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ABSTRACT

Neutrino oscillations, the baryon asymmetry and dark matter are important evidences
of new physics beyond the Standard Model.

Neutrino oscillations imply neutrino masses and a lepton mixing matrix that can
contribute to flavour violating processes and CP violation at low energies, accessible
to next experiments, and to the CP violation necessary for baryogenesis. Among the
most interesting implications, is flavour violation in the lepton sector, but it has only
been observed in neutrino oscillations. By analogy with quarks, it is then possible to
deduce a principle of minimal flavour violation for leptons. Since such formulation is
not straightforward in the lepton sector, we discuss different possibilities. Then we
propose a definition which could be applied to various models and could help us in
selecting between the possible neutrino mass generating mechanisms.

Furthermore, if the seesaw mechanism describes neutrino masses, we can have a
natural explanation to the baryon asymmetry of the universe with leptogenesis. In the
context of leptogenesis including flavour effects, we demonstrate that the baryon asym-
metry of the universe is insensitive to the low energy CP violating phases. This study
is performed in the minimal extension of the Standard Model, with the introduction
of 3 right-handed neutrinos and type-1 seesaw, only, and it is extended, in a following
study, to the supersymmetric case. Since the seesaw parameter space is quite large,
the numerical study is developed with the Markov Chain Monte Carlo method.

In relation to dark matter, we study a scenario with very weakly coupled candidates
and their production through the decay of a charged long-lived scalar particle. We
compute the scalar particle number density, evaluating its gauge interactions, and
compare it with Big-Bang Nucleosynthesis bounds. Then, we apply our results to the
Minimal Supersymmetric Standard Model scenario with axino or gravitino as Lightest

Supersymmetric Particle and stau or stop as Next to Lightest Supersymmetric Particle.
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EVIDENCES OF NEW PHYSICS

I.1 Neutrino oscillations

The Standard Model (SM) of particle physics contains 3 left-handed neutrinos v, v,
v, that are weakly-interacting particles and have null mass. This choice is in agreement
with the analysis of the invisible Z-boson width at LEP [1], from which we deduce three
“active” neutrinos with masses below the Z mass. These left-handed neutrinos do not
mix, therefore, neither flavour changes nor neutrino oscillations are predicted in the
SM.

Nevertheless, there are now many different data supporting the hypothesis of neu-
trino oscillations which come from experiments measuring fluxes of neutrinos produced
in the Sun, in the atmosphere, in accelerators and nuclear reactors. The first hint
to neutrino oscillations was given by solar and atmospheric neutrino experiments. A
deficit in the neutrino solar flux was already found in the Homestake experiment [2].
The flux of electron neutrinos from the Sun was ~ 1/3 the value predicted by the
Standard Solar Model (SSM) [3]. But the most important confirmation to the so-called
“solar anomaly” arrived with the SNO experiment. It was in fact able to distinguish
the electron neutrino flux ¢,, from the total neutrino flux ¢, via charged and neutral
current neutrino interactions in the detector. In 2001 it found a ratio ¢, /¢, ~ 0.34
compatible with v, , appearance, and a value for the total flux ¢; ~ 4.94 10~ %cm—?s™!
in agreement with the SSM predictions [4]. KamLAND, confirmed the solar anomaly
discovering disappearance of 7, from terrestrial reactors [5]. In the meantime, Su-

perKamiokande found a second neutrino anomaly, analysing fluxes of atmospheric
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neutrinos, that was confirmed in 2004 by the reactor neutrino experiment K2K. It
observed a dependence on the zenith angles in the muon neutrino flux, correlated with
the distance covered by neutrinos. These data were consistent with v, disappearance
[6].

All those results are now interpreted with flavour change in the lepton sector. The
simplest way to include it in the SM is to introduce a neutrino mass matrix which
is not diagonalized in the charged lepton mass basis. It implies flavour change and
controls neutrino oscillations. The oscillation probability between two flavours a, b is

indeed given by:

P =) = 13 Use™ ™00y = (L1)

5ab —4 Z %(Uai Ubi Uaj Ubj) Sln2 (Amfj E>

i>j
L
* * : 2
i>j
where U is the mixing matrix relating the neutrino and charged lepton mass bases, m;
the neutrino mass eigenstates, L the distance covered by the neutrino beam and F its

energy.

The solar and atmospheric anomalies are approximately two flavour oscillations.
The solar one is interpreted as an oscillation v, — v, ,, governed by a mass square
difference Am?% ~ 7.6 107° eV? and a mixing angle sin® 6, ~ 0.32, while the atmo-
spheric anomaly as an oscillation v, — v, with Am2, ~ 2.4 107 eV? and a mixing
angle sin? @y, ~ 0.5. Those 2 flavour oscillation probabilities are approximations of
a 3 flavour mixing, governed by a 3 X 3 unitary mixing matrix, usually referred to as

! This matrix contains 3 mixing angles and 1 phase, if neutrinos are Dirac

Umns
particles. However, neutrinos are neutral particles and can be Majorana, i.e. identical
to their anti-particle. In this scenario, two more phases must be added to the MNS

lepton mixing matrix.

!There are still two anomalies in neutrino data that are not understood in the 3 oscillation picture,
from LSND [7] and low energy data in MinibooNE [8].



I.1 NEUTRINO OSCILLATIONS

The lepton mixing matrix is usually parametrized in the following way:

C12C13 $12€13 size” "
Uuns = —812023—012823813€i5 Ci12C23 — 512523513 $23C13
| 812823—012023,<9136i(S —012823—812023=5‘136i(S C23C13

e« 0 0

X 0 e 0

0 0 1

The Dirac phase d can be evaluated in neutrino oscillations, since it implies a differ-
ence between neutrino or anti-neutrino oscillation probabilities, as we can see from eq.
(I.1). Notice that this phase always appears in the Uy;yg with sin 63, which induces
v, > U, oscillations at the atmospheric frequency. The value of 6,3, not known at
the moment but constrained to be < 10° [9], therefore determines the capability of
future experiments to detect CP violation in neutrino oscillations. While the o and (3
Majorana phases can be measured in experiments sensitive to lepton number violation,
like neutrinoless double beta decays [10]. However, in this case it is hard to extract a
value for those phases because of the uncertainties on nuclear matrices involved in the

reaction.

Oscillation experiments are insensitive to the determination of the absolute neutrino
mass scale. Laboratory bounds can be given in measurements of tritium beta decay,
where they have set a limit on m,, = (3, |Uul*m?)Y? < 2.2 eV [11, 12], in future
experiments they are expected to reach a sensitivity of 0.2 eV [13]. In case of Majo-
rana neutrinos, neutrinoless double beta decays give a bound on |me.| = | >, UZm;| <
(0.44--0.66)hy eV , where hy takes into account the uncertainties on the nuclear matri-
ces [14]. While from cosmology, the WMAP collaboration gives a bound >, m; < 0.61
eV by a combination of data from WMAP 5-year run on Cosmic Microwave Background
(CMB) anisotropies, Baryon Acoustic Oscillations (BAO) and Type Ia Supernovae data,
[15]. Observations of CMB thermal fluctuations give the best determinations of various
cosmological parameters, as we can see in the following. A comprehensive explanation
of the more recent developments in cosmology can be found in [16]. With respect to

neutrino physics, an updated overview of neutrino experiments is given in [17].
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1.2 The baryon asymmetry of the universe

Observations tell us that the known universe is made of matter. Indeed we do not
see « rays from particle and anti-particle annihilations so that we can deduce there is
an excess of matter over anti-matter. Visible matter is mainly composed by atoms,
implying a baryon asymmetry:

Vg =2 40 (1.2)

where np and ng are the number density of baryons and anti-baryons respectively, and
s is the entropy. Measurements of the baryon number density come from the estimation
of Big-Bang Nucleosynthesis (BBN) [18] relic densities and from measurements of the
CMB thermal fluctuations . Those independent measurements are compatible. The
WMAP results, combined with BAO and Supernovae, give: Yp ~ 8.75 4 0.23 x 1071}
[15]. We have no definite information on the lepton asymmetry, however there is an
undetectable CMB of neutrinos which could contain a large lepton asymmetry.

There are strong motivations to believe that a dynamical mechanism at the early
universe is necessary to explain the present value of the baryon asymmetry. Indeed,
even if the universe was born with a baryon asymmetry, this would have been diluted
during its period of exponential expansion, called inflation. Therefore, in order to have
a baryogenesis at the origin, when the universe is repopulated by a hot thermal plasma

after inflation, the three Sakharov must be satisfied:
1. B violation, to evolve from a state with B = 0 to a state with B # 0;

2. C and CP violation, in order to have a different behaviour of particles and anti-

particles;

3. Out-of-equilibrium dynamics, indeed CPT conservation implies that particles and

anti-particles have the same mass and, thus, the same abundance if in equilibrium.

In the Standard Model of particle physics all the conditions are present. Indeed, even
if baryon number is conserved at three level, B violation is provided by quantum
anomalies and non-perturbative processes. C and CP violation are included in the
CKM matrix and the out-of-equilibrium dynamics is provided at the electroweak phase

transition. Nevertheless, the two last conditions are not successful, since CP violation
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provided by the CKM matrix is too small and the Higgs potential, inducing the out-
of-equilibrium, is too smooth for Higgs masses bigger than 70 GeV [19]. Therefore, an

extension of the Standard Model scenario is inevitable.

1.3 Dark matter

Cosmology and astronomy provide another strong evidence of new physics. Obser-
vations suggest that most of the mass in the Universe is some non luminous dark
matter, of a yet unknown composition. This dark matter does not emit or absorb elec-
tromagnetic radiation at every known wavelength, while its gravitational interactions
dominate on scales from tiny galaxies, to the largest scales observed.

The cosmological matter density is usually quoted by using the matter fraction of
the critical energy density Q,,, = pm/p. multiplied by k%, where h = H,/100 km s~ Mpc™* =
0.701 4+ 0.013 is the present Hubble parameter. €2, could be evluated by determining
the mass-to-light ratio ¥ = M/L of some system and then multiplying this by the
average luminosity density of the universe, so Qs = YTL/p., where p. is the critical
density. The value of €2, obtained with these measurements, corresponding to mass
associated with light, provides less than 1% of the critical density, 2,5 < 0.01. While,
as we will see below, from other kinds of determinations there is strong evidence that
Q,, >~ 0.3, thus supporting the idea that such a kind of dark matter exists.

Evidences for dark matter are provided at very different scales. The earliest indica-
tion for dark matter came at galactic scales from the observation that various luminous
objects (stars, gas clouds, globular clusters, or entire galaxies) move faster then one
would expect if they only felt the Newtonian gravitational attraction of other visible
objects. An important example is the measurement of the rotation curves of spiral
galaxies, namely the graph of circular velocities of stars and gas as a function of their
distance from the galactic centre. Observed rotation curves, usually exhibit a char-
acteristic flat behavior at large distances, that is outside the edge of the visible disk.
This leads to a lower bound on the dark matter density, €2, = 0.1.

Moving to larger scales, the methods of determining €2,, involve observation of clus-
ters of galaxies. These observations include measurements of the peculiar velocities of

galaxies in the cluster, which are a measure of their potential energy if the cluster
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satisfies the virial theorem; measurements of the X-ray gas temperatures in the clus-
ter, which again correlate with the gravitational potential felt by the gas; and, most
directly, studies of gravitational lensing of background galaxies on the cluster. These
measurements are consistent with a value of €2,, ~ 0.2—0.3. A recent spectacular proof
comes from a weak lensing observation of a unique cluster merger. Due to the collision
of two clusters, the X-ray emitting plasma is spatially segregated from the collisionless
dark matter galaxies. The gravitational lensing reconstruction shows a spatial offset of
the centre of the total mass from the center of the baryonic peaks [20].

However, the observations discussed above do not allow us to determine the total
amount of dark matter in the universe. The currently most accurate determination of
Qpur comes from global fits of cosmological parameters to a variety of observations. For
the most recent measurements of the anisotropy of the CMB provided by WMAP 5-year
run, combined with data from Baryon Acoustic Oscillations and Type Ia Supernovae,
the dark matter density is set to [15]:

Q,,h? = 0.1143 + 0.0034. (1.3)

Since ordinary matter is baryonic, the first proposal was to assume also this composition
for dark matter. The main baryonic candidates are MAssive Compact Halo Objects
(MACHOSs) nevertheless, as we have seen in the chapter before, the measurements
on BBN relic densities and from CMB are consistent and set a limit to the number
of baryons that can exist in the universe. Expressed in baryon density over critical
density data from WMAP 5 year only give 0.02149 < Q,h% < 0.02397. Hence, the
baryon density is clearly too small to account for the whole dark matter in the universe,
then we have to focus our attention on non-baryonic candidates.

Candidates for non-baryonic dark matter must satisfy several conditions: they must
be stable on cosmological time scales, otherwise they would have decayed by now, they
must interact very weakly with electromagnetic interaction, otherwise they wouldn’t
qualify as dark matter, and they must have the right relic density. Furthermore, from
studies of galaxy formations, they must be “cold”, that is non relativistic at the time
galaxies just started to form. Hot dark matter cannot cluster on galaxy scales until
it has cooled to non-relativistic speeds and, so, gives rise to a considerably different
primordial fluctuation. The leading SM dark matter candidate could be the neutrino,

but it is very light and can contribute only to the hot dark matter density. Therefore,

10
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I1

THE FLAVOUR PROBLEM

II.1 SM flavour symmetry

As we said in section 1.1, in the Standard Model of particle physics we do not expect
flavour violation in the lepton sector. The kinetic lagrangian for the SM leptons is
given by:

Le=1(Dl+epDer. (IL.1)

where the SU(2) lepton doublet, ¢, is repeated over the three families, and the right-
handed neutrinos are not included. This lagrangian has an accidental global flavour
symmetry under the action of the group Ggay = U(3) x U(3). That is, if we consider
the three component vector ¢, the kinetic term is invariant under the application ¢ —

Ve, where V' € U,(3). To this kinetic term we add the renormalizable yukawa coupling:
Ly = (Y Hter + h.c. (I1.2)

that breaks the symmetry group into the group Ur, (1) x Ug, (1) x Ur, (1). This residual
symmetry is large and can be identified with the three family lepton number conser-
vations. Therefore, we do not have mixing between lepton families, and neutrino
oscillations or flavour violating processes are not predicted in the Standard Model.
Nevertheless, some new physics beyond the SM should exist if we want to explain
dark matter, neutrino oscillations and baryon asymmetry. This new physics is surely
flavoured in the lepton sector and must behaves in agreement with present strong

bounds on lepton flavour violating processes. Neutrino oscillations are indeed explained

13
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with the introduction of a neutrino mass matrix [m,] in the lepton doublet space
which is not simultaneously diagonalised with the Y.Y. operator already present. As
a consequence, it reduces the residual flavour symmetry and implies a mixing between
lepton families that, besides neutrino oscillations, allows flavour violating processes.
These processes have not been seen yet and the strongest upper bound is given on y —
ey, with BR < 1.2x107! [1]. However, the introduction of the neutrino matrix opens
new questions. An adequate neutrino mass generation mechanism should explain the
smallness of neutrino masses or the Dirac or Majorana neutrino nature, furthermore,
it would be really interesting to find a scenario were also baryon asymmetry and/or
dark matter are explained. There are theoretical motivations to believe that this new
physics should be visible at energies accessible to LHC. Indeed it could preserve the
theory from an hierarchy problem and, in some extension of the Standard Model,
could also provide a dark matter candidate. Since, as we have seen, flavour is not a
symmetry for leptons, this new physics can be flavoured and encounter the so called

“flavour problem” described in the following.

II.2 The non-renormalizable flavour violating oper-

ator

The effects of new physics at the electroweak scale are parametrised by non renormal-

izable operators, O¢, built by the known fields:

LSM = Lgauge(¢i7 A) + LHiggs(qu)'b A7 ¢) + Z Ad

d>5

The high energy experiments completely determine the form of such operators thanks
to the direct production of new particles. However, even before attaining the necessary
energies, we can deduce some of their properties starting from the low energy data. At
present, very strong bounds exist on lepton flavour violating processes. At low energy,
flavour violating decays of charged leptons are described by a dimension six operator

of the form:
ng v
m?vp

€qa0"" PregF,, + h.c. (I1.4)

14
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where O;ﬁf} is a dimensionless coefficient and m% is the new physics (matching) scale.
The flavour off-diagonal elements give flavour violating radiative decays for charged

leptons:
2,5
e“m;,

S (A + AR ) (115)

F(la - lﬂV) -

with maAg 1 = 20877 /m% p.

The present bounds on flavour violating processes put strong constraints on the
form of the coefficients Ay, g, that can be translated into a strong lower bound on the

new physics scale if we take ng of order O(1). Indeed, defining the branching ratio

as:
(i, —1 19213 a0? (JO2P12 + |05
BR = ( Hﬂv}z ;row (19 4‘ i (1L.6)
['(ly — lgvw) G5m? My p
and considering the process u — ev, which has the strongest bound, we obtain:
myp 2 10°TeV x (O] + |0 ). (IL.7)

The form of the coefficients Ay, g is specified by the high-energy physics scenario. In
order to respect the present bounds on flavour violating processes and allow some new
physics at the TeV scale, we need a principle of minimal flavour violation for leptons

that restricts the form of the non-renormalizable operators.

11.3 Minimal flavour violation

Minimal Flavour Violation (MFV) is a principle that was first proposed in the quark
sector [2, 3], where the flavour and CP violation of the CKM matrix are observed in
many different ways. We can determine the CKM angles at the tree level and the
measured loop effects on flavour changing neutral currents (FCNC) are those predicted
by the Standard Model. Thus, the new effects in loops coming from new physics should
be smaller than the SM ones [4]. Similarly to the situation explained above for the
leptons sector, we have two possible scenarios. Either the new degrees of freedom
carrying flavour appear at very high energy, and they are not early testable. Or, at the
TeV scale the flavour changing couplings are suppressed by a MF'V symmetry principle.

So, Minimal Flavour Violation is a principle introduced in the quark sector in

order to suppress new particle interactions and respect present data. This principle
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becomes a useful tool in model building at the TeV scale since it is very predictive
and contemporarily includes the most part of models in accord with quark flavour
physics. In [2] they define minimal flavour violation where the SM yukawas are the
only source of quark flavour symmetry breaking. With this definition flavour change
and CP violation in the quark sector are proportional to the CKM matrix and the
quark eigenvalues. Thus, MFV becomes a predictive framework that encompasses
many models. As we have seen before, the lepton sector differs sensibly. A new physics
must exist to accommodate neutrino oscillations but flavour change has not been seen
in flavour violating processes yet. Thus we do not know if the lepton mixing matrix

controls neutrino oscillations and flavour violation.

In our work reproduced in Chapter 1 we discuss the possibility of defining a principle
of minimal flavour violation in the lepton sector, where the lepton mixing matrix angles
are not measured with a precision comparable with the CKM one [5] and strong upper
bounds on lepton flavour violating processes exist. A first definition of minimal lepton
flavour violation has been proposed by Cirigliano et al. [6], where they allow only
the operators Y, and [m,] to define a basis in the lepton doublet space. In that case,
the scenario is very predictive and flavour violation is driven by the Ujsnys matrix.
Some variations have been studied in subsequent papers [7, 8]. However, we look for
a more extensive definition which could be applied to various models and could help
us in selecting between the possible neutrino mass generating mechanisms. We will
see that various definitions of minimal flavour violation for leptons can be deduced
and, in particular, in the case of Majorana neutrinos, where the light neutrino mass
operator is non renormalizable at the electroweak scale. We propose a definition that
could encompass many models, where flavour violating processes are not necessarily

controlled by the Ujy,ys mixing matrix.
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LEPTOGENESIS AND CP VIOLATION

III.1 The Seesaw mechanism

In our studies reported in Chapters 2 and 3 we have considered the type-1 seesaw
extension of the Standard model. It is a very attractive scenario, since it can naturally
explain the smallness of neutrino masses and give a dynamical production of the baryon
asymmetry of the universe, through leptogenesis, without inducing proton decay [1].

We have focused our attention on the CP violation provided by the seesaw mecha-
nism. As we have seen in section 1.1, CP violation has not been discovered in the lepton
sector yet. Nevertheless, in the seesaw scenario we consider, CP violation is provided
by 6 phases. And, some combination of those phases can contribute to the Uj;yg ma-
trix and be measurable in future experiments. We recall that in neutrino oscillations
we can measure only the Dirac phase, while some constraints on the Majorana phases
can be set in neutrinoless double beta decays.

The type-1 seesaw extension of the Standard Model contains three heavy (M =z 10°
GeV) Majorana neutrinos N; in addition to the SM particles. The Lagrangian at the

Ny mass scale is given by:
—j i Y i I Mk ek
L=er’YejHil' + N N\jyH ' + N TN + h.c. (I11.1)

where the flavour index order on the Yukawa matrices Yo, A is left-right, and H, =
tooH;. This Lagrangian contains 21 parameters, among them the 6 CP violating

phases.
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In the basis where the charged lepton yukawas are diagonal (Dy,), the seesaw can
be parametrized in different ways, where the CP violating phases appear in different

combinations:

e Top-down parametrization, the usual one, at A > M;, with inputs from the
right-handed neutrino sector. The neutrino yukawa coupling is bi-diagonalized
by two unitary matrices A\ = VLTDAVR. So that, the input parameters are the 9

eigenvalues of D);, Dy and the 6 mixing angles and 6 phases of V;, and Vj.

e Bottom-up parametrization (2|, with inputs from the left-handed sector. At low
energy the heavy degrees of freedom are integrated out and the effective light

neutrino mass matrix can be written:
[my] ~ AM~'\T'v? =UD,U” (I11.2)

where U is the lepton mixing matrix and D, is the diagonal neutrino light mass
matrix. We are then left with the SM seesaw measurable parameters. The

remaining ones can be the taken to be the yukawa eigenvalues Dy, and V7.

e [ntermediate parametrization, proposed by Casas and Ibarra [3]. The neutrino
yukawa couplings are written in terms of the lepton mixing matrix U and of a

complex orthogonal matrix R:
A= UDY?RD}? /v, (111.3)
And the other inputs are the 6 light and heavy neutrino masses D, and D).

The two last parameterizations make manifest the role of the 3 low energy U,,ys phases
and are, therefore, convenient to follow the role of the 3 measurable CP violating phases

also at high energy.

II1.2 Flavoured leptogenesis

CP violation provided by the seesaw mechanism can be an important ingredient for the
production of the baryon asymmetry of the universe (BAU). For clarity we briefly recall,

here, the leptogenesis SM seesaw scenario, while in our work we have also considered
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Figure III.1: CP violating decay of the lightest right-handed neutrino Nj.

its supersymmetric extension. In this context, BAU is provided by the CP violating
decays of the lightest right-handed neutrino N;, which populates the thermal plasma
at temperatures 7' ~ M;. In this case, hierarchical N masses are assumed: M; ~ 10°
GeV <« M,, Ms. A population of Ny is produced, mainly by scattering processes, at
T ~ M. Then, the Ny decay violating CP producing a lepton asymmetry [4]:

[(Ny — (,H) —T(Ny, — 0, H) 3M,
€aa = — =
(N, — (H) +T(N, — (H) — 8mv2[ATA]y,

Im {[Nai[miNai},  (HL4)

where « specifies the flavour of the lepton doublet in the final state. The flavour indices
are explicitly written since, recently, has been suggested that flavours can have a role in
leptogenesis [5, 6, 7]. Indeed if the interactions involving charged lepton yukawas are in
equilibrium, flavours become distinguishable and the lepton asymmetry evolutions in
each flavour must be considered separately. If inverse decays and scattering processes
that erase the lepton asymmetries are out of equilibrium, then the asymmetries can

survive. The effect of those processes is included in the efficiency parameter 7, equal

~1.16 ~ -1
My | Ava|Man
_ —_— III.5
<2|Aaa\maa) + ( 2m., ) ] ’ ( )

in strong wash-out regime. Where A, ~ 2/3 and m are the N; (rescaled) decay rates:

ZN —ZM‘“‘ 2. (IIL.6)

The lepton asymmetry is then converted into baryon asymmetry by non-perturbative

to:

No =

processes. The central quantities for leptogenesis are then the lepton asymmetry €,

and the wash-out factors 7,, so that the final baryon number density can be written as

12 1
Yoo~ ———— ) €aq o (I11.7)

2

37 39,
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where g, ~ 106.75 in the SM and 12/37 takes into account non-perturbative effects
to convert the lepton asymmetry into baryon asymmetry. For a detailed review on

flavoured leptogenesis see [8].

1I11.3 CP violation

Here we concentrate on the role of CP violating phases. The phenomenological question
we want to answer, in the context of thermal leptogenesis, can be formulated in the

following way:

Given the measured value of the baryon asymmetry,

can an allowed range for the Uyrng phases be predicted?

The inclusion of flavour effects has changed the standard scenario. Following the
Casas-Ibarra parametrization, see Eq. (I11.3), the low-energy measurable phases are

explicitely visible in the lepton asymmetry e:

12 3/27 74
e - 3M, s(ng mﬁ/ mp/ Ua,@UapRﬁlRpl)
o 16mv? > 5 ms|Rigl?

(I11.8)

Therefore, without including flavour effects Y oc en = >~ €aa >, Mo and, because of
the Uprnys unitarity, the low-energy phases disappear from the total lepton asymmetry:

€= — . I11.9
16702 Zﬁ mg‘ngP ( )

We can than easily conclude that the baryon asymmetry, in leptogenesis without
flavours, is insensitive to the low energy phases. This result was first found by [9].
Nevertheless, this simple argument cannot be applied in flavoured leptogenesis, where
the lepton asymmetry in each flavour evolves independently and must be considered
with its own washout factor: Yz o< Y €aaflaa-

In the two publications reproduced in Chapters 2 and 3, we show that leptogenesis
is insensitive to the low energy phases even if flavour effects are taken into account.

In Chapter 2 we discuss the simplest extension of the SM with 3 right-handed
neutrinos and the type-1 seesaw mechanism. We look for an area of the unmeasurable

parameter space where we have enough baryon asymmetry and Yp independent of low
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III.3 REFERENCES

energy phases. It is found analytically, in strong washout regime, with a simple choice
of the unmeasurable R matrix defined in the Casas-Ibarra parameterization. The study
is completed by a numerical analysis, where we provide a random selection of points,
in the seesaw parameter space, with large enough baryon asymmetry for any value of
the low energy phases.

The subsequent publication, in Chapter 3, extends this work to the supersymmet-
ric seesaw scenario. This framework is particularly attractive since it stabilizes the
hierarchy between the leptogenesis scale and the electroweak one. In this context we
have preferred a phenomenological bottom-up parameterization since, besides the usual
measurable low-energy parameters U and D,, also Dy, and Vj, can have physical rel-
evance in supersymmetry. They indeed may contribute to the renormalization group
running of the slepton mass matrix and, so, to the enhancement of flavour violating
processes, that could in that case be measurable in the next experiments [10]. The
analysis is performed numerically by a Markov Chain Monte Carlo scan. This method
is particularly efficient in case of a large parameter space, since it samples through a
fast random walk a representative subset of points, according to a given probability
distribution [11, 12].

References
[1] M. Fukugita and T. Yanagida, Phys. Lett. B174 (1986) 45.
[2] S. Davidson and A. Ibarra, JHEP 0109 (2001) 013 [arXiv:hep-ph/0104076].

3] J. A. Casas and A. Ibarra, Nucl. Phys. B 618 (2001) 171 [arXiv:hep-
ph/0103065].

[4] L. Covi, E. Roulet and F. Vissani, Phys. Lett. B 384 (1996) 169 [arXiv:hep-
ph/9605319].

[5] A. Abada, S. Davidson, A. Ibarra, F. X. Josse-Michaux, M. Losada and A. Ri-
otto, JHEP 0609 (2006) 010 [arXiv:hep-ph/0605281].

[6] E. Nardi, Y. Nir, E. Roulet and J. Racker, JHEP 0601, 164 (2006) [arXiv:hep-
ph/0601084];

23



[7] A. Abada, S. Davidson, F. X. Josse-Michaux, M. Losada and A. Riotto, JCAP
0604 (2006) 004 [arXiv:hep-ph/0601083].

[8] S. Davidson, E. Nardi and Y. Nir, arXiv:0802.2962 [hep-ph].

9] G. C. Branco, T. Morozumi, B. M. Nobre and M. N. Rebelo, Nucl. Phys. B
617 (2001) 475 [arXiv:hep-ph/0107164].

[10] F. Borzumati and A. Masiero, Phys. Rev. Lett. 57 (1986) 961.

[11] D. J. C. MacKay, “Information Theory, Inference, and Learning Algorithms”,
Cambridge University Press.

[12] W. R. Gilks, S. Richardson and D. J. Spiegelhalter, “Markov Chain Monte

Carlo in Practice”, Chapman and Hall.



IV

PARTICLES AND THE EARLY
UNIVERSE

IV.1 The hot Big-Bang

All the cosmological processes we have discussed so far rely on the standard cosmolog-
ical model for the evolution of our universe, which has its foundations on Einstein’s
General Relativity theory. The most compelling idea is the so-called Big-Bang: our
universe was once very hot and dense and has expanded and cooled to its present
state. The first idea of a Big-Bang model was formulated in order to account for the
possibility that the abundances of light-elements, e.g. D and *He, had a cosmological
origin. Then the presence of a relic background radiation (CMB) with a temperature
of a few K was predicted. It was found many years later giving the first confirmation
for the hot Big-Bang model [1].

