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Introduction and Motivation

neutrinos - neutral, left-handed, massive, light . ..
= problem of the Standard Model (SM)
Dirac or Majorana nature?

Majorana masses <= LNV <= neutrinoless double beta
decay (0v53p)

massive right-handed neutrinos (seesaw mechanism)
—> leptogenesis

LNV at low and high energies - interplay?
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Neutrinoless Double Beta Decay

e current limit: Tf;ge > 2.1 x 10% Y (GERDA)

Tllj‘;Xe > (1.1 -1.9) x 10% Y (EXO 200, KamLAND-Zen)

o future experimental sensitivity: ;5 ~ 10% y

arbitrary units
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Neutrinoless Double Beta Decay

e Lougs = Lrr + Lsgr, general Lagrangian in terms of effective
couplings € corresponding to the pointlike vertices at the

Fermi scale
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® F. F. Deppisch, M. Hirsch, H. Pas: Neutrinoless Double Beta Decay and
Physics Beyond the Standard Model, J. Phys. G 39 (2012), 124007
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General Lagrangian for Ov3p3

G . - .
e long-range part: Lrp = T}; [J‘T,-_Aujxlj_A + Za,ﬂnglJB],
where Jl = u0qd, jg = €Ogv and Oy = (1 £ 5),

d u Os+p = (1 £75),
e OTR,L = %[7#57”](1:&75)
14
w ¢
d u
Isotope|  [ey T4 i th 5tb rr i

Ge | 33x107° | 5.9x 1077 | 1L.O0x 107® | 1.0x 10™® | 6.4 x 1071° | 1.0 x 107

e connection to the experimental half-life: Tl_/é = |l 2G| M; |2

e — (v[3p half-life sets constraints on effective couplings
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General Lagrangian for Ov3p3

e short range part:

G2
Lsr = ﬁ [€1JJj + EQJMVJlLVj + €3J#J,uj + 54J#J,ijl/ + 65J#Jjﬂ] )
P
where J = u(1 £ 75)d, d u
Ji = (1 £ 5)d, e
JH = ag [y, vl (1 £ v5)d .

j=e(l£rs)e”
gh=ey"(1+ ’}/5)60

Isotope €] ] |ebb=RR=) | LR=(RL2) 21 Jes|

Ge | 3.0x1077 | L7x 1070 | 21 x107° | 1.3x 10™® | 14 x 107% | 1.4 x 1077
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LNV Effective Operators

e a wide range of effective operators violating lepton number
e odd dimension: 5,7,9,11,...

® A. de Gouvea, J. Jenkins: A Survey of Lepton Number Violation Via
Effective Operators, Phys. Rev. D 77 (2008), 013008

0 Operator [Ao (TeV)] Best Probed | Disfavored |
4q LLQuH e 4% 10° BB80w u
4, L'LG e H e, 6% 10° B0 U
5 L'LQ*d H' H™ H e y16em 6% 10° B0 U
6 L'LQuueH H e 2% 107 BB u
7 L'QI e H H H™ e ym 4% 10° mix C
8 Llecued Hoe,y 6% 10° mix c
9 L' LR L e eypen 3% 10° 880w u
10 LI L¥ecQ d% yen 6% 10° ABow U
11, LD QFd Q de, e 30 B0 U
11 L'LIQ5d°Q' deuer 2 x 10" BB80w u
120 LG i 2% 107 B0 U
124 L' Qi Qe 1% 10" 880w u
13 L'LIQ L e ey 2 % 10° ABow U
14, L'LIQuicQ*d,, 1% 10° ABow U
14, LG Q' d e, 6% 10° B0 U
15 L'L7 L*d°Tice,n 1% 10° B0 U
16 L'Lied e, 2 A30v, LHC U
17 L'Ld*d°deutes,; 2 Apow, LHC U
18 L' du e, Lid 2 A0y, LHC U
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LNV Effective Operators

e so far, focus on 4 examples of various dimensionalities:

05 = A%(LZ’LJ’)H’“Hleiksﬂ,
O; = AS(LZdC)(eCuC)H Eijs
0y = oL I)(@i) Qi)
Oy = Alzl(L’LJ)(deC)(Qldc)H Hiejuemm.

e (O5 is Weinberg operator, other represent non-standard Ov33
decay mechanisms
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LNV Effective Operators
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Lorentz Structure & Fierz Transformations

*UCL

e LNV operators can acquire various Lorentz structures

e we are interested in contractions corresponding to terms in
OvB decay Lagrangian Ly, 35 (convention)

e we want to describe all the possible Fierz transformations of
these contractions

e —> to list all the possible independent realizations triggering
Ovp3(5 decay

e standard definition of Fierz transformation:

(V1Tat2) (V3lpihs) = Z Fubea (V1T cths) (¥3Tqtha)

c,d

where the coefficients are given by
1
Fopeqa = 1—6’I‘r[I‘aI‘dI‘bI‘c]. (1)
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Lorentz Structure & Fierz Transformations "
UCL

o LNV effective operators in terms of Weyl spinors

e — either 2D Fierz transformations or 4D ones + chiral
projectors R = 1(1+5) and L = (1 —75)

e e.g. Fierz transformation for 2D spinors transforming scalar
current to vector current:

(2122)(2354) = %(530’“22)(240'M21)

e applied on O5:
1 o
O; = —3(dCLZ)(ecuC)HJ€ij
Az
v 1 - o )
— (9$ ec) _ —— (o L") (uCa"d)H g5

