the above-mentioned issues.

This region can be seen in the left panel of Fig. 2.4 where m, < 150 GeV. In this region the
total annihilation cross section for a fixed portal coupling decreases with my, as expected in the
standard singlet DM scenario for mg > my /2. In the right panel of Fig. 2.4, the portal coupling
dominance region is to the right of the minima of the curves. In this region, for a fixed value of
the mass, the total annihilation cross section increases with A.

Contact term dominance

In region of masses where

ms ~ \/ Apmf s (2.128)

the derivative interactions and Higgs portal are comparable. In this region A\ ~ 22 ~ fi(x) such
that the portal coupling and derivative interactions interfere destructively, implying that

(ov) = oo fa(2)O(ms —my) . (2.129)

In regions where x < my/f, (ov) becomes arbitrarily small and the singlet is over-abundant.
This parameter space is experimentally excluded. In the range where x > m;/f we find that
(ow) is positive since the singlet is kinematically allowed to decay into tops. For a particular
value ¢ = &, defined by

00(Tmax) [2(Tmax) = 1 D, (2.130)

the observed relic abundance is produced. In the parameter space where m;/f < & < X
we find that (ov) < 1 pb and the singlet is over-abundant. This range is also experimentally
excluded. For coupling and masses such that .. < = we find that (cv) > 1 pb and the singlet is
under-abundant. In this region an additional source of DM must be present in order to account
for the observed relic abundance. We conclude that for a given point in (Ag,r, f) parameter
space, the largest DM mass for which the singlet can account for the entire DM relic abundance
is therefore given by mg™ = \/Tmax f.

The relevant parameter space in the left panel of Fig. 2.4 corresponds to the region where
mg ~ 220 GeV, close to the minimal value of the cross section. The annihilation to the Higgs and
gauge bosons is effectively suppressed by the destructive interference between the portal coupling
and the derivative interactions. As this suppression occurs where mg; > my, the remaining
annihilation cross section is exclusively to tops. In the right panel of Fig. 2.4, the minima of the
different curves are precisely mapped to this area of maximal interference. For the fixed mass
mg = 150 GeV, the singlet is not allowed kinematically to decay into tops and the annihilation
cross section vanishes. Conversely, for ms; = 200 GeV the decay into tops is allowed and the
annihilation cross section is dominated by the contact term. Lastly, the minimum of the curve
corresponding to mg = 250 GeV is approximately 1 pb, meaning that for this particular point in
the (Ao, 7, f) parameter space, Zp,., ~ 250/1000 = 1/4.

Derivative interaction dominance

In the regions of parameters space where

mg > \/ >\DMf7 (2131)
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the irrelevant operators, namely the dimension 6 operators corresponding to the derivative
interactions, are dominating, and the annihilation cross section grows with the singlet mass. The
observed relic abundance is produced for

A~ () — \/1‘)“‘ ()0 (ms — my) (2.132)

oo ()

for > ., with xnmin defined by

me
f
For x ~ zpin the correct relic abundance is recovered with A\~ <« 1 and with DM mass
m™® = /T f. The nuclear cross section is typically ~ 107! pb, beyond the reach of current
direct detection experiments. For A > A~ the singlet is over-abundant. This regions are ex-

perimentally excluded. In the region A < A~ the singlet is under-abundant. In this region an
additional source of DM must be present in order to account for the observed relic abundance.

> () ). (2.133)

fl(xmin) = \/O_lpb - fQ(I'min)@(xmin -

In the left panel of Fig. 2.4, the derivative interactions become dominant at m, > 225 GeV. The
total annihilation cross section increases with myg for a fixed A, and the annihilation channels to
the Higgs and gauge bosons become dominant compared to the annihilation channel to tops. In
the right panel of Fig. 2.4 the derivative interactions dominance region can be identified to the
left of the minima, where A is small. The annihilation cross section increases as A decreases. In
this region smaller values of A correspond to smaller destructive interference between the portal
coupling and the derivative interactions, and therefore an increased overall annihilation cross
section. For the curve corresponding to m, = 150 GeV, we see that AT ~ 0.065 and A\~ < 1,
meaning that for this particular point in the (Ag, 7, f) parameter space, x,;, ~ 150/1000 = 0.15.

B m, = 150 GeV

m mg =200 GeV

m m, = 250 GeV

(ov) [pb]

100 150 200 250 300 350 400
ms [GeV]

Figure 2.4: Left panel: The thermally averaged cross section as a function of the DM mass mgs for
A = 0.07, f = 1000 GeV,r =3 and Ao = 3. The dashed line at {(ov) = 1 pb represents
the cross section that produces the correct relic abundance according to Eq. (2.112). Right
panel: The thermally averaged cross section as a function of A for different values of m
with f = 1000 GeV,r =3 and Ay = 3. The dashed line at (ocv) = 1 pb represents the cross
section that produces the correct relic abundance according to Eq. (2.112).

2.5.5 Direct detection

The model was implemented using FEYNRULES [98] and exported to micrOMEGAs [99]. The
strongest direct detection bounds are due to XENONIT [100] after 34.2 live days. Scan results
for this model can be seen in Fig. 2.5. The two branches appearing in each panel represent the
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two possible solutions for A for each mass value which produce the observed relic abundance. The
branches meet at some maximal DM mass, above which the singlet is always under-abundant.
The upper branch is ruled out by direct detection. Some of the lower branch is still consistent
with experimental bounds. In the region where m, ~ /..., f, A can be arbitrarily small, thus
avoiding direct detection. In this regions, the theory gives a sharp prediction for the DM
mass. At mentioned previously, the naive IR contribution to A is too big and of O(10%). We
therefore assume that additional contributions from UV physics and higher loops generate mild
cancellations, allowing this coupling to take the allowed O(1%) values.

Note that the 34.2 live days XENON1T bounds are sensitive to A ~ 1072 > s3m?2/f? ~ 1073,
therefore the bounds are insensitive to the value of mg (except for a slight mass-dependence
coming the Xenon bound itself, which becomes less sensitivity for higher DM masses). The
1.1 yrs x Ton live days XENONI1T bounds, on the other hand, are sensitive to much lower values
A ~ 1073, which becomes comparable to the s3m?/f? contribution of the derivative interactions
shown in Eq. (2.120). As expected, this effect is clearly more visible for lower values of f, and
the direct detection bounds become stronger for higher values of mg, see left panel of Fig. 2.5.

The impact of varying Ao, r for a fixed value of f can be seen in Fig. 2.6. The largest ef-
fect is seen for increasing r, which in turn raises the importance of the non-renormalizable
interactions at lower DM masses. A smaller effect due to the increase of A9 can be seen in
the meeting point of the two branches. Larger values of Ay decrease the contact term, pushing

mae** = | /Tmaxf to higher values.
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Figure 2.5: Singlet relic abundance in the {mg, A\ = Apy} plane for f =1 TeV (left), f = 1.2 TeV
(middle) and f = 1.4 TeV (right), for fired r = 3 and minimal Ag ~ M. The solid
blue lines represent areas where Qs = Qpy. The blue areas are regions where Qg > Qpyy,
and therefore are excluded. The grey regions are excluded by XENONIT [100] after 34.2 live
days. The Dashed lines are the projected sensitivities for XENONIT at 1.1 yrs x Ton [101].

2.A The complete Lagrangian

The model is defined by the global symmetry
G = SUGB)x[SU2),xU1)L) x[SUR)rxU1)r] xU(1)q- (2.134)

A global unbroken U(1)q is added in order to fix the hyper charges of the matter fields.
SU(5) contains two SU(2) x U(1) subgroups defined in Eqgs. (1.22) and (1.23), denoted by
[SU(2) x U(1)];/2- We gauge the following subgroup

SU(2)14 X U(Q)142+4Q X SU(2)24r X U(1)24R+q -
(2.135)

We implicitly include SU(3). as an external gauge symmetry. We introduce fields in representa-
tions of G denoted by (R, R, RR)qy.qr.qq- A generic representation of Eq. (2.134) is mapped
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Figure 2.6: The effects of changing r and Mo on the relic abundance curves, shown as solid curves. The
dashed curves represent the XENONIT [100] bounds after 34.2 live days. Increasing v has
similar effects to lowering f - the coefficients of the non-renormalizable terms increase and
their effect is noticeable at lower DM masses. Increasing Ao reduces the size of the coefficient

mazr

of the dimension 5 contact term, therefore increasing m'** = \/Tmazf-

under T-parity to
(R’RLvRR)QL,QRﬂQ - (ﬁ’ RR’RL)QR,‘]LaQQ : (2'136)

The representation R is defined by the automorphism of Eq. (2.2). The Lagrangian is described
by the following sum

L= Egauge + Ekin + ‘Ctop + En . (2137)
The gauge kinetic terms are given as usual by
1 Vi 1 v 1
Lomge = = 72 Wid Wi =7 2 BBl — 7G2Gl (2.138)
i=1,2 i=1,2

We introduce two scalar fields with the following G representation
X (15, 1, 1)0,070 5 X (1, 2?§)qx,*qx,0 . (2139)

The charges of X under U(1)r, x U(1)g are constrained by the requirement to preserve the
T-even combination U(1)g+r. We determine the value of gx in Eq. (2.154). The global symmetry
is spontaneously broken by the VEV’s of 3 and X with the following coset structure

SU(5) " [SU2) xU)]r x [SU(2) xU)]r xU(1)g
50(5) [SU@) x UDer x Ull)g

(2.140)

We parametrize ¥ and X following Egs. (1.21) and (2.33) and write down the kinetic terms of
the non-linear sigma model

2 12
Lue = L) 0r) + Lm0 0ex), (2.141)
with
DY = 9% —i Yy gWHQIL+3Q) —i Y giB(ix+%Yi"), (2.142)
i=1,2 i=1,2

DX = 0X - %(ngfG“X — g2W3Xo") —igx (g1 B1 — g5 B2) . (2.143)
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T-parity dictates that
n=g2=V2g, gi=gh=V2, (2.144)

with g, ¢’ the SM gauge couplings.
The matter sector contains the following linearly transforming fields

(a1 0
vy = X1 | (5a 1> 1)0’0,% ) Uy = X2 |- (57 17 1)0,0’% ) (2145)
0 (0
as well as the singlets
Ty (1,1,1)%7%70, Ty : (1,1,1)%’%,07 tr: (171,1)0307%. (2.146)

We introduce a non linearly transforming doublet 1. Non-linear representations are described
in terms of representations of the unbroken subgroup

H = 50(5) X SU(Z)L+R X U(l)L+R X U(l)Q . (2.147)

Y5 transforms non-linearly under the full global group G using the CCWZ formalism. In our
case

Vg (1,2)4x,q, under H. (2.148)

The U(1)q charge of ¢, , denoted here by gy, is determined in Eq. (2.154). ¢x is the same
charge appearing in Eq. (2.143). Under T-parity,
\Ifl — QEO\IJQ , T1 <> T2, (2149&)
tr = tr, Y — —Vg. (2.149Db)

The U(1) charge assignments are fixed by matching the required SM hyper charges and requiring
that all the gauged U (1) symmetries are conserved. The SM hyper charge is given by

Ysm=Y1+Ya+qL +qr+2qq- (2.150)
e.g for vy,
3 2 1 1
Ysy=————4+04+04+2x = = —. 2.151
S T R T R (2.151)

Let us determine the gy and gy charges.
iy

Defining U = e ¥, the combinations Uv, and UW);% transform linearly under the global group

Ut - (1.2 0)g 0, UM+ (11, 2)0,50, (2.152)

Using these identifications as linear representations, it is clear that conservation of U(1)141+0
and U(1)24+Rr+qQ, e.g in the first term of Eq. (2.71), requires

3 1
)+ gx +q, = 2.1
( 10 3) ax +ap =0 (2.153)

and

(1+1)+ 0 gy = 2 _ 1 (2.154)
5T3) TW TV W T g X T g ‘
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We introduce the kinetic terms

Low = 1 Z @,ZD\I/Z +1 Z 7¢lDTi

i=1,2 i=1,2
il g DR + iy Dy, . (2.155)

The kinetic term for the non-linearly transforming doublet 17 is given by
Dytbg = (Ou + en — iqy(91B1y + 95Bop) Vg - (2.156)

The e, = eLTi symbol of the CCWZ formalism connects the non-linearly transforming field and
the NGB’s via the matrix U [5, 6]

UNDU) = dl X7 + e T, (2.157a)

DU = (6# — iglwla%a — ingllBl> . (2.157b)
Using the automorphism defined by T-parity we can also write

UDUY) = —dj, X7 + e, T, (2.158a)

DU = (au — z’gQWQfL%a — z'ng;Bg> . (2.158b)

This automorphism allows us to write the e, symbol in terms of the pion matrix U and the
gauge fields

1
u=j (vtD,U +UD,UT) . (2.159)
The covariant derivatives of ¥; and Wy are

Dy = (Ou+i Y [9W5QF + giBiY;]

i=1,2
i
—3(91 B + 92B2)) W1 s (2.160)
D,y = (Ju—i Y [6WiQf + giBiuYi]
i=1,2
i
—3(91B1u + 62 B2,)) W (2.161)

The covariant derivative of a singlet field x transforming as (1,1,1)y; qp.qo 1S given by

Dyx = (0u —i(qr + 4Q) 91 Biy — i(qr + 40)95B2u) x -

(2.162)
For completeness we report the top sector Lagrangian
M F o _ <\ -
ﬁtop = %f (@1101 + (\I/QQE()>ZOZ) tr
A2 f _
+—= (%171 — XoT2) + h.c, 2.163a
NG (X171 — Xa72) ( )
O; = €k njaXks, O = 264245, (2.163b)
and the terms that gives the T-odd doublet combination a mass
_ B G U — BT
Le= 75 ($102U = 020" g + . (2.164)
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Table 2.1: Spurionic U(1) assignment for the fields and couplings.

2.B The scalar potential and its symmetries

In this appendix we discuss in detail the symmetry structure of the model and the scalar potential.
The Higgs doublet is protected by two different shift symmetries. Each of the shift symmetries is
contained inside a different SU(3) subgroup of SU(5)

exp \/i?f e’ € [SUB3)], (2.165a)
exp i e || €[SU®B):. (2.165Db)

V2f =

€

All the couplings that explicitly break the global symmetry in this model, namely the gauge
couplings and the top sector couplings, preserve at least one of the SU(3) subgroups. A Higgs
potential is generated only when at least two couplings are non zero, such that all the shift
symmetries are broken. This so-called collective breaking mechanism insures the absence of
quadratically divergent contributions to the Higgs mass. The couplings and their T-parity
conjugate respect different symmetries, therefore it is useful to denote the T-conjugate couplings
with a tilde

‘Ctop - £ (Alﬁlel + 5\1 (@2920)1@) LZR
+L (vram = Aoom) +he, (2.166)
V2
o= - -
Ly = NG (m/zlch - anUQUT) ¢Yr +he. (2.167)

In order to better understand the structure of the generated scalar potential, we assign spurionic
U(1) charges to our fields and couplings, which can be found in Table 2.1. The combinations
of couplings appearing in the quadratically divergent contribution to the scalar potential must
be of the form gg' or §g'. We can deduce from the residual symmetries a generic form for the
quadratically divergent potential. For concreteness let us consider the coupling A1 and set all the
other explicit symmetry breaking couplings to zero. The original coset in Eq. (2.140) contains
(24 — 10) + (9 — 5) = 18 NGB’s, out of which 4 are eaten, leaving us with 14 physical NGB’s
with the following SUL(2) x Uy (1) representations

341 ®2417®300 1o (2.168)
Turning on only A; breaks the global symmetry and changes the coset structure
SU(3) x [SU(2) x U(1)]2
[SU(2) x U(1)]142
[SU(2) x UM)]L x [SU2) x U(L)]r x U(L)g
[SU2) x UD)lL+r x U(L)q ’

(2.169)
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This coset contains (8 +4) —4 + (9 —5) = 12 NGB’s, out of which 4 are eaten, leaving us with 8
physical NGB’s with the following SUL(2) x Uy (1) representations

2412930D 1o. (2.170)

There must exist a non-linear combination of the goldstone fields

(2.171)

with f1, fo some functions of gauge-invariants, such that the quadratically divergent potential
can be written as gauge-invariant function of only ®

V(®,H,s,0) = V(d). (2.172)

This constraint limits the form of the quadratically divergent scalar potential. E.g the mass term
in the RHS of Eq. (2.172) would appear in the original NGB basis as

A2\ 2 Te[$8%] =
1
AP P Te[@9*] + 7

5 T )+ 5 P UT )2, (2.173)

ffsTe[H &)

This argument can be repeated for every coupling ¢ € {5\1, g1, 92, 91, 95} which generates a
scalar potential proportional to |c|?A%2. We can immediately see that the symmetry structure
allows a quadratically divergent mass term for ®. The collective breaking structure prevents the
appearance of |H|? in the quadratically divergent potential, as well other operators, such as

s, 02 2| H|* and sH'pH . (2.174)

Logarithmically divergent 1-loop contributions to the scalar potential contain four couplings.
Possible combinations are trivial combination like |c|?|’|?, and non trivial combinations like

Al Mzt , 5\1)\T ki + T-conjugates . 2.175
1 1

At this level all scalar operators can be generated except the singlet mass. The singlet remains
exactly massless at 1-loop and must acquire a mass from higher order loops, e.g 2-loop diagram
by closing the Higgs loop in the 1-loop induced s?|H|? interaction. We report the radiatively
generated couplings calculated from Eq. (2.73) after setting all the T-conjugate couplings to their
respective values ¢ = ¢. We neglect the gauge contributions which generate O(1%) corrections to

the fermion loops contribution. We define C' = 16\7;2 as log (1}—;) Note that C ~ 0.1 for as = 1

1
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and A =4rf.
N,
m3 = 47T2a1|>\1]2A2, (2.176)
N, A2
Ny = 16;2a1\)\1|2 (f) , (2.177)
y oo CPr? (251l +6lk(r +5)%) o,
N 30 (r2 4 5) R
(2.178)
pp = —Cf NPl < —40f?, (2.179)
N = CIA1 272 (5|A2)? + 662 (r + 1) (r + 5)) S 590
v 3v5Vrt 4+ 6r2 +5 o
(2.180)

The bounds are calculated assuming x,r > 1. We find the minimal/maximal value with respect
to A1, Ao under the top Yukawa constraint. The triplet mass is generated only from gauge loops.
We define D = %(M log (/}—;) = &1 (.025. The triplet mass is given by

4 as
8941"2(1 + 7‘)2
2 2
my, = Df (1—}—7“2
D f 2 2
~ 2.181
<0.025> <1200 GeV> (850 GeV)™, (2.181)

where we used r = 3. Lastly, we report the Higgs potential. The Higgs potential in the unitary
gauge up to order O(sin h)

1672
+CF (1M PIRP = MALRRT = APl + g < g]) o7

Vi f2A2a1 (’)\1‘2 + ‘5\1‘2) S% (2.182)

1 - - -
2 OF (PR = Pl + 230 R

4 (MRl — [ 2172) + [g © g1) st (\gf) .

where we defined s} = sin” (%Jc) After setting § = g, we find
Vi = =20 N P Aols)
N
[ 2+ 0 (ol — I P)] 221t (2189

Although terms proportional to |A1|?|x|? could have appeared a priori in the Higgs potential,
they vanish due to T-parity. Clearly if we were to set &K = —k, which is equivalent to flipping the
parity of ¢ and coupling it to the T-even combination %(1/)1 + 19), the k coupling would have
appeared in the Higgs potential. Since x does not appear in the Higgs potential, taking large
values of K would have no influence on the tuning of the Higgs potential at one loop.
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Composite dark matter in SO(7)/SO(6)

3.1 Effective Lagrangian for Higgs and DM pNGBs

The low-energy effective Lagrangian for the pNGBs, namely the Higgs doublet H and the
SM-singlet DM, taken to be a complex scalar  stabilized by a U(1)py symmetry,! has the form

Leg = La + L — Ve, (3.1)

where Lagp contains only derivative interactions, whose structure is determined by the non-linearly
realized global symmetry. £ contains the couplings to the SM fermions, which originate from
elementary-composite mixing couplings that break G explicitly. These elementary-composite
mixings, together with the gauging of a subgroup of G that includes the SM electroweak symmetry,
generate the radiative potential Vog. We discuss first the leading order Lagrangian Lgp, and
then turn to the effects of the explicit symmetry breaking, contained in L7 — V.

3.1.1 Two-derivative Lagrangian

The most general two-derivative, SU(2) x SU(2)g x U(1)py C H invariant Lagrangian® that
arises from the nonlinear sigma model kinetic term is3

C
Lon = [DAHP +10° + S50 HPOH? + 50, HPO"? + S50, 0" % (3.2

f

We could have written four additional operators,

Cc1 Cc2 C3 C4

RIDWHPIHP,  FIDWHPNE . HlooPIHE 1o, (3.3)
but these can be removed through the O(1/f?) field redefinition

o= (1= glHP =SB ). x = (1= g lHP = 5d?)x (3.4)

!For real DM 7) that is stable due to a Z» symmetry, we simply replace y — 77/\/5 in Leg.
2More precisely, this is the most general SU(2)r, x SU(2)r x U(1)pum invariant Lagrangian where SU(2)r is
only broken by the gauging of hypercharge.

>
3We do not include in Lgp operators containing x*0,x = x*9.x — dux*X, which vanish trivially in the
S0(6)/S0(5) model where x — n/v/2 with real 1, and are forbidden in the SO(7)/SO(6) model by custodial
SO(4) ~ SU(2)r, x SU(2)r invariance, since H and x belong to the same irreducible representation of H = SO(6).
nd

Notice also that x*0,x is odd under the charge conjugation associated to U(1)pwm-.

o7
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Notice that for ¢; = ¢ = ¢3 = ¢4 = —2/3 these are the leading terms of
3 a
sin(m/ f) SN 27 r=Vilw, (3.5)
m f

where 7 is the GB vector [68]. This redefinition has customarily been adopted in studies of
the SO(6)/50(5) and SO(7)/SO(6) models, see App. 3.A. In the basis of Eq. (3.2), which also
coincides with the SILH basis [102] when restricted to Higgs interactions, the scalar potential
reduces to a simple polynomial and the vacuum expectation value (VEV) of the Higgs is equal
to v ~ 246 GeV. In those models the coefficients take the values cy = ¢4 = ¢, = 1, which we
often adopt as reference in the following.

The “derivative Higgs portal” operator parametrized by ¢4, which constitutes the only
interaction between the DM and the SM contained in Lgg, allows the DM to annihilate to SM
particles via s-channel Higgs exchange, and the observed DM relic density to be produced via the
freeze-out mechanism. This fixes the interaction strength cy/f? as a function of the DM mass,
as shown by the blue curve in Fig. 3.1, which was obtained by solving the Boltzmann equation
for the xy number density using micrOMEGAs [103]. For m,, > my, the relation is very simple,
being approximately determined by

Qyirs  {(OUel) cZm?
1 = 2 \TYreljcan o) o 4 3.6
Qpm {0yl (orel) mf4 (3.6)
hence
f N My 1/2
an = 1.1 TeV (130 GeV) , (3.7)

where (-) denotes thermal average, Qpy = 0.1198h72 [62], (0Vrel)ean =~ 2 X 10726 em3 s is
the canonical value of the thermal cross section [104], and the dominant xx* — WW, ZZ, hh
channels were included in the annihilation.*

Crucially, the derivative Higgs portal also leads to negligibly small cross sections for the
scattering of DM with heavy nuclei: the amplitude for gy — gx scattering mediated by Higgs
exchange is proportional to [t|/f? < (100 MeV)?/(1 TeV)? ~ 1078, where we took 100 MeV as
a rough estimate of the maximum momentum transfer. The expected strength of the direct
detection signal is then set by the interactions contained in Ly — Vg, which depend on the
explicit breaking of the global symmetry.

The other important effect encapsulated in Lgp is that h, due to its pNGB nature, has all
its couplings rescaled by a universal factor with respect to their SM values: writing in unitary
gauge H = (0, h/v/2)" we have

2

P _CtHY
h=v+ (1 2f2)h. (3.8)
A robust and model-independent probe of this effect is the measurement of the hV'V' couplings

(V.=W,Z). In Fig. 3.1 we compare the projected sensitivity on this observable of current and
future colliders [105] with the pNGB DM parameter space, under the assumption that cg = ¢4.

4The cross section for annihilation to tf scales as Ot Urel ™~ Ncmf/(ﬂf4), as opposed to oww,zz,hh Urel ~
mi/(ﬂf‘l)7 therefore tf is important only for m, not much larger than m:. See the right panel of Fig. 3.1.
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Figure 3.1: Left panel: value of the global symmetry breaking scale f that allows to reproduce the observed
DM relic density via the derivative Higgs portal, as function of the DM mass. In solid blue
the full Boltzmann solution, in dashed orange the approzimate relation given in Eq. (3.7).
The gray lines show the 95% CL lower bounds achievable from the measurement of the hVV
couplings at current and future colliders, assuming cy = cq. Right panel: fractions for
annihilation to the different SM final states. ff denotes the sum over all light quarks and
leptons.

3.1.2 Explicit symmetry breaking effects

The most general effective Lagrangian coupling the pNGBs to the third generation quarks is

X X
_ = Ct c _ Cp c
Ly =—yq Htr (1 — PlHP — fgm?) — b Hbg (1 — PlHl2 — fl;!xP) +he. (3.9)

The general form of the one-loop scalar potential generated by the explicit symmetry breaking is,
up to quartic order in the fields,

Ve = pi |H? + M H|* + il x1? + Aomlx|* + 2XH [ x|? . (3.10)

The parameters M}QZ and )\%L are fixed by requiring the observed mass and VEV for the SM-like
Higgs. We only consider regions of parameters where (x) = 0, so that U(1)py is not spontaneously
broken and x is stable. This imposes a mild constraint on the parameter space of the fermionic
sector (see App. 3.C for a concrete example), whereas the gauging of U(1)py automatically
yields 3y > 0.

In addition to providing the DM with a mass mi = u2DM + \v?, the explicit symmetry
breaking can affect its phenomenology in important ways. The annihilation to SM particles is
still dominated by s-channel Higgs exchange, but now the x*xh coupling has both a derivative
and a non-derivative component,

2
M(xx* — SM) o (cd% - 2)\)1) ~ (cd4;r;’< - 2)\)1). (3.11)
A priori, for m, > my the x*xtt interaction proportional to ¢} can also give an important
contribution to x*x — tt. This is the case when the shift symmetry is broken by the top quark,
considered in Sec. 3.3. In case the top quark couplings respect the DM shift symmetry, as in
Secs. 3.4 and 3.5, ¢} is suppressed or altogether absent, hence Eq. (3.11) is a good approximation
of the strength for annihilation to SM particles.
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DM scattering with nuclei proceeds via t-channel Higgs exchange and through the contact
interactions parametrized by c¥. The effective interactions with the SM quarks ¢ have the form

. A cX
2mgaq qax*x,  aq & ; (3.12)

Tomp o 2f?

As already emphasized, the contribution of the derivative Higgs portal is negligible.
Note that, for any relevant values of the parameters, the DM self-interactions mediated by c,

and Apy are far too small to have any effects on cosmological scales.

3.1.3 Origins of explicit breaking and DM scenarios

Two irreducible sources of explicit symmetry breaking, which generate at least some of the
interactions contained in Egs. (3.9) and (3.10), are the gauging of the SM electroweak subgroup
SU(2)r, x U(1)y C H and the Yukawa couplings for the SM fermions. The SM gauging only
contributes to the scalar potential and, under our assumption that the DM is a SM singlet, at
one-loop level generates only ,u}zZ and Ap. In the fermion sector, Yukawas are assumed to arise via
the partial compositeness mechanism [52]: the elementary fermions couple linearly to operators
of the strong sector,

LY ~ A f aLOg + MfErO: + Ay f 31Oy + Mo f bROp + hc, (3.13)

where we have ignored the flavor structure and put our focus on the masses of the third generation
of quarks [106]. We have included mixings of the left-handed quark doublet with two distinct
operators, as it is in general required to generate both the top and bottom Yukawa couplings. For
example, in the SO(6)/S0O(5) and SO(7)/SO(6) models the global symmetry is extended by an
unbroken U(1)x, hence if ¢tz and bg are coupled to operators with different X charge, two distinct
embeddings of g7, are needed in order to generate both y; and yp. At low energies Eq. (3.13) leads
to mass mixing between the elementary fermions and the composite resonances, and as a result
the physical SM fields are linear combinations of elementary and composite degrees of freedom.

Their compositeness fractions are defined schematically as etL’ R~ A itf/ mzqvt + )\2715 f2 and

b 2 2 ;
€LR ™ )\q/,bf/\/m*q/7b + )\q,7bf2, where m.q ¢ o.p are the relevant masses of the resonances in

the top and bottom sectors. The Yukawas have the form

M,
Yy = fw ereh,  (W=tb) (3.14)

where M, is a combination of the resonance mass parameters.

Since the elementary fermions do not fill complete G representations, Eq. (3.13) breaks
explicitly at least part of the global symmetry. The Higgs shift symmetry must be broken by the
couplings of both the top and bottom, in order to generate the observed values of y;;, v and my.
However, whether each of these couplings breaks or preserves the y shift symmetry is a priori
unknown, and all possibilities deserve close scrutiny. The three scenarios discussed in this thesis
are listed in Fig. 3.2, along with the Feynman diagrams that dominate the annihilation and direct
detection of DM in each case. In Sec. 3.3 we consider the scenarios where the leading breaking
of the DM shift symmetry originates from the top quark. In Sec. 3.4 we consider the case of
DM shift symmetry breaking due to the bottom quark couplings. Then, in Sec. 3.5 we study the
scenario where the fermion sector is fully symmetric, and the leading explicit breaking arises
from the gauging of the U(1)py symmetry that stabilizes the DM. Before considering all these
cases, let us first present the framework in which these were studied, namely the SO(7)/SO(6)
model.
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Figure 3.2: Schematic summary of the three scenarios discussed in this thesis. The EF'T coefficients
ca, ¢y and X were defined in Egs. (3.2), (3.9) and (3.10), respectively. In the third scenario
we denote with yp the dark photon associated to the gauging of U(1)pm with coupling gp,
and mark the gauge interactions in green.

3.2 SO(7)/SO(6) model

We assume that the strong sector possesses an SO(7) global symmetry, spontaneously broken

to SO(6) at the scale f. The six Goldstone bosons (GBs) 7%, a =1,...,

6 transform in the

fundamental representation of the unbroken SO(6), which under SO(4) decomposes into H ~ 4,
identified with the Higgs doublet, and two real singlets n, x. Following the Callan-Coleman-
Wess-Zumino (CCWZ) construction [5, 6], whose details are given in App. 3.A, the GBs are

parameterized by the matrix U = exp (iﬂTrGX a/ f), where the X* are the broken generators.

At the leading order in derivatives, the Goldstone Lagrangian is given by

f2

T,

(3.15)
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where the CCWZ d,, symbol is constructed out of U and its SU(2)r, x U(1)y covariant derivative.
In the unitary gauge the vector of GBs can be written as

7= (0, 0, 0, h, 1, R)T, (3.16)

with A denoting the field whose physical excitation will be identified with the observed Higgs
boson. After performing a convenient field redefinition (see Eq. (3.85)), the Goldstone Lagrangian
reads

1 (hOuh +ndum + K;aun)Q
2 f2-h2—n2— kK2

5—18ﬁ2 8,12+ (0,K)? B272ﬁ/+217ﬁ/3 7B )2
w = 3[R +(@um)*+(9ur)?| + + [PV P45 (Wi -g'B,)’)-

(3.17)

The bar on the gauge fields (and their associated couplings) indicates that these are elementary
states. In analogy to photon-rho mixing in QCD, the gauge fields couple linearly to resonances of
the strong sector. The resulting mass mixing is diagonalized, for example for the charged fields,
by gW;‘E — gVVIjE + ..., where g and Wﬁ‘ are the SM gauge coupling and field, respectively, and
the dots stand for terms containing the vector resonances (see Eq. (3.96)). Hence we identify
(h) = v ~ 246 GeV. Assuming furthermore (n) = (k) = 0 and expanding around the vacuum,
we find that the singlets have canonical kinetic terms, whereas for the Higgs the canonical
normalization is achieved with

2

h=v+Vi—Eh, €&=-, (3.18)

~

where h is the physical excitation.

Coupling to elementary fermions and dark matter stability

To examine the different options for the embedding of the SM fields, it is convenient to consider
the decomposition of the representations of SO(7) under its subgroup SO(4) x SO(3), which we
can write as SU(2), x SU(2)g x SU(2)’, where SO(4) = SU(2);, x SU(2) g while SO(3) = SU(2)’
is generated by the broken generators under which the two singlets shift, X7 = X° and X* = X6,
together with

1
V2

where we used block notation. The label given to this generator anticipates its role in the dark
matter stabilization, which will be discussed momentarily. For the first few irreducible SO(7)
representations we have the following (SU(2) 1, SU(2)g, SU(2)") decompositions (see for example
Ref. [107]),

TPM = 796 — _—_ diag(04x4,0%,0) € SO(6), (3.19)

1=(1,1,1),

7=1(2,21)®(1,1,3),

8 =(2,1,2)®(1,2,2), (3.20)
21 = (2,2,3)®(3,1,1) ®(1,3,1) ® (1,1, 3),
27 = (3,3,1)®(2,2,3) ®(1,1,5) @ (1,1,1).

For the top Yukawa, we imbed ¢y, in the (2, 2),/3 representation of (SU(2)r, SU(2)g)x. This
guarantees custodial protection against zero-momentum corrections to the Zby by, vertex, which
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would conflict with LEP measurements [108]. Hence a natural and minimal possibility is
Oy ~ Tg/3. In this case the coupling of g, preserves the entire S U(2). The requirement of
U(1)x-invariance of the top mass term fixes then the X charge of O; to be 2/3, but several
options are available for its transformation under SO(7). Additionally, once the top quark
couplings respect the DM shift symmetry, additional embeddings might be needed in order to
break the shift symmetry i.e for the right handed bottom quark. We summarize the embeddings
used throughout this thesis in Table 3.1.

DM Zbb
Section Embeddings shift cust.
Sym. Sym.
Secs. 3.3-3.5 | € ~ Ty3 D (2,2,1)y/5 = (2)%, @ (2)0), | v
Sec. 3.3 | £ ~Tyy3 D (1,1,8)y5 = ()35 @ (1)3,5 @ (1) :

v
X
gg) ~ 2153 D (1,3,1)95 = (1)} 5/3 <1)2/3 (1)—1/3 v
Sec. 3.4 §,(;b) ~T 13D (2,2,1) 3 = (2 ) L ©(2) ~5/6 v X
&V T 150 (1,1,3) 5 = (1) ® 1) 1), | X
{g) ~ 21,3 (as in Sec. 3.4) v
€7 ~ 2153 D (1,3,1)5y3 = (1)5® (1)35 @ (1), 4 v

Sec. 3.5
X

Table 3.1: The various SM fermion embeddings used in the thesis. We specify the used SO(7) x U(1) x

representation and focus on the relevant (SU(2)r, SU(2)r, SU(2)")x representation, which we

subsequently decompose to its (SU(2)1)PM representations. We highlight in red the relevant

SM representation. In Sec. 3.3 only the right handed top breaks the DM shift symmetry.
In Secs. 3.4 and 3.5 the right handed top coupling preserves the DM shift symmetry. The
DM shift symmetry is eventually broken in those cases by the right handed bottom (Sec. 3.4)
and the U(1)py gauging (Sec. 3.5). Note that in Sec. 3.4, a second embedding of qr, is
needed in order to produce the bottom Yukawa, which introduces a X = —1/3 sector and the
accompanying resonances, see App. 3.C

As an example, let us consider the embedding used in Sec. 3.3,
tr~(1,1,3)C 7. (3.21)

In this case the SU(2)’ is explicitly broken, but the embedding can be chosen as to preserve
a residual U(1), generated by one among {X"7, X* TPM}. Therefore we can either leave the
shift-symmetry of one of the singlets intact, thus keeping it massless, or preserve the U(1)
symmetry acting on 7 and & that is generated by TPM. We choose the latter, hence 1 and & are
combined into a complex scalar field

X = (k+in) /V2, (3.22)

that is an eigenstate of U(1)py with charge +1, while ¢ is uncharged under this symmetry.
The complex scalar x is our DM candidate, and the unbroken U(1)py ensures its stability. This
setup is represented schematically in Fig. 3.3.