At the origin, the universe was hot and dense and populated by particles maintained
in equilibrium by very fast interactions. However the universe expanded and cooled,
thus the initial equilibrium condition was no longer maintained and particles started
leaving the thermal plasma (freeze-out). The particles left the equilibrium when their
interactions with the plasma were not fast enough if compared with expansion of the
universe. This happened at different temperatures for different particles depending
on their interaction couplings and their thermal masses. A review over the standard
cosmological model can be found in [2] and, with recent developments on cosmological

perturbations, in [3].
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IV.2 Very weakly interacting dark matter

Dark matter could have been produced in the primordial thermal plasma. If stable
on cosmological scales, once frozen out of the thermal plasma, its relic density has not
changed. Then, if produced in the right amount at the origin, it could provide for the
dark matter amount observed today.

The non-baryonic cold dark matter candidates are basically elementary particles
which have not been discovered yet, like axions and Weakly Interacting Massive Par-
ticles (WIMPs). In the context of the dark matter problem, supersymmetric theories
seem to give an elegant solution, see e.g. [4]. The supersymmetric extensions of the
Standard Model which include the conservation of a new quantity, the R-parity, lead
to the appearance of an appealing candidate which could be the main constituent of
dark matter. This candidate is the lightest supersymmetric particle, the LSP, which
is absolutely stable in these models and, so, could have been produced at the origin of
our universe and now be still present and be the main constituent of matter. Between
the supersymmetric particles the dark matter candidates are those electrically neutral.
The most studied is the weakly interacting neutralino, which is the fermionic super-
partner of SM gauge and Higgs bosons and is present in the minimal supersymmetric
extensions of the SM (MSSM).

In our work we are mainly interested to dark matter candidates that have “very”
weakly interactions with the ordinary particles. Two interesting examples from su-
persymmetry are the gravitino [6] and the axino [5]. The gravitino, superpartner of
the graviton, is present in supersymmetric theories that include also gravity. Its mass
depends strongly on the supersymmetry breaking scheme and can vary between many
orders of magnitude. It is very weakly coupled since its interactions are suppressed by
the Planck scale. The axino, instead, is present in supersymmetric models that include
the axion as dynamical solution to the strong CP problem. A new chiral symmetry
U(1) is introduced and then spontaneously broken at a very large scale f, ~ 10! GeV.
The axion is the Goldstone boson of such a broken symmetry and the axino its su-
perpartner. The axino coupling to matter is suppressed by the f, symmetry breaking
scale and its mass can be set at different energy scales.

Thus, gravitino and axino are massive particles whose interactions with ordinary

matter are strongly suppressed. If one of them is the LSP, it can be an interesting
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candidate for cold dark matter.

IV.3 Charged relics

The LSP can be thermally produced from scattering processes with particles in the
thermal bath at the origin of the universe. But it can also be produced non-thermally,
in decay processes of particles which are already out of equilibrium. This mechanism in-
volves two steps, the freeze out of the next-to-lightest-supersymmetric particle (NLSP)
from the thermal bath and, then, its decay into the LSP. In order for a two step process
to occur, the decay width of the NLSP must be sufficiently small to allow for the de-
coupling in the first place. On the other hand, the lifetime of the NLSP cannot be too
large, otherwise the decay into axinos and ordinary particles would take place too late,
during or after nucleosynthesis, and it could destroy predictions for the abundance of
light elements. The R parity conservation implies that all the NLSP decoupled from
the thermal bath must decay into the LSP, thus for each NLSP a LSP is produced.
In this non-thermal production, the abundance of the NLSP is then strictly correlated

with the abuundance of the dark matter candidate.

In the study reported in Chapter A, we have studied the general case of a scalar
charged thermal relic. We have computed its number density and compared it with
BBN bounds. In the first part of the analysis we have considered its gauge interactions,
in both abelian and non-abelian case at the leading order in perturbation theory. They
are often the dominant interaction channels and allow a more “model independent”
analysis, since they depend on only a few parameters, the mass of the interacting
particle and its charge or representation. The strength of those gauge interactions is
enhanced by the Sommerfeld effect, that takes into account non perturbative effects
at the threshold, where the expansion in terms of the coupling is inadequate. In the
second part of the paper we apply our results to the MSSM scenario with axino or
gravitino LSP and stau or stop NLSP.
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Neutrino masses imply the violation of lepton flavour and new physics beyond the
Standard Model. However, flavour change has only been observed in oscillations. In
analogy with the quark sector, we could deduce the existence of a principle of Minimal
Flavour Violation also for Leptons. Such an extension is not straightforward, since
the mechanisms generating neutrino masses are unknown and many scenarios can be
envisaged. Thus, we explore some possible definitions of MFVL and propose a notion
that can include many models. We build an R-parity violating neutrino mass model
in agreement with our preferred definition of MFVL, and show that flavour violating

processes are not neccessarily controlled by the MNS mixing matrix.

1.1 Introduction

Minimal flavour violation[1, 2] in the quark sector, is a useful framework in which to

construct TeV-scale models of New Physics. It is predictive, and includes many or

Lpre-print arXiv:hep-ph/0607329
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most models that are consistent with quark flavour data. Recently, a definition of
Minimal Flavour Violation (MFV) has been introduced for leptons [3]. The proposed
formulation is predictive—it implies that lepton flavour violation is determined by
the light neutrino mass matrix— but includes few of the many neutrino mass models
[4, 5,6, 7, 8, 9] that are consistent with current observations.

The flavour-changing mixing angles of the leptonic sector (MNS matrix), are not
measured with the overconstrained precision of the CKM matrix. So MFV is not
strongly suggested for leptons, as it is for quarks. However, if one assumes that there
is new physics at the TeV-scale, that satisfies MF'V or a similar principle in the quark
sector, then it is reasonable to expect a similar principle to apply for leptons. So it
is interesting to explore different possible definitions of minimal flavour violation for
leptons (MFVL), and in particular to study whether it implies that lepton flavour
violation is controlled by the MNS matrix and the light neutrino masses.

In this paper, we take the principle of MF'V to limit the number of flavour structures
allowed to the renormalisable couplings of the theory. This flexible definition can
be applied to many models, but is less predictive than [3]. We explicitly construct
an R-parity violating neutrino mass model that is “minimally flavour violating”, in
agreement with observation, and where the lepton flavour violation is not controlled
by the light neutrino mass matrix.

In section 1.2, we review minimal flavour violation for the quarks, and classify neu-
trino mass generation mechanisms. In section 1.3, we discuss the purpose of Minimal
Flavour Violation for leptons, and various possible implementations which we apply
to some neutrino mass models. In section 1.4, we build an R-parity violating neutrino
mass model, using the ALLE° coupling, that satisfies our preferred definition of MFVL.
In the Appendix is sketched a model satisfying a more restrictive definition of MFVL.

1.2 Review

Beyond-the-Standard-Model physics, in the form of new particles or new interactions,
must exist at some scale, to explain observations such as dark matter, neutrino masses,
the baryon asymmetry and the temperature fluctuations in the Cosmic Microwave

Background. New physics at the TeV-scale (such as, for instance, supersymmetry)
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is particularily desirable because it could be discovered at the LHC, and would be
theoretically welcome to address the hierarchy problem. However, if there are new
flavoured TeV-scale particles, as one would like, it is puzzling that their footprints
have not been seen in rare flavoured and CP violating processes. So Minimal Flavour
Violation is introduced as a constraint on the interactions of such new particles, to
suppress their contributions to flavoured observables.

We follow the approach to Minimal Flavour Violation of [1], which starts from the
flavour transformation properties of various terms in the SM Lagrangian. We define

the SM to have massless neutrinos. In three generations, the fermionic kinetic terms

P ar+urDur+dpDdp + Pl +erPDer (1.1)

have a global U,(3) x U,(3) x Uy(3) x Up(3) x U(3) flavour symmetry. For instance,
qr, is a three component vector in quark doublet flavour space, whose kinetic term is
invariant under g, — V,qr,, where V, € U,(3). This large symmetry group is broken to
Up(1) x Ur, (1) x Ur, (1) x Ug, (1) by the Yukawa couplings

7. YuH,up + GLYstdR + ZYQHSGR + h.c. (1.2)

where H, is the SM Higgs, and the index order on Yukawa matrices is left-right. In
the lepton sector, there is one “symmetry-breaking” operator, or “spurion” in the
language of [1], per vector space: Y Yo' in ¢ space, Yo!Ye in ep space. These
hermitian matrices can be diagonalised, and are uniquely identified by their eigenvalues
in the eigenbasis. So we will sometimes say the operators can “choose a basis”, and
discuss interchangeably the matrix, the spurion and the basis of eigenvectors who are
normalised to have length? = the eigenvalue. In the presence of Y, (and the absence of
other “basis choosing” operators in the lepton sector), there are three remaining global
U(1)s. The three conserved quantum numbers can be taken as the individual lepton
flavours 2. So in our restricted definition of the SM, neutrinos are massless and lepton
flavours are conserved. We add neutrino masses at the end of the section.

In the quark sector, Y4Y4' and Y4'Yy4 choose respectively a basis in the ¢, and

the dr flavour spaces. Similarly, Y.,Y," and Y,"Y, choose respectively a basis in

2The three U(1)s can also be taken to correspond to the three diagonal generators of U(3) =
{I, X3, As}, acting simultaneously on the ¢;, and er flavour spaces. In this case one conserves the total

lepton number L. + L, + L,, and the flavoured asymmetries L, — L, and L. + L, — 2L,
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the ¢, and the ug flavour spaces. So there are two operators in ¢, space, YqYq' and
Y. Y., who are not simultaneously diagonalisable. Flavour is therefore not conserved,
and the misalignment between the two eigenbases is parametrised by the CKM matrix.

The mixing angles and phase of the quark sector are over-determined in many
flavour-changing, flavour-conserving and CP violating processes of the quark sector.
For instance, the CKM angles can be obtained in tree level processes, and used to
predict rates that are mediated by loops in the Standard Model. To date, the exper-
imentally measured rates agree with these predictions, implying that the new physics
contribution in loops should be smaller than the SM. For new particles with generic
flavour-changing couplings, this is a strong constraint, placing the mass above 10-100
TeV [10].

Minimal Flavour Violation was introduced to allow New Physics to have TeV-scale
masses, and be consistent with precision flavoured data from the quark sector. It is
a restriction on the flavour structure of new interactions. The only operators allowed
in the “flavour-spaces” are those of the SM (and the identity matrix). So flavour-
change and CP violation in the quarks are proportional to the CKM matrix and quark
Yukawa eigenvalues, eg to YqYq' in the mass basis of up-type doublet quarks. MFV
is therefore a predictive framework, and encompasses many of the models that fit the
data.

Flavour-changing processes are also observed in the lepton sector, in neutrino oscil-
lations. The weakly intereacting neutrinos are observed to have small mass differences,
and large mixing angles with respect to the charged leptons. That is, in the lepton
doublet space, there are two operators that break the flavour Uy(3) symmetry. These
are the charged lepton and neutrino mass matrices, which “choose bases” related by
the MNS matrix U. In the charged lepton mass eigenstate basis (referred to as the

“flavour” basis), the light neutrino mass matrix satisfies
m,Jm, ]! = U*D2,U" (1.3)

where D2, == diag{m3, m3,m3}. To date, only flavour changing charged current pro-
cesses (mediated by W exchange) are observed in the lepton sector, and MFV is not
“required” for the leptons. Four elements of the MNS matrix are measured—the re-
mainder being obtained from unitarity[11]—and CP violation is not observed. This

means new leptonic physics is not stringently constrained to agree with SM predictions
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for CP violation, as is the case in the quark sector. Rates for unobserved FCNC lepton
processes (e.g. i — e7) can be calculated using the MNS matrix and neutrino masses,
and are well below the current experimental sensitivity. So new leptonic physics is only
constrained to be less than the experimental rates, and not, as in the quark sector, to
be smaller than the prediction one obtains using observed masses.

The neutrino masses can be lepton number conserving (“Dirac”) or not (“Majo-
rana”). In the Dirac case one could define MFV in the lepton sector as an exact copy of
the quarks, so in this paper, we consider Majorana neutrino masses, which arise from
a dimension five operator

(¢;H,)K*(0.H,) . (1.4)

Two classes of new physics generating this operator can be distinguished. One possi-
bility is that it is generated by new flavoured particles, in a new flavour space. These
new particles should be heavy or weakly coupled, since they have not been observed.
The canonical example is the seesaw, where one adds, e.g., 3 generations of vg, and
the flavour symmetry group of the kinetic terms is enlarged to U(3)%. The second
possibility is that the all flavoured particles live in the 5 flavour spaces of the SM, and
some new lepton number- or flavour-changing interactions are included. This is the

case for neutrino masses generated in the R-parity violating MSSM.

1.3 Minimal Flavour Violation for Leptons?

We assume that there are new flavoured particles at the TeV scale, and hope that this
is verified soon at the LHC. A definition of Minimal Flavour Violation in the lepton
sector [3] could then be interesting for various reasons. Firstly, MFV in the quark
sector is well motivated by the experimental observations. So one could conclude it
reflects some principle or symmetry of the underlying theory, and should apply in the
lepton sector as well. Secondly, in the lepton sector, we know there must be Beyond
the Standard Model physics at some scale, because we observe neutrino masses. We
can hope to use MFV as a tool in distinguishing among the multitude of candidate

models for new physics in the lepton sector 2. Minimal Flavour Violation for leptons

3Taking a principle of MFV to apply to the neutrino mass generation mechanism is a more am-

bitious implementation of MFV than in the quark sector. For quarks, one hopes for new TeV-scale
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should therefore be applicable to most models, and be predictive, so we can test the
hypothesis and/or differentiate models.

A predictive definition of MFV for the lepton sector has recently been introduced in
[3], and further studied in [12]. It supposes that the three light neutrinos are Majorana,
with the required lepton number violation occuring at some high scale Apy. Two
classes of models are considered: those whose particles transform according to the
U®(3) flavour transformations of the SM, and a second scenarino with three (heavy)
right-handed neutrinos.

In this work, we also take the light neutrino masses to be Majorana. If they were
Dirac, MFV could be defined for leptons by copying the quark definition. Models that
generate Majorana neutrino masses can be divided into two cases [3]:

e case A: models whose particles transform according to the U®(3) flavour transforma-
tions of the SM, and
e case B: models with a flavour transformation group that is larger than that of the

SM (e.g. the seesaw, where the kinetic terms of the three vg have a U(3) symmetry).

1.3.1 Larger flavour transformation group

Suppose there are a several generations of a new particle, e.g. three right-handed
neutrinos. The kinetic terms therefore have an enlarged flavour symmetry group, which
is U%(3) when 3 vy are added to the SM. The renormalisable Lagrangian for the SM +
the new particle will contain the SM Yukawas, and some number of additional spurions
corresponding to the interactions of the new particle. In the case of the seesaw, the
Lagrangian is

_ . 1—
Ly +6;Y, S H Ny + S NIMy Ny + hec. (1.5)

and there are potentially two “basis-choosing” interactions, or spurions, in v space:
Y, 'Y, and M. There are a variety of potential definitions of MFV, which we illustrate

particles (for instance to address the hierarchy problem), in which case MFV is almost required to
describe the Lagrangian up to scales ~ 100 TeV. In the lepton sector, we know there is New Physics,
and it should have some connection to flavour because it generates neutrino masses. However, this
new physics could be at a high scale (~ 10'° — 106 GeV in the seesaw?), so in assuming that MFV
applies to the interactions that generate the neutrino masses, we may be applying it across many more

orders of magnitude than in the quark sector.
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with the seesaw example.

1. one could impose that the new physics may not introduce new spurions in the
Standard Model flavour spaces. In the case of the seesaw, this means that Y, Y,
should be diagonal in the lepton doublet flavour basis (charged lepton mass eigen-
state basis). No restrictions are imposed on the number of bases chosen in the
flavour space of the new particles. In the seesaw case, Y, Y, and M could have
different eigenbases, and must do so to reproduce the correct neutrino mixing an-
gles. This definition of MFV for leptons is predictive but unattractive, because
it implies that lepton flavour violation amoung charged leptons is suppressed by

neutrino masses.

2. CGIW [3] define MFV for the seesaw by allowing the renormalisable interactions
of eqn (1.5) to choose a second basis in ¢ space, but impose restrictions on the
spurions in vy space. They study the case where the vz are degenerate of mass
M, and CP is a symmetry of the right-handed neutrino sector [13]. (So there is

only one eigenbasis in vg space.)

In this case K = Yl,l\/Ile:f =Y, Y, /M. The two “basis-choosing” coupling
matrices in ¢ space, that are relevant for lepton number conserving flavour viola-
tion, are

M
Y. Y., YVYVT:FU*DWUT (1.6)

If there is no CP violation in the lepton sector (the case studied by CGIW), then
Y.Y," = MK. In either case, lepton flavour violation is controlled by parameters
from the light neutrino sector. The predictions of this scenario should be similar
to the SUSY seesaw with degenerate vg [14].

3. The more generic (and less predictive) definition of MFV for the seesaw would be
to allow all renormalisable interactions to be independent spurions, as one allows
for SM constituents (equivalently, one could allow up to two spurions per vector
space). In the case of the vg, with the seesaw Lagrangian of eqn (1.5), the Majo-
rana mass matrix M and the Yukawa coupling Y, 'Y, are independent spurions
in the v flavour space. Similarly to Y,Y,  and Y. Y. in ¢ space, they have

unrelated eigenbases. This is the “usual” type-1 seesaw, whose supersymmetric
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flavour-changing predictions have been extensively studied in the literature [15].
It is well known that in the SUSY seesaw, the rates for flavour-changing processes
among the charged leptons are not related to the neutrino masses or the MNS

matrix [16].

1.3.2 Standard Model flavour transformations

Consider now neutrino mass models whose particles transform according to the U?(3)

flavour transformations of the SM. In the quark sector, MFV restricts the bases chosen

by flavour-dependent new interactions to be those of the SM Yukawas. That is, there

are two allowed bases (spurions) in ¢, space, and one in ug and dg spaces respectively.

38

1. CGIW define MFV for leptons, in this case, to allow two spurions (“basis-

choosing” operators) in the doublet lepton (£) space, which are K and Y Y,! .
The K is the dimensionful coefficient of a lepton number violating operator, so
lepton flavour changing processes, that conserve lepton number, are controlled
by the dimensionless A% NKKT. Rates for lepton flavour violating processes (e.g.
p — ey) are proportional to the unknown A%\, but ratios of LEV processes are
predicted to be controlled by KK'. This describes for instance the SUSY triplet
model [9, 3, 12].

. Alternatively one could suppose that MFV is a restriction on renormalisable cou-

plings. This is reasonable firstly because MFV is a recipe for extrapolating in
scale. We know how renormalisable couplings evolve, whereas we cannot guess,
in a bottom up approach, when a non-renormalisable interaction becomes renor-
malisable. Secondly, one could expect that flavour is introduced into the theory
at some high scale, (Mgyr?), and comes to us via renormalisable couplings.

e One could hope to define MFV, by analogy with the quark sector, as restricting
all new interactions to be aligned with the SM Yukawas. But then it is difficult
to obtain the large mixing angles of the MNS matrix. A model attempting to
satisfy this ideal can be found in Appendix A. This version of MFV would pre-
dict that lepton flavour changing amplitudes must contain the neutrino mass to
some power, or lepton number violation. Notice that this differs from the CGIW

prediction; in the present case, lepton flavour violation is suppressed by the small
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neutrino mass scale.

e A more realistic definition of MFV, that includes some models, would allow
(at least) one other basis in ¢ space. New renormalisable interactions can choose
one, and only one, new basis for ¢ space, and no new bases for {er, ug,dr, qr}
spaces. That is, we take MFV as a statement about renormalisable interactions,
that allows two bases in the g; and ¢ spaces, one in the ug,dr and eg spaces.
The question then arises: is lepton flavour violation among charged leptons con-
trolled by the light neutrino mass matrix? If yes, then this definition of MFVL
is equivalent to that of CGIW. If the lepton flavour violating rates are indepen-
dent, one could hope they give information about the neutrino mass generation

mechanism.

Some renormalisable, lepton number violating interactions involving ¢, that can

be used to construct the neutrino mass matrix, are
1 - . _ .
SMrT Tt 4 goMpHSTHS - T + g 0;70; - T (triplet) (1.7)

wiLi Hy + N,

s LiQr Dy + %)\%LiLjEﬁL (R parity Violating) (1.8)
where H, is the Standard Model doublet Higgs, T' is an SU(2) triplet scalar,
and the second line is in superfield notation, so are renormalisable interactions in
supersymmetry. Under the U(3) flavour transformations of ¢ space, g transforms

as a symmetric 6, \' and u as 3, and the antisymmetric A as a 3.

In the triplet model of eqn (1.7), the exchange of T induces the neutrino mass
operator (1.4). The light neutrino mass matrix is therefore [m,|os X gos, and
flavour violation among the charged leptons is controlled by the light neutrino
mass matrix [9]. In this model, this definition of MFV based on renormalisable

couplings, agrees with the definition of CGIW based on mass matrices.

It seems not possible to generate observed light neutrino masses with the )\’
coupling, if we implement strictly this definition of MFV. The A must respect
MFYV in the quark sector:

Z)\ wMa < [YaYa'lg, Z)\ s o< [Ya Yoy

so the eigenvalues of )" are those of the Yq4. This hierarchy, when combined with

quark masses to obtain m,, gives too steep a neutrino mass hierarchy. In the
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following section, we construct a neutrino mass model that satisfies this definition

of MFV, using the \ interaction.

1.4 The )\ model

The aim of this section is to construct a neutrino mass model that has two features.
It should be minimally flavour violating, in the sense that the new renormalisable
interaction A only introduces one new basis, or spurion, which is in ¢, space. And
the model should agrees with current bounds on lepton flavour violating processes
(u — e, ete), but the predictions for these processes should not be determined by the
light neutrino mass matrix.

We take the light neutrino masses to be generated entirely by the RPV A coupling,
so we neglect A" and bilinear RPV. In the charged lepton mass eigenstate basis, the
light neutrino mass matrix can be written [17]

[my)ij; = Z APAL e, 60 A™P I (my omy )+ (i< ) (1.9)

in’'pj
m,n,p,q
where the A-term A™ = —((YQA)mp% + pp Y™ ) is taken flavour diagonal afld
included in the mass insertion approximation, the mass matrices for the sleptons FE,,
and L,, are taken diagonal in the flavour basis (which is consistent with MFV), and
1 m? m?

In

- 2.2 2 2

I(ml,mg) == (110)
The A is an antisymmetric matrix on its doublet indices 4, j, so corresponds to a
plane in ¢}, space. It is convenient to rewrite it as a single index object in £, space (the

vector orthogonal to the plane), using the antisymmetric e tensor

- 1

The €, is SU(3) invariant, but not U(3) invariant, so this renaming has some peculiar
consequences. Consider the case where A} o €;jn, S0 A is “favour diagonal”. However,
since it transforms under SU,(3) x SU.(3) as leg, it is not invariant, and the flavour

differences L. — L, and L.+ L, —2L, are conserved mod 2 in four fermion interactions.
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The “MFV” constraint is that > y S\Sjj\fj should be diagonal in the singlet charged
lepton mass basis, with eigenvalues proportional to the charged lepton Yukawas 4. We

will permute the p—7 eigenvalues, that is Y, AL A o< m2 /02, but >, M oc m2 /o2,

G Nij Vg J gy
and >, ATATF o< m? /v®. On its doublet indices
VI, = diag{m?, m2, m’}/v* (1.12)

where V) is a unitary matrix transforming from the charged lepton basis to the eigenba-
sis of \. The observed light neutrino parameters, with masses in the inverse hierarchy,

can be obtained from

1+4se 1—se
T —ce S =4
vi=| s & & (1.13)
c _ Ss—¢ _ S+te
2 V2
where ¢ = cos(m/4 + §). This corresponds to
e me
e 0
af &S v
m cm cm
A — g T MW = T o\ T
WT s v er \/i v ep 5
m s—e€em st+em
N =c—F AL = — —£ = — —£ 1.14
wT c v er \/§ v ep \/5 v ( )

For 6 = 7/4, ¢ = 0 and degenerate sleptons, eqn (1.9) gives exactly degenerate
neutrinos v, and v,,_,, whose mass varies inversely with the slepton mass. The observed
neutrino mass differences and mixing angles, in the inverse hierarchy, can be obtained
by including small perturbations. e difference between the square of the slepton masses
mi — m? and the small mixing angle € contribute to splitting the v; and v, masses,
while the parameter 0 of the V), matrix seems to control the solar mixing angle.

In Figure (1.4) we show the behaviour of two physical parameters, tan? 5 and
the ratio Am?2,/Am?,, , when the parameters ¢ and e vary. For both the plots, we
have considered only those points in agreement with the experimental bounds on the
remaining set of neutrino parameters. From the intersection between the dark and the
light region we can deduce the range of availability for ¢ and 4. (The slepton mass
difference in these plots is fixed at a value that could be generated by renormalisation

group running.)

4Since the SM has only one eigenbasis in er space, it is not required of new interactions that they

have the same eigenvalues as YeTYe, provided that they have the same eigenvectors.

41



VARIOUS DEFINITIONS OF MINIMAL FLAVOUR VIOLATION FOR LEPTONS

. 0.07
0.06
1.5 0.05
0.04f

1
0.03f
o.02f

0.5
0.01
0 ; ; ; ; ; ] ar

0.1 -0.075 -0.05 -0.025 0O 0.025 —0.02 —0.01 0 0.01

Figure 1.1: For slepton masses at ~ 300 GeV and tan (3 ~ 25, on the left we plot
our prediction for the “solar” mixing parameter tan?#;, as a function of the model
parameter 0 (see eqn (1.13)); where we have choosen an € such that the other parameters
(Am?2,/Am?, ., tan® O3, sin” f;3) satisfy the experimental bounds. On the right we

plot the ratio Am?,/Am2,.. as a function of €, with ¢ consistent with the experimental
bounds on the other physical parameters (tan? 6o, tan? 63, sin6;3). In both cases the

horizontal light gray band represents the experimentally allowed parameter space [18].

This A model, then, satisfies our requests. The neutrino masses are generated by
a renormalisable operator )\, whose eigenbasis is related with the charged lepton mass
eigenbasis by a matrix V/\T different from the MNS mixing matrix. The matrix V/\T , then,
has become the operator that guides flavour violating processes, whose amplitudes are
now determined by the A couplings. In particular, we can see in (1.14) that the order
of magnitude of each \ coupling is determined by its upper index, which is related
with the flavour of the right-handed particle involved in the vertex. As we can see
in Table 1.1 the experimental bounds on FV decays are satisfied in this A model, in
agreement with our definition of MFV.

The strongest experimental constraints on F'V processes are given for the muon
decay into three electrons and the p — ey decay [19, 20, 21]. The flavour violating
decays with charged leptons in the initial and final states, like 4= — e~ ete™, appear at
the tree level and are mediated by the exchange of a left-handed sneutrino ;. So, it can
be easily understood why the decay rates of muon, but also tau, into three electrons
are so low. In addition to the suppression due to the sneutrino mass, in each diagram

appears a vertex vee, whose amplitude is determined by a coupling of the form A4
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Table 1.1: Table of the branching ratios for flavour violating processes. In the second
column appear the branching ratios predicted in the A model, while in the third column

are indicate the experimental bounds at 90% of confidence level [19].

which is proportional to the small electron mass, since right-handed sneutrinos are not

The 1 — ey decay [20], instead, appears at a loop level, mediated by a charged
lepton and slepton. In this case the main contribution comes from the diagram with
AN o m

pensated by the loop suppression. We estimate the decay branching ratio in our model

2 /v?, whose large contribution is somewhat com-

to be ~ 6 x 1073, and we can notice that, although this value respects the present

experimental constraint, it could be accessible in the next experiments.
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1.5 Summary

In the lepton sector, new beyond-the-Standard-Model (BSM) interactions are required
to generate neutrino masses. If these masses are Majorana, they arise from a dimension
five operator whose flavour structure (eigenvalues, eigenvectors in lepton doublet space)
may not be the same as the (renormalisable) BSM interactions. In this context, it is not
obvious to define Minimal Flavour Violation for leptons. One can take the “minimal”
scenario to be that flavour-change in the lepton sector is controlled by the neutrino

mass matrix, which is in part known. This predictive approach was taken in [3].

However, there are neutrino mass generation mechanisms that do not make this
prediction, since flavour change may be proportional to a different combination of
renormalisable couplings than enters m,. In this paper, we explore various possible
definitions of “minimally flavour violating”, based on the renormalisable interactions
in the Lagrangian. We suppose that Minimal Flavour Violation is a restriction on the
number of inequivalent eigenbases that renormalisable flavour-dependent interactions
can choose. The most minimal possibility would be to restrict the new interactions
to align themselves with the charged lepton Yukawa, but then it is difficult to obtain
MNS mixing angles (without enlarging the flavour transformation group, for instance
by adding right-handed neutrinos). The leptonic masses and mixing angles can be
obtained in more models (e.g. triplet, R-parity violation) by allowing two eigenbases
in doublet lepton space. The second basis may be other than the neutrino mass basis;
we construct a model where flavour violation among charged leptons is not predictable

from the light neutrino mass matrix.

