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1 Introduction

It is well known that the new physics responsible for neutrino masses could also seed the

matter-antimatter asymmetry of the Universe [1]. An interesting question is to what extent

the asymmetry is connected to the CP violating phases in the neutrino mass matrix, that we

can hope to measure in future neutrino experiments. Generically, this connection is rather

loose, because extensions of the Standard Model that can account for neutrino masses

involve CP-violating heavier sectors that contribute to the matter-antimatter asymmetry.

Therefore, unless we can also test experimentally those sectors and determine the CP-

violating phases affecting their dynamics, it is not possible to predict the baryon asymmetry.



The exception to this conclusion is when the simplicity of the model restricts the
number of physical CP-violating phases to be the same as those in the light neutrino mass
matrix. This can happen when the model has naturally minimal flavour violation [2—4],
as happens for example in the Type II seesaw model [5-7|, or in the presence of flavour
symmetries [8-10]. One example of the latter is the minimal Type I seesaw model [11-
14] with two degenerate Majorana neutrinos. The O(2) symmetry of the Majorana mass
matrix is broken by the Yukawa couplings, so the heavy neutrinos are degenerate above
the electroweak phase transition and get a tiny splitting below the transition. It can be
shown that this model can account for the light neutrino masses and only has two physical
CP-violating phases, that can be parametrized by those in the neutrino mass matrix: a
Dirac phase and a Majorana phase.

The generation of the baryon asymmetry has been considered in the minimal Type I
seesaw model in many previous works [15-33], including the degenerate limit [29]. How-
ever, the strong correlations between the baryon asymmetry and CP violating neutrino
observables that exist in this limit have not been clarified. The objective of this paper is
two fold. First, we develop accurate analytical approximations to the baryon asymmetry
in the degenerate limit, following the methods introduced in [33]. This allows us to identify
the relevant CP flavour invariants entering the baryon asymmetry, that can then be easily
written in terms of neutrino observables, notably the CP-violating phase participating in
neutrino oscillations and the Majorana phase of the light neutrino mass matrix. Second, we
study the predictivity of the baryon asymmetry in this model from future measurements:
flavour mixings and masses of the heavy neutral leptons (HNLs), CP violation in neutrino
oscillations and neutrinoless double-beta decay.

The structure of the paper is as follows. In section 2 we introduce the model and
discuss the conditions under which a baryon asymmetry can be generated. This leads
to the identification of distinct washout regimes to which CP flavour invariants can be
associated. In section 3 we derive the leading order CP flavour invariants in terms of
observables. Section 4 is devoted to the analytical solutions of the Boltzmann equations
governing the evolution of the baryon asymmetry and their relation to the CP invariants.
The analytical results are then applied in section 5 to derive robust constraints on the model
parameter space arising from the observed baryon asymmetry. In section 6 we present a
numerical scan of parameter space and show the validity of the analytical approximations.
We discuss in section 7 how measurements of the flavour dependent HNL mixing together
with the determination of the Dirac CP phase are enough to predict both, the Majorana
phase as well as the baryon asymmetry and compare to the non-degenerate scenario. We
conclude in section 8.

2 The model, Sakharov conditions and CP invariants

In this work we focus on the minimal Type I seesaw model which can successfully explain
all neutrino oscillations constraints. It includes two Majorana fermion singlet states N?,
which we will assume to be exactly degenerate before the electroweak phase transition



(EWPT). The renormalizable Lagrangian takes the form

2
L= Ly — ; LOY PN — ;1 %NZCMRz‘jNJ +h.c., (2.1)
where Y is a 3 x 2 complex Yukawa interaction matrix and Mg is a 2 X 2 complex symmetric
matrix with two degenerate eigenvalues. L represents the fermion doublet and ® = igo®*
is the Higgs doublet with a vacuum expectation value of (®) = v = 246/v/2GeV. The
spectrum of this model contains four massive and one massless neutrinos of Majorana
nature, out of which the three lighter are the observed neutrinos and the two heavier are
referred to as HNLs. The light neutrino mass matrix is given by the seesaw formula
—my, =Y Mgy = (Usm Ui)aﬂ , (2.2)
where U, (012,613, 023, 6, ¢) is the PMNS matrix!' describing the light neutrino mixing, and
m is the diagonal matrix of the light neutrino masses. Notice that in this simple case
of degenerate HNL before the EWPT, there are only nine extra parameters beyond the
Standard Model ones. The measured light neutrino mass splittings and mixings fix five
of them, while the Majorana mass scale, i.e. the eigenvalue of the matrix, Mg, one of the
eigenvalues of Y'Y, which generically has two distinct ones, and two complex CP violating
phases of the PMNS matrix (one Dirac CP phase and one Majorana phase) are presently
unconstrained.

Direct and indirect searches for HNL severely constrain their masses below O(100 MeV)
range. The GeV range instead is currently poorly explored experimentally, and future
experiments will be sensitive to a very large fraction of the available parameter space. In
the naive one family approximation the expected interaction strength of the HNLs with
the SM content is expected to be

O ~ VY Mzt ~ O ( A’Z) . (2.3)
This relation suggests that for Mp = O(GeV) the HNLs would be elusive experimentally.
However, for certain textures of Y and Mp this naive estimate breaks down [4, 35-42]. In
particular, this is the case for models which have an unconventional lepton number (LN)
symmetry. Assigning the LN

L(Ny) =—L(Ng) =1 (2.4)

for the HNLs the symmetric texture takes the form [4]

Ye O
0A
Yo = Yu 0f, Mp = (A O) . (25)
yr 0

Such scenarios lead to vanishing neutrinos masses in eq. (2.2), while © is unsuppressed.
Note that in this limit one combination of the sterile states does not couple to leptons, since

!We use the parameterization of the PDG [34].



YTY has a vanishing eigenvalue. As expected from the general LN violating nature of the
Majorana neutrinos, the light neutrino masses are directly proportional to the symmetry
breaking parameters, y/:

yee'Pe ye'se 0 A
Yoi = yue"“"“ yLe'“pl# ) Mg = <A 0) , (2.6)
e et

with ya, ¥, A € RT. The diagonal entries of Mg would also break the symmetry, but also
the degeneracy of the two HNLs. Our interest in this current study, however, is focused on
degenerate HNLs? and therefore we assume no symmetry breaking in Mg.

As mentioned above, to explain neutrino oscillations data not all parameters of eq. (2.6)
are free but are correlated via the seesaw formula of eq. (2.2) which takes the form

— (M) g = ?f (YalyﬂQ + YaoYp1 + O (y’i’)) . (2.7)

We follow the framework presented in [33] to compute analytically the baryon asym-
metry generated in this model by perturbing around the symmetric limit, that is via a
series expansion in the small symmetry breaking parameters y/,. In the following we will
use the quantities y, y' and U?

=2, Y=yl U
(07 o

Note that we neglect the running of the HNL mass matrix elements. A HNL mass

1
52 1O41]2. (2.8)
ol

splitting is generated above the EWPT by T-independent loop corrections and can be
estimated to be [43-45]
Qo

M
5Mloop ~ mpyy/ log (Q) p (29)

where @ is the energy scale and (g is the initial scale for which the splitting is assumed
to be zero. p is defined in eq. (A.6) and eq. (A.4) for inverted hierarchy (IH) and normal
hierarchy (NH) respectively. It will be shown that this loop induced HNL mass splitting is
negligible in the baryon asymmetry generation. Thus, it is sufficient to consider the HNL
mass matrix as given in eq. (2.6).

2.1 Sakharov conditions and weak washout regimes

Every dynamical generation of a net baryon asymmetry has to fulfil certain criteria. These
conditions were first derived by Sakharov [46] and lead to three conditions for successful
baryogenesis named after him:

o Baryon number violation.
e C and CP violation.

e Out of thermal equilibrium dynamics.

2The general scenario of non-degenerate HNLs was studied in [33].



All of them are fulfilled in the model of eq. (2.1). In fact, the baryon number violating
process arises purely from SM dynamics at high temperature. Before the EWPT sphaleron
processes in the electroweak gauge field sector efficiently reshuffle lepton and baryon num-
ber into each other. To fulfil the remaining two conditions and to explain the observed
baryon asymmetry, the HNL interaction with the SM are indispensable. In the mass
range of interest, M = O(GeV), the relevant thermal evolution of the HNLs is of freeze-in
type. The CP-violating Yukawa interactions with the thermal plasma produces the states
N’ via LoH <+ N*, or various different types of 2 < 2 scatterings, with strength Y.
Naively, the out of equilibrium condition of Sakharov therefore bounds the strength of the
HNL plasma interactions in order to prevent full thermalization before sphaleron freeze-
out. This consideration is essential to understand the parameter space compatible with a
baryon asymmetry.

