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Introduction and Motivation

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

e Majorana masses <= LNV <= neutrinoless double beta
decay (0v53p3)

e massive right-handed neutrinos (seesaw mechanism)
—> leptogenesis
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Neutrinoless Double Beta Decay

e current limit: TSZGC > 2.1 x 10%° y (ceron)

Tllj’;Xe > 1.07 x 1026 Y (KamLAND-Zen)

e future experimental sensitivity: 7'/, ~ 6.6 x 10%" y (nEXO)

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: L = TI; [J‘T,—_AH](LA + Za,ﬂng(Lw],

where Ji = 10.d, js = @0gv and Oy = v*(1 + 7s5),
Osep = (1 £73),
d u OTRvL = %[7//,7'711](1 + ’75)
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General Lagrangian for Ov3p3

e short range part:

G> . . . . .
Lsr = ﬁ [erJj + 2" T + esJ" Juj + eaJ " + €5 " T ]

p
where J = a(1 £ v5)d, d "
JH = ay(1 £ v5)d,
TH = w [y 7, ) (1 £ 5)d ¢
j = e(l£75)e”
GH = ey (1 £ v5)e€ ¢
d u
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General Lagrangian for Ov3p3

e connection to the experimental half-life: 1/§ = |2 12G; | M; |2

e — 0vS3p half-life sets constraints on effective couplings

V+A V+A S+P S+P TR TR
Isotope| e T4 €ia €s-p €s+p rL TR

Ge [ 33x107 | 59%x 1077 | 1.0x107™® | 1.0x 1078 | 6.4 x 107 | 1.0 x 107°

Isotope €] |e2] |e§Lz(RRZ)| e§”“”‘) [ea] [es]

®Ge | 3.0x1077 | L7x 107" | 21 x107% | 1.3x107® | 14 x 107® | 1.4 x 1077

e accurate calculation of nuclear matrix elements (NMEs) and
phase-space factors (PSFs) is crucial for this estimation
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Nuclear Matrix Elements and Phase-Space

Factors for Ov33 Decay IﬁnleI-

e goal: a thorough theoretical description of non-standard Ov3j3
decay mechanisms - involves NMEs and PSFs — a very
complex, interdisciplinary project

e collaboration with prof. Francesco lachello Yale
from Yale University started UNIVERSITY

¢ understanding the nuclear and atomic parts of the process

e nuclear description - Interacting Boson Model (IBM)
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Nuclear Matrix Elements and Phase-Space

Factors for Ov 33 Decay ﬁUCL

e older literature may cause a confusion (notations, mistakes,
lack of explanation), but long-range part recently rigorously
covered (checked)

e — similar analysis of the short-range part = complete,
consistent and cross-checked description of all contributions

e application of the nuclear physics model (IBM2, maybe more),
numerical calculation of NMEs

e numerical computation of relevant PSFs
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Nuclear Matrix Elements and Phase-Space

Factors for Ov33 Decay - Approximations ﬁUCL

e complicated calculation - a number of approximations used
(nucleon current approximation, non-relativistic
approximation, closure approximation)

e considering nucleon isodoublet N/ = (]1\3,) the nucleon matrix
elements of the quark currents are

(P()|a(1 £ 75)d [N ("))

(P @ (1 £ 75)d [N ()

N7t [F @) £ FP ()] N,

N7t [P (@)" =P (6™ a0 | N (n)
N (p)rt [Ff)(qz)v“% - (qz)vsq“] N (n),
(P@)as" (1 £90)d [NG)) = Nyt [14 £ Lo, | N,
where we have defined:
i 1
T =1 (e + T (%) — (v"¢¥ — 7" ¢") + TSV (q2)§(0””qqu —o"Pqpq").
P P

K3
m
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Nuclear Matrix Elements and Phase-Space

Factors for Ov33 Decay - Approximations

e non-relativistic limit then gives the resulting approximated
nuclear bilinears

1
Jstp = S.TE8(x—ra) (F<3) + F(3) (aa q)>

a

a PAC) Fp(d®)
J\‘;:EA = ;T+5(x_ra) {9“0 IiFV(q2)Iai72mp (Ua Q- FA(q2)q0Q'a“)}

. 2 2
e (22 ).

ZTJrS(x—ra)T( )[(g‘“ v0 gHO W)T +g,u1 vk ijk ai

v
Jrimy

:tgs“”p”(gmguo = 9u09vi)Tai + gpmgunfmmo'ai],

. 7(3)
) i S ) )
T, = o [(1 -2 (3)> q"Ia + (0q % Q)’:l .
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where we have defined:




Nuclear Matrix Elements and Phase-Space

Factors for Ov 33 Decay ]ﬁnUCL

e reaction matrix element

2 2n
RGS = (Gcosac) Z/dxdy [w§232(y)0 PP (x )]

7z
dk e
X/W(ﬂ c”( )Jézz( )|I>ek(y )’

e —> a bunch of matrix elements to be computed
Mgr = (H(ri2)(e1-02))

xr = (
Xar = (Mar) ' (H(ri2)(o1 - 02))
fro= (Mor) ™ ()
xer = Mgr) ' (—r12H'(r12)(01 - 02))
xr = (Mgr) 1%( ri2H'(r12))

