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Neutrino masses=> new physics

Q-;> In the particle physics Standard Model are massless

U

' are neutral= 2 different possible types of neutrino masses

/N

Dirac mass: Majorana mass:
'L NRr 'L 'L
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LI" m!I‘@R!L L | ém!Qf!L
not in SM: ndNg In SM not in SM: breaks the L symmetry

—> ! masses require new physics beyond the SM



Neutrino masses: Dirac or Majorana?

L-}> very important fort mass origin model building

L—» both are possible but theoretically clear preference for
Majorana masses: if we alld  to the SM we can have Di

masses but:
NR NRr
- whym; observed so small then? @—"—@MN
- aNgr Is singlet of SM> we expect a Majorana mas:

for Ng = gives a Majorana mass for too



Unique status oheutrino masses

L—>> If we write down the possible low energy interactions betwee
SM fermions which could be induced by any kind of new phy
at a heavy scaleyewpnys

- all interactions are suppressed Y fewpnys + V! Rewphys + -

- except one inv'! NewP hys ‘Lers ! ' — L, L+ HH
- NewP hys
H-~ . H V& + Vv
\\ // Iy \\ // I !LI !LI
Nphys $ NPWS j > HK—
T4
My ! e v2

NewP hys

—> ! masses: brst BSM effect expected and prst seen!
= argument for Majorana masses



! masses can probe new physics upads GeV

l
Ly
Q—> Mpey 1o V2

- NewP hys
If 1w 1 1, m ! 01eVrequires wewpnys ! 10° * Gev

—> unique way to probe high scale new physics and GUT in partict

—> provides a natural explanation for the tinyness of masses:

If! Newpnys IS largem, Is small: seesaw mechanism

L—)> yet another argument for Majorana mas



Seesaw Models



The 3 basic seesaw models

I
L» l.e. tree level ways to generate the dim'ﬁLL HH operaitc

Right-handed singlet: Scalar triplet: Fermion triplet:
(type-l seesaw) (type-ll seesaw) (type-lll seesaw)
H H H _— H H H
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1 _ My o9 — T i 2
m! — Yl\-lr WYN V2 m! - Y! M—!ZV m! - Y! M! Y! V
my, small ifMy large m, small ifM, large my small ifM, large

(or if Y, small) (or if Y, , psmall) (or if Y, small)



Can we bt [3avour structure in all seesaw mod

L» yes: easily

L—> In particular the main features of data

2
/ \ | M | o,
> '
/ ! msol

2 large mixing angless, ! 1, 2 £ squared mass differences
larger than for quarks leading to a milder hierarchy
and one small;; between 2: than for quarks
N, <16
m,

—> the seesaw models can bt the data even too easily: can
give any: mass matrix which could be observed



Access to the seesaw parameters from mass matrix

¥Type Il seesaw - P |
o ' mass matrix data

VoA > M =Y ijM—'sz —> gives full access to
: |

/\ | type Il Ravour structur
L L

H -~ 7 H . )
g ! mass matrix data: gives

1
:,‘> M = YN M~ YNkj Ve —> access to 9 parameter
. T i combinations ofry andy

3 masses of the N

9 real parameters /]& parameters

15 parameters in Yukawa matr(l 5 o
phases




How could we distinguish experimentally the 3 seesaw moc
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rare lepton processes
"""" \ colliders: LHC, ...
cosmology: baryogenesis
and/or

supersymmetry

_ U(1)g: . model
¥embedd|ng the seesaw models in broader frameweﬂ(y
"""""""" > L-R model

Grand Unibed Theorie



Seesaw at colliders

Q—}> If seesaw states are around TeV

¥Type—|l and type-IIl are the most promissing
because have gauge interactions

Q§> can be Drell-Yan pair produced
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Chun et al. 030; Akeroyd, Aoki 050; Hektor et al. 070;

—> at LHC up to="

M, | 1.5TeV Chun, Lee, Park 070; Garayoa, Schwetz 080;Fileviez
' Perez et al.080, 090;del Aguila et al 090; ......

