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Phenomena beyond the SM

® Standard Model
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Phenomena beyond the SM _
S — Neutrino

Phenomena that can’t be Mass

explained within SM

v Neutrino mass

=

v’ Matter-antimatter asymmetry
v’ Dark matter
e |nflation

e Dark energy

e Strong CP problem Dark

BAU
y Matter
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Galaxy rotation curve

Phenomena beyond the SM v(kmls)
® Dark matter v Extremely weak EM interaction 100 S
v' Stable during cosmic evolution ¥ ft:;-ﬂr;uf
v Relic density _. 50 | ,f H".‘uhn luminous disk
Gravitational lensing L
' > 10 R(kpc)
Observational M33 Rotation Curve

evidence

CMB anisotropies
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1E0657-558 cluster D. Clowe, 2006




Phenomena beyond the SM LT
| o4
® Matter-Antimatter Asymmetry :
N n - N-
Definition: hy - b
ng ng AN !
; v: ?‘ A ‘~~ ; "’",g
hesN = (5.8 ~ 6.6)? 10" 1°, 95%CL s = .
CMB — - 210 1© 050 g L w ¢
hSVE = (6.03 ~ 6.15)? 10" *°,95%CL " A Dynamical
2016 PDG ) evolution
x An initial matter-antimatter asymmetry 2al

will be diluted by the inflation.



Phenomena beyond the SM BH#? B:ig ek ? dfs E

® Matter-Antimatter Asymmetry

Sakharov conditions:
e B-violating
e C and CP violation

* non-equilibrium

o
[
o
o
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Sakharov, 1967
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Phenomena beyond the SM

® Matter-Antimatter Asymmetry

 Nonperturbative effect caused by chiral
anomaly violates B and L - sphaleron
SM meets the Orocess:
Sakharov conditions ¢ Quark mixing - CKM matrix contains C and
CP violation;
« EW phase transition leads to non-equilibrium.

« Not enough CP violation

« Too weak non-equilibrium :
in the EW phase transition Matter-antimatter

asymmetry requires BSM

h,: 1007



Popular schemes to explain the phenomena

® Generation of neutrino mass — seesaw mechanism
® [ eptogenesis

® Dark matter candidates

® Possible relation among dark matter, neutrino mass and BAU



Popular schemes to explain the phenomena

® Generation of neutrino mass AL=2
Dirac fermion Majorana fermion
Y=Yy, +VYs Y= (e) + Y= (V%) + Ve
- - - 1 c
- Lmass: myy = myLyR+ myRyL - Lmass: E(yR)MyR_I_ H.c.

Introducing right-handed neutrino to the SM

= —~ Other leptons and quarks
- C
- Lmass _ ynll—f nR T EnR M RnR + H.C. Yukawa couplings (10—5 0 1)
my = y,u

If neutrino is Dirac fermion, then to have m,: 0.1eV:y : O(10 *)



Popular schemes to explain the phenomena

® Generation of neutrino mass

- 1_
Type-l seesaw: - L, ? y I.f ng Engl\/anR + H.c. o
. — (0 M-\v {M ~10°GeV
—inanL+H.c:—l(vf vR)[ : Dj( Lj+H.C. |
2 2 M
Mg ? mg
Diagonalization




Popular schemes to explain the phenomena
® Generation of neutrino mass

Type-ll seesaw: a new triplet scalar

Type-lll seesaw: a new triplet fermion S

u2

M R,D,S

Type-Lll|Il seesaw — m, :

. f
Weinberg L= L (nf°- If “)(n f U I.f ")+ Hec.
operator L




Popular schemes to explain the phenomena

® Generation of neutrino mass

Neutrino radiative mass ----
Weinberg operator at loop level

| u
16p* M

Some possible
one-loop neutrino
radiative mass

|
mnoop “

v Lower the scale of m, generation
v Detectable at accelerators
v Loop particles may serve as DM




Popular schemes to explain the phenomena

® LGptOgGﬂESiS M. Fukugita, T. Yanagida, 1986
Type-l seesaw : - L, = yNI_Lf Ny + EN—EQZI\/IRNR + H.C.
? .
Asymmetric CP conjugate N; Ia To@=+1) ——
decay processes - N ‘