Under (SU(2) 1, SU(2)r)YM the 7y/3 decomposes as

72/3 = (27 2)8/3 S (17 1)3/3 (1 1);:/13 ) (323)
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Figure 3.3: Schematic overview of the SO(7) algebra. In the left drawing the structure of the SU(2)p x
SU(2)r x SU(2)" subgroup is displayed, whereas the right drawing shows the symmetries
that remain unbroken after the weak gauging of the SM electroweak group and the coupling
of qr,tr to operators Oq, Op ~ 733 of SO(7)x.

where the tg is embedded in the (1, 1)3/3, while the ¢y, is embedded in the (2, 2)8/3. In Sec. 3.3,
the coupling of tg to the strong sector explicitly breaks the shift symmetry for y, which will
acquire a potential, and in particular a mass, of the same parametric size as the Higgs. The

explicit form of the embeddings is

60 = (ibp. boo itn, —tr. 0. 0. 0) . &r=(0, 0, 0, 0, 0, 0, t5)

(3.24)

Sl -

A different phenomenological scenario is realized if the embedding of ¢t preserves SU(2)'.
Glancing at Eq. (3.20), this can be obtained in several ways: for example, tp ~ (1,3,1) C 21
(antisymmetric tensor) or tg ~ (1,1,1) C 27 (symmetric traceless tensor). Alternatively, we
may assume that tg is a fully composite SO(7) singlet. In all these cases the couplings of the
top quark do not break the symmetries under which x shifts, hence the leading contributions to
its potential come from the couplings of the light fermions, from the weak gauging of U(1)py, or
from both. As a consequence, the DM is naturally much lighter than the Higgs. This intriguing
possibility is considered in Secs. 3.4 and 3.5. For m, < mj/2, an important constraint comes
from the invisible decay width of the Higgs, mediated by the derivative interactions in Eq. (3.17).
The decay width is

msv? 4m?
T )=y TTx 2
=0 = g |1~ (3.25)

where we neglected the contribution of the radiative portal coupling A (see Eq. (3.29) below),
which is expected to be very small in the light y scenario. The current 95% CL lower bound of
BR(h — x*x) < 0.24 [109] translates into f = 1.2 TeV.

One further comment about the DM stability is in order. In the above discussion we have
assumed that each elementary fermion multiplet couples, in a U(1)py-invariant way, to only
one operator of the strong sector. However, in general additional, subleading couplings to
other operators could be present. If any of these break the U(1)py, the DM stability may
be compromised. Therefore we need to make the assumption that the U(1)py is either a
global symmetry respected by all elementary-composite mixing couplings, or an unbroken gauge
symmetry.
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3.3 Breaking of the DM shift symmetry by top quark couplings

3.3.1 Resonances

The strong sector resonances fill multiplets of the unbroken SO(6) and can be consistently
described in the CCWZ framework. We begin with the fermion sector, which plays a dominant
role in our discussion. Since we have chosen to embed the top quark in the fundamental of
SO(7), which decomposes as Ty/3 = 65,3 @ 153 under SO(6) x U(1)x, we consider top partners
in the fundamental @ and singlet S representations of SO(6). The explicit expression of the
fundamental is

T
Q= (iB—iX5/3, B+ Xss3, T +iXqss, —T+ Xgg, —iV+iZ, y+z) . (3.26)

1
V2
The doublet (T, B)T transforms as 2! /6 under (SU(2)1)P™, and therefore has the same quantum

numbers as qr, whereas the exotic doublet (X5 /3: X2 /3)T ~ 29 /6 contains an exotic fermion with

+1
153
the tg, but are additionally charged under U(1)py. The latter symmetry, being exact, strongly
constrains their couplings. Finally, the quantum numbers of the SO(6) singlet are S ~ 1(2) /3

The leading order Lagrangian describing the fermion sector is

electric charge equal to 5/3. The two states Y, Z ~ share the SM quantum numbers of

Ng Ng
Ly = iqqr +itpPtr+Y Qi (iD+¢—mq,) Qi+ > 5, (ilﬁ - m5j> S;

i=1 j=1
. . (3.27)
+ Y (GfAUARL + €€t TRl ) + D (ds€hUarSin + €61 UarSin) + hc.,
i=1 j=1

where Ng and Ng denote the number of copies of each species of resonance that lie below the
cutoff of the low-energy theory, and A (a) is an index in the fundamental of SO(7) (SO(6)). The
second line of Eq. (3.27) is the low-energy interpolation of Eq. (3.13): the embeddings &1, r
defined in Eq. (3.24), which transform linearly under SO(7), have been ‘dressed’ into reducible
SO(6) representations via insertions of the Goldstone matrix U. Also notice that the kinetic
term of the @; includes the e, symbol, which is necessary to respect the nonlinearly realized
SO(7). In general the following term should also be added to the Lagrangian,

Nq Ns
Lo=Y> ckS;id“Qf +hc.+ (L — R), (3.28)

i=1j=1

where CJLi’R are coefficients of O(1). The operators in Eq. (3.28) arise purely from the strong
dynamics, and as a consequence they do not contribute to the scalar potential. At leading
order in the 1/f expansion, they give rise to derivative interactions of one GB and two fermions,
which scale as ~ c“®p/f, where p is the relevant energy. In the processes relevant for DM
phenomenology, namely annihilation and scattering with heavy nuclei, we have p/f < m,/f < 1,
hence these interactions are suppressed compared to the G-breaking couplings that arise from
Eq. (3.27), which scale as ~ ¢/ f. For this reason, the interactions in Eq. (3.28) will be neglected
in the remainder of this thesis, unless otherwise noted. Nevertheless, since they can be important
in hadron collider processes [110], where p/f ~ m/f ~ O(1) with m, the mass of a resonance,
we will return to them in the discussion of the LHC and future collider prospects in Sec. 3.3.4.
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3.3.2 Scalar potential and realistic EWSB

Resonances in the gauge sector are assumed to follow the generalized hidden local symmetry
approach [54], where given a G/H sigma model, the vector resonances are introduced as gauge
fields of a local G symmetry. In our case G = SO(7), whose adjoint representation decomposes
as 21 = 15 @ 6 under SO(6). Thus we introduce vector resonances in the adjoint p, ~ 15
and in the fundamental a, ~ 6 of SO(6). Their Lagrangian is given in App. 3.A. The explicit
SO(7) breakings introduced by the weak gauging of SU(2)r x U(1)y and by the fermionic
elementary-composite mixing parameters in Eq. (3.27), which we will often collectively denote by
€, generate a radiative potential for the GBs. This can be computed at 1-loop using the standard
Coleman-Weinberg (CW) technique [30]. In the unitary gauge and expanded to quartic order in
the fields, the effective potential takes the form

. 1 aen i s -
V(R X) = Guih? + ZERE + ihand X+ Aom(X ) + M (3.29)
This potential must, first of all, yield a correct EWSB VEV, (h) = v < f. Even though U(1)py
is exactly preserved by the Lagrangian, in general it may still be broken spontaneously. Since
this would spoil the DM stability, in the following we only consider parameter choices that satisfy
(x) = 0. Then the masses of the physical scalars are

= pdy+ 2%, (3.30)
x=0

mj, = (1-¢§) —= S, e 2V

E:v,x:O * aXaX* B:v,
where the (1 — &) factor in the expression of mj is due to Eq. (3.18). In general, the mass
parameters ,u,%, ,“12)M and couplings Ap, Apwm, A are quadratically and logarithmically sensitive,
respectively, to the UV cutoff A < 47 f of the effective theory.” However, to retain predictivity
we assume that they are fully saturated by the contribution of the SM fields plus the first few
vector and fermion resonances that we introduced in Sec. 3.3.1. This is achieved by imposing a
set of generalized WSRs [55], which ensure that the form factors determining the parameters of
the CW potential vanish sufficiently fast at large momenta [111, 112]. In addition, we assume
that further explicit breakings of SO(7) originating from the UV dynamics, if present, give a
subleading contribution to the scalar potential.’

Beginning with the gauge sector, we recall that the gauging of SU(2); x U(1)y preserves
U(1)pm (see e.g. Fig. 3.3), hence the associated loops only yield a contribution to the Higgs
mass parameter, denoted u%} o and one to the quartic coupling, Ay 4. The UV-finiteness of these
coefficients can be obtained by introducing one multiplet of vector resonances in the adjoint of
SO(6), pu, and one in the fundamental, a,, and imposing two WSRs that translate into the

SNotice that by naive power counting, the quartic couplings can also be quadratically divergent.
However, the structure of the field-dependent mass matrices leads to a quadratically divergent term
~ A2STrm?2(h,x) = A%(ko + knh® 4+ kyx*x) with ko s, field-independent constants. Thus the leading degree
of divergence of the quartics is only logarithmic.

SNotice also that, due to the contribution of top quark and SM gauge boson loops, the expression of Ay, in
Eq. (3.29) is infrared (IR) divergent. To retain full predictivity, this issue is resolved by adding to V(h,x) an

additional quartic for h that is non-analytic at h =0. See App. 3.C for further details.
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conditions
2f7 —2f3 = f?, frm? = fZm?, (WSR 1+ 2), (3.31)

where f, , are the decay constants of the resonances, and m,, , their masses. The first relation
removes the quadratic divergence in ui p and makes Ay 4 finite, whereas the second ensures the
cancellation of the residual logarithmic divergence in ,ui 4+ Equations (3.31) allow us to express
fa and m, in terms of f,,m, and f; the first one also requires f, > f/ V2. The contribution
to the Higgs mass parameter reads, at leading order in g2/ gg < 1 (where g, = m,/f,) and
neglecting the subleading hypercharge coupling,

L 2f210g< 212/ )

Hh,g & my 72 2/2/f2 — 1 (3.32)

Since this is strictly positive, the gauge loops alone do not lead to EWSB. However, a negative
contribution to u,% can easily arise from the fermionic sector, and N}%, s Will be tuned against it to
obtain a realistic Higgs VEV v < f. On the other hand, the gauge contribution to the Higgs
quartic is small, and plays a subleading role.

In the fermionic sector, the elementary-composite mixing parameters e explicitly break the
shift symmetries protecting both . and y, therefore in general fermion loops yield contributions
to all the coefficients in the effective potential of Eq. (3.29). To ensure their UV finiteness, we
impose two sets of WSRs, which translate into the relations

;12 Ns 12
> qu‘ :ZI‘E;S , etQ‘ Z‘ew[ , (WSR1); (3.33)
i= j= i=1
NQi22:NSj22 NQi22:Sj22
;‘qu’ mo, leeqsl mg; , Z’etQ’ mo, z:l‘etsl mg, . (WSR2)y (3.34)
i= j= — =

The first set of WSRs reduce the 1-loop degree of divergence of the mass parameters ,u,%’ 7 and
MQDM, f (where the “f” subscript indicates the fermionic piece) from quadratic to logarithmic and
make the dimensionless couplings finite, whereas the second set remove the residual logarithmic
divergences in M;QL, 7 and uQDM’ - The minimal set of resonances compatible with Eqgs. (3.33, 3.34)
consists of one SO(6) fundamental @ and one singlet S. This ‘one-layer’ setup is very predictive,
but, as discussed in Sec. 3.3.2, it leads to a DM candidate that is phenomenologically ruled
out. Nevertheless, thanks to the simplicity of the one-layer model, we obtain some analytical
results and thus gain valuable insight. We then turn to an enlarged setup where two copies of
each species of resonance are present below the cutoff. As shown in Sec. 3.3.2, this “two-layer”
construction gives sufficient freedom to accommodate a fully viable DM candidate, leading us to
concentrate on this model for our phenomenological analysis.

One layer of fermionic resonances

We consider the fermionic Lagrangian of Eq. (3.27) with Ng = Ng = 1. In this case the WSRs
in Eqs. (3.33, 3.34) give

2 2 2 2 2 2
qu = Eqs, EtQ = €9, mQ =Mmg, (335)

where we have assumed all the parameters to be real, so that C'P is conserved. In the following
we take, without loss of generality, positive masses m¢g = mg = m > 0. Then the conditions in
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Eq. (3.35) do not fix the relative signs of the mixing parameters, €, = *€,5 and €0 = £ €5
If these two signs are equal, then the non-derivative part of Eq. (3.27) has an additional SO(7)
symmetry that allows the Goldstone matrix to be removed by means of a field redefinition (see for
example Ref. [113]), hence the scalar potential vanishes. If instead the mixings have opposite sign,
the potential does not vanish. Taking for definiteness €,9 = —€,5 = —¢, and €0 = €15 = ¢ 7 we
find

,u;%,f B Ncegef'rrﬂ log(M%/Mg)

2 _ _ _
lu’DM,f - ADM,f - 07 )\f - f2 - 27_r2f4(M% — Mgv) ) (336)

where M% g = m? + eg’t are the squared masses of the top partners that mix with the g7 and
tR, respectively, neglecting small corrections due to EWSB. Equation (3.36) gives the complete
expressions of MQDM, Apm and A, which do not receive any contribution from the gauge sector. In
addition, we find the following approximate expression for the Higgs quartic,

) Ncege?m2 log(M%/Mg)
" R Mg

obtained by neglecting the gauge contribution to the potential. Equations (3.36) and (3.37)

suggest the relation A\ &~ A\, /2, which is indeed verified within 20% in our numerical scan of the

parameter space. Therefore both the portal coupling and the DM mass are fixed in terms of v
and the Higgs mass,

(3.37)

A m?
?’1 ~ 47’; ~0.065, m2=M>~
Unfortunately, this combination of DM mass and coupling has already been ruled out experi-
mentally: since the DM is light and the portal coupling is not very suppressed, the derivative
interactions in Eq. (3.17) have negligible effects, and the phenomenology of x can be approxi-
mately described with a renormalizable Higgs portal model [94, 95, 96]. In this model, the region
A~ Ap/2, my ~ my/2 has been ruled out by direct detection experiments and, for m, < my/2,
also by LHC bounds on the Higgs invisible width, see e.g. Ref. [115] for a recent assessment.
The problematic values in Eq. (3.38) arose because in the presence of only one layer of
resonances, the second set of WSRs in Eq. (3.34) imply that the form factors IIz, and Ilg, in
Egs. (3.110, 3.111) vanish, and as a consequence we find a non-generic form of the potential,
whose structure is entirely determined by the top mass form factor Il z. Thus it seems plausible
that a viable phenomenological scenario may be obtained by extending the model to include
a second layer of resonances, which provides additional parametric freedom and should allow
for significant departures from Eq. (3.38) while preserving full calculability via WSRs. This
hypothesis is supported by a test on the one-layer model, where we lift the second set of WSRs
and instead cut off the residual logarithmic divergences in M%u 7 and MQDM, 7 at the scale A=A4nf.
In this case the potential has a generic form, and accordingly we find that large deviations from
Eq. (3.38) are realized. Therefore, in the next subsection we will analyze the model where two
layers of fermionic resonances lie below the cutoff. Before doing so, however, we point out a few
additional properties of the case Ng = Ng = 1, which apply at least at the qualitative level also
in the extended model. Combining Eq. (3.37) with the expression of the top mass at leading
order in & < 1, my >~ /2¢,46,v/(MrMgf), we obtain

2 21712
my, N, MzMg

2~ 2,2 Ar2 2
my  wif% Mgz — Mg

A\~ ~ (63 GeV)?. (3.38)

log(M?2/M32). (3.39)

"Notice that by redefining the phases of the resonances, we can equivalently choose a field basis with same-sign
mixings and mqg +mg = 0. This is a realization of the “maximal symmetry” of Ref. [114]. Accordingly, the tuning
of the model is minimal, see Eq. (3.41) below.
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This relation, which was already obtained in the context of the MCHM based on SO(5)/SO(4)
[116, 112], shows that realizing a light Higgs requires at least one of the top partners to be
relatively light, with mass roughly comparable to f. Equation (3.39) is verified numerically to
good accuracy, with minor corrections arising due to the presence of the gauge contribution in
the potential, which was neglected in the derivation of Eq. (3.37). The fine-tuning needed to
obtain v < f can be estimated using the standard measure [117]

0logé
0log ¢;

: (3.40)

A = A¢ = max;

where ¢; denotes the input parameters. In the one-layer model we have ¢; = {€4, €, m, f,,m,}, but
an immediate estimate of the tuning can be obtained by noticing that if the gauge contribution
to V is neglected, Egs. (3.36)-(3.38) give £ ~ 1/2. Thus M%,g must be adjusted to give £ < 1,
leading to a fine-tuning

ATt~ 2¢, (3.41)

This is in fact the minimal (or irreducible) amount of tuning characteristic of models where the
Higgs potential is entirely generated at the radiative level. A numerical estimate obtained using
Eq. (3.40) agrees well with this result.

To conclude, we remark that very similar results, including the prediction of Eq. (3.38), were
previously found in Ref. [93] for the realization of the SO(6)/SO(5) model with minimal fermion
content.

Two layers of fermionic resonances

We consider the fermionic Lagrangian of Eq. (3.27) with Ng = Ng = 2. In this case the conditions
imposed by the first set of WSRs, Eq. (3.33), can be solved in terms of two mixings €, ; and four
angles o, 6,5 and ¢,

1 2 1 2 1 2
9@ _ 90 _ %S _ ‘s _ GQ _ 9 _ Gs _ s _ . 549
—aQ _ faS %S = _ G5 _ G5 _ (3.42)
cosa  sina  cos@  sinf cosfS sinfS  cos¢ sing
The second set of WSRs in Eq. (3.34) fixes two of the angles, modulo discrete ambiguities. We
choose

2 2 2 2 2
2 = My ~ M5 (mQ2 _ le) Pouf (32 = sin? x) (3.43)
97¢ m%Q _ mgl xr — 7 *

and without loss of generality we assume mg, > mg, and mg, > mq,. The resulting parameter
space® is scanned numerically, see App. 3.C for details. Figure 3.4 shows the resulting distribution
in the (m,, A) plane for two values of f, namely 1 TeV and 1.4 TeV. As expected, large deviations
from the predictions of 1-loop-finite one-layer model are generic. First of all, y is typically much
heavier than my/2 ~ 63 GeV. In particular, its mass populates the 100-400 GeV range where,
as will be shown in Sec. 3.3.3, we find that the DM relic abundance is around the observed value.
In addition, the portal coupling A can be smaller than A, /2 ~ 0.065. This is crucial because, as
will also be discussed in detail in Sec. 3.3.3, direct detection bounds require smaller values of
this coupling. In Fig. 3.4 we also observe that a reduction of the portal coupling is correlated

with the appearance of light top partners, which can run into tension with the current lower

8Note that for special values of the parameters, the model can be realized via a three-site construction [118].
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Figure 3.4: Distribution in the (my, X) plane for the parameter scan of the two-layer model. The left panel
corresponds to f =1 TeV, the right panel to f = 1.4 TeV. The black boxes roughly indicate
the viable regions of parameters for DM. The red dot shows the approximate prediction of
the one-layer model, Eq. (3.38). For orange (blue) points, the lightest fermionic resonance is
heavier (lighter) than the approximate LHC lower bound of 1 TeV.

bound of approximately 1 TeV set by LHC searches. (We will discuss the LHC constraints in
detail in Sec. 3.3.4, but this rough estimate suffices for the scope of the present discussion.) In
fact, for f = 1 TeV we do not find any points that have viable DM parameters, i.e. roughly
100 GeV < m, <200 GeV and X < 0.02 (indicated by the black box in the left panel of Fig. 3.4),
without running into conflict with top partner bounds. Increasing f relaxes this tension, because
it allows the top partners to be naturally heavier and it shifts the viable DM mass region to
higher values, where the constraints on A from direct detection are less stringent. The minimal f
that yields a sizable region of allowed parameter space is 1.4 TeV, which we will therefore use as
our primary benchmark for the remainder of this subsection. The corresponding viable ranges
for the DM mass and portal coupling are 200 GeV < m, < 400 GeV and A < 0.04, respectively,
shown by the black box in the right panel of Fig. 3.4.
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Figure 3.5: Fine-tuning of the two-layer model, shown versus the DM mass (left panel) and versus the
portal coupling (right panel). For orange (blue) points, the lightest fermionic resonance is
heavier (lighter) than the approrimate LHC lower bound of 1 TeV. The scale f is fized to
1.4 TeV.

The irreducible tuning associated to f = 1.4 TeV is, according to Eq. (3.41), A™! ~ 2¢ ~ 6%.
A more precise, point-by-point estimate is obtained by applying the general definition of Eq. (3.40),
and shown in Fig. 3.5. We see that as the departure from the predictions of the one-layer model
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becomes larger, namely as the x mass is raised to m, > my/2 and the portal coupling is
suppressed to A < A\, /2, the minimum tuning required increases. The worsening of the tuning
for larger m,, observed in the left panel of Fig. 3.5, can be explained by noticing that a heavier
X can only be obtained by increasing the size of the form factor Ilg,, which vanishes in the
one-layer model (see Eq. (3.113)). This in turn requires a more severe cancellation in the Higgs
mass parameter in order to achieve a small £. Nevertheless, a phenomenologically viable DM
mass, 200 GeV < m, < 400 GeV, can be obtained without significantly exacerbating the tuning
compared to irreducible contribution of 2§ ~ 6%. On the other hand, from the right panel of
Fig. 3.5 we read that a portal coupling that is small enough to satisfy the current direct detection
bounds, A < 0.04, requires A~ < 1%. We have also checked that once the Higgs VEV and mass
are fixed to the observed values, no additional tuning is needed in the DM mass: replacing &
with pd,; in Eq. (3.40), for the points shown in Fig. 3.5 we found that A;% can be of O(1)

even for DM mass as low as 200 GeV. In summary, we estimate that in this r';nodel the level of
fine-tuning required to solve both the Higgs naturalness and DM puzzles is 1% or slightly worse.
This is primarily a consequence of the experimental pressure from direct detection experiments
and LHC direct searches for top partners.

Ms, [TeV]

M7, [TeV]

Figure 3.6: Mass of the lightest top partner mixing with the tr (Mg, ) versus mass of the lightest top
partner mizing with the qi, (M, ), neglecting EWSB corrections, in the two-layer model.
Orange (blue) points have a Higgs mass within (outside) the range 120 GeV < my, < 130
GeV. The red line shows the approxzimate prediction of the one-layer model, Fq. (3.39). We
set f =14 TeV.

Figure 3.6 shows that the correlation between a light Higgs and light top partners, which in the
one-layer model was expressed by Eq. (3.39), holds in the two-layer setup as well. Furthermore,
Eq. (3.39) still yields a reasonable quantitative first approximation, provided we identify My
and Mg with the masses of the lightest top partners mixing with ¢y and tg, respectively.

Having qualitatively characterized the viable parameter space, we are now ready to present
its phenomenology. We begin in Sec. 3.3.3 with DM physics, and then discuss the collider aspects
in Sec. 3.3.4.

3.3.3 Dark matter phenomenology

In this section we present the phenomenology of our DM candidate x. We focus on two main
observables, namely the DM relic abundance and the DM-nucleus scattering cross section, which
is relevant for direct detection experiments. We conclude the section with a brief comment on
the constraints from indirect detection.
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Effective theory for DM annihilation

The DM relic abundance is set by the annihilation rate in the early universe, which takes place
at an energy scale /s ~ 2m, < m,, where m, denotes the mass of the strong sector resonances
(my ~ g« f, with g, some strong sector coupling). The relic abundance can therefore be calculated
in an effective theory where the resonances have been integrated out, and only the pNGB scalars
X, h, the SM gauge bosons and the SM fermions are included as propagating degrees of freedom.
Assuming that the freeze-out temperature satisfies Ty < v, which is generically the case for
DM with a weak-scale mass, the Lagrangian can be written in the broken electroweak phase.
Additionally, we will consider operators which are at most quadratic in the DM field, since
higher-order terms do not contribute to the annihilation processes. The effective Lagrangian has
the structure

Lei = Lo + L — Verr - (3.44)
—_———— ——

tree 1-loop

The first piece originates from the sigma model Lagrangian in Eq. (3.17), expanded in terms of
the physical fields

1 h XX - * h
Lo = i(ayh)Q (1 + 2ahhh; + 2ahhxx?) + O#Xaux + ;aﬂh 8“(X X) (thX + bhhxxa)

hy o o m%
+2anv (mbywirwr 7ZMZ“). (3.45)
Vet arises instead from the radiative scalar potential, Eq. (3.29), and reads

1 m2 * E3 *
Vi = §m%h2 + dpin 27’; h® 4+ m2 XX + 2 dpyy VALY X + dpn AR XX - (3.46)
The scalar couplings in Eq. (3.46), despite being loop-suppressed, can have effects comparable
to those of the tree-level interactions in Lgp, whose derivative structure leads to a suppression
~ s/f? <1 (see Eq. (3.51) below) [73]. With the exception of A, all the dimensionless coefficients
in Egs. (3.45, 3.46) are functions of £ only and are given in Eq. (3.130).
Finally, the Lagrangian containing the couplings of the top quark relevant to DM annihilation
is
- - h ¥
L= Zté% — mttt(l + Ctth; + 2 CttXXXUTX)7 (347)

where the dimensionless coefficients have the form

nlom 62
o = M (€) 4+ o(gw), k = {tth, ttyy}. (3.48)

*

The functions 2™ (¢) encode the nonlinearity of the sigma model and read

1-2
" = _i i = —2(15_5) : (3.49)
The additional terms in the RHS of Eq. (3.48) come instead from the mixing of the top with
the top partners. These terms are suppressed unless one of the chiralities of the top is largely
composite, in which case € ~ m,, and were neglected in the previous studies of composite
pNGB DM of Refs. [73, 93]. In our analysis, however, we find that these corrections play a very
important role, as can be seen in Fig. 3.7, where the full numerical value of the ¢ coefficients
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Figure 3.7: Corrections from top partner mizing to the effective tth and ttx*x couplings, defined as

Sttrx = cttxx/ci’g;;n and Sup = (cun — 1)/(c8e™ — 1), as functions of the compositeness

fraction sg of the right handed top (see Eq. (3.117) for its definition). The gray dashed line
indicates the pure sigma model result, where top partner mizring is neglected. The points
shown are obtained from a parameter scan of the two-layer model with f = 1.4 TeV, requiring
all fermionic resonances to be heavier than the approximate LHC bound of 1 TeV.

is compared to the cgl"m (¢). In particular, the coefficient cyy, is strongly suppressed by top

partner mixing even for moderate tg compositeness, and in the limit of fully composite tg the
top partner contribution exactly cancels cg};g(n(g), leading to a vanishing cs,, . This can be
understood as follows: With our choice of embeddings, the shift symmetry of the DM pNGB x
is automatically preserved by the couplings of the elementary ¢, to the strong sector resonances,
whereas the couplings of the elementary tr break it (see Eq. (3.24)). However, in the limit where
the physical RH top is a fully composite field (whose overlap with the elementary fermion is
zero), its couplings also preserve the y shift symmetry, hence a non-derivative ttx*x coupling is
forbidden. On the other hand, the tth coupling receives smaller, but still important, corrections

from top partner mixing.’

DM relic abundance

The present abundance of DM, which arises from its freeze-out in the early Universe, is computed

by solving the corresponding Boltzmann equation. A useful approximate solution is given by
Qpmh?  3-10726em3s™!
0.1198 L (ovwer) (T})

(3.50)

On the LHS of this equation, Qpy is the ratio between the energy density of DM and the
critical energy density of the Universe, h = Hy/(100 km/s/Mpc) is the reduced value of the
present Hubble parameter, and (QDMhQ)eXp = 0.1198 4+ 0.0015 is the experimental value as
measured by the Planck collaboration [119]. On the RHS, (ovye1) (1) is the thermally averaged
annihilation cross section times the relative velocity of two DM particles, computed at the
freeze-out temperature Ty ~ m, /20. The factor 1/2 in the denominator of the RHS accounts
for the fact that the DM is not self-conjugate.

DM annihilation proceeds dominantly via xyx* — tt, WW, ZZ and hh. All these processes
are mediated by diagrams where a Higgs is exchanged in the s-channel. Even though the
xx* — hh, tt amplitudes receive additional contributions, it is nevertheless useful to assume in

9Notice that the ¢tth coupling does not vanish at full RH top compositeness, because even in that limit the
coupling of ¢z, to the strong sector breaks the h shift symmetry.
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first approximation that annihilation proceeds entirely through s-channel Higgs exchange. In this
case the cross section is proportional to the square of the yx*h vertex, which from the effective
Lagrangian of Eq. (3.44) reads

6

— WW zZ hh — bb — tt — tot

@ 4 T 1
e sh- Y A
x N
§ of § ]
-l —l o
1 — my=250 GeV ||
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Figure 3.8: Thermally averaged cross section for DM annihilation. The gray dashed line shows the value
required to reproduce the present relic abundance according to the approzimate relation in
Eq. (3.50). The scale f was fized to 1.4 TeV. In the left panel we set the portal coupling
to the representative value A = 0.05, in the right panel we chose two representative values
of the DM mass. In both panels the tth and ttx*x couplings were set to their sigma model
values (Eq. (3.49)), thus neglecting top partner mixing. With this simplification, (cvye) S
completely determined by f,m, and .

s
i
where the first term comes from the derivative interactions in Eq. (3.45) and the second term from
the radiative scalar potential in Eq. (3.46). Neglecting relativistic corrections we have s ~ 4mi,
therefore the two contributions cancel out for mi ~ Af2/2, leading to a strong suppression of
the annihilation cross section [73, 93, 120]. This feature can be clearly observed in the cross
sections for annihilation into WW, ZZ and also hh, see the left panel of Fig. 3.8. The structure
in Eq. (3.51) also implies that for given f and m,, there are two values of the portal coupling A
that reproduce the observed DM relic density, see the right panel of Fig. 3.8. As will be shown
below, however, the branch with larger X is excluded by direct detection, whereas the one with
smaller portal coupling provides a viable scenario.

For m, > my, the simple scaling in Eq. (3.51) is violated by the xx* — ¢ amplitude, where
the ttx*y contact interaction plays an important role. This is illustrated in Fig. 3.9, where
we show the effect on the total annihilation cross section of varying the ttx*x coupling within
the range cg;g? < cyy < 0, which contains all phenomenologically interesting points (recall
Fig. 3.7). The effect of top partner mixing is to suppress |ctyy|, which in turn shifts the DM
relic abundance contour to larger m, for fixed A, or conversely, to smaller A for fixed DM mass.
As can be seen in the right panel of Fig. 3.9, at fixed m, the shift is larger for the branch with
smaller X. This can be explained by noticing that the size of the amplitude containing the ttx*y
contact interaction, relative to the one that couples xx* to an s-channel virtual Higgs via the
portal coupling, is parametrically 2m§< J(Af?) (for my > my/2). On the branch with larger
A this ratio is smaller than 1, so the corrections to the ttx*y coupling play a subleading role.
Conversely, on the branch with smaller A the ratio is larger than 1, hence the reduction of the
portal coupling caused by top partner mixing is sizable. As it will be shown below, this effect is
crucial to evade direct detection bounds.

g (3.51)

O Upel X (bh%s —2 dhxx)\U)Q ~ v2< 2)\)
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Figure 3.9: Impact on the total annihilation cross section of varying the strength of the ttx*x contact

interaction in the range cyyy € [c?tlg;n,O]. The lower value corresponds to the pure sigma

model, where top partner mizing is neglected, whereas the upper value corresponds to a setup
with fully composite tr, where top partner mixing is maximal. The realistic parameter points
lie within this range, i.e. they fall within the band shaded in blue. The gray dashed line shows
the value required to reproduce the present relic abundance according to the approximate
relation in Eq. (3.50). In the left panel we set A = 0.05, whereas in the right panel the DM
mass was fived to m, = 300 GeV. We took f = 1.4 TeV in both panels.

Radiative corrections to pNGB derivative interactions

Throughout our discussion thus far, the effects of gauge and fermionic loops were taken into
account via the CW effective potential. In particular, for the computation of the annihilation
cross sections we made use of Eq. (3.44), where the tree-level couplings were supplemented by
the 1-loop CW term. The effective potential, however, only captures the radiative corrections in
the approximation of vanishing external momenta. This is not appropriate for DM annihilation,
where the relevant external momentum scale is p ~ m,, and 1-loop corrections to derivative
operators of O(p?) are expected to be also important. As an illustrative example, let us consider
the xx*hh interaction at high energies, where EWSB effects can be neglected. From Eq. (3.45),
the tree-level (derivative) coupling reads simply

1
Phﬁuh(x*aux + x9*x™). (3.52)

Radiative corrections to this interaction arise only from the fermion sector. The O(p°) 1-loop
contribution is proportional to the SO(7)-breaking parameters e and is just given by the portal
coupling, Veg D Ah2x*x . It is in general logarithmically UV-divergent, but it is rendered finite
by the set of WSRs in Eq. (3.33). The O(p?) 1-loop term must also be proportional to the e
parameters, because in the limit of vanishing explicit breaking, ¢ — 0, the O(p?) scalar Lagrangian
is simply given by the sigma model kinetic term, Eq. (3.15), whose coefficient is fixed by f. Then
the radiatively corrected form of the two-derivative coupling can be estimated as

La D

r
2

Notice that ¢1_100p is expected to be logarithmically divergent, since the WSRs in Egs. (3.33, 3.34)
do not soften its UV behavior. The log enhancement, together with the fact that in general
the ratio €/ f is of O(1) or even somewhat larger, make this 1-loop correction potentially very
important and thus warrant a detailed calculation. We find four classes of diagrams that

. N_e2
Z(Ctree + Cl—loop) Cree ~ 1, C1—loop ™~ W 10g A2 . (3'53)
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renormalize the operator in Eq. (3.52), depicted in Fig. 3.10. Two types of fermion-scalar vertices
appear in the diagrams: the non-derivative couplings arising from elementary-composite mixing
terms, as well as the derivative couplings originating from the e, symbol that are contained in
the kinetic terms of the resonances in the SO(6) fundamental, >, Q1¢Ql 10 Neglecting external
masses, so that s+t +u ~ 0, we find for the O(p?) piece of the x*x — hh amplitude (see
App. 3.D for details)

N, ( 9 62) A2

i(Ctree + Cl—loop) Ctree = 1, Cl—loop = W € — gq log W s (354)

s
12
where we have imposed the WSRs, and m, stands for the mass of some fermionic resonance.

Notice the mild loop suppression factor N./(27?), and the log enhancement. After EWSB,
this interaction contributes to the trilinear x*xh derivative coupling, which as we discussed in

hX h

X h hoXF h

Figure 3.10: Representative set of 1-loop diagrams that contribute to the renormalization of the x* xhh in-
teraction at O(p?). The circles indicate non-derivative interactions arising from elementary-

composite mizring terms, whereas the squares denote derivative couplings originating from
the e, symbol (see Eq. (3.27)).

Sec. 3.3.3 enters all annihilation cross section amplitudes, and in fact dominates in the viable
region of parameters, where \ is suppressed. Therefore in order to retain predictivity, we must
keep the size of the radiative correction under control. We find an irreducible uncertainty of
about 50% at the cross section level, which corresponds to

2

—loop \ 2 1 €
05< (1+ %) <15 —  —04< ﬁ(ef - gq) <0.3, (3.55)

where we have estimated A ~ 10 TeV and m, ~ 1 TeV. Barring a cancellation 63 ~ 8 e?, which
may be regarded as a tuning unless it can be enforced by a symmetry, a further reduction of
the uncertainty would lead to values of ¢, that are too small to reproduce the measured top
mass. In conclusion, we will require that Eq. (3.55) is satisfied throughout our phenomenological
analysis, and we will correspondingly assign a 50% theoretical uncertainty on the total DM
annihilation cross section.

Constraints from DM direct detection

Direct detection experiments aim at revealing DM-nucleus scattering events by measuring
the nuclear recoil energy. Currently, the strongest constraints on the spin-independent (SI)
DM-nucleon elastic cross-section come from the Xenon-based XENONI1T [100] and LUX [121]
experiments, with the former providing a slightly tighter bound. In our model, the elastic
scattering of DM with a quark ¢ is mediated by three types of diagrams: Higgs exchange
in the t-channel, the x*xgq contact interaction, and diagrams involving the exchange of the

!ONotice that in general the couplings containing the d,, symbol that appear in Eq. (3.28) also contribute.
However, for simplicity we set their coefficients to zero in the computation.
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U(1)pm-charged top partners ), Z. The first two classes mediate scattering with all quarks,
whereas the exchange of ), Z only affects the scattering with (virtual) tops. Importantly, in Higgs
exchange diagrams the contribution of the derivative coupling ~ (v/f2)0hd(x*x) is suppressed by
—¢?/f? < 1, where /—¢2 < 100 MeV is the small momentum transfer. Therefore these diagrams
are effectively proportional to the portal coupling A. Furthermore, throughout the realistic
parameter space the Higgs exchange amplitude dominates, being enhanced by 2Af%/m3? > 1
with respect to the sum of the other two terms. Hence the SI DM-nucleon cross section is well
approximated by the simple expression familiar from the renormalizable Higgs portal model (see
e.g. Ref. [122]),

2 4 32 A\ 2 2
ol ~ flmg o~ 4-107* cm? ( ) 300 Gev : (3.56)
T msmy, 0.03 My

where mp is the nucleon mass, and fy =~ 0.30 contains the dependence on the nucleon matrix
elements. The exact expression of a%‘IN is reported in App. 3.D. The cross section value 4 - 10746
cm? corresponds to the current 90% CL upper bound at mpy = 300 GeV from XENONIT
[100], showing that direct detection constraints require A to be suppressed by about a factor 2
with respect to the most natural value A\ ~ A, /2 ~ 0.065. Notice that to calculate the excluded
regions in the (m,, A) plane of Fig. 3.11 below, the local DM density was assumed to take the
standard value py = 0.3 GeV em ™3, independently of the predicted thermal value. All direct
detection constraints are given at 90% CL.

