SO(10)-inspired Leptogenesis with flavour coupling effects

Xubin Hu

Physics and Astronomy
University of Southampton

April 20, 2025

Based on the paper Pasquale Di Bari and Xubin Hu, in preparation

1/24



IIiilIE!IIIiE!!lIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

1. See-Saw mechanism

2. SO(10)-inspired Leptogenesis
3. Flavour coupling effects

4. Strong thermal leptogenesis
5. Parameter scan plots

6. Summary

7. Appendix

2/24



See-Saw mechanism

Leptonic mass terms after symmetry breaking

_ _ 1_
—Lpm = ayDpar + Vg mpaiNig + ENﬁ?DMNfR + h.c.. (1)
with Dp,, = diag(me, my, m;), Dy = diag(M1, M2, M3). Neutrino mass matrix
1
m, = —mp——mp,, (2)
Dwm
Diagonalised by the PMNS matrix U,
U'm,U* = —Dp,. (3)
In usual parameterization
C12€13 _ 512€13 _ size 0 _ _
U= | —s12c3 — C12523513<?“S C12€23 — 5125235136'5. s3c13 | diag(e'”,1,e"7).  (4)
S1253 — C12C3513€™  —ci0523 — 12035136 2313
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Low energy neutrino parameters

Current experiment constraints with (without) SK,

f13 = 8.56° + 0.11° € [8.19°, 8.89°],
612 = 33.68° 7073 € [31.63°,35.95%],

O3 = 43.3°4 3. (48.5°T00.) € [41.3°,49.97], ®)
§ = —148°T200(177°1287) € [236°, 4°).
Msol = 1/ m3 — m? = (8.6 = 0.1) meV, ;
Matm = 1/ m3 — m3 = (49.9 + 0.3) meV )
Effective neutrino mass,
Mee = |Myee| = | U2 m1 + UZmz + UZzms| (7)
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SO(10)-inspired Model

Transformation of neutrino Dirac mass matrix between the flavour basis and the Yukawa
basis
mp = V| Dy, Ur. (8)

Minimal SO(10)-inspired model: extend the SM with only additional 3 massive RH
neutrinos by see-saw mechanism, and parametrise the three eigenvalues in the Dirac mass
matrix in terms of the up quark masses,

Mp1 = Q1Myp, Mp2 = C2Mcharm, Mp3 = A3Miop, 9)

under conditions:
i< Vi< Verm(05 < 055M), (10)
iia; = 0(0.1 — 10). (11)

Which implies M; < 10°GeV, 10°GeV < M, <102 GeV and M3z > 10%2 GeV.
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In the early history of the universe, heavy RH neutrinos decay into leptons
Fr(N; — L+ ¢>T) and anti-leptons I'(N; — L; + ¢) with different decay rate, produce
lepton asymmetry given by CP asymmetry

F(N; = Lo + ¢T) = T(N; = Lo + ¢)

€ia = — = . 12
TN > Lo+ o) +T(N; = Lo + ¢) (12)
Thanks to B — L conserving sphaleron processes, this generates a baryon asymmetry,
which can be expressed by the baryon-to-photon ratio as
Ngh =~ 0.96 x 1072NgP | =0.96 x 1072 " Na,. (13)
(63

A successfully Leptogenesis should produce the correct value of asymmetry observed by
CMB
nsMB = (6.1+£0.1) x 10710 (14)
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Analytic solutions

The B — L asymmetry abundance correspond to different lepton species can be evaluate
by Boltzmann equation

dNNi _ . eq T

TZ,‘ = —D, <NNi — NN,-) , i=1,2,3 (]_5)
dNa,,

o = €ia D (N, — N — P8, Wiy Naa, (16)

Here z; = M;/ T, and we normalize the abundance of heavy neutrinos in ultra-relativistic
thermal equilibrium as N,ﬁ,?(T > M;) = 1. The decay factor and wash-out term are
defined as .
[
Hz;’

D)= 1t Wai(a) = 3 Kika(z) 2 17)
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Analytic solutions

and the decay parameters

ria + rioz
H(T =M,)

Kia

and P, = P
i

K: = Z Kio with Kiq = (18)
o

The analytic expression of B — L asymmetry can be related to decay parameters as

lep,f K2 — 3T Kie K2 _3nk
NBeEL ng i €orl K(K2Tl)e g e 4 K2li Eorl R(KzTL)e g Mp (19)