Equal widths at
tree level

Asymmetry at
loop level




Popular schemes to explain the phenomena

® | eptogenesis

3 ﬁa\li? L f)- GIN,?2 1. %)

CP asymmetry produced by o -

right-handed neutrino decay - %(Ni 21 f)+GN.? |l )
Yy ® complex Non-zero CP asymmetry €

\/I\T v Arbitrary orthogonal matrix O’s CP phase can
i provide sufficient CP violation, even if m,

y,, = iU Ym,O
(f) contains no CP phase. (David, Ibarra, 2001)

28
L asymmetry Sphaleron B asymmetry B= 7—9(5- L)



Popular schemes to explain the phenomena

® Dark matter candidates
v" Freezing out

« Particles in hot, dense equilibrium in early universe;
 As the universe expands: lower number density, lower
reaction rates, decoupling from equilibrium, freezing

out, relic density.

v' Boltzmann equations — tracing evolution
of number density

dn 2 2 thermal avera ' '
" I ) ge Relic Densit
dt + 3HN = <SV> (n neq cross section y



Popular schemes to explain the phenomena

® Dark matter candidates

_ : X at the freezing-
v' DM relic density out point
, . 1.07° 10°GeV"*
T J(x) g m,

J(x) describes the effects of number density
change due to annihilation after freezing-out.

Observed DM relic density W, h’

0.038gm,,m(sv)

12 112
9. X

¥ (SV
0= g Stho

= 0.11867 0.0020 2

PDG



Popular schemes to explain the phenomena

® Dark matter candidates : thermal freeze-out (early Univ.)
dectection indirect detection (_now)
, ST _ |
W h? - 3 100" cm’s accelerator 5
(sv) S
D
-
EW interacting WIMP coupling direct s}
a~0.01, mass ~100GeV %

DM

WIMP Miracle e
Indirect

productlon at colliders

(sv): a*(100GeV) *

3710 ®cm’s?



Popular schemes to explain the phenomena

® Possible relation among dark matter, neutrino mass and BAU

Ernest Ma,
_ 1 — 2006

L? y,IchN,- EN;;MN|\|R- | (h'f)*+ H.c.

Ne(L1,0)(-)

_1o. Ly =
1= 1625 2

o GN2 1L h)- GN, 2 IL h)
" GIN.?2 I h)+ QN ? . h)

Asymmetric decays of right-handed
neutrino produce L asymmetry, then
B asymmetry through sphaleron.

mZ, - m% =1 (f)",( <0)

hg

0
hy can serve as DM

Radiative neutrino mass
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Nonthermal leptogenesis and minimal dark matter

® New model

v' Based on type-IlI+I/ll seesaw

v Inflaton decay = L asymmetry

v' Fermion triplet as minimal dark matter
v CP violation comes from Im(m,)

- A unified scenario for neutrino mass, dark matter, baryon
asymmetry and inflation.



Nonthermal leptogenesis and minimal dark matter

Inflation helps with flathess,
® New model horizon and magnetic-

: ; . . _ monopole problems
Introducing a scalar singlet as inflaton for inflation

1 Unknown potential:
L, = 5 S s V(¢ polynomial, exponential, etc.
OE ll\/lgs.2 PolynomiaIV(s)=%M§sz+%l ;s

v’ Inflation erased initial matter-antimatter asymmetry:. CMII3 e);]per{/msentssz
v' All matter and antimatter are produced during imply that V(s)H
reneating after inflation. 2013,Planck,
2014,BICEP2
O Nonthermal leptogenesis: Decays of inflatons produces

. : Three-body
L asymmetry, allowing for a lower reheating temperature.

decay of inflaton



Nonthermal leptogenesis and minimal dark matter

® New model
Based on type-I/lI+lll seesaw :
L —iN_AN, —%MNN_RNE —f, TN, +He  N(L10) Fermion singlet