\ | Bajc, Senjanovic 060; Bajc, Nemvesek, N
M Lo 1.5TeVv Senjanovic 070; Franceschini, TH, Strumia 080;
Arhrib et al. 090; del Aguila et al 09, ....O

—> allow to reconstruct the Yukawa coupling
structure from decay branching ratios

given the tiny neutrino masses one e.g. expect couplings
sufpciently small to lead to observable displaced vertices i

. . 0'6; ‘
Franceschini, TH, Strumia 08 ” 0
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103k
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M in GeV



Seesaw at colliders

¥I’ype-| seesaw model:ther  have no SM gauge interactipns can be proc
only throughYukawas <« e.g.smaMif, ! TeV

see e.g. del Aguila et al 060, 09C
Kersten, Smirnov 070

—> 2 possibilities: - inverse seesaw models allow larger Yukawas

L_}> production cross section limited by upper

bounds on Yukawas from: e, ..

- extra production interactions

L—}> pair production through &'

Y _ Ngr

see e.g.Abbas et al. 080;
Fileviez-Perez, Han, Li 090



U1)s, . SEesaw models

L—» the SM accidentally conserved B-L <« glabal)g, |

L—» It is tempting to gaug® (1)g, .

require to introduce theNg

—> Mn, not anymore an ad hoc scaMy . ! vg_.

Q_>> can justify TeV scalgr <« I;?E; %rigﬁr',g Sggue

Barger, Fileviez-Perez, Spinner 0
Fileviez-Perez, Spinner 080, 0O¢

If U(1)g, L IS ungauged but spontaneously broken: Majoron models

ﬁ—}> other example of consequence at LHC: invisible Higgs decay to Majoro



Seesaw models with approximately conserved lepton number

L-}> rare lepton processes such as e are e.g. expected very
suppressed Yy/! Newp hys <— come from dim-6 operator it/ ! §cuphys

L—}> If ! Newprys ISAslowad 1TeV they remain e.g. very suppressed but

€

not necessarily: Y
! "

m; =Y, i V2/M !2 Y
¥I’ype Il model with aTeV scale scalar trlpl( (! el)" YA A €
l(u! eed" Y*M}
—> 2 step mechanism:

- we start from a L conserved situationy, large: p:@ e
H! eee

i =0 ! m, =0

- we introduce a small L breakingu £E0 " m, EO



Bounds on Type-Il seesaw Yukawa couplings

Process Constraint on Bound (x (- 2)%)
My, 1Va |2 < 7.3 %1072
u- —ete e YA e | YA e <1.2x107°
T —ee e VA | YAc <1.3x107°?
T > utpT YA YA L <1.2x10?
T > ute e YA || YA <9.3x 102
T —etuTu YA el |YA Ll <1.0x 1072
T — utuTe” YA YA e <1.8x 1072
T —ete u VA c||YA Ll < 1.7x10°?
L — ey 1Zi—e i YAl Yael < 4.7 %1073
T — ey DI SN 7N < 1.05
T — pry 15 YAl YAl <84 x 101!
Combined bounds
Process Yukawa Bound (x (lff\)ll)
poey | [Val, Vo +Yal V|| <47x107
T — ey |Yal Yar| < 1.05
T — Wy VAl Vi, <84 x 101!

Barger e tal 820;

Pal O83; Bernabeu

et al 084,086; Bilenk
PetcovO87; Gunion e
al ©89,006; Swartz C
Mohapatra 092

Abada, Biggio, Bonnet, Gavela, T.H.(

rare processes coul
—> be seen foM,
1000 TeV

A

h! eee

up to !



Inverse seesaw models (type-I or type-lll models)

}é’ype-l model with TeV scalr :same 2 steps mechanism is possible

Gonzalez-Garcia,Valle O8¢

- we start from a L conserved situation:.

' N, N, Kersten, Smirnov 007
Abada, Biggio, Bonnet,
I 0 Yn % 0 m, = Gavela, T.H.007

Yn large:r  ptr e

see S. Antusch talk

!L Nl N2
e N

0 Y\\/ﬁ 0 .
wl Ve 0 My = m, £0

N, 0 My 7!
—> together with! mass matrix data we could in principle reconstruct the full seesaw model

—> some of these models are of Minimal Flavour type: all Bavour structure is in mass matri:
Gavela, T.H., Hernandez, Hernandez, 090



Bounds on Type-I and Type-Illl seesaw Yukawa couplings

¥Type-| seesaw:.

