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Abstract

In this PhD thesis, we study: 1) the viability of strongly interacting massive particles (SIMPs),
including SIMP bound states and, 2) “dark radiation” originating from unstable dark matter
in direct detection experiments and in PTOLEMY.

We consider SIMPs emerging from chiral symmetry breaking in dark Sp(4). gauge theo-
ries, similar to pions in QCD. These particles become massive when the flavour symmetry is
explicitly broken, e.g. in the presence of a mass term in the UV-complete Lagrangian. In or-
der to understand the particle structure and breaking patterns of Sp(4). theories, we provide
an effective description of Sp(4). theories, the mass spectrum of generated particles, their
flavour multiplet structure and scattering channels for Ny = 2 fundamental dark fermions in
presence of small mass splittings and a U(1)" gauge coupling. We find 5 SIMPs, 10 vector
mesons, 5 axial-vector mesons, and one iso-singlet in our theory. In addition, we study the
potential formation of bound states comprised of two SIMPs and its effect on the freeze-out
history in the early universe. In the first analysis, we show that the strength of the reaction
31 — wX regulates the freeze out of free SIMPs 7 in the presence of bound states X.

Measurements of dark radiation being a decay product of dark matter, offer a new possi-
bility to shed light on the particle nature of dark matter. For this purpose, we consider dark
radiation in the form of Standard Model neutrinos and neutrinos that couple to baryon num-
ber, produced in two-body decays of a dark matter progenitor. We analyze the sensitivity
- exclusion limits and discovery reach - in xenon-based dark matter direct detection experi-
ments and in the proposed neutrino experiment PTOLEMY. From a Likelihood-analysis we
find that direct detection experiments with an exposure less than 1 ton yr are not able to
detect dark radiation in the form of Standard Model neutrinos from MeV-mass dark matter.
However, experiments with futuristic exposure of 100 ton yr, like DARWIN, offer a possibility
of detection. Baryonic neutrinos are in principle detectable in current generation experiments.
On the other hand, PTOLEMY will be able to measure dark radiation originating from sub-
eV dark matter decays with an exposure of 100 g yr in a mass range (1,1000) meV and a
progenitor lifetime greater than the age of the universe.



Zusammenfassung

In dieser Doktorarbeit untersuchen wir: 1) die Theorie iiber stark wechselwirkende massive
Teilchen (SIMPs), einschliellich gebundener Zustéande aus SIMPs, und 2) ,dunkle Strahlung*,
die von instabiler dunkler Materie stammt, in Direktdetektionsexperimenten und in PTOLEMY'.

Wir betrachten stark wechselwirkende massive Teilchen (SIMPs), die aus der chiralen Sym-
metriebrechung in dunklen Sp(4).-Eichtheorien hervorgehen, dhnlich wie Pionen in der Quan-
tenchromodynamik (QCD). Diese Teilchen werden massiv, wenn die Flavoursymmetrie ex-
plizit gebrochen wird, zum Beispiel in Gegenwart eines Massenterms im UV-Lagrangian. Um
die Teilchenstruktur und die Symmetriebrechung der Sp(4).-Theorien zu verstehen, liefern wir
eine effektive Beschreibung der Sp(4).-Theorien, das Massenspektrum der erzeugten Teilchen,
ihre Flavourmultiplettstruktur und Streuung fir Ny = 2 fundamentale dunkle Fermionen
in Anwesenheit kleiner Massendifferenzen und einer U(1)’-Eichkopplung. In unserer Theorie
finden wir 5 SIMPs, 10 Vektor-Mesonen, 5 Axialvektor-Mesonen und ein Iso-Singlet. Dariiber
hinaus untersuchen wir die mégliche Bildung von gebundenen Zusténden, die aus zwei SIMPs
bestehen, und deren Auswirkungen auf den Verlauf des freeze-out im fritheren Universum. In
der ersten Analyse zeigen wir, dass die Reaktion 37 — wX den freeze-out freier SIMPs 7 in
Anwesenheit von gebundenen Zustdnden X reguliert.

Messungen der dunklen Strahlung, die ein Zerfallsprodukt der dunklen Materie ist, bieten
eine neue Moglichkeit, die Teilchennatur der dunklen Materie zu erforschen. Zu diesem Zweck
betrachten wir dunkle Strahlung in Form von Neutrinos aus dem Standardmodell und Neu-
trinos, die an die Baryonenzahl koppeln. Diese Neutrinos kénnen in Zweikorperzerfiallen der
dunklen Materie entstehen. Wir analysieren die Sensitivitdt - Ausschlussgrenzen und Ent-
deckungsbereiche - in Xenon-basierten Dunkle-Materie-Direktdetektionsexperimenten und im
Neutrino-Experiment PTOLEMY. Aus einer Likelihood-Analyse ergibt sich, dass Experi-
mente zum direkten Nachweis von dunkler Materie mit einer Exposition von weniger als
1 ton yr nicht in der Lage sind, dunkle Strahlung in Form von Standardmodell-Neutrinos
aus dunkler Materie mit einer MeV-Masse nachzuweisen. Jedoch bieten Experimente mit
einer futuristischen Exposition von 100 ton yr, wie DARWIN, eine Méglichkeit zur Entdeck-



ung. Baryonische Neutrinos sind prinzipiell in aktuellen Experimenten nachweisbar. Ander-
erseits wird PTOLEMY mit einer Exposition von 100 g yr in der Lage sein, dunkle Strahlung
aus Zerfillen von dunkler Materie mit einer Masse von sub-eV in einem Massenbereich von
(1,1000) meV und einer Lebensdauer der dunklen Materie, die grofler als das Alter des Uni-
versums ist, nachzuweisen.
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Preface

This PhD thesis is split into two topics. It deals with the theory of strongly interacting mas-
sive particles (SIMPs) and dark radiation (DR) from unstable dark matter (DM) in direct
detection experiments and the proposed neutrino experiment PTOLEMY.

The first topic is based on the following publication and work in progress:

o [1] S. Kulkarni, A. Maas, S. Mee, M. Nikolic, J. Pradler and F. Zierler, Low-energy
effective description of dark Sp(4) theories, SciPost Phys. 14 (2023) 044 [2202.05191].

o [2] X. Chu, M. Nikolic, J. Pradler, in preparation.

In the first project [1] the structure of SIMPs in Sp(4). gauge theories is investigated. The
general idea is based on the fact that SIMPs are Nambu-Goldstone bosons generated by
chiral symmetry breaking. We construct the effective theory of SIMPs, taking into account
non-degenerate masses and a U(1)" coupling. In addition, we include spin-1 states, the pseu-
doscalar n/ arising from an axial anomaly and study the multiplet structure, mass hierarchies
and the validity of the theory with lattice simulations. The author of this thesis leads the
work on sections 1,2, 3,5 and appendices A, B, C in this paper.

In the second project [2], we investigate the possibility that SIMPs form bound states in
the early universe. Such bound states may play a crucial role in the dark sector freeze-out,
potentially changing the standard SIMP picture. It presents work in progress and a publica-
tion is in preparation.

The second topic about dark radiation is based on the two following publications:

o [3] M. Nikolic, S. Kulkarni and J. Pradler, Sensitivity of direct detection experiments
to neutrino dark radiation from dark matter decay and a modified neutrino-floor, Eur.
Phys. J. C 82 (2022) 650 [2008.13557].

o [4] K. Bondarenko, A. Boyarsky, M. Nikolic, J. Pradler and A. Sokolenko, Probing
sub-eV Dark Matter decays with PTOLEMY, JCAP 03 (2021) 089 [2012.09704].
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In these projects, we study the sensitivity to dark radiation in the form of Standard Model
neutrinos (SM neutrinos) in xenon-based direct detection [3] experiments and PTOLEMY [4].
We employ likelihood statistics and perform hypothesis testing in order to discriminate be-
tween dark radiation signals and irreducible backgrounds. In addition, we establish conser-
vative exclusion limits on dark radiation when neglecting any backgrounds. The project [3]
builds in part on the author’s master thesis [5], where we concluded, that xenon-based direct
detection experiments are not capable of detecting dark radiation in the form of Standard
Model neutrinos, assuming exposures less than 1 ton yr. In this thesis, we additionally study
the sensitivity for futuristic exposures and various fractions of decaying dark matter. For this
case, we switch from an unbinned to a binned Likelihood analysis in order to compute the
sensitivity for large statistics. In addition, we introduce dark radiation in the form of bary-
onic neutrinos, that couple to baryons via a U(1) gauge interaction. The author of this thesis
focused on all sections in the project [3] and on the sections 3,3.1,3.2.1,4 and appendices
A, B in the project [4].

The thesis is structured as follows: in Part I, we motivate the existence of dark matter, pro-
viding the theoretical background of standard cosmology, the thermal history of the universe,
indirect evidence of dark matter in the universe and the methods to search for dark matter. In
Part II the focus is on thermal relic dark matter candidates, in particular on SIMPs and their
difference to weakly interacting massive particles (WIMPs) by deriving their relic abundance
today. Then, the effective theory of SIMPs in Sp(4) gauge theories and the corresponding
project [1] are shown. At the end of this part, the implications of the existence of SIMP bound
states are discussed. In Part III we provide theoretical concepts of dark radiation in the form
of Standard Model and baryonic neutrinos followed by the publications [3, 4], discussing the
sensitivity limits in direct detection experiments and PTOLEMY. Detailed calculations and
additional work based on these publications are presented in the appendices to each Part.
Finally, in Part IV we summarize all important results of all Parts and publications.



Part 1

Introduction






ICHAPTEF{ 1

Standard cosmology and new physics
beyond the Standard Model

In physics, our understanding of the universe today is well described by quantum field the-
ory (QFT) on small scales and general relativity on large scales. Within the framework of
QFT, the Standard Model (SM) provides a content of particles including their antipartners
interacting through strong, weak, electromagnetic force and the Higgs boson, see Fig. 1.1.
However, astrophysical observations, such as the cosmic microwave background (CMB) [6] or
rotation curves of galaxies [7], point to the existence of a dark sector, making the particle
content incomplete.

Whereas the Standard Model explains particles and their interaction on small scales, the
standard cosmological model (ACDM) provides information about the evolution of the uni-
verse and its composition in the framework of general relativity. It is the simplest model, that
explains the origin of the CMB, large-scale structure formation, and the expansion history of

charm \ e @ / strange

.

up

H bottom
3. S
bo”o

Figure 1.1: The Standard Model contains quarks, leptons, gauge bosons and the Higgs boson. The

figure is taken from Ref. [8].
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the universe. The energy content of the universe today is divided roughly into three parts:
baryonic matter, cold collisionless dark matter and dark energy. The dark sector containing
dark matter and dark energy, constitutes about 95% of the universe today, making it an
important field of research.

Although, dark matter is an essential component to complete the picture of an expanding
universe, its particle nature and the connection to the Standard Model sector is not fully un-
derstood. Today’s observations indicate that dark matter should have three main properties:
it should not interact with light, it should be stable and it should only interact through grav-
itation with ordinary matter. However, observations do not exclude models of dark matter
with slight deviations from these properties, such as tiny electromagnetic charge, decaying
dark matter or small couplings to Standard Model particles [9-11]. Allowing dark matter
to couple to the Standard Model sector opens the door to phenomenology and experimental

exploration.

A large community is working on models that predict dark matter candidates in a wide
range of masses with different coupling strengths to the Standard Model [11]. These models
are tested by experiments and astrophysical observations, like XENONnT [12], CRESST [13],
LUX [14], Planck [6], just to name a few. The strategy of such experiments and observations is
to reduce the parameter space of such models until dark matter is revealed. However, such ex-
periments also face challenges, like irreducible backgrounds, making dark matter search more
difficult. The most prominent model is the weakly interacting massive particle (WIMP),
which couples to the Standard Model weakly and is especially searched in direct detection
experiments (see review article [10] for more details).

In the following, we will motivate the existence of dark matter in the universe, explain-
ing the standard cosmology model, the thermal history of the universe followed by indirect
astrophysical observations of dark matter. At the end of the introductory part, we discuss
the experimental methods used to search for dark matter.

1.1 The ACDM model

The standard cosmology or ACDM model describes the evolution of the universe and its
energy composition on large scales in the framework of general relativity, assuming a homo-
geneous and isotropic universe. The equations of cosmology are known as the first and second
Friedmann equation

a(t)’+K A 8rG

Tt)? 3= Tp(t)’ (1.1.1)
Zg; = —? [Bp(t) + p(1)] + % (1.1.2)
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where a(t) is the scale of expansion, K is the spatial curvature and A is the cosmological
ﬁ is related to the redshift z and is defined such
that ¢ = 1 at the present time. The full energy density of the universe is composed of a

constant. The cosmic scale factor a(t) =

visible sector of all SM particles and a dark matter sector,

p = psm + PDM, (1.1.3)

where psm = pp + pr Splits again into baryonic matter and radiation, plus further smaller
contributions. The pressure p(t) = wp(t) is related to the energy density through the equation
of state, defined by the dimensionless quantity w for radiation (w = 1/3), non-relativistic
matter (w = 0) and dark energy (w = —1). The spatial curvature K characterizes three
different geometries of the universe,

—1 hyperpolic
K =<0 flat (Euclidean) . (1.1.4)
1 closed

Whereas in a hyperbolic universe, expansion overcomes gravity attraction and the universe
would expand forever, in a closed universe space-time will be contracted by gravity. Cur-
rent data [6] show that the universe is nearly flat. The cosmological constant A was first
introduced by Einstein in order to counterbalance gravity attraction and to obtain a static
universe. However, it turned out that a static universe is unstable. Much later, the acceler-
ation of the expansion was confirmed and A = (4.24 £ 0.11) x 10756 eV? is associated with
dark energy and positive definite [6].

The time evolution of the energy density is given by the fluid equation
p=—3H(p+p), (1.1.5)

where H(t) = % is the Hubble parameter related to the expansion of the universe. The

solution p ~ a=3(1+®) represents the evolution of the energy density of the individual compo-
nents,
a? radiation
p~<Q a3 matter . (1.1.6)

const. dark energy

In the following Sec. 1.2 we will see, that there will be epochs dominated by radiation, matter
and dark energy density. This has an effect on the expansion history of the universe.

The first Friedmann equation can be expressed in terms of the Hubble parameter,

H? ~ Hg (Q}:,g’oa_4 + QM70a_3 + QA,O) , (1.1.7)
where the density parameters ) = pc—’:_it at present time are measured by Planck [6],

Qar,0 ~ 0.3111 £ 0.0056, Qp,0 ~ 0.6889 £ 0.0056, Qro~1—Qupo— Q0. (1.1.8)
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Dark Matter
26%
Dark Energy
69%

Baryons

5%
Radiation

<<1%

Figure 1.2: The universe’s energy budget

Hence, the energy content of the universe is structured as follows. The universe consists
mainly of 31% of matter and 69% of dark energy today. Matter splits again into 4.93(6)%
of baryonic matter and 26.5(7)% of dark matter [15]. The rest is radiation, like photons and
neutrinos, see Fig. 1.2. The Hubble parameter Hy related to the cosmological expansion at
present time was determined by observations referred to the CMB [6] in combination with
baryon acoustic oscillations [16], gravitational lensing combined with time delay measure-
ments (strong gravitational lensing) [17-20] and other local distance ladder measurements
with Cepheid’s and supernovae as standard candles [21-23], just to name a few. However,
there is a tension [24] in the values of Hp between early and late-time measurements. There
is still a discussion about the origin of this tension, whether it is due to underestimated sys-
tematical errors or if it points to the existence of new physics beyond the ACDM model.

In the following chapter we will give an overview of the thermal history of the universe
and the time when dark matter decouples from the visible sector of all SM particles.

1.2 The thermal history of the universe

The thermal history of the universe is explained by the “Hot Big Bang model” today [25, 26].
The universe was hot, dense and dominated by radiation. As the universe expanded!, its
temperature decreased and underwent many transitions, like electroweak and QCD phase
transition. In the following sections, we will only provide an overview of the most important

In the ACDM model the universe is 13.8 billion years old. Moreover, the universe may have experienced
an initial short period of accelerated expansion known as cosmic inflation, which could also provide a solution
to the flatness and horizon problem [27]. The flatness problem is a fine-tuning problem, where initial values,
e.g. the Hubble parameter has to be fine-tuned in order to obtain a flat universe today. The horizon problem
describes the fact, that causally disconnected events cannot share temperature, whereas CMB data shows
a homogeneous observable universe close to thermal equilibrium. At the end of inflation during reheating
Standard Model particles as well as dark matter particles would be produced [28].
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eras after the QCD transition, when quarks and gluons were bound into hadrons due to the
strong force and the electroweak force was broken into electromagnetism and the short-ranged
nuclear weak force.

Event z T
Neutrino decoupling 10° 1 MeV
e~e™ annihilation 10° 500 keV
Big bang nucleosynthesis 108 100 keV
Radiation-matter equality 3387 0.8 eV
Recombination 1290 0.3 eV
Photon decoupling 1120 0.26 eV
Dark ages 1200 — 30 | 300 — 7 meV
Reionization 20—6 3 meV
matter-dark energy equality 0.4 0.33 meV
present universe 0 0.23 meV

Table 1.1: The thermal history of the universe. Here, T is the photon temperature and z is the
redshift. Table taken from Refs. [25, 29].

1.2.1 An expanding universe and equilibrium physics

The expansion of the universe is an adiabatic process [25, 29| since the fluid equation (1.1.6)
can be identified with the first law of thermodynamics dU + pdV = T'dS = 0 with internal

energy U = pV and V ~ a3. In this case, the entropy S ~ sa® ~ const. is conserved, where
s = % = % is the entropy density. Cosmological observations, e.g. the cosmic microwave

background and the abundance of light elements produced during Big Bang nucleosynthesis
indicate, that particle species were in thermal equilibrium in the early universe. Each particle
decouples from the thermal bath, when its interaction rate, which keeps it in the thermal
equilibrium, reaches the Hubble parameter and subsequently drops below it,

decoupling
Fint ~ H.

There are two main reasons for decoupling. First, the temperature drops and interaction may

thermal equilibrium
Fint > H

be kinematically suppressed. Second, the expansion of the universe leads to a larger mean

free path, making it more difficult for particles to meet. The dynamics of particles in thermal

equilibrium is described by the phase space distribution f(E,T) = m with a chemical
potential g and +1 (—1) for fermions (bosons). Then, the following quantities can be defined,
d3p d3p

T)= —=f(E,T T)= —

W) =g [ GEIET. o) =g [k

where n is the number density, p is the energy density and g are degrees of freedom. For

Ef(E,T), (1.2.1)

relativistic and non-relativistic particles, we listed n and p in Tab. 1.2. For relativistic parti-
cles, we used T' > 1 [30]. The total entropy density is then given by the sum over relativistic
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fermions and bosons and yields s = % gxs(T)T3, where g,4 are relativistic degrees of freedom
associated with the entropy density,

gs(T) = > gi<§i>3+; > gi(?>3. (1.2.2)

i= bosons i= fermions

relativistic e
non-relativistic

boson fermion

e~ (E-w)/T

1 1
f(E7T) e(BE—n)/T_1 e(E—,u)/T+1

n(T) | BT | BErs | g (mL)32 nn)/T
2

7 2
p(T) 95T LT mn

Table 1.2: Distribution function, number density and the mass density defined for relativistic and
non-relativistic particles. We used T' > pu for relativistic particles.

1.2.2 Radiation dominated universe

Neutrino decoupling and cosmic neutrino background - The relevant interaction that
keeps neutrinos in thermal equilibrium is [15, 25, 26, 29-33],

e +et =v+w (1.2.3)

The decoupling temperature of neutrinos is estimated in the following way: on dimensional

grounds the thermally averaged cross section for T' < myy is given by
(ov) ~ GET?, (1.2.4)

where Gp ~ 1.67 x 107° GeV 2 is the Fermi constant and my ~ 80 GeV is the mass of the
W-boson [15]. Neutrinos decouple, when the interaction rate I',, = n, (ov) ~ G%T" reaches
the value of the Hubble parameter,

Ty~ H & Vo GAMpT? ~ (L 3~1 (1.2.5)
v g TP T A Mev ) T -

where H ~ 9*% is the Hubble parameter for a radiation-dominated universe, n, ~ T3
is the number density of neutrinos and Mp; ~ 1.22 x 10" GeV is the Planck mass. Hence,
neutrinos decouple around 7" ~ MeV. The relativistic degrees of freedom associated with the
energy density p = g—; g, T* are given by

g(T)= > Qi<§i>4+; > g¢<§i>4. (1.2.6)

i= bosons
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In this case, g, = 2+ % X 44 % x 6 = 10.75, since photons, electrons, positrons, neutrinos and
antineutrinos are relativistic at 7'~ MeV. These neutrinos are known as the cosmic neutrino
background (CvB) and have a small relic abundance today.

e~ eT annihilation - Shortly after neutrinos decouple, the temperature drops below the
electron mass, T' < m,, leading to electron-positron annihilation to photons

e +et = v+ (1.2.7)

The other direction is kinematically suppressed since photons do not have sufficient energy
to create two electrons. This process implies heating of the photon bath, but not of the
decoupled neutrinos [15, 25, 26, 29-33]. The photon temperature no longer falls with 1/a.
Electron-positron annihilation is stopped by the matter—antimatter asymmetry and electrons
stay in kinetic equilibrium with photons by Thomson scattering e~ + v = e~ 4+ «v. The
decoupling of photons happens later and will be discussed in Sec. 1.2.4. Since neutrinos
decoupled?, the relativistic degrees of freedom associated with the entropy density® in the
thermal equilibrium changed from

7 11
g*S:2+§ X 4 = ?, T>me (128)
to

ges =2, T < me. (1.2.9)

Since entropy is conserved, sa® ~ const., before and after e~e*t- annihilation and T}, « 1/a,
we have

(1.2.10)

3
Gxs(T > me)(aT))® 11 (T,
(Sa3)before = (Sag)after = *S( e)( ) ~ __ v ’

Gxs(T' S me)(aT7)3 4 Tiv

where the entropy density s = %g*S(T)TP’ and (Q*S(GTV)3)before ~ (g*s(aT,,)S). Then, the
neutrino temperature yields

AN\ 1/3
T, ~ (11) T,. (1.2.11)
The CvB today has a temperature lower than the CMB [15, 30],
1/3
Tyo =~ <11> To~1.93 K~ 1.66 x 107* eV. (1.2.12)

Since |[Am2,| ~ 107* eV? |Am2,,| ~ 1073 eV? [15], the CvB contains at least two non-

relativistic neutrinos today. The lightest neutrino can still be relativistic. The CvB is not

2Here, we assume instantaneous decoupling. In reality, neutrinos do not decouple instantaneously, but have

an effect on e"e™

annihilation, so that Neg # 3, where Neg describes any contribution to the radiation density,
excluding photons.
3Photons, electrons, positrons, neutrinos and antineutrinos are relativistic at temperatures T > m. (g4 =

2,ge— = go+ = 2). When the temperature falls to T' < m. electrons and positrons become non-relativistic.
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detectable yet, since the neutrino energies are too low. In Part III and the publication [4],
we discuss a proposed experiment, that might be able to detect CvB and additionally, can
provide accurate measurements of neutrino masses.

Big Bang nucleosynthesis - In this era light elements up to lithium are created [25, 33, 34].
All other elements are either produced by fusion processes in stars or during supernovae. Neu-
trons and protons are in thermal equilibrium through the weak interactions

Ve+n=p+e (1.2.13)
et tn=p+u (1.2.14)
n=p+e + . (1.2.15)

Since the chemical potentials of electrons and neutrinos are small, p, ~ pu, from chemical
equilibrium. Then, the ratio between neutrons and protons freezes out with

3
2 mp—m 1
fn (m”) N (1.2.16)
Ny My 6

where the mass difference is m,, — m, ~ 1.29 MeV [15]. For T' > MeV the ratio is close to
one and the number of neutrons and protons are equal. The interesting part happens, when
the temperature drops below 1 MeV. Then, the number of neutrons falls drastically and the
number of protons is six times higher. In Refs. [30, 33] it was shown that the proton-to-
neutron ratio will freeze out at T' ~ 0.8 MeV. The neutron decay is slow, but reduces the
proton-to-neutron ratio in the next ¢ ~ 3 min further until neutrons are bound into helium
around 7"~ 0.1 MeV,

M gt/ o 1 1.2.17
gt (1.2.17)

where 7, ~ 15 min is the lifetime of free neutrons. The production of light elements happens
by the reactions

p+n=d+7, (1.2.18)
d+d=n+3He, (1.2.19)
d+d=p+T (1.2.20)
SHe+d=p+*He. (1.2.21)

and many other reactions.* For deuterium production p +n = d 4 7, one can calculate the
equilibrium ratio (Saha equation)

3/2
nd :3<27T UL > Pl (1.2.22)
npnn, 4 \ T mpmy,

4For instance, tritium 7T is unstable and will decay.
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where the binding energy of deuterium is Eg = m,, + mp, — mgq ~ 2.2 MeV. Next, we assume

Ny > Ngy ~ Ny ~ n%(;’)T?’ and

3/2
Moy <T> eBalT, (1.2.23)

np my,
where the baryon-to-photon ratio is n = Z—: ~ 6 x 10710 [15]. The deuterium abundance
at T~ 1 MeV is negligible small, ng/n, ~ 10713, For T < 0.065 MeV deuterium becomes

relevant. The deuterium production is delayed due to the photodissociation from photons at
the end of the high-energy tail of their spectrum E, > E; [15].

Helium is produced, once deuterium is formed. Most of the remaining neutrons end up
in helium *He, hence the helium-to-proton mass fraction is given by
MHe _ Angre _ 2ny 1

= = = -, 1.2.24
myg +mye N +4nge np+mn, 4 ( )

where we used n,, >~ %np and that all neutrons end up in helium, ng. = %nn The number
density of hydrogen is given by protons, not in helium, ng = n, — n,. This corresponds
to an abundance ratio *He/H = 1/12, since the helium is four times larger than hydrogen.
Lithium is formed by reactions with helium and leads to smaller abundance [34]. However,
there is a discrepancy between the primordial lithium abundance predicted by standard Big
Bang nucleosynthesis + CMB and observations of metal-poor stars. This is known as the
primordial lithium problem [15, 35] and possibly points to new physics.

1.2.3 Radiation-matter equality

The radiation-matter equality is reached when the radiation and matter densities become
equal, pr(Teq) = pm(Teq). As discussed in Sec. 1.1 the radiation and matter densities scale
with a=* and a =3, respectively. Since we know how the densities evolve in time, the redshift
at radiation-matter equality [6, 29, 30] is given by
PM,0
PR,0
where ppr0,pr,0 are matter and radiation densities at present time. This corresponds to

Zeq = — 1~ 3387 £ 21, (1.2.25)

a temperature Toq ~ 0.8 eV. As the temperature decreases, matter will dominate over
radiation density. At this point, the universe changes its expansion behaviour from a(t) ~ t/2
(radiation-dominated) to a(t) ~ t?/3 (matter-dominated) [30]. Consequently, the Hubble
parameter evolves from H = % to H = % As the radiation density decreases, so does
the radiation pressure, which acts as a counterpart to gravity and is responsible for keeping
the baryonic matter from collapsing and forming structures. As we will discuss in the next
section, when photons and baryonic matter decouple, matter could form massive and denser
regions. Since dark matter is not affected by photons and radiation pressure, gravitational
attraction allowed dark matter to collapse earlier and to build up high density regions. The
baryonic matter would then be accumulated in these dark matter clusters by gravitational

attraction after photon decoupling [30].
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1.2.4 Matter dominated universe

Recombination and photon decoupling - The recombination epoch happened around
T < 0.26 eV [25, 26, 29-31]. Before this era, matter and radiation were coupled tightly
through Thomson scattering e~ + v = e~ + v and the universe was not transparent. Since
the universe expanded, the temperature decreased continuously and the energy of protons and
electrons was sufficiently low to form electrically neutral hydrogen through p+e~ = H 4+~
(recombination). Consequently, the number of free electrons and protons reduces drastically
and Thomson scattering becomes insufficient to maintain kinetic equilibrium between matter
and radiation. Thus, matter and radiation decouple from each other. At this point, the
mean free path of photons exceeds the Hubble radius I = H~! and photons were able to
propagate freely. The universe became transparent. These photons are the cosmic microwave
background (CMB) and have a temperature Ty ~ 2.7 K today [6].

The time of recombination can be derived as follows [25, 26, 30-33]. Denote ng,ny, n. as
the number densities of hydrogen, free protons and free electrons. For simplicity, assume all
protons and electrons form hydrogen and no other elements. Since hydrogen, protons and
electrons are non-relativistic, the number density is defined as in Tab. 1.2, where the degrees
of freedom are gy = 29, = 2g. = 4 and p; is the chemical potential. Since the universe
is electrically neutral, n. = n,. In addition, the recombination reaction p +e~ = H + v
maintain chemical equilibrium and the chemical potentials are g = i + pte (14 = 0). Then,
we can write,

ny g [ mT —3/2
~ < ) ePBIT, (1.2.26)
NpNe IpYe 2

where Ep = mp +m, —mpy = 13.6 eV is the binding energy of hydrogen in the ground state.
Here, we approximated the hydrogen mass as mpy ~ m, outside the exponential function.
Define X, = 7« as the fraction of ionization, then we can express Eq. (1.2.26) as

LX) (7Y aazm
X2 nphe /T Me ’ -
where ny, = nyg+np >~ n%@T?’ is the baryon number density and n = Z—: ~6x10710 < 1[15]

is the baryon to photon ratio after ete™ annihilation. This equation is called the Saha
equation® and describes the ionization in thermal equilibrium. For T'>> Ep, the RHS < 1
and hence, all protons and electrons were free, X, ~ 1. Assume the recombination ends,
when 90% of electrons and protons formed hydrogen, X. = 0.1, then, the recombination
temperature is obtained by solving the Saha equation,

3/2
1- X,
T[2eE0/Tee — _YT_Me ( - ) = Thee~0.3 ¢V, (1.2.28)
4v/2€(3) 1 Xe

5 According to [30] the time of recombination was derived through the Boltzmann equation n. + 3Hn. =
ar’a

Ep
mg V3meT for

—(0V)rec(n? — (n81)?) with the thermally averaged recombination cross section (v)rec =
hydrogen in ground state.
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Figure 1.3: The difference between the Saha equation and the 2-level process by Peebles [31]. Ground
state recombination has a small effect. Hydrogen can only be formed by capturing electrons in higher
orbitals. Then, the excited states decay to the ground state.

This corresponds to a redshift factor z... ~ 1290. The Saha equation is a good approxima-
tion for the evolution of free electrons, but is only valid as long as the chemical equilibrium
is maintained by the recombination reaction p + e~ = H 4 . However, as ny, ne, X, falls
toward the end of recombination, the reaction p+e~ = H + v is no longer able to main-

6. since it is less probable to find a partner to recombine. In addition, the

tain equilibrium
ionization of hydrogen prevents the formation of hydrogen in the ground state. The only way
to form hydrogen are excited states (2s, 2p), that decay to the ground state. An accurate
evolution of the fractional ionization X, is obtained by the 2-level recombination process by
Peebles, for more details see [31, 36]. The difference between the Saha equation and the

derivation by Peebles is shown in Fig. 1.3.

8ma?
3m2 —
6.65 x 1072% ¢cm? [15] is the Thomson cross section and « is the fine structure constant. Then,

Photons decouple from the thermal equilibrium, when I'y = n.or ~ H, where o =

we can estimate the temperature, when photons are decoupled,

2/3
72 Ho\/Srp 1
FV(Tdec) = H(Tdec) A Tdech(Tdec)2/3 = <2<(3)n or : ?07 (1'2'29)

3/2
where H(T) = Ho\/Qump (Tlo) in a matter-dominated universe, n. = X.np and X, ~

0.007. The decoupling temperature is then given by Tge. ~ 0.26 €V. This corresponds to a
redshift factor zqec ~ 1130. We see that photons decouple at the end of the recombination
epoch, when the universe is neutral.

5The chemical equilibrium is maintained as long as Fpiem = ey > H.
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Dark ages and Reionization - After recombination the universe is filled with CMB pho-
tons decoupled from matter. The photons are in the visible range, but become infrared due
to the redshift. There are no stars yet, but matter collapses by gravitational force. As the
universe expands, the temperature drops continuously and the first stars begin to form around
z ~ 30 [37]. The period between the last scattering of CMB photons and the formation of the
first stars is known as the dark ages [38]. Towards the end of the dark ages, the reionization
epoch starts. The universe is filled (up to small abundances of light elements, like helium
and lithium) with hydrogen gas. The appearance of stars during the dark ages ionizes the
hydrogen gas surrounding them. During this time, the first galaxies are formed. As the num-
ber of stars and galaxies increases, the intergalactic medium becomes more ionized, leading
to the ionization of the whole universe today. One powerful probe of reionization despite
CMB and Lya” is the spin-flip or hyperfine line of neutral hydrogen [39, 40]. Photons can be
absorbed by hydrogen in the ground state or be emitted with a wavelength of 21 cm. The
EDGES collaboration [41] reported events of a 21 cm absorption line but is in contradiction
with the SARAS3 radio telescope [42], that measured radio signals from hydrogen in the early
universe.

1.2.5 Dark-energy dominated universe

Present universe - After 13.8 Gyr [6] the universe reached its present state. All stars,
planets and galaxies were formed and the black body spectrum of the CMB photons cooled
down to a temperature of 2.7 K. The matter-dark energy equality happened around 7' =~
0.33 meV (t ~ 9 Gyr) [29]. Since then, the universe has been dark energy-dominated and has
been expanding at an accelerated pace with a(t) o exp (Hot).

1.2.6 Dark matter freeze-out scenario

In the early stages of the universe, dark matter may well have been in thermal equilibrium
with the Standard Model sector. Here, we concentrate on thermal relic dark matter®. The
dominant interaction, that keeps dark matter in equilibrium, depends on the dark matter
model [43, 44]. At some point in time, the interaction becomes slow and dark matter decouples
from the rest of the particles. After decoupling the energy content of dark matter is only
altered by the expansion of the universe and no longer by interactions with the Standard
Model sector. This moment of decoupling is known as the freeze-out and happens before

radiation-matter equality. The freeze-out temperature Tp = ";DFM can be estimated by the

dimensionless quantity zr ~ 20 appearing in the Boltzmann equation. In Part II the focus
will be on thermal dark matter candidates and their freeze-out scenario.

"The Lyman « line corresponds to photons that are emitted when an excited hydrogen state H (2p) decays
to the ground state.

8There exist also other dark matter candidates with different production mechanisms, e.g. FIMPs, axions
or primordial black holes.
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1.3 Evidence for dark matter

The existence of dark matter is supported by many observations, indicating dark matter to
be electrically neutral, long-lived and gravitationally interacting. As we already mentioned in
Sec. 1.1 the introduction of the dark sector is essential to complete the picture of an expand-
ing universe. There exist many indirect astrophysical observations and unsolved problems
pointing to the existence of dark matter. In this chapter, we show some examples.

1.3.1 Dark matter observations

Coma cluster - In 1933 Fritz Zwicky [45] noticed an inconsistency in the total mass of the
Coma cluster. He estimated the total mass of the Coma cluster by counting the individual
galaxies and compared it with the mass obtained from the virial theorem

o), (1.3.1)

where <vﬁ> is the velocity dispersion parallel to the line of sight. The velocity v is found via
Doppler shift. Since the estimated mass was smaller than the virial mass, he concluded, that
the amount of invisible matter in the cluster is ~ 100 times larger than the total mass of
visible matter. This was the first indication of the presence of dark matter in galaxy clusters.

Rotation curves of galaxies - Later, in 1969, Vera Rubin [7] discovered a discrepancy
in velocity curves in spiral galaxies from observations and expectation, see Fig.1.4. From
Newtonian mechanics stars at a distance r from the center of the galaxy with circular veloc-

ity v(r) follow the equations

GM(r)

”
v(r) = , M(r) = 471'/ dr'r"2p(r'), (1.3.2)
0

where M (r) is the total mass within a radius 7 and p(r) is the mass density. Since the popu-
lation of stars decreases in the outer regions of the galaxy, the interior mass becomes constant
and the velocity curves drop, v(r) ~ % Instead, velocity curves become constant, indicat-
ing that at large distances the total Mass M (r) increases with r. Consequently, additional
mass is required to be consistent with Newton’s law and dark matter was indirectly observed.

Anisotropies of the cosmic microwave background - As already discussed in Sec. 1.2
CMB photons have their origin at the end of the recombination era. Anisotropies in the CMB
black body spectrum are caused by density inhomogeneities at recombination and when CMB
passes through the entire universe [15, 47, 48]. For instance, due to gravitational fluctuations
photons from high density regions are redshifted, since they have to climb out of gravitational
wells. These anisotropies are strongly related to the density parameters €2 of baryons, dark
matter and dark energy today, being the cornerstone of the ACDM model.
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Figure 1.4: Circular velocity curves of the galaxy NGC 3198 at redshift 0.002 [46]. The visible
matter of the disk galaxy is not enough to explain the observed rotation curves.

Bullet cluster - The Bullet cluster shows two colliding galaxy clusters at a redshift z = 0.296,
see Fig. 1.5, providing compelling evidence for the existence of dark matter [49]. The figure
illustrates how hot gas mostly made of baryonic matter (red) moves differently than dark
matter (blue) in collisions. When the baryonic gas collides, it interacts and is slowed down by
drag force. Whereas baryonic matter interacts with itself, dark matter remains unaffected.
In other words, this showcase indicates that dark matter does not strongly interact with
baryonic matter and with itself (except gravitational).

Figure 1.5: The Bullet cluster consists of two colliding galaxy clusters containing baryonic matter
(red) and dark matter (blue). The collision moment shows that baryonic matter interacts with itself,
but dark matter is unaffected. The hot gas was detected by X-rays and dark matter by gravitational
lensing. The figure is taken from Ref. [50].
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1.3.2 Simulations vs. observations

Cosmological simulations within the ACDM paradigm, i.e. assuming cold, collisionless dark
matter, match observations on large scales. However, simulations are not always consistent
with observations on small scales. In the following, we show three known problems on small
scales, where simulations disagree with observations.

Missing satellite puzzle - The missing satellite puzzle [51-55] describes a discrepancy
between the number of satellite galaxies in cosmological simulations and the observations of
rotational curves of dwarf galaxies, orbiting the Milky way. One possible explanation for this
problem may be, that dwarf galaxies were not able to collect sufficient amount of baryonic
matter and gas to form stars. Hence, these galaxies are ultra-faint making them difficult to
detect. Other solutions may be, that dwarf galaxies merged with the host galaxy during for-
mation, photoionization may prevent the formation of stars, supernovae may eject baryonic
gas from the galaxy, or stars of the dwarf galaxy were stripped away by tidal forces leav-
ing ultra-faint diffuse small galaxies consisting of dark matter. Around 10 ultra-faint dwarf
galaxies with 99.9% of dark matter were observed [56]. Including these feedback mechanisms
in the simulations, the discrepancy reduces.

The too big to fail problem - The too big to fail problem [55, 57] is closely related
to the missing satellite puzzle. In addition to the missing satellite problem, ACDM sim-
ulations predict also more massive satellites than observed. Whereas the missing satellite
problem can be solved by ultra-faint satellites, these satellite galaxies are so massive that
visible matter must have formed and we would be able to detect them. In other words, such
galaxies are too big to fail to host stars.

Cusp vs. core problem - Whereas N-body simulations predict cuspy dark matter profiles
in the inner region of galaxies, observations indicate galaxies with a central core [58]. This
is known as the core cusp problem. Navarro, Frenk and White [59] identified a spherical
symmetric density profile via N-body simulations,

p(r)NFW = LQ, (1.3.3)
w1 s)

where 75, ps are the scaling radius and density. For small radii, the NF'W density profile shows
cuspy behaviour in the dark matter distribution, p ~ 1/r. At large distances the profile scales
with 1/72, leading to constant velocity rotations curves, as expected. Core profiles, however,
have a constant mass density towards the center of the galaxy.

Diversity problem - The diversity problem in dwarf galaxies [55, 60] is related to the
core vs. cusp problem. Rotational curves are a powerful tool to identify the density profile
of baryonic and dark matter. Observing the maximum rotational velocity or the total mass,
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the shape of the dark matter density profile should be fully understood. Haloes with similar
mass should have similar density profiles. However, a diversity in rotational curves in the
innermost regions of dwarf galaxies is observed. This effect may partly be explained by out-
flows or inflows of baryonic matter, which redistribute dark matter and increase or decrease
the density around the center [55]. Another solution may be self-interacting dark matter
(SIDM) [61], which is a model beyond the ACDM model.

1.4 Self-interacting dark matter

In the last section, four problems were mentioned, where simulations based on the ACDM
model do not agree with observations on small scales. One possible solution to these problems
could be self-interacting dark matter, which was first proposed by Spergel & Steinhardt as
a solution to the core vs. cusp and missing satellite problem [62]. The introduction of
self-interacting dark matter can alter the density profile around the center. This effect can
turn a cuspy profile into a core. In addition, self-interacting dark matter can also solve the
“too big to fail” problem, since it leads to smaller circular velocities in the inner region of
galaxies [63, 64].

The local collision rate [55] in a halo is given by

OVrel DM 1 pPDM VUrel o/mpm
R, = — ~0.1G 1.4.1
e A e <O.1M@/pc3> (50 km/s) (1 cm2/g>’ (14.1)

where ppy is the dark matter density, mpys is the dark matter mass, o is the self-interacting
cross section and v, is the relative velocity. A typical dwarf sized galaxy has a central density
ppM ~ 0.1Mg /pc® and v ~ 50 km/s. In this case, o/mpy ~ 1 em?/g is required in order
to have an effect on the halo density. This corresponds approximately to one scattering per
10 Gyr. On the one hand, at dwarf scales with v, ~ 50 km/s a large self-interacting cross
section is necessary, o/mpy ~ 0.5 — 5 cm?/g, to solve small scale anomalies [55, 61], while
being consistent on larger scales. On the other hand, at cluster scales with v ~ 1000 km/s
the observation of the Bullet cluster provides an upper bound o/mpy < 1 cm?/g [65], leading
to weaker self-scatterings. Some clusters prefer self-interacting dark matter models with
o/mpm ~ 0.1 cm?/g [66]. In this case, a constant cross section is ruled out. In general,
self-interacting cross sections are velocity-dependent, as many particle models predict.

1.5 The search of dark matter

Last but not least, we discuss how dark matter can be searched in experiments in general [10,
55,67, 68]. Current experiments assume that dark matter couples to Standard Model particles
via an additional interaction apart from gravitational attraction. If dark matter interacted
with the Standard Model in the early universe, then it must also do so today, even when the
probability of interaction is generally small. In Fig. 1.6 a schematic view of possible dark
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Figure 1.6: Experimental methods to search for dark matter. Figure taken from Ref. [67].

matter searches is shown. The interaction with the Standard Model is mainly divided into
three categories:

e Indirect detection DM DM — SM SM and DM — SM SM:

Indirect detection experiments focus on detecting annihilation products and decay prod-
ucts of dark matter, like gamma rays, neutrinos or charged leptons. Whereas photons
and neutrinos are mostly unaffected during propagation, charged leptons, on the other
hand, feel magnetic fields and interact with the interstellar medium based on the Stan-
dard Model annihilations. Constraints on the annihilation cross section and the lifetime
of dark matter are provided by measuring cosmic ray events, e.g. in AMS-02 [69] and
PAMELA [70]. The telescopes MAGIC [71], VERITAS [72] and H.E.S.S [73] are a sys-
tem of imaging atmospheric Cherenkov telescopes at Earth, measuring cosmic gamma
rays in a GeV—TeV energy range. Other gamma-ray detectors are Fermi-LAT [74],
HAWC [75] and a new generation of ground-based gamma-ray telescopes Cherenkov
Telescope Array (CTA) [76]. For example, constraints from neutrino detection are pro-
vided by ANTARES [77], IceCube [78] and SuperKamiokande [79].

e Direct detection DM SM — DM SM:
Direct detection experiments search for nuclear or electron recoils of dark matter in
our galaxy. As heavy dark matter (GeV—TeV) can generate sufficiently large recoil
energies, sub-GeV dark matter is searched by absorption or scattering off electrons.
Additionally, nuclear recoils can be detected in combination with electron scatterings,
like Bremsstrahlung and Migdal effect [80-84] in order to enhance the sensitivity to
sub-GeV dark matter. Direct detection experiments try to detect recoil energies in or-
der to determine the coupling and cross section of dark matter to matter and the dark
matter mass [67, 68]. Current experimental constraints are provided by XENONI1T [12],
CRESST [13], LUX [14], SENSEI [85] and PANDAX-II [86], just to name a few. How-
ever, such experiments are also challenged with irreducible backgrounds, reducing the
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sensitivity to dark matter. Irreducible backgrounds in xenon-based direct detection
experiments will be discussed in Part III in more detail.

e Collider searches SM SM — DM DM: Colliders can probe new physics by detect-
ing new particles or missing energy. Since dark matter interacts feebly with ordinary
matter, it would escape the detector and would induce events of missing transverse
energy. In addition, one can also constrain the coupling and mass of mediators be-

tween the Standard Model and dark matter particles. Current collider experiments are
ATLAS [87], CMS [88], LHCb [89], BaBar [90] and Belle II [91], just to name a few.

Major efforts are being made to explore the nature of dark matter, but no dark matter sig-
nal has yet been found. In the end, we discuss possible excesses, that can be interpreted as
dark matter. There is a controversial dark matter claim made by the experiment DAMA /LI-
BRA [92], that measured the annual modulation of their event rate as is also predicted by
dark matter of a time-dependent rate due to the movement of the Earth around the Sun.
However, this result is in contradiction with constraints from direct detection experiments.
Therefore, experiments, like COSINE-100 and ANAIS-112 are built to verify the results by
DAMA /LIBRAY. A few years ago, XENONIT observed low-energy electron recoils [96], that
could be interpreted as solar axions or bosonic dark matter. There was also a discussion
about whether this signal has its origin in additional backgrounds, e.g. B-decays of tritium.
However, the upgraded experiment XENONnT reported no excess above background in the
low energy region [97]. The AMS-02 detector on the International Space Station (ISS) de-
tected an excess of high energy positrons from cosmic rays [98], that could be sourced by dark
matter annihilations.

9The COSINE-100 experiment found an annual modulation with almost opposite phase to DAMA /LI-
BRA [93]. On the other hand, ANAIS-112 collaboration sees no modulation [94, 95]. More data needs to be
taken to confirm or refute the DAMA /LIBRA experiment.
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ICHAPTER 2

Thermal relic dark matter

After summarizing important facts about the universe and dark matter in general, we dis-
cuss possible descriptions of dark matter candidates. There exist many models about dark
matter [11] with different mass ranges, different production processes and different coupling
strengths to Standard Model particles, e.g. axions, WIMPs, FIMPs, primordial black holes,
just to name a few. All these models are continuously tested by experiments and astrophysical
observations in order to reduce their parameter space in the region of interest. In this part,
we mainly focus on the specific thermal relic dark matter candidate SIMP (strongly interact-
ing massive particle), that was thermally created in the early universe. As a reminder, we
first discuss the freeze-out mechanism of weakly interacting massive particles (WIMPs). The
SIMP mechanism works in a similar way, but differs in dark matter mass and interactions
with the Standard Model sector.

2.1 WIMP mechanism

The most prominent dark matter candidates are weakly interacting massive particles (WIMPs),
that are thermally produced in the early stages of the universe [30, 43, 44, 99-102]. In the

1 yia annihi-

beginning the dark matter sector and the SM sector are in thermal equilibrium
lation channels 2DM = 2SM, where two dark matter states annihilate to create SM particles
(and vice versa), see Fig. 2.1. Both sectors share a single temperature as long as the thermal
equilibrium is sustained. During the expansion of the universe, the temperature drops con-
tinuously. Consequently, the 2DM — 2SM annihilation rate starts to decrease, since it is less
likely to find a partner to annihilate. In parallel, the continuous decrease of temperature leads
to suppression of the annihilation direction 2DM < 2SM. The reason is, that the SM sector
has less energy available to produce dark matter states. At some point in time, dark matter
is no longer in thermal equilibrium and decoupled from the SM sector, when the annihilation

reaction almost stops. This is known as the freeze-out. The freeze-out moment happens when

1Full thermal equilibrium requires kinetic and chemical equilibrium.
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DM SM

Figure 2.1: The WIMP paradigm. Dark matter is in thermal equilibrium with the SM via the
annihilation process DM DM — SM SM.

the annihilation rate decreases and reaches the value of the Hubble parameter,

(2.1.1)

Tyos ’ ~H ) .
T=Tg T=TFg

Here, Tr denotes the temperature at the freeze-out. The time evolution of the number density
of dark matter is derived by the Boltzmann equation [43],

dnpwm
dt

2
+ 3Hnpym = —(0v)2-52 [n%M - (n]e)qM) } , (2.1.2)

where nglM is the number density of dark matter in thermal equilibrium and (ov)s_ is the
thermally averaged cross section for the annihilation process 2DM — 2SM?. The second term
on the left-hand side represents the reduction of the number density due to the expansion of
the universe. The first and second terms on the right-hand side represent the annihilation
and creation of dark matter. For simplicity, assume the chemical potential of dark matter is
negligible small [30] and one particle species with mass mpy. The mass of WIMPs can be
estimated by the freeze-out condition (2.1.1). For convenience, we define the number density

as follows [30, 44|
T,
npy = PPN Emens _ leqs. (2.1.3)
mpM mpwm mpwMm

where ppy is the mass density of dark matter, mpy is the mass of dark matter, £ = ppnm/pp
is the ratio between the number densities of dark matter and baryons, m,, is the proton mass,
17 = np/s is the ratio between the number density of baryons and the entropy density, s is
the entropy density and Teq ~ 0.8 €V is the temperature at matter-radiation equality. The
matter-radiation equality is determined, when p§} ~ pj. Then, some of these quantities can
be estimated as®

s 459*5() ) eq c ¢ 4§+1g*s(Teq)’

ET3 27T2 _ fmpn _ 3 E 9*(Teq) (214)
&

2Dark matter can annihilate to any number of final states. These annihilation channels will be summed up
in the cross section [43].