Results

The main results of our phenomenological analysis are shown in Fig. 3.11. We set f = 1.4 TeV
and perform a parameter scan, imposing that v, mj; and m; match the experimental values. We
also require each point to be compatible with detailed LHC constraints on top partners, which
are discussed in Sec. 3.3.4 below and summarized in Eq. (3.60). In addition, the parameter space
is restricted by the condition of Eq. (3.55), thus ensuring that the theoretical uncertainty on
the annihilation cross section due to missing radiative corrections is within 50%. The points
are projected onto the plane (m,, ), using three different colors depending on whether the
relic abundance is compatible with (green), exceeds (red) or undershoots (purple) the observed
value. To compute the relic abundance we implemented the effective Lagrangian of Eq. (3.44) in
FeynRules [98] and used micrOMEGAs [123] to solve the Boltzmann equation (see App. 3.D
for details) for the DM density.!! Notice that the couplings involving the top quark depend
on the elementary-composite mixings and top partner masses, hence the relic abundance is not
a function only of f, m, and X\, but must be separately evaluated at each point in parameter
space. By contrast, the bounds from direct detection experiments, namely LUX (brown) and
XENONIT (gray), are insensitive to the top partner parameters.

In the upper panel of Fig. 3.11, we illustrate the effect of neglecting the 50% theoretical
uncertainty on (ouye), and show in green color the points that yield a relic abundance within 5%
of the observed value. For reference we also show, as thick blue lines, the 3¢ relic abundance
contours that are obtained by setting the tth and ttx*x couplings to their sigma model values.
In this limit the annihilation cross section is completely fixed by {f,m,,A}. The “two-branch”
structure discussed in Sec. 3.3.3 is clearly visible: for each value of m, 2 180 GeV there are two
values of A\ that reproduce the correct relic abundance. In the upper branch DM annihilation
proceeds dominantly through the portal coupling, whereas in the lower branch it is controlled

"This treatment includes annihilation into light quarks and leptons, as well as into the three-body final states
WW?* or ZZ*, which become important for lighter DM.
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Figure 3.11: Distributions in the (m,,\) plane that summarize our analysis of DM phenomenology.
The points have different colors depending on whether they are compatible with (green),
exceed (red) or undershoot (purple) the observed value of the DM relic abundance. In the
upper (lower) panel, the theoretical uncertainty of 50% on the annihilation cross section
is neglected (included). See the main text for further explanations on the meaning of the
different curves.

primarily by the derivative interactions. In between the branches the two effects strongly cancel
(see the discussion below Eq. (3.51)), leading to a suppressed annihilation cross section and
therefore to over-abundant DM. On the contrary, outside of the two branches one of the two
couplings becomes too strong, and as a consequence the DM is under-abundant. The upper
branch is robustly ruled out by direct detection, and we therefore focus on the lower branch. Here
the green points fall between the two relic abundance contours obtained setting cisy = c,{;l;;n
(solid blue) and ¢y = 0 (dashed blue). The latter corresponds to maximal tp compositeness.
For fixed m,, a suppressed |cyyy| reduces the portal coupling required for the correct relic

abundance, and this in turn relaxes the direct detection constraints. Indeed, the subset of viable
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points that are compatible with direct detection limits lies close to the ¢y, = 0 curve. Had we
not included top partner mixing, we would have wrongly concluded that all these points are
ruled out by LUX and XENONI1T data. This highlights the importance of carefully taking into
account the effects of the fermionic resonances.

In the lower panel of Fig. 3.11 we show the complete picture. The theoretical uncertainty is
now included, so the green points reproduce the experimental value of the relic abundance within
50%. We find a large set of points that reproduce the relic abundance within the uncertainty,
and at the same time evade the current direct detection bounds. The DM mass is in the range
200 GeV < my < 400 GeV and the portal coupling between roughly 0.01 < A < 0.04. We also
show, as a dashed gray curve, the projected XENONIT sensitivity after two years of data taking
[101] (whereas the “35d” label on the solid dashed curve refers to the current exposure of 35 days
[100]). All the currently viable points lie well within the ultimate reach of XENONI1T, which
will thus be able to test the entire parameter space of the model for f = 1.4 TeV.

Indirect detection

Indirect detection experiments, which search for signals of DM annihilation in the galaxy halo,
constitute an additional probe of the model discussed here. Detailed constraints from the
antiproton spectrum measured by PAMELA [124] were presented, for the real singlet pNGB DM
in the SO(6)/SO(5) model, in Ref. [93]. Since the annihilation pattern of our complex DM is very
similar, we were able to check that the viable region of our parameter space is safely compatible
with PAMELA antiproton data. It is important to observe that changing the assumptions on
the systematic uncertainties that affect the astrophysical backgrounds can have a very large
impact on the antiproton limits. For example, the more conservative approach taken in Ref. [125]
resulted in bounds on the DM annihilation cross section at present time, (ovye1)0, that were an
order of magnitude weaker than those quoted in Ref. [93]. Very recently, Refs. [126, 127] used
the new AMS-02 antiproton measurement [128] to set very strong constraints. For example,
assuming annihilation into bb the thermal value of the cross section (ovpel)g ~ 3 x 10726 cm3s~!
was excluded for DM masses in the range 150 GeV < mpy S 500 GeV [126]. A detailed scrutiny
of the AMS-02 constraints on pNGB DM, including the aforementioned large impact of the
assumptions on systematic uncertainties, is an interesting direction for future work. Finally, we
note that gamma ray observations of nearby dwarf spheroidal galaxies also set competitive bounds
on DM annihilation, while being affected by smaller systematics compared to the antiproton
channel. The current limits are roughly (ovpe1)o < 10725 cm3s™! for DM mass in the few hundred
GeV range [129].12

3.3.4 Collider phenomenology

In this section the collider phenomenology of the model is outlined, focusing on the signals of
fermionic top partners at hadron colliders, which constitute the most sensitive probe. Nevertheless,
before discussing this aspect in more detail we briefly touch upon other observables. Due to its
pNGB nature, the Higgs boson couples to the other SM particles with strength that deviates
at O(v?/f?) from the SM predictions. In particular, the hV'V coupling (V = W, Z) is rescaled
by a factor ¢y = /1 — €. For our benchmark value f = 1.4 TeV, the deviation is of ~ 1.5%,
which is unaccessible at the LHC, but will be tested at future e™e™ colliders (see Ref. [130]
for a recent overview). Parametrically similar deviations affect other SM couplings, such as
htt, hgg/h~yy and Ztt, which however will be tested with less accuracy than AVV. In addition,
monojet searches only provide subleading constraints, because the coupling of x to the proton

12We thank A. Urbano for illuminating discussions about indirect detection constraints.



80 Chapter 3. Composite dark matter in SO(7)/SO(6)

constituents is very weak. In particular the contact interactions gqx*x, where ¢ is a light quark,
are Yukawa-suppressed (if present at all).

LHC constraints on top partners

A rather generic feature of pPNGB Higgs models with partial compositeness is that the lightness
of the Higgs requires at least some of the top partners to be light, m, = g.f with g. ~ 1 (see
Ref. [131] for an extensive discussion). In our model, this is illustrated by Fig. 3.6. Since the
top partners are colored, the searches for their signals at hadron colliders, in particular at the
LHC, are among the most important experimental tests of the composite Higgs framework
[132, 133, 134, 110]. In the following discussion we adopt a simplified model where only one
layer of resonances, containing one SO(6) fundamental @ and one singlet S, is included. This
captures the main phenomenological features of the complete model, provided the second layer
of resonances is somewhat heavier than the first, as it is the case in most of the parameter space.

We start from the fermionic Lagrangian in Eq. (3.27) with Ng = Ng = 1. Notice that,
as consistently done throughout our analysis, the coefficients of the derivative interactions in
Eq. (3.28) are set to zero, ¢/ = 0. We will return to the possible role of these interactions
in LHC physics in Sec. 3.3.4. Neglecting EWSB effects, the elementary-composite mixings are
diagonalized by the rotations

tr cospr —singp tr qr, cos¢;, —sin¢r, qr,
<5’R> - (sinqﬁR CcoS PR ) (SR> ’ (QL> - (sin¢L cos ¢y, Qr)’ (3.57)
where Q = (T, B)T and the mixing angles are tan ¢ = €;5/mg and tan ¢y, = €q0/mq - On the
other hand, the remaining fermions contained in ), namely the exotic doublet (X5 /3, X, /3)T and

the U(1)pm-charged SM singlets ), Z, do not mix with the elementary fermions. In summary,
the top partner masses are

Mszy/m%—f—E?S, MT,B:\/mé"FGZ , MX5/37X2/3’y7Z:mQ. (3.58)

Hence at the bottom of the spectrum we find either a singlet S, or four approximately degenerate
states X3, X5/3,) and Z 13 The scan of the complete two-layer model, shown in the left
panel of Fig. 3.12, demonstrates that the lightest top partner is typically a singlet, although
the alternative configuration is also possible. The decay patterns of the resonances can be
immediately understood using the Goldstone equivalence theorem. Expanding the U matrix to
O(1/f) and diagonalizing the elementary-composite mixings via Eq. (3.57), one immediately
finds the leading order results

BR(S — W'b) = 2BR(S — Zt) = 2BR(S — ht) =

9

N | —

BR(T — ht) = BR(T — Zt) = BR(Xy/3 — ht) = BR(Xa/3 — Zt) = % , (359
BR(X55 — W) = BR(B — W t) = BR(Y — xt) = BR(Z - x"t) = 1.

In particular, as a consequence of U(1)py conservation, ) (Z) always decays into a top quark and
a x (x*) particle (see Refs. [135, 81, 82] for recent studies of top partner decays into additional
Goldstone scalars). The above predictions are well respected in the complete model. For example,
in the right panel of Fig. 3.12 the exact branching ratios of the singlet are shown, for the
parameter points where it is the lightest fermionic resonance. We find good agreement with
Eq. (3.59).

I3SEWSB effects do not alter the masses of X; /3,Y and Z, which remain exactly degenerate, but they do shift
MX2/3 slightly. The correction can have either sign depending on the parameter point.
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Figure 3.12: Distributions in the model with two fermionic resonance layers. Left: mass of the lightest
exotic top partner (mq,) versus the mass of the lightest singlet top partner (Mg, ). For or-
ange (blue) points, the lightest fermionic resonance is heavier (lighter) than the approzimate
LHC lower bound of 1 TeV. The red line corresponds to mq, = Mg,. Right: branching
ratios of the lightest singlet S, for the parameter points where it is the lightest fermionic
resonance. The dashed lines indicate the leading order predictions, see Eq. (3.59).

The LHC searches for top partners target two distinct production mechanisms: pair production
via the QCD interactions, namely pp — 11 where 1) is a generic top partner, and single production
in association with a top or bottom via the electroweak interactions, for example for a singlet
S the leading process is pp — Sbj via the bW S vertex. Notice that the U(1)py-charged top
partners ) and Z cannot be singly produced. We have verified that under our assumption
c]Li’R = 0, the bounds from single production [79] are weaker than those coming from QCD pair
production [80, 136], hence we only discuss the latter. For simplicity, in the following we set
the branching ratios to the approximate values of Eq. (3.59). The search of Ref. [80] focuses on
the Y1p — t(h — bb)+X process in 1- and O-lepton final states, yielding the 95% CL constraints
Mg > 1.02 TeV and Mx,,, > 1.16 TeV (henceforth, LHC limits will always be quoted at 95%
CL). The bound on X, /3 is stronger due to the larger branching ratio into th. The search of
Ref. [136] instead specifically targets the X5/3 in the same-sign-dileptons final state, and gives
Mx, /s > 1.16 TeV.' In addition to these “standard” constraints, we must account for those on )
and Z, which are mass-degenerate and always decay into a top quark and a DM particle, giving
rise to tt + missing transverse energy (MET) signatures. The corresponding constraint depends
on the DM mass. As motivated by the results of our phenomenological analysis (see Fig. 3.11),
we choose the representative value m, = 300 GeV. To estimate the current bound on My = Mz,
we start from the result obtained in the dedicated 8 TeV analysis of Ref. [137], my, > 0.85 TeV
based on ~ 20 fb~! of data. Using the Collider Reach [138] method, we rescale this bound to the
current luminosity and energy, ~ 36 fb~! at 13 TeV, obtaining my > 1.30 TeV. Finally, to take
into account that ) and Z are two degenerate Dirac fermions that contribute to the signal, we
solve the following equation for My : o, , 7, 13 rev(my = 1.30 TeV) =20, 7 15 1oy (M),

arriving to My > 1.42 TeV.! In summary, the current LHC constraints on the top partner

14This is the bound obtained for a purely right-handed ¢ W~ X5 /3 coupling, as appropriate since in this model
the left-handed coupling is suppressed by one extra power of v.

15 As an independent cross-check, we have recast the constraint on the stop mass extracted from Ref. [139], m; >
1.04 TeV with ~ 36 fb~", by solving for My the equation o, _, 7, 13 ey (m; = 1.04 TeV) = 20, s gy, 13 Tov (M),
obtaining a consistent bound My > 1.47 TeV.
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masses are, at 95% CL,

Ms>1TeV, My, x,, >12TV, My z>14TcV. (3.60)

Xa/3

These conditions are imposed at every point in the parameter scan presented in Fig. 3.11.

Beyond the lightest top partner(s)

As discussed in Sec. 3.3.4, the first experimental manifestation of the model at colliders would
most likely be the discovery of the lightest top partner. We now turn to a brief discussion of the
opportunities to probe the heavier fermionic resonances at the LHC and future colliders. If the
lightest top partner is a singlet S, the connection with the DM problem could not be made until
the U(1)pm-charged top partners ) and Z, which belong to the heavier multiplet @, can be
accessed. For large enough splitting mg — Mg, the direct decay to ¥t and the cascade decay
to X(*)S are both unsuppressed. The branching fraction is, assuming €;, Mg < mg and in the
limit of full £g compositeness sin ¢pp — 1,

2
‘R

BR t) = BR(Z )~ R
(Y — xt) (Z = x"t) T

(3.61)
where to keep the discussion general we took nonzero coefficients for the derivative interactions in
Eq. (3.28), setting ¢® = icp g so that CP is conserved. Equation (3.61) suggests that J and Z
decay rather democratically into the two available channels. Therefore the QCD pair production
of Y and Z, either at the LHC or at a future FCC-hh, can generate cascades where the decay of
an intermediate S yields a Z or h in addition to the “stop-like” bWWbW yx* signature, potentially
providing an additional handle to characterize the exotic top partners.

In the opposite scenario mg < Mg, since the Y and Z are at the bottom of the spectrum,
their discovery in the ¢t + MET final state would happen early on, hinting to a connection with
DM physics. The heavier singlet may then be accessed via single production pp — Sbj, whose
rate can be enhanced by the derivative interactions proportional to ¢y, g [110]. Of special interest
is the decay into the U(1)pm-charged top partners, S — x*), xZ, leading at the end of the
cascade to the final state tyx*bj, i.e. a monotop signature. The branching ratio for these decays
is, assuming €, mg < Mg and in the limit of full £z compositeness,

BR(S — \*Y) = BR(S — yZ) ~ é . (3.62)

Notice that this result holds for arbitrary ¢, and cg. Hence ~ 1/3 of the singly-produced singlets
yield the monotop final state. This promising signature deserves a dedicated analysis, which is
however beyond the scope of this work.

3.4 Breaking of the DM shift symmetry by bottom quark cou-
plings

A different scenario is obtained if the DM shift symmetry is fully preserved by the interactions
of the top quark, but it is broken by those of the bottom. As a concrete example we take
Oy ~ Ty/3,01 ~ 2153 and Oy ~ 7_1 /3 under SO(7) x U(1)x, in which case only the couplings
of br to the strong sector break the yx shift symmetries. Only the essential features of the setup
are presented here, while a detailed discussion is provided in Appendix 3.C. We focus on the
region of parameter space where eli ~ ell’% ~ \/ypf /My, which in turn lead to the scalings

A o<y} and my o (Ypg:) 2 f (3.63)
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with g. ~ M,/f. As a result, the y mass can be of O(100) GeV while the portal coupling
remains very suppressed. Quantitatively, we estimate

My \%/2 /1 Tev /2
my ~ /iy ~ 120 GeV (8 TeV) < 7 ) , (3.64a)
My \2 /1 TeV\?
A~ 3 x107 <8Tel{/> < fe ) . (3.64D)

The above parametrics have been confirmed by a numerical scan of the SO(7)/SO(6) model
whose results are reported in Appendix 3.C. The important message contained in Eq. (3.64) is
that since A\ f? < mi, x annihilation proceeds dominantly via the derivative portal, and the DM
is heavy enough that the correct relic density can be reproduced for f ~ TeV, see Fig. 3.1. In
addition, we have cff ~1and \f? < m% in Eq. (3.12), so the scattering with nuclei is dominated
by the x*xbb contact interaction. The DM-nucleon scattering cross section is

XN o f&_mi
S = o 4f4m§

4
~ 1.0-5.6 x 10747 cm? (1 TeV) (100 GeV

2
7 > ,  (bg breaking) (3.65)

My

where the range of values accounts for the theory uncertainty on the couplings of the first and
second generation quarks. The lower estimate corresponds to breaking of the DM shift symmetry
only by the bottom quark (¢f = 1 and cxy =0 for all ¢ # b, case I), yielding a nucleon form factor

fn = 0.066. The higher estimate corresponds to breaking by all down-type quarks (czi sp =1 and

l)f,c,t =0, case II),'¢ yielding fy ~ 0.15. The extremely suppressed cross sections in Eq. (3.65)

will be probed by next-generation experiments such as LZ [140], for which they constitute a very
motivated target.

A summary of the current constraints and future reach on the (m,, f) parameter space is
shown in Fig. 3.13, where we have set ¢q = ¢f = 1, ¢f = XA = 0. Points lying on the blue
curve reproduce the observed DM relic density. The red-shaded region is ruled out by current
XENONIT results [141] assuming case I for the DM-nucleon cross section, whereas the dashed red
line corresponds to the exclusion for case II. The solid gray (dashed gray) lines show the expected
sensitivity achieved by LZ [140] for case I (case II). The region m, < my,/2 is also constrained by
LHC searches for invisibly-decaying Higgses. The current 95% CL bound BR(h — x*x) < 0.24
[142] rules out the region shaded in orange, which extends up to f ~ 1.2 TeV for very light
X- The projected HL-LHC limit BR(h — x*x) < 0.08 [143], corresponding to the dotted
orange curve, will extend the reach to f ~ 1.6 TeV. Finally, the region shaded in purple is
excluded by searches for present-day DM annihilations from dwarf spheroidal galaxies (dSphs)
performed at Fermi-LAT [144]. This bound was derived by comparing the total cross section
for DM annihilation in our model to the limit reported by Fermi for the bb final state, and
should therefore be taken as approximate. Additional indirect detection constraints [126, 127]
arise from the measurement of the antiproton spectrum by AMS-02 [128]. These are, however,
affected by systematic uncertainties whose sizes are under active debate. We have therefore
chosen to quote only the more conservative bounds from dSphs. Figure 3.13 shows that most of
the best-motivated parameter space, with 80 GeV < m, < 200 GeV and 0.8 TeV < f < 1.4 TeV,
is currently untested but within reach of LZ.

C

16This is the pattern obtained by extending the embeddings Oy ~ Ty3, Or ~ 213/3 and Oy, ~ T_1/3 to all
three generations.
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Figure 3.13: Parameter space of the model where the bottom quark gives the leading breaking of the
DM shift symmetry. The coefficients of the effective Lagrangian are set to cq = ¢f =1,
¢ =X =0. To draw the exclusions from direct and indirect detection we have assumed
that all of the observed DM is composed of x particles, irrespective of the thermal value of
the x density predicted at each (m,, f) point.

3.5 Breaking of the DM shift symmetry by U(1)py gauging

It is possible to couple all the elementary quarks to the strong sector in a way that preserves
the DM shift symmetry [73, 17]. For example, in the SO(7)/SO(6) model this is achieved with
Oy ~ T3/3, Oy ~ 2133 for all three generations. This setup gives c¥ = 0 in Eq. (3.9) and no
contribution to )y, Apm and A in Eq. (3.46) from the fermion sector, while at the same time
top loops easily produce a realistic Higgs potential. In this case, some additional explicit breaking
should be responsible for generating the DM mass. If y is a complex scalar, a natural possibility
is that the explicit breaking originates from the gauging of U(1)pym. In the SO(7)/SO(6) coset
the generators associated with the real and imaginary parts of x together with the U(1)pm
generator form an SU(2)" ~ {XRe XIm 7PMY "hence gauging U(1)py generates a radiative
mass for y in very similar fashion to the contribution of photon loops to the charged pion mass
in the SM.

From the effective theory point of view, the effects of gauging U(1)pym with coupling gp can
be taken into account by replacing in Lgp in Eq. (3.2),

. 1 . 1
‘auX‘Q - ‘(8M - ZQDA%)XP - ng FD;W + 5 m?yDADuAN ) (366>
where we took y to have unit charge. Note that to be general we have included a mass term
for the dark photon vp, which can arise via the Stiickelberg mechanism without spontaneous
breaking of U(1)py. The one-loop DM mass and marginal portal coupling are

3ap ap V2 m
my =/ 1y =~ %mp%100G6V<10_3) (5TZV)’ A=0, (3.67)

where ap = g% /(47) and the loop that generates m, was cut off at m,, the mass of vector
resonances (in the SO(7)/S0(6) model, this is the mass of the 15 multiplet of SO(6)). The
estimate for the DM mass in Eq. (3.67) is valid as long as m,, < m,, which we assume.
Importantly, since the Higgs is uncharged under U(1)py the marginal portal coupling is not
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generated at one loop, leading from Eq. (3.12) to an extremely suppressed DM-nucleon cross
section. We find it remarkable that such a simple model is effectively inaccessible to direct
detection experiments.

The introduction of the dark photon has significant impact on the phenomenology. It is
important to stress that in Eq. (3.66) we have not included the operator eB,,, F5’ /2 that mixes
kinetically U(1)py and the SM hypercharge. The choice to set € = 0 in the EFT is motivated by
the SO(7)/SO(6) model, where the kinetic mixing is forbidden by Cp, the charge conjugation
of U(1)pm, which is an accidental symmetry (provided it is respected by subleading spurionic
embeddings of the SM fermions, see Appendix 3.E). In particular, in the low-energy theory Cp
transforms A%, — — A% and x — —x*, whereas all SM fields are left unchanged. An additional,
important consequence of this discrete symmetry is that the dark photon is stable if m., < 2m,,
when the yp — xx* decay is kinematically forbidden. The complete discussion of kinetic mixing,
as well as the details on the implementation of Cp as an O(6) transformation that we call Pg,
are contained in Appendix 3.E.

The dark sector, composed of the DM and the dark photon, is thus characterized by the four
parameters {my, f,ap, my, }. In the remainder of this section we analyze its phenomenology in
detail, beginning in Sec. 3.5.1 with the simplest setup where the dark photon is massless, and
later moving to the massive case in Sec. 3.5.2.

3.5.1 Phenomenology for massless dark photon

Setting m,, = 0 leaves the three-dimensional parameter space {m,, f,ap}. We begin the
discussion with a summary of the thermal history of the model. At early times the dark
sector, composed of x and vp, and the visible sector are kept in kinetic equilibrium by elastic
xf — xf scatterings mediated by Higgs exchange, where f denotes the still-relativistic SM
fermions. These processes are effective down to temperatures 7' < m,, but eventually they
become slower than the Hubble expansion rate and the dark and visible sectors decouple. The
corresponding decoupling temperature Ty is defined through [145] H(Tgec) = ¥(T4ec)/2, where
H(T) = m\/g.(T) T?/(3v/10Mp)) is the Hubble parameter for a radiation-dominated Universe
(9+(T) is the total number of relativistic degrees of freedom including both the visible and dark
sectors, and Mp; is the reduced Planck mass), whereas v(7) is the momentum relaxation rate,
which scales as v ~ (T'/m,)ns(0y ftre1). Using the exact expression of v(T") given in Ref. [145]
we calculate!” Tje. as a function of m, and f, finding that it is typically between 1 and 3 GeV
as shown in the left panel of Fig. 3.14.

The massless dark photon behaves as radiation at all temperatures. The strongest constraint
on new relativistic degrees of freedom arises from Cosmic Microwave Background (CMB) mea-
surements of the Hubble parameter, usually formulated in terms of the effective number of light
neutrino species Neg. In our model the dark photon gives a contribution [146]

4/3
8 gdark(T) ( T )4 Gdark (Tdec) Gxs,vis (T)
ANy = Nog — 3.046 = - 2darki2 /) (2 : : 3.68
¢ ¢ 7 2 Tu gdark(T) Gxs,vis (Tdec) ( )

where T' ~ 0.3 eV is the photon temperature at decoupling, Neg = 3.046 is the SM prediction,
T/T, = (11/4)'/3 and gusvis(T) = 3.91. To obtain Eq. (3.68) we have used the fact that below
T4ec the entropies of the dark and visible sectors are separately conserved. Since x is already
non-relativistic at kinetic decoupling, we have gqark (Tdec) = gdark (1) = 2 and ANeg is determined
by the number of SM relativistic degrees of freedom at Tge.. As shown in the right panel of

YFor simplicity, in deriving Tyec the total number of relativistic degrees of freedom was set to the approximate
constant value g« = g« vis + gdark = 75.75 + 2 = 77.75, which corresponds to m, < T < my.
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Figure 3.14: Left panel: temperature of kinetic decoupling between the dark and visible sectors. Right
panel: contribution of the dark photon to ANeg at photon decoupling, calculated from
Eq. (3.68). In the evaluation of Guisvis(Taec) we assumed 150 MeV as temperature of
the QCD phase transition. The region shaded in red corresponds to the current CMB
constraint ANeg < 0.6, while the dashed red line shows the projected Stage-1V CMB bound
ANcg < 0.04.

Fig. 3.14, as long as Tyec > 100 MeV the current bound ANgg < 0.6 [62] (95% CL) is easily
satisfied. As we have seen, the typical decoupling temperature is 1-3 GeV, corresponding to
ANeg =~ 0.07-0.09. Such values could be probed in future Stage-IV CMB measurements, which
are expected to constrain ANeg < 0.04 at 95% CL [147]. A similar, but slightly weaker, current
bound is obtained from Big-Bang nucleosynthesis [148].

In addition, the Compton scattering process xyp — Xx7vp delays kinetic decoupling of the DM
compared to the standard WIMP scenario [146, 149], suppressing the matter power spectrum on
small scales and leading to a minimum expected DM halo mass. For weak-scale DM and typical
coupling ap ~ 1073, though, x -~p kinetic decoupling takes place at temperature of O(MeV)
and the minimum halo mass is too small to be testable with current observations [149].

Having established that the massless dark photon does not conflict with cosmological obser-
vations, we turn to the DM phenomenology. The xx* pairs undergo s-wave annihilation both
to SM particles via the derivative Higgs portal, and to ypyp with amplitude mediated by the
scalar QED interactions in Eq. (3.66). The cross section for the latter is

9 2
b (3.69)

<O-’YD’YDU1'€1> = m2

X
where we took the leading term in the velocity expansion. Notice that the “mixed” dark-visible
annihilation xyx* — yph is instead p-wave suppressed: the amplitude vanishes at threshold,
because spin cannot be conserved for m., = 0.'® Therefore this process has only a very small
impact on the freeze-out. The requirement to obtain the observed relic density yields a two-
dimensional manifold in the parameter space, whose features are best understood by considering
slices with fixed f.

As discussed in Sec. 3.1.1, there exists then only one value of the DM mass which gives the
correct relic density by annihilation only through the derivative Higgs portal: for example, for
f =1(1.4) TeV this is m§<f) ~ 122(194) GeV. For m, > m&f) the derivative portal coupling
strength ~ mi /f? is too large, yielding DM underdensity for any value of ap. Conversely, for

'8The p-wave suppression applies also for m.,, # 0, since the longitudinal polarization does not contribute to
the amplitude due to U(1)pm invariance.
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Figure 3.15: Left panel: contours of observed DM relic density for representative values of f. The

inset shows the fraction of annihilations to dark photons. Contours of constant vector
resonance mass m, are also shown, as dashed grey lines. Right panel: the colored curves
show (osmMmUrel)sE, the present-day annihilation cross section to SM particles including
Sommerfeld enhancement, calculated along the relic density contours shown in the left panel.
The black line is the observed 95% CL upper limit from the dSphs analysis in Ref. [129].
The yellow band corresponds to 95% uncertainty on the expected limit in the same analysis.
We also show, as dashed black line, the observed limit from the analysis of a smaller dSphs
sample [144]. The quoted experimental limits were obtained assuming DM annihilation to
bb.

my < m§<f ) the xXx* — vpyp annihilation compensates for the reduced derivative portal for an

appropriate value of ap. Comparing Egs. (3.6) and (3.69), the two annihilation channels have
equal strength when a2, ~ mi/(27r2f4), which since m,/f ~ 1/10 corresponds to ap ~ 2 x 1073,
For very light DM, m,, < my, /2, only annihilation to dark photons is relevant and the coupling is
fixed to ap &~ 7 x 107% (m, /30 GeV) by the analog of Eq. (3.6). These features are illustrated by
the left panel of Fig. 3.15, where contours of the observed relic abundance in the (m,, ap) plane
are shown. Notice that in the window 55 GeV < m, < 62.5 GeV the DM is always underdense,
because the annihilation to SM particles is too strongly enhanced by the Higgs resonance. To help
identify the most plausible parameter space we also show contours of constant vector resonance
mass m,, as obtained from the one-loop expression of the x mass in Eq. (3.67).1 We expect
1 Sm,/f S 4m, although stronger lower bounds can arise from electroweak precision tests and
from direct searches for the p particles at colliders.

The massless dark photon mediates a long-range force between DM particles, which leads to
the non-perturbative Sommerfeld enhancement (SE) [150] of the annihilation cross section. For
s-wave annihilation the cross section times relative velocity including SE is

27 ¢

(Uvrel)SE = (Uvrel)O S(QD/vrel)a S(<) = 1_(37_% ) (370)

where (ovye))o is the perturbative result, e.g. (ovpel)o = 27ra%)/m§< for xx* — vpyp. The SE is
important when the ratio ap /vye is not too small, and scales as S ~ 2rap /vl for ap /v 2 1/2.
Assuming a Maxwell-Boltzmann distribution for the DM velocity, the thermally averaged cross

9Precisely, we employed Eq. (3.107) with f, = f.
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section times relative velocity including SE can be written in the approximate form [151]

2
_ _ 2 1 Umax _ rel
<0Urel>SE = (UUrel)O Sann s Sann = \/ %m 0 dvrel S(aD/Urel)U?el e ng (371)
0

where vg is the most probable velocity. The maximal relative velocity vmax and the normalization
constant N depend on whether we consider early-Universe annihilation around the time of freeze-
out, in which case vy.,x = o0 and N = 1, or present-day annihilation in a galaxy halo, where
Umax = 2Vesc With vese the escape velocity, and N = erf(z/v/2) — /2/7 2 6*22/2, Z = Umax/00-
We have checked that Eq. (3.71) agrees within a few percent with the full numerical treatment.
At DM freeze-out the typical DM speed is vg = /2/x5, ~ 0.3 since xg, = my /T, ~ 25, so for
the typical coupling ap ~ 1072 the SE enhancement is negligible. Today, however, DM particles
are much slower, with typical relative velocities of 1072 in the Milky Way (MW), and < 1074
in dwarf galaxies. For the MW we take vy = 220km/s and vesc = 533km/s [152], obtaining a
typical SE of Sann ~ 6.9 for ap = 1073, For a dwarf galaxy with representative parameters
vp = 10km/s and vesc = 15km/s [153] we find S,n, ~ 150, again for ap = 1073, If the DM has
a sizeable annihilation to SM particles, these large enhancements lead to conflict with bounds
from indirect detection of DM.

The strongest constraint comes from the non-observation by the Fermi-LAT [144, 129] of
excess gamma ray emission from dSphs, which are the most DM-dominated galaxies known. For
my ~ 100 GeV the current exclusion on (ovye) is about the thermal relic value. In the right
panel of Fig. 3.15 we show the total cross section for y annihilation to SM particles, including
the SE, calculated along contours in the {m,, f,ap} parameter space where the observed relic
density is reproduced. Due to the large SE the region m, > my/2, where an O(1) fraction
of DM annihilations produce SM particles, is ruled out by dSphs analyses. Notice that the
experimental limits shown in Fig. 3.15 were obtained assuming DM annihilates to bb only, whereas
our y annihilates to a combination of SM final states (see the right panel of Fig. 3.1), but the
uncertainty due to this approximation is mild and cannot change the conclusion that the region
my > my /2 is excluded. Furthermore, in our analysis we have neglected the effects of bound
state formation, which has the same parametric dependence on ap /vy as the SE and is expected
to further enhance the signal from dSphs by an O(1) factor (see Ref. [153] for a comprehensive
analysis). On the other hand, bound state formation has negligible impact on freeze-out for the
relatively light DM we consider in this work, m,, ~ 100 GeV [154].

Additional, important constraints on the DM self-interaction mediated by the dark photon
arise from observations of DM halos. The strongest such bounds come from the triaxial structure
of galaxy halos, in particular from the well-measured nonzero ellipticity of the halo of NGC720
[155]. This disfavors strong self interactions, which would have reduced the anisotropy in the DM
velocity distribution via the cumulative effect of many soft scatterings [149]. In the nonrelativistic
limit the scattering of two DM particles is dominated by dark photon exchange. The differential
cross section in the center of mass frame is

2
do af

a0 = dm2ud, (1 — cos Ocm)?

(3.72)

where we only retained the leading singular behavior at small 6.,,, which is the same for same-
charge yx — xx and opposite-charge xyx* — xx* scattering. Notice the very strong velocity
dependence o< v, 2, which implies that constraints from galaxies are much stronger than those
from clusters. The authors of Ref. [149] obtained a constraint by requiring that the relaxation

time to obtain an isotropic DM velocity distribution be longer than the age of the Universe,

Tiso = (Ep) /(E}) = Nmivg(log N (Vradpy) > 107 years (3.73)
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Figure 3.16: Parameter space of the model where the gauging of U(1)pm gives the leading breaking of
the DM shift symmetry, for f = 1.2 TeV (left panel) and f = 1.4 TeV (right panel). The
coefficients of the effective Lagrangian are set to cq =1, ¢f =c¢f =X =0, my, =0. The
exclusions from Fermi dwarfs were drawn assuming that all of the observed DM is composed
of x particles, irrespective of the thermal value of the x density predicted at each point in
parameter space.

where By = m,v?/2, E}, is the rate of energy transfer proportional to do/dQ, N is an O(1)
numerical factor, vy is the velocity dispersion (very roughly 250 km/s in NGC720), p, = myn, is
the x energy density and the “Coulomb logarithm” log A originates from cutting off the infrared
divergence arising from Eq. (3.72). The ellipticity bound was recently reconsidered by the authors
of Ref. [156], who found it to be significantly relaxed compared to the original calculation of
Ref. [149]. We do not review their thorough analysis here, but simply quote the result

My, )3/2

24x1073 [ —2X
ap <24x10 <100GeV

(ellipticity) (3.74)
Although Ref. [156] considered Dirac fermion DM, their ellipticity bound directly applies to our
model, because the leading term of the self-scattering cross section in Eq. (3.72) is the same for
fermions and scalars.?’ Furthermore, there exist several reasons [156] to take even the bound
in Eq. (3.74) with some caution, including the fact that it relies on a single galaxy, and that
the measured ellipticity is sensitive to unobservable initial conditions (for example, a galaxy
that recently experienced a merger may show a sizeable ellipticity even in the presence of strong
DM self-interactions). Therefore we also quote the next most stringent constraint, obtained by
requiring that the MW satellite dSphs have not evaporated until the present day as they traveled
through the Galactic DM halo [157]. This yields

My

100 GeV (375)

3/2
ap <5x1073 < > , (dwarf survival)
which stands on a somewhat more robust footing than ellipticity, but is not free from caveats
either [156].
A summary of all constraints on our parameter space is shown in Fig. 3.16, for the choices
f =12 and 1.4 TeV. While the region m, > my/2 is ruled out by gamma ray observations

from dSphs, for m, < mj/2 the strongest bounds arise from ellipticity and dwarf evaporation.

2ONotice that Fig. 4 in Ref. [156] was drawn requiring Qx = 0.265 for the DM density, instead of the correct
2Qx = 0.265. As a result, for mx < 200 GeV (where the SE is negligible) their relic density contour should be
multiplied by v/2. We thank P. Agrawal for clarifications about this point.
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In light of the previous discussion, however, we do not interpret these as strict exclusions, but
rather note that they constitute an important class of probes of our setup, which may in the
near future provide important evidence in favor of, or against, DM self-interactions mediated by
a massless dark photon. Such self-interactions could also have interesting implications [156] for
the small-scale issues of the collisionless cold DM paradigm [158]. A complementary test of the
light DM mass region is the search for invisible h — x*x decays at the LHC,?! which will be
sensitive to f < 1.6 TeV by the end of the high-luminosity phase (see Fig. 3.13).

