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ABSTRACT

To date there is no definite particle physics interpretation of dark matter. At the
same time, LHC searches at /s = 14 TeV yielded no signals of physics beyond
the Standard Model. Minimal models of new physics that predict extra states at
the TeV scale are thus in some tension with the experimental data and some well-
studied dark matter candidates face very stringent bounds. In the first and main
part of this work, we discuss extended supersymmetric models that also address
the strong CP-problem of the Standard Model. This has a well-motivated solution
in axion models, which include a new neutral pseudoscalar, the axion, and an
extra broken U(1)pg global symmetry group. Both the axion and the axino, its
supersymmetric partner, are valid dark matter candidates. We examine the case of
a light axino dark matter that decays radiatively emitting a photon and producing
the 3.5 keV X-ray line reported in 2014. Such a possibility is disfavored in most of
the parameter space for several scenarios. We then construct an original R-parity
violating supersymmetric model with a Dine-Fischler-Srednicki-Zhitnitsky axion
and study in detail the one-loop decay of the light axino into photon plus neutrino.
We examine cosmological constraints as well as those coming from X-ray signals,
obtaining bounds on the R-parity-violating couplings and on f,, the scale of the
breaking of U(1)pq.

For the last project presented in this thesis, we consider the simplified model
approach to describe dark matter phenomenology. Among simplified models
with t-channel mediator, the vector-like portal has the interesting feature that
the bremsstrahlung cross section can lift the chiral suppression of the two-body
annijhilation process and drive the relic density. Furthermore virtual internal
bremsstrahlung produces a pronounced peak in the gamma-ray spectrum. We ex-
tend the existent analyses to the case of massive quark final states. We present a
detailed calculation of the radiative corrections and discuss the effective approach
for high mediator masses. Through approximated expressions for the differential
and total cross section of the three-body process, we implement the VIB effects into
software tools that simulate the hadronization process. Here this effects was not
otherwise included for massive quark final states. Our result for the full inclusive
cross section is part of a larger study that constraints the parameter space for this
model through several complementary searches.
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INTRODUCTION

1.1 THE SUCCESS OF THE SM ...

More than a century passed since in 1900 Planck solved the black-body radiation
problem in 1900 with the first quantum hypothesis about the behaviour of light [1].
Only five years later Einstein published his paper stating the principle of invari-
ant light speed [2]. The combination of the theories which were initiated from
these two milestones, quantum mechanics and special relativity respectively, to-
gether with elements of field theory, constitutes the basis of (relativistic) quantum
field theory (QFT). The addition of gauge symmetry completed the mathematical
framework which sustains the Standard Model (SM) of particle physics, the theory
through which to date we best understand how subatomic particles interacts.

The nucleus of its current structure is to be found in the seminal work done in
the "60s by Glashow, Weinberg and Salam [3-5], whose GWS model introduced
for the first time a unified theory of electroweak interactions with gauge group
SU(2) ® U(1). Clearly this symmetry is not realized at low energies though, as dis-
tinct charged-currents (CC) and neutral-currents (NC) were already observed at ex-
periments at that time. The gauge symmetry itself also forbids adding mass terms
for the gauge bosons or the fermions. The keystone that solves this conundrum
is the Anderson-Brout-Englert-Guralnik-Hagen-Higgs-Kibble mechanism [6-8], or
Higgs mechanism for short, which triggers electroweak symmetry breaking (EWSB).
Its realization requires adding an extra scalar SU(2) doublet ¢, in a way that while
the SM Lagrangian Lgy still respects the gauge symmetry, the state of lowest en-
ergy for ¢ is not zero, but rather a vacuum expectation value (VEV), v/v/2 =~ 174
GeV. Thanks to the Goldstone theorem [9, 10] and parametrizing the low energy
scalar excitations around the VEV in the unitary gauge introduces explicit mass
terms for the electroweak gauge bosons from the gauge-invariant kinetic terms of
the scalar potential. At the same time, the U(1)gw subgroup of electrodynamics
remains untouched and thus the photon stays massless. In terms of group theory
the spontaneous symmetry breaking (SSB) of the electroweak theory is realized as

SU(2) x U(1)y 23 U(M)gw (1.1)

where the subscript Y refers to the hypercharge quantum number assigned to each
field in the SM. The subscript L specifies that the left-chiral components of the
three generations of leptons and quarks are organized in SU(2) doublets, while the
right-chiral counterparts are singlets. The structure of the resulting gauge-invariant
Yukawa couplings yi;\Ui,L - ¢ r" * that mixes the left and right component of the
fermionic field 1 allows for v-dependent mass terms for the fermions, for which a
mass term before EWSB would also be forbidden. Among the greatest successes of
the GWS model of electroweak interactions is the correct prediction of the values

1 For case of up-quark Yukawas, one also needs to introduce cT) =1i0,¢™* in order to respect the U(1)y
gauge symmetry of the SM.
2 We use here “-” to refer to the standard antisymmetric SU(2) product.
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of the Z and W masses, which were both discovered in 1983 [11, 12]. The SM theory
of electroweak interactions was also shown to be renormalizable at all orders [13, 14].
This essentially means that all the infinities arising from the loop corrections to the
parameters of the model can be absorbed by an opportune shifting of the bare La-
grangian terms and thus the remaining value is meaningful physical observables.
The quantum field theory describing strong interactions within hadrons, Quantum
chromodynamics (QCD) [15-17], was incorporated in the SM in the "7os. QCD inter-
actions exhibit a non-abelian unbroken SU(3) gauge symmetry, which extends the
group structure of the SM to its complete form (before EWSB),

Gsm = SU(3)c @ SU(2)L @ U(T)y, (1.2)

where the subscript C stands for the color charge of quarks and gluons, the latter
being the massless gauge bosons of the strong force. One of the earliest and most
spectacular successes of QCD was the prediction of the gluon particle, which was
discovered in 1978 [18].

Yet the most celebrated prediction of the SM was the one about the existence
of its Higgs boson h, the neutral scalar resulting from the doublet ¢ after EWSB.
In 2012 a resonance around the expected value of its mass, mp ~ 125 GeV, was
reported by both the ATLAS and CMS experiment independently. They analyzed
the products of the proton-proton collisions at the LHC collider, with energies
/s =7 — 8 TeV. Further measurements of its couplings and spin confirmed that it
was indeed the Higgs boson, thus finally completing the picture of the SM particle
content.

Additional accidental global symmetries the SM exhibits are associated to the con-
servation of baryon number B and of individual lepton numbers L; , with i = e, u, T,
respectively. Hinting at concept that we will explore deeper in Ch. 2, we anticipate
that at classical level U(2); ® U(2)r could be a approximate flavor symmetry of the
QCD Lagrangian, in the sense that it is realized only at tree-level and in the limit
my,a < Agep [19]. The only exact symmetry associated to QCD is indeed the
U(1)p corresponding to baryon number, which guarantees e.g. that nucleons and
antinucleons have the same mass. At quantum level though, U(1)g and U(1);, are
both affected by anomalous currents and the only conserved global charges of Lgv
are 3L; — B °.

With 19 independent free parameters (3 gauge couplings, 9 charged fermion
masses, 3 quark mixing angles, 1 CP-violating phase, 1 Higgs VEV and 1 Higgs
mass, 1 QCD vacuum angle ) the SM explains to a very high level of agreement all
experimental data obtained in low-energy physics, high-precision measurements
and high-energy physics, with the exception of neutrino oscillations [20]. Yet there
are many aspects in which we know beyond Standard Model (BSM) physics is
needed, due to either experimental facts which find no possible explanation within
the SM or because of limitations in the SM theory itself.

1.2 ... AND WHERE IT FALLS SHORT.

Following from general principles, the SM is most evidently not expected to be the
ultimate theory of nature, as it accounts for the electromagnetic, weak and strong

Adding right-handed neutrinos to SM as to give them a Dirac mass reduces this symmetry to
U(1)g_r only.
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forces, but gravitational phenomena are not covered at all. Clearly their inclusion
in a theory of high-energy physics is a genuinely theoretical problem, since gravi-
tational effects become important only around the Planck scale Mp; ~ 10'? GeV, an
energy which is definitely out of our experimental reach. On the other hand, Ein-
stein’s General Relativity is a much consolidated theory that accurately describes
the behaviour of celestial bodies and large-scale structure in the universe. Despite
great theoretical efforts though, all the attempts towards a unified theory of nature
including all four known forces failed so far [21].

1.2.1  The dark matter puzzle, WIMPs and gamma-ray signals

Leaving theory aside for a moment, when it comes to dark matter (DM), particle
physics seems to disagree even with classical gravity. The introduction of the con-
cept of dark matter dates back to 1933, when the Swiss astronomer F. Zwicky pro-
posed that such “dunkle Materie” could account for the radial velocity dispersion
of galaxies in the Coma Cluster [22, 23]. What is regarded to be the first convinc-
ing and direct DM evidence first came in 1939 [24], and was later confirmed [25]
with the observation of rotation curves of the galaxies, namely the graph of circular
velocities of stars and gas as a function of their distance from the galactic center. In
order to reconcile with Newtonian physics the observation of constant rotational
velocity of the galaxy for radii larger than the visible size of the galaxy, the pres-
ence of non-luminous matter was postulated. Experimental evidences for DM are
nowadays numerous and stem from various phenomena and techniques: X-ray de-
tection of hot gas in elliptical galaxies [26], strong lensing [27], weak modulation
of strong lensing [28, 29], Oort discrepancy [30], weak gravitational lensing of dis-
tant galaxies by foreground structures [31], velocity dispersion of dwarf spheroidal
galaxies [32, 33].

Today the most stringent constraint on dark matter comes from the cosmic mi-
crowave background (CMB) radiation [34, 35]. This is essentially the relic abundance
of the photons which lastly decoupled from plasma. They then cool down until
today to a temperature near 2,73 K. Very recently, some years after the last data
release of the Wilkinson Microwave Anisotropy Probe experiment (WMAP) [36],
the PLANCK experiment [37] measured the value and fluctuation of the cosmic
microwave background radiation. PLANCK confirmed the isotropy of the CMB.
This and other measurements highly constrained the ACDM model, also called the
cold* dark matter model with dark energy. It is the simplest and most-widely accepted
description of our universe, which explains with six degrees of freedom the ex-
pansion after big-bang, the large scale structure of galaxy clusters, the distribution
of the lightest elements and the accelerating expansion of distant galaxies and su-
pernovae, assuming a flat universe. The best fit given by PLANCK for cold DM
density is

Qcpmh? = 0.1200 £ 0.0012 . (1.3)

Everything we mentioned so far are among the main experimental evidences for
dark matter. From a theoretical point of view, a strong argument supporting the
existence of DM is about structure formation. If the universe consisted solely of

A DM relic with mass mpys which decouples at a temperature T4 is defined to be cold if Tq < mpy,
i.e. it is non-relativistic at the time of freeze-out. When T4 = mpy, we refer to a warm (hot) DM relic
if mpy 2 1€V (mpy S 16€V)[38].
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luminous matter, then the epoch of structure formation would have been very
short, probably requiring initial perturbation that would have given rise to CMB
anisotropies larger than those observed [39, 40].

There is an enormous wealth of possible dark-matter candidates. Their mass
range from axions with mass around 107%eV = 9 x 10*72M@, to black holes
of masses up to 10'*M. A first distinction can be done: baryonic versus non-
baryonic candidates, with the main baryonic candidates being massive compact
halo objects (MACHO:s) [41, 42]. A second distinction can be done among cold,
hot or warm nonbaryonic dark matter candidates. Light neutrinos were the first
hot candidates, but N-body simulations of structure formation in a universe domi-
nated by hot dark matter do a poor job of reproducing the observed structures [43].
Also, they are not abundant enough to be the dominant component of dark mat-
ter [44]. The nonbaryonic dark matter candidates are basically particles which have
not yet been discovered. The leading non-baryonic cold dark matter are axions and
weakly interacting massive particles (WIMPs). The reason why WIMPs are so widely
studies lies in the fact that they realize the so-called WIMP miracle, yielding the
correct value of the relic abundance Qcpyph? with a cross section comparable to
those typical of the weak interaction, ow ~ 1073®cm?. The first proposed cold
dark-matter candidate in the WIMP class was a stable, heavy (m 2 GeV), fourth-
generation Dirac or Majorana neutrino with SM couplings [45], which was ruled
out some time ago [46]. The most theoretically well-developed candidate is by far
the lightest supersymmetric particle (LSP). It arises in the context of theory of su-
persymmetry (see Sec. 1.2.3 below), and some popular example are neutralinos [47],
sneutrinos [48], gravitinos [49—51].

The axion [52, 53] is motivated as a possible solution to the strong CP-problem,
see Ch. 2. If such an axion exists, then a cosmologically interesting (i.e., Q ~ 1)
density of axions would have been produced at the QCD phase transition. If these
axions populate our halo, they can potentially be detected via resonant conversion
to photons in a magnetic field. Axinos, the supersymmetric partner of the axion,
were believed until recently to only be capable of acting as a warm, or hot, dark
matter candidate [54]. It has been shown, however, that for quite low reheating
temperatures, cold axino dark matter may be possible [55]. In many ways, axinos
and gravitinos share similar phenomenological properties.

Particle physics experiments searching for DM essentially proceed with three
methods: direct detection involves a DM particle scattering off of a nucleus from a
detector material [56]; indirect detection techniques look for DM annihilation into
SM particles [57-59]; collider production aims at producing DM in laboratories, with
current searches undergoing at the LHC [60]. Among indirect methods, gamma
rays are the most promising tool to observe DM, as they propagate through the
galaxy without significant energy losses. Secondary photons are produced copi-
ously when the annihilation or decay products undergo subsequent interactions
in the interstellar medium. These happens via a variety of processes and these
photons are therefore hard to trace back to a DM origin. On the contrary, primary
or prompt photons can be produced directly or through radiative corrections by
the process that destroys DM and thus preserve specific spectral features. An ex-
ample of such processes is Virtual Internal Bremsstrahlung (VIB), which consists
in the emission of a boson from the internal propagator in the diagram describ-
ing the process. The corresponding photonic spectra has a pronounced peak for
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energies close to the DM mass that has no astrophysical counterpart. In Ch. 5 we
study how to produce such a VIB photon spectrum in the context of a simplified
model for DM. This class of models represent an approach to DM model building
which falls in between complete models and effective field theories (EFT). In the
first case, the main limitation is given by the fact that one can hardly constrain all
the parameters of the theory, whereas in the second case its application to process
with high-momentum transfer was proven inaccurate [61, 62]. Simplified models
add to Lgy only masses and couplings which are strictly needed in order to de-
scribe the interaction between ordinary matter and DM, which is mediated by an
extra particle acting as a portal. There are many options available when construct-
ing simplified DM models, which are normally classified between s- and t-channel
portals according to the way the DM annihilation proceeds [63]. The second case is
particularly appealing, since under the assumption that the DM is a Majorana par-
ticle, it closely resembles the case of the MSSM neutralino, and thus received much
attention. VIB is particularly relevant to this class of models, as the three-body fi-
nal state processes can lift the helicity suppression of the two-body annihilation
cross section [64—66]. On the other hand, a scalar DM candidate is equally viable
and shares some of the characteristics of the Majorana case. In [67] it was proven
that for the case of real scalar dark matter the 2 — 2 DM annihilation cross section
is d-wave suppressed. This vindicates the fact that bremsstrahlung process can be
a dominant annihilation channel within the vector-like portal (VLP) model.

In Ch. 3 we encounter another potential indirect signal for DM detection in the
form of the 3.5 keV line. This excess in the X-rays was reported in 2014 from the
observation of galaxies and galaxy clusters [68, 69]. While the discussion about its
possible astrophysics origin has weakened the strength of the DM hypothesis [70—-
78], plenty of particle physics explanations were proposed. Among those, [79-82]
demonstrated how the decay of a 7 keV axino with a photon in the final state can
be responsible for it.

1.2.2  GUTS, Naturalness of the electroweak scale and the hierarchy problem

Switching now to a more theoretical preoccupation, from the perspective of unifi-
cation of forces the SM is per se not satisfying, as one seeks for the highest possible
symmetry to be realized in nature at some high scale A < Mpy, rather than simply
accept the aforementioned 19 parameters to be god-given. In particular, Gsp of
Eq. (1.2) ought to be the result of some SSB pattern from an original single gauge
group Gx. This way, at the scale of such a Grand Unified Theory (GUT), all three
running coupling g; of the SM would meet at a single value. Most well-studied ex-
amples of GUTs take Gx to be SU(5) or SO(10) [83-86], with a typical unification
scale at Mgyt ~ 10'¢ GeV.

The fact that some new physics is expected to lie at some high scale A > Mgw ~ 102
GeV introduces one of the main theoretical drawbacks of the SM. From QFT we
know that the mass m¢ of chiral fermions is protected: when self-energies contri-
butions m¢ are considered, they can be at worst log-divergent, m¢ oc In(u/ms).
u is some cut-off scale at which our theory does not yield meaningful predictions,
ideally p < Mp. In a theory with renormalizable interactions, such a term can
safely be absorbed in a counterterm and quantum corrections will not depend
on A in the limit m¢ — 0. The same argument does not apply to scalars though,
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and the mass of the Higgs boson is a highly unnatural > parameter of the SM [9o,
91]: corrections from particles with masses around a new physics scale A diverge
quadratically, and any renormalization procedure leaves a residual finite correc-
tion m% o A [92]. Therefore a very fine-tuned cancellation among the O(A) terms
would be needed in order to keep m# ~ Mgyw. This is called the hierarchy problem
of the SM: it pressingly requires a mechanism to obtain such cancellation from a
higher principle.

1.2.3 Supersymmetric theories, the MSSM and R-parity violation

Together with theories of extra-dimensions [93, 94] and composite Higgs [95, 96],
the solution offered by supersymmetry (SUSY) [97, 98] is among the most well-
motivated and widely studied over the last five decades. Consistent theories of
spacetime exhibit the external symmetries described by the Poincaré algebra. Charge
conjugation (C), parity transformation (P) and time reversal (T) are additional in-
ternal discrete symmetries of QFT. The fundamental Coleman-Mandula no-go theo-
rem [99] restricts any additional Lie algebra that contains both the Poincaré algebra
and the algebra describing such internal symmetries to be trivially the direct prod-
uct of the two. A possible caveat to this argument is to consider graded Lie algebras
for the internal symmetries, in which case an extra Z, discrete group is the maxi-
mum allowed [100, 101]. The corresponding extra supersymmetric generators Q"
map fermionic representations into bosonic ones and vice versa. As a consequence,
in a consistent supersymmetric theory the fermionic and bosonic degrees of free-
dom ought to be the same and thus each particles comes with its superpartner,
which is bosonic if the original particle is fermionic and the other way around.
Integer-spin and half-spin modes are then parts of SUSY-invariant objects called
superfields, each component of which has the same mass and the some coupling
with respect to any interaction. This is the key to solve the hierarchy problem in
SUSY, as an automatic cancellation between bosonic and fermionic loops is thereby
enforced: it removes the quadratic divergences in the loop diagrams contributing
to the mﬁ. In other words, SUSY extends to scalars the protection from high-scale
corrections that chiral fermions enjoy, thus rendering natural for the Higgs of the
SM to have a mass around the electroweak scale or any other low scale, despite
it being so low compared to the Planck scale [92]. Another aspect of the mass de-
generacy within superfields is that, following the lack of evidence for any scalar
partner of the SM fermions with masses at the electroweak scale, one concludes
any realistic supersymmetric theory should also implement a mechanism through
which SUSY is broken spontaneously at same scale above Mgw.

The Minimal Supersymmetric Standard Model (MSSM) is the most minimal choice
when seeking for a SUSY theory which contains the SM and preserves as much as
possible its symmetries, and thus its interactions and phenomenology (see e.g. [92,
102] for excellent and accessible introductions). In the MSSM quarks and leptons
are parts of chiral superfields with the same SM quantum numbers, together with
their superpartners squarks and sleptons. Gauge bosons and their spin-1/2 partners

5 This can be also understood using the notion of naturalness [87-89], by considering th example of
the SM fermions. Masses of the SM fermion are naturally small because in the limit of it going to
zero, the chiral symmetry of the theory is restored. If the scalar mass is set to zero there is no extra
symmetry.

6 From now on, we only referto N =1 supersymmetry representation.
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enter the vector superfields. Things get slightly more complicated when it comes to
the SM scalar, since in the MSSM we end up with two Higgs doublets A, and Hq,
where the symbol “"” from now on denotes a superfield. The first reason for this
stems from preserving the anomaly cancellation of the SM also in the MSSM: solely
adding a fermionic Higgs doublet H 7 will spoil this desirable feature, which can
be recovered in the most minimal way by adding a second doublet superfield with
opposite hypercharge [103] ©.

The second reason why we need an extra doublet is rooted in the formalism of
SUSY itself. Aside from kinetic terms and self interactions arising from the gauge
sector of the theory, the interactions of superfields are described by specifying
a so-called superpotential W, a polynomial in the superfields ®;. If one wants to
retain renormalizability, than W can have cubic terms at most. The shape of the
superpotential is further specified by gauge symmetries, R-parity and holomorphy.
R-parity (Rp,),is a discrete Z, symmetry resulting from the SUSY algebra, that is
assumed to be conserved in the MSSM [104]. Its interaction thus always conserve
the number R, = (—1 )3(B—L)+2S where S stands for the spin of the field. This also
implies that all SM particles are R-even, while their superpartners (sparticles) are
R-odd. Holomorphy dictates that the superpotential is an analytic function of the
superfields, which in turn implies that the superfields ought to share all the same
chirality. Since the convention for the MSSM is to work with left-chiral superfields
only, in the MSSM superpotential we need to take the conjugates of the SM right-
handed singlets. This is indicated by a bar on top of a letter. The superpotential of
the MSSM then reads

Witssm = (Yu)7 Qi - }:luﬁj +(Ya)V Qi - Hdﬁj +(Ye) ULy - Hdﬁj +uHy-Ha. (1.4)

Whissm manifestly reproduces the Yukawa interactions by means of the first three
terms in the above equation. This brings us to the second reason that explains the
presence of Fl,, within Wyssu: as holomorphy prohibits the use of right-handed
fields, we can not use the conjugate of g to specify the Yukawa coupling involving
the up-quarks and we must therefore add lflu. The extra p-term in the superpoten-
tial does not resembles any SM interaction and features the dimensionful coupling
. The parts of the Lagrangian of the MSSM contained in Wijssm can be obtained
as

1 2W, oW,
Lmssm D —5 | &idy = MM +hoe | - M , (1.5)
ad)iad)j 0 Jo} bi— @i

where the subscript di — @; indicates that one needs to first take the derivative
with respect to the superfield, then consider only its scalar component. &; are the
spin-1/2 components each superfield.

A remarkable feature that comes with the MSSM is that it achieves the unifi-
cation of the running gauge couplings: the additional particle content modifies

Superpartners of SM particles are generally denoted by the same character of the original field with
a tilde above, e.g. t| represents a stop, the spin-o component of the third generation of the lepton
doublets ;.

In our convention Hg is the SM-like Higgs superfield, with hypercharge Y = —1/2. A table with the
MSSM particle content and the quantum numbers for the different gauge group can be found e.g. in
Ref. [92].
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the renormalization group equations (RGEs) in such a way that the gauge couplings
associated to Gsu meet at the same point at Mgyt ~ 1076 GeV.

As we mention earlier, if the MSSM is to explain the current SM mass spec-
trum, SUSY must be spontaneously broken a some energy above the electroweak
scale. There are various mechanisms that can achieve that, e.g. via Planck-scale in-
teraction [105-107], gauge-mediation [108-113], extra dimensions [93, 114-116] or
anomaly mediation [117, 118]. More generally, when constructing a realistic SUSY
theory, one adds to the scalar potential a generic set of soft-breaking terms that vio-
lates SUSY, while being consistent with all the other symmetries of the model. An
example of this Ly Lagrangian can be found in Eq. (4.14), where we see e.g. that
explicit SUSY-breaking mass terms mH Ha, u|? for neutral scalars Hy,q are intro-
duced. The natural values of the parameters in Lo are all expected to be around
the scale of SUSY breaking Mgg. This parameter therefore enters in the analytical
expressions for the particle masses, as it is the case for the mass of the Z boson
when studying the scalar potential at tree-level [102]:

=My, —M§ — , 1.
27 A_sim@p) T TR

where the parameter 3 is defined as the ratio of the VEVs of the two CP-even neu-
tral components the Higgs scalars, tan 3 = v, /vg. Eq. (1.6) captures the essence
of the p-problem: in order to reproduce the right value for Mz, one needs all the
parameters in the RHS to be around its order of magnitude, otherwise very ad-hoc
cancellations are required. Thus the p parameter, although of supersymmetric ori-
gin, is a posteriori required by correct EWSB to be at the order of the electroweak
scale or Mgp.

Another important lesson from the study of the MSSM scalar mass spectrum
pertains the mass of the Higgs. In fact at tree-level one obtains an upper bound on
the Higgs mass, my, < Mz|cos 2| 9, which manifestly d1sagree with experiments.
Radiative corrections come to our rescue, provoking a shift '

392m4 M{ M{
m? < M2 cos? 2B + 87(221\/[;\; [ln( 1;1% 2 ) +..., (1.7)

where the Mz, are the masses of the stops and we are neglecting subleading terms.
In order to accommodate the measured value of my, one needs the stop masses
to O(TeV). A similar argument also applies for corrections dependent on gluino
masses. Thus this argument constitutes a strong motivation for expecting new
physics to be found at the TeV-scale.

Unfortunately so far no evidence whatsoever for BSM physics was found at the
LHC, something which is tension with the predictions of the most simple mod-
els like the MSSM. Most supersymmetric models which have been searched for at
the LHC make the assumption of conserved R-parity [119]. A very restrictive and

To be more precise, this is true when ma > Mgz, with m the physical mass of the CP-odd neutral
Higgs.
Eq. (1.7) is to be considered valid only under certain assumptions about the spectrum of the theory,
i.e. the stop mass eigenvalues and mixings. In order to stick to the point of our discussion, here we
omit further details, which can be instead found in the Ref. [20], as well as in the reviews quoted
above.
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widely considered version with universal boundary conditions at the unification
scale, the constrained minimal supersymmetric model (CMSSM) [120], is put un-
der pressure by collider data [121]. The R-parity violating (RpV) CMSSM is still
very much allowed [122]. R-parity is invoked in the CMSSM to forbid baryon and
lepton number violating operators which together lead to rapid proton decay. The
bonus of imposing R-parity is that sparticles are always produced and disappears
in pairs. Consequently the LSP, typically the neutralino, is stable and provides a
DM candidate in the form of a WIMP. This is the most popular and most searched
for DM candidate. However, to—date no neutralino dark matter has been found
[123-125]. It is thus prudent to investigate other DM candidates, also within alter-
native supersymmetric models. R-parity does not forbid some dimension-5 opera-
tors dangerous for proton decay [126]. This issue can be resolved by imposing a Zg
discrete symmetry, known as proton hexality (P¢), which leads to the same renor-
malizable superpotential as R-parity [127, 128], but is incompatible with a GUT
symmetry. Alternatively, one can impose a Z3—symmetry known as baryon-triality
(B3) [102, 127, 129-133]. The latter allows for lepton number violating operators
in the superpotential thanks to which the neutrinos acquire Majorana masses (see
below in Sec. 1.2.1), without introducing a new very high energy Majorana mass
scale [130-132, 134-139]. This is a virtue of B3 models ''. The superpotential for
such models extends that of Eq. (1.4) by the terms:

W33 = %}\ijkf—i . IA_)'Ek + )\;jkf—i . QjDk + Ki}:lu . IA_i P (18)
where Ay is antisymmetric in the first two index due to the SU(2) structure of
the operator and k; has mass dimension 1. A possible handicap of RpV models is
that the LSP is unstable and is not a dark matter candidate. This can be naturally
resolved by considering a candidate which long-lived such that it decays with a
lifetime longer than the age of the universe.

