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Baryon-antibaryon Asymmetry of the Universe (BAU)

101 1)

The observed baryon-antibaryon asymmetry (Planck 2018)

Yp = = (8.7240.08) x 10~ ']

= PR S T

K. Fuyuto, 2018

To generate the BAU dynamically (baryogenesis),

Sakharov (1967) proposes three conditions: Standard model confronts the Sakharov conditions

g Baryon number violation : Sphaleron igeen
- C and CP violation : KM meChanlsrn.
o Deviation from equilibrium e Electroweak phase transition (EWPT)

Existing baryongenesis mechanisms (incomplete list!):

* GUT baryogenesis: heavy boson out-of-equilibrium decay

A.Y. Ignatiev et al, 1978; M. Yoshimura, 1978; D. Toussaint et al, 1979; S.Dimopoulos, L. Susskind, 1978...

* Leptogenesis: heavy neutrino out-of-equilibrium decay

P. Minkowski 1977; T. Yanagida, 1979; S.L. Glashow, 1980; M. Gell-Mann et al, 1979; R. N. Mohapatra, G. Senjanovic, 1981...

» Electroweak baryogengesis: EWPT V. A. Rubakov and M. E. Shaposhnikov, 1996; A. Riotto and M. Trodden, 1999; J. M. Cline, 2006...
 The Affleck-Dine mechanism: |. Affleck and M. Dine, 1985; M. Dine, L. Randall, and S. D. Thomas, 1996...
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Leptogenesis

Introduce right-handed neutrinos (RHNSs) to SM

H
Light neutrino mass is explained .
through type-I seesaw /
L

To generate the BAU dynamically (baryongenesis),
Sakharov (1967) proposes three conditions:

. Baryon number violation
. C and CP violation
. Deviation from equilibrium

In (type-I seesaw) leptogenesis,
RHNs decay out-of-equilibrium,
generating a CP asymmetry (also a L asymmetry),

which converts to a B asymmetry via SM sphalerons

H
Singlet . ’ P. Minkowski,1977; T. Yanagida, ,1979;

< J. Schechter and J. W. E. Valle, 1980
RHN \
L

Address light neutrino mass and BAU at the same time

 Realization in v models: e.g. Gehrlein, Petcov, Spinrath, and
XYZ 1502.00110, 1508.07930; Xing, Zhao, 2008.12090; Zhao,
2205.01021; Zhao, Shi, Shao, 2402.14441; Zhao, Zhang, Wu,
2403.18630

« Connection to low energy CPV: e.g. Xing, Zhang, 2003.06312,
2003.00480; XYZ, Yu and Ma, 2008.06433

 Testability: e.g. Granelli, Mofttat, Petcov, 2009.03166; Fong,
Rahat, Saad, 2103.14691; Liu, Xie, Yi, 2109.15087
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Adding mixing to the play

With add-on flavor symmetry (either modular or discrete)

L Hy| EC|ES | ES | NC |5 :
e King, 0310204
SU(2) | 2 201111 |1
S, |3 1|23

sin26;3 = 0.02223 +0.00062

Neutrino masses and mixing can be well-fitted

sin26;> =0.303+0.012

v mass models work perfectly with flavor models

Leptogenesis work with v mass & mixing

sin20,3 = 0.564 + 0.017

BAU (Yy)

r=0.02955 +=0.00086

v
Face constraints from |v mass (11, Amzzl, Am321 (2))

sin2612
o o o
> &8 B

°
o ®

0.028 U miXing (91 'o 5)
s oom oi7 o o3 ok ok ok oom oem otm X YZ, Zhou, 2106.03433
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Thermal leptogenesis:
RHNs are produced in thermal bath (zero initial abundance /thermal distribution)
Non-thermal leptogenesis:

RHNs are produced non-thermally (e.g., via heavy particle decay)

Why thermal leptogenesis?