Data in the quark sector suggest that new particles and interactions at the TeV-scale
should satisfy Minimal Flavour Violation. Data in the lepton sector do not require a
minimal flavour violation principle, but one could imagine it is there, by analogy with
the quarks. Unfortunately, there are many possible definitions, which seem either
predictive, or able to include many models. A compelling definition of MFV, giving
different predictions for different neutrino mass generation mechanisms, could be useful
in attempting a bottom-up reconstruction of the neutrino mass mechanism [22]| from

lepton flavour violating rates.
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1.6 Appendix A

The aim of this appendix is to obtain an acceptable neutrino mass matrix, using new
interactions that are diagonal in the charged lepton mass basis. We consider an RPV

model, with lepton number violating terms in the superpotential
1
5A§3LiLjE,§ + piHy L (1.15)

an I soft term B;H,L;, and we estimate the light neutrino mass matrix from the
formulae in [23]. It seems possible to obtain degenerate light neutrinos (m, ~ 0.2 eV),
and an MNS matrix in agreement with observations °.

This peculiar result arises by taking
A=Ak s = 0up0 , Br=0pBy (1.16)

and all other R, couplings to be zero. The usual py and By terms are poH, Hy in the
superpotential and ByH,H,; among the soft breaking terms, and we will later solve for
the desired values of d,,05. We claim that A\ o< €, is “flavour-diagonal”, insofar as
it is an SU(3) invariant (see discussion after eqn (1.11)). We can obtain off-diagonal
contributions to the neutrino mass matrix, by combining it with the “bilinear” R,
interactions B, and .

The leading contributions to the neutrino mass matrix, in the charged lepton mass

basis, can be estimated as [23]

) Nmy,m., Xogm.(h,my, — heme)  Ao,my,(heme — hym,)
[m, | ~ m A5er(humu — heme) 8W2|5ﬂ‘2m?9USY 925M53m?9USY/8
Ay (heme — hymy) 926u53m%USY/8 92 0Emey ey /8
(1.17)

where mgysy ~ 300 GeV is of order the slepton and neutralino masses.
We can match this onto the neutrino mass matrix for degenerate light neutrinos,

with 613 = 0. Concentrating first on the pu7 submatrix, we obtain

8
™ oy ST [T (1.18)
msusy g msusy

0, ~

uw =

Swe did not scan parameter space, more realistic masses could be possible. Our example requires

delicate fine-tuning.
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and get the large atmospheric mixing by taking m;, the lightest mass of the degenerate

neutrinos, to be \/4tAm2,,./g* ~ .2 eV.

The first row has a desirable sign difference between the ey and er entries, and can

be adjusted to give the solar mass difference and mixing angle by taking A ~ .02 and

tan # 2 10 (tan 3 enters via the charged lepton Yukawas).
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If the baryon asymmetry of the Universe is produced by leptogenesis, CP violation is
required in the lepton sector. In the seesaw extension of the Standard Model with three
hierarchical right-handed neutrinos, we show that the baryon asymmetry is insensitive
to the PMNS phases: thermal leptogenesis can work for any value of the observable
phases. This result was well-known when there are no flavour effects in leptogenesis;

we show that it remains true when flavour effects are included.
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SENSITIVITY OF THE BARYON ASYMMETRY PRODUCED BY LEPTOGENESIS TO LOW
ENERGY CP VIOLATION

2.1 Introduction

CP violation is required to produce the puzzling excess of matter (baryons) over anti-
matter (anti-baryons) observed in the Universe[l]. If this Baryon Asymmetry of the
Universe (BAU) was made via leptogenesis [2], then CP violation in the lepton sector
is needed. So any observation thereof, for instance in neutrino oscillations, would
support leptogenesis by demonstrating that CP is not a symmetry of the leptons. It is
interesting to explore whether a stronger statement can be made about this tantalising

link between low-energy observable CP violation and the BAU.

In this paper, we wish to address a phenomenological question: “is the baryon
asymmetry sensitive to the phases of the lepton mixing matrix (PMNS matrix)? 7.
Electroweak precision data was said to be sensitive to the top mass, meaning that
a preferred range for m; could be extracted from the data. Here, we wish to ask a
similar question, assuming the baryon asymmetry is generated, via leptogenesis, from
the decay of the lightest “right-handed” (RH) neutrino: given the measured value of

the baryon asymmetry, can an allowed range for the PMNS phases be obtained?

It was shown in [3] that the BAU produced by thermal leptogenesis in the type 1
seesaw, without “flavour effects”, is insensitive to PMNS phases. That is, the PMNS
phases can be zero while leptogenesis works, and the CP asymmetry of leptogenesis
can vanish for arbitrary values of the PMNS phases. In fact, the “unflavoured” asym-
metry is controlled by phases from the RH sector only, and it would vanish were this
sector CP conserving. However, it was recently realised that lepton flavour matters
in leptogenesis[4, 5, 6]: in the relevant temperature range 10° — 10'? GeV, the final
baryon asymmetry depends separately on the lepton asymmetry in 7s , and on the
lepton asymmetry in muons and electrons. So in this paper, we revisit the question ad-
dressed in [3], but with the inclusion of flavour effects. Our analysis differs from recent
discussions [7] (2RHN model), [8, 9] (CP as a symmetry of the N sector), [10] (sequen-
tial N dominance) in that we wish to do a bottom-up analysis of the three generation
seesaw. Ideally, we wish to express the baryon asymmetry in terms of observables,
such as the light neutrino masses and PMNS matrix, and free parameters. Then, by

inspection, one could determine whether fixing the baryon asymmetry constrained the
PMNS phases.
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2.2 NOTATION AND REVIEW

2.2 Notation and review

We consider a seesaw model [11], where three heavy (M 2 10° GeV) majorana neu-
trinos N; are added to the Standard Model. The Lagrangian at the N; mass scale
1s
L= Yoy Hol! + N”NiyH ' + N‘]%NC’( +hec. (2.1)
where the flavour index order on the Yukawa matrices Y, A is left-right, and H, =
1o Hj.
There are 6 phases among the 21 parameters of this Lagrangian. We can work in
the mass eigenstate basis of the charged leptons and the N;, and write the neutrino

Yukawa matrix as

A=VID\Vi | (2.2)

where D), is real and diagonal, and V7, Vi are unitary matrices, each containing three
phases. So at the high scale, one can distinguish CP violation in the left-handed doublet
sector (phases that appear in V) and in the right-handed singlet sector (phases in V).
Leptogenesis can work when there are phases in either or both sectors.

At energies accessible to experiment, well below the N; mass scale, the light (LH)

neutrinos acquire an effective Majorana mass matrix 2:

[m] =AM \Tv? =UD,,U" (2.3)

where v = 174 GeV is the Higgs vev, D,, is diagonal with real eigenvalues, and U is the
PMNS matrix. There are nine parameters in [m |, which is “in principle” experimentally
accessible. Two mass differences and two angles of U are measured, leaving the mass
scale, one angle and three phases of U unknown.

From the above we can write
D,, = U'WV/D\VpD;}VEID\V;U*v* (2.4)

so we see that the PMNS matrix will generically have phases if V;, and/or Vi are
complex. Like leptogenesis, it receives contributions from CP violation in the LH and
RH sectors. Thus it seems “probable”, or even “natural”’, that there is some relation

between the CP violation of leptogenesis and of the PMNS matrix. However, the

which appears in the Lagrangian as 3[m]asv®v” + h.c
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notion of relation or dependence is nebulous [12], so we address the more clear and
simple question of whether the baryon asymmetry is sensitive to PMNS phases. By
this we mean: if the total baryon asymmetry is fixed, and we assume to know all the
neutrino masses and mixing angles, can we predict ranges for the PMNS phases?

We suppose that the baryon asymmetry is made via leptogenesis, in the decay
of the lightest singlet Ny, with M; ~ 10'° GeV. Flavour effects are relevant in this
temperature range [4, 5, 6], 3. N; decays to leptons /,, an amount ¢,, more than to
anti-leptons /,, and this lepton asymmetry is transformed to a baryon asymmetry by
SM processes (sphalerons). We will further suppose that the partial decay rates of Ny
to each flavour are faster than the expansion rate of the Universe H. This implies that
N; decays are close to equilibrium, and there is a significant washout of the lepton
asymmetry due to Nj interactions (strong washout regime); we discuss later why this
assumption does not affect our conclusions.

Flavour effects are relevant in leptogenesis[4, 5, 6] because the final asymmetry
cares which leptons ¢ are distinguishable. N interacts only via its Yukawa coupling,
which controls its production and destruction. The washout of the asymmetry, by
decays, inverse decays and scatterings of Ni, is therefore crucial for leptogenesis to
work, because otherwise the opposite sign asymmetry generated at early times during
N; production would cancel the asymmetry produced as they disappear. To obtain
the washout rates (for instance, for ¢ + H, — Nj), one must know the initial state
particles, that is, which leptons are distinguishable.

At T ~ M, when the asymmetry is generated, SM interactions can be categorised
as much faster than H, of order H, or much slower. Interactions that are slower than
H can be neglected. H~! is the age of the Universe and the timescale of leptogenesis,
so the faster interactions should be resummed— for instance into thermal masses. In
the temperature range 10° < T < 10'2 GeV, interactions of the 7 Yukawa are faster
than H, so the ¢, doublet is distinguishable (has a different “thermal mass”) from
the other two lepton doublets. The decay of N; therefore produces asymmetries in
B/3 — L,, and in B/3 — L,, where ¢° (“other”) is the projection in ¢¢ and ¢* space, of
the direction into which Ny decays[14]: £, = (Au1ji + Ae1€)/ /A1 2 + [Xer 2. Following

[6], we approximate these asymmetries to evolve independently. In this case, the baryon

3provided the decay rate of Ny is slower than the interactions of the 7 Yukawa [13]
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2.3 AN EQUATION

to entropy ratio can be written as the sum over flavour of the flavoured CP asymmetries
€ae times a flavour-dependent washout parameter 7, < 1 which is obtained by solving

the relevant flavoured Boltzmann equations [4, 5, 6]:

12 1

o (677'777' + ‘500770) (25)

Yp~ —
5= 373¢,

where g, = 106.75 counts entropy, and the 12/37 is the fraction of a B — L asymmetry
which, in the presence of sphalerons, is stored in baryons.
In the limit of hierarchical RH neutrinos, the CP asymmetry in the decay N1 — (,H

can be written as

3M,

€oa —mlm{ Mot [m a1} (2.6)

where m is defined in eqn (2.3).
In the case of “ strong washout” for all flavours, which corresponds to I'(N; —

loH,) > Hir—pp,) for @ = 7,0, the washout factor is approximately [6, 15]

1.16
My M
e ~ ]- . ~ - . ~ 2
g 3 (6Aaamaa) - 5AsaMac (2.7)

where there is no sum on «, m, ~ 1073 eV, and A,, ~ A, ~ 2/3 [14, 6] *. The

(rescaled) N; decay rate is

ﬁl:z _Z ’)‘al‘ 2 (28)

2.3 An equation

Combining equations (3.20), (2.6), and (2.7), we obtain Y5 X €.+ /Mrr + €00/ Moo, Where

(v not summed)

€aa | ,6’|
= = Tm{ \amaps} en 2.9

4The A matrix parametrises the redistribution of asymmetries in chemical equilibrium.
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and the Yukawa couplings of N; have been written as a phase factor times a magnitude

: S\Q\)\a\ = A};. So the baryon asymmetry can be approximated as

Tmd N\ m ) Tmd \ - me )
Y, ~ Y§d<m{)\7m)\f}+ m{\,; m A, }

Matm Matm
Im{\,- m: A, } [Moy w] 1
+ + 2.10
Matm ‘ )\T ‘ ‘ )\o | ATT ( )

12 Mlmatm My

" 37 16m02 Hg.m
baryon asymmetry, that would be obtained in the strong washout case by neglecting

The prefactor of the parentheses Yéﬁd is the upper bound on the
flavour effects. Recall that this equation is only valid in strong washout for all flavours.

This equation reproduces the observation [6], that: (i) for equal asymmetries and
equal decay rates of all distinguishable flavours, flavour effects increase the upper bound
on the baryon asymmetry by > A, ! ~ 3. (i) More interestingly, having stronger
washout in one flavour, can increase the baryon asymmetry [via the term in brackets].
So models in which the Yukawa coupling A;; is significantly different from A1, Ae1, can
have an enhanced baryon asymmetry (with cooperation from the phases).

Finally, this equation is attractive step towards writing the baryon asymmetry as a
real function of real parameters ( Y5¢, depending on M; and 7), times a phase factor
[16]. In this case, the phase factor is a sum of three terms, depending on the phases
of the N; Yukawa couplings, light neutrino mass matrix elements normalised by the

heaviest mass, and a (real) ratio of Yukawas.

2.4 CP violation

In this section, we would like to use eqn (2.10) to show that the baryon asymmetry is
insensitive to the PMNS phases. The parameters of the lepton sector can be divided
into “measurables”, which are the neutrino and charged lepton masses, and the three
angles and three phases of the PMNS matrix U. The remaining 9 parameters are
unmeasurable. We want to show that for any value of the PMNS phases, there is at
least one point in the parameter space of the unmeasurables where a large enough
baryon asymmetry is obtained. The approximations leading to eqn (2.10) are only

valid in a subset of the unmeasurable parameter space, but if we can find points in
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this subspace, we are done. We first show analytically that such points exist, then we
do a parameter space scan to confirm that leptogenesis can work for any value of the
PMNS phases.

If the phases of the \,; were independent of the PMNS phases, and a big enough
Y5 could be obtained for some value of the PMNS phases, then our claim is true by
inspection: for any other values, the phases of the \,; could be chosen to reproduce
the same Ygz. However, there is in general some relation between the phases of m and
those of A\,1, so we proceed by looking for an area of parameter space where the phases
of the A\,; can be freely varied without affecting the “measurables”. Then we check
that a large enough baryon asymmetry can be obtained.

Such an area of parameter space can be found using the R matrix parametrisation
of Casas-Ibarra [17], where the complex orthogonal matrix R is defined such that
A=U D;{QRDMQ. Taking a simple R of the form

cos¢p 0 —sing
R = 0 1 0 (2.11)
sing 0 cos¢
and parametrising U = V P, where V is a CKM-like unitary matrix with one “Dirac”

7

9 appearing with sin f5, and P = diag{e™*/2 ¢*¥2/2 1}, gives

AU my . sin ¢

——— = Uny/—cos¢+ Upzsing ~ 2.12
,7M1m3 1 ms ¢ 3 ¢ \/§ ( )
Au1v m ) sin

7ﬁ = Uul,/ﬁicosgb—kUﬂgsmgb: \/; (2.13)

el ma .
——— = Uq,]— + U, 2.14
s 1/ e cos ¢ + Ueg sin ¢ (2.14)

where we took hierarchical neutrino masses. We neglect \.; because its absolute value

phase e~

is small. With this choice of the unknown R, the phases of the \,; are effectively
independent of the PMNS phases. So for any choice of PMNS phases that would
appear on the m of eqn (2.10), the phases of the Yukawa couplings can be chosen
independently, to ensure enough CP violation for leptogenesis.

We now check that a large enough baryon asymmetry can be obtained in this area
of parameter space. The parentheses of eqn (2.10) can be written explicitly as

fn 2 1k
sin“ ¢
m { S’ (Mrr + My + QmW)}

2.15
Matm ( )
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Writing ¢* = p — iw, the final baryon asymmetry can be estimated from eqn (2.10) as

Yp

M,

sin p cos p sinh w cosh w

|

10710

1011GeV

)

(sin? p cosh? w + cos? psinh® w)?2

(2.16)

which can equal the observed 8.710% x 1071 [18] for M; ~ few x10'° GeV, and judicious

choices of p and w.

A similar argument can be made if the light neutrino mass spectrum is inverse

hierarchical.

The scatter plots of figure 2.1 show that a large enough baryon asymmetry can be

obtained for any value of the PMNS phases.

8(rad HIERARCHICAL 8(rad) INVERTED

3 Bl T é’\,:ﬁ.’u T AL SRR CNE
T Y * '}t*”' B g %% s T g o0 %0 ]

be 3% aw x* % ey 4 ok * * * ok ax]
i Pt o« *x P *;r"{, « F ok kL]
Tk, LI RS B * F RN 'S""" * +

25 Fah * %4 *2; * 25 | :t:*t*'* T ann ]
- * l * * * 7
Fogmnk «* i‘ o Ry ke A Fross ox  amd # oyt

[ A Y * "+ Fal™ oy Xxy x xS #

B s ¥ % % *x * x %7 LS T i

PR AN 2 b Fx T, W K
Lx " 07% *x LIE L L Ay 2 P L

R 5. g PRI b g% £ % 5 %t 1
Fooaxx X L *7 % 4 LT SR PR

Br T A Mk ¥ e f E 0 P xR R
15 F YHagr . X wTEH 15 b LRI P
[ A P 4 o * * * s Xy T

[ # % ¢ * * * * ¥« *«;,,* * ok Kr) 3
Fg S5 % Sat, o Sp% ] EER S L L. i 4
Lo, % e R R % ] .. o E T T
Sk ¥R * * * a ¥ *ok X Ky L

1 s ¥ P, * LT 1 Frax x * % x,
Frrr o S g Foux t * -;* P
T P BN Lgr o rupks ® 20 2054
NS « PR o o 1
05 [ha* Trn F* ok e 05 [ x *¥, w x Ex%, % ]
b * * o r ¥ * e * *
Fo et 00t £ T A

Bl R P M S I T M I *
Froar x Ha gk ko e ] kXY * £ % nd

0 DM sl WXy T o Bew BV Ly et
0 05 1 15 0 05 1 15
B(rad) B(rad)

Figure 2.1: A random selection of points where the baryon asymmetry is large enough,

for some choice of the unmeasurable parameters of the seesaw. The light neutrino masses

are taken non-degenerate, and the Majorana phase of the smallest one can be neglected.

The “Dirac” phase ¢ is defined such that U.g = sin 0360 , and 3 is the majorana phase of

mgy = |mg|e?”. The baryon asymmetry arises in the decay of N of mass M; = 10° GeV.

The plots are obtained by fixing M; = 10!° GeV, and the measured neutrino param-

eters to their central values. To mimic the possibility that 4 and ¢ could be determined

+15°, (5-0 space is divided into 50 squares. In each square, the programme randomly
generates values for: 3,0, .001 < 615 < .2, the smallest neutrino mass < y/Am? /10,

and the three complex angles of the R matrix. It estimates the baryon asymmetry from

the analytic approximations of [6], and puts a cross if it is big enough. The programme
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2.5 DISCUSSION

is a proto-Monte-Carlo-Markov-Chain, preferring to explore parameter space where the
baryon asymmetry is large enough.

Parametrising with the R matrix imposes a particular measure (prior) on parameter
space. This could mean we only explore a class of models. This is ok because the aim

is only to show that, for any PMNS phases, a large enough asymmetry can be found.

2.5 Discussion

The relevant question, in discussing the “relation” between CP violation in the PMNS
matrix and in leptogenesis, is whether the baryon asymmetry is sensitive to the PMNS
phases. The answer was “no” for unflavoured leptogenesis in the Standard Model
seesaw[3]. This was not surprising; the seesaw contains more phases than the PMNS
matrix, and many unmeasurable real parameters which can be ajusted to obtain a big
enough asymmetry. In this paper, we argue that the answer does not change with
the inclusion of flavour effects in leptogenesis: for any value of the PMNS phases,
it is possible to find a point in the space of unmeasurable seesaw parameters, such
that leptogenesis works. This “flavoured” asymmetry can be written as a function of
PMNS phases, and unmeasurables as entered the unflavoured calculation. These can
still be ajusted to get a big enough asymmetry. In view of this discouraging conclusion,
it is maybe worth to emphasize that CP violation from both the left-handed and
right-handed neutrino sectors, contributes both to the PMNS matrix and the baryon
asymmetry. Moreover, the answer to this question in an MSUGRA framework, with
additional information from lepton flavour violating observables[19], is still work in
progress.

In the demonstration that the baryon asymmetry (produced via thermal leptoge-
nesis) is insensitive to PMNS phases, we found an interesting approximation for the

“phase of leptogenesis” (see eqn (2.10)), when all lepton flavours are in strong washout.
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We suppose that the baryon asymmetry is produced by thermal leptogenesis (with
flavour effects), at temperatures ~ 10 — 10'° GeV, in the supersymmetric seesaw with
universal and real soft terms. The parameter space is restricted by assuming that
l, — Lgy processes will be seen in upcoming experiments. We study the sensitivity
of the baryon asymmetry to the phases of the lepton mixing matrix, and find that
leptogenesis can work for any value of the phases. We also estimate the contribution
to the electric dipole moment of the electron, arising from the seesaw, and find that
it is (just) beyond the sensitivity of next generation experiments (< 107*¢ cm). The

fourteen dimensional parameter space is efficiently explored with a Monte Carlo Markov

Lpre-print arXiv:0806.2832 [hep-ph]
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Chain, which concentrates on the regions of interest.

3.1 Introduction

Neutrino masses are evidence for beyond the Standard Model (SM) physics. A simple
extension of the standard model that accounts for neutrino masses is the seesaw mecha-
nism [1], where heavy majorana right-handed neutrinos are added to the SM. Moreover,
the seesaw scenario provides a very attractive framework to explain the baryon asym-
metry of the universe (BAU) through the leptogenesis [2] mechanism, without inducing
proton decay.

CP violation is a necessary ingredient to explain the BAU and, if this asymmetry
is produced via leptogenesis, the required CP violation is encoded in the CP violating
phases of the lepton sector. Three of them are the well known Dirac and Majorana
phases of the PMNS mixing matrix, that are in principle measurable. Any observation
of CP violation in the lepton sector, for instance CP violation in neutrino oscillations
due to the PMNS phase 9, would then support leptogenesis by demonstrating that CP
is not a symmetry of leptons. However, even in this very promising case, the question
of whether the BAU is produced via leptogenesis is far from being answered, because
it is not possible to reconstruct the high-energy CP odd observables from the low-
energy ones [3] without assuming very constraining frameworks for the unmeasurable
quantities. Therefore, the intent of this work is to clarify the relation between the
CP violation accessible to low-energy experiments, and the CP violation necessary for
leptogenesis, in a phenomenological bottom-up perspective, with minimal assumptions
about the high scale theory. We just assume that the neutrino Yukawa couplings are
hierarchical, which is the most natural assumption given the observed values of the
charged lepton and quark Yukawas. Neutrino oscillation data then lead to hierarchical
singlet masses.

In this paper, we aim to answer the phenomenological question of whether the BAU
can be sensitive to low-energy phases, in the supersymmetric seesaw. We suppose the
observed BAU is generated via thermal leptogenesis, and enquire whether this restricts
the range of the phases. A similar issue was investigated by Branco et.al [4], where it

was shown that for any value of the measurable CP violating phases, a large enough
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3.1 INTRODUCTION

BAU can be produced. This statement has been recently confirmed in a study [5]
that includes flavour effects [6], in the Standard Model seesaw framework. In the
present analysis, we want to address the question considering flavoured leptogenesis
in a supersymmetric scenario, that has the interesting feature to potentially add new
observables in the lepton sector, through the enhancement of flavour and CP violating
processes (See eg [7] for a review and references on leptonic flavour and CP violation,

induced by supersymmetry.).

The question we address, and the answer we find, differ from some other analyses
8,9, 10, 11]. As written above, we aim to make few untestable assumptions, and to
ask a precise phenomenological question: “Is the baryon asymmetry sensitive to PMNS
phases?”. We find the answer to be no. That is, there is “no correlation” between the
BAU and PMNS phases, when all the unmeasurables in our scenario are allowed to
vary over their whole range. To the best of our understanding, Refs. [8, 9, 10, 11] find
a correlation between the BAU and the PMNS phases because they set unmeasurables

¢

(such as phases of the “right-handed” neutrinos) to fixed values.

We define “finding a correlation between Yp and z” to mean “Yp is sensitive to
x”. To show that the baryon asymmetry Yp is insensitive to (or uncorrelated with) a
parameter x, we must only show that, for any value of x, we can find a large enough
Ys. It would be numerically more challenging to show a correlation, because the
point distribution in scatter plots may reflect the priors on the scanned parameters
(see sections 3.6.4 and 3.7.2). Our definition of correlation differs from that used by
8, 9, 11], and also in [19] (who extract correlations from scatter plots). We use our

narrow definition because it is parametrisation independent.

Since leptogenesis occurs at a very high-energy scale, a supersymmetric scenario
is desirable in order to stabilize the hierarchy between the leptogenesis scale and the
electroweak one. However, if supersymmetry exists at all, it must be broken and,
in principle, the soft supersymmetry breaking Lagrangian can contain off-diagonal (in
flavour space) soft terms, that would enhance lepton flavour violating (LFV) processes.
These are strongly constrained by current experiments; this is the so-called supersym-
metric flavour problem. In order to avoid it, we focus on the most conservative minimal
Supergravity (MSUGRA) scenario with real boundary conditions, where the dynamics

responsible for supersymmetry breaking are flavour blind and all the lepton flavour and
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CP violation is controlled by the neutrino Yukawa couplings. Supersymmetric expec-
tations for LE'V [12, 13, 14] and possible relations to leptogenesis [7, 11, 15, 16, 17, 18]
2 and EDMs [19, 20] have been studied by many people.

We perform a scan over the seesaw parameters, looking for those points that give a
large enough BAU, and where 1 — ey and one of 7 — ¢y would be seen in upcoming
experiments.  Our analysis is more restrictive than [19], in that we require these
branching ratios to be “large”. The aim is to verify if such experimental inputs imply
a preferred range of values for the low-energy PMNS phases. We also estimate the
contribution to the CP violating electron electric dipole moment. A detailed analysis of
the MSUGRA scenario would require a scan also over the supersymmetric parameters,

which is beyond the scope of our analysis.

Due to the large number of unknown parameters, instead of doing a usual grid
scan in the seesaw parameter space we construct a Markov Chain using a Monte Carlo
simulation (MCMC — see e.g. [21, 22]). This technique allows to efficiently explore
a high-dimension parameter space, and we apply it for the first time to the super-
symmetric seesaw model 3. Our work is thus pioneering in the exhaustive scanning
of the seesaw parameters, which would be otherwise prohibitive without the MCMC

technique.

The paper is organized as follows. In section 3.2 we introduce the supersymmetric
seesaw in the MSUGRA scenario and we review the low-energy interactions induced
in the supersymmetric seesaw model. Section 3.3 is devoted to thermal leptogenesis
with flavour effects, and section 3.4 describes our bottom-up reconstruction procedure.
Section 3.5 gives analytic estimates, that complement our numerical analysis, using the
MCMC technique, which is presented in section 3.6. We discuss our results in section

3.7 and conclude in section 3.8.

2See ref. [17] for a discussion about when the approximation used in [16] is not valid.
3See [23] for a detailed study of the Zee-Babu model of neutrino masses phenomenology using this

technique.
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3.2 Notation and review

We consider the superpotential for the leptonic sector in a supersymmetric seesaw
model [1] with three hierarchical right-handed neutrinos (M; < My < Mj):

M
Wiep = (Lo Ha) Yo B + (L Hy)AN® + N2 N©. (3.1)

In this expression, A, Y, and M are 3 X 3 matrices, and flavour indices are suppressed.
The Ly are the supermultiplets containing left-handed lepton fields, E are those con-
taining the right-handed charged leptons, while N are the supermultiplets of the right-
handed singlets. The Majorana mass scale can be taken large 10° GeV < M; < 10°
GeV, since the corresponding operator is a singlet under the SM gauge group.

Without loss of generality one can work in the basis where Y, and M are diagonal,
so that the superpotential gives the following Lagrangian for leptons:

)

M

L=Y, (( H})es + ([ H)N i N; +

where the parentheses indicate SU(2) contractions and the flavour indices are written

explicitly. Since supersymmetry is broken, to this Lagrangian we must add the soft
SUSY breaking terms :

o - BM? - . - - -
Lssp=mg» fif+ {TN;N; + ao(Ye, 05 - HaeS + \oil§ - H,NE) + h.c.} (3.3)
!

where f collectively represents sfermions. This soft part is written at some high scale
Mx where, in MSUGRA, the soft masses are universal and the trilinear couplings are
proportional to the corresponding Yukawas. MSUGRA is then characterized by four
parameters: the scalar (mg) and gaugino (ms/2) masses, shared by all of them at the
GUT scale; the trilinear coupling involving scalars, ag, at the GUT scale; and finally
the Higgs vev ratio, tan 3.

In the chosen basis, the neutrino Yukawa matrix is in general not diagonal and

complex, and can be written as:
A=V, D\ (3.4)

where D), is diagonal and real. Note that in this basis the neutrino Yukawa matrix is the

only source of flavour violation in the lepton sector, through the unitary matrices V7, and
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Vk that act respectively on the lepton doublet space and on the right-handed neutrino
space. These matrices contribute also to CP violation, through six CP violating phases.
In general, other sources of CP violation appear in the complex neutrino B-term, in
the scalar mass mg and in the trilinear coupling aq.