1.2.4 "It gets worse before it gets better”

The third main BSM topic that enters the discussion of this manuscript together
with DM and SUSY is the strong CP-problem [145]. This puzzle has to do with
the presence of the 6-term in the SM Lagrangian - the aforementioned QCD vac-
uum angle, once the true topology of the SU(2); vacuum is properly defined [146,
147]. This extra term 0 F4“F9,, is a source of charge-parity (CP) violation. As such
it is very much constrained by measurements of electric dipole moment (EDM),
which impose a restrictive 8 < 10710 [148, 149]. The question why this parameter
of the gauge theory should be so unnaturally small is labelled as the strong CP-
problem. Every complete model should address it, as it plagues the SM, as well as
its supersymmetric generalizations. In its simplest forms this needs the introduc-
tion of the pseudo scalar axion field [150, 151] and an extra broken U(1)pg global
symmetry [152, 153]. In the supersymmetric versions, the axion is part of a chiral
supermultiplet and is accompanied by another scalar, the saxion, and a spin-1/2
fermion, the axino. Ch. 2 of this thesis is dedicated to introduce this subject.

Other than P4 and B3, one can also consider R-symmetries to restrict the renormalizable Lagrangian
resulting in R-parity conservation or violation [140-144].
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The fact that the SM predicts massless neutrinos represents another drawback
for this theory. SM neutrinos are the only massless Weyl fermions with no right-
handed counterpart. In the last few years, evidence for neutrino masses through
their oscillations and mixings has become more and more compelling, through so-
lar, atmospheric, reactor and accelerator neutrinos [20, 154]. The absolute scale of
the sum of their masses is fixed by PLANCK measurements ) ; m,, < 0.23 eV, [20]
but their hierarchy is not fixed. The most economical explanation of these facts is
that neutrinos have Majorana masses arising from lepton-number violating dimen-
sion five operators '?, i.e. suppressed by one power of some large mass. Explicitly,
these have the form: £, = #zLHLH. Replacing the Higgs field by its expectation
value v gives a mass for the neutrino of order U—Nzl If M = Mp, this mass is too small
to account for either set of experimental results. So one expects that some lower
scale is relevant. The see-saw mechanism provides a simple picture of how this
scale might arise [155, 156], as we show in the case of a toy-model in Sec. 3.1. The
MSSM does not provide any mass term for neutrinos. Allowing for RpV interac-
tions opens up the possibility to obtain the measured neutrino physical parameters
from the mixings in the neutralino mass matrix [157, 158], as shown in Sec. 3.6.2.

In our work presented here we will not be dealing with other pressing issues
of high-energy theory that require BSM physics : the discrepancy between the
measured and the predicted value for the muon magnetic moment [159]; the lack of
an explanation for the origin of the baryon asymmetry of the universe (BAU) [160,
161]; the mystery associated with the nature of dark energy [162].

The content of this thesis is structured as follows. In Ch. 2 we introduce the
strong CP-problem and its axion solution. Moving from the notion of classical
symmetry, we show how symmetries can be broken by the anomaly. After the
U(1)a of n =2 QCD is presented, we explain how the 6-vacuum naturally arises
in SU(2) gauge theories and how this leads to the problematic 0-term of the SM
Lagrangian. We show the early axion solution and then examine in details the the
Dine-Fischler-Srednicki-Zhitnitsky (DFSZ) model, as it constitutes part of the basis
for our original model introduced in Sec. 4.2. For the same purpose, we analyze
a minimal supersymmetric axion model that achieves PQ-breaking while being
consistent with SUSY. A description on how to obtain axino gauge interactions
follows.

Ch. 3 is devoted to assess whether the axino is a valid candidate to explain the
3.5 keV-line signal. We start with a brief introduction to some feature with sterile
neutrino models, since the axino behaves analogously when it decays. After a brief
look at the astrophysical X-ray signals, we narrow our analysis to the axino case
and consider constraints from DM relic abundance and the presence of a gravitino,
both for R-parity conserving and violating scenarios. In particular, in the second
case we also examine the scenario with a neutralino mass O(GeV).

The study of a new RpV supersymmetric model with an axion sector is the sub-
ject of Ch. 4. Here we begin by motivating our choice for the specific DFSZ model
and high-scale SUSY-breaking. After we discuss the Lagrangian of the model and
its mass spectrum, we scrutinize cosmological constraints from axion, saxion, axino
and gravitino. We analyze in detail the decay modes of the light axino, with spe-
cific focus on the different channels for its radiative decay. Using X-ray bounds, we

A Majorana mass is a mass for a two component fermion, which is permitted if the fermion carries
no conserved charges.
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use this observable to obtain constraints on the scale of the PQ symmetry-breaking
scale fq, as well as on RpV couplings.

In Ch. 5 we switch to the study of DM annihilation for the vector-like portal
model with massive quark final states. We present a detailed next-to-leading-order
(NLO) calculation of the three-body process with emission of a massless boson. We
argue that this can be relevant to the fully inclusive cross section due to the velocity
suppression of the 2 — 2 process. Finally we discuss several approximations to the
total as well as differential cross section and obtain the photonic spectra from
bremsstrahlung showing a VIB feature.

In Ch. 6 we summarize the main points of our research and conclude. Extra
details about some technical aspects of our work are given the in App. A.

11






THE AXION

In this chapter we introduce the reader to some aspects in the vast topic of axion
physics which are relevant to our research work presented in Chs. 3 and 4 . Sec. 2.1
is about motivation: we explain the shortcoming of the SM known as the strong
CP problem, starting from the concept of anomalous symmetries in QFT. We then
show why they are important to the resolution of the U(1) o problem of QCD, then
introduce the 0-vacuum of non-abelian gauge theories and the strong CP problem.
In Sec. 2.2 we discuss its resolution within the original axion model and present
the subsequent variants. In Sec. 2.3 we focus on the original DFSZ invisible axion
from a model building perspective. Supersymmetric axion models are introduced
in Sec. 2.4, where we also study the mass spectrum derived from a superpotential
with three axion-like superfields, later adopted in in the model of Sec. 4.2.

2.1 INTRODUCING THE STRONG CP PROBLEM
2.1.1  Chiral symmetry breaking via the axial anomaly

At the classical level in field theory, a symmetry is defined as a continuous transfor-
mation on the field ¢ that leaves the equation of motion invariant. If we express
the infinitesimal form of the transformation in terms of a parameter ¢,

d(x) = b(x) +eddb(x), (2.1)
then the corresponding change in the Lagrangian
L— L4e0,PH, (2.2)

involves at most an innocuous surface term PH(x), which doesn’t contribute to the
action integral. Noether theorem ensures that the corresponding current density
0L
=200 =P, (2:3)
0(0.d)
is conserved, i.e. 9,,j** = 0. Another way of expressing the conservation law is to
say that the charge

Q= Jd3xjo (2.4)

does not change with time. The first example of one such current is the energy-
momentum tensor, which corresponds to the invariance of the Lagrangian under
translations. Let us now consider the massless QED Lagrangian

— 1
Lamp = WX)P(x) — S FiyFLY, (2.5)
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Figure 2.1: Diagrams responsible for the anomalous axial divergence. The anomaly follows
from the need of preserving gauge invariance when using dimensional regular-
isation to calculate the loop integrals. Put in simple terms, one has to extend
the intrinsic four-dimensional definition of v5 = iy%y'y?y3 to an arbitrary
number of dimensions. Then the resulting extra terms are responsible for the
anomaly.

with the derivative D, = 0, —igA, required from the U(1) gauge invariance. The
corresponding transformation \ — e generates a conserved vector current

v = by (x). (2.6)

Secondly, the chiral transformation \ — e**¥5 also leaves Eq. (2.5) unchanged with
conserved axial vector current

jh = DXy b(x). (2.7)

However, at quantum level this current is plagued by an anomalous divergence [163,

164]
2

Buik =~ FaFiy (2.8)
where FHY = %s”"pUFpg is the dual field strength tensor. Eq.(2.8) is known as
the Adler-Bell-Jackiw anomaly. This result can be obtained by calculating the three-
photon vertex diagrams in Fig. 2.1. The emergence of anomalies from the axial
current of a global symmetry can be also understood in terms of path integrals,
where it turns out that the functional measure of fermion fields violates gauge
invariance. Treating the gauge field as a fixed background, the path integral for
the field \ can be defined as

Z[A] = Jmmeiw\] , (2.9)

where S[A] = [ d*xip(x) B (x) is the Dirac action. Under a U(1) local transforma-
tion P — el*(X)¥sy that leaves the action invariant, the path integral transforms
as

2 ~
Z[A] — JDxprpeis[A] exp {—in“x o(x) [;TZFWF‘” + aujf\] } : (2.10)
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Eq. (2.8) thus results from gauge invariance. Compared to the previous diagram-
matic approach, this derivation of the anomaly [165] has the virtue of being valid
to all orders in perturbation theory, since no assumption about the size of the
gauge coupling g needs to be done in its derivation. It goes under the name of
Adler-Bardeen theorem.

2.1.2  Massless ng =2 QCD and the U(1)a problem

Having introduced these concepts about quantum field theory, let us pause for
a moment and instead look at a case in which they could potentially find a
physical application, namely massless QCD. A theory describing free QCD below
Agcp =~ 0.4GeV must include both quarks from the first generation, which can
be sensibly neglected, since m, g < Agcp. The Lagrangian for the free massless
theory

L&D = WD, (2.11)
with i = u, d, is invariant under the group U(2); x U(2)gr of ng = 2 flavor symme-
tries. We can identify the SU(2) and the U(1) part of each U(2) symmetry group
by defining the field transformation on the chiral components of the Dirac spinor

71[(XL,R51]'+(BE,RTQ)U] (W

(bi)Lgr — € j)L’R , (2.12)

where T, = ¢ are the generators of SU(2). The resulting eight conserved currents
can be divided between the vector and axial types with a suitable basis choice of
the infinitesimal parameters o1, g and B gr:

1. The U(1)p transformation corresponding to quark number conservation is ob-
tained for o = ag # O, PLr = 0, and has an associated vector current
j* = py". This symmetry is clearly realized in nature among baryons and
mesons, since the quark number is just one third of the baryon number.

2. The U(1)s conserved axial current j% = PyHysPp results from
ap=—ar=a#0, BE,R = 0. In terms of the four component Dirac spinor it
is simply

P — e X5y (2.13)

No known quantum number is associated with this symmetry. As we know
from Eq. (2.8), this symmetry is anomalous.

3. The SU(2); isospin symmetry results from a transformation with
B = Br # 0, a,r = 0. The conserved vector current is in this case
j* e = PyHtp. Although not exactly, hadrons obey this symmetry: the nu-
cleons live in a doublet representation of the group, while the spin-0 pions
form a triplet representation.

4. Setting B = —BR # 0, r = 0, yields a SU(2)s conserved current
iV = by*ysta. This symmetry does not resemble the quark behaviour
in any way.

When particle physicists were still moving their first steps in construct-
ing a theory of QCD, it seemed undesirable that out of the full

15



16

THE AXION

SU(2); x SU(2)a x U(1)p x U(1)a symmetry group of the Lagrangian in Eq. (2.11),
only the vector U(2)r4r = SU(2); x U(T)p was (approximately) realised. The pio-
neering work of [166] on theories with SSB offered a possible solution to this co-
nundrum by speculating that the axial U(2); g symmetry could be spontaneously
broken, in such a way that the observed light pions can be regarded as the pseudo-
Goldstone bosons of the broken group. This is also in agreement with the fact that
the observed pions are of odd parity only. The simplest scalar state of our theory in
Eq. (2.11) which transforms non-trivially under U(2);.r and can acquire a non-zero
VEV v is the composite

(ORbib;10) = v3855 # 0 ; (2.14)

which defines the ground state of the theory as a quark-antiquark condensate. As it
mixes left and right spinor components, such a state evidently breaks both SU(2)A
and U(1)a axial symmetries of LgeceD, as one can see by applying the transforma-
tion of the type 1. and 4. in the list above. One can thus construct an effective
Lagrangian for the pions by allowing small space-time perturbation around the
ground state, something which has been successfully used to predict matrix el-
ements for scattering among hadrons. But there is a caveat to this approach: one
cannot treat the light mesons 7*° and 1 as the pseudo-Goldstone bosons of a spon-
taneously broken U(2);,_g. In this case in fact, one would expect four light particles,
while experimentally m, < m,. Therefore the chiral symmetry breaking can be
performed on SU(2)4 in order to give masses to ™, but spontaneously breaking
U(1)a would result in a wrong prediction for m,,. This constitutes the essence of
what Weinberg dubbed the U(1)s problem. We have already anticipated one as-
pect of what leads to its resolution, which is the anomaly associated to the U(1)a
global symmetry. Next, we move on to see how the structure of non-abelian gauge
symmetries complement it.

2.1.3 The 0-vacuum of non-abelian gauge theory

In order for the theory of QCD to be realistic, gauge interactions should be in-
cluded. As anticipated in Sec. 2.1.1 for the case of QED, the presence of a U(1)
gauge field strength term, the axial current resulting from a global chiral transfor-
mation is affected by an anomaly. While this is indeed the case for the interacting
Lagrangian

Lacp = L8 — 1/4 (F)? (2.15)

it is not enough to explain why U(1)4 is not a symmetry of this theory. It was
indeed shown [167] that under a global chiral transformation as of Eq. (2.13), the
action is changed by a total divergence, which then becomes a surface integral.
Evaluating the variation of the action Sqocp[A] under a chiral transformation and
setting Ay = 0 for Ix| — 0o, one sees that U(1), is still a symmetry of Locp:

2
_ginr

8SacplAl = 555

Jd“xa ]“—mjdd T* =0 (2.16)
Wik T 3o02 Wi = ¥ ’

where the Chern-Simmons current is defined as

2
Jh =2e"*BY T [A(XFBV — 3igAaABAy] : (2.17)
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We have used Gauss’ theorem to transform the volume integral into a surface
integral over the boundary do,. The observation that changes what seems to be an
unavoidable conclusion about the conservation of the axial current is the fact that
at spatial infinity the naive boundary condition A{j = 0 represents only a subset
of all the possible equivalent configurations linked by gauge transformations [146,
147]. If we consider the minima of a pure SU(2) gauge theory, the ground state
is defined by Fji, = 0. This in turn implies that the vector potential is either zero
or a gauge transformation of it. If for simplicity we restrict ourselves to a time
independent gauge transformation U = U (X), its action on the null vector field

Al (%) — éuauuf, Al (%) =0, (2.18)

defines the temporal gauge. We further add the point at infinity to this map, by
imposing the condition U (|X| — co) — 0. Gauge transformations map the S3 con-
figuration space into the S vacuum space. They can be classified according to their
homotopy class, meaning that maps belonging to different classes cannot be contin-
uously modified into each other. These classes can be defined by their behaviour
at spatial infinity through the label n [145] :

lim U, = eV neZ. (2.19)

X—00
The integer n is called winding number and it can be better understood by taking
a simple example. Let us take the case of a coordinate space with only two space
dimensions in a theory with a single complex scalar ¢ field and only one minimum
of the potential: ¢(X = r(cos @, sin @)) = ve'*. Both the coordinate space and the
vacuum space have a boundary with the topology of S'. The simplest way [168]
to create a map f : S' — S! is to have « = «(¢), with the periodicity condition
a(@ +27) = «(@) + 2, with n integer, in order to have a single-valued function.
One such possible map is f = e"®, where the winding number n tells us how
many times one winds around the the vacuum S' for each circle around the spatial
ST. It is easy to check that the identity

i [ .
= — deU,—Uu'! , .
n an oUn 3o Ul (2.20)
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is indeed fulfilled if we use U = f. In the case of a $> — S3 gauge transformation
Eq. (2.20) becomes [169]:

1

" T am

Jdcr“ eveo Tr [ (Uay U ) (ud,u ) (udeu) |

ig> [ Voo
=542 do* e"VPOTr [AVALAG]
. 2 un
19
=322 | 9" %
.2
_y 4
= 02 d xau]i
. 2 r =
= ]1697[2 d*x Tr (FWF“V) . (2.21)

Here we made use of Eq. (2.18), Eq. (2.17) for a ground state configuration at the
boundary, i.e. F{j, = 0, as well as the property

- 1
Tr (Fu P = 0Tk (2.22)

The vacuum of an SU(2) gauge theory is therefore more complex than the one for
any abelian gauge theory. It corresponds to an infinite number of configurations for
the vector field potential, each with a different winding number. It turns out that
a non-trivial solution to the field equations connecting two states with different
winding number n and m exists even in the limit of infinite space dimensions.
When m = n + 1 we call this solution an instanton, with a corresponding action
S = 8n%/g?. It determines the tunnelling amplitude

_smZ
Ht|n> ~e o2 [m—n| )

i

(mle™ (2.23)

Since these matrix elements depend only on the difference |m —n|, the Hamiltonian
H can be diagonalized by defining the 0-vacuum as a superimposition of states with
different n:

0) =) e n). (2.:24)

Contrary to a vacuum in a state characterized by a single generic winding number
n, which under a gauge transformation U, —; transforms as

Un—1n)=m+1), (2.25)
a 0-vacuum state respects gauge invariance:
Un—110) =e'|0) . (2.26)

Due to this new definition of the vacuum, the generating functional for the SU(2)
gauge theory picks up a 0 contribution. Indeed, considering a transition from a 0-
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vacuum at t — —oo to a 0-vacuum at t — +oo one has to sum over all the possible
path connecting vacua with different winding number

(0,10_) Z el(m="I8 (1n) (2.27)
= Z etV Z n+v)n)
V=m—mnn

2
. jd“xTr (F*YFuy) is [A] 9 4 =
- §V . J@Ael aco 6<v o [d T (PR ),

where we have used Eq. (2.21). The Lagrangian therefore acquires a new 0 term:

1 2
Lacp = —3 Tr (FF) + eéﬂz Tr (F”VFHV) . (2.28)

This new term respects Lorentz and gauge symmetries, but violates CP invari-
ance. The implication of this fact will be clear soon. Now that we saw that [0) is
the correct vacuum of an SU(2) gauge theory’, we can focus on its implications
on the U(1)p problem we were trying to address. Extending the massless QCD
Lagrangian of Eq. (2.15) to ng quark flavors, the U(1)4 axial anomaly becomes

2 ~
0yily = 2npz5 P Fruv (2.29)
Using Eq. (2.17), we can define a current
~ g2
]X = ]X - ZTLF b ]i s (2.30)
32

which is conserved for global chiral transformation. The fact that its associated
charge changes under a gauge transformation [170],

Un—1Qaly ! = Qa +2np (2.31)
has the profound consequence that the 0-vacuum is not invariant under chiral
transformation [171]. In order to see this, first consider the chain of equalities

UjeleQn o
UretQau; Uy [0

(QA+2T1F o 19 |9

) = (2.32)
)=
) =
)

(6+2np 1ocQA |e

4

with the shorthand U; = Uy,,—1 and using Eq. (2.26). Then compare the first and
the last line of Eq. (2.1.3) with Eq. (2.26) for generic n, we can indeed conclude

et*Qa10) = [0 + 2npa) . (2.33)

1 The vacuum structure of any SU(N) theory is solely due to its SU(2) subgroup.
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In other words, U(1)4 is not a symmetry of the theory once the correct 6-vacuum is
established. The instantons provide the n-meson with an anomalous contribution
to its mass, which would otherwise be zero and n a Goldstone boson of the spon-
taneously broken U(1)s. More technical aspects about how the existence of the
0-vacuum solves the U(1)a-problem will not be further discussed here. Arguably
the 6-term of a SU(N) gauge invariant QCD Lagrangian with nf massless quarks
cannot appear in any physical observable, since its value can be changed by a
global axial transformation under which such Lagrangian is invariant. Things are
different when one considers models with ng flavors of massive quarks with EW
interactions, like in the SM, where the generic quark mass term after SU(2) x U(1)
symmetry breaking reads

—Lmg = qi,rRMija5,L + G L ML- dj,r (2.34)
=My (Gire'® a5 +Tire *qir)
= [My;[q; [PL(1 +id) + Pr(1 —id)] g
= [Myj[qi[PL + Pr +id (PL — Pr)lqj
= [My;[q:[1 —ibysla;
= [My;[q; e ¥73q;,

where we have written ¢i; = ¢ for readability. This mass terms violates chiral
symmetry, since under g — e~ 1*Ysq:

—Lmy — [Myj[qie H(F205g;, (2.35)

or equivalently ¢y = arg (detM) — dp + 2nro. Thus ¢y behaves the same way
as 0, as shown in Eq. (2.33). Obtaining a real diagonal quark mass term involves
a chiral transformation that while removing the exponential factor generates the
anomalous current of Eq. (2.29). The effective theta-term 6 of the SM will then
comprises of two terms with distinct origin

0 =0+arg(detM), (2.36)

since 0 is a parameter which results from the SU(3) gauge vacuum structure, while
arg (det M) has to do with the Yukawa couplings of the quarks. Thus 0 cannot
simply be rotated away from the theory, because each of the two terms in Eq. (2.36)
will shift the same way under a chiral transformation. At phenomenological level,
it indeed enters the mass matrix for the pions which are emitted and reabsorbed
in the amplitude for the neutron electric dipole moment (EDM). This observable
imposes [148] a stringent limit of 8 < 107'° [149]. The absence of a theoretical
reason for such a small 6 value constitutes the essence of the strong CP problem.

2.2 THE AXION SOLUTION TO THE STRONG CP PROBLEM

Several attempts have been made in order to solve the strong CP problem, starting
from the ones which state that there is no such problem at all, but while doing so
ignoring the U(1)s problem [172] or not fully motivating their approach [173].
Spontaneous CP breaking was also proposed [174-176], but it seemed of little
appeal due to its conflict with the CKM model of quark interaction, where CP
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is instead broken explicitly. Refs. [177, 178] explored the possibility of restoring
the U(1) chiral symmetry with m, = 0 in the QCD Lagrangian. This option was
proven inconsistent [179]. What is widely recognized as the most cogent solution
to the strong CP problem also relies on an extra U(1) symmetry, but no quark
mass parameter is set to zero in this case. Instead an extra global Peccei-Quinn (PQ)
symmetry U(1)pg [152, 153] is added to the SM and then spontaneously broken
through a scalar ¢ at a scale fq,

. a(x)

Vo (237)

@ ="fqe

The resulting massless excitation mode a, dubbed the axion [150, 151], is the
Nambu-Goldstone (NG) boson of the broken U(1)pg. Under this symmetry, it there-
fore shifts as

a(x) = a(x)+efq. (2.38)

In order for this mechanism to work, one needs at least one quark flavor to ac-
quire its mass through a Yukawa coupling with ¢°. Being a NG boson, the axion
couples to fermions only through its derivative. Those among these fermions that
are charged under U(1)pq enter the loop that couples the axion to the gluon field
strength through the anomaly. The U(1)pg-invariant Lagrangian reads

2 2

— ~ 1 a =
Lerr = Lsm + eggﬁzevFSv - iaza + K]ngﬁz Fa Fiv +£oa—q, (2.39)
a

where k is model-dependent function of the PQ charges of the quarks and L34 ¢
contains the axion-quarks interactions. The coupling of the axion to the anomaly
provides it with an effective potential, in such a way that its minimization condition

(@) =——6, (2.40)

is exactly the one that removes any source of CP violation from Lef¢? and thus
provides a dynamical solution to the strong CP problem. This confirms the fact
that any point of the parameter space with some higher degree of symmetry is
necessarily a stationary point, as Weinberg noted [180]. A further consequence
of the axial U(T)pg anomaly is that the axion acquires a model-dependent mass
thanks to the effective potential

2%V,
2 eff
my —< 32 ><a>—_fge (2.41)
__K926< wore, )
fa32m20a \ ¢ MY/ (a)=—fa®

Through an estimate based on simple dimensional analysis [171], the axion mass
can be expected to be quite small if fq > Agcp:

4

> _M\oep

a ™ 2
f(l

m (2.42)

2 It does not need to be a SM quark.
3 One should rewrite Eq. (2.39) in terms of a the shifted axion field a’ = a + %"6.
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The very first realisation of an axion model [152, 153] used EWSB in the SM to
break U(1)pg, thus setting fo = v ~ 274GeV. The chiral invariance of the SM
Yukawa coupling was made possible by the introduction of a second independent
Higgs doublet ¢, in order for it to carry a different PQ charge than the original
¢1. Variant axion models [181] came as a generalisation in the Yukawa coupling
scheme that could help with the bounds from quarkonium states, at the cost of
reintroducing flavor changing neutral current (FCNC). These early models of ax-
ion were ruled out long ago using the observed branching ratio for of charged
mesons into pions [182]. In invisible axion models the scalar o which breaks PQ
symmetry is a singlet under SU(2);, x U(T)y and the breaking happens at some
scale fq > v higher than the electroweak one. Those models are still viable, as
the large value of f, enforces a very light, very weakly-coupled and very long-
lived axion. They fall into two categories: the Kim-Shifman-Vainshtein-Zakharov
(KVSZ) axion model [183, 184], where together with o two new heavy quarks
carrying PQ charges are introduced, while the matter fields are U(1)pq singlet;
the Dine-Fischler-Srednicki-Zhitnitsky (DFSZ) models, where o is the only BSM
particle and quarks and leptons carry U(1)pg charges. As a further phenomeno-
logical motivation for the invisible axion models, the most stringent lower bound
for the axion decay constant from astrophysics is indeed quite high compared to
electroweak energies, f, > 107GeV. It results from the observation of the cooling
process of the supernova SN 1987 A [185]. Similar bounds can be obtained from
other type of stars [20]. We will now examine in some details the characteristics of
the DFSZ axion, since it constitutes the basis of our model in Ch. 4.

2.3 THE DFSZ AXION

Just like the original axion model, the DFSZ axion model contains two scalars
doublets ¢, 4 with hypercharges Y,, = —Y4 = 1/2. They both acquire a VEV v, 4
around the electroweak scale, such that for the neutral components of the doublets
we can write

i‘E‘u,d
d)(L)L a= Vud+ Mud Mg eV?ua

7 , (243)

and the SM vev v = /v +v3, as in the MSSM. The pseudoscalar fields &, q
parametrise the excitations along the flat directions. After EWSB quarks and lep-
tons acquire their mass thanks to the Yukawa couplings

Lyuk = YuQduur +yaQdadr +yeLdger + h.c., (2.44)

while the linear combination of fields which gives mass to the Z boson can be read
from Eq. (2.43) :

_Yu, Vd
&z = 5 &u 5 &a- (2.45)

An extra complex scalar singlet ¢ is responsible for breaking the global U(1)pg
symmetry of the model through its VEV vq > v :

h ifa
$ba = Ua\-}-i SeViva . (2.46)
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If we call Xy, with k = u,d, a, the PQ charges of the scalar fields, the effect of
U(1)pq transformation

b — ey, (2.47)
together with the charge assignments
Xu+Xqg=-2X,=1, (2.48)
tells us which is the most general gauge- and PQ-invariant scalar potential:

Vo = Y M (10 )+ (MlouP +Aal0al) bl

k=u,d,a
FA3 (Do - Pad? + M) + Al - bal® + Asldhdal® (2.49)

Here ¢, - ¢4 stands for the SU(2) antisymmetric tensor product. The conserved
current associated to the PQ symmetry of this model can be calculated with
Noether’s theorem as in Eq. (2.3) :

> _
o= D Xkdlodk+ D XabyyMii, (2.50)
k=u,d,a quarks,
leptons

<>
where ¢La¢k = (auqﬁ() b — q;,ﬁ(awpk). We can identify the axial-vector part
of this current by splitting terms involving quarks into their left- and right-chiral
contributions:

jpg 2 X Y"bq + Xu UrYHug + Xa dry" dr
= XQUuVYH*Pru+ Xqody*Prd+ Xy uy*Pru+ Xg,dy"Prd

Xg +X X +Xag =
— Mﬁy”u 4 29T Ade dy*d
2 2
Xg —X Xo —Xag =
_2Q T Aur 3 YR TyMydu — 2Q ™~ 2dr 3 de dy*y°d. (2.51)
From the constraints on the PQ charges resulting from the structure of the Yukawa
couplings in Eq. (2.44), one can write the coefficients of the axial-vector part of the
current in Eq. (2.51) as

XQ — XuR = Xu P XQ — XdR = Xd . (2.52)

The anomalous divergence associated with the axial-vector part of j{;Q which cou-
ples to the gluons therefore reads

2
FH — N 93 Fa p~upv
auJPQ SU(3) (Xu +Xa) DW35 2 Gvaa , (2.53)

=1

thanks to Eq. (2.48). This makes clear how the charge assignments for the scalars
were motivated by finding a solution to the strong CP problem. Npyy is the number
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of quark flavor which carry a PQ charge and it is often referred to as domain
wall number in relation to the non-perturbative field configurations which arise
due to the remnant symmetries after the SSB of a global symmetry. If after the
breaking the homotopy group 7t (see our discussion in Sec. 2.1.3) of the functions
mapping the spatial infinity to the space of the vacua is non-trivial*, then the
resulting domain wall is a stable 2D field configuration. Its sizeable surface energy
density could dominate the energy of the universe unless very small couplings for
the interactions are imposed, an issue which goes under the name of the domain
wall problem. The DFSZ axion model is confronted with it, because of the remnant
Z(Npw = 6) symmetry after the breaking of U(1)pg [187]. Without entering into
more technical details, let us just say here that with a small modification of the
model the domain wall can decay before it comes to dominate the energy density
of the universe. Going back to the anomalous current in Eq. (2.53), one has to make
sure that it does not couple to the would-be Goldstone boson &z by imposing

(O, €2) =X 2t (O], Fulew) ~ Xaot (010 3daléa) £0. (254)

With the parametrisation given in Eq. (2.43), one finds

col g Ve (g 0ME
(a de)d)k > (a hy N (U + hy)
_ Tom :M<auh +ia“£k +h )
[d)k( dx) 7 K N (v +hy)
S 1 20MEy
= 0 =———=(vk+h . 2.
by 0 b Zﬁ( Kk + i) o (2.55)
Plugging this into Eq. (2.54)
vZ vi o
XuT — de =0, (2.56)

Xu,d =— (2-57)

It is important to notice that the field &, is not the axion, which instead results
from the linear combination of the neutral pseudoscalar fields which is massless

4 Formally, if the group breaking pattern is § — 7, then topologically stable domain walls are obtained
if m(G/H) is different from the identity [186].
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and orthogonal to 7. Considering only the CP-odd neutral states of the spectrum,
the scalar potential V(¢y) yields a mass term

Lime = A3 {(du) () (da)?