< Natural
+ No memory of the initial state

What about non-thermal leptogenesis?
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Tensor-to-scalar ratio (7.002)
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+ CMB data starts ruling out simple inflationary models

» Simple inflationary models are “easily disguised” to “escape”
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A detour to inflation
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Tensor-to-scalar ratio (79.002)

= | If we trust that one of simple inflationary models is a good approximation of the reality,
is there any other way to find it?
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An incomplete list for non-thermal leptogenesis

« K. Kumekawa, T. Moroi and T. Yanagida, , Prog. Theor. Phys. 92 (1994) 437
D.J.H. Chung, E.W. Kolb and A. Riotto, Phys. Rev. D 60 (1999) 063504
Neutrino thSiCS  T. Asaka, K. Hamaguchi, M. Kawasaki and T. Yanagida, Phys. Lett. B 464 (1999) 12
* G. Lazarides, Springer Tracts Mod. Phys. 163 (2000) 227

/ :  R.Jeannerot, S. Khalil and G. Lazarides, Phys. Lett. B 506 (2001) 344
# Leptogenesis  V.N. Senoguz and Q. Shafi, Phys. Lett. B 582 (2004) 6
 T. Dent, G. Lazarides and R. Ruiz de Austri, Phys. Rev. D 69 (2004) 075012
* M. Endo, F. Takahashi and T.T. Yanagida, Phys. Rev. D 74 (2006) 123523
 F. Hahn-Woernle and M. Plumacher, Nucl. Phys. B 806 (2009) 68
e S. Antusch, J.P. Baumann, V.F. Domcke and P.M. Kostka, JCAP 10 (2010) 006
Non-thermal e S. Khalil, Q. Shafi and A. Sil, Phys. Rev. D 86 (2012) 073004

leptogenesis e C. Pallis and N. Toumbas, Non-Minimal Sneutrino Inflation, JCAP 02 (2011) 019
e S. Antusch and K. Marschall, JCAP 05 (2018) 015
 G. Panotopoulos, Astropart. Phys. 128 (2021) 102559
* A. Ghoshal, D. Nanda and A.K. Saha, 2210.14176

Baryon asymmetry

Inflation physics

Mostly rely on a simple assumption

A systematic study on non-thermal leptogenesis needed
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Basic idea

VIP)

Introduce right-handed neutrinos (RHNSs) to SM,

v Neutrino mass via type-I seesaw

V' Leptogenesis Both leptogensis and inflation happen at high scale,

. ¢

? more could connect more directly | : | ; R .
Simplest inflationary scenari
Let ¢ NN be the key| N rino Single-field slow-roll
¢ inflaton
N RHN

Inflation Leptogenesis
When ¢ acquires a vey,

a Majorana mass for RHN is generated

Extra bonus: lepton number spontaneously broken (LNSB)  Given only ¢/NN, characteristic processes? quantities?

Non-thermal leptogenesis from inflaton decay 9 Xinyi Zhang 5 §11% (HBU)



K < 1 lmit

Weak Yukawa Cannot thermalize RHN Yo=— = “sph© When the RHNs decay

' ., Tor RHNs produced relativistically,

Ivg = TraM,/Ey Ey =~ M,/2

poe T
i " For RHNs produced non-relativistically, RHN dominance
3 T
| B 4 sph Ml
I[f RHNs decay instantly when produced Instantaneous reheating
3 Iy
Yg = —C 1€ .
) p qu Chung, Kolb and Riotto 1999

Non-thermal leptogenesis from inflaton decay 10 Xinyi Zhang 5 §11% (HBU)



K> 1lmit

Strong Yukawa thermalize RHN Thermal leptogenesis
Cannot thermalize RHN
I'y>T1,
Approx.
RHN decay too fast L

Stronger, quick assessment

3 o My > Iy

Yr——¢ €
B zsph qu

Non-thermal leptogenesis from inflaton decay 11 Xinyi Zhang 5 §11% (HBU)



Four limits

Non-thermal leptogenesis

/

Instantaneous RHN decay

FN>>F

¢

N

Delayed RHN decay
', <T 5

N\
s

RHNSs produced non-
thermally, but enter

equilibrium via quick
INnteractions

Non-thermal leptogenesis from inflaton decay
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Boltzmann equations

