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Standard Model

Standard Model of Elementary Particles

three generations of matter interactions / force carriers
(fermions) (bosons)
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Gauge symmetry group Gsy = SU(3)c x SU(2); x U(1)y
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Introduction /Motivation

Introduction

Neutrino masses (Dirac)
Non-Abelian Dark Sector(self-interacting dark matter)
Gravitational waves from early universe

Neutrinogenesis

Connect all of the above
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Requirements for neutrino mass

m Majorana or Dirac type?
m Tree level or radiative?
m New particles? (scalar, fermionic, vector)
m New gauge sectors? (U(1),SU(2), SU(N))
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Tree level, Majorana

Weinberg Operator 1979: tALH — (I7H+_”H0)A(FH+_VHO)

Add Ng ~ (1,1,0) under Ggy

Lpew = N YpLH + myNgrNg + h.c.

% ®
— — -
N
vj ¢0
T~

< 0 mD> —m3
=my ~ —2
mp my my
v < my~ 101GeV — m, < v with Yp ~ 1

or Yp < 1— m, < v with my ~ O(10>73GeV)
Seesaw—I|
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Seesaw-l|

Add[1980] £ = (£+,¢+,£%) ~ (1,3,1) under Gsy

Loew = YLEL — pHEH +hc. = m, = Y (£0) = —2%

7
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Seesaw-IlI

Add X ~ (1,3,0) under Gsp
Lpew = ji:\/lj LH+ mnyXrYig + h.c.

< 0 mD> —m?
=my ~ —2

mp myN my

v my~1011GeV — m, < v with Yp ~ 1

or Yp < 1— m, < v with my ~ 0(10°73GeV)
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Seesaw variations

0 mp
MyN = ’

mp myN

Seesaw[1979] m, = —m? /my
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Seesaw variations

0 mp 0
Myp= | mp myp  my
0O my mo

Inverse Seesaw[1986] m, = m?m,/(m3, — mymy)
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Seesaw variations

!

0 mp mp

//VN = mp 0 my
mp my 0

Linear Seesaw m, = —2mpmp//my
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Radiative neutrino mass, Majorana

g

Zee[1986]
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Radiative neutrino mass, Majorana

Ma[2006]
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Scotogenic radiative neutrino mass

Add Z; symmetry under which n ~ (1,2,1/2) and Ng are odd
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Radiative neutrino mass, Majorana

Fraser,Ma,OP[2014]

14/51



Radiative inverse seesaw neutrino mass, Majorana

Add Z, symmetry under which real singlet scalar and
Eir~(1,2,1/2) and Ny ~ (1,1,0) are odd
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Dirac neutrinos

m Add Ng ~ (1,1,0) under Gsy

m Ng MUST transfor under some other symmetry
non-trivially

irac case

m New symmetry S is discrete, global, gauged, dark?
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Tree Dirac case

e Insert a Dirac fermion singlet N which does not transform under S, then break S softly

by the dimension-three vz Ny term.

¢0

:
|

Y
i
|

vy N, R N, L VR
o Insert a Dirac fermion triplet (X*, %% %) which does not transform under S, then
break S and SU(2);, xU(1) together spontancously to obtain the dimension-three 7%}

term.

(Zs[)
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Dirac case

o Insert a Dirac fermion doublet (E°, E~) which transforms as vz under S, then break

S softly by the dimension-three (E%v; + E+e~) term.

¢0

:
|

Y
i
|

Dirac case

ve ©E% T EY vg

o Insert a scalar doublet (*,7°) which transforms as vg under S, then break S softly

by the dimension-two (7~ ¢* + 7°¢°) term.
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Dirac case
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U(1)g_case

Add 3 Ng ~ (1,1,0) which carry L =(1,1,1)
Add 3 Ng ~ (1,1,0) which carry L = (4,4, -5)
Other variations are possible

Makes U(1)g_; anomaly free.

U(1)g—_ can global or gauged

Global: softly or spontaneously broken(Majorana, Dirac)

Gauged: spontaneously broken(Majorana, Dirac)
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Models

Model* Field SU(2), U(l)y SU(N) Flavor
1,2 VR 1 0 O N¢
1la NR,L 1 0 1 Nf

é 1 0 O 1
1b YR 3 0 1 Ny
1b & 3 0 O 1
1c Er. 2 -3 O Ny
1c & 1 0 O 1
2 n 2 3 O 1
2 & 1 0 O 1

*10.1016/j.physletb.2016.11.027
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https://doi.org/10.1016/j.physletb.2016.11.027

Anomalies

SU(N) fermion > A(R)=0 massinvariants Remarks
irreps
SU(2) 2 N¢ €even vamaprh Map = —Mps
SUB3) 3.6 M INe=0 vpoWs ~ 1,
I/RI/R¢ ~1
SU(4) 4,20,10 i+1-8=0 extra scalars?
Su(s) 5,10 i-1=0 vrpWiy ~ 1, same as in
VUpWpo! ~1  SU(5) GUT
Ssu(6) 6,15 Net—X=0 vroWg =1 N €even
SU(T) 7,21,35  1-341=0 757621 ~ 1,

35£35,7s ~ 1
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Models" Lagrangians

—L, = NLY LH + vk YrNL + NLMyN; + h.c.
Ly = HELY L+ VL YR Tr[E1¢] + Tr[ZEMs¥ ] + h.c.
—L.=ELY Lo+ v YRELH + ELMEEL + hec.