2 : g : ¢
v i (&uw &4 &a _ i (& d Ea
= 7\3avuvd[eﬁ(“u+“d+2va) +e ﬁ(vu va+2va>]

4
2
Vg 1 ‘iu E»d aa
=A3—2 — | =+ =4+2=]. .
A3 4vuvdcos [\ﬁ (Uu—l—vdJr . (2.58)

The corresponding (normalised) massive mode

1

X =
\/V2VE +4vivg

(v')?

[Ua(vdau + Uuad) + ZqudEa] ’ (259)

is manifestly orthogonal to &z. The axion is then identified as the field which
completes the orthonormal basis of the mass eigenstates
Va

a= ( /)4 [Zvuvd(vdau“‘vuad)_vzva‘ga] . (2-60)
v

In the limit v > v the axion field is mostly constituted by the pseudoscalar
singlet:
VuVqa
a~—&q+ ZT(Udau +va&u) (2.61)
Vg

One can verify that under a transformation of the broken U(1)pg in the form of
Eq. (2.47), or equivalently

Er = &+ V2 Xk, (2.62)

the field a shifts as the associated Goldstone boson [188],

U‘;4 {2vuwvalva(LuXy) +vu(vaXa)l —v*Va(VaXa)}

a— a+V2x
UI

Va

/)

1
7] Zvivﬁ + —vzvﬁ

:a—l—ﬁ(x 2

=aQa + Ua . (2'63)

SE
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Under the same transformation the would-be Goldstone boson and the massive
pseudoscalar stay constant [189]:

X=X+ (\ﬁ)z valva(uXy) +vu(vaXa)l +2vWa(LVaXa)}
avuvd 0
=X+ \/> ) Xu Xa) =X (264)
&z = &z + V2« [ (VuXu) — %(ded)}

2
=&z + \C“ [vivg —vivi] =&z, (2.65)

where we have used Egs. (2.48) and (2.57). In order to obtain the precise mass eigen-
value for the x mode, we write Eq. (2.58) in terms of its series representation. The
mass matrix resulting from the second order term reads in the basis (&, &4, &a):

lvg 1 Va

2v 2 v

)\sz u a

——__=2"a 1 vy Ly
Lme === 1oJo o | (2.66)

Va Dy LuVgq

Vaq Vq v2

a

Its eigenvectors are precisely a, &z and X, with the latter one being associated to
the only non-vanishing eigenvalue

NESEREN COMY
X 4 vyvg

(2.67)

The mass scale for X is thus of order A3vZ > v?, assuming A3 being not too
much below the weak scale. This heavy pseudoscalar decouples from the rest of
the spectrum at high energies and does not yield any interesting phenomenology.
The anomalous mass of the axion can be determined using more advanced algebra
applications [190, 191], but we won't go into details here as they are not relevant
to our discussion.

2.4 SUPERSYMMETRIC AXION MODELS

By promoting the axion to a superfield, invisible axion models can be supersym-
metrized [192, 193]. Along with the axion pseudoscalar component, the axion su-
permultiplet

by =s+ia+Vv2a0+F.00, (2.68)

now comprises of two additional fields: the saxion s, its scalar counterpart, and
the axino a, its fermionic partner. F, is only an auxiliary field and doesn’t have
any dynamics. While the mass of the axion is shifted from zero only by the effect
of the anomaly, its partners within the superfield @, are strongly affected by the
breaking of supersymmetry at some scale Msysy < vq, where v, is the scale of
PQ breaking. The saxion will generically enters the scalar mass matrix, due to its
soft-breaking mass ms in the scalar potential, which is expected to be ms ~ Mgysy.
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The axino mass is not bound to such a scale and its range can largely vary depend-
ing on the details of the specific model. It was shown [194] that an axino mass
mg ~ MZ sy/fa results generically from the lowest order non-renormalizable in-
teractions. In models with more than one extra singlet instead, an axino mass can
arise at tree-level from renormalizable interactions. The model in Ref. [195] has
three SM singlet superfields in its superpotential

o is T
Wrg =X <AA f) . (2.69)

The superfields %, A, A have PQ charges 0, Qa , Q s, respectively. An additional
R-symmetry, under which x has charge 2, forbids squared or cubic terms in x. Let
us study the spectrum of this toy model at energies where SUSY is still unbroken.
From the renormalizable Kihler potential

K =xx! + AAT+AAT, (2.70)
the Kéhler metric is simply [102]

Kt = 627](
)7 ;0]

Thus the resulting scalar potential reads

= diag(1,1,1). (2.71)

V=WiwE (KT =wiwg
= |AA— fﬁ]z + XA + \x/_\lz . (2.72)

In absence of soft breaking terms, minimizing the scalar potential yields

(AA) =f3, () =0, (273)
and thus the scalar fields can be expanded around their minimum as’

) baa+ioaa _ dy Fioy

A =fqt 7 ;X v (2.74)

Plugging Eq. (2.74) back into Eq. (2.72) the (identical) mass matrices squared for
both the scalar and the pseudoscalar modes gives6, in the basis (x,A,A)

> 20
2 2 fa
Mg = Mg = 5 0 1 (2.75)
0 1

_— e O

5 Here for simplicity we have chosen both (A) = (A) = fq/Vv/2.
6 Note that, e.g. for scalars, this corresponds to V D —17(1)1 <mi> bj.

g
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mé/c can be diagonalized as R~ 'my, xR = f2diag(1,1,0) and the mass eigenstates

can be read off from the rows of the matrix

01 1
R=|10 0 |- (2.76)
01 -1
As we already know, the massless pseudoscalar mode a = GA\;;A is the axion, the

Goldstone boson of the broken U(1)pg symmetry. The saxion s = Lz(% is the
massless CP-even scalar, which has zero mass as long as SUSY is still unbroken.
$y (0y) is an eigenstates with a heavy mass ~ O(fy), same as for the symmetric
baA+Pa ( OA+O4

V2 V2
superpotential as [92]

combination

). The fermionic mass terms can be derived from the

1 °Wpq
Lm. = —= | &&; +h.c. |, 2.
mr 2 16j ad)ia(bj o) ( 77)
~—_——
=MmMmrf
with
. 011
mr = — , 2.78
=5 100 (2.78)
1 00

and the second derivative of the superpotential is performed by substituting the
scalar fields to the superfields and evaluating them at their minima defined in
Eq. (2.73). By noticing that mJ{EmF = Mgy,s, We can promptly verify the supertrace

mass sum rule

spin
STr(m?) = Z (204+1)Tr (mlz)

:mﬁ,—l—mfy—ZmJ{EmF:O,

which signifies that the spin-weighted sum of all the tree-level masses in the spec-
trum will add up to zero’, as well as the fact that the linear combinations we found
for the (pseudo)scalar mass eigenstates are also valid for the fermionic case. At in-
termediate scale A, with Mgysy < A < fq, one can therefore arrange the massless
component fields in the axion supermultiplet as

by =s+1ia+V20a+F.00, (2.79)

where a is the massless axino resulting from the diagonalization of the fermionic
mass matrix. In order to give masses to the gauginos one allows soft breaking
potential terms which break the R-symmetry. The linear terms in ¢, are then also

For this to be true, it is also necessary that the gauge group of the theory considered is non-
anomalous
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legit and responsible for this field acquiring a VEV (¢$) = vy. Updating Eq. (2.78)
accordingly,

0 fqa fa
mE =72 fq 0 vy | (2.80)
soft \/z ¢ X
fa vy O
yields an axino mass mz = —v,, while the heavy fields get a correction of the

same order. In [196] the case of a supersymmetric DFSZ axion model with a single
axion superfield A coupled to the MSSM ones through the superpotential term
c1AH, Hy of the superpotential was found inconsistent, as the resulting spectrum
for the CP-even scalar states contains tachyons. This has to do with the fact that
imposing the EWSB conditions yields an unstable soft scalar potential. Adding
Wpq as in Eq. 2.69 fixes this issue, as the new tadpole equations for the VEVs are
all solvable.

Talking about supersymmetric axion models so far, we only dealt with the ax-
ion sector of the theory. In order to solve the strong CP problem though, a non-
renormalizable coupling to the gluons is needed, as the one of Eq. (2.39). Depend-
ing on the PQ charge assignments of the model, the axion field can effectively
couple to the field-strength tensor of each symmetry group,

Lif\];v - 327’?2f (Q%CGBBBHVBLW + Q%CGWWW&\/WQHV + Q%CGQQG&VGCXHV) !

¢ (2.81)
where the coefficients Cqgg and Cqww are basis-dependent. Instead Cqgg = 1
always, otherwise we don’t solve the strong CP problem. The coefficients can be
determined by looking at the overall factors in front of the anomalous divergences
as the ones of Eq. (2.53), when a chiral U(1)pq transformation of the form of

Eq. (2.47) is applied. Formally the 0-term for each gauge group transforms as [189]
0—0— dll,le(X ’ (2.82)

where dg is the Dynkin index of the group representation for the field . For
fundamental representations of SU(N): dy, = 1/2, while for U(1): dy, = Yy,. The
coefficients for the axion coupling to the gauge bosons in Eq. (2.81) transforms
exactly as the opposite. We will calculate them for our specific model in Ch. 4. Re-
markably one can always use a U(1)pq rotation in order to set Coww to zero below
the QCD scale [197]. This will also determine unambiguously the value of Cqp5.
Recalling the photon composition below EWSB, A* = cos 0y/B* + sin 6y WY, this
in turn means that the coupling of the axion to photons is also set. The Lagrangian
in Eq. (2.81) can be supersymmetrised by considering the F-term of the coupling
between the axion superfield of Eq. (2.68) with the vector superfields V; of the
different gauge groups [188]:

2
. Caviv, A ;
geff, = L eV szecp ViVt +he. . 2.8
Below EWSB one can alternatively evaluate the strength of the interactions of the
component fields of the axion superfield with gauge bosons and electroweakinos
with an explicit calculation of the one-loop amplitude including virtual quarks
and leptons charged under the broken U(1)pg. One should mention however that
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for some cases this procedure is not exactly equivalent to determining Cqv,v,, in
particular in the context of axino production in the early universe [198].



AXINO EXPLANATION OF THE 3.5 KEV LINE

So far we have been focusing on the model building side of axion theories. In this
chapter we move to their phenomenological aspects and see how they can produce
a detectable signature, in particular for the case of the claimed detection of a X-ray
line in 2014 [68, 69]. This chapter contains parts of our published work [199] and
it is organized as follows: in Sec. 3.1 we introduce basics about models of sterile
neutrinos, then in Sec. 3.2 we explain how they can produce a X-ray signal. In
Sec. 3.3 we present the hypothesis put forward in the literature in order to explain
the line with an axino in analogy with a sterile neutrino. Then in Sec. 3.4 we
discuss the constraints from axino dark matter, while those due to the presence
of a gravitino follows in Sec. 3.5. In Sec. 3.6 we explain how to account for the
radiative axino decay in both R-parity conserving and R-parity violating SUSY
scenarios. Finally in Sec. 3.7 we summarise our findings about how the axino is
unlikely to explain the putative 3.5 keV line.

3.1 STERILE NEUTRINO DARK MATTER

In Sec. 1.2.4 we referred to the lack of neutrino masses as one of the main shortcom-
ings of the SM. Since the experimental data rule out the possibility that neutrino
masses may be originated from higher dimensional operators within the SM parti-
cle content [200], the other viable option is to extend the particle content of the SM.
The most minimal approach consists of adding to the SM a set of n right-handed
neutrino singlets Ng i, i = 1,...,n [201]. The resulting new gauge invariant terms’

— . My
LNR = 1NR,iy”auNR,i — <Y{] Liq)NR,j + TRNR,i CR,i +h-C.) , (31)

include a kinetic term, 3n new Yukawa couplings Yj; and a Majorana mass term,
which can be taken to be diagonal without loss of generality. Under the assumption
that the resulting Dirac mass terms (Mp);; = ($)Fij are negligible with respect
to Mg, neutrino masses compatible with the observed oscillations are obtained
through a type-I see-saw mechanism [155, 202, 203]. In order to explain it in simple
terms, let us write the mass term for the neutrinos as

1 0 MD (VC)
vaN = _E [ VL (NC)]_ } [ T R (32)
ML Mg Nk
| S —
=M
The charge conjugate field is defined as )¢ = CET, where C is a unitary matrix such that

¢ transforms correctly under a Lorentz transformation. This requirement is fulfilled by taking
C*IVHC = fyl. From ()¢ = it follows that CT = —C. For the Weyl representation of the Dirac
spinors C = iy, vo.
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By integrating out the heavy right handed field through their equation of motion
and substituting back in the Lagrangian in Eq. (3.2), an effective Majorana mass
term for the left-handed neutrinos is generated [203, 204]:
1 - —1 T [¢
Ly -N= _ZVLi Z (MD)ik (MR )kk (MD)kJ (V )Rj . (33)
k=1

Although at least n = 2 sterile neutrinos are needed in order to fit the neutrino
oscillation data * [205], let us now consider a toy model with one sterile and one ac-
tive neutrino. By taking for simplicity Mp r to be real and positive, the eigenvalues
of M are reduced to’
M2

Mo 2, A2~ Mg. (3-4)
It is reasonable to assume that Mp should be around the same order of magnitude
for all the fermions of one generation, since they all acquire their masses by means
of their coupling to the Higgs field ¢, which undergoes SSB. A large hierarchy
among the eigenvalues naturally results:

A < Mp <€Ay, (3-5)

with one neutrino masses well below the electroweak scale and another heavy
one. Using the cosmological bound on the sum of neutrino masses [206],
> imy, < 0.23eV, for the neutrino with heaviest associated charged lepton, i.e.
Mp ~ me, a strong lower bound on the the Majorana mass parameter My is ob-
tained:

Mg > 3-107 GeV. (3.6)

An alternative to the introduction of an intermediate scale between the elec-
troweak and the Planck scale is to relax the hypothesis of the universality of the
Yukawa [207] and therefore allow for any value of Mg. In particular, My can be
as low as O (keV), which is the lowest regime in which the sterile neutrino is a vi-
able DM candidate. This follows from Tremaine-Gunn bound [208], i.e. the argument
according to which the DM distribution cannot be more dense than a degenerate
Fermi gas. By looking at the matrix which rotates the neutrinos in the mass eigen-
states forn =1,

1 —He Mp '’
U~ Mo Me | +0 <MD> ] p (3.7)
My R

we can estimate that for a sterile neutrino DM with mass ~ O (keV), the sterile-active
neutrino mixing is expected to be small,

MD ) 7\] 1/2 )\2 —1/2
0~ 2 ~10 < ) (3.8)

R 0.1eV keV

2 This is not true if we consider the lightest neutrino to be massive too.

3 An additional rotation on e.g. [(v€)g Ng] is needed in order to have a meaningful physical inter-
pretation of M. This is possible because the most general Majorana condition allow for a free phase
P =P = e~ 1%, Therefore P° can have the opposite eigenvalue of 1 under a CP transformation.
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v;

Figure 3.1: Feynman diagram describing the decay of the sterile neutrino into three active
neutrinos. Here the dot on a fermion line stands for a mixing between fermionic
mass eigenstates.

such that £,_n describes a light active neutrino and a heavy sterile one with
negligible overlap. The definition of 6 can be extended to the case of n sterile
neutrino species as in the following:

0:=(b) > [FylMg'. (3.9)
j=e,1,T

The main decay channel for a sterile neutrino N is into three active neutrinos via a
Z boson exchange, as depicted in Fig. 3.1. Its width reads [209]

9xG2
N3y = 87_[4F ezTnSN (3-10)

:10‘2092(£§%>53*1.

In order for N to be DM, its lifetime should exceed the age of the universe,
Tu ~ 4%10"s in the Acpm model [206]. For mn ~ O(keV), this requirement
is fulfilled for any value of the mixing angle 6 < 1. The sterile neutrino can also de-
cay into a photon and a light neutrino through the exchange of a virtual W boson,
as shown in Fig. 3.2 . The associated width of the process [210]

. _ 9aGE
N=YY T 10247

::5-10‘2292(Eg$)55*1

62m5N (3.11)

shows how this channel is subdominant due to the loop suppression,
Br (N — y+v) ~ 1/128 [209]. Nevertheless, this is the most relevant decay mode
for phenomenology, since a X-ray signal at energies E,, = 5 could be detectable
through this decay.

3.2 X-RAY SIGNALS

Several astrophysical sources can be responsible for a light signal in the decaying
DM hypothesis. First, the DM decay throughout the history of the universe gener-
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Figure 3.2: Diagrams for the process N — y + v for a SU(2);, x U(1)y plus sterile neutrino
model in the renormalizable Ry, gauges. In the Feynman - t'Hooft gauge there are 4
more diagrams with the unphysical charged Higgses (would-be Goldstone bosons)
in place of the W boson.

ates a contribution to the diffuse X-ray background (XRB), a series of luminous sig-
nals of unknown sources in the X-ray spectrum [211]. DM concentrations at small
red-shifts, i.e. galaxy clusters, can strongly increase the light signal in their direc-
tion [212, 213]. Despite having smaller DM concentrations, also dwarf spheroidal
(dSph) satellites of the Milky Way can produce a comparable photon flux thanks to
their proximity [214-216]. Finally, the DM from the milky way halo can also decay
yielding a sizeable contribution [214]. Except for this latter case, if the DM halo
under scrutiny is composed of Mpm /mn sterile neutrinos, the luminosity of the
photon resulting from the decay N — v 4y can be estimated as

E
L~ —"LMpmINvy, (3-12)
mN

where the red-shift effects can be neglected [213]. The typical value of field of view
(FoV) for modern X-ray telescopes is around 10’ — 15/, an interval at a negligible
scale compared to the one of the DM distribution in the sources, which can thus be
taken as uniform within the instrument’s FoV. As a result, the FoV integral reduces
to the column density, i.e. the one over the line of sight (LoS):

MEW = | pomar = OrvDE | pom(riar,  (313)
FoV LoS
where Dy, is the distance to the center of the object towards which the telescope is
pointing. This quantity drops out in the expression for the DM flux

L

= m (3.14)

bpm

1
~ — Qg dr.
g 2FovINSyy JLOS ppm (T)dr
This shows how contributions from faraway sources and as well as close ones could
be equally relevant. Plugging in some typical values reveals the expected flux of
photons resulting from the radiative decay of the sterile neutrino:

(FoV) -2
M Dy mn\°2 keV
~ 20 DM 02 (— . .
$om (10101\4@) (Mpc) <keV> cm?s (3.15)
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During the past few years, numerous experimental efforts were performed, includ-
ing X-ray searches of all the aforementioned kinds: HEAO-1 [217], XMM-Newton
[218], INTEGRAL [219], Chandra [220], Suzaku [216], just to mention a few. For
a long time no hint to DM signature was found, since all detected signals were
compatible with known astrophysics.

3.3 THE CLAIM OF THE OBSERVATION OF A 3.5 KEV LINE AND THE AXINO
EXPLANATION

In early 2014, two independent groups reported a line of unknown origin at
~ 3.5keV [68, 69]. In [68] the analysis was performed using data from the An-
dromeda galaxy and the Perseus cluster from the XMM-Newton telescope. The
authors of [69] combined the observations of several individual galaxy clusters as
well as clusters stacked spectra from the same instrument. A sterile neutrino with
mass myn = 7 keV would be a natural candidate to explain such a line, provided
that the decay rate into a photon is around 'n_yy+ ~ 107275~ 1. Without entering
the details of their statistical analysis, we combine our Eq. (3.12) and Eq. (3.14) to
reproduce the expression for the observed differential flux in [68]

dppm _2:10°5 OFR [ s pom(N)dr TNy (mN)f1 (3.16)

dE, ~ om?2s 500arcmin?® 500 T\/l@/pcZ 10—29s—1 \keV

where the values of of the column density and the FoV angle are centered around
the averaged experimental values. A debate about the possible astrophysics expla-
nation for the line followed [70—78], with [71] in particular pointing out how the
line might also be due to atomic transitions from potassium ions (K XVIII). On the
other side, among the long list of possible existing particle physics explanations,
which would be impractical to report here, some authors [79-82] have pointed out
how the the decay of the axino, the SUSY partner of the axion (see Sec. 2.4), can be
responsible for it. Both RpC and RpV SUSY scenarios are possible and the decay
happens in complete analogy with the decay of a sterile neutrino into an active
neutrino and a photon depicted in Fig. 3.2. In the RpC SUSY case a neutralino
lighter than the axino is needed in order to allow for the radiative decay channel
of the NLSP axino. In RpV SUSY scenarios, the axino is unstable and can decay
into an active neutrino plus photon with a lifetime longer than the age of the uni-
verse. Both possibilities are appealing since several problems could be addressed
in a unique framework. Firstly, the presence of the axion solves the strong CP prob-
lem, as we learnt in Sec. 2.2. Second, both the axion and the axino are potential
DM constituents [221, 222]. Thirdly, considering an axino in the keV range would
make it a warm DM relic, which helps soothing the small-scale structure problem.

3.4 AXINO RELIC DENSITY

A generic supersymmetric axion model yields two possible DM candidates. While
for the axion is always the case, the axino has to be enough long lived. From here
until the rest of this chapter, we will focus on a scenario where the axino accounts
for almost the entire budget of DM in the universe. In order to suppress the axion
relic abundance Q accordingly, a low value of the axion decay constant is needed,
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ie. fq ~ 10'9GeV, as can be read off from the expressions for Qg presented in
Sec. 4.3.2. When it comes to the axino relic abundance Qgj, there is one aspect
which needs to be carefully dealt with, which is the difference between two seem-
ingly equal quantities, the Wilsonian axino-gaugino-gauge boson coupling and the
one-particle-irreducible (1PI) axino-gaugino-gauge boson amplitude [198]. Wilso-
nian couplings are the coefficients in the effective Lagrangian which describe the
interactions below f, and it is obtained by integrating out the heavy modes after
PQ breaking. This quantity is therefore local and depends on the field basis cho-
sen in the effective Lagrangian. The coefficient Cqv,v, in Eq. 2.83 is an example.
The 1PI amplitude is an observable quantity which depends on the light particles
running in the loop and in general carries a dependence on their momentum p. It
turns out that in the range My, < p < fq, where My, is the highest PQ-charged and
gauge-charged mass in the the spectrum, the 1PI amplitude has an extra suppres-
sion ~ Mé /p? with respect to the Wilsonian coefficient. This results from the fact
that the effective Lagrangian does not keep track of the decoupling of the axion
supermultiplet from the gauge- and matter-fields in the limit My — 0. As a con-
sequence, in a model with My, < fq the axino production by gauge interaction is
strongly reduced. This suppression is therefore naturally very efficient in DFSZ ax-
ion models, where M, is around the electroweak scale, while in KVSZ models the
mass of the heavy vectorlike PQ-charged quarks is typically around fo > 107 GeV.
Eventually this difference yields two distinct axino relic abundances for the two
models, notably for their different dependence on the reheating temperature Try,
the temperature that the universe reach after the end of inflation and before the
Big-Bang epoch. For DFSZ models we have [188]

Mg 1010 GeV\ 2
QOPFSZR2 ~ o, = .
DFSZK2 ~ 0.78 (7keV> o , (3.17)

which does not depend on Try, as long as Try is larger than roughly 1 TeV [223]*.
The relic density drops very quickly for lower values of Try. This can be under-
stood in terms of the most efficient axino production mechanisms for the cases:
a) Trn < Mg, where most axinos are produced below Try through the process
g — g+a (or g — g+ a) because in this regime the 1PI amplitude is equivalent to
the Wilsonian coefficient; b) Try > My, in which case the suppression of the 1PI
amplitude makes the production through gauge modes irrelevant compared to the
mode ¢ — cT) +a (or cT) — ¢ +a) for T > Mg. From eq. (4.65) we see that for a 7
keV DFSZ axino with f, < 10'° GeV the reheating temperature has to be below
1 TeV in order to avoid overabundance, i.e. QEFSZH2 > QOacpmh?. Let us add
that the extra suppression for the DFSZ case relaxes the constraint on the axino
mass obtained in Ref. [194]. Here an upper bound of 2 keV on the axino mass was
obtained by simply using entropy density conservation after axino decoupling and
photon decoupling, respectively, without any assumption on the value of f,.
The relic abundance for the KSVZ case [188] reads:

<\ /1010 GeV\? /T
OKSVZp2 _ oy 10-3 (Ma RH
a’ Th"=69x10 <7keV) fo 103 GeV )’

4 The exact value of Try depends on the SUSY spectrum, but it is expected to lie in the TeV range.
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which is valid for 1 TeV < Try < Mg ~ fq. In this case the abundance drops very
quickly for reheating temperatures below about 1 TeV, too.

3.5 INCLUDING A LIGHT GRAVITINO

In the context of SUGRA one can show with a simple argument why the axino is
generically expected to be heavier than the gravitino [224]. With V/F being the scale
of SUSY breaking, we can write the superfield which breaks SUSY as

X = @y +V20&, + 0%VF . (3.18)

The effects of the phase transition are transmitted to the axion sector by means of
a generic non-renormalizable operator suppressed by Mp:

A+AN(R+XD 1
Jd“e( 7\)AP(1 ) §m3/2aa+..., (3.19)

where A is the axion superfield and the gravitino mass is [38]

8t F
M3 =15 ~—— (3.20)

3 Mp;

as expected from supergravity. Since the operator in Eq. (3.19) respects the PQ
symmetry, the only components of the supermultiplet which can be effected by
the SUSY breaking are the axino a and the saxion s°, but the axion mass stays
zero, being it the Goldstone boson of the U(1)pg. Thus m3,, is a lower bound on
the axino mass. This puts further constraints on our scenario. The generic form of
the interactions between the goldstino 1 and the chiral superfields is dictated by
the fact that 1 is the NG boson of the broken supersymmetry. Its coupling to the
broken supercurrent ]iUSY [225] can be used to determine the interaction between
the gravitino and the components of the axino supermultiplet:

Ly =—

5 noMUSY +hec.

not(o¥eYaoya-+...)

| = T =

[=]

Mg .~ v~
:?incyaava+... , (3.21)
where we have used the Dirac equation in the form ic - da = mga'.