L, =Tr[(DﬂA)T(DﬂA)}—MZTr(ATA)—EyAWAngﬁ —% LA, +H C

/2 d =
D(,3,- 1)2? V2 D D= |g%Wa |g<B
/|

Scalar triplet

d- -d /27 e

L, = m[Tm] =M Tr(TclrzT wz) J2f iz, Tlic,g+ H.c. Fermion triplet

/ T
TL(1,3,O):§L f . :DmT =21, ig%vvn‘;wL
T - T0/27 ‘



Nonthermal leptogenesis and minimal dark matter

Minimal Dark Matter
® New model '\; E(I,D/- M)c
L= Lg, + 01

: : N . I 2 2 .2
Fermion triplet as minimal dark matter f{Dnc| - M%c

: 1 : ] M.Cirelli, 2006
L = |Tr(aJD’CL)- EMCTr(Fﬁlt 2c:L|t2)+ H.c.
FLIND) S fs e SU(2) multiplets with
c.(130)= I‘L _ OL\/—E’ D.c = ?.C0 ig’f Wi Co minimal quantum number
e -cl/v " « Gauge interaction with SM
: particles
Total Lagrangian « Loop corrections make
L = LSM + LIII + L|/|| + L9 + LC + LScT + (quartic) mass split, neutral particles
B being DM
LscT —g szTr(TLit 2Cfi’[ 2)+ H .c. e Only parameter: DM mass
72 symmetry: (S,CL) W(ZQ (S,CL) To forbid some Yukawa couplings

(DM, SM leptons and Higgs)



Nonthermal leptogenesis and minimal dark matter

® CP violation and neutrino mass matrix

Redefinition of mass matrices, couplings and fields:

M, =MLe%, f . =f e 4 =pe%, f 2 =L ﬂeiPAaﬂ. In the redefined Lagrangian,
a a 2 a a 2 .
- - » 8 some mass matrices and
M; =M:e™, fp, =17 M =Me™, 1 =1¢e"; couplings can be set to real,
3 / - _. _.
yl =%y, T =e%T, | = @/2ed] , g =g @/2mg but not all.

N, =e™2N_, A'=¢e%A
Choose a basis so that
M, =M, M;=Mp M =My, f =T, u=pu Type-Il/ll seesaw Yukawa

Thus, CP phase exists only in type-l/ll seesaw CO“p“”rth?iLeegomp'eX
Yukawa couplings '

CP phase fuo ! Taos



Nonthermal leptogenesis and minimal dark matter

® CP violation and neutrino mass matrix

When Higgs field develops vev, EW symmetry breaks spontaneously, neutrinos
obtain small masses by seesaw mechanism

i— :
L Srmy+ H.c. Majorana mass
] : V2 :
Neutrino mass is generated by both type-Ill and (m)" )aﬂ =—f., f,,—— [ Imaginary part
type-I/ll seesaw T of m, is the
i ] i v only source of
mv = mv —+ mv (mv )aﬂ e T M, CP violation
L V2 for
m') =-f, =28 leptogenesis
( )aﬂ Aaf 2M§

Type-lll seesaw Yukawa couplings and mass matrices were set real, so CP phase exists
in type-I/ll seesaw

Including two
Im(mv”” ) = |m(mv) - Im(UPMNsQUIIMNS)

Majorana phases



Nonthermal leptogenesis and minimal dark matter

Specific expressions

® CP violation and neutrino mass matrix of imaginary parts of

i, )< m(n,)

= —M, [ $,,€1,C53C15 SIN @, + C,5,45,,135IN (2 + ) |

M, | $1,C1,CoaC1s SIN @y — 85,558,361 SIN (@, +8) |~ MyS,55,,€,; 5IN S
Im(m,,)=1Im(m,)

= M, | 5,,€,,8,5C15 SIN @ — CF5C38,3C15 SIN (@ +5) |

- 2 - -
—M, | $,,€15825C13 SN @, + $5C58,3C,5 SN (@, +8) |~ MyC,38,,€,5 5IN S

im(m,)=1m(m,

2 2 2 2 f 2 2 3
=m, [—512523C23 SIN @ + CFy8,4C,455 SIN (@ +25) + 5,5 (€3, — 53, ) 15 51N (1, + 5)]

2

m,

Im(m,, ) = m,c;,C; Sin e, +Mm,Sp,Cr; Sin a, —m,sy; sin 26

2 o2 a2

2 .2 o - -
Im(m,,, ) =m, | s,¢3,Sin @, + 53,57, SiN (@, + 25 ) + 25,,C,,5,4C,58,3 5iN (2, + ) |

2 o2 a2

+M, | CF,C34 SIN @, + 57,53,55 SIN (@, + 25) = 25,,C,8,4C,35,5 iN (2, + ) |

2 A2 Q2

Im(m,, ) =m, | 57,57, SiN @, +C},C3,8% SIN (a1, +25) — 25,,C,,5,C,48,5 SN (1, + 5) |