—L> = 1/;[;, Y,Ln+h.c
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Models' Potentials

A A
Vi = —uiHTH + SHHTH)? = m3oTo + 22 (670)?
+ Mg (HTH)(¢79) + 65y Q)A'Hd,HWTH

Vo= i HH + S HTH) — 12616 + 22 (610
A Ay
+ ot + S0 ) + S0 ) (0 nis)
+ Ao (HTH)(010) + AHW(H*Hxn n)
+ Ay (H) (0T H) + Ao (0T 0) (67 0) + Xy (6Tn) (01 ¢)
+V2unTHe + h.c.
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Models
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Neutrino masses
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utrino Masses

Logo[Yv1(GeV)]
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Yukawas

Yi = —D ez RD il funs

Ye! =1D% s RDY UL,

V24m? )
YI/ = W nuRDlag [m17 my, m3] u[JLMNS
my
1
D, =— my
W

ms3
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Spontaneous Symmetry Breaking

SM : SUQB)e x SU(2). x U(1)y

DS : SU(N) % SU(N — 1)

SU3)c x U(1)em

1
M+ = 58D (v¢)v¢2) X (N — 1)complex
, N1
2N

mz, gD(V¢)V<;2>
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Thermal potential

Vo = —uHTH + SE(HIHY — miglo + 22(616)

+ Mg (HTH)(79) + dsu(2) ¢HT¢¢TH
mb m2 m? 3
o V, — GB | ; PR
::tentiall and o nes 6471—2 ( °8 |: ,UJ :| > Z & 64 2 ( |: 2 :| 2)

parameters ’#GB
ms + I1;
Vrzo = E 2 -8B <>

(¢7 T) ( )+ VCW(Qs /1*) + VT¢0(¢7 )
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Thermal
potential and
parameters

Thermal Potential

2N—1

1
My (6) = S5 ” x (N — 1)complex mzp(4) =5 5¢
A
Moy (¢) = —1® + 37¢¢2 miy(¢) = —Hﬁ + *H¢¢2/2
N X
Mim()(9) = 7 + 2 6" Moy (#) = =+ e
. 20 N
Mw, = S epT” Nzp = gy 807"
T2 Ag 2 N-
Orelol = 15 (2NT FAAHg + 38D (2(N Sut T))

T2
My = 5 (An + NAng)

2(/\/Ad’JrM +32(2(N 1)+N71))
2 \" 2 Ho 728D N

T2 !
Ap
n _ N=2 +axy, +3 2(N—-1)+ ———
PN—1 T 15 < Ho + 3D ( ¢ ) (N — 1)N>>
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Thermal parameters

P 200 V(6 T)

o7 Trar = o0 PO=0 (c0)=0
Thermal

o) 2

se—ae [ (2) v
0 or

potential and

: 45 M
)t a1 p(T) ~ The SeSuT/T 124 = b
parameters p( N) N p( ) € 1671—3 \/gj

A(V -T2
e T30 |

ﬂ_T<d<SE/T>>N

a =

H dT

Tn
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-0.05

V($,T)-V(0,T)(x10"0 GeV*)

Tc<T(10*GeV)=0.858854
Tc(10*GeV)=0.83930
Tc>T(10°GeV)=0.820199

-0.10
Thermal Tn(10*GeV)=0.717706
potential and
parameters -0.15 1

2 3 4

#(x10*GeV)

¢
>\¢ = 0.0009, /\h¢ =0.05 gp =05, N=5, T—g = 4.268, o = 0.278, B/H = 1942

¢
V(0, Tc) = V(gc, Te) F& > 1
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Gravitational waves

100\1/3 ,_, /H
K2 Qs (f) = 8.5 x 107° (7) r2ug (i> Vi Sew (F)F
gx B

r=a/3, U? 3 Sew(f) ( f )3 ! "
- = ar, (7
TR T RN o fan) \4+3(F/faw)?