Once local SUSY gets broken the goldstino becomes the longitudinal component
of the gravitino via the super-Higgs mechanism:

~ ~ Mpr, -
Gp — Gy +i\/47cTPlaun . (3.22)

Since for most SUSY models the scale of SUSY breaking is relatively low,
VF < Mp, the gravitino interacts with matter mostly through the would-be gold-

5 The mass term for the saxion s which results from Eq. 3.19 reads 1 /2m§ /258
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stino. From the operator in Eq. (3.21) one can calculate the lifetime for the decay of
the axino into a gravitino and an axion [224]:

m3z,27\2 (7keV\>
Tﬁ_>é+a:6-10285(ke</) <7ma> . (3.23)

If the 7 keV axino is to explain the X-ray line we must require its lifetime to be
greater than the age of the universe, 75 ,¢ . > 10'8 s, otherwise it would have
decayed away. This in turn implies m3,, > 107 °keV. A gravitino lighter than

roughly 100 eV is a hot dark matter candidate. Its relic abundance [186],

ms3,2
100eV’

QPMh? ~ 0.1 for mz,, <100 eV, (3.24)
is constrained to be less than 3% of the total DM abundance [226], which implies
m3,, < 1eV. In the range 1 keV < m3,, < 7 keV, the gravitino is a warm dark
matter candidate and its abundance depends on Tgry [227]:

T keV
12 RH
Qgh” =027 <1OO GeV) <m3/2> ,forms,, > TkeV. (3.25)

In this case we require a reheating temperature below 1 —10 GeV so that the grav-
itino contribution to the DM density is much smaller than that of the axino. How-
ever for such low values of Ty the axino relic density, even with f, ~ 107 GeV, is
highly suppressed, Qsh? < 0.12. Therefore, we exclude this case. Thus if the ax-
ino constitutes most of the DM and produces the 3.5 keV X-ray line, the gravitino
mass is restricted to the small window

1072 eV < mz,, <leV. (3.26)

As both the axino and the gravitino are in the keV range and below, one might
worry about their contribution to the relativistic degrees of freedom g. at Big
Bang Nucleosynthesis (BBN). In the SM the effective numbers of degrees of free-
dom g.(T =1MeV) =55+ %Neff, where Neg¢r is the number of effective neutrino
species. Adding a light neutralino increases N¢ff and consequently the expansion
rate of the universe, in such a way that a higher *He primordial abundance results
from the earlier proton-neutron decoupling [228]. Independent measurements of
abundances of primordial elements [20] and of the CMB power spectrum [229]
give strong bounds on BSM physics by constraining the conventionally chosen
value

ANeff = 3 — Negs - (3-27)

As of today the strongest constraint comes from the PLANCK collaboration’s re-
sult [37]:
ANggr = 2.89703¢ . (3.28)

This turns out not to be a problem in most cases. When the universe reheats to 10
- 100 GeV, both the axino and the gravitino are out of thermal equilibrium [188].
The subsequent annihilations of SM particles heat up the photon bath so that the
photon temperature at BBN is higher than the respective temperatures of the axino
and the gravitino. They are therefore not relativistic and does not enter into g.. As
a consequence their contribution to Ne¢¢ is well within the bound. If there is also
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a very light or massless neutralino in the spectrum one has to worry about the
constraint from Ng¢¢, as we discuss later.

36 PRODUCING THE X-RAY LINE SIGNAL

In order to explain the 3.5 keV X-ray line via the decay of a DM particle X, one
needs a decay rate of I'x ... ~ (1028 5)=1 ~ 10723 GeV [68], assuming that the
decaying DM constitutes 100% to the relic abundance. If the decaying DM is a
fraction k < 1 of the total DM, then the corresponding decay rate has to increase
by 1/k to explain the signal.

There are two scenarios for a 7 keV axino to produce the 3.5 keV X-ray line,
where R-parity is respectively conserved or violated. In either case the starting
point is the following Lagrangian for the coupling of the axino to the SM gauge
bosons and their gaugino supersymmetric partners:

ceff a

v = Tgzr- v |91 CamBAgB"Y + 03 CawwWEWEY + g3AEGEY | (3.29)
a

Here d is the axino mass eigenstate, while the gauginos and gauge fields are gauge
eigenstates. The interactions described by £ )V are the supersymmetric version of
the ones in £&/,, of Eq. (2.81), obtained from the F-term in Eq. (2.83).

3.6.1 R-parity conserving SUSY

In the R-parity conserved (RpC) case, if the bino is lighter than the axino, the X-ray
line could be produced by the decay d@ — Ay + 7. This was pointed out in Ref. [82].
The axino partial decay rate with a massless bino is

2
T mg gi 2
Tane by = = —2C2 <]> cos” Ow (3.30)
TABTY T 128m3 2 9BB \4n
2 \3 (10" GeV\?
~7x 10752 Gev (24 . .
x Ge <7keV) fa (3:31)

The factor cos Oy accounts for the B*-component of the photon after EWSB. Note,
a massless bino is consistent with all data provided the sfermions are heavy
enough [230—232]. To match the rate needed for the X-ray line this scenario re-
quires fq > 10" GeV. This immediately excludes the DFSZ axino, whose relic
abundance would be too low to account for the DM relic density.

From Eq. (3.18), a KSVZ axino with Try ~ 10"2 GeV would seem viable. How-
ever this scenario is strongly disfavoured by two arguments. First, the abundance
of axions produced via the misalignment mechanism (see Sec. 4.3.2.1 for details)
would be far too high [221] for fq ~ 10" GeV, unless one tunes the initial misalign-
ment angle to very small values. Second, a massless bino together with a light
gravitino would contribute to the relativistic degrees of freedom [228], giving a
value ANg¢r > 1, in strong tension with the experimental result in Eq. (3.28).
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3.6.2  R-parity violating SUSY

In the context of R-parity violation (RpV), the terms e;LiH,, i = e, 1, 7, in the su-
perpotential introduce mixing among the neutrinos and the Higgsinos. The modi-
tied scalar potential also results in non-zero sneutrino vacuum expectation values,
which introduce mixing between the neutrinos and the bino and the neutral wino,
respectively. In this case the RpC axino decay in Sec. 3.6.1 automatically includes
the decay channel @ — v; +v. The new partial decay rate is simply modified by
the appropriate mixing angles®

1 m} 2 2 4 2 2 2 4 . 2
Fasvity = WT; {TviBCaBBEh cos” Ow + 17 13, Cawwgz sin ew]
a

ety (i 3r ) () (TS

(3-32)

Here 1, (rviw) parametrizes the mixing of the neutrino mass eigenstate with

the gaugino gauge eigenstate Ay (WP®). The lifetime of the axino to explain the
X-ray line requires Ti B (ri iW) to be of order 10712 for f, fixed at its lowest pos-
sible value [185], 10° GeV. One of the outstanding features of RpV models with
lepton number violation, is that they automatically provide for massive neutrinos.
Assuming that the neutrino masses solely arise from the RpV sector, we can es-
timate bounds on the mixings T, (B a8 follows. Neglecting loop contributions,
the terms e;L{H,, lead to one massive neutrino [233-235] and two non-vanishing
lepton mixing angles, which we take to be 013 and 0,3 [233]. Following [157, 158]
we start from the neutralino mass term in the Lagrangian resulting from a generic

superpotential with bilinear RpV,

1~ ~
L3 = —?ngRxpo +h.c.. (3-33)
The neutralino mass matrix My in the basis of the gauge eigenstates

Vo = (}\g,WO, Flgl, ﬁg, VL,I> reads in block form

Mg, m
My = Xo , (3-34)

where Mg is the 4x4 MSSM submatrix,

My O
__92Vu 9g2v4
My, = gl(i,u l:if,u 2 |, (3-35)
2 77 0 —H
—pe s w0

6 Note this decay would also occur with pure trilinear RpV via the resulting sneutrino vev ’s [134].
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and m is the matrix which contains the bilinear couplings €; and the sneutrino
vevs (Vi),

—391 (Ve) —391(Vu) —391 (Vo)
m— %92 (Ve) %92 (Vi) %92 (V<) ‘ (3.36)
_ee _€H —€T
0 0 0

Under the assumption that the RpV parameters are smaller than the electroweak
scale, we can define a matrix & = m' - M)EO], such that in the perturbative limit
&ij < 1, My can be block-diagonalized,

1—Lefe gt ]M_[M% 0 ]

= (3:37)
g 1-lggt | TR 0 mess

The neutrino mass sub-block,

Meff = —M - M}i} mT'
A2 Ay ACA
~ Miyg3+Mag? o ezu o 3
T 2dendty, | Mwfte M At (339)
AAe AN, A2
contains the alignment parameters
Ai = p (Vi) —vaei, (3.39)
and the determinant
1
det My, = —1*MiMz + Spvuva(g3Mi +gTMy) . (3-40)

2

The PMNS matrix describes the mixing among the light neutrino species in terms
of angles which have been measured by various independent experiments [20]. It
can be put in the form [233]

cos 013 0 —sinB0q3
Vy =] —sinBy3sin073 cosBr3 —cosBOi3sinBr3 | (3-41)

sinB73 cos 0,3 sinB>,3 cos 013 cos 053

which manifestly depends only on two mixing angles. Their measured values are
013 ~ /20 and 0,3 ~ 7t/4. The diagonalization requirement

VImeffV =(0,0,my,), (3.42)

with
My +gIM,

= A%, .
My, 4 det Mxo Il (3 43)
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enforces the following relations between the angles in V, and the misalignment

parameters:

A A
tan@y3 = ————o—, tan0y3 = - . (3-44)

(A2 +A2) M
This in turn sets A = 0.23 A, with A = A, = A;. Additionally the cosmological
bound on the sum of the neutrino masses [20],

Z my, <0.23eV, (3-45)
i

can be used on m,, and yields

det My, >”2

A< (32x107"2 Tev)!/2 (22
g>M1 + g7M;

(3-46)

A remarkable feature about neutrino masses in bilinear RpV is that one does not
need to explicitly diagonalize My, in order to estimate the mixings between the
MSSM gauginos and the light neutrino mass eigenstates, i.e. g and v . In fact
if we generically define a matrix Ny such that

N§Mg, NG = diag(myo, myg,myo,myo), (3-47)
the full 7x7 mass matrix My can be diagonalized by

[1—;aTa £f ]N
—& 1&g

N; 0
0 VI

NG Nge
~Vlg VI

We can read off v, g and v & from the lower-left sub-block —V/E;

_ g1Map /\e/\ﬁ __aiMap

T B — - — A s (348)
Vi det My, /\‘ A2+ A2 \/idetM;(O
giMap  AuAq giMau
TB = ~ A (3.49)
V2 det M)~<o /\ﬁ + /\% ﬁdet M)~(o
. GiMan AZ—AL+AT  giMau AZ (3.50)
vsB detM;(O 2‘/\" B ZdetMio /_\' ! ’
. _92Mu AeA% o 92Min A, (3.51)
viw deth(o /‘\" /\ﬁ _,_/\% ﬁdetM;(O A
_gMip . AN g2Mip A2 (3.52)

T ~ = ~ —
VoW detMSZO Aﬁ_{_/\% \ﬁdetMgo

gaMip AZ—AL+AT  gaMip AZ (3.53)
AT 2detMy, [z ?

rV3W - _detM;(O 2
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The bound on A in Eq. (3.46) translates into

2 1.1x 10714 TeV (3.50)
v1B (\qW) MM(uZ) ’ 354
2 4.6 x 10713 TeV (3.55)
v, B (VzW) M!ﬂ (12) ! 3:55
2.8 x 10716 TeV

2
o ) 56
rVSB (VSW) MF” (12) (3 5 )

with
(g%l\/h + g%Mz) det Mg,

2 2 2
97 (Z)MZ(UFL

M1 (u2) = (3-57)

Given the null SUSY searches at the LHC so far, it is reasonable to expect the
parameters My, M3, i to be of order TeV or larger, and det Mg ~ TeV#, in absence
of cancellations. In this case the bounds simplify to

2. <23x107 12 __<90x10715,
‘V]W

viB
rizg <92x1071% rizw<3.7>< 10713, (3.58)

T2 g <56x10717 ot <26 10716,
By looking at Eq. (3.32) one sees how these mixings are several orders of magnitude
smaller than those required in order to explain the X-ray line via the decay of the
axino into neutrino plus photon through the RpV interaction of Eq. (3.29). One
caveat to this line of reasoning can be the assumption that all the SUSY parameters
and masses are at the TeV scale, which is perhaps too strict. Nothing forbids us
to take the lightest neutralino Xo to have a mass of order GeV, while the other
neutralinos are at the TeV scale. In this case det Mg, ~ 1073 TeV* and the bound
on r%zg becomes of order 10~ '°, which is enough to fit the line. However this
scenario faces another problem. Since in RpV there is no such thing as the LSP, the
GeV-neutralino will now have two decay channels. First, the partial width for the
decay into an axino and a photon reads

1omg 3\’
r~(])_>d_'_y ~ ]287-[3€CGBB (47_[ COs 9W

mo\3 7107 GeV?
=17.102s7 [ 2 . :
10T (GeV) < fa > 559

Second, X decays into a a lepton-antilepton pair plus neutrino via an off-shell Z
boson with partial width [236]

2 2 m°
. m
Nr iBoc ¢

FRosvir1- . 4
Xi 102473 M3,

2 Mmoo\ 2
~ —2 —1 viB X
~17-102s (10]()) <Ge\1/> . (3.60)
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The decay into an axino plus photon dominates for myo > 1GeV, while the one
into a neutrino plus leptons does for m, o < 1GeV. Regardless in which of the two
ranges m, o lies, the lifetime of the lightest neutralino will be way longer than the

time of the freeze-out, tr ~ 10~ °s, at a temperature Tr ~ myo /20, as common to
all WIMP candidates. Additionally the interaction which kept them in equilibrium
with the plasma until that point freezes out with a relic abundance that matches
the measured value Q oh2 ~ 0.1. If the admixture of the gauge eigenstates which
constitutes the neutrahno is mostly bino (wino), than the relic abundance will be
slightly overabundant (underabundant).

A large range of neutralino masses is subject to constraints from BBN and CMB,
due to the fact that its decay produces energetic photon. In detail:

* 7keV <m,o < 300keV: this window is excluded by CMB constraint on late
decaying partlcles [571;

* 300keV < myo < 10 MeV : CMB spectrum distortions [237, 238] rule out this
region of the parameter space;

* 10MeV < m o < 100MeV: bounds from photodestruction of D and photo-
production of D + 3He [238] exclude this window.

For m,o <7 keV the neutralino is lighter than the axino and we are back to the sit-
uation of the R-parity conserving scenario, which is strongly disfavored as we dis-
cussed in the previous section. The only region which cannot be excluded within
our discussion is 100 MeV < m,o < 10 GeV. But despite being viable in principle,
in this range the neutralinos decay during BBN time, 1073 s < Ty < 3 X 10 s,
which could be in some tension with the success of BBN itself. For m o > 10 GeV
one quickly hits the bound from neutrino masses. We conclude that also the RpV
scenario is strongly disfavoured.

3.7 SUMMARY AND RESULTS

In this chapter we have investigated whether a decaying axino with a 7 keV mass
could explain the X-ray line signal which was claimed to be detected in early 2014.
The presence of a light bino together with a gravitino strongly disfavours the RpC
scenario, since both particles contribute to the relativistic degrees of freedom of
the universe and thus yield ANg¢s > 1, against BBN and CMB bounds. In order
to account for the line with the decay a — v + v, RpV models with all neutralino
masses around TeV require mixings between the light neutrino and the bino or
wino which are excluded by the cosmological bound on neutrino masses. Alterna-
tively one can evade this bound by taking the lightest neutralino to have a mass
around GeV or below. BBN and CMB bounds exclude such a long-lived neutralino
below 100 MeV, due to its decay into energetic photons.

The RpV scenario is still viable if the lightest neutralino has a mass between
100 MeV and 10 GeV, with corresponding lifetimes ranging between (‘)(10_3 s)
and 0(10%s), which is effectively stable for collider physics. Such a neutralino
is very hard to observe in the laboratory, with no present bounds [231]. Supernova
cooling excludes the low mass range if the selectron is lighter than about 500
GeV [230]. The proposed SHiP facility at CERN is most likely not sensitive to these
lifetimes, due to the restricted geometry [239] and a direct measurement at an
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ete™ linear collider is also unlikely [240]. This range of lifetimes is also too short
for possible astrophysical signatures. Therefore it is hard to verify whether this
particular scenario is realized or excluded.
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In the previous chapter we studied the radiative decay of a keV axino in light of
its possible phenomenological application to the detection of the 3.5 keV emission.
We disfavoured the light axino explanation of the keV line by relying on an effec-
tive Lagrangian for the axino-neutrino-photon interaction, as given by Eq. (3.29).
We now want to enlarge the scope of our analysis in a twofold way: on the one
hand, we turn our attention to a range of axino masses which spans two orders
of magnitude starting from O(keV), where our parameter space can be constrained
by X-ray and gamma-ray bounds; on the other hand, we make our approach more
robust by consistently building a complete supersymmetric model with an axion
sector. In Sec. 1.2.3 we discussed possible discrete symmetries as alternatives to
R-parity in SUSY. In particular, models with baryon triality Bz allow for lepton
number violating operators in the superpotential thanks to which the neutrinos
acquire Majorana masses, without introducing a new very large Majorana mass
scale [130-132, 134-139]. Based on our work [241], in this chapter we present a B3
model with the inclusion of an axion supermultiplet of the DFSZ type. The axion
contributes to the DM energy density in the form of cold DM [242, 243]. Depend-
ing on the value of its decay constant, f, it constitutes all or a fraction of the DM.
The gravitino is heavy [O(TeV)], decays early in the history of the universe, and
does not pose cosmological problems. The axino mass is proportional to A, vy [see
Eq. (4.27)], where vy is the vacuum expectation value (VEV) of a scalar field of the
order of the soft masses ~ O(TeV), and A, is a dimensionless Yukawa coupling in
the superpotential. An axino of the order of ~ keV requires A, < 1 and that is the
LSP: its lifetime is longer than the age of the universe and it contributes as warm
DM [194]. The radiative decay of the axino into a neutrino plus a photon is treated
explicitly at one loop, which allows us to study the dependence of the decay width
on the sfermion masses and the RpV superpotential couplings. This chapter is or-
ganised as follows: in Sec. 4.1 we include some general comments on the axino
mass, we discuss its dependence on the SUSY breaking scale and point out that
DFSZ models accommodate more easily a light axino, as opposed to KVSZ mod-
els. In Sec. 4.2 we introduce the model, describe its parameters and mass spectrum,
discuss the mixing between the axino mass eigenstate and some neutralino gauge
eigenstates. In Sec. 4.3 we consider cosmological and astrophysical constraints on
the model, with a focus on the more interesting case of a light axino. In Sec. 4.4
we compute in detail the axino decay rates and branching fractions. In Sec. 4.5
we obtain bounds on the RpV couplings and comment on the 3.5 keV line, before
concluding our discussion in Sec. 4.6.

4.1 THE UNBEARABLE LIGHTNESS OF THE AXINO

The mass of the axino is a strongly model-dependent quantity [222, 244], which
has been given a lot of attention in the literature [194, 245-248]. In Sec. 4.1.1 we
argue why a DFSZ model is more suited than a KVSZ one for accommodating a
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Figure 4.1: Left: One-loop contribution to the axino mass from soft supergravity breaking
in supersymmetric KVSZ models. Right: Two-loop contribution to the axino
mass from gluinos. The symbol “>” in the diagrams signifies the insertion of a
VEV. Couplings and mass or VEV insertions are in green in the figure.

O(keV) axino. In the following Sec. 4.1.2 we further argue that such a light axino
can be more easily embedded in gravity-mediated SUSY models rather than in
gauge mediation scenarios.

4.1.1 DFSZ vs KVSZ

As we mentioned in Sec. 2.2, axion models falls into two broad categories, DFSZ
and KVSZ models. They both contain a scalar field o, which is charged under PQ
symmetry. In KVSZ models the phase of this field is exactly the axion a that re-
moves the 0 term from the SM Lagrangian. o couples to some new heavy fermions
Q, also charged under PQ symmetry. This allows for the presence of an opera-
tor fo0QQ in the Lagrangian, which in turn generates the triangle loops that are
responsible for the effective coupling aG ., G"", crucial in solving the strong CP
problem. Here G, (x) is the gluon field strength tensor and GHY (x) its dual. The
KSVZ model can be supersymmetrized and also embedded in supergravity. Super-
gravity breaking will induce a soft term mj3,,AqfqooQQ [194], where Ag ~ O(1).
This interaction allows us to write down the amplitude depicted in Fig. 4.1a, which
results in a one-loop contribution to the axino mass of order [249]

2
m3/2fQ
mg 1OGeV<]OO GeV> . (4.1)

In Fig. 4.1b we show another contribution to mg which is independent from any
high-scale condition and it is originated at two-loop level [250]:

m;f2
mg ~ 0.3 GeV ( 9 Q) ) (4.2)

1 TeV

where my is the gluino mass. Therefore even if we set the axino mass to keV at tree
level, loop corrections will increase its value to around GeV. We can thus conclude
that a KVSZ axino is naturally heavy.
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In DFSZ models of axion the PQ-charged scalar o is coupled to two Higgs dou-
blets H,, and Hg4, which are already required in order to form the Yukawa cou-
plings in the MSSM superpotential when considering the supersymmetric version
of the model. The choice of a SUSY DFSZ model is therefore more minimal than
the KVSZ. In order to evade the astrophysical bound we mentioned in Sec. 2.2
one must have f, > 107 GeV. This in turn sets the coupling ¢y of the superpo-
tential operator c¢q8H,, Hq to very small values. In the SUSY context it has been
proposed that this operator could be replaced [192] by a non-renormalizable one
Mimffz]:lul:ld. With the latter operator one easily obtains a p-term at the TeV scale,
while with the former we are forced to take very small values the coupling c1. We
do not address the p-problem, but we point out that Ref. [251] showed that the op-
erator we consider can be derived consistently within a string theory framework.
A small value of c; is essential to guarantee that the loop corrections to the mass
of the axino, which are proportional to ¢, do not raise its mass beyond the value
mg which was set to at tree level.

4.1.2  Low-scale vs High-scale SUSY Breaking

In Ref. [196] one finds a simple way to understand that in models where the SUSY
breaking scale, Mgg, is lower than the PQ scale, fq, the axino mass is of order
0 (Mysy/fa), with Mgusy the scale of the soft supersymmetry breaking terms.
In models with Mgg > f, the axino mass is typically of order Mgysy. The former
models, with low Mgp are representative of global SUSY, for which the best known
framework is gauge mediation of supersymmetry breaking [252]. The latter ones,
with high Mgp usually fall in the scheme of gravity mediation of supersymmetry
breaking, in local supersymmetry, and the scale of the soft terms is that of the
gravitino mass, Msysy ~ m3 />.

In light of these considerations one would think that a light axino is more nat-
ural in the context of gauge mediation. However it turns out that this is difficult
to accommodate. The problem is with the saxion. Consider a model of minimal
gauge mediation (see e.g. Ref. [252]), where the messengers do not carry any PQ
charge and communicate with the visible sector only via gauge interactions. The
leading contribution to the mass of the sfermions of the minimal supersymmetric
Standard Model (MSSM) is generated at two loops. However the saxion is a gauge
singlet and its mass can only be generated at three loops, as shown schematically
in Fig. 4.2. The coupling c; that appears twice in the diagram is the one we dis-
cussed in the previous subsection. The saxion squared mass, m? is suppressed by
a factor of ~ c% /1612 compared to the squared masses of the MSSM sfermions, m%,

SO we can estimate c m~
- A f
ms ~ 0.1 keV (1079) (1 TeV) ' “3)

This light saxion could pose serious cosmological problems [253] as it would come
to dominate the energy density of the universe for a long time before it decays. We
review some of the issues associated with saxion cosmology in Sec. 4.3. One way
out of this problem would be to make the saxion heavier. This could be achieved
by either coupling the axion superfield to the messengers or to fields in the hidden
sector responsible for SUSY breaking. Apart from the extra field content that the
procedure would bring into the model there is another issue that seems difficult to
overcome: the same couplings needed to make the saxion heavier would very likely
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S S

C1 Cq

Figure 4.2: Three-loop contribution to the saxion mass in minimal gauge mediation. At the
top we have a loop of messenger fields, @, drawn as a circle, at the bottom a
loop of Higgsinos, drawn as a rectangle. The wiggly lines are gauge bosons.
The coupling c1 of the saxion to the Higgsinos is defined in Eq. (4.6).

produce a heavy axino [254]. There might be a clever way to arrange for a heavy
saxion and a light axino in gauge mediation, but in light of our considerations it
seems that such a model would have to be quite complicated. We do not investigate
this aspect further in this work. Rather we choose a supergravity (SUGRA) model.
We showed in Ref. [196] that in SUGRA the axino would typically have a mass
comparable to the gravitino, thus in the TeV range. However, we can adjust a
single parameter, A, to lower the axino mass down to the keV range. Doing so
does not affect other masses, such as those of saxion and gravitino for instance.
Also, as we argued above, since the axino we consider is of the DFSZ type, once
we set its mass at tree level it will not be affected appreciably by loop corrections.
Therefore the SUGRA model can be kept minimal, as opposed to a possible model
with gauge mediation, at the expense of some tuning, needed to lower the mass
of the axino. The model we present in the next section represents an exception to
the generic argument according to which the axino is heavier than the gravitino,
as discussed in Sec. 3.5.

4.2 THE RPV DFSZ SUPERSYMMETRIC AXION MODEL
4.2.1  The Lagrangian

The particle content of the supersymmetric DSFZ comprises of all the super-
fields of the MSSM (see Sec. 1.2.3) plus the three axion-like fields that we intro-
duced in Sec. 2.4 and that are necessary to construct a self-consistent model [196].
The particle content, the quantum numbers with respect to the SM gauge sector
SU(3)e x SU(2)r x U(T)y, and the charges under the global PQ symmetry, U(1)pq,
are summarized in Table 4.1. We write the renormalizable superpotential as the
sum of three terms,

W:WB3 +W1+WPQ , (4.4)
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Superfield SU(3)c SU(2)r U(1)y U(1)pg

Q 3 2 1/6 Qo
u 3 1 ~2/3 Qu
D 3 1 1/3 Qb
i 1 2 —1/2 QL
£ 1 1 1 Qr
Hq 1 2 -1/2 Qg
Ay 1 2 1/2 Qmn,,
A 1 1 0 Qa
A 1 1 0 Qx
X 1 1 0 Qx

Table 4.1: Charge assignments for the chiral superfields.

with
A A -3 A A -y A A 2 ] A AL ' A A D
W, =YuQ - Ayl +YaQ - HaD + Yl - Fak + JAL- LE+A'L-QD, (4.5)
Wi =ci1AHy - Hg + AL - Ay, (4.6)
(as ]
Weq = AX <AA— 4fﬁ> : (4.7)

Wsg, contains only MSSM superfields, whereas Wpg none. In Wi both kind of
superfields are present. Same as in Sec. 2.4, quadratic and cubic terms in ¥ are for-
bidden by an R-symmetry under which ¥ has charge 2 and both A and A have zero
charge. Here and in the following generation indices, as well as isospin and color
ones, are suppressed for readability. Baryon triality enforces three RpV operators,
with respective couplings A, A’ and c,. We have generalized the usual bilinear op-
erators uH Hg4 and «;L;H, to obtain PQ invariance. Aside from the obvious PQ
charges assignments resulting from Wpq, the other ones needs to be determined
from the equations

Qs,+Qs, +Qs. =0, (4-8)

as resulting from each term in Wg, and Wi, generally written as SaSuSc. The
resulting homogeneous linear system of 9 equations has 10 unknowns and rank 7,
therefore there are 3 unconstrained PQ charges. Let us take note here of one set of
solutions which we will use later on in our discussion:

Qu=QL—Qo+Qa , Qbp=-QL—Qo , Qe=-2QrL ,

Qn, = Qu » Qu, =—QL—=Qa , Qa=-Qzx , Qx=0.
(4-9)
The PQ symmetry is spontaneously broken at the scale f,, due to scalar potential
resulting from Wpq, and the scalar components of A and A get VEVs va, vj4,
respectively,

1 : i ] :
A= ﬁ(d)A +1i0a +VA), A= \ﬁ(d);\‘i‘wix +Va) - (4.10)
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The VEVs must fulfil |
VA VA = Ef%u (4.11)
and we denote their ratio as .
tan? B’ = 2. (4.12)
VA

Below the breaking scale, we generate an effective p-term, teifHu A g, and effective
bilinear RpV k-terms, Keff/il:i]:lu, with

C1 C2,i
Heff = EUA ’ Keffi = WUA- (4.13)

The parameter g is required to be at the order of the EW scale in order for the
theory to undergo electroweak symmetry breaking successfully. Neutrino physics
constrains keg to be < O(MeV). As a consequence of the astrophysical bounds
on axion discussed at the end of Sec. 2.2, both couplings in W1 (Eq. 4.6) are rather
small, roughly c¢; < 107® and ¢, < 107", We thus already expect the axion sector
to interact very weakly with the other MSSM field content.