3.5.2 Phenomenology for massive dark photon

We regard the mass of the dark photon as a free parameter of our model. Having extensively
discussed the simplest possibility m,,, = 0 in Sec. 3.5.1, we turn here to the study of the massive
case. The physics is qualitatively different if m,, < m, or m, < m,,,, so we analyze these two
regions separately. Our main findings are that (1) the region m,, < m, is ruled out, unless vp
is so light that it still behaves as radiation today, and (2) for m, < m,, < 2m, we obtain a

two-component DM setup with novel properties. Table 3.2 summarizes the mileposts in the m.,
parameter space.

is dark radiation today
1 —4 X ’YD 18 ]
Map < 6107 eV v/ strong constraints from SE of yx* — SM
4 < ~p is relativistic at freeze-out,
6> 1075 eV <y, S 3my/25 X ruled out by warm DM bounds/overabundant
3mMy /25 < My, < My X ~p is non-relativistic at freeze-out, overabundant
My S My, < 2my v both vp and x are cold DM
2my < My, v ~p is unstable

Table 3.2: Qverview of the different regions in the dark photon mass space. The second column indicates
whether each region satisfies (v') or conflicts with (X) experimental constraints, while the
third column summarizes the key features.

Light dark photon: m,, <m,

If m,, < m,, the dark photon abundance freezes out almost simultaneously with the x abundance.
Assuming ~p is still relativistic at freeze-out, i.e. m,, < 37X =~ 3m,/25, the ratio of its
number density to the SM entropy density ssm = (272/45)gusvisT> IS 7y = Nap/SsM =
45¢(3)gp /(274 gus.vis) &~ 0.01, where we assumed that the dark and visible sectors are still in
kinetic equilibrium at freeze-out, and took g,, = 3, g«svis ~ 80. Since after freeze-out there
are no yp-number-changing interactions in equilibrium (the scattering ypx — (h* — ff )x is
extremely suppressed), ., is conserved.?? As the Universe cools the dark photon becomes non
relativistic, its energy density being 2., = m,,7,,ssm. Requiring that today this does not

21The Higgs can also decay to ypyp via a x loop. The decay width for m~y, = 01is I'(h — ~vpyp) =
m2
mia%cﬁvﬂF(ﬁ) |2/(647° f*), where F(7) is given in Eq. (3.148). Numerically, for m, < mys /2 this is negligible
X
compared to I'(h — x*x), while for m, > mp/2 it is too small to be observable: e.g. for m, = 100 GeV and
f =1TeV we have I'(h — ypyp) ~ 1072 GeV.
22Before kinetic decoupling of the dark and visible sectors only n, /Stot is conserved, where siot is the total
entropy, but Siot = ssM since gy, K Gxs,vis-
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exceed the observed DM density yields
Q,, < Qpm — My, < 40 eV (dark photon over-abundance) (3.76)

where we used gxs vis(Tp) = 3.91.

Stronger constraints are derived from studies of “mixed DM” models, where the DM consists
of an admixture of cold and non-cold particles. Recently, Ref. [159] obtained bounds on the
fraction frcqm of the non-cold DM component, assumed to be a thermal relic, for a wide range
of masses, by combining observations of the CMB, baryon acoustic oscillations (BAO) and the
number of dwarf satellite galaxies of the MW. In our model, if the dark photon freezes out when
relativistic it constitutes a hot DM component. Its temperature at late times is obtained from
entropy conservation, T, /T = [g*s,vis(T)/g*s,vis(Tdec)]1/3 ~ 0.37, where T is the SM photon
temperature and we t00k gus vis(Tdgec) = 75.75. The fraction of non-cold DM is

4T, _6
Ducam _ P10 _ Typ3sM0 {305@)0 ~ {58 x 10 My $3Tp0

frcdm =~ = =
‘ Qpm piflom pG<om 0.024 (Tg{}) Moy 2 3Ty 0

(3.77)

~

Myp

where the first (second) expression applies to the case where the dark photon is still relativistic
(non-relativistic) today, with 37, o =~ 2.6 x 10~* eV. In the first equality we assumed Qpcqm <
Qpw since the non-cold component is in practice constrained to be small, while p¢ = 3H 2M1:2>1
is the critical density. The prediction in Eq. (3.77) can be compared with the bounds given
in Ref. [159], after correcting for the fact that there the non-cold relic was assumed to have
temperature equal to that of the SM neutrinos, hence the mass needs to be rescaled by a factor
T,, /T, = 0.52. The result is shown in Fig. 3.17, from which we read a 95% CL bound

mayp < 6x107% eV,  (CMB + BAO + MW satellites) (3.78)

roughly equivalent to the requirement that ~vp be still relativistic today. For dark photon masses
that satisfy the overclosure bound of Eq. (3.76) the relevant observables are CMB and BAO
measurements, while the MW satellite count becomes important at higher masses, of order
keV [159]. In the region m., < 1 eV, where the dark photon behaved as radiation at photon
decoupling, the constraints shown in Fig. 3.17 are stronger than those derived purely from A Ng.
This is due to the inclusion of BAO, which are sensitive to the suppression of the matter power
spectrum on small scales caused by the free-streaming of the hot DM component.

For dark photon masses satisfying Eq. (3.78), the phenomenology for m.,, = 0 discussed in
Sec. 3.5.1 still applies. The x annihilation is unaffected, including the SE, as the dark photon
mediates an effectively long-range force: its wavelength is much larger than the Bohr radius
of the (x*x) bound state, m,,, < apm,/2. In addition, the Coulomb limit of Eq. (3.70) is
still appropriate, since the average momentum transfer is much larger than the mediator mass,
My, <K My Vrel /2 [160]. In the calculation of the ellipticity bound for massless dark photon [156]
the infrared divergence that arises from integrating Eq. (3.72) over angles was cut off at the
inter-particle distance, Ap = (m,/ px)l/ 3 ~ 5 cm, where the numerical value was estimated for
a representative DM mass m, = 100 GeV and density p, ~ 1 GeV/ cm? in the DM-dominated
outer region (r > 6 kpc) of NGC720 [161]. When m., > 1/Ap ~ 4 x 107%eV, it is 1/m,,, that
must be taken as IR cutoff. However, since the cutoff only enters logarithmically in the expression
of the timescale for velocity isotropization, the ellipticity bound discussed for m,, = 0 applies
essentially unchanged to the whole region defined by Eq. (3.78). The same holds for the bound
from dwarf galaxy survival.2?

For 3Tf§ ~ 3m,y /25 S my, < my the dark photon freezes out non-relativistically, but is
nevertheless over-abundant.

23The small dark photon masses in Eq. (3.78) are legitimate from an EFT standpoint. Still, it has recently been
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Figure 3.17: The fraction of non-cold DM embodied by the dark photon as predicted by our model (dashed
blue), compared to the 20 (thick red) and 3o (thin red) upper bounds from Ref. [159].

Heavy dark photon: m, <m,,

In the region m, < m,, < 2m, both vp and x are stable and freeze out when non-relativistic,
naturally giving rise to a two-component cold DM model. The features of this region are
best explained by fixing f and m, > m§<f ), so that y would be under-abundant in isolation,
owing to its too strong annihilation to SM particles via the derivative Higgs portal. Requiring
that the heavier dark photon provides the remaining DM fraction then gives a contour in the
(myp /My, ap) plane, shown in the left panel of Fig. 3.18 for f =1 TeV and some representative
choices of m,. The relic densities of x and yp were computed solving the coupled Boltzmann
equations with micrOMEGAs [164]. To understand the basic features of Fig. 3.18-left, a useful
first approximation is to treat the freeze-outs of x and vyp as decoupled processes, since in this
limit the relic density of x is simply fixed by the freeze-out of xx* — SM and therefore completely
determined by f and m,. This simplified picture does receive important corrections in some
regions of parameter space, as we discuss below. Focusing first on the m, = 300 GeV case, four
qualitatively different regions arise in our analysis:

1. The non-degenerate region, 2m, — my ~ 1.6 m, < m,, < 2m,. The dark photon freeze-
out is determined by the semi-annihilation process yph — xx*, which is kinematically
allowed at zero temperature. Hence the relic density contour is approximately given by
Ny (O hosyx* Urel) = constant, where the LHS is evaluated at the vp freeze-out temperature,
T%) A~ M~ /25, and the thermally averaged cross section is given in Eq. (3.151). As
M., /m, decreases, the dark fine structure constant increases exponentially to compensate
for the suppression of the Higgs number density, ap o exp (%%), where we dropped
subleading power corrections. The importance of semi-annihilation processes, which change
the total DM number by one unit (rather than two units as for ordinary annihilation), was

discussed for the first time in Ref. [75].

2. The intermediate region, 1.3m, < m,, S 1.6m, ~ 2m, — my. The vp freeze-out

conjectured [162] that quantum gravity forbids arbitrarily small Stiickelberg masses: local quantum field theory
would break down at Auv ~ (m,, Mpl/gp)l/2. Taking gp ~ 0.1 as needed to obtain the observed relic density for
X, Eq. (3.78) corresponds then to a troublesome Auy < 4 TeV. The conjecture does not apply, however, if m-
arises from a dynamical symmetry breaking [162]. This topic is currently under debate [163].



3.5. Breaking of the DM shift symmetry by U(1)pm gauging 93
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Figure 3.18: Left panel: contours in the (m~,/m,,ap) plane where the sum of the x and yp densities
matches the observed total DM density, Qyqr+ + 2y = Qpm, assuming f =1 TeV and for
representative values of m, > m&f) ~ 122 GeV. The solid portions highlight the range of
ap where m, can be obtained from dark photon loops cut off at 2.5 TeV < m, < 4w f (see
Eq. (3.107)), where the lower bound comes from the S parameter, S ~ myy /m2 < 1073
(see e.g. Ref. [102]). Right panel: effective cross section for present-day DM annihilation
to SM particles, calculated along the relic density contours in the left panel. Also shown are
the observed 95% CL limits from dSphs in the WW channel [144] (dashed lines), together
with the 95% CL uncertainties on the expected limits (colored regions). For reference, the
black solid line shows (TUrel)can, the cross section expected for a single thermal relic that
annihilates entirely to SM particles.

is still determined by yph — xx*, which however is now forbidden at zero tempera-
ture. Using detailed balance, the relic density contour is given by n2q<0"th~>X)(*'Urel> =
(niqZ/nfy%)(oXX*_thvreﬁ = constant, where the LHS is evaluated at Tﬁ% R My /25 and
the cross section can be found in Eq. (3.152). The dependence of ap on m.,,/m, is

i i - i _"™py_ 25
exponential and faster than in the non-degenerate region, ap o< exp [(2 e )va /mx]’
where power corrections were neglected.

3. The degenerate region, my < m,, < 1.3m,. As m,,/m, decreases the semi-annihilation
is increasingly Boltzmann suppressed, while the rate of the annihilation ypyp — xx*
increases as a% . Therefore the dark photon freezes out when its annihilation to xx* goes out
of equilibrium. The relic density contour is approximately described by (0~ —yx* Urel) =
constant, where the cross section is given in Eq. (3.150). The resulting variation of ap
is slow in comparison to the regions dominated by semi-annihilation, thus explaining the
nearly flat behavior of the contours. Importantly, in this region the evolutions of the x and
~vp densities are tightly coupled, and the injection of x particles due to the ypyp — xx*
process gives a larger xy abundance than the one expected based on the simplified decoupled
picture. This interesting type of system was first studied numerically in Ref. [165], and we
provide here analytical insight into its dynamics. After the yields Y, ,, become much larger
than their equilibrium values, they obey the simplified Boltzmann equations (x = m,/T)

~_1 o dY,
A tg? 7d:UX = —<0Ure1>SMYX2+ %<0—’Urel>'7D'7DY’Y2D (3.792)
~_1 o dY-
\ 1.%.27;[) _ _<O-Urel>’7D’YDY’y2D (3.79Dh)

where \ = (2\/Eﬂ/15)(g*szMp1/\/g>*), while (ovrer)sm refers to xx* — SM and (oVrel)ypvp



94 Chapter 3. Composite dark matter in SO(7)/SO(6)

to ypyp — xx*. The analytical solution of this system gives at z > 1

2
1 [2Yy 1 (0Vrel)
— | =] ~1+:(as olas +4) |, y = ——=IDID. , 3.80
ag <Y'yD> + 2 (a Ty (a * )) ¢ <0vrel>SM/2 ( )

where a, goes to a constant since both processes are s-wave. This result is obtained by
solving a quadratic equation, whose other root yields dY, /dx > 0 and is therefore unphysical.
For a, < 1, as verified in the m, = 300,600 GeV examples, the RHS of Eq. (3.80) goes to
1 and the formula expresses the equality of the fluxes that enter and leave the y population,
Y$D<avrel)7D7D = (2Yy)*(ovre1)sm/2 . Correspondingly, the relative y density is suppressed
(albeit still larger than in the simplified decoupled picture), 2n,/n,, =~ a}/ > In the
my = 150 GeV example we have a, = O(1) instead: in this regime the annihilation to
the SM is not as efficient, leading to an accumulation of the x particles injected by vpvp
annihilation and therefore to a large relative x abundance, 2n, /n,, ~ few.

4. The very degenerate and forbidden [74] region, m.,, < m,. The dark photon freeze-out is
determined by vypyp — xx*, but ap increases very rapidly as m.,, /m, is decreased toward
and eventually slightly below 1, in order to compensate for the kinematic suppression.

The previous discussion focused on the m, = 300 GeV benchmark. The features of the relic
density contour for m, = 600 GeV are very similar. On the contrary, in the case m, = 150 GeV
we have 2m, — mj; ~ 1.2m, and as a consequence we observe a direct transition from the
non-degenerate to the degenerate region, while the intermediate region is absent.

The right panel of Fig. 3.18 shows the effective cross section for DM annihilation to SM
particles today, computed along the relic density contours. All processes that yield SM particles
were included in the numerical evaluation, but we have checked that yx* — SM is always
dominant and the subleading channels (such as ypx — hx and ypyp — SM, the latter of which
proceeds at one loop) contribute at the sub-percent level.?* Two different regimes can be observed.
In the non-degenerate region the freeze-outs of x and «vp can be treated as independent to a
good approximation, hence from Eq. (3.6) the effective cross section is reduced compared to the
standard thermal value (0vpe1)can = 2x 10726 cm3 s™1 by a factor (0vyel)can /(% (0Vrel) yx*— M) < 1.
For m, = 600 GeV the suppression amounts to more than one order of magnitude. Conversely,
in the degenerate region the already discussed injection of x particles from yp~yp annihilations
compensates the increased (0vrel) yy*— M , Tesulting in effective cross sections that are numerically
close to (o Urel)can-

Finally, if 2m, < m,, the dark photon is unstable, with decay width I'(yp — x*x) =
(apmey, /12)(1 — 4m§< / ng)?’/ 2. In the early Universe, the inverse decay process keeps the dark
sector in chemical equilibrium until H ~ (I') n.,,, /n,, when the ratio of the number densities is

Ny (H 0T <1072 ( Tp ) 107 , (3.81)
Ny r Mpiapm.,, 100 GeV ap

where we assumed that 1" < m.,, at this point, and neglected O(1) factors. Thus, the subsequent
decay of the remaining dark photons has negligible impact on the x relic density, which can
effectively be computed considering only the freeze-out of xx* annihilations to SM particles,
with the results summarized in Fig. 3.1. In the region 2m, < m,, the only phenomenologically
relevant imprint of the dark photon is the one-loop mass for y, estimated in Eq. (3.67).

24Note that due to the large mass of the dark photon, in this case the Sommerfeld enhancement of the xx* — SM
annihilation is negligible.
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3.A° CCWZ construction for SO(7)/S0O(6)

For the generators of the fundamental representation of SO(7) we take

i [1
(TR R)1s = —5 | 5¢*77(610) — 3567) % (675 —63‘6%)} . a=123,
ab __ _L‘ ashb  sasb _ . — _
T = ﬂ(éléj 8507), b=56;a=1,...,b—1, (3.82)

i
V2
where the indices I, J take the values 1,...,7. T} p and T are the generators of SO(6), collec-
tively denoted by T% (a = 1,...,15), with T} p spanning the custodial SO(4) = SU(2), x SU(2)r
subgroup, while X are the broken generators that parameterize the coset space SO(7)/SO(6).
Notice that the unbroken generators are block-diagonal in our basis,

Xiy = (6705 —6507),  a=1,...,6,

a_ [t* 0 a
T = (0 0), 1 € SO(6). (3.83)

All generators T4 (A = 1,...,21) are normalized such that Tr [TATB} = ¢4B. Under the

unbroken SO(6), the six GBs 7 transform linearly and in the fundamental representation, whose
decomposition under SO(4) is 6 = 4® 1 @ 1. The Higgs doublet H = (hy, hg)” is identified with
the 4, so that

1 T
7= —= (=ilhy = h%), hy+h, i(ha—hY), ha+h V20, VZk) . (3.84)
V2
In unitary gauge, i.e. h, = 0, hg = h/y/2, this has the expression in Eq. (3.16) and the
Goldstone matrix U(7) = exp (iﬂw“X a/ f) can be written, after performing the convenient
field redefinition [68]

Sn/f) o L™ Gith r = VATR, (3.85)
™ f
in the following form
13x3
- ek
PUTE TP TP ] X ]
U= “Fhm TRl TREe 7 Q=JMJ‘2—h2—772—f€2-
hr K K K
TP Pt TP 7
S50 g e
(3.86)
Under g € SO(7), the GB matrix transforms as
U(7) = gU (7) h(7:9)" (3.87)

where h (7; g) is block-diagonal in our basis,

h(7:g) = (fgﬁ ?) . hg € SO(6). (3.88)



96 Chapter 3. Composite dark matter in SO(7)/SO(6)

The d, and e, symbols are defined via?®
iUTD,U = di X"+ e0T?, (3.89)

where D, U = 0,U — iAzT&U. Notice that we took the gauge fields as belonging to the
SO(6) subalgebra, since this is the relevant case. Explicitly, for SU(2)r x U(1)y we have
AzT& =gWoTy + g'B, T3 . If the U(1)py were also gauged, then AzT‘A1 — AzT‘i + gpAp, T,
with Ap the associated vector field and gp its coupling. Under g € SO(7),

A% — (he)dh, e = el — he (ep +1i0,) hi (3.90)

where hg was defined in Eq. (3.88). To leading order in 1/f, we have

V2 N N
d = —TD,ﬂra—i—O(l/f‘g), el =A% +0(1/f%), (3.91)
where D, = 0,7 — iAz(t&)abﬂb. The fermion covariant derivatives that appear in Eq. (3.27)
read
‘7_0[0-& -7/1_ .2,,—
D,qr = (QL — ngu 5 ig éBu)qL , D,¥ = (Oﬂ — zgg Bu)\I/, (3.92)
where ¥ = tg,Q;, S;, and in all cases the color SU(3) component is understood.

At the leading order in derivatives, the Lagrangian describing the vector resonances p, =
pzt& ~ 15 and a;, = aj; X" ~ 6 reads

1 I 1 , 2
Ly = _ZTY (P ™) + ?’)Tr (9ppu — eu)2 — ZTT (apa) + TAGQTT (Gaty — Adu)2 , (3.93)

where f, , are decay constants, g, , are couplings, and A is a dimensionless parameter. The
field strengths are given by

Puv = Oupv — OuPp — iGp [Pus Pu] » ay, = Vuay —Vyay, V,=0,—ie,. (3.94)
In the limit where the external gauge fields are neglected, the masses of the p and a read

2 2 2 2 92f2
Mo =0ofpr  Ma= x5 (3.95)

Neglecting EWSB, only p,, can mix with the SU(2)z, x U(1)y gauge fields. The mass eigenstates
are obtained via the rotations

we 1 9, —g\ (W* B 1 9 -3\ (B
) [ — ), O , (3.96
( Pi ) /o2 + 5 (9 9 ) \ Pt P [z+q2 \9 9 ) \rk (396)

with W< and B identified with the SM states. The associated SM couplings are g = ¢,g// gf, + g2

and ¢ = g,9'/\/95 + 7'*.

Now let us consider the case where U(1)py is gauged. The d, and e, symbols are computed
starting from D,U = 0,U — z'AZTaU, where

AT = gWSTE + §'BuTh + V2 gpAp, ™M (3.97)

ZNotice that we define the d, and e, symbols with opposite sign compared to, e.g., Ref. [110].
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when SU(2)r, x U(1)y x U(1)pm C SO(6) are gauged. The normalization of the U(1)pm gauge
coupling is chosen in such a way that the x kinetic term obtained from the two-derivative GB
Lagrangian of Eq. (3.15) is |(0, — igpApy)x|?. pu contains an SO(4) x U(1)py singlet pp that
mixes with Ap. The mass matrix and the rotation that diagonalizes it are

7 2% —VIgng,) (Ap| (A Lm o) (A
1o (Ap, pp) 9D ngp Dy D\ _, V954255 V92+253 ZAN
2 —V2gpg, 9o PD PD V29D Jo__ PD
VOE+2as  Vat2an
(3.98)

hence the physical dark photon coupling is gp = g,9p/ 1 /g% + 233, .

3.B Scalar potential : gauge sector

Integrating out the vector resonances at tree level, we obtain the effective Lagrangian containing
the gauge fields W<, B and the Higgs,

1 HpY S 317 p D 73R
Lgff = 7<g/“’ _7p ) (2H+_VVH+W;r + H33W3W3 +IlppBuB, + 2H33W33u) (3.99)

2 p?
where
72 32 R? g h?
My =133 =1y + @Hf{, lpp =1+ ?Wﬂi]’ I35 = —ETFH% (3.100)
The dynamics of the strong sector resonances are encoded in the momentum-dependent form

factors, which read in Euclidean space

2 g(/)zfg g 2
Iy gy = 1+ 55— IIi =g

2
f2+2p2< fi b )] (3.101)

pr+mg  p*tmyp
The effective potential for the Higgs has the expression
7 3 d'p 2 2
Vo(h) =5 / Wlog [H+7(H33HBB - H3B)} : (3.102)

Integrating out the dark photon at tree level generates additional contribution to the effective
Lagrangian, L’gff + (5£§H, where L'gff is given in Eq. (3.99), while

1 prp” 1 295 X*x
ff
0Ly = 5(9’“’ T2 )HAAADMADLM g =114+ §2D 2 17, (3.103)
with Euclidean-space form factors
2§Df2 f2 f2
Oy =p* 1+ 272 ¢ = g% | f2 + 2p? a__ _ _—=-F . 3.104
A=D ( +p2+m% ) 1 g f +2p p2+m(21 pg_’_m% ( )

The one-loop effective potential is also modifies V,(h) 4+ 6V (x), where the Higgs-dependent piece
is given Eq. (3.102), and

3 dp % 2x*x 1Y
5‘/},(x):2/wlog[1+D =L

. 3.105
g% f? Iy ( )
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Note that, importantly, the one-loop potential does not contain a Higgs portal term ~ Ai?x*x

If the gauging of U(1)py is the only source of DM shift symmetry breaking, expanding the
logarithm in Eq. (3.105) and matching to Eq. (3.46) gives for the x mass term

72 ) g
P = mg]g’éﬂ /0 dp2lel;Ii1 , (DM shift symmetry broken by gauging) (3.106)
which is in general quadratically UV-divergent, but is automatically rendered finite after the two
WSRs that ensure finiteness of Vg(ﬁ) are imposed, namely 2( fp2 —f2) = f? and fgmz = f2m?2
After the WSRs are used to express fq,m, in terms of f,,m,, and f, we find I1¥ > 0, which
guarantees that U(1)py is never spontaneously broken. Performing the integral and taking the
leading order in g2,f2/ ml%, 75 fg / mf, < 1 we arrive at

2 2 2
. 3;@ ;3 m? log <2f2i;pf/2f_ 1) , (3.107)
P

The results above assume massless dark photon. A Stiickelberg mass can be obtained by extending
the coset to SO(7) x U(1)'/SO(6) and gauging the diagonal combination of U(1)py x U(1),
namely v/2TPM 4 Z'. All SM fields are assumed to be uncharged under U(1)’. The extended
Goldstone matrix is U = exp(iv272X*/f)exp(i#Z'/f') and the two-derivative Lagrangian
becomes L + (f'2/2)d,d", where d, = —(8,# — gpf'Ap,)/f" to all orders in 1/f". The
additional piece is precisely the Stiickelberg Lagrangian, which gives a mass m4 = gpf’ to Ap.
In the effective Lagrangian of Eq. (3.103) we must then replace 14 — IT4 + m?%, which in turn
leads to a suppression of the x mass: taking for simplicity f, = f, Eq. (3.107) becomes

y logy
Hby (M%) _ I osayieen y = ﬁ_ (3.108)
b (0) 1p=7 1-4 mg

Numerically, the suppression is small: for example pd,(m?)/pdy(0) ~ 0.97 for ma/m, = 1/10.
As long as mi/m%, f]QD/gfJ < 1, after m% is included in the mass matrix in Eq. (3.98) the

diagonalization is still obtained through a rotation of angle 6 ~ v/2gp/ 9p -

3.C Scalar potential : fermion sector

Integrating out the fermionic resonances at tree level we obtain an effective Lagrangian containing
the top quark, the by, and the GBs as degrees of freedom,

L% =T, brpbr, + Mptopt, + ptgpte — Mprtrts +he.), (3.109)

In order to proceed, one must specify the couplings between the elementary and composite
operators. For example, let us focus on the couplings given in Eq. (3.27). In this scenraio, the left
handed top coupling break only the Higgs shift symmetry, while the right handed top coupling
break both the Higgs and the DM shift symmetry. This leads to the following form factors

h?  2x*x h \/ R 2x*y
My, Op=Hp +|—= Ogr,, Hip=—1/1—— — I .
L1 R Ro <f2 f ) Ry LR \/if f2 f2 1

(3.110)

2

2f2

I, =1, +
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The momentum-dependent form factors read, in Euclidean space,

Ng 61’Q|2 %s: ‘6j5’2 %@3 IGiQ\Z
g, =1+ 2q 7 I, = zq 2 2q 2
o Pt mg, bt tmg S pt A myg,
Ns ‘6j 2 Ng AE Ns ‘ej 2
=14 L QI sl (3.111)
T AN VT N T
Nq _«x
o — Ns etfgeflsmgj ftészsz
1= Z 2 _|_m2 _Z 2+m '
=1P S; =1 P Qi
The effective potential for the GBs reads
Vi (h, 2N/ 1 log (ML T0R + [T, %) (3.112)

Expanding Egs. (3.102) and (3.112) to quartic order in the fields and matching with Eq. (3.29),
we obtain the expressions of the parameters ,u,zl, Ahs M%M, ApMm and A as integrals over the form
factors. For the dominant fermion contribution we find

N, o0 II 211 IT%)?
1y = — 2c2/ dp?p? (=l 4 28R 2( 1) ’
’ 8 f 0 HLO HRO p HLOHRO

_ N 29
Ah,f = 12 /#%dep

2
1 (HLI 2R, (Hﬁ)Q ) (Htl)2 _pZHL1HR1
4

My, Iz, p?MgIg, P, Ilg, ’
N, o0 I N, o0 112
2 c 2 241Ry c 2 2Ry
HDM 47T2f2 /0 1Y HRO 5 DM 47_[_2](-4 /0 1Y H%{O 3
N, /oo 5 o [ 1% (ITt )2 ( g
= d 2 4+ 1+ 1) , 3.113
T A R S VPR P T, (3.113)

where we assumed real mixing parameters €. Notice that the integral for the Higgs quartic Ay s is
IR divergent; the same happens for the (small) gauge contribution A; 4. The IR divergence signals
that the potential is non-analytic at i = 0, due to the contribution of the light degrees of freedom
(the top quark and SM gauge bosons). To remove this issue, the expansion of the potential in
Eq. (3.29) is extended to include an additional term AV = (8;,/2)h*log(h?/f?), which captures
the non-analytic contribution to the Higgs quartic. Then all the coefficients of V 4+ AV are
IR-finite, including &,. The Higgs VEV (h) = v is obtained by solving the equation (h)? =
—u2 /A + 0 (14 21og((R)?/ £2))], and the Higgs mass is m7 = (1 — &)2v%(\p, + 36), + 263, log €).

We now summarize our procedure for the parameter scan. From Eq. (3.43), requiring that
0< 53,¢ < 1 leads to the constraints

2 2 2 2

mg, —mg ) mg, —mg

le —m21 S Sap S m22 —m21 . 31
Q2 Q1 Q2 Q1

These can be satisfied only for mg, > mg,, which we therefore assume. Taking into account
that ITY is the only form factor that is sensitive to the signs of the mixing parameters ¢, and
that furthermore the scalar potential is unaffected by II} — —II¢, the angles are restricted to the
following ranges

0,a € [—7/2,7/2], ¢ €[0,7/2], B € [0,m]. (3.115)

We summarize here the procedure adopted in the parameter scan of the two-layer model with
WSRs (the procedure for the scan of the one-layer model is analogous).
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1. The following parameters are randomly selected: ¢ € [f/10,8f], mg g, € [0,6f],
mS5,Q2 € [le,6f], fp € [f/ﬂ, 2f} ;

2. The angles a and § are randomly picked, compatibly with the restrictions in Eqs. (3.114)
and (3.115). Then ¢ is completely fixed, while the sign of sin 6 is picked randomly.

3. €4 is fixed by solving the following equation

m2 = |HIR("@)E
t L (m)R(m3)

, (3.116)
h=v,x=0

where the numerical value of the top mass is set to m; = m,{wis(2 TeV) = 150 GeV.
4. m, is fixed by requiring the Higgs VEV to match the observed value, (h) = v ~ 246 GeV.

In the two-layer model, the compositeness fraction sy, (sg) of the left (right) handed top
is computed by diagonalizing analytically the fermion mass matrix for v — 0, and taking the
projection onto the composite fermions of the normalized eigenvector that corresponds to the
physical t7, (tg). For example, the compositeness fraction of tg is defined as

_ | a3+a3 . , 1
SR=\l"3 9 =2 with  th = ——=———= (a1lg + a251 + a352), (3.117)
ay + a3 +ag a? + a3 + a3

where th, denotes the mass-eigenstate right-handed top (for v — 0). The compositeness fractions
satisfy 0 < sz g < 1. In the one-layer model, they are identified with the sine of the elementary-
composite mixing angles.

In the scenarios where the DM shift symmetry is preserved by the top quark, the following
embeddings are used

—1
w_ 1/ , 7T (t) _ itr !
72/3 ~Sr = ﬁ (ZbL, bL, ZtL, —tL, 03 ) s 212/3 ~ SR = 7 0 1
-1 0
O3x3
(3.118)

where empty entries in the expression of {g) are zeros. Since 7 =6 & 1 and 21 =15 & 6
under SO(6), in the top sector we expect fermionic resonance multiplets G'~ 1553, Q ~ 693
and S ~ 1,3 under SO(6) x U(1)x. The decomposition and component expression of Q is
given in Eq. (3.26), whereas G decomposes as 15 = [(3,1) + (1,3)]o @ (1,1)¢ @ (2, 2)+; under
SU(2)r x SU(2)r x U(1)pm, where the X = 2/3 charge is understood. In components,

0 —iT?  BP-XP? —i(B2+X1?) —B_—-X5;5. —i(By+X53,)
0 —i(BP+X1%) —B24+X2  i(Bo—-X55-) —By+ Xy
ol 0 —iT1? —T- = Xyyz— —i(T + Xz 4)
2 0 —i(T- = Aoy3-)  To—Aozy |7

0 —iv/2 8
0
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(3.119)

where the lower triangle is determined by antisymmetry. We have made the definitions T'}? =
L+, Q}f = (Q1£Q2)/vV2 (Q=X,B) and Qy = (QF) + QN(_))/\/? (Q=T,8B,Xy3, X5/3).
Here (X;,T;, B;)T is a (3,1) fori =1 and a (1,3) for i =2, S ~ (1,1)g, and the fields with
calligraphic names compose the (2,2)+1.2% The elementary-composite mixing Lagrangian for the
top sector is
LW = g0y g e gAY cOBAY Upr Qe
mix — “¢SSL ATP R + QgL AaQR] tQ£ Aa B7QLJ

OB 4 UG8 + hc,

(3.120)

+ et

where repeated indices are summed. Here {i, 7, k} count the multiplicities of resonances and
therefore run from 1 to {Ng, Ng, N¢}, respectively, while A, B are SO(7) indices and a,b are
SO(6) indices. Calculability of the one-loop scalar potential is obtained via generalized Weinberg
sum rules (WSRs). The minimal field content that gives a completely ultraviolet (UV)-finite one-
loop Higgs potential is Ng = Ng = Ng = 1, which we adopt. The embeddings in Eq. (3.118) yield
a Higgs potential with “double tuning” structure [131], where parametrically A=! ~ (v2/f?)(e!)2.

We now describe the embeddings of the bottom quark in the two models discussed in the
main text: the one of Sec. 3.4, where the x shift symmetry is broken by bg, and the one of
Sec. 3.5, where the y shift symmetry is preserved by the bottom sector.

DM shift symmetry broken by b quark The bottom quark embeddings are

1, . T T
771/3~§(Lb)=ﬁ(—m, tr, ibr, br, 03T) , 7,1/3~§g’)=b3(0g, 1) . (3.121)

We thus expect resonances Q) ~ 6_;/3 and SO) ~ 1_y/3 under SO(6) x U(1)x. The component
expression of Q) is

€
V2

where under (SU(2)p)PM we have (U_y/3,U_ys3)" ~ 2% 6, (T, B)" ~ 29 4 and V, W ~ 17}
The elementary-composite mixing Lagrangian for the bottom sector reads

~ ~ ~ ~ T
QY = = (U yys —iT, U gy + T,iU_yj5+iB,~U_yj5+ B, =iV + W,V + W), (3.122)

/3°

ﬁgﬁx = (e ™ & b)AS(b e 3¢ b)AS(b) ) VU + (" "o b)AQ b)a Q(b 3¢ (b)A b)a)U the,
(3.123)

where {m,n} run from 1 to {N 50> Ny v }, respectively. The complete fermionic Lagrangian is

L = (kin. terms) 4 (resonance masses) + Efnzx + Efﬁl)x, where the kinetic terms include both those
for the elementary fields and the CCWZ ones for the resonances. Integrating out the resonances
we obtain an effective Lagrangian foNr the top and bottom quarks and the GBs, which we use to

calculate the one-loop potential for h and y. In particular, for the DM mass parameter we find

b

N, o0 II
2 _ c 2, 2R
HDM = _47r2f2 /0 dp”p Hl]’%; ) (br loops) (3.124)

20Fjelds with calligraphic names have the same SO(4) quantum numbers as their non-calligraphic versions. For
example Xs(;_;) transforms as X5,3 under SO(4), but has in addition charge +1 under U(1)pm



102 Chapter 3. Composite dark matter in SO(7)/SO(6)

with Euclidean form factors

S(b) ‘ bS (b) ’ b NQ(b) ‘ ZLQ“’) ’2 NS(b) |€Zg(b) |2
=14 LIk, = S W N sel (3.125)
Z s ms(w ' ; PP+ me w1 PP ngp

We introduce Nye) = Ngw) = 1 resonances and to obtain partial calculability of the bottom-
induced potential we impose one set of WSRs, which make the dimensionless couplings UV-finite
and reduce to logarithmic the degree of divergence of the mass parameters. The WSRs correspond

to the relations 635(,,) = EEQW and EbS(b) = egQ(,,) , the latter of which implies from Eq. (3.125) that
M%M vanishes for m2Q<b) = S<b>' Assuming mge), Mge) > 0 we take as solutions to the sum rules
€45t = T €40 and €,g) = — €ow) , in which case A does not vanish even for Mo = Mg®)-

We have then the parametric scalings

2

N, M momy — Mgw) N, M?

2 b _ Q S c «b 2
~ C, Cpg= —~——+ =~ A~

UDpMm = a 1672 ( R) QS » Qs M*zb ) 1672 f2 Y

(3.126)

where a,b > 0 are O(1) coefficients and M., defined via Eq. (3.14), is identified with M,;, =
mgw) + Mge), which implies |Cgs| < 1. An important constraint on this setup comes from

tree-level corrections to the Zbrby coupling, since the embedding of by, in a (2,2)_; /3 of
SU((2), x SU(2)r x U(1)x is not invariant under the Prr custodial symmetry [108]. The
corrections scale as

Cizul_?m“(gg’iw + 69b,,)bL 5 g, = +(e)?* = (3.127)

(g%\4 = —1/2 + s2/3), where the sign is fixed to be positive. For comparison, the exper-
imental bound is —1.7 < 10%6g,, < +1.4 at 99% CL [166].2" A large b, compositeness,
namely ¢} ~ 1 and eR ~ ypf/M.p, leads to pdy < Av? and therefore very light DM, m, =
4 GeV (M,,/8 TeV)(1 TeV/ 1), but is robustly ruled out by Zbzby, unless f > TeV. Conversely,
a large br compositeness €’ R~ 1L el 7 ~ ypf /My easily satisfies the Z brby, constraint. This region,
however, yields parametric scalings for /fDM and A that are similar to those already discussed
in the case where the DM shift symmetry is broken by tr couplings. We are thus led to focus
on the “intermediate” range €’ 7~ €l 7~ VUnf /M, , where the correction to Z brby is typically
moderate, 10%dg,, ~ +few x 0.1(8 TeV/M,) (1 TeV/f), and the DM potential scales as in
Eq. (3.64), where in the (crude) estimate of the DM mass we have taken a typical Cgg ~ 0.2 for
this parameter region.

