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OvB3B Mechanismen und wie sie zu finden sind:

In dieser Arbeit untersuchen wir verschiedene Moglichkeiten unterschiedliche Mech-
anismen, welche zu neutrinolosem doppeltem [-Zerfall fiihren, experimentell zu un-
terscheiden und zu identifizieren. Dabei verfolgen wir einen Ansatz der effektiven
Feldtheorie bei niedrigen Energien. Wir finden heraus, dass der vielversprechendste
Ansatz zur Identifizierung des dominierenden Mechanismus darin besteht, die Ver-
héltnisse der Halbwertszeiten in verschiedenen Isotopen zueinander zu messen und zu
vergleichen. Eine ausreichende experimentelle Messgenauigkeit vorausgesetzt, konnen
auf diesem Weg 11 verschiedene Gruppen von effektiven Operatoren voneinander un-
terschieden werden. Allerdings hédngen die genauen Verhéltnisse quantitativ von zur
Zeit unbekannten niedrig-Energie Konstanten ab, welche besonders bei kurzreichweit-
igen Mechanismen eine Rolle spielen. Diese Konstanten kénnen in zukiinftigen Stu-
dien anhand von Gitter-QCD Berechnungen bestimmt werden. Zusétzliche Informa-
tionen iiber den zugrundeliegenden Mechanismus kénnen anhand von Observablen des
leptonischen Phasenraums oder {iber Hochenergie-Beschleunigerexperimente gewonnen
werden. Zum Schluss untersuchen wir den Einfluss von drei vollstdndigen Modellen
jenseits des Standardmodells, die wir aus der Literatur entnehmen. Diese vergleichen
wir mit dem Standard-Mechanismus des Austauschs leichter Majorana Neutrinos.

On distinguishing different Ov338 mechanisms:

In this thesis we study possibilities to distinguish different mechanisms of neutrinoless
double-5 decay within a low-energy effective field theory framework. We find that the
most promising approach towards identifying the dominant contribution experimentally
is given by a measurement of half-life ratios in different isotopes. Given the experi-
mental accuracy, we identify 11 different groups of low-energy effective operators that
can be distinguished in this way. However, the ratios depend on currently unknown
low-energy constants that are especially important when considering short-range mech-
anisms. These constants can be calculated within lattice QCD and should be obtained
in the future. Additional information about the underlying mechanism can be gained
from phase space observables as well as high-energy collider data. Finally, we stud-
ied the impact of three different models beyond the Standard Model taken from the
literature and compared them to the standard mechanism of light neutrino exchange.
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1. Introduction

The Standard Model of particle physics [1] is a story of great success as it has proven to
precisely describe nature down to the microscopic scales studied at high energy colliders
like the LHC or LEP [2]. However, with the observation of neutrino oscillations |3, 4]
we have the first clear experimental evidence of physics beyond the Standard Model.
While the Standard Model predicts massless neutrinos, neutrino oscillation necessitates
non-vanishing neutrino masses. This fact raises questions about the nature of neutrinos.
Being the only electrically neutral fundamental fermions, neutrinos are the only candi-
dates in the Standard Models particle content that could be their own anti-particles, i.e.,
that could be Majorana fermions. Identifying the true nature of neutrinos is one of the
most urging questions in particle physics as it could give us insight into the mechanism of
neutrino mass generation as well as it could teach us more about a fundamental question
related to the observed baryon asymmetry of the universe, famously quoted as: “Why
is there something instead of nothing?” [5]. This question cannot be answered by oscil-
lation experiments. Instead, the most promising experimental project to study the true
nature of neutrinos is the search for neutrinoless double-5-decay (0Ov3/3). This lepton
number violating process is forbidden within the Standard Model. If observed, it would
clearly identify neutrinos as Majorana particles [6]. However, things are not quite that
easy as also other lepton number violating new physics processes could contribute to or
even dominate the OvfBB-decay amplitude [7, 8]. To really understand the underlying
new-physics and to be able to infer the right conclusions one needs to understand the
true mechanism of OvB3. Therefore this work is dedicated towards studying possibilities
to distinguish and identify different mechanisms of Ov33-decay.

This thesis is structured as follows: In chapter 2 we will give a rather formal motivation
on why one should consider and study the possibility of Ov35-decay by explaining the
most commonly studied mechanisms of neutrino mass generation. Following up on this,
in chapter 3 we will review the most important aspects of the theory of Ov55-decay and
introduce the effective field theory framework that we applied. In chapter 4 we will then
discuss possibilities to distinguish and identify different mechanisms of OvG3-decay for
both single operators as well as some more complex models taken from the literature.
Finally, in the last chapter 5 we will summarize our findings. Throughout this work we
use natural units h = c = 1.






2. Motivation from Neutrino Physics

Before turning towards our main focus, the Ov58-decay, we want to start by giving some
motivational context on why this process should be studied. In order to do so, we will
start by explaining the problem of vanishing neutrino masses within the Standard Model
of Particle Physics and why it is contradicting observations. Building up on this we
will show that the most famous approaches towards solving this problem lead to lepton
number violation via a Majorana neutrino mass term. Afterwards, we will summarize a
few more theoretical motivations for studying lepton number violation within the neutrino
sector.

2.1. Neutrinos within the Standard Model

The Standard Model of particle physics is defined by its gauge group (SU(S)C xSU(2)r x
U (l)y), its particle content represented in Tables 2.1 and 2.2, Lorentz invariance and
the requirement for renormalizability [9]. The fact that its gauge group distinguishes
between left- and right-handed chiral particles (hence the notion SU(2)r) makes the
Standard Model a chiral theory. A chiral fermion is defined by the chiral projectors

Vpr=PLrY with Ppr= % (LF7) (2.1)
with the chirality operator 5, which is given by the Dirac gamma matrices
v =iy (2.2)
which obey
{2t =29" and  {¥",7} =0. (2.3)
With these properties it is easily shown that P, r are indeed projectors and obey
PLpPrr =0 and Pfp=Pppg. (2.4)

Within the Standard Model, fermions are grouped into right-handed SU(2), singlets U
and left-handed SU(2); doublets L; and @Q;.! Ignoring the SU(3)¢c part of the gauge
symmetry, under the remaining Standard Model gauge group fermions transform as

L—U (9“(;5), a(x)) L= exp{ief(x)g + if/a(x)}L, (2.5)

R—U(a(z))R = exp{iYa(x)}R, (2.6)

n principle there could also be, e.g., SU(2) triplet fermions as we will see later but they are not part
of the Standard Models particle content.
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Fermions
LH ‘ RH
I3 Y Q I3 Y Q
_vir  +1/2 0 / /) /
Leptons || L; = i 12 1 1 i 0 'y Y
_uir +1/2 +2/3 | uir 0 +4/3 +2/3
Quarks || Q; = A —1/2 1/3 13 | diw 0 23 _1/3
Scalars
b Y Q|
ot 41/2 +1
=90 1 L

Table 2.1.: Standard Model fermions and scalars and their corresponding weak isospin
projection I3, weak hypercharge Y and electric charge @ [9]

where L defines a SU(2)r, doublet, R a right-handed singlet and Y is the hypercharge of
the corresponding fermion fields. Neutrinos are part of the left-handed lepton doublets

L= <”1¥L> (2.7)
i1,
with ¢ € {e, u, 7}. While the charged leptons [; and quarks appear as both right-handed
singlet and as part of a left-handed doublet, a right-handed neutrino is not part of the
Standard Model. This has mainly historic reasons:
After electroweak symmetry breaking (EWSB) which breaks SU(2)r, x U(1)y — U(1)g
the electric charge is given by the Gell-Nishijima relation [9]
Y

where I3 is the third component of the SU(2), generating isospin

I= (2.9)

[NCRRT]

with 7, being the 2 x 2 Pauli-matrices
0 1 0 —i 1 0
T = <1 0> T2 = <Z 0> T3 = <0 _1> (2.10)

IL; = S Li IWp=0. (2.11)

acting as



2.1. Neutrinos within the Standard Model

Fermion Generations Bosons
1 ‘ 2 ‘ 3 Vector ‘ Scalar
w U c t v H
' 2.16 MeV 1.27 GeV 172.9 GeV — 125.10 GeV
Quarks
4 d S b w
! 4.67 MeV 93 MeV 4.18 GeV 80.379 GeV
Ve vy vy
il <2ev | <0.19MeV | < 18.2MeV Z
Leptons 91.1876 GeV
L e 7 T
* 1| 0.5110 MeV | 105.66 MeV | 1.7769 GeV

Table 2.2.: The experimental masses and mass limits after electroweak symmetry break-
ing are taken from [10] where the neutrino flavor masses are effective masses

given by my, = 1/>.; |Uail*m? and m,, = myp, is assumed.

Consequently, a right-handed neutrino is colourless C' = 0, electrically neutral Q = 0
and due to its right-handedness with Is = 0 also has Y = 0. Hence, it would be a total
singlet under the Standard Model gauge group. Such a particle would not interact via
any gauge interaction and therefore is also called a “sterile” neutrino. At the times when
the Standard Model was constructed, the existence of such a particle was not considered
to be necessary.

2.1.1. Dirac Neutrinos

By this construction the left-handed Dirac neutrinos are massless particles due to the lack
of a right-handed counterpart. This can easily be seen by taking a look at the definition
of a particles mass.

Within a quantum field theory the mass of a particle can be defined as the pole of its
propagator. Considering a fermion ¥, within the path integral formulation of QFT the
propagator can be written as [11]

Sl =) = 1 (T@)VW) = i izt 2 ]

(2.12)

~—

Here, Z [77,n] denotes the partition function
Z[n,n) = /D\I/D\IJ exp{z’S (U, ] —l—i/ <ﬁ(w)\ll(x) +\I/(a:)77(x)>} (2.13)

given by the action S [@, \I/] and source terms 7 and n which are introduced to make cal-
culations of correlation functions easier and are set to zero when calculating observables.
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For a free theory of fermions the action is given by
S = /\I/(iﬂ —m)¥ (2.14)
such that the partition function becomes a Gaussian integral® of the type
/D@qu exp{ UMV + 7V + Un} = det{M} exp{-nM 'n} (2.15)
which results in
Zinn) = expli [ 1(a) (-2 - )] ot . (2.16)

Here, we have dropped a constant prefactor which does not affect correlation functions.
This can be seen by looking at Eq. (2.12). Now it is easy to find that the propagator is
given by the solution to the Greens function

(—id +m)S(x —y) = 6(x — y) (2.17)
which results in

p+m
p2 —m2’

d4
Se—) = [ Grel=it -y} (218)
We see that the propagator has a pole at p?> = m? such that we can identify m with the
physical mass of the particle as expected. Hence, the Lagrangian mass term of a Dirac
fermion W is given by

Ly =—mUW. (2.19)
We can rewrite this in terms of chiral fields
L = —mUT
=—m (U + Vg) (Vf + Vg) (2.20)

=-—m (VU +UUp+ VeV + Urlp).
Noting that
U r¥1 R = (PLrY¥) 2 P ¥

=P, pOPL gV
L,RY I'L,R (2'21)
= U Pr 1 P p¥
=0
one finds
L, = —mUU
" (2.22)

=-—m (Y Up+Vr¥p).

Thus, we see that a non-zero fermion mass term requires the existence of both left and
right chiral states. In that sense a mass term represents a chirality flip R, L — L, R.

2Note that fermions are described by anti-commuting Grassman numbers.
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2.1.2. Majorana Neutrinos

The aforementioned is the case for typical Dirac fermions ¥ = ¥ + Ur. However, one
can construct a right-handed fermion field from a left-handed one by taking

Ur— (VL) (2.23)
with
e =00 (2.24)
where C' is the charge conjugation operator
C = iy'% (2.25)

A particle corresponding to such a field is equal to its own anti-particle as can be seen
easily if we take?

\IJ:\I/L-f—(‘l/L)c:(\I’L)C—l-\I’L:\I’C. (2.26)

Therefore, only neutral particles can be Majorana. For a Majorana field the partition
function of the free theory is given by

Z[n) = /D\I/exp{iSM—i—i/an\Il} (2.27)

with
Sy = / %\IJTC' (id —m) ¥ = ;/\I/TSM(x —y)v. (2.28)

xT

The factor of 1/2 results from the fact that for Majorana fermions ¥ and ¥ can no longer
be considered as independent.* Obviously in this case the propagator is given by

Su(z—y) =Sz —y)C~' = =Sz —y)C (2.29)
and we have
(U UT) = Sulz —y). (2.30)

That is, the Majorana mass term is given by
Loy = —%\IITC\II (2.31)

or in terms of left-handed chiral fields

Loy = —%\Iﬂfcm + he.. (2.32)

3Note that we ignored an arbitrary phase 7 that can be assigned to either ¥ or ¥¢ resulting in ¥ = nW¥e.
“Note that for Majorana fields ¥ = ¥° we have i07 CPU = iU CHU, 4+i(VE)CP(W.)° = 20T CFv,,
and similarly for ¥7CmV¥ when considering chiral particles.



2. Motivation from Neutrino Physics

We see that in principle one can form such a mass term within a theory which only
contains left-handed neutrinos. However, assigning a lepton number of L = 1 to the
neutrinos it would violate lepton number conservation by AL = 2. The question remains
whether this is possible within the whole framework of the Standard Model. Before
we answer this question, let us first discuss if the assumption of neutrinos being Majo-
rana particles can agree with current experimental results. Afterwards, we will check if
neutrinos being Majorana particles is allowed within the Standard Model theory.

2.1.3. Are the Standard Model Neutrinos Majorana Particles?

Neutrinos are electrically neutral particles. Hence, after electroweak symmetry breaking
they could be Majorana particles.” However, experiments show us that the interactions

Vet n<—e +p

2.33
vVitpe—et+n (2:33)

are possible, while interactions in which we switch v, ¢ ¢
ve+n<<—e +p (2.30)

Ve+p<—>e++n

are not observed. This result is in accordance with lepton number conservation. On first
look, it seems to indicate that v # v© and thus that neutrinos cannot be Majorana parti-
cles. However, one has to take into account that neutrinos interact solely weakly. Weak
interactions violate parity maximally, i.e., they treat particles of contrasting chirality
differently. Thus, the latter two interactions are forbidden due to the different chiralities
of ve = Ppve and v¢ = PrrS. This is also called chiral prohibition [12]. Thus, current
experimental findings cannot rule out neutrinos being Majorana particles.

On the theory side however, a fundamental neutrino Majorana mass term is forbidden
within the Standard Model framework. We can see this by taking a look at how such
a term transforms under the Standard Models symmetries. Neutrinos are color singlets
and as such do nott transform under the SU(3)c part of the Standard Model gauge
group. Hence, we only need to consider SU(2)y, x U(1)y.

Being part of a SU(2)r doublet, neutrinos have a weak isospin I3 = +1/2. Knowing
that neutrinos are electrically neutral we can use Eq. (2.8) to infer that they have a
hypercharge of Y = —1. Under a general gauge transformation U with

U — UV (2.35)

a Majorana mass term transforms as

%@chf — %\IJTUTCU\I/ - %\IITUTUC\IJ , (2.36)

5Before EWSB they have a non-zero hypercharge and thus cannot be considered neutral.
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where except for O(N) symmetries and especially for U(1) symmetries we have
UTU # 1. (2.37)
While one can regain SU(2) invariance by inserting i7o and rewriting the mass term as

Uesu(2).
%\IITC’Z'TQ\IJ — %\PTCUTWZU\IJ - %\IJT(J@'TQ\D, (2.38)

which follows from
ToTiTo = —Ti, (2.39)

something similar cannot be achieved for a U(1) symmetry. It follows that a funda-
mental Majorana mass term can only be formed out of fermion fields which
are not charged under any U(1) symmetry. However, as we can see by looking at
the expected Dirac mass terms of the other Standard Model fermions

_ UeSU(2)L _
mVpr¥Yy + hc. — mVYRUVY, + h.c., (2.40)

the above argument alone is not sufficient to prove that neutrinos are massless within
the Standard Model. The reason for this is that also fundamental Dirac mass terms
for the remaining massive fermions are forbidden within the Standard Model framework
as they are not invariant under the relevant gauge transformations due to the parity
violating property of the SU(2);, symmetry.® Hence, we need to discuss the mechanism
that generates masses for the remaining Standard Model fermions.

2.1.4. Higgs Mechanism - Generating Fermion Masses via spontaneous
Symmetry Breaking

The “problem” of explaining non-zero fermion masses (see Table 2.2) without having ex-
plicit fundamental fermion mass terms is solved by the mechanism of spontaneous sym-
metry breaking (Higgs Mechanism) [9] via the introduction of a complex scalar SU(2)y,

doublet
+
o = (2()) (2.41)

with a hypercharge Y = 41. This scalar doublet couples to the Standard Model fermions
via Yukawa interaction terms

Ly =Y {VELa®lns + Y3 Qudns + V.3 Qubuns | + hc. (2.42)
o

6 Actually the fundamental Dirac mass terms formed out of Standard Model fermion fields are also not
invariant under the U(1)y part of the gauge group, but one non-invariance alone is already sufficient
to prove the point.
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with
D = i @* (2.43)

and the quark doublets

Qi = (Z:) : (2.44)

The sums are taken over all three fermion generations and Yofg are the Yukawa coupling
matrices.” The Higgs potential can be written as

V() = 12010 + A (qﬂ@)Q , (2.45)
which has a minimum at
o = ”22 (2.46)
with
v = _)\“2 ~ 246 GeV. (2.47)

We can rewrite ® as

®(x) = exp if(m)? v+2x (2.48)
(st} (sdo)

where H(z) represents the physical Higgs field as excitation from the vacuum state.
The ((x) fields are redundant and do not represent any physical particle as they can be
rotated away by a gauge transformation given in Eq. (2.5) with

: (2.49)

such that we end up with Dirac fermion mass terms given by the Yukawa interaction
Lagrangian

v — — _
Ly = 3 {YQLﬁLazR,B + Y Q,drs + Ya%“QauR,B} Y he. (2.50)
af

After diagonalizing the above terms the fermion masses are determined by the corre-
sponding Yukawa coupling Y; and the VEV v

V2

"Note that again there is only one Yukawa term for the leptonic part of the Standard Model due to the
lack of right-handed neutrino singlets.

my Y. (2.51)

10



2.1. Neutrinos within the Standard Model

Obviously, we cannot generate a Dirac mass term for neutrinos via this mechanism be-
cause we still lack a right-handed neutrino. We will discuss the possibility of adding
right-handed neutrinos to the Standard Model in Sec. 2.3.