The soft-breaking terms of the scalar potential for this model consist of the scalar
mass terms, gaugino masses, the bilinear and trilinear superpotential counterparts.
Altogether the soft potential reads

—Lsort =(M1BB + MoWW + M3gg +h.c.)
+ FTm%F—l— m>2<|x|2 +m2 A% + mfz\l/_\l2 + mZHuIHuIZ + mZHdIHdI2
+ By, (@ Hy + HLO + (mfy, 1 Ha - Hy +hee)
+ (TuUqHy + TadqHg + Te@lHg + TALEE + T,/ €4 d + Te1 AHy Hg + Te2 A THy,
+ Th, XAA+Lyx +hel), (4.14)

with f € {€,(,d,1, q}. Note that we include the terms in the last line of Eq. (4.14)
because we assume that Lq,¢ breaks the R-parity of Wpq. Furthermore, even if
we put them to zero at some scale, these terms would be generated at the two-loop
level because of the small coupling to the MSSM sector, where no R-symmetry is
present.

At scales below the one of PQ breaking, the axion interacts with the gauge fields
according to L‘flf\f,v in Eq. (2.81). We can now explicitly calculate the coefficients

Capp and Cqoww making use of the prescription of Eq. 2.82, which tells us how

1 They are, nonetheless, radiatively stable.
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the 6-terms for the various gauge groups transforms under a chiral transformation
of the fermion fields 1\ — e*Qv*, We obtain

Ng< (])ZQQH(Z)zQwsC)ZQD+z< ) QL+QE)
o3 @ a(3) o

=07 — K —*N >QA+N (QL+3QQ)]‘X1 (4.15)

9] —>91 -2

0, —> 0, — (Ng(3QQ + QL) + Qn, + QHd)OC
=02 — (Qa —Ng(QL +3Qq))«, (4.16)

where we simplified the starting expressions by means of the equalities in Eq. (4.9).
The couplings between the axion field and the gauge field strength at low energy
can be conveniently expressed in a basis where all the matter fields are invariant
with respect to a PQ transformation. This is achieved with the axion-dependent
transformation [255]:

P — el Qua/Tay (4-17)

This rotation induces the anomalous axion couplings to gauge fields. Their coeffi-
cients are the opposite of the shifts in Eq. (4.15) and Eq. (4.16) , here with N4 = 3:

Cabp =3(3Qq + Q1) —7QA, (4.18)
Caww = —-3(3Qq + QL) +Qa . (4.19)

The effective coupling of the axino to to gauginos and gauge bosons are related
to these by the supersymmetrisation procedure described in Eq. (2.83). In the case
of broken SUSY we are interested in, it is more accurate to explicitly calculate the
triangle loop diagrams from the full model, including tree-level couplings and soft
masses. In Sec. 4.4.3 we therefore compute the one-loop decay of the axino into a
photon and a neutrino using our full Lagrangian.

4.2.2  The mass spectrum

We implemented our model in SARAH [256—258], a Mathematica package for model
building. It requires the user to define a particle physics model in terms of the
following inputs: the superfield content and the superpotential; the symmetries
of the model and the value of the BSM parameters introduced. SARAH checks the
consistency of the model and calculates the full Lagrangian, including the soft-
breaking terms. It then returns complete expressions for the mass matrices and the
interaction vertices of the model below EWSB in the particle mass eigenstates, as
well as tadpole equations for the stability of the scalar potential and the algebraic
expressions for the RGEs.
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We now turn our attention to the mass spectrum of the spin-1/2 neutral fermions
of this model. In the gauge eigenstate basis for the neutralinos, there are terms
entering their mass matrix which are proportional to the sneutrino VEVs:

] = ] - ] = ~
Lam o DVLi <—291 AgVLi+ EQZWOVL,i + 7 Z c2,iHoA + h-C-> , (4.20)

where the repeated flavor indices are summed over. v ; are the fermion compo-
nents of the SU(2); doublet superfields ;. While the presence of the last term in
Eq. (4.20) can be easily traced back to the superpotential operator c,ALH,,, the
ones including electroweakinos are originated by the gauge contributions to the
matter kinetic terms. Here we show the case of the bino, dropping the lepton fla-
vor index for readability:

[theton@V't] | (57 +1(00%0) 0,5 +v20v] ) x

(14 91Qv -+ + 800N +B3ONG) +...) x (V1 —1(00PB)d 1 + \/ZevL)]
D

D) \/291 QY (thBV]_ + V]_V]_)\B)

= —%UL(XBV]_ +VL)\B) ,
where in the last step we have used that (vi) = vi/v2. In RpV SUSY there is an
amblgulty regarding the definition of lepton number, stemming from the fact that
[ and H4 superfields have the same quantum numbers. One can choose which
linear combination of these fields to identify as the higgs doublet, so that the
remnant orthogonal combinations will be the ones carrying lepton number. This
clearly does not affect the definition of charged lepton mass eigenstates that we
identify as e, u and T and define lepton number. It’s rather an extra freedom in
defining the interaction eigenstate basis [139], that allows us to choose to work in
a convenient basis. To this purpose, we consider the matrix [135, 259]

| i (421)
T T T O WO SO 2/ R I 4.21
va Of Toal ijTogl

with [W| = 4/ ugff + 13%. It rotates away the sneutrino VEVs vy ; = 0:

RU,L[ vd ] = [ ‘Ud|| |] =
1)[_,1 0

Note that the condition vq # 0, vi; = 0, can alternatively be achieved by re-
quiring alignment [234] between the four-dimensional vector p, which has the su-
perpotential bilinear couplings as components, ptq = (Lef, Kefii) and the vector
Vg = (vg,vri) of the VEVs, ie. py ox vr. In the new basis what we call Hg is thus
identified as the only scalar with hypercharge Y = —1/2 that receives a non-zero
VEV and has zero lepton number. The scalars carrying lepton numbers coincides
with the fields having zero VEV instead. In the following we drop the prime (') for

Va ] (4.22)

!
Vi
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the new basis. The choice of basis is scale dependent, in the sense that sneutrino
VEVs are generated by RGEs running, even if set to zero at a given scale. Hence,
one needs to specify at what scale the basis is chosen. For later convenience, when
we compute the axino decays, we choose this scale to be the axino mass.

The tree-level 10 x 10 mass matrix in the basis (AE,WO, ﬁﬁ, ﬁg, Vi, K, A, X),
which is a generalization of the MSSM neutralino mass matrix, reads

My 0  9x _gba 0 0 0 0
0 M, —92Pu  9a 0 0 0 0
givVu _ govy O __Ci1La C2,1VA C22VA C23VA __Clug O
2 2 V2 V2 V2 V2 V2
_9121)(1 gzzvd _C1U2A 0 0 0 0 _szu 0
C2,1VA C2,1Vu
M — 0 0 NG 0 0 0 0 i 0
- €22VA C22Vy
0 0 5 0 0 0 0 5 0
C2,3VA €23Vu
0 0 N1 0 0 0 0 NGl 0
O O _ Cjug _ C1uy C21Vu C2,2Vy C23Vu O UXAX
V2 V2 V2 V2 V2 V2
0 0 0 0 0 0 0 ”Xfy 0
VAA VAA
|0 0 0 0 0 0 0 \A/ZX \/ZX
(4.23)

Since the axion sector is very weakly coupled to the rest, in order to obtain the
light neutrino mass eigenstates we can apply the Takagi diagonalization proce-
dure explained in Sec. 3.6.2 to My, the upper-left 7x7 upper-block of My. The
single massive neutrino state obtained this way is the one of Eq. (3.43). While this
procedure is essential for obtaining the mixings among the MSSM gaugino and the
physical neutrinos, for the sake of an estimate of the neutrino mass, one can simply
consider the ratio of the product of the five non-zero eigenvalues of M7 [234, 260],

det'M; = mZp? (cos2 BvwM; + sin? OwM:) cos? Bsin? &, (4.24)

to the product of the eigenvalues of the 4x4 MSSM matrix of Eq. (3.40), here
written in a slightly different fashion using the relations among SM parameters

mz = 51/9% + g3 and sin Oy

~ mZu(cos? OBwM; + sin? Oy M, ) cos? Bsin? &
~ m2 sin 2B (cos? Ow My +sin? By M;) — MiMap

my o~

det’ M~
det M)N(o

2
. K
~ My cos? B sin? & ~ my cos? B%ﬁ

4

Hetf
where

Heff

2 2 2 2
\/ueff + Kere,1 K2 T Kerg 3

tan = Pu , and cosé = , (4.25)

Vd

and we have assumed that all masses are around the electroweak scale. Requiring
my ~ 0.1 eV, with tanf3 ~ 1 and pesr ~ 1 TeV, one finds that kefs; is of order
MeV, and correspondingly smaller for larger tan 3. The two neutrinos which are
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massless at tree level acquire a small mass at one loop [134, 138, 139], which are
thus not included in My.

The four eigenstates of My mainly built from the MSSM gauge eigenstates
()\E,Wo,ﬁﬂ, ﬁ%) typically have masses between 100 and 1000 GeV. The three
mostly axino mass eigenstates can be determined analytically in the limit
tanp’ — 1 and c7, — 0 by diagonalizing M, the 3x3 lower-right sub-block of
Mn with entries only from the axion sector fields. In this case the mass matrix
is in the same form as the one in Eq. (2.80), once we read the latter in the basis
(A, A,x). The smallest among the three eigenvalues [196]

1 1
— EAXUX 3 <7\xe + A \/VE + 41%) , (4.26)

corresponds to the fermionic component of the linear combination of superfields
% (A — A)>. Tt is interpreted as the axino with a mass [196]

1
Mg ~ ——=A Uy . 2
a \/Z XYX (4 7)
For the general case of tan 3 # 1 we find the leading order corrections in vy /f4 to
be 5
V2tan? B’ vy
ma ~ _HTW}\XUX + o )\vaa . (4.28)

The parameter v, is expected to be O (TeV). Thus the mass of the axino is con-
trolled by the parameter A,, which is radiatively stable. The phenomenologically
interesting case of the light axino that we consider in this chapter will then require
a very small A, typically A, < 107®. We neglect other contributions to the axino
mass coming from the superpotential couplings c1 2, as they are suppressed as
C1,2 / fa-

We now move on to estimate some mixings between the neutralino mass and
gauge eigenstates which are relevant for the computation of the decay width of
the axino into a photon plus neutrino presented in Sec. 4.4.3. For the purpose of

our estimates, we take v = |/vZ + v(z]1 ~ 7y ~Vq to be the weak scale.
The axino-higgsino mixing can be estimated by observing that the higgsino mass
is of order i, and the off-diagonal element between axino and higgsino is of order

c1v = £y, Then we use a simple property for a symmetric real 2x2 matrix®
a

a ¢
M, = [ ] , (4.29)
e b
with ¢ <« a, b. M, can be rotated into
Dy =UTM U ~ diag(a, b), (4-30)

2 Negative fermionic masses can be eliminated by a chiral rotation.
3 This is the same procedure we applied for the sterile neutrinos in Sec. 3.1 for the n=2 case.
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plus terms O(e?). To the same order of approximation, the mixing matrix is simply

-1 €
U~ b—a | (4.31)
£ 1
b—a
Thus the axino-higgsino mixing is
X~ R av_ v (4.32)
aH Heff f‘(1 ‘ 43

Considering M1 ~ pegr ~ Msusy = O(TeV), we can estimate the bino-higgsino

mixing as g1z, - Multiplying this with x; ;; we obtain the axino-bino mixing

02

(4-33)

YaB = I Mgusyfa
Estimating the axino-neutrino mixing is slightly more involved, due to some spe-
cific features of My. First, the central 3x3 v ; sub-block is simply 0343. Second,
the fermionic component of the superfield A is the only one in the axion sector
that interacts directly with the neutral fermions from the doublet L through the su-
perpotential term c;, yielding the corresponding off-diagonal terms c; 1V, /Vv/2 in
Mpy. But here the diagonal entry for the field A is also zero, thus making it impos-
sible for us to apply the procedure used for x; ;. We therefore adopt the following
approach. We first perform the aforementioned Takagi-diagonalization of M. The
massive neutrino eigenstate will be mostly a combination of the gauge eigenstates
v1,i, with small components of bino, wino and higgsinos. We then rotate M, into
the basis of its mass eigenstates, using a rotation matrix which has entries of order
one. In the off-diagonal block, the entries will thus stay of order kegv/fq. We can
then estimate the axino-neutrino mixing by an approximate diagonalization of the
matrix

m ol

a

o)

a

Ma_v = (434)

From the analogy with Eq. (4.31) and since m, < mg, we conclude that the axino-

neutrino mixing reads

o KeffU
Xa,v ~

—— (4.35)

In App. A.1 we discuss a procedure for obtaining axino-gaugino mixings which is

exact to O(efr/fa) and does not require any assumption on the scale of the MSSM
parameters.

4.3 COSMOLOGICAL AND ASTROPHYSICAL CONSTRAINTS
4.3.1  The gravitino

We embed our model in SUGRA with SUSY broken at a high scale VF > fq.
Planck-suppressed operators mediates the breaking and set the soft scale at
Msoft ~ F/Mp = O(TeV). Recalling Eq. (3.20), the gravitino acquires a mass
m3/2 ~ Msort. In models with high-scale SUSY breaking, the goldstino modes
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of the field are not relevant to the gravitino interaction, see Eq. (3.22). A gravitino
heavier than a few TeV has a lifetime [261]

Mz ms3 /o 3
;) ~—P ~107! / .
325 2 0's(To1ev) (4:36)

and therefore does not does not pose any cosmological issues, since it decays be-
fore BBN starts at tggn ~ 1s.

4.3.2 Axion dark matter

In this model the axion is a dark matter candidate. Its cosmological history is best
described in terms of the U(1)pg-invariant Lagrangian for the PQ-scalar ¢ [221]

1 A 2 A
~ £ = 30u00%0— |7 (R +02) "+ G707 437

Vers

which has a temperature-dependent term in the effective potential Vi¢¢. At temper-
atures higher than v, the minimisation condition

2
arf = % <|(|>|2 —va+ 2) =0 (4-38)
can be only satisfied at ¢ = 0. Below T, = v/3v, however this vacuum becomes
unstable and the U(1)pg is spontaneously broken, with the scalar developing a
VEV (¢) = vq. The axion a is as usual the corresponding massless NG boson,
0 = a/fq = arg (¢$), where the axion decay constant is fq = v4/Npw. For temper-
ature T > Agcp the instantons effects are negligible and the axion is effectively
massless. Approaching T ~ Aqcp, the axion develops an effective potential

V(6) = m2(T)f2 [1—cosf], (4-39)

where the mass parameter m, is a function of the temperature. A precise estimate
of the axion mass was obtained in [262]

A2 L334
4.05-10-4 550 (T ) , T>0.26 Agcp

mqa(T) =~ (4-40)

2
3.82-102%4c0 , T<026Aqcp

In the following two sections we discuss two mechanisms to produce axion cold
DM non-thermally. The resulting constraints are later shown in Figs. 4.11 and 4.12,
where the the red area of the plane fq vs mgy is excluded by the requirement
Qqh? < Qpmh?.

4.3.2.1  Misalignment mechanism

We anticipated that the effective potential for the axion vanishes identically and
therefore the dynamics does not specify any value for the angle 6 in Eq. (2.36),
which can then take any value in the interval [0, 27t). When the temperature ap-
proaches Agcp, 0 # 0 will roll down to its CP-conserving value 0 = 0, but it will



4.3 COSMOLOGICAL AND ASTROPHYSICAL CONSTRAINTS

overshoot it and start to oscillate around mq(T) 2 3H. Assuming Tosc > 0.26/AqcD
and radiation domination, we can use Eq. (4.40) to estimate

f —0.19 /\QCD
Tose = 0.9 o A S .
osc =0 8Gev<1012 GeV> <4oo MeV) / (4-41)

Using the Lagrangian obtained expanding the potential in Eq. (4.39) around its
minimum,

1 _2 mi(T) .
Lose = T4 |5]0.0]" — —2—0%|, (4.42)
2 2
one can describe the axion dynamics below Ty with the action [186]
Sa = Jd4x R3Losc , (4.43)

which includes the comoving volume R3. Treating this field as homogeneous, the
resulting equations of motion can be expressed as

d(R3Losc) B OR3 Loose

On 3(9,.0) 20

=0,

n=0: —3R*RO—R30—R>m?2 =0,
= 6+ 3HO + m26=0. (4-44)

The energy density p,, of a field @ is in the form Lyin, o + V(@). For the axion we
can thus calculate

1-

2
62+ma

2

Pp = 62 = po= (é + mﬁé)é + Mmqmge0?, (4.45)
such that multiplying Eq. (4.44) with 0 yields
P + 3HO? = 82mgmiq . (4.46)

Averaging over an oscillation sets ( 82 ) = (m262) = pg and it follows that

po _Ta LR

0o m R (4-47)
a

Integrating this equation leaves us with the result that the the axion number den-
sity is conserved within a comoving volume

some
ng = 979 ~ R_3 X (integration) . (448)
Mg constant
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Since the number density scales with R the same way that the entropy density
s = 229, T3 does [38]*, the present axion energy density
So

Pe,0 = Po,osc —
osc

_ m%l(Tosc) 2 T3
2 T3

osc

TO fZ 62
osc T3 osc
osc

= ma(Tosc)H

To 92 Tna(Tosc)f2
g*MPI o8¢ Tosc

—I—3 /\2 fa 0.19 A —1
e e €D} Gev!
Mp; fq 102 GeV 400 MeV
~ 10 48 62

f 1.19 /\QCD
_fa AQep ) Gyt
ose <1012 GeV> (400 Mev>Gev (4-49)

where we have used in order: (m%6?) = pg, Ma(Tosc) =~ 3Hosc,

Hose = 1.66,/94 1\?\56 , Eq. (4.40) for the temperature of the universe today, Eq. (4.41).
As the critical den31ty of the universe today can be written as

31

~ 1047 4
87 Gn 10777 GeV™, (4.50)

Pec =

the order of magnitude axion relic density can be estimated as

1.19
Po,0 142 fa /\QCD 4
Qamish? = ~ 1 S — 9CD .
a,mlsh pc O eOSC ( ] O] 2 GeV) (400 MeV> GeV (4 51)
To be more precise, one has to take into account that when the oscillation begins
the adiabatic condition mq > T is not satisfied. In the following we will thus rely
on the the result [263, 264]

f 1.19 /\QCD
Qamish® =018 8. (1012Gev> (400MeV> / (4:52)

where such effects are considered.

4.3.2.2 String decay

In Sec. 2.3 we briefly referred to the domain walls resulting from the breaking of a
U(T)pg. But they are only one type of the possible topological defects which orig-
inate at cosmological scales from a phase transition. Together with the 2+1 space-
time extended domain walls, we also find 1+1 cosmic string and o+1 monopoles.
These are relevant for our discussion since their most efficient decay mechanism is

In the following we simplify our calculation by treating the total number of effective degrees of free-
dom g, as a constant, which is good enough for an order-of-magnitude estimate in the temperature
range considered.
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axion radiation. After PQ-symmetry breaking the universe is filled with a network
of axionic strings, each with an energy per unit length [265]

u:ﬂfﬁln (fad), (4-53)

where d is the distance between nearest neighbour strings. From numerical simu-
lation we know that the energy density associated with the string network follows
the exponential behaviour pgir ~ Eu/t? [266, 267], where & is the length param-
eter which represents the average number of strings in a horizon volume. This
behaviour is maintained as long as for each Hubble time all the available energy
density is dissipated via decay into axions [186]. Thus the variation of the number
density of axions per entropy density is

E) _ Pstr 1

. —Hdt, (4-54)

o= d(TF) = O

with w(t) the average string energy radiated with axions. The energy spectrum of
the radiated axion follows dE/dk ~ 1/k, in which case [265]

Lo T (455
w  In(fat)kmin 455

where r is the ratio of the rate of axion emission between the initial and final
temperature and knin =~ 271/t on average. We integrate Eq. (4.54) between the
time of the phase transition tpg and the time tysc where the axion mass becomes
comparable to the expansion rate, whereas later the string network decays. Plug-
ging in Eq. (4.55) and using again the relation for radiation-dominated universe
t~H "~ (T2/Mp) ',

12

v tosc H( t )3/2 T E
¢ Jtpg t2 MPI ln(fat)kmin t

ftose £0f2 In (F2t) /¢ \ /2 Tt dt
2 Mp; 2ntlog (fqt) t

12

J tPQ
ftose &1 2 dt
trq 2M3/ 2Vt

12

fZ
~f7__a 56
E’T‘]\/lPlTosc (45 )

we find that the energy density of the axion produced from a string has the same
dependence of the o, Mpj, Tosc parameters as for the misalignment mechanism
of Eq. (4.49). Adding an overall factor from Ref. [221], the relic density for axion
produced by the decay of strings is therefore

Qastrh? ~ 0267 —1a 7 ( Aaco : (4-57)
’ 1012GeV 400MeV
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The average value T has been the subject of a long debate. Two scenarios have
been put forth, one predicts ¥ ~ 1, the other ¥ ~ 70. See Ref. [268] and references
therein for details. While the misalignment mechanism produces axions when the
temperature is T ~ Agcp, the strings form at a much higher temperature T ~ f,.
If the PQ phase transition happened before the end of inflation, Try < fq, then
the strings would be inflated away and we would no longer have a contribution
corresponding to Eq. (4.57). In this scenario the axion abundance is from Eq. (4.52),
and 0 can take any value within the interval [0, 27t). In a scenario where the PQ

phase transition happens after inflation, TRy > fq, one has to average egsc over
many QCD horizons,
+7t
_ 1 _ _ 2
<e(2)SC> = E J deOSC egsc = ? ’ (458)
—7T

and the contribution from string decays can be comparable to that from misalign-
ment or larger, depending on the value of t.

4.3.3 The saxion

A light saxion may pose serious cosmological issues, due to its coherent oscillation.
This is due to the fact that it is a pseudo-modulus, meaning it has a rather flat
potential. After inflation, it will thus start to oscillate around its minimum. As for
the misalignment mechanism in the previous section, the oscillations start when
the the Hubble parameter is of the order of the saxion mass ms, H(T) ~ ms.
This tells us T93¢ ~ /mgsMp,. Taking the field to be at rest and averaging over an
oscillation yields again ps ~ m3fZ. Thus when the oscillations start the ratio of its
energy density over the radiation density p, ~ T4 reads

Ps 3

. _a
5 -
Pr osc MP]

(4.59)

From our result in Eq. (4.48) we know that the energy density of a field oscillating
coherently around its minimum scales as ps ~ T3, assuming the saxion mass is
constant. We can estimate the temperature at which it would come to dominate
the energy density of the universe in absence of decays from the relation

(Ps/Prosc < Tos€ )“
(ps/pr)dom TEOT“ ’

(4.60)

together with the fact that by definition (ps/p-) ~ 1. It follows that

dom

2 1/2
Tdom N fa Tosc fZ Mg

s M2 S a’ 3/2"
Pl MPI

(4.61)

The standard cosmological evolution in the Acpm model predicts the transition
from matter domination to radiation domination to happen at a temperature
Teq ~ TeV. In order to make sure the saxion does not interfere with this, we
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need to ensure that the saxion decays before it ever comes to dominate the energy
of the universe. For the decay width of the saxion we rely on the simple estimate

1T m3

S
-——= .6

* 7 Ten 12 (4.62)
where we assume the saxion mass of the decay products can be neglected. The
factor of 2 in the denominator is due to the fact that the saxion couplings to matter
are suppressed by f,. The decay temperature can be obtained from H(T{€¢) ~ T:

3/2311/2

m3 ms\3/2 (1012
TdecN P1 ~ V. .
s 10fq <TeV) (GeV Ge (4.63)

Since in our model the saxion mass is of order TeV , it decays at a temperature
safely above BBN, Tggn ~ MeV. Putting Eq. (4.61) and Eq. (4.63) together shows
that the saxion decays before it can dominate the energy density of the universe:

Tdec ms \ (1012GeV >
~1o4( )< > . (4.64)

Tdom 1TeV fa
4.3.4 A heavy axino

For Ay ~ 1, we have mz ~ vy ~ Msysy, an axino mass of order TeV. Such an

axino has many open decay channels into MSSM particles, with a total width that
3

can be estimated as 'z ~ 81—“% It decays safely before BBN, and does not pose

cosmological issues.

4.3.5 A light axino

A keV axino can be a good DM candidate. In Sec. 3.4 we discussed how in DFSZ
models the extra suppression ~ Mé /p? in axino-gaugino-gauge boson loops re-
laxes the original 2 keV upper bound on the axino mass. In our model the axino
is not stable. However, if its mass is below the electron mass the only three decay
modes are

1. into a neutrino and an axion (tree-level, with dimension 5 operator),
a—vita

2. into three neutrinos (tree-level), & — vi +vj + vi;
3. into a neutrino and a photon (one-loop), & — vi + .

The resulting lifetime, as we show in the following section, is longer than the age of
the universe, thus making the axino a dark matter candidate, with relic abundance

~ N /1072 GeV)\?
Q-h2~21x105 (- a . .
ah x 10 (1 keV)( fa > (4.65)

This does not depend on Try, as long as Try > 10% GeV [198, 223]. An intuitive
way to understand the f;? dependence in Eq. (4.65) is to look at the processes
that produce the axino in the early universe. These are listed e.g. in Table 1 of
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(@) (b)

Figure 4.3: Left: Feynman diagram describing the process a — v + a, with partial width
given by Eq. (4.67). Right: One of the Feynman diagrams describing the decay
of the axino into three neutrinos. In our convention a dot on a fermion line
stands for a mixing between fermionic mass eigenstates.

Ref. [198]. Their cross section scales as f;2, which makes them not efficient enough
to ever reach thermal equilibrium. The larger the cross section the more the axino is
produced, hence the 1/f2 dependence in Eq. (4.65). We show the constraint coming
from overabundant axino production in Figs. 4.11 and 4.12, where the blue area is
excluded by the condition Qz;h? < Qpmh?.