Weak washout modes. In the cosmological context a state is said to be out of thermal
equilibrium if its total interaction strength I' is smaller than the Hubble expansion rate
H,,. In a physical picture this definition compares the average mean free path between two
interactions against the intrinsic expansion of the metric scale at a given moment in time.
At the time of interest, before the EWPT, the Universe can be modelled by a relativistic
plasma which, via the Einstein field equations, leads to

T2
= M;l ,

[ 90
= [ ——— M, 2.11
pl FQg*(T) pl> ( )

and M) = 2.435 x 10'® GeV. We assume the number of thermal relativistic degrees of free-

H,(T) (2.10)

with the re-scaled Planck mass

dom at temperature T to be g.(T') = 106.75 throughout the evolution, that is, we neglect
the HNLs contribution.®> No net baryon asymmetry is possible if all relevant processes
involved in its generation are fast compared to the Hubble expansion rate. The scale of
interest of the baryon number violating processes is the EWPT. Therefore, we can distin-
guish various regimes depending on what modes satisfy this condition at the electroweak
phase transition, Tgw.

The first relevant scale, rather than being a thermalization rate, is related to the time
at which the CP asymmetries can be generated. In the non-degenerate case, My # Mo,
usually considered [15, 16], this scale is given by the HNL vacuum oscillations

Tvac ]\4'22_]\412

0oscC T (2'12)

3The physical expectation is that the baryon asymmetry is linearly proportional to Tew /H,(Tgw) such
that the error induced by neglecting the HNL contribution to g. is always below ~ 3%.



In this model, however, the HNLs are degenerate and the oscillation rate depends on
thermally induced mass differences, more precisely the relevant scale can be estimated as?

Toe ~ pyy'T . (2.13)

The interference between the CP-even oscillation phases and the CP-odd phases in the
helicity conserving interactions lead to a net CP asymmetry. Introducing eq. (2.9) in
eq. (2.12), we can compare the loop induced vacuum oscillation rate with the thermal
oscillation rate given by the above equation as

i 2 <M> <Qo>
Fg};c ~ 5 x 10 T log Q) (2.14)
and thus the loop induced HNL splitting can be safely neglected in our analysis, since in
the regime of interest M < T'.

The first relevant thermalization scale is the one related to the interaction rates of the
HNL. At temperatures such that T > M;, the HNLs can be assumed to be relativistic in
the corresponding processes. In this case the rate is given by

I « Tr[YYT]T. (2.15)

It can be shown that the region of parameter space within experimental reach satisfies
I'(Tew) > Hu(Trw). There are however various states with potentially slow thermalization
rates that could be reservoirs of the freeze-in CP asymmetries.

Firstly, a flavour @ may not thermalize. The interaction rate of flavour « is given by:

YYNaa

FQ(T) X EQF(T), €a = m =

2
Y 27,2
o (y?y?) (2.16)
A flavour hierarchy in the Yukawa couplings can result in a hierarchy in the corresponding
interaction rates and can lead to I'y, < H,, at the EWPT, even if I > H,,.
A second slow mode related to helicity conserving interactions can be found.®> The
corresponding rate is proportional to (we assume M < Tpw):

M 2
TSP o <T) r<rT. (2.17)

In contrast with the non-degenerate case considered in ref. [33], even if all the previous
rates are fast, there is always one slowly thermalizing mode related to the approximate
LN symmetry, eq. (2.5). The symmetry is only broken by the small couplings ¥/, that are
assumed to be perturbative, and therefore the lepton number thermalization rate is

DHY o /2T . (2.18)

4The rate can be estimated as the off-diagonal term of the Hamiltonian, see eq. (4.7), in the basis where
the helicity conserving HNL interactions are diagonal.

°In [33] we referred to this regime as weak lepton number violating, since a standard lepton number
symmetry, with L(N1) = L(N2) = 1, exists in the limit M — 0. To avoid confusion, here we will only refer
to LN as that of eq. (2.4) and the limit M — 0 as helicity violating, following the nomenclature of ref. [47].



Taking into account the constraints from neutrino oscillations, see appendix A, this can be

expressed as
2

~ Y
230202
Comparing to eq. (2.10), it is easy to see that for HNL mixings larger than U? ~ 10~

this rate does not thermalize by the EWPT, independently of the HNL mass. Hence, in
all relevant parameter space this mode can serve as a reservoir for the baryon asymmetry.

Y o 42T T. (2.19)

It is now the task to identify the region of parameter space in which the slow modes
of egs. (2.16) and (2.17) remain out of equilibrium at the EWPT. The result can be seen
in figure 1 in which we show the different regimes on the plane mixing of the HNL, U?,
versus their mass, M, with light neutrino data properly accounted for (see appendix A). For
mixings above the dashed-dotted line, helicity conserving interactions are in equilibrium
at Tgw, that is I'yy > H,. Below the line, they are not. We refer to the regions above or
below the line as strong helicity conservation (sHC) or weak helicity conservation (wHC).

On the other hand, a flavour hierarchy in the Yukawa interactions can lead to

Fo(Tew) < Hu(Tew) < T'(Tew) , (2.20)

for some a = e, u, 7. In figure 1, the red dashed lines indicate the band corresponding to
eq. (2.20). They depend somewhat on the active neutrino mass hierarchy. For parameters
within the band, a flavour direction may remain weakly coupled. We refer to this regime
as flavoured. Note that the band overlaps both with sHC and wHC regimes.

The Sakharov out-of-equilibrium condition is therefore satisfied by one or more modes
in the experimentally accessible parameter space indicated by the region inside the black
dotted line. On the other hand, we explicitly show in appendix B that the asymmetry is
too small to explain the observed value in all the unflavoured regions. That is, inside the
light blue region (above the red dashed band) in figure 1. Therefore, we can focus on just
two regimes:

e Regime 1 — flavoured with wHC.

FNn(Tew), Tm(Tew), Ta(Tew) < Hu(Tew) < IT'(TEw)- (2.21)

e Regime 2 — flavoured with sHC.

FLN(TEW)yra(TEW) < Hu(TEW) < FM(TEw),P(TEw). (2.22)

We will now discuss the flavour-basis independent CP invariants that we expect to be
relevant in each of these regimes.
2.2 CP-violating flavour invariants and baryogenesis

In the limit of AM — 0 the CP invariants considered in [33] vanish exactly. However, non-
zero CP invariants at higher order in the Yukawa couplings exist [48, 49]. In the basis in
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Figure 1. The two different weak washout regimes as discussed in the main text on the plane
(M,U?) for NH (IH) in the left (right) panel. Coloured regiones are excluded by either direct and
indirect probes. White regions fulfil all three Sakharov conditions and a baryon asymmetry can
survive until today. For reference, the region enclosed by the black dotted line marks the sensitivity
region of SHiP [68, 69], MATHUSLA [70] and FCC-ee [71-73].

which the charged lepton Yukawas Y; are diagonal, a non-vanishing contribution at leading
order is

Iy = Im (Tr [YTYM;;YTY*MRYMWYD =34} A, (2.23)
o

where
A, =Im [(YYTYM;YTY*MRYT)W] . (2.24)

Since >, A, = 0, additional flavour effects are necessary to get a baryon asymmetry at this
order. The baryon asymmetry generated in the two washout regimes will be proportional
to different combinations of A,.

Regime 1 — flavoured with wHC. If we assume that there is one weakly coupled
flavour, «, and the others are strongly coupled 5 # «, we expect a contribution to the
asymmetry of the former proportional to A, and a contribution from the latter weighted
by FEl (see [33]), so the net CP asymmetry will be a combination of two contributions,
AN and Ag/[:

1

fw
o = ——o38a, 2.25
Tr (Y1Y)? (2.25)
1 A
Yoa¥=%Y Z (2.26)
B )
iz fze Tr (YTY)? (YY)

where the matching to the analytical solution fixes the normalization factors, as we will
see in section 4.5.

