Thermal leptogenesis, dark matter and
- gravitational waves from an extended
canonical seesaw

arXiv: 2409.08828 (with Partha K. Paul and Prashant Shukla)

II.I
Narendra Sahu

Dept. of Physics, [IT Hyderabad, INDIA

008 ';.'_)%csmaﬁE

3118 37Ts &1 gexTE

IIT Hyderabad

@GWBSM- 2024 on 30% December 2024



The SM in a Nutshell

Forces |

Why new physics ?

Non-zero, but small masses of active neutrinos,
baryon asymmetry of the Universe, dark matter

conundrum ....



v-mass: Dirac or Majorana !

The oscillation experiments suggest that the neutrinos
possess sub-eV masses.

/\

Dirac ? Majorana ?

Assuming neutrinos are Majorana, one can introduce a
dimension-5 operator using the SM fields:
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 Majorana neutrino mass in a seesaw
framework

Type-1 Type-II Type-111
Fermion singlet Scalar triplet Fermion triplet
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Dynamical generation of Baryon
asymmetry in the early Universe

Sakharov Criteria: [JETP Letter 5,24 (1967)
(I)B—violation (or L-violation)

(2)C and CP-violation [CPT is conserved]
(3)Out-of-thermal equilibrium

Within the framework of the SM, baryo-lepto-genesis is not
viable. Because there is not enough CP-violation. However,
B+L can be violated by the non-perturbative process, called
sphaleron transition, in the SM. At zero temperature this
process is suppressed. But at finite temperature this process
can happen rapidly. Typically above the EW-phase transition
scale.

[Kuzmin, Rubakov & Shaposnikov, PLBI155, 36 (1985)]
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A typical sphaleron process violates
B+L by 6 units. The rate of B violation

B = —cBTexp(—F/T)



Leptogenesis through Type-| Seesaw

SM extended with three heavy Majorana neutrinos

LD MyNSN + YyLHN + H.C.
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Fukugita & Yanagida, PLB 174,45 (1986)
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The amount of B-asymmetry can be roughly given as
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Eikf

The sphaleron conversion factor can be calculated by
using the chemical potential of the particles which are in

thermal equilibrium:

BrL=—-NTm p_ 1y

22N +1om N=No. of generation of
p=_SN*a4m o _ ;) quarks and leptons

22N +13m m=No. of Higgs doublets

14N +9m
= — B—L).
LT T N 13m )

Khelbnikov & Shaposhnikov, Nucl. Phys. B308, 885 (1988)
Harvey & Turner, PRD42, 3344 (1990)

Within the SM, N=3 and m=1.So we get B = %(B —L)and pg — —EL \




Detailed estimation of Lepton asymmetry
by using Boltzmann equations

ANy,

dz
dNp_r,

dz

Where, » — Ml/T

= —(D+8)(Nn, — Ny ) s

— _ng(NNl — N;(:ll) — WNB—L

Denoting the Hubble expansion rate by H we have:

D =Tp/(H2)
S =Ts/(Hz)
W = Ty /(H 2)

T

_/

Luty, PRD45, 455 (1992)

Mohapatra & Zhang, PRD46, 5331 (1992)
| Plumacher, Z, Phys, C 74, 549 (1997)

W. Buchmuller and M. Plumacher, Phys. Rept.
320, 329 (1999)

Buchmuller, Bari and Plumacher, Annal of physics,

315,305-351 (2005)

And many many authors




The decay parameter is defined as:

FD(Z:OO) ffbl
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Upper bound on CP-asymmetry in seesaw
models

L D> MyNSN + YyLHN + H.C.

Using the Casas & Ibarra parametrisation for the Yukawa

coupling: 1
Yy = ;D\/MRD\/mU;MNS

Casas & Ibarra, Nucl. Phys.B618, 171 (2001)

and using a normal hierarchy spectrum of right handed

neutrinos, one gets an upper bound on the CP asymmetry

3M,
T V2

Davidson & Ibarra, Phys. Lett. B535, 25, (2002)
Buchmuller, Bari & Plumacher, Nucl. Phys. B643, 367 (2002)

le1] < (m3z —my)




Using the upper bound on CP-asymmetry one gets a lower
bound on the lightest right handed neutrino mass:

Ng )(0.0S@V) 2 x107*

9
M; = 0(10°)GeV (6 109) "o o
S

This implies that reheat temperature of the Universe
should be large in order to realise thermal
leptogenesis.

Q. How to reduce the scale of leptogenesis in the
hierarchical RHN scenario !

One possible solution could be to decouple the
origin of neutrino mass and leptogenesis.