Can we use the newly introduced Higgs field to generate a Majorana mass term? The
answer to this question is no as well. The reason still being the necessity for gauge in-
variance. To generate a gauge invariant Majorana mass term via a similar mechanism
we need a scalar field A which must satisfy 2 conditions:

1. It must posses a hypercharge Y = 2 to cancel the hypercharge of the two neutrino
fields and make the mass term invariant under U(1)y transformations.

2. It must have a neutral component which can gain a VEV, i.e., it must be at least
part of an SU(2) triplet to fulfill condition 1.

The only scalar particle within the Standard Model is the Higgs particle which itself does
not fulfill the above requirements. However, we can combine two Higgs fields to get a
SU(2), triplet scalar operator [12]

Aptiggs := ®Tiny 7 (2.52)

which we can use to write down a gauge invariant neutrino Majorana mass term

~

Lo, = %ﬁ (LICirs7Lg) (@Timy7®)
\ (2.53)
= =2 (LLCim®) (L),

~

where A is some mass scale, which we have to include to keep the dimension of the
Lagrangian at 4. The above operator is known as the Weinberg operator [13|. It generates
neutrino Majorana masses, is completely invariant under the Standard Models gauge
group and additionally only contains Standard Model fields. However, as its field content
is 5 dimensional, it is non-renormalizable. As such, it cannot be a fundamental term, but
has to arise from a more fundamental UV complete model treating the Standard Model
as a non-renormalizable effective field theory (EFT) with a strict UV-cutoff. Within
such an EFT approach A resembles the new physics mass scale at which the Weinberg
operator is generated after integrating out the heavy new physics components. We will
focus more on EFTs in Section 3.4.1. After electroweak symmetry breaking, i.e., after
the neutral component of the Higgs field acquires its non-zero vacuum expectation value
(VEV) v, the neutrino mass term generated by the Weinberg operator is given by

2
v
~Lm, = gﬁﬁu{acuw. (2.54)
That is, the neutrino mass is given by
2
v

11



2. Motivation from Neutrino Physics

We see that it is suppressed by a factor of v?/A which for large A could explain the
smallness of the observed neutrino masses. Interestingly, when treating the Standard
Model as effective field theory, the Weinberg operator is the only dimension-5 operator
that can be formed out of Standard Model fields.

2.2. Neutrino Oscillation

2.2.1. Standard Derivation of Neutrino Oscillation

While we see that within the Standard Model neutrinos are massless, the observation of
neutrino oscillations [3, 4] is generally accepted to prove the opposite as it necessitates
non-zero mass differences between the different neutrino generations. To show this, we
will now go trough the standard derivation of the neutrino vacuum oscillation probability
Py, sy, following [9] using the plane-wave assumption. It should be noted that assuming
plane waves is actually inconsistent. While plane waves have the nice feature of having a
well defined momentum, they are completely delocalized in space making it impossible to
define a baseline L between the points of neutrino production and detection. Hence, for
a consistent derivation one should treat the propagating neutrinos as wave-packets [14].
Nevertheless, using this approach one finds the correct leading order oscillation prob-
ability and additionally the basic idea behind the phenomenon of neutrino oscillation
remains the same in both treatments. Therefore, the simpler plane wave derivation is
sufficient for us.

Generally speaking, the interaction and the Hamiltonian eigenstates of a particle are not
necessarily identical, but can be related via a base transformation given by a unitary
matrix U. A famous example is the quark sector in which the weak eigenstates and the
Hamiltonian eigenstates are related by the so-called CKM matrix (Cabbibo-Kobayashi-
Maskawa) |15, 16]. In such a case we can write

Va) = Z Ugi [vi) (2.56)

and vice versa

i) = Ui |Va) (2.57)

where |v,) are the flavor eigenstates and |v;) are the eigenstates of the Hamiltonian.
Both form a orthonormal basis, i.e.,

(valvg) =dap  (vilvs) = dij. (2.58)
The time evolution of a free field is governed by Schrédinger’s equation

. d
i—

S () = H (1) (2:59)

12



2.2. Neutrino Oscillation

and similarly spatial translation is given by
—iV |vi(@)) = p |vi(F)) , (2.60)
which results in a plane-wave description
|vi(x,t)) = exp{—iE;t +ip; - T} |vi) . (2.61)

Hence, we can infer the evolution of a flavor state

Vo) ( Z sexp{—iE;t + ip; - T} |v;)
(2.62)
= Z i exp{—iE;t + ip; - T} Z Ugi |vg) ,
B
with
|Va(t =0, =0)) = |vq) - (2.63)

We can see that for ¢ # 0 and Z # 0 the initial pure flavor state v, has transitioned into
a state v4(t, Z) which is given by a superposition of pure flavor eigenstates.
To get the transition probability P,,—,,, we have to compute the transition amplitude

Apoy (£, F) = (vg|valt, T)) Z » Ugiexp{—iEit + ip; - T} (2.64)

Assuming that all p; are parallel to each other, we can take
Pi-Z=|pi|- L (2.65)
and for |p;| > m;, we can approximate

t=1L, (2.66)

@) e

Ay (8, T) = (vplvalt, T) Z aiUpi exp{—i(E; — p;)L}

. (2.68)
=Y ULU, iexp{—i . L}.
; i 2[pi

and

2
E; =\/p?+m? = |p;| + ‘Z|+(’)

Using this, the transition amplitude simplifies into

13
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‘ Normal Hierarchy Inverted Hierarchy

Am3, | (753 £0.18) x 10 0eV?  (7.53 £0.18) x 105 eV?
Am3, | (2.453 £0.034) x 1073eV?  (—2.5467003) x 1073 eV

sin 612 0.307 £+ 0.013 0.307 £ 0.013
sin o3 0.545 4+ 0.021 0.547 4+ 0.021
sin 013 (2.18 +0.08) x 1072 (2.18 £0.08) x 10~2

Table 2.3.: Neutrino mixing parameters [10] for the normal (Am3, > 0) and inverted
(Am3, < 0) mass hierarchy.

Thus, assuming |p;| = |p;| ~ E we find

Por sy (8) = [ Ay sy ()2 = S UL UsiUas U A 2.60
Va—>l/ﬁ()_| Va—Wﬁ( )’ _%: aiVBiVajlpg; €Xpy —1 2F : ( : )
with
Am?j =m? — mj2 (2.70)
Eq. (2.71) is often written as
. L
Pua—n/ﬁ (t) = |Aya—)Vﬁ (t)’Q = Z U;ZUﬁan]UE] exp{—QmLQSC } (271)
ij ij
with the oscillation length
4K
LY = A2 (2.72)

i
Besides the already mentioned caveats about the plane-wave treatment one should note
that we ignored any effects coming from the production and detection processes. Within
a complete treatment these should be included [14, 9]. Due to the unitarity condition we
have

> UiUsi = bap. (2.73)

Hence, the vacuum oscillation probability P, ., for a # 8 is non-zero only if at least
one Am?j is non-zero. Thus, the observation of neutrino oscillations provides
evidence for the existence of non-zero neutrino masses and therefore new
physics beyond the Standard Model. The mixing matrix U is usually referred
to as the Pontecorvo-Maki-Nakagawa-Sakata matrix Upyrng. It can be parameterized

as [17, 9]

c12€13 $12€13 s13€” 0P
_ i i
Upmns = | —S12¢23 — €12523513€"°P  C12C23 — $12523513€"°°P s93c13 | - Um
5 5
512823 — €13€23513€'°P  —C12523 — S12C23513€"0P

(2.74)
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2.3. Generating Neutrino Masses Beyond the Standard Model - The Seesaw Mechanisms

with
Uy = diag (1, el ei”) (2.75)

where dcp is a CP violating phase, ;2 are the two Majorana phases which vanish
for Dirac neutrinos and we used the abbreviation sinf;; = s;; and cos;; = c¢;;. The
current experimental values measured in oscillation experiments are shown in Table 2.3.
Albeit tiny, the measured mass differences are non-zero. Note that the sign of Am%Q is
currently unknown such that two different mass hierarchies the normal hierarchy (NH)
my < mg < mg and inverted hierarchy (IH) ms < mj < ma can be realized in nature.
The experimental fact of non-vanishing neutrino masses reintroduces the question about
the nature of the neutrinos, i.e., Dirac vs. Majorana.

2.3. Generating Neutrino Masses Beyond the Standard
Model - The Seesaw Mechanisms

Now that we know that neutrinos are massive, we want to discuss possible extensions
to the Standard Model which generate small neutrino masses by following the lectures
of [12|. There are countless models which can generate small neutrino masses either at
tree-level or radiatively, see e.g. [18| and references therein. The most commonly studied
Standard Model extensions which generate the dimension-5 Weinberg operator at tree-
level are the so-called seesaw mechanisms depicted in Figure 2.1.

Ignoring gauge invariance or any other constraints, let us first take a look at the most
general neutrino mass term for 3 generations of left-handed neutrinos vz ; and three
generations of right-handed neutrinos Ng;. In this case the mass term consists of both
Dirac and Majorana mass terms

~Lyn =vi; (M) Nry
1
+§V£iCMi?VL,j (2.76)
1
+§N1€ZC (ME)" Ngj + hc.,

where MP-B-L in general each are complex 3 x 3 matrices. Additionally, M* and M

are symmetric. We can summarize the whole mass term within one Majorana like term
1
Ly, = §nfC./\/lnL + h.c. (2.77)

with

ng = ((J\Z;;)) , (2.78)

T T
where v, = (vp1,vL2,v03)" , Nr = (NR1, Nr2, Nr3)" and

ME - MP
M= (MDT MR> (2.79)
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2. Motivation from Neutrino Physics

U/\/\ . ) /\/\’U
Ui, R NP Ui R
— - | Triplet P —
Singlet ! Triplet
VL VL /\ VI, v,
VL VL
Type I Type II Type II1

Figure 2.1.: Feynman diagrams of the three standard seesaw models which generate the

dimension-5 Weinberg operator.

by noticing that
%nfCMnL + h.c.
:%nyML + %TRMR(NR)C
n % (u{CMD (Ng)® + Ng (MP)" VL) the.
:%VECML + %TRMR(NR)C + Ng (MD)T vy + h.c.
:%VECML + %N?{C (MR Ng + 7 (MP)" Ng + hec.
=L,
where we used
vTOMP (Ng)© = [VECMDCTRT] !
— —NpCTCT (MP)"
= N (MP)" v,
with CT = C~! = —C, and
NpME (NR)¢ = [(NR)C MRNR]T

Nr (MP)" vy = [77 (7)" Vg

One can block diagonalize the mass matrix M using a base transformation

1
Ly, — ixszdiagXL
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2.3. Generating Neutrino Masses Beyond the Standard Model - The Seesaw Mechanisms

with

nr =Uxw (2.85)
My, 0 >

_UT MU — (
M — Ming = U MU—<O i (2.86)

where M, and Mp are complex 3 x 3 matrices. That is, up to corrections of order
(MP - (]\4R)_1)2 and M% - (M%)~ we have

My, ~ ME — MP (MB)TH (M) Mp ~ ME (2.87)

The mixing matrix can be approximated as

U ~ (_;T i’) (2.88)

with
p~ MP (M) (2.89)

Thus, we see that for M % > MP the base transformation U is almost unity such that vy,
and Ng hardly mix. Thus, in this case M, describes 3 light neutrino fields which mostly
consist out of the Standard Model neutrino fields vy, while My describes 3 heavy neutrino
states which mostly consist out of the right-handed neutrino fields Nr not present in the
Standard Model.

The aim of the different seesaw mechanisms is to each generate at least one of the three
possible mass matrices M P M and M. Before we go on looking at the specific models,
we want to stress that although we started out with the most general mass term which
consists of both Dirac and Majorana, we end up with having solely Majorana mass
terms after block diagonalization. This general result implies that the appearance of
a Majorana mass term implies that the massive fields are Majorana too. Or
in other words: The only possibility to have Dirac particles is to forbid any Majorana
mass term that could appear.

2.3.1. Seesaw Type |

The seesaw type I mechanism represents probably the most obvious Standard Model
extension one can think of to generate neutrino masses. We simply add three right-
handed neutrino singlets Ng (1,0) to the Standard Models particle content.® This enables
us to write down a Dirac neutrino mass term

—Lyp =Y 3La® N, (2.90)

8In principle we can also add any other number. However, one needs at least two in order to generate
the observed mass splitting.
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2. Motivation from Neutrino Physics

N -
N 7z
N -

N -

YI/\ N /YV
Ng ~ 1/Mg

vp VL

Type I ~ YV V"

Figure 2.2.: Seesaw type I mechanism. From the Feynman diagram of the dim 5 Weinberg
operator one can intuitively infer the resulting light neutrino masses.

where after EWSB

& \}5 <8> + O(H), (2.91)
we have
(MPY =yv—_. (2.92)

V2

Additionally, due to Ngr being a total Standard Model singlet we can write down a
fundamental right-handed Majorana mass term

—Lyr = Nj,CMJNg ;. (2.93)

Here, M is a new fundamental mass scale. Thus, we can see that the small change of
introducing right-handed neutrinos to the Standard Model is no simple addition but it
changes the general structure of the model which previously only depended on one single
mass scale v. Considering our previously introduced general neutrino mass matrix given
in Eq. (2.79) we have M = 0 since in this model we do not have a possibility to generate
a Majorana mass term for the left-handed neutrinos in a gauge invariant way. Therefore,

we have
0 MP
M= ((MD)T MR) (2.94)
and
M, 0
Maiag = < o MR> (2.95)
with
My~ —MP (MR (uP)T 2.96
Mg ~ M~ 2.97)
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2.4. Further Motivations

It should be noted that the minus sign in M~ has no physical consequences as it can be
rotated away. As we noted earlier M% is a fundamental mass scale which can have any
arbitrary values. Thus, for large M®, M, is suppressed by a factor of v2 /Mp and we
end up with the observed light neutrinos.

A very important point we see is that the simple introduction of a right-handed neutrino
singlet Ng, which is necessary to generate a Dirac mass term, also implies the existence
of a right-handed Majorana mass term. That is, when trying the simplest approach
to generate light Dirac neutrino masses, we actually end up with massive
Majorana neutrinos. This is a strong motivation towards searching for lepton number
violation in the neutrino sector.

2.4. Further Motivations

We have seen in the previous sections, that the most simple Standard Model extensions
which generate light neutrino masses result in neutrinos being Majorana particles. In
fact, the simple introduction of a right-handed neutrino singlet, which is necessary to gen-
erate Dirac masses, will inevitably generate a Majorana mass term for the right-handed
neutrino fields. Afterwards, this will generate massive Majorana neutrinos via mixing.
One can try to avoid this by extending the model and, e.g., promoting the Standard Mod-
els global U(1)r lepton number symmetry to a local gauge symmetry. Usually instead
of U(1)r one would promote U(1)p_1, to a gauge symmetry because lepton number is
actually broken already in the Standard Model via non-perturbative so-called sphaleron
processes [19] while B — L is a Standard Model symmetry even at the non-perturbative
level. However, in both cases the introduction of another local U(1)y, or U(1)p_p, sym-
metry will result in the existence of an additional massless gauge boson associated to it
and corresponding long-range interactions between leptons. Such interactions are so far
not observed in nature. Therefore, to avoid experimental constraints one has to either
make the gauge coupling to almost vanish or one could spontaneously break the symme-
try through a Higgs like mechanism. The first approach would just swap the problem of
explaining small neutrino masses with the problem of explaining a small gauge coupling
and hence introduce another fine-tuning like problem. The second approach of break-
ing the symmetry without reintroducing the right-handed Majorana mass term is only
possible within more complex models |20, 21, 22]. Following this line, it is reasonable
to assume that neutrinos might actually be Majorana particles. This is one of the main
reasons to consider Ovf35-decay.

Another reason to study Ov3S is that while a tree-level neutrino Majorana mass term is
the most obvious way to generate Ov[5-decay, there are actually many different effective
lepton number violating operators that can trigger Ov35 as we will see in sections 3.3
and 3.4.2. Additional motivation comes from the observed baryon asymmetry of the uni-
verse (BAU) [23] which cannot be explained within the Standard Model itself. Instead,
one of the most studied mechanism for explaining the observed BAU builds upon lepton
number violation beyond the Standard Model in the first place. Such types of mecha-
nisms are called Leptogenesis scenarios [5, 24| and they are another strong motivation to
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2. Motivation from Neutrino Physics

search for lepton number violation in the neutrino sector. Finally, while the global B — L
symmetry forbids OvS5-decay within the Standard Model, it is widely expected that a
full model of quantum gravity will not contain any global symmetries [25].”
Considering all points above, it is reasonable to assume that lepton number is not neces-
sarily conserved. Accordingly, there is a strong motivation towards investigating whether
lepton number is indeed a broken symmetry and if neutrinos are actually Majorana par-
ticles. In the next chapter we will introduce the basics of OvfS5-decay and elaborate on
how it tests different mechanisms of lepton number violation.

9Hence, we should consider that it may be broken at lower scales already.
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3. OvBB Theory

3.1. Introduction to double-3 Decay
3.1.1. Origin of double-3-Decay

In this chapter we want to discuss and review the important features of Ov/35-decay. Let
us start by discussing the basics.