Regime 2 — flavoured with sHC. In this flavoured case we expect the asymmetry to
receive contributions only from the slow flavour, Al in eq. (2.25).



3 CP invariants versus neutrino masses

The CP invariants derived in the previous section can be expressed at leading order in 3’
in terms of the parametrization of eq. (2.6) as

fw 2M2 ;o .
AN = "= YalolUnle sin(Ap, — Apy) (3.1)
oFa
M 2M2 y/ﬁ /s
Ag = —5— Z Yol sin (Aps — App) , (3.2)
Y= Yp o483

with Ap = ¢/ — ¢. On the other hand, the CP invariants can be related to the physi-
cal neutrino masses and other observable HNL parameters using the light neutrino mass

constraint
2

_ _ v —(U*muUt
(m)as = 5 (Ya1Yaz + Ya2Vp1) = (U,,m U,,)QB . (3.3)

The parameters of the right handed neutrino Majorana mass matrix are related to the
physical HNL masses simply by®

The HNL flavour mixings are given by
0" = YoMy'w*, (3.4)

where W is the unitary matrix which diagonalizes Mpg, given by

1 11y ..
W = 7 (_1 1) diag(i, 1). (3.5)

o (%)), »

Note that all CP violation of the model arises from the Dirac (§) and Majorana (¢) phases
encoded in the PMNS matrix.
We will use as free parameters (M, U?,d, ¢). The Yukawa couplings can be written as

This leads to”

1 y2v?
U?=— Ourl* =
2%' o1l = 5

a function of these and the light neutrino mass differences and mixings [4]. The expressions
differ for normal and inverted neutrino hierarchy, and are the same as reported in [33] when
taking the limit of AM — 0. For completeness we include the expressions in appendix A.

®The HNL masses get small corrections after the EWPT from the light neutrino masses that are O(m,,) ~
107 GeV, see egs. (7.9) and (7.10).

"Future colliders will not be able to distinguish the mixings of the two right handed neutrinos present
in this model, but rather are sensitive to their average mixing. For this reason we change the definition of
the mixing with respect to [33].



These relations allow us to express the CP invariants of egs. (2.25)—(2.26) in terms of
observable quantities. We summarize the results at leading order in y’/y and expanding to
leading order in the small light neutrino parameters

ATngol 1
VTl G~ oy — /4] ~ 1071 (3.7)

r=
ATngtm
Normal hierarchy (NH):
M?2Am? T .
Aiw = —2(]2?:;11\[ 013512 SID(5 + gb) , (3.8)
M2Am?2 mVT .
Aff" =-Alv = Mclg sin ¢, (3.9)
rAm2,, )
doAY = th c3ysin(2¢) , (3.10)
Bre
A 2 . _ .
Z Agd _ Ay, TC125128I0¢ 013 sin(d + @) ’ (3.11)
BF#u wWihvr 512
A 2 . .
Z Agl _ Amgyy, Teis128i0¢ + 013 sin(0 + ¢) . (3.12)
B£r 4U4\/77 512
Inverted hierarchy (IH):
M2Am2,  r? )
Aiw = ngn c128128in @, (3.13)
1
AN = Al = —§A£W, (3.14)
Am? r2¢19512 sin ¢
AN = = atm 3.15
/Bge B 2U% 2ci9s12cos¢p — 17 (3.15)
Am2, . r?ciysiysin(29)
% gz:# ’ 2U* 4dcfysi, cos?(¢) — 1 (3.16)

For some regions of parameter space, next-to-leading order corrections in the small
parameters of eq. (3.7) are non negligible, but they can be easily computed introducing
egs. (A.3)—(A.6) in egs. (3.1) and (3.2).

4 Baryon asymmetry: kinetic equations and analytical approximations

4.1 Kinetic equations

The quantum kinetic equations that describe the generation of the baryon asymmetry
have been studied in detail before (see for instance [47] for the complete derivation of the
kinetic equations). We use the same equations as derived in [23], but adding the LNV
corrections to the rates that have been computed in [47]. We have checked that they are

~10 -



equivalent to those in [47], but neglecting the hypercharge chemical potential, which is a
small effect. We consider only the momentum-averaged approximation, which reproduces
the full momentum computation up to O(1) effects in the baryon asymmetry [50, 51].

We work in the basis in which the HNL mass matrix M is diagonal. We define the
normalized heavy neutrino density matrices for the two helicities:

pN PR
rN = —, ry = —, 4.1

PF N pr 1)

where pr(z) = (exp z+1)~! with z = k/T is the Fermi-Dirac distribution. The evolution of

these matrices as a function of the scale factor = a = T~ is dictated by the equations:

dry Q) (sW)
wHy— = = =il(H),rv] - ) Y ry —1} —2? 5 AMYTY "M,y —1}
+HOWIY Y — a2\ ) MY Tyt M
©) @
—%{YTMY, rN}+x2%{MYTMY*M,rN},
dry _ gy, g - SN 7y ()
xHud—;V = —i[(H*),ry] — JQV YTY* rg—1} —a? JQV {MYTYM,ry—1}
—(YINY Ty + 22(s\OYMY Ty M
N K N w
(2) (2)
+—<”2V YTy ey —a? —<8§ LMY Y M
At ©0) (0)
o H, BB La Jepr | o >(YrNYT—Y*r—YT)fx27<SN >(Y*M7~NMYT7YM7“—MYT)
dx S P 2 o 2 o
©)

o (VYT 42250 Y M2YT) 4 szv (VYT Y g ¥ T)

@)
Lo t) pia (YMrgMYT+Y*MryMYT)

: : (4.2)

(676

where H,(T') is the Hubble parameter of eq. (2.10) and p} = dpp/dz. In these equations,
the matrix p = diag(ja) and pi, is the lepton chemical potential in flavour a. pp/3_r, is
related to the approximately conserved charge densities as:

1
NB/3—La = —2MB/3— L, /kP,F = 6#3/3—LQT3~ (4.3)
The relation between the two is
Mo = — Z CaB,uB/S—L[; ) (4'4)
B
where the matrix C' is given by [31]
257 20 20
20 20 257

- 11 -



n | (W D)/T | (s$9(T)/T
0 0.0091 0.0434
1 0.0051 0.0086
2 —0.0022 —0.0165

Table 1. Coefficients in the momentum averaged rates at T = 105 GeV.

The Hamiltonian term is given by

M? 1

oMo YTV Tk 2Lk M \VEG + M2+ ko
N = Vo 0 0g - (47)
16koy/k2 + M2 kG + M2 — Kk

The LNC rates including 1 <» 2 and 2 <> 2 processes have been expanded to linear order

in the leptonic chemical potential:

(ks pie) ~ Y + 4 e (4.8)
while )
7 =P - EENQ. (4.9)
PF

The sy rates are expanded analogously. All the rates are momentum averaged:
(4.10)

The momentum dependent rates haven been derived to great level of detail in [47]. We
will use these rates for our numerical study. Approximate expressions for the momentum
averaged rates are given in [33] and summarized in table 1. Lastly, we define the factor

fk PE _ 9¢(3)
Jx Pe U

=—K. (4.11)

The initial conditions for the system is set by vanishing densities and chemical potentials
at high temperatures, ziy ~ 0.8 The system is then evolved from this initial state until
the electroweak phase transition xgw.

4.2 Perturbative approximation

In order to obtain a perturbative approximation to the solution of the eqs. (4.2) we make
the following approximations: (i) neglect non-linear terms, (ii) z-independent rates (v;, s;)
and (iii) diagonal C' matrix.

8Non-zero initial conditions have been studied e.g. in [52].

