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¢ Introduction: neutrino masses and mixing

** Seesaw mechanism for neutrino mass generation
** Low energy signatures of type I seesaw scenario
*** Neutrinoless double beta (OvBB) decay

+** Radiative corrections to neutrino masses

** Heavy neutrino contribution to OvBB decay rate
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Neutrino masses and mixing

Compelling experimental evidence of physics beyond the Standard Model

atmospheric neutrinos:

Super-Kamiokande: | Ama2 |~ O(103 eV2) and O3=7/4
solar neutrinos:

SNO, SK and KamLAND: Ams2 ~ O(10° eV2) and 012 = arcsin(v0.3)
reactor and accelerator neutrinos:

Daya Bay, RENO, T2K, MINOS, Double CHOOZ: O13=0at100, ©O13~0.15

E——— (1))’ (m,) .
i (Am’),
(m,)"

1. at least two massive neutrinos v; with masses m; # 0
2. existence of neutrino mixing: e -

veL(z) =) (Upmns)e; vin(x), £=e,pu,7

J — ()’
(Am’)_, ) i
is (m,)” ()" m——

C12€13 $12€13 S13€
o 1) %) . ;221 g 231
Upvmns = | —S12C23 — c12523513€° C12C23 — S12523513€" $23C13 diag(1l,e* 2 ,e'2)
5 5
$12893 — C12C23513€" —C12823 — S12C23513€"°  C23C13
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Neutrino masses and mixing

From data on the invisible Z decay width: 3 flavour active neutrinos vyy,,
b=e,pu,T

The number of mass eigenstate v; can be larger than 3 (sterile neutri-
nos ?), but at least 3 of the v; should be “light”:

m123 <1eV and my # ma # ms

SH B—decay experiments and astrophysical observations

Important questions:

1
2
3
4

Emiliano Molinaro (CP3-Origins)

5 0.5eV m;/meq, S 107°

. Are neutrinos Majorana or Dirac particles ¢
. What is the mass ordering ¢
. Is there CP wviolation wn the neutrino sector ¥

. Is there a new fundamental mass scale A in particle physics ¢

Low scale seesaw and 0vpf3 decay
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Neutrino masses and mixing

Why do neutrinos have a non-zero tiny mass ?

Symmetry principles give us an answer, even 1f the dynamics involved is not understood
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Neutrino masses and mixing

Why do neutrinos have a non-zero tiny mass ?
Symmetry principles give us an answer, even 1f the dynamics involved is not understood

Electroweak Theory + Quantum Chromodynamics:

e Lorentz invariance
e Gauge mvariance: SU(3)xSU(2)xU(1)
e Renormalizability

The Standard Model 1s not “complicated” enough to violate baryon and lepton number
conservation (except for tiny quantum effects unobservable at the temperature of the present universe)
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Neutrino masses and mixing

Why do neutrinos have a non-zero tiny mass ?
Symmetry principles give us an answer, even if the dynamics involved 1s not understood

Electroweak Theory + Quantum Chromodynamics:

e [Lorentz invariance
e Gauge mvariance: SU(3)xSU(2)xU(1)
e Renormalizability

The Standard Model 1s not “complicated” enough to violate baryon and lepton number
conservation (except for tiny quantum effects unobservable at the temperature of the present universe)

We can relax the renormalizability requirement and introduce all the possible interaction
operators which are allowed by gauge and Lorentz symmetries (effective field theories).
In this case we introduce a new mass scale in the theory, suppressing the new interactions.

When we do experiments to detect neutrino oscillations or proton decay, what we are
measuring are the non-renormalizable effective interactions added to the renormalizable
part of the Standard Model
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Seesaw mechanisms

Why do neutrinos have a non-zero tiny mass ?

