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Model

- Particle Content Beyond the SM

1. Three generations of right-handed neutrinos vy
2. Complex scalar field ¢ with L=2



Model
®: Higgs doublet

1. Interactions with vg: d = ioo®*
Lo, = (ggb*%l/R — yf&wR) + h.c.

- Lepton number preserving form
+  —>2vgz Vg—h+v_and L converts into B

- Active neutrino masses are generated
after ¢ and O take the vevs
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Model

2. Interactions between ¢ and ®—Dim-4

2 2 2)2 2
V(®, 0T, 0,07 = )\h( , @Tcp) + Ao (—9” — gb’qu)

2
2 2
Uh ot ) (20 _ at g\ _ et (4 at)
+n(2 M)(Q qw) 0o (6 —o')
Higgs Portal Interaction /I_/ *
* global U(1)
3. Interactions between ¢ and ®—Dim-6 transformation:
Qb N 622a¢
2g“”

(Qsz 8# ¢) Oy ((I)T(I))

c cp

Lop(®, 01, ¢, 0) =
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4. Non-minimal interactions with gravity

Jordan frame
2

M
Sy = / d4x\/_—g[ — TPR —(DTOR — CpTp R+ g™ 0,01 0,8 + g" 0,6' 0,¢

_V(@,@T7¢,¢T)+£¢,VR_|_... 4.
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Higgs Inflation Review

Einstein frame
4 ~ Mg B 1 ~ LV
Sg= [dx\—g -——?Z—I?—kgig ux Oy x —U(x) + -
XIM, (/MU ()
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(a) Higgs-Inflaton relation (b) Effective Inflaton Potential



Higgs Inflation

 If A,<O at a high scale,
cannot to support the slow roll

of the Higgs
towards a potential minimum

2 (QuMy

(4//\;11\1’1;)11()()
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=T 1 /M,
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(b) Effective Inflaton Potential

Recall that 32
L - for X « 1 (after reheating)
411 nx? or i < e after reheating
1o o 1 x .
U(x) = { 5HinfX for : <L < 1 (reheating)
§,umf \[(X/ g ) for 1 < 2 (inflation)
4 M,




Review

Vacuum Stability
+ SM

Log; oM
)\%M(mﬂ) = 0.13
myg = 125.10 £ 0.14 GeV

my = 173.1 0.9 GeV



Vacuum Stability

v R(@1B)(010) — Th2P ang 22— ) b= % el
At y=m,, the integrating out of the ¢
degree of freedom leads to a finite shift:

a (2 (mcp) ‘I{I II\E/Iliell_s-Miroa;JA.\R\.QJtEspihos.a, G.F. Giudice,
M (o) = o) = I ng)  iER 06 (2012031

» For u<m,, the running coupling is that of the SM: A, (u) = A,SM

* For p>m, it runs with contributions from ¢

My = 1010 GeV
K=25x10"% , Ay =107°

In the numerical calculations
the 2-loop RGEs for the SM couplings are used

A. Salvio, Phys. Rev. D 99 (2019) 015037




Review

Leptogenesis

Baryon asymmetry

- Baryon number and anti-baryon number are
NOT equal

- Baryon-to-photon ratio:

n = " T 1010

Ty Nonzero

n,. photon number density
n,: baryon number density
ng: anti-baryon number density



Review
Lept()genesis <The University of Tokyo - Faculty of Science
FEATURES>
Current time
WMAP observation
- 13.8
219 Band billion yeal
Inflation dilutes
Baryon density excess nflation 380
even if there was before the inflation thousand
year

The beginning of the Universe

After the inflation, Baryon is created larger number than the anti-baryon
particles — Baryogenesis mechanism is required



Review

Leptogenesis
Standard Model
J

Electroweak Baryogenesis is possible?
« CP violation amount is small
 SM doesn'’t satisfy Sakharov’s third condition

A. D. Sakharov, JETP Lett. 5, 24(1967)

Sakharov’s conditions
(Requirements for the Baryogenesis mechanism)

1. B violation
2. C and CP violation
3. Out of thermal equilibrium

We need to Beyond the SM
Big mystery for the Universe

regarding the matter origin




- Ve:Riaht-handed neutrino

Leptogenesis (9—2vg,

Vo—h+Vv
A(B-L)=0
A(B+L)#0
Baryogenesis

Leptogenesis during reheating after inflation

<The University of Tokyo -« Faculty of Science
FEATURES>



Leptogenesis
4
U(Xx) 1. inflation Vieg®
41027 — g
¢
L o008 [\ oo\

2. reheatin
t Hibriom X

V(9,08)= € p*sin* §




Leptogenesis b= L et
V2
* Our model
0 +3HO + psin(20) = —q(t) cos|u(t — t;)]
§9 = —20020)| seatarpotential 1% T

« Swing with forced oscillation

ml?0 = —mglsin @ + A cos wt

Similar to force by ~ Similar to force by
scalar potential inflaton

cosg |\t length




i = —pe _ B 3
Leptogenesis 0= 50" Aor =350 Viar = T M

« When we include the dynamics of the radius of ¢,
It becomes complicated, but still it works

« Parameter example:

- 16
App = 3 x 1019 GeV | finf = 3 x 10" GeV |

= 10" GeV
v o mg ~ 6 x 10" GeV
€g >~ 2x 1077, 10
Ao = 5x 10711 my = 107 GeV,
\ (v”“) 007 o Tren ~ 2.7 x 10" GeV
AN corresponds to
k=4x1079,
- 4
€~ 1.2x10% g )
¢ = 80 obs ~ 3 x 10
= 80, 7ol

n:4, 9 ~(n/2),uinf



Summary

Propose a model that entails a minimal addition to
the Standard Model to simultaneously ensure

1. Higgs vacuum stability up to the Planck scale
| then
Successful inflation

Leptogenesis via the pendulum mechanism
Generate the active neutrino masses