Antusch, Biggio, Fernandez-
Martinez, Lopez-Pavon, Gavela OC

, ) _ 1072 7.2.107° 1.6-1072
L Vilas S| 72-10° 102 1.1-107?
| 16-1072 1.1-1072 1072

Abada, Biggio, Bonnet,
Gavela, T.H.007

¥Type-||| seesaw:

2 w2 1] 3-10°%  11-10° 12-10°%
i Ylas = 5 IYs ~Vilag S| 11:10°  4-10° 1.2.10°3

v
2 "My Ms 1.2-10* 12-10% 4.10°°

Abada, Biggio, Bonnet,
Gavela, T.H.007



Flavour symmetries

L—)> seesaw models have no Ravour symmetries in se

L—)> we can assume Ravour symmetries at level of Yukawa coupling matrice

see L. Everett talk

continuous or dlscrete abellan or non-abelian

As Sy S3 T
D3 D4 Ds Dgs Dg
1 (48) ! (75)

King, Ross 010, _
) ~ Kin gM linski ©06 ~ Pakvasa,Sugarawa 78, Harari, Haut, We
Froggatt, Nielsen 790, King, Malinski UUo, . Low,Volkas 030, _ 780, Wyler 790, Ma 910, 000, 060
Altarelli, Feruglio 040,  de MedeirosVarzielas, King, Ross 050, Mohapatra, Rodejohann 030 ’ ' ’ :

T LA Mohapatra 940, Chou,Wu 970
; Antusch, King O07, ) LT '
Leontaris et al 040, guvL Ma, Rajasekaran 010,Grimus, Lavoura

Babu, Ma, Valle 030, Altarelli, Feruglio (
Zee 050, Keum,Volkas O06, Chen, Fric
Ma 040, Dermisek, Raby 050, Carava
Morisi 050OKubo, Mandragon et al 030,
Kobayashi et al 030, Haba, Yoshioka C
Hagerdorn, Lindner, Mohapatra 060,
Hagedorn, Lindner, Plentiger 060,



Flavour symmetries

some of these symmetries lead to the interesting tri-bimaximal mixing pattern

= A,.S,,SO@3), SU@)., ...
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Altarelli, Feruglio 050, Babu, He 050, de Medeiros Varzielas, Ross 060,

Ma 050, 090, Carr, Frampton 060, Koide 070, Bazzochi et al 080,
Adhikary, Ghosal, Roy 090, Ciafolini et al 090
Plentinger, Rodejohann 050 Pakvasa, Rodejohann, Weiler 080, ...



Flavour symmetries

L—» the striking observables for [3avour models are:

o the absolute scalé® 2" Katrin, ...

e the mass hierarchgxpts sensitive to matter effects, ...
¢ !13:how close to 07?
o | 53 : how close to maximal?

o !'cp how large is it?



Supersymmetric seesaw models

L—» to supersymmetrize the seesaw model:

- doesnOt alterate the successful features of seesaw models

- brings new possibilities of seesaw tests even for very high seesaw

L—}> Yukawa couplings can induce lagge e , ... rates
through their effects on the running of slepton masses

no Ravour breaking In slepton masses see e.g.Ellis etal 0

—>Br(u! el)upto " 10 12

t

reachable experimentally

large Ravour breaklng In slepton masses

Davidson, Ibarra 030
combined witht data in principle we could reconstruct the full seesaw lagrang



Grand-Unibed-Theories

!
Lefs !

