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The Standard Model
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Problems in the SM

The SM cannot explain following phenomena:

 Dark matter

SM does not have DM candidate.

* Neutrino masses

SM cannot explain tiny neutrino masses.

We need a beyond standard model physics!



The subject today

Scotogenic Model
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Scotogenic Model

SM + additional SU(2)w doublet + 3 right-handed
neutrinos can explain following phenomena:

[E. Ma (2006)]

 Dark matter

* Neutrino masses



The Scalar Potential
9 2

(Y
V = Asm (\le 82M> +m3|S|? + A |H|?|S)?

+X2|HTS|? + [As(HTS)? + h.c.] + Xs|S|*

H : SM Higgs doublet S : SU(2)w doublet

Suppose that S does not acquire VEV. (Inert scalar doublet)

Invariant under the Z2 symmetry: S — —S

S is stable, i.e., cannot decay into the SM particles.
.



Three Right-handed Neutrinos
1 S
(T E(MN)ijNiNj + (Y;;L;SN,)

N; : right — handed neutrino L : SM leptons

Interactions with SM particles:
® The inert scalar S: SU(2)wxU(1)y gauge interactions and
scalar-Higgs couplings!

® Right-handed neutrinos: Yukawa couplings with SM leptons!
8



Two DM candidates

® A neutral component of the inert scalar.

® The lightest right-handed neutrino.



Scalar Masses

g < H ‘|‘> Charged component
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Weakly Interacting Massive Particle (WIMP)

H (or A) scalar can be a DM candidate!

® DM is thermally produced. ®> < SM
® Freeze-out occurs when @ -
I(T) ~ H(T)

Reaction rate Hubble parameter

DM annihilation

® A correct DM abundance can be obtained with weak
scale DM mass.

mppr O(l ~J 100)G6V
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Scalar DM
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The Direct Detection Constraint

® DM interacts with SM particles

(Nucleon) via the SM Higgs. @ SM
® Spin-independent (Sl) cross- ®> < SM
section with nucleon:
Direct detection

2 2
o ~ \ pom., pw=mympn/ (M, +mpnr)
S H_ 4. 2 ms : SM Higces mass
My Mg h 88

m,, : Nucleon mass

szM :mi—l——)\Hv?gM )\H — )\1 —|—)\2 —|—2)\3
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Direct Detection Constraint (Scalar DM)
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Two DM candidates

® A neutral component of the inert scalar.

The direct detection constraint is stringent.
H (or A) boson should be the lightest state.

® The lightest right-handed neutrino.

15



Fermion DM (1)

: .. Masses for Z2 odd particles
There is no restriction on

scalar masses!
(The charged scalar can
be light.)

SM Charged
scalar
M4 —

SM

DM annihilation
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m, (GeV)

Fermion DM (2)
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m, (GeV)
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Two DM candidates

® A neutral component of the inert scalar

The direct detection constraint is stringent.
H (or A) boson should be the lightest state.

® The lightest right-handed neutrino

The direct detection constraint is not relevant.
The charged scalar can be lighter than neutral component.

19



Two DM candidates

® A neutral component of the inert scalar

The direct detection constraint is stringent.
H (or A) boson should be the lightest state.

® The lightest right-handed neutrino

The direct detection constraint is not relevant.
The charged scalar can be lighter than neutral component.

However, Yukawa interactions with SM leptons are sources of
lepton flavor violation processes.
(Discuss later) 20



Scotogenic Model

SM + additional SU(2)w doublet + 3 right-handed

neutrinos can explain following phenomena:
[E. Ma (2006)]

 Dark matter

The inert (scalar) dark matter
The lightest right-handed neutrino

SM

* Neutrino masses
DM annihilation

21



Neutrino masses

Neutrino masses are generated radiatively!
Higgs-scalar doublet interaction (H) (H)

Lint D )\3(HTS)2

h.c.

+(Y,,;§Nj + h.c.)

