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Neutrino Masses
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> m =0 inthe SM
Y

. . RS No Dirac
2 NO Right-Handed Neutrinos

Mass Term

, _ e No Majorana
2 NO Lepton Number Violation
Mass Term

|> Can Generate Majorana 1 in SM via Effective Operators
A%

Lowest Order: Dim-5 (Unique) — > qu*q;TL .+h.c

S. Weinberg, Phys. Rev. Lett 43 (1979) 1566
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1 we add Right-Handed Neutrinos to the sM...

Yukawa coupling for Neutrinos LD —L oYl RfiL_LG;YuVR
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Neutrino Masses

1 we add Right-Handed Neutrinos to the sM...

Yukawa coupling for Neutrinos LD —L oYl RfiL_LG;YuVR

(Dirac Mass Term)

However.,..

Neutrino Oscillation Data +

Tritium B- Decay

Yy ~ 10—11 & }/’l S“%%QS‘S

Why So Small? —__ )




‘“‘Natural’”’ Neutrino Mass Generation

Majorana Mass Term
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’, P,

(Fermion Singlet)
Lepton Number Breaking

m ~ (Y,v)/M,

Majorana Neutrino
Mass Matrix

MR ~ 1015 GeV —>YV ~ 1
MR ~ TeV — Yv ~ 10°
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|
|

: D =5 Weinberg Operator
| Generated at Tree Level
|

R E S S S S S
vy oL

oy VR Mg VR Y




‘“‘Natural’”’ Neutrino Mass Generation

Type 11 See-Saw  [WENNT NS A8 UNE2
(Scalar Triplet)

Lepton Number Breaking

m o~ Y, u, VM)

D =5 Weinberg Operator
Generated at Tree Level

00 66\1
W 7w
S
ceo Type 111 See-Saw | a\\"d ng' - “\Oa@
\C
(Fermion Triplet) 21 \)¢Q 666,63



‘“‘Natural’”’ Neutrino Mass Generation

(Typically Involving Extended Scalar Sectors)

Zee Model —AL7ee = Kq ¢)’{iogqﬁg hr_—|—Y;1,b¢1Ele‘|‘fa,b ET*iaglLb h™+h.c.

Lepton Number Breaking

Majorana Mass Matrix
tfor Lett-Handed Neutrinos
Generated at 1-loop

A. Zee, Phys. Lett. B 93 (1980) 389




‘“‘Natural’”’ Neutrino Mass Generation

Babu Model

Majorana Mass Matrix

for Lett-Handed Neutrinos
Generated at 2-loops

K. S. Babu, Phys. Lett. B 203 (1988) 132

Both Zee and Babu Models Generate the D = 5 Weinberg Operator at 'Loop Level




‘“‘Natural’”’ Neutrino Mass Generation

Other Models... (inspired by Zee/Babu)

C. S. Chen, C. Q. Geng &]J. N. Ng, Phys. Rev. D 75 (2007) 053004
F. del Aguila, A. Aparici, A. Santamaria & J. Wudka, JHEP 1205 (2012) 133

Very Rich Phenomenology:

=» Possible Collider Signatures at LHC & ILC

2 New Charged States
2 Same Sign Di-Leptons

=2 LFV Processes

o000



‘“‘Natural’”’ Neutrino Mass Generation

Other Models... (inspired by Zee/Babu)

C. S. Chen, C. Q. Geng &]J. N. Ng, Phys. Rev. D 75 (2007) 053004
F. del Aguila, A. Aparici, A. Santamaria & J. Wudka, JHEP 1205 (2012) 133

Very Rich Phenomenology:

= Large Lepton Flavour Violation
=» Large Neutrinoless Double B-Decay

LFV and OvBB8 Much More Supressed
in See-Saw Models (typically)

OvBB Decay independent of m
v



‘“‘Natural’”’ Neutrino Mass Generation

Radiative Neutrino Mass Generation:

> Attractive Alternative fo See-Saw Mechanism

> Very Rich (and Testable) Phenomenology



‘“‘Natural’”’ Neutrino Mass Generation

Radiative Neutrino Mass Generation:

> Attractive Alternative fo See-Saw Mechanism

> Very Rich (and Testable) Phenomenology

> Possible Connection between Neutrino Masses &
Dark Matter



Linking Neutrino Masses & WIMP Dark Matter

|> WIMP Dark Matter from BSM Extended Scalar Sectors

Singlet Higgs-Portal DM

J. McDonald, Phys. Rev. D 50 (1994) 3637

—Ls D V(p)+&|p]? S

C. P. Burgess, M. Pospelov & T. ter Veldhuis, Nucl. Phys. B 619 (2001) 709

Inert Doublet Model
E. Ma, Phys. Rev. D 73 (2006) 077301
R. Barbieri, L. J. Hall and V. S. Rychkov, Phys. Rev. D 74 (2006) 015007