1 T, 1/6
s (2) (3) () (3
v \ Hy 10 100GeV 100

3/2 1/3
H. 100 /
W) =335 x 107 () (m) (22)7 wsunt

B 1+ T, Ex
£/ ourn)? T 1/6
Sturb(f) = (F/ fure) hy = 16.5,u,Hz< * ) (i)
[L+ (F/ feur)]'/3 (1 + 87F /) 100Gev / \ 100

1 T, 1/6
o () (25) (5)
v \ H, 100GeV 100

WQ(F) = b Qaw(F) + b Qs (F)

710.1098/rsta.2017.0126
710.1098/rsta.2017.0126
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Gravitational waves

(10.1992 1.03867x1072)

10°9 10°6 0.001 1 1000 108

f(Hz)
a=0.1, B/H = 1500, T¢c = 10° GeV, v, ~ 1
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Gravitational waves

eLISA_ { |CE cMB
= -9 \/ il
ég 10 LIS\/
N-E
DECIGO
10—14 L d
BBO
10719+ ]
10-9 106 0.001 1 1000 108
f(Hz) i
fgwplotter
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http://gwplotter.com

Gravitational waves
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Gravitational waves

Log1pla]

0.5

0

Log[f] Hz

38/51



Tn (GeV)

— 1072
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Connection between SSB and confinement

2l€f

(4m)2

Ya(Re)

Confinement

$10.1103/PhysRevD.67.065019
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Connection between SSB and confinement

__________
— -
——————

—————
——————

Confinement

Correlation between gy(vy) and %’ for different values of N where

for solid(dashed) curves N¢ = 2(5). If Ap > 0.2 MeV (BBN) and
vy ~ O(10*7°GeV) than 22 can be as low as O(1078 — 10710).

Ve
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Confinement of SU(N — 1)

Gravitational waves from confinement:

Ne=2and Np >29
N¢ > 3 and Ng >3 |
NF:O**

HB,D Z /\conf

T

Confinement

ﬂ10.1103/PhysRevD.62.045012

I 10.1103/PhysRevD.29.338
** 10.1088,/1126-6708/2005/02,/033;10.1103 /PhysRevD.82.114505;10.1103 /PhysRevD.92.055034
ft 10.1142/S0217751X05027965
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N =odd case (dark glueball condensate)

Confinement

TN (GeV)

— 10—3
1072
— 10—1
—1
= 101
102

1012
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—odd case (dark glueball condensate)

Confinement
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N =odd case (dark glueball condensate)
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Neutrino mass models and gravitational waves

h?Q o %%;
m ’Qxgp
m h2Q o n; where my o vy
m QN

m PQox gt

Confinement m Some models: Pati-Salam, LR, Dark Sector, GUT
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Neutrinogenesis

()30t =-x(9)
Yo

VR,j

" bbjy2
~ Y’g ~ 16772 Y:ay*a y J)\ <¢>
L.
L; 0 — -
" 777 YVR.a
,,»,<:,i<,,,,
: M==»-- CA YL,
Neutrinogene- n S~
sis L p
VR,j
VR,j
ij ~ ia\/*ab \/bj \eff
~ Y ey VY YA
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Neutrinogenesis

ng =nL=0Q1)n,, = O(l)eAnquﬁ*) ea ~ 0(1078)

Mg — Njvg) — (@t — Npwk)

=
AT e — Nfvg) + T(gt — Nywl)

2 1672

_ Im[Z]im][F] ‘X'j
T 1672

2 ; |2 - -
. ‘X:ax*aﬁxﬁl |F|? (1672) 2 Re[Z]Re[]:]:|
+

op
Z = X (Xl xreP X" XY = Ry, % Urs

F = Flxi, xgy 1, xy) = (1 — xi)~* |:(17x,)|og< al >7(17XR)|og< R >7Iog(£>
x—1 xg — 1 XR

2 2 2 2
v = xix1) Co(0, miy, , m5 i my, ms;, 0) — (xn — xixr)Co(0, miy,, mg.; my, msRaO)}

2 m 2 2
ms; R,1 my

xi= [ —- XR,| = xy=|— Msy > M > My, my
my, m, mn,

R#1

#10.1103/PhysRevLett.84.4039

Neutrinogene-
sis
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Parameters and Constraints

Parameter Constrained by
N, Ng GW, DM
gD DM, GW, DS
AH,V SM
Vo GW, m,, Direct searches
HH > He V minimization
Ay AHop GW, my
YR.Lv m,, Dirac leptogenesis, PMNS
Mim m,, Dirac leptogenesis, DM

Neutrinogene-
sis
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Future tasks

m Correlation between GW signals and DM dynamics

m GUT completions (3 possible GW signals)

m Radiative neutrino models

Neutrinogene-
sis
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Conclusion

Minimal Dirac neutrino models
Correlated GW signals
Confined Dark Sector

Baryon asymmetry via neutrinogenesis

Probing neutrino models via GW

Thanks for your attention!
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