- 12 —



In the linearized limit, the quantum kinetic equation (4.2) can be written in the vec-
tor form
dr(z)
dz
where we define the 11—dimensional vector

= A(z)r(z) + h(z), (4.12)

r(z) = ([TN]lb [rn]22, Re([rn]iz), Im([rwliz), [rylin, [rylee, Re([ryliz), Im([rgli2),

HB/3—Les HB/3—L,.> MB/:)HLT) . (4.13)

The matrix A(x) has dimension 11 x 11 and the source vector h(z) has dimension 11 x 1.
Note that both quantities in general depend on z. To find a general perturbative solution
of eq. (4.12) we proceed by expanding around the small parameters y' and M?>

A(z) = Ao + Ai(z) + Oy, (M?)?), (4.14)

h(z) = ho + hi(z) + O(y?, (M?)?), (4.15)

where Ay, h, = O(y™,(M?)"). Tt is easy to show that at leading order A and h are
z-independent. The matrix Ay can be diagonalized

Ao =VoroVy ', (4.16)

in which we denote the eigenvector matrix of Ay as Vy and with Ay the diagonal eigenvalue
matrix. We note that contrary to the problem considered in [33] the eigenvectors are z-
independent. Therefore, the adiabatic approximation developed in [33] is exact and reduces
to the standard perturbative approach. It is then convenient to define the left and right
matrix fundamentals

go=Voe'o, g =NV, (4.17)
with .
Ao(z) = / dz Xo(2) . (4.18)
0
At leading order the result can be expressed as
O = gy() /0 dz ¢u(2)ho(2) = de(@) Lo (x) (4.19)
The appearing 1-dimensional integral can be evaluated analytically for n € N and yields
x lea n _1)n+i o
n_a+pBt __ n-c Bx ( i,
/Odtte = Gurt <1+e ;71' 5a:>. (4.20)
At first order in the perturbations of 4/ and M? the correction satisfies the equation
(1
dg — Agr W 4 A 4 py (4.21)
x

Its solution is found by
r) = ¢y(z) /O "2 [64(2) A1 (2)be() o (2) + () (2)] (4.22)

To evaluate the integral of eq. (4.22) we can, again, use eq. (4.20). Higher order corrections
are obtained in the same manner. The first non-zero contribution to the asymmetry arises
at third order and is of O(y?M?), as expected from the CP invariant discussion.
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4.3 Thermalization rates

Let us now look at the thermalization rates. For the quantum kinetic equation of the
system as expressed in eq. (4.12), the thermalization rates are given by the real parts of
the time integrated eigenvalues of A(z). It is actually easy to show that for x — oo the
system reaches statistical thermal equilibrium, i.e.

xhi& r(x)=(1,1,0,0,1,1,0,0,0,0,0), (4.23)

because all eigenvalues of A have negative real parts. As naively expected by eq. (4.17)
and eq. (4.19) this limit is approached exponentially fast, i.e.

o e M) = exp (— /Ox dz| Re(/\i(z))\) , (4.24)

with \; the eigenvalues of A(z). To explicitly evaluate this expression it is convenient to
normalize x such that at T = Tgw we have xgpw = 1 and introduce the variables

() M} (s®) Mp, ca Mp Mg o o Tiw
P = , 8 = , = — , = —L (4.2
T Tow T Tew 2= 8 Ty M TEW<VN o e (42)
with
__m 4.26

The momentum average of the mass dependent thermal mass contribution to the Hamil-
tonian, see eq. (4.7), can be approximated as [29]

M? M? M
VMY ~ 2220 25% 1072 (3.5 —0.471og [ ——2% | +3.4610 <m> ) 4.27
(V) 2, ( g (Téw e\ Tow (4.27)

Therefore, wy is at leading order x- and M-independent and is approximately

M ,
Wy~ —1-8.75 x 1072 (4.28)
EW

The largest real part corresponds to the fastest thermalization rate, that we can identify

with I™:
Tr

A () — /0 " dz Max(| Re(A(2))]) = 1270 = /0 "z o (4.29)

In the testable parameter space, A™**(xgw) > 1. Of more interest, however, are the
thermalization rates associated to the regimes discussed in section 2.1. These are in general
associated to the eigenvalues with the smallest real part. Full thermalization is prevented
when one the slow modes satisfies

Aj(zpw) <1 (4.30)

We discuss in the following the three slow modes of the system ¢ = («, M, LN).
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In the flavoured weak washout region, a slow mode remains in flavour « provided there
is a hierarchy in the yukawas e, = yo/y < 1. The slow rate of the flavoured weak washout
regime is identified from the corresponding eigenvalue

6 3 M /Tew)?s123 z T
Ao(z) = (6050 + 71506 + Y051%) (312 + (M/Tew) 512 )/s 2 E/ dz a(?) (4.31)
6 (4’)/080 + Y180k + ’7051!6) u(z
The boundary of the weak flavour washout region is therefore
Aa(JJEw) = 1, (4.32)

The condition for the less coupled flavour defines the upper limit of the dashed band in
figure 1. Note that for small helicity conserving rates eq. (4.31) can be approximated by

3
Ay(x) ~ Zyim’ylx, (4.33)

which is a useful estimate for most of the range of masses considered here.
The second slow mode is related to the helicity conserving oc M /T interaction rates.
The corresponding eigenvalue is

1 M2 slow
Am(z) = 3 T]gzzwx s0y° / dz (4.34)
The boundary of the wHC/sHC regions (dashed-dotted line in figure 1) is defined by the

condition

The last slow mode is associated to the breaking of the generalized LN with the as-
signment given in eq. (2.5). Because the two HNLs are assumed to be exactly degenerate
the slow mode is only non-zero when including 1/. Indeed one finds

OW( )

Fsl
Aux() = yy00 = / T (4.36)

The boundary is again defined by
Arn(zew) = 1. (4.37)

4.4 Projection method for strong helicity conserving interactions

The perturbative approximation assumes an expansion in M /T, which means that it is
valid only for times, x, such that T'y(x) < Hy(x), or Apm(z) < 1. This means that
the perturbative approach is valid for x < xgpw within the wHC regimes, flavoured or
unflavoured, but not in the sHC ones.

In the latter case, a good approximation can be obtained as follows. We evolve the
perturbative solution up to some xy such that Ayi(zy) = 1. Using eq. (4.34) we find

1/3
_ ([ 3Tw
TN = <M250y2> . (4.38)
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For z > x)1 the asymmetry reaches a quasi stationary solution. The final baryon asymmetry
can therefore be obtained by projecting the solution vector 7y (xy) onto the approximate
zero mode of the slow flavour a.. This can be done as follows. Let us denote by v; (w;) the
right (left) eigenvectors of A, which satisfy the orthonormality relation w;-r vj = &;5. If at
the times z > 2\ all modes are strongly coupled to the plasma except one mode,” we can
denote with vy (wg) the right (left) eigenvectors of this weakly coupled mode. Then, the
solution at x > x); can be approximated by

r(z) ~ (wg . T(xM)) Vo - (4.39)

If there are more modes, the result is the sum of the projection on each zero mode.
More details on the derivation of eq. (4.39) can be found in [33].

4.5 Analytical results

All analytical results are expressed in terms of the CP invariants as derived in section 3.
In terms of the parameters of eq. (2.6) they are given in egs. (3.1)—(3.2). Their relation to
physical observable quantities is given in egs. (3.8)—(3.12) (egs. (3.13)—(3.16)) for NH (IH).

4.5.1 Regime 1 — flavoured wHC

As long as I'v(Tew) < Hy(Tgw), the perturbative solution is a good approximation at
any ¢ < zgw. This condition is satisfied in regime 1. The result for the late time B — L
chemical potentials at x is

2 fw
T 4ok (sow + Yown) NKTA, M
> HB3-L, = — +23 AF, (4.40)
= T2y (o + mm)(F +402) |~ 3 &z

This result nicely matches the expectation of eqs. (2.25) and (2.26). If two flavour (aq, ag)
happen to be slow, we can use the same formula and just replace (4y0+71k) — (270 +71K)
and sum over the slow flavours.