4.4 LIGHT AXINO DECAY MODES
4.4.1  Decay into neutrino and axion

A dimension 5 operator is responsible for this decay:

fll(a”a) VaYuYsba - (4.66)
This is in the basis of the mass matrix in Eq. (4.34), before we diagonalize to the
final mass matrix. Here a is the axion, {4 is the four-component spinor denoting
the axino mass eigenstate and the neutrino arises due to mixing with the axino,
once we diagonalize. One can understand how this operator arises by considering
the effect of the chiral rotation g — €'Y5%/fayh5 on the kinetic term Payudta.
An axino-neutrino mixing [see Eq. (4.35)] is present in the final states, as shown in
the diagram for this decay depicted in Fig. 4.3a. The partial width for this channel
reads

2 3 2

2
Xay Mg 1 ViKge

Masva = v Ma o 7 m
GTYET 16m f2 7 lem 4 ¢

4
_ <. _54 Keff 2 ]O]] GeV mg
=6-1077 GeV (MeV) ( fa <keV> ’ (4.67)

4.4.2  Decay into three neutrinos

Similarly to the case of the sterile neutrino discussed in Sec. 3.1, the axino can also
decay into three Majorana neutrinos via the exchange of a Z boson. We simplify
our estimates by assuming that xz . is a good measure of the axino-neutrino
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Figure 4.4: Branching  ratios  for = the  three  axino  decay  channels:

ad - 3v,8 - v+a,d - v+v. For the decay into photon plus neu-
trino (and thus the total decay width) we add here only the two dominant
terms, i.e. the partial widths FE( ) and T, (w1), see Sec. 4.4.3. For this

benchmark we choose the RpV couplings Aqcp = 1072 and A; g = 0, thus
the only relevant contribution to FE( ) is given by the bottom-sbottom loop,

where we have also set my = 1TeV. Continuous (dashed) lines correspond to
fa =10'°GeV (102 GeV).

mixing for all neutrino flavors. The decay width for this process is substantially
identical to that of Eq. (3.10),

9aGE , s

rﬁ—):ﬂ\/ - 87'(4 ﬁ,vma

—3.10756 GeV ( Keff )2 (10” Gev>2 (ma)3 : (4.68)

MeV fa keV

The partial decay widths 'y, q and I'4—,3, dominate the total decay width for all
our parameter space, as one can observe in Fig. 4.4.

4.4.3 Decay into photon plus neutrino
The one-loop decay a(p) — v(ki) +v(k2) is described by the amplitude [269]

M= igavyﬁ(k” (PR *ﬂvﬂaPL) Gukauet/u(p) ’ (469)

with a Lorentz structure enforced by gauge invariance. Here 1, and ng are the
signs of the mass eigenvalues of neutrino and axino, k, the photon momentum, e
its polarization vector, gg~- is a function with the details of the loop integrals, and
has the dimension of inverse mass. Neglecting neutrino masses, the decay rate has
then the form

23
Jda me=
rﬁ%vy - ‘\?/6‘7'[a . (4.70)
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Figure 4.5: Diagrams with no dependence on the the RpV trilinear couplings A("). The
cross on a fermion line indicates a mass insertion needed for the chirality flip,
while the dot on a scalar line is a (dimensionless) mixing. We write the coupling
constants in green at the vertices.

In principle the computation of gg. requires to sum all the amplitudes in Fig. 4.5
and Fig. 4.6 first, and then square them, as all the diagrams interfere. What we do
in practice though is to square the amplitudes in pairs, considering each coupling
combination individually. Although formally not legit, this approximation greatly
simplifies the task of identifying which loops contributes the most for each point
in the parameter space. At the same time, our results are still correct at the level
of an estimate and their orders of magnitude will not differ from those obtained
with an accurate quantum mechanical computation. If not otherwise specified, we
make use of the formulae provided in Ref. [270] to compute the loop integrals.
Since we work in a basis where the sneutrino VEVs are set to zero, the diagrams
with insertions of such VEVs (see e.g. [271]) are therefore automatically set to zero.

The first diagrams we consider are those in Fig. 4.5a, 4.5b and are the same as
the ones in Fig. 3.2, describing the decay of a sterile neutrino into a neutrino and a
photon. These are the only ones containing only SM particle in the loop. Plugging
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in the appropriate axino-neutrino mixing x4, into Eq. (3.11), for the case of the
axino initial state we obtain

2 2 2 042
P2aGE 5 5 9xGE Kby 3

WU = To2ard “ava ™ Jop4md  §2 e

2
2 14-58 Kerf \2 (101! GeV mg\3
=3:10777 GeV (MeV) ( fa (keV) ' 471)

The notation for the partial decay widths is as follows: the subscripts in brackets
stand for the virtual internal particles, while the subscript out of the brackets, if
present, denotes the particle which mixes with the axino in the initial state. We
anticipate here that I', (/1) is the dominant contribution to the partial decay width
for @ — v + vy in most of the parameter space: in the following we find therefore
useful to provide analytical expressions of the ratios I /Ty (w1 for all the other
loop subprocesses with decay widths T;.

A virtual 7 yields the main contribution to the amplitude for the diagrams in
Fig. 4.5¢, 4.5d. The resulting decay width

r,

2
3 .2 2 2
mZ K Bu m m
r ~ a_ _eff Y2 —T In? —* 72
(HU ™ 2115 2\ m?. Tmi. m?. 4.72)

contains the factor m2 , which comes from the mass insertion that flips the chirality
in the fermion line in the loop. Bu is the Higgs bilinear parameter in the soft
potential of Eq. (4.14), so that Bu/my+ is an estimate of the mixing between the
charged higgses. Setting Bu ~ mp= for simplicity, the ratio

iy 1 Ygmi 5 mZ
T - 18 Gz 2 4 2 (473)
v(W1) TIXGE Uy mp s LLLSWES
2 mg
3 10—8 <mHi)_4 In n:%{:\:
- TeV 160

is very suppressed by the charged higgs mass, and I'}y1) can be safely neglected in
the total decay width of the axino. Assuming ¥ to be the lightest charged slepton,
we find for the diagrams in Fig. 4.5¢, 4.5f

3 2 2 <1+In@—@>z
P no Ma Meff 2 y2Merr m:  mzi (4.72)
(H1) 2125 f%l TR T 4 (] _@)4

T

2
mz
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where X, _¢, measures the mixing between the left and right staus®. Taking

Xt —tx ~ 1 for simplicity, we find the ratio
2 (14t )’
r“:li) _ 1 YfT Hers ms mz (4 75)
rv(Wl) ]87‘[0(6% U%L m‘% (1 . &)4 '
m?
2 smey 4
~107 (BT (TD)
TeV) TeV)

We now turn our focus to the loop processes for the axino radiative decay that

/7 N fL.r - TG
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Figure 4.6: Diagrams with an explicit dependence on the RpV trilinear couplings A"). The
notation is as in Fig. 4.5.

involve at least one RpV coupling, as depicted in Fig. 4.6. Since both A or A are

5 Note that the expression is also finite for the particular case pers = mz. Indeed in the limit t — 1,
(1+Int—1t)?

a-v*

ISP
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allowed in each diagram, we will call them both A in order to avoid cluttering. For
the diagrams of Figs. 4.6a and 4.6b we find

302 2 2

N m30Q° , 5, , m;. ,mg
T8(r1) ® 21,5 9N Xapma N 12 (4.76)

f f

where f (f) denotes either a down-type quark (squark) or a lepton (slepton). Q is
their electric charge in units of e. The main contributions to this subprocess comes
from a bottom-sbottom or a tau-stau loop. Under the assumption that sleptons

and squarks have comparable masses, B(b5) and Iy, are of the same order of

magnitude, as the smaller mass of T is compensated by its larger electric charge.

Comparing to the diagrams of Eq. (4.71) we find

5 er 402 2,2 2 2
B(ff) g7;Q A%V m m
= - —yn® 7 (4-77)

- 212 2 4
Iy own 18 GE Mg sy K me ms
2

2 2 ) -2 2 I
~0.2 <7‘> <Q> (et ) (Msusv) (mf> (mf> ™
10—2 1/3 MeV TeV my TeV 120
where my, is the mass of the bottom quark. As recent analyses [122, 272] disfavor
squarks and sleptons lighter than ~TeV, we restrict to m; > 1 TeV, where I'y (w) is
larger than Fg( £)"

The diagrams of Figs. 4.6c and 4.6d contain Y as either the Y4 or the Y. Yukawa
coupling. Its partial width reads

302 2 2

N m2Q° 5, , , Mm% PRLY:
TR ™ 2115 Y AN i N 2 (478)

f f

where f (f) can be either a down-type quark (squark) or a lepton (slepton). Again
here the third generation of leptons or quarks and their supersymmetric partners
contribute the most. Since there is no mass insertion over the virtual fermion line
and thus no chirality flip with the corresponding mass-squared factor, Fﬂ( ) is

suppressed compared to 'z () by a factor m% /m?. Its ratio compared to Eq. (4.71):

T _ Q2 nYimg,,mi (4-79)
Nvowy  18mxGE k2% m;l m%

2
2 m?

4 In" =5

2 2 2 - a f mi
<102 (302) (3%5) () o)™ ()" ()" -

The last diagrams we need to consider are the only ones involving the axino
mixing with the neutrino in the initial state, as depicted in Fig. 4.6e, 4.6f. They also
a feature a RpV vertex for both internal non-photonic vertices:

302 2 2

m2Q ms m

~ a 4 2 a 1.2 f
Fv(ﬂ;) N 11,5 A Xgv g In" —3, (4.80)

f f

~
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Figure 4.7: The six different contributions to I'(a — v + ) as a function of the axino mass
for the case of the LLE RpV operator. We take 4 different combinations of the
stau masses, ms € {102 GeV,1TeV}, and lambda couplings, A € {10~", 1072}.
The continuous (dashed) lines are for fq, = 10'° (1012) GeV. We also set
Heff = 1TeV and Bp ~ m?, ~ 800 GeV.

the main contributions being again from bottom-sbottom and tau-stau loops. Com-
paring with Eq. (4.71) yields

| D 2 4 2
V(ff) — Q 5 )\_4 an m_; (481)
Ivowy  18mxGs mz ms

2 mg
() (3)
10—2 1/3 Tev 120

In Fig. 4.7 and Fig. 4.8 we plot all the contributions to the different diagrams
considered so far for four benchmark points for each RpV operator. They show
four corners of the parameter space defined by the slepton or squark masses, the
RpV couplings and the f, scale. We consider the minimum allowed mass of the
stau(sbottom) to be 100GeV (1TeV), and a highest value of 1TeV (5TeV), respec-
tively. We assign to the RpV couplings the values A € {10~", 1072}. In each case

we plot the partial widths for f, either 10'° GeV or 10'2GeV. In all our param-
eters space the dominant contributions are FE( ) and T'y(w1), and Tq .y can be
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Figure 4.8: Same as Fig. 4.7, but for the case of the LQD RpV operator. For the sbottom
mass we consider the benchmarks my = 1TeV,5TeV. The mass of the slepton
that runs in the loop is set to 1 TeV.

accurately approximated by their sum, as anticipated in Fig. 4.4. The respective po-
sition of these two curves can be understood by looking at their ratio in Eq. (4.77).
Our conclusions extend to physically allowed regions with higher m; or lower A
too.

4.5 RESULTS

Let us now consider the phenomenological implication of our model. We start by
reintroducing the generation indices in the superpotential terms

] A A 2 / A A 2
7MKLl B+ Ay Li Q5 D (4.82)

we can take into account the bounds on the trilinear couplings in Table 4.2. In our

case the first index of Aijx and )‘«/ij refers to the neutrino in the lepton doublet.

We see in Fig. 4.9 that when we consider the decay a — vy, with A33 and 7\’233
saturating the upper bounds in Table 4.2, the diagrams giving Fﬁ( ) provide the

dominant contribution.
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ijk Ajk(Mw) Aiji(Mw)

133 0.0060 X /150 6ev 0.0014 X \/ T5ocsv
233 0.070 X 150y 0.15 x \/ To0esv
333 - 0.45 (1.04)

Table 4.2: Upper bounds on the magnitude of R-parity violating couplings at the 2o con-
fidence level, taken from Ref. [122]. The constraints arise from indirect decays.
The concrete processes are described in detail in Ref. [273].
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Figure 4.9: The ratio rB((J\:[))
couplings specified over the curves are also functions of the masses on each
x-axes, as they saturates the bounds in Tab. 4.2. We have set Mgysy = 1 TeV
and ke = 1 MeV.

as in Eq. 4.77 as a function of the sfermion masses. The RpV

In turn, X- and gamma-rays constraints [274, 275] applied to the decays
a — Vv2,3Y can set new bounds to the trilinear couplings ?\(2/3)3. Such constraints
in fact describe a curve in the T—mg (or equivalently I' — my) plane, Thouna (Mg)-
The simplifying assumption that the observed DM abundance comprises solely of
axinos, Qzh? = Qppw, allows us to convert the photon bound on the lifetime into
one on fq, see Eq. (4.65). Then the excluded region corresponds to

1

7
Thound

rﬁ(ff) > Tbound = (4.83)
In Fig. 4.10 we see that, for mg = 100 keV, we can set bounds on the trilinears
A233,A/233,7\/333 of order 10~2. These would update the figures in Table 4.2. How-
ever, it is important to keep in mind that these new bounds, contrary to those in
Table 4.2, rely on the presence of the axino and on the assumption that it is the
whole dark matter. In Fig. 4.11 and 4.12 we show the X and gamma ray constraints
on the plane fq vs mq. The excluded regions in on the right side of the yellow line

correspond to
Qg 1
— I3 > Thound =
a—v oun
QOpm Y

. .8
Thound (4 4)
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Figure 4.10: Regions of the parameters space excluded by the X and gamma ray con-
straints [274, 275], assuming that Q;h? = Qpm. The dark (light) orange re-
gion is excluded when mg = 10 keV (100 keV). For Ai33, the index i can be
either 2 or 3, in which case the dominant contribution to the decay a — v;vy is

from Fg(f];).

Here, I,y = FE( ) + Ty (wy)l, and we multiply by Qg/Qpm to account for the
region of parameter space where the axino is under abundant.

4.5.1  Comment on the 3.5 keV line

This model can fit the 3.5 keV line observed in galaxy clusters and presented in
our Sec. 3.3 A possible benchmark point, for instance, is the following:

mg =7keV, fo =35-10"° GeV, my =2 TeV, N33 =0.22. (4.85)

With these values, the axino constitutes the entire dark matter and has a partial
decay width I;_,., =~ Fg( ) ~ 6-107°3 GeV, needed to explain the putative line.

The benchmark complies with the bounds we mentioned above. In our previous
Ch. 3 we concluded that explaining the 3.5 keV line in a RpV SUSY scenario is
possible under the assumption that the lightest neutralino should have a mass in
the range 100 MeV < myo < 10 GeV, which can be achieved by having at least
one of the SUSY parameters of the model at a much lower scale than TeV. For
the case of our explicit model introduced in this chapter, the first straightforward
consideration is that the neutralino which should be in the aforementioned mass
range is the NLSP, since the the axino is the LSP now. Nomenclature aside, the mass
range in the assumption remains untouched: the extremely weak coupling of the
axion sector with the MSSM superfields makes any axino contribution to det Mg,
irrelevant. Ultimately though, retaining all the mass eigenstates of My built from
(Ag, we, ﬁﬁ, ﬁg) at O(1TeV) while claiming to provide a benchmark point for the
3.5 keV line is not in contrast with our conclusion from Ch. 3. In Eq. (3.32) we
presented an estimate for the decay width I'z_,, ;, which was obtained through
the effective Lagrangian in Eq. (3.29). This approach is substantially different from
what we do for the full model, where we calculate the loop amplitudes and the
axino mixings explicitly. Even though the value of I';_,, obtained through the
Cav,v; operators is only around two orders of magnitude lower than T, () for
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Figure 4.11: Summary plot of the constraints on our model in the plane f, vs mg, for
the case TRy > fq. The red (blue) region is excluded due to overabundance
of the axion (axino) only. The red (blue) lines which serve as boundaries
of such exclusion regions are the points where the axion (axino) relic den-
sity matches exactly the observed DM relic abundance, i.e. Qgh? = Qpph?
(Qgh? = Qpmh?). The purple shaded region is excluded by the combina-
tion of both axino and axino DM. We take the reheating temperature to be
higher than the PQ symmetry breaking scale, hence the contribution to the
axion DM comes both from the misalignment mechanism and from string de-
cay, see Eq. (4.52) and Eq. (4.57), respectively. We have set the average rate of
axion emission to T = 1. Choosing the other suggested value for such param-
eter, T = 70, would exclude our whole parameter space. The points on the
right side of the yellow line are excluded by X and gamma ray constraints.
For each point we give the estimate of the inverse of the decay width for the
radiative decay of the axino in terms of the corresponding shade of green. The
contributions taken into account are again only T’ (/) and Ta—y~. For our
benchmarks we consider two pairs of parameters for the fermion masses and
the RpV coupling respectively, m; € {1,2} TeV and A € {10~1,1072}.

the highest values of v, g and r allowed, the effective approach leaves out
the contributions to the decay width from trilinear RpV, and thus all diagrams in
Fig. 4.6. Among these the two describing I'y (f), One of the two main contributions
to the partial decay width I'z_,.,. We can therefore conclude that the study we
perform in Ref. [241] complements the one of our Ref. [199] for the case of of
trilinear RpV and the DFSZ axion.



4.6 SUMMARY

4.6 SUMMARY

In this chapter we have built a complete RpV SUSY model with baryon triality
and with a DFSZ axion superfield. We have studied the mass spectrum and then
investigated some cosmological bounds. The axion is a good dark matter candidate
when its decay constant fq = O(1 0'1) GeV. For lower values of f, the axino, with a
mass roughly between 1 and 100 keV, can be the dominant dark matter candidate.
We have looked at the possible decay modes of the light axino in detail. For such
a light axino, its lifetime is longer than the age of the universe, but its decay into
photon and neutrino still leads to interesting phenomenology. We have shown that
X- and gamma-ray constraints on this decay give new bounds on some trilinear
RpV couplings. These are model dependent and rely on the axino constituting the
whole dark matter in the universe. We have also shown that in this model there is
a corner of parameter space where a 7 keV axino could fit the 3.5 keV line observed

in galaxy clusters.
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Figure 4.12: Same as Fig. 4.11, but for 10 GeV < Try < fq. In this case the axion relic
abundance is due only to the misalignment mechanism, as axions from string
decay do not contribute, see Sec. 4.3.2.
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ON RADIATIVE CORRECTIONS TO VECTOR-LIKE PORTAL
DARK MATTER

As the LHC continues to probe the multi-TeV scale, the absence of signal of new
physics creates considerable tension for the most minimal supersymmetric models
and thus many LSP dark matter candidates became less natural. In the previous
chapter we motivated RpV models as a possible alternative to escape LHC bounds,
and presented the axion and the axino as potential DM candidates. In this chapter,
we consider a different and more agnostic approach, in light of the raising scep-
ticism about more traditional well-motivated theories for DM. Furthermore, DM
searches at LHC need a theoretical interpretation in order to be related to the com-
plementary constraints from DM direct and indirect searches. Following Ref. [63],
one can define simplified models in terms of the limiting cases in the space of DM
theories describing the LHC signatures, classified by their level of complexity. In
the simplest case one finds DM-EFT theories [276—279], which describe SM-DM in-
teractions by means of a contact interaction, with the underlining assumption that
DM is the only BSM state which is kinematically accessible. An assumption which
was strongly questioned given the high energies currently at reach at collider. At
the opposite end of the spectrum, complete DM models offer the most general
and well-motivated theoretical framework, introducing correlations between ob-
servables which might have been missed by simpler approaches. This comes at the
price of introducing plenty of additional particles and thus parameters, with the
classic example being the MSSM. Simplified DM models [61, 143, 280—283] fall in
between these two categories, as they expand the content of BSM sector only by
the particle which mediates the interaction between the SM and the dark matter.
This allows a correct description of the kinematics for DM collider production, al-
though the number of extra parameters increases with respect to DM-EFT theories.
Requirements for a simplified DM models are [63]:

¢ The DM candidate is enough long-lived to escape the detector;

e All terms compatible with Lorentz invariance, SM gauge symmetries and
DM stability should be added to the Lagrangian, although exceptions may
be of interest;

* If extra symmetries are added, the resulting interactions should not violate
the global symmetries of the SM, i.e. lepton and baryon number are con-
served and flavour symmetries are not strongly broken.

Simplified models can be categorized in terms of how they describe the kinematics
of the DM interacting with the SM. In the class of t-channels mediators [62, 63, 284,
285], the scenario with a Majorana DM and a scalar mediator has received much
attention, due to its proximity to the neutralino DM case. Less so for the case of
scalar DM, despite the analogous features. In the Vector-like Portal [67, 286] a real
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scalar particle couples to Standard Model fermions through a vector-like fermion.
The simplest realization of the VLP is given by

- 1 -
LDM = — (Uf Sll)fR + hC) — EM%SZ - Mlbll)ll) s (51)

where S is a singlet real scalar (the DM candidate), fg is an SU(2)y singlet SM
fermion (lepton or quark) and 1 a vector-like massive fermion. In order not to
address flavour physics aspects, it is assumed that S couples dominantly to a single
SM flavour. Also, in the sequel we will assume that the possible quartic coupling
of S with the SM Higgs is small and may be neglected. The model described by
Lpm thus falls in the category of so-called simplified DM models with a t-channel
mediator.

This model may be considered as the scalar version of a bino-like Majorana DM
candidate, with which it shares some basic properties, the first being that their
s-wave annihilation is helicity suppressed. They differ in the fact that annihilation
of a bino-like candidate is p-wave in the chiral limit [287], whereas that of the real
scalar S is d-wave [67, 288]. However, in both cases, the helicity suppression is lifted
by radiative corrections [64, 289]. As discussed in several works, this has interesting
phenomenological implications. In the case of coupling to leptons, radiative pro-
cesses, either in the form of internal bremsstrahlung or annihilation at one-loop
into, say, two gamma-rays, may lead to striking spectral features. Such spectral
features are of interest for indirect searches for WIMPs (see, e.g. Refs.[66, 290—293]
for the Majorana case and specifically [67, 288, 294, 295] for the scalar case). In the
case of coupling to (light) quarks, radiative processes involving gluons on top of
gammas may be relevant at the time of thermal freeze-out, thus impacting both the
effective annihilation cross section and indirect signatures, see e.g. Refs. [296, 297].
Radiative corrections lift the helicity suppression most efficiently for the case of
massless final states. In the chiral limit one also finds the most spectacular spectral
signatures, with a pronounced peak in the photon spectrum for energies around
the dark matter mass. This happens when the bremsstrahlung is dominated by the
emission from the mediator, a process called virtual internal bremsstrahlung (VIB),
as opposed to final state radiation (FSR), corresponding to the emission from final
states. In the following, we will focus on a massive final state, having in mind a
top-philic DM candidate. Indirect detection signatures from annihilation into bb
and "t~ are considered too. This can be important for the case considered in our
work [298], where an extensive study of this model for the top-philic case is carried
out, including direct and indirect searches, and collider constraints. We specifically
focus on the technical aspects of determining the total cross section, taking into ac-
count radiative corrections, as well as the spectra into gamma-rays relevant for
indirect searches. Our goal is to keep track of the non-zero quark mass effects, the
most important being that the s-wave part of the annihilation cross section into
quark-antiquark is helicity suppressed. The issue we will have to face is that the
total annihilation cross section is plagued by infrared (IR) divergences, associated
to FSR for soft gluons or gammas. According to the Kinoshita-Bloch-Nordsieck
theorem [299, 300] the full cross section is free of IR divergence. This involves
properly taking into account radiative corrections at a given order in the gauge
coupling. For the case at hand, this requires calculating the one-loop corrections to
the annihilation cross section SS — ff.



5.1 TWO-BODY CROSS SECTION IN THE NON-RELATIVISTIC LIMIT

This chapter is organized as follows: in Sec. 5.1 we present the annihilation cross
section of a real scalar DM particle into SM fermions through t-channel exchange
of a vector-like fermion and introduce the effective approach. In Sec. 5.2 we in-
troduce the amplitude for the annihilation with associated emission and consider
the various term from an operator point of view in limit of large mediator masses.
In Sec. 5.3 we present the decomposition of the total inclusive cross section into
virtual corrections plus soft and hard modes. In Sec. 5.4 we study the differential
cross sections (with gluon and gamma emission) and implications for indirect de-
tection, in particular for the gamma-ray spectra. We conclude our discussion in
Sec. 5.5.

5.1 TWO-BODY CROSS SECTION IN THE NON-RELATIVISTIC LIMIT
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Figure 5.1: Amplitudes for the 2-body process SS — qg and the resulting effective interac-
tion (r = Mlzb/Mé and z = mé/Mé)

The annihilation of a pair of S into SM quarks proceeds at lowest order via the
exchange of a heavy mediator 1 in the t- and u-channels, as depicted in Fig. 5.1.
Its cross section rate in the limit of small DM velocity has a dominant s-wave
contribution :

o zil=z)2 2.2 4
(ov)aq 4nME (1+71—2)2 +Omgui ) (52)

where the mediator and quark masses enter the above equation through the ratios

T=—5 7 =5 s (53)

respectively. This result was already discussed in Ref. [67], where it was shown that
in the chiral limit mq — 0 the amplitude for this process has a leading contribution
oc v, i.e. the cross section is d-wave suppressed. For the finite masses we consider
in this work this is not generically true and we can identify two cases. First, if the
dark matter annihilation takes place today in the galactic center, then it proceeds
via s-wave for all points of our parameter space. Then the 2-body cross section can
be described with the dimension five operator

Mqe2 -
O.,s = FS qq, (5-4)
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Figure 5.2: Amplitudes contributing to the 3-body process SS — qqg. We refer to final state
radiation (FSR) for Fig. 5.2a and Fig. 5.2b and to virtual internal bremsstrahlung
(VIB) for Fig. 5.2c.

where A is a mass scale that is specified through the matching between the cross
section obtained with the Lagrangian 5.1 and the operator in Eq. (5.4):

2
mg 1 Yrmq

%7
A2 2ME+ME —m3

(5-5)

The helicity suppression ~ m(zq of the s-wave part of the cross section in Eq. (5.2)
can be seen in Eq. (5.4), where the S coupling to SM fermions is chiral while the
quark-antiquark pair must have zero total helicity; matching the two requires a
chirality flip. Note that the p-wave threshold behavior, o (1 — mé /M2)3/2, of this
cross section is similar to that of Higgs decay into SM fermions, as both the scalar
DM pair in an s-wave and the Higgs are J°C = 0" . Second, the process SS — qq
can have a significant d-wave contribution for finite quark masses when considered
in the early universe, as v ~ 0.24 leads to a weaker suppression compared to the
case of the galactic center. Therefore the dimension five operator O,p s becomes a
less exact approximation, the validity of which needs to be tested in the range of
mass parameters of interest.

A similar result holds for s-wave annihilation of a pair of Majorana DM [297],
with the initial state is instead in a J°© = 0~ state, equivalent to a pseudo-scalar
particle. Another important difference between the two cases is that the cross sec-
tion for scalar DM is d-wave suppressed in the chiral limit mq — 0, while the
suppression is p-wave for the Majorana case [67, 288]. A well-know consequence
of the above is that the relevant cross sections for thermal freeze-out and for indi-
rect detection will generally differ. In particular, in the chiral limit, the LO cross
section is suppressed if v < 1. This suppression may however be alleviated by
taking into account radiative corrections [64, 289].

5.2 THREE-BODY AMPLITUDE

We now move on to consider the annihilation of two scalars with associated emis-
sion of a gluon. In our discussion on bremsstrahlung we will focus on QCD correc-
tions, but the procedure described in this section and that of Sec. 5.3 can be applied
for the radiation of a photon too, provided Cras — onc, where C¢g = 4/3 is a color
factor and Q is the electric charge of the SM fermion. Taking the initial states S to
be at rest, the part of the amplitude for the process S(k1)S(k2) — q(p1)q(p2)g(k)
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associated the VIB diagram in Fig. 5.2c contribute to the three-body amplitude
with

My1p = ga YF t*a(p; ){PL 2(M§ + M3, —mZ)¢* —e* - (p1 +p2)K] (5.6)
+mq [e* - (p1 —p2) + £7Kl }U(Pz)D1Dz ,

where .
1

D; = , 7)

o (pi—K)P2—M3 57

and K = k; = k2 = (Mg, 0). In this expression, €* is a shorthand for the polar-
ization vector €*(k) and t“ are the representation matrices for the fundamental of
SU(3).

