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Neutrinos are massless in the SM as a result of the

model’s simple structure:
--- SU(2) xU(1)y gauge symmetry and Lorentz invariance;
Fundamentals of the model, mandatory for its consistency as a QFT.

--- Economical particle content:
No right-handed neutrinos --- a Dirac mass term is not allowed.

Only one Higgs doublet --- a Majorana mass term is not allowed.

--- Renormalizability:
No dimension > 5 operators --- a Majorana mass term is forbidden.

Masses of Standard Model Fermions
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Neutrino mixing: two flavors

Neutrinos have (different) masses = Dm? = m,;? - m,?
The Weak Eigenstates are a mixture of Mass Eigenstates
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Lepton flavor mixing: three flavors
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Neutrino oscillation parameters

TABLE I: Results of the global 3v oscillation analysis, in terms of best-fit values and allowed 1, 2 and 3¢ ranges for the 3v
mass-mixing parameters. We remind that Am? is defined herein as m# — (m? + mﬁ) /2, with +Am? for NH and —Am? for IH.

Parameter Best fit lo range 20 range 30 range
om?/10~° eV? (NH or IH) 7.54 7.32 - 7.80 7.15 — 8.00 6.99 — 8.18
sin® 012/10~" (NH or IH) 3.07 2.91 — 3.25 2.75 — 3.42 2.59 — 3.59
Am?/1073 eV? (NH) 2.43 2.34 — 2.50 2.26 — 2.58 2.15 — 2.66
Am?/10~3 eV? (IH) 2.42 2.32 — 2.49 2.25 — 2.56 2.14 — 2.65
sin®0;3/10™% (NH) 2.45 2.14 - 2.79 1.81 - 3.11 1.49 — 3.44
sin® 013/10~2 (IH) 2.46 2.15 - 2.80 1.83 - 3.13 1.50 — 3.47
sin 23 /10~ (NH) 3.98 3.72 - 4.28 3.50 — 4.75 3.30 — 6.38
sin” f23/10™" (IH) 4.08 3.78 — 4.43 3.55 — 6.27 3.35 — 6.58
§/m (NH) 0.89 0.45 - 1.18 - —
§/m (IH) 0.90 0.47 - 1.22 — —

Fogli, Lisi, Marrone, Montanino, Palazzo, Rotunno, 1205.5254

global-fit sinff, ~ 0.31

sinf%; =~ 0.40

sinf%; ~ 0.024

Questions to be answered:
1. Sterile neutrino?
3. Dirac or Majorana ?

5. Leptonic CP violation?

2. Sign of Am3,

4. Absolute mass scale

6. Non-standard interactions?



Neutrino mixing
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Neutrino mixing
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Neutrino mixing
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Is there a flavor symmetry behind the TBM?
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Neutrino masses: Dirac neutrinos

" Neutrinos are Dirac particles
v + a pure Dirac mass term
_Extremely tiny Yukawa coupling ~10-, (hierarchy puzzle) y

= g+

Yl ved+h.cl
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Neutrino masses: Seesaw

Neutrinos are Majorana particles Integrate out right-
VR + Majorana & Dirac masses + seesaw handed neutrinos
Natural description of the smallness of v-masses

o +{YrLVR¢5++h.C}
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Neutrino masses: Seesaw scale

Typical choice of the seesaw scale:
Mgr~Agur » Agw & Mp ~Agw

Baryogenesis via Leptogenesis
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Neutrino masses: Seesaw scale

Typical choice of the seesaw scale:
Mgr~Agur » Agw & Mp ~Agw

Low-scale (~ TeV) seesaw m, = My Mz M7
Mg~Agw

(Buchmueller, Greub 91; Ingelman, Rathsman 93; Heusch,
Minkowski 94; ...... ; Kersten, Smirnov 07)

Rich phenomena at colliders and v-osci. experiments

active-sterile mixing — unitarity violation

[mv~0. 1 eV]
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Neutrino masses: Seesaw scale

Typical choice of the seesaw scale:
Mgr~Agur » Agw & Mp ~Agw

Low-scale (~ TeV) seesaw m, = My Mz M7
Mg~Agw

Alternatively, eV scale or keV scale right-handed
neutrinos could also be nature

[mv~0. 1 eV]

15



Neutrino masses: Seesaw scale

Typical choice of the seesaw scale:
Mgr~Agur » Agw & Mp ~Agw

Low-scale (~ TeV) seesaw m, = My Mz M7
Mg~Agw

Alternatively,[eV scale or keV scale]right-handed
neutrinos could also be nature

sterile neutrinos: Vg
[mv~0. 1 eV]
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Neutrino mixing matrix: with sterile neutrinos
4 X 4 case: U = R34§24§14R23§13R12P

1 O 0 O C14 0 0 S14

e _f01 00 = _[ 0o 1 0 0
34 — 0O 0 C34 S34 14 0 0 1 0
0 0O —S332 C34 —S14 0O O C14

j diag(l, ¢iv/? ¢ilB/2+313) 621(“//24—514))

six mixing angles + 3 Dirac phases +3 Majorana phases

5X5 case: U = R25R34R25E24R23§15§14§13R12P

17



Active-sterile neutrino mixing

. Mention, Fechner, Lasserre, Mueller
Reactor neutrino anomal uon, rechnet, ) )
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Recent re-evaluation of the anti-neutrino spectra of nuclear
reactors indicates increased fluxes, which be explained by
additional sterile neutrinos with masses at the eV scale
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Active-sterile neutrino mixing

. Mention, Fechner, Lasserre, Mueller
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Active-sterile neutrino mixing

Reactor neutrino anomaly

Short-baseline exps:
LSND and MiniBooNE
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Active-sterile neutrino mixing

Reactor neutrino anomaly

Short-baseline exps:
LSND and MiniBooNE
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Active-sterile neutrino mixing

Reactor neutrino anomaly

Short-baseline exps:
LSND and MiniBooNE
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Active-sterile neutrino mixing

Reactor neutrino anomaly

Short-baseline exps:

LSND and MiniBooNE
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Active-sterile neutrino mixing

neutrino-less double beta decay

143, Normal, SN 143, Inverted, SI
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The allowed ranges in the (m,,) — Mjjgn parameter space
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Best-fit and estimated 2c values of the sterile neutrino parameters.
Kopp, Maltoni, Schwetz, 1103.4570

parameter Am3; [eV] |Ues|? AmZ, [eV] |Ues?
best-fit 1.78 0.023
81 /]t
3+1/1+43 20 1.61-2.01  0.006-0.040
best-fit 0.47 0.016 0.87 0.019
519 /9
3+2/2+3 20 0.42-0.52  0.004-0.029  0.77-0.97  0.005-0.033
) best-fit 0.47 0.017 0.87 0.020
1+3+1 , , ‘
20 0.42-0.52  0.004-0.029  0.77-0.97  0.005-0.035
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Best-fit and estimated 2c values of the sterile neutrino parameters.

Kopp, Maltoni, Schwetz, 1103.4570

parameter Am3; [eV] |Ues|? AmZ, [eV] |Ues?
best-fit 1.78 0.023
81 /]t
3+1/1+43 20 1.61-2.01  0.006-0.040
best-fit 0.47 0.016 0.87 0.019
519 /9
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Constraints from cosmology

CMB 1. Hamann et al, 1006.5276 Y A D

m, (eV)

0.5

likelihood

Mangano, Serpico, 1103.1261
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Neff
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Phenomenology: V¢ Warm Dark Matter

WDM - relativistic at decoupling, non-relativistic at
radiation to matter dominance transition

reduces small scale structure: 74% Dark Energy
* smoother profiles
e less Dwarf Satellites

4% Atoms

27



Phenomenology: V¢ Warm Dark Matter

WDM - relativistic at decoupling, non-relativistic at
radiation to matter dominance transition

reduces small scale structure: 74% Dark Energy

keV sterile neutrino WDM: works very well

smoother profiles
less Dwart Satellites

49% Atoms

Right-handed neutrinos probably exist
(seesaw)

Mp = keV

Only one light v, 1s enough, the other two
could still be heavy (thermal leptogenesis)

28



The vMSM

Asaka, Blanchet, Shaposhnikov, 05 Asaka, Shaposhnikov, 05

e AkeV Vpr1 Can be WDM Dodelson, Widrow 93,...