3The entropy density is estimated for a radiation-dominated universe since the freeze-out moment happens
later. It can be calculated by s = L'*T"’, where p is the pressure [30]. The temperature at matter-radiation

equality Tiq can be obtained from the radiation density pr = 73'—; Jx (T)T4 at T = Teq.
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where g,.(T), g«s(T") are relativistic degrees of freedom associated with energy (1.2.6) and
entropy density (1.2.2). In addition, the Hubble parameter is given by [30]

8TPR T2
H ~ ~ 1.67 T)—. 2.1.5
= 167V D 3 2.15)

Now, we can estimate the mass of WIMPs by the freeze-out condition,

2

T
= nDM<av>H‘ ~ 1.67\/g.(T) L (2.1.6)

r ( ~H .
22 T=Tp MPI

T=Tp )T:TF

The mass of dark matter particles is obtained by solving the above equation,

1
#eq M ) 2 (2.1.7)

TFA\/ Gx (TF)

where we parameterized the thermally averaged cross section with an effective coupling c.g,

mpm =~ 0.77 g <

<UU>2_>2 = m; . (2.1.8)
DM

Since we consider dark matter in a TeV range, the temperature scale’ allows us to set
Gxs(Tr) ~ ¢+(Tr) ~ 106.75 [26]. For a standard freeze out moment zr ~ 20 the mass
of WIMPs reads

MpM == Qeff X (10 TGV) (219)

The WIMP may be heavier than all known particles in the Standard Model, but on the
electroweak scale if aeg ~ 1072 is of the order of the electroweak coupling [99]. Next, we
derive an analytical expression of the dark matter relic abundance and show, that (ocv)s_so
requires to be close to the weak scale in order to obtain the correct relic abundance for a
GeV-TeV dark matter particle. We mainly follow the Refs. [30, 43, 100, 102]. The Boltzmann

equation can be expressed in terms of the comoving number density (yield) ¥ = =PM,

ay
DT COPE (Y2 - Yqu) ) (2.1.10)

where the yield for non-relativistic particles in equilibrium is given by Yoq = @. The yield
of dark matter before the freeze-out falls exponentially as the temperature of the universe
continues to decrease and the annihilation of SM particles into dark matter states slows
down. For convenience, we work with the dimensionless quantity x = ™2™ and rewrite the
Boltzmann equation as

dY S
% = _H7w <O"U>2_)2 (Y2 — }/;31) ~ —0.26

9x,s(T) mpumMpy 2 2
(D) 22 <UU>2—>2 (Y - qu) : (2.1.11)

1At temperatures T ~ 200 GeV, all SM particles are relativistic in the thermal. Then, the effective degrees
of freedom are g, = 28 + % x 90 = 106.75, 28 degrees of freedom from bosons and 90 from fermions [26].
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The dark matter relic abundance is expressed in terms of the yield after the freeze-out (z —

00),

_ MDMMDM DM

Qppih? = 2PM 2 h? eV) Y(z = o0), (2.1.12)

Pecrit

m
~ 238 % 108 (
% G

T—00

Pcrit

T—00

where perit = % ~ 1.054 x 107° h? GeV cm™3 is the critical energy density, npy(z — o0) =
500Y ( — 00), 800 = 2970 cm ™3 is the entropy density at present time and h ~ 0.67 [6] is
related to the Hubble parameter H = h x 100 km s~! Mpc~!. For convenience, we define
the difference A(z) = Y (z) — Yeq(2). Then, the Boltzmann equation after the freeze-out
(x> aF, Yoq "= 0) reduces to

dA s (T M
(2) 96925 (TF) TOMEPL (1) A2 (), (2.1.13)
dx 9x(TF) x
We can solve this equation by the method “separation of variables”,
A(o0) gA 9s.s(TF) * dx
— =~ —0.26-2=Lmpy Mp (ov) / — (2.1.14)
/A(IF) A 9+(TF) s ep T2
Then, we can express the yield after freeze out as
A
Alx — 00) 2 Y (x — 00) ~ @) rrA(zr) . (2.1.15)
O.QGMTHDMMP] <0”U>2_>2 A(xp) +xp

9+(Tr)
The only remaining quantity to determine is the difference A(zp). This is achieved by taking
the Boltzmann equation at the freeze-out (z ~ zp, A(x) < Yeq(z)),

dYeq(x) 9x,s(Tr) mpmMpi
% ~ —0.26 *gs DR (00)g_ o A(z) (A(x) + 2Yeq(2)) . (2.1.16)
F
i ~2Yiq(2)
Since dzl/;q ~ —Y¢q for large enough x, we can express A at * ~ xp as
2
x
Axp) ~ £ : (2.1.17)
0.52%7)1]31\/{]\4131 <UU>2H2
Then, inserting in Eq. (2.1.14) yields,
TF
Y(z — 00) ~ 0 26 22070) IV . (2.1.18)
. \/ﬁmDM Pl <0’U>2—>2

Now, we have all the ingredients to express the relic abundance of WIMPs,

11V T )l’F GeV—2
Qpah? ~~ 2.8 x 108 (ZPMY) y- ~ g8 x 101 Y9 Tr C(2.1.19
DM % < GGV) (l‘ - OO) 8 g*,s(TF) <JU>2—>2 ( )

In order to obtain the correct relic abundance for dark matter, the thermally averaged cross

section requires to be close to the weak scale,
Opmh? =~ 0.12 = (0v)y o =~ 1.4 x 1079GeV 2. (2.1.20)

Exemplary, we show the relic abundance for a WIMP mass mpy = 100 GeV in Fig. 2.2.



Chapter 2. Thermal relic dark matter 27

107! - 107! ,
—_ (ov) =107 GeV~2 —_ (0v?) = 10* GeV~?
103 — (ov) =14 x 1077 GeV~2 | 1073} — (0v?) =3 x 10% GeV~|
— (ov) =1077 GeV~? — (ov?) =10% GeV~®
1075 - qu(I) 1075 - qu(ﬂ")
-7 -7k
E 10 S 10 QDM}L2 ~ (.12
P 107° >~ 107 \
\
10—k Qpah? ~0.12 | 10-1] \\
________________________ \“
1073} \ 10713} \
\
10715 Mmpr = 100 IGeV ‘\‘ . 10715 Mmpy = 100 MeV “‘ .
1 10 100 1000 1 10 100 1000
x=mpy/T x=mpn/T

Figure 2.2: The relic abundance for WIMPs (left) and SIMPs (right).

2.2 SIMP mechanism

Since WIMPs have not been observed in different experiments and astrophysical observations,
we have to ask, whether the theory of thermal WIMPs really describes the nature of dark
matter. What if dark matter is not a WIMP? What if dark matter is secluded from the
Standard Model in the thermal bath from the beginning? What if, dark matter has only
self-interactions? A large community is working on these questions in order to find the par-
ticle nature of dark matter. Here, we present one theory by Hochberg et al. [44, 103], that
could answer these questions. They constructed the theory of strongly self-interacting dark

matter candidates, called strongly interacting massive particles (SIMPs). In the following,
we explain the SIMP mechanism.

Assume the dark sector is isolated from the Standard Model bath. A 2 — 2 process would
not deplete the number density of dark matter in an isolated system, but keeps the dark
matter particles at one single temperature. The first number changing process would be
3 — 2, where three dark matter particles annihilate to create two dark matter states®, see
Fig. 2.3. The reverse direction 2 — 3 is energetically suppressed around freeze-out since dark
matter is non-relativistic and the energy is not sufficient to produce three particles out of two
dark matter states. The number changing process 3 — 2 implies heating in the isolated dark
matter sector [104], see Fig. 2.4. The consequence would be relativistic dark matter states
(see Fig. 2.5), which are excluded by galaxy structure formation [105]. However, there is a
solution to this problem. Allowing dark matter to couple to the Standard Model, energy can
be exchanged with the SM sector and the dark matter sector can be cooled.

5Since the 3 — 2 process is the dominant channel at the freeze out, the chemical potential of dark matter
is zero [103].
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Figure 2.3: The 3 — 2 self interaction. This process implies heating in the dark matter sector and
is responsible for the freeze out of SIMPs.
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Figure 2.4: Temperature evolution of self-interacting dark matter (dotted line) without communi-
cation with the SM sector (solid line). The rapid fall of the temperature indicates the freeze out of
number changing processes [104].

The time evolution of the number density of dark matter is given by the Boltzmann equation®,

dnpm
dt

where np)}; is the number density of dark matter particles in thermal equilibrium and (ov?)3_,2
is the thermal averaged cross section of the 3 — 2 process. For simplicity, we assume, there
is only one particle species with mass mpy;. In Chapter 3 we will also discuss the case, where

+ 3Hnpy = —(0v) 352 (0P + DT (2.2.1)

particles with different masses appear. The dark matter sector decouples from the Standard
Model bath (freeze-out) when the interaction rate decreases and reaches the value of the

Hubble parameter,

(2.2.2)

s o ’ ~H ) .
T=Tg T=Tg

5We neglect here the annihilation channel, where dark matter annihilates to Standard Model particles. This
process is sub-dominant, otherwise, dark matter is again driven by the WIMP mechanism.
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Figure 2.5: The SIMP paradigm isolated (top) and coupled to the Standard Model (bottom). The
dark sector cannot be completely secluded from the Standard Model sector since the number changing
process 3 — 2 heats up the dark sector only, creating relativistic dark matter states, which are excluded
by galaxy structure formation [105].

Here, T denotes the temperature at the freeze-out. The interaction rate decreases for two
reasons. First, the universe expands and it is less likely to find a partner to interact with.
Second, the universe cools down and particles have less energy. We can again estimate the
mass of SIMPs by the freeze-out condition,

2

T
& nbalovsoa| = 167v/g.(Tr) 1 1 (2.23)

F3_>2 ’ ~H
T=Tr Mpl

T=Tp ‘T:TF

Then, the mass” of SIMPs is given by,

(nTeq )” M MPI) § : (2.2.4)

mpm == 0.840eg
=\ 2h V. (Tr)

where we parameterized the thermally averaged “cross section” as follows

3

(0%
(0v%)350 = —. (2.2.5)
m
DM

Here, aeg is the effective coupling of the 3 — 2 process and can be larger than 1. On
dimensional grounds o3_,9 is not a cross section since it has units 1/ E®. Since we consider dark
matter masses of order MeV, the temperature scale allows us to set g, s(Tr) ~ g.«(TF) ~ 10.75.
For xF ~ 20 the mass of SIMPs is several tens of MeV,

MDM = Qeff X (40 MeV) (226)

"In the SIMP Miracle paper [44] the pre-factor is different since the Hubble parameter is approximated as
2 _— M, .
H ~ /3%—%1 ~ 0.33\/g*(T)MT—P17 where Mp, = \/2% is the reduced Planck mass.
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Whereas WIMPs have a mass in the GeV—TeV range, SIMPs are comparably lighter. In
addition, the freeze-out mechanism and the relic abundance are controlled by the strength
of the 3 — 2 process. This is only possible, however, if the 3 — 2 process is dominant and
2DM — 2SM annihilations are suppressed,

Fann < 1

I-\ ~Y )
3—2 T=Tp

(2.2.7)

where ',y is the interaction rate of 2DM — 2S5M channels. Otherwise, the freeze-out moment
is driven by the WIMP mechanism. Since the cooling of the dark matter sector is essential, we
require the ratio of the interaction rates between the cooling process I'¢oo1 and the annihilation
Tann to be small [44],

Tann . 7’LDM<0'U>amn - npmMm <1
- — )
ool nSM<UU>cool ngm

(2.2.8)

where ngy is the relativistic number density® given in Tab. 1.2 and (00)ann ~ (00)cool. For
the last equality, we take a DM particle with 50 MeV mass. From the above conditions it
follows,

I‘ann S FSHQ 5 Fkin (229)

T=Tp T=Tp T=Tp
In summary, dark matter maintains thermal equilibrium via DM SM — DM SM, while
annihilations to SM are suppressed. The Boltzmann equation can be expressed in terms of
the comoving number density (yield) ¥ = "2M,

dy
o= —s3(ov?) 30 (VP = Y2Y) (2.2.10)

In terms of the dimensionless quantity z = &

DM the Boltzmann equation reads [100],

dy g2s(T) Mpimi
& ¥ 052 e Plg;5 DM (502)5 45 (Y3 — YV2e) (2.2.11)

where the yield in equilibrium for non-relativistic particles is given by

Yoq = DM 145 90N 32, (2.2.12)
$ 9*,8(T>

An approximated analytical solution for the relic abundance was also found in Ref. [100]. We

focus only on the time after the freeze-out (r — 00), where the relic abundance for a MeV
dark matter is again given by Eq. (2.1.12),

MDM
MeV

QDMh2 _ PDM h2 _ npMmMpM h2

Pecrit

~ 28 x 105(

T—r00

) Y(z —o0). (2213)

Perit
Z—00

8When T drops below 100 MeV, the only relativistic particles in the thermal bath are electrons, positrons,
photons, neutrinos and anti-neutrinos.
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In terms of the difference A(x) =Y (z) — Yoq(z) the Boltzmann equation after the freeze-out
(x> xp, Yoq "= 0) is written as

2 T 4 .
dfz(x) ~ —0.115 g*’S((;)) MPI?DM (00%)3520% (). (2.2.14)
X gx\1F x

In order to solve the differential equation, we integrate over x and A separately,

Al) gA 9z s(Tr) > dx
— 0.115*78Mp1m4DM<0'U2>3H2/ — (2.2.15)
/A(UﬂF) A3 9+(TF) TR a

Thus, we can express the yield after freeze-out as
V222 A(zp)
2s(Tr)
\/0.115 %Mplm%M (O”U2>3_>2A(xp)2 + 2%%

A(x — 00) =Y (x — 00) =~ (2.2.16)

The yield difference A(zp) at freeze out (z ~ zp, A(x) < Yeq(z)) is obtained by considering
the Boltzmann equation around the freeze out,

dY. 92, (Tr) 4 2 A(z) 2
T;q ~ —0.115%MPWDM<JU )3%? (Yeq(z) + A(z))*. (2.2.17)
~Yeq(z)?
Due to the fact that dqu ~ —Y,q for large enough z, we can solve the Boltzmann equation
for A,
25
Azp) ~ e f . (2.2.18)
0.115 ;*(TF)MleDM<002>3—>2Y:9q(xF)
Then, Eq. (2.2.16) is given by
1/4
4 T
Y(z — 00) ~ 9+ (Tr) (2.2.19)
Gus(Tr)mE 1/ Mp1{ov?)3_9
5
X TF (2.2.20)
g* s(T )
\/ZCF +0.23 \/%MleDM<UU >3H2Y ( )
1/4 2
4 T
9+ (Tr)ap (2.2.21)

 Gus(Tr)miy/ Mpi{ov2)3 59

where 0.23 f}%MplmDva )3%2Y2 < 2% for mpy ~ O(100 MeV). In the end, the dark

matter relic abundance is approximated as

MmpMm
MeV

Qpaih? = 2.8 x 107 ( ) Y (z — o0) ~ 3207

0" (Tr)7% (MeV) GeV2 1y 5 99)

9xs(Tr) \'mpMm (ov2)359
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For a standard freeze out moment zr ~ 20 and a dark matter relic abundance Qpyh? ~
0.12 [6], the thermally averaged cross section (ov?)3 59 ~ 3 x 10° GeV~° for a dark matter
mass mpy = 100 MeV, indicating a strong scale. In Fig. 2.2 we illustrate the dark matter
yield for a dark matter mass 100 MeV and different values of averaged cross sections. Whereas
the relic abundance of WIMPs is mass independent, the relic abundance of SIMPs scales with
1/mpm. In the next chapter, one specific SIMP model is described.
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Publication about SIMPs

In the following publication [1] we investigate one specific model of SIMPs, where SIMPs are
Nambu-Goldstone bosons generated by chiral symmetry breaking in Sp(4). gauge theories!.
This project is based on the first papers by Hochberg et al. [44, 103, 106]. For simplicity, we
consider Ny = 2 dark fermions in the fundamental representation of Sp(4).%. The fundamen-
tal representation of symplectic groups is always pseudo-real, see App. A.1 for more details.
In the absence of a mass term and a mediator between the Standard Model and the dark
sector, the UV-complete Lagrangian of dark fermions has a global flavour symmetry SU(4),
which breaks spontaneously to Sp(4) via a fermion vacuum condensate (see Sec. 3 for more
details). Whenever a continuous symmetry is broken, massless Nambu-Goldstone bosons are
produced. These Goldstone bosons or SIMPs are composite states made of dark fermions
and live in the coset space SU(4)/Sp(4), see table in Sec. 3. Whereas at high energies strong
interactions are weak and both dark fermions and dark gluons are “asymptotic free”, at low
energies confinement leads to colourless bound states [107], where the coupling is strong®. In
the presence of a mass term or a coupling to the Standard Model, the global flavour symmetry
is explicitly broken. Consequently, Nambu-Goldstone bosons become massive. We investigate
various breaking patterns, where either SIMPs carry non-degenerate masses or are coupled to
a U(1) mediator. The former requires small mass splitting in the dark fermion sector. The
latter depends on the charge assignment of the fermions. Moreover, there are no baryons in
this theory due to the pseudo-reality. Glueballs are too heavy and are integrated out.

The dynamics of low-energetic SIMPs is captured in the effective Lagrangian. It contains ki-
netic, mass and interaction terms. The 3 — 2 interaction is absent in the chiral Lagrangian,
but can be included by the Wess-Zumino-Witten interaction [108-111]. In addition, the
Sp(4). gauge theory contains an iso-singlet 1’ due to axial anomaly at the quantum level.

1A Sp(4). theory has four colour degrees of freedom.

2We refer to dark fermions in this theory in order to distinguish from quarks in the Standard Model.

3This theory has many parallels to two flavour QCD. Pions in QCD are generated in a similar way, but
fermions transform under the complex representation of the gauge group SU(3).. In this case, the global
flavour symmetry SU(Ny)r x SU(Ny)r breaks spontaneously to SU(Ny¢)y, where Ny is the number of light
quarks involved.
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Moreover, the 10 vector and 5 axial-vector mesons were introduced as gauge fields of a SU(4)
symmetry, as described in Sec. 3. We derived the gauged Wess-Zumino-Witten interaction
with spin-1 states and an extra U(1)" gauge group. In the end, we analyze the multiplet
structure under U(1)" and when SIMPs carry non-degenerate masses. In parallel, the theory
is linked to lattice simulations, providing decay constants, mass hierarchies and testing the
validity of the theory.
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Abstract

Strongly interacting massive particles are viable dark matter candidates. We consider
a dark Sp(4) gauge theory with Ny = 2 fermions in the pseudo-real fundamental repre-
sentation and construct the chiral low-energy effective theory. We determine the flavour
multiplet structure and the chiral Lagrangian, including the Wess-Zumino-Witten term
for mass-degenerate and non-degenerate flavours. We then study the possible charge
assignments under a U(1)’ gauge symmetry, emphasizing on dark state stability, and
provide the full Lagrangian description for Goldstone bosons and vector resonances,
including the Wess-Zumino-Witten term. Finally, we use dedicated lattice simulations
to determine the chiral low-energy effective theory’s validity and low-energy constants.
This work represents a self-consistent study of this non-Abelian theory. It thereby pro-
vides a framework for future phenomenological exploration in connection to the dark
matter problem.

Copyright S. Kulkarni et al. Received 11-03-2022 )
This work is licensed under the Creative Commons Accepted 01-12-2022 o
Check for

Attribution 4.0 International License. Published 22-03-2023 updates
Published by the SciPost Foundation. doi:10.21468/SciPostPhys.14.3.044

Contents

N

1 Introduction

2 Symmetry breaking patterns
2.1 Lagrangian and global symmetries
2.2 Symmetries of the low energy mesonic spectrum
2.3 Parity and diquarks

ISR NS

3 Chiral Lagrangian for degenerate fermion masses 9
3.1 Low energy effective theory for the Goldstone bosons 9
3.2 The Pseudoscalar Singlet 12
3.3 Chiral Lagrangian including spin-1 states 13
3.4 The WZW action including spin-1 states 15



Chapter 3. Publication about SIMPs

37

SciPost Phys. 14, 044 (2023)

4 SIMPs under Abelian gauge symmetries

4.1
4.2
4.3
4.4

Charge assignment in the UV

Stability of the flavour diagonal Goldstone

U(1) interactions with mesons

Goldstone mass splitting through radiative corrections

5 Chiral Lagrangian in presence of small mass splittings in fermion masses

5.1
5.2
5.3
5.4

Mass and kinetic terms in the non-degenerate case

WZW Lagrangian in the non-degenerate case

Goldstone mass spectrum through partially conserved currents
The pseudoscalar singlet in the non-degenerate case

6 Lattice results on Sp(4). with Ny =1+1

6.1
6.2
6.3
6.4

Free parameters of the microscopic Lagrangian
Quark masses and partially conserved axial current
Results: Masses, decay constants and quark masses
Validity of the Chiral Lagrangian

7 Conclusions

A Sp(2N) groups: Defining properties and generators

B Mesonic states and multiplets

B.1
B.2

States and Sp(4) multiplets
Multiplet structure under SU(2), x SU(2)4

C Feynman rules

C.1
C.2
C.3

Feynman rules for degenerate fermions m, = my
Feynman rules for non-degenerate fermions m, 7# my
Feynman rules for non-degenerate fermions m, # my with n’

D Lattice setup

D.1
D.2
D.3
D.4

D.5

Action

Masses

Decay constants

Systematics

D.4.1 Finite volume effects
D.4.2 Finite spacing effects
D.4.3 Lattice asymmetry
Tabulated lattice results

References

16
17
18
19
20

23
23
24
25
26

28
28
29
31
33

35

37

39
39
40

42
42
43
44

45
45
45
46
47
47
47
49
50

54

1 Introduction

The absence of concrete, non-gravitational experimental signals for dark matter (DM) neces-
sitates the unbroken exploration of a wide variety of scenarios. Among these are extensions of
the Standard Model (SM) featuring a dark non-Abelian sector in the ultra-violet (UV) regime
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with confinement below some scale A in the infra-red (IR) regime. Within these scenarios,
confinement leads to bound states, containing potentially stable particles and opens up a new
class of DM candidates. The stability of bound states in such theories is either ensured by
means of introducing additional symmetries or, more naturally, the result of accidental global
symmetries of the theory. The composite states can then be considered DM candidates and the
viability of the theory can be explored further; for an overview on composite dynamics see [1]
and references therein.

The construction and exploration of associated phenomenology of such theories is however
far from obvious. While the UV Lagrangian is governed by a microscopic theory, the resulting
low-energy Lagrangian in the IR is an effective theory. As such, it has a limited range of
validity, and is parameterized by a number of low-energy constants (LECs) [2,3]. The range
of validity and the LECs are determined by the underlying theory, and can, e.g., be obtained
from lattice simulations [4,5]. In general, the formulation in the IR depends on the UV details
such as the gauge group, the particle content and the representations of participating fields.
For example, the chiral effective theory in isolation for the mass-degenerate Sp(4) theory,
including a determination of its range of validity and LECs, has been analysed on the lattice
in [6-8].

It is certainly possible that such theories live in isolation from the SM. Indeed, DM can
adjust its abundance in the early Universe free from SM interactions, e.g., by “cannibalizing”
through number-changing 3-to-2 or 4-to-2 processes in the dark sector [9-18]. However, cou-
plings to the SM additionally allow to regulate the dark sector temperature in relation to the
SM one, and, of course, open the door to experimental exploration. In either case, strongly
interacting dark sectors, see, e.g. [11,12,19-47] among many other works, are of high inter-
est in such scenarios as their low energy states are often endowed with sizeable interactions.
Particular interest have received strongly-interacting massive particles (SIMPs) that are the
Goldstone bosons of a dark confining gauge group and where 3-to-2 interactions are enabled
by the Wess-Zumino-Witten(WZW) term [11, 12,29]. The presence of these 3 — 2 interac-
tions in association with 2 — 2 self-interactions has generated sizeable further activity. For
example, [32] explores Abelian gauged SIMPs within SU(N) theories, [48] demonstrates the
importance of higher order corrections to the chiral Lagrangian for self-scattering in Sp(2N)
theories, [33,35] include dark vector resonances into the SIMP paradigm, while [36,37] have
analysed effects of isospin symmetry breaking (dark quark mass non-degeneracy) for dark
matter phenomenology. In most of these works, however, either a specific subset of the low-
energy effective theory was studied or a SM-like, i. e. SU(N) gauge group and fundamental
fermions, dark sector was considered. In addition, the masses and other parameters of the
theory were varied independently, instead of deriving them from the underlying UV-complete
theory. Only in a few cases contact to the UV theory was made by means of lattice simulations,
see [22,30,31, 34,49, 50].

It is the purpose of this paper to study one particular example of a confining gauge group
self-consistently, from the UV-complete Lagrangian to the low-energy description in terms of
the chiral Lagrangian. Concretely, we consider a Sp(2N) gauge theory with Ny = 2 fermions
in the pseudo-real fundamental representation. We allow for mass non-degeneracy of the two
flavours, study possible gauge assignments under a new dark U(1) symmetry and obtain the
multiplet structure of resulting low energy spectrum of mesons and vector resonances. Im-
portantly, our findings are supported and complemented by lattice simulations. Such unifying
effort is a first of its kind in the study of a non-Abelian dark sector. It provides the grounds
for a comprehensive and systematically controlled and extensible framework for future phe-
nomenological studies of this theory. Sp(2N) theories as we consider in this work have also
been a longstanding topic of interest in the composite Higgs community [1,51-58]. While in
isolation these theories are identical to our case, the main difference is the portal phenomenol-
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ogy to the Standard Model. While in the case of composite Higgs theories, some of the Sp(2N)
quarks transform under the Standard Model gauge group, in our theory, the Sp(4) quarks are
singlets under the Standard Model. This leads to different decay patterns and requirements
on the theory construction compared to those considered in composite Higgs literature. We
also note that in our theory, there is no tree level mixing between Sp(4) spectrum particles
and the SM e.g. composite sigma — SM Higgs mixing.

The paper is organized as follows: in Sec. 2 we introduce the global flavour symmetries and
clarify the quantum numbers and multiplet structure of states in the low-energy description.
In Sec. 3 we systematically develop the chiral Lagrangian and WZW term for the Goldstone
bosons, the pseudoscalar singlet and vector resonances for mass-degenerate quarks. In Sec. 4
we couple this theory to an Abelian gauge field, discuss possible charge assignments, study the
stability of states against decay into gauge bosons, provide the gauged WZW term and com-
ment on the radiatively induced mass splitting from such interactions. In Sec. 5 we allow for
mass non-degeneracy, and determine how the spectrum and interactions change. In Sec. 6 we
extend previous lattice simulations to cover the mass non-degenerate case, providing concrete
results for bound state mass spectra and decay constants; preliminary results on this effort
have been reported in [59]. We infer the range of validity of the chiral effective theory as a
function of the mass splitting, delineating where the theory changes its character to a hierar-
chical “heavy-light” system. In addition, we determine the relevant LEC for the coupling to
the U(1)’ gauge boson from lattice results as a function of the mediator sector. We conclude
in Sec. 7 and compile in four appendices a host of technical details, including pertinent Feyn-
man rules, useful expressions for operators and generators and states, and details of the lattice
simulations including studies of the systematics.

2 Symmetry breaking patterns

2.1 Lagrangian and global symmetries

The construction of the low energy effective theory starts by recognizing the symmetries of
the underlying microscopic theory in the ultraviolet (UV). In this chapter we first discuss the
symmetries of the UV Lagrangian for massless fermions. We then consider spontaneous chiral
symmetry breaking by the fermion condensate and show that this results in the same global
symmetry as an explicit breaking induced by degenerate fermion masses. Finally, we show
the resulting breaking patterns that correspond to non-degenerate fermion masses in the UV
Lagrangian or fermions under different charge assignments when coupled to a U(1) gauge
group.

The UV Lagrangian of a Sp(4). gauge theory — where the subscript ¢ for “colour” on the
group is used to highlight its gauge nature — with Ny = 2 fundamental Dirac fermions u and
d is given by,

L _
LY =—2Tr[ Gy G ]+ @ (y,Dy +mu)u+d (vuDy+ma)d, W

where spinor, and colour indices are suppressed. We will call u and d (dark) “quarks” in
analogy to QCD, even if they are singlets under the SM gauge group; D,, = g, + igA,, is the
non-Abelian covariant derivative with gauge coupling g and associated (dark) “gluon” fields
Ay = AZT“. We denote the generators of Sp(4), by 7¢ and the generators of a global Sp(4)
group by T The generators of Sp(4) are explicitly given in App. A. The Yang-Mills field
strength tensor is given by G,,, = 9,A, —3,A, +ig [AM,A,,] as usual.

The fermions in (1) are in a pseudo-real representation. Compared to a theory where
fermions are in the complex representation such as in QCD, the global symmetry of the La-

4
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grangian (1) is enlarged to a so-called Pauli-Giirsey symmetry [60,61]. Following [60], this
can be made explicit, by first introducing the left-handed (L) and right-handed (R) chiral Weyl
components of the Dirac spinors u and d,

_ (UL _(dL
(). (). @

One may subsequently group the left- and right-handed components,

i = (Zi) . = (3;‘) : S

Using the chiral representation of the Dirac gamma matrices, we may now rewrite the fermionic
kinetic term of the Lagrangian as

(v (6.0 0 (v
L:fermionic_l(lpi) ( HO ouD“) (UJR)' @

For this we have introduced the four-component notation o, = (1,5) and & = (1,—5) where
o ; are the usual Pauli matrices. We may now use the pseudo-reality condition of the colour
group, i.e., the existence of a colour matrix S for which the relation (7¢)” = $79S holds for all

generators 7%, as well as the relation 0,0 ,05 = 6; and rewrite the fermionic kinetic term as

u

T ,_
wif_ L[ Wl G,D" 0 Yy i e
L —l(azsz) ( 0 5,04 )\ opss =iv's, DV, (5)

In the last equality we introduced the notation where ¥ is a vector consisting of the four Weyl
fermions in this theory, which is known as the Nambu-Gorkov formalism,

uy,

wL) dp
v=| %" )= « | (6)

(UJR ooSuy

o,8dy

from where one may appreciate a global U(4) symmetry of the kinetic term. We observe that
J;R = 0,58y} transforms under the same representation of this global symmetry as ;. In
case of massless fermions this is the symmetry of the entire fermionic Lagrangian. The U(4)
symmetry is then broken to SU(4) by the axial anomaly analogously as to in QCD. For a theory
with Ny fermions the global flavour symmetry becomes SU(2Ny).

In the massless fermion limit the remaining SU(4) symmetry is subsequently broken spon-
taneously by the chiral condensate (iiu + dd) # 0. This can be seen by rewriting the chiral
condensate in terms of the generalized vector of spinors ¥ as we did for the kinetic term of
the Lagrangian [60],

- 1
iu+dd =—=VTo,SEV +h.c., 7
2

(0 1y
E_(—ﬂNf Of)‘ ®

Here, E is a matrix in flavour space. Under a global SU(4) transformation ¥ — UW this
expression transforms as

1 1
—E\I!TUZSE\P — —E\IJTUTostU\IJ, )
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COMPLEX PSEUDOREAL
U(2) x U(2) U(4)
axial anomaly | m, = mgq =0 m, = mg = 0 | axial anomaly
SU(2) x SU(2) x U(1) SU(4)
chiral symmetry breaking | m, = mq =10 m,, = mg = 0 | chiral symmetry breaking
and/or explicit breaking | m, = mgq # 0 my = mg # 0| and/or explicit breaking
SU(2) x U(1) Sp(4)
strong isospin breaking | m,, # mgq m, # mg | strong isospin breaking
U(1) x U(1) SU(2) x SU(2)

Figure 1: Comparison of breaking patterns in a theory with Ny = 2 fermions in
pseudo-real (right) and complex (left) representation. In any step, the symmetry for
pseudo-real representations is larger than for complex ones.

The condensate is thus invariant under all SU(4) transformations U which fulfil UTEU = E.
This is exactly the Sp(4) subgroup of the global SU(4). The matrix E is an invariant tensor of
Sp(4) and the flavour space-equivalent of the colour matrix S. By counting the generators of
SU(4) and Sp(4) we thereby obtain 15— 10 = 5 Goldstone bosons in this theory. In turn, for
general N¢, the remaining symmetry group after chiral symmetry breaking is Sp(2N¢).

Degenerate UV masses can be introduced by the term m(@iu+dd). They yield an additional,
explicit breaking of the flavour symmetry from SU(4) to Sp(4). For a general non-degenerate
mass term we may write

0 0 m, O
_ s, 1 4 1 4 0 0 0 my
myiu + mydd = 2\1/ o, MEWY +h.c. = 2‘1/ o, —m, 0 0 0 ¥ +hc.. (10)
0O —-mgy O O

This leaves only the Ny = 1, Sp(2) = SU(2) symmetry for each flavour separately,! and thus a
global Sp(2) x Sp(2) flavour symmetry. The breaking patterns are summarized in Fig. 1. The
mass matrix M = diag(m,, mg4, m,, my) containing the non-degenerate dark quark masses can
then be read from (10),

0 0 m, O
| o 0 0 my
ME=|_,.. o o o |

0 —-my O O

where E is given in Eq. (8).
Another source of explicit symmetry breaking are gauge couplings to an external U(1)
vector field V¥. Depending on the charge assignments of the fermions, this yields distinct

IThe actual group is U(2) x U(2), but one U(1) is broken by the axial anomaly, and the other U(1) is just fermion
number conservation. The global symmetry of a theory of N; fermions of mass my, and N, fermions of mass my,
is Sp(2N;) x Sp(2N,). See e.g. [62] for a dark matter model with a Sp(4) x Sp(2) symmetry of the fermionic mass
terms.
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explicit symmetry breaking patterns parameterized by a matrix Q in the Weyl flavour space,

Ebreak ~ VM‘I’T Qa,u‘l' . an

For example, a breaking pattern Sp(4) — SU(2) x U(1) can be realized, assuming that O is
diagonal. The choices of Q which preserve this nontrivial flavour subgroup are those for which
Q2 o< 1. This is incidentally the same condition usually proposed for anomaly cancellation
[35]. We show in what follows that this is no accident, and that the nontrivial remaining
flavour group ensures the anomalous vertex responsible for pion decay to vanish to all orders
(in contrast to SM QCD.) We can also realize a further breakdown to a Sp(4) — U(1) x U(1),
which has some significant implications for the stability of composite states of the theory,
allowing some of them to decay. An in-depth discussion of this is deferred to Sec. 4.

2.2 Symmetries of the low energy mesonic spectrum

We now turn to the symmetries of the low energy mesonic spectrum for degenerate and non-
degenerate dark quarks. As can be seen in Fig. 1 the flavour symmetry of the Sp(4). gauge
theory is enlarged compared to a theory with a complex fermion representation such as QCD
due to the pseudo-reality of the fundamental representation of Sp(4). This entails that also the
meson multiplets are enlarged in both the degenerate and non-degenerate case. There are now
five instead of three Goldstone bosons of two flavour QCD. We denote the Goldstone bosons
in this theory by > E,

The extra states are quark-quark and antiquark-antiquark states. The extra operators cor-
responding to the Goldstone bosons are given by [20, 22]

P =dysscul, 12)
nf =dTsCysu. (13)

For convenience, we will call these states “diquark” states. In this case, only diquarks of dif-
fering flavour are possible; other operators of this form vanish identically for spin-O composite
states. They can occur, however, for other spin states such as J =1 [8].

The multiplet structure of mesons for mass-degenerate fermions without coupling to any
other symmetry is discussed in [6-8] as well as in studies of SU(2)., which has the same
flavour symmetry as Sp(4)., with two fundamental fermions [63]. Besides the 5 Goldstone
bosons there is another pseudoscalar singlet under Sp(4) which is the analogue of the n” meson
of QCD. In turn, the multiplet of the vector mesons is enlarged to a 10-plet (whose states we
call pF--©) which includes the state that sources the analogue of the «w meson of QCD [8].
Due to the structure of Sp(4), mesons are either in a 10-plet, 5-plet or a singlet representation
of the global Sp(4) flavour symmetry [63]. In appendix B.1 we give explicitly the operators
that source the 7 and p mesons.

In case of non-degenerate fermions, the Sp(4) flavour symmetry is broken to
SU(2), x SU(2)4. It can be shown that the 5-plet splits into a degenerate 4-plet® and a sin-
glet under SU(2), x SU(2)4. The 10-plet containing the p-mesons decomposes into a 4-plet
of similar structure as the 4-plet of Goldstones and two degenerate triplets under each of the
SU(2),,q4 groups, i.e., the remaining 6 states will have identical properties. The 4-plets contain
in both cases the “open-flavour” mesons, i.e., two meson operators of the form al'd — where T’
is either y5 for the Goldstones or y,, for the p-mesons — and two corresponding diquark states.
In appendix B.2 we state the explicit transformations of the operators under SU(2), x SU(2)4.

2Note that SU(2), x SU(2),; ~ O(4), and thus the 4-plet can be considered to be in the 4-dimensional funda-
mental vector representation of O(4). This 4-plet can be decomposed into its two SU(2) representations explicitly
in a suitable two-dimensional tensor representation [64].
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Sp(4)e

My # My

Figure 2: The flavour structure of the meson multiplets for an Sp(4). gauge theory
with Ny = 2, compared to QCD with the same number of quarks. The multiplets of
Sp(4). are enlarged due to additional diquark states. When the flavour symmetry
is explicitly broken by non-degenerate fermion masses, m, # my, the pseudoscalar
and vector multiplets split further into smaller flavour-multiplets under the flavour
group. The unflavoured € becomes a singlet.

The six other spin-1 states are given by linear combinations of @l'u, dT'd and corresponding
diquark operators. They can be written in the eigenbases of the two SU(2),4.

Figure 2 groups mesons into degenerate and non-degenerate sets and compares them to
QCD with two degenerate fundamental fermions. In the case of different UV fermion masses
m, # my, ¢ becomes a singlet under the global flavour symmetry, whereas before it was
part of a multiplet. This has consequences for its viability as a dark matter candidate: it is
no longer protected by a flavour symmetry and, equipped with further interactions, may in
principle decay. Finally, as already alluded to above, coupling the strongly interacting dark
sector to a U(1) gauge symmetry can further break the remaining flavour symmetry and affect
the multiplet structure of the mesons. This will be addressed in Sec. 4.

2.3 Parity and diquarks

Conventionally, the transformation of a Dirac fermion under parity is defined as [65]

P:a(x,t) = yoy(—x,t). a4

This implies that parity mixes left-handed and right-handed components. This can be made
explicit by going to the chiral representation of the y-matrices,

Yr(x,t) = Pr(—x,t),
Yr(x,t) > P (—x,t).

This discrete transformation, which we shall refer to as “ordinary parity” leaves the Lagrangian
invariant and is thus a symmetry. However, it is important to note that the global flavour
symmetry mixes left-handed and right-handed components, and such transformation does not
in general commute with the parity transformation law given above. In other words, the
flavour eigenstates are not eigenstates of P. This has the consequence that a diquark Goldstone
state is rather a scalar than a pseudoscalar under P:

p: (15)

7E(x, £) = AT (%, )SCysu(x, ) — dT(—x, O)yESCysy°u(—x, t)
=dT(—x,t)SCysu(—x,t) = +nf(—x,t). (16)
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Table 1: Parity assignments of the quark-antiquark bound-states and the additional
diquark states. Under ordinary P-parity different parity-eigenstates occur in the
same meson multiplet. Only under D-parity all Goldstones can be classified as pseu-
doscalars and all particles in the p-multiplets as vectors. An extension of this table
is given in App. B.1.

| g2 JP
A, B, n¢ 0~ 0™
P, nE ot o
e M, pN,p% |17 17
el p% !, ph |17 17

The reason for it is the occurrence of the charge conjugation matrix C in the diquark states
for which yg Cyo = —C holds. Concretely, we find that the multiplet of the Goldstones bosons
consists of 3 pseudoscalar mesons and 2 scalar diquarks and the multiplet containing the p is
made up of 4 vectors and 6 axialvectors under P; these states may then change their ordinary
parity under flavour transformations.

We are, however, free to obtain a better definition of parity by combining it with any other
internal symmetry present in our Lagrangian, see e.g. [66]. Introducing an additional phase
in the transformation properties of the spinors (14), we may choose a new parity D that now
commutes with all flavour transformations [63]. It is given by

D : (X, t) — £iPY(x, t)P71 = +iygp(—x, ). a7

The extra phase cancels in all operators of the form aI'd but produces an extra minus sign in
the diquark operators. The new parity D is again a symmetry of the Lagrangian introduced
below and all members of a meson multiplet share the same parity assignment under D. In this
way, all Goldstones become pseudoscalars and all members of the p-multiplet become vectors
under D; see Tab. 1 for an overview of P- and D-parity of the mesons considered in this work.
For instance, the diquark ¥ transforms under the parity assignment D as follows,

mE(x, £) = d (x, D)SCysu(x, t) — i2dT (—x, t)yT SCysyu(—x, t)
=—dT(—x, t)SCysu(—x,t) = —nf(—x, t). as)

3 Chiral Lagrangian for degenerate fermion masses

In this section, we assume that the two fermion states u,d carry degenerate masses
m, = myg = m in the UV First, we analyse the mass spectrum of Goldstone bosons in iso-
lation from additional, external interactions. Second, we construct the chiral Lagrangian for
vector and axial-vector excitations of the theory.

3.1 Low energy effective theory for the Goldstone bosons

In this section, we recap the construction of the chiral Lagrangian for the (pseudo-Nambu-)
Goldstone bosons (PNGB), the “pions” of the theory. The final results agree with the litera-
ture [11]. Following [60], the effective theory of Goldstone fields can be written as fluctuations
of the orientation of the chiral condensate 3,

= eiﬂ/fnzoeiﬂT/fn , (19)
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which, under the action of U € SU(4), transforms as

»—-UxUT. (20)

Here, f,, is the Goldstone decay constant and X, is the orientation of the chiral condensate.
The latter depends on the remaining symmetry group after spontaneous or explicit symmetry
breaking. The Goldstone bosons are determined by the broken generators of the coset space
SU(2Ny)/Sp(2Ny). For our case of interest, with Ny = 2 flavours in the pseudo-real represen-
tation of the gauge group Sp(4),, there are five Goldstone bosons 71~> corresponding to the
broken generators T" (n = 1, ..., 5) of the coset space SU(4)/Sp(4) given by (A.6); the change
of basis to ~F used above is given towards the end of this subsection.
The Goldstone boson matrix takes the form,

s T3 T — 1Ty 0 s — 1Ty
_ n_ 1 T + 1Ty —1T3 —T5 + 17Ty 0
T= n,T" = —— . . 21
V2 0 —TT5 — 17Ty T3 T, + 1775
7'[5+i7'[4 0 7'[1_7:7'[2 —7Tl3

The effective Lagrangian needs to preserve the reality condition, Lorentz invariance, chiral
symmetry invariance (with vanishing UV masses), as well as parity and charge conjugation
symmetry. This yields®

2 3
L= f—Tr[a zotET] - % (Tr[MZ]+Te[ZTMT]) +.... (22)

Here, u has mass dimension one and is related to the chiral condensate as (it + dd) = u’%,;
the prefactor fﬂ2 /4 in front of the first term ensures a canonically normalized kinetic term.*

The ellipses stand for contributions, such as, e.g., Tr [8u28“2"']2 with prefactors of accordingly
higher mass-dimension.

In order to find the vacuum alignment ¥, we have to minimize the potential of the chiral
Lagrangian, which in our case amounts to min,_g (Tr [M S+xTMm ‘D The minimum is then
given by ¥, = E € Sp(4). Expanding the chiral field (19) in the “kinetic” and “mass” terms
of the chiral Lagrangian in terms of Goldstone fields 7t yields the ordinary kinetic, mass, and
interaction terms of even numbers of the Goldstone bosons,

6
Lyin = Tr[c’?urca“n] — % Tr[rcza”nauﬂ: — né’“ﬂ:né’un] +0 (n_4)

TT TT

5 6
1 1
- 2 I E — +
2 Oy mndtm, — 12f7%kn l(nkﬂ:ka oM, — m oy, ot n) (9( n), (23)

2 4 m2 S 2 m 25 2 ’ 76
Lmass= —m Trl:ﬂ: ]+3f TI‘[TE ]+O(f6) o - 1nk+48f2( T[k) +O(E)
24

The universal Goldstone mass is given by mi =2u’m/ fﬂz. By construction, only interactions
of an even number of Goldstone bosons are present; Tr[7t"] = O for n odd. We note in passing

3The mass term may be derived by treating M as a spurion field, as the global flavour symmetry should also
be manifest in the effective theory. M has to transform as M — U*MU" with U € SU(4) and ¥ — UV in order to
ensure full chiral/flavour symmetry in (10), see [60] for more details. This leads to the chiral-invariant mass term
at lowest order in M in (22) respecting the transformation of % in (20).

“The prefactor depends on the normalization of the generators as they enter exponential of (19). For instance,
fRet 1 = 3£, where fRe 111 js the decay constant used in [11] and differs from ours by a factor 2.

10
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that the four-point interactions of same-flavour Goldstone bosons only emerge from the “mass
term” (24).

A five-point interaction is induced by the Wess-Zumino-Witten (WZW) action [67—69]. The
latter is written as an integral over the five-dimensional disc Qs,

—iN . —iN, L% 5
S =—" Tr{(Z7d2)° | = £ T (Z}'—d )
WZW = 24072 st @] = o2 LS r[ ax "

_ —iN,
T 24072

(25)

J. dxtdx"dxPdx?dx*Tr[%75,550,5573,2x79,559,5] ,
Q

where N, is the number of colours. Expanding in terms of Goldstone fields and using Stokes’
theorem as well as dx*dx”dxPdx® = dx*e**P° makes the five-point interaction evident in
the Lagrangian density,

2N,

Lyzw = We’”p” Tr[nauﬂtavrcapnaan]+O(7t6/f7f) (26)
TT
2N, .
= —C_eM"Pom,8,1;0,m 8, 0y, Te[T'TITRTI T |+ O (n®/£8)
1572f5 n
N vpo
= me” P (nlaunzavngaprt430n5 — 90,710,730, T 40, 530,710,750, 405 Ts

+ 7048,711 0,750, 50, T3 + nsaunlavnzapn3aan4) +0(n%/f8). @27

As can be seen in the final form, the WZW term yields purely flavour off-diagonal interactions.
Moreover, the WZW conserves both P-parity and D-parity, since spatial derivatives change sign
under these parity transformations.

The full chiral Lagrangian is then given by the sum of kinetic, mass, and WZW terms,

L = Lyjn + Linass + Lwzw - (28)

We point out that four-point and five-point interactions between Goldstone bosons remain
present in the massless limit M — 0. The Feynman rules are given in the Appendix C. We
note that the expressions here are connected to the basis in section 2 labelled by capital Latin
letters A, B, ..., as

mh 1 i 0 0 O T4
B 1 1 —i 0 0 O Ty
¢ |=—] 0 0 +v/2 0 0 g (29)
P Y2l 0 0 o i 1 I
nt 0O 0 0 —i 1 g

This defines * = 7?7 and ©P = 7f7, and is useful once U(1) charges are assigned in section
4. The generators of the new basis are given in (A.18).> Also, in Sec. 5 we describe the con-
sequences of introducing a mass splitting between the fermions in the UV, It leads to different
couplings among the Goldstone bosons and to a splitting of the low-energy mass spectrum.