4.5.2 Regime 2 — flavoured sHC

Contrary to the previous regime we now have I'vi(Tgw) > Hy(Tew). The perturbative
solution is evolved until zys, defined in eq. (4.38), and then projected onto the slow mode(s).
We find that the projection on the LN mode vanishes at O(y?) and is therefore negligible,
but there is a contribution from the slow o mode. The result for the late time B — L

chemical potentials is

1 8v0k% (1150 + Y051) (Sow + Yowm ) AW
a )

3
E B-L = - 4.41
o HB~Lass MT2w 6(47050 + V1505 + Y0516) (V3 + 4w?) (4.41)

For the scenario with two slow flavour (aq,as) we can use the same formula but replacing
Al 125 Al

9This will be in practice the slow flavour mode « if it exists. Even though the LN mode is always weakly
coupled, the asymmetry in this mode is exactly zero at order (’)(y’2) and therefore we neglect it here.
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4.5.3 Relating to the baryon asymmetry

The analytical solutions for the B — L chemical potentials derived above are directly related
to the baryon asymmetry. If one assumes the sphaleron rate to be suppressed instanta-
neously at T = Tgw, it is a well known result that [53, 54]

VS~ 126 x 107> ppsor, - (4.42)
(6%

This approximation is sufficiently good as long as one mode remains weak, which all our
analytical solutions assume. On the other hand, if all relevant modes enter the strong
washout close to xgw, the final baryon asymmetry becomes sensitive to the exact dy-
namics of the EWPT. In particular, employing a gradual freeze-out of the sphalerons, the
prediction for the baryon asymmetry can differ up to O(10) compared to the naive estimate
of eq. (4.42) [33, 55]. This is mainly due to two effects: (i) it restrains the impact of the
significant growth of the helicity conserving rates within the broken Higgs phase on the
baryon asymmetry and (ii) it leads to a general reduction of the washout of the asymmetry.
For the numerical analysis we have implemented the smooth freeze-out of the sphalerons
as outlined in [55]. Finally, we quote the experimentally measured value of the baryon
asymmetry [56] that we have used

Y5® = (8.66 +0.05) x 1071, (4.43)

4.6 Analytical results versus numerical solutions

The analytical solutions above are leading order asymptotic solutions for >, up/3_r,. To
verify the accuracy of the analytical solutions we compare them to the numerical solutions
for the differential equations obtained under two separate conditions: (i) under the same
approximations (i.e. linearized, constant rates and diagonal C'), and (ii) without any ap-
proximation. This is most easily done by using the parametrization of eq. (2.6), which does
not include the constraints from neutrino oscillations data. The inclusion of the latter just
lead to non-linearly correlated Yukawa couplings (see eq. (3.3)), but does not change any-
thing qualitatively. In table 2 we summarize the chosen model parameters corresponding
to the two regimes.

In figure 2 we show the comparison of the analytical solution and the two numerical
approximations. We see that the analytical solution nicely reproduces the large-z depen-
dence of the numerical solution under the same approximations,'? while it reproduces the
full numerical solution within a O(1) uncertainty in the wHC regime (left panel). The
deviation is mainly due to the assumption of constant rates in the analytical approach.
In particular, the full temperature dependent rates show a strong enhancement near the
EWPT, which, however, is partially absorbed by the smooth sphaleron freeze-out, for a
detailed discussion see [33]. On the other hand, in the sHC regime (right panel) the asym-
metry reaches a quasi-stationary state at temperatures above the EWPT and the final

10The simple solutions we quote assume that all the modes that satisfied A;(zgw) > 1, are fully washout.
Of course this might not be the case at * < xrw, so we do not expect the results to match the numerical
solution at early times. The perturbative solution does provide accurate results in this regime but the
expressions would be too long and not illuminating.
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Regime | M/GeV  logig(ye) logio(yu) logio(yr) 10g10(ya) Ape Apu  Apr
1 (wHC) 1 —7.2 —6 —5.7 =75 w/2 7w/3 7w/4
2 (sHC) | 100 —7.2 —6 —5.8 -8 /2 w3 w/4

Table 2. Model parameters for the comparison between the analytical and numerical solutions
shown in figure 2 for the regimes as labelled in figure 1 and defined in egs. (2.21)—(2.22).

109 ; 107 g
= <
5/(\])\ wHC }/7(,|)\ =2 sHC
10710 L B ] 10710 L B e
10711 L 10711 L
N N
10712 L 10712 L
10-3L - analytic 10-18 - analytic 1
----- numeric approx s+ numeric approx.
RSy numeric full ; numeric full
10714 P= 2R L 10—14 L
0.01 0.1 1 0.01 0.1 1
T = TEW / T T = TEW/ T

Figure 2. Comparison of analytical and numerical solutions in the wHC (left) and sHC (right)
regimes for the parameters of table 2. The corresponding analytical solutions of eq. (4.40) and
eq. (4.41) are shown in dashed blue. In solid (dotted) black we show the corresponding numerical
solutions of the full (approximate) system, see main text. The vertical grey line in the right panel
indicates the projection time when AM = 1 given by eq. (4.38). For reference, we indicate the
observed value of the baryon asymmetry with the horizontal blue band.

result is insensitive to the variation of the rates later on, so the approximation is more
reliable. This is actually the regime that can be tested at FCC-ee (see figure 1).

5 Parameter constraints from the baryon asymmetry

The analytical results of the previous section predict the baryon asymmetry in terms of
observable parameters. In particular, the asymmetry can be expressed as a function of the
HNL mass M, its mixing U? and the two CP-violating phases (d, ¢). It is therefore natural
to ask what constraints successful baryogenesis imposes on these observables. In this
section we address this question. All the findings will then be compared in the next section
to the full numerical analysis. For concreteness, we will use the instantaneous sphaleron
freeze-out approximation of eq. (4.42) and evaluate the interaction rates at 7 = 10° GeV
for M = 1GeV, see table 1.

Successful baryogenesis in the regime I'(Tgw) > H,(Tew) requires a flavour hierarchy
in the Yukawas.!! This means that (at least) one flavour has to remain out of equilibrium
at xgw, while at the same time having at least one strongly coupled flavour. The corre-
sponding modes therefore need to fulfil Ay (zrpw) < 1A Ag(zpw) > 1, see eq. (4.31), for

"Eor the derivation showing that the asymmetry can not be explained in the unflavoured region, see
appendix B.
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Figure 3. Contour regions of €, for the relevant flavours in NH (IH) in the left (right) panel. Left:
the dark (light) blue regions correspond to €, < 0.01 (e, < 0.05). Right: two flavours are relevant,
the p and the 7. The dark (light) blue regions correspond to €, < 0.03 (¢, < 0.07) and the dark
(light) red regions correspond to e, < 0.03 (e, < 0.07).

some flavours «, . This leads to the necessary, but not sufficient, condition

1GeV\2 1 1GeV\2 1
107? <pU?<107? < ) ) 1
0 ( M > Max(€eq) ™ vrs 1o M Min(ey) (5-1)

€a = y2/y* depends only on the PMNS parameters and in particular the unknown CP
phases, (d, ). Its minimum is given by

Min(ee)nm =~ Min(e;)m ~ 10 x Min(e, ) ~ 5 x 1073, (5.2)

The maximum has only a mild dependence on the light neutrino mass hierarchy and is
in both cases O(1). This defines the region between the red dashed lines in figure 1. In
figure 3, we show contour lines of small values of ¢, for the relevant flavours both in NH
and IH. The generation of the baryon asymmetry inside the region defined in eq. (5.1)
depends on whether the helicity conserving rates are weak (regime 1) or strong (regime 2).

5.1 Regime 1 — flavoured wHC

To prevent the helicity conserving interactions from equilibrating, Ay (zpw) < 1, see

eq. (4.34), the HNL mixing needs to obey

1GeV\*

b I 5.3
) (53)
This corresponds to the HNL mixing being below the blue dashed-dotted line in the figure 1.

U2§1><10_6(

Using eq. (4.40) the baryon asymmetry, together with the CP invariants from egs. (3.8)—
(3.12) (egs. (3.13)—(3.16)) for NH (IH) can be expressed as

M\N\%2/1 1\2_
Yp=-32x10"% <@> (W) A 14%x107%8 (W) £ (5.4)

~19 —



The functions fi and £ encode dependence of the CP invariants on the PMNS parameters.
fH for the relevant flavour can be obtained from eq. (3.8) and eq. (3.14) for NH and IH
respectively:

2
r . r .
chH = —\2[913812 sin(d + ¢), f}ILH = fiH = g s sin ¢ . (5.5)

And fI for the relevant flavour are obtained from eq. (3.10) (eq. (3.16)) for NH (IH):

22 2 .
N _ T o2 . FIH s 1 TecTystysin(29)
fe 2012 Sln( (b)v fli fT 246%28%2 COSQ(¢) 1

(5.6)

This implies that successful baryogenesis represents a tight constraint on the CP violating
phases ¢ and ¢. For fixed M and U? the CP phases are on one hand constrained to explain
the observed asymmetry via eq. (5.4) and on the other hand they are constrained by the
condition Ay (zpw) < 1 A Ag(zpw) > 1. The latter conditions requires to minimize €,. It
is an interesting coincidence that for IH min(e,) is achieved for CP conserving values of
the Dirac and Majorana phase. This leads to fiH, ﬁH — 0, see figure 3 and eqgs. (5.5)
and (5.6). The requirement of Yz > 0 and U? > 0 leads to the following constraint

() (52" 2 3072 (57)

This condition can be fulfilled in two ways, (i) a significant suppression of ff or (i) f <0
The former case corresponds to a significant tuning of the CP phases (J, ¢), while the latter
case is realizable in a much more extended phase space of (9, ¢). Therefore, for the masses
of interest, M = O(1 GeV), the asymmetry is most probably dominated by folf Hence,
the mixing of the HNLs which can lead to successful baryogenesis is not only constrained
by light neutrino data via eq. (5.1). Rather, the value of the observed asymmetry sets a
stronger constraint on U? as well as on the CP phases.

