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The Baryon Asymmetry of the Universe

In the present Universe we observe an overabundance of matter over antimatter. In terms of baryons: the
Baryon Asymmetry of the Universe (BAU).

Big Bang Nucleosynthesis (BBN) Cosmic Microwave Background (CMB)
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~ 2 % 10° + 1 baryons every 2 X 10° of antibaryons!
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‘Sakharov’s conditions and Baryo/Leptogenesis

The three Sakharov’s conditions for a dynamical generation of a baryon (B) or lepton (L) asymmetry:
U B (L) violation (BNV or LNV)

(d C and CP violation (CPV)

O Out-of-equilibrium dynamics (OoE) A. D. Sakharov (1967)
BNV, CPV and
OoE processes
Baryogenesi —
Wash out
processes
Recent Review: D. Bodeker, W. Buchmuller, 2009.07294
Physics beyond the SM is needed!
LNV, CPV and
- Lepton
— >
Wash-out
Sphalerons

Fukugita & Yanagida (1986)
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Neutrino masses and mixing

Neutrinos have non-zero masses and mix: v, (x) = X3 _; UyqVar (%)
Pontecorvo-Maki-Nakagawa-Sakata (PMINS) neutrino mixing matrix
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Summary of neutrinos observations: * Normal Hierarchical (NH): 0 = m; < m, < m;
* Normal Ordering (NO): m; < m, < mj * Inverted Hierarchical (IH): 0 ~ m3 < m; < mjy
* Inverted Ordering (10): m; < m; < m, * Quasi Degenerate: m; =~ m, =~ mj
2
Ordering 032 933 0023 o > Azr5l21z Am%l(sz)
(°) (°) (> 30) (°,30) | (107°eV?) | (10-3eV?)
33.67 8.58 39.9 - 51.1 139 - 350 7.41 2.505
10 33.67 8.57 399 -51.4 195-342 7.41 -2.487

|. Esteban, M.C. Gonzalez Garcia, M Maltom T. Schwetz and A Zhou (2020), NuFIT 5. 2 (2022), www.nu-fit.org
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Type-l seesaw mechanism

Yukawa and mass terms

Seesaw lagrangian Right-handed

g Ly M) = — (Yo W (x) ic; @* () Nip(x) + h.c.) — % M, NGO N, (x) neutrinos/sterile

neutrinos/ heavy
N=

Neutrino mass Neutrino mass matrix Neutrino mixing

generation N
m, =~ —(v?/2)YM~1yT

A‘ Mixing

Oq; = (V/‘/E) Yoj/ M; angle/Coupling

Majorana
l Electroweak Symmetry Breaking neutrinos

~~ C
Var = UgqVar + ®ocj1V]'R

With 2 heavy Majorana neutrinos

Model Parameters Casas-lbarra Parameterisation

O(NH)_<O cos © (psine)
0= w+ 1
A‘ ¢ =zl

Casas-lbarra matrix [ES(I) I ( cos® @sinbd 0)
00T =1 —sin® @cos® 0
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'Leptogenesis within the type-l seesaw mechanism

Lepton Number violating processes via Yukawa coupling

Scatterings

Expansion of

CP-violation the Unlvere

cp _TWN=1.) ~Ir(N-1..)

I'(N - anything)

L. Covi, E. Roulet, F. Vissani
hep-ph/9605319,

W. Buchmuller, M. Plumacher
hep-ph/9710460,

A. Pilaftsis hep-ph/9702393,

G. F. Giudice, A. Notari, M. Raidal, A. Riotto, A. Strumia hep-ph/0310123
S. Davidson, E. Nardi, Y. Nir arXiv:0802.2962
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Leptogenesis via oscillations

Leptogenesis via RHN oscillations Fig. from B. Shuve, I. Yavin arXiv:1401.2459
time g T~ 130 GeV
coherent
I N oscillations N Ls I N
«a I J « I
> I e o o0 I > > T
+ : * )
YALI =0 YAL1 > 0 YAL1 > 0
Yar,, Yar, =0 Yar,, Yar, <0 YAy, Yar, <0
“Yar =0 > Yar, =0 2 Yar, #0 Sphaleron freeze-out

+ thermal effects (thermal masses and soft emission of gauge bosons)
+ helicity states behave differently
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Leptogenesis within the type-l seesaw mechanism

Heavy neutrinos with either

* Thermal Initial Abundance (TIA);

* Vanishing Initial Abundance (VIA).
BAU generation after sphaleorn decouple either during production (freeze-in) or departure from equilibrium (freeze-out)

Freeze-in Leptogenesis

T ~ 130 GeV

Freeze-out Leptogenesis

T ~ 130 GeV
v
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J. Klari¢, M. Shaposhnikov, I. Timiryasov, PRL.127.111802 and PRD.104.055010
A. G, K. Moffat, S. T. Petcov, arXiv:2009.03166
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Leptogenesis scales.