5A similar relation is used in QCD with two flavours u, d where it relates the Goldstone bosons defined through
the Pauli matrices of the flavour symmetry o; by 7; = Uy50,% (i = 1,2,3) with & = (u,d)” to the commonly used
pions w* = ¥y ;0*¥ and ° = Uy 0¥ as

t 1 1 i 0 T
T = — 1 —i 0 . T (QCD). (30)
0 2\ 0 0o vz ﬂj

11
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There, we shall see that one Goldstone occupies the lightest mass state, which can be identi-
fied with the state 3 = ¢, making its special role evident. Explicitly, the expanded chiral
Lagrangian in the new basis reads

1 1

L :8M7TA3“11:B + —aunca“nc + a“nDa“nE —m? (TL'ATEB +=nn¢ + nDrrE)
2 " 2

m?

12f2

1
12f2

+

1 2
(7TA7TB + ETCCTCC + ’/'TDTL'E)

|:4(7IA7TB —+ %n% —+ ’I‘CDTEE) (aunAE?“nB —+ %a“nca“nc + aunDa“nE)

(B
—(nAa“ﬂ:B + mBo A + 1€t nC + P ot nt + nEa“nD)Z :|

16N,

uvpo B__ B c D E
+—5\/§7T2f56 |:2(75A3Mﬂ: s 8MnA)8vn Opm 5T
7'E

+2 (ﬂDa“TL'E — nEBMﬂ:D) avncap A8, B + nCaHnAavnBap TEDaO.TL'E:| +0 (71:6) s
where we used the relations

5
1

E n2 =ntnf + —nZ + nPrk,
2

N

n=1

N

5
1
> 8,md m, =g,k nP + SGunCarnt +g,nParnt,
n=1

5
Znnaunn =nohnl + nBornt + n€otnC + nPotnt + nfotnP, (32)
n=1

4v2
3 Tr [nauna,,napﬂ:aan] =2 (nAa“nB — TEBaMTL'A) avncap nPa, nt
+2 (n:Da“nE — ﬂ:EaunD) avncap A8, P
+ nCaMnAavnBap nPo,nk.

3.2 The Pseudoscalar Singlet

Our theory, like in QCD, contains an iso-singlet state 1. The state is associated with the
U(1), subgroup of an extended flavour symmetry U(4) = SU(4) x U(1),. This symmetry
is broken anomalously at the quantum level, just as in the SM. However, unlike for the SM
1’, by construction this state receives no contribution from a heavier flavour like the strange
quark, and so it can be close in mass to the Goldstone bosons outside the chiral limit. We
can compare this state to the 1’ of QCD, with the distinction that there is just one 7 state
in this theory, rather than a doublet which mixes and yields the 1 and n’. This meson is
especially interesting as it can mix with the remaining singlet Goldstone boson 73 once the
flavour symmetry is broken down to SU(2), x SU(2)4. Also, depending on the mass hierarchy
of the theory, it can be unstable, but potentially long-lived, which would have interesting
implications for phenomenology.

We account for 1’ in the chiral Lagrangian by including the generator T° = 21—1@14X4. We
remark that while this state may be close in mass to the Goldstones, it is not identifiable as a
Goldstone and thus can differ in mass from the Goldstones even for degenerate quark masses.
We encode this into our low-energy theory by assigning 1’ a different decay constant from that
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of the Goldstones and by explicitly breaking the U(1), symmetry through an additional mass

Am o
term 2N [f Zln ((f;tg )] —+n’ 2. The 1’ is then included in our chiral Lagrangian by
performing an extra rotation on the vacuum®
2in’TO 2i
Z:exp(L)exp(l—n)E. (33)
fn’ fn

The various interactions involving the 1’ can then be calculated from the relevant terms in the
chiral Lagrangian. We find,

2 2 5
1 ms + Am?, m2 m2
L= L+ Ll + Ligu + 50um 00— ———Tn? + —Zon + —E? > n2+ 0(n%), 34
2 2 4812 8f2 o

where L% +LT +L7. is the Lagrangian for the Goldstone bosons 7 given in Egs. (23), (24)

mass

and (26). Here, we used the redefinition n’ — %n’ in order to ensure that the kinetic term for
1’ is canonically normalized. We hence find, that the decay constants of 1’ and the Goldstone
fields are equal in the leading order of the chiral Lagrangian.” In the limit Am,, — 0, the
pseudoscalar singlet ” and the Goldstones 7, have the same mass m, = 2,u3m/f7f at the
lowest order in the chiral Lagrangian, since Tr[7"] = Tr[n'n"] = Tr[n"’n"] = Te[n>7"] = 0
for n odd and n < 3. For Am,, # 0, ' remains massive even in the chiral limit. Interactions
with 9, n’ are absent and four-point interactions with 1’ are only generated by the mass term
of the chiral Lagrangian.

In the mass degenerate case, the WZW term involving only pions and 7’ vanishes due to
anti-symmetry of epsilon tensor and flavour structure of the coset space where the pions live.
The phenomenology of such 1’ has been explored in the context of Sp(4) composite Higgs
theories [53,57]. We once again stress that the phenomenology in our case will be different,
for example the 1’ in our theory can not decay to SM particles at tree level. Any decay to SM
final state will be mediated by the portal between SM and Sp(4) gauge group.

3.3 Chiral Lagrangian including spin-1 states

In order to include the lightest vector and axial-vector states of the theory, we can use the
concept of hidden local symmetry from QCD [71], as has already been done in [7]. Here, the
spin-1 mesons are introduced as dynamical objects by describing them as the gauge bosons
of a spontaneously broken local symmetry. We stress that this is an effective treatment and
that the spin-1 states are not fundamental gauge fields and that the local symmetry is purely
auxiliary.

To this end, we take a second copy of the SU(4) flavour symmetry and “gauge it.” This
introduces 15 vector bosons, corresponding to the gauged SU(4). The symmetry is broken
in the low-energy regime, and in addition to the five PNGBs 7t¢T¢, we have fifteen (exact)
PNGB o?T?. The latter are “eaten” by the vector bosons, providing them with the longitudinal
degrees of freedom required for the massive vector fields,

15
W= >.poTC. (35)
a=1

©Under the axial group U(1), we have 1/, — e*“1,, and the chiral field transforms as & — e~2*3. Upon con-
finement, the flavour symmetry U(4) breaks spontaneously to Sp(4)xU(1),. The Goldstone bosons including the n’
live in the coset space U(4)/(Sp(4) x U(1),). The determinant of the chiral field is then det > = exp Z‘F“v #1.

7This is not overly surprising, as in the large N,-limit the U(1), anomaly vanishes, S =f0+ O(l/N ) [70],

and 7’ can be considered as an additional Goldstone boson in line with the construction of the chiral field in
Eq. (33).
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The pz decompose into a lighter ten-plet and a heavier quintuplet, corresponding to the un-
broken/broken generators of SU(4), respectively. These can be identified with the ordinary
vector and axial-vector multiplets in QCD, see Fig. 2. Explicitly p,, is given by

p® pt—ip? 0 p®—ip?
oo = 1 pl+ip? —p3 —p° +ip* 0
WG 0 —p®—ip* 1/)3 , pl+ip?
p®+ip? 0 pt—ip -°° /, (36)
o+ pls pB—ip8 V2p10 —i(pb + p9) o —ip?
1 13 +ip8 PS5 —pl4 P —ip? VZp12 —i(p®— p?)
2v/2 | V2 +i(pb+p%) p!t+ip” —(pM+p™) —(pB+ip®) ’
e +ip” V2p"? +i(p®—p?) —(p®—ip®) —(p—p' u

with the first line defining the matrix describing the lightest axial-vector states under D-parity,
and the second line being the vector states under D. We may then complement our chiral
Lagrangian by adding the kinetic and mass terms for the spin-1 states,

1 1
L, =—§Tr(pwp‘“’)+ Emi Tr(p“p“), 37

with p,, = 8,0,—0,p,—18, [pw pv] being the non-Abelian field strength tensor. The p mass
can be expressed in terms of low-energy constants (LECs) of the full SU(4) x SU(4) theory [8].
We retain here m,, as a free parameter, but it will be ultimately fixed by the ultraviolet theory,
see section 6. By inspection of the p matrix in the generator basis (36), we can identify the
QCD-like spin-1 states. Transformations between these two bases are given in Appendix A, see
in particular equation (A.17)

The interactions between the Goldstone bosons and spin-1 states may be obtained by in-
troduction of a “covariant derivative”,

D,z =38,5+ig,(p.=+Zp]), (38)

where g, is the phenomenological coupling between spin-1 meson states and the Goldstones.
In practice, coupling the axial-vectors in this way results in non-diagonal kinetic terms when
we promote our derivatives to covariant ones in the leading order chiral Lagrangian. Coupling
both vectors and axial-vectors in this way ensures that axial vector states are always higher
in mass than the vector states. To make this explicit, we follow [72] and expand our kinetic
term to quadratic order in the fields. The kinetic terms for Goldstone and axial-vector fields
are non-diagonal:
1

V2

where q,, = 22:1 p,’ka is the matrix describing the five axial-vector states, defined in (36).
The action is diagonalized by the field re-definitions

1 2
Lyin = ETr (8un— fngpau) 5 (39

= 8p =, . —1x —17
,u_)a,u,"'—fﬂ:ay,ﬂ:: n—Z T, fTE_)Z f‘n:’
\/Em% (40)

z2=(1 —gﬁfj/sz)) ~(1 +gl23f7$/2m’23)_1 ,

a

where the tilde superscript is reserved for the physical basis, and can be dropped once the
action contains only physical states. This splits the vector and axial-vector states in terms of
their masses, with the axial-vector mass now related by

2=

mz—mf)/Zz. 41D

14



Chapter 3. Publication about SIMPs

50

Sci| SciPost Phys. 14, 044 (2023)

The exact value of Z, and therefore the relative mass of the axial-vectors, now depends on the

low-energy constants g, f and m,. The value of g, is often estimated 123y the Kawarabayashi-

Suzuki-Riazuddin-Fayyazuddin (KSRF) relation [73, 74] ng, o %, which implies that

7’ ~ % This value of Z ensures that axial-vector states are heavier than vector states by
a factor of ~ +/2. The KSRF relation has been tested on the lattice for Sp(4), gauge theory
with quenched fundamental fermions, with the discrepancy between lattice and theoretical
values being ~ 10% [8]. We can conclude that the axial-vector states should always be signifi-
cantly heavier than the vectors. In what follows, we will usually neglect these states, assuming
them to be decoupled.

We stress, however, that the applicability of KSRF in symplectic theories is not yet a settled
issue. Studies on SU(2) gauge theories have found that the relation overestimates the value
of the p wm coupling by > 20% [75]. We reference it here only to provide a rough estimate on
mass splitting between vector and axial-vector states.

3.4 The WZW action including spin-1 states

In this section we show how to include the spin-1 composite states in the “anomalous” dark
sector interactions induced by the WZW action. In the spirit of the construction above, it is
clear that the action (25) alone is not “gauge-invariant” and additional terms must be added
to restore invariance; they may be obtained iteratively by the Noether method.
To proceed, we use the Hidden Local Symmetry framework, and following [72, 76], we
first define the fields®
L=d=>", R=3%Tds, (42)

with d> = dx*3, %, in terms of which the WZW action may be rewritten in the compact form,

Tyzw =C f Tr(L)® = Cf Tr(R)°, (43)
Qs Qs

with C the prefactor of the integral in (25). We recall that the chiral field transforms as
> — UZUT with U € Sp(4). Restricting our focus to the lighter spin-1 ten-plet, infinitesi-
mally, U is given by 1 +iG +... with G = G*T%, a =6,...,15 an element of the Lie algebra;
the generators are given in App. A. The infinitesimal transformation is then

- 2+i(GZ+26T)+..., (44)

i.e., the infinitesimal variation in = under Sp(4) is given by 6% =i (GZ + ZGT) . The ensuing
variation of WZW action is then given by

STwzw = SCif

Tr(dGL* + dG"R*) = —SCif
Qs

Tr(dGL® —dG"R?). (45)
M4
In the second equality we have used the property of the exact forms dL —L? =dL® —L* =0,
dR+R? = dR®*+R* = 0, and applied Stokes’ theorem. Now we introduce the 1-form p =p,dx",
and use the leading order expression for the variation in p, 6 p ~ dG, to find the first correction
the WZW action,

F\s\,lz)w = Twzw +5Cig, f Tr(pL®—pT"R?). (46)
M4

8Unlike in QCD [72] field L(R) does not transform as a nonet under the left(right)-handed part of the chiral
symmetry. Our considered theory possesses an enlarged flavour symmetry, and we consider only the two-flavour
case. We use this notation only to save space, and for some consistency with the literature.
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This process can be repeated to iteratively build the full expression for the gauged WZW ac-
tion. We simply find the variation in this first correction under local Sp(4) and determine the
appropriate counterterm whose variation in p will cancel it. We now present the particular
form of the gauged action for Sp(4). gauge theory:

FWZW(Z,p)=1"\%)Z)W+5Cing Tr(pL® — pTR?)
M4
5
+—Cg2f Tr(prL—pTRpTR)
2 w4
+SCg§J Tr(dpdzp =" —dpTdnpx) 47)
M4
_SCing;J. Tr(pg'L—(pT)SR—O—prTZ"'pL—pTZTprTR)
M4

—5Cg? f Tr(p’zp = —(p7)’ =px),
M4

with L and R given by (42). It should be noted that the previous expression is not just valid
for working out interactions involving composite vector states. It is valid for any symmetry
with the transformation law (44). This means that gauging the full SU(4) flavour symmetry,
rather that just the Sp(4) subgroup, allows us to characterize the interactions involving also
the axial-vector quintuplet. We stress that the gauged expression for the WZW action allows
studying number changing interactions that include vector states. If the kinematic conditions
are favourable, i.e., if vectors and scalars are close in mass, this will affect the SIMP mechanism
for DM freeze-out [33]. We also note that the explicit construction of WZW including the rho
mesons has allowed us to realize that two of the remaining p mesons are unstable due to
the AVV anomaly. Thus, not all (off-diagonal) p mesons of the theory are stable as claimed
in [29]. The generic expressions for the WZW term for SU(2N;)/Sp(2Ny) breaking have been
previously presented in [77] and for general coset space they are presented in [78]. It should
be noted that the use of Hidden Local Symmetry (HLS) has allowed us to use gauge invariance,
thus fixing all free parameters of the Lagrangian shown in Eq. 47. The HLS formalism in
general holds for a complex representation of SU(N) gauge group. We expect it to be valid
also in our theory, however no explicit lattice tests exist.

4 SIMPs under Abelian gauge symmetries

Eventually, we want to couple the non-Abelian dark sector to the SM. A simple, but by no means
the only option is to gauge (part of) the theory under a new Abelian dark gauge group U(1)".°
The new (massive) vector V¥ may then kinetically mix with SM hypercharge. Denoting the

respective field strengths by V,,,, and B,,,, the interaction is given by,

€
Line = ——B,,,V*”, 48
™ 2cos 6y, MY (48)
where 6y, is the SM weak angle. The consequences and phenomenology of this “vector portal”
have been studied in great detail; see [80-82] and references therein. For example, after elec-
troweak symmetry breaking and when the V#-mass is well below the electroweak scale, (48)

?See e.g. [79], where a Sp(2N) gauge theory with 2N; Weyl fermions is coupled to the SM through an axion-like
mediator. We also note in passing that the vector portal induces at loop-level also a Higgs-portal coupling. Since
we only consider leading-order effects, this loop-suppressed contribution is left for future work. Note that any
explicit Higgs portal coupling will be at least a dimension-five operator, due to the fermionic nature of our dark
quarks, and thus will be suppressed as well, and is hence likewise postponed.
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Table 2: Possible charge assignments, their associated symmetry breaking patterns,
and ensuing multiplet structure. When n¢ is a singlet, it is not protected by the
flavour symmetry and can in principle decay.

Charge Assignment O Breaking Pattern Multiplet Structure
¢ A
diag(+a,—a,—a, +a) Sp(4) - SU(2) x U(1) nP |, (ns)
E
T
¢ D
diag(+a, +a,—a,—a) Sp(4) - SU(2) x U(1) s (TEE)
B
T
) oy (7Y (7P
diag(+a,+b,—a,—b),a#b  Sp(4)—UM)xUW) (=), (5 ). (s
0O 0 a O -
0 0 O =a B nl-E
e 0 0 0 Sp(4) = SU(2) x U(1) ;f,D , (HB,A)
0O £a 0 O

B
other off-diagonal assignments Sp(4) — U(1) x U(1) (n©), (:;), (2]3) or similar

induces “photon-like” interactions with SM fermions f, eqy f Yuf V¥ where g is the electric
charge of f. The new vector is then commonly referred to as “dark photon.” For the purpose
of this work, our principal interest lies in exploring the various options of coupling V* to the
non-Abelian dark sector. The study of its phenomenological consequences is left for future
work.

4.1 Charge assignment in the UV

In what follows, we explore the possible charge assignments of the Dirac flavours under U(1)’.
We summarize the findings in Tab. 2. Since the Weyl basis is used to make the global sym-
metries of the theory manifest, we may also look at the transformation properties of the Weyl
spinors under U(1)’. The “vector” ¥ which collects the Weyl spinors of our theory is related
to the Dirac fields through (6). Fixing the charges of our Dirac fields is therefore sufficient in
fixing the charge assignment in the basis of Weyl spinors.
Under a local U(1)’ transformation with gauge parameter a(x), the components of ¥ trans-
form as
Wi s exp [ia(x)Qij]\IJja ~ pld +ia(x)Qij\IJja, 49

with i,j flavour indices and a denoting the colour index of each component of ¥. The in-
troduction of the covariant derivative then renders the theory invariant under U(1)’ gauge
transformations,

3,0 — D, W' = 3,¥' +ie,V, Q; ;W (50)
Q;; is a symmetric matrix in flavour space containing the U (1)’ charges of our Weyl flavours;
ep is the U(1)’ gauge coupling and the gauge field transforms as V¥ — V# + %a(x)v“.

To begin with, let us restrict ourselves to the particular case of diagonal charge prescrip-
tions. To obtain vector-like couplings, the definition of ¥ in (6) implies that the first (second)
and third (fourth) components must have opposite charge. Now for any vector-like charge
assignment in Dirac flavour space (a, b), the charge matrix for the Weyl spinors is then given
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by

Q = diag(+a,+b,—a,—b) (vector-like assignment). (D

Gauging the theory under U(1)’ may provide a source of explicit global symmetry breaking.
To understand this, we study how the gauge interaction term in the Lagrangian,

£ —epV, ((¥)) 5" 0, w%), (52)
transforms under the remaining flavour symmetry Sp(4) as
Wi o Vi = (140N TN + . ) wie, (53)

with i, j flavour indices. Here, N = F, ..., 0, correspond to the Sp(4) subgroup of the SU(4)
flavour symmetry, as given by (A.18). Only the variation under this subgroup is relevant since
the global SU(4) is already broken.

The variation in the Lagrangian density is found to be

5L=iepV, ('T,0N[Q,1TV]Y), (54)

This expression is general and not specific to a particular choice of U(1)’ charges. We see that
the remaining flavour symmetry is spanned by those generators T¥ of Sp(4) that commute
with O.

Making use of this expression allows us to identify the unbroken symmetries for any par-
ticular charge assignments. The distinct choices are outlined in table 2. We find that two diag-
onal assignments preserve an SU(2) x U(1) subgroup of the flavour symmetry, while all others
maximally break it to U(1) x U(1). In what follows, we show that these flavour-conserving
interactions lead to anomaly-free couplings between Goldstone bosons and the dark photon.

We now turn our attention to the possibility of off-diagonal couplings, i.e., allowing charge
assignments Q;;, i # j in (50). Thereby, the various Weyl flavours may couple differently to
the U(1) field, allowing, for example, flavour changing processes. Since (54) is valid for
any symmetric Q, we can also see how these flavour changing assignments affect the global
symmetries of the theory. We see similarities with the diagonal prescriptions; again exactly two
assignments preserve a SU(2) x U(1) symmetry, while all others maximally break the flavour
symmetry to U(1) x U(1). We note that from the definition of ¥ (6), it can be seen that the
flavour-conserving assignments are those which couple the left- and right-handed components
of the same Dirac spinors u and d. While two of the charge assignments shown in Tab. 2 are
the same as those identified in [11], we also identify the existence of the flavour changing
currents.

4.2 Stability of the flavour diagonal Goldstone

In the DM context, the question of the stability of the Goldstone bosons is of course of crucial
importance phenomenologically. In particular, the stability of the flavour diagonal Goldstone,
7€, is important to understand. As is the case for the SM QCD neutral pion, a coupling to an ex-
ternal mediator (dark photon) can destabilize the particle. In order to establish the stability of
particles under a particular charge assignment, it is sufficient to determine the representations
in which the particles transform under the remaining flavour symmetry. In particular, when
all Goldstones transform in a non-trivial representation of the preserved symmetry, they are
protected from decay. The multiplet structure of Goldstones under various charge assignments
are given in Tab. 2.

For all assignments discussed in the previous section which maximally break Sp(4) flavour
to U(1) x U(1), all off-diagonal Goldstones acquire a net U(1)’ charge. Since the diagonal
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Goldstone state remains uncharged, it splits from the others and is made a flavour singlet. As
a result, it can decay. The symmetry-preserving assignments are a different story, however.
When the symmetry is instead broken as Sp(4) — SU(2) x U(1), then only a pair of Gold-
stones from m4BP-F acquire equal and opposite U(1)’ charges. The remaining PNGBs form an
uncharged triplet which transforms in the adjoint of the remaining SU(2) flavour symmetry.

We remind the reader that our discussion of global symmetries thus far has assumed that
the theory contains two degenerate Dirac flavours. In the presence of mass-splitting between
the dark quarks, flavour symmetry is already broken to SU(2) x SU(2) and the =€ is always a
singlet, although accidentally stable in the isolated Sp(4). sector. Once we couple it to the dark
photon, it is expected to become unstable, as it is not protected by any symmetry. Care then
must be taken in ensuring that such theories, when entertained as DM scenarios, can be made
consistent with constraints from the astrophysics and cosmology; we leave such exploration
for future work.

Finally, we comment on the stability of the iso-singlet pseudoscalar, the n’. This particle is
always a flavour singlet. This ensures no charge assignment protects its decay. As soon as the
hidden sector is coupled to U(1)" the n’ will be destabilized, and decays through tree level
processes mediated by pairs of dark photons, like the corresponding n’ does in QCD.

4.3 U(1) interactions with mesons

We now turn our attention to the interactions in the dark sector with the U(1)’ field. To
see how the light mesonic states interact with the associated gauge field, we must examine
the transformation properties of the vacuum under the U(1)' symmetry. Under U € U(1)/,
3 transforms as

T UsUT ~2+id(x)(0z+x0T), (55)

with o’ parameterizing the local U(1)’ transformation. From this we can determine that the
covariant derivative acting on %,

D % =0,%+iepV,(Qn+%Q"), (56)

In the following Q is taken to be diagonal and U = U”. As discussed in the previous section,
the presence of this coupling breaks the global flavour symmetry to some subgroup of Sp(4).
A subset of the PNGBs become charged under U(1)’ and couple directly to the dark photon.

The specifics of the interactions of the dark photon with the pion fields depend on the
charge prescription Q. An interesting aspect of this theory is that through different choices
of charge assignment, we can selectively couple the vector to different pairs of off-diagonal
pions. For example, for the previously mentioned (+1,—1,—1,+41) prescription, we couple
only to the ©® states with interactions of the form

Ly_p=—2iepV*(n?3,n® — nB3,n*) + 2V, VFrin®. (57)

For a (+1,+1,—1,—1) charge prescription, we couple only to the other pair of Goldstones 7t2>-f

with the same type of interaction seen above. This property distinguishes the theory from two-
flavour QCD. Here, even nontrivial charge assignments can preserve stability of all Goldstones.
A pair of states carry U(1)’ charge, while the remaining states form a flavour triplet. The above
interaction Lagrangian sources two distinct interactions, a three point interaction from the first
term, and four point interaction from the second. Both of these interactions must be taken into
account to obtain gauge invariant results. The explicit Feynman rules are provided in Appendix
C.1.
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In addition to the Goldstone mesons, the spin-1 mesonic states interact with V¥. Gauge
invariance of our action is preserved through the inclusion of the term

Ly p=—LV,,Tr(Qp") . (58)
&p

Performing a global flavour transformation of the vector multiplet (transforming in the ad-

joint representation of the flavour symmetry), we verify that £,,_, respects all symmetries not

already explicitly broken by gauging the theory.

Again, the question of charge prescription is of central importance. The trace in (58) picks
out only the flavour diagonal vector mesons, but, in addition, specific charge prescriptions will
induce mixing among different flavour-diagonal vector mesons. For Sp(4), at hand, there are
two flavour diagonal vector mesons, p™V'°. The first (second) charge assignment in Table (2)
couples only to pV (0©). This implies that one of these states is stable against decays into
the SM, while the other is unstable for both of these assignments. This fact also highlights an
interesting difference between Sp(4) gauge theory and standard QCD: since the Goldstones
of the former theory do not transform in the same representation as the vectors under flavour,
they are not protected by the same symmetry. The flavour-diagonal p can decay while the
flavour-diagonal Goldstone boson remains stable.

Decays of Goldstone bosons occur through processes mediated by pairs of dark photons.
The relevant w — V — V vertex is sourced by the gauged WZW action. Following the same
process described in subsection 3.4, the anomalous interactions involving the dark photon can
be computed by gauging the WZW term under the U(1)’ symmetry. The complete expression
is

FV‘\/]ZWZSCif epVTrQ (L —R?)

M (59)

—1ocf e2VdVTrQ*(L+R),
M4

with dV = 9,Vdx*. For example, the term in the second line leads to the following interaction

2
I %gwﬂv“avvan(gzaﬁn). (60)
Since all the generators of SU(4)/Sp(4) are traceless, it is clear that the condition Q2 o< 1 is
sufficient for this vertex to vanish for all Goldstone bosons. The two flavour-conserving charge
assignments given in table 2 satisfy precisely this condition. Since these charge assignments
ensure that all Goldstones transform nontrivially under flavour, this cancellation holds to all
orders, and this anomalous vertex is not generated by higher order chiral terms. This is not
generically the case for other gauge theories. For fermions in complex representations, the
anomaly cancellation condition Q2 o< 1, cancels this vertex only at leading order. Higher order
terms facilitate this interaction [35] and so allow Goldstones to decay, highlighting another
key difference between pseudo-real and complex representations.

4.4 Goldstone mass splitting through radiative corrections

In the presence of explicit symmetry breaking due to U(1)’ charges, the masses of our charged
Goldstones are renormalized. This can be incorporated into the theory through the inclusion
of an explicit term of the form

‘CV»split = KTI‘(QZ sz) 5 61)
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Figure 3: Diagrams contributing to the Goldstone mass-splitting due to U(1)’ gauge
interactions. Curly lines denote U(1)’ gauge propagators, solid lines p meson propa-
gators. Empty dots signify vertices which sum over bare couplings of the Goldstones
to V¥, as well as contributions from mixing with the p mesons. The crossed dot in-
dicates oscillation between V* and p.

where « is the associated LEC, describing the induced mass splitting due to the gauge inter-
actions. For all charge prescriptions which preserve 7€ stability (with Q% o< 1), Goldstones
charged under U(1)’ acquire a correction to their masses which takes the form

2Ke2

Am? = D
b 2
fz

Any overall rescaling of the charge matrix can be absorbed into the definition of ep. For
other charge prescriptions, corrections for a given Goldstone can be acquired by multiplying
the above by a factor of Qi /(2ep)?, with Q, the U(1)’ charge associated with the particle in
question. With the full chiral theory, this mass splitting can be estimated through resonance
contributions to the self-energy of the Goldstones, under the assumption of vector meson dom-
inance [83].

Assuming that axial vectors are heavy enough as to be decoupled, the three diagrams of
figure 3 need to be computed. Using the interactions discussed in previous sections, we may
evaluate the mass corrections at leading order in mft. We compute the diagrams in figure 3
with the external Goldstone lines on-shell and assume vector meson dominance [83], wherein
the form factors of the Goldstone bosons are dominated by the spin-1 multiplet at low energies.
The leading order expression is obtained by neglecting the terms proportional to the on-shell
momentum squared. Expressed as a loop integral, the correction takes the form

2 _ .2 4
Amn—6eDmpf(

(62)

d*q 1
2 (g (a2 m2)”

with the left-hand side of the equation denoting the self-energy of the Goldstone evaluated
on-shell. Such a treatment done entirely in terms of the low energy degrees of freedom of
the theory hence allows us to estimate the Goldstone mass splitting. Equation (63) can be
evaluated to determine the leading correction to the charged Goldstone masses, which takes
the compact form

(63)

6e2 m’? m?2
Am? = DZZ—”Zlog(—Z . (64)
2n)* my —m3 mZ

This result is exact in the chiral limit, and is independent of the hierarchy between V and p.
The expression is continuous even at the crossover point my = m,,. Comparison with (62) lets
us finally give an estimate of k, expressed as a dimensionless ratio, at leading order

2 2 2
3 fi/m m

K4 ~ 2 2TE 2p log Z : (65)
mg  4rn mV/mp—l mg
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U (1) breaking parameter k against dark photon mass my
1071 ‘ ]

K/m,
S
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1077 =2Sp(4), : my,/ fr = 7.37(15)
1078 L :]Sp(4)( : m/)/fﬂ = 808(32)
= QCD : m,,/f?r = 8.34(2)
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Figure 4: The low energy constant k parameterizing the explicit symmetry breaking
due to the U(1) interaction in units of mg as a function of my /m, according to
(65). The ratio of the dark vector meson mass to the dark Goldstone decay constant
m,, /f, has been constrained through the lattice results of [6]. We quote the results
for two limiting cases: First, for the lattice simulation with the heaviest fermions
for which leading-order chiral perturbation theory is expected to hold. This corre-
sponds to m,/f, = 7.37(15). Secondly, for the extrapolation to the chiral limit,
where m,/f, = 8.08(32) was found. We conclude that this relation shows only a
very weak dependence on the dark quark masses. In addition, we plot (65) for the
experimental value of Standard Model QCD.

Here, two different hadronic quantities of the strongly interacting theory enter: the mass of
the vector mesons m,, and the decay constant of the (pseudo-)Goldstone bosons f. They are,
however, not independent LECs and their ratio is constrained from lattice data [6]. Hence,
once the underlying theory is fixed, k only depends on m;, and one ratio of dark hadronic
observables; see also section 6.1 for a discussion of the free parameters of the UV complete
theory.

Close to the chiral limit, i.e., in a regime where m,/m, > 1.4, m,/f, > 7 always holds [6].
The heaviest fermions for which the theory was sufficiently close to chirality resulted in
my/fr, =7.37(13). An extrapolation to the chiral limit yielded m,, /f, = 8.08(32).

In Fig. 4 we plot (K‘ / m;‘)) as a function of my /m, for the two aforementioned ratios of
m,, /f, as well as the experimental value from SM QCD. We see that the underlying gauge the-
ory strongly constrains (65). Even for different gauge groups the results are very similar [84].
Therefore, the quantities f, and m, and even their ratio can, in general, not be considered as
free, independent parameters. Fig. 4 also illustrates the potential for fine radiative mass split-
tings, independent of the splitting between Dirac flavours. my, and e, remain independently
variable parameters, allowing a wide range of mass corrections to be obtained depending on
what phenomenology is of interest. We also note that the expected behaviour of x as a split-
ting between V and p occurs is reflected in Fig. 4, with radiative corrections diminishing as
my becomes large.
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5 Chiral Lagrangian in presence of small mass splittings in fermion
masses

In this section, we study the consequences for non-degenerate fermion masses in the UV,
m, # mgy. Whereas this is the case for any two flavours in QCD, for the SU(4). case of in-
terest here, the low-energy effective theory in the presence of a fundamental mass-splitting
has not yet been studied. As mentioned in Sec. 2.1, the global flavour symmetry group SU(4)
breaks explicitly to Sp(2), x Sp(2)4 for m, # m, in the two flavours u = (u;, iig),d = (d;, &R).
We may restrict ourselves to positive mass splittings Amy, = my —m, > 0; the opposite case
is simply achieved by a relabelling of the fields u — d and d — u as nothing else distinguishes
them. The remaining symmetry Sp(2), x Sp(2)y invites us to switch to another basis where
the generators are (anti-)block-diagonal given by (A.12). We denote the generators in this
basis as T¢. The mass matrix can then be expressed as a sum of block-diagonal forms,

ic, O 0 o0 , .
M=Mu+Md=mu(lgz 0)+md(0 ia):zi(muTuZ+dej), (66)
2

where M,,M, are mass matrices of the respective flavours and T2,T? are generators of
Sp(2)y x Sp(2)q-

5.1 Mass and kinetic terms in the non-degenerate case

When mass splittings are taken into account, the low energy decay constants as well as vacuum
condensates will generally be modified, or, better, carry a flavour-dependence. Our choice of
decay constants and vacuum condensates that enter the construction of the chiral Lagrangian
is motivated by the lattice results of Sec. 6. Concretely, we make the following replacement
when considering split u and d quark masses,

f m#mg | fr  for myo4s 3 m#mg [ uS =3 o3SEqu) 67
T fr, forms ’ ud = 3(dTo,SEd)
where E, = io, is a matrix in flavour space. The chiral condensate changes to
3
0 3 My 0 E 0
_|—u; O O 0 1_ 32 _ 3 (sdes. _ .3
@ad=| 0" o o w|=Hi|o vip, | =4 (20 +a%0), = 4] (Zo)yy . (68)
0 0 —u3 o ‘

where deg' = F is the vacuum alignment for m, = m,; for concreteness we have chosen to
pull out a factor of ,ug which shall serve as overall normalization. Switching to the (anti-)
block-diagonal basis given in (A.12) and denoting the change of % in presence of different
chiral condensates as AX, we arrive at,

0 0
AYy = 3_u3 . 6
0 0 Mdmuu E, (69)

For the chiral Lagrangian for non-degenerate fermion masses in a generalization of (22) we
may take the ansatz,

2
L= Liin + Lonass = %Tr[QHZB“ZT] — %Mi (Tr[M=]+h.c). (70)
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The chiral field is now parameterized as follows,

Y=exp|— Z nka+f—7r3T3 Yo exp f—rr3T3+f— Z nk(Tk)T . (7D
T k=1,2,4,5 73 73 T k=1,2,4,5

In order to obtain canonical kinetic terms, a rescaling of the fields is necessary,
2u3 fry  V2u3
—— 5k (k#3), Ty — =2 —— % 1,

p3 + fr \Jug+u§

In terms of the rescaled fields according to (72) and the chiral field (71) expanding (70)
we may write the Lagrangian in terms of its mass-degenerate form Cdeg +£?Ifagss plus additional

terms that will vanish once the mass-degenerate limit m, = my is taken

T —

(72)

2 ;2
deg. deg. T T3 2
L=L kin +L mass + 2 3

1 (pg+200u5 —30g) <
T T Oy T O 1t — T Oy e O 1T
R G o, kA )

5
Z(a T3 My — T30, ) (¥ mamy — 3P )
k7é3
6(,,3 _ 1,32 5
1 g (g — )
130, (¥ g — 3ot
6f2(ud+u3)2(ud+u6)z 3ui (0t = a0
kA3
(G + 20308 — 3u) m? (an)z w8 (U3 — p)2m2 + 2 (U6 + u8) (m2 _mm)) (in)

48f,$(ud +u3)? —k 24£2(ud + u2)2 (us + uf)

ué (u3 —u3)* (m2 —m2 )

1 ugud—ud)?
82 (U3 + pu2)2(u§ + ub) &

n=1

d 3+0 (n6)
24f2(ud + ud)? (ug + ud)
(73)
Here, Eiff ,£3%8 are found in (23) and (24) with £, as on the R.H.S. of (67) and m,, defined
through
= = 2ub(m, +my) o 2ub(myul +mgu) . 74

s fud+py) ™ F2(8 +pd)

As can be seen, whereas 7 5 45 remain degenerate, 73 is now split from the other states.
In other words, 71 5 45 form a multiplet and 73 transforms as a singlet under the symmetry
SU(2), x SU(2)4. It should be noted, that such mass-difference only appears for u; # u,
and the introduction of different chiral condensates was necessary to induce such splitting.
Similarly to QCD, in leading order in the chiral expansion, the Goldstone masses do not depend
on the difference in decay constants f, # f.,. Of course, once m, = my, the Goldstone
spectrum becomes degenerate and the global flavour symmetry Sp(4) is restored.

5.2 WZW Lagrangian in the non-degenerate case

Next, we consider the WZW term for the PNGBs for non-degenerate fermion masses. Due to
the correction factor in %, in (68) also the five point interaction is modified. In its compact
form, the WZW term may now be written as,
N,
L Z—S”VpaTrAaAaAaAaA,,
wWzZwW 240725 [As >3 o3 >3 5 ] (75)
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where Ay, 1= Zg A= (EA+ AZ A), A:= (A%, + Zp#T) and

2u’ . vau? .
70[::#3 E 71:ka+$7'53713
(“3 + :“d) k=1,2,4,5 (,US + MS)

Here, m has already been used in its rescaled form according to (72). Expanding the La-
grangian as usual, we find that the effects due to non-degeneracy yield a modified pre-factor
multiplied onto the Lagrangian that is equivalent to the degenerate case LZS\%'N with f, as on

the R.H.S. of (67),
6 6
o HVEE S e 6
WZW 1/5.”;,_9‘ WZW

The prefactor is larger (smaller) than unity for u, < ug (U, > ug.) The total Lagrangian
including the WZW interaction is then given by the sum of (73) and (75).

5.3 Goldstone mass spectrum through partially conserved currents

We may also obtain the mass difference of the pseudo-Goldstones from the chiral Lagrangian
(70) by means of current algebra instead of direct computation. We switch again to basis of
generators given in Eq. (A.12), but all following quantities are also valid in the basis (A.6),
replacing T¢ by T?. Recall that under a SU(4) transformation, the chiral field infinitesimally
transforms as

ZoUsUT =2 +i6,[ T2+ 2(T9)"]. 77)

Before we derive the Goldstone masses, for completeness, we begin in the massless theory and
establish some basic facts. The Noether currents associated with the SU(4) flavour symmetry
read

2 iZT[Te{z,a#27}] a=1,3,5
u -fTC us T Fra #a\T — 22
T |yoo =i Tr[2M! (Tem+n(T)")] = iZT[Te[x,0v21]] a=24 (78)
0 a=6,...,15.

Hence, the currents are non-vanishing for generators associated with the Goldstone bosons.
Under ordinary parity P (see Eq. (14)), the currents associated with a = 1,3,5 and a = 2,4
are axial-vector and vector-currents, respectively: PJﬁ 3,5| Mm=0(X,t) = —Jf, 3,5| m=o(—X,t) and
PJgAIM:O(J'c', t) = J;AIM:O(—J'Z, t). However, under the generalized parity D, all Goldstone
bosons are pseudoscalars and the currents associated with a =1, ..., 5 are indeed axial-vector
currents, DJ¥ |y _o(%, t) = —J¥|y—o(—%, t). To leading order we have,

J5|M=O ﬁfﬂ:auna, a=1,...,5. (79)

As is evident, in the massless theory, these currents are conserved, J, JH M=o = 0, implying
the masslessness of the Goldstone bosons. We now turn to the massive theory, M # 0, and
establish the mass spectrum. To this end, we first note that the change of the Lagrangian upon
the SU(4) transformation in (77) reads,

-3
iu;

L—L——46, {re[Te (=M —M'=N)]+Te[(T9) (Mz—xTMT)]} . (80)
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From the general definition of the Noether current J}, one may use the above expression to
identify the non-conserved currents for the generators associated with the Goldstone bosons,

i3
o gt = ll;u {Tr[fa (=M —Mtx)] +Tr|:(Ta)T (M- Z"”M”")]}
e [ Tl My —{MTT})] for (Ta); =T%a=1.35 1)
=7 X wlr(=MI-[mM",=T])] for (T¢) =—T9 a=2,4
0 fora=6,...,15.

We may now use the method of partially conserved axial currents which posits,
3uJt 10y = m? fr |ma(p)), (82)

and compare the masses on the right-hand-side with the ones obtained by the direct evaluation
of the traces in (81). Accounting for the rescaling in (72), we obtain

2.“3("111 + md)

Fr(ud +u3)
2us(m,ul + mgu3) (83)
3 3 It3(p)) -
Fr(us +u3)
3,J"10y=0, n=6,...,15,

3,J} 10) =~ lm(p)), k=1,2,4,5,

u
9, J5 |0) =~

The comparison with (82) shows that we recover the masses previously found in (74).

5.4 The pseudoscalar singlet in the non-degenerate case

Finally, we work out the role of )’ in the non-degenerate fermion mass case. For this, we again
perform an extra rotation on the chiral field in Eq. (71),

o
>z - exp[f—ln'TO]Z. (84)
n/

Then, the kinetic term in the chiral Lagrangian up to fourth order in the fields is given by

1 1 atr
Lyin = = Zaunka“nk +=(0um3 Gm')K an 2l+onY) (85)
2 o 2 m

where we have used the redefinition of the fields following (72) and, additionally rescaled n’
as,
3
[N fn’ 1/Eluu ’
f—ﬁn . (86)
LERVE Uil U
As can be seen, in the non-degenerate case, a kinetic mixing between 75 and 0’ is induced by
the off-diagonal elements of K,
(ui—ng)

1 —u_—ds_

- 2(ug+ug)
Kl 0 | &7

2(pg+ug)

We put the kinetic term into canonical form in terms of the diagonal fields,

Atz _ T3
(n) =s'20, (n) (88)
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where Oy, is the orthogonal matrix, that diagonalizes K (mixing angle 7t/4) and S is composed
of the eigenvalues of K in the diagonal, fulfilling S = OkTinK Oyin- The matrix S is given by

1 3ul + ub 0
e (M )
Z(Md+uu) 'ud+ My

In the new basis Eq. (88), the kinetic terms are then diagonal and canonically normalized.
We now turn to the mass term in the chiral Lagrangian after rescaling of the fields (72)
and (86),

ps(my, +my) T
L =2(mup3 + mguly) — 2_—(n3 n')M ( 3)’ (90)
mass uy f2 ([.43 _'_Md) kzﬁ a-r317 )

where the squared mass matrix of 73 and n’ takes the form

) b (Z(muuﬁ +mgu’) 2(myu —mgul) )

M —_— oD
73’ f2(‘u6+‘ud) 2(muuu—md,ud) 2(muuu+mdud)+2 Am f

We see that in addition to kinetic mixing there is also a mass mixing. We recall that Am?, was
introduced as an explicit breaking of the U(1), symmetry. Switching to the new basis (88),
the mass term is then diagonalized by the transformation,

ﬁS _—_NnT 7%3 _ cos Gmass sin Qmass
( ﬁ/ ) N Omass( ﬁ/ )’ Omass o ( —sin emass cos Omass )’ ©2)

with the mixing angle 6,,.. given by

frame,+/(ug +3ug) (3u + ug)
fnz,Amfl, (u§ —us) —2x_

tan 26, = (93)

where x. = %((mdug (,ud +3uu) +m,u;, (S,ud +,uu)) For Am,, = 0, the squared mass
matrix is automatically diagonal (6,,,,; = O) after diagonalization of the kinetic term. Likewise,
in the mass-degenerate case, no kinetic- and mass-mixing is induced even for Am,, # 0. The
total Lagrangian in the new basis is given by,

L= Liin+ Lomass = = Za mH e+ 15  figOM ity + = auﬁ’a“ﬁ’

2=
m2 m12T m2 %4
~ 7) ~/ ~
+2(mu,u3+md,u§)—7n2ﬂ:i— 237'1:% — 1 2+ o(7"h),
s
with masses
m2 = m2 _ ZMS(mu + r;ld)
T 71,2,4,5 fZ(MB +u ) ’
T u d
, s [fRamd (ug+uQ)+x,  yFiamd, (uf+ug)+x2 — Fram? (ug - ug)x
m = —5 >
2\ (Gug ) (ug +3ug) (30§ + 18) (G +3018) ©3)
,  Aug faam?, (ug +pg) +x, \/f Amy (“d+“6) +x2—fram7, (ug —ug) x_
m;,=—-
TR\ (Bug + ug) (uG +3ug) (3§ +u8) (1§ +3u)
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As expected, the pseudoscalar )’ has a larger mass than 3 and remains massive even in the
chiral limit for Am,, # 0. The Goldstone and 1’ spectrum become degenerate for Am,, =0,
once m, = mg, U, = Kq. For Am,, = 0 the masses reduce to

9 6,3
2 _ Snu'umu 2 _ 8,U.U,U.d my
M = 2 (b1 306) T 2 (30 4+ o) ©6)
fn(l"l'd+3‘uu) fn(gud_’_'u'u)

In Sec. 3.2 we showed that at leading order 1’ does not appear in the WZW term in the
case of degenerate fermion masses. In case of non-degenerate fermion masses, the iso-singlet
1’ enters the WZW interaction through the mixing effects between 1’ and m5. In the basis in
which kinetic and mass terms are diagonal, we obtain,

6 6 6 . .
Ve _ ‘ud ('uu + ‘u‘d) ( COs emass _ Sin emass ) [’deg.,ﬁ ( COS Qmass _ Sin emass ) Ldeg.,ﬁ' (97)
Wzw — 9 WZW WZW >
V2u VEuG T ug G+ 3ug Vg +3ug /3G + g

deg.,®t . . . . ~ deg., i’
Here, Ly, is given in (76) where 73 is replaced by i3 and L7, takes the same form as

£3§§"”vn in (76) with 75 being replaced by 7’.

6 Lattice results on Sp(4), with Ny =1+1

6.1 Free parameters of the microscopic Lagrangian

The chiral Lagrangian has several low-energy constants that cannot be obtained from the ef-
fective theory itself. These can be determined from the underlying UV-complete theory. As
the UV theory is strongly interacting, this requires a non-perturbative method, for which we
choose lattice here. This allows us to follow standard procedure for the task at hand [4]. Any
potential influence of gauging under U(1)’ as discussed above is expected to be small, and can
thus be accounted for by using perturbation theory a posteriori. A similar situation arises in
the SM weak interactions of mesons, where the same approximation also holds very well [85].

In the following, we thus consider the strongly interacting Sp(4). gauge theory with two
fundamental Dirac fermions in isolation. The mass degenerate case was already studied in [6]
and pioneering studies in Sp(4), Yang-Mills theory and the quenched theory have been carried
out in [7,86,87]. Since we use the Sp(4). branch of the HiRep code [88] developed in [6, 7]
for the simulations, we use the same technical framework. We briefly repeat the pertinent
details in App. D.

The theory has three free parameters, the gauge coupling g and the two bare fermion
masses m, and my. In the context of lattice calculations, it is convenient to express the gauge
coupling as 8 = 8/g2. Note that both the coupling and the fermion masses are the unrenor-
malized bare parameters and thus unphysical.

In the continuum theory, the overall scale would be set by one of the dimensionful pa-
rameters, but in a lattice calculation it is convenient to use instead the finite lattice spacing a.
Masses are then measured as a multiple of the inverse lattice spacing a~! and we report here
the dimensionless products am in the following. Only once some dimensionful quantity is
fixed, e.g., by experimental input, explicit units become possible. Fixing the scale, and thus
the lattice spacing, implies that also one of the bare lattice parameters is fixed. It is con-
venient to choose the gauge coupling for this fixing of the scale, leaving two dimensionless
quark masses to uniquely characterize the physics. These two free parameters can be used to
fix two observable quantities, e. g. properties of the dark hadrons such as masses or scattering
cross-sections. All other results are then fixed.
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Since a tractable way of deriving these quantities from observations requires a treatment
using the effective field theory, we can only see a posteriori which input parameters of the
microscopic theory (if any) provide viable Dark Matter candidates. In addition, we need to
ensure that the effective theory is a sufficiently controlled approximation to the underlying UV
theory. This will be done by comparing predictions of the EFT to first-principles results from
the lattice.

Remaining agnostic about the values of the two fundamental dark quark masses, we study
different combinations of them. We always start from degenerate dark quark masses, and we
then incrementally increase one of them, breaking the flavour symmetry from Sp(4) down to
SU(2), x SU(2)4 explicitly. For small breaking and sufficiently light quarks, Sp(4) should still
be an approximate symmetry and we expect to see 5 relatively (compared to the other meson
masses) light pseudo-Goldstone states of which 4 will remain degenerate. For larger breaking
this will at some point no longer be the case and the system is expected to resemble a heavy-
light system. For one extremely heavy dark quark we expect to see the pattern [34, 60] of a
corresponding one-flavour theory for the lightest states. Since we vary the value of one of the
bare quark masses to study a one-dimensional subspace of the three-dimensional parameter
space and we already leave an overall scale undetermined we only have to fix one remaining
bare quark mass through a suitable observable. Once this is done all other lattice observables
are predictions

In Fig. 5 we depict the previously outlined workflow. We emphasize that all bare input
parameters are unrenormalized and thus unphysical (this includes the bare quark masses).'°

We fix the remaining bare quark mass (which remains unchanged when we break the
flavour symmetry) through the ratio of the vector meson masses to (one of) the pseudo-
Goldstones m, /m, at degeneracy. In the chiral limit, the Goldstone modes become massless
and the ratio diverges, m,/m, — oo. In the limit of extremely heavy quarks all meson masses
are dominated by the mass of the valence quarks and the ratio approaches unity, m,/m, — 1.
Thus, the larger this ratio becomes the closer we are to the chiral limit. In the Standard Model
the experimental value of this is m,/m, ~ 5.5 —5.7 and for the pseudo-Goldstone bosons of
a three-flavour theory the K and 7 mesons, they are m,/my ~ 1.5 and m,/m, ~ 1.4.