(production: active-sterile oscillation, etc)

GeV-scale vp, & Vi3 generate light neutrino masses via seesaw

« Decay of heavy right-handed neutrinos account for the Baryon
Asymmitry of the Universe

29



Th ev M S M Asaka, Blanchet, Shaposhnikov, 05 Asaka, Shaposhnikov, 05

A keV Vpr1 Can be WDM Dodelson, Widrow 93,...

(production: active-sterile oscillation, etc)

GeV-scale vp, & Vi3 generate light neutrino masses via seesaw

Decay of heavy right-handed neutrinos account for the Baryon

Asymmitry of the Universe

10°®
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\\\\ % Weak mixing between vy,
5 : and active neutrinos

1619

* vy and vgs are quasi-

Sirf(20,)

10—12
Lyman-«

degenerate

4

*» one massless active v
_ , ¢ mass splitting between
e e right-handed neutrinos

0.3 1 10 100
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Th ev M S M Asaka, Blanchet, Shaposhnikov, 05 Asaka, Shaposhnikov, 05

 AkeV vy, can be WDM Dodelson, Widrow 93,...
(production: active-sterile oscillation, etc)

* GeV-scale vp, & vp3 generate light neutrino masses via seesaw

« Decay of heavy right-handed neutrinos account for the Baryon

Asymmitry of the Universe

Alternative scenarios: vg charged under BSM gauge group

Bezrukov, Hettmannsperger, Lindner, 09

4

L)

%

SUB)XSU2), XxSUR)rg xU1)p_,
¢ thermal production of WDM

L)

o0

<&

* entropy productions due to the decay of heavy vp
rich collider phenomena (signatures at the LHC?)

(R )

L)

%
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Th ev M S M Asaka, Blanchet, Shaposhnikov, 05 Asaka, Shaposhnikov, 05

 AkeV vy, can be WDM Dodelson, Widrow 93,...
(production: active-sterile oscillation, etc)

* GeV-scale vp, & vp3 generate light neutrino masses via seesaw

« Decay of heavy right-handed neutrinos account for the Baryon

Asymmitry of the Universe

Alternative scenarios: vg charged under BSM gauge group

Bezrukov, Hettmannsperger, Lindner, 09

4

L)

%

SUB)XSU2), XxSUR)rg xU1)p_,
¢ thermal production of WDM

L)

o0

<&

* entropy productions due to the decay of heavy vp
rich collider phenomena (signatures at the LHC?)

(R )

L)

%

v" A mechanism is needed to make v, light
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How to realize low-scale v

m, = Mp MzM}

/[ \

0.1eV 1keV

“* Why are they so light?
** Why do they not form the Dirac particles as
heavy as the charged fermions?
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How to realize low-scale v

m, = Mp MzM}

[\

0.1eV 1keV

“* both My and M, are suppressed by symmetries
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How to realize low-scale v

Extra dimension theories (Kusenko, Takahashi, Yanagida, 10)

* Splitting between the SM brane and a hidden brane

sterile
neutrinos

active
neutrinos

Gravity

Our world Hidden world

35



How to realize low-scale v

Extra dimension theories (Kusenko, Takahashi, Yanagida, 10)

Splitting between the SM brane and a hidden brane

Effects of right-handed neutrinos are exponentially suppressed
since they are located on the hidden brane

5 = / d'z dy M (1374940 + mT0)
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How to realize low-scale v

Extra dimension theories (Kusenko, Takahashi, Yanagida, 10)

Splitting between the SM brane and a hidden brane

Effects of right-handed neutrinos are exponentially suppressed
since they are located on the hidden brane

S = /d% dy M (i\TJFA@A\IJ + mlfflli)
zero mode with an exponential profile in the bulk

0 2’m 1 m AD
qjg%)(yax) — \/egmg_lme ng% )(.’I})
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How to realize low-scale v

Extra dimension theories (Kusenko, Takahashi, Yanagida, 10)

Splitting between the SM brane and a hidden brane

Effects of right-handed neutrinos are exponentially suppressed
since they are located on the hidden brane

& = /([J‘I dy {J[ (i@g%)r‘i(')‘qqu%) + ’711'@5‘??)\115(})?))

N R 1o R |
+0(y) (Fop 1 TRV + MaB W La o+ he) )

2m;

M (2™ — 1)

Mp; = kiUB_L
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How to realize low-scale v

Extra dimension theories (Kusenko, Takahashi, Yanagida, 10)

Splitting between the SM brane and a hidden brane

Effects of right-handed neutrinos are exponentially suppressed
since they are located on the hidden brane

S — / il {M (i@ﬁ?ﬁ*&&ﬁ%’ 4 m,-\Tff-?Q\Iff%))

- . K = (0)e ~ - |
+0(y) (71'B_L\If§§’§ Ty + diaTip Lo ¢ + h.c.) }

2m; -
A[((’Qmi[ _ 1) i — i

Mpi = Kivp-1




How to realize low-scale v

Flavor symmetries

L, — L, — L; symmetry: [F

LeL

HR

TR

Nog

N3r
—1

O

0

1

-1

1

-1

\

[0 mf my |mp 0 0O
m? 0 0 0 ms mb
m 0 0 0 myg mp
ml 00 |0 MZ MD

w2 |2
0 mp mp |Mg 0 0
\ 0 m® o [MP o0 0

/

(Lindner, Merle, Niro, 10)
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How to realize low-scale v

Flavor symmetries

Lep | Lup | Lrp | er | pr | TR | Nip | Noar | N3r | ¢ | A
Le—Ly—Lysymmetry: [F| 1T [-IT[-1[T[-1[-1[ 1T [-T]-1]0][0

(Lindner, Merle, Niro, 10)

0 m¥ m& |my 0 0
[0 m \

2
m? 0 0 0 ms mb
A VR 0 myg mp
MV = el

mi 0 0 [ 0 MZ MY
0 my mZ |ME 0 0
\ 0 m® om? | ME 0 0 )

-

/ A, 00 0 0 0| two heavy + one
0 A 0 0 0 0 massless right-
0 0 0 0 0 0 handed neutrinos
0 0 0 A, 0 0
00 0 0 A0 Ap=+V2My
\0 0 0 0 0 0 Ay = £V2[my — m}/Mg]
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How to realize low-scale v

Flavor symmetries

Lep | Lyt | Lrp |er | pr | TR | Mir | Nor [ N3r | 0 | A
Le—Ly—Lysymmetry: [F| 1T [-IT[-1[T[-1[-1[ 1T [-T]-1]0][0

(Lindner, Merle, Niro, 10)

/ 0’u my m& | m (L? [13 \
mpy 0 0 | 0 mh m . . .
O S I light sterile neutrino from
B p_Mp )
M, = my 0 0 [0 ME MY symmetry breaking
0 my mZ |ME 0 0 ",
\ 0 m® om? | ME 0 0 )
( e wm” wme |mhy 0. 0 \
mgy 0 sT7 0 my mp
)\_|_ 0 0 0 0 O\ two heaVy +one 7ncl 0 0 gll },\[12 ,.‘[13
. D ' TR gt S, ;-
0 A 0 0 0 0 massless right- 0 m2 mp |M2 SZ 0
00 0 0 0 0] handed neutrinos \ 0 m3 mp [ME o S¥ )
0 0 0 A, 0 O
00 0 0 A 0] Ay =+V2My
\0 00 0 0 0 Ay = £V2[my —mj/Mp]
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How to realize low-scale v

Flavor symmetries
Lep, | Ly | Lrp | er | pr | TR | Nir | Nor [ N3r | @ | A
Le—Ly—Lysymmetry: [F| 1T [-IT[-1[T[-1[-1[ 1T [-T]-1]0][0
(0w mg | m 02 03 \ (Lindner, Merle, Niro, 10)
m#¥ 0 0 0 mh mh . : :
m’% 0 0 | o m% mga light sterile neutrino from
M, me 0 0 0 MZ MP symmetry breaking
0 my mZ |ME 0 0 ‘
\ 0 m® om? | ME 0 0 )
ee ~EH L eT v el
s myp mg mp 0 0
AM»WME ('mc" s 0 0 mt? m* \
2=M32GCV o 57' = ~TT 1?2 ‘lr){
Y M->=GeV m Ll 0 s% 0 m D m D_
mp 0 0 S}?f 1\[‘}? Mg
0 mf mZ |ME SZ 0
Le=Ly~Ly \ 0 m’g mpy | M 2 90 g3 )
L=tn=T-
drawback:
g ms ~ S ~keV maximum
A Mi;Oe AM = M3 =M, ~ms  olar mixing!,.