22



Neutrino masses

(H) (H)
2
()i = X i Y
v)i] — = 5
Hy Hy - e Mk
Vi, Ny Y Yj One-loop suppression!

[E. Ma 2006]

Thanks to the one-loop suppression, tiny neutrino masses
are generated with !

e.g) Mw ™ leV
Y ~ O(0.1)



Lepton Flavor Violation (LFV)

In the SM, LFV is generated at one-loop which is suppressed
by tiny neutrino masses.

[SPheno 3.1: arXiv:1104.1573]
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LFV constraint can be evaded with small Yukawa couplings!

A correct DM abundance is obtained by coannihilation
with the charged scalar.  [axiv:1312.2840; 24



Fermion DM (3)
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Scotogenic Model

SM + additional SU(2)w doublet + 3 right-handed
neutrinos can explain following phenomena:

* Dark matter @

The inert (scalar) dark matter
The lightest right-handed neutrino

* Neutrino masses
Right-handed neutrino A3




Summary of Scotogenic Model

® The minimal scotogenic model can explain the DM and tiny
neutrino masses.

® The lightest neutral inert scalar or the right-handed
neutrino can be a DM candidate.

® In the scalar DM scenario, the direct detection
constraint is stringent.

® In the fermion DM scenario, LFV processes give a stringent
constraint (depending the size of Yukawa coupling).
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Vesr

A

First-order Phase Transitions

) First-order phase transition

proceeds through bubble
nucleation.

Three sources of the
Gravitational Wave:

Bubble collisions

[Kosowski et al. 1992]
Sound Waves of the
plasma

[Hindmarsh et al. 2014]

Tunneling! Turbulence of the plasma

[Kamionkowski et al. 1993]
29



Detections of Gravitational Wave (GW)
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Electroweak Phase Transition (EWPT)

® EWPT in the SM is not of first order.

[arXiv:9510020]

® EWPT in the inert doublet model
can be of strong first order.
[arXiv:1204.4722]

'T;(1c\’

13

[M. LAINE (2000)]

symmetric confinement phase
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The scalar potential

2] 2

(Y
V = Asm (\le S;‘) +m3|S|? + A |H|?|S)?

+X2|HTS|?2 4+ [A3(HTS)? + h.c.] + Ag|S|*

H : SM Higgs doublet S : SU(2)w doublet

The tree level potential is same as SM.

32



A Potential Barrier

A AsM & Thermal effective potential at one-
4 loop order
M?2(T A
Ve = ( )¢2 — ET¢® A S ¢*
. 2 <

Standard Model: SU(2)w X U(1)y
This model: SU (2)w X U(1)y +

33



Overview of Calculation Method

Fix a model Quantum and Thermal effects

£(¢9 ¢7 AZ, e ) Vew (¢) and Vrhermal (@)

Solve bounce eq. ‘

Bubble dynamics
Bubble wall velocity: )
Efficiency factor: /R

GW spectrum

h,, =167nGT,,,

etc..



Important parameters for GW

GW amplitude is related to two important parameters.

Duration of phase transition: (3

(\ <¢>’ I' ~ I‘Oeﬁt

Bubble nucleation rate per
unit time per unit volume

T~ T4e_% Tunneling occurs at I'(T)/H*(T,) ~ 1

Linde.(1983) 35



GW amplitude

Bubble size at collision: I, ~ fvwﬁ_l
PGW

Pecrit = (]- ‘l‘ a)prad

Qcw ~
Pecrit

PGW EGW/L Bubble volume ~ [,3

Ecw ~ /dtPGW ~ B ' Pow

Quadra-pole formula: Pow ~ GE?

kinetic

; 3
Evinetic ~ BFExinetic  Frinetic ~ KeL

. . H?
efficiency factor: K G~ TP (Newton const.)

2
Ko ) 3 Large vacuum energy and long-

O duration enhance the GW amplitude.