Solve Boltzmann equations for the system {¢, N, R}

ps=—3Hp, — Ty (py — pg') .
pn = —3Hpy +1; (P¢ - P?/)q) — Iy (py — PN)
pr=—4Hpr+ Ty (py — pN)

ng_, = —3Hng_, — el'y (ny —nyy) — Wipng_y, ,

SCale OUt eXpanSiOn E¢ == p¢a3, EN = pNa3’NB—L — nB_LCZB, E — pRCl4

B R EE.
%:%(E(/)—E;q) II;]Z (EN—EJG\?) ;
= By B

dN r 1%
d];/—L — ;_IZ (N — N*9) HI; Ng_y,
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Numeric results wr

0.1

Enter equilibrium
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—————————————————————————————————————————————————————————————————

------------------------

7777777777777777777777777777777777777777777777
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—Ep — N

10
e By
104~ Eﬁ?
Yukawa strong, but RHNs decay '
before entering equilibrium 0.1

K>1 T, >TRH

R S —

9| R

10 _ £y Np-1. : K<1 T*<TRH |
e By Er z

! ___E q i P S

104E§’,/ .....................
i 1 7’

10 i :E¢ NB‘L i K<T T*>TR|-| |
—niEy Ex ‘
i ___EE‘eq ’/’,'
1()4N ............................... _/e ...................

K=0.01 M] IOIZGCV M¢—3M1,TRH 1013GCV

K=0.01, M1 10"°GeV, M¢_3M1,TRH=5x10'°GeV

——————————

—————————

decayed RHN decay

RHN defay once it's produced,
i before ¢ decay out

XYZ, 2311.05824
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Fmal efficiency

- M1=1012GCV,M¢=3M1 ' ' : {K’ M19M¢’ TRH}
100
E ==§i§§i_ ' ' 5
| gee8?==m=mmm" . . . Np_L 3
ws®  mEEEESSEESSSESSSSS EEmmnmw Ng—1, — — — €K
“““ = = ‘!-!-—'::: = - — - - = ====":===E=“ B-L €q
1o |!i!§%§%§EEEEEEEEEE:::::::: ----- SEEEEEEEEEE] Ty 47
e e R o
e e btk t--éws-----:’<§ > s
1} R e AR SRR final etficiency factor «
thermal \ Y N § :
| TRH/IOIOGCV TRH/1013GCV _________
0'100§' 195 195
| 80 180
0.010} 65 65"
| . o All three truly non-thermal cases have «;
ool M R larger than thermal leptogenesis
§ 20 | 20
- 5 .Zero 5 . ]
0.001 0.010 0.100 1 10 100 1000

K XYZ, 2311.05824
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Flavor eftects

Take 7 as an example

I, >17,>H Same as the thermal

T . .
>H>1 Unique in non-thermal
XYZ, 2311.05824
dE b F b (E Eeq) K=0.58, M¢=3M1,M1=6><106Gev, Tru=6x10"GeV K=0.58, M¢=3M1,M1=6x106GeV, Tru=6%x10"GeV
dy Hy ¢ ¢/ = To/H P=008
TL===.TF Ml __ ’_,__
dFE I’ I’ 10 . 3 J
N _ b (g, — B9) — X (Ey — B Sy y
= (Be— EY) = 1 (By — B3 ok
dy Hy Hy 10000F- -+ // ,,,,,,,,,, i
dER _ FN E Eeq 1 1 //
T ( N N ) ) | | //
dy H 01} O s
dN I' P W : : S
Ar LN eq 7" 7 1D 2 : / \
d — H (N — N ) H CTaNAa ) J | | | /,»:// !
Y Yy y B e e s s Sl WS S A S R e ‘
G=TiT - ikt il il I g : Pt ‘
-/;/f -/ 7 | ‘ _ - | 7 ‘
: v . 1 | 7 [
dNAr—'— _ 6'rl FN . eq P’l‘l WID ~11 v(/ | / //E } .‘ ] 107} ? ,»/,1 g !
_ (N N ) C'rlaNA , oy s — '
dy Hy Hy a=T1,1+ . 10 1000  10° 107 10° 10 10 1000 100 107 10° 10"
— v y
Non-thermal leptogenesis from inflaton decay 16