<¢> Q /® <¢> Weinberg, PRD 22 (1980) 1694
L 7
\ /

= () (Sver)
vV

A 1s a new physical scale responsible for tiny neutrino masses: M, ~ ¢ (¢%)/A

vV
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Seesaw mechanisms

Why do neutrinos have a non-zero tiny mass ?
Weinberg, PRD 22 (1980) 1694

P )
® - ) ()

A 1s a new physical scale responsible for tiny neutrino masses: M, ~ ¢ (¢%)/A

Y/
| | | |
A A A A L /\
| | | | t
1 ¢ < 1 5«1 < NS E—
v N N v v TV T° v v v
type 1l type 111 type 11

SEESAW MECHANISMS
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Type | seesaw scenario

Minkowski, 1977
Yanagida, 1979

seesaw _ N Gell-Mann, Ramond, Slansky, 1979
£ (33) o EY (CE) T LM (Qf) Mohapatra, Senjanovic, 1980

~

Ly(@) = —AiWhpr(@) H(x) Nin(@) — ho e () H(z) Lr(x) + huc.
M@ = —;MN@)N (), i>2

At energies below the lightest INV; mass, the heavy Majorana fields are integrated
out = Majorana mass term tor the LH flavour neutrinos at £ ~ M :

m, = —’(}2)\ M_l )\T — U;MNS D’l:a/g(mla ma, m3) UE’MNS

taking |\ ~ 1 and m, ~ 1072 eV = M ~ 10 GeV

AN ~ M s not related to the EWSB scale and can, in principle, take arbitrary
values up to the Planck mass! Testing the see-saw mechanism?¢?
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Low energy effects of RH neutrinos

m, —mDM_lmlTj mp >~ AU

naively for M =1 TeV ~ mp ~107™* GeV = A ~ 107°

low energy etfects very suppressed:
» tiny EDMs
» tiny lepton radiative decays
» tiny deviations from EW precision observables
» production cross-section at colliders is suppressed
(except when RH neutrino has additional interactions, e.g. U(1)s-1)

conversely, testing the seesaw mechanism at colliders and / or from low
energy observables requires large Yukawa couplings. Again naively,

A=0.1, M=1TeV = m,=0.1GeV

Mohapatra, ‘86

1s it possible to have seesaw models at low scale consistent with light neutrino  Mohapatra, Valle, ‘86
, , Pilaftsis, '92;'95
masses and sizeable Yukawa couplings ? Pilaftsis, Underwood, 2005
de Gouvea, 2007
Kersten, Smirnov, 2007
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RH neutrinos and large Yukawa couplings

There is a continuous family of Dirac masses compatible with neutrino data

Consider for simplicity the case of 2 RH neutrinos in the basis where
charged lepton Yukawa and RH neutrino mass matrices are diagonal:

low energy  high energy

“measurable” free parameters

P N
mp = 1 U;MNS\/m O vV M Casas, Ibarra, 2001

0 0
O = cosf  +sinf for normal hierarchy
—sinf = cosb

cos  +sind
—sinf “4cosd for inverted hierarchy
0 0
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RH neutrinos and large Yukawa couplings

There is a continuous family of Dirac masses compatible with neutrino data

Consider for simplicity the case of 2 RH neutrinos in the basis where
charged lepton Yukawa and RH neutrino mass matrices are diagonal:

v/ O(10-10) GeV

U* ,r’h/ O M Casas, Ibarra, 2001

mp = tYUpMNS v
- \
el
adjust O to generate large mp \/0(103) GeV
e.g. mp ~ 10 GeV = |O| = 10°
0 O ) 0=w—if e’ es 0 O,
O = cosf +sin6 > 1 0
—sinf +cosb &> 1 2 r =£1

exponentially enhanced!

fixed flavour structure!
INFO 2015, 16 July
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RH neutrinos and large Yukawa couplings

Sizable couplings of RH neutrinos to Standard Model leptons

Lagrangian mass terms:

* 1 —& *
L, = —%(mp)ea VaR — —VC?L (M)abeR + h.c.