At energies well below the right-handed neutrino mass scale, the effective light

neutrino majorana mass matrix can be written:
[m,] = AM'\Tv2 =UD,U". (3.5)

The first equality shows that the smallness of light neutrino masses is naturally ex-
plained once the right-handed neutrino mass is set at very high energy, ~ 104 GeV
(in this expression v, = (H,)). In the second equality, D, is a diagonal matrix with
real positive eigenvalues and U is the PM NS matrix containing the three low-energy
CP violating phases, the Dirac phase § and two Majorana phases «, 3. Those phases
are, in general, a combination of the 6 phases appearing in the complete theory. We

use the standard parametrisation:

e'* c13C12 e sic13 s13 €%
B ) " . "
U= e'* (—312023 — 593513C12 €' ) et (023012 — 593513512 €' ) 523C13 . (3-6)

e (823812 — S513C23C12 eia) e (—323012 — 513512C23 €i5) C23C13
If we combine the equations (3.4) and (3.5), we can write:
D, = UV D\Va D7} VED\V; U2 = WD\ VaDVED W02, (3.7)

with Vi diagonalizing the inverted right-handed neutrino mass matrix. This relation
shows that non-zero angles and phases in the unmeasurable right-handed neutrino
mixing matrix Vi imply non-zero angles and phases in W = V U, which being in the
doublet sector, is potentially more accessible. We will use this relation to reconstruct

the right-handed sector from low energy physics in sec. 3.4.

3.2.1 Low-energy footprints: LFV and EDMs in MSUGRA

Present bounds on LFV processes, shown in table 3.1, restrict the size of flavour off-
diagonal soft terms. This suggests universal soft terms at some high scale My, see Eq.

(3.3), like in the MSUGRA scenario. There are also stringent experimental bounds, as

66



3.2 NOTATION AND REVIEW

Present bounds | Future sensitivity
BR(u — ev) <12x107" | 10718 (MEG)[25]
BR(T — uy) <6.8x107% | 107Y (Belle)[26]
BR(T — ev) <11x1077

BR(u — evev,) ~ 100%

BR(r — pv,v.) | 17.36 £0.05%

BR(T — ev.v,) | 17.84 £0.05%

Table 3.1: Present and predicted bounds on lepton flavour violating processes, and

measured branching ratios for ¢, — {gr,vsz decays.

Present bounds (e cm) Future sensitivity (e cm)
d. < 1.6 x 10727 10~ (Yale group)[27]
d, <28x107" 1072* (Muon EDM Collaboration) [28]
(—2.2 <d, <4.5) x 10717

Table 3.2: Present and anticipated bounds on electric dipole moments. See [7] for a

discussion of future experiments.

we can see in Table (3.2), on the CP violating electric dipole moments, which point
towards very small CP phases. To address this “SUSY CP problem” *, we suppose
that all the soft breaking terms (namely ag, mo and right-handed sneutrino B-term),
as well as the p term, are real. Even under this extremely conservative assumptions, it
is well known that because of RGE running from high to low energy scales, the seesaw
Yukawa couplings potentially induce lepton flavour and CP violating contributions to
the soft terms [12, 13, 14].

We focus on these neutrino Yukawa coupling contributions to LF'V and EDMs,
assuming MSUGRA with real boundary conditions at My. Additional contributions,
arising with less restrictive boundary conditions, are unlikely to cancel the ones we
discuss, so the upper bounds that will be set if, for instance, no electron EDM is

measured by the Yale group, will equally apply. Conversely, if an electron EDM is

1See e.g. [24] for an illuminating discussion.
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measured above the range that we predict, it will prove the existence of a source of CP
violation other than the neutrino Yukawa phases.

We are interested in analytic estimates for LF'V rates and electric dipole moments.
For this, we need the flavour-changing and CP violating contributions to the soft
masses, that arise from the neutrino Yukawa. Following [29], we take the one-loop
corrections to the flavour off-diagonal doublet slepton masses m7,53 — M7,z + Ami g

and to the trilinear coupling agA — agA(1 + Aag) to be:

- 1 1
Am%aﬁ = = 1672 (3m3 + ag)[c(l)]aﬁ - @(mg + CL?) + 20’03)[}]]&,3 ) (38)
1 1
Alao)ap = T [CM]as — 602 [Hlagp (3.9)

for o # 3 where the matrices H and C™ are given by:

H=x=v/Dv, | (3.10)
MM' MMT

C™ = \log” ( e ) A = VID\Vilog" (W) ViD\V . (3.11)
X X

C® is the leading log contribution, and terms o< H arise in the finite part (they could
be relevant for EDMs). The one loop corrections to the right handed charged slepton
mass matrix, ﬁﬁ%aﬁ only contain the charged lepton Yukawa couplings and therefore
cannot generate off-diagonal entries. These are generated at two loops and, as we will
see later, they can be relevant for the lepton EDMs.

At one loop, sparticles generate the dipole operator (where e without subscript is

the electro-magnetic coupling constant):
eXogerot e F, + hec. (3.12)

which leads to LF'V decays (¢, — {37), and induces the flavour diagonal anomalous
magnetic and electric dipole moments of charged leptons [7]. For a = 3, the anomalous
magnetic moment is a, = 4m., Re{X,.} and the electric dipole moment is 2Im{X,, }.
In the mass insertion approximation the observable LF'V rates are proportional to
1) ’2
B

M7 s5l° o< |Cyg]? and the corresponding branching ratios are of order [13]:

BR(ly — L5 7) o tan?p _,
~ maﬁ|

! = 3.13
BR(ly — gﬂ’/aVﬂ) GQF m%USY ( )

a® tan? B (3m3 + a2)?
GQF m%USY (4m)t

[Clasl?,
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af X (116 592 080 + 63) x 10~'" in BNK-E821
(276 +81) x 1071 [31]
da, = afXt —aM (275 £ 84) x 1071 [34]
(295 4 88) x 1071 [32]

Table 3.3: Experimental value and deviation from the SM predictions of the muon
anomalous magnetic moment. The errors of da, are the combination in quadrature of

the experimental and theoretical ones.

where G is the Fermi constant, tan 8 = v, /vy, and mgysy is a generic SUSY mass,
which substitutes for the mixing angles and the function of the loop particle masses.

An estimate of mgysy can be obtained from the data on the anomalous magnetic
moment of the muon, as suggested in [30]. A 3.3 or 3.40 deviation from the Standard
Model prediction is observed in the anomalous magnetic moment of the muon (in Table
(3.3) is given the experimental value of @, and the deviation from the SM prediction
[31, 32]). We assume it is due to new physics that can also contribute to flavour vio-
lation and EDMs. In the MSUGRA seesaw scenario that we are considering, the main
contribution to a, comes from 1-loop diagrams with neutralino or chargino exchange
and is given by [33]:

2
5aSUSY ~ M tan 5

(3.14)

Within this approximation, the observed deviation in the muon anomalous magnetic
moment only fixes the ratio tan 5/mz; ¢y ~ 5 107> GeV =2, so our SUSY masses scale
with tan 8 as m%; ey = 222(200 GeV)?2.

Assuming [30] that the main contribution to the LFV branching ratio is given by
analogous diagrams involving chargino and neutralino exchange, gives, from equations

(3.13) and (3.14) with mg ~ ag ~ msysy:

Bi(la = 637) 1078|Cy)? ( 0a, )2. (3.15)

BR(éa — Eﬁl/aﬂ/g)

109
Since we aim to explore seesaw parameter space, we set the MSUGRA parameters
mo =~ g = MsUysy -

In our analysis, we aim for values of \C’a@P that will give 4 — ey and either of

7 — {7 in the next round of experiments. We require only one of the 7 decays, because
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the other must be small to suppress u — ey (recall that we assume the neutrino
Yukawas are hierarchical).

The neutrino Yukawa corrections to the soft terms can also enhance the predictions
of the CP violating electric dipole moments. In our discussion we can neglect muon
and tau EDMs, because the experimental sensitivity on d,, is currently eight orders of
magnitude weaker than on d. and we expect d,/d. ~ m,/m..

There are two potentially important contributions to the charged lepton EDMs
induced by the neutrino Yukawa couplings. As discussed in [35, 29], the first non-zero
contribution to the complex, flavour diagonal EDMs arises at two-loop order. The
matrices Aag and Am?2 in Eq.(3.8) are the available building blocks to make an EDM,
which turns out to be proportional to the commutator [H,C]. This is the dominant
contribution at low tan .

We follow [29] ® to estimate:

4o m?
de ~ ————TIm[H C]..(1.9107 1! ~107% Im[H 1
(@) miy o m[H Ce(1.9107" e cm) ~ 10 tan m[H C]e cm, (3.16)

where we have used [H, C|/i = 2Im[H C], and the 2/ tan [ arises because we extracted
m%ygy from the da,.

In the large tan 8 region, it has been shown [36] that a different contribution to
the EDMs can be the dominant one. This new contribution arises at three loops, and
it involves the two loop correction to the right handed charged slepton mass matrix

AmZ,. Tt is proportional to the CP violating quantity:

D, = Im [((Amj,)"mAm7] | (3.17)

e%

where m is the (diagonal) charged lepton mass matrix. Despite being a higher loop
order, it is typically dominant for tan 3 2 10. The two loop expression for Am?2, can

be found in [29]. We approximate this contribution as:

—e 8a 10m, tan B Im[N5Xakmy AL, Aem)]

d, ~ — F(M?), 3.18

2 (4m)" mygy v? cos? 3 (M) (3.18)
where M? M? M? M? M?
X X N o My N

F(M?) = (log g log i log M2 + log —Mlg log M—%) , (3.19)

°[29] finds the same structure as [35, 36], but its result is smaller by one power of a large logarithm.

70



3.3 FLAVOURED THERMAL LEPTOGENESIS

and My = 3 x 10'6 GeV, My = M,. It gives an electric dipole moment of order:

10-29 (tanﬁ) Im A5 Xy A Aem]

50 m2

de

ec1.

One comment is in order. Throughout this work, we use the approximated formulae
(3.15), (3.16) (3.18), where we have set the supersymmetric parameters mg and ag at a
common mgygy scale. Of course these are very rough approximations, but given that
a detailed analysis of the MSUGRA scenario is beyond the scope of this study, which
concentrates on the seesaw parameters, it is enough to illustrate our results.

Notice that, since we normalize the LF'V branching ratios to the muon g-2 deviation
from the SM, there is no enhancement of LF'V for large tan 3. The three loop EDM

contribution (3.18) is enhanced, because it has extra powers of tan 3.

3.3 Flavoured thermal leptogenesis

The observed Baryon Asymmetry of the Universe [37] is

np —nNg

Yan = (8.754+0.23) x 1071 (3.20)

s 0
where npy, ngg, and sy are the number densities of baryons, antibaryons, and en-
tropy, in the Universe today. We assume this excess is produced via flavoured thermal
leptogenesis[2, 6, 38|, through the decays of the lightest singlet neutrino N; and sneu-
trino Ny, in the thermal plasma at T ~ M;. The population of N; and N; is produced
by inverse decays and scattering in the plasma. The decays are CP violating and con-
trolled by the neutrino Yukawa coupling, thus for hierarchical right-handed (s)neutrinos
the CP-asymmetry is given by [39]:

I'(Ny — (,H, (,h) — T(N, H, (,h)
€Caa = — =
D(N, — ¢H, h) + (N, — CH, 0h)
3M
——Tm { N [mf N } (3.21)

8mug [ATA]
where « specifies the flavour of the (s)lepton doublet in the final state. If the CP
violating decays are out-of-equilibrium the lepton asymmetry produced can survive
and be partially converted into a baryon asymmetry through non perturbative SM

sphaleron processes[40].
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In Eq.(3.21) we have intentionally not summed over the flavour index «, because
flavours can have a role in the evolution of the lepton asymmetry [6]. That is, if a flavour
in the thermal bath is distinguishable, then the corresponding lepton asymmetry follows
an independent evolution. This occurs when the charged lepton Yukawa interaction
rate I'y, = 5 x 107°TY? is faster than the expansion rate H and the singlet inverse
decay rate I';p ~ e~ m/TT ~, where I'y is the right-handed neutrino decay rate. Since
leptogenesis takes place at T' ~ M, the mass of the lightest right-handed (s)neutrino
tells us if flavour effects are important.

In the MSSM, the charged lepton Yukawas are larger than in the SM: Y, =
me/(cos B x 174GeV), so they come into equilibrium earlier. At very high temper-
atures 7" > tan?3 10'2 GeV 6, the charged lepton yukawa interactions are out of
equilibrium (T'y, < H) and there are no flavour effects, so leptogenesis can be studied
in one-flavour case. However, as the temperature drops, the 7 interactions come into
equilibrium. In the range tan? 3 10° < T < tan? 8 10'? GeV, we have an intermediate
two-flavour regime, so that the lepton asymmetry produced in the 7 evolves separately

from the lepton asymmetry created in the linear combination:
i - Auift + Aeré

. V ‘)‘u1|2 + |)‘el|2 '

For T < tan? 3 10% GeV, also the 1 Yukawa interactions come into chemical equilibrium

(3.22)

and all the three flavours become distinguishable.
In all the flavour regimes the baryon to entropy ratio can be written as:
10 ny —|—nN 10 315¢(3)

Yp ~ Z €aalla = 3_1T49* geaana . (3.23)
The numerical prefactor indicates the fraction of B — L asymmetry converted into a
baryon asymmetry by sphalerons [41] in the MSSM. The second fraction is the equilib-
rium density of singlet neutrinos and sneutrinos, at T' > M, divided by the entropy
density s. Numerically, it is of order 4 x 1073, similar to the non-SUSY case 7. The
€aa are the CP asymmetries in each flavour (so that o = 7,0 or @ = 7, i, e in the two-

or three-flavour regimes respectively) and the 7, are the efficiency factors which take

6We approximate tan 3 ~ 1/ cos 3 because sin 3 ~ 1 and tan 3 is a more familiar parameter.
"The addition of the Ns is compensated by the approximate doubling of the degrees of freedom in

the plasma : g, = 228.75 for the MSSM.

72



3.3 FLAVOURED THERMAL LEPTOGENESIS

into account that these CP asymmetries are partially erased by inverse decays and
scattering processes. We assume the efficiency factors have the same functional form

and numerical factors as for non-supersymmetric leptogenesis [6]:

~1.16 ~ 171
Ty |Aaa‘maa
— - 3.24
<2|Aaa‘maa) " ( 2m, ) ] 7 ( )

where we neglect A-matrix [42] factors in our numerical analysis. The rescaled N;

Mo =

decay rate is defined as :

m = Zmaa Z‘)\al‘ b (3.25)

and in supersymmetry mMSSM = mSM /\/2 = 4xv2 Hy /M? ~ 0.78 x 1073 eV 8, where
H, is the Hubble expansion rate at T" = M;.
Combining equations Eq.(3.23), Eq.(3.21), Eq.(3.24) and Eq.(3.25), we can write

the BAU as: 10 1350/
vy = — 20 155y Z N Im{Aa[m], - Ao}, (3.26)

31 4n5g,02 v2

where Ay = [Ma1/y/NA11. Y3 is roughly a factor of v/2 larger than in the SM, in the
limit where m,, > m, for all flavours.

Supersymmetric thermal leptogenesis suffers from the so called gravitino problem[43]:
in a high temperature plasma gravitinos are copiously produced and their late decay
can jeopardize successful nucleosynthesis (BBN). This gives an upper bound on the
reheat temperature of the Universe Ty, which constrains the temperature at which
leptogenesis can take place, and gives an upper bound on the singlet neutrino mass
M, § 5Tgry [44, 45]. However, there is also a lower bound on M; 2 10° GeV [46] (for
hierarchical Ns) to obtain a large enough lepton asymmetry. This can be seen from
(3.26), where Yz oc M;. It has recently been suggested [47] that this conflict can be
avoided by generating the singlet masses after reheating. However, we here assume
that M; > 10° GeV is fixed before reheating.

8There are factors of 2 for SUSY: defining I'p to be the total N decay rate, we have '35V =
2I'7M. So with the definition of eq. (3.25) for m, we have m = 4rv2l'MSSM /M2 as opposed to
= 8mv; I‘SM/M2 So m3VSY = fM/\/ﬁ, where m, is the value of m that would give I'p = H; at
T = M,, and the factor of v/2 is because there are approximately twice as many degrees of freedom

in the plasma.
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There are various ways to obtain Try ~ 10° — 10 GeV. If the gravitino is un-
stable, the nucleosynthesis bound leads to very stringent upper bounds on the reheat-
ing temperature after inflation [48]: Ty < 10* — 10° GeV for mg, < 10 TeV, or
Try < 107 — 10" GeV for mgs, > 10 TeV. A sufficiently high reheat temperature is
obtained for very heavy gravitinos because they decay before BBN. Alternatively, if
the gravitino is the stable LSP, a correct dark matter relic density can be obtained for
Tri ~ 107 — 10! GeV. In this scenario, one must ensure that the decay of the NLSP
does not perturb BBN. This can be obtained, for instance by choosing the NLSP with
care [49] or by having it decay before BBN via R-parity violating interactions[50].

We can summarise that a reheat temperature 2 10° GeV is difficult but not im-

possible in supersymmetry. So for the purposes of this paper, we will allow M; < 101!
GeV.

3.4 Reconstructing leptogenesis from low energy

observables

In order to search for a connection between the low-energy observables and leptogenesis,
we need a parametrisation in which we can input the low energy observables, and then
compute the BAU. Ideally we want to express the high-energy parameters in terms
of observables [51]. Therefore, we write the seesaw parameters in terms of operators
acting on the left-handed space, potentially more accessible: so we chose D,,, Dy and V},
(that appears in the combination A\T) and Uppsys. Within this bottom-up approach,
the CP violation is now encoded in the three, still unknown, low energy phases of the
PMNS matrix U, and in the three unknown phases in V. We then reconstruct the
right-handed neutrino parameters in terms of those inputs.

The matrices D, and Upysnys can be determined in low-energy experiments. Through
neutrino oscillation experiments we can extract the two neutrino mass differences, the
PMNS matrix mixing angles and, in the future, the Dirac phase [52] (if Nature is kind
with us). Furthermore, we have an upper bound on light neutrino masses that comes
from cosmological evaluations[53], Tritium beta decay[54], and neutrinoless double beta
decay([55]. Observing this last process could prove the Majorana nature of neutrinos

and put some constraints on the combination of Majorana phases.
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We have seen that in MSUGRA there is an enhancement of lepton flavour violating
processes due to the neutrino Yukawa couplings. Assuming that these processes can
be measured in the near future constrains the coefficients [C],g, see Eq. (3.13), which
depend on Dy and V7. We parametrise the V7, matrix as the product of three rotations

along the three axes, with a phase associated to each rotation:

L L L L _—ip L _—io
C13C12 C13512 € S13 €
T_ L L ,ip L —iwoL L ic L L L —iw Ll L ,—ip jic L L ,—iw
Vi = —C93813 €7 — 893 € T S813C g € Co3Cip — So3 € T S13512 € € Ci3S23 €
L JiwJ,L _ip _ L L L _ic _ L jiw,.L _ L L L _—ip ,ic L L
S93 €7 812 € S13C23C12 € 893 €7 Cpg — 513512C93 € € Ca3Cy3
(3.27)

;From the bottom-up parameters defined above and using the equation (3.7), we are
now able to reconstruct the right handed neutrino mass matrix and the Vi matrix

appearing in the baryon asymmetry:
M~ =VgD,}'Vi = D'V, UD, UMV D o2 (3.28)

In leptogenesis without flavour effects, the BAU is controlled only by the phases
of Vg, which also contribute to the Upjsng in the parametrisation we use. However,
as demonstrated in the R matrix parametrisation [56], it is always possible to choose
Vyp such that the lepton asymmetry e has any value for any value of PMNS phases
[4]. So for Yp in its observed range, the PMNS phases can be anything, and if we
measure values of the PMNS phases, Yz can still vanish. In flavoured leptogenesis,
the BAU can be written as a function of PMNS phases and unmeasurables, but it
was shown in [5] that for the Standard Model seesaw, Y is insensitive to the PMNS
phases. Relations between low energy CP violation and leptogenesis can be obtained
by imposing restrictions on the high-scale theory, for instance that there are no right-
handed phases [8].

In the case of MSUGRA, we assume that we will have two more measurable quan-
tities in the near future, u — ey and either of 7 — f~. Naively, we do not expect LFV
rates to add more information on the CP violating phases, because the rates can be
used to fix two (real) parameters in D) and V. The question is whether the remaining
phases and real parameters, can always be arranged to generate a large enough BAU.
We find the answer to be yes. For instance, in the limit of taking only the largest

neutrino Yukawa coupling in D, the matrices C™ become proportional to H, and
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using the parametrisation of the V7, matrix given in Eq.(3.27) one can easily see that
the C'P violating phases of the V; matrix disappear from the LF'V branching ratios.
Besides the LFV processes, the neutrino Yukawa couplings can also contribute to
the CP violating electric dipole moments. These contributions are expected to be
below the sensitivity of current experiments [20, 57]. See [57] for a discussion of the
impact of EDMs on seesaw reconstruction. In our framework with hierarchical Yukawas
we expect some suppression on this contributions to the EDMs. As we have seen in
Section 3.2.1, for low tan 3 the main contribution is proportional to the commutator
of the matrices C) and H, see eq. (3.16). Thus in the limit of taking only the largest
Yukawa, which implies CY &< H, the commutator is equal to zero. Regarding the large
tan 3 regime, although the contribution to the EDMs has a different dependence, given
in eq. (3.18), it can be shown that it also vanishes in this limit. This means that a

non-zero contribution will be suppressed by mixing angles and a smaller eigenvalue of

H.

3.5 Analytic Estimates

If a parametrisation existed, in which one could input the light neutrino mass matrix,
the neutrino Yukawa couplings that control lepton flavour violation, and the baryon
asymmetry, then it would be clear that the BAU, and other observables, are all insen-
sitive to each other. In this section, we argue that at the minimum values of M; where
leptogenesis works, such a parametrisation “approximately” exists.

We analytically construct a point in parameter space that satisfies our criteria (large
enough BAU, LFV observable soon), and where the baryon asymmetry is insensitive to
the PMNS phases. To find the point, we parametrise the seesaw with the parameters of
the effective Lagrangian relevant to /Ny decay. Since the observed light neutrino mass
matrix is not an input in this parametrisation, one must check that the correct low
energy observables are obtained. This should occur, in the region of parameter space
considered”, because the contribution of N; to the light neutrino mass matrix can be

neglected. We construct the point for the normal hierarchy and small tan 3; similar

9This area of parameter space was also found in [58] using a left-handed parametrisation inputting
W = V.U instead of V. See also [59].
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constructions are possible for the other cases.
The effective Lagrangian for Ny and Nl, at scale M7y < A < M, arises from the

superpotential:
M
Wy, = Aa1 LS H,NC + 71N10Nf + kag(L*H,)(LLPH,) (3.29)

where 44 is obtained by integrating out Ny and Nj. It is known [60] that the smallest
M for which leptogenesis (with hierarchical N;) works, occurs at m, < m < mgy. So
we assume that

)\al )\ﬁl 2

Tl’l)u < mag, (330)

implying that N; makes negligible contribution to light neutrino observables. We are
therefore free to tune the A\,;s to maximise the baryon asymmetry.
To obtain a baryon asymmetry Yz ~ 1072 )" €l = 8 X 107!, we require:

D anlla 8 x 1078 . (3.31)

o
For tan 8 ~ 2, it is unclear whether the ¢, is distinct for leptogenesis purposes. For
simplicity we assume not, and use two flavours o and 7. The efficiency factors 7, are
maximised to 1, ~ 1/4 for Mae = |Aa1|?v2 /M ~ v/2m,. Since /m ~ 3m,, this is barely
in the strong washout regime, and (3.24) should be an acceptable approximation.

We would therefore like to find a point in parameter space, such that M; ~ 10°
GeV, €0 ~ €, ~ 1.6 x 1077, Defining Ao = )‘al/\/mv equation (3.21) implies
that we need, for « = 0 and a = 7

o [mi\ay o 10°GeV
Im{/\al }N TaaE (3.32)

ms
This means that \; needs a component along w3 (the eigenvector of mg3), and, since it

should also generate m;, it needs a component along u;. It can always be written as:
)\1 - )\11?21 + )\21?22 -+ )\31'&3 5 (333)

where {1, 2, 3} indices indicate the light neutrino mass basis. In the following we take
/\21 = O, )\31 = |/\31‘6ic, |/\31‘ > |/\11‘- With equation (35),

< My 1 ) .
Im{)\al - } = mlm{()\ll)\31[]a1+)\31Ua3)Ua3}

1 2
I {i}
Do+ Pa? U2

7



CP VIOLATION IN THE SUSY SEESAW: LEPTOGENESIS AND LOW ENERGY

(no sum on «). In the last formula, we drop the terms o A, which may contain
asymmetries that cancel in the sum €,, + €,-. These are not useful to us, because we
aim for 1, ~ 1, ~ 1/4. For Im {A\3;}/(|As1]* + [Mu|?) = 1/2, Eq.(3.32) implies that a
large enough BAU could be produced for M; ~ 3 x 10° GeV.

We now check that we obtain the observed light neutrino mass matrix, even with

¢, the phase of A3y, of order 7/4. The light neutrino mass matrix is:

/\al/\ﬁl 2 2 2 )\%1 ~ AT ~ AT ?gl ~ AT
miag = v+mavu——vu —U1U; + KoUusgU, + (=—— + K3)usu 3.34
[ ] B 7‘11 U B ]\41 1%1 2W2tg (7‘11 3) 343 af ( )

where k9 and k3 are the eigenvalues of k. By convention there is no phase on mgs, so
in the 2 right-handed neutrino (2RHN) model that generates x, we should put a phase
on the larger eigenvalue r3. Since \2,v2/M; ~ €™ x 107% eV, the phase on k3 is very
small and we neglect it in the following discussion of lepton flavour violation.. It is well
known [61] that the seesaw mechanism with 2 right-handed neutrinos can reproduce
the observed light neutrino mass matrix, with m; = 0. In our case, we assume that
Ny and Nj give the observed mgy, and m3 up to (negligeable) corrections due to N; of
order 1073 eV. m; arises due to NV;.

In the 2RHN model, there is less freedom to tune the LF'V branching ratios [62]
than in the seesaw with three N;. So as a last step, we check that we can obtain
LFV branching ratios just below the current sensitivity. The 2RHN model can be
conveniently parametrised with lA),.g, the 3 x 2 Upuns matrix, the 2 X 2 unitary matrix
W = VLﬁ , and the eigenvalues Ay and Aj of A (matrices in the 2RHN subspace are
denoted by hats). A is a 2 x 2 sub-matrix of A, obtained by expressing the 3 x 3
Yukawa matrix in the eigenbases of the heavy and light neutrinos, and dropping the
first row and column, corresponding to v; and N;. It is straightforward to verify that
[VL]ge ~ 1073 can be obtained by taking tan Oy ~ s13/(c13812), where Oy is the rotation
angle in W and 0;; are from Upprys. Choosing Ay, the smaller eigenvalue of A, to be
~ .06, ensures that BR(u — e7v) is small enough. We can simultaneously take Ag ~ 1
and obtain [Vi]s, ~ [Vi]s, ~ 1, which allows BR(t — wy) ~ 107®. The resulting
masses of Ny, N3 are ~ 10'2, 10 GeV.

Our MCMC has some difficulties in finding the analytic points. We imagine this
to be because they are “fine-tuned” in the parametrisation used by the MCMC. The

amount of tuning required in the angles of Vi, to obtain the desired {A;1}, can be
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Light neutrino best fit values
Am?, = (7.60 & 0.20) x 107° eV

S

|Am?,, | = (2.40 £0.15) x 1072 eV?

a

sin 62, = 0.320 =+ 0.023
sin 62, = 0.500 % 0.063

Table 3.4: The best fit values of the light neutrino parameters and their 1o errors [63].

estimated by taking logarithmic derivatives. In Appendix .1, we find a fine-tuning of

order:

m?

~ .01 (3.35)

2
m3913

where 0;; are the Upysns phases, and we optimistically assumed 633 ~ .1. These points
at My < 10'° GeV with m 2 1073 eV, were also not found in the analysis of [19].

3.6 MCMC

In this section we describe our numerical analysis. In order to verify if the baryon
asymmetry of the universe is sensitive to the low energy PMNS phases, we perform a
scan over the neutrino sector parameters aiming for those points compatible with the
measured baryon asymmetry and the bound on the reheating temperature, that have
large enough LFV branching ratios to be seen in the next experiments.

Using the bottom-up parametrisation of the seesaw defined by the Vi, Dy, D, and
U matrices, our parameter space consists of the 14 variables displayed in Table 3.5. We
take as an experimental input the best fit values of the light neutrino mass differences
and of the solar and atmospheric mixing angles, Table 3.4. With respect to the SUSY
parameters, we choose two different regimes for tan 3, equal to 2 or 50, while the mgsysy
scale is deduced from the data on the anomalous magnetic moment, see section 3.2.1.