For illustration a numerical scan of the model parameter space was performed, setting
f =1TeV and requiring that the scalar potential generated by the top and bottom sectors gives
the observed Higgs VEV and mass. We chose Mo > Mge), yielding 0 < Cgs < 1 and MQDM > 0,
therefore U(1)py is never spontaneously broken. In addition, we took A = 10f as UV cutoff for
the bottom contributions to uf,; and ,LL}ZL. The results of the scan are reported in Fig. 3.19, where
to approximately account for LHC constraints [167] only points where all resonances are heavier
than 1.2 TeV are shown. The distribution of the mixings e%’ r» Shown in the left panel, clearly
follows Eq. (3.14) and significantly populates the region e% ~ elj% ~ \ypf /M, ~ 0.03-0.04, where
the parametric scalings in Eq. (3.64) approximately apply. From the right panel, which shows

2TIn this model bg is embedded in a (1,1)_1/3 C T_1/s3, so the Zbrbr coupling is protected by Prr and very
suppressed. Therefore it makes sense to set dgy, = 0 in the electroweak fit. Since dgy, is weakly correlated with
the remaining precision observables, we can then simply quote its one-parameter bound.

Z8We have fixed the numerical value of vy via my = MS(Z TeV) ~ 2.5 GeV.
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Figure 3.19: Results of the parameter scan of the model where the DM shift symmetry is broken by
br, for f =1 TeV. Left panel: distribution of the mixings for the two chiralities of the
bottom quark. The blue (green) curve corresponds to the relation y, ~ E%G%M*b/f with
M., = 8(16) TeV. Notice that M., = mgw + mge is not a physical mass, and can
therefore exceed 4n f. Right panel: tree-level correction to the Zbpbr, coupling versus the
physical x mass. The black dashed line indicates the 99% CL experimental upper bound,
103 8gp, < 1.4, whereas the green vertical line corresponds to the mass for which x yields
the observed DM density by annihilating purely through the derivative Higgs portal.

the tree-level dg,, versus the physical x mass, we read that in the region where x constitutes all

or part of the observed DM, i.e. m, > m§<f: LTeY) 192 GeV, the tree-level correction to Zbrby,

is always below the experimental bound.
DM shift symmetry preserved by b quark The right-handed bottom is embedded as

1 i
b , 022 _, 4
R .
21,5 ~ EW) = 25 |7 0 , (3.128)
i -1

03%3

where empty entries are zeros. Therefore the embedding of ¢z, in Eq. (3.118) is sufficient to
generate the bottom mass, and an X = —1/3 sector needs not be introduced. The Lagrangian
that mixes the bp with the composite resonances reads

(b i z(b)BA =(b)BA

LO, = @b P UnaUprQ% ; + €y P UnaUp Gy + hc., (3.129)

mix —

and the complete fermionic Lagrangian is £ = (kin. terms) + (resonance masses) + Effl)ix + ENI(QX.
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As a final remark, we have neglected one-derivative operators built out of fermionic resonances,
such as (schematically) S'idaQ? and Q?dbG%b in the X = 2/3 sector and SPA*QP* in the
X = —1/3 sector, which are generically expected to appear in L£¢ with O(1) coefficients.
Their presence does not affect our discussion, but can have important effects on the resonance
phenomenology at high-energy colliders [110].

3.D Details on DM phenomenology

The explicit values of the couplings in Egs. (3.45,3.46) are

3 ¢? 1+¢
Ahhh = thX = ﬁ , Ahhyxx = ﬁ R bthX = é‘ 17_5 , (3 130)
apyy = dpyxy = dppn = V1 =&, dphyy =1 —€.

The couplings between the scalars and the top quark in Eq. (3.47) can be easily computed by
matching with Eq. (3.109), where the top partners have been integrated out in the original
field basis. However, the results of the parameter scan show that the “composite” mass of the
lightest singlet, mg,, can in some cases be as low as few hundred GeV (while the physical mass
of the lightest singlet is still above the experimental lower bound of 1 TeV, because it receives a
large contribution from the elementary-composite mixing parameters ~ ¢€;), thus invalidating the
simple effective theory approach in this basis. Therefore we proceed as follows: Starting from
the UV Lagrangian in Eq. (3.27), after exact, numerical diagonalization of the fermion mass
matrices we consider the following terms

— . h ~ *
ﬁf = Ztat — mttt(ctth; + 2 CttXXXUTX) (3131)
+ > [yi (i —mq,) Vi + Zi (id — mq,) Zi + t(b}, P + b Pr)(Vix* + Zix) + h.c.},
i=1

where we introduced the coefficients ¢y, ity biL and bﬁ,%, which are real if C'P invariance is
imposed. After integrating out the ); and Z; and matching to Eq. (3.47), we find that ¢y, = Cup,
whereas

~ v’ al biLbZR My 132 | 362
Cttxx = Cttxx — Z — + (bL + bR) . (3132)

2
M 5 Qs 2in

We have verified that for parameter choices where the EFT approximation is justified, the values
of cyp, and ¢y, Obtained from Eq. (3.109) agree with those computed with this semi-numerical
method.

The cosmological evolution of the y number density?® is described by the Boltzmann equation

dn 2

ditx +3Hn, = —(0Vel) [ni - (niq) ] , (3.133)
where n{ is the equilibrium number density, H is the time-dependent Hubble parameter and
(0vpel) is the thermally averaged annihilation cross-section times the relative velocity of two DM

particles, whose expression is [91]

(oveea)(T) = 16m§<TK122(mX/T) A > ds s \[s — 4m2 K1(V/5/T) ovea(s) (3.134)

2
my

2 Notice that the DM number density is obtained summing over particles and anti-particles, npm = 2n,y.
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where T denotes the temperature and K7, Ko are modified Bessel functions of the second kind.
Dark matter annihilates dominantly into WW, ZZ, hh and tt. The corresponding cross sections
were calculated analytically in terms of the parameters of the effective Lagrangian in Eq. (3.44),
and found to agree with those of Ref. [73] in the limit ¢y = c?tl}fm, Ctiyy = c?g;;” Equation
(3.50) provides a naive solution of the Boltzmann equation, which is nevertheless useful for a
qualitative understanding.

The leading 1-loop corrections to the derivative xx*hh coupling in Eq. (3.52) are obtained
computing the set of Feynman diagrams depicted in Fig. 3.10, and selecting the logarithmically
divergent pieces. For simplicity, we report the result in the limit where the GB masses are
neglected. Even though this is a rough approximation for DM annihilation, where the kinematic
variables take the values (assuming mi > m3) s~ 4m§< and t ~ u ~ —mi, it is nevertheless
sufficient for the purpose of estimating the theoretical uncertainty on the cross section. In
particular, it implies that s + ¢ + u >~ 0. The first class of diagrams in Fig. 3.10, which contain
two insertions of the elementary-composite mixings, yield the result in momentum space

. 62
8::!}4 (7~ )slog A”. (3.135)
Notice that this class of diagrams also yield the O(p°) coupling A. The second class of diagrams
contain two derivative couplings arising from the e, symbol, and give

iNe 7 2
87r2f4(— o)3slogA?, (3.136)

which can be seen as arising from two € insertions on the internal fermion lines. The contribution
of the third class of diagrams turns out to be proportional to the external masses, and thus
negligible within our approximations. Lastly, the triangle diagrams composing the fourth class
yield
iN,

87}4(63)351% A%, (3.137)
Summing Egs. (3.135), (3.136) and (3.137) and making the argument of the logarithm dimen-
sionless by inserting m?2, we arrive at the final result in Eq. (3.54).

The SI DM-nucleon cross section is given by

XN:1< my )Q{ZFP—F(A—Z)F,I]Q’

o -
ST T\ my +my A

(3.138)

where my = (mp + my)/2 is the average nucleon mass, and for Xenon A = 130, Z = 54. The
effective couplings of the DM to nucleons can be written as

Fy
My

> fr,aq + 217 ff«g( > ag+ k;), (x =p, n) (3.139)

q=u,d,s q=c,b

where the first term represents the tree-level coupling to the light quarks u, d, s, while the second
term parameterizes the coupling to gluons via loops of heavy fermions. For convenience, in the
second term we have further singled out the contribution mediated by the top and top partners,
ké, from the one coming from the charm and bottom. The former can be easily computed using
the low-energy theorem for the GBs,
Av 1
ki = e Ay Dn — lix* (3.140)
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with the definitions

o . 11-2¢
D = 1— 7~1 d tM h, = — 5
b=y £<6h og |det Mi( X”)g_v,x_o vyT—¢
| (3.141)

0? -
Dy = | =——=— log |det My(h, = - =,
H <0><8X* Bldet Ml X)|>Bv,x0 fa-g

where My is the field-dependent mass matrix for the top sector. The expression of the coefficients
aq was given in Eq. (3.12). Even though k:; receives contributions from the top partners, its final
expression depends only on f and is insensitive to the resonance parameters. This cancellation
can be traced to the fact that with our choice of fermion embeddings, qr,tgr ~ 7 of SO(7),
there is only one SO(6) invariant that generates the top mass [168, 169].3° We remark that our
computation based on Eq. (3.140) is only approximate for the box diagrams that contain Y, Z
propagators, and could be improved through an exact computation of the yg — xg scattering
amplitude, see Ref. [170] for an extensive discussion in the similar case of neutralino-nucleon
scattering. However, we have checked that for realistic parameter points the contribution of the
box diagrams to k‘f] is < 10%, hence we estimate that the corrections to our approximation would

only affect a%‘lN at the percent level.

The contribution of the light SM quarks is encoded by the coefficients a, (¢ = u,d, ¢, s,b) in
Eq. (3.139). It is somewhat model-dependent, being determined by the choice of the corresponding
embeddings, which we have not specified so far since they do not affect any other aspect of the
phenomenology. For concreteness, we assume all left-handed light quarks to be embedded in the
7, whereas for the right-handed light quarks we take br ~ 7, leading to a contribution identical
to the one of the top sector, and qr ~ 1 (¢ = u,d, ¢, s), yielding a vanishing coefficient for the
x*xqq contact term. In summary, we have

A 1 A
k; =ap = ’mii(l —26) + m ) Qu,d,c,s = miizz(l = ). (3.142)

For the nuclear matrix elements that appear in Eq. (3.139) we take f% = 0.021, f%i = 0.041,
fr, =0.019, f7, = 0.045, obtained from agreeing determinations of the pion-nucleon sigma term
oxn from chiral perturbation theory [171] and dispersive methods [172], and f7." = 0.043, based
on lattice QCD results [173]. The gluon matrix element is then f%n =1- Zq;u,d,s fT;" ~ (.89.
For realistic parameters the Higgs exchange dominates and the cross section can be approximated
by the simple expression in Eq. (3.56), with fx =2/9+ (7/9) X,y fT;" ~ (.30.

In the scenario where the x shift symmetry is broken by br, A is negligible and the cross
section takes the form in Eq. (3.65), where fx = (2/27)fr, ~ 0.066 in case I and fn =
fry + fr, +(2/27) fr, = 0.15 in case II.

3.E U(1)y-U(1)pu kinetic mixing

In this appendix we show that kinetic mixing of U(1)y and U(1)py (in short, Y-DM kinetic
mixing) can vanish exactly in the SO(7)/SO(6) model, thus motivating the choice ¢ = 0 made
throughout our discussion.

As first step, we neglect the explicit G breaking in the fermion sector and consider the bosonic
Lagrangian including the gauging of SU(2)r x U(1)y x U(1)py . At O(p?) this is simply given

30Notice that the expression of &}, is identical to that obtained in SO(6)/SO(5) when qr,tr ~ 6 [73].
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by Eq. (3.15), and the kinetic mixing operators arise at O(p?). The four-derivative bosonic
Lagrangian was first written down for the SO(5)/SO(4) model in Ref. [174]. To obtain a basis
of operators for our model we find it convenient to follow Ref. [175], where the O(p*) Lagrangian
for SO(5)/SO(4) was discussed by parametrizing the GBs with the matrix ¥(7) = U(#)2. This
alternative, but equivalent, description is possible for symmetric cosets such as SO(N+1)/SO(N),
which admit an automorphism (grading) R of the algebra that flips the sign of only the broken
generators, T¢ — +T% and X% — —X®. The three building blocks that are used to construct
invariant operators, all transforming in the adjoint of G, are

Vi= (DS, A =0,4, - A, —i[ALLA),  SARST (3.143)
where AZEV = R(A,) and we formally took the whole of G to be gauged by A, = ggAﬁTA, hence
the covariant derivative is D, ¥ = 0,5 — i(A,% — EAZ}). In this formalism, the two-derivative
Lagrangian is L. = —(f2/16)Tr[V,,V#].

In our model the physical sources are given by Eq. (3.97), which satisfies AZ} = A,. By
constructing a complete basis for the O(p*) Lagrangian £4, we find that Y-DM kinetic mixing is
encoded by the operators

Tt[BLFy],  Tr[SBLI'FY], (3.144)

where B¥ = g'B"T} and FY = 2gpF4’TPM. Both operators in Eq. (3.144) vanish
identically. In fact, we have checked that the whole L£; + L4 is invariant under the parity
Ps = diag (1,1,1,1,1,—1,1) € O(7). Recalling that TPM generates rotations in the (5, 6) plane
[v2TPM = diag (044, 02,0)], P is identified with the charge conjugation Cp that we referred
to in the main text. The action of Py on the SO(7) generators is

PsTPs=+T, T= {TﬁR,T“E’,Xb} and PsTPs=-T, T = {TDM,T“G,XG}
(3.145)

where a =1,...,4and b=1,...,5. As a consequence, the GBs and the elementary gauge fields
transform as

x = —x5, Ap — —Ap, {hi,W,B} — +{h;, W, B} (i=1,...,4), (3.146)

which shows that if Py is exact, Y-DM kinetic mixing is forbidden. Furthermore, “higher-
derivative kinetic mixing” operators (i.e. operators that mix B* and F' ", but with the insertion
of additional derivatives) also have to be built out of the objects in Eq. (3.143), and are found
to vanish. Summarizing our results thus far, the explicit breaking of SO(7) due to the weak
gauging does not generate Y-DM kinetic mixing.

As second step, we turn on the explicit G breaking in the fermion sector. Since [TPM, Ps] # 0,
the SM fermions cannot be simultaneously assigned a nonzero U(1)py charge and definite Py
parity. Therefore if the SM fermions were taken to have @Qpy # 0, then fermion loops would
generate Y-DM kinetic mixing: for example, this would happen if ¢q; were embedded in the
(2,2)41 C 2143 of SO(7) x U(1)x and tg in the (1,1)41 C 79/3. However, for our purposes we
must take Qpy = 0 for all SM fields, in order for x to be the lightest U(1)py-charged particle
and therefore stable. In this case each elementary fermion can be assigned definite parity (all
the fermion embeddings employed in this thesis have in fact Ps = +1), which guarantees that
fermion loops do not generate Y-DM kinetic mixing.

Note that the last conclusion can be altered by subleading spurions, if a single elementary
fermion couples to operators with different Ps. As a concrete example we can imagine that g has,
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in addition to the embedding in the (1,3)o C 2153 given in Eq. (3.118), a second embedding

in the (1,1)p C 215/3, namely dét) = tgTPM. Then it is clear from Eq. (3.145) that the first
spurion has P = +1 while the second has Ps; = —1, so tg cannot be assigned a definite parity.
Nonetheless, Py invariance of the fermionic Lagrangian can still be enforced, by imposing that
each elementary field couples to only even operators (or only odd ones, although we are not
interested in that possibility here).

Notice that from Eq. (3.145) it follows that Ps also acts on the resonances: taking as examples
the S, @ and G fermionic multiplets, we have

Vo —Z, S — -8, (T, B, x4

s ) xC)Y (3.147)

+
X5(/3}H {7, 8 2/3> 5/3

while all the other components are left invariant. One can similarly derive the transformation
properties of the other fermionic resonances and of the vector multiplets, where in particular

PD — —pPD-

3.F Collected results for phenomenology

The loop function for the h — ypyp decay is, for m,, =0,

- 3 arcsin? /7T, T<1,
_ _ _ 2
F(r) = §Ao(7), Ao(r) = SLf(r)=7], f(r) = { | {log (i iii;:) B m] s

4
(3.148)

Note that Ao(7) =1+ O(r) for small 7.
Finally we report the thermally averaged cross sections relevant to the region m, < m., <
2my. The one for xx* — vp7yp is

2w 1—R+3R2/8 m2
{oxx* 7DD Vrel) = D 2 W, R= 77':2D ; (3.149)
X X
whereas
22mad, =172 24R  16R? - om?
(Orprpnviat) = o2 (L= RV (1= T2+ =), R= (3.150)
YD
For the semi-annihilation
2 2 2
_apv mp(m~, +mp) B 4mx 3/2
(O s Urel) = 6 1 T mh)Q} (3.151)

while for the inverse process we have

(O y BUrel) = apv?miT 5, 1— (%Rw +2Ry) + Ry (Ry + 3R,,) + %RWD (R, — Rp)?
XX " —7Yphbre 8f4m§’< D (1 - Rh e )4 ’

(3.152)

where By, = [1+ (Rp — R,)? — 2(Ry + R,,)]Y/? and R; = m3/(4m3). Notice the additional
factor T'/m,, coming from the p-wave suppression.
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Lastly,
(o Vret) = apv®mi G(ma,, mp;my) (o Sret) = OzszmhngG(mh,mm,D;mX)
YpXx—hxVrel 24f4mxm%D ) hx—ypx Vrel 8f4mX (mh n 2mx)2 )

[(m3 — m3)((ma +2m, )2 - m3)]*"?

(ma + my )2 [my (ma + 2my ) — ms]

G(mi,ma;my) = (3.153)

5
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4

Motivation and framework

4.1 The strong CP problem

In order to present the Strong CP Problem which constitutes the motivation for the Axion, we
start by reviewing the vacuum structure of non-abelian gauge theories [176, 177, 178, 179]. We
show that due to the vacuum structure and tunneling effects driven by instantons, an additional
term must be added to the Lagrangian
0g? ~

L5 e ITeE,, P (4.1)
where 6 is a constant and g is the gauge coupling. Next we discuss the effects of instantons on
a theory with fermions and the axial anomaly [180, 181, 182]. We conclude by discussing the
consequences of the 6 term and formulate the Strong CP Problem.

4.1.1 Vacuum structure of non-abelian gauge theories

For simplicity, we focus on SU(2), but the results are generalizable to other non-abelian gauge
groups containing an SU(2) subgroup. We note that a more intuitive picture of the vacuum
structure emerges when working in the Ag = 0 gauge, which we shall adopt in this section. Under
a generic gauge transformation U(x) € SU(2)

A= Al =UAU + ‘ua U (4.2)
g

Any particular gauge configuration in the Ay = 0 is not uniquely defined - gauge equivalent
configurations are found by performing time-independent transformations which conserve the
gauge fixing condition. We consider gauge configurations that are gauge equivalent to the trivial
vacuum A; =0 for i =, 1,2, 3,

A = gU‘IE)iU. (4.3)

Let us assume that U(x) becomes a constant as x — oo, which we can set without loss of
generality to be the identity 1. The topology of IRY with spatial infinity identified as the same
point is equivalent to an N-sphere. In our case N = 3, and Eq. (4.3) represents a mapping
between a 3-sphere and SU(2) group members. The manifold describing SU(2) is a 3-sphere
as well: this could be easily shown from the fact that a generic SU(2) transformation can be
written as

U({C}) = Col + iCZ‘O'i ) (4.4)

113
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with the constraint ¢ + ¢} + ¢ + ¢3 = 1. All the mapping from S® — S3 can be collected into
equivalency classes. Each equivalency class is comprised of mappings which are continuously
deformable into each other. All the classes form a group, in this case

m3(S%) =2, (4.5)
namely each class is defined by an integer, known as the winding number. The winding number
is given by

N[l =5 4772 ¢k / S Te (U 0,0) (U 0U) (U~ 0,U)) - (4.6)

One can show that for any two configurations Uy, U, € SU(2) ,
N[Uy - Us] = N[U1] + N[Us], (4.7)

as excepted from the group Z. For example, a family of configurations with winding number n is
given by

nr;,o;

U™ = exp { f(r)} , (4.8)

with f(r) any monotonic function with f(0) = —m and f(oco) = 0. It is useful to define the gauge
variant current

2
) g 229
i = 1L ey {A Fag+ 29 A, A0 A5 | (4.9)

whose divergence is the gauge invariant expression

2

9 g*
Oty = wob PP = = P 4.10
WA= 3om2 € 1672 (4.10)

The charge associated with this current (which is not conserved since 9, J # 0) is

» 2%
Q4= /d%jg _ e”k/d?’:v'ﬁ {Aiij n %AiAjAk . (4.11)

1672
In a vacuum gauge configuration where Fj, = 0, and A; is of the form of Eq. (4.3), one immedi-
ately finds that Q4 = N[U].

We have shown the existence of degenerate vacua, characterized by a winding number (or
topological charge) which are not continuously deformable to each other. In other words, the
gauge transformation relating configuration with different winding numbers are large in the sense
they cannot be constructed from a set of infinitesimal transformation. Thus, we can treat these
degenerate minima as being separated by energy barriers. At the classical level each vacuum is
stable, but at the quantum level transitions between vacua are possible due to instantons: gauge
configuration which describe the tunneling process from one degenerate minima to another. Let
us consider such a configuration, describing a transition starting from some initial time ¢; with
winding number N;, and ending at some final time ¢; with winding number Ny. One can show
that

/d%« B, J" = /d% /dt 9079 + /dt/d?’x 8T, = Ny — N, (4.12)
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where the spatial gradient term vanishes at the boundary under the assumption that A; — 0 at
spatial infinity, leaving only the contribution from the time derivative. The latter is evaluated
as the charge at the temporal boundaries, fixed as N; and Ny at initial and final time, respectively.

The presence of instantons requires a redefinition of the true vacuum state. For example,
in the simple 1D double well potential in quantum mechanics, the true ground state of the system
becomes the symmetric linear combination |L) 4+ |R), with |L), |R) the vacua state of each well
in the absence of tunneling. A generalization of this occurs in case of infinite degenerate vacua,
which can be thought of as a periodic potential. In this case, the vacuum is written as a Bloch
wave, and one defines the # vacuum as

+oo )
Z e n) (4.13)
n=—o00

with |n) representing a vacuum state with winding number n, which are summed over with
the phase factor €. 1. The defining feature of the f-vacuum is that is it an eigenstate of the
operator T" acting as

Tn) =In+1), (4.14)

which could be realized simply by performing the gauge transformation of Eq. (4.8) with n = 1.
One than finds that 7'|0) = ¢¥ |@). Importantly, § vacua are eigenstates of the Hamiltonian, and
therefore do not overlap at any time

<9/’ e it ‘0> _ Z eim@’e—ine <m‘ e it ‘n> _ Z eim(9’—9)€i9(m—n) <m‘ e iHt ’n> (4'15)

However since
(m|e 1 n) = (m| e HTTT |n) = (m| Te T |n) = (m — 1] e |n — 1) | (4.16)

where we used the fact that [H,T] = 0 since the Hamiltonian is gauge invariant, we can replace
(m| e |n) = (m — n|e~*H*|0) and relabel the indices to find

<9/’ e—th |0 Zezm (0'— 9) 01 <l| —iHt ’0> _ 271’5 0—0 Zezm ” —iHt ‘O> (4'17)
m,l

The last term can be conveniently written using the path integral formalism as
Z e (1] e~ |0) = Zewl /[DAM]l exp {i/d4:r; ﬁ[Au]}
l

_ / DA exp{ / d'o L[A,) + 1o QTrFWF“”} (4.18)

where the measure [DA,]; integrates over all the configurations which transition from N; = 0
and Ny = [. Than we used Egs. (4.10) and (4.12) the express the topologic charge [ as the
space time integral of the FF term. Lastly, in the final expression we absorbed the sum of all
final winding number in the measure [DA,,], which integrates over all possible winding number
changing transitions. Lastly, let us point out that the # vacuum is invariant under a discrete
shift symmetry 6 — 6 + 2.

!'Note that in the Ay gauge, each topological sector contains additional internal gauge redundancies, relating
different configuration within the same sector. These can be removed using an appropriate gauge condition, see
Ref. [179].
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4.1.2 Anomalies

One of the important physical effects of instantons emerge when theories beyond pure Yang-Mills
are considered, namely when fermions are introduced. Let us consider a theory with Ny fermions
in some representation of a non-abelian gauge group

009> 8 o

E ) 18?1’2 T‘I‘F#VFMV + Tzaqz - (%M”qﬁ + hC) (419)
0 2 a 7 . y y ~ . R . ~ . .

= To2s TeFw P 4 qlidq’ — (@' cos Quilije’ +iq'[M sin Qurlijise’) (4.20)

where the repeated indices are summed 4,5 = 1,..., Ny. We parameterize M = Mexp[iQM],
where M and Q) is a real diagonal N ¢-by-Ny matrices in flavor space. The former matrix carries
dimensions of mass while the latter is dimensionless and encodes the phase of each diagonal
entry. Classically, in the M — 0 limit the theory contains the global symmetry

SU(Ng)L x SU(Ng)r x U(1) x U(1)R- (4.21)
Of particular interest is the axial combination U(1)4 = U(1)g—r, defined as the transformation
q — €19, (4.22)

where @ is a real diagonal Ny-by-N; matrix in flavor space and « a real number. Let us use
an old trick and allow « to be space-time dependent and performs this transformation (we can
always set it to constant at a later point). The Lagrangian shifts at O(«) by

2
a AL = (9u((j’y“’yqu) — 2iGQM cos Qy°q + 2GQM sin Qrq + g—Tr[Q]TrFWF“” .

872
(4.23)

The first term in the right-hand side of Eq. (4.23) is the divergence of the would be conserved
current j£ = gy*v°Qq in the limit M, g — 0. The second and third terms represent the explicit
breaking of U(1) 4 in the theory due to the presence of a mass term. The fourth and final term
is the anomaly term, which represent the breaking of the symmetry at the quantum level. Using
Fujikawa’s method [183], the appearance of the anomaly term could be also understood as the
Jacobian associated with the chiral transformation of Eq. (4.22), which changes the measure in
the path integral.

Since AL # 0, U(1) 4 is not a symmetry of the Lagrangian, and Eq. (4.22) can be regarded as a
field redefinition or equivalently, a change of basis. In the new basis

0o — 0o + 2a Tr[Q)] (4.24)
Qm — Qum + 2aQ. (4.25)

It is therefore useful to identify the base-independent and thus physical angle
0 =6y — Argdet M , (4.26)

where Argdet M = Tr[Q)] shifts precisely like the 6y angle. Note that if we insist that « is
space-time dependent, the new basis also contains the derivative term

L5 —(9a)jL . (4.27)
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In light of Eqgs. (4.24) and (4.25), the chiral transformation can be used either to completely
remove the F'F term from the Lagrangian, or to remove all the phases from the mass parameters
thus making them real.

The anomalous nature of the U(1)4 and its explicit breaking to due to the presence of in-
stantons lead to the solution of the so called U(1) problem [184], which is the absence in the low
energy spectrum of a Goldstone boson associated with the U(1) 4, usually denoted as 7. See
Sec. 4.3 for further discussion.

4.1.3 0 angle measurement

We now include the relevant term in the SM,

2

0 ~
L O FQTFQTrGWGW, (4.28)

where we explicitly wrote it in terms of the gluon field strength G/, and use the basis where all
the mass parameters in Ly are real2. As shown above, the GG term can be written as a full
derivative, see Egs. (4.9) and (4.10). This implies that the term does not have any effect on the
classical equation of motion, as well as no effect at the quantum level: in momentum space the
relevant vertex is proportional to the sum of incoming momenta and vanishes identically due
to momentum conservation. One could then naively conclude that the § GG term leads to no
observable effects.

However, the 6 angle does have physically observable consequences. 6 is a pure phase pa-
rameter: the GG term is odd under C'P (or T), and # breaks C'P invariance unless it is set to 0
or w. Importantly, C'P is already violated in the SM by the weak interactions, and the so called
CKM matrix contains an O(1) C'P violating phase § = tan~1(7/p) ~ 0.387 [185]. Therefore, it
is reasonable to assume that 6 is O(1) as well. One notable observable which probes @ is the
neutron electric dipole moment, given by [186]

dp ~5x10"%9ecm. (4.29)
A recent bound on the magnitude of d,, [187]

|dn| < 3x 107 ecm (90% C.L), (4.30)
implies that

0] <1070 «< 1. (4.31)

The fact that the experimental evidence suggest that § < 1 is known as the strong CP problem3.
Interestingly, the 6 angle also appears in a contribution to the so-called vacuum energy

LD AéCD cosf . (4.32)

2 ~
2In principle a weak 6 term, %TrWWW”” , can be introduced as well. However due to the chiral nature of

SU(2) 1, 0w is not physical and can be removed by a vector-like transformation of the fields: first, the term can be
removed by a rotation of the left-handed fields only. As discussed above, this transformation would in general
generate a shift in the mass terms (or equivalently in this case, the Yukawa couplings with the Higgs field). A
similar rotation on the right-handed fields can remove the shift in the mass terms without reintroducing a weak 6
term, since the right-handed fields do not carry SU(2)r quantum numbers.

3The strong CP problem can be immediately solved by making one of the quarks, e.g. the up quark, massless.
In this case, 6 can be absorbed in the phase of the vanishing mass parameter, thus removing it from the theory and
making it unphysical. However, experiments and lattice simulations seem to suggest that there are no massless
quarks in Nature.
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The fact that the contribution appears as a periodic function can be understood as a consequence
of the discrete shift symmetry 8 — 0 4 27, which leaves the € vacuum invariant. Since 6 is simply
a constant, this sort of term is usually regarded in QFT as an inconsequential constant shift
in the vacuum energy, which does not lead to any observable effects in perturbation theory?.
However, Eq. (4.32) does motivate an interesting question: what if § was not a constant but
rather a dynamical field? In light of the potential of Eq. (4.32), the field would than dynamically
relax the value of # to 0! This observation is at the heart of the QCD axion solution to the
strong CP problem, which we present in the next section.

4.2 The QCD Axion

We start this section by introducing the Peccei-Quinn (PQ) mechanism [7] behind the QCD axion
solution to the strong CP problem. We continue by reviewing the earlier realization of the axion
due to Weinberg and Wilczek [8, 9]. In this earlier version, where the axion couples to the SM
via interactions that scale like 1/f with f ~ vgyw, these strong interactions lead to observables
effects that were excluded by multiple terrestrial experiments. We than present the realizations
of the so-called invisible axion due to Dine, Fischler, Srednicki and Zhitnitsky (DFSZ) [10, 11]
and Kim, Shifman, Vainshtein and Zakharov (KSVZ) [12, 13].

4.2.1 The Peccei-Quinn mechanism

In order to demonstrate the way the PQ mechanism works, let us consider the toy model of the
original Ref. [7] with Ny =1

60g>

1672
where we introduce a complex scalar field p(z). ¢ is a Yukawa coupling which we take to be real
without loss of generality. The scalar potential is the standard Mexican hat potential with real
and positive parameters 2, A > 0. At the classical level, the Lagrangian is invariant under a
chiral U(1)pq symmetry known as the PQ symmetry

LD TI‘FM,,F‘LW - g(@éLQR + hC) + /1'2|<10|2 - )\(|80’2)2 ’ (433)

q— eio‘75q, (4.34)

o — e Hp, (4.35)
We introduce a non-linear parameterization of ¢ = %p(m)e‘ia(x)/f“. Under U(1)pq,

p—p, (4.36)

a—a+2af,. (4.37)

a(x) is known as the axion field. As we show below, U(1)pq is spontaneously broken making
the axion its Goldstone boson. Let us perform a change of basis by using the chiral rotation
q— ei(a(x)/Zfa)75q. Using Eqs. (4.24) and (4.25), we find in this basis, the Lagrangian is given by

2

a\ g - g _  Oua_ , 5 1 99 1.4
LD+ — ) =——TrF, F*" — = — " + - —=Ap". 4.38

7. ) Tom2 T Fw N YRR A U il (4.38)

4Note that in the context of general relativity and cosmology, the so-called cosmological constant A, which

effectively contains quantum contributions from SM fields similar to Eq. (4.32), plays an important role. Its

small measured value leads to a fine-tuning problem, even when considering smaller contributions e.g. from

Aqep <& Mpr,. One can than ask whether it is possible that 6 is actually anthropically selected, see e.g. Refs. [188,
189].
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At this point we would like to determine the vacuum structure of the scalar sector. The scalar
potential is given by (neglecting quantum corrections to the p potential due to fermion loops)

1 1
V(p,a) = —§u2p2 + ZAp‘l — At cos <9 + Jil) , (4.39)

where the last term, which parametrizes the non-perturbative effects®, explicitly breaks U(1)pq
and the shift symmetry of the axion, making it a pNGB. Note that one implicitly assumes that
A < f, such that the explicit breaking effects can be regarded as a small perturbation (as oppose
to the case of  in QCD). U(1)pq is spontaneously broken by the VEV of the radial mode

_H
)= 2= o (4.40)

where f, is usually referred to as the PQ scale. In the absence of the last term, or more accurately
for energies E > A, the axion field enjoys the shift symmetry of Eq. (4.37), which can be used
to remove the 6 term from the Lagrangian. For £ < A, the explicit breaking of U(1)pq cannot
be neglected. The axion than acquires a VEV

(a) = —0f,. (4.41)

Expanding the field around its classical value at low energies has the same effect as utilizing the
shift symmetry at high energies, namely the disappearance of the 8 from the Lagrangian, thus
making it unphysical. Note that in this toy model, the fermion and radial mode each acquire a
mass which scales like f,,

my = g\;;f . my = V2A\fa, (4.42)

respectively. The axion mass, on the other hand, depends also on the scale which captures the
non-perturbative effects,

A2
Mg = — <A, (4.43)

a

where the last inequality is a consequence of the assumption A < f,.

To summarize, the PQ mechanism involves the introduction of an axial symmetry, U(1)pq,
spontaneously broken at some scale f,. Its Goldstone boson, the axion, acts effectively as a
dynamical phase for the masses of the U(1)pq charged fermion fields (or equivalently, a dynamical
6 angle). In the notation of the last section, before performing the chiral rotation we have
Argdet M = —a(x)/ fq. The base independent and thus physical combination is given by 6 + Jiia,
and the 6 angle can always be removed from the Lagrangian by performing an axion field
redefinition®.

5Note that in QCD, this term cannot be reliably calculated in perturbation theory since it is dominated
by large instantons contributions in the strongly coupled regime. Semi-classical approximations suggest that
A~ AQCD ~ 0.2 GeV

5In order for the PQ mechanism to work, any other shift symmetry breaking effects must be suppressed
enough such that the strong experimental bound 6§ < 107! is respected. This leads to the so-called azion quality
problem [190, 191, 192, 193], which involves additional sources of shift symmetry breaking, e.g. gravity, that may
spoil the effectiveness of the PQ) mechanism.
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4.2.2 Weinberg-Wilczek axion
An early realization of the axion due to Weinberg and Wilczek (WW) [8, 9] unified the PQ
symmetry with electroweak symmetry breaking, such that the PQ scale is of the same order as
vgw. Consider a toy model for the SM with a single generation of quark and the symmetry is
SU(2)e x SU(2)L xU(l)y x U(1)pq - (4.44)
We introduce quarks with the following representations
gL (3,2)10, ur:(3,1)z2, dr:(3,1) 14 (4.45)
and two Higgs doublets

Hy:(1,2)1,, Ha:(1,2) . (4.46)

The invariant Lagrangian is

992 [V
Luww =165 TrFu " + (D, H,)" D*H, + (D, Hy)" D"Hy
— gu(qLﬁuuR + h.C) — gd(qLHddR + h.C) — V(Hu, Hd) . (4.47)

where g,, g4 are taken to be real without loss of generality. We assume that due to the potential
V(Hy, Hy), the scalar fields acquire (real) VEVs

(H,) = \2(0,1}008 N, (Hy) = \}é(o,vsin N (4.48)

where v &~ 247 GeV is the electroweak VEV. The symmetry is spontaneously broken SU(2)r, x
U(l)y xU(1)pqg = U(1)gy. According to Goldstone’s theorem, we expect to find 5—1 = 4 NGBs.
However, since three of the broken generators are gauged, in the unitary gauge only a single
NGB remains, namely the axion. One can check that given the non-linear parameterization of
the neutral GBs

i(asin A — @y cos \) i(acos X+ @y sin \)

H, =exp (Hy,), Hy=-exp|—

(Hg) , (4.49)

U COS A vsin A

the GB denoted by @y is eventually eaten by the Z boson and is removed from the spectrum in
the unitary gauge. The only remaining GB is the axion, leading to the following interactions
__iatan A

0g>

_itacotA —

£ 1672 TTGWGW —my(e” v upugr +h.c)—mg(e” v drdg+hc), (4.50)
where we defined m, = guv\gsx and myg = %' We change basis by performing a field
redefinition

_ T ia (tanA 0 B
7= (wd)" — exp lzv ( 0 cotr)7 [T (4.51)

In this basis the quark masses are real, the 6 angle is shifted, and the quarks interact derivatively
with the axion. Since we are considering fields that are charged under another gauged symmetry,
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namely electromagnetism, the chiral rotation also generates a F'F' term which couples the axion
to photons, and the Lagrangian is given by

2 2
a g ~ a E e .
0+ — G,,G" + ———=F, F"
ED( +fa) = rG, G +faN16772 s
— Myt — mgdd — 2’}(1 (sin? My v u + cos® Ady*~°d) , (4.52)
The color and electric anomaly coefficients N and E are given by’
N =Tr[Q], E =3Tr[QQ?%, (4.53)

respectively. Q = Diag[tan A, cot \] is the flavor space matrix associate with the chiral rotation
and Q. = Diag[2/3,1/3] the electric charges of the up and down quark. We identify the effective
PQ scale as f, = ¥ = %v sin2\ < §. We note that Eq. (4.52) is a generic starting point for
any axion realization: the basis in which all the quark masses are real and the axion couples to
GG. The model dependence is introduced through the effective PQ charges, namely in the FF
term and in the derivative interactions of the axion. This model is easily generalizable to 2 or 3
generations of quarks. For simplicity, we disregarded the lepton Yukawa which would couple
the left-handed doublet ¢, and the right-handed singlet er through either H, or Hy; in a similar
fashion. Importantly, the axion in this realization coupled directly to the SM quarks and leptons.
The WW axion is relatively heavy

A2
(ma)ww ~ % ~ 100 keV, (4.54)
and short lived
a? N2m?
I(a— vy) = %~ (2x107%8)71, (4.55)

9302 sin? 2\
where for the numerical approximation we take N = 3, A\ = /4 and m, = 100 keV. Due to
strong interaction between the axion and the SM, this earlier version of the axion was excluded by

several experimental results. For example, one bound comes from the decay of K™ — nta [195,
196]

Br(K" — 7n7a) ~ 107 %tan? A < 3.8 x 107(90% C.L). (4.56)

which implies tan A < 0.1. This is however in contradiction to bounds from Quarkonium
decay [197]

2

Br(Y — ya) = Br(Y — pp~) x Mot A~ 1.4 x 107 cot? A < 3 x 1074, (4.57)
2T gy V2

which implies tan A > 0.7. Additional experimental constrain lead to the exclusion of the WW
axion and lead to the development of the invisible axion, the topic of our next section.