2
M =V*MVt, M = diag(M;, M), R* ~mpM~!

Heavy Majorana Neutrino Interactions

g _
LY = — =20y, (RV)(1l —~5) N, W + h.c
cC 2/2 Ya ( ) ek ( Vs ) N
Lne = —%WLWQ (RV ) (1 —v5) Np Z¢ + h.c
N gM
'CH = — Vog, (RV)gk (1—|—”y5) Ny h + h.c. .
4 My
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RH neutrinos and large Yukawa couplings

the flavour structure of the neutrino Yukawa couplings is determined by
neutrino oscillation parameters:

iy ¢ ( (Ue3 +i\/m2/m3 Ueg) +1 (Ueg —I—i\/mg/mg Ueg) /\/MQ/Ml \
NH: RV ~ -° 26 &3 Uys +iv/ma/ms Uy ) =i (U +iv/ma/ms Uy ) [/ Mz /M,
K U73+i\/m2/m3U72 +1 UT3+i\/m2/m3U7-2 /\/MQ/Ml)

Shaposhnikov, 2007
Raidal,Strumia, Turzynski, 2007
Kersten,Smirnov, 2009
IH. ma 3 — My ,2 Gavela,Hambye,Hernandez,Hernandez, 2009
¢ Ibarra, EM, Petcov, 2010

It is convenient to parametrize the size of the couplings in terms of the
highest neutrino Yukawa eigenvalue:

yru? = max{eig (mmn%)} = max{eig (\/%OMOT\/E)} = %e2£(m2+m3)(M1—|—M2)
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RH neutrinos and large Yukawa couplings

the flavour structure of the neutrino Yukawa couplings is fixed by neutrino
oscillation data and RV can be calculated in term of few parameters:

e maximum Yukawa coupling: v
e RH neutrino masses: M; and M5

e a phase: w
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Generalized lepton charge

1

£V — _%(mD)Ea VaR — 5 VCCLL (MR)ab Upbr + h.c.

For an arbitrary number of RH neutrino fields v, p:

L/ = Z (—1)“"C aj Lk, nNe — O, 1, A — 0, 1, Lk 75 0
k=e,u,T,...

massive Dirac fermions : min(n, (L"), n_(L"))

massless fermions :  |ny (L") — n_(L")|

Bilenky, Pontecorvo, 1981; Wolfenstein, 1981
Leung, Petcov, 1983; Wyler, Wolfenstein, 1983

L' softly broken = |ny (L") —n_(L")| Majorana neutrinos with tiny masses and
min(n, (L"), n_(L")) massive pseudo-Dirac fermions, corresponding to pairs of
Majorana fermions almost degenerate in mass
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Constraints on low scale seesaw scenarios
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Lepton flavour violation

Standard contribution

3Qem | AmZ, . Am2 bk _
R(p—e+7) =52 73 LUeUy + M; UesUss| <1077
(9/V2) U (9/v2)U
7 €  Sizeable couplings, but strong GIM suppression,

Am? | Mz,

New contribution

3O‘em 2
BR(p—e+7) = 05,0 |G(ME/My,) — G(0))]
(9/2\/5)@ /2f>

L ¢ No GIM suppression, observable effects!

O =RV
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Lepton flavour violation

Present experimental bound:

BR(ut — et v) <5.7x 1071 MEG @ PSI

Present experimental bound:

BR(p"™ — eTe e™) < 1.0 x 10712  SINDRUM @ PSI

Projected bounds:

BR(ut — ete et) < 10717

MuSIC facility @ Osaka University

Present experimental bound:

CR(uTi — eTi) < 4.3 x 1072 SINDRUMII @ PSI
Projected bounds:

CR(uTi — eTi)
CR(uAl — eAl)

10— 18 PRISM/PRIME @ KEK, Project-X @ Fermilab

2

X

10716  COMET @ KEK, Mu2e @ Fermilab
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Lepton flavour violation

Ml — 100 GeV

Normal Hierarchy

Ml = 1000 GeV

Normal Hierarchy

\Q ~\
e S sMEG 2013

| -
\0 ~\

~. S
BR= 10‘?& S~

-~

3 001, I 2 00l
> .=
z oz
-4, ~ 4 -4,
10-4; s~~\\ ‘ 10-4;
o\.~ \\\ |
CR(Ti) ~ 10_18 .‘.\ Ny .
6 . AmdaddAd ——t—itmsaasal .~o -6 . NP .....1\0~ b
l()_lo-n |0—4 0.01 | - - 10°° |()4 0.01 |
[(RV),,| [(RV),,] EM, Ibarra, Petcov
Dinh, EM, Ibarra, Petcov
N g =
Loc — ==L (BV )k (1 —95) Ny W + h.c.,
2v/2
N g ___
Lo = ~ 4. ViLa (RV)pr (1 —~5) N Z¢ + h.c
w

flavour structure fixed by neutrino oscillation parameters and (RV )y o< yv/Mj,

Emiliano Molinaro (CP3-Origins)