How to realize low-scale v

Flavor symmetries

Friedberg-Lee symmetry: R Friedberg & T.D.Lee, 2006

Neutrino mass operator 1s invariant under the transformation

Ve = Ve + Z; v

WVt Z VvV 2>V + Z;

7z — Grassmann number
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How to realize low-scale v

Flavor symmetries

Friedberg-Lee symmetry: R Friedberg & T.D.Lee, 2006

Neutrino mass operator 1s invariant under the transformation

Ve = Ve + Z; v

WVt Z VvV 2>V + Z;

¥ z — Grassmann number

a(l_/r o l_/u)(l/r o V;z.) i b(l_/p. o l_/e)(l/;t. o l/e,) + C'(l_/e o l77>(l/e o VT)

-
b+c —b s
M=| =b a+b a % Rank 2 — one massless eigenstate

€ (1 C+ a

45



How to realize low-scale v

Flavor symmetries

Friedberg-Lee symmetry: R Friedberg & T.D.Lee, 2006

Neutrino mass operator 1s invariant under the transformation

Ve = Ve + Z; vy 2V t+Z; Ve 2V + Z;
¥ z — Grassmann number
a(l_/r o l_/u)(l/r o V/.z.) i b(l_/;t, o I_/e)(l/p. o l/c) + C'<l_/e o l77>(l/e o VT)
-
b+c —b s
M =1 - a2l & % Rank 2 — one massless eigenstate
€ a g @
-

v" Applied to the right-handed neutrino sector

v One massless sterile neutrino before symmetry breaking
He, L1, Liao, 2009
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How to realize low-scale v

Froggatt-Nielsen mechanism

* Fermion flavors are differently charged under a U(1)gy symmetry
* Right-handed neutrino masses receive a suppression factor

M- MM a=2<y
Ng Fy, F, F3 Iy (Ng)*

X X
) (D) (D) (

S Xemmmmm1
S ===~
S X1

(@)« )
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How to realize low-scale v

Froggatt-Nielsen mechanism

* Fermion flavors are differently charged under a U(1)gy symmetry
* Right-handed neutrino masses receive a suppression factor

M- MM a=2<y
Ng Iy, Fy F3 Py (Ng)*

S X

S Xe--mm-1
x.-----.
x______

X
(D) (D) (D) (D) (D)
X
HO
%A
> é
I QF
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How to realize low-scale vq

Froggatt-Nielsen mechanism

* Fermion flavors are differently charged under a U(1)gy symmetry
* Right-handed neutrino masses receive a suppression factor

M- MM a=2<y
Ng Iy, Fy F3 Py (Ng)*

X X% X

(@) (@) (@) (D) (D)
 Seesaw formula and the active neutrino masses are not affected
by the FN charges

Memmmmm s
x______

X X
HO ! )I_ZF

0
" H,
1

R

|

|

|
> 4
vl A"

F g
49

S

49



How to realize low-scale v

Froggatt-Nielsen mechanism

* Fermion flavors are differently charged under a U(1)gy symmetry
* Right-handed neutrino masses receive a suppression factor

M- MM a=2<y
Ng _Fy Fy F3 Fy (Ng)*

Memmmmm-

X X X X
(@) (@) (@) (D) (D)
 Seesaw formula and the active neutrino masses are not affected
by the FN charges M

o 2k
GUT? .7 MA
\ N M )2F:

* sterile neutrino
mass spectrum

»

3 MA?ts 50



How to realize low-scale v : Minimal Extended Seesaw

Light sterile neutrinos: suppressed by seesaw as well?

(HZ, 1110.6838)
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How to realize low-scale v : Minimal Extended Seesaw
The model: SM + three right-handed neutrinos + one singlet S

— 1
— Loy, =T Mprp + S¢Mgvp + 51/%]11731/3 + h.c.
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How to realize low-scale v : Minimal Extended Seesaw
The model: SM + three right-handed neutrinos + one singlet S

— 1
— Loy, =T Mprp + S¢Mgvp + 51/‘%]\431/3 + h.c.

Mg = (X X X)

 The full 7 X 7 neutrino mass matrix if of rank 6,
and therefore, one active neutrino 1s massless.

0 Mp O
M= | ML Mg MZ
0 Mg O
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How to realize low-scale v : Minimal Extended Seesaw
The model: SM + three right-handed neutrinos + one singlet S

— 1
— Loy, =T Mprp + S¢Mgvp + 51/%]11731/3 + h.c.

0 Mp 0
M= | ME Mg MY

0 Mg 0 ’,

If Mp > Mg, Mp , we can integrate out vy

my, ~ MpMz ML (MgMz"ME) ™" Mg (Mz")" M — MpMz M}
ms ~ —MsMz' Mg
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How to realize low-scale v : Minimal Extended Seesaw
The model: SM + three right-handed neutrinos + one singlet S

— 1
— Loy, =T Mprp + S¢Mgvp + 51/%]11731/3 + h.c.

0 Mp 0
M= | ME Mg MY

0 Mg 0 ’,

If Mp > Mg, Mp , we can integrate out vy

my, ~ MpMz ML (MgMz"ME) ™" Mg (Mz")" M — MpMz M}

my ~ —MsMp'ME N\ ~
N

Do not cancel with each other
= two massive light neutrinos
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How to realize low-scale v : Minimal Extended Seesaw
The model: SM + three right-handed neutrinos + one singlet S

— 1
— Loy, =T Mprp + S¢Mgvp + 51/%]\{31/3 + h.c.

0 Mp 0
M= | ME Mg MY

0 Mg 0 ’,

If Mp > Mg, Mp , we can integrate out vy

my ~ MpMz'ME (MsMz*ME) ™ Mg (MzY)" ME — MpMztME
ms ~ —MsMz' Mg

m,,~0.05 eV,
mg~ keV;

My~100 GeV;
M~10% GeV; Mgp~2 X 1014GeV
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How to realize low-scale v : Minimal Extended Seesaw
The model: SM + three right-handed neutrinos + one singlet S

— 1
— Loy, =T Mprp + S¢Mgvp + 51/‘%]\431/3 + h.c.

0 Mp 0
M= | ME Mg MY

0 Mg 0 ’,

If Mp > Mg, Mp , we can integrate out vy

my, ~ MpMz ML (MgMz"ME) ™" Mg (Mz")" M — MpMz M}
ms ~ —MgMz"' Mg

m,,~0.05 eV,
mg~ keV;

Mp~100 GeV;
M¢~10% GeV; Mp~2 x 10*GeV
v" No need to artificially insert small mass scales and tiny
Yukawa couplings for light neutrino masses.
v" Thermal leptogenesis works.
v" Only one singlet S is allowed (minimal extension). -




How to realize low-scale v : Minimal Extended Seesaw
The model: SM + three right-handed neutrinos + one singlet S

— 1
— Loy, =T Mprp + S¢Mgvp + 51/%]\{31/3 + h.c.

