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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 masses: Seesaw

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

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

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

Alternatively, electroweak (Mg ~Agyy) scale or eV
scale seesaw[(MR~ eV)] could also be nature
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sterile neutrinos: Vg




Neutrino mixing matrix:
4 X 4 case: U = R34§24§14R23§13R12P
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six mixing angles + 3 Dirac phases +3 Majorana phases

5X5 case: U = R25R34R25R24R23§15§14§13R12P



Mass spectrum of five neutrinos
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Mass spectrum of five neutrinos
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Best-fit and estimated 2o values of the sterile neutrino parameters.
Kopp, Maltoni, Schwetz, 1103.4570

parameter Am3; [eV] |Ues|? Am2, [eV] Ues)?
best-fit 1.78 0.023
3+1/1+3
+1/1+ 20 1.61-2.01  0.006-0.040
best-fit 0.47 0.016 0.87 0.019
519 /9.1
3+2/2+3 20 0.42-0.52  0.004-0.029 0.77-0.97  0.005-0.033
r 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

Short-baseline neutrino oscillations: 3+2/2+3 vs. 1+3+1
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Constraints from cosmology

CMB J. Hamann et al, arXiv:1006.5276

likelihood
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Neutrino-less double beta decay
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Neutrino-less double beta decay

(Mee) (3+1) = \/ Am3, \/1 — sin” 2615 sin® a/2

3+1. Normal, NS 3+1. Inverted, IS
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How to realize eV-scale vy talk by Mavromatos

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

Splitting between the SM brane and a hidden brane

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

5 = / o dy M ((3T40,0 + mT0)
zero mode with an exponential profile in the bulk
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How to realize eV-scale vy

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

Splitting between the SM brane and a hidden brane

Effects of right-handed neutrinos are exponenally suppressed
since they are located on the hidden brane
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How to realize eV-scale vy

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

* Splitting between the SM brane and a hidden brane

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

| 2m; 1~ = <(5)0>2

Flavor symmetries (Lindner, Merle, Niro, 10)
Le — L, — L, symmetry: two heavy + one massless
e er | el right-handed neutrinos
/ 0 m ms |my 0 0 \ . .
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How to realize eV-scale vy

Froggatt-Nielsen mechanism

* Fermion flavors are differently charged under a U(1)gy symmetry
e Their masses receive a suppression factor M - MAY (1 = @ < 1)
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* Neutrino masses are not affected by the FN charges
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Vs in flavor symmetry models: A, + FN mechanism

Field | L e p¢ 7 hya ¢ ¢ & | vs
SUR2)r, | 2 1 1 1 2 1 1 11
Ay 3 1 1" 1 1 3 3 1]1
Z3 wo ow? w? w? 1 1 w w1l
Ulpny | — 3 1 0 - - - —16

Barry,
Rodejohann, HZ,

JHEPO07(2011)091

18



Vs in flavor symmetry models: A, + FN mechanism

Field | L e p¢ 7 hya ¢ ¢ & | vs
SU2.l2 1 1 1 2 1 1 1|1 Barry,
A s 1 1 1 1 3 3 111 Rodejohann, HZ,
+« |2 L8 85 L L yuppo7eoinoo
Z3 wo ow? w? w? 1 1 w w1l
Uy |- 3 1 0 — — — —|6
Ly = 22 (oL hg + 2L 18 L) hy + LZ1¢(0L) hy
A A A
Laq Ld
- Ff(LhuLhu) - F(@’Lhul}hu) + h.c. + ...
Te x ..
Ly, = Fg((p’[,hu)vs + A—J;(cp't,a'Lhu)vs + mgr v + h.c.
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Vs in flavor symmetry models: A, + FN mechanism

Field | L e p¢ 7 hya ¢ ¢ & | vs
SU@2), |2 1 1 1 2 1 1 1]1 Barry,
A TR . e Rodejohann, HZ,
« |2 L 1113 3 1111 j4ppo70011)091
Z3 wo ow? w? w? 1 1 w w1l
Ulpn |- 3 1 0 — — — —1|6
Ye ¢ L c / Yr ¢ 7
= = L)h — L)h — L)"h
Ly = e (pL)ha + Z=p (L) ha + Z=7(p L) h
Lq L
+ 756(LhyLhy) + T5(¢'LhyLhy) + he. + ...
Le X c, C
Ly, = Fg((p’[,hu)vs - A—J;(cp't,a'Lhu)VS + mgr vg + h.c
Assumipg the flavon /a + %d —% —% e\ 0 — 2%1%;
VEV alignments Lood o d o, o
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active and sterile neutrino masses '

3e? 3e?
mi=a-+d, mo =a — —, m3 = —a-+d, my = mg + —
M M

Numerical example: assuming Yukawa couplings are of
order 1 and A = 1071 = 0.03

Y 2 v ? /10125 GeV v
T 10-15 101! GeV A

2 12.5 ry 2
u Uy 10722 GeV
“”d_o'l(wll GCV)(IUQ GCV) ( A )W’

A \° u v’ Uy 10125 GeV
e~0.1 ~ eV
10-15 1011 GeV 1011 GeV 102 GeV A
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active and sterile neutrino masses '

3e? 3e?
mi=a-+d, mo =a — —, m3 = —a-+d, myq = mg +
M M

Numerical example: assuming Yukawa couplings are of
order 1 and A = 1071 = 0.03

AN v 10129 GeV
~ 1 0.5
s = 10 (10—1-5) (1011 GeV) ( A )eV

2 12.5 ry 2
u Uy 10722 GeV
“”d_o'l(wll GW)(lU? GCV) ( A )CV’