2 2 o2

+M, | G55, SIN @, + S7,C3455 SIN (@, + 25 ) + 25,,C,,4C,35,5 iN (@, + ) |

+m, [—cf2323c23 SIN @, +57,8,5C;455 SIN (@, +28) +5,,C, (82, — €, ) Sy 5N (a1, + 5)}



Nonthermal leptogenesis and
minimal dark matter

. 0.00

=0.05

® CP violation and neutrino mass matrix T

Myin[EV]

Given Am? and mixing angles from experiments
(2016PDG) (best fit)

O Normal hierarchy m;>m, >m, £ o

Im{my )eV]

2 2
Am221 =7.37 ><10_5eV2, Amz = m: _M - 2_50X10—3eV2 -0.05

108 10°% 10 10 102 041 1

Myin[8V]

sin @, =0.297, sin°f,, =0.437, sin”4§,=0.0214
Dirac phase o— 0, 27

Majorana phase «, >0, 272 , a, >0, 271

Im{m)[eV]
Im(mg )eV]

Vertical line represents
cosmological bound on m,,

> m, <0.57eV




Nonthermal leptogenesis and Ny o
minimal dark matter

Im{mee)[eV]
Im{mg J[eV]

® CP violation and neutrino mass matrix e R
Given Am? and mixing angles from experiments
(2016PDG) (best fit)

NH, &=3r/2 ! NH, &=3rm/2

O Normal hierarchy m;>m,>m,

z
=2
3

£

E

2 2
_ m-+m i
AmZ, =7.37x10°eV? Am*=mi ——1—2 =250x10"eV?
2 -5 10 10 1077 04 1 -5 10 10 107 04 1

Miyin[€V] Min[€V]

sin?@, =0.297, sin?@,, =0.437, sin’ @, =0.0214

F. Capozzi et al.,

Dirac phase 0 —>3712  phis Rev. D95, 096014

NH, &§=3m/2 ! NH, §=3m/2

Majorana phase «, —>(0, 272 , a, >0, 27

Im{my)[eV]

Im(mg )[eV]

Vertical line represents
cosmological bound on m,,

> m, <0.57eV




Nonthermal leptogenesis and
minimal dark matter

® CP violation and neutrino mass matrix

Given Am? and mixing angles from experiments
(2016PDG) (best fit)

O Inverted hierarchy m,>m >m;

m; +m’

AmZ, =7.37x107°eV? Am* =m? - =2.46x10°eV?

sin?@, =0.297, sin?6,, =0.569, sin’ 6, =0.0218

Dirac phase o—0, 27

Majorana phase o, —(0, 22 , a, >0, 27

Vertical line represents
cosmological bound on m,,

> m; <0.57eV

Im(mee)[V]

Im(rm,,)[eV]

Im({mz)[eV]

0.00

-0.05

1078

0% 107

107 1072

Myin [EV]

01

1

Im(mg )[eV]

Im(my)ev]

Im(mg )[eV]

0.00

=0.05

10%

10°%

107

107*

1072

0.1




Nonthermal leptogenesis and minimal dark matter

Corrections to
neutral component

® Minimal dark matter

X mass at tree level M. =M

L, = 2(B+m,)x

v' Loop corrections induce mass splitting between neutral and charged components
Corrections to

2
gm m charged components
. —m, = L1 f %—cosewf e . J b

B (47)° m m
X X
-
f(r) > 2r°Inr =2r +r* —4(r’+ 2) InAJ
A:E r2—2—r‘/r2—4) DM mass far less than o and
2 type-lll seesaw fermion T
e . m O m_,m,
m.—m,—mmenz 5 o M oo5g, 2712 | =167MeV
% x (47) m, m,



Nonthermal leptogenesis and minimal dark matter

® Minimal dark matter

v' Dark matter relic density

Co-annihilation processes

ZOZO - W +W —’ ¢O*¢O’ ¢+¢—

In the limit of SU(2)
unbroken, SM particles
masses approximate to 0

227 SWAWE, £ f, ¢%", ¢%¢

7T SWAWTE, ff,
v >WW*F

eq eq
Z %
=1

N
AiEmmm1 geﬁ—zg(l"‘A)S/Z s,
h =

()=, <7

eq eq -
i, eff

X =

( )3(1+ 28)2xK N1+ ¢eov,,de, &=
X

49 9P

N o gj 312 32 o~ (X Aj+Xj4))
Z: L ([1+A,)?@1+A,) e
=1

m
-

s—4m?
4m?>

W, h? ;