+ €27 F‘:(K2T) e_%rKlT>

with the efficiency factors calculated by

2
——(1—e¢
zg(Kaa ) Koo (

_ Kaaz(Kaq) )
2

0.13 — 32>
K(K2o¢) = s ZB(K2a) ~2+ 4K2d e K. (20)
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Flavour coupling effects

More precisely, the flavour effects in Leptogenesis arise from a direct way and an indirect
way. In direct form, leptons with different flavors with different values of CP violation rate
ea(av = e, u, 7) give a different value contribution to the total asymmetry B — L

I
NgP, = Z Nao (21)

In the indirect way, the Higgs bosons produced in the RH neutrino decay is unflavoured.
This effects the inverse decay of different flavoured leptons T'(L; + ¢! — N;) and
anti-leptons in the so-called wash out process, leading the change of the Boltzmann
equation
Wi, Naa = Wi, > CSNaa, (22)
a’ﬁ

where C(" are flavour coupling matrices.
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Two flavour regime

Defining transformation matrix

_ (Uyy Uyr Na,\ _ Na,
U= (UT"y U‘r"r) ’ <NA1/ =v NA-r ’

where v denotes the e + u flavour composition, that diagonalizes

UPQU™! = diag(Py./, P3,1), P3= (

2 2
Pg’y Cv(v) Pgw C’gT)
Py.Cd Pyt

This decouples the flavour mixing for Boltzmann equations

dNa.,

dz
dNa_,
d22

= 527/D2 (I\/N2 - Nig) - ng WQNA,Y/J

— ey Dy (/v,\,2 ~ N ) — PS WaNa_,.

)

(23)

(25)
(26)
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Three flavour regime

During the N; wash-out, the evolution of the flavour asymmetries is governed by the

equation
dNa,,

d21

= _Pla Z af WIIDNABa (0[, 5 =6 u, T) (27)

To simplify the system, we perform a basis transformation using the matrix V that
diagonalizes P?:
. . Vee” Veu” VeT”
NAN = VNA, V = V,LLe” VMH// V,LLT” (28)
VTe” VTu” VTT”

such that VPPV~ = PY" = diag(P,., P, PL.0).
In this d|agona| basis, the kinetic equations decouple and take the simple form

dNA// 0"
= —W4PY Nan 29
o 1P Na (29)




Three flavour regime

The solution in this basis is then given by

Yi T~T, 37 T~T,
N£// = (NA . Le™8 Kleu, N Le

A//

“w

g T~TL o~
1 //, N

—Kl_r//
Ay

Applymg the inverse transformation, we obtain the final flavour asymmetries
NA =V~ 1NA,, Each final asymmetry in flavour « is then given by

with

@

o _ -1 T~T; —
NA, = Do vid [N Tee

us
TKla//]

E //e 8 5 Kot E Va”BNZ/:TLa
B

~ Kaa
N 1 et -

2y
N~ TE o eor K(Kar)

YT

c®

€2r FG(K2T)} ,

a=epu

(30)

(33)

(34)
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Strong thermal leptogenesis

® Pre-existing lepton asymmetry Ngril_ may arise from unknown early mechanisms.

® To ensure predictivity, it must be washed out by RH neutrino inverse decays.

This requirement defines the strong thermal condition.

The heaviest RH neutrino N3 is assumed too heavy to contribute.

If a pre-existing asymmetry is generated at T > Tg, then for temperatures T > My,
the total B — L asymmetry remains constant:

NS (T > M) = N&*,
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Pre-existing Asymmetry and Washout Stages

For 1012GeV > T > M, fast tauon interactions break coherence between flavour
states. The pre-existing asymmetry can be written as
P _ P D)i
Ng_p = Ny, +Np_
with
pi _ 0 ppil pi 0 p,i
NAT _ppT NB_Lv NATL - (1_pp7') NB—L'
Here pgT is the probability that the pre-existing lepton lies in the tau flavour. Differences
in flavour composition are neglected here (phantom terms).