36



The Scalar Potential

2] 2

(¥
V = Asm (\le SM) +m3|S|* + M| H||S|?

2
+X2|HTS|? + [As(HTS)? + h.c.] + Xs|S|*
H : SM Higgs doublet S : SU(2)w doublet
)\H(A) — )\1 —+ )\2 + 2)\3

A1y A, Aa — 0

S is heavy so that it does not contribute to
the thermal effective potential.

M1 — OO
37



Effective Potential and Tunneling Rate
Standard Model (small E) SM + one scalar doublet (large E)

4 ASM
Large
2 4

$* Small ASM 4
Verr tunneling rate

Veff|  tunneling rate 4

_ET¢3 —ET¢*

38



Effective Potential and Tunneling Rate
Standard Model (small E) SM + one scalar doublet (large E)

4 ASM
Large
2 4

$* Small ASM 4
Verr tunneling rate

Veff|  tunneling rate 4

_ET¢3 —ET¢*

H(T.) /T < 1 B(T.)/ Tz 2 1
8 (3 :large 8 (3 :small!
Qcaw :small Qcw :large!



Effective Potential and Tunneling Rate
Standard Model (small E) SM + one scalar doublet (large E)

¢ ASM
Vet ;-

—ET¢°

N

¢4

small: >\1, )\Ha AA

large: 711

Verr

ASM

¢4

——————————————————eelp [

Qcow : small
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Parameter Scan

[cosmoTransitions: arXiv:1109.4189]

Imposing following conditions:

(1) Perturbative conditions

i < 4, Y| < VAm,g; < V4T

(2) The vacuum stability and unitarity conditions

| A3
As > 0, A1 + 2/ AsmAs > 0, A + Ao > - 2¢/AsmAs > 0

(3) The lightest state is the CP-even scalar.
(scalar DM case)



Strong First-Order Phase Transition (Scalar DM)
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Gravitational Wave Signals (Scalar DM)

Assumption: 100% DM!
Within reach of U-DECIGO-corr
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os (pb)
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Direct Detection Constraint Revisited

. 0<my <50 GeV
m; > 50 GeV *

; EWPT is of
strong first order!

Ruled out!

\\Xenoan (2018)
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Why?

® A neutral component of the inert scalar must be lightest!

e A large A5 and small 1, is needed to enhance the GW
signals.

e A large 1 and small m1, is constrained by the direct
detection constraint.



Strong First-Order Phase Transition (Fermion DM)
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Gravitational Wave Signals (Fermion DM)

Assumption: 100% DM!
Within reach of U-DECIGO-corr
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Why?

As long as the right-handed neutrino is lightest, the
charged scalar can be light!

e A large 1, and small m, is needed to enhance the GW
signals.

o A large /,, and small 1, is constrained-by the direct
—detéection constraint.

In the fermion DM case, the direct detection constraint is
not important! 49



Summary

® The inert scalar and RH neutrinos are introduced in
minimal scotogenic model.

® The scalar DM mass and coupling are stringently
constrained by the direct detection experiment.

® GW signals within reach of U-DECIGO-corr with 100% DM
are almost ruled out by the DM direct detection experiment
in the scalar DM scenario.

® GW signals within reach of U-DECIGO-corr with 100% DM
are not ruled out in the fermion DM scenario.
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Negative cubic terms?

T 3 T 3 T 3
Vo D —mi) + 5)2 — ﬁ(mi(qs) +TIg)2 — E(mz,(qs) + IIg) >

1, 1 ., ., 1. 1_ 1 1N\

I1s = §92+1_6(91 +92)+§AS+EA1+Q>\A+£AH T~.
1 1 .

m3 (¢) = m7 + §>‘1¢2 m7 (¢) = m7 + EAAqbz m; (¢) = m7 + §>\H¢2

Ilg, m; K >\1,H,A¢2

Negatie cubic term!

Ilg, m1 > )\1,H,A¢2

Constant term...