W, h? = 0.1186? 0.0020

m, = 2.5TeV

1.07" 10°GeV' !
J(X )g1/2




Type-11
seesaw

Type—1 seesaw

Nonthermal leptogenesis and minimal dark matter

® | eptogenesis

v' Width of inflaton at tree level
FUZF(G—)VL+)(O+¢O*)+F(G—)EL+}(O+¢+)
+F@P+VL+Z‘+¢)+F@r+e +x +¢)
+F(a—»vf+gﬂ+¢0) (a—+ef+z°+¢‘)
4I(a—m{+z*+¢)+r(a—>e+gf+¢)
LY v e [E[Tr(m!) wme
2’7 M? 2’7 V'M?
v' Reheating temperature

1
(20 I W [T,
e o\ 8rg. ) 1672 v M,

i

:(87T39*)2 L M., =1.22x10°GeV, g.=108.875 No self-energy corrections from Ieptons and Higgs,
0 ) My since the corrections from e and neutrino cancel out.

T =H(T)




Nonthermal leptogenesis and minimal dark matter

1 Zaﬁ[ fr fTﬂ Im( Fne fNﬂ):| |\/|§

® Leptogenesis Type-i+lil seesaw & == =55 5 M M-

v' CP asymmetry produced by inflaton
decay at one-loop

— VX ELx nWwx e x
E,. =€, -I-EG -I-EG -I-EG

F(G—%VL+ZO+¢m)—r(6—évf+lo+¢§)

gVLl —

Type-ll+Ill seesaw ¢, =-

o T
o F(a—»eL+Z°+¢+)—F07—+ef+go+¢‘)
FE =

o

FO'
VM__T(G—»VL+Z_+¢+)ﬁF@7—>V-+Z +¢ )

&

o

=

(o2

g L —_
r

(o}
(o}

1 Z |:fTafTﬂ|m( Aﬂ)i| |\/|§,uA
167 >t 2M M.

CP violation exactly
comes from imaginary
part of m,

1 Zaﬂ[fm fTﬁ Im(maﬁ)] |\/|§
E =
7 167 zzafn%ﬁﬂ VM,



Nonthermal leptogenesis and minimal dark matter TDlolzGeV[ 0.€4§v2)]
e Tr(m'm,

' M. Fukugita, Tr(m'm )=m? +m?+m?
® Leptogenesis oo 3 (mm, ) =m +m; +m;
v' CP asymmetry produced by inflaton decay at one-loop {F:%T—Tr(m m )< H (T)}‘TT -

72. V D RH
If particles in seesaw mechanism have masses far more than

inflaton, then generation of m, happens at T,~10%? GeV; if it's (M7, My, >M,)
higher than reheating T, then out-of-equilibrium occurs. : :
. Interactions for generating
Final B asymmetry 28 m,, would not wash out CP
_Ng N _ Ten Coph 79 asymmetry produced by
Tls :__Csph__csphga_ .
S S M_ inflaton decay
1
v" Numerical example A
iy ) T.. =5772107GeVE = T
M_=15x10"GeV, f_ =7.9x10 1eV*
14 2
My ~ My =104GeV, ., f,, 0 f;. L () 2 4m10 5 Am (M)
o 16p VM, #0.05eV
h =10 10% & %E Tan - 10 iﬁn(mtt) amy 2
B

74 10°%87 10°Gev ﬁ)@ooﬁdv OleV:



Summary

v' Reviewing some BSM phenomena including neutrino mass,
matter-antimatter asymmetry and dark matter, and some
schemes for these problems;

v We proposed a leptogenesis model based on type-IlI+/II
seesaw In which the three-body decay of inflaton produces L
asymmetry. Decay products fermion triplet’s neutral
component may serve as minimal dark matter and neutrinos
acquire Majorana masses through seesaw mechanism. In this
model, CP violation for leptogenesis comes exactly from the
Imaginary part of neutrino mass matrix.



Thank you
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