Within the standard S-decay a neutron (n) inside a nucleus (A, Z) with mass number A
and nuclear charge Z transforms into a proton (p) releasing a single electron (e™) and
electron-anti-neutrino (7)

(A, Z) — (A, Z+1) + e +7e. (3.1)

Ignoring electron binding energies, such a decay can happen if the final state atom has
a smaller mass than the initial state atom. The atomic mass is given by the mass of its
constituents, i.e., the nucleons (neutrons and protons) the electron shell and the binding
energy

M(A, Z) = Z(mp + me) + (A — Z)my, — B(A, Z). (3.2)

If we ignore the electron shell for a moment, i.e., we only consider the nucleus, the above
formula can be expressed in a parabolic form known as the semi-empirical nuclidic mass
equation [26]

M(A,Z):MA—I-%BA(Z—ZA)Q—I—PA—S(N,Z) (3.3)

with a shell correction term S and the pairing coefficient

+1 odd-odd
Pyxd= 0 even-odd (3.4)

—1 even-even

which is the important part of the formula for our discussion. In Eq. (3.4) “even” and
“odd” refer to the number of protons Z and neutrons N = A — Z. We see that while
for odd mass numbers A the pairing coefficient vanishes and we end up with a single
parabola, for even A one can find nuclei with both “even-even” and “odd-odd” structures,
such that we have two separate mass parabolas. These are (ignoring the shell correction
term) offset by Ap = 2P4. This structure is shown in Figure 3.1. In such a case it
can happen that for even-even nuclei next to the minimum of the mass parabola the
normal first order S-decay is prohibited due to the neighbouring odd-odd nucleus having
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3. Ov3B Theory

A=129 A=130

M(A, Z) [a.u.]

® even-even
® even-odd O odd-odd

51 52 53 54 55 56 57 51 52 53 54 55 56 57

Figure 3.1.: Mass parabolas for even-even and odd-odd nuclei with A = 130 and even-odd
nuclei with A = 129. The arrows represent the leading order decays. While
for even-odd nuclei there is only one mass parabola, for even-even and odd-
odd nuclei there is a mass split resulting in two parabolas. One can see that
due to this mass gap for even-even nuclei close to the minimum of the mass
parabola the single 5-decay can be blocked due to the neighboring odd-odd
nucleus having a higher mass. In such a case the leading order decay is a
double-S-decay (83) or double electron capture (ECEC).

a larger mass. If the standard single-S-decay is blocked in this way, the leading order
decay will be a double-5-decay. There are 4 different double-3-decay modes that can be
observed. All of them have a 2 neutrinos as well as a possible neutrinoless mode. While
the Feynman diagrams for all of these modes are the same (if we ignore the rotation of
lines by 180°) they do differ in the necessary mass difference between the mother and
daughter atom Am = my; —mp. This sets the threshold for the process and can suppress
certain modes. We summarize all 4 modes below!:

1. g8
(A, Z) = (A, Z +2)+ 2e (+27,) (3.5)
Am >0 (3.6)

Note that we ignore the binding energy of captured electrons in ECA and ECEC, which are sub keV
as well as the masses of the outgoing neutrinos which are expected to be sub eV.
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3.1. Introduction to double-8 Decay

2. BHB*:
(A, Z) — (A, Z —2) + 2eT (+2v,) (3.7)
Am ; 4dme (3.8)

3. ECB*:
(A, Z) +e — (A, Z —2) + et (+21) (3.9)
Am > 2m, (3.10)

4. ECEC:
(A, Z) +2¢~ — (A, Z — 2)(+2ve) (3.11)
Am>0  2v mode (3.12)
Am=0  Ov mode (3.13)

Here, EC denotes electron capture. Note that in principle also the corresponding pro-
cesses involving positron capture are possible. However, since positrons do not occur
naturally inside atoms we will ignore this possibility. Also, every isotope that can decay
via 2v3T BT or 2vECAT will also decay via 2vECEC and the former modes will be sup-
pressed due to the smaller Q-value® which represents the released energy given by the
summed kinetic energies of the outgoing leptons (electrons/positrons and neutrinos).
Considering the above requirements we find 69 natural elements that decay via at least
one double-8 mode (35 via f~5~ and 34 via ECEC). They are listed in Table 3.1. To
find these we used the NIST list of isotopes [28]. While most elements on the list have
more than one isotope listed there are two notable elements which both have 4 different
naturally occurring isotopes that decay via some double-8 mode namely Xe (124, 126,
134 and 136) and Cd (106, 108, 114, 116).

3.1.2. 0vf33 as a Probe for Lepton Number Violation

The reason we want to study double-S-decay is that this process can be utilized to
investigate the nature (Dirac vs. Majorana) of neutrinos as it probes lepton number
violation in the neutrino sector. We can immediately see the reason behind this by
looking at the Feynman diagram of the standard double-5-decay shown in Figure 3.2.
The standard double-g-decay (2v33) basically is just two separate 3-decays happening at
the same time with two outgoing anti-neutrinos. If, however, neutrinos have a Majorana
mass term, neutrinos and anti-neutrinos are equal. Hence, we can connect the two
neutrino lines in the left part of Figure 3.2 such that there are no outgoing neutrinos and
we end up with the neutrinoless double-3-decay (0v3(3) represented in the right part of

3This suppression does not necessarily hold for the neutrinoless modes.
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3. Ov3B Theory

2uB~ B~ 20BT BT 20ECAT 2vECEC

Az Q[Mev] | “Z Q[Mev] | “Z Q[Mev] | “Z Q [MeV]
46y, 0.988576 | ™®Kr 0.802333 | %°Cr 0.146971 | 3%Ar 0.432581
48Ca 4.266970 | Ru 0.670499 | %®Ni 0.904313 | *°Ca 0.193508
07n 0.997118 | 106Cd 0.731391 | %4Zn 0.072685 | °Cr 1.168969
6Ge 2.039061 | 1?*Xe 0.820255 | ™Se 0.187243 | ®*Fe 0.679832
80Se 0.133874 | 139Ba 0.574761 | "®Kr 1.824331 | °8Nj 1.926311
82Ge 2.996402 | 136Ce 0.334556 | 34Sr 0.767749 | %4Zn 1.094683
86Ky 1.257542 92Mo 0.629783 | ™Se 1.209240
M7y 1.141919 9BRu 1.692497 | 8Kr 2.846329
967y 3.348982 102pq 0.149915 | 84Sr 1.789746
9BMo 0.109935 106Cq 1.753389 | 92Mo 1.651781
100\ o 3.034342 H2gy 0.897811 | PRu 2.714495
104Ry 1.301297 120 0.708411 | 102pq 1.171913
1Ho0pq 2.017234 12456 1.842253 | 106Cq 2.775387
Hicq 0.542493 130B4 1.596759 | 198Cd 0.271810
16 2.813438 136Ce 1.356554 | 112Sn 1.919809
1229 0.372877 1448m 0.760416 | 1?9Te 1.730409
124gp 2.291010 156Dy 0.983975 | 24Xe 2.864251
128 0.866550 162 0.824969 | 1%6Xe 0.919757
130T 2.527515 168y 0.387260 | 13'Ba 2.618757
134X e 0.825751 174pf 0.076886 | 13?Ba 0.843947
136X e 2.457984 1810 0.428879 | 136Ce 2.378552
142¢Ce 1.417175 190pg 0.362202 | 138Ce 0.693032
H6N( 0.070421 l4gm 1.782414
148N 1.928286 152G4d 0.055703
150N 3.371357 156Dy 2.005973
154Gy 1.250810 158Dy 0.282802
160Gq 1.730530 162 1.846966
10Ey 0.655586 164y 0.025057
176y, 1.088730 168y 1.409257
186y 0.491643 174py¢ 1.098884
19205 0.408274 180y 0.143264
198pg 1.049142 18405 1.450877
204Hg 0.419154 190py 1.384200
22T 0.837879 196 g 0.820190
2381y 1.144154

Table 3.1.: Complete list of natural double-5 elements and the corresponding @-values
calculated from the NIST list of elements [28] using the conditions 3.6, 3.8,
3.10 and 3.12. Overall there are 69 different natural elements that can decay
via at least one double-8 mode.
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Figure 3.2.: Feynman diagrams of the standard two neutrino (left) and neutrinoless

(right) double-g-decays.

Figure 3.2. One should note that this process includes a chirality flip, such that it cannot
happen for massless neutrinos which can be described as either Dirac or Majorana. We
will discuss this mechanism more detailed in Sec. 3.2 and see that the amplitude of this
decay is proportional to the effective electron-neutrino Majorana mass. As we will see in
Sec. 3.3 also other mechanisms of lepton number violation can be studied within Ov503

experiments.

3.1.3. Experimental Overview
Detecting 0v3s3

The OvBp-decay can be distinguished from
its main background the 2v35-decay via a
characteristic signature in the energy spec-

trum of the emitted electrons. While for
2vB6
(A, Z) — (A, Z +2)+ 2 + 20,
(3.14)

the released energy is distributed among 4
outgoing particles? out of which only the
two electrons can be detected within an
experiment, for Ov3f

(A, Z) — (A, Z 4+ 2) + 2¢~ (3.15)
the two outgoing electrons carry all of the
released energy and hence have a fixed
summed energy Tgum. Thus, by measur-
ing the summed energy spectrum of the

dN/dTsum [AU]

2vBB

0vBB

0.5

10 15 20 25
Tsum [Mev]

Figure 3.3.: Summed electron energy spec-

tra of the 2vB5 (blue) and
OvfBpB-decays (red) in !36Xe.
The 2vB3 spectrum was calcu-
lated in [29]. The width of
the OvBp Gauss peak is deter-
mined by the experimental ac-
curacy. For the sake of readabil-
ity the expected height of the
Ov B peak is highly exaggerated
here.

4The kinetic recoil of the nucleus can be ignored due to the high mass compared to m..
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3. Ov3B Theory

released electrons one can experimentally distinguish Ovg8g3 from 2v33. The expected
spectra of the 2v33 and OvBS modes are shown in Figure 3.3. It is important to note
that while one would expect the Ov383 mode to have a fixed delta-like spectrum, in real-
ity the experimental uncertainties will smear this into a Gaussian distribution where the
width is determined by the accuracy of the experiment. This fact shows the importance
of a good energy resolution at the end point of the spectrum to minimize the number of
background events coming from the 2v35 mode.

Next, we want to give a brief overview covering the experimental efforts towards Ovj3g.
These are nicely summarized and explained in [30, 31| which we will refer to. One can
distinguish between different types of experiments:

Semiconductors

Semiconductor experiments like GERDA [32] or the MAJORANA DEMONSTRATOR |[33]
utilize highly enriched high-purity "®Ge (HPGe) diodes. They are able to detect Ov3f3
events by measuring the summed electron spectrum of the decaying "*Ge. HPGe experi-
ments have some notable advantageous properties for being used as a Ov53 probe. They
can reach a very high energy resolution of ~ 0.1% [34] at the end point of the 2v3/
spectrum such that it is possible to reduces the background events which originate from
the OvfB5-decay accompanying 2v56-decay. Additionally, they come with a very low in-
trinsic background. However, they cannot measure the two emitted electrons separately
such that neither angular information nor information on the single electron spectra can
be recovered from the experimental data.

While GERDA and MAJORANA operate with ~ 40kg and ~ 30kg of highly enriched
Ge a next-generation ton scale experiment the Large Enriched Germanium FExperi-
ment for Neutrinoless Double beta decay (LEGEND) [35] will combine the efforts of both
previous experiments. LEGEND will reach a sensitivity on the Ov33 half-life of 102%y.

Time Projection Chambers

Time Projection Chamber (TPC) experiments are another favourable technology for the
search of Ov33. TPC OvBf experiments typically employ (enriched) '36Xe in a gaseous,
liquid or dual phase chamber. While the latter are usually used as dark matter searching
tools, the first two are used in dedicated Ov3S5 experiments. Within the TPC, decay
events generate two different detector signals via ionization and szintillation. These
can be used for improved particle discrimination, to locate the event and of course to
determine the energy of the emitted electrons. Although one would think that a gaseous
TPCs could provide information on the individual electron tracks this is not possible
due to the high density of *Xe within the high-pressure TPCs usually used. Therefore,
again only the summed electron energy is measured to identify Ov33 events. Examples
of experiments that will employ single-phase gaseous-xenon TPCs are the Particle and
Astrophysical Xenon Experiment 111 (PandaX-III) [36] which will employ 140 kg of 90%-
enriched 13Xe in a high-pressure TPC as well as the Neutrino Experiment with a Xenon
TPC (NEXT) [37]. These single-phase high-pressure gas TPCs can also reach very high
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3.1. Introduction to double-8 Decay

energy resolutions of ~ 0.5% [38]. An experimental project that employs liquid-phase
TPCs is the Enriched Xenon Observatory (EXO) [39] and its planned ton-scale upgrade
nEXO [40].

With the first detection of double electron capture in '?4Xe [41] which at this point
represented the process with the longest half-life ever detected, the XENON collaboration
proofed that dual-phase dark matter experiments that are not dedicated directly towards
OvBp can indeed provide competitive results for nuclear decay measurements. The future
DARWIN experiment [42] will in fact reach sensitivities similar to LEGEND and nEXO
even without isotopic enrichement.

Scintillators

There are two types of scintillators used in Ov33 experiments. Organic scintillators that
are loaded with a Ovf(-decaying isotope and inorganic scintillator crystals which are
build from some chemical compound that contains a OvBg3 isotope. Examples for the
prior are the SNO-+ [43] and the KamLAND-Zen [44] experiments searching for Ov/3f
in 39Te and ¥%Xe, respectively. The main advantage of organic scintillators is the
scalability of experiments beyond the ton-scale. However, solar neutrino interactions
with electrons in the scintillator atoms induce an additional background. On the other
side the CAlcium fluoride for the study of Neutrinos and Dark matters by Low Energy
Spectrometer 11 (CANDLES III) [45] experiment utlizes CaFy crystal scintillators to
search for Ov3B-decay in “8Ca which out of all naturally occuring double-3 isotopes has
the highes @-value.

Bolometers

Bolometers [46] are croygenic calorimeter experiments which typically work at temper-
atures of ~ 10mK. They detect individual decay events via the induced temperature
increase which are of O(0.1mK/MeV). To be able to detect such minimal changes in
temperature, extremely precise thermometers are necessary. Again, the OvS3 isotopes
usually come within a crystalline compound. Bolometer experiments have the high ad-
vantage of a very precise energy resolution. However, scalability is challenging although
not impossible as it is hard to work at such low temperatures. Examples of bolometric
experiments are the Cryogenic Underground Observatory for Rare Events (CUORE) [47]
and its future ton-scale upgrade CUPID [48].

Tracking Calorimeters

Tracking calorimeters are an exciting addition to the other experimental efforts as they
are currently the only type of experiment that can gain information on the individual
electron tracks in double-S-decays. As such they can give insight into additonal phase-
space observables such as angular correlations and the single electron spectra and thereby
can help to distinguish different Ov35 mechanisms. To achieve this, they us foils of Ov 5
isotopes that are surrounded by the detector which consists of a tracker module and
surrounding calorimeter walls. The only experiments currently using this technology are
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3. Ov3B Theory

NEMO-3 [49] and its next generation successor SuperNEMO [49, 50]. Further advantages
of this detector design are the possiblity to employ different Ov53 isotopes by switching
the foils and a good background discrimination. However, scalability is again not very
easy to achieve and the energy resolution is only in the range of ~ 4% [31].

3.2. Theory of the Standard Ov33 Mechanism

The most studied mechanism of Ovgf is the mechanism of light Majorana neutrino
exchange. We now want to derive the expected Ov33-decay rate in this case. In principle
the decay rate I' of a particle which decays from an initial state ¢ into a final state f
can be interpreted as the decay probability P per time 7. Hence, we can define the
differential decay rate as |51]

1
dl' = —=dP. 1
- (3.16)
The decay probability is given by
IGEDIE
dP = —————dII, (3.17)
(1) Gild)

where S represents the evolution operator or scattering-matrix which connects the initial
and final states and dII is the differential phase space volume of the final state particles

v
dIl = d*p;. (3.18)
1;[ (2m)°

For f # i the transition amplitude is given by

(fIS]i) = i(2m)*s* [ > pr—pi | M (3.19)
fi

where M is the usual quantum field theoretical “matrix element”. It can be calculated by
applying the usual Feynman rules [52, 51|. The delta distribution 6 (3 py — p;) accounts
for the momentum conservation when going from the initial to the final state. Assuming
a finite volume V and time T we can take the square of the transition amplitude and

find

[(fISIi))? =TV [ > pr—pi | @) M, (3.20)
i

Here, one has to use

3" (p) 8" (p) = 6" (0) 6" (p), (3.21)
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n(ps) > > p(p3)

¢ (p1)

A
¢ (p2)

n(p}) > > p(pa)

Figure 3.4.: Feynman diagram of neutrinoless double-3-decay in the standard framework
of light Majorana neutrino exchange.

and
(2m)* 6t (p) = /d4:c exp{izp}, (3.22)

which when integrating over finite V' and T results in

100) = (204 [ gty = LV
5% (0) = (2m) /d @t (3.23)
With |s) =[], |ps) the normalization factors (f|f) and (i|i) are given by
(ili) = 2EV), (1) =[] CEV) (3.24)

f

and ensure invariance under Lorentz transformations. Plugging all this into Eq. (3.17)

we find

3 (S )TV My

dP = d*p; (3.25)
(H £ (2EfV)) (2EV) i (2m)°
and hence the differential decay rate is given by
1 2 4 ¢4 d3pf
dl= — 2m)" 6 —p; — 2
L DR DV o (3.26)

We see T' and V' drop out of the equation as they should.
Now that we know how to calculate the decay rate in general we can go on deriving the
standard OvS3-decay rate. The Feynman diagram corresponding to the standard Ov3s5
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3. Ov3B Theory

mechanism induced by light Majorana neutrinos is shown in Figure 3.4. In the case of
free particles one would calculate the transition matrix element as

I\ 2 G
M= (3) Via mplps" Prun(eh) 5 ()

v Z +m’/z «
x»yPZU2 y )PC’YT (3.27)

e (

_ Zgaﬁ _
X U, - 9

P2) 5 U (pa)y” Prun (p))
% —myy,
where g is the weak coupling constant corresponding to SU(2)r and with
1 =15

5

P = (3.28)
However, since with Ov33 we are considering a nuclear decay N; — Ny, where N; repre-
sents the initial and Ny the final state nucleus, we do not deal with free particles. Rather,
the nucleons (p,n) are bound in a nucleus. This means we are actually dealing with a
many particle system consisting of bound quark states. We can summarize these nuclear
effects in a nuclear matrix element (NME) by rewriting the transition element as

GFVud> _ 2’L ]ﬂ+ ) BT
M= ()7 P § UZ PC
2'( vz ) et ma, OV e (P2) (3.29)

x (Nl Ja(p1)J(p2) | Ni) — (p1 @pz)

where we added the (p; < p2) term to include the corresponding Feynman diagram which
switches the two outgoing electrons. Also, we will absorb the normalization factors for
the non-relativistic nuclear states into the nuclear matrix element. The additional factor
of 1/2! arises due to the nucleons being bosonic states. Furthermore, we took the limit
m ~ m%V The neutrino propagator can be simplified by noticing that

PrpPr, = Py"puPr = y'puPrPL =0 (3.30)

which follows directly from the definition of +5 and the anti-commutator rules of the
gamma matrices in Eq. (2.3). It is also easy to notice that the second term denoted by
(p1 < p2) will just add another factor of 2. Thus, we can Fourier transform to position
space and write

M=—-4 <G%Ud>2 /Ue(l’l)exp{iplxlha ZUQ

d4p my, eXp{—fL'p (331 _ )}
' Y P BT T .
- Z/ (2m)? p? —m2 LCY" U (2) explipaaa}

X (Ny| T [Ja(x1)Jg(x2)] [N} d*z1d .