The FSR amplitudes in Figs. 5.2a and 5.2b read altogether

Mrsr = gs U7 U(p )ta{que* (p1D1xD2 — p2D2kD1) + mq ¢ K(D 1 D2 + D1 D2ax)
(5.8)
+ 2P [ME — M3, +m2 — K- (p1 +p2)] D1 D2 fu(pa) ,
where .
1

Diy = :
TR SERhY:

(5.9)

The presence of the D1D; term in Mgsg is remarkable, as one would expect such
combinations of the \{ propagators to arise only for VIB diagrams. This combina-
tion of D; derives from the equality

Dq 4Dy =—[2M{, —2M§ + 2K - (p1 +p2)] D1D2, (5.10)

together with D! = pi -k . This term is also gauge-dependent and must be
therefore compensated by terms in Eq. (5.6). Thus already at amplitude level there
no well-defined distinction between FSR and VIB. The total three-body amplitude
reads

Mi = gs y? lp1 )t {PL[(p1 +p2) - ke" — " (p1 +p2)KI D1D2 (5.11)
+ Mg (p1(2D 1k + D1)D2 — p2(2D3i + D3)Dy)

+ ¢"K(D1 D2+ D2Diic + DiD2) | polpa)
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In summing Eq. (5.11) we have manipulated the terms proportional to Py ¢* in the
following way:

IMIBC—ZU,(}h PLD1D2¢" 12 [M§+mi — MG — K- (p1+p2)] +2 [M§ + M3, —

Z—EU(W P DyD2¢* {4 M§ —2K- 1+P2)}U(Pz)

= —%ﬂ(m JPLD1D2g" k- (p1+p2 } (p2) .
One can verify that the total amplitude is gauge invariant, k,Mj; = 0, using
Dy —Dy;=-2iD1D,2K: (p1 —p2) - (5.12)
It is instructive to look at Eq. (5.11) from an effective interaction perspective. We

consider an expansion of Eq. (5.11) in 1= = (Mgs/M,,)? assuming My, > Mg. We
group the dominant terms into three gauge invariant contribution:

2 m
Mip ~ — 2991 Mczl w(p1)tu(p2) Jeik+ (5.13)
gsyf - a *k D D
T M2 3 wlp)t*¢* K (Dix + Dax) v(p2)+ (5.14)
gilzjf Ml Wp1)tPL(p1 +p2) - kg™ — €™ - (p1 +p2)Klv(p2), (5.15)

where we are neglecting terms O(r~3). The first two terms are proportional to
mq. While they cannot be written in terms of local effective operators, they have a
simple structure. The term on the RHS of (5.13) contains the familiar Weizsacker-
Williams factor,

€ -p1 € P
k-pr kepz
which multiplies the LO amplitude for SS — qg and is responsible for the IR
divergences of the total annihilation cross section. The term (5.14) has the structure
of a dipole interaction,

Jeik = (5.16)

Op1 ~ qr opuvF*VqRr , (5.17)

with F*Y = t9F“"Y and o0, = ily,,v~+]/2. This term comes entirely from the Mgsg
amplitude in Eq. (5.8). Figs. 5.3a and 5.3b diagrammatically represent Egs. (5.13—
5.14). The term (5.15) in the expansion of Mg in Eq. can be derived from the
following dimension eight operator [301, 302]

O\(ISI)B = S0, (qry~F*VqR) - (5.18)

We identify it with the VIB diagram depicted it in Fig. (5.3¢), as it reduces to
emission from internal lines only in the chiral limit, though generically it has con-
tributions from both Mgsg and Mygg. Since it does not suffer from helicity sup-
pression, it may be the dominant contribution to DM annihilation if mq < Ms.
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Figure 5.3: Diagrammatic representation of the amplitudes in Egs. (5.13— 5.15). We refer to
the first two amplitudes Figs. 5.3a and 5.3b as FSR, while Fig. (5.3c) corresponds
to VIB.
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Figure 5.4: Comparison of the differential cross section ocun o obtained in the full theory
(in blue in the plot) with the various contributions from the effective approxi-
mation M;g. The term in (5.13) and corresponding to the Weizsacker-Williams
approximation is in orange. The term oc 7! (o 7~2) in the expression of Mg
is in green (purple).

In the limit of large r the expansion of Egs. (5.13— 5.15) is robust and one can use
this amplitude to compute the annihilation cross section. The first term leads to IR
divergences, but these can be tamed in the way we describe in Sec. 5.3.1. However,
one would like to be more general: first, because the large r expansion spoils the
spectral feature of VIB, which are most prominent when M., and Mg are almost
degenerate; secondly, because we have in mind DM candidates that could annihi-
late into heavy quarks, in particular the top, so that neglecting m4 may not be a
good approximation. Anticipating on the results of the next sections, our consider-
ations are illustrated in Fig. 5.4 where we depict the typical gluon or gamma-ray
spectrum (at the partonic level) wdN/dw as a function of x = w/Ms for a DM
candidate with a strong VIB feature, thus for almost degenerate masses, r ~ 1.
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Figure 5.5: Full set of one-loop corrections to SS annihilation into qq.

5.3 ORDER-Xg CORRECTIONS

For the purpose of probing DM through indirect detection, we aim at determining
the spectrum of quark and gluons emitted when DM annihilates through internal
bremsstrahlung, dovyq4/dw, where w is the gluon energy. The integrated cross
section is also relevant for determining the relic abundance of the DM particle
[296]. However, for finite quark mass, its expression suffers from IR and collinear
divergences. The standard procedure to address these divergences involves the
computations of the three-body process as well as the one-loop corrections to the
two-body annihilation. This follows from the Kinoshita-Lee-Nauenberg theorem
(or Bloch-Nordsieck for QED) which guarantees us that IR divergences from the
phase-space integration cancel out in the gauge couplings when all the possible
initial and final states at each order are considered. Thus a sensible choice for
the physical observable is the inclusive cross section summing up the processes
SS — qq and SS — qqg, including correction up to order O(«s), depicted in
Fig. 5.5. Following Ref. [297], we split the integral over the gluon energy into the
emission of soft and hard gluons, respectively. For the emission of soft gluons, we
will use the effective interaction of Eq. 5.4 to control and cancel the IR divergences
that affect the cross section for soft modes, whereas we keep the full UV-complete
amplitudes to capture the VIB spectral features. The matching between the two
regimes will be controlled by a cut-off on the energy of the emitted gluon, wo.
Formally, the total next-to-leading order cross section reads

eff full

OUNLO = OVqqg + A0Vlgo ¢ (Wo) + Aovlgrq (Wo) , (5.19)
The soft contribution is defined as
eff A= eff eff
AoV (wo) = Aovlgr (wo, A) +Acv[TE(A), (5.20)

where A is a fictitious mass of the gluon, introduced in order to regularize the
cross section obtained by integrating over soft modes. The term AGv|® (wo,A) is
unphysical, as its phase-space integral includes only gluon energies E4 < w( and
it diverges for A — 0. The A dependence requires to take into account one-loop
corrections to the LO cross section, which are computed using the effective theory.

The dependence on A will cancel in the sum of the two contributions. Acv[full, is
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Figure 5.6: One-loop corrections to the effective coupling O,p, s relevant for cancelling IR
divergences.

the contribution to the total cross section which includes the hard gluon modes
Eg > wo. Both Aov[¢ff and Acv[f'!; depend on the matching energy wo but
their sum does not.

A remarkable advantage of our approach is that in order to cancel infrared di-
vergences we will need to calculate the one-loop corrections depicted in Fig. 5.6
rather than those of Fig. 5.5. Since the coupling of Eq. (5.4) has precisely the same
structure as the Higgs coupling to SM fermions, much of the underlying physics is
the same as that discussed in Refs. [303, 304]. What is specific to the DM scenario
is the emission of gluons by the vector-like mediator.

5.3.1 Soft modes

We now consider the DM annihilation into a pair of massive SM quarks with the
emission of a soft gluon. The gluon energy is w = |k| < wp, where wy is the
cut-off energy introduced above, which we take to be small compared to other
characteristic mass scale in the theory, wg < {Ms, My,, mq}, but larger than Agcp.
We describe the emission of a soft gluon using the eikonal approximation,

*

€ -p1 € -p2
— , 21
k-p1 k'PZ) 521

MO = —gsu7 M%(:Jl:[r—z) a(pr)t*u(p2) (
where the momentum labels are unambiguously determined by the convention
for the Dirac spinor u and v. This expression differs from the RHS of (5.13) by a
factor 1/(1+r—z), which stems from neglecting the soft gluon 4-momentum in
the propagator of the mediator. Integrating over the phase space for the soft modes
we get the following differential cross section:

dovgae|™ _  YiNe  asCy {(2—z)(1—z)zmx+ BVX2
X X — BVX? — 4

dx soft 47'[(1 +T'_Z)ZM§ T

2(1—2)22 BvX* — 4 }

(1—PB2) x> +4B2%un

(5.22)

where x = w/Ms. This expression contains (3, the velocity of the final state quarks
in the rest frame of the qq system (see e.g. [305])

T—x—2z4+ ux w,A—0 V=2
= =v1—z. 2
B =1 T ———. Bo (5-23)
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In order to regulate the IR divergence that arises when integrating Eq. (5.22) over
the gluon energy, we have introduced a fictitious mass A < wy for the soft gluon,
which enters in the expression for 3 through p) = A2/ 4M§.

Recovering the physical limit of a massless photon, the integrated cross section
for emission of a soft gluon in the energy range A < w < wy is given by

_ os Cr +B2. 1+4+Bo 4w?2
ABVIS; = ovgq ST[ {( 2[3001 = Bo 1) nTzo (5-24)
1+Bé[. (1—[30> T+Bo. T+PBo
+ ——7|Li +In In
Bo | > \1+Bo 280 1—Bo

_1ln2<1+ﬁo>_n2] L 1+r30}.
4 1—Bo Bo 1—Bo
By construction this cross section is proportional to the leading order cross section
OVqq, Which corresponds to the s-wave term of Eq. (5.2). This expression agrees
with the analogous one in Ref. [303] for the Higgs decay, with both of them exhibit-
ing a IR divergence term oc In(w3/A?). We give full details about this computation
in App. A.3. In order to obtain a IR finite result, we need take into account the
O(os) contributions virtual one-loop corrections to the leading order cross section
into qq. This stems from the interference term between LO and the one-loop cor-
rections

Miree + Mirl? = Mireel? + 2Re(M;r e Mur) + O(ad) . (5.25)

At one-loop, the IR divergent contributions come from the vertex correction and
final state fermion wave-function corrections, depicted by the diagrams of Fig. 5.6.
Using dimensional regularisation in D = 4 — 2¢, we reproduce the corresponding
result of Ref. [303]

2 2
ff xs Cr | My 1+B5, 1+Bo, Mg
Rej\/[ﬁ_loop Miree —— = {2 ((—: —In Hz) ZBO In 1_ Bo In —2

1 2 —
LB [Liz<] Bo>+ln1+ﬁol 1+Bo T, 21+Bo

Bo T+ Bo 280 T—Bo 4 1-Po
]—B 14+ Bo
+ Bo 91n 1= Bo —1—3} , (5.26)

which is both UV and IR divergent. According to the LSZ reduction formula [306],
we must also take into account the O(ws) correction from the one-shell wave-
function of the final state quark and anti-quark, with

s C 1/(1 m2 m2
(ZZ —1 ) Mtree - 6Zj\/[tree = Mtree ;7‘[]: [_2 (e —In l»l> +lnv —2] . (527)
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Adding this to the Eq. (5.26) yields

2 2
1
Re(M,1) = mm%%qﬁ3(1—m"f) <+B°11+ﬁ°1>1nmq

2 |2\ e i 2B0 1—BRo A2
1 2 — 2
n + B5 [Liz<] f30>+1n1+f301 1+f30_]121+50+75]

Bo 1+ Bo B0 T—PBo 4 T
1—-B5 . 1+Bo
+ Bo ln1_60+1}. (5.28)

Comparing the term o In (mfI / ?\2) of this expression to the first term in Eq. (5.24),
we see that, summing up the O(«s) one-loop corrections to the tree level cross
section and the cross section for emission of soft gluons, the dependence on the
fictitious gluon mass [i.e. the terms in In(A?)] disappears, leaving only the depen-
dence on the cut off of the energy of the emitted gluon with terms proportional to
In(w3).

At this point we are still left with a dependency on the UV divergence, as man-
ifest in terms « In (p.z). The renormalization prescription used in Ref. [297] is the
same as the one advocated in Ref. [303] for the case of QCD corrections to Higgs
decay into quarks. Since here the quark mass derives from the Yukawa coupling to
the Higgs, the counterterm is that for quark mass renormalization,

dmy :_CFocs [3 (1 n 1112) 42

mg 2t |2\ e u?
This term cancels the UV divergence in Eq. (5.28), but it is not a unique prescrip-
tion. Any other choice which differs from Eq. (5.29) by a constant term would
be just as good. In fact, for fixed particle masses, the only free parameter in the
annihilation cross section is the Yukawa coupling ys. Its value is fixed by match-
ing the cosmic relic abundance. All other parameters being kept fixed, a different
renormalization prescription merely amounts to a shift in the value of y¢, which
in simplified models does not change any observable. Here we choose to use the

same prescription of Ref. [297] to renormalize our effective theory and thus the
one-loop contribution to Eq. (5.20) reads

C 1483, 1+Bo\, M3
Aovltf = ovqq = (1 —FOn 147q
oVl = 0Vaq Y 2o T—Bo)

(5-29)

1+rs%[. <1—Bo> T+Bo, 1+Bo 1, 214Bo

T M2\ T e MTope 4™ T T3
1B, 1+Bo,

+ Bo ln1760) 1}. (5.30)

Adding this contribution to Eq. (5.24) we get a full expression for Eq. (5.20) which
does not depend on the cut-off energy wy,

off _ off eff . Cr 1485, 1+Bo), Mg
AO-v|soft_ | ft+AGv|1 -loop — O0Vqq T [(1 260 In ]_[50>11’1 +...
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where the terms not explicitly written are O(w3).

5.3.2 Hard modes

In this section we calculate the spectrum of hard gluons and their contribution to
the total NLO cross section. We carry this computation in the full theory defined
by the Lagrangian Lpy¢ of Eq. (5.1) and thereby starting from the amplitude corre-
sponding to the diagrams of Fig. (5.3). Since wo now represent a lower cut off on
the energies of the gluons, there is no need to add a fictitious gluon mass for the
sake of the finiteness of the phase-space integrals. At the level of the differential
cross section we obtain

dovgag| _ y#Ne ots Cr [(2—2)(1—z)zln1+ﬁ+
dX | 41 +7—22)ME @ X 1-B
22 B 1

where the first two terms are exactly those of Eq. (5.22) in the limit py — 0 and
are divergent in the limit of large scalar masses, x = w/Ms — 0. On the contrary,
terms which are regular in this limit are collectively expressed as the function
So(x), a lengthy expression to which we dedicate part of our App. A.2. For finite
quark masses, it also includes hard emission from final state quarks and interfer-
ence terms between the latter and VIB.

Integrating Eq. (5.32) over w > wy, we get

Kg CF

14+B3. 1+Bo REIM2
Acvll — v 4 O In —1)1In 255 .
hard qq ( 2B0 1—Bo ) (U(z) (5 33)
— B3 1+B5, T+Bo )
+ 91n +1
< 280 1—1Po
+f3 (1 [50> . ( 1—[30) 2 1+ Bo 1+ Bo
+ 2Li +2Liy | — ——+4+2In In
Bo < RANEER U T+Bo) 6 280 1-Bo
N 4 B
C o‘sy
+ HCF M% J dxSo(x) -
0

The first term in this expression involves the cut-off energy wo. Adding Acv[fUll, to

the soft contribution gives a result that is independent of wg. Our final expression
for the cross section for s-wave annihilation is then

ouNLO = 0VLo + Acv[ (wo) + AculfUll (wo)

2
_ {Hasqw 1485, 1+Bo>ln1—[30

m 20 1-Po 433
1+ B3 . (1—"Bo . 1—Bo T+Bo, 1T+Bo 1.
* Bo <4le<1+[30>+2le<_ Bo>+4ln 2B0 1n1*[30_§1n

Bs

— B} T+Bo 1 ‘XSCFUf

+2In— +f301 1760+§] = Jd (5.34)
0

14+ Bo

1—PBo

)
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which is one of our main results.

5.3.3 Limiting behaviour and approximations

With the analytical treatment presented in Secs. 5.3.1 and 5.3.2 both the IR and
UV divergences are taken care of, thus the expression of Eq. (5.34) is a finite and
measurable observable, which can be useful to determine the relic abundance of
the particle S and its indirect signatures. Despite its complexity though, it still has
some limitations. ouny o indeed diverges close to the threshold for quark-antiquark
production, 3o — 0, as well as in the opposite limit, 3o — 0, for effective massless
final states. These issues are both dealt with for the case of the Higgs in Ref. [92],
so we address them only briefly here.

We first tackle the problem posed by the divergent behavior of the NLO cross
section close to threshold for fermion-antifermion production. For Ms 2 mg, cor-

responding to o = /1 —mé/ MZ — 0, the annihilation cross section behaves

as

- (XSC]: 7'[2
O'UNLO|Mszmq /A OV1L0 [] + - <2[30 - ]>] (5.35)

The O(xs) terms arise from expanding near zero velocity 3o — 0 the two Spence
functions in Eq. (5.34). As shown in Ref. [303], this singular behavior is spurious,
as the cross section should be in a p-wave quark-antiquark final state, oc 3. It can
be entirely traced back to the virtual corrections of Eq. (5.30), corresponding to
the effective vertex in Fig. 5.6. Physically it signals the tendency to form a bound
state, thus in principle one should sum over an infinite number of diagrams when
approaching the threshold from above. Below it, one needs to take into account
a possible quarkonium bound state [307]. Both cases are beyond our scopes. For
practical purposes, the only relevant threshold limit to be considered is the one for
the case of top-antitop final states: as the relic abundance strongly depends on Mg,
having S with a mass close to those of lighter quarks automatically rules out the
scenario, since not enough dark matter is produced [298].

The cross section ouny is ill-behaved in the opposite limit 3o — 1. In particular,
the terms which are proportional to ovr o receives a large negative logarithmic
contribution [303, 304],

3asCr (3
OUNLO ~ OVqq [1 +3 Sﬂ F <z—ln4z)] +... (5.36)

where the dots represent the terms that are regular for small z = mé /M%. Remark-
ably they reduce to the cross section for the pure VIB process in the limit z — 0,
where ovg4q — 0 too, thus one expect the new logarithmic term to be harmless for
most of the parameter space. Otherwise one must re-sum large logarithmic con-
tributions to the cross section. Heuristically, we notice that the leading log term
in Eq. (5.36) is precisely the one-loop O(as) correction to the quark mass operator
[297]. A convenient way to regularize the NLO cross section is thus to subtract
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Figure 5.7: Left panel: Ratio ounLo/ (rv\(g% as function of the DM mass Mg for three values
of r. The curves are shown for mq = my, the top quark mass. The dashed lines
corresponds to ov q4. By definition, the horizontal dot-dashed line corresponds

to the VIB cross section in the massless limit, O‘Ué,(i%. Right panel: Relative error
due to use of the approximate expression of Eq. (5.38) (dashed line) or Eq. (5.39)
(continuous line).

from Eq. (5.34) the log-divergent term in Eq. (5.34) and replacing in the expression
for ovqqg the quark mass parameter mq by the running mass [303]

1 2 /\2 %
n(mq/>> (537

mg — Mm(Ms) = mgq <ln(M§/A2)
with by = 11 —2/3n¢ the leading order function with n¢ the number of quarks
lighter Mg and ocs(Mé) =471/bp1/In (uz//\z).

We now move on to discuss a useful approximation for the expression of
Eq. (5.34), which is more practical than the original expression and differs from
it by a known value. In Fig. 5.7a we show the ratio of the full cuNi o cross sec-
tion expression over the limiting expression cfv\(/%)3 of Eq. (A.6): as presented in the
App. 5.3.2 in fact, in the limit of large z ratio the cunio reduces to the exclusive
VIB contribution O‘U\(/(i% from effectively massless final states. This a consequence
of the fact that in this limit the FSR effects are proportional to cvqq — 0. For
lower DM masses, the cross section is dominated by the chirally suppressed com-
ponent & 0vqq. For increasing r = (My,/ Ms)?, the VIB contribution is relatively
suppressed, as it scales like ovyip o r~* while OVgq X 72, see Egs. (5.13~ 5.15).
Crossing of ovqq and the VIB cross section occurs roughly for z ~ 0.21sCg/2mr
with mq = my in the figure and the factor 0.21 = 7/2 — 72 /6, see Eq. (A.7). We
thus learn that the NLO cross section ounro is reasonably approximated by the
following simple expression, in which the leading two-body cross section ovqq is
added to the VIB cross section in the massless limit,

0
GUNLO & GUqq + oLy - (5.38)

The relative error, or in other words the K-factor for QCD corrections defined
through ounLo = ovqq(1+ K), is at worst of order 20 %, see Fig. 5.7b. A better



5.4 GAMMA-RAY SPECTRA

107 Real scalar coupling to ¢ mp/ms — 1
10!
102
E 10°
o]
=
=
F 10}
8
107!
10°
’ ; 1072
10? 10° 10*
mg [GGV]

Figure 5.8: Ratio of the exact NLO DM annihilation cross section thfglNLo to the two-
body LO cross section ovy;. This shows that gluon radiation constitutes the
dominant component of the annihilation cross section for DM masses satisfy-
ing Mg 2 5 TeV. In the figure, all points correspond to models matching the
correct DM abundance and the color code represents the value of r — 1. The
feature observed for Ms 2 my is spurious as correct predictions must include
threshold effects that we could not include here. This plot is courtesy of L. Lopez
Honorez.

approximation can be obtained by replacing ov 44 with the NLO two-body cross-
section for the effective theory in Eq. (5.38):

OUNLO ~ O‘UZ%f’NLO + O‘v\(,%)3 . (5-39)
This is little surprise, as our NLO calculation is built upon the effective operator in
Eq. (5.4), which should lead to the dominant contribution to the cross section when
VIB emission may be neglected. Our calculations also show that interference terms
play little role, even when VIB is relevant. What it is more difficult to assess is how
large is the error made by using the effective theory instead of the full one-loop
amplitudes depicted in Fig. 5.5. Based on the conclusions in the analogous case
of Majorana dark matter [297], we expected it not to be larger than a few percent.
In our [298] we have used the approximation of Eq. (5.39) in combination with
numerical codes for DM abundance calculations, like MicrOMEGAs. A typical result
based on our analysis can be observed in Fig. 5.8, where for all benchmark points
giving rise to the right DM abundance, we plot the ratio of the exact NLO result
to the LO predictions ov;. For high DM masses we enter the regime of validity of
the chiral limit approximation. Here the viable region of has almost degenerate S
and 1 masses, thus yields large VIB contribution.

54 GAMMA-RAY SPECTRA

In the previous section we mentioned that determining ounio is relevant for de-
termining the relic abundance of the dark matter S. Total cross sections generically
set the scale for indirect searches, as they constitute the normalization factor in the
expression for the spectrum

dN 1 do

o odw’ (5-40)
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where w stands for the energy of the emitted gamma or gluon and o is the total
annihilation cross section into a specific channel. In order to asses the indirect
indirect signature from DM annihilation, say into gamma-rays, we need to take into
account both the gamma-ray contribution produced directly by the annihilation
process (i.e. prompt photons or gluons produced at the partonic level) and those
that will emerge from the process of fragmentation into hadrons from both the
quark-antiquark final state and the gluon from bremsstrahlung. The latter kind
of processes requires to resort to Monte Carlo simulation tools, like PYTHIA [308],
which we discuss later on in this section. While Eq. (5.32) is in principle all we
need to determine for the spectrum of prompt gluons or gammas, its expression is
however not very convenient, as it involves the cumbersome expression Sp. A first
useful approximation consists in replacing the expression of Eq. (5.32) by

0
E ~ dO-FSR + do—\(/I)B (5 41)
dw dw g0 ’ '

dw

The first term in this expression is the differential cross section for emission of
a massless boson using the effective theory, calculated from the amplitude corre-
sponding to the term in (5.13) and depicted in Figs. 5.3a and 5.3b. The second term
in Eq. (5.41) is the differential cross section for VIB obtained from the operator of
Eq. (5.18), corresponding to the diagram in Fig. 5.2c. The superscript in dcr\(,OI)B /dw
refers to the limit of a massless quark, see Eq. (A.5) in Sec. A.2. The rationale behind
Eq. (5.41) is that is mostly relevant in the limit mqy < Ms, provided the mediator
is not much heavier than the DM particle. As for intermediate regimes, we refer to
Fig. 5.9 to show the goodness of our ansatz: the solid black line obtained from the
full calculation of the differential cross section and the the dotted blue line coming
from Eq. (5.41) have indeed an almost indistinguishable profile. This comes at the
price of shifting the energy w in the differential cross section for the VIB contribu-
tion to w + m%] /Ms, in order to take into account the finite quark mass effect at
the end-point of the gamma-ray spectrum. An even simpler approximation for the
expression of the spectra involves the standard splitting function for emission of
gamma by a final state fermion [309],

M2+ (M2 —w)? 1
Fw)=—2 (M: >w' (5.42)

such that the FSR component of Eq. (5.41) can be written as

dopsr Ugq (OCSZ> {?(w) In <4Ms (Ms — w)) B ZMS} , (5.43)

dw m%] w

where the factor «Q? must be replaced by «sCr in the case of a gluon emission.
This expression exactly reproduces dopsg/dw in the limit mqy < w ~ Ms. Inte-
grating over w down to a cut-off energy wy leads to the characteristic Sudakov
double logarithmic divergence o In(mZ/Mg) In(mZ/w§) which is found in the
expression of Eq. (5.33). The last term in Eq. (5.43) is non-universal, but is kept
for a better matching to the exact result. The dashed red line in Fig. 5.9 shows
the differential cross section obtained by summing the contribution from Eq. (5.43)
to VIB in the massless limit. The matching is not as good as the approximation
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Figure 5.9: Gamma-ray spectra at partonic level resulting from an Mg = 2 TeV DM can-
didate annihilating into top-antitop. The spectra has been normalized to the
LO 2-body cross section ovqg. The black solid line corresponds to the full ex-
pression of Eq. (5.32), while the blue dotted line comes from the expression of
Eq. (5.41) and the dashed red line from Eq. (5.43). The spectra have been con-
volved with a Gaussian window function with resolution of 10%. For all curves
the vector-like mediator has a mass My, = 2.4 TeV.

of Eq. (5.41), but it comes with the advantages of being much simpler and more
physically transparent.

We now want to study the spectra resulting from the DM annihilation into a
three-body final states, with both gluons and gammas produced in the fragmenta-
tion process. The standard procedure for this kind of study consists of producing
a Monte-Carlo distribution of events by using CalcHEP [310] first, then the out-
put is fed into PYTHIA [308], which takes care of the hadronization processes. This
strategy was used in Ref. [296] for the case of coupling of the vector-like portal
to light quarks, where one could simply neglect the quark mass and thus the 2-
body annihilation process, due to the chiral suppression. In general however, the
fermion mass and the associated FSR may not be neglected. This introduces a
difficulty in our numerical analysis: the sharp peaks in the distribution associated
with collinear and infrared divergences from FSR emission needs to be tamed with
a cut off on the energy of the emitted particle, as well as on the angle at which the
boson was radiated, otherwise the statistics of the distribution is not reliable. Ap-
plying such a procedure by hand for each point in the parameter space if of course
impractical and not rigorous, and we discard it.

Let us instead go back to the decomposition of the differential cross section into
soft and hard modes and see how it can help us with the production of the spec-
tra. This splitting has an immediate advantage, which is that hard modes can un-
dergo the straightforward implementation through CalcHEP first and then PYTHIA
described above, since they are free of collinear and infrared divergences. For soft
modes on the other hand, only FSR is relevant, thus we rely on the PYTHIA imple-
mentation of radiative correction to a two-body process through Sudakov factors.