The upper bound on U? can be found as follows. For fixed M, increase U? as long as
(i) at least for some value of (d,¢) one flavour remains weak at zgpw, that is Ay (zpw) < 1
(see eq. (4.31)), and (ii) the very same phases are compatible with Yz > Y3P (using
eq. (5.4)). Additionally, we demand that when two flavours « and § are in different regimes
Ao(zpw) < 1 and Ag(zgw) > 1, they also satisfy Ag(xrw) — Aa(zgw) > 1. This ensures
that the flavour f is sufficiently strong with respect to « in order to guarantee the validity
of the analytical expressions derived in egs. (4.40)—(4.41). The so found upper bound is
shown in figure 4.

5.2 Regime 2 — flavoured sHC

This regime is defined by having the helicity conserving interactions in thermal equilibrium,
Am(zew) > 1, see eq. (4.34). This requires mixings of

1GeV>4 ’ (5.8)

U?>1 10—6(
-~ 1X Vi

while being inside the range defined in eq. (5.1). In figure 1 this corresponds to the
region above the blue dashed-dotted line and within the red dashed band. Therefore, it is

—90 —



log1o(M/GeV)  logio(y) 0 ¢
[—1,2] [-8,—4] [0,27) [0,2m)

Table 3. Priors for the nested sampling.

10210((]2)
logo(U?)

0.0 0.5 1.0 15 2.0 0.0 0.5 1.0 15
log,o(M/GeV) log,o(M/GeV)

Figure 4. Points leading to the observed baryon asymmetry for NH (IH) in the left (right) panel.
The red band indicates the analytical upper bound including a factor of two uncertainty in the final
analytical result of Yp.

exclusively tested by FCC-ee The asymmetry is given by eq. (4.41) and when including the
CP invariants of egs. (3.8)—(3.9) (egs. (3.13)—(3.14)) for NH (IH) it can be expressed as

2 1 2
Y =—-1.5x10"% (GAZV> <U2> . (5.9)

The angular function fL is defined in eq. (5.5). Note that in this regime, for both IH and
NH the limit ¢, — min(e,) suppresses Yp, since it implies that fg — 0 for the relevant
slow flavours. The upper bounds on the mixing compatible with baryogenesis can be found
with the same strategy as outlined in the previous paragraph (see discussion after eq. (5.7))
and are shown in figure 4.

6 Numerical results: parameter scan

We numerically scan the parameter space to identify the regions in which the observed
baryon asymmetry can be explained. The analysis focuses on scenarios with ezactly degen-
erate HNLs. Therefore, the complete parameter space is described by only four indepen-
dent parameters that we choose as: the common mass M of the HNLs, y (or, equivalently,
U?) and the two PMNS CP phases (6, ¢). Future experiments as SHiP, MATHUSLA and
FCC-ee will be sensitive to HNL masses in the range 0.3 < M/GeV < 100. Because we are
interested in identifying correlations between the baryon asymmetry and other observables,
such as the masses and mixings of the HNLs, the numerical analysis focuses on this mass
range. We agnostically choose linearly flat priors in the two angles and logarithmically flat
in M and y. The exact ranges are summarized in table 3. Having set the prior volume, we
can perform a nested sampling from the log-likelihood

1 (Y (1 —-Y5?
logl =—— ( 5 (Tew) = Vp ) . (6.1)
2 O-YEXP
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We use amigs [57], a numerical software which we make publicly available on GitHUb 0,12
and implement it into the software UltraNest [58]. The result is shown in figure 4. In the
same figure, the red line indicates the analytical upper bound on successful baryogenesis
in the model obtained in section 5.1. The upper bound nicely reproduces the results of the
scan when the approximate numerical solution (i.e. with constant rates) is used but the
agreement is slightly worse with the full numerical solution. The red band corresponds to
a factor of two uncertainty in the value of Y5 used to obtain the upper bound. This should
account for the uncertainty arising from the varying interaction rates. We further indicate
in blue the region for which the perturbative expansion around the symmetric LN texture
of eq. (2.5) breaks down. This only happens for the smallest mixings and is therefore not
of particular interest to our analysis.

We see that only FCC-ee is sensitive to the parameter space which can explain the
observed baryon asymmetry in the model. In particular, only the regime with strong
helicity conserving interactions will be probed. Note that in this regime our analytical
solutions are particularly robust, as discussed in section 4.6. The analytical and numerical
results show that the parameter space for successful baryogenesis in the model is far more
restricted than naively expected from the CP invariants of egs. (3.1)—(3.2). In particular,
the generated asymmetry is given by eq. (4.41), which only depends on the CP invariant of
eq. (3.1). This leads to the parametrical dependence on the CP violating phases as given in
eq. (5.5), which differ in NH and IH. The constraints on the phases are shown in figure 5.
On the other hand, the constraints on the phases also emerge as constraints on the flavour
dependent mixings of the HNLs, which can be parametrized by

B

|@a1’

(6.2)

The result is shown in the ternary plot of figure 6. Especially in the IH scenario the
constraint from the baryon asymmetry on the flavour ratio is apparent. The requirement
¢ <, see eq. (5.9) together with eq. (5.5), selects |UZ| > |UZ_|.

We note that the baryon asymmetry depends strongly on the exact HNL interaction
rates and therefore uncertainties in the latter induce a large uncertainty in the constraints
on HNL (flavour) mixings derived from successful baryogenesis.

7 Predicting the baryon asymmetry

In this section we show how laboratory measurements at future colliders and neutrino
oscillations facilities can be used to predict the baryon asymmetry and the neutrinoless
double-beta decay rate. From the analytical formulae for the baryon asymmetry we see
that it can break the degeneracies in the CP violating phases that remain from measuring
the HNL mass and its flavour mixings. Furthermore, when we include the measurement
of the Dirac CP phase, all the free parameters of the model can be determined. In the
following and for the rest of the section we assume two benchmark points for NH and IH

2https://github. com/stefanmarinus/amigs.
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Figure 5. Points in the (4, ¢) plane from a numerical scan leading to the observed baryon asym-
metry for NH (IH) in the left (right) panel, with mixings in the sensitivity reach of FCC-ee. Left:
the grey region is obtained by solving for fN < 0, see eq. (5.5) together with eq. (5.9). The slow
flavour condition, €, < 1, does not set any additional constraint. Right: the dashed and solid blue
lines are obtained by solving for €, = 1/5 and e, = 1/5, respectively. The grey region leads to the

wrong sign in the baryon asymmetry derived from eq. (5.5) together with eq. (5.9).

U2/

Figure 6. Ternary plot of points from a numerical scan leading to the observed baryon asymmetry
for NH (IH) in blue (red), with mixings in the sensitivity reach of FCC-ee. The enclosed region is
the allowed region by neutrino oscillations data.
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Mtrue/GeV (Ug)true (Uﬁ)true (Ug)true gtrue /rad

NH 31.60 2.843 x 10712 1.087 x 10711 1.234 x 10~ 11 5.396
H 20.731 3.291 x 1071 4.823 x 10712 3.465 x 10712 5.402

Table 4. Measurable neutrino parameters for two benchmark points that reproduce the baryon
asymmetry.

that reproduce the baryon asymmetry and lead to the measurable neutrino parameters
in table 4.