(3.31)
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3.2. Theory of the Standard Ov (3 Mechanism

Here, T denotes the time ordering operator

X X $O xo
T ) Jp(aa)] = T Ul dp(o)] = { P EDTED HZN L e

From here on we follow the derivation of [53, 54]. However, we use a different definition
of the matrix element which one should pay attention to when comparing to [53, 54].
First we can solve the integral over x? by dividing the integral over xJ into two parts

0

—+00 T3 “+oo
/ dz§ = / dal + / da$. (3.33)
—00 —00 xo

1

Thus, we have two separate integrals one with 29 > z9 and one with 29 < 29. In both
cases one can solve the integration over p” in the neutrino propagator by analytic con-
tinuation of py and applying the Residue theorem [55].

Residue theorem: Let U C C be open. Let f be a function such that
f:U\S — C is holomorphic where S C U 1is a discrete set of singularities. If A C U 1is
a finitely separable set such that DANS =0, then

f(z)dz=2mi > Resy,f. (3.34)

0A Z0ESNA

In the simple case that f(z) can be written in the form

9(2)
z)= ——~—, 3.35
1) = 225 (3.35)
where g : U\ S — C is again holomorphic for a pole of order n at zy the residue is given
by the simple formula

1 dn—lg

Resz, /= (n—1)!dzn—1

(20)- (3.36)
Following the above line, we can close the contour integral either in the upper (:U(l) > xg)
or lower (29 < x9) complex plane such that the exponential function is non-vanishing
only on the real axis. Also we can avoid the poles on the real axis by calculating the
actual Feynman propagator. That is, we can shift the poles away from the real axis by
a small ie and afterwards take the limit ¢ — 0. Doing so results in

it i / eXp{Z—ip (95“1 —2)} ap
e—0 (277) D —my, + e (3 37)
i / exp{Fip® (2§ — 29) +ip (& — @)}dgp :
(2m)° 2}
with
Py = \/p® +m2. (3.38)
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3. Ov3B Theory

Next we need to take a closer look at the nuclear matrix element. The time evolution of
the currents J, is given by the Hamiltonian H of the system as

Jo(x) = exp{iH:EO}Ja (%) exp{—i?—[xo} (3.39)
where we have defined
Jo (Z) = Jo (0 = 0,7) . (3.40)
Using the normalization condition

Z |Nn> <Nn| =1 (3.41)

where |N,) represents the intermediate states we can rewrite the matrix element for
29 > 29 as

(N¢| Ja(@1)Jp(@2) [No) = D (N¢| Jal1) [Nu) (Nu| Jp(22) |N3) (3.42)

n

Inserting Eq. (3.39) for 2§ > 29 we can write

(Ng| Ja(@1) [Nn) (Nn| Jg(z2) [Ni)
= Zexp{i (Bf — Ep) 29} exp{i (B — E;) 23} (Ng| Ja(Z1) [Nn) (Na| J5(Z2) |N;)

(3.43)

For 29 < 2§ one can of course do the same just by switching z1 < 22 and o < 3. Thus,
we are left with the following integrals

+oo +J?(1]
> / dﬂf(f{ / dafexp{i (p! — p° + Ef — En) 2t + (03 + p} + En — Ei) xg}]
n YT -

o0

X (N¢| Ja(%1) [Nn) (Nn| Jp(22) | N;)

i
+ / d$gexp{i(p(1)+p0+En—Ei)$(1)+(Pg—pg+Ef_Ei)$g}]
X

1

X (Ng| Jg(&2) | Np) (Nn| Jo(Z1) |Ni) }
(3.44)

Assuming that interactions are turned off at x; = +00 we can take

/ ’ explike} — lim /_ ;exp{i (k— i)z} = lim - expfi (k —ic)a}  (3.49)

o e—=0 K — 1€
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3.2. Theory of the Standard Ov (3 Mechanism

for the first integral in Eq. (3.44). Using the above relation and Eq. (3.22) as well as
partial integration which results in

o0 oo oo xg
/ da? /0 day... :/ dxg/ da?... (3.46)
— 0 9 —0 —00

one can perform the integration in Eq. (3.44) which leads to

+00 r rtz
Z/ da} / dafexp{i (p) — p° + Ef — En) 2t + (03 + p} + En — Ei) afg}]
n —00

o0

X (Ny| Ja(T1) [Nn) (Nn| J5(Z2) [Ni)

o
+ / dafexp{i (b} +p° + En — Ei) 2 + (93 — ph + Ef — E)) wg}]
LJ T1

XWH%@ﬂW@WM%@DWQ}

__mz (Nl Ja(%1) [Nn) (Nn| Jg(F2) |Ni)
E, +p2+pk E;

o Nl J5(@2) [Nn) {Nu| Ja(T1) | Ni)
En + 10+ p) — E;
n 1 k 7

§ (BEf+p) +p3— E;)

(3.47)

Thus, we can finally write the matrix element M as

GV \? N »
./\/l—2z< f/§d> u(p1)y PL’yﬁCuT( )/d33:1d3x2exp{—z( P1-Z1+Pa-Ta)}

exp{ip- (¥1 — %
2: kn% /’ p{ip %1 2Hd%)

Py

<3 <AU|lA$ﬂ|A%>UWJJB@2)U%>
- En +pY +p} — E;

+ <Nf’ JB(fQ) ‘Nn> <Nn| Ja(fl) ’NZ>

Ep+ Y+ 1} — E;

5 (Ef+p)+p5—E;).

(3.48)

We see that this formula, while representing the exact solution at tree-level, is still quite
impractical if one actually wants to calculate the expected decay rate. To arrive at a
more handy description one typically takes a few approximations [53]:

1. Small neutrino masses: From laboratory experiments we know that the neutrino
mass scale is [56]

my, S 1eV (3.49)
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3. Ov3B Theory

34

while cosmological bounds on the sum of the different neutrino masses are even
more stringent giving [57]

> mgp $0.2eV. (3.50)
k

Considering these experimental results we can compare the expected neutrino mass
scale my to the expected momentum transfer p via the neutrino propagator which
from the uncertainty principle can be estimated as

1
p~ — ~ 100 MeV (3.51)
T'n

where r,, ~ 107 m is the average distance between two nucleons inside the nucleus.
We can see that

my < p (3.52)

and hence we can take

ph =P +m—p (3.53)

. Long-wave approximation: Since the decay takes place inside a nucleus with a

finite radius R which can be approximated as

R=12AY%x10"%m (3.54)
we have
1,2 - T1,2| < [Pho| R ~ A1/31m1))171\742ev' (3.55)
Typical Q-values are of the order @ = O (1 MeV) such that we can take
P12 T12l =0 (3.56)
and consequently
exp{ip; - Z;} — 1. (3.57)

This also means that one can assume the two outgoing electrons to be in the S-state.

. Closure approximation: We want to get rid of the sum over the intermediate

states. However, we cannot just take ) |Ny) (IN,| — 1 since each term is weighted
by the intermediate states energy FE,,. In order to be able to calculate the sum we
need to notice that the momentum transfer p via the neutrino propagator is much
larger than the typical excitation energies of the intermediate nuclei

p> E, — E;. (3.58)
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Therefore, we can replace the sum over E,, by the average energy of the intermediate
states

E,—E (3.59)

and afterwards calculate the sum in the laboratory frame Ey; — M ;

3 (Ny| Jo(Z1) |Nn) (Nn| J5(Z2) | N;)
E, +p3+p—E;

n

(N1 J5(Z2) [Nn) (Nn| Jo(T1) [Ni)

4 (3.60)
Ey+p+p—Ei
1 " " S S
=——ar; Nl Ja(@1)Jp(Z2) + J5(Z2) Ja(Z1) |N)
pHE-—5—
where we used
0 .0
= = + — M; + M
E+p+ply—MinE+p+ 2B M =FB+p-—2—L  @361)
with
0, ,0 0_ .0 0 .0
o _Pitpy pPi—DPy _P1tDP
= + R 3.62
P12 9 9 9 ( )
and ignoring nuclear recoil
Pl +py = M; — Mj. (3.63)

4. Non-relativistic impulse approximation: In the non-relativistic approxima-
tion the hadronic charged current J, () can be written as

Jo (B) =D 6 (F =) 1 gap Ty (1°) (3.64)

with

JE (p*) = gv (p°) ¢"° + [QA (r%) +igar (P) = In Py

_ 2 nk
oty 9 07) gy P 9 (3.65)

Here, &), is the spin operator represented by the 3 Pauli matrices and acting on the
n—th nucleon while 7, is the isospin raising operator which is also given in terms
of Pauli matrices

1
Tt = 3 (1 +im2) (3.66)

which connects u— and d—type quarks. Since o and 7 act on different spaces we de-
note them by different signs although they both represent Pauli-matrices. Again, we

35



3. Ov3B Theory

have ignored the impact of nuclear recoils. The formfactors gy (p2) ,JA (pz) ,gp (p2)
and gps (pQ) represent the charged current vector, axial-vector, pseudoscalar and
magnetic formfactors

gv(0) =~ 1
ga(0) =~ 1.27
3.67
oMy ZA( )2 (3.67)
+mz
gm(0) = pp — pin
where 1, 5, is the anomalous magnetic moment of the proton or neutron respectively.
Once more, p denotes the momentum transfer.

gp(p®) =

By applying the above approximations (1-3) and by defining the effective neutrino Ma-
jorana mass

mmr—Ez 2 (3.68)

we can write the matrix element as

GrVia\ 2
£ d) @ (p1) Y* Py’ Ca” (p2)

V2

% / dPz1d3a, (2;3 / d3p e?i{ipE(le_fﬂi}) (3.69)

< (Ny| Jo(21)J5(Z2) + J5(Z2) Ja(Z1) | N:) & (M) + pY + P — M;) .

Further, in the non-relativistic impulse approximation we have

M =4ditmpgg (

Jo (Z1) Jp (Z2) Z § (T1rn) 8 (Torm) 757t (JSJSL — T, jm> (3.70)
and
Jo (Z1) J3 (Z2) = Jp (Z2) Jo (Z1) . (3.71)
Using Eq. (2.3) we can then write
(6% (0% 1 (0%
vvﬂ=gﬁ+§(vvﬁ 757)- (3.72)

We can see that the second term when including the hadronic currents will vanish. Thus,
combining the above relations in the matrix element we find

. GrVua\*_ 7
M:4z7rm55( /s > u (p1) PRCTU" (p2)

Nf| Z/ d3p exp{?,p ( )}T o, <J2J£n_j1jm> ‘Nz> (3.73)

- M+Mf>
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3.2. Theory of the Standard Ov (3 Mechanism

After switching to spherical coordinates we can solve angular parts of the integral over
d3p via

sin (k)

/ exp{ik cos (0)} sin (0) do = 2 P (3.74)
0
such that we can write
/ dBp  exp{ip- (P — 7))}
@ p (p+ B - Bt
2 ™ 00 ;
dp . exp{i|p||rnm| cos (0
:/ dqb/ d9/ spsin (0) i [ J|\/[+]\E[ )}
0 o Jo (27) P (p +E- Tf) (3.75)
1 /OO sin (prom)
= — o AP
20 Jo pt B - M
1 _
= H nmaE )
4R (r )
where
— 2R [ sin(pram)
H (rpm, F) = — : dp (3.76)
o) = 0 [
is the so-called neutrino potential and we defined
Tmm =Tn — Tm.- (377)

Plugging this back into the matrix element one finds

. GrVua\® . v
M= —z% ( f@d) @ (p1) PROT" (p2) M%6 (p) + p§ + My — M;)  (3.78)

with the nuclear matrix element defined as

MY = (Nf| 3 H (v, B) 7t (T Ton = J805) (3.79)

and with R being the radius of the nucleus. To calculate the differential decay rate we
need to take the absolute square of the matrix element |/\/l\2 which contains the leptonic
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currents

> [ (p1) Pruc (pa)|?

spins
= > {@(p1) Pruc (p2) u® (p2) Pru (p1)}
spins
:S%;S i Tr{(1 +75) u® (p2) u® (p2) (1 — v5) u (p1) @ (p1)} (3.80)

:i Tr{(1 +75) (P2 — me) (1 = 75) (P1 + me)}

PiPs
=P TH{(1 4 35) (1 = me) (1= 75) (0 + me)}
=2p'poy = 2 (E1Ey — pipa cos )
To solve the leptonic currents we used the fact that one can always take the trace of a
scalar without changing the result. Additionally, we applied the following relations
Tr{ABC} = Tr{CAB} = Tr{BCA} (Cyclic Permutation)
Tr{A+ B} = Tr{A} + Tr{B}
Zspins U(p)ﬂ@) = p + me
Zspins uc(p)uc(p) = p — Me
Tr{y"} =0
Tr{y"y5} =0
Tr{ys} = Tr{y"*7"75} =0
Tr{y#~"} = 4¢g"”
(v5)° =1
{75,7"} = 0.
While the above result holds for free electrons, we have to take electromagnetic interac-

tions between the outgoing electrons and the charged nucleus into account by multiplying
the electron currents by the Fermi function

} (Completeness relation)

} (Trace of odd number of 4* vanishes) (3.81)

2mn
F(Z,F) = 3.82
(2,5) 1 — exp{—2mn} (3:82)
with
n=Zale. (3.83)
p

Combining all of these findings into the differential decay rate one finally finds

2 G‘};V‘ld
— e (B Ey — cos 6
(27r)5R2( 12 = p1pz cosf) (3.84)

X F(Z+ Q,El)F(Z—I- 2,E2)p1p2 sin 0 df dEy

dr% = |mgg|* |M?|
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and thus with

-1 FOZ/
Ov _
(T) = a2 (3.85)

the half-life can be written in the well known form

1
(18) = Imasl® M 6% (Q, 2) (3.86)

where G% is the so-called phase space factor (PSF) which is given by the integration
over the leptonic phase space

= / dT; / dfsin Op1pe (E1E2 — p1p2 cos )
_—CFud i _
210g2(27r)5 R2 Jo ' 0 R 1

XF(Z+2,E1)F(Z+2,E2).

Ov
¢r@.2) (3.87)

From Eq. (3.86) we can see that the expected half-life within the mechanism of light
neutrino exchange depends on

1. The effective Majorana mass mgg which is a parameter that has to be generated
somehow beyond the Standard Model and is a priori completely unknown

2. The nuclear matriz element M® which cannot be calculated exactly but rather has
to be calculated approximately within multi body nuclear simulations.

3. The phase space factor G% which within the above approximations can be calcu-
lated exactly.

While we used the S-wave approximation to calculate the PSFs to show the principles of
the calculation, significantly better and more exact methods [29, 58] do exist which differ
by up to 30% from the above approximation. We want to point out that from Eq. (3.87)
we can see that the half-life will be proportional to °. This is an important feature as
it determines the relevance of different isotopes for experimental usage.

3.3. Non-Standard Mechanisms

3.3.1. Long- and Short-Range Mechanisms

In the last section we have discussed the formal description of the standard picture
of OvBpB generated by the exchange of light Majorana neutrinos. While this is the
most commonly studied mechanism to generate Ov303, it does not necessarily have to
be the dominating mechanism. We know that to generate a non-zero neutrino Majorana
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10°

mass term, we need new-physics beyond
the Standard Model. However, we do not
know if the resulting neutrino Majorana
mass term will be the dominating AL = 2
operator within this theory as we do not
know if an explicit Majorana mass term
actually exists. Additionally, even in the
case that the light neutrino masses are de-
scribed by a Majorana mass term, cancel-
lation effects resulting from the additional
Majorana CP-phases can in the case of

107!

1072

[mpgg| [eV]

1073

-4
normal mass hierarchy lead to a vanish- P10 107 mn}f—é\/] 107 10°
ing effective mass mgg. The effective mass

mgg in dependence on the lightest neu-

trino mass 1My, is shown in Figure 3.5. Rigure 3.5.: Effective Majorana mass mgag
The usual way to try to describe the pos- plotted in dependency on the
sibility of additional different mechanisms mass of the lightest neutrino
is to use effective lepton number violat- mass eigenstate for both mass
ing operators which could arise from some hierarchies. As one can see,
more complete model by integrating out in the case of normal hierarchy
heavy degrees of freedom. We will dis- (NH) cancellation can appear.
cuss the formal definition of this process To arrive at this plot, we varied
in the following section 3.4.1. These effec- the currently unknown Majo-
tive operators are then classified into three rana CP-phases from 0 — 7 [59].
types of mechanisms represented in Fig- The parameter region shaded
ure 3.6. These are the usual mass mech- grey is excluded from measure-
anism, long-range mechanisms and short- ments on the sum of neutrino
range mechanisms [61, 7|. masses 3, m; < 0.17eV [60].