A \° u v’ Uy 10125 GeV
e~0.1 = eV
10—15 1011 GeV /) \ 101 GeV / \ 102 GeV A

* Charged-lepton mass hierarchy: different FN changes of ep, up, Tp
* Extension to the 3+2 case: simply add more singlet neutrinos
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Neutrino mixing matrix

2
JE [_]

/% = 0 0) (0 0 0% (0 - ‘Q/_E
32
oy ~% 5 5 0 N U B
1 1 1 i
-L L L0 0 3_ 0 < 0
\ 0 0 0 1) \0 —¥£0 0/ \0 0




Neutrino mixing matrix

(%5 00\ (o0 oz [0-wro o)
1 1 1 B 32
N v v 0 . 0 0 0= N 0—%2% 0 0
-1 1L 1 9 0 0 0= 0 — 3e2 0 0
2
\ 0 0 0 1) \0 %20 0 \0 0 0-2)

Exact tri-bimaximal mixing pattern
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Neutrino mixing matrix

2
(%5 00 (o0 0g\ (0-%Eo 0
11 1 ~ V/3e?
g | ? ? — lﬁ 0 . 0 0 0 : . 0 —¥=5 ? 0 0
_1 1 1 g 0 0 0= 0 -3¢0 0
V6 V3 V2 e o o T 2mg
—_ 2
Lo 0 0 1) \0-¥*0o0)/ \0 0 0—3%)

g

5 3

Exact tri-bimaximal mixing pattern + sterile neutrino corrections
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Neutrino mixing matrix
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Exact tri-bimaximal mixing pattern + sterile neutrino corrections
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Neutrino mixing matrix

Exact tri-bimaximal mixing pattern + sterile neutrino corrections
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Connections between mixing angles

0.03-

0.01r
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Light sterile neutrinos in seesaw models
sterile neutrinos from type-I seesaw

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

Model B: 1eV + 1keV + lheavy sterile neutrinos
Neutrinoless double beta decay
Need to understand the mass splitting
Candidate for keV WDM

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

Model D: 1keV + 2heavy (>GeV) sterile neutrinos (vMSM)
Both baryon asymmetry and Warm Dark Matter puzzles
can be solved
Failed in explaining the reactor anomaly
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Minimal extended type-I seesaw Barry, Rodejohann, HZ, 11
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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Minimal extended type-I seesaw Barry, Rodejohann, HZ, 11
The model: SM + three right-handed neutrinos + one singlet S

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

0 Mp O  The full 7 X 7 neutrino mass matrix
Mt = [ ML Mr MT if of rank 6, and therefore, one
0 Ms O active neutrino 1s massless.

my ~ MpMz'ME (MsMz*ME) ™ Mg (MzY)" ME — MpMztME
ms ~ —MsMz' Mg
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Minimal extended type-I seesaw Barry, Rodejohann, HZ, 11
The model: SM + three right-handed neutrinos + one singlet S

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

0 Mp O  The full 7 X 7 neutrino mass matrix
Mt = [ ML Mr MT if of rank 6, and therefore, one
0 Ms O active neutrino 1s massless.

m,, ~ MpMz " ME (MgMz ME) ™ Mg (MzY)" M%) — Mp Mz Mp
ms ~ —MgMz"' Mg

Mp~100 GeV; m,,~0.05 eV;
M~500 GeV; Mgp~2 x 10'4GeV mg~1.3eV; Ugy~0.2

* No need to artificially insert small mass scales and tiny
Yukawa couplings for light neutrino masses.
* Thermal leptogenesis works.

* Only one singlet S 1s allowed (minimal extension). 3




Minimal extended type-I seesaw Barry, Rodejohann, HZ, 11
The model: SM + three right-handed neutrinos + one singlet S

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

0 Mp O  The full 7 X 7 neutrino mass matrix
Mt = [ ML Mr MT if of rank 6, and therefore, one
0 Ms O active neutrino 1s massless.

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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Summary

1. The presence of light sterile neutrinos could significantly change
both the short-baseline neutrino oscillation experiments and the
effective mass measured in neutrino-less double beta decays.

2. We found that light sterile neutrinos can be naturally embedded
Into flavor symmetry models, e.g., A,. In general, the admixture
between active and sterile neutrinos leads to the deviation from
the exact constant (e.g., tri-bimaximal) mixing pattern.

3. A minimal extended type-1 seesaw model is presented, in which,
without the need of introducing tiny Yukawa couplings, the
smallness of sterile neutrino masses is ascribed to the existence
of heavy singlet neutrinos, whereas the mixing between active
and sterile neutrinos could still be sizable.
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Summary

1. The presence of light sterile neutrinos could significantly change
both the short-baseline neutrino oscillation experiments and the
effective mass measured in neutrino-less double beta decays.

2. We found that light sterile neutrinos can be naturally embedded
Into flavor symmetry models, e.g., A,. In general, the admixture
between active and sterile neutrinos leads to the deviation from
the exact constant (e.g., tri-bimaximal) mixing pattern.

3. A minimal extended type-1 seesaw model is presented, in which,
without the need of introducing tiny Yukawa couplings, the
smallness of sterile neutrino masses is ascribed to the existence
of heavy singlet neutrinos, whereas the mixing between active
and sterile neutrinos could still be sizable.

Thanks
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