L. Lopez-Honorez, E. Nezri, J. F. Oliver and M. Tytgat, JCAP 1207 (2007) 028



Linking Neutrino Masses & WIMP Dark Matter

|> WIMP Dark Matter from BSM Extended Scalar Sectors

Small v Masses May be Connected to Dark Matter Stability

E. Ma, Phys. Rev. D 73 (2006) 077301

L. Krauss, S. Nasri and M. Trodden, Phys. Rev. D 67 (2003) 085002

, 2 2
LSVl )+ ol 45 (o1n) + SR

+Lr¢1Yilg + L1 VR + Li¢yY,vg +he.

N (v R) or Neutral component of ¢ 9
Fermionic Q Bosonic

DM candidate

Radiative (1-loop) See-Saw



Linking Neutrino Masses & WIMP Dark Matter

|> WIMP Dark Matter from BSM Extended Scalar Sectors

|> Small v Masses May be Connected to Dark Matter Stability
E. Ma, Phys. Rev. D 73 (2006) 077301
L. Krauss, S. Nasri and M. Trodden, Phys. Rev. D 67 (2003) 085002

*

—£ 5 V(Si? 1523 + Aa |STS5 P+ A (STS7)

— T . P —
+fapl§ " ioaln, ST+ gavr S3 I, + 3V Mprr + hec.

N (v R) ts a DM candidate

3-loop Majorana Mass!
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- Z2 Symmetry (DM) Responsible for Small Y1 (Loop Suppression)
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- In Both Models, D = 5 Weinberg Operator — Leading Contribution to (Y
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Linking Neutrino Masses & WIMP Dark Matter

|> WIMP Dark Matter from BSM Extended Scalar Sectors

|> Small v Masses May be Connected to Dark Matter Stability

E. Ma, Phys. Rev. D 73 (2006) 077301

L. Krauss, S. Nasri and M. Trodden, Phys. Rev. D 67 (2003) 085002

- Z2 Symmetry (DM) Responsible for Small Y1 (Loop Suppression)
%

- In Both Models, D = 5 Weinberg Operator — Leading Contribution to (Y

-
sev
2>V r as DM Candidate: 0‘3(\‘ o\
2 No Direct Detection Signal e © e B\
& '
A
9 Indirect Detection Signal ‘;\o\““% ‘“““e“e
Wiy



Neutrino Masses & WIMP Dark Matter

|> Naturally Small v Masses from BSM Extended Scalar Sectors

aF (inspired by Zee/Babu)
WIMP Dark Matter

- Z2 Symmetry (DM) Responsible for Small M
v

= Rich Phenomenology (LFV, Ov BB, Colliders...)

- Properties of Neutrino Sector Affected in Dramatic Way
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|> Naturally Small v Masses fromn BSM Extended Scalar Sectors
(inspired by Zee/Babu)

Inert Doublet Model
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Neutrino Masses & WIMP Dark Matter

|> Naturally Small v Masses fromn BSM Extended Scalar Sectors
(inspired by Zee/Babu)

— 2 2 2 2 5 :
~AL=Cul% In, Pt + V(@1 [@f, S, |l )+A4‘<p1q>2 +%(q>{q>2)

+K1 (I){I,O'gq)g S~ ~+ )\pg (DCFTJQ(I)Z S+p__ + Ko S_S_p++ + h.c.

For k # 0, S-A Mixing ..




Neutrino Masses & WIMP Dark Matter

|> Naturally Small v Masses fromn BSM Extended Scalar Sectors
(inspired by Zee/Babu)

— 2 2 2 2 5 .
—AL = Cop I, Ir, o+ V(1] [@af, IS, o) + M ‘cp{cpg + % cp{q)g)
\\
+K1 (I){’I:O'QM_ + Aps @?iag@g STp™ "+ Kk STSTpTT + h.¢/

Lepton Number Breaking



Neutrino Masses & WIMP Dark Matter

|> Naturally Small v Masses fromn BSM Extended Scalar Sectors
(inspired by Zee/Babu)

V Masses generated at 3-Loops
via the "Cocktail Diagram”

"
Ty,
a,
"y,
.
.........
1y
y,
Ty
L]



Neutrino Masses & WIMP Dark Matter

|> Naturally Small v Masses fromn BSM Extended Scalar Sectors
(inspired by Zee/Babu)