Long-range mechanisms:

The diagrams (b) and (c) in Figure 3.6 are what is usually referred to as long-range
mechanisms. That is, they are mechanisms which include a light neutrino propagator.
In this work we assume that all new-physics will come from additional heavy particles
and therefore that no additional light degrees of freedom exist. Within this assumption,
contributions from diagrams of the (c) type can be safely ignored since they will be highly
suppressed by two small effective couplings C(®7) and the necessity of another neutrino
mass insertion. Even if one considers the existence of additional light mediators con-
necting the two effective couplings instead of the usual neutrino propagator, diagrams of
type (c¢) would be suppressed by presumably small (0(6’7))2 and could only be relevant
in case there is no contribution from other diagrams.

We therefore only consider diagrams of type (b) when talking about long-range mecha-
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(a) (b)
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Figure 3.6.: Feynman diagrams of neutrinoless double-5-decay including low-energy ef-
fective couplings. (a) is the standard mechanism of light neutrino exchange.
The diagrams (b) and (c) with vertices denoted by C®7) represent so-called
long-range mechanisms while the diagram (d) labeled with C) represents
so-called short-range mechanisms.

(6,7)

nisms. The couplings C represent effective operators of the type

C®7) [ud] [ev], (3.88)

which can have different Lorentz structures. Such operators are of mass dimension-6 or
7 if they include a derivative term.
Short-range mechanisms:

Short-range mechanisms refer to diagrams of the type (d) in Figure 3.6 which do not
include any light mediator. A short-range mechanism hence at low energy corresponds
to an effective 6 fermion dimension-9 operator of the type

O [ud) [ud] [ee], (3.89)
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vy vy

Figure 3.7.: Feynman diagram of the black box theorem by Schechter and Valle [6].

again with different possible Lorentz structures. Thus, short-range mechanisms corre-
spond to an effective OvB3 vertex which connects the external fermions without any
internal structure. If we include derivative terms also higher dimensional operators can
contribute to short-range mechanisms. However, we will ignore this possibility here.

Schechter-Valle Black Box Theorem

The famous black box theorem first discussed by Schechter and Valle [6] gives a connection
between non-standard mechanisms and neutrino masses. Its statement is that a possible
observation of neutrinoless double-5-decay would be equivalent to neutrinos
being Majorana fermions independently of the actual mechanism responsible
for OvpBSB. The argument is relatively easy to follow. We know that Ovf3S corresponds
to an effective 6-fermion interaction. If we do not care about the exact mechanism
we can treat the internal connections of the Ov3f5 diagram as an effective black box
vertex with two outgoing electrons, two outgoing up-quarks and two incoming down
quarks similar to the short-range mechanisms discussed above. By closing the lines of
the external quarks and adding two W-propagators one can generate an effective 4-loop
diagram which contributes to the Majorana propagator of the left-handed neutrino fields.
The procedure is depicted in Figure 3.7. Therefore, if one does not assume some spurious
cancellation this 4-loop diagram will generate some non-zero contribution to the neutrino
Majorana mass term. Only shortly after Schechter and Valle had proposed the black box
theorem, [62] and [63] showed that there cannot be a symmetry argument continuous or
discrete to generate such a cancellation to all orders in perturbation theory. Following the
seesaw formula in Eq. (2.87) we know that formally the existence of a Majorana mass term
independently of any additional Dirac mass term will result in the mass eigenstates being
Majorana particles. Thus, the observation of Ov 3 would indeed mean that neutrinos are
Majorana particles. However, it should be noted that the contribution to the neutrino
mass assuming a half-life of O (1025 y) would result in an extremely small contribution
to the neutrino mass dm by the above mechanism of [64]

sm =0 (107%eV). (3.90)

Considering the mass differences measured in oscillation experiments (see Table 2.3)
the above contribution is many orders of magnitude smaller and hence cannot be the
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Figure 3.8.: Feynman diagrams of Majoron models with the emission of 1 (left) and
2(right) Majorons. Note that there are a lot of different Ov35 Majoron
models and the above two diagrams only show two examples.

only neutrino mass generating mechanism. With this knowledge in mind, the black box
theorem although important remains of rather academic interest.

3.3.2. Majoron Models

While the above discussion about long- and short-range mechanisms covers all aspects
of the usually considered OvS3-decay with

(A, Z) — (A, Z +2) + 2! (3.91)

which have only 3 final state particles, there is another class of possible models which
incorporate additional light final state particles x° that cannot be detected directly within
the decay experiment

(A, Z) — (A, Z +2) + 271+ X", (3.92)

Models of this kind are usually referred to as Majoron models. Historically the term
Majoron referred to the Goldstone boson of a spontaneously broken global lepton number
symmetry [65].

Experimentally, Majoron models would lead to a different signature than the usual Ov 5
long- and short-range mechanisms. While the latter result in a sharp peak at the end
of the measured summed electron energy spectrum, Majoron models will not result in
such a signature. This is because the additionally emitted scalar(s) will carry away some
portion of the released energy similar to the two neutrinos in the usual 2v58-decay.
However, Majoron models can still result in a different spectral shape [66] and hence can
be distinguished from the 2v33-decay background. We will not consider Majoron models
any further within this work.

3.4. Effective Field Theory Approach

To be able to study the effect of the aforementioned possible non-standard Ov/35 mecha-
nisms in a model-independent way, we will now give a brief introduction into the concept
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of effective field theories which we will utilize for this purpose.

3.4.1. Introduction to Effective Field Theories

Let us start by introducing the general aspects of effective field theories (EFTs). There
exist several comprehensive reviews and introductory lectures on EFTs in the literature,
e.g., [67, 68, 69, 70]. Here, we mostly follow |71] and [51].

Oftentimes, when dealing with physics at (macroscopic) low energy scales, it is convenient
or even necessary to work within a so-called effective field theory rather than within the
full (microscopic) theory. Within such an EFT we include the dynamical degrees of
freedom (d.o.f.) which are relevant at the considered energy or length scales and for
the physical processes of interest and we ignore any additional d.o.f..> To visualize the
principles of EFTs let us disregard the field aspect for a moment and consider a more
handy picture. Imagine for example the process of two billiard balls scattering off each
other. This macroscopic process is very well described by Newtonian mechanics and, as
long as we keep the scattering process at an energy that is small enough for the balls
not to break, we do not need to worry about the microscopic structure of the balls. The
principle stays the same when talking about particle physics and quantum field theory.
In this sense, EFTs can be used in two ways:

1. Top-Down: If the microscopic physics, i.e., the “full theory” is known, EFTs can
be used to simplify calculations of, e.g., scattering amplitudes and study the impact
of the microscopic d.o.f. onto the low-energy physics.

2. Bottom-Up: If the microscopic theory is unknown but a low-energy theory exists,
one can promote the low-energy theory to an EFT by systematically including all
possible operators which respect the symmetries of the low-energy theory. If we
know that the microscopic theory has to break down into a low-energy theory
with the considered symmetries, we automatically include all possible new-physics
interactions in this EFT framework. In this way one can study physics beyond the
Standard Model in a completely model-independent way.

For now, let us concentrate on the first direction and see how we can generate an EFT
from a microscopic UV complete theory. We will concentrate on the second aspect in the
following sections. Usually,® one can arrive at a simplified particle physics EFT model by
“integrating out” heavy degrees of freedom @}, of the full model which cannot be generated
on-shell at the relevant energy scales and hence can be considered non-dynamical at low
energy. In such a case, we can define the effective action Seg in terms of the action of
the full theory S as

/D‘I’l exp{iSeff [(I)l]} = /Dq;lD(I)h exp{iS [CI)[, (I)h]} (393)

5Tt should be noted that there might be more or fewer degrees of freedom compared to the full theory
due to possible redefinitions, e.g., there are more bound quark states than there are quarks.

Shut not always. E.g., to arrive at chiral perturbation theory which is a low-energy approximation to
QCD and describes interactions in terms of neutrons, protons, pions etc. one does not integrate out
“heavy” up- and down quarks.

44



3.4. Effective Field Theory Approach

++++++++ - B

Figure 3.9.: Visualization of integrating out and matching Feynman diagrams of the mi-
croscopic full theory (left) and the corresponding macroscopic EFT (right).

In D dimensions the corresponding effective Lagrangian L.g can be expressed as a series
of local operators O;(x)

e o
Loal®] = Y 150" (@) (3.94)

1,d>0

where A is the microscopic scale at which new dynamical degrees of freedom become
relevant. The coefficients Ci(d) are known as Wilson coefficients. We see that at energies
w < A the Wilson coefficients of operators of dimension d > 4 get suppressed by powers
of O (w/A) and thus decouple with increasing operator dimension. For this reason one
may truncate the infinite operator expansion of the Lagrangian at a finite dimension N
while still capturing the essential low-energy physics.

As an example, let us now consider a Yukawa theory with a real massive scalar ¢ and a
massless fermion W. The microscopic Lagrangian is given by

— 1 _
Ly =iUJ¥ — ¢ (010, +m3) ¢ + Ao T L. (3.95)
Instead of solving the functional integral in Eq. (3.93) excplicitly, we can “integrate out”

¢ by demanding that at low energies it satisfies its classical equations of motion given
by the Euler-Lagrange equation

oL oL
g =0. 3.96
56~ " 80,0) (399
Solving Eq. (3.96) one finds
¢ =X (0"0, +m3)” TV (3.97)

and plugging this back into Eq. (3.95) gives us

— A2 S
Lo = 19PY + - (910, + m3)” YU, (3.98)

This now non-local effective Lagrangian will result in the same correlation functions as
the original Lagrangian without containing the heavy field ¢. To get an expression in
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terms of local operators we can Taylor expand Leg. Doing so and switching to momentum
space one finds

_ A ANp?2_ Pt
Log = i1UIU + —Q\II\I/\II\I/ — —4\11\11‘1/\1! + 0O — (3.99)
2m¢ 2m¢ mg,

with p? < m% This procedure can also be understood in terms of Feynman diagrams,
as represented in Figure 3.9, where we Taylor expand the scalar propagator which results
in a new 4-fermion vertex.

3.4.2. Low-Energy Effective Field Theory

Let us now focus on the bottom-up aspect of EFTs turning towards our main topic,
i.e., neutrinoless double-3-decay. In the previous section we addressed the possibility of
non-standard long- and short-range mechanisms that can contribute to or possibly even
dominate the Ov[35-decay rate. Here, we will introduce an EFT framework which allows
us to study the impact of different Ov35 mechanisms.

At energies below the masses of the W and Z bosons we can treat particle interac-
tions within a low-energy EFT (LEFT) by integrating out particles with masses above
mw ~ 80GeV. Since we are now at energies below the scale of EWSB the remaining
gauge symmetry of the model is SU(3)c x U(1)g. We can now study possible new-
physics contributions to Ov5S by considering all possible effective operators which can
contribute to Ov33 at tree-level within this LEFT framework. Studying limits from Ov 38
experiments on the relevant LEFT operators can then give us insight into possible new
high energy physics.

Looking at the Feynman diagrams of Figure 3.6 we can see that at LEFT-scale long-range
mechanisms correspond to lepton number violating 4-fermion AL = 2 interactions which
contain a single quark bilinear. Hence, they should be represented by effective operators
of dimension-6. If we include derivative terms, also dimension-7 and higher operators
will contribute to the long-range part. Following the same line, short-range mechanisms
correspond to lepton number violating AL = 2 point-like 6-fermion interactions includ-
ing 2 quark biliniears.

A OvgBp LEFT framework was first developed in [7] and [8] for the long- and short-range
mechanisms respectively. They found the most general set of dimension-6 and 9 lepton
number violating operators contributing to Ov53 to be given by

Gr »
L= — i 3.100
6 \@ %:%] k ( )

for the long-range part with i,k € {V + A, S+ P,T,,Tr, } and

G2 . . )
Ly = 2mF [EllanlJm]n + Eéan;WJ;wm]n + Eémnt]l“!]um]n
N Lmn (3.101)

e T+ €T j,m}
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Imn

for the short-range part with [,m,n € {L, R}. €, and €™ are the Wilson coefficients of
the different long- and short-range operators. The quark currents J are given by’

Js+p=Jpr =u(1x75)d
Jvea=Jpp =" (1£75)d (3.102)
JTR,L = J]‘ﬁ:L =uct (1+75)d

and the lepton currents j are given by

Jsxp =¢(l£75)v°

Jvea=ey (1 5)v°

Jrg,, = €0t (1 £ y5) v° (3.103)
Jrr =e¢(1£s5)ef
jg,L =ey" (1 L)€

While this framework captures the most relevant operators, one should note that it
contains several redundancies so that it can be further simplified. In order to do so, one
needs to notice a few things:

1. In the long-range part of the Lagrangian, only operators with a right-handed lep-
ton current will contribute to Ov53 at first order. This is because the propagating
neutrino has to couple to the standard left-handed weak interaction. Other inter-
actions will be suppressed either by a neutrino mass insertion which can flip the
chirality of the propagating neutrino or by an additional effective operator with
corresponding small Wilson coefficient. That is, we can take

VA= 3P = (T =, (3.104)

2. Combinations of tensor currents with different chiralities vanish. Thus, we can set
e = e =0 (3.105)

for the long-range part and similarly
kB — (fin — g (3.106)

for the short-range part. One can verify this by considering the Fierz transformation

"We keep the two different types of indices for the short-range currents to stick with the literature
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of a combination of two tensor currents
{@10‘“’\112] [ﬁgaw,\l&;]
=-3 [El \If4:| [@3@2] -3 [@1’}/5@4} [@3’75\1/2]

11— __
+ 5 {\IflUMV\I/4i| [\Ilga'w,\:[lg]

(3.107)

- 3{ [ [  [Sm[s)

+-(-3 {E\yz} {63\1:4} - 3[@175\112} [\11375\114D

1
2
1= . —
+ Z [\1110'“ \112:| [\Ilgauy\l&l]
which results in
[@10“”\112} [@30’;“,\1/4}
=—4 [61@4} [63\112} —4 [@1’)/5\114} [@3’)/5\112} (3108)
- 2[@1‘112} [@3‘1’4} -2 [@175‘1’2} [as%‘h]
Inserting Wo = P, g¥o and ¥4 = Pg W4 gives the desired result.
3. We can omit the last index in the Wilson coefficients €4 5 and take
ey — e (3.109)
by noticing that®
Ty = THCT"
_ _m\T
- (\IJWC\IJT)
_ @CT,YMT@T (3.110)
— — O
=UyHU° =0
Additionally, we then have to redefine
I = " =eyses. (3.111)
Imn and 6lmn
1 3

4. In the short-range part € are symmetric in the first two indices. That

is, we have

ey = ey (3.112)

8remember that fermions are represented by anti-commuting Grassmann numbers
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and can therefore choose to set
e =0 (3.113)
and only keep eRL".

Considering the above discussion about redundancies, we are left with 30 independent
LEFT operators. One is given by the standard mass mechanism of light neutrino ex-
change, 5 operators represent different long-range mechanisms and the remaining 24
operators represent different short-range operators. After getting rid of the redundant
operators we will refer to this framework as the e-basis.

More recently |72] has introduced a different basis of SU(3)cxU(1)q invariant dimension-
9 operators. Together with two additional dimension-7 operators and a relabeled de-
scription of the dimension-6 operators above which were introduced by [73] the relevant
Lagrangians in this basis can be written as

2G
L2 =5 |OVL (@7 de) (er)

(exvy) (3.114)
(ezvi)

+C(6 urot” dR) (eLUWVE)] + h.c.

urd

va (@ dr) (s
C(G (@rdz)
+C) (azdr)

(@L

and

2G g
£(A73; 2= ﬂz C( ) L (@y"de) (eLouvy)
o (3.115)
) (@mydz) (eLa,ﬂ/i)] the.
for the long-range part, where
<>
adf = (0a)B — a(0p). (3.116)
The dimension-9 short-range operators can be written as
9
AL 27 5 Z [(C ,1% (€ReR)
+CZ(L) (e,ye‘i)) O; (3.117)

+C7) (Evunse”) OF ]
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with the scalar O; and vector O four-quark operators [72, 74|

= (ur*vudg) (wE’y"d}) 0y = (TR yudy) (@r’y'dg),  (3.118)
Oy = (ug®d}) (ug’dy), O = (ar®d$y) (ur’dy), (3.119)

= (ur"dy) (ur’df). 04 = (ur”dy) (uz’dy). (3.120)
04 —( Trydf) (TR, (3.121)
Os = (ur®yud ) (uR Ydg) , (3.122)
Of = (ury*dy) (urdg), OL' = (upy*dr) (wrdL) (3.123)
O = (g *y#dy) (wpAdg) O = (@p\'y"dg) (@rA\tdL),  (3.124)
0§ = (uzy"dr) (urdy), O’ = (ury"dr) (urdr), (3.125)
O = (urh'y"dy) (urAdy) , Oy = (uph'y"dr) (wrA*dr),  (3.126)

where «, § are color-indices and A, A = 1...8 are the generators of SU(3) in the fun-
damental representation given by the 8 Gell-Mann matrices. The operators O and O’
are related via parity transformation. We will refer to this framework as the C-basis.
Compared to the e-basis the C'-basis contains no tensor currents but instead contains
color-octet operators. Including the standard mass mechanism and the corresponding
coefficient mgg, it also consists of 32 instead of 30 operators due to the addition of the
two dimension-7 operators.
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The short-range parts of the e-basis and the C'-basis are related via Fierz transformations.

—_ ) €3 s =
my
2 2
C§9L) _ mi (eFLL — 4eklLy Céi), _ mii)v (eRRL _ 4cfRLY
(3.128)
9 2v 9 2v
) = (gt ), ) = o (e A
16v 9) 16v (9) 16v (9) 16v
0(9) _ v LLL’ C( r_ 1o RRL7 c9 — _ Y 37 o _ _ 2O RRR
3L €2 3L a2 3R €2 3R ma €2
(3.129)
© _ 2v Rrr © _ 2V RrR
C4L = miNﬁg y C4R = m7N€3 (3130)
o9 _ YV RLL o) _ YV RLR 3131
5L mN €1 5 — €1 ( )
9 v ) 9 v D
‘Cé ) = miN <€£RR + 23€£RR> 5 06( ) = miN <€?LR -+ Z3€£1%LR> (3132)
c® — ;Y LRR  ~Or _,; Y RLR 3133
7 ZmN € 7 ZmN €4 ( )
9 v .9 9 v D
Cs(; )= . (egLR - z3e£LR) ) C’g(; V= . <65RRR - z3efRR> (3.134)
109 — .YV LLR cOr — . Y RRR 3.135
9 ZmN & 9 ZmN €4 ( )

The complete derivation of the above relations is given in appendix A. We want to note
that the translations marked by an ‘!’ differ from the translation derived in [74].