4.2.3 The invisible axion

The main lesson from the first axion models is that a large separation f, > v is required in
order to evade the experimental bounds. Indeed, a-priori the PQ scale need not be related to
electroweak scale but rather to physics at a much higher scale e.g. the GUT scale. This hierarchy
suggests that the axion very light and feebly coupled to the SM. This scenario is dubbed the
invisible axion. Let us shortly present two of the popular axion realizations and discuss their
generic properties.

"The expressions in Eq. (4.53) are not the most general, and in particular we assume that all the colored
fermions are in the fundamental representations of SU(3). For a more general derivation, see Ref. [194].
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DFSZ

In the DFSZ axion construction [10, 11] we introduce an SU(2)r, x U(1) singlet scalar ¢ in
additional to the two Higgs doublets

Hy:(1,2)1 ., Hat(1,2)1 ¢, ¢ (L1)ox, . (4.58)

29
Initially the PQ charges as fixed such that — X, + X; = —2Xy = 1. The invariant Lagrangian is

now The invariant Lagrangian is

c9g2 =
Loipsy :WTrFWF“ + (D, H,) D*H, + (D, Hy)" D*Hy 4 |0,¢/>

— 9u(qrHyug +h.c) — ga(qrHadg +h.c) — V(H,, Hg, ¢) (4.59)

where the scalar potential is given by the usual Mexican hat potentials, as well as possible mixing
terms

V(Hy, Ha, &) Der|Hy*[Hal* + 2| Hu[*|6]® + c3| Hal*|6]* + cal (H] Ha)¢? + h.c]
+es|H Hal® + co| H] Hal* . (4.60)

The details of the scalar potential are not important as long as it allows the fields to acquire the
following VEVs

1 1 1
H,) = —(0,vcos N, (Hy) = —=(0,vsin\)T, = —fs, 4.61
(Hi) = S5 O0.0eosN)T ., (Hy) = (005N (6) = o (1.61)
with the added assumption that vy > v. We parameterize the NBGs as
Py ipd iy
H, = H,), H;= d H,), ¢= —— . 4.62
exp [ 2N () o Ha= e |24 L o exp[f¢]<¢> (162

Note that ¢, pq and ¢4 are not independent, but rather linear combination of the two neutral
GBs : ¢p which is eaten by the Z boson and the physical axion a. To identify the two physical
combinations, we construct the relevant Noether currents in the usual way

J, = §Hu3uHu + inaqu = 58u(cos APy +sin Apg) (4.63)

PO 5 te P 5 ) ] fs
JH = XuHuauﬂu + Xdeaqu + X¢¢ 8M¢ = Zvau (Xu cos Ay + Xgsin Adpg + vg0¢>
(4.64)

As before we identify the combination associated with Hypercharge and the orthogonal combina-

ey \ [ cosA sinA) [y,
(go) B (— sin A cos A) (cpd> ' (4.65)

In this basis the currents are given by

tion

1w
JY = ~ Oy (4.66)

JlfQ = w0y, <[Xu cos? A + X sin? Ny + sin A cos A ¢ + “’3590¢> (4.67)
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It is convenient to remove ¢y from J 5 Q by choosing
Xy=cos’ X, X,=—sin?\. (4.68)

Now we can identify the physical axion as the combination

a = sinap + cos apy , (4.69)
where
tan o = usinAcosA . (4.70)
fo

To conclude, the physical basis is given by
Pu Cx —S8)\Sa oy
Pd | = |Sx TCrSa ( a ) . (4.71)
L 0 Ca

py is removed in the unitary gauge and we find the following couplings to quarks

2

0 . .
Lprsy DLTrFWF“” — My, <exp [ms)\sa} ULuR + h.C>
1672
—my (exp |:Za0)\8a:| JLdR + h.C> , (4.72)
VS)

where m,,, mg are defined as before, see below Eq. (4.50). We change basis by performing a field
redefinition

B T _ta (tan Asina 0 5
q=(uwd)" — exp [ 2v < 0 cot)\sina> T (4.73)

In this basis the quark masses are real, the 6 angle is shifted, and the quarks interact derivatively
with the axion

2 2
a g ~ a E e ~
£5 (01 ) T MO C™

Oua (sin® Aiiy¥y°u + cos® Ady#~°d) (4.74)

— mytu — mgdd +
a

. : 2
where identify f, = 48022 — \/ fq% + (%) > v. This model essentially reproduces the WW

2sin

axion Lagrangian of Eq. (4.52) but without the added requirement that f, ~ v: it allows for
fa > v such that the axion is much lighter, as well as very weakly coupled to the SM. This
allows the axion to be invisible. As we commented in the previous section, the model dependence
is introduced through the effective PQ charges, in particular in the axion-photon coupling and
in the last term of the Lagrangian. This model is easily generalizable to 2 or 3 generations of
quarks as well. For simplicity, we again disregarded the lepton Yukawa which would couple the
left-handed doublet ¢; and the right-handed singlet er through either H, or Hy in a similar
fashion. Importantly, this sort of setup predicts that the axion interacts with the SM quarks and
leptons directly, with an interaction strength which is model-dependent.
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KSVZ

Lastly, let us present another simple realization of the invisible axion. The KSVZ axion [12,
13] is completely decoupled from the mechanism of electroweak symmetry breaking, and the
minimal model requires a single Dirac fermion ) and a complex scalar ¢ which are electroweak
singlets. The SM fermions receive their mass via the usual Higgs mechanism, while the mass of
@ is initially forbidden due to U(1)pq symmetry. The Lagrangian is essentially the same as in
the toy model considered in Sec. 4.2.1

b9

STrFu P — g(¢QLQr +hc) + 1%|¢]> — A(|¢]*)? (4.75)
167

EKSVZ D)

After ¢ = %em(”)/ fa acquires a VEV, (p) = % = f,, the remaining GB « is identified as the
axion. A chiral rotation can be performed to remove the axion dependence from the quark mass,
and the resulting Lagrangian is

Opa

2f

Q4@ — L (fu+ 0 — 12,
(4.76)

2 ~ —
Lo (e + ;‘) 2 T P — 5 (fa+ 7)QQ

where we defined p = f, + p. The masses of the radial mode p and the quark @ scale with f, > v

mg = g\/fg, ms = \/ﬁfa. (4.77)
Therefore, they can be made heavy such that they effectively decoupled from the low energy
theory. In this minimal setup the axion does not couple directly to the SM. As we discuss in
Sec. 5.3, the only irreducible interactions between the axion and the SM in this case is due to its
mixing with the pions, a mixing which is determined by the parameters of the low energy theory.
Lastly we remark that ) can in principle also carry any electrical charge, which would generate
a coupling between the axion and photons.

As discussed above, the invisible axion is much lighter [198]

105 GeV
Mg = 5.70 £ 0.07 &V <e> , (4.78)
a
and long lived
2,3 5
Gary 23 \—1 (M

Looyyy = %7477“ = (9.1 x 10%s) (e\j> , (4.79)

where gy = ﬁ (% — %%) is the coefficient of the operator iaF F. The numerical result

is given for E/N = 0. The existence of such a light and long-lived particle leads to various
observable effects in cosmology and astrophysics (see e.g. [199, 200]), which presently bound
fa 2 (108 — 10%) GeV. A cosmologically stable axion is a viable dark matter candidate with
an extremely rich dark matter phenomenology and non-standard production mechanisms (see
Ref. [201] and references therein).

After introducing the actual axion realizations, we proceed to discuss the axion potential
at low energies in the next section from a model-independent starting point.
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4.3 Axion potential in vacuum

The most general QCD and axion effective Lagrangian below the electroweak scale, at leading
order order in fields and derivatives, is given by

L= ,CQCD + La, (4803)
1 o _
Locp = —EG“VGW +iqlpq — (GpMqgr + h.c), (4.80Db)
1 a g2 ~ 1 - a,a
= —(0"a)? + | — S_GHv “agl M gy (0 4.
L, 2(6 a)® + (fa + 9) 32W2G G + 1% 9ayy ww + o Jbq.0 (4.80c)

with implicit flavor and color indices. Jb, = >oq cgcj’y“fyg,q is a model-dependent current associated
with a spontaneously broken axial U(1)pq symmetry, made of the SM matter fields q. The
Nambu-Goldstone boson (NGB) of the U(1)pq is the axion field a(z), with decay constant f,
defined by its coupling to gluons. The axion coupling to photons is given by ggw = ﬁ%, with
E/N the ratio of the electromagnetic (EM) and the color anomalies.

In the free and chiral limit the theory is invariant under the symmetry group

SU(?))CXSU(NJC)L XSU(Nf)RX U(l)B X U(l)A, (4.81)
with the quark representations, for Ny = 3 (the number of flavors we consider in this work)
qr : (37 37 1)+1,+1 ) qr : (37 17 3)+1,—1 . (482)

At low energies, QCD confines and a chiral condensate (Grqr) develops that breaks spontaneously
the global symmetries

SU(Nf)L X SU(Nf)R X U(l)B X U(l)A — SU(Nf)R+L X U(l)B. (4.83)

The low energy degrees of freedom are described by the fluctuations of the condensate, i.e. the
NGBs of the broken chiral symmetries 8

iTINY in’ in’
P = =X 4.84
exp { 7 } exp [ 7 Nf] exp [ TN | (4.84)

where \* for a =1, .., NJ% — 1 are the SU(Ny) generators with the normalization convention
Tr[A?A’] = 269. Under the symmetries in (4.81), ® transforms as

P : (1, 37 3)074_2 . (485)

The explicit breaking of the chiral symmetries by the quark masses can be incorporated in
the low-energy theory by promoting the quark mass matrix, M = Diag[m,,, mg4, ms|, to a spurion
with the transformation properties

M :(1,3,3)042. (4.86)

Under a U(1) axial rotation, the 6 angle shifts as 6 — 6 + 2Nra4. The U(1)4 is therefore
anomalous, explicitly broken by non-perturbative effects associated with incalculable large
instantons. Since the shift symmetry of the axion, associated with U(1)pq, can be used to remove

8We chose to include the 1, even though it is not well described as a NGB (unless in the large N, limit), to
make explicit the similarities with the effective Lagrangian in the CFL phase, see Sec. 6.
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the 6 angle from the Lagrangian Eq. (4.80), a — a — 0 f,, the axion can be treated as an actual
dynamical spurion for the U(1)4.

The non-perturbative nature of the axial anomaly means that the effective Lagrangian for
the n/, which shifts under U(1)4 as ' = 7/ +2Njaafy, is not calculable. ® That would be the
case for the axion as well, if not for the fact that one can move to a different basis by performing
a local chiral transformation of the quarks in Eq. (4.80),

ia(x)

g — e 2 PP, (4.87)

with @, an arbitrary matrix in flavor space which, if Tr[@Q,] = 1, eliminates the axion coupling
to gluons. In this basis, the Lagrangian above the QCD confinement scale reads

1 v . _ ia(z)Qa ia(z)Qa
Laop = =G G + iqhDq — (@LMagr +hc), My=e 2a Me 2 | (4.88a)
1 1 ~ 0

Lo= 50" + Jagur F* Fyu + S T (4.88b)

2 4 2fq

b . 0 e? E 2
Jpq = Zcq a7 759, Cq=Cq— Qalgs oy = 32 N 6Tr[QaQc] (4.88¢)
q ™ fa

with Q. = Diag[2/3,—1/3,—1/3] the flavor-space matrix of electric charges. After such a
redefinition of the quark fields, and upon integrating out the heavy 7/, the axion potential can
be related to that of the QCD pions

Vo = b(Tx[2TM,] + h.c), (4.89)
with
m2 f2
b=—— ™1 4.90

where m is the neutral pion mass and we neglected O(Am/m;) terms, Am = £ (m,, — my).
In this Ny = 2 approximation, the quark condensates evaluated in the vacuum are 2b =

(qq)0 = %<ﬂu + Jd>0, which leads to the Gell-Mann-Oakes-Renner (GOR) relation

(@@)o(my +mq) = —m2 f7. (4.91)

The axion mass can be calculated at leading order by integrating out the chiral NGBs at tree-level,
see App. 6.A. The final result for the axion mass reads
_ m727f 7% My My

(m2)o = 2 s (4.92)

where we neglected corrections of order O(my q/ms), since they are numerically of the same
order as other next-to-leading order (NLO) corrections (e.g. ’ mixing) [14]. We finally note
that, as it could not be otherwise, the axion mass is independent of the arbitrarily chosen @,.
Such a matrix however can be chosen to simplify the calculation of a given observable. For

example, choosing Q), = #ﬂ] removes all the tree-level mixing between the axion and the
neutral mesons, thus simpli%ying e.g. the calculation of the axion mass.

9If a perturbative expansion in the number of instantons were possible, the leading effective potential would
read Vo = b(Tr[®'M] + h.c) — c(e**/fadet®! 4 h.c). This will in fact be the case in the CFL phase, see Sec. 6.
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4.4 Chemical potential in QFT

Introducing a chemical potential in quantum field theory is a generalization of the procedure in
statistical mechanics. One defines a new operator corresponding to the thermodynamic Landau
free energy (a.k.a. grand thermodynamic potential density)

Q=H —wJ?, (4.93)

with H the Hamiltonian density, J? the conserved charge density associated with a given global
symmetry of the system (i.e. the temporal component of the conserved current), and u; the
corresponding chemical potential. ' From the path integral representation of the partition
function (see e.g. [202]), one arrives at the following prescription: the temporal derivative of each
field transforming under the global symmetry in question is shifted by

do — Do + ip TN, (4.94)

with TZR the generator of the global symmetry in the appropriate representation R. Chemical
potential therefore acts as a source for the temporal component of the corresponding conserved
current, much like a background gauge field potential. Since it singles out the time direction, the
chemical potential breaks the Lorentz symmetry down to its SO(3) subgroup of spatial rotations.
Charge conjugation symmetry (C), under which J? — —J?, is also broken, while parity (P)
and time-reserval (T) are preserved — CP and CPT are thus broken. If part of a non-abelian
group, a chemical potential also breaks the global symmetry by singling out a specific direction
in generator space, namely p;7;, which defines an unbroken U(1) subgroup.

U(1) toy model

A simple toy model that illustrates the main effect of the chemical potential is a complex scalar
theory with a global U(1) symmetry [203, 204]. After using the prescription of Eq. (4.94), one
finds the following Lagrangian

L(p) = 0ud™ 0" ¢ + ipu(dpdog™ — ¢*0op) — (m? — 1®)|p> — N g|* . (4.95)

For m? > 12, the field expectation value is trivial, (¢) = 0, and respects the global U(1) symmetry.
The two propagating degrees of freedom have different dispersion relations

w¢(E) =Vk2+m?—p, w¢*(E) =VEk2+m?+pu. (4.96)

The appearance of the chemical potential breaks C symmetry, which appears as a ¢ <+ ¢*
exchange symmetry in the p = 0 theory — therefore p can be treated as a spurion transforming
as b — —p.

Above the threshold |u| > m, the global U(1) is spontaneously broken by the expectation
value and the theory describes a Bose-Einstein condensate (BEC) phase. In contrast to the ideal
(A = 0) ultra-relativisitic Bose gas [203], in the interacting theory (with A > 0) the chemical
potential can be larger than m [204], without leading to any inconsistencies. Note, that our

OWe recall that the grand-canonical density matrix is given by p = exp[-F(H — iQ;)], with § = 1/T
(T is the temperature), H the Hamiltonian, and @; the conserved charge. The partition function is then
Z(V, T, p;) = Tr p, where V is the volume, eventually taken to infinity. The thermodynamic potential density is
QT,u) =—(T/V)InZ = p — uin; = —p, with p the energy density, n; the number density, and p the pressure.
The grand-canonical average of an operator O is then (O)r,,, = Tr[Op]/Z (with a slight abuse of notation, when
clear we will denote ensemble averages simply by (O)). Then n; = (J?) = —(89/du)r, while the entropy density
is given by s = —(9/90T) ..
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fundamental potential being the Landau free energy €2, the fixed thermodynamical parameter
is p, which sets the effective energies of the particles in the system due to a coupling to the
“particle bath”. This allows the flow of particles in and out of the system, implying that the
charge density, ng — ng«, is a derived quantity set by p't As we show below, for |p| > m, the
T = 0 system contains non vanishing charge density in the form of the BEC. One can interpret
this appearance of charge as particles from the “particle bath” being inserted in the ground state
of the system.
In the BEC phase, the following parameterization is useful

¢(z) = —=eX D/ (v + o (). (4.97)
V2
The classical potential is minimized for v? = ”QRmQ, and we find the following Lagrangian
1 9 o\? 9 o\?
L) = 5 @ (14 2) + @u0| + v (1+2) o= V(). (4.98a)
L o o 3, Ly a1y
Vi) = 5 Mol + Avo” + Z)\U - Z)\v , (4.98b)

with m2 = 2\v? = 2(u% — m?). The charge density in the condensed phase is non-vanishing in
the limit of zero temperature 8 = 1/T — oo and infinite volume V — oo,

1 /0InZ ov u? m?
Ng — N+ )|[7=0 = lim <> :—<) =—|(1-—], 4.99
( ¢ ¢ )|T 0 B,V—00 BV a,u 8 a,u <a_>:0 A /.L2 ( )

where we used the classical (A — 0) result for the generating functional In Z = —gVV (u) for
a homogeneous classical configuration (o). By diagonalizing the quadratic field operators in
momentum space one finds the dispersion relations for the two propagating degrees of freedom

k2 2uk 2
14+ —————44/1 _— , 4.100
M \/ +(3u2—m2) (4.100)
which at zero momentum are

w_(0)=0, w(0)=1/6u2—2m2. (4.101)

As expected, there is one massless excitation, corresponding to the NGB of the spontaneously
broken U(1), and one massive excitation, the radial (or Higgs) mode.

WA (F) = (32 = m?)

4.5 Meson condensation

We review now the importance of a chemical potential in the context of meson condensation
in QCD, in particular for the case of two flavors [205, 206, 207, 208], and discuss for the first
time its effects on the axion potential. This is a simplified version of the more complicated, but
plausibly more realistic, scenario of kaon condensation (N; = 3), to be discussed in Sec. 5.2.

"This is in complete analogy to temperature T', with sets the effective energy of particles in the system due to a
coupling to a “heat bath”. This allows the flow of heat in and out of the system, implying that the entropy of the
system is a derived quantity set by T'.
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For Ny = 2, the chiral condensate breaking SU(2), x SU(2)r x U(1)p x U(1) 4 spontaneously
to SU(2) x U(1)p can be parameterized, in full generality, as

(Grqr) = (Grav)o e o,
Yo=-cosOly+isinfn-&, 7= (sinycosy,sinysiny,cos), (4.102)

where —7/2 < 6 < 7/2,'2 and with the sigma field transforming as
Yo — LYgR'. (4.103)

In Eq. (4.102), we used the fact that a field transforming as a bi-fundamental under SU(2), x
SU(2)g can be written as a radial mode, here frozen to some constant value (qrqr)o, times a
2-by-2 unitary matrix Y, which parameterizes the orientation of the ensemble average in the
presence of finite y, which we call the orientation of the expectation value here. 13

The phase factor €' is identified with the direction in field space associated with the anomalous
axial U(1). A potential for « is generated by non-perturbative effects, whose minimum is at
a = 0, which we take from this point on. The angles defined in Eq. (4.102) can be related to
expectation values of the usual pion fields (at vanishing chemical potential)

Q Lsin eiX:@ cos :@
0=7"770 goimve™ =g, cosv =T (4.104)

where we defined +/(m;m;) = (II). In Dirac notation

(d4) = 5@a)o(o + 50). {@isa) = o aado(Zo — ). (4.105)

where we denoted (qrqr)o = (qrqr)o = (¢q)0/2. Therefore CP is broken in the ground state if
Yo # B, that is if § # 0.
We wish to study this system at a non-vanishing chemical potential for isospin

fi= u(T3+T3), (4.106)

and we shall neglect for the remainder of this section isospin breaking due to the quark masses
and electromagnetic interactions, making the choice in Eq. (4.106) completely generic. Such a
chemical potential is associated with the o3 rotation of the vector SU(2) 1+ r subgroup. Therefore,
according to Eqgs. (4.94) and (4.103), we promote the temporal derivative of ¥y to

DoXo — X + ipTiSg — ipXeTs = o3, Yol - (4.107)

Note that changing i — i + %12 in Eq. (4.106) has no effect on Eq. (4.107) and on the following
derivation, therefore in this context the isospin chemical potential can be equivalently associated
with the chemical potential for electric charge.'* The resulting potential for the pions and the
axion, the latter entering via the quark mass matrix, M = mly (m, = my), as in Eq. (4.88)
(with Q, = 12/2), is given by

v

2,2 =
= oy, o, ) + 422

12The shift # — 0 + 7 can be compensated by shifting o — a + 7.

138U (2)r, and SU(2)r are generated by Ty = %O’a and Tg = %aa, respectively, where as usual it should be
understood that the L and R operators act on different indices and therefore commute.

One can then think of u as a non-vanishing averaged value for the zero component of the photon field u = (Ao),
which can be intuitively understood as a classical background electric charge density.

Te[SoMe % + S Mea], (4.108)
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at leading order in m/A, and p/Ay, A, being the cutoff of the chiral Lagrangian. We note

that the first term arises from the usual kinetic term, 1 f2 Tr[@uzo(?“Zg], after the replacement
(4.107). Using Eq. (4.102) we find

V= 71#21;2 sin? @sin? ) — m2 £2 cos § cos <a) , (4.109)
2 2fa
where m; here is the neutral pion mass in vacuum, i.e. m2 2 = —2m/{qq)o. We see that the
isospin chemical potential introduces an additional source of explicit symmetry breaking — while
leaving unbroken the U(1)r4r symmetry defined by the generator in Eq. (4.106), fi explicitly
breaks the shift symmetries associated with the would-be NGBs charged under U(1)rg, i.e.
the charged pions. Indeed, as discussed above, U(1)r+r is equivalent to the electric charge.
Consequently, the first term in Eq. (4.109) is proportional to the expectation value of the charged
pions, sin? #sin? ) oc (7). Since i commutes with the U(1);_g associated with the neutral
pion, the neutral NGBs are unaffected by the chemical potential and the potential Eq. (4.109) is
minimized at (m3) =0 (¢ = 7/2) and (a) = 0 as in the g = 0 vacuum.
The minimum of the potential for any value of u is then found at

2
cos @ = Min [1, m;} . (4.110)
I

For |p| < my, the ground state is the trivial one, ¥ = 1, thus its orientation is the same as for
= 0. For |u| > my, pion condensation takes place and the orientation of the expectation value
is no longer trivial. We note that in this case x constitutes a flat direction which, as we confirm
later, corresponds to a NGB from the spontaneous breaking of electric charge, U(1)+r. Setting,
without loss of generality, y = 0, we can write the QCD orientation for |u| > m, as

5 = <cos€ zsm&) . (4.111)

i8inf cosf

At this point we recall that since 6 # 0, CP is broken by the expectation value, a result of a
sufficiently large explicit breaking of CP by the chemical potential in the charged pion sector.
Instead, CP-invariance in the neutral sector is preserved by the charge chemical potential, which
leaves the expectation values in that sector untouched. We see now that only if (73) # 0 (¢ # 7/2)
could the axion condense, which requires additionally explicit breaking of isospin, i.e. m, # mq.

Having established the Goldstone boson expectation values at finite-density, let us turn our
attention to their fluctuations. Since these are associated with the SU(2)y, x SU(2)r generators
broken by ¥, we define the following rotated generators

(TH)o = &(T)E . (Th)e = &(Tf)éo - (4112)
where £y = /2. The broken and unbroken generators are then given by
X=(T{)o— (Tgo, T =(TL)o+ (Tgo, (4.113)
respectively. The fluctuations around the 3y ground state can be parameterized as
Y ngog;f% = exp [WQ(TE)@} Y exp {MQ(TE)G} = {yexp [maaa} &, (4.114)
fr fr fr

where, abusing notation, we have written the (pseudo-)NGBs as 7%, like the standard 6§ = 0
. 15
pions.

'5We note that, given Eq. (4.112) and Tf =
& = & exp [~ 15777 €0

o®, it follows that &, = &oexp [”aaa] &) and

1
2 2fx
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The dispersion relations for the neutral degrees of freedom, 7wy and the axion, are the same
as for vanishing chemical potential. Their masses can be obtained from Eq. (4.108) (with the
substitution of ¥ by X),

2

m2 )g = m?> cos @, m2)e = (m? pcosf, 4.115
0 T a a

with (m2)o the mass of the axion in vacuum, Eq. (4.92), and where we note that for |u| > m,
(m?ro)g = p?. The change of the axion mass for § # 0 simply follows from the fact that,
once the mixing with ms is eliminated, it has to be proportional to the CP-even combination
Tr[Xo + Zg] o< cosf. The increase in the neutral pion mass can be understood as a result of its
repulsive interaction with the charged pions. The dispersion relation for the charged pions is very
similar to the U(1) toy model of Sec. 4.4. In the uncondensed phase || < m;, their dispersion

relations are

wry (B) = \/m2 + k2T . (4.116)

Indeed, for the charged states m4 = %(m F ime) we recognize the same mass splitting we

found in Eq. (4.96). In the condensed phase |u| > my, the remaining U(1)r4+r symmetry is
spontaneously broken. The effective masses of the charged pions are

—, —, 3 4
we, (0) =0, wp (0) = py/1+ LZ”. (4.117)

As in the U(1) toy model, the condensed phase contains one massless Goldstone mode and one
massive radial mode. In this phase, the system has a non-vanishing charge density

e === (5
T4+ T™— T aILL

The effective masses of the pions and the axion are plotted in Fig. 4.1.

4
— u (1 _ m;r) _ (4.118)
m;=a=0 2
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Figure 4.1: Mass spectrum of the vacuum excitations as a function of u/m,. The masses are normalized
to their respective p = 0 wvalue. The charged m and 7_ modes (orange and blue curves
respectively) evolve similarly as the ¢ and ¢* modes in the U(1) toy model: a linear split
in masses in the uncondensed phase, continuously transitioning to a massless Goldstone
mode and a massive radial mode in the condensed phase. The masses of the neutral modes,
7o and a (green and red curve respectively) are unaffected by the chemical potential in the
uncondensed phase. In the condensed phase, my, increase linearly with p, while the azion
becomes lighter as u increases.
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Nuclear densities

In this chapter we study how the properties of the axion, mainly its potential and coupling
to nucleons, change in systems at finite baryon density, n. In particular, our focus here is on
densities around nuclear saturation, n ~ ng, where a description of QCD in terms of hadrons is
still meaningful.

For the axion potential, we identify two main effects: 1) the change in the size and, to
some degree, flavor orientation of the quark condensates, as “measured” by the mass of the
pions (Sec. 5.1), and 2) kaon condensation (Sec. 5.2), similar to meson condensation, introduced
in Sec. 4.5. Both of these effects can be taken into account by a generalization of the axion
potential in vacuum, Eq. (4.89), to

V(n) = %Tr[(ch)nMa Fhe], N, = el Megel (5.1)

with M, encoding the dependence on the axion as in Eq. (4.88). ¢ = &3 parametrizes the
orientation of the QCD ground state that spontaneously breaks SU(3)r, x SU(3)r to SU(3) and
therefore encodes the effects of kaon condensation. In vacuum, we have £y = 13 and the unbroken
subgroup is the usual SU(3)+r, while in the kaon-condensed phase, we have £y = £y(0), with 6
controlling the size of the kaon condensate which, as explained below, ultimately depends on the
baryon density. {1, r are the Goldstone matrices, given by

i a o G/ACL _i a o CZAG,

¢ = e300 = g exp [w;fﬂ } &, en=em TR = ¢lexp {_”;fﬂ

a generalization to SU(3)r, x SU(3)g of those in Eq. (4.114). Finally, the quark condensate (qq)n,
at finite density becomes a matrix in flavor space,

] €o 5 (5.2)

(qq)n = Diag[(ut)n, (dd)n, (55)n] , (5.3)

The detailed derivation of Eq. (5.1) is given in App. 5.A. The result can also be understood in
terms of symmetries: M, is a spurion that has been dressed by the Goldstones and projected into
the SU(3)r+r subgroup. Therefore, it transforms as M, — VM,V where V is an SU3)r+r
transformation. (qq), transforms in the same way, since it is the result of a non-vanishing
expectation value of the temporal component of the baryonic current, n = (J%). 1

Concerning the couplings of the axion to nucleons, the main effect we consider can be traced to
a change at finite baryonic density of the nuclear matrix elements (p|gy*y°q|p) (with p the proton,
q = u,d) as “measured” by the axial pion-nucleon coupling (Sec. 5.3). These set the size of the

"When the quark condensate is trivial, (gq)» x 13, we recover V(n) oc Tr[STM, + h.c]. Instead, when the
ground state is trivial, ¥y = 13, the change in condensates effectively amounts to mq — mq{(qq)n/{qq)o-
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couplings of protons and neutrons to the axion, as they follow from either its model-dependent
UV couplings to light quarks, or from axion-pion mixing. The latter also changes at finite density
although, as we explain below, the effect is within known uncertainties.

Before going into the details, several general comments about our treatment of the nuclear
medium are in order. To describe the state of the system, we will work directly in terms of
baryon densities, n, and n,, considering only protons and neutrons, respectively. In practice, our
independent parameters are the total baryonic density, n = n, + n,, and the proton fraction,
np/n. This will be more convenient than introducing the corresponding chemical potentials,
because our analysis is limited to linear order in n, i.e. we work in the mean-field or Hartree
approximation, where e.g. n, = (pyop)7,u; (and in fact n, ~ (pp)7,,, in the non-relativistic limit)
— higher-order corrections generically being beyond perturbative control when relevant. Besides,
the relative fraction of protons and neutrons is, as shown below, relevant only in our discussion
of kaon condensation. There, the chemical potential for electric charge, u, will also be required
to properly describe the system, along with the condition of charge neutrality.

5.1 Quark condensates

We first discuss how the quark condensate changes at finite baryonic density, since this is the
most robust effect from the point of view of perturbative control. We derive the implications for
the axion mass, which were first noted in [209]. The change with density of the quark condensates
can be calculated utilizing the Hellmann-Feynman theorem [210]

Cop(n) = 300 _ 1 OBE[)

(@) (@g)o  Omy

, q=1u,d,Ss. (5.4)

AFE(n) is the energy shift of the QCD ground state due to the finite density background, such
that AE(0) = 0. It can be decomposed as

AE = Efree 4 gt (5.5)

where the first term represents the energy shift due to the presence of a non-interacting Fermi
gas, while the second term encodes the energy shift due to nuclear interactions. Neglecting these
interactions as well as relativistic corrections, we have AE =3 _, . mgyn,, and we arrive at
the so-called linear approximation for the in-medium condensate

8mz

Cgg(n) =

=u,d,s. (5.6)

The derivatives dm,/0mg describe the shift in the nucleon mass due to the non-vanishing quark
masses. For two nucleons {n,p} and three quarks {u,d, s}, one naively counts six independent
shifts. However, due to the {p,u} +»> {n, d} exchange symmetry, only three shifts are independent.
Working in the isospin basis for the quark masses, m = %(mu +mg) and Am = %(mu —mg), the
following sigma terms are identified and defined

_ _(Omp\ _ _ [(Omy,
GWN:m((‘)m)_m(ﬁm) , (5.7)
o omn\ omy,
TN = Am (8Am) =—Am <8Am) , (5.8)

Os = My <8mp> = my <8mn> , (5.9)
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such that
My = Mp + 0xN + 0xN + 05, (5.10)
my = Mp+ 0zN — 0xN + 0. (5.11)

with Mp the baryon mass in the chiral limit, m, — 0. We note that the sigma terms can be
expressed in terms of the parameters of the Ny = 3 chiral Lagrangian for baryons, see Eq. (5.110)
in App. 5.A. The o,n and o5 terms have been extracted from pion-nucleon and kaon-nucleon
scattering experiments, as well as from lattice simulations by calculating the mass shifts of the
nucleons. There are ongoing efforts aimed at the determination of the precise values of these sigma
terms. A summary of latest results [211] shows that their current values are scattered over a fairly
wide range, with some tension between experimental and lattice results. In this work we use the
conservative estimates o, = 45+ 15 MeV and o5 = 30 MeV . The other sigma term is extracted
from the p — n non-electromagnetic mass splitting 26,5 = (m,, —m,)" " EM = 24 0.3 MeV [212].
Using the GOR relation in Eq. (4.91), we rewrite the ratios (Gq)./{qq)o as

Cau(n) =1 — bln% + by [27;’3 . 1} nﬁo : (5.12a)
n n n
Cyn) =1-— bl% — by [2; - } o~ (5.12b)
Gs(n) =1— b3£ ) (5.12¢)
o
with
_ OxNTW0 -1 OrN
_ OxNTo T o -2 OrN
b= R = 2210 (1 MeV) : (5.13b)
_ osng 2m 9 Os

Clearly the (ss),, condensate is only weakly affected by the nucleonic background. Therefore, as
in vacuum, its contribution to the axion mass will be subleading, being suppressed by m,, 4/m.
Additionally, (uu), = (dd), up to the small isospin breaking correction [213], which we neglect.
From Eq. (5.1) with £ = 13 and after taking care of axion-pion mixing (which we discuss in
the context of the axion couplings Sec. 5.3) we reproduce the axion mass at finite density found
in [209]

m2f2 mymy
f(% My, + Mg

(Ma);, =

(@)~ (ma)f (1= 01 - ) (5.14)

no

where m;, here is the neutral pion mass in vacuum, Eq. (4.91). In this regard, we note that
at the linear order in density the same correction as the axion enters the neutral pion mass in
medium, i.e. (m;)2 = m2(uu),. This is why for the remainder of this section, we shall only
consider n < n. = ngy/b1 ~ 2.8n¢ (45 MeV /o,n), with n. being the critical density in which one
naively expects chiral symmetry restoration in the linear approximation.