Due to the large number of parameters it would prohibitive to consider a usual
grid scan. Thus, we choose to explore our parameter space by a Markov Chain Monte
Carlo that behaves much more efficiently, and has been already successfully employed

in other analyses [64].
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3.6.1 Bayesian inference

Given a model with free parameters X = {z1,...,x,} and a set of derived parameters
£(X), for an experimental data set d, the central quantity to be estimated is the
posterior distribution P(X|d), which defines the probability associated to a specific
model, given the data set d. Following the Bayes theorem, it can be written as:
LIAIECO)T(X)
P(d) ’

where £(d|X) is the well known likelihood, that is the probability of reproducing the
data set d from a given model X, 7(X) is the prior density function, which encodes
our knowledge about the model, and P(d) = [ £(d|{(X))n(X)dX is an overall nor-

malization neglected in the following. In the case of flat priors:

P(X|d) = (3.36)

() = { m if X € [ Xmin, Ximaz) (3.37)
0 otherwise

the posterior distribution reduces to the likelihood distribution in the allowed param-

eter space.

The main feature of the Markov chains is that they are able to reproduce a specific
target distribution we are interested in, in our case the posterior distribution, through a
fast random walk over the parameter space. The Markov chain is an ordered sequence
of points X; with a transition probability W(X;41]X;) from the ¢ — th point to the
next one. The first point Xy is randomly chosen with prior probability m(X). Then
a new point is proposed by a proposal distribution Q(X,41]|X;) and accepted with
probability A(X;;1|X;). The transition probability assigned to each point is then
given by W(X;11|X;) = Q(Xi41]X:)A(Xi41]X:). Given a target distribution P(X), if

the following detailed balance condition:
W (Xl X5) P(X;) = W (X, X0) P(X0) (3.38)

is satisfied for any j,k, then the points X; are distributed according to the target

distribution. For a more detailed discussion see [21, 22].

3.6.2 The Metropolis-Hastings algorithm

In order to generate the MCMC with a final posterior distribution (3.36), we use the
Metropolis-Hastings algorithm. In the following, we briefly recall how the algorithm
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behaves, but the discussion is done in terms of the likelihood, instead of the posterior
distribution, since we assume flat priors on our parameter space, see eq. (3.37).

Let X be the parameter set we want to scan, and £(X) our likelihood function,
the target distribution. ;From a given point in the chain X; with likelihood £(X;), a
new point X, with likelihood £(X,.,) is randomly selected by a gaussian proposal
distribution Q(X ey, X;) centered in X; and having width e. This last quantity e
controls the step size of the random walk. The new point is surely added to the chain
if it has a bigger likelihood, otherwise the chain adds the new point with probability
L(Xnew)/L(X;) . So the value of the next point X; ; in the chain is determined by:

Xpew  with probability min[A(X e, X;), 1]
XZ'Jrl = 5 (339)
X,  with probability 1 —min[A(X,ew, Xi), 1]
where A(X e, X;) is the acceptance probability:
‘C(Xnew)
XnewaXi - 3.40
A0 X0) = S (340

Given this acceptance distribution and using the symmetry of our proposal distri-
bution Q(X, X;) under the exchange [ < i, it is straightforward to see that the detailed
balance condition 3.38 is satisfied for the likelihood £(X) as target distribution. This
implies that when the chain has reached the equilibrium, after a sufficiently long run,
our sample is independent of the initial point and distributed according to £(X).

In order to arrive at the equilibrium in a reasonable amount of time, the step scale
€ of our random walk must be accurately chosen. Indeed, if we define the acceptance
rate as the number of points accepted over the number of points proposed, a too big
step € implies a too low acceptance rate, so that our Markov Chain never advances,
while a too small € and, so, a very large acceptance ratio, implies that our chain needs
a very large time to scan all the space. It has been suggested that ¢ must be chosen
according to an optimal acceptance rate between 20% and 50%. However, in order to
ensure the detailed balance condition, ¢ cannot change during the run of the chain,
thus, it is set by our program in a burn-in period.

A valid statistical inference from the numerical sample relies on the assumption
that the points are distributed according to the target distribution. The first points of

the chain are arbitrarily chosen and the chain needs a burn-in period to converge to the
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Free parameters | Allowed range [X,,in, Xmaz]
)\2/)\12)\3/)\2230 )\2/)\12100, )\3/)\2250

logyg A3 [—0.3,0.3] [—0.5,0.5]

10g;0 Ao [—1.77, —1.17] (2.2, —1.2]

logyo A1 [—3.25, —2.65] [—4.2,—3.2]

logyo(m1/eV) [—6, —3]

logy HZL [—4 1Oglo 7|

p,w, o [0, 7]

013 0.,0.2]

g [0, ]

a, 3 0, 7/2]

Table 3.5: Allowed parameter space, so that the uniform prior on each parameter is
defined as in eq.(3.37).

target distribution. The length of the burn-in strongly depends on the intrinsic prop-
erties of the chain and cannot be set a priori. It changes according to the complexity
of the model, to the target distribution, and the efficiency of the proposal distribution
employed. Once the chain has reached the equilibrium the first burn-in points must be
discarded to ensure the independence of the chain from the initial conditions. Never-
theless, as we will see in section 3.6.4, even following the procedure above, it can be a

delicate issue to determine if a chain has really converged.

3.6.3 The seesaw sample

In our work the free variables X are given by the 14 seesaw parameters, with uniform
priors, Eq. 3.37, on the allowed range of parameter space (see Table 3.5). The choice
of a logarithmic scale on some unknown parameters allows us to scan with the same
probability different orders of magnitude. We analyze models with two different hier-
archies in the neutrino Yukawas, so that, for a A3 ~ 1 we impose Ay /\; ~ A3/A\y ~ 30
or Ag/A1 ~ 100 and A3/As ~ 50. The lightest neutrino mass is allowed to vary between
three orders of magnitude 107 < m; < 1073 eV and the 6,3 mixing angle within its 3o

range, 0 < 613 < 0.2 rad. The V;, mixing angles can vary over 4 orders of magnitude,
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with maximum value 7. All the CP violating phases, those of the V;, matrix indicated
by p, w and ¢ and the Dirac and Majorana phases d, o and (3, are allowed to vary
on all their definition range: [0, /2] for the Majorana phases and [0, 7] for the others
(this avoids degeneracies).

The idea is, now, to generate a sample of points in our parameter space that provide
enough BAU, give LFV rates big enough to be seen in the next generation of exper-
iments, and also have an M, light enough to avoid the gravitino problem. We then
define our set of derived parameters £(X) as in Table 3.6 and we associate to them a

multivariate gaussian likelihood with uncorrelated errors:

1 1
‘C(gexp’f) = W €Xp{—§(f - gexp)tRil(f - ge:cp)} . (3'41)

Where m = 4 is the dimension of the derived parameter set. The centre values &z
are the best fit values and R is an m X m error matrix, in this case diagonal, since we
assume no correlation between the errors. As we can see in Table 3.6, the BAU is set to
its experimental value, while the LFV rates are set to be one order of magnitude below
the present bounds, and the expected value of lightest heavy neutrino mass M; ~ 10°
GeV is set to escape the gravitino problem. The branching ratio of LFV 7 decays is
given in terms of the combination BR(T — ev) + BR(T — wy) = BR;q, since one
of them is suppressed to respect the stringent bound from BR(y — evy) (we assume
hierarchical yukawas).

For each point X; of the chain, the lepton flavour violating branching ratios are
estimated with equation Eq.(3.15), while Y5 is computed after the reconstruction of the
right neutrino mass, see Eq.(3.28), using Eq.(3.23) in the flavour regime is in act at the
temperatures we consider. We recall that the temperature at which leptogenesis takes
place is of the same order of the reconstructed right-handed neutrino mass. Depending
on the value of tan 3, the range of temperatures at which the flavour regimes have a role
changes. As we already mentioned in Section 3.3: for small tan 3, in the temperature
range 10° GeV < T < 10'2 GeV the 7 flavour is in equilibrium and the two flavour
regime is in order; while for T < 10° GeV p are also in equilibrium and the three
flavours are distinguishable. Since we aim for values of M; ~ 10 GeV if we consider
a small value of tan # our program takes into account that the BAU can be produced
in both two or three flavour regimes. For very large tan 3, instead, already for T" <

10'2 GeV 7 and p are in equilibrium, thus the three flavour regime always takes place.
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Derived parameters £(X) | &eup £ 0

i (8.75+0.23) 1011
log,o BR(u— > e7) —13+0.1

log,y BR(T— > 1) -9+40.1
log,o(M,/GeV) -9+40.1

Table 3.6: Best values and errors for the derived parameters £(X) we want to maximize.

In the case of steeper yukawa hierarchy, in agreement with our analytical estimate,
we enlarge our set of derived parameters and maximise the rescaled N; decay rate to
m ~ 1072 eV and the heaviest right-handed neutrino masses to My ~ 10'? GeV and
Ms ~ 3 10'* GeV.

All the points that do not respect the present bounds on LFV, do not have large
enough baryon asymmetry or have M; > 10'* GeV, have a null likelihood. We assume
that the largest uncertainty on the baryon asymmetry comes from our calculation, so
we allow Yz to be as small as 4 107'*. Those points having one of the RH neutrino
masses above the Mgyr ~ 3 10'% GeV scale have a null likelihood too, since in that

case the equations we use for the evaluation of LFV processes do not apply.

3.6.4 Convergence

Convergence of the chain ensures the sample is distributed according to the target
distribution and thus allows to be confident of its statistical information. The question
we want to answer in this paper, however, does not require a statistical interpretation
of the sample. Here we only aim to show that, for any value of the low energy phases,
the unmeasurable high energy parameters can be rearranged to obtain the right baryon
asymmetry. Therefore a careful diagnostic of the convergence is not a priority. Nev-
ertheless, we briefly discuss it in this section since it is an important issue that can
help the reader to have a better overview on our results. Our sample, indeed, has some
typical features that can make difficult to check if the chain has reached the target
distribution.

As a rudimentary attempt, in our analysis we use the simplest and straightforward

approach. We run different chains starting from different values and compare the
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behaviour of the free parameters, once the chains have converged they should move
around the same limiting values. However, this method can be inadequate in case of
poor mixing, i.e. when the chains are trapped in a region of low probability relative
to the maximum of the target distribution. This happens in models with strongly
correlated variables, when the proposal distribution does not efficiently escape this
region. Therefore, it can be an issue for our numerical analysis, when, as mentioned
in section 3.5, we look for a fine-tuned region with a large baryon asymmetry and low
M;. We can understand the poor mixing situation if we imagine a landscape on the
parameter space corresponding to the target distribution, with some broad hills and a
tall but very thin peak at the maximum of the target distribution. In that case, the
step of the chain can be optimized to efficiently scan all the space but, if its size is

larger than the width of the peak, it can easily miss it.

In case of strongly correlated variables it can also happen that the region to be
scanned is mainly a plane, that is with almost null likelihoods. This is the case of
our sample, where we expect a large region with null or almost null likelihood, for
all those points that do not have large enough baryon asymmetry, low M; or do not
respect the bounds on LFV. In this context, if a gaussian-like proposal distribution,
as in our sample, is employed, the choice of the starting point becomes important to
allow the chain to advance. Indeed, if the initial value is surrounded by points with null
likelihood (and so null acceptance rate) and its distance from the interesting region is
much larger than the step of the random walk, the chain cannot move from this point,
since it always finds points with null likelihood. On the other side, if the chain starts
in a region which is a reasonable fit to the data, it advances. Discarding the first
points of the chain can ensure independence of the chain of the initial conditions inside
the interesting region however, if this region is well separated from another interesting

region, the chain has almost null probability to find the second one.

In order to perform a valid statistical analysis, more sophisticated methods should
be employed to decide if the chain has converged. In literature many studies exist on
convergence criterion that help to check the mixing of the sample and are based on the
similarity of the resulting sampling densities of input parameters from different chains.

An example can be found in [65] and [66].
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3.6.5 Run details

In this subsection we explain the details of our MCMC run. The parameter space
we scan is very large if compared to the derived variables and, in addition, we expect
a strong correlation between the evaluated baryon asymmetry and the lightest right-
handed neutrino mass, see eq. 3.26. Thus, since we expect a sample with poor mixing,
as discussed in section 3.6.4, we first look for an initial point which is a reasonable fit
to our observables. This procedure is done running previous shorter chains without
imposing null likelihoods to the not interesting points. Once a wide enough set of
interesting starting points is found, we start running the chains.

All the simulations we present are performed by running 5 chains with 10° points
each. As explained before, during the first burn-in iterations, the scale of the random
walk € is varied until the acceptance rate of points is between the optimal range 20% and
50%. This usually takes much less than 3 103 iterations. When the optimal acceptance
rate is reached, the scale € is fixed during the rest of the run. The chains are then
added together after having discarded the first 10° points, corresponding to the burn-in
period, in order to give enough time to the chain to converge. As discussed above, this
procedure should eliminate the dependence on the initial point inside the interesting
region, but is only a first attempt to ensure the sample has reached equilibrium. We
run simulations for both normal and inverted hierarchy, in the two cases of small and

large tan 3.

3.7 Discussion

3.7.1 Assumptions

We assume a three generation type I seesaw with a hierarchical neutrino Yukawa matrix.
We require that this model produces the baryon asymmetry via flavoured thermal
leptogenesis, and induces the observed light neutrino mass matrix. This model has a
hierarchy problem, so we include supersymmetry.

We make a number of approximations and assumptions in supersymmetrising the
seesaw. First, we use real and universal soft terms at some high scale, above the

masses M; of the singlet neutrinos. In this restrictive model, the only contributions
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to flavour off-diagonal elements of the slepton mass® matrix = [m?],s, arise due to
Renormalisation Group running. Second, we use simple leading log estimates for the
off-diagonals [m?],5. Third, we estimate the SUSY contributions to the dimension
five dipole operator (see Eq.3.12) using simple formulae of dimensional analysis (see
equations (3.15),(3.16), (3.18)). This operator induces flavour diagonal electric and
magnetic dipole moments, and the flavour changing decays ¢, — {(gy. We assume
the (g — 2),, anomaly is due to supersymmetry, and use it to “normalise” the dipole

tan 3

operator. This implies that our SUSY masses scale with tan3: mg; gy = “5=(200

GeV)?. We imagine that there is an uncertainty ~ 10 in our estimates of electric

dipole moments and ¢, — {7y decays rates, due to mixing angles and sparticle mass
differences.

Our first approximation, of universal soft terms, seems contrary to our phenomeno-
logical perspective: the RG-induced contributions to [m?],s can be interpreted as lower
bounds on the mass? matrix elements. However, we neglect other contributions, and
require that the RG induced flavour-violating mass terms are oc C\)) (see eq. (3.11)),
give detectable rates for 4 — ey and 7 — fv in upcoming experiments. Realistically,
measuring p — ey mediated by sleptons might allow to determine m;, but does not
determine the seesaw model parameters Cé}). This model dependence is compatible
with our phenomenological approach, because our result is negative: we say that even
if we could determine Cé,l), the baryon asymmetry is insensitive to the PMNS phases.

In our numerical analysis we sample the lightest neutrino mass m; and the PMNS
mixing angle #;3, but these two low energy parameters could be eventually measured.
In this case our simulations should be reconsidered. However, from the analytical

estimates, we do not expect that fixing these parameters will change our conclusions.

3.7.2 Method

We explore the seesaw parameter space with a Monte Carlo Markov Chain, for two
reasons. First, an MCMC is more efficient than a grid scan for multi-dimensional
parameter space. It is essentially a programme for exploring hilltops in the dark. Since
the programme likes to step up and is reluctant to step down, it takes most of its steps
in the most probable areas of parameter space.

The second potential advantage of a MCMC, is that it could make the results less
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dependent on the priors, that is, the choice of seesaw parametrisation, and of the
distribution of points. The results of parameter space scans are often presented as
scatter plots, and it is difficult to not interpret the point distribution as probability.
However, the density of points in the scatter plots depends not only on what the model
predicts, but also on the distribution of input points. For this reason, seesaw scans
using different parametrisations can distribute points differently in scatter plots. For
example, if a model parameter such as a Yukawa can vary between 0 and 1, the results
will be different depending on whether the Yukawa is O(1) (take points uniformly
distributed between 0 and 1) or can vary by orders of magnitude (take the exponential
of a variable uniformly distributed between —n and 0). We had hoped that an MCMC
could improve this, because a converged MCMC distributes points in parameter space

according to a likelihood function. However, in practise there are various difficulties.

The prior on the seesaw model parameter space matters, because the MCMC takes
steps of some size in each parameter: broad hilltops are easier to find than sharp peaks.
As discussed in [66], this can be addressed by describing the model with parameters
that match closely to physical observables. For this reason we parametrise the seesaw
in terms of the diagonal singlet mass matrix Dj;, the light neutrino mass matrix
m = UD,UT, and the neutrino Yukawa matrix AT = VD3V, These are related to
low energy observables, because AT controls the RG contributions to the slepton mass
matrix. We take the priors for our inputs as given in Table 3.5. However, the baryon
asymmetry and the mass M; belong to the “right-handed” sector, so are complicated
functions of the “left-handed” input parameters. The bridge between the LH and RH
sector is the Yukawa matrix, whose hierarchies may strongly distort the MCMC step
size. To obtain a large enough baryon asymmetry for M; ~ 10° GeV requires careful
tuning in the “right-handed” space, and our MCMC has difficulty to find these points.
This is related to a second, practical problem, that there are many more parameters
than observables, so the space to explore is big, but the peaks with enough baryon
asymmetry and small enough M; are rare. It is difficult to ensure that the MCMC has

found all the peaks, as is discussed in section 3.6.4.

In section 3.5, we find analytically an area of parameter space that satisfies our
constraints, but where the baryon asymmetry is insensitive to PMNS phases. This area

corresponds to the limit where N; makes a negligible contribution to the light neutrino
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Figure 3.1: Density of “successful” points, as a function of the lightest right-handed
neutrino mass M; and rescaled decay rate m, assuming A3 ~ 1 and A\y/\; ~ A3/A2 ~ 30,
for two different simulations: NH and tan 8 = 50 (left), and IH and tan § = 2 (right).
“Successful” points have Yz > 4 107!, and BR(u — evy) and BR(T — {v) an order of

magnitude below the current bounds. See section 3.6.3.

mass matrix. In this area, the seesaw model can be conveniently parametrised with the
interactions of the effective theory at M7, and it is straightforward to tune the coupling

constants to fit the light neutrino mass matrix, LF'V rates, and the baryon asymmetry.

3.7.3 Results

The aim of our analysis was to verify if a preferred range of values for PMNS phases
0, a and ( can be predicted, once low energy neutrino oscillation data, a large enough
BAU, and LFV processes within the sensitivity of future experiments are requirements
of the model.

In Fig. 3.1, we show the distribution, as a function of the singlet mass M; and
the (rescaled) decay rate m;, of the successful points for a yukawa hierarchy \o/A; ~
A3/Ag ~ 30, with A3 ~ 1.

With the parametrisation described in section 3.6.3, the MCMC easily finds larger
values of M; and m, than the “tuned” points found analytically in Section 3.5. This

preference for larger M; is expected, because the baryon asymmetry and right-handed
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Figure 3.2: Density of “successful” points, as a function of the baryon asymmetry and
the lightest right-handed neutrino mass, assuming A3 ~ 1 and Ao/A; ~ A3/Ae ~ 30,
for two different simulations: NH and tan 8 = 50 (left), and IH and tan § = 2 (right).

“Successful” points are defined as for Figure 3.1.

neutrino masses are strongly correlated, see Fig. 3.2 and eqn (3.21).

Nonetheless, as illustrated in Fig.3.3, the MCMC succeeded in finding points at
lower My, with a steeper 1% hierarchy in the yukawas Az ~ 1, Ay /A\; ~ 100 and \3/\y ~
50. The difficulties of finding these tuned points are discussed in section 3.6.4.

The importance of the ~ 2 decrease in M; and m, at the tuned points, is unclear
to us: the cosmological bound is on Try, rather than M;. Since in strong washout,
an equilibrium population of N; can be generated for Try 2 M; /5, the points found
by the MCMC at M; ~ 10'° GeV, could perhaps generate the BAU at the same Try
as the analytic points. In any case, we see in Fig.3.2 that the fraction of points with
big enough Yp is very sensitive to M, and therefore to details of the complicated
reheating /preheating process.

In Fig. 3.4, we show density plots of the points resulting from our Markov Chains,
corresponding to the the yukawa hierarchy Ag/A; ~ A3/Ay ~ 30, with A3 ~ 1, for
normal hierarchy (NH) of the light neutrino masses and tan 3 = 2, and for inverse
hierarchy (IH) and tan = 50. In Fig. 3.7 (plot on the left) we show a density

10The smallest yukawa must be small enough to ensure m ~ m..
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Figure 3.3: Density of “successful” points, as a function of the lightest right-handed
neutrino mass M; and rescaled decay rate m, on the left-side, and between the baryon
asymmetry and the lightest right-handed neutrino mass, on the right-side. We assume
here A3 ~ 1 and Ay/A; ~ 100 and A3/Ay ~ 50, for a NH in the light neutrinos and

tan 0 = 2. “Successful” points are defined as for Figure 3.1.

plot in the 6 — 3 plane for tan 3 = 2, NH and the steeper hierarchy Ay/A; ~ 100,
A3/Ay ~ 50 and A3 ~ 1. From those plots we see that, for any value of the phases
0, a and [ our conditions are satisfied. The analytic results of Section 3.5 agree with
this. Thus, we can conclude that the baryon asymmetry of the universe is insensitive
to the low energy PMNS phases, even in the “best case” where we see MSUGRA-
mediated lepton flavour violating processes. For completeness we also show correlation
plots between the generated BAU and the three low energy phases in Fig.3.5. The low
energy observables do not depend on tan (3, because we assume the (g —2),, discrepancy
is due to slepton loops, and we use it to normalise the LEV rates (see Eqn. 3.15). On the
contrary, the value of tan [ is relevant in leptogenesis because it changes the number of
distinguishable flavours. However, as we can see comparing plots for small/large tan 3,

the value of tan # does not change our conclusions.

In Figs.3.6 and 3.7 (plot on the right), we plot the contribution to the electric dipole
moment of the electron, arising in the MSUGRA seesaw with real soft parameters at

the high scale. For both low and large tan 3, points from our MCMC generate an
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Figure 3.4: Density plots in the plane of the low energy phases 6 — « and 6 — ( in
models with A3 ~ 1 and \y/A\; ~ A3/A\y ~ 30. Upper plots correspond to a simulation
with NH and tan 8 = 50, and lower plots to IH and tan 8 = 2. “Successful” points are
defined as for Figure 3.1.

electron EDM < 1073%ecm. This agrees with the results of [29, 35, 20].

3.8 Summary

The aim of this work was to study whether the baryon asymmetry produced by thermal
leptogenesis was sensitive to the “low energy” phases present in the leptonic mixing

matrix Uppys. We considered the three generation type-1 supersymmetric seesaw
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Figure 3.5: Density of “successful” points, as a function of the BAU and the low energy
phases in models with A3 ~ 1 and Ay/A\; ~ A3/\y ~ 30. Upper plots correspond to
a simulation with NH and tan 3 = 50, and the lower plots to IH and tan( = 2.

“Successful” points are defined as for Figure 3.1.

model, in the framework of MSUGRA with real soft parameters at the GUT scale,
and required that it reproduces low energy neutrino oscillation data, generates a large
enough baryon asymmetry of the Universe via flavoured leptogenesis and induces lepton
flavour violating rates within a few orders of magnitude of current bounds. We then
enquired whether a preferred range for the low energy PMNS phases ¢ and (3 can be
predicted.

We used a “left-handed” bottom-up parametrisation of the seesaw. Our parameter
space scan was performed by a Monte Carlo Markov Chain (MCMC), which allows to
efficiently explore high-dimensional spaces. It prefers to find the right-handed neutrino
mass M; 2 10'Y GeV, but can also find successful points with a smaller M if it takes
small steps in the relevant area of parameter space. In this area, we can also show

analytically that the baryon asymmetry is insensitive to the PMNS phases.

We have checked that there is no correlation between successful leptogenesis and

the low energy CP phases. That is: for any value of the low energy phases, the
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Figure 3.6: Density of “successful” points, as a function of the baryon asymmetry and

the electron EDM generated by neutrino yukawas in models with A3 ~ 1 and Ag/A; ~
A3/Ag ~ 30. The left panel corresponds to a simulation with NH and tan § = 50, and

the right panel to IH and tan 8 = 2. “Successful” points are defined as for Figure 3.1.
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Figure 3.7: Density plot in 6 — 3 plane and correlation between the baryon asymme-

try and the electron EDM generated by neutrino yukawas. We assume here \3 ~ 1,
Aa/A1 ~ 100 and A3/Ay ~ 50, for a NH in the light neutrinos and tan § = 2. “Success-

ful” points are defined as for Figure 3.1.

94



.1 FINE TUNING OF THE ANALYTIC POINTS

unmeasurable high energy parameters and the still unmeasured m; and 6;3 can be
arranged in order to have successful leptogenesis and LFV rates in the next round of
experiments. The analytic estimates indicate that this result will still be true even if m,
and 0,3 are measured and fixed to their experimental values. Finally, we have estimated,
for each point in our chains, the contribution of the complex neutrino Yukawa couplings
to the electric dipole moment of the electron. As expected, we find it to be < 10™%%ecm,

just beyond the reach of next generation experiments.
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.1 Fine tuning of the analytic points

In this Appendix, we estimate the fine-tuning of the points discussed in section 3.5,

with respect to the parametrisation of section 3.4, which is used by the MCMC.

We do this in two steps. First, in the parametrisation of section 3.5, we estimate
the 3 x 3 matrix Wi =U TVLT which diagonalises m in the basis where A\ is diagonal.
Approximating this diagonal Yukawa basis to be the one where AAT is diagonal, we

obtain:

Wwh=[w]'| o W (42)

where [0W] is the small rotations that rediagonalise m = (A;; + D,)v2, and A;; =

u?

At Aj1 /M. If WT is parametrised as in eqn (3.27) (but neglecting phases for simplicity),

95



CP VIOLATION IN THE SUSY SEESAW: LEPTOGENESIS AND LOW ENERGY

we find
A A A .
O~ =L cosly + —2sinby (43)
K3 K9
A . A X
0 ~ —Lsinby + =2 cosby (44)
K3 K2
. w - A A23 N
sinfy; =~ sinfy + . cos Ow . (45)
3

To obtain Ag; negligeable compared to A3; in eqn (3.33), requires no particular tuning
of 8 and 0}% with respect to \y; and\s;.

The second step is to estimate the tuning required to obtain small angles #!% and
o in Wi = UTVLT. With VLT parametrised as in eqn (3.27), this happens if the angles
of Vy, satisfy 0] ~ 6;; (for 4,7 = 12,13). So the “tuning” required in #f, and {5 to
obtain small }] = 6 — 6;; is

o 0, m?
Oty 01;  m3ths

This implies that 655 must be tuned against 63 to obtain 675 ~ .01. If instead 613 < .01,

(46)

there is no particular tuning of 1%, and the tuning of 6% with respect to 6%, is or order

ﬁl/mg.
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We investigate scenarios in which a charged, long-lived scalar particle decouples from
the primordial plasma in the Early Universe. We compute the number density at time
of freeze-out considering both the cases of abelian and non-abelian interactions and
including the effect of Sommerfeld enhancement at low initial velocity. We also discuss
as extreme case the maximal cross section that fulfils the unitarity bound. We then

compare these number densities to the exotic nuclei searches for stable relics and to
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THE NUMBER DENSITY OF A CHARGED RELIC

the BBN bounds on unstable relics and draw conclusions for the cases of a stau or stop

NLSP in supersymmetric models with a gravitino or axino LSP.

A.1 Introduction

The early Universe may have been populated by many exotic particles that, especially
if charged, should have easily been in thermal equilibrium. No charged relic seems
to have survived to the present day. In fact there are very strong upper bounds on
the density of electromagnetically and/or colour charged particles with masses below
10-100 TeV from extensive searches for exotic nuclei [1]. The standard lore is therefore
that only neutral relics may have survived until today.

However, it is possible that some unstable but very long-lived charged particle
froze-out from thermal equilibrium and decayed much later to a neutral one. A typical
example of this kind in supersymmetric models with R-parity conservation is the next-
to-lightest supersymmetric particle (NLSP) if the LSP and Cold Dark Matter is very
weakly interacting like the axino [2, 3, 4] or the gravitino [5, 6]. Recently, such candi-
dates have attracted a lot of attention, and indeed the signal of a charged metastable
NLSP at colliders would be spectacular [7, 8].