Xinyi Zhang 5 §11% (HBU)



Neutrimo mass bound

From the Dividson-Ibarra bound |g| < o

We found a lower bound on the RHN mass 51 > 6 x 10% Gev (

- M;=10"2GeV, Ms=3M, 5 | -
L T S S
| gL ‘ |
e e e
S S
Fthermal .
< ! TRH/IOIOGGV TRH/1013GCV 1 _________
O.IOOE— 95 95 »
j 80 80 |
0.010} 65 65"
E 50 50
0.001} e B
; 20 1 20
-5 ;iero -5 .
0.001 0.010 0.100 1 10 100 100!

K

> 6.28 x 102 GeV (

Yy

8 X 10—11> (

0.05 eV

0.05 eV

Davidson and Ibarra, 2022

matm

matm
102k e e T S 8 s
~~~~~ zeroNi
1010 ...................................................................... T A ...................
lllcnﬁul N T /
""""""" A ! M 1
108kee non—thermal Ny M v>Truonly
_ ﬂavci)red
001 0.010 0.100 1 10 100 1000
K

) i (8

)n;l(K) ,

>12 x 107 GeV

| M, > 10" GeV
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Connect to inflation

Scalar field charged under lepton number

L D NigN + (0"0")(8,0) — LY,HN — yyoN°N — V(H,0) + h.c.

RHNs RHNs get masses once lepton number
spontaneously broken

¢ = Re(o) Coleman-Weinberg potential

¢ = Im(o) Natural inflation potential

Inflationary constraints:

n, = 0.9649 + 0.0126, r < 0.056, (95% C.L.)

V_37r2

L= 5 ArMy < (16 x 10%° GeV)*
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Coleman-Weinberg potenual

ool (e 1] 1
V(¢) — A¢4 In (—) — Z + ZA,U:;

Uy _
= :~’_*\1 = r YB
Inflation-observation-compatible benchmark values | ™ #Yp=8.7x10"""
14 N - Yp=10""
A=Al k0= V= 22.1Mp1 B ; TR ; 2 §
10 : ™ : ¢ :
10 e e ..\.\.\. .............. //'/ .................... R -
e M¢ — 165 X 1013 GeV g -~\"--§"‘;’"‘I/ 'l"
thermal N, . g '," '
My = ynvy 108ke mon—thermal Ny~ ./ My>Tggonly -

Viable parameter space satisty

T = F0= M,

001 0.010 0.100 1 10 100 1000
Strongly non-thermal RHN s preferred K XYZ, 2311.05824
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Natural inflation potential

V(g) = AL+ cosg/f)
Inflation-observation-compatible benchmark values \\i et y ~10
. 5\~‘_ : : 2 g p=10"""
A £10'°GevV f > 10" Gev ' Y5=8.7x101!
§ N, § / Ve 10-11
o M¢ S 1013 Gy 1010 __ .................. ﬁ\(\ ............ ......... ,/:" ’_,: .................... YBIO ..... i
E s\____g:: ;,,( "l' f: SMpl
42V A4 thermal Ny : .-~ - !
Moo= o = I | | P _
dehe P02 z z o s
108k RON—thermal Ny = Jo o My>Tguponly i
Take M, = 10> GeV  f = 5M,, | s
My=ynir e e 6
18.001 0.010 0.100 1 10 100 1000
Strongly non-thermal RHN s preferred K XYZ, 2311.05824
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Conclusions

Neutrino

LNSB ‘!. Leptogenesis

Inflation Baryon asymmetry

Non-thermal leptogenesis

. LNSB — strongly non-thermal RHNs
Things to explore:

* Detailed reheating

e Include v flavor
e keV sterile v Q001 0010 0100 1 10 100 1000

e Generalized inflation

""" Thanks and stay tuned!
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Important quanuties

M,

Inflaton decav rate _ .2 ¢
Y F¢ Yn A

Reheating temperature 1. =( 2 )Z \/F¢mpl

AT3g. Effectively parametrize yy

B K,(2)
RHN decay rate r, = H(M,) KK:(z)

(YVTYV)H v? B SmTv? ~

e ,fhl — M T M2 PN
Decay parameter K = m/m, o2 ' Effectively the Yukawa strength