While this treatment is suitable to study new-physics at low energies, one can study
new-physics aspects at higher energies above EWSB by treating the Standard Model
within its full SU(3)¢ x SU(2)r, x U(1)y gauge symmetry as an EFT (SMEFT). Com-

paring to SMEFT, out of the 24 short-range operators 3 corresponding to C’f?,Cﬁ)
)

and Cé% are induced at SMEFT dimension-7 while eleven operators corresponding to
C’gi)s L7C§9L),3L/ ,C’ﬁ?’ and Cég_)g’ receive contributions from SMEFT dimension-9 opera-
tors |72, 74]. These can be considered to give the most relevant contributions from a
phenomenological point of view as higher dimensional operators are suppressed by ad-
ditional powers of v/Apgy. A full SMEFT basis up to dimension-9 was unavailable for
a long time and has only been found recently [75, 76]. Additionally, we do not know if
SMEFT will be the correct completion to a Ov3f inducing new-physics. Therefore, we
will consider the LEFT basis as our main focus to study as a low-energy theory is the
more natural way to go.

3.4.3. Chiral Perturbation Theory

While QCD is asymptotically free, its coupling constant grows with decreasing energy
scale and perturbation theory breaks down at a scale of A, ~2GeV. A possible way to
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describe QCD interactions below this scale, e.g., nuclear processes, is given by the appli-
cation of the so-called chiral perturbation theory (xPT) [77]. xPT builds upon the fact
that in the limit m,, 4 s — 0 at GEV scales QCD has a global chiral SU(3)7,xSU(3) g sym-
metry which, however, is not present in the ground state of the theory. The spontaneous
breaking of this approximate symmetry induces 8 light pseudoscalar mesons via Gold-
stone’s theorem. Instead of quarks, the relevant fermionic degrees of freedom are given by
bound quark states such as protons and neutrons. One can obtain the yPT Lagrangian
by including all nucleon-pion operators which obey the chiral symmetry and expanding
in terms of a power counting scheme my/A,. The yPT Wilson coefficients are usually
referred to as low-energy constants (LECs) and have to be determined experimentally,
from lattice calculations or estimated from naive dimensional analysis (NDA) [73]. Given
sufficient knowledge about the LECs, yPT can be used to make predictions about low-
energy QCD processes which cannot be described within the usual perturbative methods.
Hence, xPT is a natural way to go when trying to describe nuclear processes.

3.5. A Ovp3p Effective Field Theory “Master-Formula”

In this section we want to summarize the EFT framework introduced in |73, 74|, the
Ovp3S “master-formula”, that we will apply in this work. The general idea behind it is
that, assuming no contributions from light new-physics, one can describe Ov33-decay in
some arbitrary BSM model by a chain of matching onto effective field theories BSM—
SMEFT — LEFT —xPT.? At the chiral EFT scale the expected Ov33 half-life can
be written in terms of the LECs as well as the 32 LEFT operators and of course the
corresponding NMEs and PSFs. The most general transition amplitude can be written
as [74]

2 G2 .
A= % Ayt (p1) Pru (p2) + Art (p1) Pru® (p2)
E—E
+ A (p1) you® (p2) ———2 + A 7 (p1) u® (p2) (3.136)
+ Ap (p1) Yov5u” (p2)

where the subamplitudes A; describe the contributions to the different lepton currents.
Their definitions are given in Eq. (3.138)-(3.142). To arrive at the half-life formula one
again has to take the absolute square of Eq. (3.136). In order to do so, one has to calculate
11 different lepton current traces. These correspond to the usual 11 PSFs given, e.g.,
in [78]. However, these 11 PSFs contain several redundancies such that only 6 different
PSFs are necessary to describe the full half-life formula. The solutions to the different
lepton current traces are given in Appendix B. Following this, after taking the absolute

90f course xPT is extended by leptons. If desired one can also skip the first step and directly match
onto LEFT. This might even be necessary for some BSM models.
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square of the transition amplitude, the half-life can be written as

(78) " =ah|Gor (1A + 148I) =2 (G — Gi) Re Lz

+4Gon | Ap[? + 2Gos (| Am[* + Re [A5,, (A, + Ap)))
—2Go3Re[(A, + AR) A + 2A,, A%

(3.137)

+ Gog | Anr|” + Gog Re [(Ay, — Ag) A*M]:|

which is the aforementioned “master-formula”’. The sub amplitudes A; each depend on
different LEFT operators and can be written as

A, = mpp M(Vs)
me
7
M(G (CSL’ sr» Ot ’O\(/I)NC\(/P){) (3.138)
m% 9 9 9 9 9 9 9
NM <C£L)’C£L)/7 2L)’CéL)/7C§L)7C?(>L)/7CzEL)7OéL)) )
m

9 oV 9 (9 9 9) (9
Ap = meNM (cig,cﬁg/,cég,c;g/,cgfg,c;dg/,c;g,c;}g) , (3.139)

Ap = MSE?)L (C\(/GID

e (C\(fﬁ{) | (3.140)
A, =M ()
M (Cgﬁ) | (3.141)
Aur = ) ()
; (3.142)

2
+ M) (e, e e, el o, o )
Here we explicitly emphasized the dependency of each matrix element M; on the different
operators. The matrix elements M; depend on the different LECs and operators. A,
depends on the matrix elements

1 m2gNN
M) = Vud< —Mp + Mgr + Mr + 2 WV MFsd>
9a 94
m2
M = o (7 (680 ) 75 (1= ) ) s i v
1 2m3
M) = _27”?\/ 07(r7r)L (MGT sa T Mr, sd) gam %VC](V])VLMFvsd’

(3.143)
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Apg is given by
MY = MO|1 R, (3.144)
for Ag the different contributions are
V. C(G) 2 6 E
M = VL (Q‘Q/MF + = (2ME + MM + g‘{LMF,Sd> :
’ 3 94 3 94

6) , 2 E
6 VuaCYh (g 6g
My =~ TV (ggMF 5 (2MaF + M) + QZLMFsd> :

Ay, is determined by

VO
M), = TR (96 pgy— L (a1 - 401 ) — 3 (gf + MEF + 2" + Maf)

6 gA
12g
V L My sd>
QA
(6) Vudcx(fz)% 9y L yraa AA AP PP AP PP
Mme,R:T g MF+3(MGT —4MT )+3(MGT +MGT +MT +MT )
A
12gyre
- Q\ILMF,Sd>7
9a
(3.146)
and finally Ay is given by
A
M) = Vi) 222 (a3 3t
m2 2 1
+— < 5] 5 &VL Mpsa + 28,‘ (MGTsd MTsd)> }
my 9a
5 5 ) » (3.147)
9 my ~
MY = =F [ — S (&N + gfNCY ) M
My JA
1, 2Ny A9) -
+§(g$ )C\(/) gNey ))( MET o MTsd)]
In the above formulas we defined the combined NMEs
Mar = M&z + MET + MEF + MERM,
Mz = M7 + Mp" +M;44M,
1
Mps = =MaE + MEE + M{}P+M§?P,
2
NN 2 sgr (3.148)
MT(; = 2g72T < MFsd (M MTMM)
9i mN agm

2
m
+gr a2, (MAF o + Mzé,fd)JFg% (M&f o+ MEE)

4mN
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3.6. Approaches to Nuclear Matrix Elements

The short-range dimension-9 LEFT operators contribute to the C"(/?;r ~NL.NNZ couplings
that appear in the chiral Lagrangian. They are given by

9 9 9 9 9
c? =c 4+l +
~(9 9 9 9 9
C"(,)—_ §)+C§)’+C’é)—|—0§g)’
9 T 9 9 T 9 9

wm ~(9 o ~(9 5 T 9 9
— 9O — g5ty — Sgim (Cf + 1))
©) N _ D xn) (A9 | O (3.149)
Cine = (gl —eh ) (ClL + Cir )
9 9 9 9 9
it = (0840 + ™ (082 + 1)
e () + ) gl + gl
ClanaNNNIR = ClrnaN,NN}LIL=R -
The two LECs ¢ and g&" are defined as
e =g+ (3150)

& =g+

In the above formulas we marked the currently unknown LECs bold. This “master-
formula” framework depends on the PSFs which can be calculated almost exactly [29],
the NMEs which we will cover in the following Sec. 3.6, the different LECs which can
be obtained from, e.g., experiments or lattice calculations and finally the different LEFT
operators that represent the new-physics components. The necessary LECs were given
in the original publication [74] and are summarized for convencience in Table 3.3. This
framework has the very nice property that only NMEs appear which can be extracted
from simulations of the light neutrino-exchange mechanism as well as from simulations
of heavy neutrino-exchange. Since we want to study the impact of different mechanisms
in various isotopes, we use the largest set of NMEs that we could find coming from
a single approach. These NMEs are calculated within the quasi-particle random phase
approzimation (QRPA) [79]. The numerical values are given in Table 3.2. In this study
we do our calculations both with assuming NDA values for the unknown LECs and with
assuming the unknown LECs to vanish. However, we want to stress that when taking
the unknown LECs to vanish, we do keep g{YéY7 = g‘T}N = Q{}N = 1 since otherwise any
contributions from the short-range vector operators would vanish.

3.6. Approaches to Nuclear Matrix Elements
One of the main issues when studying OvS(3-decay is given by the calculation of the

nuclear matrix elements. These are the main source of uncertainty when calculating
Ovp3S half-lives as different calculation methods tend to disagree by factors of two or
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76Ge 8ZSe 96Z1" IOOMO 110Pd 116Cd 124Sn 128Te 130Te 136Xe
NME
Mp 174 -1.29 -144 -1.63 -232 -1.5 -233 -178 -1.52 -0.89
Ma# | 548 387 317 396 6.60 424 541 523 428  3.17
MGE | -2.02 -146 -145 -1.68 -244 -145 -227 -2.05 -1.74 -1.19
MEE | 066 048 050 057 080 047 0.77 0.69 0.59  0.40
MMM | 051 037 040 044 062 035 0.62 053 047  0.30
MaA - - - - - - - - - -
M#P | -035 -027 -0.30 -0.34 -0.37 -0.22 -0.57 -054 -0.50 -0.28
MEP | 010 0079 010 011 013 0.08 0.8 018 0.16 0.09
MMM 1004 -0.03 -0.04 -0.04 -0.05 -0.03 -0.06 -0.07 -0.06 -0.03
Mpsq | -343 -251 -2.81 -3.12 -413 -251 -415 -341 -294 -1.52
M2, [ 1103 790 852  9.85 1320 7.73 12.84 11.61 9.98  5.66
MGE | -5.30  -3.79 -4.22 485 -6.30 -3.65 -6.25 -5.67 -4.90 -2.77
MEE | 197 141 160 183 233 134 234 213 185 1.05
MAP | -084 -064 -091 -110 -1.19 -0.77 -1.58 -1.63 -1.49 -0.91
MEE | 031 024 035 043 046 030 061 0.63 0.58 0.35

Table 3.2.: 0vB8 QRPA NMEs in different isotopes [79]. Note that, due to different
definitions, the short-distance NMEs used in |74] are connected to the heavy

neutrino exchange NMEs in [79] via rescaling by melmp.

Known Unknown

ga 1.271 |97 o(1)
gs 0.97 [80] \grmn| o(1)
Im 4.7 9?,@7,8,9‘ o(1)
gr 099 [80] g%ﬂ o(1)
B 2.2 GeV gN 0(1)
g7 036 [s1] o o(1)
g™ 2081] g5l O(4m)?)
g5 —0.62 [31] gy o(1)
" 19 [81] g N o)
g™ 8.0 [81] N o/

wive oW

Table 3.3.: Summary of the low-energy constants necessary to calculate the Ov 35 half-life
for all 32 different operators. The table is taken from [74] and restructured.
The pion decay constant is F; = 92.2MeV.

three. Hence, in the last part of this chapter we want to briefly summarize the most
important aspects about nuclear matrix element calculations following |31, 82].

Precisely calculating NMEs is a challenging task as the wave-functions of the initial and
final state nuclei cannot be solved exactly. Instead, one needs to calculate the initial
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3.6. Approaches to Nuclear Matrix Elements

and final state wave-functions approximately by solving the non-relativistic Schroedinger
equation in one of a few different nuclear model approaches!?:

The Nuclear Shell Model

The nuclear shell model (NSM) [83] considers only those nucleons near the Fermi surface
to be relevant for the Ovfgf transition amplitude. Thus, the Schrédinger equation is
only solved for a small subset of the full many body Hilbert space. Additionally, an
effective interaction Hamiltonian is used which is fitted to reproduce nuclear properties
and observables such as, e.g., scattering data. The NSM includes all correlations around
the Fermi surface. Limiting the configuration space, as it is done here, could lead to an
underestimation of the NMEs.

The Quasi-Particle Random Phase Approximation

Together with the nuclear shell model, the quasi-particle random phase approrimation
(QRPA) [79] is probably the major method for NME calculations. While the NSM
only includes a few particles mostly within a single shell, QRPA can capture the effects
of multiple shells, however, containing fewer correlations. Calculation parameters are
usually fixed towards replicating the experimental 2v55 half-lives. Typically, QRPA
simulations result in larger NMEs compared to the NSM approach.

The Interacting Boson Model

In the interacting boson model (IBM) [84, 85] pairs of nucleons are summarized as bosons.
The calculation is connected to the shell model. However, more shells are taken into
account. Although IBM is build to approximate the shell model, it often gives NMEs
close to the ones calculated within QRPA.

Ab initio methods

Recently, ab initio methods have opened a promising new window towards more accurate
NME calculations [86]. They try to systematically remove approximations by including
the full set of nucleons as well as determining interactions from nucleon-nucleon scat-
tering data and other few-nuclei systems sometimes via relating to xPT. One of the
promising features is that such an approach can allow quantifying the uncertainties on
the calculations. This would be a huge advancement in the field of NMEs. However, ab
initio calculations are typically computationally heavy and therefore hard to apply onto
large nuclei which are relevant for 033 such as, e.g., *6Xe. First calculations for 48Ca
have been already obtained [86].

The NMEs we use are calculated within QRPA and given in Table 3.2.

10WWhen throwing the closure approximation over board, the calculations become even more complicated
and computationally heavy as the intermediate states have to be taken into account.
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4. Finding The Underlying Mechanism

In the previous chapter we saw that there are many different effective operators and
hence many different models beyond the Standard Model that can induce Ovg35-decay.
Therefore, while a possible observation of Ov 35 would indeed indicate that neutrinos are
Majorana particles, we do not know if the mass mechanism would be the dominating
contribution. The question remains how one can possibly distinguish or even identify the
leading order contribution and by this infer more information about the full BSM theory.
In this chapter we want to discuss and investigate possibilities to distinguish different
effective operators as well as some more complex models.

4.1. Distinguishing different Operators

Neutrinoless double-{-decay, if observed, would be characterized by several experimental
observables. Precise knowledge of these observables can give us some insight into the
underlying mechanism. In general there are three different observables which can be
studied in Ovf5-decay experiments:

1. The decay rate
2. The single electron energy spectrum
3. The angular correlation between the two emitted electrons.

Additional information can be gained by including different double-8 modes and by cross-
checking with high-energy collider experiments like the LHC. We will start by shortly
discussing the last possibility. Afterwards, we will focus on the possibilities to gain insight
from Ov((-decay experiments which is the focus of this work.

4.1.1. Cross-Checking with High-Energy Collider Experiments

In some sense, nuclear decay experiments can be understood as high luminosity low-
energy hadron-collider experiments as the nuclear Ov33-decay process resembles a scat-
tering process

n+n—p+p+2e . (4.1)

As with decay experiments, outgoing neutrinos cannot be detected directly within collider
experiments and only show up as missing transverse energy. There are three different
signatures that can be used to study both long- and short-range operators:

99



4. Finding The Underlying Mechanism

1. Same-Sign Dilepton Signals

p+p — 2eT + ets (4.2)

2. Missing Transverse Energy (MTE)

p+p — le* + 2jets + MTE (4.3)

3. Dijet with Missing Transverse Energy

p+p — 2jets + MTE. (4.4)

While the appearance of same sign dilepton signals is quite obviously just the same pro-
cess as OvfBQB just at higher energies, the remaining two signatures have a high-energy
origin. At typical TeV collider energies the LEFT treatment is no longer sufficient and
a SMEFT treatment has to be applied. Therefore, low-energy operators coupling to
left-handed leptons originate from SMEFT operators containing a left-handed lepton
doublet. Hence, at collider energies we have processes with outgoing neutrinos induced
by the SMEFT completion of the short-range LEFT operators that contain eS;C) as well
as outgoing electrons resulting from the completion of long-range mechanisms that con-
tain v{. Following the above reasoning, one can utilize collider data to distinguish Ov 583
inducing lepton number violating SMEFT operators of three types via their lepton cur-
rents!?

1. .. [ZLC] operators induce all three signatures.

2. ... [fe%} operators induce same-sign dilepton signatures as well as single leptons
with missing transverse energy.

3. ... [ere}] operators only result in the same-sign dilepton signature.

One should note that here we assume that no right-handed neutrinos exist at current
collider energies and we do not have to include right-handed lepton doublets. While the
full set of SMEFT operators which induce the 32 AL = 2 LEFT operators is currently
unknown, one can find a set of electroweak invariant operators by systematically adding
factors of ®'® [72]. When doing this, one finds that out of the 24 short-range operators
11 can be written in a SU(2)y x U(1)y invariant way without adding any factors of ®1®,
12 LEFT operators have to be extended by one factor of ®'® resulting in 19 additional
dimension-11 SMEFT operators and finally the single remaining LEFT operator has to be
extended by (®7®)2 to arrive at an electroweak invariant dimension-13 operator. When

'Here we do not write down all possible Lorentz structures explicitly. Instead these lepton currents
should be understood as a summary of all possible currents with the respective fields but different
Lorentz structures.