0 Mp 0
M= | ME Mg MY

0 Mg 0 ’,

If Mp > Mg, Mp , we can integrate out vy

my, ~ MpMz ML (MgMz"ME) ™" Mg (Mz")" M — MpMz M}
ms ~ —MgMz"' Mg

A similar idea was used with a sterile state of mass ~ 103 eV
introduced 1n order to explain the solar neutrino problem
(Chun, Joshipura, Smirnov, 95)
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How to realize low-scale v : Non-standard Approach

Mirror model Berezhiania, Mohapatra 95; Foot, Volkas, 95;
Berezinsky, Narayan, Vissani 02

SUB)xSUR)xU@A) x SUB)' xSUR) xU(1)
Quarks (B=1/3) & Leptons (L=1) Quarks (B’=1/3) & Leptons (L’=1)

Yukawa i_nteractions Yukawa interactions
—L =Yf Hfg —L=Y'f'Hf§'
(H)=v (H) =
LL'HH'
m, ~ v?/M Mys ~ — ms ~v'%/M
PL

Different inflation, reheating temp

AXIno scenario

WDM is the supersymmtry particle of axion
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Vs in flavor symmetry models: A, + FN mechanism

2
Ay

Symmetry group of tetrahedron

Even permutations of four objects

Twelve elements

Four irreducible represents: 1,1°,1", and 3

2 i | ,
(% = 0 \

Tri-bimaximal 4y 1
mixing (TBM) f ¢13 ff
\"V6 VB 2/



Vs in flavor symmetry models: an effective approach

Field |L e® pu® 7° hyq|le ¢ € O |vs Barry, Rodejohann, HZ, 2012
SU@2)l21 11 2]111 1]1

Ay (31171 11331 1|1

Za lwwrww? 1 |(1lww 1|1
Ul)pn|- 4 2 - |- - - —1|8




Vs in flavor symmetry models: an effective approach

Field |L e u® 7¢ hyale @ & O |v; Barry, Rodejohann, HZ, 2012
SU@2)21 11 2111 11

Ay (31171 11331 1|1

Za lwwrww? 1 |(1lww 1|1
Ulpn|- 4 2 0 - |- - - —1/8

Invariant Lagrangian under A, X Z3; X U(1) gy

_ _ Yeya Yy . I ¢ n e, Lo Ld 4
Ly = A)\ (¢Lhyg) €° A)\ (@Lhg) p L I £ (pLhg)" T +A2 (LhyLh,) + AQ( Lh,Lh,)
Te ; T ;
X% (¢ Lhu o, A’;)\8( ' Lhy)vs + mASv0¢ + hec., A= (O)/A <1

62



Vs in flavor symmetry models: an effective approach

Field |L e u® 7¢ hyale @ & O |v; Barry, Rodejohann, HZ, 2012
SU@2)21 11 2111 11

Ay (31171 11331 1|1

Za lwwrww? 1 |(1lww 1|1
Ulpn|- 4 2 0 - |- - - —1/8

Invariant Lagrangian under A, X Z3; X U(1) gy

_ _ Je Y . I ¢ Wog . Tl L ¥,
Ly A A (pLhg) €° A)\ (@Lhg) p L I £ (pLhg)" T +A2 (LhyLh,) + AQ( Lh,Lh,)
s : i ,
X% (¢ Lhu o, Agx‘( ' Lhy)vs + maA®eut + hc., A= (O)/A <1
vacuum alignments and mass scales

() = (v,0,0), (¢) =,0,v), () =u, (hua)="ud

u~v ~101° GeV, v~10Y GeV, A ~10'% GeV
Vg = 107 GeV, (@) 10 GeV | 63



Vs in flavor symmetry models: an effective approach

Field |L e p° 7° hya|le ¢’ & © |vs  Barry, Rodejohann, HZ, 2012
SU2).12 1 1 1 21111 1]1

Ay |3 1171 11(331 1]1 »

Zs |lww?w?w? 1 |1ww 1]l 12101220-1
U(l)FN - 4 2 - S S A =10 GeV

Full 4 X 4 neutrino mass matrix

B e <1010uGeV> (102véev>2 (W)Q S

¥ NS U v Vy 1012 GeV)\
¢=01 (10—1) (1010 GeV) (1010 Gev> (102 Ge\/) ( A ) eV
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Vs in flavor symmetry models: an effective approach

Field |L e® pu® 7° hyq|le ¢ € O |vs Barry, Rodejohann, HZ, 2012
SUR2)pf2 111 2 (111 1|1
Ay (31171 11331 1|1 4
Za lwwrww? 1 |(1lww 1|1 )‘2101220'1
U(l)FN _ 4 2 _ _ _ _ _1 8 A— 10 GCV
Full 4 X 4 neutrino mass matrix
2 i e
) e I
M= eS| mpus|TET Y &
v 23d e —% E ﬁ 0 0 ?/_ 0 =
m, L0 0 o0 1) \o-¥£0 0

B e <1010uGeV) (102véev>2 (1()12%)2 S

¥ NS U v Vy 1012 GeV)\
¢=01 (10—1) <1010 GeV) (1010 GeV) (102 Ge\/) ( A ) eV
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Vs in flavor symmetry models: an effective approach

Field |L e® p° 7¢ hyale ¢ £ © |vg Barry, Rodejohann, HZ, 2012
SUR2)pf2 111 2 (111 1|1
Ay |31 171 11331 111 )
Zs |lww?w?w? 1 |1ww 1]l 121012:0-1
U(l)FN -4 2 0 - S S A=10 GeV
Full 4 X 4 neutrino mass matrix - tri-bimaximal mixing
a+¥ 4 2 . | % & 0\ (0 0 0=
’ 2d3 3d U T S 0 0 0 -&
v %d e :% ﬁ E) O E)/_ O =
© My \ O 0 0 1) 0 —m?’se 0 0

0= d=01 () (fweey) (1012AG6V>2 Bl

A\ u v v, 1012 GeV'\?
=04 (10—1) (1010 GeV) (1010 Gev> (102 GeV) ( A ) eV
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Vs in flavor symmetry models: an effective approach

Field |L e® p° 7¢ hyale ¢ £ © |vg Barry, Rodejohann, HZ, 2012
SU(Q)L Zz 1 1 1 2|1 1 1 1|1
Ay (31171 11331 1|1 )
Zs |lww?w?w? 1 |1ww 1]l 121012:0-1
U(l)FN - 4 2 0 - S S A =10 GeV
Full 4 X 4 neutrino mass matrix / tri-bimaximal mixing
2 _d _d ([ L oo 0 0 0f=
T3 2 3d€ _\/if_L\ 0 0 OTZS
MAx4 3 A—3 € » U ~ V6 V3 V2 4 ms
v 2d N U U 0 0 o0f<
3 V6 VB VA "V lm
- My \ 0 0 0 1) i ——= 70

active-sterile

1010 GeV

102 GeV A

a:d:().l( - )( e >2<M>2 eV, mixing

¥ NS U v Vy 1012 GeV)\
¢=01 (10—1) <1010 GeV) (1010 GeV) (102 GeV) ( A ) eV
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Vs in flavor symmetry models: an effective approach

Field |L e® p° 7¢ hyale ¢ £ © |vg Barry, Rodejohann, HZ, 2012
SUR2)pf2 111 2 (111 1|1
Ay |31 171 11331 111 )
Zs |lww?w?w? 1|1 ww 1]l 121012:0-1
U(l)FN - 4 2 0 - S _1@ A =10 GeV
Full 4 X 4 neutrino mass matrix - tri-bimaximal mixing
[ 9 1 ) .
CL+23—d -3 —g € / V6 V3 0 0\ 0 0 0 Mg
2d d 1L 1 _ 11y 0 0 ol=
v %d e :% ﬁ ﬁ) 0 0 03 0 =
- My \ 0 0 0 1) i ——= 70

active-sterile
mixing

9
Ts 8. & e v 16 g §F 2 (1012 GeV
—gpgp) A WY, =S (CES—) A » o A v
A A Ma = | 101 <1011 Gev> e

vo

Leading order contribution to sterile neutrino mass




Vs in flavor symmetry models: an effective approach

Field |L e® p° 7¢ hyale ¢ £ © |vg Barry, Rodejohann, HZ, 2012
SUR2)pf2 111 2 (111 1|1
Ay |31 171 11331 111 )
Zs |lww?w?w? 1 |1ww 1]l 121012:0-1
U(l)FN - 4 2 0 - S S A =10 GeV
Full 4 X 4 neutrino mass matrix - tri-bimaximal mixing
[ 9 1 ) .
ot ¥ £ 4 (% 5 019 (0 0 of
2d d N T ' 0 0 ol=
MAx4 3 A—3 € » U ~ V6 V3 V2 4 ms
- 2d 1 1 1 O 0 O e
R V6 VB V3 e
- My \ 0 0 0 1) 0 —m—?’; 70

active-sterile
mixing

o 1 i

3
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Vs in flavor symmetry models: an effective approach