At this point, let us turn our attention to the corrections to the linear, non-relativistic
approximation we have considered. This will allow us to estimate the densities up to which our

leading result is under perturbative control and can therefore be trusted. First, the energy of
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a degenerate (zero temperature) ideal Fermi gas receives relativistic corrections. In the fully
relativistic limit, the free part of the energy for a fermion x is given by

] K3k .
Efv e — 2/ n) m = mman(kf/mx), (5.15)

241 1(2¢%2+1) — 3sinh™! §
_3q\/qT(q;]3) 3sin (q)_H?ﬁ)JrO(qzx), (5.16)

F(q)

where k7 is the Fermi momentum, k§ = \/m3 — pz, which determines the number density,

kI<k; @3k (kF)®
Ny = 2/ o = B (5.17)

Therefore, relativistic corrections, of O((k%/ m,)?), become important at large densities. When
this happens, corrections to the QCD ground state energy Eq. (5.5) from nucleon interactions
become important as well. These are predominantly due to pion exchange, but also from four-
baryon contact interactions. It is clear that the latter become important when n,/A, f2 becomes
order one. Given Eq. (5.17), this is also the place where ChPT is beyond control, k§ ~ Ay,
e.g. the pion-exchange contribution to the energy is not predictable. In addition, since the cutoff
of ChPT A, is numerically close to m, =~ m,,, relativistic corrections are approximately controlled
by the same expansion parameter,

k3 (37r2n/2)2/3 n\2/3 (700 MeV ?
f
— "7~ (159 — _— 1
i . ( 5 0) ( 0) N 5 (5 8)

where we took ky = k? ~ k. Ultimately the best way to asses the validity of our linear
approximation is to explicitly compute the relevant NLO corrections. The interaction energy E™
has been calculated by summing the so-called Hugenholtz diagrams, which are connected bubble
diagrams describing ground-state to ground-state transitions [214]. The resulting higher-order
finite density effects on the quark condensates have been obtained in ChPT for symmetric
nuclear matter [215, 216] and pure neutron matter [217, 218]. These authors have indeed found
O(1) deviations from the linear approximation for densities somewhat above nuclear saturation.
Specifically, nucleon interactions seem to ameliorate the linear decrease of (uu), ~ (dd), in
Eq. (5.12), such that already at n & 2ny, the condensates are only at approximately 60 % of their
vacuum value, as opposed to the 15 % predicted by the linear approximation, and in fact start
increasing with density [215]. This then implies that a more realistic prediction of the axion
mass in dense symmetric nuclear matter is

(Ma)n<on, 2 0.6 (ma)j- (5.19)

while for larger densities n 2 2p ~ n. it becomes difficult to trust the results of ChPT.

Therefore, the determination of the quark condensates and the axion mass at densities signifi-
cantly beyond nuclear saturation remains an open and difficult theoretical problem. Importantly,
realistic lattice simulations at finite density are currently not feasible due to so-called sign
problem. In addition, at such high densities other issues arise (ultimately related to the problem
of perturbativity), such as the “hyperon puzzle”, which concerns the appearance, or absence, of
hyperons, see e.g. [219] and references therein. In the next section we will focus our attention
instead on another effect of strangeness, potentially much more relevant for the fate of the axion
at finite density.
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5.2 Kaon condensation

In the previous section we assumed that the vacuum of QCD is trivially oriented and CP-
preserving, or equivalently that none of the mesons acquire a non-trivial expectation value. This
might, however, not be the case in dense matter. It has been hypothesized [220] that above
certain baryonic densities it becomes energetically possible for the strangeness changing process
of a neutron splitting into a proton and a scalar K~ meson, and vice versa, to take place

nept+ K (5.20)

The reason being the low in-medium kaon mass, which eventually leads to the formation of a
K~ condensate. This process takes place along with, and even becomes favored over, the usual
neutron f(-decay, n — p* + e~ + i, and inverse 3-decay, p* + e~ — n + v, because of the
high price of occupying the increasingly energetic Fermi surface of the electrons. Because of
this fact, also the processes e™ <+ K~ + 1, and €™ <> u~ + vy + Ve, 4~ <> €~ + v, + U, reach
B-equilibrium [221]. On the other hand, the formation of a pion (77~) condensate (n <> p™ + 77)
seems to be disfavored, as we shall discuss below.

Motivated by these arguments, we shall now entertain the possibility of kaon condensation
and derive its effects on the axion potential. Several important comments and some caveats
are however in order. We consider this scenario because of the thrilling possibility of leading
to axion condensation, even though it takes place — if it takes place at all — at densities where
a perturbative expansion is questionable, n = 2ny. Because of the inherent uncertainties at
such densities, our conclusions will be qualitative rather than quantitive. Indeed, similar to our
discussion at the end of the previous section on the quark condensates and their finite density
corrections beyond the linear approximation, kaon condensation cannot be simply described by
the leading order terms in ChPT. In particular, nucleon self-interactions and interactions with
pions need to be considered in order to capture the full complexity of this strongly interacting
system [222] — for instance, the latter are the reason behind the fact that K~ condensation
is more likely than 7~ condensation. Our working assumption is that all the processes above
(neglecting the pions) are in equilibrium, which implies a set of equations relating the chemical
potentials of the particle species involved,

P = He = fiig— = [y Hp — fln = W, (5.21)

where p is the chemical potential associated with (positive) electric charge. For convenience,
we work directly with muon and electron densities, n, and n. respectively, both of which are
determined by p as they follow from an ideal Fermi gas. The size of the kaon condensate, 6,
is determined, as in the simple example of meson condensation discussed in Sec. 4.5, by the
minimization of the scalar potential, which of course also determines if the axion condenses or
not. Finally, due to the importance of nuclear interactions, the densities of protons and neutron,
or equivalently the total baryon density n and the proton fraction n,/n, are not determined by
w. Instead, we enforce the condition of (electric) charge neutrality ngy = 0, and present our
results in terms of n and n,/n.

An additional important final comment regards the implications of kaon condensation on
the NS equation of state (EoS). It has been argued that the inclusion of kaon condensation
generically leads to a softer EoS [221, 223], which usually cannot sustain a large NS mass. This
is in conflict with the most massive NSs observed, with masses around 2M [224, 225]. This is
the main reason why kaon condensation is currently considered an “exotic” possibility. However,
axion effects can in fact harden the EoS [226] and reopen this window. Also, kaon condensation
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is in fact related to another issue, namely the hyperon puzzle [227]. The appearance of hyperons
also tends to soften the EoS, resulting in a similar apparent conflict with the observation of
massive NSs. Therefore, although the appearance of strangeness seems to be in tension with
observations, we think it would be premature to definitively exclude the possibility of kaon
condensation at this point, especially in the presence of new physics.

Let us consider then the possibility that kaon condensation occurs in nuclear matter and
qualitatively examine its effects on the axion potential. Once the chemical potential for electric
charge p is introduced, the dispersion relations for the K modes are given by

wies (k) = (m%(i>n F k2, (5.22)

with the kaon effective in-medium mass
1 (uu + 38s)p, 1
2
. 5.23
(m Ki) 72 ( 5 ms = 5 (n+np) u) ( )
The first term in Eq. (5.23) is the usual kaon mass to leading order in mg, with the inclusion of

the finite density corrections to the relevant quark condensate, which in the linear approximation
are given by

uu + S8)p, 1 2n n

where m% = —m(qq)o/ f2, the neutral kaon mass in vacuum, neglecting O(my q/ms) terms.
The second term in Eq. (5.23) is a mass correction induced by the baryonic background, due
to the model-independent s-wave interactions of the baryons with the mesons, arising from the
baryon kinetic term,

(Lp)n =i TY[BY* DB > —p Tr[BY°[Qe, B, Qe = } (€}€].Qebréo + €0€hQetre])  (5.25)

as it follows from the covariant derivative of ChPT, D,B = 0,B + [e,, B] with the chiral

connection e, = %(58{28“&50 + {052('9“{358), upon introducing the charge chemical potential,
Jo — 0o + iuQe with Q. = Diag[2/3,—1/3,—1.3], see App. 5.A for the details. Note that since
ba < by, the effective kaon mass decreases with density, and condensation is expected to occur
when 2

wg-(0) = (mg=),, —p=0 (5.27)

Kaon condensation is introduced by allowing the kaon field to take a non-trivial average value,
(V2K*/f.), or equivalently, in our notation, reorienting the QCD ground state in medium [221],

cos 0 isind
Yo = 0 1 0 ) (5.28)
isin@ 0 cos@

2Tt is illustrative to also consider the pion effective in-medium mass,
2 1 _ - _ 1
<mﬁi)n == (—(uu +dd)y,m + i(n - 2np)u) , (5.26)

since it shows that, due to the second term and contrary to the kaon, the charge pion becomes heavier with
increasing density, at least for a neutron rich background n,/n < 1/2 [228]. The argument against pion condensation
becomes even stronger when considering higher order terms in ChPT [213], as we discussed at the end of Sec. 5.1 —
these additional corrections even make the pion mass increase with density for n = 2ng, even in symmetric nuclear
matter, np,/n =1/2.
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The ground state orientation is determined by the static Lagrangian after setting all the fluctua-
tions to zero. Neglecting for the time being the axion, we find a similar potential to Eq. (4.109)

1
V(0) = —§M2f7% sin® @ — f2(m%+)n cosf. (5.29)

Minimizing V() leads to the condition

2

cosf = Min ll, (mK;)”] , (5.30)
7

which can be used to determined § = 0(yu,n,n,/n). The requirement of electrical neutrality,

nem = —(0L/0u) = 0, leads to

— f2usin® 0 4 cos O ny — sin? (0/2) ny, — ne(p) — nu(p) =0, (5.31)
where we included the lepton charge densities, given by

(u* —mj)3/*

= , l=ep. (5.32)

ny(p) = O(|pl — my) Sign(p)
Solving (numerically) the coupled Egs. (5.30) and (5.31), one can determine the values of {6, 1}
as a function of {n,n,/n}. In Fig. 5.1 we show the results for § and p as a function of baryon
density for different values of the proton fraction, while in Fig. 5.3 we plot the region (blue) in
the {n,n,/n} plane where 6 # 0, namely where the system is in the kaon-condensed phase. The
evolution for given {n,n,/n} can be understood as follows: for a fixed proton fraction n,/n, as n
increases the amount of positive charge due to the protons increases as well, and more leptons are
required to satisfy the neutrality condition, leading to an increase in p. This increase in u drives
the effective mass of the kaon, Eq. (5.23), further down (on top of the decrease in (uu) at finite
density), until eventually the threshold condition for kaon condensation is met, pu = (mg+)n,
and a further increase in the proton density can be compensated by inserting K~ particles in
the ground state.

Even though we keep them undetermined, let us briefly comment at this point on how the
proton fraction could be determined in terms of the total density. Since the interaction energy of
nuclear matter also depends on the proton fraction, E™ = n €™ (n, np), one could enforce that
the total energy density is minimal with respect to n,/n, which would lead to the constraint [221],

D€ (n,ny)

d(np/n)

where ¢4 = (2b2f2m3,) /ng ~ 49 MeV.

After determining the ground state orientation, let us examine the consequences on the
axion potential. The pseudo-NGB potential, after reintroducing the fluctuations we are mainly
interested in, namely the neutral mesons 7, n and the axion, is given by

_ e
4

cysin? (0/2) + pcos? (6/2) + =0, (5.33)

V (o, @) = T T[Qe, S][Qu, 51 + S Tel(g)a N + i) (534

with M, given in Eq. (5.1) and

TN

fx

S = €50k = & exp { } o - (5.35)
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Figure 5.1: The ground state orientation angle 8 (left panel) and the chemical potential p in units of
pion mass (right panel) as function of baryon density n for fized values of proton fraction
ny/n. The blue, orange and green curves correspond to n,/n = 0.1, 0.3 and 0.5, respectively.
The solid curves correspond to the numerical solution using the central value of o,y =
45 + 15 MeV, while the bands are obtained by the corresponding 1o variation. The gray
slashed region corresponds to n > n. ~ 2.8 ng where the quark condensate (uu), changes
sign (for the central value of o-n ).

Note this potential is similar to that discussed in Sec. 4.5 in the context of meson condensation,
with the additional relevant feature of the density dependent quark condensates, in particular
their decrease with density, (au ~ (z; = 1 — bi1(n/ng). The three mass eigenstates, corresponding
to mixtures of 73, 7 and a, have the following masses in the isospin symmetric limit Am = 0 and
at leading order in # and m/my, 3

1( 2u? m
2 ~ 2~ s 2
(mno)n,ﬁ ~m; Cuu [1 + g (m%{uu — m) 0 ‘| R (536)
(g Jnp & iy |1 = 2 (14 == 7 (5.37)
1 1
(m2)no = (m3)o Cau [1 ~3 <1 + C—> 02} . (5.38)
with my and m, the masses in vacuum, respectively Eq. (4.91) and m% = —4mg(qq)o/3f?

neglecting O(my, q/ms) terms. Note that only the neutral pion mass depends on the charge
chemical potential, and that such dependence enters along with kaon condensation. The effect
of a non-vanishing 6 on (m?ro)mg therefore depends on the relative size of mg/m ~ 27 and
2112 /(m2(ay), which enter with opposite signs. Note in this regard that while we use the leading
order result for the quark condensate ratio (y,, we did not perform an expansion in density.
This is because, as we advanced at the beginning of this section and as explicitly shown in
Fig. 5.1, when kaon condensation sets is we have n/ng > 1. Then, when mg/m > 2u?/m2 (g,
the coefficient of 6 is negative and my becomes lighter as kaon condensation sets in. Such a
decrease could potentially lead to an instability and CP violation in the neutral sector. However,
in the opposite case, when my/m < 2u?/(m2(z,), which occurs at larger densities where (g,
is small and p/m;, large (see Fig. 5.1), the coefficient of @ is positive and 7y becomes heavier
in the kaon-condensed phase. As opposed to the 7y, the n mass depends only weakly on 6. In
Fig. 5.2 we plot the numerical result for (m2 ), as a function of density for fixed values of

3The calculation of the axion mass is simplified by choosing a particular #-dependent @Q, matrix which removes
the tree-level mixing between the axion and 7o and 7, see App. 5.B for more details.
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Figure 5.2: Numerical result for the neutral pion (dashed line) and azion (solid line) masses normalized
to their n = 0 = 0 values as a function of density n/ng for oxn = 30 MeV (left panel) and
orn =45 MeV (right panel). The blue, orange and green curves correspond to fixed values
of the proton fraction n,/n = 0.1, 0.3 and 0.5, respectively. We consider densities in the
region n < n. = ng/b1 ~ 2.8ng (45 MeV/orn) for the corresponding values of orn. The
effect of kaon condensation is to eventually increase the neutral pion mass, while the axion
becomes lighter and even massless at some density below n.. Above this density the axion
field is therefore unstable around (a) = 0 and azxion condensation is expected to occur.
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Figure 5.3: Phase diagram in the plane of baryon density n/ng and proton fraction n,/n based on the
numerical solution of Eqs. (5.30) and (5.31) for oxn = 30 MeV (left panel) and o,y =
45 MeV (right panel). The blue region marks the kaon-condensed phase, while the green
region marks the axion-condensed phase. We consider densities in the region n < n. for the
corresponding values of o N .

proton fraction, using the numerical results for §(n) and u(n) displayed in Fig. 5.1. We find
that the u? contribution leads to an increase in the mass of the neutral pion, similar to the
effect of pion condensation in the simplified case discussed in Sec. 4.5. Finally, the axion mass is
independent of p and decreases with the size of the kaon condensate. Interestingly, the negative
coefficient of 62 is enhanced as density increases, since then (i, becomes smaller. As shown in
Fig. 5.3, this behavior eventually results in axion condensation at large densities, yet before the
quark condensate vanishes. In this phase CP is thus spontaneously broken in the neutral sector.
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Lastly, we note that one should be wary of the fact that for the quark condensates we included
only density corrections at linear order and disregarded higher order corrections. As discussed
at the end of the previous section, for densities n ~ n., these corrections are in fact important.
In this regard, we would like to stress the fact that while our results might not be trustable
at the quantitative level, this does not necessarily make an axion-condensed phase less likely.
First, let us note that qualitatively we expect (m2), ¢ to decrease with n even when considering
higher-order corrections to (g, (n). Second, to further support our claim, let us consider the limit
of maximal kaon condensation, i.e. § — /2, where

(mg)n,ﬂﬂ ~ (mg)O(Cﬂu - CES) ~ —(mg)o bl 7% . (539)
If one ignores the density dependence of the condensates by taking by = 0, this result is consistent
with the naive expectation of a vanishing axion mass for cos@ — 0, since (m2)y o< Tr[Xg + Z(T]] x
cos 0, as we showed in Sec. 4.5. However, as discussed in Sec. 5.1, a background of protons and
neutrons makes (g, < (55 =~ 1, in other words by > 0, this implies a negative axion mass for
large kaon condensates, where it becomes energetically favorable for the axion field to develop a
non-vanishing expectation value.

5.3 Axion couplings

Let us now turn our attention to the couplings of the axion to QCD matter at finite density.
These couplings are of special importance, as they are a crucial input in the astrophysical axion
bounds [200], in particular regarding supernovae and neutron star cooling, see e.g. [229, 230, 231,
232] for recent works on the subject.

In vacuum

These coupling have been precisely calculated including RGE effects [14] and more recently at
next-to-next-to-leading order in ChPT [233, 234]. We review here how the couplings to protons
and neutrons are derived in ChPT, following closely the discussion in [14]. The relevant part of
the low-energy effective Lagrangian for the isospin doublet N = (p,n)? in the non-relativistic
approximation is given by

£ > Niv,D*N + gaNS#u,N + gy NS*al,N + ... , (5.40)

™

where we omitted mass terms proportional to the axion-dependent quark mass matrix M, since
there are no linear interactions coming from them if CP is preserved, see the discussion on
CP violation at the end of this section. We also omitted higher-order terms in the expansion
in (spatial) momenta, k/A, ~ k/Mp. v, is the velocity of the non-relativistic fields, which
satisfy v,y*N = N, while S, is the spin operator, ]\_fSHN = %NW%N = %N(i%awv”)N.
D,, is the usual covariant derivative of ChPT, D,N = (9, + e,)N with the chiral connection
ey = %(g*vug + £V ,£T), while the vielbein is u, = i(£V &1 — €7V ,€), where € = exp[in®0?/2f,].
Here we have introduced the derivative V,, which contains the external (isospin) axial and
vector currents, i.e. V, & = 9,6 —i(V,, — A,)¢ and V&1 = 0,67 —i(V, + A,)€T. 4 Finally, ﬂL is
associated to the (isospin) axial scalar current, ﬁL = ZAL, ® where the index i = (u + d, s) runs
over iso-scalar quark combinations.

4We have also introduced the Goldstone matrix £, because when the QCD orientation is trivial, £, = IT{ =¢&.
Besides, note that in our convention u,, is twice that used in [14], following the standard in the ChPT literature,
see e.g. [235] (however, in this reference the roles of £ and ¢' are interchanged with respect to ours).

®In case the 7’ was light, then @}, oc 9,.7'.



5.8. Axion couplings 143

Because of its UV couplings to the axial currents made out of quarks, Eq. (4.88c), the axion
enters Eq. (5.40) as an external axial current, with components in both the iso-vector and
iso-scalar directions. Therefore, with the inclusion of the axion, one finds

aum> ® (@a) T20,m;
Uy, = o+t = )o3+0 | 12—, 5.41
o= () (5 73 40
0,
ay = (e, ¢) (;fa) (5.42)
a
with cff = (¢} £ ¢]')/2 and where we have written 4, explicitly as a two-component vector. The
couplings ¢,', ; are related to the UV couplings by
Cqg = qu’(cg’ — [Qalg) - (5.43)
where the matrix Cyy accounts for renormalization group evolution (RGE) [14],
0.975 =q
Cog = =1 (5.44)
-0.024 q#4

see [14] for a detailed derivation.

We recall from Sec. 4.3 that the cg are the UV model-dependent couplings of the axion to
SM axial quark currents, while the matrix @, was introduced in order to remove the aGG term.
To further eliminate all axion-pion mixing, we chose a particular rotation matrix @}, which at
zero density (denoted by the “0” subscript) is given by

_ Diagf1, z, zw]

o _ 5.45
(@a)o 14+ 24 2w ( )
with [236]
nm mq _
=% = (477006 =% =(17-22)"". 5.46
z Mg —0.07y W e ( ) ( )

The coefficients g4 and g} in Eq. (5.40) are given by linear combinations of hadronic matrix
elements encoding the contribution of a quark ¢ to the spin operator of the proton,

ga=Au—Ad, gj=(Au+Ad,As), S"Aq= (p|gy"y qlp) . (5.47)

The axial-vector coupling g4 have been precisely measured in S-decay experiments, while ggd
and As have been be extracted from lattice calculations, where in both cases isospin breaking
effects are neglected. Their values at zero density are [236, 14]

(ga)o = 1.2723(23), (g8%)0 = 0.521(53), (As)o = —0.026(4) . (5.48)

With this information, the couplings of the axion to nucleons,
oua
Ja
can be finally extracted from the effective Lagrangian in Eq. (5.40),

(cppS*p+c,nSHn) (5.49)

cp = +gac™ + gydelt + Asc® (5.50)
cn = —gac™ + g4t + Asclt . (5.51)
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This leads for instance to the accurate determination of the model-independent axion couplings,
i.e. those of the KSVZ or hadronic axion [12, 13|, for which cg =0,

(ep)o>V% = —=047(3), (cn)5®v” = —0.02(3). (5.52)
We note in particular that the axion coupling to neutrons in vacuum is suppressed with respect

to the naive O(1) expectation due to an accidental cancelation between z = m,/mg ~ 1/2 and
the ratio of matrix elements in vacuum Au/Ad = (g4 + ga)/(g8% — ga) ~ -2,

<cn>KSVZ . 1+ z(Au/Ad)g

~T. 1072 .
e (Au/Ad) + = 761077, (5:53)

0
neglecting RGE and other subleading effects such as m,, 4/ms corrections. It is precisely this
cancelation that makes ¢, sensitive to small variations of the parameters. For example, RGE
is naively an O(1072) effect according to Eq. (5.44) — however, because of the accidental
cancelation of the axion-neutron coupling in the KSVZ model, it is in fact an O(1) effect,
(en)f "F /(en)o = 1.5. As we will be showing in the following, finite density corrections also spoil
the cancellation, leading in fact to a much larger effect.

In-medium mixing angles

The mixing angles with the neutral pions change at finite baryon density due to the change in
the values of the quark condensates, as discussed in Sec. 5.1. The @} matrix that diagonalizes
such mixings becomes therefore density dependent,

 Diagll, 22, zZwW]

N = , .54
(Qa) 1+ 22 + zZwW (5:54)
where we defined
U )y, Jd n
7= Wy, (dd) (5.55)
(dd),, (88)n
Using Eq. (5.12) for the quark condensates at linear order in density, we find
n — 2n, 2ny n
Z=1-2by , W=1—|by—by|1——) —b3| —, (5.56)
no n o

where by 2 3 have been defined in terms of sigma terms in Eq. (5.13). Note that the deviation of Z
from unity is small, being proportional to the anomalously small coefficient b, while the effects
of W will be suppressed by m,, q/ms. However, similar to the RGE effects discussed above, the

small density effect from Z gets amplified due to the cancellation structure of (¢,);*"*, while no
large enhancement is expected in c¢,. Indeed, one finds
-2
(Aca)2WHL /()55 m 40% 2 (5.57)
no
-2
(Acp)ZWH1 /() )55V ns —2.5% 2212 (5.58)
no

Note that both the O(1) correction to ¢, and the O(1072) correction to ¢, fall within the
uncertainty range of the KSVZ axion couplings in vacuum given in Eq. (5.52).
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In-medium matrix elements

The hadronic matrix elements Au, Ad and As are also density dependent quantities in medium.
In particular, the combination g4 = Au — Ad, which fixes the coupling of the pions to nucleons,
is known to get quenched inside nucleons [237]. This was observed from the reduced rates for
B-decay in various large nuclei [238], suggesting that in medium (ga)p,/2/(94)o0 =~ 0.75, with
no/2 being the typical baryon density around the surface of such large nuclei.

The in-medium change in the effective axial coupling can be derived from the following
higher-order terms in the non-relativistic baryon chiral Lagrangian [239, 240] ©

A ~ 1 ~
‘CgrQ]z/ > XiNUuuuN‘f‘ (Xi + 4]\4) N [S‘M,SV]’U/M’LLVN, (559)
cp — -
Lok 2 “open, VNIV ST N) (5.60)

The density dependence of g4 was originally calculated in [241] and used recently to explain
the apparent discrepancy in S-decay rates in large nuclei [242]. 7 It is given, at leading order in
n/A, f2 (recall A, ~ Mg), by

(9a)n n cp I(mz/ky) ( L A )]
= — 264 — &3 + , 5.61
(94)o Ay f2 14(g94)0 3 “me 2Mp (5.61)
with
I(z) =1— 32 + 323 tan™! <1> : (5.62)
X

We identify two types of corrections. The terms proportional to I(mr/ky) arise from (the
resummation of) pion-exchange contributions originating in the operators in Eq. (5.59), where
ki = (3m2n/2)Y/3 = (270 MeV) (n/ng)"/? and we took the limit of vanishing momentum carried
by the pion (there is little variation if instead the Fermi gas average value p2 = 6/-4:]2@ /5 is taken).
The contribution proportional to ¢p comes instead from the contact term in Eq. (5.60), as it
immediately follows from the mean field result (NN) = n. The values of the low energy couplings
¢3, ¢4 and cp can be extracted from experiments. In this work we use the values provided in [242]

cp=—0.85+£215, (264—¢3)=9.1+14, (5.63)

for A, = 700 MeV. The finite density value of axial-vector coupling that follows from Eqgs. (5.61)
and (5.63) is then

(94)n ~1 n
LA 1 (305 20)% I (5.64)

Similar to g4, higher-order operators in ChPT will give rise to a density dependent modification
of g4? = Au + Ad and As,

L8 > SN N + LN [S7, 8" u, i, N (5.65)
X . X
1 c} - = i
i 2 =gy (NN)(V 82, N) (5.66)
T X

SNote that in the literature these terms usually appear with dimensionful coefficients c3 and c4. Here we
normalized them to the cutoff of ChPT, ¢; = &;A.

"This change in ga does not only affect the axion but also neutrino dynamics in supernovae (see e.g. [243] for a
review on neutrinos in supernovae), which would be interesting to explore.
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from where one could derive, analogously to g4, the density corrections from pion exchange or
contact terms. We parametrize our ignorance about the density dependence of the axial-scalar
coupling g4 by defining &,

(ggd)n n
=1 — :
(95%)o TS (5.67)

and, in light of Eq. (5.64), we will consider the two benchmarks, x = £0.3, leading to in-medium
quenching, as (ga)n, or enhancement. Besides, while we could use a similar parametriza-
tion for As, its contribution to the axion couplings to nucleons is already subleading, since
(As)g = O(1072), thus we will neglect it in the following. We stress that it is certainly important
to properly compute the density corrections to ggd and As, a challenging task given the expected
uncertainties that would be associated with the determination of the coefficients in Egs. (5.65)
and (5.66). We wish to point out however that we find no reason for the approximate relation
Au/Ad ~ —1/z ~ —2 to hold even if all the relevant finite density corrections are taken into
account.

Combining both the finite density effects discussed above, let us write the density dependent
axion-nucleon couplings as the obvious generlization of Eq. (5.51),

(ep)n = +(@a)n(€™)n + (DR () + (D))o (5.68)

(Cn)n = _(gA)n(CLR)n + (ggd)n(clf)n + (As)n(c?)n ) (5'69)
with

(c4)n = Cag (cg—[(Qaly) - (5.70)

where we recall that, since [(Q)olq/[(Q%)nlq ~ b2(n/ng) = O(1072) for ¢ = u, d, the main effect
of a baryonic background comes via (g4), (as well as (g49),,), a change that affects any type of
axion (something fully encoded in the coefficients (cIf'),,).

To highlight the main point of this analysis, namely that the couplings of the axion to nucleons
significantly change at finite density, we plot in Fig. 5.4 the ratio of the model-independent
but density-dependent axion couplings to nucleons (including RGE), normalized to the vacuum
values, as a function of n/ng. As argued above, for such a hadronic axion the finite density effects
are most striking, because the accidental suppression of the in-vacuum axion-neutron coupling is
gone.

In the left panel, where we take x positive, the O(1) modification of (ga), and (g&),
translates into an O(10) enhancement of (¢, )5°Y*
negative k, the ratio Au/Ad remains similar to its n = 0 value, and the accidental cancellation
persists even after including in-medium effects leading only to O(1) modification of ¢, although
with large uncertainties. For the coupling to protons we find the opposite behaviour: for x > 0
the increase in (g4?),, compensates for the decrease in (g4)y, such that the coupling is almost
unchanged at saturation density. On the other hand, for x < 0, both (¢°),, and (ggd)n decrease,
which leads to an O(1) decrease of ¢,.

at nuclear-saturation densities. In case of a

In kaon- and axion-condensed phases

Let us briefly comment on the couplings of the axion when this acquires a non-trivial background
value, which is the most interesting potential consequence of kaon condensation. If (a) # 0 in



5.A. Baryon-ChPT with non-trivial vacuum alignment 147

: . . - 10 ‘
k=+0.3 k=-03

i 12 gl
mCy, 2 B Gy,

]KSVZ
(o]

0
0

6F .Cp

[(en)n/(en)n
[(CN)n/(CN)n

8.0 0.2 0.4 0.6 0.8 1.0 8.0 0.2 0.4 0.6 0.8 1.0

n/ng n/ng

Figure 5.4: The model-independent azion coupling to neutrons (protons) plotted in green (red) as a
function of n/ng. The couplings are normalized to the zero density values, Eq. (5.52). The
bands represent the uncertainty in the couplings due to the coefficients in Eq. (5.63). The
density dependence of ggd is parameterized by k, see Eq. (5.67). We consider two benchmark
cases, k = +0.3 (left panel) and k = —0.3 (right panel).

medium, CP is violated in the neutral scalar sector and the axion acquires scalar-like couplings
to nucleons,

Y,y aNN, (5.71)

see e.g. [244, 245]. While the effects of these couplings certainly deserve further investigation, in
particular in the context of dense systems such as neutron stars, we only wish to point out that
they are proportional to the quark masses,

Yy ~ (@) 0w/ £2 ~ (@) maf £, (5.72)

since in the chiral limit the expectation value of the axion is not physical. ®

5.A Baryon-ChPT with non-trivial vacuum alignment

We generalize the Ny = 3 chiral Lagrangian with baryons for a non-trivial ground state orientation,
>0 # 1 with EgEo = 13, e.g. in the kaon-condensed phase

cos 0 ¢sind
Yo(0) = 0 1 0 . (5.73)
isinf 0 cosf

We denote $(0/2) = £,(0) (such that £ = X) and drop for brevity the explicit §-dependence.
The standard SU(3)r, x SU(3)r generators are given by the Gell-Mann matrices

T =\, T&=\. (5.74)

It should be understood that the L and R operators act on different indices and therefore
commute. We define the following rotated generators

(Tf)e = Eo(TH)EN, (T = E(TH)Eo, (5.75)

8 Axion CP-violating (self-)interactions enable the axion to mediate forces between neutron stars as investigated
in [209].
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The broken and unbroken generators are given by

X*=(T1)o — (Tgo, T = (T1)e+ (Tk)a, (5.76)
respectively. The fluctuation around the vacuum are parametrized by the Goldstone matrices
ﬁ a N a}\a _ﬁ a ; a)\a
e =TI = goxp [ng ] &, tr=eTETRY = glexp {‘ o ] &, (577

with transformation properties

€L — LELV) . €r=RERVY (5.78)

with Vy a NGB-dependent transformation under the unbroken SU(3) subgroup of SU(3)r X
SU(3)g, the transformations under the latter denoted by L and R respectively. As usual, it is
convenient to construct

1A
=& %0¢f, = &oexp { } €o 5 (5.79)
fr
which transforms as ¥ — LY R'. Following standard notation,
Bt mt K+
TN = /2 T —%_Jr & Koo |. (5.80)
K~ Ky — %77

We introduce the (f-rotated) baryon octet as linearly-transforming fields, ﬁg R
B -~ LBYLY, B% = RBYR', (5.81)

where we use the #-superscript because the finite-density backgrounds we consider consist of a
non-vanishing ensemble of the standard (non-rotated) baryons, given by

Br = 583%50 , Br= SOE%&T) ; (5.82)
with the usual parameterization
X0 4 A +
V2t 22 A !
Brr= Xt —aBtmoon : (5.83)

_ - _\/gA

The Lagrangian in this basis is given by

(1]
[1
o

L=LY+ LY+ L+ LY, (5.84)
2

Ly = %Tr[(‘)MET@“E} , (5.85)

LY = i Ty[BIA"0, BY) + i Tx[Boy"0,BY] — Mp Te[BLSBEET + hod], (5.86)

Ly =— <qg>° Tre[x M)
+ a1 Te[B MBOST + ay Tr[BES T MS BYS)
+ as Te[BEXTBY M] + a0 Tr[ B S B ST M
+ a3 Tr[BISBYST + BYYTBIS] e[S M] + hee, (5.87)

= > Uiy 0, —me)l. (5.88)
l=e,u
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where we recall the quark mass matrix spurion transforms as M — LM R', we dropped some
terms at the same order in derivatives (acting on the ¥ matrices) that are irrelevant for our
discussion, and we included leptons.

5.A.1 Adding chemical potential

We add chemical potentials for the three mutually commuting abelian symmetries associated
with neutron and proton numbers and electric charge (from here on we neglect the other baryons).
Under U(1)pp, ¥ — €' for ¢ = n, p respectively, while under U(1)gy electromagnetism,

BLR — eeréL,Re_er . Y Qe iR p_y pTiay (5.89)
with
1 2
o.M (5.90)
3 -1

Chemical potentials are introducing following the prescription in Eq. (4.94), i.e. by modifying
temporal derivatives as

0% — 86 + i1, 3], (5.91)
doBr.r — d0BL R +ilit, BLr] + ifinpBL R, (5.92)
806 — 80f — ’L',U,f, (593)

where we denoted

fi=pnQc, finp=Diag[uy — p, pn,0]. (5.94)
We then get the following additional terms to the Lagrangian (5.84)

2

Lh =LY+ 7 (Tr[2ia03(a, 21]) - To{(a, B)[a, =1)) (5.95)
cly = % — (B [, B + Te[ Bl BY)))
— (T[BEA finp BE] + Te[ B finp BRI ) (5.96)
LY =L)+p Z ¢ (5.97)
l=e,p

5.A.2 Non-linear field basis

It is usually most convenient to work in a field basis for the baryons in which these only transform
under the non-linearly realized unbroken SU(3) subgroup of SU(3) x SU(3)g,

B) — VaBlV{, BY=VeBLV,, (5.98)
with the dressed fields

BY = ¢l BYtr, B =¢lBler. (5.99)
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In this basis there are no non-derivative interactions of the mesons with the baryons from the
mass terms in Eq. (5.87). Besides, in complete analogy to Eq. (5.82), the standard (non-rotated)
baryons are given by

Br =¢€lBl&, Br==&B%e). (5.100)

In terms of such fields, which we recall make up the finite-density background, the baryon
Lagrangian is given by

LY, = i Tr[By*D,B] — Mg Tr[BB] — 1 Tr[B~°[Q., B]] — Tr[By° 1,4 B, (5.101)

where the baryon covariant derivative is given by D,B = 0,B + [e,, B], with

en =5 (Elen)uto + Eolendd) . (er)y = i€L0uEL, (en)u = iChdutn. (5.102)

and

A 1
Qe = 5 (8ehQetr o+ SochQetrsl) . (5.103)
reproducing Eq. (5.25). The part of the Lagragian proportional to the quark mass matrix reads

Ly = —<qg>0 Tr[M] + a; Tr[BL M Bg] + a; Tr[Br M By

+ ag Tr[BRBp M| 4 G Tr[By, BRM]| + a3 Tr[Br, Br + BrBr) Tr[M] + h.c.
where we defined the dressed mass matrix
N =gl Megel 5.104
= fofL 9298 (5. )

as in Eq. (5.1). From L)/ in this form it becomes apparent that the L <> R exchange symmetry
of QCD implies a1 2 = a; 2, which allows us to write

1 _ ~ N
Car = =5 Tel[(qa)n (M + 1)), (5.105)
(Gq)n = (qq)013 — 2a1 BB — 2a3 BB — 2a3 Tr[BB]13. (5.106)
From this expression one can derive the density-dependent quark condensate of Eq. (5.12), since

in the non-relativistic limit BB = B~yB and in the mean-field approximation we can treat the
baryons as fixed classical background fields, thus

pp = pyop — (Pyop) = 1y (5.107)

and likewise for the neutron. Besides, note that the baryon masses m,, and m,, are given in terms
of {oxn,FxN,0s} in Egs. (5.10) and (5.11) respectively. One can then relate the coefficients
{a1, a2, a3} of the baryon chiral Lagrangian to the sigma terms

oxN = —2m(a; + 2a3), (5.108)
oxN = 2Amay , (5.109)
os = —2mg(ag + as) . (5.110)
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Finally, we recall that at zero temperature all the states with E(p) = ,/p? + mi < [y are
occupied, such that

_ p)< d3
= (¥ (x)r09(x —g¢/ " = 6%(;@3, —m3)%?, (5.111)

with g, counting the internal degrees of freedom, e.g. g, = 2 for a fermion. In Sec. 5.1 we fixed
the values of {n,n,} by implicitly fixing the values of {s,, 1t}

pp =/ (32n,)2/3 + m2, (5.112)

tin = 1/ (3720,)2/3 +m32 . (5.113)

Note that one can fix {n,n,} while still keeping the charge chemical potential p free by choosing
the appropriate value of u,, namely if © — p + ou, then p, — p, —op.