In this work we have studied ensembles where this ratio in the mass degenerate limits'!
are m,/m, ~ 1.15,1.25 and 1.4. These values are slightly smaller than those suggested
by existing phenomenological investigations of such theories as dark matter candidates [35].
Eventually, we also want to study ensembles with m,/m, > 1.4. However, they come at a
significantly increased computational cost and we defer this to future work. We conclude,
that our quark masses relate to the intrinsic scale of our theory similarly as the QCD strange
quark mass relates to the QCD scale as the mass ratio is similar. Note that in all cases the
aforementioned ratio is smaller than 2 and the p at rest cannot decay into two Goldstone
bosons.

6.2 Quark masses and partially conserved axial current

In the previous section we discussed how to choose the unrenormalized bare quark masses
for our lattice simulations. We stressed that these input masses are unrenormalized and thus
regulator-dependent and unphysical. An obvious question is, therefore, if there is a way of
calculating a "physical" quark mass. This is however not possible. Due to confinement there
is no notion of a physical quark mass since no physical quark has ever been observed in ex-
periment. Any definition of a quark mass is scheme-dependent and necessarily not unique. In

0More precisely, the lattice spacing acts as an ultraviolet cutoff A = a™!, and the bare parameters are the ones

at the cutoff. Thus, in the formal continuum limit of a — 0, they will be either zero or infinite.
HFor the degenerate case, if possible, we give results from [6], since these have been obtained on larger lattices
with better statistics in comparison to ours. This will be indicated where necessary.
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pick physical target quantities (e.g. m,/ms)
that characterize the parameter space of interest
2
start with arbitrary unrenormalized,
unphysical lattice input 8, m,,, mq
¥

run lattice simulation

¥

perform analysis and obtain physical
quantities such as hadron properties
¥

are
the target
quantities
(e.g. mp/my)
obtained?

no use results to
—— 5| obtained improved
values of 8, m,, mq

‘ done ‘

‘ all other observables are lattice predictions! ‘

Figure 5: Workflow for choosing suitable input parameters m,,m; and 3. These
input parameters are unrenormalized and thus unphysical. They are chosen such
that a set of observables has a prescribed value (in our case the ratio m,/m;). All
other observables are then predictions from the lattice. Note that we do not fix the
overall scale of our observables in our analysis.

the context of Standard Model QCD several ways of a defining a quark mass are being actively
used. See for example the current PDG review [89] for a detailed discussion of quark masses
in the SM.12

The scheme-dependence of any quark mass implies that quark masses are comparable only
in the same scheme at the same scale y. This implies that we need to determine the renor-
malization constants of the bare quark masses m, and my, in order to obtain the renormalized
quark masses my ) and mg). Our discretization of the fermion fields on the lattice makes this
even more challenging: The Wilson discretization of fermions breaks chiral symmetry explic-
itly on the lattice and results in both a multiplicative and additive renormalization of the bare
quark mass as long as the lattice is finite, i.e. a > 0 [4].

We can, however, instead define a quark mass based on the partially conserved axial
current (PCAC) equation from (82) which relates the axial current to the pion field and
the axial Ward identity (AWI) which connects the axial current to the renormalized quark
mass m{"). We can restrict ourselves to the AWI for the 7 pseudo-Goldstone which reads
aqu: = (ml(lr) + mfir))&ysu. This entails that we can also define an unrenormalized quark mass
through correlation functions Cp(t) of the unrenormalized axial currents iiyyysd and iysd

21n fact, beyond perturbation theory the situation is even worse, and it is not settled if a concept like a quark
mass can be defined in a confining theory at all. Especially, the quark propagator has not necessarily a suitable
pole structure, see e. g. [90] for a discussion.
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(see e.g. [91] for a detailed discussion and other equivalent definitions),

penc 1 18Crpr (0) 18 [ d3R(@(X, )yorsd(X, 1)) a(0)ysd(0))
m = lim ——————>=— = lim —
=02 Gy (0) =002 [ d@3F((a(X, t)ysd(%, £)) a(0)ysd(0))

(98)

At large times t the ratio of the two correlation functions in eq. (98) tends to a constant
which we identify as the PCAC-mass. In the mass-non-degenerate case this expression gives
the average mass of up-type quarks and down-type quarks. In our setup we try to keep one
of the quark masses fixed. This then allows us to determine the fixed mass directly in the
degenerate calculations and deduce the other mass in the non-degenerate case.'®> The PCAC-
mass is related to the renormalized (average) mass by a multiplicative factor

m = Zapeac 99)
Zp

and is therefore an unrenormalized quantity. In order to obtain the renormalized mass the
factor Z,/Zp needs to be determined and a scheme to be chosen. This is however quite involved
and in addition a matching to other commonly used renormalization scheme is needed in order
for this mass to be used in perturbative calculations (see e.g. [85]). We therefore skip this
calculation in this work and point out that the renormalization factors cancel if we consider
ratios of PCAC-masses such as mF“A¢/mPCAC since only multiplicative renormalization occurs.
Note that the PCAC relation is closely linked to chiral perturbation theory and the Gell-
Mann-Oakes-Renner (GMOR) relation in particular - see section 5.3. Calculating the PCAC
masses and the chiral condensate and comparing this to the GMOR relation cannot be consid-
ered to be a truly independent and quantitative test of chiral perturbation theory. We can still
use it, however, as a qualitative test by examining the dependence of square of the Goldstone
masses on the PCAC-masses and comparing the results to the expected linear behaviour. This
can be found (although with a differently defined unrenormalized quark mass) in [6]. In this
work we are primarily interested in the effects of strong isospin breaking. We will take the
relation at mass-degeneracy for granted and using (74) we determine the (unrenormalized)
chiral condensates. We will see that at a sufficiently large strong isospin breaking this will
no longer be possible which might suggest that at this amount of strong isospin breaking the
chiral Lagrangian at this order is not an adequate description of the Goldstone dynamics of

the underlying theory. This is done in section 6.4.

6.3 Results: Masses, decay constants and quark masses

We have calculated the masses and decay constants of both the Goldstones and the vector
mesons as well as the previously outlined unrenormalized PCAC masses. The lattice setup and
the lattice action as well as the techniques used for extracting the masses and decay constants
from the lattice can be found in appendix D. A detailed study of lattice systematics is given in
appendix D.4. Here we present the results which we expect to give a suitable approximation
of the continuum theory.

The masses for the ensembles with varying m, /m, at degeneracy are shown in Fig. 6. We
see that, both for the Goldstone and vector mesons, the flavour-neutral states are the lighter
states once strong isospin breaking is introduced. This makes the m€the lightest state in the
theory. The remaining 4 Goldstones are heavier and remain degenerate. At some point the
6 lighter vector mesons—among them the p” —become even lighter than the heavier pseu-
doscalars.

31n principle, there is the possibility that changing one parameter can affect the other. We do not see any sign
of this, but it would require further investigations to settle beyond doubt.
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Figure 6: Masses and decay constants of the pseudo-Goldstone mesons and the vector
mesons for different non-degenerate fermion masses against the ratio of the unrenor-
malized PCAC masses. One fermion mass is kept fixed while the other is incremen-
tally increased. Therefore, all meson masses increase with larger fermionic mass
difference. The unflavoured pseudo-Goldstone is the lightest particle in the spec-
trum of the isolated theory. For a larger mass difference between the fermions the
unflavoured vector mesons get lighter than the flavoured pseudo-Goldstones. At this
point the EFT based solely on would-be-Goldstones is certainly no longer adequate.

-

A similar pattern is observed for the decay constants of those dark mesons shown. The un-

flavoured decay constants are smaller than their flavoured counterparts. This is seen for both

the Goldstone and the vector mesons. Furthermore, the unflavoured vector decay constant
shows a maximum at intermediate values of the dark quark mass splitting.
Note that we observe more effects of the finite lattice extent for the lightest ensembles with

m,/m, ~ 1.25 at degeneracy and in addition we see finite lattice spacing effects for heavy

mesons for both m,/m, ~ 1.4 and 1.15 at degeneracy. We again refer to appendix D.4 for a
discussion of lattice systematics.
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We conclude that for large mass splittings the system more closely resembles a heavy-light
system where the unflavoured mesons are the lightest hadronic states. At some point the
mass of the second dark quark is so heavy that it decouples and the low-energy part of this
theory is effectively a Ny = 1 theory which contains three vector mesons and one (massive)
pseudoscalar [34]. In this case the theory develops a hierarchy of scales.

6.4 Validity of the Chiral Lagrangian

The chiral theory of Secs. 3 to 5 is based on the dynamics of the lightest hadronic states,
which in this case are the pseudo-Goldstone bosons 7. In the chiral limit, i.e., in the limit of
massless dark fermions, the flavour symmetry is broken only spontaneously and the 7t’s become
massless themselves. Close to the chiral limit for degenerate quarks the GMOR relation gives
the dependence of the product of Goldstone masses on the renormalized quark masses mér)

and the chiral condensate (u3)
(Famp)? = 2m(u)0. (100)

It can be seen that the square of the pseudo-Goldstone mass depends linearly on the average
renormalized quark mass and in the chiral limit the equation is trivially fulfilled. As pointed
out in section 6.2 the renormalized quark mass and the condensate are scheme-dependent.
However, their product is scheme-independent since the involved renormalization constants
cancel. Since we forwent a determination of the renormalization constants due to the techni-
cally involved nature of such a calculation we use the unrenormalized PCAC mass mpcac and
define the chiral condensate through GMOR. This entails that also the condensate is then un-
renormalized and regulator-dependent. We therefore drop the superscript ) in the following.
For non-degenerate quarks GMOR is given by equation (74). For convenience, we rewrite is
as

Z‘U,S(mu + md) _
U3 +
2p(myps + mapd)

GMOR ¢ (my, Mg, thy, thq) = (Mpc frrc)? — G =0. (101)
U8+ g

GMORnA(mu’ mgq, Uy, .U'd) = (mnAfrtA)z -

>

We have seen that for sufficiently large UV mass difference in the dark fermions, the mass
hierarchy in the mesonic spectrum changes qualitatively: the multiplet of vector mesons con-
taining the p™ becomes lighter than the multiplet of flavoured pseudoscalars containing the
7. The set of 7’s are then no longer the lightest hadronic states and an inclusion of the rel-
evant vector states becomes necessary. This provides an upper limit on the amount of strong
isospin breaking.

Using the aforementioned GMOR relations we can set an even stronger bound on the
amount of strong isospin breaking. The validity of the GMOR relation was already studied
for degenerate fermions in [6]. It was found that dependence of the square of the pseudo-
Goldstone mass on a (differently defined) unrenormalized quark mass is linear for ensembles
with m, /m, > 1.4, and thus chiral effective theory can be expected to work adequately latest
from there on. Due to the increased computational cost of non-degenerate fermions we do not
have results on ensembles that fulfil m,/m, > 1.4. Nevertheless, we can perform consistency
tests on the GMOR relations in (101) around the threshold mp/ m, ~ 1.4, see table 3 below.
We use the fact that in our simulations one bare quark mass has been kept fixed and proceed
as follows:

At degenerate fermion masses we take the degenerate GMOR relation (100) for granted
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Table 3: The point at which a change in the meson mass hierarchy occurs and the
point at which the non-degenerate GMOR relation breaks down at one-sigma signif-
icance. In general, this breakdown sets a stronger bound. Note that with increased
statistics the breakdown of the non-degenerate GMOR can occur at even smaller
PCAC-mass-ratios.

B (Z—Z)deg (E—;’) where m v = ma (g—;‘) where non-deg. GMOR breaks down

6.9 | 1.144(5) 2.8(3) 3.0(2)
6.9 1.25(1) 4.4(4) 1.5(1)
6.9 1.46(4) 8(1) 1.8(5)
7.05 | 1.16(1) 2.7(3) 2.2(2)
7.05 | 1.29(2) 4.7(5) 1.7(2)
7.05 | 1.46(4) 6.8(8) 1.7(2)
7.2 1.17(1) 2.7(4) 4(1D)

7.2 1.26(2) 4.4(7) 1.7(4)
7.2 1.37(4) 6(2) 4(2)

and use it to determine the fixed chiral condensate (u3)?“A€ from the fixed quark mass m
Since these quantities are regulator-dependent we only compare results at the same value of
the (bare) inverse gauge coupling 8.!°> This determines three out of the four quantities that
enter the non-degenerate GMOR relations in (101). We can then use both equations in (101)
to determine (,ug )PCAC If the non-degenerate GMOR relation holds we expect the functions
GMOR j4c(m,, mg, 4y, x) to have common roots at x = ,uECAC. Using our lattice data we find
for ratios starting at my/m,, = 1.5 that GMOR 4« and GMOR ¢ cease to have a common root.
We exemplify this in Fig. 7 for specific ensembles GMOR ac(m,, my, U,, x) as a function of x.
It can be seen that at larger quark-mass-ratios the functions do not share a common root. In
particular GMOR ¢ no longer has root in this region of x.

We interpret this as a sign that at this point the description provided by the leading order
chiral Lagrangian that lead to (101) no longer captures the underlying theory. This sets another
upper bound on the validity of the non-degenerate GMOR relation. We might therefore hope
that as long as these functions have a common root, all pseudo-Goldstone are still the lightest
mesons in the spectrum and the degenerate GMOR relation holds true and the leading order
Lagrangian might be an adequate description of strong isospin breaking in this theory at fixed
m,/m, Z 1.4 at degeneracy. The tabulated upper limits can be found in table 3. Note that
this is only an upper bound.

There are two reasons why the non-degenerate GMOR relation can break down: 1) The
quark-mass-difference is too large in order for the system to be treated at leading order. In this
case the next step would be to investigate this chiral Lagrangian at next-to-leading order in
strong isospin breaking. 2) The average pseudo-Goldstone masses are in general too large to
reliably use GMOR at leading order even close to the mass-degenerate limit. If this is the case
we can either go to next-to-leading order in chiral perturbation theory or study the system for
even lighter pseudo-Goldstones (at significantly increased computational cost).

In any case, we have shown that for small isospin breaking the non-degenerate GMOR
relations do not break down immediately even for significantly heavier quarks than those used
in the chiral extrapolation of [6] and also in the case of the (m,, /m;)gcg &~ 1.4 ensemble. It will

PCAC 14
u .

14From [6] we know that the dependence of the squared Goldstone mass on the quark mass only becomes linear
for m,/m, X 1.4. However, this approach allows us to test whether the explicit introduction of isospin breaking
effects cause a breakdown.

5In principle the regulator depends also on the bare quark masses. Experience has shown that these effects are
subleading compared to the effect of 3.
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Figure 7: GMOR ac(m,, mg, U,,x) as a function of x for an inverse gauge coupling
of B = 6.9 and values of m,/m, ~ 1.24 and m,/m, ~ 1.46 at degeneracy. If the
non-degenerate GMOR relation holds the condensate u  is given by the common root
of the two functions. For small isospin breaking a common root exists. Starting at
around my/m, ~ 1.5 in both cases a tension develops. At around my/m, ~ 1.7 for
the heavier ensemble and at around my/m, ~ 2 for the lighter ensemble the non-
existence of a common root is more than one-sigma significant.

be therefore already worthwhile to study this UV complete theory and the chiral Lagrangian
at leading order in this region of parameter space.

7 Conclusions

Summarizing, within this work we have laid the foundation for understanding strongly- in-
teracting dark matter based on QCD-like symplectic gauge theories. To this end, we have
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constructed all possible symmetries for the non-degenerate underlying theory, including the
case when gauged under a new U(1)’ symmetry. This yields symmetry-based constraints on
absolutely stable and unstable light states.

We have constructed the chiral low-energy effective theory of the bound states, the dark
hadrons, of this theory. In this process we extended previous results, see e. g. [1,7,11,29, 33,
48,60,77,78,92], to include simultaneously processes mediated by the WZW term, mass-split
spectra, and couplings to an Abelian gauge messenger. We fully elaborated the leading-order
structure, including the Feynman rules. This comprehensive construction integrates many
elements, which have been available separately in the literature, in one common framework.
It therefore provides a ready-to-use effective theory to search for this type of DM at colliders
and in direct detection experiments, and understand how it can fulfil astrophysical constraints.
Especially, this theory can be straightforwardly extended to any QCD-like theory with a pseudo-
real gauge group with two fundamental dark quarks. It will therefore serve as a versatile
framework for future investigations.

The particular strength of our formulation is that it has been developed in parallel with
a lattice implementation of the same theory, ensuring a coherent language and conventions.
This is decisive, as effective low-energy theories require limits of validity. In the degenerate
case, previous lattice results [6, 7] gave already the condition m,/m, X 1.4. We extended
this to the mass non-degenerate case, yielding the additional requirement that the PCAC dark
quark masses, as defined in section 6.2, may not be split by more than a factor of 1.5 at the
validity edge. We also showed how the theory at larger mass splittings is crossing over into a
heavy-light system. While this requires a new low-energy effective theory, these results open
interesting possibilities for strongly-interacting dark matter with split hierarchies and stable
dark matter particles at different scales.

Finally, in section 4.4 we used the lattice results to determine the relevant LEC when cou-
pling to the SM through a vector mediator. This shows how non-perturbative results can be
used to reduce the number of free parameters when searching for DM by implementing con-
straints from the ultraviolet completion. This integration between effective theory and lattice
simulations reduces substantially the number of free parameters in a pure effective theory
approach, which is our ultimate aim. As figure 4 shows, the systematic comparison between
different ultraviolet theories in this way yields very general constraints, making our approach
predictive.

Summing up, we have created both a more comprehensive blueprint for how to construct
viable low-energy theories for strongly-interacting dark matter and we have provided a partic-
ular implementation for an ultraviolet completion with a Sp(4) QCD-like theory, in the spirit
of e.g. [22,30,31,93]. This can now be exploited to perform phenomenological calculations
with a much higher degree of systematic control than previously possible. The latter can
furthermore be systematically extended by going to higher orders with simultaneous lattice
calculations of further LECs, just like in ordinary QCD.
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A Sp(2N) groups: Defining properties and generators

In this section, we provide a general description of the symplectic group Sp(2N). We suppress
the colour and flavour indices, since all properties of the group are equivalent in the colour and
flavour space and label the generators as T¢. We note, however, that all relations quoted here
also apply to the colour group Sp(4). and its generators T¢. The fundamental representation of
any Sp(2N) group is pseudo-real. The representation is isomorphic to its complex conjugate
representation. This can be seen from the defining property of the Sp(2N) group: it is the

subgroup of SU(2N) that leaves
_ 0 iy
=0 m), a

invariant. It consists of all SU(2N) transformations that fulfil U* = EUE". In the context of
colour groups we will denote the invariant tensor as S to make the context unambiguous. For
the invariant tensor E the following relations hold:

E'=F'=ET=—E, E2=—1,. (A.2)
On the level of the generators T¢ using U = exp (ia®T%) this is equivalent to
T% =—ET°E". (A.3)

For completeness, we point out that not every representation of a Sp(2N) group is pseudo-real
but also real representations exist, such as the adjoint and antisymmetric representations, see
e.g. [8]. However, complex representations of Sp(2N) do not exist. The group SU(4) has 15
generators and the subgroup Sp(4) has 10 generators. From (A.3) follows the relation

ET*+(THTE=0 fora=6,..,15, (A4
for the generators of the Sp(4) subgroup while the other 5 generators satisfy
ET*—(TYT'E=0 fora=1,...,5. (A.5)

The generators with normalization Tr{T?T?} = %5“1’ are given by [94]

01 0 O 0 —i 0 O 1 0 0 O
_— 1|1 0 0 o0 pa_ i 0 0 0 3. 1|0 -1 0 0
2v2l0 0 0 1]’ 2v2{0 0 o0 i’ 220 0 1 o0 |°
0 0 1 0 0O 0 —i 0 0o 0 0 -1
0O 0 0 —i 0o o 0o 1 0 0 —i O
A L (0 0o i o0 ps_ 1|0 0 -1 0 po_ [0 0 0 —i
2v2|0 —i 0 o0 |’ 2v2|0 -1 0 o]’ 2v2|i 0 0 o0 |’
i 0 0 O 1 0 0 o o i 0 O
0o 0 0 —i 0 —i 0 0 0 0 —i O
_ 1 /0 0 —i o s 1 |li 0o o o _ 1 /0o o o i
T7 = 2v2 (0 i 0 © ™= 2zl0 o o —i|’ 7= 2v2|i 0 0 0}’ (A.6)
i 0 0 O 0o 0 i o0 0O —i 0 O
0 0 1 o0 0 0 0 1 0 0 0 O
710 _ 1 (0 0 o0 0) i 1 (o 0 1 0) 2 1[0 0o o 1)
2{1 0o 0 o 2v2l0 1 0 o]’ 2{o o o o}’
0 0 0 O 1 0 0 O 01 0 O
0 1 o 0 1 0 0 o 1 0 0 0
s 1 (1 0 o 0 ) pa_ 1|0 -1 0 0) s 1 (0 1 0 0 )
2v2|lo0 0 0 -1’ 2v2|l0 o0 -1 o]’ 2v2lo0 0 -1 o |
0 0 -1 o0 0o o 0o 1 0 0 0 -1
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The totally antisymmetric structure constants f “%< of the SU(4) group are defined as
[Te, TP ] =ifeeTe, (A.7)

and all non-zero structure constants are given by

1
FL214 _ 2313 _ 246 _ 357 _ (138 __ ¢1.59 3411 __ ¢4515 _ E (A8
FLAI0 _ £2510 _ 2512 1412 %’ (A.9)

In section 2 we found that two non-degenerate fermion masses break the global symmetry
down to SU(2),xSU(2)4. This group has 6 generators, that are combinations of the generators

of Sp(4)

1 1
TI=T1 T?>=—(T°+7T7%), T?>=—(T"+T"), (A.10)
“ “oV2 “V2
1 1
T!=T12, T?2=—"—"—(T°=T%), T3=—(T®—T. (A.11)
d G 4 V2

Occasionally it is convenient to use another basis of the generators than the one in (A.6).
A different basis of SU(4) and Sp(4) algebras is obtained by exchanging the second row with
the third row and the second column with the third column. In this form, all generators are
either block-diagonal or anti-block-diagonal where the different blocks are either the identity
matrix 1 or one of the Pauli matrices o,

g1 1 (o 12) g2 1 (0 —iog) 2y 1 (112 o)
2¢y2\12 0)”° 24/2\ioz 0 )~ 24/2\ 0 —13)°
F4 1 (0 —ial) 75 — 1 ( 0 10'2) 76 — 1 (02 0)
2y2\io1 0 )’ 24/2\—ioz 0 )~ 2/2\ 0 03)’
77 1 (o 0'2) 7o _ 1 (o —112) Fo_ 1 (02 0 )
2v2\02 0 )’ 2¢2\ila 0 )’ 242\ 0 —032)’
- 1({o 0 = 1 0 o - 1{0 O
10_ 1(01 1 _ 1 12 _ 1
-5 o) mesmle B =3 0)
g3 _1 (0 0'3) ja_ 1 (03 0) 715 1 (03 0)‘ (A.12)
2¢y2\03 0 )’ 242\ 0 —o3)’ 2/2\ 0 o3
Then, the symplectic matrix E is written as
& iaz 0
E—( 0 iaz)' (A.13)
In this basis, all SU(2), xSU(2),4 generators and thus transformations are fully block-diagonal:
- - 1({o; O - ~ 10 O
1_510_ +(01 1_p12 _ 2
F1oF _2(0 0), 1o 2(0 Ul),
T6+ 79 1 - 76719 1
AT _1fee 0) 0 g _(IP-T) _1(0 0 (A.14)
u /2 20 o0 /2 2\0 o,

T3_(T14+T15)_1 o3 0O Ts_(f"ls—f’“)_l 0 0
u J2 20 o)> “d4d7 J2 2\0 o3/’
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Another useful basis can be obtained by considering the matrix of the Goldstone bosons in
(21) as well as the matrices of the spin-1 states in (36). In (29) we have rewritten the Gold-
stone bosons such that in every matrix element only one Goldstone field appears. Then, the
Goldstone matrix takes the form

n¢ B 0 viad
1 ™ —n¢ —nf 0
— E a _ E N _ =
T = ‘ 7TaT = TCNT = 2 0 —7TD 7I'C 7'[A 5 (A.15)
i=1,..,5 N=A,....E D B c
1 0 T —7

which implicitly defines the generators TN with N = A,B,C,D,E. In QCD this leads to the
usual pion charge eigenstates ©* and n° as shown in (30). We can extend that to the spin-1
states and by that define a new basis for the generators. It is was shown that the spin-1 states
P14 and p;5 correspond to the p° and w meson of QCD [8]. Therefore, we define the other
TN by specifying the J? = 1~ matrix

p(JD:r) _ Z p T4 = Z onTN (A.16)
a=6,..., 15 N=F,...,O
% (P2 +p") pM —p’ —p¥
1 oH JLE (po _pN) —pK —pt
_1 A17
2 pf p° —75 (P +p") —pt (A.17)
o o’ —pM —=5 (p°—p")

All off-diagonal elements contain only one vector field and the states corresponding to the p°
and w of QCD appear on the diagonal. The generators in this basis are given by

1

1
T4 = o (r*—iT?), T8 = 7 (r*+ir?), T¢=T71° (A.18)
1 1
TD:E(TS—iT4), TE:E(T5+1‘T4), TF=%(«/§T10—i(T6+T9)),
1 1
TGzﬁ(T“—iT7), THzﬁ(TB—iTS), le%(ﬁle—i(T(’—Tg)),
1 —1
T’ =E(—«/§T10—i(T6+T9)), TK = E(T“+iT7), TL=%(—1/§T12—1'(T6—T9)),
1
™ = — (T8 +iT®), ™ =71, TO =T,
73 )
Analogously, we can define the axial-vector matrix, i.e., the J® = 1% mesons, as
a® d® 0 a®f
A c E
@P=1*) _ . N_ 1 —a- —a 0
P = Z paTa e Z aNT = 2 0 —aD ac ClA 5 (A.19)
a=1,...,5 N=A,....E L o P —aC

where we have given them a different name ay in the TV basis in order to emphasize the
different parity compared to the py states. Similar relations like (29) can then be obtained
from (A.18) for the vector and axial-vector matrix.

B Mesonic states and multiplets

B.1 States and Sp(4) multiplets

The meson spin-0 and spin-1 fermion bilinears have already been constructed in [8]. They
have the same structure as those appearing in a Ny = 1 theory [34]. For completeness we give
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in table 4 here the operators that source the J? = 07,1 and 1~ multiplets of Sp(4), i.e. the
pseudoscalars, axial-vectors and vectors constructed from the generators in the basis of (A.6)
and (A.18), respectively. The other spin-0 and spin-1 states are the scalar 5-plet as well as the
scalar flavour singlet.

B.2 Multiplet structure under SU(2), x SU(2),4

Because SU(2) exponentials are easily calculated analytically, we may provide a general ex-
pression for SU(2)4 xSU(2), transformations. In the basis given by (A.12), the transformation
is in block diagonal form

a —b* 0 O
b a* 0 O

V= o o e —c | (B.1)
0 0 c e*

where the diagonal matrix blocks are elements of SU(2). We denote the complex coefficients
of the individual SU(2) by (a, b) and (e, c); they fulfil |a|?> + |b|?> = 1 and |c|* + |e|?2 = 1,
respectively.It is convenient to rewrite the Dirac spinors in terms of their left- and right-handed
projections

Prjru=ugyr, (B.2)
Pp/rd =dgyp, (B.3)
Pry =0 =%ys5)/2. (B.4)

Under a SU(2)4 x SU(2), transformation the components of ¥ transform as ¥ — V¥, or,
explicitly,

uy uy auy — b*iig
ig | | —scaf bu; + a*iig
4 | T d | 7| ed—cdy (B.5)
dg —scd} cdy +e*dy

For completeness we give the following useful relations for the colour matrix S as well as
the charge conjugation operator in Minkowski space and the spinors iz and dy:

C'=c'=c'=-C, C?=-1, Cr,C'=—y], (B.6)
(sO)yf=(co)yt=(sc) =sc, (sc)y*=1, SCy,SC= —yz;, (B.7)
qr = SCiy, 4s = drSC, (B.8)
dr =—d3SC, dn =—SCir. (B.9)

The scalar &id and vectors iy, d transform under SU(2)4 x SU(2), as
ad =t dg +igd, > a*c*(@,8Cd] +ugSCd})—be (ul'scd, +ulSCdg)
+a*e(a;dg +tigd;) — bc* (u{&g + ugc_lg)
=a*c*(ascd”)—be(u'Scd) + a*e(ad) + bc* (du),  (B.10)
uy,d =i,y,d; +igy,dg > a’e (ﬁLyudL + ﬁR)/HdR) + bc* (uZyZ&LT + ulgy};c_iRT)
+a*c* (i, y,SCAL + gy, SCAT) + be (ul yISCdg +ulylscd,)
=a*e (ﬂyud) — bc* (&yuu) +a*c* (ﬁy”SCc_lT) — be (uTSCde) .
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Table 4: Fermion bilinears of the J® = 0~, 1* meson multiplets constructed from the
generators in the basis of (A.6) (left) and (A.18) (right) respectively. In addition we
give the J¥ quantum numbers.

UISCysT"EW +WET"SCys¥T WISCTNyEW +PETNSCy 9T | JP JP
T JLE (ﬂysd + &ysu) 7 dysd o~ 0
Ty 1/45 (dysu—L:tySd) n®  dysu i 0~ 0
T3 %(ﬁysu—dysd) n¢ %(ﬁysu—dysd) o~ 0
ny o5 (dysSca’ —d"SCysu) nP  dyssca’ ot o~
s ‘/LE (dyssca® +dTsCysu) nf  dTSCysu ot o
UTSCysTEY + WETOSCys W7 UTSCysT°EY + WETSCys®T | P JP
n’ %(ﬂy5u+&y5d) n’ %(ﬁyqur&ySd) 0~ 0
20Ty, sV 20TNy,ys¥ JP gP
p1 75 (@rursd +dy,ysu) a*  dy,rsu ™o
p2 o5 (dyuysu—iy,rsd) a®  ay,ysd ™o
ps =5 (@rprsu—dy,ysd) a® s (arursu—dyursd) IR
fo ‘/LE(&SCYMysﬂT—dTSCyuysu) aP dTSCYMysu 1— 17
ps 75 (dSCy,ysa” +d"SCy,ysu) af dy,rssca” 1~ 1"
20Ty, ¥ 20Ty, ¥ JP JP
O ﬁ(ﬁyMSCPLﬂT +u’SCy,PLu p"  u'SCy,Pu 1" 1-
i judyus_CdeTT+ d"sCy,P.d) B
07 TE(HYIJ«SCd +u’SCy,d) p¢ u'scy,d 1t 1
Ps 1/;5 (—ﬂyud + &yﬂu) p"  dyuu 1- 1-
o ‘/#E(ﬂ}/MSCPLﬁT +u’'SCy,PLu p! d'scy,p.d 1t 1-
. —dyusch_dT—dngyupLd) L - L
P10 u1 SC)CNPLu __;‘YNSEPL”‘ P zf)/MSCI_DLu 1 17
pn 75 (-ar,sCd” +u’sCy,d) P ay,scd” 1t 1
p12 d'SCy,P d—dy,SCPd" pt dy,scp,d” 1t 1-
P13 %5 (ﬂ)’ud + (_iYuu) oM ﬁlyud _ L
P14 5 (ﬁYuu_C_iYud) p" 72 (’"_‘Vuu_‘fyud) = 1
p1s 5 (aruu+drud) p® 5 (aru+dy,d) 1= 1-

Here, we use the property ((;Z)TF)()T = —xTrT¢ for Grassmann variables ¢, y. The pseu-
doscalars and axial-vectors transform similarly since the only difference is the gamma matrix

Ys-
tysd = u;dg —Ugd;
— a*c*(aSCysd") — be (u'SCysd) + a*e (dysd) + be* (dysu) , (B.11)
aYust = ﬂRYudR - aLY[J,dL
— a*e (ﬂyuysd) —bc* (c_iyu)/su) +a*c* (ﬁyMYSSC&T) —be (uTSCyM}de) , (B.12)

From this we conclude that these states form a quadruplet under SU(2)y x SU(2),. The re-
maining pseudo-scalars and scalars transform as singlets. The associated operators have the
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form iil'u + dT'd. The individual SU(2)4,, only change one of the terms, so it is sufficient to
look at the transformation property of, say, ul'u,

uu = L_lLuR =+ l_lRllL i L_lLuR =+ l_lRllL = l_lu,
l_l')/su = L_lLllR —l_lRllL i L_lLllR + l_lRllL = l_l')/su,

Uy u=1i,y,uy +Ugy g — (|a|2 —bl?) (ﬂyuu) +2a*b* (ﬁY”SCPLﬂT) —2ab (uTSCyMPLu) R
Uy,YsU =URY Ugr —UrY Uy — UY,YsU.
- (B.13)
Similar expressions for dT'd are obtained by replacing u — d,a — e and b — c.

C Feynman rules

In section C.1 we provide a subset of Feynman rules which are used in this work for Gold-
stone bosons and the iso-singlet state 1’ in presence and isolation from additional, external
interactions for degenerate fermions m, = my. Additionally, we show some Feynman rules
for axial- and vector states p,, coupled to Goldstone bosons. In section C.2 the Feynman rules
are given for non-degenerate fermions m, # mg,. All momenta are taken as ingoing, with the
Mandelstam variables being defined as

s =(p1 +p2)* = (k1 + ky)?, (c.1)
t =(p1+k1)?=(py+ky)?, (C.2)
u=(p; +ko)*=(py+k)?, (C.3)

where p; +py, + ki +ky =0.

C.1 Feynman rules for degenerate fermions m, = my

o - - . 1
D > =5 5> (C.4)
“ prra P
e * 1 (C.5)
Py N p2, —m2 —Am?, ’ )
TTa Te
N ky v
1
b1 >\k:2 = _2f2 [5“b5Cd(s - mi) + 5% sbd(r — mi) + 5ad65b(u—mi)] s
e R T
/A; \\
s Tq
(C.6)
Ta
| N,
! ————e""P7 (p2 — p1)y P3vkipkao+
N Ty €
p2\{,*\:‘\k2 + P1uP2y (klp koo +kopP3o + P3p klo’) ] ’ ’
RN (@rbtctd#e)
Te \7Tp
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N

2
k —, C.8
/ \2 2fz o
Tk 77
b
p1\~ - (C.9)
\z 272’ .
n /
7.rb
N \P2
pl/ o Vi = 2ie, Tr(Q T (C.10)
e v
fi =42 Tr(Q*(TT? + TP T*) — 2T QTP Q) n”, (C.11)
b ’ 1%
7rh
. \PQ
o s P =g, f 1P (p1 — p2)*, (C.12)
ﬂ.a
™ Pu 2g2  TH(TTPTeT + TPTOT T + TOTPTITC
< = +TPreriTe — 21T TP T (C.13)
o pd —2TT4T T ).
C.2 Feynman rules for non-degenerate fermions m, # mg
P * ! (C.14)
P p%a — m72_r ’ :
k1

X
A

=

[N

[y

k
\ / ,u ((35—2m )(u +,ud) +4(s—2m2)u )

/ 2u;

5[ 69054 (s —m2) + 59554 (¢ —m?)

\kz = f2 M3+Md) (C.15)
+5“d55b(u—mi)], a,b,c,d #3

SN

e

D2

ar2 (u +u3)" (us +us)

,(k#3) (C.16)
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,(k#3)

,(k#3) (C.17)

(C.18)

(C.19)

(C.20)

(c.21)

(C.22)

T s
3\\ k/ P 3
hN . 6 2 3 3)2 2Y,,3,,3
I uS((3t—2m? ) (2 +u3)* +4(t—2m2) udu?)
/)’\\ k2 = 3 P 5
/ \ 4f2 (13 +u3)” (ug +uf)
-/ D2 AN
Tk Tk
7r3>\ ky //m‘
h 7 6 2 3 3)2 2Y,,3,,3
AN " U, ((Su—zmn3)(uu+ud) +4(u—2mn)‘uu,ud)
AN 3)2 6
/ . af2 (U3 +p3)” (w8 +pg)
-7 p2 AN
Tk 3
7T3>\\ ky /,71’3
AN 7 6,2
p1 \\>// by = HuMny
LN 2 = T >
o DN T (s )
-/ P2 AN
T3 T3
Ta
: 6 / 6
p :k Nebla M24_Mds‘“"’”><
. , _¢7dvVTu 7d
L L _ma 20m2f3ug
p2\*:;’\:‘\k52 X [(Pz _pl)y,PSVklkaO' +p1,u,p2v (klkaU
s thopPso +Papkic) |, (a#bFEcFEd#e).
Te \7Te
C.3 Feynman rules for non-degenerate fermions m, # m,; with n’
R . 1
TR,
& - - -—----- . 1
Dy -2 2
n py, —my,
7T(l
| 6 6 6 .
ol g Nepgy/ug + g [ cos B a6 sin O, .
1 1
o - :4/7” 20721 3y \/3,ug+,u§ \/,u2+3,ug
s
pQ\t’ \\\ ks X[ (Pz _pl)u p3vk1pk20' +p1up2v (klkaO' + k2pp3o +p3pklo)]
s (a£b#cAd#e),
e e
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6 /.6 6 i
Ny Mu+Md( €0S O\ a5 _ SIN Oass )gy,vpcrx

Pr| |k
RLIE l,/(,m_ 2072 f 2y VUG +3u8  /3u§ +pus

\\/\\’\’ -
P2 = \:\kQ X[ (P2 —P1)uP3vkipkas + P1uP2y (klp koo + kopP3o +p3pkla') ]
s N, (@#b#c#d#3).
Te n
(C.24)

D Lattice setup

D.1 Action
The HiRep code [88] is based on the Wilson gauge action
1
Se[U] :ﬁZZ[ﬂ—ZRe tr Um(x)], (D.1)

X p<v

for the gauge sector, where U,,, is the plaquette at lattice site x. For the fermionic part it uses
unimproved Wilson fermions for both types of dark quarks,

SelU Y as b bal = D a* D PG Celydpp(m), (D.2)
f=u,d X,y
_ 4 1 ¥ N
Dy (xly) = (mf + 5) ~ 52 2 (A= 1)UL8erp + A+ 7,)U (= )5 ) - (D.3)
m

This implies that chiral symmetry is explicitly broken at any finite lattice spacing, and is only
recovered in the continuum limit. Furthermore, this entails an additive quark mass renor-
malization. Both effects are well-known, and can be controlled by analyzing the systematic
effects, as is done below in appendix D.4. We simulated three different values of the inverse
coupling 3 = 6.9, each of which avoids the unphysical Aoki phase that was found to exist for
this theory [7]. Since we are using two distinct fermions the Wilson-Dirac determinant is not
necessarily positive definite and in principle a sign problem can arise. Within our parameter
range, we did not encounter any indications of a non-positive definite determinant.

D.2 Masses

We extract the masses of the mesons by determining the exponential decay of the correlation
function of a suitable interpolator OI{ (x,y) where x and y are sites on the lattice. For the
flavoured and unflavoured mesons we choose

Of4(x, y) = a()Td(y), (D.4)
OP(x, ) = a()Tu(y) —d()rd(y). (D.5)
We only study the masses and decay constants of the mesons since they are identical to the

corresponding diquark states [22]. We denote x = (¥, t) and define a general correlator on a
lattice of spatial extent L as

N 1 imen o N N
Crin(te—ty,P) = 73 > e PEI(0 (%, 6,)0] (7, ,))- (D.6)
x5
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From this the meson masses can be obtained by first setting I} = I, = I' and projecting to zero
momentum and studying the limit at large time separation.

. L . 1 N
Am Crr(t,p=0) = lim Z 3 (0l0xr ) (nlOfl0e ™ .7
1 o
= omn [{0|Orr|Tgs)|?e Mt (D.8)
mp

At large t only the contribution of the lightest state for the quantum numbers of Of:, ITgs)
survives. The mass of this state can be then extracted, by performing a fit of the lattice data.
In the present case the signal-to-noise ratio is very good, and the effective mass shows well-
defined plateaus, thus providing for reliable fit results.

The unflavoured mesons sourced by operators of the form (D.4) obtain so-called discon-
nected contributions which usually suffer from bad statistics. They are however suppressed
by both the fermion masses and vanish in the limit of m,, —m; — 0 and we therefore neglect
the disconnected contributions. For operators of the form

Or(x,y) = a()Tu(y) +d(rd(y), (D-9)
which source e.g. the " and w mesons in QCD this is no longer the case. We do not consider
operators of this form in this work.

D.3 Decay constants

We define the decay constant as in [6] by the matrix elements involving the pseudoscalar |PS)
and vector meson |V) ground states

(0l0f_, 1PS) = flspu, (D.10)
(0lof |v) = fimye,. (D.11)

In this convention the decay constant of the 7t in QCD is approximately 93 MeV.
Here €, is the polarisation vector for which e, p* = 0 and eZe“ =1 hold. In the rest frame
the pseudoscalar matrix element is then

(010/_, IPS) = fsmps. (D.12)

Inserting this expression into the corresponding correlators at large times gives

f _ Mps (.F)?
Crlzl—'z:')/s’)/o(t) - T (fps) €xp (_mPS ° t): (D.13)
m 2
Sty (0= 5 () exp(=my - 0). (D.14)

Alternatively, the mixed correlator with I} = ys5yo and I, = y5 can be used for the pseu-
doscalars [6]. From this we can extract the bare decay constants which need to be renor-
malized. For that we follow the prescription from [6] for determining the renormalization
constants defined as
fat =z, fk, (D.15)
foent =z, £ (D.16)
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D.4 Systematics
D.4.1 Finite volume effects

The finite volume of the 4-dimensional Euclidean space introduces artefacts in the lattice re-
sults. We can obtain an estimate of the infinite volume masses by fitting the results obtain at
different spatial extents L of the lattice to the known analytic form of the L-dependence of the
masses. For that we use the same approach as in [6] and fit the function

. exp(—minf -L)
— f. Goldstone
Mpmeson(L) = Mt (1 +A (it )G ) (D.17)
MGoldstone

in the almost mass-degenerate limit, since there the quark masses are the lightest in our setup
and therefore the finite volume effects are the largest. We consider A as a free fitting parameter.
In figures 8 and 9 we show the infinite volume extrapolation for nearly-degenerate, moderately
light ensembles at f = 6.9 and 7.2 and for a nearly-degenerate ensemble with light fermions
at B = 7.2. Only in the latter ensembles finite volume effects become apparent and generally
the deviation from the infinite volume extrapolation stays below 10%.

P c B—7 0 a0 — bt i
am(n€): =69 (am®, aml) — (0.90-0.89) A(T): B=T2 (amy, amy) = (0T80.T7)  ,(20) 875 (am, aml) = (-0.794,-0.79)
0= m " Loll= fit | — o
@ fitted data © fitted data‘ @ fitted data
WL oo m=0594(5) gofBL—oo:m=0386E)| @ | 0.6HE L — oo : m = 0.200(7) | 2/ 1

0.60

. I . . .
1 1 1 1 1 1L L 1
6 14 12 10 8 16 el 12 10

1 1 1

1 1
14 12 10 8
inverse spatial extent 1/L inverse spatial extent 1/L inverse spatial extent 1/L

Figure 8: Finite volume extrapolation for the Goldstone mass in the almost mass-
degenerate limit. It can be seen that the infinite volume mass and the mass on the
largest lattices considered agree within errors. Only in the lightest ensembles on the
finest lattices studied here the finite volume effects become apparent. Even in this
case the deviation from the infinite volume extrapolation stays below 10%.

D.4.2 Finite spacing effects

Apart from the possible systematic errors introduced by the finite volume of the lattice, the
finite distance a between two adjacent lattice points is another source of systematic errors.
The physical distance a is, however, not an input parameter of simulation. In order to study
the systematic effects of a we need to choose input parameters so that the results represent
the same physics at different values of a. Finding these lines of constant physics in our three-
dimensional parameter space is in general not straightforward.

In SU(3). gauge theory with fermions it has been found that a depends strongly on the
value of the inverse coupling 8 and only weakly on the masses of the fermions m; [5]. As an
first test we have chosen values of the dark fermion masses at the point of degeneracy such
that at different values of 3 the ration of the pseudo-Goldstones and the vector mesons is
reproduced. We then again increment one of the fermion masses. If the assumption of negli-
gible effects of the fermion masses on a is correct, then the corresponding ratios of Goldstone
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am(p): B=7.2 (am, aml) = (-0.78,-0.77)

am(p"): $=6.9 (am?, am$) = (-0.90,-0.89) am(p"): B=7.2 (amf), am) = (-0.794,-0.79)
T T - T T ht T " T
= fit i ) i = fit
0.95H @ fitted data 1 12ne fitted d“Lt‘“L,( ., @ fitted data
WL — o0 m = 0.720(7) B L —oo:m=0491(8) 0.8[{ ML — oo :m =0.407(9) | & 1
0.90F 1 1.0 | i
0.7 1
0.85 g
0.8 1 0.6 1
0.80 g
0.5 1
0.75 i 0.6 j
n | | | , 0.4 i i
1 1 1 1 1 L L L 1
4 12 10 8 16 14 12 10 B 16 14 12 10
inverse spatial extent 1/L inverse spatial extent 1/L inverse spatial extent 1/L

Figure 9: Finite volume extrapolation for the vector meson mass in the almost mass-
degenerate limit. The vector meson masses show the same behaviour as the Gold-
stone bosons.

to vector masses should be the same for all values of 3 since we move then along lines of
constant physics in parameter space. Along these lines of constant physics we can then study
finite spacing effects of the other observables that do not depend on the lattice spacing, e.g.
ratios.

Lines of constant physics : (M> =1.24(1) - 1.29(2)

m(r) deg
1.30F OkﬁzGé)—
B(3 = 7.05)
® (B=17.2)

1.25F

i) m(xC)
&

1.20F 3 i
%@ 5 i =i S
1.15} for B
Ao I o 2 g
o+
1.10k | | | mCn .
5.5 6.0 6.5 7.0 7.5 8.0

Figure 10: In order to study the effects of the finite lattice spacing we define the lines
through parameter space with m(p™)/m(n®) as the lines of constant physics. Here
we plot this ratio against the mass of the lightest pseudo-Goldstone in units of its
decay constant. We see that the curves at different 8 do not coincide. However, the
deviations are only at around 10% and for the two finer lattices they almost coincide.

In figure 10 we plot the ratio of the lightest vector meson’s mass to the lightest pseudo-
Goldstone’s mass m(p")/m(n®) against the lightest pseudo-Goldstone mass in units of its

decay constant. We are not moving exactly along a line of constant physics. However, we
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find that the deviations do not significantly exceed 10%. Since this plot involves both the
masses and decay constants we plot the masses and decay constants separately in figures 11
and 12 against the masses of the flavoured vector mesons — both in units of the pseudo-
Goldstone mass at degeneracy. We find that at different 3 the masses agree within errors and
we only see deviations from that behaviour most notably at § = 7.2 for large flavoured fermion
masses of m(p™)/m3° > 2. For the decay constants in Fig. 12 the deviations are significantly
larger and already pronounced at lower masses. For the pseudo-Goldstones the deviations are
approximately 10% whereas for the vector mesons they are at around 20%.

SciPost Phys. 14, 044 (2023)

Different 8 = 6.9,7.05,7.2: (24)

=124(1) - 1.29(2)
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Different 8 = 6.9,7.05,7.2: (242)
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Figure 11: Masses of the pseudo-Goldstones (upper) and vector mesons (lower) for
different values of the inverse coupling B in units of the pseudo-Goldstone mass
degeneracy. The results at different 3 agree within errors except for the f = 7.2
ensembles with one relatively heavy fermion. From this we conclude that there the
finite spacing effects for the meson masses are small.
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Figure 12: Decay constants of the pseudo-Goldstones (upper) and vector mesons
(lower) for different values of the inverse coupling 3 in units of the pseudo-Goldstone
mass degeneracy. The results at different 3 show stronger deviations than the meson
masses even at very light fermion masses. For the pseudo-Goldstones the deviations
are approximately 10% or smaller whereas for the vector mesons they can be as large
as 20%.