Low scale seesaw and 0vpf3 decay

INFO 2015, 16 July |7



Lepton flavour violation

Ml = 100 GeV Ml = 1000 GeV
Inverted Hierarchy Inverted Hierarchy
l\ ‘~\\ . . .
L e SO MEG 2013 | | |
~~~ \\\
BR=10<14 ™~ |
*~

-

_-:-L 0.01 , : 3 001, |
> | 5> !
3 2 |
10-4 1 10~ 1
. \~\ ' ~\~~ |
i CR(Ti) ~ 10%18 - ~~* ; - \sss
' o 3 e ~
|0—ﬁL.__- R o S ndetd . Amdedatid NP SNeo J 10-6 AREES mindhid L b
10-6 . 0.01 l 106 0.01 |
[(RV),,| [(RV),,| EM, Ibarra, Petcov
Dinh, EM, Ibarra, Petcov
N g -
Loc — ==L (BV )k (1 —95) Ny W + h.c.,
2v/2
N g ___
Lo = ~ 4. ViLa (RV)pr (1 —~5) N Z¢ + h.c
w

flavour structure fixed by neutrino oscillation parameters and (RV )y o< yv/Mj,
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Neutrinoless double beta decay

— -

X mi 48(Ca, "6Ce, 8286, 124G, 130Te 136Xe

iig/ﬂ i %77.@/2@)(@%
- € (A,Z) = (A, Z+2) + e + e N, €
X
Ny,

o
gy

Kinematic Factor: Nuclear Matrix Elements:

from leptonic degrees of freedom df:pendence on the mass of the
virtual neutrino propagating
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Nuclear Matrix Elements

=
£
§
10715 L ]
109 106 103 1 103 106 10°
| Blennow, Fernandez-Martinez, Lopez-Pavon,
my, (MeV) Menéndez, 2010
_ light heavy
Popss o Impp| = | +m
D M?
eav 2 a
for M > 100 MeV mgs &~ =Y (RV)Z, f(A) 7
k
k
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Effective Majorana neutrino mass

0.100]

light
miE  [eV]

0.001/

104 0.001 0.010 0.100

@ tree-level mg%ht
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Effective Majorana neutrino mass

3
mg%ht = Z(UPMNS)gimi = —Z (RV)Zx My
i=1 k
M2
heav a
mgg™ ~ =) RV J(A) 3

sizeable (heavy) sterile neutrino contribution mg%avy can be achieved if

Blennow, Fernandez-Martinez, Lopez-Pavon,

1. M; e [1 eV, 100 MGV], M > 100 MeV Menéndez, 2010
Stl‘()ngly constrained by CosmOlogy, Ne fF Hernandez, Kekic, Lopez-Pavon, 2013; 2014
2. M, A = [100 MCV, 1000 G CV] E/Eﬁlélrolévézliezrgfgldez-Martinez, Lopez-Pavon,

Ibarra, EM, Petcov, 2010; 2011
fine-tuning in the seesaw parameter space

Mitra, Senjanovic, Vissani, 2012
Lopez-Pavon, Pascoli, Wong 2012

The lepton number violation introduced through the RH neutrino Majorana mass term,

required to obtain a sizable effect in the 0vpp decay rate, also appears at one-loop level
in the light neutrino sector
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Radiative corrections to neutrino masses

1
Ll/ — _%(mD)Es VsR — §V§L (MR)St VtR + h.c.

<
||

ml=loor m
% — IT* A . T
( mT, MR> = U" diag (m,;, My)U

At one-loop the dominant contribution comes from the v self-energy:  pilaftsis, 1992

1
ml-loop _ Aroy P (M;F(MRM};) + F(M],Mg) Mlgl) mp

F(z) =< (3log(x/M3) (x/MZ —1)"" +log(x/Mp) (x/M7 —1)7")

X
2

Radiative corrections to v mass matrix can be relevant in seesaw scenarios with
sizeable neutrino Yukawa couplings

_ ree l1—loop __ * ‘ f
my, = m,,  +m, — UPMNS dlag(mly ma, m3> UPMNS