L, L-HH
! NewP hys

L—» Majorana masses requires a new physics 3$Gal@nys
which could be as large a8°Gev  and give masses with

right order of magnitude for couplings of order unity
If | Newphys ! 10 1 GeV

",

60 F

C s cannot be the Planck scale but s
is just around the GUT scale

30 |
20 |

F 7
F 77
7
= P =
. 7~
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! masses and seesaw bt very well in GUT

L—» most GUT models predicted masses prior their discovery

@-}> in particular SO(10) GUT ARRRRLY

l UL, 31 URy 539

all 15 fermions of a SM generation can be
put in a single SO(10) representatiar;

and the 16th fermion iIs th&x

/N

OexplainsO the particle
content of the SM and leads to:  masses
Its charge quantization



Close relation between tiny masses and distinction
between left and right in SM

&-» why parity is broken in SM and why maximally?

l Pati, Salam 750, Mohapatra, Senjanovi

In SO(10) or its left-right subgroupu3).! SU@R)r! SUR)L ! U@L)s: L
parity Is restored at high energies and one Pnds a one to one

and the fact that masses are tiny Mohapaira, Senjanovic 800



What ! data teach us on GUT

L->> + data point towards particular GUT groupso(10), Ee , (SU(5))

L—)> ' data has ruled out various pre-1998 GUT models

l

predicted large mixing
angles as for quarks



What ' data teach us on GUT

L)> OMinimalO SO(10) model: renormalizable model with
only 2 Yukawa Ravour structures

My = YioWs + YisgVihe from 104 :Yig from 1264 : Y106
Mg = YoVl + YioeV§ )
d 10 30 126 12d6 Babu, Mohapatra 930
m = YioVip! 3Y126Vi26 Lee, Mohapatra 950, Lavoura O9:
— u | u
Mp YioVip ! 3Y126Vize Bajc, Senjanovic, Vissani 030, Go
Mn =  VYiosVr Mohapatra, Ng 030, Bertolini,
T Malinski 050, Bertolini,
m = Ypeve + mMpMyg mp Schwetz, Malinski 060
f \ type-I and type-II contributions
type-ll contribution type-l contribution =~ <— can be disentangled in general
SO(10) models Akhmedov, Frigerio 060, 070
—>> close link between the fact thags is measured close to maximalend unipcation,...

But: a detailed bt of fermion masses with RGE equations shows that . N
— ] . ) ) . Bertolini, Schwetz, Malinski 060
= this model cannot bt all masses and give unibcation at the same time

—>> need for a more complicated Higgs structure and/or more sources of Yukawa 3avour

Babu, Barr 020; Dutta, Mimura, Mohapatra 040; Bertolini, Schwetz, Malinski 060; Dermisek, Haraba, Raby 060; Aulakh, Garg 060; Calibbi, Friger



Renormalization group equations for neutrinos

Babu, Leung, Pantaleone 930;

L—}> full RGEOS have been determined for seesaw maogde|§hankowski, Plucieniek 930

Antusch, Drees, Kersten, Lindner, Ratz 01¢

Casas, Espinosa, Ibarra, Navaro 000
Chankowski, Pokorski 020; Lindner 050
Antusch, Kersten, Lindner, Ratz, Schmidt O
Hagedorn, Kersten, Lindner 040; Ellis, Lola
i Chankowski et al. 010; Balaji et al 000

RGE Important for GUT and [3avour models: Mohapatra et al.040; Chun 010;
Bhattacharyya et al 030; Joshipura et alO

Antusch, Kersten, Lindner, Ratz 030;
Antusch, Huber, Kersten, Schwetz, Winter O

V o ESpeCia”y |f are quaSi'degenerate Antusch, Kersten, Ratz 020; Antusch, Ratz

o especially fot1, because associated to sinaik,,

e induce deviation from maximal fbs3

mixing angle magnib-

' ' r model buildi
o Interesting phenomenons for model bu dng-cation through running

L—}> will become mandatory at the level of precision of new data



Matter-antimatter asymmetry of the universe

L-}> from the seesaw interactions responsible for neutrino masses
one can also explain baryogenesis via leptogenesis

o type-I:
Fukugita, Yanagida 860,
+ BuchmYIler, Plumacher 970, ...
. L
o type-ll. " // " oA
. B O Ma, Sarkar 980, ...
| ) + — 7
M O\ M \\
L L
stype-I+ type Il: - -
yp yp H_ 71 H H - I OODonnell, Sarkar 940,
/ i , TH, Senjanovic 040;
" Antusch, King 040, ...
o type-Ill:

TH, Lin, Notari, Papucci, Strumia 040;