D.4.3 Lattice asymmetry

In our analysis we extract the masses and decay constants from the behaviour of correlation
functions at large Euclidean time t. For convenience we therefore perform simulations on
lattices with larger temporal extent than spatial extent, i.e. a lattice of dimensions L% x T
with T > L. This allows us to calculate the correlation functions at large t while avoiding
significantly increased computation time. We have studied the effects of finite L in section
D.4.1.
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It is, however, still possible, that this introduces systematic error. Here we try to assess
whether this has an effect on our results. For this we compare meson masses on symmetric
lattices of size L* to the masses we have obtained for asymmetric lattices. On the symmetric
lattices our time extent is substantially smaller and we expect even at the largest Euclidean
times to see effects of contamination by states with higher energies. We therefore take the
second lightest state into account and extract the mass from the effective mass of the correlator
defined as

1 Co,, (1)
meff(t+5) = m (D.18)

This allows us to extract the masses from a three-parameter fit while simultaneously minimiz-
ing the effects of contamination of higher states. This comes at the cost of larger errors, since
the effective mass defined this way discards some information because it as a local quantity
around Euclidean time (t + %) As can be seen in table 5 we don’t observe any systematic
effects from the use of asymmetric lattice within the errors reported.

Table 5: Comparison of meson masses extracted from both symmetric and asymmet-
ric lattices for an inverse coupling of 8 = 6.9. The other two input parameters are m?
and mg - the unrenormalized bare quark masses. They agree very well within errors
and we conclude that there are no relevant systematic effects due to the asymmetric

lattices used throughout this work.

(—am?,—amg) am(m®)(24 x 123)  am(7M)(12Y)  am(n©)(24 x 123)  am(=x€)(12%)

(0.90,0.70) 0.993(7) 0.994(15) 0.83(1) 0.85(4)
(0.90,0.75) 0.917(14) 0.92(2) 0.80(2) 0.81(5)
(0.90,0.80) 0.826(11) 0.83(5) 0.76(2) 0.77(7)
(0.90,0.85) 0.712(15) 0.7(2) 0.69(2) 0.7(2)
(0.90,0.90) 0.56(4) 0.58(9) 0.56(4) 0.58(9)
(—am(l), —amg) am(p™)(24 x 123)  am(pM)(12*) am(pM)(24 x 123) am(pN)(12%)
(0.90,0.70) 1.070(9) 1.071(15) 0.951(14) 0.97(3)
(0.90,0.75) 1.001(14) 1.00(2) 0.92(2) 0.94(3)
(0.90,0.80) 0.921(15) 0.93(3) 0.88(2) 0.90(3)
(0.90,0.85) 0.82(2) 0.82(4) 0.81(2) 0.82(4)
(0.90,0.90) 0.70(2) 0.72(4) 0.70(2) 0.72(4
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APPENDIX A

Representation theory

A.1 Conjugate/real/pseudo-real representation of fermions—

In this section we follow mostly the book by Peskin and Schroeder [112] and the book by
Srednicki [113]. In QCD, fermions (quarks) are described in the fundamental representation of
SU(3). The fundamental representation of SU(3) is the conjugate representation. In physics
terms, this means that there exist quarks and antiquarks, each described by representations
conjugated to each other. We can define the conjugated representation as follows. For any
irreducible representation r of a symmetry group there is a conjugate representation 7, such
that the representing matrices satisfy

T4 = —(TA) = —(TH7T. (A.1.1)

T T
The above relation can be checked by taking infinitesimal transformations U that belong to
representation r and to the conjugate representation 7,
¢ — U~ (1+ia " TH)e, (A.1.2)
¢ — U ¢* ~ (1 —ia®(TH)*)e*. (A.1.3)
Then, the matrices that belong to the conjugate representation 7 are identified as in Eq. (A.1.1).
This set of matrices form also an algebra, like T;4,

TA T = [T, ~(TF)] = [TATE) = —if B0 = ipABOTE. (AL4)

There exist also theories in which not only gauge bosons but also fermions are described in a
real representation of the theory. For any real representation, T;4 = TFA, the generators satisfy
the relation T2 = —(T4)* = —(T2)T. In some cases, generators of a real representation do
not fulfil the relation directly, but can be transformed through a unitary transformation .S,

T4 — STAST = STAS! (A.1.5)

such that the relation T)* = —(7)*)* holds for every a. For a real representation the generators
T® are purely imaginary and S is symmetric.
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However, sometimes such a unitary transformation does not exist. In this case, it is pos-
sible to find another unitary matrix S # I, such that
T4 = — (T4 = STAST = UT*S ! Va. (A.1.6)

T

This representation is called pseudo-real and S = —ST, §S* = —1 [113]. For a pseudo-real
representation, the generators are not purely imaginary and S is antisymmetric. For instance,
the Lie-algebra of the fundamental representation of SU(2) is spanned by the Pauli-matrices
%. Since — (O’A)* # o/ (not a real representation) and — (%O’A)* = (0%) (30%) (02)_1 the

fundamental representation of SU(2) is pseudo-real.

In summary, the generators of the Lie algebra T for any (pseudo-)real satisfy
(T = (14" = -STAS7Y, §=(-)+ 57,85 = () + 1,88 =1L (A.1.7)

Another example of a real representation is the adjoint representation, denoted r = GG. The
generators of an adjoint representation are identified through the structure constants (t% )y =
—ifape- For instance, gauge bosons in QCD are given by Ay. = Af(t¢)pe, where a,b,c =
1,...,N? — 1 are group color indices. The generators (t¢) form also a Lie algebra,

([te, t%‘])cd = (tcé)CE(tlé)ed - (tlé)ce(taG)ed = 1 fabe (tG) ca- (A.1.8)

Since the structure constants f,p. are totally antisymmetric and real, the generators satisfy
te, = —(tg)* = (1%). The dimension d(G) of the adjoint representation for important groups
in particle physics are given by

d(G) = N? -1 (SU(N)), (A.1.9)
d(G) = N(N —-1)/2  (SO(N)), (A.1.10)
d(G) = N(N +1)/2  (Sp(N)). (A.1.11)

In the end, we provide the fundamental representation for different groups in particle physics

SU(N) : N = 2 pseudo-real representation, N > 3 complex representation, (A.1.12)
SO(N) : VN real representation, (A.1.13)
Sp(N) : VN pseudo-real representation. (A.1.14)
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The construction of the chiral Lagrangian
in the Sp(4). theory

B.1 From UV-theory to effective theory

The chiral Lagrangian of Nambu-Goldstone states is constructed in the following way. First,
the effective theory can be defined by fluctuations of the orientation of the chiral conden-
sate [114],

2 = e/ ey et /ix (B.1.1)

Here, ¥ is the vacuum alignment and f is the Nambu-Goldstone decay constant. The chi-
ral field ¥ has to be anti-symmetric in colour and spin indices in order to be a colour and
spin singlet. As a consequence, the flavour indices have to be antisymmetric as well, ©7 = —%.
Second, the chiral Lagrangian has to preserve the symmetries of the UV-theory [108, 111]:

o Lorentz invariance (only even number of derivatives possible)

« chiral symmetry invariance (only combinations of ¥ and Xt allowed)

e parity invariance P: ¥ — — T,

e charge conjugation invariance C : ¥ — X*.

In our case, the chiral symmetry is the global flavour symmetry SU(4). Under the action of
U € SU(4) the chiral condensate transforms as a 2—index antisymmetric representation,

> - UxUT. (B.1.2)

In addition, we require the lowest number of derivatives since we consider low-energetic
Nambu-Goldstone states. Taking all requirements into account we can construct the chi-
ral Lagrangian for massless Nambu-Goldstone fields,

f2
Lin = “FTx [aﬂzaﬂzq . (B.1.3)
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where the prefactor is introduced in order to ensure canonically normalized kinetic terms.
Terms, like (Tr [ETE?HE])2,Tr [(ETGME)Q} do not contribute [111]. The first guess would

vanish since ET&LE is proportional to a generator of SU(4) and thus, traceless. The second
possibility can be written in terms of Eq. (B.1.3) using the unitarity condition ¥19,% =
—@LZTE. Hence, we are left with one unique Lagrangian at the lowest order. The introduction
of mass terms in the effective theory is already discussed in the publication [1] in Chapter 3.
A higher order of the chiral Lagrangian is given in Refs. [115, 116].
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The Wess-Zumino-Witten interaction in
the Sp(4). theory

C.1 Derivation of the Wess-Zumino-Witten interaction

The purpose of this section is to derive the Wess-Zumino-Witten (WZW) interaction in chiral
perturbation theory [108-111]. Since the chiral Lagrangian contains only an even number of
Nambu-Goldstone fields, the Wess-Zumino-Witten term is essential to describe the 5-point
interaction as KTK~ — 7t7 7% in QCD or the 3 — 2 interaction in the SIMP sector.
First, we recap the symmetries of the kinetic Lagrangian (B.1.3):

e Lorentz symmetry

e chiral symmetry

e “naive” parity Pp: £ —» — 2,3 — X,
e charge conjugation C': ¥ — X*

e extra symmetry R: ¥ — X

In terms of Nambu-Goldstone fields the last symmetry can be understood as R: ©# — —m
and counts the number of Nambu-Goldstone boson states mod 2. Hence, we can define this
symmetry as (—1)V7 where N, is the number of Nambu-Goldstone fields. QCD as well as
the Sp(4). theory at UV-completion is not invariant under Py nor (—1)¥= separately, but
invariant under the combination of both, P = PO(—l)N". This leads to the question, why
the effective theory has more symmetries than the UV-complete theory. Since the effective
theory contains more symmetries, we might miss a term in the chiral Lagrangian [111], which
respects parity P, but violates the symmetries Py and (—1)™=. Such interaction term can be
found through the equation of motion of the kinetic Lagrangian (B.1.3),

y (fz*a*‘z) =0. (C.1.1)
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We can add an extra term to the equation of motion that violates Py, but preserves P!,
1
5120, (2* aﬂz) + keeoyt (9,5) 5 (8,%) B (9,5) B (8,3) = 0, (C.1.2)

where k is a constant and can be fixed later. Now, we try to find the corresponding Lagrangian
that reproduces the additional term in Eq. (C.1.2). Any simple guess like

™ (ET 0,2) 31 (8,9) 21 (9,) xt (802)) (C.1.3)

would vanish due to the antisymmetry of the epsilon tensor. However, there is a way to find a
four-dimensional Lagrangian, that respects also the global flavour symmetry SU(4). Consider
a four-dimensional space-time M, where each space-time point x is mapped to an element
Y(z) in the SU(4)/Sp(4) manifold. Remember, that the global flavour symmetry SU(4) is
spontaneously broken to Sp(4). Then, we can introduce a five-dimensional disc Qs, where
the boundary is the space-time?, 9Q5 = M. In addition, we extend the maps ¥(z) over M
to ¥(y) over Q5. Then, the action, that reproduces Eq. (C.1.2) is given by

fx

824

/ dz Tr (9M28”2T + k/ dytdy” dyP dy° dy* Wy pohs (C.1.4)
M Qs

where wy,p0x is a unique fifth rank antisymmetric tensor on the SU(4)/Sp(4) manifold in-
variant under the global flavor symmetry SU(4),

Wonpor = —24(;2 T |(20.2) (Zla,z) (3o,5) (Sfa,z) (o). (C.1.5)

In terms of Nambu-Goldstone fields, 79,5 = %@m + O(7?/f2), we can make the Wess-
Zumino-Witten interaction more transparent,

k/g dy* dy” dy” dy° dy> Wy pox (C.1.6)
5

= 1572:;]? /Q 5 dy"dy” dy’dy® dy* Tr [0, 70, m0,mdemxm] + O (n°/ £2) (C.1.7)
- 15721.];]2? /Q5 dytdy” dy” dy° dy* 0y (Tr (18,78, 70,mdy]) + O (Trﬁ/fg) (C.1.8)
= 15721_%? /M d*ze"?? Tr (10,70, 70pym 0| + O (7°/ ) . (C.1.9)

In the last equality, we used Stoke’s theorem and da*dz”dzPdz® = dxtetvro.

'First, we want to have the lowest number of derivatives since we consider the low-energy limit. Second, a
term that violates Pp must contain an epsilon tensor.

2The space-time can be extended to a five-dimensional disc if the fourth homotopy group is trivial,
m4(SU(4)/Sp(4)) = 0.

3There is an analogy to magnetic monopoles discussed in Witten’s paper [108].
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Now, we can show, that the constant k is quantized. The choice of the five-dimensional
disc Qs is not unique. Since we are only interested in exp (iS) in the Feynman path, we can
also take another disc Qf with an opposite orientation, such that

exp <2k/ dY“”"”}‘prUA> = exp —ik/
(o) Q)

where dY#P7 = dytdy? dyPdy® dy>. Since Qs U QL = S? is a five-dimensional sphere on the
SU(4)/Sp(4) manifold, we can write

dyrveod w/“,p(,)\> , (C.1.10)

/
5

exp <zk /35 dyHvroX w,wm> =1. (C.1.11)

The integrand characterizes maps from S° to the SU(4)/Sp(4) manifold by ¥(y), which
correspond exactly to the fifth homotopy group,

m5(SU(2Ny)/Sp(2Ny)) =7, Ny >2. (C.1.12)

Then, each map can be assigned to a winding number n € Z, such that
/ AY PPN G pen = 270 (C.1.13)
S5

Consequently, the parameter k € Z [108, 111]. It can be shown, that k = N, [103, 108], where
N, is the number of colours.

In the end, the Lagrangian of the Wess-Zumino-Witten interaction for Nambu-Goldstone
fields m € SU(4)/Sp(4) is given by

2N,
Lwzw = 1571_2(}5 P Tr 10,70, w0,mdpm] + O (7°/ £2)
s
2N, o
= 157_‘_2}5 eﬂvpﬂﬂ'iauﬂ'jayﬂ'kapﬂ'laaﬂ-n Tr [TlTkaTlTn} ) (Wﬁ/fg)
5 1.
= chfg)eﬂupa (110,720, 30,4055 — T20,,m10, T30, M4 055 (C.1.14)
Q ™

+m30,m10,T20,T40,75 + 740,710, m20,T50573
—|—7T58M7T18V7T28pﬂ'38071'4) +0 (Trﬁ/fg) :

The Wess-Zumino-Witten term allows only purely flavour off-diagonal interactions and is
invariant under the parity symmetries P and D given in Sec. 3.



CHAPTER 4

SIMP bound states

In this chapter we discuss a project, that is work in progress. The relic abundance of SIMPs
given in Chapter 3 is realized through the Wess-Zumino-Witten interaction. However, includ-
ing the possibility of bound state formation, the freeze out of SIMPs may potentially change.
In this project, we study the implications of the existence of dark matter bound states around
the freeze-out. We consider non-relativistic bound states - SIMPonium - made of two SIMP
dark matter particles described by the dark Sp(4). theory in Chapter 3. For simplicity, we
assume shallow bound states with binding energies Fp < m, that are bounded by dark
strong interactions only. The authors of the publication will be Xiaoyong Chu, Marco Nikolic
and Josef Pradler.

4.1 Key SIMPonium reactions

In presence of bound states X = (7w7) with mass Mx = 2m, — Ep and binding energy Ep

1

during the epoch of freeze-out in the early universe, four reactions” can become relevant for

T <K mer,

3 = 27 standard SIMP reaction,
Xm = 27 bound state reduction,
3 = wX bound state production,

2X = 27 bound state annihilation.

Around the moment of freeze-out, the directions 7 X — 3w, 27 — 7X and 27 — 2X are
suppressed by kinematics. The first reaction (4.1.1) is the standard SIMP interaction, which
is generated by the Wess-Zumino-Witten action (C.1.14) and plays an important role in the
SIMP paradigm (see Sec. 2.2). Including the possibility of bound state formation, three more
reactions can become relevant?. The second reaction (4.1.2) is efficient for the reduction of
the bound states X by converting X quickly to SIMPs 7. The leading order of this reaction is

!The reaction X = 2 is kinematically forbidden without an additional gauge boson.
2We consider only diagrams with 7 as a mediator. Diagrams with X as a mediator are sub-leading.
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also mediated by the Wess-Zumino-Witten interaction and hence, only bound states with odd
flavour combinations are involved. The third reaction (4.1.3) is necessary in order to create
bound states. In the last reaction (4.1.4) bound states annihilate to SIMPs. The last two
reactions are either generated by one 6-point or two 4-point interactions. Moreover, bound
states of all flavour combinations are involved.

The Boltzmann equations for 7 and X including the above reactions are given by

‘dx ~ H(my)

S

dYﬂ 2 1 Y2 v
C [<0”>X7H27r <YWYX - Y&Y?q) — 200" )3rsnx (ij - YW(Y§Q)2yﬁl>
" X

2
— (00 ) grosze (Y = Y2YEY) + = (ov)axan (Y - (Y?)Q)} ,

4.1.5
dYX o x32 < 2) Y3 —Y (qu)Zin o 1< > Y.Vy — Y7r2 Yiq )
dr = H(mﬂ) OV )3r—nX P o\ Y)Eé'q S OV)rX—2r I 29.¢ Yﬂa_gq X
2
- g(0v>zx—>2w (Y)% - (Y)?q)z)} :
(4.1.6

where the prefactors give the change of the particle number in the interaction and H(m) ~
2
1.67 g*;/}—;. The yield at equilibrium for 7 and X read

Ve o 0,145 97 43/20 7, (4.1.7)

Gx,s
Mx\*? _wx

Y~ 0.145 9% 4372 <X> e (4.1.8)

Gx,s My
E 3/2 B _ Ep
= 0.145 7% (22)3/2 (1 -5 B > o2 2715), (4.1.9)

g*,s m7r

where x = m,/T and gr,gx are degrees of freedom of m and X. In this case, the relic
abundance is now a combination of Y, and Yy at freeze out,

Qpyh? — S0 (MxYx(z — 00) + maYz(z — 00)) (4.1.10)
T—00 Pcrit
Y. —
= M(fx,ooMX + M) (4.1.11)
Pecrit

E . -

BN ST 9y (1 —5 00) + Ya(a — 00)), (4.1.12)
Perit

where s, is the entropy density at present time, peyit is the critical mass density, x = mpn /T
and fx oo = Yx/Yr is the fraction of bound states X at freeze out and later. As a reminder,
the mass of a bound state made of two SIMP particles is given by Mx = 2m, — Eg, where
Ep is the binding energy. In addition, the 37 — 27 process needs always to be sub-leading.
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Figure 4.1: The 27 — 27 and X7 — 27 (right) processes. The ingoing bound state momentum is
P.

Otherwise, the relic abundance of dark matter is again regulated by the SIMP mechanism.
Since we are interested in the dark matter mass abundance (4.1.10), the combination of the
Boltzmann equations leads to

d(Yr +2Yx) rs?

1 Y2
dx - _H (mfr) |:<0'7)2>37r_>27r (Yg B Y7T2Y7Sq) + g<o-v>7TX~>27T <Y7TYX o WY;O

— §<JU>2X_>2W (Y)% — (Y;q)2>:| .
(4.1.13)
Hence, the resulting relic abundance given in Eq. (4.1.10) depends on the magnitude of
the thermally averaged cross sections (ov)rx_sor, (00?)3r2x and (0v)ax 2. In the next
chapters, we derive the thermally averaged cross sections for 37 — #nX and 7. X — 27
explicitly.

4.2 SIMP bound states in Wess-Zumino-Witten interactions -

In this section, we calculate the thermally averaged cross section for the reaction X7 — 2,
see Fig. 4.1 (right). For this reason, we need to derive the invariant matrix amplitude
Mxr - on from the operator of fully connected diagrams (we follow mainly the book by
Peskin and Schroeder [112])

<E1E2) T (2/d$4ﬁwzw> ‘]3,2;]33> :(27T)3(5(4)(P —|—p3 - k‘l — kg)

X AMxron (P, p3 — ki, k2),

(4.2.1)

Here, P is the bound state momentum. The energy-momentum conservation is P+p3 = k1+k2
in this case.

The typical momentum exchange between bound and unbound states in a scattering is
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|7| =~ pvel  unbound states,
7| =~ pa bound states,

where p = "5 is the reduced mass and « is the effective interaction strength. Then, the

energy exchange for o, v < 1 is of order
=12
o |7l R
~ < ) 4.2.2
q = 2 < |7 ( )

Neglecting the energy exchange is known as instantaneous approximation [117], where the
bound state is formed instantly. Hence, we can define a non-relativistic bound state with
momentum P and internal quantum numbers z by

‘]3,2> = S\/2Mx / dPady f5 ml (@ )nl@7)10), (4.2.3)

where i, j are flavour indices Myx = 2m, — Ep is the mass of the SIMP bound state, Eg is
the binding energy, R = (CE + ¥/) is the center of mass coordinate, ¥ = & — ¥ is the relative
distance, f3 P.= 2m7rezp Rw x,2(7") and ¢ x ,(7) is a non-relativistic Schrodinger wave function,
that can be found through the potential of the system. For identical particles S = 1/v/2,
because the system is invariant under exchanging x and y for identical states (S = 1 for
non-identical particles). Here, &, i/ are the positions of each SIMP and 7 (&) is the positive
frequency part of a scalar field,

d3 1 . L
T4 () :/ p —=c Pay N e’ az. (4.2.4)

(n)? 28, o / g

In the last equality, we take the non-relativistic limit, |/2E; — /2m,. The bound state is
properly normalized as
< P’/ Z/

Then, the bound state can be simplified to

. d3 1 oz [ & 1 i o
‘Pz = Sv/2M /ded3 fpz/ p)lgwae z /(2722323@ P2 |5 5)  (4.2.6)

( p2

—SF /dgreé Ux . 77)/ n ! e~
(@) EnBp_,

, > = 2Mx (21)36®) (B — P)6..... (4.2.5)

7., P —ﬁl> (4.2.7)

my d D 1 = .
N 13¢Xz (71— P/2) oo (A ) (42.8)
p1

My d3p1 1 ~ R — R — N

= SV2M @rP En - Ba, - VX (P1) ‘P/2 +p, P/2 - p1> (4.2.9)
(2m)? P/2+p1 TP /2—p
S d3q . . r

ﬁ/ 3%“' 0)|P/2+0P2-q). (4.2.10)
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where ¢ can be seen as the relative momentum between particles in a bound state and 1; X,z
is the Fourier transformation of ¥x .. In the last equality, we shifted the momentum p; —
q+ ﬁ/ 2 and renamed p; to ¢q. As can be seen, the two constituents move with non-relativistic
momenta P/2 + §, P/2 — ¢ In the following, we denote the momenta of constituents as
P = ]3/2 + q, Pp = 13/2 — §, the bound state momentum as P = 5y + p» and the relative
momentum as § = % (p1 — P2). Additionally, we restrict ourselves to non-identical particles
(S = 1), since we will deal with non-identical particles in the Wess-Zumino-Witten interaction.
The matrix amplitude can be extracted from Eq. (4.2.1),

<E1,E2‘T (z’/dm4£wzw> ‘ﬁ,z;ﬁg> (4.2.11)
NR. v2Mx - . 4 = L3 -
<L , k,k;)T (PQ B/2—q, 4.2.12
2m7r (2r )3¢’X (q )< 1, ko (Z/dl‘ EWZW) /2+4q.P/ QP3> ( )
= (2m)*6W(P + p3 — k1 — ko) (4.2.13)
/9 ds
/ 3?/)Xz(®szw(P/2+q,P/2—q p3 — ki1, ka),
(4.2.14)
where Mwzw (p1, p2,p3 — ki, k) = — 2\/%?2]65 saﬂﬂ”plapggpgukl,, is the matrix element for the

usual Wess-Zumino-Witten interaction for SIMPs with mass m, given in App. 3. Compared
to Eq. (4.2.1) the matrix amplitude for X7 — 27 reads

NR. /2
Mxrson(Pyps — ki, k2) = M 3¢Xz( 7) Mwzw(P/2+4q, P/2—q,p3 — ki, k2).

2my (2 )
(4.2.15)
Here, we suppressed the flavour indices for 7 and X?2. This matrix element agrees with
the notation of Peskin and Schroeder [118] and can also be deduced with a Bethe-Salpeter
equation in the non-relativistic limit [117]. Assuming that go is negligible (4.2.2), the matrix

amplitude can be further simplified to

N.R. \/ d3

Mxroon(P,p3 — ki, k) =~ 3¢Xz (7) Mwzw(P/2+ q,P/2 — q,p3 — k1, k2)
(4.2.16)
VMxN: dq
=5 —5¢ Pk 4.2.1
InZmogse Lok, / o )3sz( q)4a (4.2.17)
vV Mx N, 3 d3q -
=Pk e d 2 (7 Ty, 4.2.1
= i, o b / rx, (7‘)/ (%)36 q (4.2.18)
One can split the wave function into a radial and angular part,
Vx,2 (7) = Rt (1) Yim (0, ¢), (4.2.19)

3In general, X and m have flavour indices and the matrix element is written for one specific flavour combi-
nation, MXi]’Trk*}ﬂ'lﬂ'n (P, p3 — klv kQ)
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where n, [, m are quantum numbers and Y}, are spherical harmonics normalized as f dQY) Yy =
011 6mms- Then, the integral in Eq. (4.2.16) yields

. Bg . . 963 (7
ot f @i ) [ e aa =i [ driwe 0 FE

_ ;abc 3 ) (3) _ abc )
ie /d e 0N 1 /d@dqﬁ sin 0 S

r=0

: { 5 / d0dg sin 0 (0, 9) (< sin 6 cos ¢ + =2 sin fsin ¢ + ™ cos )

47 or
r=0
Y, (6, . )
+ Rn;(r) / dfd¢ sin HW <5le cos 0 cos ¢ + £2%¢ cos O sin ¢ — 3% sin 0)
r=0

Rou(r) Y1 (0.9) [ 1o . e }
+ didp—————=(—e"°sin¢p + e“*“cos @) ;,
 Janae=5 20 )

(4.2.20)
ﬁg and evaluate the
integral at » = 0. Here, the coordinate r® is in the Cartesian coordinate system, but was
changed to spherical coordinates in the fifth equality. Additionally, we used the relation

where we rewrite the delta function in spherical coordinates, §(3)(7) =

g _igr °q gy 961 ()
[ G = [ et = -5 (4.2.21)
Since —rag(:) = §(r) the radial function can be written as
aRnl(T) Rnl(’r)
= 4.2.22
or —0 r _0 ( )

Then, the matrix amplitude for [ = 1 and m = —1,0, 1 is given by

MR, on(Pyp3 — ki, ko)

1bc - 2bc
et — e m 1
NR. . V3MxN. ORui(r) 3be
~ —3 Pb kl c X e 2 m=20
8v 27T5mﬂ-f75r or =0 glbe _ ;jg2bc 1

(4.2.23)
The matrix element vanishes for [ = 0 and hence, the transition X7 — 27 is only possible for
p-wave bound states as the lowest angular momentum state. In App. E we show an alternative
way to derive the matrix element M x,_,o.. The integrated squared matrix element in the
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center of mass frame? yields,
m 2 NR. MxN2 [ ORui(r)
; / dQ‘MXw—>27r‘ - 87‘(’4771721.][;0 or

where we summed over m. We choose PH = <\/ |P|2 + M2,0,0, ]]3]> in z-direction with

|P]2 = 1 (s, m%, M%) and k1 = |k1|(sin 6 cos ¢, sin 0 sin ¢, cos 0) with |k |2 = EA(s,m2,m2).
In the case of m = 0 the squared matrix amplitude after angular integration is zero, provided

2
) sk ?| P (4.2.24)
r=0

P is taken in the z-direction. Only m = —1,1 contribute to the interaction.

The cross section for one flavor combination X;;m, — mm, for [ =1 is then given by

K1 | 2
(O-,U)(ij)k—ﬂn = 647T2EPE \[ Z dQ|MX7r—>27r| (4225)
My N? R (1) $3/2|k1 3| P2 (4.2.26)
12876 f10m2 or o (s+ M% —m2)(s — M% +m2) -
2
NR.  M%N? OR,1 (1) (Mx — m7r)3/2 (Mx + 3m7r)3/2 2
= 409675m 0\ or | (Mx + my) vy (4.2.27)
or
2
1 |k1| ) MxN? ORu1(r) o=
¥ = QM P
O (ij)k—in 647T |P| Z/d | X7r—>27r| 5127T6f10m2 or i |k1| | |
(4.2.28)
N.R. M2 N2 OR,1 (7 ? Mx —mg, 3/2 Mx + 3m, 3/2
~ X_c v, (4.2.29)
~ 409675m, f10 \  or . (Mx +my) T

where the indices in the brackets denote flavour indices of the bound state, v, is the relative
velocity v, = |Up — Up,| between initial states and

Ep = 2\[(5+MX m2), (4.2.30)
E,, = 2\[(5 +m2 — M%), (4.2.31)
s~ (Mx + mﬁ)2 + MXmﬂvTQ. (4.2.32)

According to Refs. [43, 119], the thermally averaged cross section for one event (ij)k — In is
given by (see App. F.2 for detail calculation)

JOtstmey2 459Gt /5 PP KL ﬁ)
{o0) i) = 2M%m2T Ko(Mx /T) Ko (mx/T)

(4.2.33)

4The center of mass frame is given by P +p3=0= El + ];2.
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The integral above can be solved numerically or analytically in the non-relativistic regime.
The thermally averaged cross section in the non-relativistic regime can then be written as an
integral over the relative velocity v, [120],

NR. [
<Gv>(ij)k—>ln = /0 dv, 'UEF(UT) (O'Ur)(ij)k_)ln (4.2.34)

where

2 3/2 2
F(UT) = \/;(M;ﬂ') ,Uze_,u'Xﬂﬁ’ (4235)

]WX?’N,7r

) 4.2.36
Mx +my ( )

MXm =

If we expand (ov,) in powers of v, one obtains

N.R. BNZMx (Mx — mq)**(Mx + 3mz)*? [ R (r)
T hsin = 409676 £10rm2 or

2
) T (4.2.37)
r=0

Then, the thermally averaged cross section for X7 — 27 is expressed as

111 1111
(V) Xrs2m = 105921 (‘%; l<gv>(ij)kﬁln = 105212 ‘Zk:l<‘7”>(ij)kaln
ij)kn 17kn

1111 3
= 1705555!(0@(12)3%45 = 5<UU>(12)3H45

NR. 9N2MX(MX Mg )2 (Mx + 3m;)*? [ OR,1(r)
2048076m2 f10 or

2
r=0

where we averaged over 10 different X, 5 different 7 and a factor 1/2! is added in order to

2 (4.2.38)
) r
r=0

EB<<m7r 9[N2 aRnl( )
= Soasrofio \ " ar

avoid double counting of the same event®. Since (0v)xr_2x has a v3-dependence, (0v) xr_s2x
scales with T in the non-relativistic regime. Moreover, the reaction X7 — 27 is more efficient
than 37 — 27 and decouples later,

FXT('—)27T nx <UU>XW—>2ﬂ 5 5/2 “Byp
I“377%2# n72r <0'U2>37r~>27r AsTF ( )
where we estimate 2221(") {T = 1/a,5;)5/2 with the Bohr radius ap ~ 1/(asmy) related to

dark strong interactlons with an effective coupling as ~ O(1).

®Like the WZW interaction, also X7 — 27 has only off-diagonal flavour combinations
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4.3 Higher order interactions with SIMP bound states ————

4.3.1 The 6-point interaction

We consider the extension of the chiral Lagrangian up to order 7% for a gauge group Sp(4).
discussed in Ref. [103] or Sec. 3. The additional interaction is part of the bound state for-
mation reaction 3 — wX. The Lagrangian is given by adding one more order to the chiral
field & = %7/ fxE,

; f]_# e
L="rT [a,tza 5 } 5 (Tr [MY] + Tt [2 M D (4.3.1)
2
= Tr [0, m0" 7] — 3;2 Tr [7728“7T8H7T — wOt O] — m2 Tr [772] + ?77; Tr [774] + Lwzw
(4.3.2)
4 2m2 d
+ B/ Tr [772 (om0, m — ot rro,m)| — 151 Tr [7‘(’6] +0 <ﬁr)> (4.3.3)
1 & 1
= 5 ; 8;L7Tnau77n — 12f7_2r k;1 (ﬂ—kﬂ_k’aluﬂ—nauﬂ_n — Wka/ﬂfkﬂnauﬂn) (434)
m2 o m2 > ’
s 2 ™ 2

1 5 m2 > ’ i
2 2
+ 7180f4 E T (MmO OF 1y, — TR0y TR0 my) + 288(;]”# (k_l 7Tk> + 0O <f,§> .
(4.3.6)

There is no 6-point interaction arising from the WZW action.

4.3.2 The cross section for 37 — X

The relevant diagrams for the process 3m — wX are given in Fig. 4.2. The last two Feynman
diagrams are enhanced by the propagator when My ~ 2m, . For this reason, the contribution
of the first two diagrams is negligible in the calculation for the process 37 — 7.X.

The general matrix amplitude for a four-point interaction between SIMPs is given by the
Lagrangian (4.3.1),
1

=67 [5ab56d (2(p1.p2 + k1.k2) + (k1 + k2).(p1 + p2) + m2)

Meay—sca(p1,p2 — k1, ko)
+ §2¢5bd (—2(p1.k1 + p2.k2) — (p2 — k2).(p1 — k1) + mi)

+5adg5eb (—2(p1-k2 + p2-k1) — (p2 — k1).(p1 — k2) + mi)}
(4.3.7)
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Figure 4.2: The 37 — wX process, contact interaction, s-channel, ¢-channel, u-channel (from left to
right). In each vertex, flavour indices come in pairs. The momenta p; and k; are ingoing and outgoing
momenta, respectively. The bound state momentum is K.

where p1 + po = k1 + ko and p1, p2, k1, ko can be on- or off-shell. The t-channel in Fig. 4.2 has
two vertices. The upper vertex is given by
1

chb—wd(phPQ — ki, k) - 6f7%

(506 (4(p1.p2) + 2k (p1 + p) + m2)
+ 696 (—4(p1.k1) — 2p2.(p1 — k1) +m2) (4.3.8)

+5945¢ (—4(p2-k1) — 2p1.(p2 — k1) + m72r)]

where k = p1 + p2 — k1 is the momentum of the mediator and p1, ps, k1 are on-shell. The lower
vertex includes the bound state X with momentum K. In this case, we have to integrate over
the relative momentum ¢ of constituents,

. NR. SV2Mx g -
Viers(sq) (k03 = K) = T (27T)3¢§(,z (7) Vies pg(k,p3 = K/2 4+ ¢, K/2 — q),

(4.3.9)

where we remind the reader, that S =1 (S =1/ \/§) is the symmetry factor for non-identical
(identical) constituents of the bound state and 1x . is the Schrodinger wave function. The
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flavour indices in the brackets denote the flavour combination of the bound state. The four-
point interaction in the integral yields

Vi (kops — g+ K/2,K/2 — ) = [5d05f 9 (3M% — 2m2 + 4(K ps) — 4(q.q))

12f2
+ 6df50g (_BM)Q( + 8m72r - 4(Kp3) + 12(]'(2])3 - K) + 4((](]))
2
L gdages (—3M)2< +8m2 — 4(K.p3) — 12¢.(2p3 — K) + 4(q.q))
2 )

(4.3.10)
where the momenta k£ = K — p3, q are off-shell and K, p3 are on-shell. Then, the integral in
Eq. (4.3.9) can be solved,

N.R. S\/

—3M5 + 8m; — 4(K.p3) — 4Epmy) © gloges (—3M3% +8m2 — 4(K.p3) — 4EBm7r)]

VI Ruo(0) [5“5]‘9 (BM% — 2m2 + A(K.p3)) + 4Epmy

+5df§0g (

2 2

(2ps — K)' +i(2ps — K)?  m=-1

V3M n
B 185\}; }(2 8Ra71a(7’) (5df5cg _ 5d956f> x < (2p3 — K)?)ﬂ m=0
T J 7 r=0 —(2p3—K)1+i(2p3—K)2 m=1
(4.3.11)

In the following calculations, terms containing ¢ are related to excited bound states. Terms
proportional to g lead to [ = 1 states. Terms proportional to (g.q) seem to be divergent at
7 =0, but according to Refs. [121, 122] these terms are finite and proportional to Ep,

d3q o< d3q o 0
[ Getia@ 0o T2 - [ S @ ar = [l s 60)

2m) (2m)?
2R(r il (T N
= ;/d¢dﬁsin0{<a£g ) . 20Ru(r) 0> im(0,9)

r Or
0?Yr (0, 9) i 1 0%V .(0,9) . 1 9y (0,9)
062 sin? 6 0?2 tan @ 00

Rnl(r)
2

_l’_

T
r=

1
- EV2RM(O) / dpdf sin 0Y;%,(0, ¢)

liO mﬂ'EB

NG

Rno(0),

(4.3.12)
where we used §(7) = %. The above expression vanishes for [ = 1 states. In the first
equality, we used instantaneous approximation (4.2.2). In the third line, the integral vanishes.
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In the fourth line, we used V2R,;(0) = —m;EpR,(0) from Refs. [121, 122] and assumed a
real radial wave function R,;(0) # 0. Hence, (g.q) terms can be neglected in the following
calculations, since we consider Fgp < m,. Whereas in the reaction X7 — 27 p-waves are
preferred, s-waves (I = 0) are also present in 37 — 7X. In the end, the total matrix element
is expressed as

N.R.
Mébcﬁe(fg) (p1,p2,p3 — k1, K) 2" Vi ca(p1,p2 — k1, k) V;cﬁ(fg)(k,pza — K)

2 2
k4 —m2

N.R. 3 . .
= Mvab—)ed(plap2 — k'l, kl)Vdc—)(fg)(kap?) — K)’
(4.3.13)

where the propagator is approximated in the non-relativistic limit as

1 1 N.R. 1 3
= ~ ~ 4.3.14
k2 —m2  (ps— K)2—m2 MZ% —2m Ex ~ 2(M% —4m2) ( )

using \/sa5 = Ep, + Ep, + Ep, >~ 3my and Fg = \/7 (545 + M)Q( ) in the center of mass
frame.

The last Feynman diagram in Fig. 4.2 is derived in a similar way and leads to

Mghe—se(rq)(P1, D2, P3 = k1, K)

N.R. S\/ix .

2m (2 )3¢*( 0)x.Vaboar (P1:92 = K/24 0. B) 155 Vea s (P3. b — K, K/2 = q)

" m
65/ 20 x Bq
—mW(M)% — 4m2) / (2m)3 VD) x 2 Vapsar P1:02 = K/2 4 ¢, k) Vg ey (p3, k — k1, K/2 — q)
(4.3.15)
where the propagator is again approximated for non-relativistic particles as
1 12

The upper and lower vertices are given by

Vabsar(P1, 02 = K/2+ ¢, k)

1 M2
Nz [5ab5df <_2X +3m2 + 4(p1.p2) + K.(p1 + p2) + 2¢.(p1 +p2 — K) — 2(q.q)>

2
+ gadgbf <J\4X —

, 2(p1.p2) + K.(p2 — 2p1) + q.(K — 4p1 + 2p2) + (q-q)>

M3
+5%/ 5t <4X — 2p1.p2) + K.(p1 — 2p2) + q.(K + 2p1 — 4po) + (Q-Q)>] :
(4.3.17)
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‘/czé%eg(pfﬂa k— kla K/2 - q)

1

M2
= TE {5”[0569 <X +2k1.(p3s + K) + (K.p3) — q.(K + 2p3 + 4k1) + (q.q)>

4

M2
+ 6959 (—2X +3m2 — 4(k1.ps) + K.(ps — k1) + 2q.(K —ps + k1) — 2(Q-q)>
M2
+6%9 5ee <4X —2(p3.K) 4+ k1.(2p3 — K) — q.(K — 4ps — 2k;) + (q.q))] .

(4.3.18)
The 3 — 2 cross section for the process m,mpm. — T Xy, is given by (see App. F.3 for more
details)

2 |k | 2
(00) abemset o) = Tome2 B By Bon / [Mabe—se(fg)!

(4.3.19)

wr \/M% — 20MEm2 + 64m3 )
. 23047_‘_2m;r)r ds |Mabe—>c(fg)| ’

where the matrix element can depend on angles®. In the following, we show exemplary the

cross section for one off-diagonal (mw3mimy — m3X12) and one diagonal flavour combination
mmm, — mX11 for [ = 0 bound states. All other combinations are derived in a similar way.
The matrix element for the process m3mmo — m3X12 is a sum of amplitudes of possible flavour
combinations. Since in the vertices (see Fig. 4.2), 7 interacts in flavor pairs, interchanging
the initial states 1 and mo, requires a change in the mediator from 7 to mo. In addition, two
diagrams have a w3 as a mediator. In total, we have six diagrams to add up. Then, the cross
section is temperature-independent in the non-relativistic regime,

) N.R. Mx Rno(0)2(3128m2 + 1ML — 421m2 M2)? \/(8m?r — M3)? — 4Mgm2
(ov )312—>3(12) ~

86 9372 f3(M% — 4m2)? ml
(4.3.20)
o Ruo(0)2 [m P2
~ 2 4n0 m

where in the second equality we expanded for Ep < m,. As already discussed, the contact in-
teraction and s-channel in Fig. 4.2 are suppressed compared to the ¢, u-channels. In this case,
there is no s-channel for 312— > 3(12) with 7 as a mediator’. The enhancement is noticeable
in the nominator for bound states masses close to mass 2m, of two unbound particles. Since
(0v?) is independent of initial state momenta, (cv?) = (0v?) (up to double-counting factors).

For | = 1 states we have to sum over magnetic quantum number m, > IMGbesse(rg) 2.
"There is a s-channel diagram with X as a mediator, but this interaction is realized through two Wess-
Zumino-Witten interactions and is sub-leading.
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Similarly, we obtain the cross section for mymi7m; — w1 X11. In this case, the matrix element
is given by Mi111(11) ~ Mf11—>1(11) + Mf11—>1(11)' The cross section is again temperature
independent, as expected,

W A9 My Roo (0)2/(8m2 — M3)2 — AMZm2

2
. 5 4.3.22
(ev ) 111->1011) 13107272 f8(M% — 4m2)? ( )
i Rug(0)? (a2
N 414tn0 T
=335 107 () (4.3.23)

An enhancement of the cross section is again given for Mx ~ 2m,. Since <av2>3ﬂ_ﬂr 18

: 2 . 2 2
3o, SCales with T, the ratio <av >3W_>7TX / <av >
scales with 1/ T?. For one flavor combination and Ep < m, we obtain

temperature independent and <Jv2> Sy

(00 )m2m02) NE- o TOTRf7
(mﬂ_E‘B)3/2

2
~ « > 1, 4.3.24
<UU2>37r—>27r o ( )

where we again estimate Rp0(0)? ~ 1/a% with Bohr radius ap ~ 1/(agm,) and strong
coupling avg ~ O(1). Hence, 3m — 71X can be more efficient than 37 — 27. In addition, the
ratio (0v?)3;_xx/{0V)xx_2x scales with 1/T.

4.4 A naive estimation of relic abundances

In Fig. 4.3 we show exemplary the relic abundances of 7 and X for m, = 100 MeV and
Ep/m; = 0.1. For simplicity, we parameterize the thermally averaged cross sections entering
the Boltzmann equations (4.1.5), (4.1.6) as follows:

a b
<0v2>37ra27r = 22 (0V) Xros2m 1= Py (4.4.1)
2 My 32
<UU >37r—>7rX =c (EB) s <Uv>2X—>27r =d, (442)

where x = m,/T and a,b,c,d are functions of masses m,, Mx and decay constant f; in
general. As already discussed, I = 0 bound states are not present in X7 — 2x. For our
purposes of a first simplified analysis, we do not distinguish between [ = 0 and | = 1 states.
For further discussion, we define the rates per particle 7 and X:

per m per X
gﬂ'*}Qﬂ - ngr <UU2>3F—>2W
7rX7r—>27r =nx <UU>X71'—>27T P%TF—)QW = Nx <O.U>X7r_’27r (443)
3
Fgﬂ*)ﬂ'X = n72r <0v2>37T—>7TX Fg(;r%ﬂ-X = %<0—U2>37r—>7rX
2
I172TX—>27r = TTLLf <UU>2XH2W Fg(x_)% =nx <UU>2Xa27r
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my; =100 MeV, Eg/m, = 0.1 my; =100 MeV, Eg/m,, = 0.1
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Figure 4.3: The relic abundances of SIMPs 7 (left) and bound states X (right) for a = 107,b =
10%, ¢ = 105, d = 10*. The vertical lines correspond to I' ~ H for each reaction from left to right: (left
Flg) F§7r~>277 = H7 1—‘Q-X~>27r = H’ F§7T~>7rX = H’ F%w%%r = H7 (I‘lght Flg) Fé(vX~>27r = H’ Fg‘(“)ﬂ'X =
H,TX ~ H.

Xm—27

In this framework, 7 do not decouple through 37 — 27, but when the rate (per 7) I';___ ~
H. Since 3m — wX decouples later, the particles 7 remain in equilibrium longer, reducing
the dark matter relic abundance Y, further (see Fig. 4.3). Increasing (ov?)3, rx reduces

the relic abundance, as expected. On the other hand, the relic abundance of bound states

X
3r—m

and Y, change and reduce further, since X7 — 27 is still efficient. The Boltzmann equation

reduces quickly. At z ~ 23 the reaction rate I' y drops below the Hubble parameter, Yx

becomes
dy, dY: s Y? 2
d.’L’ﬂ == d;( = H(m ) |:<O—U>7FX—>271' (YTI'YX - quY)e(q> + 2<O_U>2X—>27r (Y)% - (Y)(zq) >:| .
™ ™
(4.4.4)
If I’%W_,% > Fg(X—mr’ the second term on the right-hand side of Eq. (4.4.4) becomes negligible

and the relic abundance of bound states follows a quasi-static equilibrium solution Yx =~
VoYl Va9 until T'§ ~ H (see Fig. 4.3). The abundance Yx changes slightly between

Xm—2m
x = 20 and x = 30 when the reaction 2X — 27 becomes relevant. As temperature decreases
towards I‘fx _or =~ H, the reaction 2 — w.X is exponentially suppressed and the Boltzmann

equation after FfX o, ~ H effectively becomes®
i S Hmo (O3n—ex V)Y — E<O'7I—X_>27I-U>Y7TYX . (4.4.5)

8As a reminder 37 — 71X already decoupled and 7X — 37 is exponentially suppressed.
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Then, the abundance of X follows the quasi-static equilibrium solution

<UU2>3W—>WX

Yy ~ Y2s .
X T <UU>7rX—>27r

(4.4.6)

In summary, the strength of the reaction 37 — wX regulates the freeze out of SIMPs 7 in
the presence of bound states X.

4.5 Outlook

Since the project is still in progress, we will highlight some additional ideas and how we will
proceed in the future.

First, after deriving <av2> for all combination of flavours, we can sum over all

abe—>c(fg)

flavours and obtain the thermally averaged cross section <m}2>3w entering the Boltz-

mann equation. Second, once (ov)ax_s2r is derived, the Boltzmann zaﬁations (4.1.5), (4.1.6)
can be solved to determine the relic abundances of m and X precisely. This will provide some
insight on the evolution of bound states in the early universe, e.g. finding the condition when
bound states become relevant. Third, we can consider alternative models, like Yukawa-like
theories or glueballs. Fourth, an additional U(1) gauge boson V', that couples to m and X
extends this project significantly. The Boltzmann equations need to be extended and the

following processes become relevant in this scenario,
X —» 7V, 2r - XV, 2r - VV.