In general, strong bounds on the number density of any metastable relic with life-
time of about 1s or longer are provided by Big Bang Nucleosynthesis (BBN) [9]. They
come from two classes of processes: on one hand injection of very energetic photons or
hadrons from decays during or after BBN adds an additional non-thermal component
to the plasma and can modify the abundances of the light elements [10]; on the other
hand, if the relic particle is electromagnetically charged, bound states with nuclei may
arise that strongly enhance some of the nuclear rates and allow for catalysed produc-
tion of e.g. 9Li [11]. The bounds of the first type are very tight for lifetimes of the
order of 10*s and exclude, for instance, a neutralino NLSP with a gravitino LSP in
the CMSSM [6]. An electrically charged NLSP like the 7 can instead escape the first
class of constraints in part of the parameter space, but it is excluded for long lifetimes
by bound state effects [12]. In the axino LSP case, the NLSP has a shorter lifetime;
the BBN bounds are hence much weaker and both, neutralino and stau, NLSP are still
allowed [2].
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A.1 INTRODUCTION

In this paper, we investigate the most general case of a scalar charged thermal
relic. We compute the number density and compare it to the bounds on exotic nuclei
for stable particles and the BBN constraints for unstable ones. Similar studies have
been carried out model-independently many years ago [13, 14, 15] for stable relics
and we will update and improve these computations.? We mostly consider the role
of the gauge interaction for two main reasons: i) the annihilation into gauge bosons
is often the dominant channel for a charged particle and ii) it depends only on very
few parameters, just the mass of the particle and its charge or representation. It is
also enhanced by the Sommerfeld effect [17], analogous to heavy quark production
at threshold, which has previously been considered for dark matter annihilations in
[18, 19, 16, 20, 21] and recently also in the context of leptogenesis in [22]. We discuss
this Sommerfeld enhancement for the general abelian and non-abelian cases. Moreover,
we compare the cross sections with the unitarity bound and update the unitarity limit

on the mass of a stable relic.

Our main goal is to determine if it is at all possible to evade completely either the
exotic nuclei bounds or the BBN ones and how strongly the particle has to interact in
this case. We then apply our findings to the Minimal Supersymmetric Standard Model

and discuss in more detail the cases of the stau and stop NLSP.

The paper is organised as follows. In Section 2, we briefly review the computation
of the number density from thermal freeze-out. The formulae for the annihilation cross
section of a charged particle into gauge bosons are given in Section 3. Here we discuss
abelian and non-abelian cases, the Sommerfeld enhancement and the unitarity cross
section. Moreover, we compare the thermal averages with the first order in velocity
expansion. The resulting relic density is discussed in Section 4. In Section 5, we review
the constraints on stable and unstable relics. These are then applied in Section 6 to the
concrete examples of relic staus and stops. Section 7 finally contains our conclusions.
Details on the computation of the annihilation cross section and the case of massive

gauge bosons are given in the Appendices A and B.

2Recently the case of general EW charged relics as DM was also considered in full detail [16].
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A.2 Number density of a thermal relic

The number density of a stable or quasi-stable thermal relic is determined by its anni-
hilation cross section. In fact the number density of a particle in a thermal bath and
an expanding Universe is described by the Boltzmann equation [23, 24]:
3
fix + 3Hny = / (27:;’%;& Clfx] (A.1)
where the dot indicates the time derivative, C denotes the collision integral of all
processes that change the particle number and fx is the phase-space density for the
particle X. For a particle with a conserved parity, like R-parity, the lowest order
processes to be considered in the collision integral are just two particle scatterings, i.e.
annihilations and coannihilations. If there is a lighter particle carrying the conserved
parity number, C includes also the decay into this lighter state, but we will assume
that such a decay rate is so small it can be neglected at the time of freeze-out and
becomes effective only much later. Then we have effectively a two step process and
we can treat freeze-out and decay separately. This is a general feature if the decay
takes place via a non-renormalisable interaction and is suppressed by an intermediate
or even the Planck scale (see e.g. the axino [2, 4] and gravitino cases [5, 6]).
Taking into account only the annihilation of particle and antiparticle, we can write

the collision integral as [24]

dp?.
C[fX]:_/@,/T)P%EVX(foX_f)B(q )qu)4\/(px‘p)_()_mz)1( Oann (A2)

where 0, denotes the unpolarised annihilation cross section of an XX pair summed
over initial and final states. We are here assuming that CP is conserved and no asym-
metry exists between nx and ng. Note that the production cross section is taken into
account by the term proportional to fy ¢! since we are assuming that the products of
the annihilation are much lighter than X and are still in thermal equilibrium.

In this paper we will consider charged relics and concentrate therefore on the anni-
hilation into gauge bosons, which is the dominant channel in most of parameter space
and does depend only on the mass and charge of the relic. Note that adding more
channels only increases the cross section and reduces the relic particle number density
further. Instead, the inclusion of coannihilations for a charged particle does not always

reduce the number density as discussed in [25].
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We can rewrite eq. (A.1) by changing variable to Yx = nx/s, where s(T') = gs %T:g
is the entropy density, so that the dilution due to the expansion of the universe cancels
out in the ratio as long as entropy is conserved. It is also convenient to replace the

time variable with x = "2, thanks to the relation dt = d’“"). We thus obtain

(zH
dYx xs(x) ) )
—_— = —— (Y=Y A3
dx H(z)m% (ov)s (YR — Yep) (A.3)
2mgs 10\ /* Mp s e
() e, (V) (2.)
Here we have used H? = g_;gp]\%’ for Mp = 2.43 x 10'® GeV, valid during the radiation
P
dominated era. Moreover, we define the thermally averaged cross section as®
1 o x
. — d 2~<—)1( A5
(ov) () /296 2270 | 1(2) (A.5)

where K;(z) are the modified Bessel functions of order i, characteristic of Maxwell-
Boltzmann statistics (we are assuming that we can approximate Bose-Einstein statistics
with Maxwell-Boltzmann statistics). In this expression the rescaled cross section & is
given by the annihilation cross section averaged over initial and summed over final

states and multiplied by a factor proportional to the squared Mgller velocity,

G <m_\/)§() = (s — 4m%)o(my, s) . (A.6)

Note that in the centre-of-mass system the Mgller velocity is equal to the relative

velocity between the annihilating particles and given by

4 2
Unigt = 28 = 24/1 — TX. (A7)

The rescaled cross section & defined above is dimensionless and function only of z/z =

mx/+/s (or ) for the case of annihilation into massless gauge bosons and it always
vanishes at threshold. Then it is easy to see that since we integrate in both x, z, the
main dependence on the charged relic mass is contained in the prefactor in eq. (A.4)
and can be reabsorbed in a rescaling of Yy — Yx/myx. For this reason we obtain

nearly exactly Yx o< my if there is no other mass scale involved. Note that in principle

3Note that our definition differs from the one in [24] by a factor m% /22 since we prefer to work

with a dimensionless quantity and to absorb here all the dependence on .
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a much weaker logarithmic dependence on my is present in the value of the freeze-out
temperature, when Y begins to deviate from Y,.

We are here computing the yield of the particle X and to obtain the yield of particle
and antiparticle we multiply by a factor of 2 or divide the cross section by 1/2; since
we are assuming ny = ny. Also note that, contrary to intuition, for a particle with
internal degrees of freedom like a coloured state, the total yield is the solution of
the Boltzmann equation (A.4) with the cross section averaged over the initial states.
Instead the yield per degree of freedom is obtained from the cross section averaged
over X, but summed over X . The presence of many degrees of freedom in the initial
state has then the effect of partially compensating the large cross section coming from

the multiplicity of the final states.

A.3 Annihilation cross section for a charged parti-

cle into gauge bosons

A.3.1 Abelian case

For an abelian gauge symmetry, there are only three Feynman diagrams contributing
to the annihilation cross section, analogous to those shown in Fig. A.1: the t- and
u-channel exchange of the scalar particle itself, and the 4-boson vertex. The amplitude

is symmetric in the exchange of the gauge bosons and for a particle of charge exg; it

is given by
2p1 — p3)*(2p2 — pa)” 2p1 — pa)”(2p2 — p3)*
AW = ngeiv ( D1 p3) ( 52 p4) + ( P1 p4) ( ]2)2 p3) + 2guV:| ] (A8)
L —m% U —my
The cross section is a function of the mass and charge of the relic:
4 2,4 4 2 4 2
o (mx,s) = Lle);’ [ | Amk (1+ mx)
s —4m5 s s
i (o om3 -y 1-
+ 2 (1 - mx) log 82 (A.9)
° ° 144/1— 2%

S

4In fact any rescaling of the cross section by a factor p due to a different counting of the degrees

of freedom can be absorbed into a rescaling 1/p of the yield(s).
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B TUET . ATTOT o, “a
\/ >Yy : :
1 e A~ 1 A’ A’

Figure A.1: Feynman diagrams for the annihilation into gauge bosons, here for the case
of gluons. In the abelian case, there is no 3-gauge-boson vertex, so the last diagram is

absent.

where «; = g2/(4n) is the gauge coupling; note that a symmetry factor 1/2 has to be
added due to the symmetric final state of identical particles. For the rescaled cross

section this gives

1 1—p* 1-—
Gu(B) = SmajexB|1— §ﬁ2 + 4ﬁﬁ log (1 +g)} , (A.10)

which is a function only of § = /1 — 4m? /s and the charge of the particle.

A.3.2 Non-abelian case

The computation for the annihilation into non-abelian gauge bosons is slightly more
involved, since there is an additional contribution from the Feynman diagram with
a gauge boson in the s-channel and the 3-gauge-boson vertex. The amplitude can
be divided into a symmetric and an antisymmetric piece in the group indices. The

symmetric one is analogous to the abelian case:

2 _ a0) _ v
w 29N fpa b (2p1 — p3)"(2p2 — pa)
A = 55 10T, t—mk
2p1 — pa)¥(2p2 — p3)*
+ ( P1 p4) ( ]2)2 p3) +2guy:| : (All)
while the antisymmetric part is given by
2 2p1 — p3)*(2p2 — pa)” 2p1 — pa)¥(2pe — p3)*
A= _;IN [Ta,Tb} ) (2p1 — p3)"( 52 Pa) _ (2p1 — pa)"( 1;2 p3)
v 2 gt t—mx u—mx
Wt —u) — (2 F(p1 — p2)” — p2o)H(2 v
L 99"t = 1) = (2pa + )" (p1 = P2)” + (1 — P2)"(2ps + ) } (A12)
s

The two contributions do not interfere due to the different symmetry, so we have for

the amplitude squared, summing only over physical polarisations of the final gauge
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bosons:

M = 49%{){T“,Tb}ﬁ

211 2m’ 2m3 2m
5t X2 2 T X2 1- =
2 (t—m%)? t—m5 s

N ‘ 7o 79 2[1(s+2(t - m%))? N 4m3 N 2m§(2
Ji 52 S (t —m%)?
2m?> 2m?
+ X (1 + mx)}} . (A.13)
L —m% S

Then the sum over all final and initial states for a scalar in the fundamental repre-
sentation T of the gauge group SU(N), normalised such that Tr(T°T?) = §%°/2, can

be obtained from the usual group invariants:

S TGN MDY (%5“b+%zwdawl2>

7,i,a,b a,b

— (V) (1 + %(ci(zv) _ 4)) _

2

(N2~ (V2 - 2)
4N

(A.14)

where we have separated the singlet and adjoint contributions to the symmetric part
for later convenience, included a factor 1/2 for identical particles in the final states and
used the Casimir invariants for the fundamental and adjoint representations, Cr(N) =

N;]g L CA(N) = N. Note that the ratio of the singlet to adjoint contributions is given

simply by ﬁ. The antisymmetric channel instead gives

T 2 N?2-1 N(N%—1)
3 5) (177, | = == Ca(V) = —=——. (A.15)
7,8,a,b
Finally we obtain for the cross section averaged over initial states:
2 2 2
Tay (N*—1)
Unab(mXa 3) = 5 _ 4777%( N3 X
1_4m§( 14_4m§(_ N? 1_10m§(
s s 3(N2—-1) s
m3 2 m} 1— — X
+ 4% (1 +E —X) log = . (A.16)
° e 144/1— "%

S

This result coincides for N = 3 with that reported in [26] for the Born cross section of

a pair of gluons into squarks, allowing for the exchange of the initial and final state.
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Then the rescaled cross section for SU(N) is
5 _ (NP1 N’ 5 5N
Unab(ﬂ) - 27705]\7Tﬁ |:1 + m - 7 (1 + m)
1— 32 1 52 1-p
5 (v a5 e

Note that the contribution of order 3 in the expression above in the limit § — 0 is due

+

to the symmetric part of the matrix element and that the antisymmetric piece instead
vanishes at that order. Therefore the symmetric part of the cross section dominates at
threshold.

So we see that for a non-abelian interaction the cross section is larger than for
the abelian case, not only due to the possibly larger coupling ay,, but also due to
the opening of an antisymmetric channel and of course to the multiplicity of the final
states. In fact for large IV the averaged cross section increases as N and therefore the

yield decreases as 1/N.

A.3.3 Annihilation into SU(N) gauge boson and photon

The annihilation cross section into gluon and photon is just the same as the abelian one,
but with a different vertex for the gluon. Then considering a particle of electromagnetic
charge exgi, in the representation T of the gauge group SU(N) with coupling gy,

annihilating with its own antiparticle, the amplitude is given by °

2p1 — p3)*(2p2 — pa)” 2p1 — pa)?’ (2py — p3)H
A — igrex gnT® (2p1 — ps)™( p: Pa)” | (2p = pa)* p: )" g
/ t—m5 u—m%
(A.18)
From this we easily obtain the cross section as:
STy e’ 4m2 4m?
oin(mx,s) = 14N ik \/ 1 = (1+ X)
m3 s s
Am2 92 1— /1 %%
+ X (1 - mX) log : . (A19)

5Strictly speaking, in this case the final state particles are different and therefore there are no
independent t- and u-channels, but we can still write the amplitude to be symmetric in t and u in

order to make direct contact with the previous results.
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where a; y are the gauge couplings and the symmetry factor 1/2 in this case is absent
since the final particles are not identical.
Averaging over the initial and summing over the final state, we have
1 S| N2 -1
N ZTJ‘ZTU =N Z Cr(N)by = —55— (A.20)
J,,a 7,2
for the fundamental representation. This gives for the rescaled cross section
. N2 -1 1 13 1-p
01N(6) = SWOélOéNeg(Tﬂ |:]. - 552 + 45 10g (m)] (A21>
which is a factor (N? — 1)ay/(Nae%) larger than the pure U(1) contribution. Again

the cross section increases as N for large V.

A.3.4 Annihilation into physical Z and SU(N) gauge boson/photon

The annihilation cross section into massive Z and photon/SU(N) gauge boson has the
same form as the abelian one. We consider here a particle with Z-coupling giez, in the
representation 7% of the gauge group SU(N) with coupling gy, annihilating with its

own antiparticle and we obtain

— )M — ) — pa)¥ —p3)t
(2p1 — p3)*(2p2 — pa) +(2171 p4) (2132 Ps) +29uV] . (A.22)

2
t—m%x u— my

A" =igiezgnTy;

where p, is the Z boson momentum obeying p? = M%; the annihilation into photon
and Z is easily read off by taking just gnT7; — gjex. Then we easily obtain the cross

section as:

ST Ne 4Am?
ozn(mx, Mz,s) = #ﬂ}w[ 1-—=

My —0r3)
s —4m%

2
S s — M7

4m?
Am? 5M2Z2  4m3 — 3M2 I—y/1—-—%*
+ mX(1—8 f—;"’x MQZ)log —(hp23)
s mx (8 - Z) 14 /1 — 4me
where o; y are the gauge couplings.
Averaging over the initial and summing over the final state as in eq. (A.20), we have

for the rescaled cross section

N? -1 (1 —4daz)(1 - 3?)
. — 1— 32

ON ﬂ{ az(l= )+ = =

1-p 5 1 —3az 1-4
5 (1= or = (- P s (155 )2

in(B,az) = 8rajaney

112



A.3 ANNIHILATION CROSS SECTION FOR A CHARGED PARTICLE INTO GAUGE BOSONS

where ay = M%/m?%. Note that the cross section for annihilation into photon and
Z, is given by the substitution aN% — aje%. For the specific case of the right-
handed stau (stop), the coupling with the Z boson and photon are respectively given
by €401 = Qe tan? Oy (€501 = 4/9 aem tan? Oy) and e%a) = e (e%0) = 4/9 aem),

where 6y is the Weinberg angle.

A.3.5 Annihilation into massless EW gauge bosons

The cross section for annihilation into massless SU(2) gauge bosons can be obtained
directly from the general formula for the non-abelian case. One has to take into account,
however, that in this case the scalar SU(2), doublet is not degenerate in mass and that
the initial particles can be a mixture of left- and right-chiral states. We neglect here
the effects of EW symmetry breaking; the results are hence applicable for the case of
a heavy relic that decouples before EW symmetry breaking takes place.

Considering the scalar relic to be X = X cosf + Xgsinf and denoting with mx
the mass of its left-handed doublet partner, which is sufficiently larger than myx to
neglect coannihilations, we obtain for the annihilation cross section into W12 gauge

bosons:

UW2(87 mx, mX’) -

21a3 cost 0

4m3 (2 13mi  mi. (m% +m%,)? (A.25)
s — 4m% 3 3 s $ sm3, + (m3%, — m%)? '

(m% +mk  (my — mg()Q) log [ * +2(m3%, — m%) — /s(s — 4m%)
s 2s? s+ 2(m%, —m%) + /s(s — 4m%)

S

while the annihilation into W? is similar to the abelian one in eq. (A.9) for ex = cos /2.
Note that the cross section is suppressed by the mixing angle as cos* # and by the fact
that the group indices are not summed for the initial state. Also in this case the
rescaled cross section is not just a simple function of 3, but also of the mass difference
in the doublet. We have in fact

~ 2\ _ 2 4 o 11, o 4626
owa(f,07) = 2mas cos 06{2—1- 65 0 + (1T 2092 = 7
1— 324202 — 6 14+202—3
1 A2
* 3 0g(1+252+ﬁ>}’ (4:20)
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where §? = (m3%, — m%)/s. The cross section still vanishes for § = 0 and is finite for
5% — 00. The detailed expressions for the case of broken EW symmetry are much more
involved and include also the contribution of the Higgs s-channel allowing for resonance

enhancement. They are given in Appendix B.

A.3.6 Sommerfeld enhancement

In the previous sections we have computed the annihilation cross sections to lowest
order in the gauge coupling. However, it was shown long ago [17] that an expansion
in terms of the coupling is inadequate close to threshold, where the velocities of the

annihilating particles go to zero,

4m?
B=4/1-—% —=0. (A.27)

s
The enhancement at low velocities becomes apparent when one computes the one-
loop corrections, which are enhanced by a factor % Here, C' is a process-dependent

constant, « is the gauge coupling of the annihilating scalars, a; in the case of U(1)
boson exchanges, or ay for SU(N) gauge boson exchanges, respectively. To account
for this long-distance effect, one therefore has to resum a whole class of diagrams, which
consist of ¢-channel ladder-type exchanges of massless soft Coulomb SU(N) or U(1)
gauge bosons between the annihilating charged particles.

This resummation of terms ~ o™ /" leads to the so-called Sommerfeld factor which
multiplies the lowest-order annihilation cross section. The Sommerfeld enhancement is

given by the modulus squared of the particle wave function at the origin,

B z Z_Cowr
Cl-exp(-z) T p

Because this effect is a long-distance one, taking place at a scale ~ Bmx, it factorises

E = |¥(0)]? (A.28)

from the annihilation cross section which is a short-distance effect at the hard-scattering

scale of order of the mass mx. Schematically,

o (8,mx) = B(a(Bmx)) x a°(8). (A.29)

Here, 09 is the leading-order annihilation cross section, which has been presented in the

preceding subsections. Eq. (A.29) is in principle only valid if the annihilating partons
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are in a single SU (V) channel, i.e. for particle in the fundamental representation either
in the singlet or adjoint configurations. If multiple channels ¢ contribute, eq. (A.29)
has to be modified to

SF(B,mx) = Z E.(a(Bmx)) x a2(B) . (A.30)

Here, ¢%(/3) is the projection of the leading-order annihilation cross section in the
relevant channel. For a scalar in the fundamental representation of the SU(N) gauge
group annihilating into massless SU(N) gauge bosons, we have seen that only the
contribution proportional to the group-symmetric part survives in the limit of vanishing
(3 and is enhanced at low velocities. Therefore at leading order the cross sections o
can be taken to be the same for the singlet and adjoint part up to colour factors and
proportional to the total cross section given in eq. (A.17) . We note also that due
to the presence of more than one channel, the Sommerfeld factor for an SU(N) gauge
theory becomes dependent also on the final states, since not all channels may contribute
to the annihilation into a given final state.

However, the presence of the thermal bath complicates things, as the interactions
with the background gauge bosons may prevent the annihilating partons to be initially
in a definite SU(NN) channel. The time scales for the Sommerfeld effect and the in-
teractions with the thermal bath are of competing order, so it is not clear how strong
such effect can be. In this paper we will consider both extreme situations, i.e. the
case when the thermal bath has no effect and the case when there is no definite initial
channel. In the latter case, it was argued in the literature that due to the mixing of
states one should just take an average C'*” extracted from the averaged one-loop cor-
rection, leading again to a single Sommerfeld factor as in eq. (A.29) (see, for example,
ref. [27]). While the two approaches give identical results by construction at first order,
they correspond to two quite distinct resummations of the higher orders and they are
numerically substantially different.

We obtained the coefficients C' by computing the 1/8-enhanced contributions for
t-channel SU(N) gauge boson exchange at one loop in the threshold expansion (see

for example [28] and references therein). For the generation of the relevant one-loop

6Taking the true of and o} instead, differs from the total o° only in the terms suppressed by 32

and amounts to a correction smaller than 1% at threshold where the Sommerfeld factor is effective.
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graphs and the Lorentz algebra we used the Mathematica packages FeynArts and
FeynCalc [29]. We simplified the resulting expressions to only keep terms that are
leading in (3, that is, we only kept terms that are enhanced in the soft region of the
one-loop integrals, which were then simple enough to perform by hand. Alternatively,
as mentioned above, one obtains the form (A.28) directly by computing the normalised
wave function at the origin from the Schrodinger equation, describing the annihilating
parton pair, with a Coulomb interaction potential for positive energies ~ 3?mx [17].
The Sommerfeld enhancement due to exchanges of massless Coulomb SU(N) gauge
bosons is the same for the singlet channel of annihilation into SU(N) gauge bosons

By and the annihilation into U(1) gauge bosons By,

N2 -1
C;’S‘HBNBN = OSS‘—>BlBl = OF(N) = oN (A.31)

The factor for the adjoint channel is instead found to be negative and thus suppressing,

Ca(N 1
C?SHBNBN = Cp(N) - 7Aé ) = TON (A.32)

The same factors C' or C* apply also for other final states of the singlet or adjoint
channels. For example, the Sommerfeld factor for tt* — hh is C’;U@ = 4/3, while that
for tt* — gh, gy, gZ is C?U(:s) = —1/6.

Even if the adjoint channel leads to a suppression, upon summing over both con-
tributions in eq. (A.30), the net effect is still quite enhancing for small N. We have
then in fact
N? —4
N2 -2

o*t (B, mx) = 0°(B) | Ex(a(Bmx)) X + Ea(a(fmx)) x

N | s

where, as described above, we have taken (N? —2)/2 ) = (N? — 2)/(N? —4) 0 =
o°(B), and ¢°(f3) is given in eq. (A.17). For SU(3) this gives

TOg 16 ) ] ’ (A.34)

gSEsum .m — 0'0 — — —
so that the enhancement in the singlet dominates over the suppression in the adjoint
channel.

On the other hand, averaging the one loop contribution over initial channels * results

7 Averaging over initial channels is not to be confused with averaging over initial states which is to

be done in addition when solving the Boltzmann equation.
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— m =100 GeV, SU(3)
— m=1TeV, SU@Q)
m = 500 GeV, SU(10)
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Figure A.2: Ratio of summed over averaged Sommerfeld enhancement, qu%s(lfg‘ UEFUa("g),

as a function of 3. The full red line shows the SU(3) case for a mass m = 100 GeV and
the dashed blue line for a mass m = 1 TeV; the dotted green line is for the hypothetical
case of SU(10) with m = 500 GeV.

in a factor
N2 +2 .
Css—ByBy = m =-Lsuwy> (A.35)
which is although enhancing, much less so than the net effect of the summation over

singlet and adjoint channels. For SU(3), this factor is Ctrs =11 /42, leading to

Yo %! 11
42/8 1 — 6_ 111223 '

Ug?faé) (B,mx) = Ug*U(:s) (8) (A.36)

Note that the first term of the expansion of eq. (A.36) coincides with the 1-loop result
of [26] for gg — G¢* near threshold.

If the difference in the exponents in the denominators of eqs. (A.34) and (A.36)
could be neglected the two expression would be equal. However, in the small 3 region
where the Sommerfeld enhancement is relevant, the difference amounts to up to 50 %
for SU(3), and is even larger for hypothetical larger N, see Figure A.2.

For scalars charged under a U(1) group, there is of course a corresponding en-
hancement due to U(1) boson exchanges. However, the enhancement factor is now
governed by the U(1) coupling, and thus weaker than an enhancement under a strong
SU(N) gauge group. The Sommerfeld factor for the dominant annihilation channel

into U(1) gauge boson pairs can very simply be determined from the abelian part of
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the calculation that led to the factor quoted above. We find,
Css—p,B, =1, (A.37)

for ¢t-channel U(1) exchange, and the coupling in eq. (A.28) is the U(1) coupling a;.

Another issue regarding the thermal bath is the fact that gauge bosons acquire a
mass through interactions with the plasma. This Debye screening effect happens at a
scale of order ~ ¢T, whereas the Sommerfeld effect is of order ~ amxf3 ~ av/mxT >
gT'. Thus the thermal masses of initially massless gauge bosons do not affect the
Sommerfeld enhancement.

Finally, there are also massive gauge bosons such as Ws and Zs to consider. The
Sommerfeld factor arises from instantaneous Coulomb exchanges of massless gauge
bosons between the slow moving annihilating pair close to threshold, thus resulting in
an 1/ enhancement, signalling the inadequacy of trying to describe this exchange in
an expansion in terms of loop corrections. Naturally, massive gauge bosons have a finite
width, and thus cannot be exchanged instantaneously. In terms of Feynman graphs,
the momentum flowing through a massive gauge boson that is exchanged between the
annihilating pair is naturally cut off by the mass of the exchanged boson and can never
become too soft. The Sommerfeld effect is exponentially suppressed with the mass of
the gauge boson, as an analysis of the wavefunction picture reveals. It can nevertheless
become important for relics with masses much larger than the electroweak scale, as a
very heavy Wino discussed in [19]. In the following we will consider only the case of
massless gauge bosons, which is the dominant effect for coloured relics and for purely
right-handed sleptons. For a more detailed discussion in case of massive EW gauge

bosons we refer the reader to [19, 16].

A.3.7 Unitarity bound

We next compare the above cross sections with the unitarity bound. Using unitarity
and partial wave expansion, the non-elastic cross section for a particle with spin s, is

given by [15]

4r(2J 4+ 1)(1 —n3)
(25, +1)% 7%

where J is the angular momentum of the process, p; is the initial particle momentum,

(A.38)

Onon—el,J =

4p? = s(3? in the centre of mass frame in our case, and 1% is the contribution of the
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elastic part. This gives an upper bound for the annihilation cross section with angular

momentum J as
167(2J + 1)

< —
Tannd = (og, + 1)2s?

The lowest value is obtained taking J = 0 and since the s-wave annihilation is usually

(A.39)

the dominant contribution for a scalar non-relativistic particle with s, = 0, we will

take it as a reference value. We therefore have for the maximal rescaled cross section:
Omax = 167 (A.40)

independent of the particle mass or energy. In this case the thermal averaging is simple

and we obtain
i 167 KQ(QLB)

T a2 Ky(x)?

which we will consider in the following to be the maximal cross section per degree of

(A.41)

(Omaz)

freedom®. We see clearly that the cross sections discussed above satisfy this bound and
are suppressed at the very least by a?. Figure A.3 shows the rescaled cross sections for
the abelian and non-abelian cases, eqs. (A.10) and (A.17), together with the unitarity
bound eq. (A.40) as a function of the relative velocity of the annihilating particles.
The unitarity cross section ,,,, can be used to obtain a lower bound of the yield.
Moreover, it can be taken as the maximal annihilation cross section possible even after
the QCD phase transition, when the coloured states are confined into the equivalent of
scalar hadrons and fermionic mesons [30]. Constraints from cosmology on such kind of
hadronic states have been mostly studied for the case of a stable exotic quark [14], a
gluino LSP [27] or for very long-lived gluino in the split SUSY scenarios [18]. It has been
argued in [31] that the annihilation cross section for such states could become much
stronger, if bound states between two scalar hadrons/fermionic mesons are formed
with rate ~ m/Aop and in that case the coloured relic abundance after the QCD
phase transition is further reduced below Y ~ 1076 — 10717, We will not consider
this possibility in the following, but note however that, while most of the cosmological
bounds for a decaying relicare then satisfied, one still needs to consider the bounds for

a stable relic.

8Note that here we are computing explicitly in the centre of mass frame, while the Boltzmann
equation requires to use the covariant or lab frame. The difference between the two frames has been

discussed in [24] and gives only a small correction for non-relativistic particles, which we neglect here.
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Figure A.3: Dependence of the rescaled cross sections on the relative velocity [, nor-
malised to 1 at large s, i.e. § = 1. The solid lines show the leading order section,
the dashed/dashed dotted lines the effect of the Sommerfeld enhancement, that makes
the cross sections non-vanishing at the threshold 5 = 0. The SU(3) cross sections are
the upper (red) lines, including the averaged Sommerfeld factor in the dashed line and
the summed one in the dash-dotted. For the abelian case (blue lines) the Sommerfeld
effect is much milder and shown in the dash-dotted line. Note that the region for
B ~ 0 contributes more strongly to the thermally averaged cross section due to the

Boltzmann-suppression for large (3.