' M (GeV
Fukugl’Fa & ( ) M1<<M2<<M3
Yanagida .
(1986) Davidson-lbarra
1e9 bound M1>1e9 GeV
Racker, Rius & Intermediate Flavour effects
Pena (2012) Scale LG Mild hierarchy:
M2<3M1, M3<3M2 T ~ 130 GeV
lee = G @z 00 —
Pilaftsis & Resonant Quasi-degenerate Ns i ;
Underwood LG Non-relativistic \s
(2003) regime (T<<M)
le3
~ 130 GeV
Ahmedov, Quasi-degenerate Ns SN B
Rubakov & Relativistic (T>>M) n

Thermal effects

Smirnov (1998) -

sphaleron freeze=

Accessible energies!
J. Klari¢, M. Shaposhnlkov l. T|m|ryasov PRL.127.111802 and PRD.104.055010
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‘CP-violation in the Seesaw model

Casas-lbarra Parameterisation

Y = ii(ﬁ/v)U\/ﬁ\ZOT\/ﬁ CP-violating phases in U and O!

| | CP-parities, +i

CP-conservation implies : Y, = —iY;jnj-VCP =) U}, =—iU,,n " and Og4j = —iOajnj-VCPngcp

 Low-energy CP-violation: ()aj — iOZj m===)  The only CP-violating phases: Dirac §, Majorana a,¢, a31.

CP-conserving values:

0 =kn,
Casas-lbarra angle real or CPVin LG in connection az = izﬂr
' ' : with that on neutrino @31 = K3,
purely imaginary: sl kokydy=012..
Real§ = 0,w # 0 oscillations and OvBB-decay
Imaginary w = 0,& # 0
Vod IS. P.a;coli, S. Ti.Pe;ccc);, A. Riotto hep-hph(‘0611338 Dirac CP-violation
odaeils t eneralise -symmetry at high-energy: . .
o | y e e 5y The Dirac phase can be the unique source of

e.g., P. Chen, G.-J. Ding, S. F. King arXiv:1402.03873 | Large couplings

are allowed! CP-violation in the neutrino sector.

The Dirac phase alone can be responsible for the

E.g., O(NH) — (8 _C,OS.hz i__l_l sm: E) generation of the present matter-antimatter
isinh§  +coshg asymmetry.
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Leptogenesis scales

Fukugita &
Yanagida
(1986)

Racker, Rius &
Pena (2012)

Pilaftsis &
Underwood
(2003)

Ahmedoy,
Rubakov &
Smirnov (1998)

Intermediate
Scale LG

Resonant
LG

M (GeV)

1e9

le6

High-scale LG with
low-energy CP-violation

S. Pascoli, S. T. Petcov, A. Riotto (2007),
S. Blanchet. P. Di Bari (2007),

K. Moffat, S. Pascoli, S. T Petcov, J.
Turner (2018),
A.G., K. Moffat, S. T. Petcov (2022)

Remarks

* LG can work down to the 1e6 GeV scale

with low-energy CP-violation (1809.08251)

* Inthe NO case, there is a one-to-one correspondence
between the sign of the BAU (> 0) and that of sin § (2107.02079)

1e3

le-2

Low-scale LG with
low-energy CP-violation

2 RHNs: A.G., S. Pascoli, S. T. Petcov
(2023),

3 RHNs: A.G,, J. Klaric, S. T. Petcov (in
preparation)

VA Y/
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" TakatNOW24 - . Otranto(LE), 02-08/09/2024 .