3
e goal: algorithmic automation, useful not only for this project
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LNV Operators and Ov3j3

e contributions to Ov33 decay generated by the LNV effective
operators in terms of effective vertices, point-like at the
nuclear Fermi level scale

o if Ovf[ is observed,
the scale of the underlying
operator can be determined

v? Greo, v

A V2 2A

o GFE{OQ 011} v?
2my, A5’ A
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Baryon Asymmetry

observed baryon asymmetry — asymmetry in primordial
matter and antimatter

g = " = (6.09 £ 0.06) x 1071

beyond Standard Model (BSM) generation mechanism

popular mechanism: leptogenesis
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Baryogenesis: Sakharov Conditions

*UCL

1. baryon number violation

2. C and CP violation (otherwise baryon number is still
conserved)

e (X - B+Y)-T(X —>B+Y)#0

3. interactions out of thermal equilibrium, otherwise (B) =0
e odd under C'PT transformation

(B) = Tr[e™ 7 B] = Tr[0~'0e~ 7 B] = Trje"T0BO~ '] = —(B)r
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Leptogenesis

e heavy neutrino N decays out of equilibrium to leptons and
antileptons unevenly

® M. Fukugita, T. Yanagida: Baryogenesis Without Grand Unification,
Phys. Lett. B 174 (1986), p. 45

Yo (D(Ny = LoH) = T(Ny — Lo H*))
Yo (T(Ny = LoH) +T(Ny — Lo H*))

€1cp =

e contributing processes:

l, l, l,
e A H
N; 4 + N, — + N <N
S R —~ N, i AN ) R
> o) N -
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Leptogenesis: Sphaleron Processes

*UCL

e the asymmetry in the lepton sector can be converted into
baryon asymmetry via sphaleron processes

® F. R. Klinkhamer, N. S. Manton:A saddle-point solution in the
Weinberg-Salam theory, Phys. Rev. D 30 (1984), p. 2212-2220

e tunnelling between different vacua, Chern-Simons winding
number of the field configuration

e 100 < T <102 Gev

s I
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Boltzmann Equations

n'y Pl

n .. ..

o [Naworijo] = Sor ey (Na- = ij )
nNna ..
_%fyeq(zj..._)]va...)

nz n] ..
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Washout Effects

e processes that equilibrate species <= 3rd Sakharov

condition violated
v, (o]

o for the O7 operator there are
20 possible washout interactions
of type 2 <+ 3, the 1 <+ 4
processes are phase-space suppressed

1 o
* Or = 55 (L'd°) (e“uH eyy)
d TlO
e Boltzmann equation: n,HT de C7A_(75m‘
. Ty _ o T Ap T 5
H ~ n,HAS — 7A7 Ar
27
e from calculation of the scattering density ¢7 = o7
m
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Washout Effects

r A T \ 209
e washout is effective if: ?W S e i (—) >1

e if Ovf[ is observed = lepton number asymmetry washed
out in temperature interval:

1

2D—9

AD( ,AD ) =\p <T<Ap
cpAp

e solving the Boltzmann equation = scale ADp, above which
a maximal lepton asymmetry of 1 is washed out to ngbs or less

1
] (2D—9)

3 1072\ 5p g 2D-9
Ap~ |(2D —9)In Ap T+

obs
b
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Lepton Flavour Violation (LFV)

e so far: washout just in e sector (from 0v33), no info on p, 7
e now also: Qv operators + lepton flavour violation operators

e we focus on conversion given by processes I; — [; + 7 and
1 — e conversion in nuclei

e experimental limits: Br,_,e, < 5.7 x 10713,
Br, ., < 4.0 x 1078 (with £ = e, 1) and RAL,, < 7.0 x 10713

n—re

e — if also LFV processes are observed, lepton asymmetry
can no longer be stored in another flavour sector
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Results

e big gap between A
Weinberg operator 1014: I‘i‘ !
Os ~ 10'* GeV and other LNV i ‘ future :
operators ~ 10%~* GeV et i

10105 ,

e (7 corresponds to a final state > 103: 0vBB LFv !

of opposite electron chiralities % E ]
10% 1

e —> can be distinguished 1
by SuperNEMO from the purely 104M|F !
left-handed current interaction 102w s II “ _
via the measurement : /

St 05 0; Oy On Oy Orty Ope
of the decay distribution ST T P Tty e

® R. Arnold et al. (NEMO-3): Search for Neutrinoless Double-Beta Decay of 100Mo with the NEMO-3
Detector, Phys.Rev. D 89 (2014), 111101
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Results

e the stringent bound A
+ . 101 B3 1

1 — €T~ means a high i }
cut-off scale, since does not B S ]
overlap with Ov33 operators - i
10'% 1

e T —pfet+yand p—e E 105 0B LFV ;
can be combined with 0vB3 « - 1

operators 10%

104 ,

e Oy and 011 can be probed o II II “ 1

at the LHC 102"3“’“"6 1
5

07 09 Oll O;Le’y Orly Oueqq
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Caveats

1. Certain mechanism protecting the asymmetries from washouts
can exist. For instance, the B + aL conservation and U(1)y
gauge symmetry protection.

2. Baryon asymmetry can be generated below the electroweak
scale, where the sphaleron processes are not efficient.
Therefore, although the lepton asymmetry can be still washed
out, it does not mean the washout of baryon asymmetry.
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Conclusions

e Observation of a non-standard Ov 33 mechanism would imply
that highscale baryogenesis is generally excluded and it is
likely to occur at a low scale, under the electroweak scale.

e A high scale baryogenesis would mean that the only

manifestation of LNV

at low scales is OvS50
through the standard
mass mechanism
(Weinberg operator Os).

e This would also imply
that the origin of neutrino
mass lies very probably
at a high scale.
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Thank You for attention

...soon after the first observation of a non-standard Ov 33 decay...

“Ylllﬁhl\l! TWI] WEEKS T0 SOLVE
~  BARYONIC'ASYM ME'I'IIY

niemegenerator.net
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