V Masses generated at 3-Loops

Mmy,, ™ ——=my_my, Cyp
m;

; f 2
Sin*(26) mj)% = m%ro (qul - *quz) (Kg + Asv)
(1672)°  ma,mpy, :

muy,mg,

- Leading Contribution to /1 from D = 9 Operator (D = 5 Operator -Sub-Leading)
v

WEINBERG OPERATOR
at . 5-+1Q0PS



Neutrino Masses & WIMP Dark Matter

|> Naturally Small v Masses fromn BSM Extended Scalar Sectors
(inspired by Zee/Babu)

V Masses generated at 3-Loops

.2 2.2 2 2 N2, ’
Sin (2 8) My, =My, (Mp, ~— Mg, (F"Q-l_)‘PSJU)
— | — | ————my;,my, Cy

)
me
P

(16 ,’,T‘.Z)B T Ay M Hy

mH,MH,



Experimental Constrains & Model Predictions

O Neutrino Masses & Mixings




Experimental Constrains & Model Predictions

0 e/ 13812 (323012—3238123136”5 —823012—623812313615

du/z g Ci3Cy —Co3812 — S23C12813€"0 893812 — CoCras1ze’
=
0 0 1 4~ €23C13

2 Majorana Phases 3 Mixing Angles, 1 CP Phase 3 Neutrino Masses
S,= sin(612), S, = sin(913), S,, = sin(923)

c,= cos(912), c,= cos(913), c,, = cos(023)



Experimental Constrains & Model Predictions

du/z g Ci3Cy —Co3812 — S23C12813€"0 893812 — CoCras1ze’
U= 0 €92 0 | x| e3sin cascig — Sp3s12813¢"  —Sa3012 — Cp3812813¢"
0 30" 3 €23C13

2 Majorana Phases 3 Mixing Angles, 1 CP Phase
s = sin(612), S, = sin(913), S,, = sin(923)

c._= cos(912), c,= cos(913), c,, = cos(023)

Global Fit to Neutrino Oscillation Data:
D. V. Forero, M. Tortola and J. W. F. Valle, Phys. Rev. D 86 (2012) 073012

Am3; = mj-m} =T625510x107eV? |Amjy| = |m] - mf| = 25310 x 10 eV

_ +0.015 +0.08

3 Neutrino Masses

m,«x A, Not Constrained

0 Beyond Exp. Sensitivity

“Farge” 0
13
\’1



Experimental Constrains & Model Predictions

*Cocktail Model*
Prediction

nnnnnnn - My, My, mg, Ca,b ~

Approximate V Mass Texture

Global Fit to Neutrino Oscillation Data:
D. V. Forero, M. Tortola and J. W. F. Valle, Phys. Rev. D 86 (2012) 073012

2 2 _ " - -5 172 2 _ 2 . -
Am3; = mj-m} =T625510x107eV? |Amjy| = |m] - mf| = 25310 x 10 eV

_ +0.015 +0.08

m,«x A, Not Constrained

0 Beyond Exp. Sensitivity

“Farge” 0
13
\’1



Experimental Constrains & Model Predictions

*Cocktail Model*
Prediction

nnnnnnn - My, My, mg, Ca,b ~

Approximate V Mass Texture

- Texture Predicts Normal Hierarchy

Global Fit to Neutrino Oscillation Data:
D. V. Forero, M. Tortola and J. W. F. Valle, Phys. Rev. D 86 (2012) 073012

2 2 _ " - -5 172 2 _ 2 . -
Am3; = mj-m} =T625510x107eV? |Amjy| = |m] - mf| = 25310 x 10 eV

_ +0.015 +0.08

m,«x A, Not Constrained

0 Beyond Exp. Sensitivity

“Farge” 0
13
\’1



Experimental Constrains & Model Predictions

*Cocktail Model*
Prediction

nnnnnnn - My, My, mg, Ca,b ~

Approximate V Mass Texture

- Texture Imposes Re(mee) ~ (, Im(mee) =~ (), Re(meu) =~ (, Im(meu) ~ 0

Prediction for m,«x X, o)

Global Fit to Neutrino Oscillation Data:
D. V. Forero, M. Tortola and J. W. F. Valle, Phys. Rev. D 86 (2012) 073012

m,«x A, Not Constrained
0 Beyond Exp. Sensitivity
Am3; = mj-m} =T625510x107eV? |Amjy| = |m] - mf| = 25310 x 10 eV