Measurement of M and Ug. The exact expressions for the flavour dependent HNL
mixings are somewhat lengthy. We can get accurate simpler expressions by expanding in
the small parameters

AmZol / 1
rzi~013~523£923—7r/4~y/y~10*. (71)
ATnatm
The result is
U2/U? ~ 2\/rf13512cos (6 + ¢) + rs2y (7.2)
1
U JU? ~ 3 [1 + 2093 — 1879 + 2v/T¢19 cOS ¢] : (7.3)
1
U?)U? ~ B [1 — 2093 — 7579 — 24/TC13 COS gb] , (7.4)
for NH and
1
U?/U? ~ 3 [1 4 sin(26012) cos ¢] , (7.5)
1 . . .
UIE/U2 ~ 7 [(1 — 2023)(1 — sin 2612 cos @) — 2613 sin § sin ¢
—2c0s 2012013 cos d cos @] (7.6)

1
U?/U? ~ 1 [(1 4 2d23)(1 — sin 26015 cos @) + 2613 sin d sin ¢
+ 2 cos 26012013 cos d cos @] (7.7)

for IH. It is clear from these expressions that a measurement of the HNL mass and its flavour
dependent mixings can constrain both, the Dirac § and Majorana ¢, CP violating phases of
the model [23, 59]. This can be visualized with isocurvature lines of Ug/Ug, with 8 = {u, 7},
projected on the plane of (§,¢), as shown in figure 7. We assume a 1% error in the
determination of U€27 . and a 10% error for U2. We see that only a measurement of all three
individual flavour mixings can significantly constraint both CP phases. In particular, for
NH and IH such a measurement can predict (d, ¢) up to a fourfold degeneracy. Demanding
that the observed baryon asymmetry should be explained reduces the degeneracy and
predicts two values of each CP phase. On the other hand, the Dirac CP phase will be
measured at neutrino oscillations facilites which then will point to a unique value of the
Majorana CP phase predicted by the model.
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Figure 7. Isocurvature lines of eqs. (7.2)—(7.7) for an assumed flavour dependent mixing measured
as given in table 4. NH is shown on the left and IH on the right panel. The black (red) lines
represent the constraints from a measurement of U2 /U, 3(U62 JU2) with a 1% error. The blue band
represents the constraints from a measurement of U2 /U2 with a 10% uncertainty. The grey regions
lead to the wrong sign in the asymmetry generations, see eq. (5.5).

Measurement of M, Ug and 4. We add now to the previous assumption concerning
the measurement of the HNL mass and mixings the measurement of the ¢ phase. The
expected uncertainty is § depends on the true value of the parameter. For the value in
table 4, we assume the conservative estimate of a relative precision of 15° for a run time
of 10 years [60]. No additional measurement is in principle necessary to fix the Majorana
phase ¢, the baryon asymmetry and the amplitude for neutrinoless double-beta decay.
Conversely, a putative measurement of neutrinoless double-beta decay can add important
constraints on ¢. The amplitude for the latter process depends on the combination of
neutrino parameters mgg, that in the model considered is well approximated by

meg=| Y (U)Zmal (7.8)
i=light

In figure 8 we show the prediction for mgg and Yp from putative measurements of
(i) (M,U2,02), (i) (M,U2,U2,U?) and (iii) (M,U2,U%,U2,5), with the assumed exper-
imental uncertainties indicated in the plot.'®> We see how the collection of such measure-
ments predict both mgg and Yp.

Measurement of HNL oscillations. In the minimal model considered here the heavy
neutrinos are completely degenerate before the EWPT. A mass splitting proportional to
the Yukawa couplings is generated after EWPT when the Higgs develops its vacuum ex-

13The error on the matrix elements for neutrinoless double-beta decay has not been included.
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Figure 8. Result of a numerical likelihood inference in the case of a measurement of (M,U2,U 5)
(top), (M,UZ,U%,U?) (middle) and (M,UZ,U:,UZ,d) (bottom), with the true values and errors
given in table 4. All plots show the correlation between § (left panel) and mgg (right panel) with the
baryon asymmetry. The blue regions represent the NH case and the red regions the TH. The green
vertical line represents the observed value of the asymmetry. The red and blue dashed horizontal
lines in the right panel indicate the range of mgg predicted by the model with current neutrino

oscillations data.
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pectation value. In particular, the HNL splitting is given by [61-65]

AMyu = |mg| — |me| = \/Amfm - \/Amgoh (7.9)
AMmy = [ma| = [m| = \/Amgtm - \/Amgtm —AmZ, (7.10)

up to one loop corrections. In principle these small splittings are in the right ballpark for
the observation of HNL oscillations, which roughly requires I' ~ AM. However, imposing
this condition, we find that the region of the parameter space in which this is fulfilled lies
above the region of the U? vs. M plain in which the baryon asymmetry can be successfully
generated. This means that a signal associated to HNL oscillations in colliders would
exclude this minimal mechanism for the baryon asymmetry generation. Conversely, AM >
I' is satisfied for the part of the parameter space compatible with the observed baryon
asymmetry and, thus, a LN-violating signal from the HNL decay would be potentially
observed at FCC-ee [64, 66]. The measurement of such a signal would provide a powerful
test of the scenario and add complementary information to the measurements already
considered above.

Degenerate vs. non-degenerate case. As we have seen above, a measurement of HNL
oscillations would exclude this minimal model as the origin of the baryon asymmetry. An
interesting related question is whether it is experimentally possible to discern the model
with exactly degenerate HNLs from the general case with a non-zero HNL mass splitting,
if both successfully generate the baryon asymmetry. Note that once the HNLs are non-
degenerate, besides their mass splitting AM, there is an additional degree of freedom in
the theory: a new CP-violating phase 6 appears, which is associated to the breaking of LN
in the heavy sector. In order to understand this issue, we have considered two benchmark
points for NH and IH that lead to the measured parameters in table 4 with the same
precision considered above. Scanning over the six free parameters of the non-degenerate
model, we show in figure 9 the projection of the points in the plane (AM/M;,0) which
successfully explain the observed value of the baryon asymmetry. Three observations are in
order. First, for values of AM/M; < 5x 1071 the baryon asymmetry becomes independent
of the high-scale phase 6. This indicates that the generation of the baryon asymmetry is
dominated by the thermally induced HNL mass splitting in this range and the results
derived within the degenerate limit apply. Secondly, another densely populated region
with HNL mass splittings AM/M; ~ 10=% (1073) for NH (IH) can explain the observed
baryon asymmetry for any 6 within the range 0 < 6 < 7 (2.1 < 0 < 5.2) for NH (IH). Values
of 6 outside of this range will lead to a wrong sign in the baryon asymmetry, see ref. [33].
Finally, for mass splittings in between these two limits, the asymmetry can be generated
only for fine-tuned values of §. This happens at the limit of the previously mentioned ranges
of 6. The reason is the following. If a set of parameters (Mji,y, d, ¢) successfully explains
the baryon asymmetry with degenerate HNLs, then typically the same set of parameters
in the non-degenerate case significantly overshoots the asymmetry. This overshooting can
only be compensated by adjusting 6 in order to suppress the corresponding CP invariants,
see ref. [33]. Within the assumed experimental accuracy, a measurement of (M,U2 §) is
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Figure 9. Points leading to the observed baryon asymmetry in the non-degenerate scenario for
NH (left panel) and TH (right panel) assuming the same putative measurement of the neutrino
parameters as in the bottom panel of figure 8.

therefore not sufficient to disentangle whether the baryon asymmetry is produced with
degenerate or non-degenerate HNLs. However, if the precision in the determination of the
mass splitting would be improved to reach the level of the large AM solutions, but only an
upper bound is found, then this could indicate that a successful explanation of the baryon
asymmetry requires degenerate neutrinos.

8 Conclusion

We studied the minimal Type I seesaw model with two singlet fermions (HNLs) which
are exactly degenerate above the electroweak phase transition. This limit is interesting
because the CP violation is fully encoded in the phases of the PMNS matrix. In particular,
we focused on the generation of the baryon asymmetry within the model for HNL masses
below the Standard Model electroweak scale. This region of parameter space is specially
interesting because it can be tested in future experiments as SHiP, MATHUSLA and FCC-
ee, as long as the model leads to HNL mixings beyond the naive see saw expectation
U? > m,/M. Such mixings are achieved via an underlying lepton number symmetry,
which we assume to be broken only by small Yukawa interactions. This is commonly
referred to as the linear seesaw limit [40, 67]. We can use this approximate symmetry
to perturbatively solve for the baryon asymmetry. The exact parameter dependence can
be revealed by expressing the analytical solution in terms of CP invariants. This allows
to directly relate the baryon asymmetry to the neutrino parameters: the HNL mass and
mixings as well as the CP violating phases of the PMNS matrix.