Bound states can now form by radiating a light vector boson or can also decay into SM
particles. This opens the door to experimental exploration of dark bound states. Fifth, we
can include (axial-) vector mesons and the isosinglet 1’ from Part II in this project. Since
(axial-) vector mesons and 7’ interact with SIMPs, the SIMP mechanism as well as the
SIMPonium mechanism change. Sixth, we can also consider mass non-degenerate SIMPs
discussed in Part II. For instance, the isosinglet 7’ is present in the Wess-Zumino-Witten
interaction with SIMPs.
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APPENDIX D

Useful formulas for bound state

interactions

In this appendix, we provide some useful formulas for the calculations in Chapter. 4.2. The
Fourier transformation of the wave function is defined by

Ux.(q) = /drgwx,z(F)eiw7 Dy (7) = /dr3¢§(7z(7f)e i (D.1.1)

In the following, we split the wave function into a radial and angular part ¥ = R,,;(7)Y}, (0, @)
with quantum numbers n, [ < n, =1 < m < [ and used V2R,;;(0) = —m;EgR,;(0) from
Refs. [121, 122], assuming a real radial wave function R,;(0) # 0. In addition, we chose
¢’ = (gsinf cos ¢, gsin O sin ¢, q cos H)T. Then, the following integrals can be expressed as

d3 d3 1
/(2@31/’ (7) = /( )waz() ﬁRno(o) l=m=0, (D.1.2)
d3 7 d3 ~ (4.2. d3
/ (%jgwx,zm*) ¢ = / (2W§3w},z<q*> Qo L / (%)gwmw 77 (D.13)
=5 fl0)  1=m=0. (D.1.4)
Pq - dq - (4.2 d3q
/(2W§3¢X,z(§) ¢ :/(27:;3@{%(@) 2 Ba.(122) _/( o (@) 17 (D.1.5)
Z—T;ﬁBRno(O) l=m=0, (D.1.6)
AL A2 = 1
/( )sw(*) (7) g = +);\/;6Rgl( r) A3V2 m =0 =1,
T e A ®iA? m=n

(D.1.7)
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An alternative derivation of the matrix
element My, .o,

Another way to calculate the result in Eq. (4.2.23), is to expand the plane wave into spherical
harmonics,

g 4#2 Jz qr Yzm( )Yem(q)

(E.1.1)
Then, we can solve the integral in Eq. (4.2.20)
- d? g7
a“bc/d?’rwx,z (7")/(2:)36 Ty (E.1.2)
1 v ) . R
— o= Y [ P @) [ R0 Yon ()Y () (B13)
v g
— [ drr® Ry (r)j (ar) / 4, Y (7)Y (7)
=5ll’6mm’
1 [ _abc ~ .
= ﬁ(—l)lﬁ ’ /d?’qqayzm(Q)/dTTQan(T)Jl(qT) (E.1.4)
glbc _ i62bc m=—1
= /drr /dqq g1(qr) x ¢ €3¢\/2 m=0 (E.1.5)
V6 _Elbc _ Z'€2bc m=1
:2377%6(7‘)
] lb _ Z€2b m=—1
_ 3 ;33Rn1(7‘) 3bc\/> — (E].G)
2V 2n or r=0 _ 1bc _ iEQbC m=1

where we choose g

= (gsin 6 cos ¢, g sin O sin ¢, q cos 0)

and 20| _ E)

0 . . The inte-
e
gral in the fourth line vanishes for [ = 0. Then, the matrix amphtude is equal to Eq (4.2.23)
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Self-interactions in the DM sector

In Part II we constructed the dynamical theory of SIMPs as Nambu-Goldstone states 7 in a
Sp(4). theory. The dynamics of the SIMPs is captured in the chiral Lagrangian, including
self-interactions, like 2 = 27 as well as 3w = 27 interactions. In this chapter, we provide the
relevant self-interacting cross sections for mass degenerate SIMPs. Since the SIMP freeze-out
is strongly regulated by the 3m — 27 process, we also derive the thermally averaged cross
section <01)2>37r_>27r, occurring in the Boltzmann equation.

F.1 The 27 — 27 cross section for mass-degenerate SIMPs —-

7Ta ﬂ-C
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Figure F.1: The 27 — 27 processes.

As already discussed in Sec. 3, the 2 — 2 interaction gets contribution from the kinetic
and mass term of the chiral Lagrangian. The 2 — 2 self-interaction guarantees that the
dark matter sector is at one single temperature maintaining the state of thermal equilibrium.
We can determine the squared matrix element of the Feynman diagram F.1 for different
combination of flavors 4,j = 1,...,5 (i # j),

|Miisil® = —= (F.1.1)
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1 2

Mol = 75 (s = 02)". (F.1.2)
™
1 2

| Mijijl? = 12 (t—m3)". (F.1.3)
™

The cross section! in the center of mass frame is given by the integral over the Mandelstam
variable t = (p; — k1)? = —(p1 — k1)?,

1 t
o=——— [ dt|M|? F.14
s J,, 14

where p;, k; are ingoing and outgoing momenta in the CMS frame,

(s — 4m72r)

% = |k ? = 1

(F.1.5)

Then, the boundaries are tg = —(|p1| + |[k1])2 = —(s —4m2) and t; = —(|py| — |k1|)2 = 0. The
corresponding cross sections can now be expressed as

1T, 9 i NR om2 1

= -5 7 ~ T__ F.1.6
721 = 167 121 (s sz + T 32mfr 8 ( )

11 1 5\2 NR. m2 9
S S S o M 2 F.1.7
U007 9 16ms 4fF (s = m=) 32mf71 16’ D

1 1 minNnr m2 1

My NR- My (F.1.8)

TS T 9 T6ns Af2 320 fA16°

where we already assumed, that SIMPs are non-relativistic, s ~ 4m2. A factor % is taken
into account to avoid double counting of identical final states. The total cross section? is then

summed up,

1 NR 225 m2 9z
1  NR225 _ F.1.9
O2r—27 N2 Z Tij—kl 16 3271’]6#]\772r 51277.]0#’ ( )

4 i:jzkzl

where the cross section is normalized with N, = 5.

F.2 General expression of a 2 — 2 thermally averaged cross

section

According to Refs. [43, 119], the thermally averaged cross section is derived as follows (3, j
are flavor indices),
1 /gp1d3pl gp2d3p2

(0V)ijsht = nnSd 2r)3 (21) (Uv)ij—ﬂcl Tod fod (F.2.1)

1Here, we consider SIMPs with mass m.

2The 2 — 2 cross section is consistent with Ref. [103] for N, = 5, where f is rescaled, ffef[log] =2fr.
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1
C16m2T2m2m3 Ko (my /T)Ko(ma/T)

/ d’p1d®py (00) 5k e~ EntEn)/T (F.2.2)

where f{% are Maxwell-Boltzmann distributions, p1, ps are momenta of particles i, j with mass
m1, me and the number density at equilibrium is given by

eq _ _Ji B FEU(E, T ~ 9i /d3 o= Ep /T _ _Ji
nz (27'(')3/ plf ( (2] )— (27T)3 p’Le (271')3

Here, K;(x) are modified Bessel functions of the second kind. The integral in Eq. (F.2.1) can
be simplified to

/ d*p1d’ps (0V)ijmhi e~ (Bpy+Epy)/T

4rmiTKy(m;/T). (F.2.3)

(F.2.4)
o0 b [e%9)
= (2n?) / N / dB_ / dsEp, Ep, (00);; e 77,
Vs a (Mx+mz)?
where By = E,, + Ep,, s = m} + m3 + 2E, E,, — 2\/E —ml\/ —m2cosf, 0 is the
angle between p; and po and dB3p1d3py = 272 E, E,dE dE_ds = %5 E2 E%)dEerE_ds.
The integral boundaries over F_ are given by
E? — m? —m3
a= -2\ 2 ¢ E+M (F.2.5)
E? — m? —m3

b=2|p1 ||| —/—— + E+( ! - 2) (F.2.6)

Since E,, Ep,v = |p1|/s, we can integrate over E_ directly,
/d3P1d3p2 (00)ijs e ErTEp)/T
(F.2.7)

0o oo
= 87T2 /\f dE+/( 2 dsaij—>kl|ﬁ1‘2ﬁ /E-2i- — s efE-&-/T.
S m1+m2

Since the cross section depends only on s, we can perform the integration over E by substi-
tuting F, = /s,

> BT 2 _ . [ —eyET 2T Vs
/\/ngJre \VEZ —s 3/1 dze Vv T\/§K1<T>. (F.2.8)

In the end, we can find an analytical expression for the thermally averaged cross section,

S a2 48 Tijki/3|01 2 Ky (#)

ikl = F.2.9

ik = ST (/T Ka (i) T) (F:2.9)
The Bessel function in the integral can be approximated by
Vs o—/3/T

Ky (T 231/2 (F.2.10)

for large \/s/T.
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F.3 General expression of a 3 — 2 cross section

In this section we mainly follow the calculations from [100]. In a five-point interaction, there
are five independent Mandelstam variables,

s12=(p1+p2)? sz =(p1+k1)*  so3 = (p2+k1)?,

(F.3.1)
s1a=(p1 — k2)?,  s21 = (p2 — ka)?,

where p; and k; are ingoing and outgoing momenta, respectively. The general expression of
the 3 — 2 cross section is defined as follows,

(0%) 3 1 / &Pk dPky
7V Jijkoin = (2E,) (2B,,) (2Ey,) J (27)32Ey, (27)32Ey,

x (2m)*6* (p1 + p2 + ps — k1 — ko) [Mijiin|*
(F.3.2)
On dimensional grounds, the quantity o is not a cross section, since it has dimension 1/E?°.
In the center of mass frame, p1 + p2 + p3 = 0, the cross section can be simplified to
1 A3k d3ks

2
- = o (E E E, —E,, — F F.3.3
(UU >Ukaln 327T2Ep1 Ep2Ep3 2Ey, 2E, ( p1 t Lipy + Lopg k1 k2) ( )

x §° (El + Ez) | Mijk—sin|?
(F.3.4)
/ d|f1| |1 |2
1287T2Ep1Ep2Ep3 \/m + ‘kl‘Q \/m5 + |k71|2

X § (,@ - \/m31 + k12 — \/mg + yW) /dQ |Mijkiml?, (F.3.6)

(F.3.5)

where we are left with an integral over the angles, d€2 = dyd cos . In the first equality, the
delta function was split into energy and momentum part

5 (P14 pa+ps — k1 — ko) =0 (Ep, + Ep, + Epy, — Ex, — Ep,y) 6 (51 4 P2 + 3 — k1 — ka).
(F.3.7)
In the last equality, an integration over k1 was performed and the Mandelstam variable
s45 = Ep, + Ep, + E)p, was expressed in the center of mass frame. The integral is solved by

the substitution u = \/m?L + k1|2 + \/mg + |k1]2,

1 |E1|
2 2
( v )z]k%ln 12872 Ep, Epy Ep, Uu w 5(\/ S45 U)/ |Ml]k oin| (F.3.8)

k1| 2
= A [ Mijr—inl*. F.3.9
12872 Ep, Ep, Ep, /515 Migsind (-3.9)
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The delta function makes |k| = TlsTs A(s45,m3, m2) consistent with the energy conserva-
tion E,, + E,, + E,, = Ej, + Ej, in the center of mass frame. In the non-relativistic limit,

E; ~ m;, the cross section then reads,

|1 [ dQ | Mijisin]?

2
L _ F.3.10
(UU )zyk;—)ln ]_28772m1m2m3 (m1 +mo + mS) ( )

F.4 General expression of the thermally averaged cross section
(ov?)
ijk—In

The thermally averaged cross section is written as

3

(ov?) _ 1 / gd’pr pd’py g3d’ps gad’ki g5dks (Fal)
k=t pindingt | (2m)32E,, (27)32E,, (2m)32E,, (27)32Ey, (2m)32E), o

X (270)46% (p1 + pa + p3 — k1 — ko) [Mijgsn|? FELFSOFS (F.4.2)

1 G1d®p1 g2d®p2 g3d®ps , eq peq peq
_ ) F.4.3
niqni“n?f‘/ (2m)3 (2m)3 (2m)3 (o0 )”k_ﬂn R ( !

—E;/T

where f; 9dve are Maxwell-Boltzmann distributions in the non-relativistic limit. The

number density in equilibrium yields

ntd = (257’:)3 / dp; f ~ (22:)3 (47m?TKo(mi/T)). (F.4.4)

Here, K(z) is the modified Bessel function of order j.

F.5 The 3 — 2 cross section (U’UQ)Z.jk_ﬂn for mass-degenerate

SIMPs

The 3 — 2 cross section is determined by the WZW interaction in Sec. 3. For this reason, we
have to derive the quantity f dS) ‘Mijk_ﬂn|2 for SIMPs with equal masses m,;. The matrix
amplitude is given in App. 3. Since the squared matrix element is written in terms of Lorentz
invariant products (p1.k1), (p2-k1), (p3-k1), we can express those products as functions of ¢, 6

in the center of mass frame*
(p1.k1) = a1 — agsinf cos ¢ (F.5.1)
(p2.k1) = by + by sin 6 cos ¢ — bs sin fsin ¢ (F.5.2)

3 An additional symmetry factor 1/n! has to be added for identical initial states.
“We choose the first initial state p1 = (Ep,, |p1],0,0) along the x— axis in the CM frame. The second and
third initial states p2 = (Ep,, |P2| cos ¢, |p2|sin ¢, 0) and ps = (Epgy, —(|p2] cos ¢ + |p1]), —|p2] sin ¢, 0) are then

in the (z,y)-plane, where |pi| = 2\/%75 (845, 823, m2) and |p2| = 2\/%75 (845, 813, Mm2).
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(p3.k1) = c1 + casinf cos ¢ + c3 sin O sin . (F.5.3)

Here, a;, b;, ¢; are functions, that depend on the initial momenta and on the SIMP mass m.,

1 1
ar =7 (mi — So3 + 845) , Gy = Z\/845 (545 — 4m,2,)\/)\(m2r, 893, S45), (F.5.4)
Lo 9
b= X o +0) -
by = (s45 — 4m?2) (— m + ( - 345)(813 + 893) — 5138923 + 31215)7 56
! \/845>\ 7r7 523, 345)
by = V(515 — 4m3) \/313323312 —m2 (m2 - s15)° (F.5.7)
- 2 A(mgrv 523, 545) ’ .0,
Cl = % —al — bl, Co = —b2 +ag, c3= b3 <F58)

The Mandelstam variable s45 is now given by s45 = S12 + S13 + S23 — 3m72T. Then, we can
perform the integral over the angles and obtain

N3(4m72r — 545)(m72r(m72r — 845)2 — 812813823)
/ Q| Mijh—in|” = 0673 10 : (F.5.9)

Thus, the 3 — 2 cross section is expressed in terms of Mandelstam variables,

(01}2) _ ’El ’
ijk=In " 12872 E, F,, Eps+ /515

\/845—477%2T N3(4m72r—345) ( 2

2 2
= 256Ep1 Ep2 Ep?’\/% 967T5f710 mTr (mﬂ' - 845) - 812513823)
45\/WN62(4m72T — S45) (m%(zlm?r — S19 — S13 — 823)2 _ 812813823)

/dQ|Mijk—>ln|2

256 1275 £10 (m2 — s12 + 845) (M2 — $13 + S45) (M2 — 23 + S45)
N.R. 25 N2 0, o )
~ 95604 72/5my f10 (mz(4my — s12 — 513 — 593)° — 512513523) ,
(F.5.10)
where s45 ~ 9m72r, 819 ™ 813 ~ 893 ~ 4m72T and the energies F; are
1

Epl = 2\/5( — 523 + 845)7 (F511)
Ly, = 2\/g(m — 513 + 545), (F.5.12)
Epy = 2\/§(m — S12 + S45). (F.5.13)

The expression in the bracket in Eq. (F.5.10) has a velocity dependence.
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F.6 The thermally averaged cross section (ov?);j;;, for mass-
degenerate SIMPs

Since dark matter is non-relativistic, we can approximate the thermally average cross section
as

1 g1d’p1 gad®py g3d°p3
2 _ 2 eq req peq

<O'U >Z]k—>ln — niqneqngq/ (27’()3 (27T)3 (27T)3 (O'U )ij_ﬂn fl f2 f3
N.R. 25N?2 1

2567 72v/5mg f10 (4rm2T Ko (my /T))?
X /dEpldEpszpsEp1Ep2Ep3\/E2 —mz\/ m2\/ —(Epy +Epy+Epg)/T

2m 2w
/ d¢2/ d92/ d¢3/ df3 (m2(4m2 — s12 — s13 — $23)° — $12513523)
25N?

T 1672 81v/5my fo (47rm2rTK2(m7r /1))

X /dEpldEdemEmEmEps \/E2 - m2\/ P2 m2\/ - ~(Epy 4By Epy) /T

x (2my (B2 + EZ, + E2) — 5m2 (B2, (E2, + E},) + E2 Ey)) +8E3 E2 E> +mb)

B 25N2m?
102475 81v/5 £10 (Ko (my/T))?

Jome (-aric (52) et (29)) (1 ()
7)ot () 1 ()
s (o () et (59)) i (1 ()

a=mr  25NZmd 6 (_ 3K (z
102475 81+/5f10

— 15m,, < 3TKs (

(F.6.1)
In the second equality, we pulled the pre-factor out of the integral and used the non-relativistic
approximation for the Mandelstam variables s45 ~ Qmi, 819 ™ S13 ~ 893 ™~ 4m3r. In addition,
we changed the integration variable from momentum to energy by dEE = |p|d|p|. In the
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third equality, we chose a frame, where the first initial state p; is in the z-direction,

p1 = (Ep,,0,0,[p1]), (F.6.2)
P2 = (Ep27 07 |}72’ sin 927 ‘ﬁQ| COS 02) 5 (F63)
p3 = (Ep;, |P3] sin 63 cos ¢3, |p3] sin O3 sin ¢3, |p3| cos O3) . (F.6.4)

Then, we expressed all Mandelstam variables in terms of 0, 03, ¢3 and performed the integral
over the angles. In the fourth equality, we integrated over the energies. In the end, we take
the non-relativistic limit, x > 1 and arrive at

2,5
(00%)ijksin NG 2Nemn
1024+/575 f10:2

+0(1/2%), (F.6.5)

where © = m,/T. The full 3 — 2 cross section is given by the sum of all combinations of
Nambu-Goldstone states m,

111 111 10
2 _ 2 _ 2 _ 2
(00 ) srsom = N331921 > (ov ijhosin = N33 (510"} 125345) = N3 (00" ) 195045
& i7j7k7l7n i i
(F.6.6)
N.R. 125N2m2 3
£ +0(1/2%), F.6.7
512v/575 f1042 N3 /) ( )

where the factor 1/3! 1/2! avoids double counting of the same event and N, = 5. We differ
by a factor 3 from the SIMPlest miracle paper [103], but agree with [123],

1 Ref[log}
2 2
<UU >37r~>271' = g X <O-U >3774)27|- . (F68)
Remember, that the decay constant is rescaled, ff ef[103] _ 2fr.
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APPENDIX

Constant amplitude

In this appendix we provide matrix amplitudes and cross sections of the interactions X7 — 2,
37 — X and 2X — 27 in Sec. 4.2 and 4.3.2 (up to double-counting factors), assuming a
constant matrix elements M3 o, M3_,3, My o and introduced a symmetry factor S = 1
(S = 1/4/2) for non-identical (identical) particles,

N.R. Sv2Mx d3q -

Mxrox(P,p3 — k1, ko) ~ e (271_)31/))(72 (@) M3—2 (G.0.1)
Sv/Mx
~ 2VEX g (0)M l=m=0, G.0.2
2V 27, 0(0)JMs2 ( )
(UU)XW—>27r = <UU>X7T—>27r = L /dQ’MXT(—)Zﬂ"2 <G03)
64m2EpEyy\/5
N.R. \/(MX +my)? — 4m2 2
= T T . .4
2rMxmp(mq + Mx) [Mxm—2r| (G.0.4)
VIMx +mg)? —dm2 5 2
N.R. Sv2M d3q -,
Msrrx (1,02, 03 = k1, P) ~ V2Ix qgw (7)Y M3_3 (G.0.6)
2my (2m)
Sv/Mx
~ 2VHX B (0)M l=m=0, G.0.7
2/ 27m 0(0) Mz ( )
(0_,02) — |El| dQ |M37r—)7TX’2 (Gog)
dmonX 12872 Ey, Ep, Epg/S15
M% — 20M2m?2 + 64mA
N.R. X X" T
~ \/ Mz srx|? (G.0.9)

576mmd



Appendix G. Constant amplitude 129
My \/M;l( —20M3m2 +64mi )
~ S“R:,(0 G.0.10
N.R. SlszMX d3q dgk’ ~ R -
(P, P. ki, ko) =~ a k .0.11
Moax son(Pr, P2 — k1, k2) om2 /(%)3 (%)3%/))(1, (O)Vxyp(k)Masz  (G.0.11)
S152Mx
~ WRHX;O(o)RnX;O(o)/\/uH2 l=m=0, (G.0.12)
(0v)2x s2n = al /dQ|M2Xa27r’2 (G.0.13)
6472 Ep, Epy\/5
A TP (G.0.14)
= T 32n0E 2X —2r 0.
VM)2< —ma 2 02| pX 2| pX 2 2
5183 Ry o (0) 1717, 6 (0) 7| My (G.0.15)

= 20483 mA My
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Dark radiation from dark matter decays

Direct detection experiments searched for dark matter, especially WIMPs, for about two
decades, but we have not found an undisputed dark matter signal yet. One great challenge
in the future is the existence of irreducible neutrino backgrounds, that may mimic the rates
of dark matter making direct detection experiments less sensitive to WIMPs. Since current
experimental constraints almost reached the limit in sensitivity in the region of interest (neu-
trino floor), new experimental and theoretical ideas are necessary to overcome these limits.
Instead of increasing the sensitivity of direct detection experiments by various methods, e.g.
larger exposures or directional detection of recoil energies, we can also consider additional
signatures of dark matter, e.g. through a neutrino portal, where dark matter is assumed to
be unstable.

We will consider two possible scenarios:

e a multi-component dark matter model, in which a small percentage of dark matter is
unstable with arbitrary lifetimes,

e the complete dark matter abundance is unstable with lifetimes much greater than the
age of the universe.

Both scenarios may inject a large number of particles, that escaped detection to date. At
this point, we refer to these particles as dark radiation. In the following, dark radiation is
considered to be neutrinos, originating from dark matter two-body decays, see App. H.1.
Since direct detection experiments will study irreducible neutrino backgrounds in the future,
dark radiation in the form of neutrinos sourced by MeV-mass dark matter can be probed at
the same time. In addition, dark radiation from sub-eV dark matter can be studied in the
proposed neutrino experiment PTOLEMY, which is designed to search for relic neutrinos via
neutrino capture.

In order to distinguish dark radiation signals from backgrounds, we apply Likelihood statistics
and establish the minimum lifetime corresponding to the smallest dark radiation flux, where
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dark radiation and neutrino backgrounds are still distinguishable. For this case, we gener-
ate mock data and calculate the 30 discovery in the parameter space (mpwm,Tpm), where
mpm, TDM are the mass and the lifetime of the progenitor dark matter. In addition, we
explore the exclusion potential, assuming a background-free scenario. In the following pub-
lications [3, 4], we show the sensitivity of direct detection experiments and the proposed
experiment PTOLEMY to dark radiation as neutrinos (Standard Model and baryonic neu-
trinos). The statistical procedure is explained in the following publication [3] in Sec. 6 and
in App. K in more details. Moreover, we used the same statistical framework to find the 3o
discovery reach in PTOLEMY.
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Abstract Inthis work we analyse the ultimate sensitivity of
dark matter direct detection experiments to dark radiation in
form of SM or semi-sterile neutrinos. This flux-component is
assumed to be produced from dark matter decay. Since dark
radiation may mimic dark matter signals, we perform our
analysis based on likelihood statistics that allows to test the
distinguishability between signals and backgrounds. Given
the previous bounds from neutrino experiments, we find that
xenon-based dark matter searches will not be able to probe
new regions of the dark matter progenitor mass and lifetime
parameter space when the decay products are SM neutrinos.
In turn, if the decay instead happens to a fourth neutrino
species with enhanced interactions to baryons, DR can either
constitute the dominant background or a discoverable signal
in direct detection experiments. In the former case, this lifts
the “neutrino floor” for xenon-based experiments.

1 Introduction

The neutral current-induced coherent neutrino-nucleus scat-
tering process [1,2] once inspired the conception of dark
matter (DM) direct detection experiments [3—5]. Neutrinos
with energies up to several hundred MeV elastically scat-
ter on atomic nuclei with a cross section that is approxi-
mately enhanced by the squared number of neutrons, N2.
Similarly, the spin-independent scattering of weakly inter-
acting massive particles (WIMPs) is enhanced by the square
of the atomic number, A2, boosting the prospects of observ-
ing an atomic recoil signal from DM in ultra-low background
detectors with keV energy thresholds. Whereas DM has yet
to be directly observed in the laboratory, the very process
of coherent neutrino-nucleus scattering that once started the

4 e-mail: marco.nikolic@oeaw.ac.at (corresponding author)
b e-mail: suchita.kulkarni @uni-graz.at

¢ e-mail: josef.pradler @oeaw.ac.at

field, may also be the defining process in closing the window
of opportunity in our direct searches for electroweak-scale
DM. Neutrinos produced in the sun, in the atmosphere or
in supernova explosions, among other sources, constitute a
steady flux that cannot be shielded and, given enough obser-
vation time, detector volume, and detection sensitivity will
eventually be seen as an irreducible background in DM direct
detection experiments. This limits the ultimate sensitivity to
discover DM of mass m, and nucleon cross section oy, and
the combination of parameters where this occurs is conven-
tionally referred to as the “neutrino floor” [6-8].

The previous years have seen steady advances in increas-
ing the sensitivity of direct detection experiments. Besides
a tremendous effort that is underway and aims at develop-
ing and operating ultra-low threshold detectors—see [9] and
references therein—the classical WIMP detectors have now
gone beyond the ton-year mark in exposure, reaching a sen-
sitivity of o, ~ 10~%7 cm? and better at a DM mass m 5 of
several tens of GeV. Full exposure results have been reported
from liquid xenon experiments LUX [10], PANDAX-II [11],
and XENONIT [12], followed by results from current liquid
argon detectors DEAP-3600 [13] and DarkSide-50 [14]. The
next generation in these experiments, XENONnT [15] and
LZ [16] is already under construction and/or commission-
ing and they will be sensitive enough to see a small number
of neutrino background events. Finally, exposures of several
hundred ton-year may be achieved with the respective lig-
uid xenon and argon detectors DARWIN [17] and DarkSide-
20k [18], and their reach in (m,, 0y,) will be limited by the
neutrino floor.

More than 40 years after its prediction, coherent neutrino-
nucleus scattering has finally been observed by the COHER-
ENT collaboration using accelerator-based neutrino beams
[19,20]; efforts to detect the process using reactors are under-
way [21,22]. These measurements provide valuable new
insight into the interactions of Standard Model (SM) neutri-
nos with the constituents of atomic nuclei, thereby constrain-
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ing non-standard interactions to quarks and the presence of
new forces. In the context of DM direct detection, the most
important neutrino source is the sun and beyond-SM neutrino
physics utilizing these fluxes has been explored in [23,24];
for more recent works see [25-34] and the review [35]. A
common theme in many of these studies is that new inter-
actions of neutrinos will modify, and typically elevate the
standard neutrino floor by within a factor of a few, when the
new physics is subjected to complementary constraints.

In this work, we consider a principal alternative option.
Rather than modifying neutrino interactions per se, we shall
primarily study the presence of new neutrino fluxes, their
detectability and their influence on the DM detectability.
Concretely, we consider DM decay as a source of SM neu-
trinos; only in a second step we shall also consider the pos-
sibility of new interactions in an extended neutrino sector.
Substantial fluxes of these neutrinos will originate from DM
decay within our own galaxy as well as globally, by the cos-
mological decay of DM. Indeed, it is entirely possible that
the Universe is filled in significant number with relativistic
particles, dark radiation (DR), that may have escaped detec-
tion to date. Taking the present energy density in dark matter,
PDM, as a calibration point, DR may contribute as much as
several per cent, ppr < 0.1ppwMm, while still being allowed by
gravitational cosmological probes [36]. When compared to
the present number (average energy) of cosmic microwave
background (CMB) photons, ncms ((EcmB)), this implies
that

(Epr) 500

(EcmB) nDR

ncMB

(H

Hence, at the expense of having much less DR quanta than
CMB photons npr < ncwmB, their typical energy may be
significantly larger, (Epr) > (EcwmB). If the energy is in the
several tens of MeV ballpark, DR neutrinos induce ke V-scale
nuclear recoils in direct detection experiments that are prin-
cipally detectable, and, by extension, also alter the standard
expectations for the neutrino floor in DM detection.

In fact, the neutrino energy range between 15-100 MeV is
of particular interest because it is a window of opportunity—
framed by solar and atmospheric neutrino fluxes at the
respective low- and high-energy ends—to search for the dif-
fuse supernova neutrino background (DSNB) [37,38]. Its
non-observation to-date puts a limit on the flux of electron
antineutrinos ¢ (V,) < 3 /cm/s [39], and an upper limit on
a cosmological v, flux from DM decay in this window has
been established with Super-Kamiokande (SK) data in [40];
see also [41].! In this work, we shall consider that (a compo-
nent of) DM decays into neutrinos v but not anti-neutrinos v.

! Limits on the v + p flux from MeV-mass DM annihilation have been
derived in [42]. Fluxes of new stable decay products, “boosted DM”
from DM decay or annihilation have e.g. been considered in [43,44,44].
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This possibility has been analyzed in some generality in a
previous work by some of us [45], where constrains on the
combination of lifetime and progenitor mass from neutrino
and direct detection experiments have been derived.? In this
work we explore in detail the DR detectability and the con-
sequences on the DM neutrino floor in the allowed regions
of parameter space.

The paper is organized as follows: in Sect. 2 we estab-
lish the principal DR fluxes from DM decay, in Sect. 3 we
introduce the neutrino-induced event rates at direct detection
experiments and list the standard neutrino fluxes, in Sect. 4
we establish the statistical tools for quantifying the principal
reach for DM or DR discovery. The main results are then
presented in Sect. 5 before concluding in Sect. 7.

2 Dark radiation from DM decay

‘We consider the possibility that non-thermal DR is made of
neutrinos, either from the Standard Model (SM) or of a new
type, that originate from the decay of an unstable DM pro-
genitor X. Due to cosmological constraints [36,47,48], we
restrict ourselves to DR scenarios, where only a fraction fx
of the total DM abundance injects monochromatic neutrinos
via two body decays of a lepton-number carrying Majoron-
type scalar relic X — vv; a description of such asymmet-
ric model is provided in the original paper [45]. As we are
principally interested in neutral current processes, the flavor
evolution of injected neutrinos is of no relevance.

The DR flux arriving at the Earth is by and large a com-
bination of two components, the galactic flux ®, g, and the
extra-galactic flux ®, ¢ ga1. Assuming no directional sensi-
tivity, for a DM particle X with lifetime 7y and mass my
decaying within the Milky Way, the differential galactic flux
is given by,

Ny fx X

d(bv,gal —
T e Xrope{Jdec)d(Ey — Ein), 2)
dEv Txmy

where 7o = 13.787 + 0.020 Gyr is the age of the universe,
N, = 2 is the number of neutrinos in final state, Ej, =
my /2 is the injection energy, ro = 8.33 kpc is the distance
between the observer at the Earth and the galactic center,
po = 0.3 GeV/cm? is the local DM density and (Jgec) ~
2.19 is the angular averaged J-factor obtained from an NFW
profile [49]. Compared to 7y, Eq. (2) probes the amount of
DM that is decaying “today.” For staying in line with [45],
we largely present results for fx = 0.1, but explore smaller,
cosmologically better compatible fractions as well.

2 DR-induced direct detection signals from sterile neutrino decay have
recently been studied in [46], however these predictions are challenged
by existing experimental limits [45].
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In contrast, DR that arrives from cosmological distances
probes the decaying DM fraction at a time #gec < fy, OF, in
terms of redshift, at z > 0. Hence, the extra-galactic flux
is assembled by contributions from all redshifts. To esti-
mate this flux, remember that neutrinos arriving at the Earth
with relativistic energy E, = |p,| were emitted with higher
energy E;™ = E,(1 + z). The energy-differential extra-
galactic flux is then obtained via a redshift integral, which
for monochromatic injection can be resolved [45],

dq)u,e.gal - N Ix QamPeric 1
dE; " Homxtx |pyl
1 _tla=1)
X ———— e X O(a—1), 3)

\/(X3QM + Qa

where « = Ej/E, > 1. We set the density parame-
ters Qamh? = 0.12, Qu = 0.315, Qo = 1 — Q) con-
sistent with the ACDM model of a flat Universe. Hy =
100/ km/s/Mpc and perit = 3H2/(87rG) are the Hubble
parameter and critical density at the present time with 7 =
0.674 [50].> Considering DM lifetimes such that its decay
proceeds after matter-radiation equality, we are allowed to
neglect the radiation content of the Universe and may find an
analytic expression for the cosmic time 7(z),

[o¢] dZ/
/z (I +zNH ()
1 JI+ A +238 41
In )
3HOVQA | fip (14238 g

where H(z) = Ho/ (1 +2)3Qu + Q4 is the Hubble rate

at redshift z. In this way, a connection between the elapsed
time and the redshift is established. Equations (2) and (3)
are also applicable for any two body massive final states

t(z)

)

with replacement E, — m‘z) + | py |2, where m,,, p, are
the mass and momenta of the massive species [45].

The total DR flux ®x3, = Py, gat. + Py e gal, @ sum of the
galactic and extra-galactic component, is obtained by inte-
gration over E,,. The galactic flux reads,

¢ ro polJaee(®)). )

Sfx
q)v.gal =N,
Txmx

One may in fact also obtain a useful analytic expression for
the extra-galactic flux for the two-body decay with relativistic

3 There is a well-known current discrepancy between the CMB-inferred
value of Hy and the distance ladder estimates from SNIa [51] (among
other, more recent local measurements). Our results only depend mildly
on the adopted value of Hp, but we note that decaying DM scenarios
such as the one considered here can alleviate this tension [52,53].

final states (see Appendix A),

Ix Qdm Perit
mx
_ 1
1 O/ QA +1+1 3Hy/QpTx
Vy/ QA +1-1

Sx Qdm Perie « 1
mx (Hotx)™!

q)v,e.gal = Nv

x L 1o

~ N, s
Tx > 1o

©)

where pcrit is the Universe’s critical energy density today. In
the last relation we show the asymptotic scaling for short and
long lifetimes, respectively. For tx > 79 the coefficient is
close to unity within 5% because of a numerical cancellation
of the value of a logarithm with its prefactor once 237 and Q2 5
are plugged in. The extra-galactic flux hence asymptotically
approaches a maximum for lifetimes tx < 79, and can be
parametrised as

50 MeV
max 4= 1.5 % 10° (3) (76) em2s7l(7)

0.1 my

In Fig. 1, we exemplify the DR fluxes originating from
galactic (dashed lines) and extra-galactic (solid lines) com-
ponents for various progenitor masses my assuming a 10%
mass-fraction of decaying DM, i.e. fx = 0.1. As both fluxes
are inversely proportional to progenitor mass, for a fixed
progenitor lifetime the flux decreases as progenitor mass
increases. For large lifetime, both galactic and extra-galactic
fluxes fall as 1 /7y, for small lifetime, the galactic flux dimin-
ishes exponentially, whereas the extra-galactic flux asymp-
totes to a constant value Ny, fx Qpasperir/mx. This is man-
ifest from (6) and is easily understood: a complete decay
of X at some early redshift z corresponds to a mere trans-
feral from one particle species (X) to another (2v) with the
comoving number of their sum being conserved. “Early DR”
originates from a cosmological DM density that is larger by a
factor (14 z)3, hence compensating for the flux dilution by a
factor (1+4z) 3 from area expansion and increase in the time-
interval of subsequent particle arrivals. For 7y < 1o, the total
extragalactic flux becomes hence independent of progenitor
lifetime. Nevertheless, given the finite energy thresholds of
any experiment, the number of “active” neutrinos in a detec-
tor diminishes for v originating at high redshift, because of
their redshifting in energy. The maximum flux (as the sum
of galactic and extragalactic contributions) is attained when
tx ~ to. Finally, it is interesting to note that the galactic
flux is a double-valued function in m x: for a fixed progenitor
mass, the same flux is attained for two different progenitor
lifetimes. As we will see later this feature leads to interesting
consequences for the experimental sensitivity to DR.
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Fig. 1 The integrated neutrino flux originating from galactic (dashed
lines) and extra-galactic (solid lines) components for different DM
masses m y as a function of DM lifetime. The flux has the general 1 /m x
scaling, is inversely proportional to progenitor lifetime for rx < 7o and
the extragalactic component asymptotes to a constant in the converse
limit. The maximum DR flux as the sum of solid and dashed lines is
obtained for T ~ 19

3 Signatures of DR at direct detection experiments

Dark radiation in the form of neutrinos produced by unstable
progenitors as described in the previous section can poten-
tially be detected at direct detection experiments at the Earth
via neutrino-nucleus coherent scattering. Even in absence of
such DR neutrinos, the neutrino-nucleus scattering at direct
detection takes place due to neutrino fluxes arising from stan-
dard ambient neutrino sources. These include solar, atmo-
spheric and supernova-generated neutrinos. We shall refer to
those fluxes as the “standard” ones.

The standard neutrino fluxes adopted in this work together
with their standard errors are listed in Table 1. For solar neu-
trinos we use the ones based on the chemical composition
determination of [54].* While solar neutrinos dominate for
E, < 20MeV, atmospheric and supernova neutrinos are oth-
erwise the most important fluxes. There are no measurements
of the atmospheric flux below 100 MeV and we use the results
from a FLUKA simulation [57]. The DSNB neutrinos orig-
inate from Type II supernovae and their largest emission in

4 The results of this work are only mildly dependent on the solar opacity
problem: the more recent determination [55] primarily affects the O, N,
and F fluxes in addition to a 20% downward shift of the 8B flux. We
note in passing that for the last flux, being the most relevant in this
context, the measurement [56] lies in between both low and metallicity
determinations of [55] and [54], respectively.
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all flavours takes place during the Kelvin—Helmholtz cooling
phase. The prediction depends crucially on the star forma-
tion rate [58] as a function of redshift and in this work we
use the analytical fit provided in [59]. The emission spectrum
is expected to be thermal [60], with each neutrino compo-
nent being assigned a specific temperature, 7,, ~ 4 MeV,
T5, =~ 5MeV, Ty ~ 8MeV (x = vy, Vy, v, Vy). Finally, we
note in passing that reactor- and geo-neutrinos are location
dependent and relatively small, and we neglect them in this
work.

The second relevant aspect is the differential recoil cross
section of neutrinos on atomic nuclei. Within SM, the pro-
cess is mediated by neutral current interactions for spin-
independent scattering and can be written as

dony(Ey. ER) _ Q3 GpmnF? (g 1) [

Egrmy
dER 4 ’

2E2
®)

where G p = 1.1663787(6) x 10~> GeV 2 is the Fermi con-
stant, Qw = (4sin? 0w — 1)Z + N is the weak charge of the
nucleus and E, is the neutrino energy. The differential cross
section is primarily a function of number of Neutrons ()
because of a near cancellation in the charge (Z) dependent
part of Qy; sin? Oy ~ 0.23 is the weak angle. The degree
of coherence is given by the Helm form factor F(|g|) [64]
where ¢ is the three-momentum transfer to the nucleus.

As a second possibility we shall consider the case that X
decays into a pair of new neutrinos vp which interact with
baryon number through a new vector particle of mass my and
gauge coupling gp [65]. The effective description amounts
to a four-fermion interaction £ = —G g (Vpyuvp)J g where
Jf = ny*n 4+ py*p is the baryon current and Gg =
qvg%/m%, with g, being the charge of vp under U(1)p. In
the following we shall only be concerned with relativistic
states and we may take the mass of the new neutrino to zero,
m, — 0, so that |p,| = E,. The nuclear recoil cross sec-
tion is coherently enhanced with atomic number A? and then
reads [45,65],

my F2(|g]) [ _ mNER]
(m3, + 2my Eg)? 2E7 |7
&)

dony(Ey. ER) _ A’qlg}
dEg T 2x

For the sake of presentation, we shall only consider the case of
a mediator that is heavy compared to the typical momentum
transfer |G| = «/2Egmy, implying my > 100 MeV in prac-
tice. The phenomenology of this model has been explored in
[66-70], and in this work we shall consider values Gg >~ G
as a possibility to boost the direct detection phenomenology
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Table 1 Adopted neutrino fluxes in this work; we follow [61-63] in
their compilation of the fluxes (original works are referenced in the
main text). Beside the fluxes, the endpoint or the maximally used energy

together with the corresponding maximal nuclear recoil energies on a
xenon target are given

Source Flux @, [cm2s~!] EMX [MeV] ED [keV]
Solar

pp 5.98 (1 £ 0.006) x 1010 0.42 2.9 %1073
hep 8.04 (1 £0.3) x 103 1.88 5.8

I7p 5.52 (1 £0.17) x 10° 1.74 5.0 x 1072
150 2.23 (1 £0.15) x 108 1.73 4.9 x 1072
BN 2.96 (1 +0.14) x 108 1.20 2.4 %1072
8B 5.58 (1 +£0.14) x 10° 16.6 45

"Be (line 1) 4.50 (1 +0.07) x 108 0.384 2.4 %1073
"Be (line 2) 5.00 (1 £ 0.07) x 10° 0.861 1.2 x 1072
pep (line) 1.44 (1 £0.012) x 10% 1.44 3.4 %1072
Atmospheric

Ve 1.27(14£0.2) 103 > 100

e 1.17(1 £0.2) 103 > 100

vy 2.46(140.2) 103 > 100

By, 2.45(140.2) 103 > 100
DSNB

ve (fid) 22.12(1 £0.5) 100 > 100

v, (fid) 17.69 (1 £0.5) 100 > 100

vy (fid) 11.06 (1 £0.5) 100 > 100

of DR.? Current limits on G g arise from rare meson and Z-
decays suchas K — 7V, B — KV and Z — Vy [68,71],
respectively, monojet searches [72,73], as well as from neu-
trino facilities [67,74]. For example, for my = 300 MeV
the most stringent guaranteed constraints come from Mini-
BooNe, requiring Gg < 500G . The limits significantly

~

tighten by an enhancement of longitudinal V emission when
baryon-number is broken by the chiral anomaly, essentially
rulingout Ggp > G [68,71]. Although those limits are fairly
robust, they may also be evaded depending on the anomaly-
canceling UV completion of the model [68], and, Gp > G F
remains a possibility that we entertain as the most optimistic
case in this work. The differential recoil rate introduced by
neutrinos of source i is therefore given by

5 Besides DM decay, vj, can be generated from oscillation or through
direct production. The former contribution is rendered unimportant
when (JgGB <« GF where 6), is the new (small) mixing angle or by
virtue of an astronomical oscillation length that prevents their appear-
ance in terrestrial or solar fluxes [24]. The direct production of vy
may likewise be neglected for the purpose of this study: any atmo-
spheric v,-yield competes with the QCD production of mesons and is
much smaller; any thermal solar v, flux (e.g. through proton—proton
bremsstrahlung) is undetectable on the account of keV-scale energies,
as is its SM counterpart. Finally, a DSNB in v, is an interesting possi-
bility, but the final spectrum is expected to be suppressed both in energy
and overall flux because of a very efficient trapping inside the super-
nova. Out of these reasons we expect little to none interference with the
DR fluxes and therefore neglect those additional contributions.

dRi(Er) _ /Em ap, 49vi(Ey) dowy (B, ER).
dER dE, dEg

Ey min

(10)

where E,, min = +/Egmy /2 is the minimum neutrino energy
to produce a recoil on a target of mass my; E}'** is the max-
imum energy neutrinos of source i can have. In case of DR,
E}"™ is given by endpoint energy of the source E;, = myx /2.
The number of target nuclei per unit mass of detector mate-
rial is denoted by Nr. The total rate in a detector will then
be the sum over all isotopic compositions of relevant ele-
ments and over all neutrino sources i. We shall denote by
dR,(ERr)/dER the total rate over all “standard” sources and
by dRx2,(ER)/dERr the DR-induced non-standard recoil
rate. The latter carries two contributions, from galactic and
extragalactic fluxes, respectively. An analytic expression for
the differential recoil rate for the extragalactic flux can be
obtained and is given in Appendix A.

The maximum nuclear recoil energy from DR is derived
from kinematics and depends on the mass of the progenitor,

2( EmuX)Z m2
ERa, = v 7~ X (ny <my), 11
RX2 = Spma Ly ™ 2my (mx N) 1
where E}'™ = Ej, is the neutrino energy at injection. It is
worth noticing that the end point of recoil energy is directly
proportional to the square of progenitor mass.
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The expected recoil rate is then given by the integral over
the recoil energy,

[Emax

Z R.X2v JE dR; 12)
R dER’

Mx2v =
— ER
i=gal,e.gal thr

where Eg,, is the threshold of the detector.

As an example, consider the recoil rate induced by a pro-
genitor of 100 MeV mass decaying to SM neutrinos in a
liquid xenon detector with negligible nominal 1 eV thresh-
old. Notwithstanding a general dependence on recoil energy,
saturating the possible DR fluxes, we find that the differential
rate is bounded from above by

(gal.)
(e.g)

dRx», - (100 MeV) 11 keV~! ton~! year~!
dER "~ mx 18 keV~! ton~! year~!
This implies for the total detectable rate,

(gal.)

- (lOO MeV) 80 ton~! year™!
Hx S\ ——— ,
b (e.g.)

mx 124 ton~! year™!
and demonstrates that for a given progenitor mass, there is
a natural ceiling on the event rate when considering DR in
form of SM neutrinos.

In Fig. 2, we show exemplary differential recoil rates in
xenon introduced by DR in form of SM neutrinos for a pro-
genitor mass of 60 MeV in comparison with the differential
recoil rate due to standard neutrino fluxes. The progenitor

mx = 60 MeV
10? " : y y
s Total SM v — Ty = 10 Gyr
r — Ty = 10 Myr 7x = 100 Gyr ]|
107k — 7x =100 Myr s 7y = 1000 Gyr
-_— 7x =1 Gyr — Ty =10 Tyr |
= .
= 10°r T
2 - Fx=01 1
= x=0.
s 10° i
~ C 4
A 101 ,\ 4
5 \ \ “\ l
3 101 ]
oo
= i
1073 i
10= 5
0.001 0. 01 100
ER [keV]

Fig. 2 Energy differential recoil rate on xenon induced by standard
fluxes (gray line) and induced by DR originating from a progenitor
with mx = 60MeV and various lifetimes as labeled (colored lines)
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lifetime takes on values from 10~3 Gyr to 10* Gyr. Heav-
ier progenitor particles introduce larger recoil energies at
direct detection experiments, as the recoil endpoint energy
is controlled by myx. Generally speaking, mx = 30MeV
is required to exceed solar neutrino-induced events—in par-
ticular the ones induced by 8B neutrinos—because of the
principal limitations in the magnitude of incident DR flux.
The latter point is further exacerbated by the fact that for
a percent-level decaying fraction of DM we find that there is
no combination of (ty, myx) such that the total DR-induced
event rate in xenon is larger than the one from 8B neutrinos,

R(DR) < RC®B) (Eg,, < lkeV, mx > 1MeV). (13)

Whileitis well known that approximately 6 GeV mass WIMP
recoils mimic 8B neutrino recoils, we find that DR induced
neutrino recoils from 2-body DM decay can neither mimic
nor exceed the latter. This puts a principal limitation on the
detectability/influence of DR in direct detection experiments:
any set of prospective parameters must be such that the DR
flux has a component that exceeds the ®B flux in energy,
hence pointing to my > 30 MeV.°

Before discussing the employed statistical framework, for
completeness, we close this section by reviewing the DM
(x) signal hypothesis, which has not been discussed so far.
The total event rate of DM recoils at the direct detection
experiments, integrated over the differential recoil spectrum
dR, /dER reads

dRy
1 :/ dER
* En dER

my - - f(@)
= Nro, 22 Az/ dEg F2(I7 ) P RACH
my 2mx,n Etnr |V |=Vmin v

14

In the second equality, we make the assumption of a stan-
dard spin-independent DM-nucleus interaction of contact
type. The local DM mass density is p, =~ 0.3 GeV/cm? and
my (My,n) is the DM (reduced DM-nucleon) mass and o,
is the DM-nucleon scattering cross-section with equal cou-
pling to protons and neutrons. At last, f (v ) is the normalized
galactic Maxwell-Boltzmann velocity distribution with vy =
220 km/s, truncated at the escape velocity vesc = 544 km/s
and boosted into the detector frame with vjap = 232 km/s.
Detector specifics are only entering via the recoil threshold
energy Euy and assume 100% efficiency of detection for
Egr > Euy, ignoring finite energy resolution effects. Fur-
thermore, for our purposes it is sufficient to integrate the

% More precisely, if the statistical error bar on the 8B-induced events
becomes smaller than the DR-induced event rate, one may actually
subtract the 8B background and DR becomes detectable. This is seen
by the extra island at mxy ~ 10MeV in left Fig. 5 for the futuristic
exposure of 100 ton-year (see below).
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differential recoil rate up to a recoil energy of 100 keV. It
should be noted that ., , 1., and p x2, represent recoil rates
per detector mass and live-time and need to be multiplied
by detector exposure ¢ to get the total number of observed
events.

We now introduce the formalism to make quantitative
statements on sensitivity of direct detection experiments to
DR and its influence on the observation of a potential WIMP
signal.

4 The principle reach of direct detection experiments

To forecast sensitivity of an experiment, there are two seem-
ingly similar, yet distinct questions to address: the first
regards the ability to exclude the presence of a signal and
the second regards the ability to discover the signal. The
exclusion and discovery exercises can in turn be performed
either assuming no backgrounds or in the presence thereof.

The purpose of this work is to see to what extent direct
detection experiments can discover DR. Furthermore, we like
to quantify the reach of direct detection experiments to a DM
signal in presence of DR in addition to the standard neutrino
background. We therefore deal with two different signal and
background hypotheses, one which involves DR recoils as
signal and standard neutrino sources as background and one
which involves a DM signal and DR plus standard neutrino
sources as backgrounds. In each case, we are interested in
understanding the exclusion potential and discovery reach.
The methodology we outline below closely follows previ-
ous work on the neutrino floor in direct detection [7]; for an
alternative approach see e.g. [75].