Field |L e p° 7° hya|le ¢’ & © |vs  Barry, Rodejohann, HZ, 2012
SU2).12 1 1 1 21111 1]1

Ay (31171 11331 1|1 B

Zs |lww?w?w? 1 |1ww 1]l 12101220-1
U(l)FN - 4 2 - S S A =10 GeV

Next-to-leading order corrections to the neutrino mass matrix

1

(o9 (LhuLh)", 5@ (LhuLh.) , and  55E(pLhuLhy)
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Vs in flavor symmetry models: an effective approach

Field |L e p° 7° hya|le ¢’ & © |vs  Barry, Rodejohann, HZ, 2012
SU2).12 1 1 1 21111 1]1

Ay (31171 11331 1|1 B

Zs |lww?w?w? 1 |1ww 1]l 121012:0-1
U(l)FN - 4 2 - S S A =10 GeV

Next-to-leading order corrections to the neutrino mass matrix

1

(09 (LhuLhy)", 35(p9) (LhuLh.), and  55€(pLhuLh,)
atS —5 —3 203 M2 M
M, = M,SO) ca M,Sl) = ~ % a — % =+ | ~ W —%773
: %d T

v v vy \2 /102 GeV\?
e =4 (1011 GeV> (1010 GeV><102 Ge\/> < A ) =
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Vs in flavor symmetry models: an effective approach

Field |L e p° 7° hya|le ¢’ & © |vs  Barry, Rodejohann, HZ, 2012
SU2).12 1 1 1 21111 1]1

Ay (31171 11331 1|1 B

Zs |lww?w?w? 1 |1ww 1]l 121012:0-1
U(l)FN - 4 2 - S S A =10 GeV

Next-to-leading order corrections to the neutrino mass matrix

1

(o9 (LhuLh)", 5@ (LhuLh.) , and  55E(pLhuLhy)
a+% —§ —4 205 M2 M
M, = MO + MV = : % a—% +| - m —3n3
2d
. ? . B ”72

v V' v \2 (1012 GeV® . 2

m:o.m(mn GeV> (1010GeV><102GeV>< A ) i sinf;3 ~ (m 2772)
3a

“* Higher dimensional operators — non-zero 63 72



Vs in flavor symmetry models: an effective approach

Field |L e p° 7° hya|le ¢’ & © |vs  Barry, Rodejohann, HZ, 2012
SU2)121 11 2(111 111

Ay (311771 11331 1|1 3

Zs |lww?w?w? 1 |1ww 1]l 12101220-1
U(l)FN - 4 2 - S S A =10 GeV

Charged lepton mass matrix is diagonal at leading order

12 Fo
i 0 ( OF] ) ( v ) 10** GeV A
Ma = Yooy A = 10\ 75" ) \ 10 Gev ( A T B
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Vs in flavor symmetry models: an effective approach

Field |L e p° 7° hya|le ¢’ & © |vs  Barry, Rodejohann, HZ, 2012
SU2).12 1 1 1 21111 1]1

Ay 31171 110331 1|1 .

Zs |lww?w?w? 1 |[1wwl1l]|l 12101220-1
U(Lpx |- [4 N Y A = 10'2 GeV

Charged lepton mass matrix is diagonal at leading order

Charged lepton mass hierarchy

v Vg v 102 GeV A Yo
==L J ¥, —/\Fa ~ 1 ?
e T atan O (102 Ge\/) (1011 Ge\/> ( A ) (10—1> s
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Vs in flavor symmetry models: an effective approach

Field |L e p° 7° hya|le ¢’ & © |vs  Barry, Rodejohann, HZ, 2012
SU2).12 1 1 1 21111 1]1

Ay (311771 11331 1|1 3

Zs |lww?w?w? 1 |[1wwl1l]|l 12101220-1
U(l)FN - |4 = - - - —1!8 A =10 GeV

Charged lepton mass matrix is diagonal at leading order

Charged lepton mass hierarchy

v Vg v 102 GeV A Yo
= YaUg—NTe ~ 1 >
e T atan 0 <10'2 GeV) (1011 GeV) ( A ) (10—1> s

NLO corrections to the charged lepton mass matrix remains diagonal

1 > C C
1z [YLA* (ppLhy) € + y;/\2 (ppLhq) p€ + y. (ppLhg)” 7
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Vs in flavor symmetry models: realization in seesaw

“* Assigning different FN charges to three right-handed neutrinos
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Vs in flavor symmetry models: realization in seesaw

“* Assigning different FN charges to three right-handed neutrinos

Model A: three eV-scale sterile neutrinos.
No neutrinoless double beta decay;
More tension with cosmology

Model B: 2eV + 1keV sterile neutrinos
Reactor & LSND/MiniBooNE anomalies;
WDM candidate

Model C: 1eV + 1keV + lheavy sterile neutrinos
Neutrinoless double beta decay;,
WDM Candidate

Model D: 1eV + 2heavy (>GeV) sterile neutrinos
Neutrinoless double beta decay;,
Successful leptogenesis

Model E: 1keV + 2heavy (>GeV) sterile neutrinos (vAMSM)
Both baryon asymmetry & Warm Dark Matter puzziles can be solved
Failed in explaining the reactor anomaly
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Vs in flavor symmetry models: realization in seesaw

Field |L ¢ u® 7¢ hualp ¢ @ € € & O |8 1S v particle

SU@)zl21 11 2(11 1111 1|1 11 assignments
Ay 31171 1133 3 111 1|1 1" 1 Barry, Rodejohann,
Zes lweww? 1 |lwwwl 1|ww l H.Z.,

Ul)pxl- 3 10 -|-- - - - - -1l K F JHEP07(2011)091
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Vs in flavor symmetry models: realization in seesaw

Field |L e® pu® 7° hygle ¢ ©" € &€ &' O |vf v§ 1§
Sdxl2 1 1 1 2|11 1 1171 1(0L 1 1
Ay 13111 113331111111
Zs lww?*w?*w? 1 [lwwwv*wl 1w wl
|- @ 16 - |- - - - - - <dEB&E

particle
assignments

Barry, Rodejohann,
H.Z.,
JHEPO07(2011)091
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Vs in flavor symmetry models: realization in seesaw

Field (L e® ¢ 7¢ hyale ¢ ¢" € & & ©|vf v§ 1§ particle

SU@)zl21 11 2(11 1111 1|1 11 assignments
Ay 13111 11333 111 1|11 1 Barry Rodejohann,
Zs lww*w?w? 1[1lwww?*wl 1w wl H.Z.,

Uex|- 3 1 0 - |- - - - - - —1[F By F5) THEPO7(2011)09]

* Right-handed neutrino are A, singlets so as to assign
different FN charges (mass splitting)

* One of the sterile neutrinos 1s located at keV scale acting
as WDM

* The other two right-handed neutrinos generate active
neutrino masses via seesaw

* Tri-bimaximal mixing 1s obtained at leading order from
vacuum alignments of flavons

* Charged-lepton corrections = 65
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Vs in flavor symmetry models: realization in seesaw

Field [L e° pu® 7° hyale ¢ ¢" € & &' O v v§ v
Sdxl2 1 1 1 2|11 1 1171 1(0L 1 1
Ay 3111 11333 1111|111
Zs lww?*w?*w? 1 [lwwwv*wl 1w wl
Ulpnl- 31 0 - |- - - ---—1[F1F2F3