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Radiative corrections to neutrino masses

| 3log(M2/MZ)  log(M2/M%) T
M 4 '
(Arv)2 " ( ME/MZ -1 ME/ME -1 (V2 mp)u

—(mp Ve ALY (VI mE) ke = (Upyins diag(ma, ma, ms3) Upying) e

(my)eer = —(mp V) | M —

One-loop generalization of the Casas-Ibarra parametrization:  Lopez-Pavon, EM, Petcov, 2015
T T g T
(i Ul RV AY2) (Fim ™2 Ulyng RV AY?) =007 =1

RV = F ZUPMNSm1/2OA 1/2

Contribution to the effective Majorana neutrino mass from light v’s exchange:

3

l1ght t 1 loop 2
65 — mﬁrge +m — Z(UPMNS)eimi
1=1
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Two realizations of type | seesaw scenario

Let’s consider another parametrization of the Dirac and Majorana mass matrices:

) O Yl?}/\/§ 6Y2?J/\/§

O m
M = < T MZ = Y7 v/\2 v A
o eYTv/\2 A v
Tree-level v mass matrix:
2
ree v
miree — TR 7 (LY1Y] + €0/ YaYs — Ae(YaY{ +Y,Y)))

w, 11" and e interpreted as lepton number breaking parameters

L'=L.+L,+L;+ L — Ly
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Two realizations of type | seesaw scenario

~ 2/, ~ 1 v A — — A’ _
My~ W=, (BV)n =~ V2 M, [’W TV <1 2(#’—#)2)
v A? A
My =~ ' + A/, (RV)p =~ [ (1— )+
9 5 /,u ( )22 \/ng Y1v 2(#' — ,u)2 €Y2¢ W — L
(RV)El i %
(Rv)m M
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Two realizations of type | seesaw scenario

miree = (LY1Y] + €0/ YaYs — Ae(YaY{ +Y1Y)))

> A, Y1av > 1, €ysq v (extended seesaw limit) kang Kim, 2007

tree-level contributions to the effective Majorana neutrino mass:

2 2 ’ 2
light v Ho2 _ o A A">pp” v 2 o9 A
mﬁﬁ 2 (Az/,u/ _ ,u) (M’ Yie Elu/ Yie y2€) 9 A2 (:LL Y1e €N Yle er)
2 112 2 2 / /o2 A2 /
heavy v M, (A 2 A A pp p v M2 5 [
m ~ f(4 Yle — 2€— Yie Y2e ~ f(A Yle — 2€ = Yle Y2e
BB (4) 2 (A2 — N)B le 1 W (4) 2 A4 1 A

one-loop contribution to the effective Majorana neutrino mass:

/2 2 /2 2
| loop N 1oyt (31]“(“ /MZ) ln(“ /MH)>

m ~ -
o0 2 (4m)2 \ p?/MZ-1  p?/ME -1

uw'>>Mpg M yze 3 M2 5 M?2 9
~ (4;)2 ( 2M’Z In (,u' /M%) + 3 2 1n (,u’ /M%I)
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Two realisations of type | seesaw scenario

mtree — ——— (Y YT + @4 Yo YT — Ae(Yo YT + Y1 YD)

A> y1qav> 11, €yoq v (inverse seesaw limit)

Mohapatra, Valle, 1986
Branco, Grimus, Lavoura, 1989

2 4A 4A
w+ v p— p—
s = — 1
My A+ 5 (RV)e2 A [yw (1 A )+€y2£< + m )]
(RV)y . [Ms
(Rv)m M,
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Two realizations of type | seesaw scenario

miree — (LY1Y] + €0/ YaYs — Ae(YaY{ +Y1Y)))

A> y1qav> 11, €yoq v (inverse seesaw limit)

Mohapatra, Valle, 1986
Branco, Grimus, Lavoura, 1989

tree-level contributions to the effective Majorana neutrino mass:

2
ligh v
mﬁ% t ~ 2 A2 (:LL y%e — 2 eAyle y26)
2 /2
heav (V) Ma
mag" ~ f(A) gt (e + 1)yl — 2€ Ayie yac)

one-loop contribution to the effective Majorana neutrino mass:

B 1 3In (A?/MZ) In(A/MF)
1—loop 9 Z H
mﬁﬁ ~ (4 7-‘-)2 (EAyle Y2e 9 yle) ( AZ/M% —1 T AQ/MJ%[ —1

pw ' oy [(AMZEMEZ — A? (M3 +3M32) N In (A?/M3) N 31n (A?/M7)