2The ... denote the SMEFT completion of the hadronic structures that appear in the LEFT basis.
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Go1 Go2 Go3 Goy Gos Gog
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Table 4.1.: Overview of the different PSFs and corresponding operators. The Gog PSF is
only induced in the presence of multiple operators.

applying this method, matching short-range operators onto the SMEFT, one finds the
following correspondences

€reR < ERreR
evuyse’ «— Ly,eh (4.5)

eret «— LL,

between the lepton currents of LEFT operators (left) and SMEFT operators (right).
Thus, LHC data could help to distinguish the different scalar short-range LEFT operators
coupling to different chiral lepton currents Ofg) > Oﬁ;{),i € [1,5] from each other as well

as it can help to identify the presence of short-range vector operators C’i(g), C'i(g)’, i€[5,9].
As we will see, especially the former possibility of distinguishing between the leptonic
currents eref and ere$, is important as this is not possible within Ov33 experiments.
One can follow the same line of argumentation for the long-range operators that are

induced at SMEFT dimension-7 [73]® by replacing ¢¢ — v¢ in Eq. (4.5)%.

4.1.2. Distinguishing via Phase-Space Observables

Let us now turn towards Ov3S experiments, our main focus in this work. As already
mentioned there are three different observables that one can investigate with regard to
their operator discrimination power. We will start with the observables connected to the
leptonic phase space, i.e., the angular correlation of the two outgoing electrons and the

3i.e., here one adds a single power of ® to the dimension-6 long-range LEFT operators

4Note that we do not have a v$
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Figure 4.1.: Comparison of the normalized single electron spectra and angular correla-
tion coefficients in 136Xe that result from the 6 PSFs which appear in the
OvpBp half-life “master-formula”. The comparison between the different sin-
gle electron spectra is represented in the lower left part of the plot while the
comparison of the angular correlation coefficients is shown in the upper right
part. The color of each curve corresponds to the operator it represents. The
x-axis covers the range ¢ € [0 — 1].

single electron spectra. These are defined by the different PSFs which again result from
traces of the squared lepton currents. Within the simplest approximation these can be
calculated analytically. More exact solutions require numeric calculations of the exact
electron wave functions [29]. The different PSFs Gy, can be written in the form [7§]

(GFVud)4m2 /
= P Vud) Me E; — E
Gor = Garsmare | O\t etk

4.
X <h0k(61,€2,R) cos@+g(]k(61,62,R)> ( 6)

X p1p2€1€a deq deg d(cos ).

Here, we split the differential phase space factor into a part hgg which depends on the
angle 6 between the two outgoing electrons and a part gox that is independent of it. Of
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course, this can always be done. The rela-
tions between the electron wave-functions
and the functions hg, and ggr are given
in 78] to which we will refer here. We ap-
ply the simplest approximation scheme ‘A’.
With Eq. (4.6) one can write the angular
correlation coefficient aj/ag which is de-
fined via

dr al

—_— = 1+ — 0 4.7

d cos 0dé; a0< + ag o8 > (4.7)
with

g =2""cco,1] (4.8)
Qpp

as
@) = >i I Mi]?ho; (€, AMNyeiei — €, R)
ao >, 1M;12go; (6, AMNyelei — €, R) -

(4.9)

Here, AMnuclei 18 the mass difference be-
tween the mother and daughter nuclei.
Similarly, the single electron spectra which
arise from the different PSFs are given by

AU (GpVua)*m?
de; 6475 1n2R2

X (Z |M; 2 goi (€, AMNuelei — €, R))

X p1p2€(AMnNuclei — €) -
(4.10)

Thus, given appropriate knowledge about
the electron wave functions, we can easily
calculate the expected angular correlation
factor and single electron spectra that ap-

4.1. Distinguishing different Operators
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Figure 4.2.: Normalized single electron
spectra and angular correlation
coefficient for each of the
4 distinguishable groups of
operators. The shapes are
shown for ¥%Xe assuming the
NDA values for the currently
unknown LECs. However,
the particular choice does not
result in a significant difference
in the general shape of the
plots. Again, the normalized
single electron spectra are
shown in the lower left part
of the figure while the angular
correlation coefficient is shown
in the upper right part. The
color of each curve corresponds
to the operator it represents.

pear for each of the 32 LEFT operators. The normalized single electron spectra as well
as the angular correlation coefficients that arise for each of the 6 PSFs are shown in
Figure 4.1. As we can see, the 6 PSFs are in principle all distinguishable from each
other, given the experimental accuracy is good enough.® However, as we can see from
Table 4.1 the different operators do not correspond to a single PSF each. In fact, while

5Note that the distinguishability between Gop1 and Gos via the anglar correlation is better in elements

with a low Q-value like, e.g., **®Te.
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U238 W186 Nd150 Xel34 —— Sn122 —— Rul04 — Zr94 — Ge76
Th232 Yb176 Nd148 Tel30 —— Cd1l16 —— Mol00 — Kr86 — 2Zn70
Hg204 Erl70 Nd146 Tel28 — Cdl14 —— Mo98 — Se82 — Ca48
Pt198 Gd160 Celd2 —— Snl24 —— Pd110 — Zr96 — Se80 — Ca4d6
0s192 Sm154 Xel36

Figure 4.3.: The single electron spectra and the angular correlation for all 35 naturally
occurring Oy~ 3~ isotopes are shown. Omne can see that, while the exact
quantitative curves do depend on the choice of the isotope, the general shape
is mostly independent of this choice. Again, the x-axis shows the normalized
electron energy €.

Gog is only induced in the presence of multiple operators the dimension-6 vector opera-
tors both trigger several of the remaining PSFs. Taking this into account, we can identify
4 different groups of operators that in principle can be distinguished via their leptonic
PSF observables namely C‘(,G %,C‘(/G }%, the operators corresponding to Gg1 and the ones
corresponding to Ggg. The PSF observables that result from each of these 4 groups are
shown in Figure 4.2. Here, we can see that the left-handed vector current operator C"(,6 %
and the operators corresponding to Gpg, while in principle distinguishable, are practi-
cally indistinguishable as the C"(/6 ]24 phase space is dominated by the contribution from
Gog. The remaining groups are distinguishable from each other in at least one of the
considered observables.

Note that while the electron wave-functions do depend on the charge of the daughter
nucleus as well as the decay energy, the general shape of the induced observables is not
very dependent on the choice of the decaying isotope. In Figure 4.3 we show both the
angular correlation as well as the single electron spectra corresponding to the 6 different

PSFs in all of the 35 naturally occurring Ov5~ 5~ isotopes.

4.1.3. Distinguishing via Decay Rate Ratios

The remaining Ov53 observable is the decay rate I'. While the former methods can be
used to distinguish operators with different leptonic currents, information about the decay
rates in various isotopes can be used to distinguish operators with different hadronic
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4.1. Distinguishing different Operators

structures. The reason for this is that different hadronic currents of course represent
different NMEs. Current calculations of NMEs in different isotopes do not show a linear
behavior as can be seen by looking at Table 3.2. Therefore, we can study the half-life
ratios

TG, (1X)
. 1/2
RO(AX) = O/TG (4.11)
T7)5(7Ge)
where TSZ'Q(AX ) is the half-life induced by the operator O; in the isotope 4X. This

possibility was first discussed in [87]. Here, we take "®Ge as the reference isotope. Of
course, one can also work with different reference isotopes. We will later also discuss
the optimal isotope combinations for distinguishing different operators. To be able to
quantify how well one can distinguish two different operators O; ; from each other we
can take the ratio

(4.12)

Specifically the ratio Ry, will be of interest to compare the effect of different operators
to the standard mass mechanism and possibly identify the existence of non-standard
mechanisms within a Ov83 experiment. Studying the decay rate ratios has several pos-
itive benefits: In case only one Wilson coefficient contributes, it drops out completely
when taking the ratio. Therefore the ratio corresponding to a certain operator and its
Wilson coefficient is a constant that only depends on the corresponding NMEs, LECs
and PSFs. If more Wilson coefficients contribute, the overall magnitude can be factored
out. The relations between the different coefficients can still change the resulting ratios.
However, assuming naturalness, one can still study the expected impact resulting from
more complex models. Additionally, when taking ratios of the half-lives, one can expect
that the impact of systematic relative errors on the NMEs decreases as they should cancel
at least partly. Taking, for example, the values of Mp calculated within QRPA [79] and
the shell model [83] in "®Ge and 82Se of

MEShpa=—174, MpShps=—1.29

4.13
My = —0.59, M5 = —0.55 (4.13)

they differ by a factor of ~ 2.3 — 2.9 while the ratios of the NMEs only differ by a factor
of ~ 1.3. This is a significant reduction and a sign towards the ratios being less affected
by the choice of the calculation method for the NMEs.

Considering the master-formula framework one can identify 11 different groups of opera-
tors that can in principle be distinguished from each other. Assuming the unknown LECs
to be equal to their NDA values, these 11 groups are summarized in Table 4.2. However,
the distinguishability of the short-range operators does strongly depend on the LECs.
Taking the unknown LECs to vanish while keeping gfé}@ = g@N = ggN = 1 to not omit
the contribution from the short-range vector operators makes it impossible to distinguish

the short-range scalar operators C’gg_ g5- On the other hand, improved knowledge about
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Figure 4.4.: The decay rate ratios RY for the different operator groups are shown. In

66

the upper plot we assume the unknown LECs to vanish, whereas in the lower
plot we set them to their NDA values. This choice significantly influences
the result for the dimension-9 vector operators. However, it hardly changes
the ratios for the remaining operators. Isotopes marked with a star have a
PSF Go1 > 10~ 4y~1. The reference isotope is "®Ge.
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Figure 4.5.: The ratio Rjy,,, relevant for identifying the standard mass mechanism is

shown. In the upper plot we again assume the unknown LECs to vanish
while keeping g{\féﬂ = g{}N = g{;N = 1. In the lower plot we set them to
their NDA values. The long-range mechanisms are marked by a star, the
short-range scalar operators by a cross and the short-range vector operators

by a triangle. The reference isotope is still *Ge.
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Table 4.2.: Operator groups that can be distinguished via taking decay rate ratios. Here,
we assume the unknown LECs to be equal to their order of magnitude es-
timate. The choice of the groups depends on the knowledge of the LECs.
If we set the unknown LECs to zero, the short-range scalar operator groups
Cé%)_ g5 become indistinguishable. On the other hand, improved knowledge of
the LECs ,assuming no fine tuning, would allow to distinguish the operators
contributing to C‘(/g) from the ones contributing to (j"(?) in Eq. (3.149).

the currently unknown LECs, assuming no fine tuning, could allow us to distinguish the
operators contributing to C‘(/9 ) from the ones contributing to C"(/? ) in Eq. (3.149) resulting
in 12 different distinguishable operator groups.

The expected ratios R for both choices of LECs are shown in Figure 4.4 while the
values for Rimg, are shown in Figure 4.5.

4.1.4. Utilizing additional Ov35 Modes

Until now, we only discussed the usual Ov3~ 3~ -decay mode and ignored the additional
modes mentioned in Sec. 3.1.1. In principle it would be interesting to also study these
additional modes as any additional decay process might improve the possibilities to dis-
tinguish different mechanisms via decay rate ratios. The reason for our “ignorance” is
simple, though. The remaining Ov33 modes are expected to have a significantly longer
half-life than the usual Ov5~ 5~ mode and are therefore unlikely to show up within an
experiment. Nevertheless, we want to discuss this a bit more detailed:

0V5+6+

This mode can be treated similarly to the usual Ov3~ 3~ mode just by choosing a negative
nuclear charge Z — —Z to calculate the positron wavefunctions. As such, the expected
half-life will also mainly be determined by the PSF which, as we saw earlier, goes with Q°.
Looking at the second column in Table 3.1 we can see that the @-values for naturally
occurring isotopes are up to one order of magnitude smaller than usual OvG~38~ Q-
values. Additionally, the electromagnetic repulsion of the outgoing positrons deforms
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4.1. Distinguishing different Operators

the wavefunctions and decreases the decay rate. Thus, we see that OvST3T will be
highly suppressed compared to Ov3~ (7. Also, from the similarities of the two decay
modes we cannot see a natural way to enhance the OvST 3T -decay rate with respect to
OvB~~. The relevant PSFs for the Ov3* 3 -decay of naturally occuring isotopes have
been calculated in [58] and are about 3-5 orders of magnitude smaller than for the usual
OvB~ B~ mode.

OvECST

The PSFs for the 0vECB™ mode have also been calculated to good precision in [58] and
are found to be 3-4 orders of magnitude smaller than for Ov3~3~. The reason is the
same as in the discussion about Ov3+S7T.

OvECEC

As this decay mode has no outgoing particles additional to the daughter isotope, there
needs to be a mass degeneracy between the mother and daughter isotopes to satisfy
conservation of energy and momentum. The degeneracy, though, does not have to be
exact, but the two isotopes can have a small mass offset due to the width of the bound
electrons energy band. In principle, an exact mass degeneracy can result in a resonant en-
hancement of the decay rate [27, 88|. These resonances are often found when considering
excited final state nuclei. The corresponding decay could be detected either by observing
the de-excitation of the daughter nucleus or by observation of an overproduction of the
daughter isotope via, e.g., extraction. Typically, such a de-excitation results in a rather
unique signal of photons and can be very well distinguished from any background [27].
However, studies have shown that the resulting half-lives are still considerably longer
than for Ov/3~ 3~ [88] and hence this mode does not have to be considered in detail in
our study.

While we see that for the usual mass, long-range and short-range mechanisms the OvECEC
mode can safely be ignored, things might be different when considering Majoron models
which do not necessitate a mass degeneracy.

Bound-State 0v383

Bound state OvfBp-decay refers to a decay in which one or both of the two outgoing
electrons end up in a bound energy level of the daughter isotope. It is usually referred
to as OvSEP and OvEPEP for the one and two bound final state electrons respectively.
Here, EP denotes electron production or electron placement. QvEPEP again necessitates
a mass degeneracy similar to the OvECEC as it is just the reverse process. It was studied
in [27] and found to give even longer half-live times than the double electron capture.
The single bound state double-S-decay OvSEP was investigated in [89] and again found
to have PSFs 6-7 orders of magnitude smaller than the competing Ov8~ 5~ mode. The
decay rates can be significantly enhanced when considering fully ionized nuclei. For some
isotopes [89] showed that in this case the OvSEP-decay rate can exceed the usual Ov5~ 3.
While this seems like an interesting case to study within experiments, it is currently not
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possible to fully ionize a significant number of isotopes at the ton or kilogram scale.
Therefore, while the decay rate might be larger, the number of ions would be much too
small to reach relevant precision within an experiment.

Artificial Isotopes

While there are only 69 naturally occurring double-3-decaying isotopes, we found about
~ 2700 possible 0v33 candidate isotopes when considering the full NIST list of ele-
ments [28]. Some of them having considerably larger Q-values of up to 50 MeV.® While
such a large @)-value of ~ 50 MeV would result in a significant enhancement of the decay
rate by ~ 8 orders of magnitude, there are several problems that arise when considering
real experiments. Although we did not study all of the possible artificial isotopes in detail,
we found the following features to be general limiting factors. First, as the name states,
artificial isotopes need to be produced within the Ov33 experiment. This strongly limits
the number of particles that an experiment can contain. Again ton, kilogram and even
gram scales are usually not possible. This fact alone typically already cancels out the
advantage gained from a larger (Q-value. Additionally, many artificial isotopes, especially
the ones with large ()-values, come with additional decay modes that strongly dominate
and limit the half-life of the isotopes sometimes down to nanosecond scales such that
storing them to study the Ovf35 mode becomes impossible. The resulting necessity to
continuously produce the artificial isotopes again strongly limits the number of isotopes
that can be studied at once. For these reasons we do not consider artificial isotopes to
be relevant for Ov53 studies.

To summarize the findings stated above: Despite the fact that many different Ovg3s-
decay modes exist the usually studied naturally occurring Ov3~ 8~ -decaying isotopes are
by far the most relevant candidates to study. Other possible modes should only become
relevant in exotic mechanisms which explicitly forbid or limit the leading Ov5~ 3~ -decay
or somehow significantly enhance other decay modes. As the Feynman diagrams for all
of the above decay modes are the same (ignoring flipping electron lines by 180°), such
models seem rather unnatural from a particle physics point of view. We therefore do not
consider them here.

4.1.5. Results - Distinguishing the 32 LEFT Operators
Summary - Distinguishing via Ov33 experiments

We found that out of the 32 different LEFT operators one can form 11 operator groups
which are theoretically distinguishable via taking ratios of the half-lives. These are given
in Table 4.2. Even the inclusion of PSF observables does not allow to distinguish opera-
tors within one of these groups. As such, they represent the general set of distinguishable
operator groups within Ov55 experiments.

SConsidering only isotopes without a single-3-decay mode already significantly reduces this number
down to 86. None of these has a significantly enhanced (Q—value.
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Figure 4.6.: The maximum values of log,( [2;; and the corresponding combination of iso-
topes are shown. Each of the fields showcases the distinguishability of two
operator pairs labeled on the x/y-axis. The dashed fields represent operator
combinations that can be distinguished via PSF observables. Again, in the
lower left half of the plot we assume the unknown LECs to vanish while in
the upper right half we take the NDA values. We can see that especially for
the dimension-9 vector operators the choice of the LECs makes a significant
difference.

As the half-life ratios are of course depending on the studied isotopes, we want to find
the optimal choice of isotopes to maximize the ratios R;; and hence maximize the pos-
sibility to distinguish the 11 operator groups. Our set of NMEs, as given in Table 3.2,
includes 10 different isotopes. In Figure 4.6 we show the maximum ratios R;; yq. for each
operator combination and the corresponding best choice of isotopes. Again, we studied
this for vanishing unknown LECs while keeping g{\’féy7 = g@N = ggN =1 as well as for
assuming the NDA values for the unknown LECs. Especially for the short-range vector
operators this choice does significantly impact the values of the ratios. We find that out
of the 10 isotopes studied, 7 (32Se, %6Zr, , %Mo, 116Cd, 128Te, 13°Te and 136Xe) appear
in Figure 4.6 when assuming the unknown LECs to vanish while 9 (all but '24Sn) appear
if one assumes the NDA values for the unknown LECs. Including PSF observables the
number of necessary isotopes for vanishing unknown LECs reduces to 6 as a measurement
in 1%Mo can be replaced by a measurement of the angular correlation coefficient.