4.1 DR exclusion potential of direct detection experiments

In this part, we set up the formalism to obtain the potential
of direct detection experiments to exclude a DR signal for
as long as backgrounds remain absent. This situation can be
dealt with easily, and we outline it below; the signal hypoth-
esis in the presence of background will be dealt with using
the likelihood approach as in Sect. 4.2.

For a single channel counting experiment, the probability
to observe n events, when A events are expected is given by
the Poisson distribution Pois(n|A) = A" e~*/n!. In general,
X can be the expected number of signal events € x2,, back-
ground events, or their sum. For zero observed events,n = 0,
and zero expected background, the 90% CL upper limit on
X is obtained from a p-value p; = 0.1, corresponding to a
10% probability that the outcome of an experiment is at least
as extreme as observed. It is then related to the confidence
level via p; < 1—CL. Solving p, = Pois(0|A) for A yields
A = 2.3 as usual.

In a background-free experiment with threshold energy
Ewy and exposure &, the 90% CL exclusion contour in the
(myx, tx)-plane is found by evaluating (12) under the con-
dition eux2, = 2.3. The strongest exclusion that can be
obtained in such background-free scenario, is the one where
the exposure grows to the level that the first irreducible neu-
trino background event is seen,

dR
dEgr —=

!
1 = &(Ewr) o = &(Ethr) .
r 2 T E(hr dER

(15)
Here we have highlighted the threshold-dependence of the
required exposure, €(Ewy); the neutrino-induced recoil rate
is given by the sum over all “standard sources” in Eq. (10).

Later we shall also consider the possibility that DR is
present as additional “background,” and we wish to under-
stand how it impacts the standard literature results on the
DM neutrino floor [7]. The condition for when background
starts limiting the DM in the presence of DR search reads

1 L e(Ewr) [0y + 1 x2v] in an obvious modification to (15).
4.2 DR discovery potential of direct detection experiments

While the procedure described above is applicable in the
zero background scenario, the upcoming/ongoing ton scale
direct detection experiments with large exposures will not
remain background free. These backgrounds which originate
from standard neutrino recoils suffer from uncertainties in the
measured neutrino fluxes (see Table 1) and which need to be
taken into account when charting out the discovery reach of
an experiment.

‘We assume that observed spectra of events are composed
from signal and background sources. As such, they enter the
generalized Poisson likelihood,

=8 Lo Ha(@) Nobs dRa(ER,»,é)
c - e bk L
Nobs! dER

i=1 o

Levens(0H) = (16)

where the sum over sources o depends on the hypothesis
under question; model parameters such as my and Ty are
part of the vector 6. In our simulations, the individual recoil
events Eg; are random numbers, a total N, of them drawn for
each source o from the probability density function (PDF)
My 4R, /d Er. Note that N, itself is a Poisson random num-
ber with mean value € i1, . Finally, Nops = Za Ny is the total
number of observed events.

When a source of events is declared a background under
the considered hypothesis their associated fluxes become a
nuisance parameter. Concretely, we model the flux uncertain-
ties as Gaussians with mean (¢g) and variance aé,

Log—nux (@) = [ | gauss(¢pl(ep), o5). a7
B
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Here, the product is over all background sources 8 and the
random variables ¢4 are part of 6. For the standard neutrino
sources the mean values (¢g) together with their standard
errors are listed in Table 1. When DR is considered as a
background, we take (¢x2y) = Py e.gal + Py gal and assume
ox2, = 0.3. The assignment of a 30% uncertainty is some-
what arbitrary, but meant to be conservatively reflective of
overall astrophysical uncertainties concerning DM-induced
DR fluxes. Taken together, the total likelihood becomes,

LOH) = Levents(@1H) X Log—fux (H) (18)

For a given threshold energy Ey, and exposure ¢ and for
every point 6 in the parameter space, we then generate several
hundred mock realizations to build a statistical sample. Each
of these realisations we refer to as an “experiment”.

We now spell out the signal and background hypotheses
that we are considering in this work:

(1) DR signal with standard neutrino backgrounds: The
first step is to explore the DR discovery potential of direct
detection experiments. Hence, we treat the DR recoils as
signal in the presence of standard neutrino backgrounds but
in absence of DM-induced events. The null hypothesis is Ho:
0, = 0and txy — oo and the alternative hypothesis becomes
Hi: 0, = 0 and finite tx. We therefore take the sums in
Egs. (16) and (17) @ = X2v, v; and 8 = v}, respectively. In
the baryonic neutrino scenario, we fix G g to an exemplary
value.

(2) WIMP signal/no DR background: As a validation pro-
cedure we may also consider the complete absence of any
DR. This allows us to recover the standard result on the neu-
trino floor in the (o, my)-plane [7]. In order to discover a
WIMP signal, the background only hypothesis Hp: 0, = 0
must rejected; the alternative hypothesis is Hi: 0,, > 0. We
take « = DM, v; in Eq. (16) and B = v; in Eq. (17) to
minimize the likelihood ratio (19).

(3) WIMP signal with DR background: The final alter-
native is to switch on DR as an additional source of back-
ground and study the influence on the WIMP discovery
region. The background only hypothesis remains Hy: 0, = 0
and the alternative hypothesis is again Hj: 0, > 0, but
now we take the sums in Eqgs. (16) and (17) to include DR,
ie.a = DM, X2v, v; and B = X2v, vj, respectively. We
fix progenitor mass and lifetime for this procedure.

Once Hp and its alternative H; are chosen, one may
then proceed in standard fashion and use the negative log-
likelihood as test statistic for each experiment [76],

g=—2In w, (19)
L(©OHy)

@ Springer

where 6 maximizes the likelihood under the background-only

hypothesis Hy and 6 maximizes £ for signal plus background,
H;. The distribution of ¢ under Hp asymptotically follows
a x2-distribution with one degree of freedom as per Wilk’s
theorem [77]. The pp-value then characterizes the probability
that the background-only hypothesis H is excluded if the g-
value is greater than the “observed value” gobs,

o0

po = P(g = gobs| Ho) = / dq f(q|Ho), (20)

qobs

where f(g|Hp) is the PDF of ¢ under Hyp. We obtain the
latter by Monte Carlo generation of mock data. In terms of
significance Z = /g, given in units of standard deviations,
the po-value is obtained by the cumulative standard normal
distribution ® (x),

po =P(Z = Zobs| Hp) = 1 — ®(Zobs)- 2n

For a discovery with 3o significance the corresponding po-
value is given by pg = 0.00135. If data is observed in the
critical region Z > Zs the hypothesis Hy is rejected. For
the 30 significance that we are interested in, Zops = 3. We
have verified, that our generated background data satisfies
f(glHo) ~ x*.

In turn, the probability g for H; being rejected is defined
by,

Zgo
ﬂ=P(ZSZ90|H1)=/O dZ f(Z|Hy), (22)

where f is now the PDF of Z under H; and Zgg represents the
significance that can be at least obtained 90% of the time in an
experiment with data generated under H;. Conversely, Hj is
accepted at a confidence level 1 — 8. Assuming a confidence
level of 90% the alternative hypothesis H; is excluded for
B = 0.1. It is thus possible to find a value of signal with
1 — B8 = 0.9, which leads to Zgg > 3. For this case, an
experiment has a 90% probability to detect at least a 30
signal.

Concretely, we generate between 250 and 500 Monte-
Carlo data sets for the signal plus background hypothesis
H; for each value of progenitor mass mx or DM mass m,
and for each lifetime 7x or cross section o,. These data
sets determine the significance distribution. The procedure
is repeated for a range of lifetimes or cross sections until we
obtain Zgg = 3 for § = 0.1 which corresponds to a 3o dis-
covery potential at 90% CL. We repeat this procedure until
the entire parameter space is mapped out.

The formalism described above is not specific to any par-
ticular detector. As was shown above, DR fluxes from DM
decay can compete with standard solar neutrino fluxes only
above the 8B endpoint energy. Dark radiation introduces
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changes to the standard picture in the recoil energy region
where the large WIMP detectors have ample sensitivity and
ultra-low thresholds are of little benefit. In the following, we
will hence explore the formalism on the basis of ton-scale
xenon experiments like the ones mentioned in the introduc-
tion.

5 DR exclusion and discovery
5.1 DR exclusion limits

We first establish the exclusion potential for DR in the pres-
ence of standard neutrino backgrounds. In the remainder of
the paper we shall focus on the example of a liquid xenon
detector. The operational procedure is then as follows: given
the presence of standard neutrino fluxes, we first compute
the DR limit at a fixed threshold by finding the exposure for
which one background event as explained in Sect. 4.1 is seen.
In a second step, the threshold is varied and the hull of all
exclusion curves is obtained. The resulting contour in the
(myx, tx) plane then represents the optimal DR exclusion
potential of the experiment when irreducible backgrounds
are not dealt with.

Figure 3 shows the results of the procedure, i.e., the exclu-
sion potentials for DR in form of SM neutrinos (left) and
baryonic neutrinos (right) for threshold energies ranging
from 0.01 keV up to 50 keV. In the region tx > 7o they
are determined by the galactic and extra-galactic compo-
nents whereas in the region tx < fg only the extra-galactic
flux contributes. The prospective regions are hence centered
around fg: for tx > fg the flux is too small and for ty < 1o
the extra-galactic flux becomes too soft. It is interesting to
note that in the right panel of Fig. 3 below the minimum
assumed threshold of 1.2 keV, DR in from of SM neutrinos
cannot be excluded, as their induced events are superseded
by solar neutrinos, especially the ones originating from the
8B reaction. On the flip side, as the threshold increases, the
experiment becomes more sensitive to higher energy recoils
generated by larger m x . Hence, in contrast to the WIMP case,
and because of the general limitations in the DR flux in form
of SM neutrinos, ever lower thresholds as they are sought
in many direct detection experiments are not a beneficiary
factor.

So far, for simplicity, we assumed fx = 0.1 throughout.
At this point, it is worthwhile exploring the impact of smaller
values of fx that remain cosmologically unconstrained. This
is shown in Fig. 4, and one should bear in mind that the
exclusion limits are iso-contour lines of 2.3 DR events at
the optimal threshold-dependent exposure where a SM neu-
trino background starts to be seen. In the large lifetime region
Tx > to, fx only changes the overall flux normalization: a
decrease in fx hence demands a decrease in 7y for a fixed

progenitor mass my to attain the same number of events.
In the small lifetime regime 7y < fo, events are due to
the extra-galactic component. Here the position of curves
is rather determined by the fraction of flux that has not been
redshifted below the relevant threshold value that is associ-
ated with the model-point (mx, tx). Overall, it is a combi-
nation of factors that implies that the discovery reach is more
slowly deteriorating with decreasing fx. Finally, in the right
panel, one additionally observes the strong decrease in sen-
sitivity for tx ~ to with falling fx. It happens because the
8B background becomes visible before 2.3 DR events can
be attained with smaller fx at the associated exposure; this
is the situation all along in the SM case (left panel) which
does not have such “nose” feature even for fx = 0.1. Similar
conclusions with respect to a decrease in fx will also hold
for the discovery potentials discussed in the next section.

The exclusion potentials have to be put in perspective
with the current sensitivity of multi-ton scale neutrino exper-
iments. This has been explored previously in Ref. [45] and
the gray shaded regions in Fig. 3 show the excluded regions in
the DR progenitor plane (myx, tx) from Super-Kamiokande
and Borexino. The constraints included in the left panel of
the Fig. 3 were derived from measurements of solar- and
atmospheric fluxes [78,79], and from searches of DSNB neu-
trinos [39]. In the right panel of Fig. 3 the constraint was
obtained by re-purposing a Borexino solar-axion search [80]
to vp-induced elastic proton recoils; for further details on
both cases see [45].7 The inside of the curves labeled accord-
ing to the assumed threshold correspond to a combination of
parameters where we find that DR sourced by a DM progen-
itor is discoverable in a direct detection experiment.

In summary, except for relatively small regions located in
the quadrant my < 100MeV and tx > 79, neutrino experi-
ments carry stronger current constraining power to SM DR
than DM direct detection experiments will every have.

On the other hand, when we are to entertain new physics
in the DR itself (in form of vg), direct detection sensitive
to lower masses mx < 20 GeV is gained as the threshold
drops below 1 keV. But even with higher threshold values,
and expanded region in tx at a given mx can be covered.

5.2 DR discovery potential

‘We now turn our attention to the prospects of making a dis-
covery of DR in the presence of irreducible backgrounds
which are to be faced in the coming generation of direct detec-
tion experiments. Charting out the discovery regions will be
achieved using the likelihood approach outlined in Sect. 4.2.
Similarly to the previous section, we attempt at discovering
DR recoils in presence of standard neutrino backgrounds.

7 A bug in the derivation of the Borexino result lead to an erroneous
area of exclusion in [45] which we correct here.
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Fig. 3 Obtainable exclusion limits, for DR in form of SM neutrinos
(baryonic neutrinos) in the left (right) panel, assuming fx = 0.1.
The various dashed curves assume different nuclear recoil energies as
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labeled. The thick blue line is the maximum of all curves. The gray areas
in the left (right) panel show excluded regions from SK (Borexino) and
are taken from [45]

7
10 Borexino, 'fx =0.1 J
L Borexino, fx = 0.03
Borexino, fx = 0.01
10°r
| Gp=10Gr
o 0% =01 ]
= L fx =0.03 .
& | fx =001
10°F 1
1071 1
-3 L L
10 1 10 100 1000

my [MeV]

Fig. 4 Obtainable exclusion limits, for DR in form of SM neutrinos (baryonic neutrinos) in the left (right) panel, assuming fx = 0.1, 0.03, 0.01.
The gray areas in the left (right) panel show excluded regions from SK (Borexino) for different fx and are taken from [45]

Importantly, such exercise requires specification of an exper-
iment’s exposure and threshold and is hence specific to these
assumptions. In the following we choose ¢ = 1 ton-year and
Eqr = 0.1 keV to normalize on current collected data sets
combined with an aggressive assumption on nuclear recoil
threshold.

Figure 5 shows the result. We consider exposures up to
100 ton-year for a threshold of 0.1 keV for DR in form
of SM neutrinos (left panel) and baryonic neutrinos (right
panel). For the extreme case of 100 ton-year exposure, reflec-
tive of the sensitivity of future multi-ton xenon detectors
such as DARWIN [17], we switch to a binned likelihood

@ Springer

approach with Np;, = 50. The limiting factors for the reach
can be understood by analysing the most dominant back-
ground fluxes. In the bulk of the (m x, tx) parameter space,
hep neutrinos constitute the dominant background to DR.
This is because hep neutrinos generate a large range of recoil
energies with appreciable flux. Around 20 MeV progenitor
mass, the 8B neutrinos become the limiting factor. As can
be seen in the left panel of Fig. 5, it is not possible to make
a 30 discovery of DR in form of SM neutrinos, unless a
100 ton-year exposure is assumed (and paralleling progress
with neutrino detectors is neglected.) When vp are invoked
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Fig. 6 The distribution of maximum likelihood parameters oy, m
under the DM hypothesis when they originate from DR with various
combinations of (tx, m x) in form of SM neutrinos (left panel) and bary-
onic neutrinos (right panel) instead. The gray points as labeled show

(right panel), they can still be discovered in a wide mass range
with only 1 ton-year exposure.

6 DM direct detection in the presence of DR

6.1 Dark matter vs. dark radiation

Here we shall first consider the scenario in which a signal of
DR origin s interpreted as DM. For this purpose, we generate

one hundred mock-data sets where we inject a DR signal on
top of the usual neutrino background. In order to study how
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excluded combinations of (ry, my) for an exposure of 1 ton year and
threshold of Ey,, = 2.5 keV. The colored points show allowed combi-
nations of (tx, my) for an exposure of 100 ton year and threshold of
Egr = 0.1 keV

such a false positive DM signal is seen, we fit the mock-
data by a binned version of the DM-only likelihood for o =
DM and find the best fit parameters oy, m, . The results of
this procedure are shown in Fig. 6 where in the left (right)
panel we consider SM (baryonic) neutrino DR. The gray dots
and crosses show otherwise disfavored parameter points in
(tx, my) that are within the discovery reach for a threshold
of Eqr = 2.5 keV but avoid the large 8B background. In
turn, the colored points and crosses are for allowed parameter
combinations, but require a low threshold Ey,, = 0.1 keV for
discovery and hence face a large solar neutrino background.
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Fig. 7 The DM exclusion potential in the presence of DR in form of
SM neutrinos for various exemplary currently allowed combinations of
(myx, tx) in the left panel and for vp withmyx = 60 MeV, tx = 10 Gyr
and G p = 10G in the right panel; the gray region shows the standard

The general trend in both panels is, that for larger pro-
genitor masses mx, mock-data is fitted by larger DM mass
m . The lifetime dependence of DR is primarily imprinted
into a linear scaling of the cross section o, and the highest
fitted cross section is given for tx ~ fy, when the DR flux is
maximal. For some combinations (tx, mx) for DR in form
of baryonic neutrinos, the cross section is even higher due to
the enhancement AZG% in the neutrino cross section. For SM
DR (left panel) the most important feature in the misidentifi-
cation is that when the DR flux diminishes, the fitted points
start tracing out the boundary of the neutrino floor. When the
smaller threshold is considered, all fits indeed center in on
the 8B tip, at (0, my) ~ (4 x 107% cm?, 6 GeV), of the
neutrino floor. This shows that although SM DR can be dis-
covered with 3o significance in an experiment with exposure
& = 100 ton year as shown in the previous section, it requires
a careful statistical analysis that goes beyond the naive fits
presented in this section, for which one would rather make
the erroneous conclusion of only facing the neutrino floor.
For the baryonic case (right panel) the prospects are bet-
ter in the sense, that a naive fitting would largely point to
a new physics signal (even if misinterpreted in term of its
origin.)

6.2 DM exclusion potential in presence of DR
Next we consider the modifications to the exclusion potential
for DM when DR neutrinos become a source of additional

background. The procedure is similar to before: given the
presence of an anomalous neutrino flux, we first compute the
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result without DR. The various dashed lines show the limits for varying
threshold energy for DR. The thick blue (red) curve as the minimum of
all curves is the modified neutrino floor

best DM limit at a fixed threshold by finding the exposure for
which one background event is seen. Varying the threshold,
the minimum value of o, for each m,, is obtained.

In the left panel of Fig. 7, the results for various currently
allowed (mx, Tx) combinations are shown. In the right panel,
a progenitor mass of 60 MeV, and lifetime of 10 Gyr decay-
ing into v with Gp = 10G  is shown. The various dashed
curves show the best limit on o;, for various assumed thresh-
olds, from 1 eV to 50 keV, as labeled. The blue (red) solid
thick line is the minimum of all curves and represents the
optimal exclusion potential. The curves are to be compared
with the gray line and shaded region which represents the
standard exclusion potential.

In the left panel, only modest modifications to the standard
result are obtained in the regions between 6—50 GeV WIMP
mass. In the right panel, the sizable new coupling boosts the
DR-induced nuclear recoil rate above the 8B neutrino recoil
rate, weakening the minimal excludable DM-nucleon cross
section by few orders of magnitude once m, < 50 GeV.

The general trend in both panels of Fig. 7 is that the exclu-
sion potential is shifted to the right off the standard 8B shoul-
der. How far that shift goes, depends on kinematics. For a pro-
genitor mass of my = 60 MeV, DR neutrinos induce recoils
that compete with DM only below m, < 50 GeV. The exclu-
sion potential for heavier DM is then only challenged by the
standard, more energetic atmospheric fluxes. Only if we were
to entertain the possibility of mx >> 100 MeV into the GeV-
regime (generally challenged from neutrino experiments),
the floor would be lifted by several orders of magnitude in
the electroweak scale DM mass regime.
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Fig. 8 The modified neutrino floor at 90% CL in case of X2vgy, (left) and X2vp (right) and for a threshold Eg,,, = 0.1 keV, exposure of 1 ton-year,

and exemplary allowed combinations (myx, Tx)

6.3 DM discovery potential in presence of DR

Finally, in Fig. 8, we show the DM discovery potential in the
presence of SM neutrino DR (left panel) and vp DR (right
panel) for currently allowed exemplary parameter points. As
in the previous sections, modifications to the standard result
(dashed line) appear for m, 2 6 GeV, when DR fluxes come
to dominate the event rates. The modification of discovery
limits are seen up to DM masses of 1 TeV. As can be seen
in the left panel, the maximal allowed DR signal is at most
comparable to the SM neutrino backgrounds and only mildly
alters the standard neutrino floor (gray dashed). In the right
panel, because of large statistics, we switch to a binned like-
lihood approach with Npj, = 50. Owing to the increased
strength of interaction, the neutrino floor is also raised in the
low mass region left of the 8B shoulder (m x S 6GeV).

In both panels of Fig. 8, the modification of discovery
limits are seen up to the largest shown DM masses of 1 TeV.
This is in contrast to the exclusion potentials of the previous
section. For the latter, only the number of events for varying
threshold (up to 50 keV) enter, but not their detailed spectral
shape. In this section, we fix the threshold to Egy = 0.1 keV
so that DR spills into the standard induced events at any rate,
also affecting the discovery potential for m, 2 50, GeV.

7 Conclusions

In the foreseeable future, DM direct detection experiments
will face irreducible background in the form of neutrino-
nucleus elastic scattering. The responsible neutrino fluxes
originate from the sun and to a smaller degree from the atmo-
sphere or from the cosmological SN history. In this work, we

first study the detectability of neutrino DR, sourced by a per-
cent fraction of DM that may decay with arbitrary lifetime
after recombination. We consider either SM or baryonic neu-
trinos vp as DR. The latter designate a semi-sterile fourth
species that interacts through gauged baryon number. In a
next step, we also explore the impact on the DM discovery
and exclusion potential at next generation direct detection
searches in the presence of new, anomalous neutrino fluxes.

The DR fluxes principally fall into two categories, either
constituting neutrinos that travel cosmological distances
or neutrinos that originate from DM decay in the galaxy.
Whereas the latter requires 7y = 19 as otherwise the
DR-generating sub-component of DM would have already
decayed, the former contributes for any tx and we provide a
new closed-form expression for its total flux. In the detector,
the neutrinos then interact coherently with the nucleus, with
a cross section that approximately scales as (A — Z)? and
A? for SM and baryonic neutrinos, respectively. The ben-
efit of DR in form of SM neutrinos is that its interactions
are known. In turn, DR in form of vg allows for effective
interactions that can be stronger than in the SM, Gp > GF,
boosting the principal importance of the DR signal.

After establishing the exclusion potential of DR, we then
address the more important question of detectability of DR
on the example of a ton-scale liquid xenon detector. Here,
standard neutrino sources act as the irreducible background.
Given that the signal might be salient in the data, we employ
a profile-likelihood analysis to reach robust statistical con-
clusions about the various assumed hypotheses. For various
combinations of detection threshold and exposure, we build
a statistical sample by Monte-Carlo generating a large set of
mock recoil spectra that are subsequently used in the maxi-
mization of the likelihood function. Through this numerically
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expensive procedure we are able to obtain the discovery reach
to DR as well as a DR-modified “neutrino floor”, i.e. the
boundary in the (m,, 0,) parameter space for the ability to
detect DM with 30 significance when neutrino backgrounds
cannot be rejected.

Concretely, we find that SM DR cannot be discovered
in direct detection experiments unless a futuristic exposure
of 100 ton-year is assumed. The coverage in new parame-
ter space is modest (and neglects the paralleling advances in
neutrino detectors). In contrast, direct detection experiments
bear better potential to discover non-standard neutrino inter-
actions of DR, as exemplified in the vp case, see Fig. 5. Here
progenitor masses down to mx = 10 MeV and lifetimes as
large as 10° # can be discovered.

In a next step, we turn to the potential DR-induced inter-
ference for the DM searches. Here we study the confusion
potential between DR and DM and establish the DM exclu-
sion and discovery potential in the presence DR in future
WIMP searches. For DR in form of SM neutrinos, we find
that the best sensitivity to the DM-nucleon cross section is
weakened by less than an order of magnitude once the sce-
nario is subjected to existing constraints from SK data. Con-
sidering vg as DR with Gp > GF we find that the entire
region m, < 50, GeV can be strongly affected, and the DM
exclusion or discovery potential can be modified substan-
tially.

With the advance of multi-ton scale direct detection exper-
iments, we are entering the “end-game” of WIMP detection.
Neutrinos from standard sources will become an irreducible
background and ultimately limit our ability to push for ever
smaller event rates and better DM sensitivity. It is hence only
timely to ask, what other signals and irreducible backgrounds
there could be. Here we investigated the perfect possibility
that our Universe is filled with MeV-scale DR that traces
back to the instability of (a component of) DM. We find that
standard expectations can be altered, and—in the presence
of new particles and interactions—in a significant manner.
In the latter case, DM direct detection experiments may then
be turned into DR detectors instead.
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Appendix A: Analytic form of d Rx>, /dEg

For 2-body decays into massless neutrino DR, the energy-
differential recoil rate given in Eq. (10) can be integrated
analytically. For the extragalactic signal with the flux given
in (3) we split the integral over neutrino energy into the two
terms that comprise the cross section (8),

d®yeg.
Y dE,

.gal :
dRy5 Ny 0%,GEmyF(g)* /E e
dER 4 Emin

_ Ermny /Ei" dE dq)v.e.gi
2 Jg " dE, EZ2)’

min

(23)

where Ej, = me is the injection energy and Enin, = ER#

is the minimum energy to produce a recoil Eg. The integrals
are solved by substitution,

3
En \° Q 1
w= () 2, w= T 24)
Emin Qa u—1
and we obtain the expression,
.gal R
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2
3
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Fig. 9 Left: Best fit WIMP recoil spectra (dashed lines) which mimic
the DR recoils (cyan solid lined) with progenitor lifetime of 10 Gyr and
progenitor mass of 50 MeV (left) and 1 GeV. The total standard neutrino
recoil rates are also overlaid (solid grey). Right: Contributions from each

The total flux ®y7, in Eq. (6) is obtained from the first two
terms in the bracket of (25) by setting xpmin = 1. For the
galactic component the integral with the flux given in (2) can
be evaluated directly,

L .
ARy, _ Ny Q3 GimyFUG D
dEg 4n !
_f
fxe 2Egrmy
X ————repo(Jaec@)) |1 — —— | -
Txmx my

@7

The DR rate is then the sum of both, galactic and extragalactic
contributions. The baryonic neutrino rate is calculated in the
same way replacing Q%V G%;/47t by AZG%/zﬂ,

Appendix B: Details on discovery and exclusion potentials

Here we show some examples of exclusion and discovery
limits, where SM neutrinos may mimic potential DR and
DM signals in direct detection experiments. The reach of an
experiment for a signal depends on the shape of the recoil rate
and the number of events in relation to backgrounds. In this
appendix we study cases where DR neutrinos exhibit some
degree of similarity with DM-induced events.

In the left panel of Fig. 9 we show two examples where DM
and DR yield similar differential recoil spectra for two dif-
ferent progenitor masses 50 MeV and 1 GeV and DM masses
as labeled such that the recoil endpoint energies match. For
the lighter progenitor—and which is most prospective with

107 .
— c=1tonyr fx:O.l
r hep 4
| e ®B
10°F #  atm. v T
| A DSNB ]
10%F 1
= / *
~ L i
= P
10tr 1
L ° i
1071+ *  on LT T 4
[ »
1 10 100 1000

my [MeV]

neutrino source (best fits) shown by the points as labeled and determin-
ing the shape of the discovery limit for threshold Eg,, = 0.1 keV and
exposure of € = 1 ton-year

respect to existing constraints (see above)—the DM and DR
spectra are well distinguishable, with DR-induced events
exhibiting a harder spectrum. For GeV-scale progenitors,
the spectrum is cut off by the nuclear form factor |F(g)|?
explaining thee similarity in the rate with an electroweak-
scale mass DM particle. We note in passing, that in the latter
case, additional inelastic nuclear channels are possible as the
CM energy is in the tens of MeV regime.

In the right panel of Fig. 9 we follow our usual proce-
dure and simulate several thousand Monte-Carlo experiments
for each neutrino source v; and calculate the distribution
of best parameters (my, Txy) by minimizing the likelihood
from Eq. (16) for « = X2v. The discovery limit to SM
DR neutrinos for an exposure of 1 ton-year and threshold
ERy, = 0.1 keV is shown. In addition, the dots as labeled
are indicative of the standard neutrino fluxes that limit a fur-
ther extended reach.
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that seek the detection of the cosmic neutrino background may as well be sensitive to this
additional form of “dark radiation”. Here we study the prospects for detection taking into
account various options for the forecasted performance of the future PTOLEMY experiment.
From a detailed profile likelihood analysis we find that Dark Matter decays with lifetime
as large as 10* Gyr or a sub-% Dark Matter fraction decaying today can be discovered.
The prospects are facilitated by the distinct spectral event shape that is introduced from
galactic and cosmological neutrino dark radiation fluxes. In the process we also clarify the
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1 Introduction

Besides the cosmic microwave background (CMB), the prediction of the cosmic neutrino
background (CvB) is the second, unequivocal key signature of a hot Big Bang. The Universe
must have passed through a stage of billions degrees of Kelvin in order to enable the fusion of
light elements from protons and neutrons. At this temperature neutrinos become the main
actors balancing the relative abundance of nucleons. However, whereas the measurements
of the CMB have elevated Big Bang cosmology to a precision science, the relic radiation of
neutrinos from the nucleosynthesis era remains undetected to date.

The observation of relic neutrinos would provide a window into the first second after
the Big Bang, and its detection is an important task in cosmology. Today’s observed CMB
radiation temperature of 7' = 2.73 K implies that there are 411 relic photons per cm?3.
Assuming a standard cosmological history, it then follows that the average cosmic CvB
number density is 336 cm™3 (see e.g. [1]). Relic neutrinos hence constitute the largest of
neutrino fluxes at Earth [2]. However, whereas microwave photons are readily detected,
“infrared” neutrinos have exceedingly small cross section, making them literally inert under
any ordinary laboratory scheme. Among the various other ideas for detection [3—7], the most
prospective way appears to leverage the energy release in the threshold-free electron-neutrino
capture reactions of beta-decaying nuclei [8, 9]. Here, the capture on tritium atoms,

Ve +T — 3He + e, (1.1)

is one of the best candidate reactions. The relatively low @Q-value of the associated super-
allowed beta-decay, Q@ = 18.529(2) keV, allows for schemes that achieve the required sub-eV
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energy resolution in electron energy, while its half-life ¢,/ = 12.32(2) yrs implies a sensible
experimental timescale where sufficient statistics can be collected.

Because of the minute cross section for neutrino absorption, ov, ~ 1 cm?, detecting
relic neutrinos takes extremely large amounts of tritium. The PTOLEMY experiment [10, 11]
proposes to use 100 g of tritium, which is 10% times more than the best current experiment
KATRIN [12] employs.! Even with this amount of tritium, the expected detection rate is
~ 4 or ~ 8 relic neutrinos per year, with a dependence if neutrinos are Dirac or Majorana
particles [6, 14]. Both experiments use or plan to use sophisticated schemes that filter electron
energies with (sub-)eV precision. Neglecting the recoil of the daughter nucleus, the electron
kinetic energy in reaction (1.1) is given by

0744

E.=Q+ E,. (1.2)

Any experiment that aims at detecting the neutrino capture (1.1) in the electron over the
common beta background T — 3He 4+ e~ + &/, must hence resolve an amount E, at the beta-
endpoint energy. For the CvB— which is guaranteed to be partially composed of massive,
non-relativistic neutrinos today — this implies that a successful detection of relic neutrinos
is tantamount to measuring neutrino mass.

Given the long road ahead that the efforts in CvB detection face, it is only just to
ask what other kind of physics can be probed with such experiment. For example, it has
been proposed that neutrino capture experiments such as PTOLEMY can be used to detect
light sterile neutrinos [15], constrain the neutrino lifetime, lepton-asymmetry or thermal
history [14], or act as directional Dark Matter (DM) direct detectors [11, 16, 17]. In this
work, we consider yet another possibility, namely, the detection of neutrino “dark radiation”
(DR). Here, the potentially largest source can be the decay of a fraction kpy of DM of mass
mpwm.2 To see, if this is prospective at all, we may saturate the cosmological DR flux by
assuming the fraction kpy has already decayed (or is currently decaying at an unsuppressed
rate) into NV, neutrinos — typically N,, = 1, 2 in simple models — to estimate the ratio of
DR to CvB neutrino absorption,

NV Q cri 1
For _ NyromSompes (9€) O(10)kpM™m ( ev) ’ (1.3)
Rcu mpMmncy  (ovy) MpM

The first factor is the ratio of the cosmological DM number density over the number density
ncys of the CvB. The second factor is the ratio of absorption cross section times the typi-
cal velocity of the incoming neutrino; the latter product is to good approximation velocity
independent and hence a number close to unity. This rough estimate neglects the flavor and
helicity composition of the CvB as well as additional contributions that may arise from local
DM decays,® but already demonstrates that if DM with mass below the eV-scale decays, it
may be detected in a CvB experiment [23, 24].

The mass-scale of the decaying DM in (1.3) implies that the only channels of decay
into Standard Model (SM) particles are photons and neutrinos. Moreover, when xkpy =
O(1) the estimate (1.3) implies that we are to consider bosonic light DM. Fermionic DM

I Tritium has the life-time ti1/2 ~ 12 years, therefore, the amount of tritium that decays during the experi-
ment will not significantly change, see e.g. [13].

2The possibility of more energetic neutrino DR and its signature in DM direct detection and neutrino
experiments was considered in [18-22].

3The total DR flux is independent of DM lifetime mpm for mom S to, where to is the age of the Universe,
and for as long as DR remains relativistic [22].
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needs to satisfy the Tremaine-Gunn bound mpy 2 300 eV [25-27] and sub-eV fermionic DM
cannot comprise its dominant component.? There are then several possibilities for a concrete
realization of this scenario. A particularly well motivated one is that of a Majoron DM
candidate [28], for which the decay DM — vv(pvv) is a defining feature. The decay rate is
linear in DM mass, I'py_up < g2mpum, and the required smallness of the effective parameter
g ~ 10717eV /mpy to achieve a cosmological lifetime arises from the global breaking of lepton
number at some UV scale (®) that provides neutrino with mass, g ~ m,,/{(®). This possibility
was considered in [23, 24].

In this work, we build on these previous proposals and, first, study the prospects of
an enhanced signature when considering the non-relativistic injection regime, and, second,
present a detailed sensitivity study that takes into account the projected performance of
PTOLEMY. A Majoron is of course not the only possibility to source low-energy neutrinos.
One may equally well consider vector DM particle, associated with a gauged combination
of lepton-number and/or baryon minus lepton number, or an eV-scale sterile neutrino with
kpM < 1 and enhanced decays to three Standard Model neutrinos through mixing. In
this work, we will not go into these various options, but rather choose a phenomenological
approach, studying the concrete detectability of decaying sub-eV DM; an exploration of
models is left for future work.

The paper is organized as follows: in section 2 we introduce the neutrino DR signal
in the neutrino capture reactions with a focus on PTOLEMY. In section 3 we predict the
neutrino DR signal for PTOLEMY, considering various cases. In section 4 we forecast the
sensitivity of PTOLEMY to detect DR from DM decay, taking into account the backgrounds
from beta-decay and relic neutrinos. In section 5 we summarize our results and conclude.

2 PTOLEMY neutrino detection rate

The overall capture rate (per tritium atom) is given by a product of neutrino flux n,v, times
the capture cross section o. Importantly, for as long as the incoming neutrino energy satisfies
F, < @, the product owv, is a constant, with its only dependence on the helicity composition
of the incoming flux [14],

n,ov, = [(1 — vl,)nl,hR +(1+ v,,)n,,hL} (ov)o, (2.1)

with (ov)g =~ 3.7 - 10745 cm? and where Ny, (M, ) denote the number density left-helical
(right-helical) active neutrinos. This dependence leads to a twice larger event rate when CvB
neutrinos are Majorana rather than Dirac. For simplicity, in the following we assume that
DM decays into equal amounts of right- and left-helical states, which is indeed the case for
Majoron decay [24]. By making this assumption, the dependence on helicity composition
drops out, simplifying the discussion.

Neutrinos propagate as mass-eigenstates v; and enter as such the detector in an inco-
herent mixture of flavor states as they have traveled astronomical distances from the source.
The reaction to consider is then v; + T — 3He + e~ and the probability of capture is mod-
ulated by their electron-flavor content, given by the squared PMNS-matrix element |Ug;|?.
The total rate of neutrino capture in an experiment with a mass My of tritium (PTOLEMY

4If kpm < 1 the decaying DM can be fermionic for as long it is only light enough to boost its occupation
number by 1/xpm to retain an O(1) number in the estimate (1.3).
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plans to use Mt = 100 g [10]) is given by

M- 3 dny . M- 3
I = 7777;11: Z |Uei|2 /dEz/,i O Uy AP T (O"U)O Z |Uei|2ny,i. (22)
i=1 ' i=1

dEVZ. mT

Here, mt is the mass of one tritium atom, dn,;/dE,, is the energy spectrum of the i-th
mass eigenstate; dF,, is the total neutrino energy and v,; the associated velocity. For
the remainder of this paper, we shall always consider the kinematic regime of low-energy
neutrinos where o.v,; is a constant, and the local number density n,; alone becomes the
figure of merit that informs us about the overall rate. Applied to the CvB, the number
density of relic neutrinos can be written as n,; = fc;n0, where ng ~ 56 cm ™3 is the average
number density per neutrino state today, and f.; is a clustering factor in our Galaxy that
ranges from 1 to 1.1 for neutrino masses below 50 meV [29, 30].° The detection rate of relic
neutrinos by PTOLEMY is therefore (cf. [32])

M
Teng =~ (4or8) yrt . 2.3
cnNB & (4or8) yr (100 g) (2.3)
Here we have taken f.; = 1 and used unitarity of the PMNS matrix, 1 = Zle |Ueqi|?.

The energy spectrum of electrons emitted in the capture is immediately obtained
from (2.2) together with (1.2),

dnu,i
dEl/,z'

dr M 3 )
—(Fe) = — Uei E.— Q). 2.4
dEe( e) mT(UU)0;| il (Ee — Q) (2.4)
The detectability of a signal depends on its intrinsic shape, the values of neutrino masses
and on the energy resolution A of the experiment. We follow [32] and model the latter by a
Gaussian with full-width-at-half-maximum (FWHM) given by A to obtain the observed rate,

dr B 1 “dr (E' — E.)? ,
a5, P = (AT / ap, ) exp (_Q(A/\/S ln2)2) A (2.5)

For the PTOLEMY forecasts below, we shall take A = 10...100eV as a representative range
covering the optimal to pessimistic range.

3 Neutrino dark radiation from Dark Matter decay

As we have seen in the previous section, when we consider the additional sources of neutrinos
with energies £, < @, the relative local number densities inform us about the absolute rates.
The rate of DR-induced capture events is hence related to the CvB prediction via,

DR
Ve
I'pr = o plovs, (3.1)
Ve
where ng:’B = no >, |Uei)? fei is an effective number density of electron neutrinos in the

CvB and n],?eR = > |Uei QnBlR is an effective number density of electron neutrinos in DR

originating from DM decay.

5The absolute neutrino mass scale is unknown; the best current limit on the sum of neutrino masses is
from cosmology, Zl my, < 0.12 eV [31]. Therefore, using 50 meV in the estimate of the clustering factor is
already close to the limit for an inverted hierarchy, and clustering is almost negligible.
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DR.

There are then two principal components that source the contributions to n;;

1. DM decay at cosmological distances — the averaged neutrino background from DM
decays outside of our Galaxy and over the course of history;

2. DM decay in the Galaxy — neutrinos from DM decays from the DM halo of our Galaxy
at present.

= to, where tg is the age of the Universe, these contributions
happen to be of almost identical size in total flux. However, the principal difference is that
in the former category the neutrinos experience redshifting of their momenta, whereas in the
second category, they do not. This has important consequences for the prediction of the event
spectra, and in the following we obtain the respective concentration and energy distribution
of both DR components.

As is turns out, for oy =

3.1 Neutrino DR from cosmological DM decay

We first consider the cosmological contribution to the local DR number density. Denoting by
KDMNDM,0 = KDMS2DMPcrit/MbDM the average number density the decaying DM-component
would have today in the limit of infinite lifetime, the number density of the ith neutrino mass
state can be estimated as®

nlcj(’)isnl ~ BRZ (1 _ e—to/"'DM) NVKDMnDM,O ~ BRi%NyKDMnDM’O’ ™M S>> to, (32)
where BR; is the branching ratio of DM decay into 7¢th neutrino mass state; in the last
expression we have exposed the scaling in the limit of long lifetime, Tpy > £o.

Of course, gravity alone already constrains the lifetime of DM, e.g. from CMB physics.
Here, the statement is that either 4% of all of DM could have decayed between recombination
and today, or kpm/TM < 6.3 X 1073 Gyr for lifetimes larger than the age of the Universe.
The latter implies that Tpy = 12¢¢ if kpyv = 1 [33]. For simplicity, we either use mpy = 10t
with kpy = 1 for the long lifetime regime, or kpy = 0.05 for the short (arbitrary) lifetime
regime, even if it implies that we slightly slip into the disfavoured region.

Using eq. (3.2) we obtain the effective number density of cosmological electron neutri-
nos as,

cosm 2 2, cosm -3 1OtO 1eV & 2
g = E |Uei|"ng5™ ~ 46 c ™ °& | —— , £=3N, E |Uci|“BR, (3.3)
=1 TDM mpm i=1

where we have again taken the limit of long lifetime. For equal branching ratios, BR; = 1/3,
the factor £ = NV,. Substituting this result into eq. (2.2) the total PTOLEMY detection rate
for cosmologically sourced neutrino DR reads

TS & 3.2 yrole ( Mr ) (10t0) ( ! ev) . (3.4)

100 g TDM mpwm

We see that for sub-eV DM mass the detection rate of cosmological neutrinos can be higher
than for relic neutrinos, see eq. (2.3). The scenario can hence become another target for
PTOLEMY. It is, however, beyond the reach of KATRIN which uses M1t = 100 ug.

SThis estimate neglects the effects of the Universe’s expansion. The exact expression is given in [22] and
it makes a 50% downward correction to the estimate for 7pm = to.
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To obtain the differential event rate in PTOLEMY, we now turn to the energy spectrum
of the cosmological DR component. For simplicity, we shall only consider the case of 2-
body decay, DM — v or DM — vv. With the initial DM kinetic energy being negligible
in comparison to its mass, the neutrinos are initially injected with energy mpn/2. The
associated neutrino momentum then redshifts, and the continuous decay of DM during the
cosmic history accumulates to the following spectrum [21],

CO‘Sm
v,
(BEy,i) =

N, BRMDM%DM,O6
dEu,z' Pv,iVui H(Zdec)TDM

—t(chc)/TDM’ (3.5)

where zgec is the decay redshift obtained from the redshift of the initial momentum to the

; 2 2
momentum at arrival, p,; = Ew‘ my .,

(3.6)

Zdec —

In the above formula, ¢(z) is the cosmic look-back time evaluated at zqe.; for Tpym = to the
exponential factor can be neglected. The energy differential flux itself is given by multiply-
ing (3.5) by the neutrino velocity v,;.

Examples of the signal for different values of neutrino masses and different assumptions
about PTOLEMY energy resolutions are shown (together with the galactic component of the

signal that is discussed below) in figure 1 as well as figure 4 in appendix B.

3.2 Neutrino DR from galactic DM decay

Let us now estimate the contribution to neutrino DR from DM decay inside the Galaxy. For
such an estimate it is important to specify the ratio v, /c as it defines the resulting neutrino
concentration around us. We will discuss below the two principal cases: neutrinos that escape
upon injection and neutrinos that are injected with a speed below the escape speed and are
hence retained in the Galaxy.

3.2.1 Escaping neutrinos

If neutrinos are injected at velocities v, that exceed the escape speed vese =~ 550km s~ ~
2 x 107 3¢, they will escape the Galaxy in a time tese ~ 7o /v, ~ 10'2 s(c/v,) < tg, where
ro = 8.3 kpc is the distance from the center of the Galaxy to the Sun. A Galactic contribution
with v, > vegc is only present for mpy = to. Taking the long-lifetime limit, an order of

magnitude estimate for the local neutrino number density is hence,

tes BR;
n% ~ BR; == N, kpmnpum,e ~ 0.4 <£> < ) ngr (oM 2 to)- (3.7)
’ TDM Uy 1/3

For this estimate we used the local DM density ppm,e ~ 0.3 GeV/cm? as a representative
value. From this estimate we see that the Galactic DR contribution can be comparable with
the cosmological one and it can be even larger if the DM mass is such that galactic neutrinos
are only semi-relativistic. The Galactic flux that takes into account the DM density profile
then reads,

1 o
n;g/a; = BR; Nytkpymnpm,e (D) (Vi > Vese), (3.8)
’ Vp,i TDM



Chapter 6. Publications about dark radiation 159

where (D) is the whole sky average of the line-of-sight integral as seen from Earth over the
galactic DM density distribution (see e.g. [34]),

1 1
D :—/Ddﬂ, Dzi/ r)ds. 3.9
(D) 47 . T"®PDM,® Jlo.s. p(r) (3.9)

The value of the averaged D-factor normalised in this way describes how much our naive
eq. (3.7) underestimates the local concentration of galactic neutrinos. We adopt (D) = 2.19
obtained from an NFW profile with a mild dependence on other canonical profiles.” Similarly
to the cosmological case, we may obtain effective number density of electron neutrinos

3

1 1 _ c 10%g 1eV
ngy = ; Ueil*nfy ~ 43 em™*Erpym (1;) (TDM pra— (Tom Z to), (3.10)

where £ is given by eq. (3.3). Using eq. (2.2) we estimate the PTOLEMY detection rate of
galactic DR neutrinos,

_ M 10to 1eV
[t ~ 3.0 yr—! i) ( s ) ( ) ( ) 11
gal & 3.0 yrErDM (UV 100 g TDM MDM (3.11)

Comparing egs. (3.4) and (3.11) we see that once the D-factor is taken into account the
contributions from Galactic neutrinos and from cosmological neutrinos sourced by DM decay
are almost equal in the long-lifetime regime.

We may at this point check whether we stay clear from any suppression factors that
arise from Pauli blocking. The maximum occupation number in a Fermi-Dirac gas is attained
from dn'®* = g, /(873)d3p, where g, = 2 are the active neutrino degrees of freedom of each
massive state. In this section, we consider a kinematic situation where every neutrino, once
injected, is on a straight trajectory escaping the Galaxy. In the 2-body decay, a small
momentum spread Ap, /p, ~ 1073 is inherited from the non-relativistic bound motion of the
galactic DM. Integration yields nj'3Y) ~ 9./ (272)p3 x (Ap,/p,). Taking the ratio with the
concentration obtained above yields

() () () -

Nygalleq. (3.8) KDM \ € 10to eV /7’
and where we have taken the same estimate on the escape time tesc as above. There is a steep
dependence on mpyn and v, and the ratio may drop below unity, signaling that the naive

concentration (3.8) is affected by Pauli blocking issues. We take this effect into account by
multiplying the relevant rates by a phase-space suppression factor,

max

_ ‘vigal <1 (3.13)
Nwgalleq. (3.8)

n
ps ~

whenever this ratio drops below unity. We note that this kind of blocking is mitigated
in a decay with more than 2 final states, as neutrinos then assume a broader distribution
in momentum.

“"For the NFW profile we use s = 24.4 kpc, ps = 0.18 GeV /cm?; for an Einasto profile with the core radius
re = lkpc and ppwm,o ~ 0.4 GeV/cm?® one obtains (D) = 2.96. One may of course entertain the possibility
of a core and/or spike at the Galactic center [35-37], amplifying the Galactic DR contribution; the effect is
milder than for annihilating DM and we will not go into such possibilities here.
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Finally, we may find the optimum injection velocity where the concentration saturates

a . . - 2
nlrfg‘;j(vu’optimal) = Ny gal (Vv,optimal); for this, note that Nyt o vy, whereas n, ga1 o 1/v, on
the account of tes.. Therefore, the “optimal” velocity is

. 1/3 4/3
Uy, optimal ~3 1/3 (10t0) ( 1 eV )
———— == 4-10" "k . 3.14

& DM TDM mMDM ( )

As can be seen, the number can fall below the escape speed. In this case, the estimate is
revised; see following section. The maximal galactic event rate for escaping neutrinos reads,

_ M 10t0\?/? /'m 1/3
Fgal,max ~ 750 yr 1|U51‘2 <100Tg> HQD/S[ (TDI\Z) < 1 ]:e)i\//[) , for mpn ~ 2"-"Ly,lig;htes‘v
(3.15)

This shows that although Pauli-blocking may severely constrain the absolute numbers, in the
optimal case the galactic contribution can far exceed the cosmological one.