( _

XT =

3 .
Vi = —lgv 1 / ; _ (T o~
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LNV Effective Operators

e alternatively: Ov33 can be described using SM effective field
theories with AL = 2
e a long list of eff. operators, odd dimensions: 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 I s [A, (TeV)] Best Probed [Disfavored
10 LLGueH e T 1x10° 860w u
4, LG, H e,y e 6% 10° B0 U
5 L'LQ¥dH' H™ T 16im S 6 x 10° 880w u
6 LG H H e s 2107 60w u
7 LQET M H H vy vyt (e + 52) | 4107 mix c
8 Leeird He, yl,clﬁggﬁ,;i 6% 10° mix c
9 LD LR Lefeyenn e 3 10° B0w U
10 L LReQldoe e (,Lﬁg%,% 6% 10° B0 U
11, LI QHQ ey e (f'—ﬁ%j-‘,% 30 BB0w U
11, LLIQHI Q! Eeney “T';évﬁ 2100 B0w U
124 LG Qe W% 2% 107 B0 U
12 LG Qe il 1% 10t BB0w U
13 LG Ll ey S 2 % 10° B0 U
14, LG, %, at? 2 1% 10 Apow U
14 LG Q' d e, e 6% 10° B0 U
15 L' EFd T ice,. gﬁﬁs;%% 1% 10° BB U
16 LI ed diey e 2 2 #60v, LHC U
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LNV Effective Operators and Ly, 353

*‘UCL

e correspondence between general Ov3/ decay Lagrangian and
the set of AL =2 LNV effective operators
d

u
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LNV Effective Operators & Ov33 decay

*‘UCL

e there is a variety of operators of different dimensions
contributing (directly) to Ov3/3 decay (employing certain type
of mechanism)

e all the AL =2 LNV effective operators can be related by SM
Feynman rules

e — all of them contribute to Ov33 decay in all possible ways

o if we know the relations, we can determine the dominant
contribution of every operator to Ov /33 decay via each
possible channel
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*‘UCL

Relations
e example: a "web” of LNV effective operators of dimension 9
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LNV Effective Operators - Example

*‘UCL

e let's consider operator Ogp = L'd°Q jucecucH’ H; (dim 11)

MD: = aD: =
o ' E |
Ay e A G O
R O R O S AR
u o 4 o’ TN\ Ao N,
u° '
L€
D= bD: e
L e Oco_% 08 L m; @60_) 04
Q, T Tu 0 < 3 S
fgﬁ e [ %o "’552\@ o "
H’h W A /! H:@ W O{/KJ
\\\~___-/’/ W”
Eig s
% L
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LNV Effective Operators & 0v5(3

e similar reduction can be done for each LNV effective operator

e every operator can be related to all possible
Ov(3B-decay-trigerring operators — more than just 4
loop-closing calculations need to be done

e automation - loop-closing algorithm, all possible contributions
obtained, for some operators - quite a demanding computation

e at the moment we are cross-checking the results, selecting the
dominant ones, final results soon

resulting prefactors - relations among operators’ scales and
epsilons from Ly, 35 — use for further calculations
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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

As’ \/§ B 2A% ( (d)

. Ghloony |1 02
2my, AS’AI1
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Washout Effects

e LNV processes that equilibrate species <= 3rd Sakharov
condition (needed for leptogenesis) violated

. T Ap (T \*P7°
e washout is effective if: —2 = c’Dﬂ — 21
H Ap \Ap
o if Ovf35 is observed = lepton number asymmetry washed
out in temperature interval:

1

A 2D-9

D(,D) =Ap ST < Ap
cpAp

e solving the Boltzmann equation = scale Ap, above which

a maximal lepton asymmetry of 1 is washed out to ngbs or less

1
< 1072 @D-9)
Ap ~ [(217 —9)In ( 0 ) AZD=9 4 U2D—9]

obs
b
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Results

e big gap between Weinberg op.
Os ~ 10" GeV and other LNV
operators ~ 103~* GeV

e observation of a non-standard
Ov B mechanism would imply
that highscale baryogenesis is
generally excluded — it is likely
to occur at a low scale, under
the electroweak scale

o if high scale baryogenesis
= the only manifestation of
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LNV at low scales is Ov33 through the standard mass mechanism
+ origin of neutrino mass lies very probably at a high scale
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Effective Approach v. UV-completed Model

*‘UCL

o we also look at UV-completed models causing the effective LNV
at low energies

e demonstration of the relevancy of the general effective approach,

estimation of possible uncertainties
effective operator ><

A= fndmg

o figure: comparison of washout 1|
calculated using the effective 1
LNV operator O7 and the 8

: . g
corresponding UV-completion £
% s channel
- . . <
e even when considering just " >% - < .
mp=20Te'
_ H H g =10 TeV'
the s-channel contribution, )

the washout rate of 0 inverse s channel

the completed model is higher 2 3 4 o 6 ! ¢
Log,((T/GeV)
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Discrimination of Ov33 Decay Mechanism

*‘UCL

e analysis of angular correlation between the emitted electrons

e in certain cases the operators correspond to a final state of
opposite electron chiralities (e.g. O7) = can be distinguished
by SuperNEMO from the purely left-handed current interaction
via the measurement of the decay distribution

® R. Arnold et al. (NEMO-3): Search for Neutrinoless Double-Beta Decay of 100Mo with the NEMO-3
Detector, Phys.Rev. D 98 (2007), 232501

e some operators can be probed at the LHC (this is the case
of 09 and 011)

e another way: comparing ratios of half life measurements for
different isotopes

® F. Deppisch, H. Pis: Pinning down the mechanism of neutrinoless double beta decay with

measurements in different nuclei, Phys. Rev. Lett. 89 (2014), 111101
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Conclusions

e Qv decay can be trigerred by a number of different
mechanisms

e nuclear physics description of Ov3 decay - a complex
problem; important hints for experiments and for
discrimination of the underlying mechanism; nontrivial to get
reliable numerical results

e LNV effective operators - a convenient model-independent
description of (not only) non-standard Ov3 decay
mechanisms; operators’ scales constrained by half-life and
nuclear predictions

e observation of Ov3/3 decay — possible implications for baryon
asymmetry and neutrino mass origin
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Thank You for attention
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