A.3.8 Thermally averaged cross sections and velocity expan-

sion

We integrate eq. (A.5) numerically to obtain the thermally averaged cross section.
Very often such a quantity is instead approximated with the first terms of its velocity
expansion, since the relevant regime takes place when the annihilating particles are

already non-relativistic. To obtain such an expansion, one can use the approximation

s — 4m3 ~ 4m3 3 (A.42)
and expand in [ the expression
1 ; (B) (A.43)
agv ~ g . .
Mol 2m3. 3
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We see that if ¢ is constant at zero velocity, the cross section is enhanced like 1/ in
that limit. This is indeed the case both for the Sommerfeld-enhanced cross section and
the unitarity one.

The first term in the expansion, which is independent of the velocity and coincides
therefore with the first term in the expansion of the thermally averaged cross section
[24], is given by
2.4

2
oy — S+ O(3), (A.44)
My
2 (A2 2
o, (N2 —1)(N* — 2)
Onap¥  — mg{ AN3 + 0(62) ’ (A45)

for the abelian and non-abelian cases respectively.

We plot in Figure A.4 the thermally averaged cross sections as a function of z
normalised with respect to the first term in their velocity expansion including also
the Sommerfeld enhancement factor, both for the abelian case and for the QCD case
with N = 3. We see that keeping only the lowest order overestimates the thermally
averaged cross section, i.e. underestimates the yield, in the abelian case by at most 20%
in the region of freeze-out (x ~ 30). The non-abelian case for N = 3 is approximated
better also because the freeze-out takes place at a larger z ~ 40, i.e. smaller 3. On
the other hand, once we include the Sommerfeld enhancement, the thermally averaged
cross section does no more converge to the first constant term in the velocity expansion
due to the threshold singularity at 7 = 0. Nevertheless the first order term without
the enhancement can still give a reasonably good approximation for the abelian case,
since the Sommerfeld enhancement partially compensate the 20% underestimation of
the Born result. For the non-abelian case the Sommerfeld enhancement is so strong

that the low energy expansion can give only an order of magnitude estimate.

A.4 Results for the relic density

We solve the Boltzmann equation (A.4) numerically for the exact thermally averaged
cross sections given above. This improves the old results [13] that were obtained with
the velocity expansion.

For the case of an abelian charged relic, we consider ex = +1 and we set the

coupling to be a,, = 1/128. For the non-abelian case we take N = 3 and ay to be
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Figure A.4: Ratio of the thermally-averaged cross section and the first term in the
velocity expansion around 7 = 0, for mx = 350 GeV. The thick solid line is for
the abelian, the thin line for the non-abelian (SU(3)) case. Dash-dotted and dashed
respectively are the same ratios including the Sommerfeld enhancement, only the av-
eraged one for the non-abelian case: we see that in this case the thermally averaged
cross sections do not converge to the first order term in velocity, but that the latter
can still give a good estimate within 15% of the full result in the abelian case; for
the non-abelian case the Sommerfeld enhancement changes the result considerably and
the velocity expansion fails. Note that the case of the summed Sommerfeld factor is

outside the range of the plot.

the QCD coupling a3(Q) with @ = 2mx in the hard process and @) = Bmy in the
Sommerfeld correction, c.f. Sect. A.3.6. In order to avoid the non-perturbative regime,
we cut off the running of ag at @ = 2 GeV, ie. a3(Q <2 GeV) = a3(2 GeV).

1/2

For the entropy and energy density parameters we take g¢~ = g,l)/

2 .
= 10, since we
expect the freeze-out to take place between 10-100 GeV, when only the light Standard

Model particles are still in equilibrium in the thermal bath.

Our results are plotted in Figure A.5. We see that the yield Y follows relatively
closely the equilibrium density until the time of freeze-out, which happens at different
values of x for the different cross sections. As expected the non-abelian interactions

being stronger gives a considerably lower relic density. The ratio between the two cases
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Figure A.5: Time evolution of the particle yield for the cases of abelian and non-abelian
cross section, for mx = 200 GeV. The upper (blue) curve is for an electromagnetically
charged scalar particle with unit charge, while the lower (red) curves correspond to a
single coloured scalar in the fundamental representation without the Sommerfeld factor
(solid) and with the Sommerfeld factor averaged (dashed). We see that the treatment

of the Sommerfeld factor has an impact of about 30% on the final number density.

is well approximated by the ratio of cross sections, 0,.,v/04v, at zero velocity :

Yoo 7 af
Yo 27 a2

~ 40. (A.46)

We next consider the dependence on the only dimensional parameter, the mass of
the charged relic. We have seen that the thermal average can be written only as a
function of  and since we are integrating the Boltzmann equation to x — oo we get
rid of the dependence on myx that is contained there. A subleading dependence would
survive by integrating to a finite value of x, but this effect is negligible for the present
universe with a temperature T,,, ~ 107%eV < mx. On the other hand, the mass
directly enters in the coefficient of eq. (A.4) and that is the stronger dependence on
mx. Note that this dependence is present even in the unitarity case, where the reduced
cross section is explicitly independent of the mass and velocity. In general therefore

the yield is proportional to the mass and can be rescaled as

Y (mx) = Y(1TeV) (1”;(;(\/) . (A.47)
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Figure A.6: Dependence of the yield on the mass of the charged relic. From top to
bottom, the first (blue) line is for the case of an electromagnetically charged relic, while
the second (red) line is for a coloured relic, the dashed and dash-dotted lines include
the Sommerfeld factor, averaged and summed respectively. The lower two (black) lines
correspond to the maximal annihilation cross section given by unitarity — the solid
one for a single d.o.f., the dotted one for 3 d.o.f. for the fundamental representation of
QCD. Note that the non-abelian case is still three orders of magnitudes away from the

unitarity cross section.

with Y5 (1TeV) = 3.9 x 10712 and Y,4(1 TeV) = 1.6 x 1073 for the abelian and non-
abelian cases, respectively, for the total degrees of freedom, including antiparticles. For
the case of the unitarity cross section, the total yield becomes instead Y, (1 TeV) =
6.6 x 1078 (or 2 x 107'7 for three degrees of freedom).

Since the energy density also increases for larger masses, this can be used to give
a constraint on the mass of any stable thermal relic from the maximal cross section
allowed by unitarity [15]. Using the WMAP 5-year results [32] for the most conservative

upper bound for the matter density, we can update such bound. In fact imposing
Qxh® = mxYxix(Trow)s(Thow)/pe < 0.13 (A.48)

gives us for a single degree of freedom the constraint

mx YX+X (Tnow)
GeV

<4.6x1071° (A.49)
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resulting for a scalar particle in
mx < 280 TeV . (A.50)

Note that for a fermionic spin 1/2 relic the unitarity cross section is reduced by a factor

four and therefore the bound on the mass is stronger by a factor two.

A.5 Constraints on cosmological relics

We review here the constraints on the abundance of cosmological relics that we will
compare with the number density of a charged scalar relic in the next section. First
we will consider the case of stable relics (i.e. with lifetimes longer than 10%7 s) and
next relics with lifetimes in the window 0.1 — 10'%s. Note that for shorter lifetimes
the constraints are non-existent, as long as the particle did not dominate the universe
dynamics before decaying or produce a large amount of entropy, while for lifetimes
between 101 — 10?"s bounds from CMB distortion [33] and from the measured photon
diffuse flux [34] apply, but will not be discussed here.

A.5.1 Stable relics

The possibility of existence of some more exotic cosmological relics than the known
light elements stimulated many years ago the search for exotic nuclei in water and other
materials on the earth. Those searches were unsuccessful and provide a very strong
limit on the number density of any relic that would bind electromagnetically with an
electron or in nuclei, under the assumption that such particles are equally distributed
in the Universe compared to baryons. If such relics were present long before structure
formation, it is highly probable that they were trapped together with baryons when the
universe’s density was still nearly homogeneous, so that we can expect their number
density not to be too strongly dependent on the local environment. Note that in any
case these bounds are so strong that the possibility of such a relic to be Dark Matter
is completely excluded.

The most recent constraints are those obtained by [35] looking for anomalously

heavy hydrogen in deep sea water, which apply to an electrically positively charged
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relic, and give for masses b GeV < myx < 1.6 TeV:

Qph?
Y+ <4x 1077V =35x%x10"% (0‘5223) (A.51)

Taking into account the gravitational effect in deep sea, this corresponds to a concen-

tration of the order of 1072% at sea level or equivalently

Qph?
Yy+ <0.9 x 10738 <0 (’]3223) : (A.52)

which is comparable to other limits in the same mass range, [36]. For larger masses
up to a TeV, a slightly looser bound Yx+/Yp < 3 x 107% was found by [37], while
for even larger masses 10 TeV < mx < 6 x 10* TeV it weakens even further to
Yyx+/Yp <7 x 107'% as given by [38], i.e.

Qph?
Yy+ <6 x 107 (05223) . (A.53)

For electromagnetically neutral, but coloured relics, the bounds are obtained from
considering heavier elements and are considerably weaker; using the results of [37] for
Carbon, the limits are of the order Yy+/Yp < 4 —8 x 1072 for mx = 0.1 — 1 TeV,
reaching 2 x 107! at the largest mass considered 10 TeV. For larger masses my <

100 TeV only the constraint by [39] for lead is present, giving

Qph?
Yy <15x 1073V =13 x 1075 <0 (1]3223) . (A.54)

We see that these constraints are very strong. In order to reach even the weakest
bound of Yx < 1072%, the unitarity cross section is way too weak and needs to be

increased at least by nine orders of magnitude, i.e.

> @I+1)>10°. (A.55)

J
Therefore stable relics are allowed only if their interaction does not belong to the
Standard Model and they cannot form exotic atoms/nuclei or if their annihilation rate
becomes much larger than the unitarity one as it can happen if they interact strongly
and can form intermediate bound states. But in any case, note that cross sections of
the order m/A%¢p that can arise after the QCD phase transition are not sufficient to

evade these constraints [31], so their interaction would have to be stronger than QCD.
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A.5.2 Unstable relics

Different cosmological constraints exist on the density of an unstable relic, depending
on its lifetime. For lifetimes between 0.1s and 10'°s, the strongest constraints come
from Big Bang Nucleosynthesis. In fact, if the relic decay injects very energetic particles
into the thermal bath during BBN, it can change the abundances of the light elements.
Since standard BBN agrees quite well with the primordial abundances of Helium-4,
Deuterium and (within a factor of two) Lithium-7 inferred from present astronomical
observations [9], the relic density has to be low enough not to change those predictions
too strongly. These effects are present for any decaying particle and have been studied
in various papers (see [10, 40, 41, 42] and references therein). For lifetimes above
3000 s, corresponding to the time of production of Lithium, additional constraints
are present if the relic is electromagnetically charged and can form a bound state
with positively charged nuclei increasing the rates for Lithium-6 production [11]. The
Standard BBN prediction for the ®Li abundance is actually way too small compared
to the observed one, so that the presence of a charged relic with appropriate lifetime
can help reconciling BBN with the measured abundances of 5Li, "Li [43], but we will

disregard this possibility and only concentrate on the exclusion region.

We summarise here the main results from various BBN analyses and give conser-
vative bounds on the energy density of the decaying relic and compare them with our
computation of the relic density. Since we are interested in escaping the BBN con-
straints, we focus mainly on the strongest bounds, but we keep conservative values for
the light element abundances. Note that in many of the analysis slightly different ranges
for these abundances are considered, corresponding to slightly different constraints on

the decaying relic.

In general, the decay can produce very energetic SM particles that can initiate
either hadronic or electromagnetic showers in the plasma. The most stringent bounds
are obtained for a relic that produces mostly hadronic showers, since electromagnetic
particles like photons or electrons can thermalise very quickly by interacting with the
tail of the CMB distribution until times of about 10° s. So we will consider in the
following the constraints for relics producing hadronic showers with a branching ratio
By = 1. We will comment later on the case where this branching ratio is smaller.

There are then practically three regions of the lifetimes as discussed in [40]:
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e 107's < 7 <10%s : the dominant effect is the interconversion between protons

and neutrons, that changes the Helium abundance, overproducing it;

e 10%s < 7 < 107s: hadrodissociation is the most efficient process and the bound

come from the non-thermal production of Lz and D;

e 10"s < 7 < 10'2s: photodissociation caused both by direct electromagnetic
showers and by those generated by the daughter hadrons starts to dominate and

the overproduction of *He is the main result.

It is clear that these limits depend on the decay branching ratio By into hadrons
for lifetimes 7 < 107 s, while they are independent of By for longer lifetimes. In
Table A.1, we give conservative bounds taken from the general analysis of [40] for the
three regions, assuming By = 1. Similar constraints were obtained independently also
by [41]. Note that the bound for short lifetimes becomes approximately one order of
magnitude weaker if one takes a more recent value of the *He abundance as discussed
in [42]. Unfortunately this new publication does not provide constraints for a general
relic, but discusses only the explicit cases of a bino neutralino or a right-handed stau.

The limits we use can be parameterised as

—0.3
Yy <1.0x 1075 (%) for 7% ~ 0.1 — 10%s, (A.56)
—0.57
Yy g < 11x 1071 (%) for 7y ~ 10> — 107 s. (A.57)
€

The assumption By = 1 is surely valid if the decaying relic is coloured, while By can
be different if it is only electromagnetically charged, as in the case of the stau. If the
branching ratio into hadronic modes for the relic is less than one, the hadronic BBN
bounds are relaxed accordingly by a factor 1/By. For intermediate lifetimes, then
electromagnetic showers can become a more important effect, but only if By < 0.01.
For electromagnetically charged relics with lifetimes longer than about 3000 s and
low By < 0.1 — 0.01, strong bounds also come from considering the catalysed over-
production of °Li [11]. In fact when bound states between nuclei and the relic can
form such as *HeX ~, many nuclear rate are modified and change the final abundance
especially of °Li and 7"Li. For particles decaying after 5 x 10°s it has been argued that

uncertainties in the nuclear rates make such constraints weaker than the general ones
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Maximal values of mxYy, x (GeV) allowed by BBN

mx (TeV) | 1072 —102s | 102 — 107 s | 107 — 102 s

0.1 2x 1071 5x 10714 10714
1 1 x 10710 10713 10~ 14
10 5x 10710 3x 10713 10714

Table A.1: Maximal allowed values of mxYx, ¢ in the different region of lifetimes taken
from Figures 38-40 of [40]. We are assuming here that the energy released in Standard
Model particles is one half of mx as happens in a two body decay of the NLSP into
LSP and the NLSP non-supersymmetric partner and that all the energy is released in
hadrons. In general the strongest bound is for longer lifetimes and it is independent of
myx and the hadronic branching ratio. The bounds in the second column come from
D, but the ®Li ones, that are sometimes considered too strong [43], are not very far

away.

discussed above [44], so we will consider here catalysed BBN constraints only for the

intermediate lifetime range.

Unfortunately, different values for these bounds are given in the literature; in [45, 46]
they are found to be maximally at the level of Yy- < 1.4-2 x 10716, while the latest

value in [44] is maximally Y- < 1071, taking a larger window for the ratio 5Li/" L.
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Figure A.7: Maximal total yield Y% allowed by BBN as a function of the relic’s
lifetime 7x for the two cases By = 1 (red) and By = 1072 (blue). The full lines are
for a mass of mx = 100 GeV, while the dashed lines are for my = 1 TeV. Note that

for By = 1073, the limit for 7x > 10*s comes from CBBN.

Here we will use as a constraint the simple interpolation for the total yield °

_ - -2
Ve s < 2x 1072 (55555) ~ for  7x <10% (A58)
) 2x 10 for 1y > 10%

that lies somewhat in between. The bounds from catalysed BBN do not apply for
coloured scalar relics because these should have a large branching ratio into hadrons,
such that the ‘conventional’ BBN bounds from hadronic showers are much stronger. In
passing note also that up-type squarks would mostly hadronise into neutral fermionic
mesons which are lighter than the charged ones [30].

We summarise the constraints in Fig. A.7, which shows our conservative bounds in
the plane of total number density vs lifetime. Note that the constraint from catalysed
BBN are for the stau stronger than the hadronic ones for lifetimes longer than ~ 10*s
and exclude a light stau NLSP with a 100 GeV gravitino LSP in the CMSSM [12].

Comparing with Fig. A.6, we see that even for a charged relic that can annihilate

efficiently, the BBN bounds are very strong; in particular the case of a simple abelian

9The catalysed BBN constraints restrict only the abundance of the negatively charged particles,

but we give here the constraint for the total yield assuming 2Yy- = Yy x.
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interaction seems to be excluded for any charged relic whose lifetime is longer than 0.1
s and produces hadronic showers with By = 1. For the coloured case the situation
is less severe, but even with the Sommerfeld enhancement, which reduces the yield
substantially, it is not possible to evade the bounds completely. Still all masses above
approximately 50 GeV are excluded for lifetimes longer than 100 s, while for shorter
lifetimes masses up to 700 GeV are allowed. A much larger number of colours than
three would be needed to relax all bounds. Even the unitarity case reaches the strongest
BBN constraint at masses around 700 GeV for 3 degrees of freedom or 1 TeV for a

single one.

A.6 Application to the MSSM

Until now we have considered the ideal case that the relic particle has only one single
interaction. In realistic models, however, more than one interaction — and hence more
than one annihilation channel — is present, making the BBN bounds less stringent.

In this section, we discuss the concrete examples of a relic stau or stop in the MSSM.
We use the MICROMEGAS package [47] to take into account all relevant annihilation
and co-annihilation channels, but compare also with the results for Yy, or Y, for the

case of one single gauge interaction.

A.6.1 Relic stau

Our results for an electrically charged relic can be applied, for instance, to the case of
the supersymmetric partner of the 7. We assume here that the relic stau is a right-
chiral state, 7, and that all other SUSY particles as well as the heavy Higgs bosons
decouple.

The dependence of the yield on the stau mass is shown in Fig. A.8. For a 100 GeV
Tr, we get Yz = 4.8 x 10713 at tree level from annihilation into photons (c.f. the dashed
line). This is reduced by about 12% by the Sommerfeld enhancement (dashdotted line).
In the full EW theory, the stau also annihilates into W+W~, ZZ and vZ. In fact,
for mz = 100 GeV, the v+ channel contributes about 55%, vZ about 25%, ZZ about
10% and WW about 5% to the total rate; the remaining 5% go into SM fermions. At
higher stau masses, we have ~50% ~v and ~30% ~Z. Overall this gives a reduction of

131



THE NUMBER DENSITY OF A CHARGED RELIC

2x10712

10—12

we b 1

-14 [f ]
5x10 P RS S S S S S RS S

100 200 300 400 500
m: [GeV]

Figure A.8: Total yield Y (black lines) for a relic 7g as function of the stau mass. The
dashed and dashdotted curves are tree-level and Sommerfeld- corrected results, respec-
tively, from annihilation into photons (i.e. Yg;). The full line includes also annihilation
into W and Z bosons, assuming all other sparticles decouple. Finally, the dotted line
shows the case mgz = 1.1mz . BBN bounds are shown in red: as full line for 0.1-100s
lifetime and By = 0.65, and as dashed line for > 100s lifetime and By = 1073. Note
that if the lifetime exceeds about 10*s, the CBBN constraints become more important

and quickly exclude number densities at the level of 1071310715, see Fig. A.7.

Y by a factor of about 2 (solid line), leading to Yz = 2.4 x 107! at m; = 100 GeV.

Staus can also annihilate into 77 through ¢-channel neutralino exchange. We here
consider only the bino contribution. Lowering the bino mass mj decreases the yield
until bino-stau coannihilation takes over, increasing it again. We find a minimum yield
at about mpg ~ (1.1 — 1.2)ms, shown as dotted line in Fig. A.8. It is roughly a factor
2 lower than the solid line, in agreement with [25]. Note also that the neutralino
exchange leads to annihilation of same-sign stau pairs, 757" — 7577F, so this process

gets Sommerfeld-suppressed, and the total Sommerfeld effect almost cancels.

The annihilation into W*TW ™ and ZZ is considerably enhanced if the relic stau
also has some 7, component, 7, = Tgsin 6 + 7, cos § with cos@ # 0. In this case also
t-channel exchange of o, (for WTW ™) and 7 (for ZZ) has to be taken into account
in addition to the 4-vertex and s-channel v/Z exchange, c.f. Appendix B. It turns out

that these t-channel diagrams lead to a destructive interference: for given cos 6, smaller
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v, and T masses lead to smaller cross sections. Since the stau and sneutrino masses
and stau mixing angle are related to each other, one cannot simply maximise the cross
section by choosing maximal mixing (cos @ = 0.7) and very heavy o, and 7. However,
for reasonable parameter choices, it is still possible to reduce the yield shown in Fig. A.8
by up to about an order of magnitude.Alternatively, one could rely on resonant annihila-
tion through
s-channel Higgs exchange or on coannihilation with sparticles that are close in mass to
bring Y- below the BBN bounds.

Barring these possibilities of largely enhanced cross sections, the stau lifetime and
branching ratio into hadronic modes become key parameters to decide whether the
scenario is allowed. First of all, let us discuss briefly the branching ratio into hadrons.
We are considering here the decay 7 — 7+LSP. The 7 decays into charged mesons
65% of the time, while the remaining times into leptons only. Charged mesons have
a similar effect as nucleons during BBN only at short times < 100 seconds, because
later they decay before interacting with nucleons and give rise only to electromagnetic
showers [40]. Therefore we will take By (7) ~ 0.65 for lifetimes up to 100 s, while it
becomes much smaller for longer lifetimes, we will use By (7) ~ 1072 as reference value.
This is in the central range computed recently for the stau decay into tau, gravitino
and a ¢q pair, and we refer to that result for a more detailed analysis [48]. (A full
computation including a more complete treatment of the hadronic decays of the tau
for the case of a right-handed stau has been given in [42].) We have then to apply
the BBN bounds discussed in the previous section corrected by these branching ratio
factors, according to the time of decay.

Regarding the stau lifetime, this depends strongly on the nature of the LSP. For
the case of the axino LSP, the decay rate is given by

. N2 /101 GeV) 2 2
F(Tr = 7a) = (25 S)_152<1o2m(;ev) <10T§e\/> ( [; - ) ( _%) (A.59)

where mg is the axino mass, my is the Bino mass, f, is the Peccei-Quinn scale, and ¢ is

a factor of order 1 taking into account some uncertainties in the loop computation [49].
Therefore only the weakest BBN bound applies and actually disappears completely
for large stau mass: in fact even for the conservative case mz = 1.1m; and f, =
10" GeV, the lifetime becomes shorter than 0.1s for ms < 590 GeV. We are here
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Figure A.9: BBN-excluded regions for a gravitino LSP in the plane mg/; vs. mz. On
the left a zoom on m; = 50-500 GeV for Y; = Y, (light grey ), Yz = Yy/2 (medium
grey) and Y7 = Y, /4 (dark grey). On the right for mz = 0.1-10 TeV. Note that LEP
excluded mz < 99.4 GeV for a charged particle stable within the detector [50].

neglecting the case of a strong degeneracy between the stau and axino masses. We see
therefore that for axino LSP a very light stau is a viable possibility and, depending
on the supersymmetric spectrum, only the mass window between 125/250 — 590 GeV
is possibly excluded by the BBN constraints, as can be seen from Fig. A.8. In that
region however probably a more proper computation of the stau hadronic branching
ratio and its effect in the early stages of BBN is needed, as discussed in [42]. In fact
comparing our exclusion region with theirs, we find that their constraints are much
weaker for short lifetimes, due to an up-dated value of the Helium abundance and a
larger systematic error, allowing all the stau region for an axino LSP.

For a gravitino LSP, the decay rate is given by [49]

D(7g — 7G) = (5.9 x 10°%5) ! ( o )5 (100 Gev>2 (1 — m§/2>4 , (A.60)

100 GeV m3/2 m72~_

which typically gives longer stau lifetimes than the axino case. Figure A.9 shows the
BBN-excluded region in the ms/; vs m; plane. We consider a number density Y; equal
to 1/2 and 1/4 times Yy, to account for the possible variation depending on m 5. As can

be seen, to avoid all bounds we need either a very light gravitino in the MeV range for
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msz ~ O(100) GeV, or a very heavy stau, e.g. mz 2, 1.4 TeV (9 TeV) for mg/, =1 GeV
(100 GeV), corresponding to a stau lifetime shorter than 0.1s. On the other hand, for
ms ~ 100250 GeV and a lifetime longer than 100s, By ~ 1073 can bring the effective
yield below the bound of mY ~ 5 x 1074 required by hadronic showers. Last but not
least, note that the constraint from catalysed BBN becomes stronger than the hadronic
ones for lifetimes longer than about 10*s and excludes a light stau NLSP for gravitino

masses above 10-100 GeV.

A.6.2 Relic stop

To discuss the case of a relic stop, we assume that only ¢ is light while all other SUSY
particles are heavy and decouple. Moreover, we assume that the light Higgs is SM-like
with a mass of m, = 115 GeV, and that the other Higgs bosons are also heavy and do
not contribute to the stop annihilation.

Results for the yield as a function of the stop mass are shown in Fig. A.10. Let
us first discuss the left plot, Fig. A.10(a), which shows the yield at leading order
(LO). Here the full line is the pure QCD result, Y4 for SU(3), without Sommerfeld
correction. As can be seen, tt* — gg alone is efficient enough to avoid the BBN
constraints up to stop masses of about 700 GeV. In the full theory, the stop can also
annihilate into other particles, in particular into EW gauge and Higgs bosons. The
yield for the QCD+EW case, still assuming heavy sparticles, is shown as the dashed
line in Fig. A.10(a). The dip at m; ~ 120 GeV is due to the onset of tzt% — hh.
Other important channels are annihilation into W W™ and ~g, contributing about 10%
each to the total annihilation cross section for m; > 200 GeV. Annihilation into ZZ
contributes about 5%. Annihilation into top quarks is suppressed by the heavy gluino
mass, and also by m;. However, if m; > 200 GeV and mg ~ 2m;, trtr — tt further
reduces the yield by 10-20%. This is shown as the dash-dotted line in Fig. A.10(a). All
in all, annihilation into gluons is, however, always the dominant channel, contributing
at least 50%. We therefore take Y,,/2 as a rough limit, which is shown as the dotted
line in Fig. A.10(a). Comparing with the BBN constraints we see that a relic £z with
a lifetime of 0.1-100s can be in agreement with BBN even for high masses of about 1
TeV.

The impact of the Sommerfeld enhancement is illustrated in Fig. A.10(b) for the
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Figure A.10: Results for Y; for a relic # as a function of the stop mass. In (a), tree-level
results for different channels: the solid line comes from t* — gg only, the dashed line
includes all channels into QCD+EW gauge and h bosons (case of decoupled sparticles
and heavy Higgses), the dash-dotted line is the result for mg = 2mj;,,, and the dotted
line the limit Y; = Y,,,/2. In (b), the effect of the Sommerfeld enhancement on the
yield from tt* — gg: the full line shows the tree level result, the dashed line the result

SFav

for o7, i.e. applying an averaged Sommerfeld factor C%(g) = 11/42, and the dash-

SFsum

dotted line is for o , i.e. applying a summed factor according to eq. (A.34). The

BBN bound for 0.1-100s lifetime is shown as thin red line in both plots.

case tt* — gg. As can be seen, taking the averaged Sommerfeld factor of ng’,@) =11/42
in eq. (A.29) reduces the LO yield by roughly a factor of 2, while a summed factor
according to eq. (A.34) reduces the LO yield by roughly a factor of 3. These results are
in qualitative agreement with those of [20], that considered the Sommerfeld correction
in the neutralino-stop coannihilation region. Here note that for colour-singlet channels
like, for instance, tt* — W*W ™ a factor of C = 4/3 applies, hence leading to even
larger enhancement. We leave a detailed numerical analysis of the enhancement of the
various stop annihilation channels for future work. Here we just note that the overall

effect can be a reduction of the yield by an order of magnitude.

Additional annihilation can take place after the QCD phase transition, when the
stops are in a confined phase with the quarks. Since the lighter fermionic mesons are

neutral and assuming that the annihilation process takes place without the formation
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of a bound state between the mesinos, the unitarity cross section is probably a good
estimate of such annihilation and allows for heavier stops to be consistent with hadronic
shower constraints. We see in fact from Fig. A.6 that the unitary cross section with
three degrees of freedom gives a yield well below all the BBN bounds (and below the
range in Fig. A.10) for stop masses up to 700 GeV. If also bound states between the
mesinos can form efficiently, the BBN constraints disappear altogether [31], but note
that we do not have to rely on the enhancement coming from such processes, which
are very difficult to compute, for a wide range of parameter space.

Let us briefly discuss the lifetime also for the stop case. For the case of an axino
LSP, the stop decay rate is a larger than for the stau since it depends on the gluino
mass and the QCD gauge coupling [3]:

~ _ B B mz ms N2 (10 GeV? mg
F(tR — ta) = (1.3 x 1073 SGC> 1§t2 <102 éev) (102 éev) ( f. ) ( B W)
a t

(A.61)

where &; is again a factor of order one taking into account the uncertainties in the loop

computation [49], in principle different than the one for the stau. Therefore, for the
axino case, the BBN bound never applies if the decay into top is kinematically allowed,
i.e. if m? > (mg + my)?. If the stop mass is smaller, the decay can proceed through a
virtual top, for which we estimate a suppression of order O(1/100) due to the 3-body
phase space. This would still give a lifetime of order 0.1 sec, so the BBN constraints
are completely avoided, as long as there is not a strong degeneracy in mass between
LSP and NLSP or the factor &; is exceptionally large.