2 (dm2 \ (A2-MZ)(A2-M7)  (A2/MZ —1)%  (A2/MZ —1)°
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Large heavy neutrino contribution to Ovf3f3

logo[AM/GeV]

1072 eV < | I%N‘+- hawy|<()5eV’

6_' v v '2' ] v 6,_' 6_' v . . .
M1 = 10" GeV . My=1Tev - My =10 TeV

at at at
: a =10 [ I

2t 2t 2t

of of of

-2} -2t -2t

.. NH . NH . NH
0 ¢ 10 15 20 0 ¢ 0 : 10 15 20

§ § §

. Lopez-Pavon, EM, Petcov, 2015
tuning parameter:

3

o= | 1— loop‘/| llght‘ lﬁl%ht — mtﬁrlge i m;ﬁloop: Z (UPMNS)gim
1=1

bound from two-loop contribution:

—loop yle 1—loop light
Mo a2 B8 S MeB
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Large heavy neutrino contribution to Ovf3f3

1072 eV < ]mheavy] < 0.5 eV

6F 6F X 6F T

3 - 2 | 8 1 i - :
My =102 Gev | [ Mym1Tev | [ M, =10 Tev :
L L L H
- : - i i : :'
< I I Ny : ! :
@, 2t 2t : 2t \
~— L - : I !
= | ' | |
L L : L 1
<] of of | of i
= : : ; : :
. -2k 1 sl i
o 20 N\ a=10°. 2l E
I ! i 1 L .
! | " ! 1
. IH I s | i L IH -
Al
L L ) L -_.:

o TS S S SN R ST ST SHNT N SR U N SN TN L, S T T | I T T S T T ST ST SR S S | L% PR, P o S S S T R T TR SR SR S N T PR |

0 5 10 15 20 0 5 10 15 20 0 5 10 15 20

§ § §

Lopez-Pavon, EM, Petcov, 2015

tuning parameter:
3

o= | 1— loop‘/| llght‘ lﬁl%ht — mtﬁrlge i m;ﬁloop: Z (UPMNS)gim
1=1

bound from two-loop contribution:

—loop yle 1—loop light
Mo a2 B8 S MeB
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Large heavy neutrino contribution to Ovf3f3

1072 eV < [mgs™" + mg5™Y| < 0.5 eV

6 T Bl : 7 " 6F i sF B Faa
: . IM,;=15GeV | ! L Mp=1GeV - ) | | My =100 MeV |
- 4.-. 4-_ E.:. . 4: < . i l 1
= : : £ L\ :
5 : - & - NA '
= o | N
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Large heavy neutrino contribution to Ovf3f3
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A minimal extension of the Standard Model, which provides a mechanism for the
generation of neutrino masses and mixing, consists of adding singlet RH neutrinos

The RH neutrino mass introduces a new scale in the theory, which can be of the
same order as or smaller than the EW symmetry breaking scale

¢ For RH neutrino masses in the range [100 MeV, 10 TeV] an enhancement of OvB
decay rate is always possible, due to sizeable heavy Majorana neutrino contribution

*®* Sizeable contribution of heavy neutrinos with masses = few GeV to OvBB decay

implies a fine-tuned cancellation between the tree-level and one-loop expressions of
the light neutrino mass matrix to stabilize neutrino masses and mixing

¢ Such cancellation is always possible and consistent with oscillation data, low energy
constraints from direct searches, charged lepton flavour violation, non-unitarity

** A fine-tuning of 1 part in 104 for RH mass ~100 GeV is unavoidable to obtain a
dominant contribution in OvB3@ decay rate. The tuning is very mild in the low mass
regime and an enhancement of the rate can be easily achieved
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