Non seesaw neutrino
mass origins



! masses from R-parity breaking

L)> masses can be induced in the MSSM without any
new beld at the price of breaking R-parity

v . oo BT
W | !i9i|'q’u+ ijk QinQQk+ ijk Qin&?k
see e.g. Romao et al 080

Vsort | BPEH,

gives onamn, at tree level from neutrino Higgsino mixiquds to give a hiel

gives 2n, at one loop archy larger than dat
G i _ 5 ,[j)l\ Cp

. NbR ’ \bL —
y // \
J H hy hy H

Vi

CL3|K|(5J3 + b€] b CL3|K|(5¢3 + be;

doesnOt explain the tinyness of masses in se



' masses from supersymmetry breaking

L)> In the MSSM with extrllg  the soft susy breaking terms involving
right-handed sneutrindSg  bring new sources of L violation:

Grossman, Haber 960

Ll\ll = (mi )ij Ni! Nj + Bij NiNj + AiljJ |!—iHU|\I|j Boubekeur 002
& &B,'
L)> lead to! masses at one loop ——— (\\ N, /,(’
l & //bA/J'B]'\\&(
> ; (< \ <
naturally suppressed masses & AP, &

Arkani-Hamed et al;. 010.
Borzumati, Nomura,010

Using the Giudice-Masiero mechanism one can: Borzumati, Hamagushi, Yanagida
March-Russell, West O03

- forbld the SeesaWN anm N 5 TH, March-Russell, West O04

: ..y My, ! Mg | TeV
- iInduce them subsequently from F and D terms gu@ " R

Yy ~ 10 8
- iInduce L violating soft A and B terms giving rise to 1-leop mass:
Mmoo # 1 g %MT;:? | 10 2ev" 10 eV

susy

—> testable TeV scale model



I masses from extra dimensions: large extra dimen:

Hierarchy problem: why gravity so weak % electroweak force? anck >> vV ew

L)> If gravity propagates in 3+1+d dimensions whereas we live in 3 +1 dimen

U Arkani-Hamed,Dimopoulos, Dvali 980

bulk 'r gravity is weak in 3+1 dim.: volume suppressior
MBianac = ME Ve Va = (2! R)*

e

gravitons

but is similar to weak force in 3+1+d dim.

L)>fundamenta| gravity scaleés ! TeV! vew

—> if theNRr propagates in the 3+1+d dim. as graviton: suppression,of

L)> lead to tiny Diraom, e.gl0® * too small % data in
minimal version but OK in non minimal versions,, Dienes: budas, Gerghetta 990

Arkani-Hamed, Dimopoulos, Dvali
March-Russell 000

—> interesting phenomenology at TeV scale, effects of Dvali, Smirmov 990
Kaluza-KleilNg (supernovae,...), lafge ey eaerns



I masses from extra dimensions: Randall-Sundrum sce

L)> suppression of gravity on weak brane if there is an extra
curved (warped) dimension with graviton wave function peaked
on a distant UV Planck brane

W
%

Ng

iton
Gty

Proba jor
llﬂcﬂ - .
W gravity brane weak brane

—> naturally suppresseoh, if the wave functio
of the ' is peaked on the UV brane far from
the weak brane where sits the Higgs boson



! mass varying with their environment

Fardon, Nelson, Weiner 030, Peccei (

L)> 73% of universe energy content is due to dark energy

L)> 2 coincidences between and dark energy:
- dark energy scalg /4! 10 2eV of order masses

- universe energy densities, amd ,are within 3 orders of magnitudes t

—> idea:the scalar beld responsible for masses is the dark energy beld

Y

I contributes in 2 ways to universe energy density

V() = Vo(l) + nim

usual scalar ! contribution

potential to m, it induces
early universe (high density)im, larg® ! smad m, small
today universe (high density)im,  srrall ! lakge m larger
—> varyingm, :-!': Kkeeps track ofi (01 T3m, and!, | V)

-m, ! V¥4 becauser 1 m, today



Short conclusion for long talk

1 data:

- provides a unique tool to probe beyond standard model physics up
to very high scales

- has and will open the door to a large variety of theoretical works
related to very fundamental questions