“Farge” 0
13
\’1

2 +0.015 2 _ n10+0.08 T2
s12 = 0.3207 917 533 = 0.497 05 13 =



Experimental Constrains & Model Predictions

*Cocktail Model*
Prediction

nnnnnnn - My, My, mg, Ca,b ~

Approximate V Mass Texture

- Texture Imposes Re(mee) ~ (, Im(mee) =~ (), Re(meu) =~ (, Im(meu) ~ 0

Solutions Only Exist for 0.014 < 3213 <0.023 (0.011 < 3213 < 0.035)

Global Fit to Neutrino Oscillation Daita:

m , ., X Not Constrained
D. V. Forero, M. Tortola and J. W. F. Valle, Phys. Rev. D 86 (2012) 073012 - 17 2

0 Beyond Exp. Sensitivity

2 2 o~ ] — 2 = 2 2 ' -
Am3; = mj-m} =T625510x107eV? |Amjy| = |m] - mf| = 25310 x 10 eV

“Farge” 0
13
\’1

2 +0.015 2 _ n10+0.08 T2
s12 = 0.3207 917 533 = 0.497 05 13 =



Experimental Constrains & Model Predictions

*Cocktail Model*
Prediction

nnnnnnn - My, My, mg, Ca,b ~

Approximate V Mass Texture

- Texture Imposes Re(mee) ~ (, Im(mee) =~ (), Re(meu) =~ (, Im(meu) ~ 0

Solutions Only Exist for 0.014 < 3213 <0.023 (0.011 < 3213 < 0.035)

Global Fit to Neutrino Oscillation Daita:

m , ., X Not Constrained
D. V. Forero, M. Tortola and J. W. F. Valle, Phys. Rev. D 86 (2012) 673012 - 17 2

0 Beyond Exp. Sensitivity

5

PN T BT ST N g, 9 22| o rg 08 =312

Amy; =my—my =T7.6274x107%V ‘Amgl‘ = my —mj —2.5311 x107eV
“Farge” 0 S
\’1

2 +0.015 2 _ n10+0.08 T2
s12 = 0.3207 917 533 = 0.497 05 13 =



Experimental Constrains & Model Predictions

® Electroweak Precision Constrains

Ho , Ao . H1+ : H2+ , p°7 Contribute to EWPO (S, T Parameters)

m, =200 GeV, 0=m/4 m, =300 6eV, 6=m/4 m, = 200:6eV; 0=/t



Experimental Constrains & Model Predictions

e Cee < 1.2 x 1071 GeV ™2 m
er Cee < 1.3 x 1078GeV ™ m
i Cp < 1.2 x 1078GeV ™% m

7 Cee < 9.3 x 107°GeV™* m?
or Cep < 1.7 x 1078GeV ™ m?

Chr Cep < 1.8 x 1078GeV ™ m

Cer Cpuyp < 1.0 x 1078GeV > m

> Clu Cre < 4.7 x 1079GeV ™ ? m?

> Cir Cre < 1.05 x 1075GeV ™ ?m?

p

2
p
2
p
2
p
7

Most Stringent Constrains are on me and M
T HH

> 0 + © Set m* >TeV, m* - m* ~ V?*, m?
p Ao Ho

Need Heavy p°* & Large Mass splittings



Experimental Constrains & Model Predictions

O Collider Phenomenology

- Modification of h — yy Branching Ratio

- Ho’ Ao’ H1+, H2+ States Accesible at LHC



Experimental Constrains & Model Predictions

O Collider Phenomenology

- Modification of h — yy Branching Ratio

- Ho’ Ao’ H1+, H2+ States Accesible at LHC

© Neutrinoless Double B-Decay

> mee ~ 0, But Still Potentially Large OvBB!!

- Leading Contribution to 0v BB Independent of



Experimental Constrains & Model Predictions

] Dark matter direct detection limits
ON1O (low mass)

Ho XENON100

2102 ‘e 18 uossjeisny

- Large Mass Splitting m~ - m*

Disfavours Co-Annihilation

= Direct Detection Bounds Impose m,

Close to Higgs Resonance or W Threshold

M. Gustafsson, S. Rydbeck; LzLopez-Honorez and E. Lundstrom
Phys. Rev. D 86 (2012) 075019



Conclusions

Small v Masses May be Connected to Dark Matter Stability

Properties of V Sector and DM Sector Affected by this Connection:

>V R a8 DM Candidate (Ma; Krauss, Nasri, Trodden)

NO Dark Matter Direct Detection Signal

> Cocktail Model

= Predicts Normal V Mass Hierarchy & 0.011 < s? 13 < 0.035
= LFYV Close to Current Experimental Limits

= Collider Signatures at LHC & ILC (New charged States)
= (Possibly) Large 0vBB

= DM Co-Annihilation Disfavoured (m _ ~ 60 - 65 GeV?)
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