5.B Axion mass in Kaon-condensed phase

Tree-level mixing with the mesons in the kaon-condensed phase are removed when the matrix
Q. satisfies the following condition

{(@q)n: oM Qato + ELMQugl} o 15 (5.114)

If Re(Xp) is a diagonal matrix, such that [Re(Xg), (q¢)n] = 0, the @, matrix given by

X5 L taa)y! (79)s"
0 __ n 0 __ 1 n_ ¢t } n
(Qa)n - TI“XE ’ Xn =M (f(] RG(ZO)&) + gO Re(z())fo 5 (5115)

satisfies 5.114. Plugging Eq. (5.115) in Eq. (5.1), we find the axion mass

Tr [{Gg)n (S0M(Q0)%¢0 + EM(Q)%E) ] - (5.116)
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CFL densities

In this chapter we make a jump to asymptotically large baryon densities, or equivalently large
quark chemical potentials, pg > Ay (g = pu = Ha = fts). At such high densities, two
quark around the highly energetic Fermi surface interact weakly via tree-level gluon exchange,
interactions which can be effectively parametrized below the Fermi momentum by 4-Fermi
operators. Such operators, when in the attractive color 3 channel, become relevant for back-to-
back scattering as one approaches the Fermi surface (see e.g. [246, 247]), leading to the formation
of diquark pairs and ultimately to color superconductivity [248, 249, 250, 251], see also [252]
for a comprehensive review. Such a diquark pairing manifests itself in the form of a diquark
condensate (q7,Cqr), which leads to the color-flavor-locked symmetry breaking pattern

SU(3)C X SU(Nf)L X SU(Nf)R X U(l)B X U(l)A — SU(Nf)L+R+c. (6.1)

The condensates are given by [252]

ia j abc ij 3 ii.a 3\/577 MQ

(aif Caff) = (e A e + (A5 ==L (6.2)
Ga v b abe Tk A3 Tan\ 3V2 1y

(i Ca) = (e (AR + (AR)77) = =31, (6.3)

where i, j, k are SU(3)y, indices, i, j, k are SU(3)g indices, and a, b, ¢ are SU(3), indices, upper
(lower) if in the (anti-)fundamental. The representations under the unbroken symmetries in (6.1)
of the scalar field matrices above are

SV}

AL (

737 1)-!—2,—‘,—2 ) A% : (67 67 1)+2,+2 ) (64)
( ) 1,

3)+2,-2, A%:(6,1,6)40 2, (6.5)

Wl

while their expectation values, proportional to the gap parameters Az and Ag, are

Voo = OreAz,  (AG)Iab — (giagib o giagibyAg (6.6)
Voo = —0p, Ag,  (ASYTb = _(glagib 4 siagib) A (6.7)

153
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We parametrize the low-energy fluctuations of the ground state, i.e. the NGBs associated with
the symmetry breaking pattern (6.1) as

A} = ¢l (A exp [21' (}: + Jgﬂ : (6.8)

A = €h(AD) exp [22' (— JZ + iﬂ , (6.9)

A8 = ¢T(ASYe exp [22' (Z + Z,)] : (6.10)

A% = eL(AS)eR exp l% (—Z + g)] , (6.11)
where

e h=ow [ ] (6.12)

The 1" and H are the NGBs associated with the spontaneous breaking of U(1)4 and U(1)p,
respectively. The NGBs associated with the breaking of color have been removed, since they
are “eaten” by the gluons (unitary gauge). The rest of the NGBs, formally equivalent to those
of the standard QCD chiral Lagrangian, are contained in the &7, p matrices, which are used to
construct the following linearly-transforming color-neutral Goldstone matrix

S =66k (1,3,3)00, (6.13)

similarly as we did in vacuum, pg = 0, see Sec. 4.3.

6.1 Kinetic terms

The kinetic terms in the CFL phase are given by

2 174 1 174 ]‘ 174
i = R TDyS DS + Sy O Dt + Sty 0, HOLH (6.14)
with
w1y 2 2 2 _ /
77<p - Dlag[lv _U<p7 _'nga _,ng] P = 2777 7H : (615)

We recall that the introduction of chemical potential breaks Lorentz symmetry down to spatial
rotations, and the low-energy excitations, even if massless, propagate sub-luminally. These
velocities, as well as the decay constants, can be calculated by matching the UV microscopic
theory [253] to the effective low-energy theory [254, 255], !

21 —8In2 12
2 _ q 2 _ q 2 _
fx= 18 o2’ JnH T 1827T2 Vs =1/3. (6.16)

The ¥ field gets a dynamically induced chemical potential due to the non-vanishing quark
masses [257]

DoX = 9% 4 ipsts — ixpdl (6.17)

! As mentioned above, the gluons, with electric and magnetic masses m%, = ¢2f2 and m3, = vimQD respectively,
are heavy and integrated out [256].
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with

MMt
wit = ()t == —. (6.18)
Hq

Note that even if we choose a basis in which the axion enters the CFL effective Lagrangian via an
axion-dependent quark mass matrix M,, as in Eq. (4.88), it will not appear in such an effective
chemical potential, since we can restrict ourselves to diagonal (), matrices. In any case, for the
analysis of the axion potential in the CFL phase, it will be more convenient to work in a basis

where the axion is coupled to gluons, since a perturbative instanton expansion exists, being the
gluons heavy and weakly coupled.

6.2 Mass terms

Given the spurionic transformation properties of the quark mass M in Eq. (4.86), the leading
order terms preserving the global symmetries in (6.1) are

As

Vit = Apeiibe ([AELTA%]Z‘EMJJMJ + h.c) -y

6 iy - -
i ([ATAR LM, M7 +he) . (6.19)
Note that this potential respects U(1)4 and it is generated perturbatively. Contrary to QCD in
vacuum, the axial symmetry thus dictates that the leading order terms in the scalar potential
are O(M?). Using Eqgs. (6.6) - (6.11) one finds [254] 2

Virt = = A3 et (e[S M) T[S M) — T [SfMSTM]) + bl
+ Ao A [ M (e[St M Te[ M) + Tr[ST Mt M]) + ] (6.20)

The coefficients can be computed by appropriately matching to the UV theory [254, 255, 258],

3
Ar=24= 5. (6.21)
Importantly, these two coefficients enter with opposite signs in Eq. (6.19). This is due to the
fact that while the color 3 channel is attractive and lowers the total energy of the system, the
color 6 channel is repulsive and increases it. As a result, one finds that Ag = 0 at the classical
level. However, since (A} ) does not break any additional symmetries compared to (A} p),
there is nothing preventing it from being generated at the quantum level in the presence of a
non-vanishing As. Indeed, a perturbative calculation yields [259]

AG = QSEAS 5 (622)

where a; = g2 /4. Ag itself can be calculated using the so-called gap equation, in particular in
the CFL phase with Ny = 3 [252]

71'2 4 37r2
As = 51274(2/3)%/2e= "5 2713 B oy [ — . 6.23
3 ( / ) gg, \/5 . ( )

2The first term in Eq. (6.19) can also be written as 72A1A§(e4”’//f'n/ Tr[MX] +h.c), where M = det[M]M ! =
(mms, mms, m>).




156 Chapter 6. CFL densities

The reason for considering the contribution of the condensate Ag to the potential, even though
it is suppressed with respect to Ag, comes from the hierarchy in the quark masses. Indeed, one
finds e.g. contributions from both condensates to the masses of the mesons, of order [260],

Agmid ~ A@’I’Ili . (624)

The similarity of these two contributions, along with the fact that the coefficients of the respective
operators (in Eq. (6.21)) come with opposite signs, can lead to non-trivial vacuum structures, as
we review below.

Finally, we note that although at O(MMT) there exist other operators which could be
considered along with those in Eq. (6.19), Tr[MXfMTY] and Tr[M %] Tr[MTY], these are not
generated at the order we are interested in [254].

6.3 Non-perturbative terms

Instantons explicitly break the U(1) axial symmetry of QCD, also in the CFL phase [261]. At
leading order in the gap parameters, one finds the following term generated via a single t’-Hooft
vertex

Vit = Ay (A7) M + h.c) = —AgA3 Trle " v M 4 hc]. (6.25)

The coefficient A3 can be calculated reliably at large chemical potentials due to the screening
of gluons for instantons of size p 2 1/pq < 1/Aqep, where Agep ~ 250 MeV is the QCD scale
parameter,

3 A9

QCD
) 6.26

As = c(6m)

with ¢ = 0.155 [261, 252]. Given that the operator in Eq. (6.25) matches the leading term in
the meson potential of the chiral Lagrangian at zero density, Eq. (4.89), its coefficient can be
mapped to the value of the standard quark condensate in the CFL phase

(Ga)™ _ AsAj

D _ 2425 11079 Ay ) (w) (500 Mev>8 ( Agep ) . (627)
(@q)0 (@q)o 50 MeV Qg g 250 MeV
where we set the chemical potential to a value expected to be realized in the core of a NS, noting
that o is to be evaluated at the scale yq and that Az depends on both a, and py. Due to the
limited reliability of the perturbative result at such chemical potentials (see the discussion below),
as well as to the strong dependence on Aqcp, it is clear that one cannot make a robust prediction
regarding the value of the quark condensate at realistic densities, yet a strong suppression of
(g@q) remains the most plausible outcome.

A higher-order operator that contributes to the mass of the 1’ in the chiral limit appears at
the two-instanton level,

1 3 A3 2A8 121
Votnst, = e (det[AiTA?j%] + h.c) = —A—;’ cos ( T ) . (6.28)

Note this term matches the would-be leading potential for the standard 7’ in vacuum, see
footnote 9.
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Before moving to the discussion of the axion potential in the CFL phase, let us note that
the matching procedure by which the coefficients of the effective CFL Lagrangian are extracted
from the microscopic theory relies on perturbative calculations that have been found to be
under control for g5 < 0.8 [262]. Such a small coupling corresponds to very high quark chemical
potentials, g 2 108 MeV, which in turn implies baryon densities that are five orders of magnitude
higher than those expected at the cores of dense NSs, where i, ~ 500 MeV. Still, a quantitative
but more importantly a qualitative understanding of the CFL phase and of the corresponding
axion potential provides a solid ground from which to extrapolate to lower chemical potentials
and thus to realistic densities. In fact, the qualitative features and basic symmetry structure of

the CFL phase should hold down to p ~ m2/A3 ~ 180 MeV (50 MeV/A3) [252].

6.4 Axion potential

In view of the previous discussion, in the following we examine the different axion potentials
that arise by considering different hierarchies between the coefficients of the CFL operators.

Non-perturbative dominance

In this case we assume that the non-perturbative contributions to the potential dominate over
the mass terms, that is V%, , Vool > V& Nevertheless, we still consider there exists a
weak-coupling expansion, in the sense that the one-instanton contribution dominates over the

two-instanton one, that is
e™51 > 7 eI (6.29)

with Sy, Syr the action of the one- and two-instanton solutions, respectively. Given that the CFL
operators in Eq. (6.19) are of order V& ~ MmSAg, where here and in the following we neglect
Am = %(my — mg), our hierarchy of potentials implies mAs > A§/A? > mm,. In this case the
potential, including the axion, reads

) p AS /
VL o = —A3A2 Tr[el@/fat /TSN 4 hie] + ﬁ(&ﬁa/ﬁﬂ% M) 4 he). (6.30)

After a field redefinition ' — 7' — (f,y/4fa)a, this is found to be the same as in the vacuum chiral
Lagrangian with a light 7/, which is minimized at the trivial vacuum, (n') = (a) = 0 in particular.
The axion mass can be calculated by integrating out the mesons as we in zero density. The
details of this derivation can be found in App. 6.A. We find that the axion mass is suppressed
with respect to its vacuum value by

(mg)ee, _ _ 8AS

(m3)o — (m3f)oA?

A 6 /500 MeV \ 2
-3 3
3x 10 (50 MeV) < N ) . (6.31)

Perturbative dominance

Let us now consider the hierarchy V3™ > V%« > Vi . One should first note that if the
instanton terms are set to zero, the axion is massless, as can be immediately seen by using the
basis defined by @, = 0 in Eq. (4.88); we use such a basis in the following. We write the potential

in terms of the variables

(n'/fy) =, (a/fa) =B, (6.32)
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and use the ansatz [260]

1 0 0
(X)) = Diagle ", e, e*#] [0 cosf isind |, (6.33)
0 isinf cosf

where the angles ¢ and 6 correspond to the expectation values (n/v/3f,) and (Ko/ f-), respectively.
In this basis the meson potential is given by

2, 4
p(f;{“_LO = — “TZS sin? 6 — 4A1A§mms(cose + 1) cos(a — ¢), (6.34a)
q
p(gtL_ﬁNLo = —4A1A§m2 cos 0 cos(a + 2¢) + 4A2A%m§ cos® 6 cos(a — 4yp) (6.34D)
VEFL = —2A43A2my cos O cos(a + 3 + 2¢). (6.34c)

where we separated LO terms of O(mmsA3), from NLO terms of O(m2AZ ~ m2A2), and
instanton-generated terms. > Minizing the LO potential Vp%b;tL. Lo With respect to ¢ and 0 yields

Y=« (6.35)

1641 A%m [ p1g\?
= (L

; A (6.36)

cos§ = Min [1,

The solution ¢ = « implies that the minimization of the NLO potential Vpcgi‘. NLO With respect
to « is found at

cos 3o = Sign[A A2m? — Ay A2m? cos 6] . (6.37)

Egs. (6.36) and (6.37) match the the results of [260]. Lastly, the instanton potential is minimized
with respect to 3 at

cos 3 = Sign [cos(3a)] . (6.38)
Therefore, one finds that the the axion is aligned with the ', such that

0, A1A§m2 > AgAgm cos @

2
5 6.39
T, AlAgT_ﬂQ < AgA%mg ( )

(a/fa) = {

)
cos

while the axion mass, neglecting mixing with 1’ and normalized to its vacuum value, is given by

(mi)on. _ 8A4sA5ms cosf 104< o >2 ( - ) <6089> . (6.40)
(mBo (22 S0 Mev/ A4 x 107 MeV/ 1

where we evaluated Ag in Eq. (6.26) at p1q = 1GeV, Agop = 250 MeV and a, = m. We therefore
find that the axion can develop a non-vanishing expectation value in the CFL phase also, when
the kaon condensate is large. Up to uncertainties associated with the value of As, the axion is
significantly lighter than in vacuum.

3We should note at this point that we did not include the neutral pion 7y in our analysis because the
corresponding first term in Eq. (6.34a), which destabilizes the potential at the origin of field space for K 0. vanishes
for mo.
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6.A Axion mass calculation with instantons

We calculate the axion mass by integrating out the neutral pions {mg,n,%’} in the Ny = 3 chiral
Lagrangian, from the potential

Vo = b(Tx[STM] 4 hoe) — e(e "/ Pt/ 1) 4 hc), (6.41)

where in vacuum b is given in Eq. (4.90) and effectively ¢ — oo, while b = —A3A3 and ¢ = A§/A?
in the CFL phase when instantons dominate. Note that the 1’ is normalized differently in the
CFL phase. This procedure produces the correct leading order result for the axion mass but
neglects (some of) the subleading corrections. In the generic basis of Eq. (4.88), the potential
then reads

n n
Qua 3 TT  of Qaa ™~ 5 1
V =2bm,, cos — — + 2bmg cos + —
( fa f7r an’ ¢ fa fﬂ' an’

+ 2bm cos (?fia + \/237}77 - 3};/) — 2ccos (Z/ — (TI[Q‘}]G_DG> , (6.42)

with @, = Diag[Q., Q4, Qs]. We integrate 7y out by using its equation of motion at linear order
in the fields

_ (muQu —maQa) (fr \ | (Ma—ma) Jr
o= e (F0) S o (ﬁ" * fﬂ) | (6.43)

Next we similarly integrate n out

n = \/g (_mdmst + mgmy, (Qd + Qu) - msmuQs) <:];7ra)

2 (mdms + mymg + msmu)

_l’_

(mg (ms — 2my,) + memy,) fr
2\/§ (mdms + mqymg + msmu) (fn/ N ) ’ (644)

Finally, we integrate out 7’

, —bmgmemy Tr[Qq] + ¢ (mams + myma + mgmy,) (Tr[Q,] — 1) (fn’a> . (6.45)

B —bmgmsmy, + ¢ (mgms + mymg + msmy,) fa

The potential is minimized around (a) = (my) = (n) = (7’) = 0 and we find the following axion
mass
—9bcmy,
m2 = bc”fn o — . (6.46)
f‘% (mu T md) (C {1 T mS(”;u‘ijnd)} —b [mudJF”:d}>

Once we have diagonalized the mass matrix, one could be concerned with the effect of the
O(fr/fa) kinetic mixing which is generically induced by the derivative couplings of the axion.
Let us explictly show that this does not affect the leading order results for the axion mass. Our
starting point, without loss of generality, is the following Lagrangian

1 o b 0 0 1 o 1 d\ (o+rw
L= imi <7r a) <0 c§2> (Z) +5 (a,m 8ua> (ng i) (3“2) 7 (6.47)
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where b = Diag[bi, .., by] is an n x n diagonal matrix of O(1) numbers, d is a vector of n O(1)
numbers, ¢ is an O(1) number, and £ = f/ f, is our expansion parameter. Let start by performing
the orthogonal rotation R; in the meson subspace, such that

Rid = (0,...,|d]). (6.48)

We rewrite the Lagrangian in this basis

Ry RibRT 0 7
ey (o) (M &) (7
1 o+
_l’_

(um1 o Oumn Oua) (6.49)

N |

1 |dlg | | 9#my
ldig 1 o*a

We diagonalize and canonically normalize the lower 2 x 2 block in the second term by rotating
and rescaling the fields

1
™\ _ 1 (1 1) (wd& 0 ) (ﬁn> _ (6.50)
<a> V2 (-1 1 0 m a

=Rz =T

Our mass matrix in the new basis now reads

T

T can be expanded T = 1 + 3|d|¢os + O(£%). At leading order 7 = 1 and the mass matrix can
be re-diagonalized by performing the inverse orthogonal rotation Ry ! bringing it back to the
diagonal form of Eq. (6.47). One concludes that the axion mass does not receive any leading
order correction due to the kinetic mixing.
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Observables

We briefly discuss in this section the potentially observable consequences of a non-vanishing
axion condensate in NSs, where the largest baryonic densities among the stars are found. We
defer to future work a more in-depth analysis of the corresponding phenomenology [226], as well
as the study of the implications of the change in the axion-nucleon couplings with density, the
latter particularly relevant for supernovae and NS cooling.

For simplicity, let us consider the following toy model, namely a stepwise radius-dependent
axion potential

f2(m2)in [cos(a/ fa) — 1] r<re
—f2(m2)ous [cos(a/fa) = 1] 7> re

where m, and f; are the vacuum values and we have fixed the constants such that in the
decoupling limit f, — oo, the potential vanishes. The potential grossly captures the effect of
matter on the axion potential, i.e. at a critical radius 7., which is of the order of the NS radius
R, the axion field gets destabilized and the minimum of the potential is located at (a/f,) = 7.
The field equation can be solved numerically and one finds the intuitive result based on energy
conservation, i.e. for the axion to get sourced the gain in potential energy needs to be enough to
compensate for the gradient energy that comes with the change in field value, AV ~ (Aa/R)?,
which occurs when the object is large enough compared to the de Broglie wavelength of the field
inside the object [209], namely

(Ma)in' S e~ R. (7.2)

) fg(mg)out ~ mfrfﬁ ) (7.1)

V(a,r) = {

Let us assume this is the case for the rest of the discussion, keeping in mind that the axion mass
decreases with baryon density and that in vacuum (m,)5L ~ 16 km (f,/10'8GeV). The typical
field configuration of the sourced axion is roughly

a(r)_ 1, r<Te.
Tfa

In Fig. 7.1 we depict the typical field configurations of the axion sourcing, highlighting in grey
the possible observable implication, to be discussed in turn below.

(7.3)

T?Ce_(ma)out(r_rc) , r> Te

7.1 Free (vacuum) energy

The first potentially observable implication is associated with the shift in potential energy density
inside the NS,

AV ~ —=2f2(m?)iy, (7.4)
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1.0

Axion core

— 0.8} (Ma)om > R 1

L~R

out

=]
| (m,)
|

E 06" (Ma)oh < R J

—~ 04"

EM conversion

0.2+

Axion brane

Long-range force

0.0 : :
0.0 0.5 1.0 1.5 2.0 2.5

r/R

Figure 7.1: Sketch of the typical field configurations of a sourced axion field, see the discussion in the
main text.

as a result of the axion sourcing. This effect is independent of the field configuration outside
the core of the NS, namely it is independent of (m?) out- Such an energy density shift can be
of considerable size compared to the energy density inside a NS, pg ~ mpung ~ (190 MeV)*.
Indeed, if the axion is sourced at relatively low baryon densities, as in the kaon condensed
phase (Sec. 5.2), one expects AV ~ m2 f2, which is indeed not significantly below py or the
energy change due to kaon condensation, of O(m3 f2). Instead, if axion sourcing happens in the
CFL phase (Sec. 6), this effect is expected to be suppressed by a few orders of magnitude, see
Eq. (6.40), and therefore likely negligible.

A NS with a core of “vacuum energy” was considered as a generic scenario in [263, 264], in
the context of exotic QCD phases. It was found that the energy shift inside the NS leads to a
significant change in the mass-radius relation of NSs, as well as to changes of the so-called chirp
mass, one of main the gravitational wave observables of compact binary mergers. One could
then, in a similar fashion, consider axion condensation as a possible source for such a potential

energy shift.

7.2 Axion brane

Another interesting implication of axion condensation concerns the generation of a brane of
energy density inside the NS. In particular, if the condition

(Ma)omy < R, (7.5)

is met, the exponentially suppression of the axion field outside the NS is very rapid, a change
that contributes to the energy density of the system in the form of a gradient energy

-~ Aa\?
(Fo? ~ () ~ F2ma)i ~ m2f2. (76)

One can think of such an abrupt change in field values as a localized (spherical) brane of energy
density. The effect of such a brane has in fact not been considered in previous studies of NS
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structure. Such a brane would appear as an effective discontinuity in the temporal and radial
components of the metric, which because of Einstein’s field equations (known as the Tolman-
Oppenheimer-Volkoff equations), imply a discontinuity in the pressure and enclosed mass of the
star.

7.3 Axion-EM conversion

Next we consider the interplay between the EM fields of rotating NSs (i.e. pulsars), which are
the strongest found in the Universe, and the axion, in particular when

(Ma)ous 2 R, (7.7)

such that the sourced axion field is still non-negligible in the close surroundings of the NS.
The axion and the classical EM fields form a coupled system, as seen from the generalized
form of the Maxwell equations

V-E = goy B- (Va), (7.8a)
. E .

V><B:%t—i—gaW [ExVa—Ba} , (7.8b)
ov

Oa = gayy(E-B) — 50 = Gy (E - B) — (m2)oma + O(a?), (7.8¢)

where the last line is the axion equation of motion. The interplay between the axion and the
EM field of pulsars has been actively investigated before, see e.g. [265, 266, 267, 268] for recent
works on the subject, although the effects we consider here, associated with a large classical
axion field configuration also sourced by the NS, are novel. Assuming the conventional rotating
dipole model, one finds that at the surface of the NS

Bdipole(R) ~ B* ~ 1014 G ~ MeV2 s (79)
E; (R)~RQB~10—3( u >< {2 )B (7.10)
dipole * 10km/ \100Hz/ %’ :

with € the angular velocity of the NS. Even with such large EM fields, we may still neglect the
effects of the axion-photon coupling on the axion dynamics, since

9oy (B B) e ROBS 10—13( 1t )( L )( B, )2 (7.11)
(m2)ous{a(R)) m2 f2 10km/ \100Hz /) \1014G /) ° :

where we used (m2)out ~ M2(fr/fa)?, (a(R)) ~ fo and gayy ~ g/ fa. While we can safely
assume that the back-reaction of the EM fields on the axion is negligible, it is also important to
note that the value of (a(R)) decreases exponentially outside the NS, see Eq. (7.3), such that
one could well imagine a situation where the effect of the g,y (E - B) term is in fact comparable
to the axion mass term. In this case the back-reaction of the EM fields would have to be taken
into account, which is beyond the scope of this work.

We thus treat the axion field as a rigid source of additional EM fields, which can be simply
estimated as

AE ~ ggyyBi(a(R)) ~ apuBs, (7.12)
AB ~ gayyRQB,(a(R)) ~ apnROQB, . (7.13)
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While the magnetic field receives a small correction AB/B ~ agyRS) < 1, for the electric field

& QB ~o <10km) (100Hz> ’ (7.14)

E RQ R Q

thus leading to an O(1) enhancement around the surface of the NS. We note that since this
correction is large, one could be concerned about whether the system can be treated perturbatively.
This is in fact the case, since the higher order terms scale like

E~ROB,(14+ a2, +...)+apuBs(1 +a2,+...). (7.15)

This means that, apart from the leading O(agyBsx) correction, further contributions are sublead-
ing.

An additional sensitive observable is the dipole radiation output P that is responsible for
the spin-down of rotating NSs. In this case we find that AP/P ~ o2, < 1, namely there is no
appreciable addition to the radiated energy due to the axion field.

7.4 Long-range force
Lastly, we can consider the case
(Ma)ous > R, (7.16)

even though we note that from our previous analysis of the QCD axion at finite density, we
expect this regime not to be realized since (mg)on; < (Ma)y < R, where the last condition
follows from the requirement of the axion being actually sourced, Eq. (7.2). Therefore we expect
the hierarchy (mq)," < R < (mq)q to arise only in non-standard scenarios, such as the one
considered in [209]. If that is indeed the case, the long tails of the axion field configuration lead
to a long range force between the NSs, generated by the Yukawa-like potential

Vo~ @e—(mﬂou”, (7.17)
where Qo = 47 f, R plays the role of the effective charge. This could lead to a deformation of
the merger wave-form predicted by general relativity in case of NS with opposite-sign charges.
A more dramatic effect would be found in the case of a repulsive force from same-sign charges,
since in this case at some critical distance the axion force would dominate gravity, which could
lead to halt in the merger process [209]. The presence of the axion field can also lead to an
additional mechanism of energy loss in NS mergers, in the form of the scalar equivalent of Larmor
radiation [269].
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n this thesis, we studied the phenomenology of Goldstone bosons which appear in well-
I motivated extension of the standard model. In particular, in Part II we studied realizations
of composite dark matter in non-minimal composite Higgs models. These models offer a so-
lution to the hierarchy problem and contain compelling dark matter candidates. Generically,
non-renormalizable interactions play an important role in the phenomenology of composite dark
matter [73]. In particular, we saw that the annihilation cross section at the early universe is
sensitive both to the normal Higgs portal coupling, as well as to a derivative portal coupling.
The latter is an irreducible feature of dark matter in this paradigm, which arises due to the
self-interactions among the Higgs and the dark matter, both of which are realized as Nambu-
Goldstone bosons of a spontaneously broken global symmetry.

We first study in Chapter 2 the phenomenology of composite dark matter within a mini-
mal extension of Little Higgs with T-Parity, which consistently realizes the collective breaking
mechanism without introducing massless fermions. Importantly, the shift symmetry of the singlet
dark matter is broken by the its couplings to the top quark. Although the scalar potential is
not calculable, some conservative assumptions can be made. In particular, in light of the IR
contribution to the portal couplings, it seems likely that the expected portal coupling A is of
the same order as the Higgs quartic A\;, ~ O(0.1), putting this model within reach of present
direct detection experiments. The model can evade direct detection only by allowing the portal
coupling to be much smaller than its expected value, possibly due to some cancellation with the
UV contributions. Depending on the UV completion, this cancellation can be a consequence of
fine tuning or due to some symmetry which protects the portal coupling.

We are able to test our conclusion from the previous model in an extension of the minimal
composite Higgs, the SO(7)/SO(6) model which was the focus of Chapter 3. The first scenario
in Sec. 3.3 represents a similar setup, where the dark matter shift symmetry is broken by its
coupling with the top quark. The SO(7)/SO(6) model can be partially UV completed by the
introduction of resonances, and the implementation of the so-called Weinberg sum rules renders
the scalar potential finite and calculable. The model which contains a single layer of resonances
turns out the be extremely predictive, with A ~ A, /2 and m, ~ my /2, which is ruled out by
direct detection. By introducing a second layer of resonances, the model has the freedom to
deviate from the 1-layer case. As expected, a large deviation that allows m, > mj and A < Ay,
is achieved at the price of some additional tuning. The irreducible tuning of 2§ ~ 6% (due to
LHC bounds requiring f > 1.4 TeV) must be lowered to ~ 1% in order to produce a model which
evades current direct detection bounds.

The additional tuning can be avoided if the suppression of the portal coupling is actually a result
of a symmetry, namely the dark matter shift symmetry. By making the explicit breaking of the
DM less severe, the portal coupling is naturally expected to become suppressed. Interestingly, as
discussed in Sec. 3.1, if the portal coupling is negligible, the correct relic abundance is produced
due to the derivative interactions with the natural values of f ~ 1 TeV and m, ~ 100 GeV.
This type of dark matter is extremely hard to detect in direct detection experiments, since
the scattering cross section scales with [t|/f2 ~ (100 MeV)?2/(1 TeV) ~ 1078, with ¢ the usual
Mandelstam variable. Thus, it seems that a model in which A < Ay, is also theoretically appealing.

We studied two scenarios in which the suppression above naturally occurs. In Sec. 3.4 the
dark matter shift symmetry is broken only by the (smaller) bottom Yukawa. The portal coupling
is negligible in this case, A x yg, and the direct detection cross section, now dominated by the
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contact terms | X]2l_)b, is expected to be within reach of direct detection experiments in the near
future. A second and perhaps more appealing possibility is explored in Sec. 3.5, where the
shift symmetry is broken only by the weak gauging of U(1)py. Using a gauged symmetry as a
stabilizing symmetry (assuming it is not spontaneously broken) is a robust stabilizing mechanism;
it avoids some of the pitfalls of global stabilizing symmetries, i.e. additional sources of explicit
symmetry breaking, both at the classical level and at the quantum level. In this scenario, the
portal coupling vanishes at 1 loop due to a collective breaking mechanism. Since the coupling
to SM fermions respect the dark matter shift symmetry, the contact terms are absent as well,
making the direct detection cross section extremely suppressed.

The dark sector, containing a complex scalar and a dark photon, can only be probed indi-
rectly. If the dark photon is massless, the annihilation cross section of dark matter to SM
particles in dense objects, like galaxies, is enhanced due to the Sommerfeld effect, potentially
excluding a large part of the parameter space due to indirect detection bounds. As a cross check,
the effect of a dark photon can be probed also at the cosmological scale using the CMB indirect
measurement of the relativistic degree of freedom ANgg. We find that the next generation of
CBM measurements will have the required sensitivity to probe the contribution of this dark
photon to the energy of the universe. If the dark photon is massive, we find that it can comprise
some of the dark matter in the region or parameter space where it is stable. Indirect detection
via dark matter annihilation in galaxies remains, in the case of a massive dark photon, the main
prospect for future detection of dark matter.

The collider phenomenology of composite Higgs models was examined in the various model and
scenarios presented above. Generically, the colored top partners (or more generally, resonances)
can be singly produced through weak processes or doubly produced through strong processes.
The latter production mechanism is the only mechanism relevant for the resonances charged
under the dark matter stabilizing symmetry. Current dedicated LHC searches, as well as recasting
SUSY searches with similar signatures as a result or R-Parity, put a lower bound on the masses of
the colored fermionic resonances at the TeV scale. Sensitivity is expected to increase in the future
as the production cross sections become larger. Another interesting aspect is the possibility of
probing the derivative interaction between the Higgs and the dark matter through an off-shell
Higgs in future colliders [270].

Composite Higgs model are well-motivated frameworks which allows for the exploration of
non-minimal dark matter scenarios. After a systematic exploration of the various shift breaking
sources, we found a compelling non-minimal scenario where dark matter interacts only derivatively
with the Higgs. Such dark matter can be consistent with the measured present-day abundance, as
well as with the fact that dark matter has not yet been directly detected. Near future experiments
will be able to probe some of its parameter space.

In Part III we studied the properties of the QCD axion at finite density. The axion is a
prediction of the Peccei-Quinn mechanism designed to solve the strong CP problem. The
axion emerges as the Goldstone boson of a spontaneously broken and anomalous U(1) sym-
metry. The axion effectively serves as a dynamical 6 angle, whose value is set to 0 due to
instanton induced potential in vacuum. In Sec. 5 we investigate the properties of the axion
is nuclear matter composed of neutrons and protons. We used the perturbative description
given by chiral perturbation theory to single out two sources of density dependence for the
axion potential in the nuclear phase. First, we discuss the effect of the quark condensates
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(@q), which are density dependent, in Sec. 5.1. Using the so-called linear approximation for
(qq),,, one generically finds that chiral symmetry is restored around (2 — 3)ng, which in turn
implies the axion becomes massless. However, it is well known that the linear approximation,
which neglects the nuclear interactions, breaks down at around ng. Using existing state of the
art calculations of (gq), one finds that the axion experiences a mild reduction of mass inside
nuclear medium, namely (ma)?152710 > 0.6 (my)3. The second effect we considered in Sec. 5.2
is the onset of kaon condensation, equivalent to the reorientation of the QCD ground state in
medium. This condensation is predicted to appear at higher densities, (3 — 5)ng, where the
perturbative description is no longer valid, limiting the discussion to a qualitative one. We find
that the combination of the kaon condensation and the reduction of the quark condensate leads
to a destabilization of the axion field around the origin, even before the naive restoration of
chiral symmetry occurs. This could lead to a sourcing of the axion field by a large dense object
like a neutron star. The discussion on the observable effects of such sourcing is postponed to Sec. 7.

We also examined the couplings of the axion the nucleons in dense nuclear matter. These
are particularly important due to experimental bounds on the axion derived from the cooling of
SN1987A. The cooling process occurs in the dense collapsed core and depends directly on these
couplings. The couplings are in general density dependent, due to the density dependence of the
axion-pion mixing angles and the hadronic matrix elements. The former can be calculated within
perturbation theory, while the latter must be deduced from experiment. In particular, according
to experiment one combination of matrix elements g4 = Au — Ad appears to be quenched in
large nuclei. After taking all these effects into consideration, we find that generically the in
medium couplings receive at least O(1) corrections in medium. A large correction may appear if
the orthogonal linear combination g4¢ = Au + Ad increases in high densities. In this case, the
accidental cancelation of the axion coupling to neutrons in vacuum is spoiled in medium, which
could lead to an O(10) enhancement of the coupling.

Next we considered the axion in the color superconducting phase, also known as the color-
flavor locking (CFL) phase. This phase of matter is hypothesized to appears at very large
densities, and a perturbative description is applicable for densities above (10 — 100)ng. The
densities reached in the core of a neutron star is expected to be (3 — 6)ng, but phenomenological
models suggest that some of the qualitative features of the CFL phase remain in these densities
as well. After reviewing the various terms present in this phase in Secs. 6.1-6.3, we examine
the axion potential in the CFL phase in Sec. 6.4. We considered two possible scenarios. In the
first, the non-perturbative terms dominate over the perturbatively generated terms. In this
case, the form of the potential is similar to that in vacuum, with the exception that due to the
weak coupling, the perturbative expansion in number of instantons is assumed to be valid. One
can than calculate the axion mass and find that it is much smaller compared to its vacuum
value by a factor of ~ 1073, In the second scenario we assumed that the non-perturbative terms
are negligible. In this case, it has already been shown that an 7’ condensate may occur under
certain circumstances. However, as we show, in the presence of the suppressed non-perturbative
effects the 1’ and the axion unavoidably mix. Thus, an 1’ condensation would trigger an axion
condensation, i.e. it would destabilize the axion around the origin.

Interestingly, we find that in both the nuclear and CFL phase, there is a mechanism which could
lead to the destabilization of the axion around the origin. If the size of the region in which the
axion is destabilized is comparable to the Compton wave length of the axion, it can be sourced by
the object e.g. a neutron star. We briefly review the potential observables effects of such a sourc-
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ing in Sec. 7. In particular we consider the effect of vacuum energy inside (Sec. 7.1), the gradient
energy which can appear as a thin brane (Sec. 7.1), the interplay between the axion and the strong
electromagnetic fields outside the neutron star (Sec. 7.3) and lastly we mention the scenario in
which the axion sourcing leads to long range forces (Sec. 7.4). The latter scenario is however
less likely in our minimal setup, since we predict that the Compton wave length outside the
object is smaller than inside, such that the range of the force is at most the size of the object itself.

The study of the in medium properties of the axion is an exciting and largely uncharted
territory, and there are many directions for future research. On the theoretical side, one can hope
to try and describe the axion in the densities of interest, namely (2 — 6)ng, using phenomeno-
logical models e.g. the Nambu-Jona-Lasinio (NJL) model. Another compelling direction is the
application of this study to other new particles which couple to QCD, e.g. the relaxion. Lastly,
the possible observable implications of an axion sourcing in a neutron star deserves a careful
examination. We expect to learn a great deal about the local properties of neutron stars through
their collisions, which are already observable in gravitational wave detectors, with more events
expected in the next generation of gravitational wave experiments.
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