Invariant Lagrangian under A, X Z3; X U(1) gy

Ly = LEX3 (0Lhy) € + 22X (pLhy) 1€ + 2 (oLhy)" 7

A A A
+ %)\Fl(gpl}hu)l/f-f— %AFQ( 'Lh,)"v5 %AF?’@P"L’%)’é

1

+2[

WA PLEVVS + wo N2 v5u5 + wsA* ¢ vsvs| [+ hee.,




Vs in flavor symmetry models: realization in seesaw

Fi, F>, F3 Mass spectrum |Uqd] |Uas] (Mee) Phenomenology
NO 10
119,10,10 Myz=0(eV), 0(0.1) 0©(0.1) 0 0 3 + 2 mixing
nal 9,100 M=0EV) ey oaoty o WAML
Mz = O(10' GeV) 3

3 + 1 mixing

) AR 11 GeV) / y 2
I11IB] 9. 0. 10 Mz= Q0™ Cey) O(10~11) 0(0.1) v AmZ \/_\.m:\
M = O(eV) 3 3

v/ Am?2 :
11| 9,5,5 Myz=0(10GeV) O(107%) O(107%) + VAm?2 | Leptogenesis

Typical choices of FN charges and
phenomenological consequences



Vs in flavor symmetry models: realization in seesaw

Fi, F>, F3 Mass spectrum |Uqd] |Uas] (Mee) Phenomenology
NO 10
-@. 9, 10,10 M>3 = 0O(eV), O(0.1) 0(0.1) 0 0 3 + 2 mixing
ma| 9,10,0  M=0EV) o1 ooy o 2V/AmR
Mz = O(10" GeV) 3 .
3 + 1 mixing
— 11 GeV) / 2 / 2
uB| 9,0,10 M2=0007GeV) i515-1y o) VAms VAm}
Ms = O(eV) 3 3
5 i ; e TS —— _
HI| 9,5, 5 My3=0(10GeV) O(107°) O(10~°) - Vv Am3 | Leptogenesis
Scenario-I: F,=9; F,=10; F;=10; two eV-scale sterile neutrinos; vanishing (m,,);
1 1%1 "2 2 129)2
neutrino mixing and masses © _  3ysv © _  2u30"02
- My — ey W E——
(normal mass ordering) wWatl! A2 wau" A2
2 7\ 2 2 il /
2 T (e Y X (Y _ Y
Wl = [(Ju yT> Ty (:y,, yT)
I Y. Y.
Ueg|® ~ = {1 — 32 — 2y (ﬁ + y—ﬂ ;
3 Y Yr /
1 2 v
Us|? >~ = 1—262+2ﬁf“1+ sXR|, X = £ —71~0.01
2 Yr 3 y3v" wy
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Vs in flavor symmetry models: realization in seesaw

Fi, F>, F3 Mass spectrum |Uqd] |Uas] (Mee) Phenomenology
NO 10
-@. 9, 10,10 M>3 = 0O(eV), O(0.1) 0(0.1) 0 0 3 + 2 mixing
ma| 9,10,0  M=0EV) o1 ooy o 2V/AmR
Mz = O(10" GeV) 3 .
3 + 1 mixing
— 11 GeV) / 2 / 2
uB| 9,0,10 M2=0007GeV) i515-1y o) VAms VAm}
Ms = O(eV) 3 3
5 i ; e TS —— _
HI| 9,5, 5 My3=0(10GeV) O(107°) O(10~°) - Vv Am3 | Leptogenesis
Scenario-I: F,=9; F,=10; F;=10; two eV-scale sterile neutrinos; vanishing (m,,);
: i 22 2,2
neutrino mixing and masses ) _ 3y 0 _ 2y
(normal mass ordering) 27wt A2 ’ 5T wsuA2
2 / 2 il 7
2 T (e Y o (Y _Yr
Wl = [(Ju yT> ] X“ (:y,, yT)
2 1 U, Ok
|Uea|” ~ ~ 2 |1 2r | =+ ) NLO seesaw
I corrections to TBM /
2 1 Yr 2 _ Y
Upsl” = 5 |1 } 2=Fr1 + —xR = ——>—"1~0.01
Yr Y3v” wy
ré ~ef ~e2~0.01
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Vs in flavor symmetry models: realization in seesaw

Fi, F>, F3 Mass spectrum |Uqd] |Uas] (Mee) Phenomenology
NO 10
@ 9, 10,10 M>3 = 0O(eV), O(0.1) 0(0.1) 0 0 3 + 2 mixing
mA| 9.10,0  M=0EV)  o01) ooy o 2V/Ami
Mz = O(10" GeV) 3 .
3 + 1 mixing
— 11 GeV) / 2 2
uB| 9,0,10 M2=0007GeV) i515-1y o) VAms VAm}
Ms = O(eV) 3 3
o ) i TS — ~ :
IHI[ 9,5,5 Myz=0(10GeV) O(107°%) O(107°) - v Am?% | Leptogenesis
Scenario-I: F,=9; F,=10; F;=10; two eV-scale sterile neutrinos; vanishing (m,,);
: i 22 2,2
neutrino mixing and masses © _ 3yt © _  2u30"02
: My =—————, My =———
(normal mass ordering) wWatl! A2 wau" A2
2 / 2 il /
2 T (e Y o (Y _Yr
Veal = 5 K}u y> } Xm (:y,, yT)
B . | y/lz Y-
|Uen|” = =5 1 27 l—+l— ; NLO seesaw
i Ju ; i corrections to TBM o
1
Ual = 5 1 @ 2r, 4 2R, ===l 0.01
Yr Charged-lepton Y3v” wy

corrections: 6,5
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Vs in flavor symmetry models: realization in seesaw

Fi, F>, F3 Mass spectrum |Uqd] |Uas] (Mee) Phenomenology
NO 10
@ 9, 10,10 M>3 = 0O(eV), O(0.1) 0(0.1) 0 0 3 + 2 mixing
ual 9,10,0  M2=0EV)  no1) opo-n) o 2VAmR
Mz = O(10' GeV) 3 .
3 + 1 mixing
— 11 GeV) / 2 2
uB| 9,0, 10 =000 GeV) 0-11y o) VAms VAmY
Mz = O(eV) 3 3
5 i ; e TS —— _
IHI[ 9,5,5 Myz=0(10GeV) O(107°%) O(107°) - v Am?% | Leptogenesis

Scenario-I: F,=9; F,=10; F;=10; two eV-scale sterile neutrinos; vanishing (m,,);

neutrino mixing and masses
(normal mass ordering)

ed| = |Upa| = €
|U 2 |U |2 2

2 2 .2
|Ue5 2X€27

2 ; A ; , 2 o 2
|Uea|? =~ r‘_f (y—:l - £> XT1 <y—1‘ —~ é) ‘UM5 —= €
2 Yo  Yr Yu Yr
1 U O
Uea|? =~ 3 [1 @ 2r <l—’ + ‘l’/—ﬂ ; NLO seesaw
I - 2 ; s corrections to TBM s
‘U;13‘2 = 5 [1 @ 2&'rl, o §XR1| s — ! 7 '_]T] ~ 001
Yr Charged-lepton Y3v” wy

corrections: 6,5
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Vs in flavor symmetry models: realization in seesaw

Fi, F>, F3 Mass spectrum |Uqd] |Uas] (Mee) Phenomenology
NO 10
@ 9, 10,10 M>3 = 0O(eV), O(0.1) 0(0.1) 0 0 3 + 2 mixing
ma| 9,10,0  M=0EV) o1 ooy o 2V/AmR
M; = O(10" GeV) 3 o
3 + 1 mixing
O AT 11 T ) / 2 / 2
uB| 9,0,10 M2=0007GeV) i515-1y o) VAms VAm}
Ms = O(eV) 3 3
5 i ; e TS —— _
HI| 9,5, 5 My3=0(10GeV) O(107°) O(10~°) - Vv Am3 | Leptogenesis
Scenario-I: F,=9; F,=10; F;=10; two eV-scale sterile neutrinos; vanishing (m,,);
1 1X1 2 2 .
neutrino mixing and masses Ues)? = |Upa|? >~ €3
normal mass orderin 9 2 9
( g) |Ue5 =X €,
2 il , 2 - o 2 s 2
|Uea|? =~ L <& - £> XT1 <ﬁ —~ y—T) ‘UM5 — €
2 yl‘ 'yT yp y‘r . . ..
; oo active-sterile mixing: too
Uea|? =~ 5 [1 @ 2 <ﬁ ey y_TN , NLO seesaw small for reactor anomaly
i , o ; = corrections to TBM o
. 1 1
‘U;IB‘Z = 5 [1 @ 24_77,,1 o §XR1| s = /) '_]T] ~ 001
Yr Charged-lepton Y3v” wy
corrections: 6,3 rZ ~ €2 ~¢€5~=0.01 87