We find that the observed baryon asymmetry is only compatible with significant flavour
hierarchies in the Yukawa interactions, which restrict the CP violating phases, see figures 3
and 5. In particular, in the inverted hierarchy case we find that the maximal flavour
hierarchy is achieved for CP conserving values of the Dirac and Majorana phases, where
the baryon asymmetry vanishes. This non-trivial interplay between the baryon asymmetry
and the flavour structure of the model leads to a surprisingly restrictive upper bound on
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the HNL mixing for which the observed baryon asymmetry can be explained, see figure 4.
Similar conclusions also apply to the normal hierarchy scenario.

We further show that the baryon asymmetry can be predicted from laboratory mea-
surements of the HNL mass and mixings, combined with an accurate determination of CP
violation in neutrino oscillations. Additional constraints come from neutrinoless double
beta decay searches. We explicitly demonstrate the prediction of the baryon asymmetry
as well as the rate of neutrinoless double beta decay from a sequence of measurements of
different flavour mixings and the Dirac phase, see figure 8.

Acknowledgments

We thank Claudia Hagedorn and Juraj Klarié¢ for useful discussions. We also thank James
M. Cline and Filipe Joaquim for useful feedback on the previous version of the manuscript.
This work was partially supported by the EU H2020 research and innovation programme
under the MSC grant agreement No 860881-HIDDeN, and the Staff Exchange grant agree-
ment No-101086085-ASYMMETRY, as well as by the Spanish Ministerio de Ciencia e Inno-
vacion project PID2020-113644GB-100, the Spanish Research Agency (Agencia Estatal de
Investigacion) through the project CNS2022-136013 and by Generalitat Valenciana through
the “plan GenT” program (CIDEGENT/2018/019) and grant PROMETEO,/2019/083.
The work of SS received the support of a fellowship from “la Caixa” Foundation (ID
100010434) with fellowship code LCF/BQ/DI19/11730034. SS also thanks the CERN
theory group, the Lawrence Berkeley National Laboratory and the Berkeley Center for
Theoretical Physics for hospitality.

A Constraints from light neutrino data

In this appendix we quote the structure of the Yukawa matrices for the normal and inverted
hierarchy scenario when properly taking the light neutrino data constraints into account.
Recall that the model of eq. (2.1) posses an underlying lepton number symmetry of the

form L(N;) = —L(N2) = 1 which leads to the most general form of the Yukawa and
Majorana mass matrix
ive o piPe
Yoi = s o M= (04 Al
wi = | yue'r yLete |, r={10]" (A1)

yre'r yLelts
When taking light neutrino oscillations data into account the structure of the Yukawa
matrix gets tightly constraint. Not all parameters are free and their correlation can be

found via the seesaw relation

2
v
_ _ —(r*muUt
(M) = 1 (Yo Yz + Ya2 Y1) = (v'mu )aﬁ : (A.2)

where U = U(f12, 613, 623, 6, ¢) is the PMNS matrix'* describing the light neutrino mixing
observed in neutrino oscillation experiments, and m is the diagonal matrix of the light

4We use the parameterization of the PDG [34].
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neutrino masses. Note that in this minimal model the lightest neutrino mass is zero and,
consequently, only one of the two Majorana phases present in the PMNS matrix is physical.
Similarly, since AM = 0, the extra phase associated to the heavy sector relevant in the non
completely degenerate case becomes unphysical.!®> The general expressions of the Yukawa
matrix as a function of the PMNS and neutrino mass parameters can be found e.g. in [33].
The limit of AM — 0 is summarized in the following.

Normal Hierarchy. The Yukawas satisfy

Yo1 = ( \/1+ + U, 2\/ )

Ya? \[ ( 3V 1 + U 2V 1-— )
(A.3)
where y is a real, free parameter and'6
Am2, . Am?,
\/ t \/ y = ]\g (\/Amgtm + \/Am§01> ) (A.4)
\/Amatm \/Amsol 207y
Inverted Hierarchy. In this case, we have
QI_T(U VItp+UaV/1=0p),
Yag_T( VT Fp=UiVT=p),
(A.5)

where, again, y is real and arbitrary, while

\/Amatm \/Amatm An]’sol
\/ Am, + \/ Am3, mi (A.6)

Y = T <\/Amatm + \/Amatm — Amgol) :

B Leptogenesis with strong flavour washout

We devote this appendix to derive the fact that the minimal model we discuss, see section 2,
can not accommodate the observed baryon asymmetry when all flavours are in strong
washout, independently of any other appearing weak modes

FiN(Tew), I'v(Tew) < Hy(Tew) < Fa(Tew), I'(Tew) , (B.1)

15This is easy to check taking the AM = 0 limit in the expressions of the Yukawa couplings given in
section 3 of [33].

5Tn this parameterization ms < 0 (mg < 0) for NH (IH) [4]. This negative sign can be reabsorbed with
a redefinition of the Majorana phase included in the PMNS matrix U, .
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FiN(Tew) < Hy(Tew) < Tm(Tew), Lo (Tew), I'(Tew) , (B.2)

see also the discussion in section 2.1. Using the flavour thermalization rates found in
eq. (4.31), and taking light neutrino constraints into account, see eq. (3.3), the mixing for
which all flavours are in strong washout corresponds to

1GeV\? 1
2>107? ( ) B.
vr=10 M Min(e,) ’ (B-3)
with
Min(ee)NH ~ Min(eT)IH ~ 10 x Min(eH)IH ~5x1073. <B4)

This corresponds to the blue region above the red dashed line in figure 1. We call this region
the unflavoured regime. It can be further divided into two regions depending whether
helicity conserving rates are weak, corresponding to eq. (B.1), or strong, corresponding
to eq. (B.2), at the EPWT. This corresponds to the region below and above the blue
dashed line in figure 1, respectively. In the unflavoured regimes with wHC the asymmetry
is expected to receive contributions of the form

1 A,
Tr (YTY)2 20; (YYT),o

AM

(B.5)

We will show in the following it leads to insufficient baryon asymmetry. On the other hand,
in the unflavoured sHC regime, these invariants do not contribute and the relevant ones
start at O(y"*) and therefore can be neglected at the order we work.'”

In terms of the parametrization of eq. (2.6) (equivalently eq. (A.1)) the CP invariant
of eq. (B.5) can be expressed as

2M2 y/ y/ .
AM = yg Z (ygé - y,%’)ﬁ Sln(A‘Pa - A‘PB) ) (B.G)
a<f a

with Ay = ¢’ — p. When taking the constraints from light neutrino data into account, the
invariant can be expressed in terms of the observables (M, |U?|,§,¢), see section 3. The
result at leading order in 3’ /y as well as leading order in the small light neutrino parameters

Amgol -1
r= — 013 ~ |23 — /4| ~ 107", (B.7)
ATnatm
is given by
Am2, . 013sin(d + ¢)
AM — atm NH , B.8
4U4ﬁ S12 ( ) ( )
Am2, . m?c125128in ¢ (1 + 6c19512 cos @
AM = X S R By ) (IH) . (B.9)
4U 4cigs7gcos* p — 1

1"We have also checked numerically that the observed baryon asymmetry can not be generated in this
regime.
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Following the perturbative expansion as outlined in section 4.2 to solve the quantum kinetic
equations of eq. (4.2) we can derive

5 8y0k(sow + yownm) AM
(670 +715) (75 + 4w?) Ty

D HBJ3-L, =T (B.10)

Evaluating the interaction rates at 7' = 10% GeV, see table 1, and for masses M = 1 GeV,
this can be expressed explicitly as

1 2
Yp = 4.3 x 10726 <U2> i (B.11)

where the function f{I encodes the angular dependence of the CP invariants. They can be
obtained from eq. (B.8) (eq. (B.9)) for NH (IH):

NH _ 913 Sin((s + gf)) IH _ _7”2012812 sin (;5 (1 + 6012812 COS gb)
. Vrsiz M 4c2ys%, cos? ¢ — 1 ’

(B.12)

Maximizing the angular functions and demanding to match the observed baryon asymmetry
leads to

|U?] <18(6) x 1079 NH (IH) , (B.13)

which is always smaller than the required mixing of eq. (B.3) for the relevant masses.
Therefore, the observed baryon asymmetry can not be explained within this regime.

This also means that the observed asymmetry in the unflavoured sHC regime can not
be explained, indeed confirming the expectation that the relevant O(y'*) CP invariant is
too small.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
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