A question which needs to be addressed is where to place the cut off that sep-
arates soft and hard modes in order to have a good matching between these two
regimes. This is of particular importance because both non-inclusive cross sections
show a dependence on the cut off as an argument of the divergent Sudakov dou-
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Figure 5.10: Comparison between the differential cross section for gluon emission in full
theory (blue line) and effective theory (red line). The hatched red and blue
are respectively the soft and hard contributions. The crossed region is the one
included in both soft and hard spectra, so it should be subtracted in order to
avoid double-counting.
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Figure 5.11: Gamma ray spectrum from annihilation into t" 1t~ (left) or bb (right) chan-
nels.

ble log fact the factor In (1480 ) n (BMS) i E In Fi
g factor, see e.g. the factor In (Pfﬁo) n ( w2 ) in Eq. (5.33). In Fig. 5.10
we compare the spectrum obtained in our full theory with the one resulting from
the effective theory, corresponding to the blue and red curve, respectively. Here
we choose w. as the energy where the differential cross section in the effective
theory departs from the one in the full theory, within a 5% error. Once w, is deter-
mined, it is straightforward to obtain the spectra for w > w. as described above
for the hard modes. For soft modes instead, within PYTHIA 8 we did not find a
simple way to extract partonic level events with gluons or photons with energy
w < w¢. The procedure we adopted was instead the following: first, we generate
the complete gamma-ray spectrum from the 2-body process with PYTHIA, includ-
ing FSR. Second, we use CalcHEP to simulate the distribution of hard gluons and
gammas events with w > w, using the analytical cross section for the two-body
process with FSR only. Third, we feed this distribution into PYHTIA, that generates
the hadronization showers. Fourth, this is then subtracted from the initial distribu-
tion, in order to obtain the hadronized events originated from a three-body process
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Figure 5.12: Characteristic gamma-ray spectrum from annihilation into tt.

with a soft gluon in the final state. Finally we add back the hard part from the full
theory, which includes VIB effects, and get the final gamma-ray spectrum.

The annihilation of pairs of S proceeds into different final states: quark-antiquark
pair ( with or without the emission of a single gluon or a photon, they are indistin-
guishable events to us as we consider the full inclusive three-body cross section),
a pair of gammas, a pair of gluons. Therefore the total photon spectrum is eventu-
ally given by the sum of the photon spectrum originating from each possible final
state,

ANt 1 dN, L1dN,y 1 dN, (5.0
dBy  Oytiyig ABy lityyig  Ovy dBy |y, Ogg dBy [gq

weighted with their respective branching ratios. For the sake of illustration, we now
consider different SM fermionic final states for which the fermion mass may be a
relevant parameter. Specifically, in the left (right) panel of Fig. 5.11 we show the
spectra obtained with T"1~ (bb) final states, while both panels of Fig. 5.12 are for
top final states. All spectra shown have z ~ (mq/l\/lg)2 and r = (i\/lll)/l\/lg)2 =1.172
or r = 1.2%, respectively, with Ms and M, adjusted accordingly. We have included
for completeness the contribution from annihilation at one-loop into two gluons
and into yy, assuming a gamma-ray detector with resolution AE, /E, = 10%. The
parameters of the DM model are chosen so as to illustrate the possible presence of
a feature in the final gamma-ray spectrum, not taking into account other possible
constraints, i.e. relic abundance, direct, indirect and collider constraints.

5.5 SUMMARY AND RESULTS

We have studied radiative corrections to a simple DM scenario, where a real scalar
particle annihilating into SM fermions through a heavy vector-like fermion. This
topic has been already covered in several phenomenological studies [67, 288, 294—
296] that focused on coupling to light quarks or leptons, but we expanded the
discussion to the case of massive final states. Due to infrared and collinear diver-
gences that affect bremsstrahlung of massless gauge bosons, the extension of these
results to heavy quarks (or annihilation into a T+t~ pair) poses some technical
problems. In particular, following the proposal of Ref. [297], we have adapted an
effective approach suited for emission of soft gamma or gluons and that circum-
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vent several unnecessary steps in the regularization of infrared divergences. From
an effective approach perspective, much of the calculations map to the equivalent
problem of radiative corrections to Higgs decay into SM fermions [303, 304]. In
order to determine the gamma-ray spectra resulting from DM annihilation, we
have discussed several simple approximations both for the differential and total
three-body cross sections. We used them together with software tools CalcHEP
and PYHTIA, which otherwise do not take into account VIB other than for the
massless case. Our result for the total three-body cross section entered the bigger
analysis of our Ref. [298], in which an extensive study of the available parameter
space for the top-philic vector-like portal was performed. Considering constraints
from relic abundance, collider production, indirect and direct detection, we show
that a only a fraction the parameter space for this simple model is currently tested,
see Fig. (11) in Ref. [298].



SUMMARY AND CONCLUSION

The success that the Standard Model (SM) achieved over the last fifty years in
describing particle physics is an unprecedented achievement in the history of sci-
ence. Its consistent mathematical framework for electromagnetic, weak and strong
forces has been tested to great accuracy over a plethora of high energy phenomena
and was able to predict the existence of several particles. Yet the SM explains only
three out of the known four forces in nature, with gravity still out of the picture,
yielding - among others - the consequence that the particle nature of dark matter
is still a mystery to us. Despite the great experimental effort among various kinds
of complementary searches, what it is estimated to represent about 27 % of the
energy budget of our universe does not interact in any known way with ordinary
matter.

In 2012 the long anticipated discovery of a particle exhibiting the properties of
the scalar boson of the SM finally occurred during the Run 1 of the LHC. This com-
pleted the observation of the SM mass spectrum and confirmed the goodness of
this theory to yet a higher degree of precision. Not without a certain irony though,
the very experiment which made possible such a scientific triumph, disappointed
many of the expectations that physicists in relation to BSM physics. To date in fact,
analyses of the collisions happening at Run 2 of LHC did not show any evidence
of new particles. This caused more than an eyebrow to raise in front of theories
which were long believed to be the most promising candidates to extend the SM
and to find an answer to the questions which it leaves pending, among which the
one regarding a valid DM particle.

In particular, the most minimal models implementing supersymmetry are sub-
ject to increasing tension with the data. While this surely causes some discontent in
the particle physics community, some among the theorists may even consider this
null result a blessing. Model building in particle physics enjoys a bigger freedom
of exploring models which produce a phenomenology that escapes the current
searches. For what concerns our research more closely, this strengthens the moti-
vation to explore dark matter scenarios which are either less minimal extensions
of the MSSM or do not rely on SUSY.

For the first and main part of this manuscript, we choose to pursue the first op-
tion and study extended supersymmetric theories which, together with the usual
“mirrored” particle content of the MSSM, includes an extra superfield, the axion.
As outlined in detail in Ch. 2, the reason to add this new particle stems from a
theoretical shortcoming of the SM. According to its gauge symmetries in fact, the
operator ~ QFEIWF&V in the Lagrangian is allowed. While the 6 parameter is natu-
rally expected to be of order one, observations of CP-violation set an upper bound
of 6 < 107 1°. Postulating the presence of an extra broken U(1)pq global symmetry
for the SM and an extra pseudoscalar particle, the axion, offers an elegant dynam-
ical solution to this issue. We present the original DFSZ axion model, which has
the most minimal particle content in the class of invisible axion models. Those are
the models where f, the scale for the breaking of U(1)pq, is set to energies higher
than ~ 107 GeV, otherwise they would be ruled out by astrophysics. In order to con-
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sistently achieve both U(1)pg breaking and SUSY breaking in such axion models,
it is necessary to add two extra axion-like superfields.

In Ch. 3 we critically review the possibility that the axino, the supersymmetric
partner of the axion, could explain the 3.5 keV line observed in 2014 by means
of its radiative decay with a final state photon. After a brief analysis of the more
general case of a decaying sterile neutrino, we show how the measured dark matter
flux can be matched by a fermionic SM singlet that mixes with active neutrinos.
We take into account constraints from the axino relic density and from a light
gravitino, which is naturally present in the context of SUGRA. Using effective
axion-gauge interactions, we show how the signal can be produced in both the
R-parity conserving and the R-parity violating SUSY case, where the axino decay
products that accompany the photon are a bino or a neutrino, respectively. The
R-parity conserving case is strongly disfavoured by BBN and CMB bounds. In the
second case we study how the cosmological constraints on neutrino masses can be
translated into upper limits for the neutralino mixings and, in turn, for the decay
rate of the axino into a photon and a neutrino. We also assess the implications of
having the lightest neutralino mass well below the TeV range. Eventually we find
that only a narrow region between 100 MeV and 10 GeV is allowed. While this
region evades all current bounds, our study casts overall serious doubts on the
axino hypothesis for the keV line.

In Ch. 4 we move on to discuss a complete supersymmetric model with a DFSZ
axion. We include the LLE and LQD R-parity violating operators in our superpoten-
tial, as well as the terms with only the axion-like singlets and the ones connecting
the two sectors. The model provides two DM candidates, the axion and the axino.
The former is a warm dark matter candidate, which is well motivated by the small
structure problem, while the latter is cold dark matter in the mass range we con-
sider. At the expense of tuning a single parameter in the superpotential, we make
the axino mass vary in the range mg ~ O(1 —100) keV. In this mass window the
axino is stable thanks to its long lifetime resulting from its dominant channels into
three neutrinos or into a neutrino plus an axion. Its subdominant channels with a
photon in the final state allows us to constrain the model with X-ray and gamma-
ray signals, which exclude certain regions in the fq — mg plane, together with the
bound from overproduction of mixed axion-axino dark matter. We distinguish the
two scenarios in which the production mechanism of axion dark matter happens
mostly through either cosmic string decay or misalignment mechanism, depending
whether the reheating temperature is larger or smaller than fq ~ O(10'° —10'2)
GeV. We study in detail the various loop decays that contribute to the decay width
of the axino into a photon plus a neutrino, obtaining precise analytical estimates.
For the specific case of the dark matter being solely constituted by the axino, we
obtain bounds on the RpV parameters A;33 and A{5;, with i = 2,3. We provide a
benchmark point where the axino decay can explain the 3.5 keV line, although the
debate about its possible astrophysical nature is still open. Future developments
could include exploring further details of these models in relation to neutrino
physics or possible collider features.

In Ch. 5 we move to a different scenario for dark matter and study the simplified
model dubbed vector-like portal. Here the DM is a real scalar particle S annihilating
into SM quarks or leptons through a fermionic heavy mediator. We are interested
in the case of spectral signatures from virtual internal internal bremsstrahlung,
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which can be very pronounced when the mediator and the dark matter are almost
degenerate in mass. They can also drive the relic abundance, due to the chiral sup-
pression of the two-body process. We focus specifically on the technical aspects
of the calculation of the cross section for the three-body process for the case of
heavy final states, which is useful for a top-philic scenario. In particular, we show
how considering an effective approach for the case of low dark matter velocity sim-
plifies the process, although maintaining the necessary cancellation of IR and UV
divergences among the soft, hard and virtual modes. Several approximations for
the differential cross sections are discussed, then applied in order to produce VIB
in the photonic spectra from hadronization through Monte Carlo simulations. Our
analysis enters in the extensive study of our Ref. [298], where all constraints from
complementary searches to the top-philic scenario are considered. Currently only
a small fraction of the available paramer space for this model is tested. Increased
energy reach at colliders are needed for further analyses.

Particle physics models assuming new physics at the TeV scale are currently
under pressure. With only two years left for LHC to run, the hopes for finding
anything different from a null result are getting lower. Perhaps the assumption of
new TeV-scale particle(s) that we used throughout our work might indeed be al-
most completely falsified, leaving us with the necessity of completely rethink our
approach to the subject. On the other hand, axion searches ( star cooling, solar
axions, light shining through walls, ...) will keep setting limits on the axion mass
and/or the value of the scale f,, while direct and indirect DM searches will con-
tinue test the validity of the WIMP dark matter paradigm. New exciting territories
in particle physics phenomenology are waiting around the corner, even if one may
have to give up some of our long-standing beliefs about how nature works.
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APPENDIX

A.1 AXINO-GAUGINO MIXING

In Sec. 4.4 most of the amplitudes involved in the radiative decay of the axino
bear a strong dependence on its mixing with some of the other neutralino mass
eigenstates. In Ch. 4 we rely on well-motivated estimates for these quantities, but in
order to obtain their precise values one should diagonalize the neutralino mass ma-
trix M. While an exact analytical algorithm exists for the case of the MSSM [311],
adding one more mass eigenstate, as for the case of the Next-to-Minimal Super-
symmetric Standard Model (NMSSM), does not allow for a closed-form solution.
In this section we show how the approximate block-diagonalization procedure of
Ref. [312] for the NMSSM 5x5 neutralino mass matrix can be used to obtain a nu-
merical value for the axino-gaugino mixing. The only requirement is a small mix-
ing between the the singlet and the doublet states, which in our case corresponds to
the mixing between any of the two Higgs doublets and the axion field A. From My
in Eq. (4.23) we see that such mixing is indeed small, since c‘vig’d ~ % <1077,
Recalling that the axino mass eigenstate consists of a linear combination of the
fermionic components of the fields A and A only, we define the following neu-
tralino mass 5x5 sub-matrix:

i 91Vu __91v4 i
My 0 A v
__92Vu ga2va
VS AT 0
_ | avu _gavu _civa  _civa
Ms = 2 2 0 V2 V2 | (A.1)
gi1vd g2Vvd CiVa O __C1Vvu
2 2 V2 V2
_civa  _civa
0 0 V2 v2 o Ma

where the axino mass mg is the lightest eigenvalue which results from the di-
agonalization of the 3x3 lower-right block of the neutralino mass matrix My in
Eq. (4.23). The diagonalization of M5 proceeds in two steps: first, the 4x4 matrix
V rotates only the MSSM upper-left 4x4 block into a diagonal form; next a sec-
ond matrix block-diagonalizes the full resulting 5x5 matrix, in a way that the 4x4
MSSM sub-matrix My, is still diagonal up to corrections of the second order in the
singlet-doublet mixing parameter pers/fq.
The 5x5 unitary matrix U which combines these two steps is

s —3 (VA) (VA)T
—(vA)'

(VA)
1-1(vA)T (va)

vV 0
0 1

U= , (A.2)
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Figure A.1: Distribution of the mixings x. = and x. ~ obtained by numerical eval-
a,B a,H

uation of the eigenvalues of M4. We run 10° points randomly varying
102GeV < My 2, tters < 107GeV , T < tanB < 10, 10" GeV < fq < 1012 GeV
, 1keV < mz < 102 keV. From our estimate in Eq. (4.32) [Eq. (4.33)] we expect
Xg i [xg gl to lie somewhere in the range between approximately 10710 and

1078 GeV [107 12 and 1010 GeV], depending on the value of f,.

with
(M2 —mg) g1 3 Herr cOS 23
L Mg (M1 —mg) g2 5 Herr cOs 23
det (Mg —Tymg) | (M, — mg) (M2 —mg) (Hefs sin p —mg cos B) — M3 cos
(My —mg) (M2 —mg) (Herr cos p —mg sin B) — M3 sin 3
(A.3)
and M3 = ‘21—2 [(M1 —mg) g% + (M2 —mg) gﬂ The axino-gaugino mixings

can then be read off from the off-diagonal entry Z?:1 ViA; of U, with
j= §0,W0, ﬁﬂ, ﬁg. In Fig. A.1 we show two examples of how a more careful anal-
ysis can change significantly such quantities, and thus ultimately the phenomenol-
ogy of the model. This possibly constitutes caveats to our above reasoning. In the
left panel we observe that a value of tan {3 close to 1 strongly suppresses the value
of X5 B/ such that our previous estimates are off by several orders of magnitude. In
the right panel instead we see how allowing for larger values of perr might lower

Xg i if Mj < .

A.2 Sy AND LIMITING BEHAVIOURS

The expression for the differential cross section in Eq. (5.32) contains the func-
tion Sp(X), a very lengthy expression which can be found in the appendix of our
work [298]. Here we provide it only in the limit of z = m%l/ M% — 0, where it
reduces to

1—x (Y—x)
(Y=2x)(Y=x)?L Y

Y Y2
X (Y2 =2Yx +2x2) + = (Y=2x)*In 5 X\

2
(A4)

So(X)lz=0 =



A3 PHASE-SPACE INTEGRATION FOR THE SOFT MODES

with the shorthand Y = 1+ r —z. For annihilation in an s-wave, the LO cross section
vanishes, 0V qql;—0 = 0. Thus all the complications induced by IR divergences drop,
and one recovers the known expressions for VIB for the differential cross section
for massless fermionic final states [295],

(0) 4
do N asCp1— 1
Ip _ ed 25 F X $2047-0x  (A3)
w &My 1T (141 —2x) (1+71—-X)
1471
2 2\ 2 2. T
x<(1+r) 2(1+r)x+2x) (T+r)" (T +r—2x) 1n1—|—r—2x ,
as well as the total cross section
4 2
) Neyf asCr o 21+T_ (14T
VB T gaMZ {“H)[s " A ()
4r+3 42 —3r—1. r—1
S E R 1“r+1} ‘ (A.6)
While approaching the limit r — 1 of degenerate S and 1),
4 2
(0) Ncyf O£5CF <7 T )
VIB — -—— . (A7)
8nrMZ m \2 3

in the opposite limit r > 1, VIB can be neglected.
With a factor of ovqq replacing the tree level decay rate of the Higgs, we recover
the expression of Ref. [303] (taking into account their errata)

no . Cras [A(Bo)  3+34B3—13p4. T+Bo ., 3 , 5
OVgq = OVag— { B + 1653 ln1—f30+8[3(2)( H—7BO)},
(A.8)

where
1- 1- 21
A(Bo) = (1+B3) [4Liz(HBZ)HMZ<—1+EZ>—3ln]+Boln:Ez
148 4

—zln(soln]_ﬁﬂ—3[301n1_6%—4(301n(30. (A.9)

A.3 PHASE-SPACE INTEGRATION FOR THE SOFT MODES

This appendix addresses some technical aspects of the calculation performed in
Sec. 5.3, specifically for the quantity A5v[¢f%. . The reason why we choose to present
the procedure followed in order to obtain this particular quantity rather than any
other one lies in the fact that it exemplifies all the general techniques used through-
out the paper, yet it involves expressions which are compact enough to be readable.
We will follow closely the procedure outlined for the QED case in [305]. Our start-
ing point is the amplitude of Eq. (5.21): it describes the annihilation of a pair of
S into two quarks with the associated emission of a soft gluon. It corresponds to

the FSR amplitude in the first line in the expansion of Eq. (5.13), also depicted
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in Figs. 5.3a and 5.3b. After we sum over final spins and polarization states’ the
amplitude squared for this process can be factorised as

~reff 2 gry’ mg 2 2
<|Msoft|> = ]6NC Tz M4(1 +T—Z) (p1 P2 _mq) Z |Jeik| 7 (A'IO)
S A

where the square of the eikonal factor of Eq. (5.16) reads

2 2 1 1 2p1-p2
; el = =rmg ((P1 kA2 (p2 'k+7\2)2> " (P1-k+A2)(p2-k+A2)’
(A.11)
k is the gluon momentum and A is the fictitious mass of the photon. We now define
two kinematic variables

w=tky , x=E4—Eg , (A.12)

such that we can write, with M = 2Mg from now on,

M — M —
qu—x+Tw , Ea:x%—iw , (A.13)

and the resulting scalar products are

2p1-k= M(w —2x) — A%,
2p2 -k =M(w+2x)—A?, (A.14)
2p1-p2 = M2 —2Mw —2mi + 2.
In terms of our new variables in Eq. (A.12) and in the approximation in which both

incoming DM particles are at rest, the usual phase-space integral for the three final
states,

1 dgk d3‘p1 d3p2
I3 = MM—k—p; — A.
3= 30 de3 dE3 dE? ( P1—P2) (A.15)
can be written as
1 e A6
= O . .
I3 2565 Jd Jdd) L\Z dw L dx (A.16)
For the integration limits we have defined the quantities
M2 — 4m2 4 \2 1 2_jw 4 A2
Wm = . , Xt =E5Vw? -2 by = 2 M2 (A.17)
M 2 1—2w L A
M T M2
=B

1 We consider massless polarizations for the photon even though we introduce a small photon mass
A2 to handle the IR divergences. We can do this because of the Ward identity: massive polarisations
depends on the photon momentum, therefore they vanish when they multiply the total amplitude.
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Since we are here interested only in the soft modes of the emitted particle, we
will only consider the corner of the parameter space with gluon energies up to
wo < wqy. Using the definitions in Egs. (A.14), the integrals over the variable x,
Xy 1 1 2 — A2
de . o L g (QEBVO TR A
x (2‘p1 -k—A )(Z‘pz k—A ) 2M-4w w_vaZ_)\Z
=f(w)
o 1 1 BvVw? —A2
J dx 2T MZ W21 —B2) £ BN’ (A-19)
X (Zp],z'k—}\z) M< w ( B )+B A
=g(w)
can be used to perform the integral over x for the eikonal factor
X+ M? —2Mw —2m? + k2 m2
2 _ q q
i ax 3 = o flw)~ 23 %g(w) . (A20)
Altogether we are left with
4 2m
. “’0 X et
Adv Soft = dw dx<|Msoft|> (A.21)
gy’ 2 = 2
dw(M* +2Mw —2 -
327[5 2 M‘S‘U +r—z) J @M+ 2Ma — m e L dx; el
o wo ' 4+ B2 f(w) 1—p2
=— q -2

where (ovqq) is the s-wave component of the two-body cross section of Eq. (5.2),

with the obvious substitution Q?a — Crxs. In the last step we have sent to zero
linear terms in A2. We have also neglected finite terms that give a null contribution
when integrated between A% and wo < Wi Setting A =0 exactly in the remnant
terms would let them diverge, so we need to treat them differently. Starting from
the simplest function,

T B

A=0 wl—p2’

g(w)

(A.22)

we see it contains a logarithmic divergence when integrated:
B (wo) B

—2(1 — B2 d
( BO)L(M_BO P = p2)

:[ B +11+(501 (HB)_ Bo 1n(‘3+[3°>r(w0). (A23)
Bo

6=| " deglw)

0 A=0

T—B7 "21-p3 \1—-B) 1-p3 \Bo—B

In order to isolate the divergent part in the integral, let us define a similar quantity:

BovawI— N
w2 (1 - B2) + B2

wo _ B (wo)
= Go= J dwgo(w) =— Po {ln < 1-p )] . (A.25)
Bo

0 A=0 1—B3 B5— B2

go(w) = (A.24)

105



106

APPENDIX

The difference G — Gy is now finite when p = Bo:

142 a2 B (o)
6 Go— [y B (1HB) | By (B0 ey
T—p2 21— 1-p 1—B5  \(Be—BI(Bo+B)Bo+B/ ],
(A.26)
We therefore split the g(w) function as
wo
J dwg(w) =G —Gp + lim Gy, (A.27)
0 A—0
where, after having defined t(w) = 7%*7‘2:
wo BovwZ —AZ
Gt = dw 3
A w?(1—B3) + PoA?
1 Bo [ <1+t> 1 <1+Bot)]ﬁ(w°)
== In ——1In A.28
= G(wo) — Ge(n)- (A-29)

The integration was performed on the speed rather than on the energy, since

w = A/V1—1t2. For the lower extreme t(A) = {/1— ;—i = 0, therefore G¢() = 0
even before taking the massless limit. The upper extreme instead returns the IR-
divergence as

: 1 Bo 4w? 1 1+ Bo
To deal with the other ill-behaving function % we start working with indefinite
integrals first:
flw) 2 B T+8
FEde =—-2(1-p )Jd[.% In (A.31)
w | =B \T-B ]

The function F clearly contains the same singularity at 3 = B¢. If we now use
partial fractioning to write

B 1 [1 IR
(1-BH(B5—B2)  21-p5L1+B 1-B Bo—B Bo+P

] . (A.32)
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The primitives for the resulting 4 integrals can be found in Ref. [305]:

B 1 1+8\ 1,5 L (1-B - 2
F1:Jdﬁ]+ﬁln(]_ﬁ)—zln (1+B) L12<2 >+ln(1 B)ln<]+6>

(A.33)
FZEJdB1161n<1tE):Liz<1;B)—1n21n(1—[3)+;1n2(1—[3)+72
(A.34)
_ 1 14+p _ B 1+ Bo B B B
Fa=[ap Lot (58) =~ in(Bo— g)in (1750} ~in(1 — Byini1 ~ po)
—i—;lnzﬂ—ﬁ)—i-Liz(?1_[35)+Li2<610__66>
(A.35)

—%lnzﬂ +B)+In(1+Bo)In(1—p) . (A.36)

This way the original integral is now given by F = —F; +F, —F3 4 F4. The divergent
part is now the first term in F3. Similarly to what we have done before, but still
working with indefinite integrals here, we introduce the term

_ T+Bo) [ dw o (1+Bo ﬁ%—f52>
Fo_ln<1_BO>J " K:O— ln<1_ﬁo>ln< 1 p2

- 1+ Bo B+ Bo 1+ Bo
_1n<1—[50>1n<1—[52)_1n<1_r30>10g(f30—f3) , (A37)

where the last term cancels exactly the IR-divergence in the sum

_ 1 1T4+p s 1—Bo Yy 1—p 14+
F4:Jdﬁﬁo+ﬁln<1_ﬁ>— L12<1+B> L12<1+BO)+ln([3+[30)ln<]_B
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)

. (1B . (Bo—R . (Bo—B . (1="Fo . (1B
F—F0—2L12<2 )—L12(1+BO>—L12<]_B>—L12<1+ﬁ>—L12<1+60>

—In?(1—B) +In(1—B3) In(1 —B) —2In2In(1 — B) +In(1 — B) In(1 + B)

1—[32> <1+Bo) <1+(5>
+ln<[5+[50 In T P +In(B +Bo)In =8 (A.38)

We will again write

@0 flw) wo | 1: wo
J dw—— = [F—Foly° + lim F¢
0 w A0 A

7
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where the final term reads
_[dw. [T+ Bot(w) y=pot y <1+y>
Ft_J w ln<1—[30t(w)> B deﬁé—yzln 1—y
1 1 1 1+y>
== — 1
Zde<Bo—y Bo+y> n<1—y
s [ Bo(1—1) . [ Bo(T—1) . (1—Bo . (1—Pot
‘L”( T o )+le< 1—Bot>+“2<1+Bot>+“2<1+fso)

const.

+In(1 BBy + (1~ Bo) (1 — 1) ~ In(1 +e¥ATBo) ~In(1 + o) In(1 1

1 1 1 t
20 - Bot) + 2 1n2(1 4 Bot) — In(1 — Bot) In(1 — B2) — In [Bo(1 + t)]In { 11RO
2 2 1—Bot
The upper limit w = wy of the corresponding definite integral contains a divergent
term from 5
A—0 A
In[1—t(wo)l "~ In (2) , (A.39)
2wg

while the other terms can be obtained setting t(wg) = 1 directly:

: T (1=Bo) , 1,2 1.2
%%Ft(wo) =3 [2L12 <] n Bo) + Eln (1—Bo) + Eln (14 Bo) —In(1—Bo) In(1—B3)
A2 1+ Bo 1+ Bo
—In (2(1)(2)) In (1 — Bo) —In(2Bo) In (1 . (A.40)
In the lower limit the dependence on the photon mass disappears,
1 7'[2 1+ BO 2
Fuv-o =3 | 5 +inboln (1550 ) 0+ 8a)| (A

where we have used the first one among the following properties of the dilogarith-
mic function:

2

Liy(z) + Lix(1—2) = % —InzIn(1—2), (A.42)
1 1
Liz(1—2) +Lia(1 - ) :—ilnzz, (A.43)
. . 1 7'[2 1 2
le(z)—l—le(z) —?—Eln z. (A.44)

(A.45)

Egs. (A.43), (A.44) and (A.45) are all to be used again once we go back to Eq. (A.21),
taking the limit for wy < mg. In this special case all the contribution coming
from integrals other then the divergent ones we have just studied won’t contribute,



A3 PHASE-SPACE INTEGRATION FOR THE SOFT MODES

because our integration interval shrinks to a point. Only functions with a pole at
that point will then have non zero value in such a limit. Eq. (5.24) follows from

~ 1eff Xs
A(n)|§oft i <

O0Vqq

OUqq)

>on [H—Bzf(w) 1B

A2 B w B g(w)]

A2 A—=0

wo 1 4 BZ ) 1— BZ )
J { B |:11m Ft(wo) _Ft()\)_O:| -2 B 115)1’}) Gt(wo) .
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