As temperature drops to T ~ Tgy ~ My /zgs, the Ny washout affects only certain
components. The residual asymmetries are:

p _ 0 3Ky ppii
NAT(TB2)_ppTe s 7 Ng™ |

_ 3 .
N (Ter) = 0 ) e 0000
72

NR  (Te2) = (1= pp,)(1 = Py ) NB',
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Wash-out pre-existing asymmetry

At temperatures T ~ 109 GeV, also muon lepton interactions become effective, breaking
the residual coherence of the e — i lepton components in such a way that in the range
10°GeV > T > My, the total asymmetry can be regarded as the sum of three charged
lepton flavour components:

NE_ (10°GeV > T> M) = Y N (Te), (35)
a=e,[,T
where
NR (T > My) = pl, e 5 er BT
_3x i
N (T > My) = (1-p,) [PBT;PO e B Raethan) (1 — Pﬁff)(l _ pgT;)} NEE

P75
_3m i
N (T > My) = (1 - p,) [PST;P27; e s (aetf®) 1 (1—pd )1 —pD . )] NE™,
(36)
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Wash-out pre-existing asymmetry

The probabilities pgTL are related to the decay parameters as

0
pz[j K2B

= , (37)
P + P9, Koet Koy

PgTL =

and analogously for pg“r These expressions show that the tauon component is the only
component of the pre-existing asymmetry that can be completely washed out by the N,
wash-out processes.

Finally, at temperatures T ~ My, the lightest RH neutrino wash-out processes act on the
flavour asymmetries in a way that the relic values of the pre-existing asymmetries are

given by:
NRT = p), e Tt Bt (38)
f _3r _37 (K, i
NBT = (1 g0, ) e ¥R [0 e ¥t (10 )1 0 )| B, (39)

3

f 0 3K |0 0 =37 (Kot K: 0 0 i
NR! = (1 pl,) e ¥ K [p pP L e F b g (1 p0 )1 pf )| NB',. (40)
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Mee VS M4
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® The flavour coupling effect originates mainly from the emission of flavourless Higgs
bosons in the decay processes of right-handed (RH) neutrinos.

® The Boltzmann equations should be modified by inserting flavour coupling matrices
in the washout terms. By applying a transpose transformation, the system can be
rotated into a diagonal basis, where analytical solutions can then be derived.

® The flavour coupling effect enlarges the allowed parameter space, both in scenarios
without and with strong thermal conditions.

® Absolute neutrino mass scale experiments are beginning to probe a crucial regime:
that of partially hierarchical neutrino masses.

® The current best-fit results, which favour the first octant for the atmospheric mixing
angle, are quite encouraging for model building.
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Initially,
p, _
N ppTNB L (41)
p7 JR— p1
NATl - pTiNB L
When T <« M>,
37 et H
NP,7;<<M2 — o % NP — ?K2T(UT/TNX;- + UT/TJ_ NXTJ‘)
,T<M 7—K’ _3rk , ;
NZU 2 _ o8 LNZTi:e s zTL(UTiTNg —|—UT/T¢p iNZTi) (42)

p,T<My
NATJ_ = UTILTL(]' P J-)NATL
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Rotating back, we have

,TKM, — , TEM, — , TKM,
NP 2 _ U7-7-1’ NZT’ 2 + 1 NP 2

AT T CAT) ’
p,T<M>y _ ;-1 p, T<KM> -1 p, T M,
IVATl - UTLTL NAT’ + UTL’Ti NATL ’ (43)
TKM: — T<KM
NZ <My — U 1 , Nz /<< 2'
TLo1 TIT) TLQL
. o p, T<KM, p, T<KM, .
For 3 flavour regime, splitting NATl and NATLZL into,

p7T<<M2 _ P’T<<M2 P7T<<M2
T =y T4 (L gy TS,

p, T<My __ p, T<K<M; p, T<K<Ma
NAe = Pers- NATL + (1 - perf—)NAn_zL

(44)
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After the K7 wash out process in the temperature T < My,

T<KM —3m K T<KM. T<KM T<KM

N LM = e SR (Vo NR TN 4 Vo NR TS v NR TS,
T<M 3w T<M T<M T<M

N TSM = e 6 Kl (VN TSV N TSME v NR TSV (45)
T<KM: —3n K T<KM: T M. T<KM:

NR LM = e SR (Ve NRT M - Ve NETM2 - Vo VR T2,

Rotating back again, finally

£ -1 ,TKM -1 , TKM , TKM

NZT = VTTN NZT” ! + V // NZ/‘LH ! + V ell Np ell 1

£ —1 pp TKM , T<M , TKM
NZ/,L = VH,T// ZT” 1 + V // ZM// ! + v ell Np e/l 1 (46)

£ -1 , TKEM — , T<KM: , TKM,

Nge — VET” ZT” ! + Ve#// NZ#// ! + V__ ee!! Nge// !

where

K, = P Ki,and K}, = P, K> (47)
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