m, = M]? H(Ml) y
RHN decay temperature T, = VKM, e
YB — ?B — SI;h nN
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Open questions concerning v

108

107

What is the nature of neutrinos? Are they Dirac
particles or Majorana particles?

—
o
wv

Mass (eV)

—
o
w

What is the absolute mass of neutrinos?

—
o
N

—
o

Why are neutrino masses so small?

—

Why are neutrino mixings so large?
Are there any sterile neutrinos? Are they at eV scale
or keV scale, or even heavier?

llllllllllllll

3 keV

Neutrinos’ role in astrophysics and cosmology

Connection to other beyond standard model physics Annu. Rev. Nucl. Part. Sci. 2016.66:197-217.

Fermion

3 TeV

E GeV



Neutrino mass generation mechanism

With only SM fields, Ede e
i unique dimension 5 operator §

: 1 TC -‘ |
> Weinberg, 1980 7 L@ € ®%® L] Leptonnumber violating |

Consider ditferent contracting,

LCQPRPRL , LQLI®P®®P, LQPRPRL

1
A2n+1

L°®? (9'®)" L, n€{0,1,2,3..}

— ' —— o o e — “~e—  Chulia, Srivastava and Valle,
1 1 3 3 3 3 1602 05722
—r N— N—r
Type 1 Type 11 Type 111
Add new fields to make renormalizable operators Tree-level realization of Weinberg operator

Type I, II, IIT Seesaw mechanism: P. Minkowski, 1977; T. Yanagida, 1979;
Neutrino mass suppressed by the heavy mediator mass | Schechter and J. W. F. Valle, 1980




Experimental progress

0.8
0.2 [

4 | | - |

 F

0.45 ' KamLAND
0.15

10

9 KamLAND

0.04
A

O DN O

2020

Peter Denton, Neutrino 2022

982000 2005 2010 2015

* In~10 years from now, oscillation will mostly be understood: mass

hierarchy and CP phase will be known

* Neutrino absolute masses may be measured in ~20 years, through

cosmology, beta decays and double beta decays

* Majorana neutrino nature maybe determined in ~30 years

Yifang Wang,
Neutrino 2022



Single-field slow-roll inflation

Guth 1981
Kazanas 1980
Starobinsky 1980

1 . . . . ,
ps _ 39° =V Negative pressure achieved if the potential energy V Sato 1981
ps  30*+V | dominates over the kinetic energy

For a homogenous scalar field minimally coupled to gravity, we have the EOS

S

&
]
|

¢+3H$—I—VZ¢=O

. 12
H2 _ é (%(bQ 4+ V((b)) Qb < V(Qb)

The dynamics is governed by

Accelerated expansion sustained 1 de \

o] < BHY|, [Vy| n=-—=c—-——=
for a sufficiently long time when Hé 2¢ AN

M2 /v .\ 2
Slow-roll parameters | «(¢)= 2"1 (%’)

-
— As2 V.00
v (0) = Mp—7—

- ¢

PCMB %}nd reheating

Ag

Slow-roll condition  , .|« 1 ER 6y

nN=Tiyv— €.

For reviews, see e.g. Lyth & Riotto 1999, Bassett, Tsujikawa & Wands 2006, Martin, Ringeval & Vennin 2014



Inflatton confronts observation

The inflaton perturbations backreact on the spacetime geometry

Matter perturbations and metric perturbations are coupled

H? H? 4 H”
The power spectrum  Pi(k) = 53 g Ak = mam
k=aH Pl L—aH
The dimensionless power spectrum  A2(k) = 2’;3 > P(k) 1[ red ‘ blue
. 3
2
dIn AQ 0.1} |
: ns—l — > :277V—6€V, , s 7
The SpeCtr al tl].t d ln k large-field
dln AZ 001
— t — \ small-field
Y s [/‘
0.001
| A2 A
Tensor-to-scalar ratio r = = 16¢, very small-ied inflation

A2 0.92 0.94 0.95 0.96 0.97 0.98 0.99 1.00 1.02
Mg