For a gravitino LSP, on the other hand, the same formula applies for stop as for
stau, eq. (A.60) with 7 — #, because the gravitino couples only to mass. Note, however,
that also in this decay the width gets phase-space suppressed if m; < m; + mg. For
illustration, we show in Fig. A.11 the band of 0.1-100s lifetime in the plane ms/, vs
m;. For lifetimes longer than 100 s, stops can still be in accord with BBN thanks to the
additional annihilation during the QCD phase transition, if their annihilation reaches
the unitarity one. We therefore conclude that cosmologically stops are an allowed
NLSP in any mass range and in particular also for a heavy gravitino. Our results are
in agreement with those for specific supersymmetric models with stop NLSP discussed
in [51]. From the colliders side, note that the low mass region m; < 250 GeV has been

recently excluded by the search for charged massive particles at the Tevatron [52].
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Figure A.11: Lifetime of a relic {5 in the plane mgj2 vs m;. Recent results from the

Tevatron exclude a metastable stop below 250 GeV [52].

A.7 Conclusions

We have studied the number density of a charged relic by computing the annihilation
cross section into gauge bosons, including the Sommerfeld enhancement. We have
found that the Sommerfeld factor increases the thermally averaged annihilation cross
section by 20-50% and reduces the final yield even by a factor 2 or 3 for the SU(3)
case. Moreover the result is very sensitive on how the higher orders are resummed.
Nevertheless the number density surviving the annihilation is still large and BBN
constraints are relevant for most relics. They can be avoided completely only for
very large N for particles in the fundamental representation of SU(N) (N > 100 for
myx < 10 TeV) or for cross sections nearly fulfilling the unitarity bound. For the cases of
SM gauge groups, the allowed regions only correspond to very light relic masses, where
the number density is low enough, or to sufficiently heavy relic masses so that the decay
takes place in the first stages of BBN. The latter allowed region depends strongly on
the relic decay channel, and, in case of a gravitino LSP with conserved R-parity, also
on the gravitino mass. Let us mention here that if R-parity is just marginally broken,
the NLSP can decay with shorter lifetime through R-parity violating channels and the
BBN constraints can be easily evaded for any NLSP while keeping the gravitino LSP
as Dark Matter [53].
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More specifically, for the stau NLSP the light mass window has nearly completely
been excluded by direct searches at LEP, even if the annihilation cross-section is max-
imal ~ 40(77* — 77), unless the gravitino is lighter than a few tens of GeV, while
the large mass region is unfortunately out of reach at the LHC for gravitino masses
mgjp > 100GeV. The detection of a quasi-stable stau at the LHC would then point
to a scenario with relatively light gravitino mass, R-parity breaking or an axino LSP
and could probably exclude the gravity mediated supersymmetry breaking scenario.
In that case the determination of the stau lifetime and its decays will become crucial
in distinguishing the different LSPs [7, 49].

The stop case is much less constrained thanks to the stronger annihilation cross-
section, even if in this case the decay always produces mainly hadrons. We have
practically no constraints if the LSP is an axino and even for a gravitino LSP, we can
allow for relatively light stops up to approximately 700 GeV (1 TeV for lifetimes below
107 s), if the annihilation cross section reaches the unitarity one after the QCD phase
transition. The window between the present Tevatron bound around 250 GeV and 1
TeV should be surely completely covered by the LHC, the signature being a quasi-stable
heavy fermionic meson. The detection of such a state would call for a non-minimal
SUSY breaking sector with a coloured NLSP and a very weakly interacting LSP. In
this case again only the analysis of the stop decays would allow to distinguish between
the lightest states.
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.1 Annihilation into massless SU(N) gauge bosons

.1.1 Amplitudes for the annihilation

We consider the case of one particle and antiparticle in the representation 7 and

its conjugate, with momenta p;, p, and mass m annihilating into two massless gauge

bosons with group indices a, b, momenta ps, py and Lorentz indices pu, v respectively.
The process has four different contributions, corresponding to the following four

Feynman diagrams:

t particle exchange in the t-channel described by the amplitude

(2p1 — p3)"(2p2 — pa)¥

v - 2 bra .
Al =gy (T'T7) P ; (62)
u particle exchange in the u-channel described by the amplitude
2p1 — pa)¥ (2ps — p3)H
AZV _ 29]2\[ (TaTb) ( P1 p4) ( P2 p3) 7 (63)

Ji u — m?
note that this contribution is identical to the t-channel under interchange of

a b, o, (ps,t) < (ps,u);
4 supersymmetric four-scalar coupling giving the amplitude:
AL =g (T T}, 9" (64)
this contribution is symmetric in the exchange of a,b and therefore also u, v;
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s off-shell gauge boson in the s-channel decaying into two bosons via the non-

abelian interaction:

1
A= =gy [T T, S 19" (8 = w) = (2pa £ pa) (p1 = p2)"
+(p1 — p2)"(2p3 + p4)"]; (65)

this contribution is completely antisymmetric under the exchange of the gauge
bosons group indices and therefore also under the exchange of their momenta and

Lorentz indices.

For convenience, we can then separate the amplitude into symmetric and antisym-

metric part in colours a, b; then the interference between the two parts vanishes. Using
1 1
T = {1 T} + 5 [T, 1] (66)

we have then

02 _ B _ v _ v _ B

v YN fra b (2p1 — p3)"(2p2 — pa)” | (21 — pa)”(2p2 — p3) uw

Asym 2 T }ji t —m2 + u — m?2 29
(67)
and
2 21 — p3)H(2ps — pa)’ . (21 — pa)” (2p2 — p3)"
A Yy 7o, T ~ (2p1 — p3)"(2p2 — pa) N (2p1 — pa)” (2p2 — p3)
v 2 Ji t —m? u—m?

_29“1'(15 —u) — (2ps + p3)(p1 — p2)” + (p1 — p2)" (2p3 +p4)y] . (68)

S
In the Boltzmann equation, we have to insert the averaged cross-section, so first we have
to sum over all the final and initial states, i.e. sum over the gauge bosons polarisations

and over all the group indices.

.1.2 The matrix element

The computation for the symmetric piece is straightforward:

. (t+m?)?*  (u+m??* 1  (s—4m?)?
Al = g1, | + 41

(t—m?)?2  (u—m2)?  2(t—m?)(u—m?2)

s/2—4m? =2t —m?) /2 —4m? — 2(u —m?)
T4+ t —m? + u — m? (69)
1 om! 2m? 2m?
. 4 a b 2
= 49N‘{T’T}ji‘ [§+(t_m2)2+t—m2 (1_7)] (70)
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In the antisymmetric part instead we have to take into account ghost subtraction

and the total result is

t+m*?  (u+m?)?
asm2: 4 TaTb.,Q( —4
| Aasym| 9N|[ ’ ]]z‘ (t—m2)? " (u—m?)?
1 —4 2)\2 t — 2 1 2
1 (s—4m?) N 2( u) N 6m
2 (t —m?)(u—m?) s? s
+(t —u)(3/25 —t — 3m?) + 2(s — 4m?)(u — m?)
s(t —m?)
(u—1)(3/25 —u — 3m?) + 2(s — 4m?)(t — m?) -
* s(u —m?2) (71)
t—u)?  4m? 2m?
— 4 4 Ta Tb - 2 (
QN‘ [ J Lz| { 942 + S + (t—m2)2
2m? 2m?
() -
So for the total matrix element we have
1 2mS4 2m3 2m}3
2 _ 4 4 Ta Tb - 2| = X X 1 — X
‘M‘ gn ‘{ ) }]Z| 2+(t—m§()2+t—m§( S
L(s+2(t—m%))?  4m3 2m’
T Tb - 2| = X X X
H[ ’ Ll‘ {2 52 + s +(t—m§()2
2m?2 2m>
X <1+ mx)]} . (73)
L —m% s
and the cross section is given in eq. (A.16).
.1.3 Comparison with QCD result
For the case of SU(3) we have
. 2 98
Z ‘{T ’Tb}ji -3 (74)
a,b,i,j
and
a b 2 1 2
Z )[T,TL.Z. = §Zfabc:12' (75)

a7b7i7j a7b7c

142



.1 ANNIHILATION INTO MASSLESS SU(N) GAUGE BOSONS

So after the sum over colours, we get

14 (t—uw)? 48m®  2m' (2
\M\2=49[ Ll BmT 2m (—8+12)

3 52 s (t—m2)2\ 3
2m? 28 2m? 28
— + 124+ — | —=+12 76
e (5 e B (R 1)) ™
32 t—m? t—m?)?  48m?
_ gt |32 ggtm g o m) d8m
3 s s?
128 m? 128 m? 1 m?
om0 A 77
3 (t—m2)2+ 3 t—mQ( 4 s)} (77)

This result coincides with the one given in the literature for the QCD case [26].

Compare in general with [26]:

(M(gg — qq)I* = 4nysgs [Co (1 iU m2)(2u — mz)) - CK} X (78)

S

§ [1 ‘2<t—m§>w<i—m2> (1‘ <t—m§>ﬂ<i—m2>)]
— dnggi {00 — Ok + 200t —

m2 4
2 2

+4 f”mQ (00 O+ 20{%)} (79)

using again the symmetry in u < t and eliminating .

We have also that

azbc e “h=2 0 Ox= NZN_ : =§ (80)
and for a single RH stop, we must use 2ny = 1. Then we get
[Mlgg —in BIP = 495 {332 o4l 8m2 1 oal! — i +48m?2
e e ()] e

which coincide with our result above eq. (77).

143



THE NUMBER DENSITY OF A CHARGED RELIC

Now integrate over ¢ and obtain

4ol 4m2 (5  31m?

= 32— 3 ) P

o(m.s) s — dm? s (24+ 12 s )

4m? 1m? L= 1_%
T Y e

s ° 14 4/1— 222

which coincides with [26] allowing for the exchange of initial and final state (s—4m? — s
in the denominator) and the initial state averaging, i.e. a factor of 1/64 for the two

gluons initial state.

.2 Annihilation into SU(2); gauge bosons

Another important channel of annihilation for light stops or staus is into EW gauge
bosons. Let us consider first the pure SU(2), case, neglecting the gauge boson masses,
but with a split SU(2) multiplet. We consider here the case of one left-handed sparticle
and one left-handed antisparticle of momenta p;,py, mass m; and SU(2) index 1,
annihilating into 2 gauge bosons of SU(2), index i,j, momenta p3, ps and Lorentz
indices p, v respectively. Then we can directly use the result for SU(N), only taking
into account that 7% — ¢'/2, with o? denoting the Pauli matrices, and that in this case
we have an initial state made of the upper components of the SU(2); doublet, while
the lower component is exchanged in the t- and u-channel and can have a different
mass ms.

We have then for the two amplitudes, symmetric and antisymmetric in the group

and Lorentz indices,

2 v v
v 95 ¢ i (2p1 — p3)"(2p2 — pa) (2p1 — pa)¥ (2p2 — p3)* y
AL 5 {o*,07},, [ s - e + 2g*
(83)
and
2 v v
v Yo i 4 (2p1 — p3)"(2p2 — pa) (2p1 — pa)”(2p2 — p3)*
Agsym = Zg[O’ 7UJ]11 |:_ r_ m% + w— m%
9" —u) = (2patp3)*(p1 = p2)” + (p1 = p2)* (23 + pa)” (34)

S
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To compute the annihilation cross section, we have to sum over all the final states and
initial states; this means that we have to sum over the W polarisations and over the

SU(2)r, indices i, 7, but in this case the initial state group indices are fixed.

The symmetric piece gives
Al = g_§|{a oY | t+m1) (u+mi)?* 1 (s—4m})’
o 16 H —m3)*  (u—m3)*  2(t—mj)(u—m3)
s/2 —4m3 — 2(t —m3) N s/2 —4m? — 2(u — m%)}

+4 + (85)

2 2
t—ms3 U — Mmj

4 2 212
9o i g o [1 1(mi+m3)
_ J2 I St S’ VA 86
4|{U’U}11| {2+2 (t —m3)? (86)

N 1 3m3 + m? (m?2 + m3)?
t —m3 '

2 s+ 2m3 — 2m?

In the antisymmetric part instead gives

2 92 o914y |2 (t‘i‘m%)Z (u‘i‘m%)Q_
| Agsym|” = 16‘[ J11 {(t—m%)Q (0 —m2)? 4 (87)

1 (s—4mi)? (t—u)?  16m?
2(t—m%)(u—m%)+2 2 s
(t —u)(3/2s —t — 3m?) + 2(s — 4m?)(u — m?)
+ s(t —m3)
L= t)E/2s—u —S?Z”bi);f)(s — 4mi)(t — m%)}

4 2 2 2 2 212
921 i 41 2 (t —u) 5mi—mz 1(m{+m3)
= == — 88
4‘[0’0]11| { 252 + s +2 (t —m3)? (88)
1 m3 + 3m? (m32 + m?)? (m2 —m?)?
2 + 2 2 :
t—mj 2 s+ 2ms5 — 2mg s

+

2.1 SU(2); sum and total matrix element

In this case the sum over the indices 7, j is simple. We have that
1 . 1, .
ORI RN DL TN o B
i3 1,3 i
where we have considered the annihilation into W12 separately from that into Ws. In
fact the intermediate particle has a different mass in the two cases.
On the other hand the antisymmetric product gives
1., 1
Zj[aﬂfﬂ]n\z = ZZ\QEiijﬁIQZZ\%sIQ:Q (90)
i,j i, 4,J
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since in this case only 73 can be exchanged in the s-channel for W2 in the final state.

Then the matrix element for annihilation into W12 gauge bosons is given by

5 4 (t—u)?  10m? —2m3 (m? 4+ m3)?
= 1 2 91
’MWlQ‘ 9o { + 52 + s + (t—m%)2 ( )
2 2\2
2 2 (m2 - ml)
g (i - L)

while the annihilation into W3 has only the abelian contribution with the presence of

a single mass m;

1 om? 2m? 2m?
My = gé{—Jr LIS 1 ( ——1)]

2 (t—m?)?  t—m?

The cross section for the first case is then

Jyodmi (2 18mi mg o (mi 4 my)”
s \3 3 s s smj+ (m3—mi)?
(mtmt (i),

s 252

% log (s +2(m3 —m?) — /s(s — 4m%)>] 7 (92)

s+ 2(m3 —m?) + /s(s — 4m?)

2
2ma;

Ow12 s—Am2 4m?

while the annihilation into W? is identical to the abelian one in eq. (A.9) for ex = 1/2.

.2.2  Annihilation into physical W/~

Let us now consider the case of a broken SU(2); symmetry like the Standard Model
and massive gauge bosons which mix to give the physical W, W™, Z,~v. At the same
time let us consider a general initial state given by the light stau mass eigenstate
71 = Trcosbz + Trsinf= and its antiparticle. In this case the intermediate particle
exchanged in the t- and u-channel can be only a left-handed sneutrino and therefore
we can neglect the mixing for the intermediate state.

Then the annihilation into W*TW ™ is given by the following channels:

t sneutrino exchange in the t-channel described by the amplitude

2 2 _ B(9 _ v
Aé“j _ z% cos? 9%( P1 p3) ( P2 p4)

2

; (93)
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u NO u-channel since W+ and W~ are different particles !

4 supersymmetric four-scalar coupling giving the amplitude:

2
ALY = z% cos® 0:g" ; (94)

this contribution is symmetric in the exchange of pu, v;

I

off-shell Z/~ in the s-channel decaying into two WW via the non-abelian inter-
action:
2 .2
w2 2 1_%sm Ow 1 w(p o5
A e 3 cos?l; ) s — M2 L™t = u) (95)

—(2ps +p3)(p1 — p2)” + (11 — p2)" (2ps + pa)”]
. 21 v v
‘H€2§g (9" (t —u) — (2ps + p3)!(p1 — p2)

+(p1 — p2)" (2p3 + p4)"”]
2 . 2
95 9 4 sin” Oy M7
— i 2cos20. (1= Xz
g O ( 3 cos?0z s
g (t —u) — (2ps + p3)"(p1 — p2)” + (1 — p2)* (23 + pa)”
s — M2 ’

(96)

this contribution is completely antisymmetric under the exchange of the W mo-
menta and Lorentz indices. Note that the photon contribution is proportional to
e? = ¢g2sin? Oy and cancels exactly with the second term due to the Z-boson in
the case of equal mass. In that limit in fact the U(1)y factor decouples and does

not participate in the non-abelian interaction.

off-shell h/H in the s-channel decaying into two W via the non-abelian inter-

action; in this case we have to consider both neutral Higgses:

3 M3 Cys Chs
o= ig—QCOSZQ;-ng W 1 5+ i 5|
2 s |s—Mg s— M

(97)

where C'y/p, is coming from the product of the coupling of the staus to the Higgses
and of the Higgses to the WW pair. These constants depend on the whole SUSY

breaking parameters. For the staus these couplings are probably negligible. We
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have in fact

Z 2—(Z ? tan? 4
CH/h = ( lH/h) ( 2H/h) a ﬂ (1——sin2 Qw(l—taDQQ;—))

(1 + tan? 3) cos* Oy 3

Y2 tan 8Zapm(Zimm + Zawn tan )
g3 cos? Oy (1 + tan? 3)

\/ﬁ(le/h + Zopi/p tan 3)

X
g2 cos2 Oy Myy+/1 + tan? 3

X (ZQH/hAT + ZlH/h(A;— + ,LL*YT) + hC) s (98)

+4 (14 tan®6;)

— tan 8;—

where 7 is the matrix which diagonalises the Higgs mass matrix, Y, is the tau
Yukawa coupling, A, A” are the SUSY breaking trilinear terms and p the Higgs
supersymmetric mass parameter. This contribution is suppressed by M3, /s for
large s. We can include it easily into the 4-vertex contribution by substituting

Cy M3, N Cn M3,

1—1
- +3—M12{ s — M?

=1+ Kp(s) . (99)

Now we can write the t-channel as the sum of a symmetric and antisymmetric part,
adding and subtracting a fictitious u-channel, as

(2p1 — p3)"(2p2 —pa)” 1 [(2p1 — p3)"(2p2 — pa)” | (2p1 — pa)”(2p2 — p3)*
t —m? 2 2 + 2

n 1 [(2p1 —p3)"(2p2 — p0)”  (2p1 — pa)”(2p2 — p3)*
2 t— m?, u— m%

(100)

so that we can make contact with the previous computation and find for the symmetric

and antisymmetric amplitudes respectively:

2 v
, 95 5, [(2p1 — p3)"(2p2 — pa)
AL, = +i7 cos 0~ [ "
2p1 — Y(2py — K
u—m?
and
2 2 - B9 - v
A %2 cos?0- {( p1— p3)H( 1272 Pa) (102)
t—m;
2p1 — Y(2p9 — K
_( 1 — pa)”( ];2 p3) 1 2(1— Gy(s)) x
u—m2
L9 (=) = (2pa+ p3)"(pr = P2)” + (P1 = )" (2p5 + pa)"
s — M2
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This coincides with

4 SlIl 6W Z
S

where Gz(s) = 3 —n
the previous result for Ky, Gz,

vanishes in the limit of zero Z mass.
My = 0, a part for a sign, which just corresponds in

exchanging i < J.

.2.3 Polarisation sum
The sum over the W polarisation in this case is given by the polarisation tensor
tp 1!
e = gy B0 (103)
My,

where p3 is the gauge boson momentum
We have then for the matrix element

‘pgAWP o |pZA;w‘2 1

Mg, My,

H I/A 2
|p3p4 NV| . (104>

I

2 gx pquv

M = Ay, A~

in this case neither amplitude vanishes when contracted with the gauge boson’s momen-
tum. Note that the second and third contributions are related again by the symmetry
p3 < pa; v < i and are equal since the final state has two particle with the same mass

2.4 Symmetric part

We must compute the four contributions, and we have then

{1 (m3 +m2 — Mg, /2)° + 2K p(s)(1+ Kg(s))

(105)

g5 cos* 0z
)2
2)

AZV_AN‘V = 2
1
2t —m?
(3 — 4m + M;; )2 2 2 2
cos? (m2 +m~ M2, /2)?
dodls [ Q)QW/ D 21y (5)(1+ ()

(t—m
(4(m3 + m2) — 2My, + s — 4(m3 + mZ) + 2My,

(106)

5 1 (2m2+2m?2 — 3M3,)?
2s+2(m2 —m2 — M)

—i—t m% (m + 3m —2
K
—i—#(s — 4m2 — 4m2 + QM@))} :
msz coincides with our old result

which in the limit of vanishing My, and m;
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The other pieces give instead

P4 A |? g5 cost 0z {(m?, —m2)? <2m§ +2m?2 — M3, (107)

P5 A |? i _
M2, M2, 1 M2, (t—m2)?
L2 2mE g 2ml - 3MR)?
t—m2s+2(m2—m2— M)
m2 —m2 mz —mZ+s/2 )

1

and the last part:

spi A > gycos' 0z [(m2 —m2)? ' 1 (m2 — m2)?
M, 4

(108)

Both these contributions vanish in the limit of equal stau and sneutrino masses and

zero gauge boson mass as they should.
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So summing all together the result is

4 4 2 2 2 /92
g cos® 0z (mz +mz — Mg, /2)
M mQ _ 1 T ]_09
1 2 2 o 1(2mZ +2mf — 3My)?
2 4 3m2 —2M32, — -7 -
o (mEmd - M2 2m 4 2md - 303
M2,(t — m2) t—m2 s+ 2(mZ — mZ — M)
1 (m2 — m2)? 1 (mi —m3)?
+= 4 1+ 5 2\2
m2 — m2 1 m2 — m2
22— 1—~ 2 2 2
t —m2 4s+2(m2 —m2+ M)

() (23T e S M =My
S R
n M2, T 2MZE M2,

K
1 Kls) (g —om? — 2m? + M2,

my —m? 2 2 S

7 S 52
K2(s) (£ - 2 .
50 (5 - g+ g )|

Note that the in the limit of large s, sKy(s) remains finite and therefore there is no

problem with unitarity.

.2.5 Antisymmetric part

The antisymmetric piece is more involved. We have

A A = ga 05" 7 C‘f bz [2 Lol +(:1_3 ;13]\)42%/ 2 (110)
g (s )20+ S )
(1= Gy(s)? 5/2(t — u)® —(‘i(i;\;;%f)(s + My, /2)
(1 - Gas) S “lff\%_ )
SO U “x‘;’j __]fg)(t_f”;)* 2
(s - m — m2)(s — 4m)

B R P T T

v
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which in the limit of vanishing My, M, and m; = m; coincides with our old result.

The other pieces give instead

5 A ®  [PEAWI® _ gacostOz (111)
M, M, 2

e 000 (37 30 (3 -3}

)
(s 4m2)M3V (M% ~1- G857 — 1>)2

AR\ 2

m2 —mit—u—2(s—4m?2) [ M3 s

- B e [

s — M2 t—m2 (Mgv )3 ))

(m2 — m2)? t—u

e mma)t g g

M3 G- ) T

+(m§_ 2)2 - s —4m2 + Mg, +m,2;—|—m§—]\/[w/2 .
ME,(t —m2) s+ 2(m2 —m2 — M3)) t—m? ’

in the limit of vanishing m2 — m2, My, My, masses keeping My /My, — 1 we have

‘p3Auu‘2 |p4Auu‘2 N gé COS4 07’ (t - u)2

112
T A V) TR P (112)
as expected from the QCD result.
The last part gives instead
‘pngA;w‘Q 9§ cos* 0z (t - ’LL)2 2 2
= M, -G 113
M3, 16ML | (s — M2)2 (Mz = Gz(s)s) (113)
t—u
—4(m2 — m2)? Mz — Gy(s)s
e g (Mo OA)

+2(n(?__n:§)) ((t—lm%)+28+2( —1m~ Mﬁv))}'

Note that this contribution does not vanish in the limit of equal stop and sbottom

masses and massless gauge bosons.In fact keeping My /My, — 1, we have

!pngAuuP g5 cos® 0z (t —u)?
M, 8 25

(114)

which gives the annihilation into the Goldstone part of the Higgs field.
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We can now put all together to give
2 m2 — Mg, /2)°

44
9 g5 cos™ 0z
asym = —— |1
M| |
1 1 (s—4mi+ Mj)?
9(m2 2y _ A2 4 - 7 W
+t—mg((mv+mf) W S 2mE = mE — %)
1 2 5/2(t —u)?* — 4(s — 4m2)(s + M3, /2)
-(1-G -
+5 (1= Gals) L
(t —u) +2(s — 4m2)
-(1-G T
(1= Gofo) L
1 (t —u)(3s — 2mZ — 6m2 + 2M3,)
- 1 _ G 14 T
H G T T )
2(s +m2 — m2)(s — 4m2)
_ 1 _ G 14 T T
R P T [T
(t —u)? MZ 1 s 1
———(1-G —= —— -G — — =
2 —aze LG (g~ ~ G2 3 — 5
ME, (s — 4m2) [ M3 s ?
. — 1= Gy(s) (- — 1
e \ag G Y
m2 —m2 [ M2 s t—u—2(s —4m2)
A — 1= Gy(s)(~— — 1 a
i (i 1 00 - 0)
(m2 — m2)? t—u
14 T 1_ G
Tz oz 0 s
(m —m3)? 2 2
— - 2 S — My /2
M = e o T e~ Mw/2)
(m2—m2)? (s w2 M
M, (t —m3) s +2(mj —mZ — M)
(t—u)? [ M3 s\’
-G 2
s o \a, ~ 97
1 (m2 — m2)? t—u M2 s
-5 2 2 2 5 — Gz(s)7
2 My (t—mp)(s— Mz) \ My, My,
+1 (m2 —m2)* 5 1
1, —m2) \T—m2) * “s 5 2(mE —mZ — M3
Note that to reduce these expressions in terms of only the ¢ variable, we have used
the simple decompositions, i.e. from s+t 4+ u = thg + 2M}, one obtains
! = ! ! + ! (116)
s+ 2mZi-mZ M) \t-mZ u-mi)’
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.2.6 Results for the cross section

We can integrate the matrix element to obtain the cross section in the two cases:

4 ool 2 2 2 22

g5 cos* 0z dmz AMg, 1 (mz —msz)

om(s) = =227 (1 1- 14 e )
Toym(3) 32%(5—47712)\/( s ) ( s U

X (2 — My /20
(s 2 — 2~ 203+ (= DTG,
2
o
M3, (2m2 + 2m2 — M3,)
m2 — m?2 s m2—m?
K 2 _ 3 v T v T
) (2= 3 i
7 s s
Ki(s) (L -2 4 5
FRils) (2 20z, 8M§V)
Ln(s
N 2 () :
V(s —4m2) (s — 4My,)
1 (2m2 +2m2 — 3ME)*  (mZ—m2)* 2m2 +2m2 — 3M3,

(m3 + 3m2 — 2My,

S 2s+2m2—mZ—M2Z)  ME  s+2(m2—mZ—M2)
w1 miom2
M, 4s+2(m2—m2— M2)

where

2 - Mpy) — /G dmd) (s 40,
2 M)+ /(5 — 4m2) (s — 4M)

(117)
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The antisymmetric part gives instead:

4 ood 2 2
g5 cos” 0z dmz 4 My,
asym = 1 1— 118
Tasym(8) 327 (s — 4m2) \/( s ) ( s 8 (118)
s —2m2 + 2m2 + 2M7,
1+(1-G = 5
<L (0= Gl T2

2 (s — 4m32)(2s + Myy)
- (1= G T

| Miy (s — dmz) (M% — 1= Gy(s) (o5 — 1>)2

(s —Mz)? \ My M,
m%—m% M2 S
22 T Z _1-G — -1
+34@<M% Z@u@ Q

(m — m2)?
V—(
M, (s — M3)
(m2—m2? (M3 ;
 M2,(s — M2 — Gl
wis 7) w
(mf/ + m% MI%//2)2
m2(s+m2 —2m2 — 2M%,) + (m2 — M3,)?

(m2 — m2)? 2
X (1 A2 2V ; 2 )
My, (2m3 + 2m3Z — My,

X

—4(1—Gz(s)) (Aﬂj—é—%_%( ( ))>
% - 47?)(2 — (S +(32(—n;12m_ ;j;‘{vvj\);gv) +4(m +m3)

— 920m2 2
LOM2, — (1— Gy(s) s(s —20mz + 8My,)

s — M2
41 -G w T w AL 7
(1~ Gz(s)) S
m2 —m2 [ M3 s ) ) )
_QS_M% M%/—l—GZ(s)(M%/—l) (s —2m2 — 6m3 + 2My,)
(m; —mz2)® 2 2 2
2—————~(1-G 2mg — 2m3 — 2M,
+ MI%/(S—M%)( Z(S>> (S+ mll mT W)
2(”’% —mZ)? s —4m2 + M3,
Mg, s+2(m2 —m2 — M)
(mf —m3)" s + 2mf —mi — M) ( M} s

—m%)‘l 155
My (s +2(mf — m2 — Mﬁv)))} '
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