DR neutrinos from 2-body decay are created with a fixed energy E, = mpn/2 in the
DM rest frame. In the laboratory frame they will have some energy distribution due to
random velocities of DM particles with the width AE,/E, ~ vpum/c ~ 1073, This scatter
in energy can be neglected compared to the energy resolution of the PTOLEMY detector.
Therefore, we may take the Galactic DR neutrino energy distribution as a delta-function,

gal

dé”’ll (E,;) = n%il ps S (E,,yi - m2DM) . (3.16)
v,i

The Galactic component hence produces a peak at the highest possible energy for neutrino
capture signal, E. = Q + mpm/2, see figure 1. Assuming an optimistic energy resolution
of A = 10 meV this peak can be resolved from the cosmological contribution and serves as
another signature of the DR scenario.

3.2.2 Non-escaping neutrinos

Let us now consider the special case that neutrinos from DM decay are injected at non-
relativistic speeds with v, < vese ~ 107 3¢. In this case, neutrinos accumulate (and saturate
in number) rather than escape. In the 2-body decay benchmark case considered here, it
happens when the mass of the lightest neutrino is close to the mass of DM, mpm =~ 2m,.1.
This kinematic arrangement to yield v, < vese in the decay, requires fine-tuning,
mpmM — 2my < 10-6
—— < 107"

3.17
" (3.17)

Despite the severeness of the condition, it may nevertheless be a natural property in some
models for the origin of neutrino masses; see e.g. [38, 39]. On the other hand, if DM were
to decay into an n-body final state with n > 2, there will always neutrinos with v, < vegc-
Unless the differential decay rate is strongly IR-biased in the neutrino-energy, the efficiency
to inject slow neutrinos is directly proportional to the related phase-space volume, which,
again will be a small number. Despite these, at first sight unpalatable circumstances, we
shall work out this special case below.
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Figure 1. Electron spectra from neutrino DR capture sourced by DM decay with mpy = 1,0.5 and
0.2eV and normal neutrino mass ordering (NO) with the mass of the lightest neutrino m; = 0 (left
panel) and 50 meV (right panel) and £ = 1. The DM lifetime is taken 7oy = 10¢0 and the detector
energy resolution is varied from A = 10 meV, A = 50 meV, to A = 100 meV from top to bottom.

If v, is smaller than the escape velocity from our Galaxy, v, < Vesc ~ 107 3¢, neutrinos
rather accumulate than escape. In this case the local neutrino density is®

t
ns ~ ﬁNyﬁDMnDNL@ X ps, (3.18)

8Gravitationally bound neutrinos can change their helicity when momenta are reversed but spins are not
(see e.g. [6]). However, as for such neutrinos v, < 1, we can neglect each of the velocity-dependent terms in

eq. (2.1).
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where the escape time is now replaced by the age of the Galaxy, that we have taken as tg for
simplicity. If we neglect the phase space factor “ps”, eq. (3.18) suggests a concentration in
excess of (3.7) by a factor tg/tesc which would be enormous.

Again, when we are sourcing fermionic DR from a bosonic parent with kpy = O(1),
we need to include the restriction on phase space density by the factor “ps”. To estimate
its importance, let us consider for the parent DM phase space distribution function a non-
truncated Maxwellian, for concreteness again using the local value npm, e,

L 3/2 »
fom(|p]) = kpMmnbMm,e <2) exp ( 2) , (3.19)

2 T 9,2
2mwmiyy o 20°mp

such that [ d3p fom = KDMTDM,o; O is the one-dimensional velocity dispersion. The maxi-
mum value is attained for |p] = 0 which we denote by fE¥* = fpm(0). In turn, the precise
distribution function of the created non-relativistic neutrinos is difficult to know, because
the neutrino spends significant time in the Galaxy and is subject to the same thermaliza-
tion processes as DM. However, if we are to consider a strictly non-relativistic injection
with v, < vesc, Which is possible in the finely-tuned 2-body decay, it is not unreasonable
to assume that the DM phase space density is largely inherited. Irrespective of the detailed
functional form £, (|p]), however, we may particularly expect that fi"®* ~ f212% holds well, if
Pauli-blocking can be neglected.

As mentioned in the previous section, Fermi-Dirac statistics tells us that the maximum
phase space density is f'® = f,/(873), and Pauli-blocking in the decay needs to be taken
into account, whenever this density becomes saturated. Therefore, we may evaluate the
“in-medium” phase space suppression factor from the ratio

max L (2 2\3/2,,,4 y 4
psmfgmxz g3(wa)—mDMm4x10*6 g (mDM) . (3.20)
DM 8 KDMPDM,® KDM eV

On the right hand side we have used o = v./v/2 where v, =~ 220 km/s is the circular velocity
of the solar system. This is a punishing factor and implies that the enhancement in the local
concentration is at best moderate for mpy >~ 1 €V, and even turns into a suppression factor
for lower DM mass when neutrinos are not evacuated from the galaxy like in the relativistic
case above. The arguments above are similar in the spirit that underlie the ones leading to
the Gunn-Tremaine bound [25] and essentially a manifestation of Liouville’s theorem; see
also [26] and the recent update in [27].

Since the solar mass splitting is y/|Am?2| ~ 1072 eV, the degeneracy condition (3.17)
can only hold for one of the three neutrino mass eigenstates. If the degeneracy holds for the
lightest of neutrino states, v, it remains the only kinematically allowed decay channel and
U, S Vese 18 guaranteed. If the degeneracy is with a heavier state, then the branching ratio
into the “slow channel” will be suppressed by a model-dependent factor ~ (v, /c)™, n > 1 as
a lighter final state is available. In our numerical results, we will assume for simplicity that
the fine-tuning happens for the lightest neutrino in which case the branching fraction of DM
decay into the lightest neutrino mass state ¢ = 1 is equal to one.

4 PTOLEMY sensitivity

We now proceed to forecast the sensitivity to neutrino DR on the concrete example of
PTOLEMY. The canonical event shape for CvB detection is a large beta-background until

— 10 —
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the endpoint energy that needs to get filtered in order to detect the small capture signals that
are offset by a small amount given by their neutrino masses. In the current context, both
constitute backgrounds to a DR search. However, as we argued above, the DR signal can
extend in energy up to ~ 1 eV above the endpoint, into an essentially background free region.

To treat both cases simultaneously, we use a binned profile likelihood and simulate the
experiment with assumed 1 yr and 5 yr exposures and a target mass of 100 g by generating
Monte Carlo mock representations. We consider the neutrino-induced capture events from
sources « = (3, CrB, and DR together with their associated energy spectra df‘a(Ee, Hﬂ)/dEe
that are obtained by folding the theoretical rates with an Gaussian energy resolution A
according to (2.5). The model parameters that enter these predictions are Tpy and mpy for
DR with 6 = M; for a = 3, CvB @ there are no fit parameters and @ is null. The likelihood
function under the hypothesis H for fixed neutrino mass hierarchy (NO, 10), fixed DM mass
mpwm and absolute neutrino mass scale given by m,, reads,

. Nbin efszuyg(5) L
HUIDES | e DIITAC)

i=1 obs”

]Nébs (4.1)

For our analysis, we divide the signal region in E. — Q from —25, —75, —150 meV (for A =
10, 50, 100 meV, respectively) to 300 meV into Npi, = 100 equidistant bins and from 0.3 eV to
30 €V into Nypin, = 50 logarithmic bins. The reason for such division is owed to computational
efficiency, since at higher energies we enter the background-free region. The expected number
of events in each bin i of source « is denoted by u!, and N{ is the associated random number
of observed events in each bin that is drawn from a Poisson distribution; N¢, . = >, N&.

A discovery of a DR signal in presence of backgrounds then amounts to a rejection
of the background-only hypothesis Hg for sources a« = (,CrB. Here, theA negative log-

likelihood then serves as test statistic for the hypothesis test, ¢ = —21n £(6|Ho)/L(F|H}),

where § maximizes the likelihood under the background-only hypothesis Hg: Ty — oo and

o

60 maximizes L for signal plus background, Hy: 7pym # 0. A distribution in ¢ under H; is
obtained by generating 10 mock data-sets for each combination of (7pm, mpM ), until the
entire parameter space is scanned; in turn, the distribution in ¢ with mock-data generated
under Hy we verified that it follows a 2 distribution with one degree of freedom as per
Wilk’s theorem [40]. The significance distributions are then given by Z = ,/q. The discovery
criterion at 3o significance implies that Hg is rejected with 99.865% probability (p-value
po = 0.00135). For a chosen confidence level of 90% we require that a given experiment
has a 90% probability to detect at least a signal with 3o significance. Hence, this leads to
a detection of the signal, if 90% of the mock-data sets generated under H; lie above the
discovery criterion Z > 30, where H; is accepted and where at the same time Hy is rejected;
see [22, 41] for further details on this procedure.

The resulting discovery potentials are shown in the left (right) panel of figure 2 for
normal (inverted) neutrino mass hierarchy; we additionally take the lightest neutrino as
massless, m,, = 0 (m,, = 0). We assume that DR is sourced from X — vv, i.e. N, = 1 with
a decaying DM fraction of 100%, kpym = 1. The blue and green sets of lines are associated with
exposures of 100 g yr and 500 g yr, respectively. The solid, dashed, and dash-dotted lines
correspond to progressively worsening assumptions on the energy resolution, A = 10, 50
and 100 meV, respectively. The thin vertical lines show the kinematic thresholds for the
decays into the heavier neutrino mass eigenstates m,, ;. The gray shaded region shows the
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Figure 2. Discovery reach of PTOLEMY as a function of progenitor mass mpy and lifetime in units
of the age of the Universe, Tpm/to. An exposure of 100 g yr (blue lines) and 500 g yr (green lines)
has been assumed for various projected performances on the electron energy resolution A as labeled,
with 10eV (100eV) being the optimal (most conservative) case. All of DM is assumed to be decaying
kpm = 1. The mass of the lightest neutrino is m,, = 0. In the left (right) panel The mass of the
lightest neutrino is m,, = 0 (m,, = 0) and a normal (inverted) hierarchy is assumed.
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Figure 3. Sensitivity of PTOLEMY to the decaying fraction of DM, kpn, as a function of DM mass;
same labeling as in figure 2.

cosmological limit on the decaying cold DM lifetime, Tom 2 35¢0 [42]; see also [33, 43, 44].
Finally, the thin green line in the left panel is obtained when Pauli-blocking is neglected.
Both panels establish the sensitivity to the maximum DM lifetime, directly related

to the minimum detectable DR flux (a 3o significance in the general presence of the CvB
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background. In the high mass region mpy = 100 meV, the discovery potential is almost
independent on the neutrino mass hierarchy and a general 1/mpy scaling can be seen. At
around 100 meV progenitor mass, this trend is broken by the presence of the CvB peak
generated by the heaviest neutrino, m,; = 50 meV (m,,, ~ 50 meV) assuming normal
(inverted) hierarchy. In the left panel, the sensitivity for A = 10 meV reaches its optimum
at mpm ~ 50 meV, whereas in the inverted hierarchy scenario (right panel) the lightest
neutrino has a smaller contribution to the DR signal due to the smaller squared PMNS-
matrix element |U,3|2. Therefore, smaller lifetimes, i.e. a larger DR flux, are necessary to
discover the signal in comparison to the right panel. For mpy < 40 meV, the continuous
tritium beta background starts playing a role, suppressing the lifetime reach in both panels.
However, this is eventually counterbalanced by the growing decaying DM number density
with 1/mpnm and the sensitivity is again improved for diminishing DM mass. However, only
for the NO the lines extend above the cosmological limit.

We conclude that a discovery of decaying DM with mpy = 100 meV is possible with
rather relaxed assumptions on energy resolution. For lighter DM mass, an optimum energy
resolution is critical to suppress the bleeding of the beta background into the signal region,
and decaying DM with neutrino final states is discoverable in the normal ordering across the
entire conceivable mass range.

Finally, we may consider the possibility that a fraction kpy of DM decays with arbitrary
lifetime and ask for the sensitivity of PTOLEMY to xkpym. For this, we saturate the flux
by choosing an optimal lifetime, Tpy = %o, so that the fraction kpy decays today with
an unsuppressed rate. The model parameters that enter in the likelihood in eq. (4.1) are
now kpwm and mpy for DR with 0 = rpMm. Figure 3 presents the 3o discovery sensitivity
to kpMm as a function of progenitor mass as above. As expected, the discovery potentials
in the (kpm, mpwMm)-plane exhibit an inverse behaviour with respect to the contours in the
(oM, mpmMm )-plane in figure 2. The discoverable region is hence affected by the same limiting
factors as were discussed above. We conclude that with an exposure of 100 g yr (500 g yr)
PTOLEMY is capable to detect a decaying fraction of ~ 1% (~ 0.1%) with an optimal
energy resolution of A = 10 meV. For the pessimistic case A = 100 meV it takes the larger
of assumed exposures to compete with cosmological limits with a mild prospect to detect DR
originating from a decay with progenitor mass 0.1 < mpym/eV < 2.

5 Conclusions

PTOLEMY is a visionary and ambitious experiment. Its main science goal — the detection
of relic neutrinos — would mark a resounding success for a key prediction of hot Big Bang
cosmology, but will require significant breakthroughs in experimental technology. When
entering such unexplored areas we are not safe from unexpected difficulties and obstacles.
In this work we demonstrate through a detailed profile likelihood study that even before
PTOLEMY reaches the level of performance (first of all, energy resolution and statistics)
it can potentially detect a signal from new physics that can accede the SM relic neutrino
signal, namely, the detection of neutrino DR. Such DR may be sourced by the decay of
(a component of) DM with sub-eV mass. The potential signal in PTOLEMY can then be
classified as follows:

e In the most generic case (see figure 1) DM decays into a 2-body neutrino final state
which results in an additional peak located at Epcax = @ + mpm/2. The number of
events in this signal may be equal or larger than in the signal from the CvB for the
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DM mass range 2m,, < mpy S 1€V, This peak comes from DM decay in our Galaxy.
Additionally, extragalactic DM decays give rise to a second component of the signal,
similar in overall magnitude but with events almost equally distributed in electron
energy between @ and Q + mpn/2.

e There is a special case when neutrinos are efficiently released at semi- or non-relativistic
velocities, either in a suitably arranged decay with more than two final states, or when
mpm/2 >~ m,, in the 2-body decay. The local concentration of neutrinos can then be
enhanced by Galactic DM decays, reaching a maximum when the injection velocity is
in the vicinity of the Milky Way’s escape speed.

There is a number of avenues to explore further in our proposal. First of all, concrete models
of sub-eV DM should be explored and how they embed themselves into the bigger scheme
of things, such as relic density generation; such program has already started in [23, 24]. Is
it possible to find well-motivated or natural cases where the non-relativistic injection boosts
the detection prospects? On the signal side, we may quantitatively address the question to
what degree it is possible to discriminate between early (7pm < to) and late (7py 2 to)
decays by virtue of the Galactic peak. In summary, there is a scientific case for relic neutrino
searches such as PTOLEMY that is connected to another pressing topic in modern physics,
namely, the quest in understanding the most basic properties of DM, such as its lifetime and
mass-scale. A detection of DR in a future CvB experiment may shed light on these questions.
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A A solar neutrino basin?

Another intense local source of neutrinos is the Sun. Here, one may first wonder if the most
prominent of fluxes, the pp-flux may constitute a background for PTOLEMY. However,
it is easy to see that the falling statistical beta spectrum with decreasing energy yields a
small flux, e.g. at B, = 1 eV it is dF},/dE, ~ 1072cm 25 ' keV 1. Overall, the spectrum
translates into a minute local concentration n, pp ~ 10716 of pp-neutrinos below 1€V energy.
In fact, the low energy region is largely dominated by the flux from plasmon decay [45]. From
figure 2 in [46] one finds a differential flux value dF/dE = 10 cm™2 s~! keV ™! at a neutrino
energy of 1eV, still falling significantly short for an interesting instantaneous concentration.

The above arguments neglect neutrino mass. Neutrinos produced in the Sun may,
however, also be gravitationally trapped within the solar system because of their finite masses.
Such possibility has recently been proposed in [47] as an amplification scheme for probing light
new physics that may be produced in Sun. We may take a quick estimate to demonstrate,
that for neutrinos this mechanism is negligible to obtain a reasonable neutrino concentration
at Earth.

Let the flux of neutrinos that reaches Earth but do not escape the solar system be AF.
On dimensional grounds, the number density of neutrinos at Earth is then of order,

AFte

Ny solar ™~ P ) (Al)
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where to ~ 4.5 x 10° yr is the age of the solar system and rg = 1AU is the distance
between Sun and Earth. To estimate the neutrino flux we may take the above quoted
value of 10 em~2 s~! keV~! at 16V energy from [46], hence overestimating the relevant non-
relativistic portion at even lower energy.® Neutrinos that reach Earth but do not escape the
solar system have a narrow energy distribution with a width

o GM@mV

TE

AE

~ 108 eV m”). A2
¢ (1 eV ( )

We may then limit the associated flux of such neutrinos from above,

dF m
AF <Y (E—16V)AE ~ 10710 cm 2 *1< ”) A
< dE( eV) 0 cm™ s Tov (A.3)
Substituting this value into (A.1) we arrive at
Ny,solar ™~ 1076 Cm73~ (A4)

This number is already overestimation of the trapped neutrino density at Earth and it is
eleven orders of magnitude smaller than for relic neutrinos. This means that solar neutrinos
do not constitute a background for relic neutrino searches.

B Inverse ordering

In this appendix figure 4 presents the pendant to figure 1 for an inverted neutrino mass
ordering with two heavier states split by the smaller solar mass difference.

C Discovery potential for m,, = 50 meV (m,, = 50 meV)

In figures 5, 6 we present the discovery potentials for m,, = 50 meV (m,, = 50 meV) for
normal (inverted) mass hierarchy. In this case, the minimum allowed DM mass is 100 meV
and the tritium beta background does not play a role. Hence, the CvB is the only background
that enters in the analysis and only alters the limits around mpy = 100 meV compared to
the figures 2, 3.

9Tt appears that finite neutrino masses were not taken into account in the numerical results of [46], but
their inclusion would render the neutrino flux even smaller.

— 15 —



Chapter 6. Publications about dark radiation

168

dr/dE,[yr'eV] dr/dE,[yr'eV™]

dr/dE.[yr'eV"]

Miightest=0 meV, A=10 meV, IO

1010
8 ——— 1eV
L N 0.5eV
108} —.— 0.2eV
10%}
100} N A A
J R g A
1 5 l . ‘l
-100 O 100 200 300 400 500 600
E.—Q[meV]

Miightest=0 MeV, A=50 meV, 10

1010
s \\ -——= 1eV
00N 0.5eV
108 —-— 0.2eV
104
100 T RN
1 '\ 8 \\\
-100 O 100 200 300 400 500 600
E.—Q[meV]
Miightest=0 MeV, A=100 meV, 10
1010
. I 1ev
10% 0.5eV
108} —.— 0.2eV
104}
100t ——
1t . A
-100 O 100 200 300 400 500 600

E.—Q[meV]

Miightest=50 MmeV, A=10 meV, 10

1eV

200 300 400 500 600

-100 0 100
E.—Q[meV]
Miightest=50 meV, A=50 meV, 10
100
— s -=—= 1eV
% 0N 0.5eV
< 10% —-— 0.2eV
=
% 10
k=]
= 100 ——
o >
1 ‘ . \
-100 O 100 200 300 400 500 600
E.—Q[meV]
m,igmest=50 meV, A=100 meV, 10
1010
£ o™
% ------ 0.5eV
= 108} —.— 02eV
=
uf 10+
kel
= 100t
= P \\
17 ‘\‘ . b
-100 0 100 200 300 400 500 600

E.—Q[meV]

Figure 4. Examples of the DR neutrino signals from DM decay with mpy = 1,0.5 and 0.2eV and
inverse neutrino mass ordering (IO0) with m,, = 0 (left panel) and 50 meV (right panel). The DM
lifetime is taken as 7pym = 10ty and the detector energy resolution is assumed to be A = 10 meV,
50 meV, and 100 meV from top to bottom.
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Figure 5. Reach of PTOLEMY at 30 significance as a function of progenitor mass mpy and lifetime
in units of the age of the Universe, Tpm/to. An exposure of 100 g yr (blue lines) and 500 g yr (green
lines) has been assumed for various projected performances on the electron energy resolution A as
labeled, with 10eV (100eV) being the optimal (most conservative) case. All of DM is assumed to
be decaying kpm = 1. In the left (right) panel the mass of the lightest neutrino is m,, = 50 meV
(my, = 50 meV) and a normal (inverted) hierarchy is assumed.
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Figure 6. Reach of PTOLEMY at 3o significance to the decaying fraction of DM, kpu, as a function
of DM mass. The mass of the lightest neutrino is m,, = 50 meV (m,, = 50 meV); a normal (inverted)
hierarchy is assumed.
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APPENDIX H

Galactic and extragalactic dark radiation

flux

H.1 Dark radiation from two body decays

In this appendix, we derive the galactic and extragalactic fluxes of dark radiation used in
Ref. [3] in Sec. 6. Dark matter may decay in the galaxy or at cosmological distances. The
magnitude of these flux components depends on the lifetime and the mass of the progenitor,
assuming no directional sensitivity.

The galactic flux component is derived in the following way, see [30, 124-126] for more details.
The total number of decay products per energy Epgr in a volume element dV at distance s is
given by

_to
dN  fomppm(r)e ™M
dEpr  TDMMDM
where ppum(r(s,0)) is the dark matter density expressed in galactic coordinates for an observer

dv, (H.1.1)

at distance s and for an observation angle 6, ¢y ~ 13.8 Gyr [6] is the age of the universe,
fpm is the fraction of decaying dark matter with mass mpy and lifetime mpy and dN/dEpr
is the dark radiation energy spectrum. Then, the differential galactic flux through an area
A = 41s? is given by the integration over the line of sight (l.o.s) and angles 6, ¢ of a sphere,

dPpR, g o [T
dPpr, gn _ 1 dAN fpye on / / / ) sin 0 ds dOde (H.1.2)
l.o.s

dN fDMe TDM
dEpr TDMMDM

r0pe (Jdec) » (H.1.3)

where ro = 8.33 kpc is the distance between the galactic center and the observer at the Earth,
po = 0.3 GeV/cm? is the local dark matter density. For a NFW-profile (1.3.3), the J-factor
averaged over angles yields

1 2T pm
(Jdec) = / / / px(r(s,0))sinfdsdfde ~ 2.19, (H.1.4)
drpore Jo  Jo Jros
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Figure H.1: Galactic coordinates (left) and galactic decays (right).

where r(s,0) = \/82 + r2 — 2srg cos 0, see Fig. H.1.

Similarly, we can derive the extragalactic flux [125]. Since dark matter decays also hap-
pen at extragalactic distances, dark radiation is redshifted and has a momentum |[ppg|em =
(1 + z)|ppr|, where |PpR|em, |PDR| are momenta at emission and observation, respectively.
The total number of decay products at redshift z is
_ )
dN(Eem) fDMPDM,o e "DM
dEpR TDMMDM

x2dxdq, (H.1.5)

where x is the comoving distance, ppm o is the dark matter density at present time and the
number spectrum depends on the energy at emission. Then, the differential extragalactic flux
at observation is given by

42
dPpR, c.g. :/d dN (Eem) foOMpPDM0€ DM

dEpr dEpRr TODMMDM

(H.1.6)

Assuming a flat universe, the extragalactic flux component can be further reduced to an
integral over the redshift,

dd e.ga 2 d dN Eon _ t(2)
DR, e.gal _ fDMPDMO z (Ee )vem(z)e ey (H.1.7)
dEpr MmmpM Jo  H(z) dEpr

where vem(z) is the velocity of dark radiation particles at emission. Here, we changed the
integral over the comoving distance to a redshift integral by

/dx = Ijé)vem(z). (H.1.8)
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Since we consider dark matter decays in the matter-dominated universe, the upper bound
2f < Zeq = 10* is a good approximation. We can find an analytic expression for the cosmic
time

o ds' 1 \/1 1_|_ZSQM+1
t(z):/ 1+ ’)ZH( N T 3Hyva 5 : (H.1.9)
z z
2 0V \/1+ (1+2)3% —1

Then, the total dark radiation flux is a combination of both components,

d®pr _ dPpR, gal . dPDR, e.gal
dEDR dEDR dEDR

(H.1.10)

The simplest case of dark radiation are two-body decays of dark matter'. Dark radiation is
injected with energies Ei, = mpy/2 described by the spectrum,

dN
dEpr

= NpRO(Bem — Ein). (H.1.11)

For two-body decays, Npr = 2. Then, the galactic flux reads

L20]

dd e DM
AODR gl _ gy JDME TN ree) 6(Eom — Ein). (H.1.12)

dEpr TDMMDM

The extragalactic flux has an integral over the redshift, that can be evaluated due to the delta

function
m
3(Bem — Ein) = 0 <\/\ﬁDR|Q(1 +2)2 +mpy — 2DM> (F.1.13)
- DM §(z—a+1), (H.1.14)
|PDR| szM - 4m2DR
V mpy—4mbr e - .
where o = B T Then, we perform the redshift integral and we are left with
_t(a—l)

d(I)DR, egal mpwm NDRfDMpDM,O 'Uem<06 — 1) e DM 0(@ B 1)9(Zf ot 1)
dEpRr \pDR! mdy, — Am2 Homommpm  /a3Qy + Qa ’

(H.1.15)

where H(z)? = H¢ ((1+ 2)*Q + Q4) is the Hubble parameter. The theta function 6(zy —
a + 1) is always satisfied, since zy > o — 1. The velocity at emission is given by

2 2
m mpy — 4mpg
Vem(a — 1) = |ijERe - — (H.1.16)
em

'For our purposes, dark matter decays at rest and velocity dispersions are negligible [126].
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Figure H.2: The differential extragalactic flux for several progenitor masses and lifetimes. Dark

radiation is produced by two body dark matter decays with injection energy Ej, = =5,
In the end, the extragalactic flux reads
_t(a—1)
dd N e DM
DR, e.gal _ IVDR/DMPADM0 Blo—1). (H.1.17)

dEpRr Homommpwm  |ppr|v/e3Q + Qa

The theta function guarantees that the injected energy is larger than the observed energy,
Ey > Epr. Exemplary, we show the extragalactic flux for several masses and lifetimes in
Fig. H.2.
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Irreducible neutrino backgrounds

I.1 Backgrounds in direct detection experiments

In this appendix, we explain the neutrino backgrounds in direct detection experiments in
more detail, that enter in the analysis in Sec. 6. These backgrounds are irreducible and de-
crease the sensitivity on dark matter, since neutrinos may mimic dark matter events [127].
Hence, it is important to understand the origin of each component of the neutrino background.

The three main sources of neutrinos, that are relevant in direct detection experiments are
solar, atmospheric and supernova neutrinos. The origin of solar neutrinos is the Sun. Nu-
clear fusion reactions produce a large amount of electron neutrinos with MeV-energies, that
escape the inner layers of the Sun and stream freely to the Earth. In Fig. I.1 we show the
evolution of fusion processes in the Sun. For instance, pp fusion leads to the highest flux on
earth, but these neutrinos have small energies [128, 129]. On the other hand, B neutrinos
have a broad range of energies. The following reactions create monochromatic neutrinos!,
p+e +p — *H+vr, (1.1.1)

"Bet+e — "Li+ve. (1.1.2)
The latter reaction emits monochromatic neutrinos with energies 861.3 keV and 384.3 keV

when beryllium captures electrons. In the Sun, the CNO cycle contributes only ~ 1% to the
heating [129, 130].

Atmospheric neutrinos are produced when cosmic rays hit the atmosphere of the Earth and
interact with nuclei in the atmosphere [131, 132]. The resulting pions, muons and a smaller
abundance of kaons create a large number of electron and muon neutrinos,

T = AU, T = ot (1.1.3)

The reaction p+e~ +p — 2H + v, creates almost monochromatic neutrinos since tiny energy smearing
in neutrino energy is caused by the recoil of the deuterium [129].
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Figure 1.2: The dominant reactions contributing to the production of atmospheric neutrinos. The
figure is taken from Ref. [131].

K = uw +7,, KU — pt4u, (1.1.4)
poo—= e ety pto— et e+, (I.1.5)
In Fig. [.2 we show the dominant neutrino production in the atmosphere of the Earth. When

all muons decay before hitting the surface of the Earth, the fluxes are related to each other
as

dWp 4+ 0y) 2 20(Ve + Te), (V) = d(Dy,). (I.1.6)

Solar and atmospheric neutrinos were detected by the experiments, like HOMESTAKE [133],
GALLEX [134], SAGE [135], Super-Kamiokande [136, 137], just to name a few.

Last but not least, the diffuse supernova neutrino background (DSNB) are neutrinos from
distant core collapse supernovae of Type II [138, 139]. These neutrinos have several tens of
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MeV energy and have not yet been observed. The averaged DSNB detection rate is estimated
to be 3 events per year [138]. The only detection of supernova neutrinos at 0.05 Mpc close
to the Milky Way galaxy was announced by two experiments: Kamiokande IT [140-142] and
Irvine-Michigan-Brookhaven experiment [143, 144], observing the supernova SN1987A in the
Large Magellanic Cloud. Although SN1987A is not part of the DSNB, these reported events
are a milestone in the study of supernovae.

There are different sources of supernova neutrinos [139]. Supernova neutrinos are produced
when electrons and protons are forced to merge due to the high density and high temper-
ature in the core. Moreover, they cannot escape the ultra dense core and are trapped by
coherent neutral current scatterings. The neutrinos are then released during the explosion.
Additionally, there is also a prompt v, burst originating from protons of dissociated nuclei
merging with electrons during the explosion. However, the dominant neutrino emission is
during Helmholtz cooling, when the neutron star cools down. The amount of gravitational

binding energy during a supernova is released through neutrinos of all flavors?,

Mys \? /10 km
~ Ep~2x10°2 = TeV. 1.1.7
o = BB =S X 0T X (1.4M@> % ( Rxs ) ¢ (LL7)

The DSNB flux [145] is given by the star formation rate and thermal emission spectrum [146,

E

Vto

147] associated to a specific temperature for each neutrino species, T,, ~ 4 MeV, Ty, ~ 5 MeV,
T, ~ 8 MeV (x = vy, Uy, vr, 7). The temperature hierarchy T,, < Tp, < T, is related to
the radius at which the neutrinos decouple®. The DSNB flux is given by (for more details
see [145])
dgpsng 1 [P dz dN(E;™)
B, B =35,
v 0.Jo \/<1+Z)3QM+QA dE,

where Rgn(z) is the supernova rate and dN(E,)/dE, is the thermal spectrum at emission

AN(ES™) 120 E,,., (E™)? Eem\\ !
v ) et Ly 1 v . L1.
dE, 6 T8 T (1.1.9)

We assume, that the first supernovae occurred at zpax ~ 5. The supernova rate is related to

(L1.8)

given by

the star formation rate by the fraction of stars ending in a Type II supernova. In Fig. 1.3 we
show the neutrino flux for different sources.

In the end, we show the nuclear recoil spectrum of each neutrino background in units
[1/keV /ton/yr| arising in direct detection experiments from Sec. 6,

dR, (ER) d®, do,
— =B =N dE, :
dER T Jgin U dE, dEg

(1.1.10)

2 Approximately 1% of the energy is emitted through photons.

3The neutrinos v,,v, and their antiparticles don’t have enough energy to produce their corresponding
leptons and can only interact via neutral currents making it faster to decouple. Whereas v, v; are coupled
only through neutral interactions, electron neutrinos interact through weak and neutral currents and decouple
later at lower temperature (T, > T,,.) [138].
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Figure 1.3: The neutrino flux (right) and nuclear recoil rates (left) for various sources in a xenon-
based direct detection experiment. Whereas solar neutrinos are dominant in the low-energetic region,
atmospheric neutrinos and DSNB are highly energetic. The data were taken from Refs. [148, 149].

where the differential neutrino flux Z%Z of each component is shown in Fig. 1.3, ‘fl‘%\}’;’ is the

coherent neutrino-nucleus cross section given in Sec. 6, EJ'™ = /Ermy/2 is the minimum

neutrino energy to produce a recoil and Np is the number of target nuclei per kg detector
mass. The differential neutrino flux depends on the neutrino energy spectrum and its total
flux,

d®, _ dN,
dE, VdE,’

The energy spectra are taken from Refs. [148, 149]. Since neutrinos have energies of several

(L1.11)

tens of MeV, nuclear recoil energies from neutrinos are of order keV, see Fig. 1.3 for a xenon-
based direct detection experiment. The range of recoil energies of each neutrino source is
given in Sec. 6,

e _ 255

= v ) 1.1.12
2E1 4y (11.12)

where my is the mass of the nucleus and E'** is the maximum neutrino energy.

1.2 The neutrino experiment PTOLEMY

In this section we discuss the signals in the neutrino experiment PTOLEMY, that enter
as backgrounds in the analysis in Sec. 6 of the publication [4]. The neutrino signal in the
PTOLEMY experiment is not an irreducible background per se, but it makes the search on
dark radiation in the form of Standard Model neutrinos more challenging. The goal of the
PTOLEMY experiment [150, 151] is to discover signals of the cosmic neutrino background via
the threshold-free neutrino capture of beta-decaying nuclei, (4,2) +v. — (A, Z+1)+e".
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Figure 1.4: The § spectrum (left) and the cosmic neutrino background (right). The x-axis denotes
the kinetic energy of electrons. The figures are taken from the talk [152].

In this case, the 8 spectrum acts as a background, but can be distinguished from neutrino
capture by kinematics, see Fig. [.4. The signal peak of the cosmic neutrino background arises
above the endpoint energy of the 8 spectrum. The challenge of PTOLEMY is to resolve the
energies of electrons originating from the 5 decay and neutrino capture [153]. One of the best
candidates as a target is tritium decaying to helium,

SH — SHe+ e + 7 (I.2.1)
ve4+3H — 3He+4e ™. (1.2.2)

It has three benefits, a low Q-value Q = 18.6 keV*, a half-life t1/2 ~ 12.32 yr and a large
neutrino capture cross section (ov)g ~ 3.7 x 1074 cm?.

The 3 spectrum [155] is a combination of neutrino mass eigenstates,

dr'y (ov)o <
_ 0 12 ]
i = Np—; ; \Uei|*H (E,, m;), (1.2.3)
where
2
1— e 2m;m m;
H(Ee.mi) = Bemr___ \/ y <y + H) (y L I— mi)) 124
B, | m? mr mr
(128 + )

Y = Eenao — m; — Ee and Eg,q0 is the endpoint energy of electrons in the 8 spectrum for

massless neutrinos [156],
m:‘%H + mg — M3He

(1.2.5)

Eend,O = 2
H

4Tt is easier to resolve sub-eV with lower Q-values, % ~ 107%. The spectrum of electrons emitted by
(B-decaying tritium, that is deposited on graphene sheets becomes smeared [154]. The tritium nucleus bound
to graphene experiences a Heisenberg uncertainty in momentum and cannot be seen at rest. The uncertainty
is estimated to be 0.3 —0.7 eV, making tritium attached to graphene an ineffective target to detect CvB. There
is a discussion about the best S-emitter and best graphene structure for PTOLEMY.
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Here, msy ~ 2808.921 MeV and masp, ~ 2808.391 MeV are nuclear masses of tritium and
helium. The B spectrum is smeared with a Gaussian distribution with full width at half
maximum given by the energy resolution A. Taking an energy resolution into account, the
spectrum reads

df‘@ _ 1 /00 dE/dPB (E/) exp <_(E/_E€)2) ) (1.2.6)

dEe  2m(A/V8In2) J o  dE 2(A/v81n2)2

The smeared spectrum of the cosmic neutrino background is given by

dnyB i 1 3 ' (Ee - (Eend,O - ml))2
iB, )= Jama R Z;F P <_ 2(A/v/3In2)? ) ! (1.2.7)

where its signal peak is around Egnq0 — m;. Here, I'; = NT|Ue7j|2<UU>0 fe,ino is the capture
rate for each neutrino mass eigenstate, Np is the number of tritium nuclei in the experiment
and f.; is the gravitational clustering factor, describing an enhancement of the local density
of neutrinos. PTOLEMY would ideally use 100 g of tritium to detect a few cosmic neutrinos
per year. For instance, KATRIN [157] is limited to ~ 100 ug of tritium and therefore, not
able to detect the cosmic neutrino background (~ 1076 events/yr). If PTOLEMY achieves a,
small energy resolution and resolves energies of the signals between the 8 spectrum and the
cosmic neutrino background, an accurate measurement of the neutrino mass is possible.
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Baryonic neutrinos

The Standard Model predicts the existence of three generations of neutrinos. However, sterile
neutrinos are still a possible scenario given the current constraints on the effective number of
neutrino species Neg = 2.99 & 0.34 [6]. Here, we introduce quasi-sterile neutrinos, also known
as baryonic neutrinos vp, that couple to baryons (we will mainly follow the paper [158]).
Baryonic neutrinos do not interact through neutral nor weak currents of the Standard Model
and hence, do not scatter elastically on leptons. However, they can couple to baryonic currents
through a new gauge boson, enhancing neutral currents on baryons. It was shown in Refs. [126,
158, 159] that inelastic scatterings (break-up or excitation of nuclei) are suppressed by the
factor (E,Ry)* for neutrino energies E, ~ O(10 MeV) and a nuclear radius Ry =~ 2 fm,
making direct detection essential for baryonic neutrino detection. In the following, we restrict
ourselves to models without kinetic mixing with the SM photon, since we are only interested
in nuclear recoils (for models with kinetic mixing see [160, 161]).

J.1 The baryonic model

The new neutrino v is introduced by an Abelian gauge group U(1) g, where all quarks under
U(1)p have a charge gp/3 and leptons are neutral. The neutrino is left-handed with a charge
g; under U(1)p and uncharged under any SM gauge group. Then, the relevant Lagrangian is
given by

1 2
£ iy (O — igV)vs + 5 D Vg — (Vi V SV L+ £, (111
q

where L)/ is relevant for mass generation of neutrinos (neutrino mixing with vg [159]), ESM
are standard SM interactions of quarks. The mass of the gauge boson V), is generated by
spontaneous breaking of U (1) g. An introduction of right-handed neutrinos and heavy fermion
fields can cancel gauge anomalies [158]. For our purpose, we can consider massless vp that
elastically scatter off nucleons as discussed in the Sec. 6. Since we consider small momentum
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transfers, we switch to the effective theory with nucleons,

9B _
qu:q’y“VMq ~ gV, J", (J.1.2)

where J# = py¥p + ny#n is the nucleon current. Thus, V), couples equally to protons and
neutrons. In the end, one can compute the coherent vg-nucleus cross section given in Sec. 6
for m, =0,

(J.1.3)

dovyn _ A2GEmyFA(7)) ( Emmy
dEgp 2 ’

where G = (GF is related to the Fermi constant G, my is the nucleus mass and F2(|7]|)
is the Helm-Form factor, a measure for coherence. Here, we take the contact limit ¢ < m%,
If we replace G2BA2 by G%Qw2 /2 we obtain the usual elastic scattering between a Standard
Model neutrino and a nucleus.
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Statistical framework

K.1 Likelihood statistics

A likelihood function [162] can be seen as the “inverse” of a probability density function
(PDF) f,

x — f(x]6), (K.1.1)
0 — L(f|x), (K.1.2)

where z are observed or simulated data and 0 are parameters defining the PDF. The likelihood
function is not a PDF, since it is not normalized. Given the data of an experiment, the
likelihood can be fitted for . The best fit is found by maximum likelihood estimation, where
the likelihood function L is maximized for the parameters 6 of a PDF given the data z. In
practice, the log-likelihood —In L is minimized. This is allowed since the log-function is a
monotonously increasing function and maxy L = ming(—In L).

K.2 Hypotheses testing with profile likelihood ratio test

Hypotheses tests are a general way to test one hypothesis or theoretical model against an-
other one [163]. Here, we show hypotheses testing in the case of dark radiation vs. neutrino
backgrounds in direct detection experiments. As a reminder, dark radiation are neutrinos
for us, that originate from two-body decays of dark matter with mass mpy and lifetime
mpMm- The null hypothesis Hy : 7oy — oo characterizes neutrino backgrounds only (solar,
atmospheric, DSNB), that is tested against the alternative hypothesis H; : finite Tpy (dark
radiation signal + neutrino backgrounds). The standard neutrino backgrounds given in Sec. 6
are characterized by their fluxes ¢,. These fluxes are nuisance parameters in the statistical
framework, that are part of the theory, but are not of main interest.

The most used test in particle physics in order to discriminate between Hy and Hi is the
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likelihood ratio test. In that case, given the data x, we have

_ 9y Loy—oo.dy [z) ;
21n Lo [2) for finite M

q= , (K.2.1)

0 for oM — 00,

where qg,, are the best fit neutrino fluxes under the hypothesis Hy and Tp, gZ;l, are the best
fit parameters under hypothesis H;. We simulated the data = containing the dark radiation
signal for various combinations of (7py, mpm) and neutrino backgrounds. The data is gen-
erated by the distributions within the likelihood function. Larger g-values correspond to a
larger discrepancy between Hy and H;.

K.3 Discovery of dark radiation

In order to discover a signal, we have to reject the null hypothesis Hy. For this case, we define
the probability pg, when Hj is rejected, and the confidence level [162, 164].

First, the pg-value defines the probability, when Hj is excluded,

o
po = P(q > gons|Ho) = / dq f(q[Ho), (K.3.1)
dobs
where f(q|Hp) is the distribution of g-values, that follows a x2-distribution with one degree of
freedom in the asymptotic limit (see Wilk’s theorem [163]). The background-only hypothesis
Hj is therefore rejected when the likelihood ratio g is greater than some “observed” value
Qobs- In particle physics, we often work with significances in terms of standard deviations o,
Z = ,/q. In this case, we can define a probability po in terms of significances,

o0

po = P(Z > Zos|Ho) = / dZ f(Z |Hy), (K.3.2)
Zobs

where f(Z|Hp) is a Gaussian distribution No(0, 1) with expectation value p = 0 and standard
deviation o = 1. Here, we take Zy,s = 3 corresponding to a discovery with 30 (po = 0.00135).
Hence, for a 30 discovery the background-only hypothesis Hj is rejected when pg < 0.00135.

Second, the pi-value characterizes the probability, when H; is excluded,

Qobs
p1=Pla < anlt) = [ dg fla i) (K.33)
Zobs
pP1 = P(Z S Zobs‘Hl) = / dz f(Z ‘H1> (K34)

Then, the confidence level is given by

CL=1-p = / iz £(Z |H) (K.3.5)
Zobs
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and quantifies the probability, that H; is accepted. For a confidence level of 90% a 3o
discovery of a signal is given, when 90% of experiments reach the region Z,,s > 3. In this
case, the only-background Hy and signal+background hypotheses Hy are distinguishable.



Part IV

Conclusion
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Discussion

In this thesis, we investigated two broader topics: 1) the viability of strongly interacting
massive particles (SIMPs) in dark Sp(4). gauge theories, including effects when SIMP bound
states are present and, 2) dark radiation from dark matter decay in the form of Standard
Model or baryonic neutrinos.

First, we constructed the effective field theory of SIMPs in a dark Sp(4). gauge theory with
Ny = 2 fundamental mass-degenerate dark fermions, including the Wess-Zumino-Witten in-
teraction, the axial anomaly, the U(1)" gauge coupling and additional spin-1 states. In Ref. [1]
we showed that SIMPs are composite states and Nambu-Goldstone bosons that arise by chiral
symmetry breaking when a global flavour symmetry group Sp(2Ny = 4) breaks spontaneously
to Sp(2Ny = 4). The 10 vector and 5 axial-vector mesons were introduced as gauge fields of
a SU(4) symmetry and can also interact with SIMPs. We identified the axial-vector states
being heavier than the vector mesons and assumed them to be decoupled from the theory.
In addition, we introduced the iso-singlet 1/, which is associated with the axial anomaly. We
discussed the consequences of explicit breaking in the presence of a U(1)" gauge boson and
in the case of massive dark fermions in the UV-Lagrangian. The former allows e.g. SIMPs
to connect to the Standard Model, but can make spin-1 states as well as one SIMP state
unstable, depending on the charge assignments. The latter makes SIMPs and other particle
states massive. In the second part of Ref. [1] we provided the effective description of Sp(4).
theories, including mass splittings in the dark fermion sector. In this case, the global flavour
symmetry SU(4) breaks explicitly to a smaller group SU(2), x SU(2)4 and SIMPs become
non-degenerate in mass. For instance, the SIMP multiplet splits into a quadruplet and a
singlet. It turns out, that the singlet is the lightest state in this theory and mixes with the
pseudoscalar singlet 7', implying a small change in the mass. The effective description of
the theory was linked to lattice simulations, providing decay constants, mass hierarchies and
tested the validity of the theory. It was shown, that small mass splittings in the fermion
sector are allowed and a change in the meson mass hierarchy occurs for larger splittings. This
construction of the effective theory provides a framework that can be used for further dark
matter research.
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Second, we investigated the implications of SIMPonium made of two SIMP states with equal
mass my, that can change the freeze-out mechanism of free SIMPs. We found that the rel-
evant processes, involving SIMP bound states without additional gauging are the reactions
Xm = 27, the annihilation 2X = 27 and the bound state production 37 = 7X, requiring
31 — 27 to be sub-leading. We provided the Boltzmann equations for free SIMPs and for
bound states and derived the thermally averaged cross sections for 37 — 27, Xn® — 27
and 371 — wX. We showed that the reaction X7® — 27 is realized through the Wess-
Zumino-Witten interaction at leading order, whereas the bound state formation 37 — 7.X
is achieved by two four-point or one six-point interaction at leading order. Finally, for the
first analysis, we parameterized the cross sections and illustrated the evolution of the relic
abundances of free SIMPs and bound states. We found that the relic abundance of free SIMPs
is primarily affected by the magnitude of the reaction 37 — wX. This work is ongoing and
can be extended by including additional gauging, spin-1 states and mass non-degeneracy, as
discussed in the Outlook 4.5.

In the last topic, we studied the detectability of dark radiation in the form of Standard
Model neutrinos and baryonic neutrinos. We analyzed the sensitivity of dark radiation in
xenon-based direct detection experiments and in the neutrino experiment PTOLEMY. For
this case, we established the minimum lifetime corresponding to the smallest dark radiation
flux for each progenitor mass, where backgrounds and dark radiation are still distinguishable.
In addition, we explored the background-free exclusion potential of dark radiation for various
fractions fx in Ref. [3]. We introduced the dark radiation flux sourced by two-body decays
of unstable dark matter and derived its rates in both experiments. On the one hand, in
Ref. [3], we considered a small percentage of unstable MeV dark matter. On the other hand,
in Ref. [4], we assumed, that the complete or a small abundance of sub-eV dark matter is un-
stable. Given the constraints from Super-Kamiokande, dark radiation in the form of Standard
Model neutrinos is not detectable in direct detection experiments for exposures ¢ < 1 ton yr.
However, futuristic exposures € ~ 100 ton yr increase the sensitivity of dark radiation beyond
the 8B neutrino shoulder since more statistics allow a better discrimination between signals
and backgrounds. For this case, we switched to a binned Likelihood in order to handle large
statistical data. The discovery potential for baryonic neutrinos is larger than for Standard
Model neutrinos since the recoil rates are boosted by a factor GQBAQ. Given the constraints
imposed by Borexino, a large parameter space of dark matter can be explored with baryonic
neutrinos in xenon-based direct detection experiments. The sensitivity of direct detection
experiments could be improved by measuring the direction of recoil events or by reducing
the uncertainties of the Standard Model neutrino background. Other dark radiation sources
that could be probed are e.g. dark radiation from evaporating black holes or from supernova
explosions.
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In Ref. [4], it was demonstrated, that dark radiation can also be probed in the future experi-
ment PTOLEMY. Since PTOLEMY is designed to search for the cosmic neutrino background,
sub-eV dark matter may induce Standard Model neutrinos, that can be detected. For this
reason, we explored discovery limits of dark radiation in the presence of the cosmic neutrino
background and the S-decay spectrum of tritium. We analyzed the sensitivity for exposures
€ = 100,500 g yr and energy resolutions A = 10, 50, 100 meV, assuming a normal and inverse
ordering of massive neutrinos. The discovery reach of PTOLEMY shows that the experiment
is sensitive to dark radiation from sub-eV dark matter, even for a poor energy resolution of
100 meV. The increase of the exposure to 500 g yr improves the sensitivity by at least 20%.

In summary, dark matter is an important field of research that needs to be explored fur-
ther. Both the exploration of dark matter models as well as their experimental exploration
are necessary to understand the particle nature of dark matter and its connection to the
Standard Model. Whether dark matter is a particle or not will hopefully be clarified in the
future.
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