‘Parameter space of viable LG

Viable LG with 2 RHNs and Dirac CPV

, Normal Ordering, § = 37/2

Inverted Ordering, § = 37/2

-5 -5

-6 —6
= =
~ ~
= =
d d
5 5
2 2

—10 —10

~11 T Y UV S ~11
0 1071 10° 10! 102

M; (GeV) M; (GeV)

Fig. from A. G., S. Pascoli, S. T. Petcov, Low-Scale LG with Low-Energy Dirac CPV, arXiv:2307.07476.
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_Flavour ':r“aztibs compatl ble with viable LG -

Correlation with
sign of sin 6 in the

LG with low- or high-energy CP- Low-energy Dirac CP-violation
violation *  Large mixings £ > 1, ®%in the accessible region

A. G., S. Pascoli, S. T. Petcov arXiv:2307.07476.
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‘Parameter Space of low-scale LG with 3RHNs -

LG with 3 RHNs is even more promising!

| TIA
VIA

N3

10710 -

Low-scale Leptogenesis
10712 4 ---eee 2 HNLs, thermal
—— 2 HNLs, vanishing
------ 3 HNLs, thermal
10741 3 HNLs, vanishing

Freeze-out
T

1071 109 101 102 103 104
M [GeV]

. | Fig. from A. M. Abdullahi et al., arXiv:2203.0039
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‘Parameter Space of low-scale LG

* Experiments looking at charged lepton flavour violating processes involving muons will be able to probe the LG
parameter space.
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* Astudy on LG with 3RHNs and low-energy CP-violation is on its way (A.G., J. Klari¢, S. T. Petcoyv, in preparation)!

Fig. fromA G J. Klari¢, S T. Petcov Phys Lett. B, 837 (2023) 137643 [2206 04342]
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‘Summary and conclusions

* The parameter space of low-scale LG via oscillations with two/three quasi degenerate heavy
Majorana neutrinos can be probed by future collider searches, including FCC, of heavy neutral leptons
in the mass range [100 MeV, 100 GeV].

* Experiments looking at charged lepton flavour violation processes, such as MEG Il on the u—>ey decay,
Mu3e on p—>eee decay, Mu2e and COMET (PRISM/PRIME) on p—e conversion in Al (Ti), can probe the

parameter space of low-scale LG via oscillations with three quasi degenerate heavy Majorana
neutrinos.

* The Dirac CP-violating phase can alone provide the requisite CP-violation necessary for successful LG
with 2 RHNs; a future measurements of the CP-violation in neutrino oscillations would be in favour
of low-scale LG. The case with 3RHNs is even more promising, a study with low-energy CPV is in
preparation (A.G., J. Klari¢, S. T. Petcov, in preparation)

 AlessandroGranelli .- * " 'TalkatNOW24 - Otranto(LE), 02-08/09/2024 =



Thanks for your attention!
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Back-up slides
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Density Matrix Equations -

dr ry ANy (7(0)> ) ( (2)
Ha—= =~ i[(H),ry] —H:cN]qu L Y, ry =1} + (W) Yy — {YULY r b+
S(O) S(l) 5(2)
— <2T2> {MY'Y*M,ry —1} — WOy ) MY pY* M + O ) = {MY"'WY*M,rn},
dpn,, <’YJ(\(7))> + x T (1) t <’VJ(\?)> t % T
kHzx & = — = (YrNY - Y 'rzY )(m + (7 >(YY )aa Ha = = (YTNY + Y r<Y )aa Lo+
(") (Sy”)
+ o (Y MryMY'! = Y MrgMYT) |+ == (YMPYT) | pact
(Sv)
- 73 (YM’I“—MYT +LY*Mr MYT) Loy Computationally very demanding!
Ha;d;__ =ry > T b— —p, Y =Y Thermal averaged rates
T

J. Ghiglieri, M. Laine arXiv:1703.06087 and 1711.08469

~_ Alessandro Granelli. .- -~

Freely available codes! http://www.laine.itp.unibe.ch/leptogenesis/

Python:A. G, C. Leslie, Y. F. Perez-Gonzalez, H. Schulz, B. Shuve, J. Turner, R. Walker, ULYSSESv 2, arXiv:2301.05722
C++:P. Hernandez J. Lopez Pavon N. RIUS and S. Sandner amlqs arXiv:2207. 01651

Talk at Nowz4 | Otranto (LE), 02- 08/09/2024 ' 19/17



	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19