Ma, Sahu & Sarkar, |. Phys. G32 L65 (2006),
Ma, Sahu & Sarkar, J. Phys. G34, 741-752 (2007)




Extended canonical seesaw for leptogenesis,

Gravitational waves and Dark matter

Paul. Sahu and Shukla: arXiv: 2409.08828
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The Lagrangian of the model is

lfr — .'.ET'iA]-"H ap .Ln‘n'r ‘|_ Si"}ﬁf’)'ﬂ .L_q — ?L"v’! EEJ}\F — lyh' g P:rﬂi.g
1 1 _ .
— SMsSeS - Eﬂ-f_w NN + h.c+ pugH H + 12 p?
— Ag(HTH)? — X\, p* — Ay, (H H)p?, (7)

Note: Here 2 and 3™ families of RHNs take part in neutrino mass
generation, while the It generation of RHN contributes to DM.

The fermion mass matrix can be written in the the basis
(L, N, S] as

0 mp 0
M = T M N d
0 d Mg

where d = y,.v,/V2, mp = y,,vn/V2, vy, is the vev of
SM Higgs boson.



Now Diagonalising this mass matrix we obtain the
heavy mass eigen values as

d:a
My — Mg
dE
My — Mg

MYy ~ My +

..'.ﬂl}_r ;;_I s 1'1’.'!?-5' -

The mixing angle is given as 0 ~ d

~ My — Mg

Now the light neutrino mass matrix is

2\
(M, )ij =~ — Zk:(mﬂhk (ﬂ-ﬂz - Mfﬂ) (Mmp)k;




Thermal Leptogenesis from S-decay

AL = 0 Scattering processes through which S is brought to thermal equilibrium:
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There are also AL = 2 scattering processes.
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Thermal Leptogenesis from S-decay

When p acquires a vey, S mixes with N, and N3. In a hierarchical
mass spectrum: M3 > M, > Ms, the final lepton asymmetry is
produced by the decay of S:

The CP asymmetry parameter

]2
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Note that the mixing angle
does not play any role here
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The CP-asymmetry parameter does not suffer any
suppression due to S-N mixing, but the decay rates are
suppressed and the out-of-equilibrium condition can happen
at low scale and hence allows a low scale leptogenesis.

2T
T R T T
[g = g2 Wm¥n)22y o

ST

On the other hand, there exist an upper bound on the

CP-asymmetry parameter
3
eg| < — Mgmy
STy

For small M the CP-asymmetry is suppressed and does not
produce correct baryon asymmetry.

¢ — Cr— ed
s = Lf “Yar = Lf'ﬂﬂyhﬂa}y*’ = —0.0144719¢g kg




We solved the relevant Boltzmann equations:

! 2 eqy2
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TABLE II. Benchmark points for leptogenesis
BPs  Ma(GeV) Ms(GeV) Ma(GeV)  za (Ul Ui )22 6. Yns vp(GeV) es
BP1 2 x 102 6 x 107 10% 1+ 0.1 31348 x 107 107% 0.1 2.82834 x 10'°  5.9763 x 107
BP2 1.3 x 10" 2 x 10° 10° 1.3672 +d3.3249 x 1072 21671 x 107* 7x107% 5x 1077 2.56991 x 10"  1.9921 x 1077
BP3 10" 2 x 10” 10° (50 +i3) x 107° 2.8938 x 107 107° 0.42 3.36044 x 107 1.9921 x 1077
BP4 1.094 x 10 4.1 x10° 10° (4.808 +i2.8955) x 10~*  3.1306 x 10! 6x 107" 0.15 6.18503 x 10°  4.0838 x 10~°
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Remark: Not successful
leptogenesis due to low
scale of S
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Successful leptogenesis due to appropriate mass of S
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Successful leptogenesis for another set of parameters
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Successful leptogenesis for another choice of parameters
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Gravitational waves from disappearing
domain walls

Given the discrete symmetry Z,, the potential for the scalar field p is

i A,
Vi) = —F(p* = vp)”

When p gets a vey, the discrete symmetry Z_ 2’ breaks spontaneously and leads
to the formation of domain walls.Without loss of generality, the domain wall
p(z) = v, tanh(az)

profile can be taken as:
where a ~ /220
A — 2 .F-

lim p(z) = v,

Z—+ O

With the boundary condition:

The surface energy density of the domain wall is

4 /A p 3 2 o
. . . . '[j- —_ ‘_ I|II .L:'I — ‘_ 4&.{;’}!) '
Review article by Saikawa, Universe 3,240 ] \, 9 P ] p

(2017)

L



In order to destabilize the wall, we introduce an explicit Z; symmetry
breaking term u3 p such that the degeneracy of the minima is lifted by

I"IE}'.':{E. 5 = | V{ 'j_';lr}]l 1) { t II{J } | = V{E,ﬂ :EE .L'.ﬂ’

The energy bias has to be large enough, so that the wall disappear before the
BBN epoch, |,e
Aa

-'ILTL'H?.'. - Cmm,— < tBBN

I'Ib 168

This gives a lower bound on the Z; breaking parameter:

L

1 1
I I R 107 %sec # M, \3 v, 3
py > 145839 x 1071 GeVCinn A (ﬁ) (IT{:\-“') (mﬁ}pv)

The DW has to disappear before they could start dominating the energy

density of the Universe:
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This sets a lower bound on the annihilation temperature:

e =]

1
4 . o O« (.Tﬁ.nn:] e Uy M,
n > 1.34772GeVA ( 10 ) 105TeV ) \1TeV

The domain walls annihilate and release their energy in the form of GWs
which can be detected at present time.The peak amplitude of the spectrum

at the present time is:

2
— I — 7 19R9, —18 42~ a

G+ (Tunn;l N TEF-J’L'IL __E
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The peak frequency of the gravitational wave at the present time is

_ _ es(Lann 3
f?.l'-:.’re.k(f'ﬂ) = L.78648 x 1U_MHZ (g | (ll] )>

.g*{'ﬂm.n\,] 2 T:m.n
10 10-2GeV




The amplitude of gravitational wave for any frequency at the present time varies
as:

Jpeak f > foeak

I
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BPGW1: Ty, = 0.3 GeV o =7.5 x 108 (TeV)? (Black solid)
BPGW?2: T,,,,= 0.5 GeV o =7.5 x 108 (TeV)3 (Black dashed)
BPGW3: Ty, = 2 X 10°GeV o = 3.3 x 1022 (TeV)3 (Black dotted)
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Singlet-Doublet DM

Due to Z, symmetry the singlet-doublet mixture behaves as a good
candidate of dark matter.The corresponding Lagrangian is

_ - S

L=Lsy+ U ('i’}’“Dlu — _-"H-) U+ Ngi’i"‘;'#a#ﬁrﬁi — (EﬂffRiNRi (NRL.)C + fl.fi) + ﬁyu.ﬁ:-
Y — - . N

Where — Lyur = EQH(NRI + (Ng,)°) + hee| + (};-QNRJH Lo+ h.c.)
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Dutta, Bhattacharya, Ghosh & Sahu, JCAP03, 008 (2021)

Borah, Mahapatra, Nanda, Sahoo & Sahu, JHEP 05 (2024) 096

Borah, Mahapatra & Sahu, Phy;Lett. B831 (2022), 137196

Borah, Dutta, Mahapatra & Sahu, PRD 105 (2022), 075019



The electroweak symmetry breaking gives

. mp
— Linass = JI’E,.,‘ L’R ‘|‘ 11}?1 Vﬁ'll:}\rﬁ'l) -+ —(L 74 \rﬁl + H(A‘rﬁ'l) ) + h.c.
E V2
Writing these mass terms in the basis (%), ¢, (Ng,))"
- * “fﬂé *
we get the following mass matrix: 0 M mD

The mass matrix can be diagonalised using the mass matrix:

1 ) 1 ] .
1 0 0 7 cos ¢ 7 cosfl sin#
— i 2 1 1
1 1
0 0 1 7 sin ¢ —v,,_anﬁ cos #



Upon diagonalisation we get 3 mass eigenstates:

X = T2 W+ (WR)) +sin 0N
X = jﬁ('@i}_‘}_’, — (YR)°),
Yo =~ (0 + () + cos BN )
With masses
my, =M cos? 6 + Mg, sin? 8 + mp sin 26,
My, = M,

m,. = Mg, cos>f) + Msin?6 — mp sin 26 .
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The mixing angle is 2mp

> |

There are three independent parameters which decide the dark sector relic:

Dark Parameters:  { my ,AM = (my —my, )~ (my, —my, ), sinf }.

Correct relic
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CP-violation through self-energy correction

L D> MyNSN + YyLHN + H.C.

m;  Im{|M(y*Y), M (YY), YY)
‘=M;? (Y*Y)is

-1
€;(wave func)=— Dk M,

Flanz, Paschos & Sarkar, PLB345, 248 (1995)
Covi, Roulet & Vissani, PLB384, 169 (1996)




When  M~M; then the CP-violation can be large.
This gives rise to the birth of resonant leptogenesis
Flanz, Paschos, Sarkar & Weiss, PLB 389, 693 (1996)

In the limit M, = M;, the conventional perturbation theory
breaks down. So one can use resummation approach to
calculate a correct expression:

Im(Y*Y)? (M7 — M?)MT;

e;(wave function) =
l (Y+Y);(Y*Y); (M2% - sz)z + MPT?

In the limit M, =M; the CP-asymmetry vanishes.

Pilaftsis, PRD56, 5431 (1997)

Pilaftsis, Nucl. Phys. B504, 61 (1997)

Pilaftsis & Underwood, Nucl. Phys. B692, 303 (2004)
Pilaftsis & Underwood, PRD72, 113001 (2005)
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TeV scale leptogenesis and collider signatures
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