Vs in flavor symmetry models: realization in seesaw

Fi, F>, F3 Mass spectrum |Uqd] |Uas] (Mee) Phenomenology
NO 10
-@. 9, 10,10 M>3 = 0O(eV), O(0.1) 0(0.1) 0 0 3 + 2 mixing
ual 9,10,0  M2=0EV)  no1) opo-n) o 2VAmR
Mz = O(10' GeV) 3 .
3 + 1 mixing
— 11 GeV) / 2 2
uB| 9,0, 10 =000 GeV) 0-11y o) VAms VAmY
M; = O(eV) 3 3
5 & . g TS — _
IHI[ 9,5,5 Myz=0(10GeV) O(107°%) O(107°) - v Am?% | Leptogenesis

Scenario-I: F,=9; F,=10; F;=10; two eV-scale sterile neutrinos; vanishing (m,,);

neutrino mixing and masses U2 = (U = €
. . e — I — &y
(inverted mass ordering)
Us|? ~4 (1 —x) e
2 ’I“% yl/lf (l;- ) U 2 ~ 2
|Ue3|25 y——y— ) |/L5 — €9 3
! T
1] v, 2
Upl? ~ = [1 -3¢ —2r | L+ | — =G
e 3L ' 1 (yu Yr SX
i Y
Uus|> ~ = |1+ 2T
Ual? = 5 [1+ 21,
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Vs in flavor symmetry models: realization in seesaw

Fi, F>, F3 Mass spectrum |Uqd] |Uas] (Mee) Phenomenology
NO 10
@ 9, 10,10 M>3 = 0O(eV), O(0.1) 0(0.1) 0 0 3 + 2 mixing
ual 9,10,0  M2=0EV)  no1) opo-n) o 2VAmR
Mz = O(10' GeV) 3 .
3 + 1 mixing
— 11 GeV) / 2 2
uB| 9,0, 10 =000 GeV) 0-11y o) VAms VAmY
Mz = O(eV) 3 3
5 & . g TS — _
IHI[ 9,5,5 Myz=0(10GeV) O(107°%) O(107°) - v Am?% | Leptogenesis

Scenario-I: F,=9; F,=10; F;=10; two eV-scale sterile neutrinos; vanishing (m,,);

neutrino mixing and masses
(inverted mass ordering)

Ul = it EAY NLO seesaw
el — g Ve yr) corrections to TBM
1[ v
! Yo  Yr
1 B ol
‘U,uBlz e — |14 2_7-741] )
2| Yr Charged-lepton

corrections: 6,5

’Ue4’2 — |Uu4’2 = E%
|Ue5’2 agi. (1 - X) 63

|Uu5’2 = E% J
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Vs in flavor symmetry models: realization in seesaw

Fi, F>, F3 Mass spectrum |Uqd] |Uas] (Mee) Phenomenology
NO 10
-@. 9, 10,10 M>3 = 0O(eV), O(0.1) 0(0.1) 0 0 3 + 2 mixing
ual 9,10,0  M2=0EV)  no1) opo-n) o 2VAmR
Mz = O(10' GeV) 3 .
3 + 1 mixing
— 11 GeV) / 2 2
uB| 9,0, 10 =000 GeV) 0-11y o) VAms VAmY
M; = O(eV) 3 3
5 & . g TS — _
IHI[ 9,5,5 Myz=0(10GeV) O(107°%) O(107°) - v Am?% | Leptogenesis

Scenario-I: F,=9; F,=10; F;=10; two eV-scale sterile neutrinos; vanishing (m,,);

neutrino mixing and masses
(inverted mass ordering)

o (% )’
2\ Y)

NLO seesaw
corrections to TBM

1[ v,y
|Ta* =2 = 12'“1 (J_,+y_7) @]
31 Yo Yr
1 B ol
'U,u.‘ilz o= |1+ 2_7-741] )
2| Yr Charged-lepton

corrections: 6,5

’Ue4’2 — lUu4’2 = E%
|Ue5’2 agi. (1 - X) 63
|Uu5 3

2262,

€? ~ €2 ~ [0.01 — 0.05]

Reactor & LSND/MiniBooNE

'/
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Vs in flavor symmetry models: realization in seesaw

Fi, F>, F3 Mass spectrum |Uqd] |Uas] (Mee) Phenomenology
NO 10
-@. 9, 10,10 M>3 = 0O(eV), O(0.1) 0(0.1) 0 0 3 + 2 mixing
ual 9,10,0  M2=0EV)  no1) opo-n) o 2VAmR
Mz = O(10' GeV) 3 .
3 + 1 mixing
— 11 GeV) / 2 2
uB| 9,0, 10 =000 GeV) 0-11y o) VAms VAmY
M; = O(eV) 3 3
5 & . g TS — _
IHI[ 9,5,5 Myz=0(10GeV) O(107°%) O(107°) - v Am?% | Leptogenesis

Scenario-I: F,=9; F,=10; F;=10; two eV-scale sterile neutrinos; vanishing (m,,);

’Ue4’2 — lUu4’2 = E%
|Ue5’2 agi. (1 - X) 63
|Uu5 3

2262,

2

€? ~ €2 ~ [0.01 — 0.05]

Reactor & LSND/MiniBooNE

0.05
Allowed ranges w
2
of |Uea|* — Amj, 0.03!
(blue) and S
2 =)
[Ues|* — Amz, ~0.02f
(red) in the
inverted ordering 0.01}
% 1 2 3

91



Vs in flavor symmetry models: realization in seesaw

(Mee)

Fy. F5. F3 Mass spectrum |Uad] |Uas| Phenomenology
NO 10
l@ 9, 10,10 M>3 = 0O(eV), O(0.1) 0(0.1) 0 0 3 + 2 mixing
nal 9,100 M=0EV) o1y ooy o 2VAML
M; = O(10* GeV) 3

3 + 1 mixing

_ 11 . o
uB| 9,0,10 M2=OU0TGV) 51511y o(o1) VAms VAm}
M = O(eV) 3 3

VAm?2 .
HI| 9,55 Mss=0O(10GeV) O(10-%) O(10~°) qu VAmZ | Leptogenesis

v" each column of the Dirac mass term is proportional to a

different column of the PMNS matrix — Form Dominance Chen, King, 09;
Choubey, King,
Mp =V, diag (\/—7711J[1. \/—mQﬂ[g. \/—7713*\[3) Mitra, 10

92



Vs in flavor symmetry models: realization in seesaw

Fy. F3, F3 Mass spectrum Upd] |Uas| (Mee) Phenomenology
NO 10
@' 9, 10,10 M>3 = 0O(eV), O(0.1) 0(0.1) 0 0 3 + 2 mixing
ma| 9,100 M=06V) 1) ooy o 2V/AmR
M; = O(10" GeV) 3 .
3 + 1 mixing
— 11 GeV) , 2 A2
1B @ o pg M= QTG O(10~1) 0(0.1) VAmE  /Ami
My = O(eV) 3 " 3
5 e ‘ . g i ASDE — _
LI} 9,55 Mg=0(10GeV) O(107%) O(107°) ~——= VAmZ | Leptogenesis

v" each column of the Dirac mass term is proportional to a
different column of the PMNS matrix — Form Dominance

Mp =V, diag (\/—ml*\[l. \/—m-gﬂ[-g. \/—1713*\[3)

Chen, King, 09;
Choubey, King,
Mitra, 10

* natural consequences in many flavor symmetry models
» predictions on the active-sterile mixing: 8y & MpMz1

« pairwise cancellation in (m,,)
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Vs in flavor symmetry models: realization in seesaw

Fy, F5, F3 Mass spectrum |Uaa| |Uas| NO it 0 Phenomenology
@' 9, 10,10 M>3 = 0O(eV), O(0.1) 0(0.1) 0 0 3 + 2 mixing
g = / ~ T
IIA| 9, 10,0 Mz = O(eV) 00.1) O(10~1Y) 0 2v/Am3
M; = O(10 GeV) — 3 N
; mixing
— 11 GeV' , 2 A2
uB| 9,0, 10 M2 =OU0RGeV) 55-1y oo1) VAMs VAmy
M; = O(eV) 3 3
5 e ‘ . g i ASDE 5 _
LI} 9,55 Mg=0(10GeV) O(107%) O(107°) ~——= VAmZ | Leptogenesis

v" each column of the Dirac mass term is proportional to a
different column of the PMNS matrix — Form Dominance

Mp =V, diag (\/—ml*\[l. v/ —ma My, \/—1113*\[3)
natural consequences in many flavor symmetry models
» predictions on the active-sterile mixing: 8y & MpMz1
pairwise cancellation in (m,,)

Bxb
M>"° =

0

Vanishing
(Mee)

MT Mg

M; = [—(

Vv

Chen, King, 09;
Choubey, King,
Mitra, 10
5 G | 79
Do M = LT 115
v) JJ
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Vs in flavor symmetry models: realization in seesaw

Fi, F>, F3 Mass spectrum |Uaal |Uas| (Mee) Phenomenology
NO 10
119,10,10 Myz=0(eV), 0(0.1) 0©(0.1) 0 0 3 + 2 mixing
Al 9,100 M=0EV) 1) ooy o 2V/Am
Mz = O(10' GeV) 3 .
3 + 1 mixing
— 11 GeV) ‘ 2 2
B} 9, 0,10 M2 =0OU07GeV) 6515-1) o(o1) VAms VAm}
"\ M; = O(eV) 3 3
5 i ; e i ASDE —— _
HI| 9,5, 5 My3=0(10GeV) O(107°) O(10~°) - Vv Am3 | Leptogenesis

Scenario-1IB: F,=9; F,=0; F;=10; eV & keV & 10'! GeV v,; non-vanishing (m,,);

* Vg, decouples at low scales - €; = 0
* corrections to the 4 X 4 mixing matrix

/—\/663 00 2e \
3 9
se5 00 —e
V(€)1 ~ \/g .

\/geg 00 —e

\—V6e2 0 0 —3¢;)




Vs in flavor symmetry models: realization in seesaw

Fi, F>, F3 Mass spectrum |Uqd] |Uas] (Mee) Phenomenology
NO 10
119,10,10 Myz=0(eV), 0(0.1) 0©(0.1) 0 0 3 + 2 mixing
ma| 9,10,0  M=0EV) o1 ooy o 2V/AmR
Mz = O(10' GeV) 3 .
3 + 1 mixing
— 11 GeV) / 2 2
B} 9, 0,10 M2 =0OU07GeV) 6515-1) o(o1) VAms VAm}
"\ M; = O(eV) 3 3
5 & . g TS — _
HI| 9,5, 5 My3=0(10GeV) O(107°) O(10~°) - Vv Am3 | Leptogenesis

Scenario-1IB: F,=9; F,=0; F;=10; eV & keV & 10'! GeV v,; non-vanishing (m,,);

* Vg, decouples at low scales - €; = 0 0.05

» corrections to the 4 X 4 mixing matrix | %
/_\/653 00 @\ . 0.03f
3 2 ]
V()0 ~ | Vi 00 7 s
263 00 —e 0.01}
\—V6e2 0 0 —3¢;) . |
0 1 2 3



Vs in flavor symmetry models: realization in seesaw

(Mee)

Fy. F5. F3 Mass spectrum |Uad] |Uas| Phenomenology
NO 10
119,10,10 Myz=0(eV), 0(0.1) 0©(0.1) 0 0 3 + 2 mixing
na| 9,100  M2=0EV) 501) ooy o 2VAMY
M; = O(10* GeV) 3

3 + 1 mixing

— 11 GeV) ‘ 2 2
WiBd o, 0,10 M2 =0CU0TGeV) 5q0-11) o) VAmS VAmL
"\ M; = O(eV) 3 3
5: 5 7 -6 —6 V.ATTZ% N D ) :
LI} 9,55 Mg=0(10GeV) O(107%) O(107°) ~——= VAmZ | Leptogenesis

Scenario-1IB: F,=9; F,=0; F;=10; eV & keV & 10'! GeV v,; non-vanishing (m,,);

* Vg, decouples at low scales - €; = 0 0.05
* corrections to the 4 X 4 mixing matrix

N
"'%"s.,
X
0.04¢ e
1Y

2 _
/—\/662 00 @\ N_go.os
263 00 —e = 0,02

(10) ~ -
Vie)™ = \/§e§ 00 —e ||* compatible with

3+1 global-fit
\—v6ez 0 0 —362) J

| ) .
0O 1 2 3




Vs in flavor symmetry models: realization in seesaw

Fy. F3, F3 Mass spectrum Upd] |Uas| (Mee) Phenomenology
NO 10
119,10,10 Myz=0(eV), 0(0.1) 0©(0.1) 0 0 3 + 2 mixing
ma| 9,100 M=06V) 1) ooy o 2V/AmR
M; = O(10" GeV) 3 .
3 + 1 mixing
) A e € , 2 A a2
uB| 9,0, 10 M2=010"GeV) 5101y 1) VAME VA
M; = O(eV) 3 3
o ‘ ; i i ASDE 5 _
1113 9.5 5 Mz =0(10GeV) O(107°%) O(107°) - \/Tm Leptogenesis

Scenario-III: F,=9; F,=5; F;=5; both keV and GeV sterile neutrinos (vMSM)

e The keV sterile neutrino can be WDM;
« Oscillation of quasi-degenerate heavy

Asaka, Blanchet, Shaposhnikov, 05

2 £0) )
sterile neutrinos account for Baryon — (m,.) "9 = m; - Agms ~ 0.0029 eV ,
Asymmetry of the Universe;
* Neutrino-less double beta decay; (1m,,)10) = 2m1 m 2 \/m T T
 Collider test of right-handed neutrinos ' .
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Summary

1. keV sterile neutrinos work very well as Warm Dark Matter candidates;
eV-scale sterile neutrinos also present in: short-baseline neutrino
oscillation experiments; effective mass measured in neutrino-less
double beta decays; ...
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Summary

1. keV sterile neutrinos work very well as Warm Dark Matter candidates;
eV-scale sterile neutrinos also present in: short-baseline neutrino
oscillation experiments; effective mass measured in neutrino-less
double beta decays; ...

2. Mechanisms are needed to understand the smallness light sterile
neutrinos
a) Suppress My and My simultaneously via flavor symmetries,
warped extra dimensions; FN mechanism; extended seesaw
models; ...
b) Non-standard approaches: mirror models; axino; ...
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Summary

1.

keV sterile neutrinos work very well as Warm Dark Matter candidates;
eV-scale sterile neutrinos also present in: short-baseline neutrino
oscillation experiments; effective mass measured in neutrino-less
double beta decays; ...

Mechanisms are needed to understand the smallness light sterile

neutrinos

a) Suppress My and My simultaneously via flavor symmetries,
warped extra dimensions; FN mechanism; extended seesaw
models; ...

b) Non-standard approaches: mirror models; axino; ...

A flavor A, model using the effective theory approach could give rise
to the TBM (at leading order) and accommodate light sterile neutrinos
at various energy scales (eV, keV, GeV, ...).

The model can also be realized in the seesaw framework: \WDM;
active-sterile mixing; deviations from exact TBM; neutrino-less
double beta decay; Leptogenesis, et al.
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