It is important to note that although from looking at Figure 4.6 one would presume that

the scalar short-range operators C’égz)_ g5, While theoretically distinguishable, are in fact
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practically indistinguishable. This is a result of the specific values of the LECs. Different
choices can significantly enhance these ratios. Additionally, we want to stress the fact
that we study the effects of operators induced at the electroweak scale and not directly
at the xPT scale. The RGE running can induce additional operators |74]. However,
while this does of course affect the numerical values of the ratio, we find that it does not
change the general composition of the different distinguishable operator groups.

Including Measurement Uncertainties

Of course, within a real experiment we will not be able to exactly resolve the half-live
ratios. Hence, it is interesting to quantify the experimental precision on the half-lives
which is necessary to distinguish different sets of operators. The uncertainty on the decay
rate ratios AR is directly related to the uncertainty on the half-life measurement At; /2
via

ARO: Aty)o
—— =2 4.14
o = V3o (4.14)
and thus
. At
ARy _ o0l (4.15)

R;; 12

where we assumed the same relative uncertainty for all different isotopes. Using the above
relation in Eq. (4.15) we can determine the experimental precision that is necessary to
identify certain operator groups. Here, we label an operator group O; as identifiable
within experimental accuracy if

Rij,max — ARij,max > 1 Vj 7'5 1 (4.16)
which, assuming equal half-live uncertainties in all isotopes, can be written as
Aty /o .
Rij,max 1—-2—— ) >1 Vj 75 1. (4.17)
12

In Table 4.3 we show the identifiable/rejectable operators when considering different
half-life uncertainty levels reaching from 0 — 50%. While the results do depend on the
values of the different LECs, it is important to note that for the two different choices
studied here, if the Ov58-decay is observed at a 50 level, the mass mechanism can be
identified or rejected at least with a 1o significance. We can conclude that, given the
Ov3B3-decay is observed in the relevant isotopes for identifying the mass mechanism (%Zr,
H6Cq, 130Te, 136Xe), one can distinguish between the mass-mechanism and general non-
standard mechanisms. If data on the PSF observables is available, only three different
isotopes (?9Zr, 16Cd and 3%Xe) are necessary in order to achieve this. While 35Xe is
studied in many different experiments, *°Zr and ''®Cd both can be studied in the future
SuperNEMO experiment and they both have a reasonable high Q-value of 3.3 MeV and
2.8 MeV respectively as well as relatively high natural abundances. The same holds for
130T
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Identifiable operator groups
T ) | mgy O} oy o o o) of o cf) cf cf

Unknown LECs = NDA
0] X X X X X X X X X X X
1] X X X X X X X X X
51 X X X X X X X
10| X X X X X X X
15| X * X * X X X
20| X * X X X
25| X * X X X
33| X * X X X

50 *

Unknown LECs =0
0] X X X X X X X
1| X X X X X X X
51 X X X X X X X
10| X * X * X X X
15| X * X * X X
20| X * X X X
25 * X X X
33 * X X X

50 *

Table 4.3.: List of operators which are identifiable at least at the 1o level considering
different levels of relative uncertainties on the experimental half-lives. We
consider the relative half-life uncertainty independent of the isotope and ig-
nore uncertainties arising from different NME calculations. Operators that
are identifiable via ratio taking are marked with an X while operators with
a * are only identifiable by including PSF observables. In the upper half we
show the results when taking the unknown LECs to their NDA values and in
the lower half we show the results assuming the unknown LECs vanish.

The Best Case Scenario

Assuming future knowledge of the LECs does provide that contributions from C‘(,g ) and
C"(/g ) are indeed distinguishable and that the ratios for the scalar short-range operators
C’SJQ)_ g5 are enhanced up to a level that allows Ov33-decay experiments to distinguish
among them, one can distinguish 12 different operator groups. If, additionally, high-
energy collider data is available one can distinguish 17 different groups of operators as
collider data allows to distinguish between the short-range scalar left and right operators

C’Z.(z) g of which we have 5 pairs. In this case the only indistinguishable operator pairs
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remaining are the short-range operators C’i(g) and their primed counterpart Ci(g)’ as well

as the operators denoted by the group C 7.

4.2. Distinguishing specific Models

Now that we introduced methods on how one can experimentally distinguish different
LEFT operators, we want to turn towards complete models rather than just single op-
erators. As we will see and as one would expect, lepton number violating BSM models
will typically introduce several LEFT operators at a time. While we do not expect that
one will be able to identify a specific BSM model by the aforementioned methods as no
finite set of BSM models exists and many different models will result in the same low-
energy physics, we do expect that, given fixed model parameters, one can at least check
if a model fits the observed data and reject it if it does not. In the following parts we
want to briefly discuss three different models beyond the Standard Model taken from the
literature that would lead to Ov/3(3-decay. We will compare each model to the standard
mass mechanism. To be on the conservative side we will keep the unknown LECs to zero

for the rest of this chapter while still keeping g{Yé}@ =gtV =N =1.

4.2.1. Minimal Left-Right Model

The Standard Model is a chiral theory. That is, parity is explicitly broken due to the
gauged SU(2)r, symmetry and the lacking right-handed neutrino. The latter together
with the lack of an SU(2), triplet scalar results in vanishing neutrino masses. A simple
approach to resolve both of these phenomena is to extend the Standard Model’s gauge
group to a left-right symmetric model SU(3)¢c x SU(2)r, x SU(2)r x U(1)p_r, |90, 91,
92| which afterwards needs to be broken spontaneously to the Standard Model setting
SU@B)c x SU((2)r, x U(1)y. We will give a brief introduction to the minimal left-right
symmetric Standard Model (mLRSM). A comprehensive review, which we will often
follow, is given in [93]. Extending the Standard Model to a left-right symmetric theory
requires the existence of additional scalars and fermions. The minimal setting includes
two additional scalar triplets Ay € (1,3,1,2) and Ag € (1,1,3,2) as well as a scalar
bifield ® € (1,2,2%0) instead of the usual higgs doublet and obviously right-handed
neutrino fields vg (1,1,2,—1).7 It is easy to notice some similarities to the particle
content of the seesaw mechanisms that we discussed in Sec. 2.3. Again, the scalar triplets
are defined as

ALr=Y TlLR, (4.18)
giving
00Lr Ok
ALgr= <250 "1t > (4.19)
LR 2°LR

"Note that also other settings have been considered, e.g. [92].
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and the bifield & is given by

oY q>+)
o=(_1 "1}, 4.20
(% o} (4.20)

Under U g € SU(2)r,r they transform as
O — ULdU),  Ap — ULALUL,  Ap — UrAgU},. (4.21)

The fermions are grouped into left- and right-handed doublets
VL ur,
Ly = < ) €(1,2,1,-1), QL = < > €(3,2,1,1/3), (4.22)
€y, dL
= (M eara-n, o= (M) emrzym,  am
(6723 dR
which transform as

\IJL,R — UL,R\I/L,R' (424)

It is easy to see that the electric charge of a field is given by

B-L
2

Q = I3L =+ IgR =+ (425)
Obviously, the field content of this theory is symmetric under a transformation L <«
R. There are two discrete symmetries which can relate left- and right-handed fermions
namely parity P and charge transformation C' [94]. Thus, one can define two different
discrete symmetry transformations

PV < Up, P — B, ALRr <= AR (4.26)
C:U, = (Vp)°, QO+, App< Ak} (4.27)

Requiring either P or C invariance results in different constraints on the scalar potential
as well as the Yukawa coupling matrices [94].%

The matching onto the SMEFT and afterwards the relevant LEFT operators has been
discussed in the original “master formula” paper [74]. Here, we will summarize their
findings and expand on the topic of distinguishing this model from the standard mass
mechanism by considering the C' symmetric case. Considering Eq. (4.25) we can identify
the neutral components of the scalar fields. Assuming that U(1)g is an unbroken sym-
metry only these components can gain a VEV and thus the most general form is given

by

@=5(0 o) @i=o5(o o). @a=s(00) 6

¥Note that a combination of both does not fit observational constraints [94].
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We want to point out that generally all four VEVs can be complex, i.e., v = vexp{iay}.
Two complex phases can be rotated away [95] such that we are left with two complex
VEVs and we can write

1 (k O 1 0 0

(® = (o ﬁ,em>, (Ar) =% (uLei"L 0)’ (Ar) = \}i (72% 82472%

with real parameters x, k', vy, vg, a, 0. The VEVs are related to the parameters of the
scalar potential Viizes by requiring
aVvH'L'ggs _ a‘/Higgs Cr"/Higgs aVvH'L'ggs aV'Higgs a‘/Higgs

ovr, OvR Ok oK' oo 00y, 0 (4.30)

As vg spontaneously breaks SU(2)r x U(1)p—r, — U(1)y it is reasonable to assume
it be the largest VEV. The VEVs of the bidoublet ® play the part of the usual Higgs
doublet and break the remaining SU(2); x U(l)y — U(1)qg. As such, they are of
the order of the electroweak scale. Finally, the remaining VEV vy, should be very small
since it generates a Majorana mass term for the left-handed neutrinos and additionally
contributes to the masses of the W- and Z-bosons. Thus changes the p-parameter at
tree-level [96] which is given by [10]
mw
p=——5,— = 100038 & 0.00020 (4.31)
my cos? Oy

and is equal to unity within the Standard Model at tree-level. Therefore, we assume the
following hierarchy

VR > K, K > vr. (4.32)

The fermion masses arise from the Yukawa couplings of the different scalars and are given
by

1 ~ 1 ~
M, = 7 [Yizﬁ + ViK' exp{—ia}] , Mflj = 7 [an' exp{ia} + Yg%}
1 ~ . 1 , ~
Mp ;= ﬁ [Ylljm + Yiljﬁ’ exp{—za}] , Ml-lj = ﬁ [Y;ljm' exp{ia} + Y;ljlﬂ?} (4.33)
MZU = \@Yz‘]L'UL exp{ifL}, Mll%,ij = \/§Y;L§%UR

While the quark and charged lepton mass matrices can be diagonalized straight away,
the mass matrices for the light and heavy neutrino fields v; and N; can be obtained via
the seesaw formula in Eq. (2.87) and must be diagonalized appropriately. The gauge
boson masses arise from the kinetic terms of the scalars as

W
LV = (Wi+, With) M3, < L_M> + h.c. (4.34)
Wi,
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with

L (g7 (2lup]* + |&]* + |&']?) —2g1.9r|k||K'|e? >
M2, — = (9L L 4.35
W= ( 2grgnlallK e g% (2ual + 5l + |4?) (4.35)

for the charged gauge bosons Wf R given by
1
V2

Since we want to focus on the impact of mLRSM on Ov53 we do not need to care much
about the neutral gauge bosons. From Eq. (4.35) we see that the left and right charged
W bosons mix due to the coupling to the bidoublet ®. The massive states WicQ are given

szR = (WigFiWig). (4.36)

by
W; B cos —sin  exp{—ia} Wl:t 4.37
Wy )~ \sin¢exp{ia} cos ¢ Wy o
with
Mw, \° '
s (M) S

Naturally, £ is expected to be at the order of mp/m; [95] such that the mixing angle ¢ is
strongly suppressed. From this discussion we can already infer the different contributions
within the mLRSM to the Ov33 amplitude. The relevant Feynman diagrams are shown
in Figure 4.7.

After AR gains its VEV it gives masses to the right-handed gauge bosons as well as the
right-handed neutrinos, the scalar fields Ay, g and parts of ®. Integrating out the heavy
fields with masses proportional to vp and matching the theory onto SMEFT results in
the lepton number violating operators [74]

Lar =CO) (LT Ciny®@sy) (@, L))

+ (LT'y“eR) 1o ®gns <C(7)

_ 7 )
LeuE(IDdR’Y“uR + Cé )@ngTQ(DH(I)SM))

(9)

S=oC ) — g — 9 — pu . tE (4.39)
+ erep CeeuduR/y dRuR'yudRﬂ—Ceeq)uduR’y dr [ZD,u(I)SM] DPgps

- 2
+Cp ([iDu‘I’SM]T ‘PSM> )

where ® g is the Standard Model Higgs doublet. The matching scale is at ~ myy,.

Taking a look at Figure 4.7 we see that none of these operators contributes to the Ay,
part of the lower-right diagram which is generated by the exchange of the left-handed
doubly charged triplet scalar 6, —.The corresponding lepton number violating operators
which contribute to this diagram are obtained from integrating out the heavy double
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d

Figure 4.7.: Feynman diagrams arising in the mLRSM that contribute to Ov55. Here, v;
and N; represent the light and heavy neutrino mass eigenstates. It should be
noted that, due to mixing of both left- and right-handed neutrinos and gauge
bosons, each diagram (except the triplet exchange diagram) comes with all
possible combinations of the outgoing particle’s chiralities. However, some
diagrams are highly suppressed compared to others.

charged triplet scalars 62} The relevant parts of the Lagrangian are

LA :Tr{(D“ALR)T (D“ALjR)} — ATL’RMAAL,R + YL’RLgRCZ‘TQAL,RLLR

- - 2)g7 -
DML ZOu0L T — mgm SL RO R+ \/(2>9L oW Wié; (4.40)

2 2
+ \ﬂ;gL oW, W6t + Yé’ef(?e,;éfr.
Starting from this Lagrangian and integrating out (5ZF+’__ with M52+ ~ VR one obtains
an effective lepton number violating operator of the form

YL \/QQ%UL

eewWEWEéec. (441)

This operator is proportional to vy, and would break the invariance under the Standard
Model gauge group. Hence, it cannot be part of a SMEFT model. However, we can ignore
it and still integrate out heavy fields at a scale where the Standard Model gauge group
is still intact. The reason for this is that for the process of interest (Ov/3f) it is highly
suppressed for typical values of vy, ~ O (0.1eV) and vg ~ O (10TeV) since the Ovj53
amplitude corresponding to the operator in Eq. (4.41) will be proportional to U}Q%”niév :

This has to be compared to the standard mass mechanism amplitude which depends on
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Figure 4.8.: Ratios within the mLRSM for different mgg ranging from 1eV to 1meV.

the same BSM parameters and is proportional to 22— with p ~ O (100 MeV).

4
p2my,

The Wilson coefficients at SMEFT level are given by [74]

c®)

(7)
(7Leu3¢

(7)

L®De —

Q)

eeud

9)
Ce(e<I>Ud =

(9)

eedPD T

1

= 5 (MBT M M — M)
V2 1 A\ (g T A v—1
=0 (V) Quparg),,

_ 2ifexpfia} o
(1 +_€2)‘G%d* Leud®

where v is the Standard Model Higgs doublets VEV given by

- (4.42)
e )" 2
4 ¢ exp{—ia} o®
(1+€2) v ceud
_4 £2 exp{—2ia} C(g)
(14 ¢2)Fypdz eeud
v? = K2 + K2 (4.43)

From the matching scale ~ my, the above coefficients have to be evolved down to
myy ~ 80 GeV at which one can match onto the relevant LEFT operators by integrating
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out the remaining heavy particles with masses above myy. By doing so one obtains [74]

mgs = —v*C{Y)

o) = s

6
Ci'n

O (mw) = vV L (mw)

O (mw) = v°CE) (mw)

Evolving the above coefficients down to the
xPT scale of ~ 2 GeV also generates a non-

u U3 7 *
VLdECEﬁIZDe
_ v’ (I
- ﬁ Leud® (444)
O (mw) = =" Vc)  (mw).
1 0.1 0.01 0.001

Z€ero Cg‘;g coefficient since the RGEs of Cfg

mix [74]. Setting ;, = o = 0 and fixing
& = my/my, as well as assuming that the
light and heavy neutrino mass matrices M,
and M, are diagonalized by the same ma-
trix and imposing the similar property for
the mass matrices of the left- and right-
handed Quarks, the Wilson coeflicients can
be expressed in terms of the different VEVs
v,vr,vr as well as the physical masses of
the heavy neutrinos my,, , ,, the lightest
neutrino mass m,,;, and the mass of the
heavy right-handed triplet ma,. For sim-
plicity we will study the limit of 1 fermion
generation applying the same mass struc-
ture as [74]

v, = 0.1eV, vr = 10 TeV,
My, = 10TeV, ma, =4TeV.
(4.45)

Additionally, we adapt Mp to vary the
value of mgg between 1eV — 1meV such
that we can study the impact of the non-

) NN

|

0.1

)
C
C

)
)

0.001 0.01

NV NN

Figure 4.9.: Normalized single electron
spectra (lower left) and an-
gular correlation coefficients
(upper right) generated in
the mLRSM with different
effective ~ Majorana  masses
mgg = leV — 0.001eV. The

shapes are shown for 136Xe.

standard operators at different strengths of the mass-mechanism. The ratios are shown
in Figure 4.8. One can see that for values mgg < 10meV the ratios start to be dis-
tinct from the standard mass mechanism as non-standard operators start to dominate.
Here, the main contribution when choosing this parameter setup stems from the scalar
short-range LEFT operators. Below mgg = 1 meV the ratios stay at a stable level. The
PSF observables are shown in Figure 4.9. As one can see the different settings cannot be
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distinguished from each other or from the standard mass mechanism. The reason for this
is that either the mgg or the short-range Wilson coefficients Cﬂ ) dominate the decay

amplitude which all couple to the same PSF Gp;.

4.2.2. R, - SUSY

Historically, supersymmetric (SUSY) theories have been considered to be attractive ex-
tensions to the Standard Model since they offer a wide field of possible explanations to
urging questions within the particle physics community as, e.g., the hierarchy problem
or the origin of dark matter. A comprehensive review can be found in [97].
Supersymmetric theories contain so-called supermultiplets of fermions and bosons which,
under supersymmetry, transform into each other. The most simple constructions are chi-
ral supermultiplets

(Urr, @7 &) (4.46)

which relate two component chiral spinors (¥, g) and a corresponding complex scalar
®;, g. If we want to make the Standard Model supersymmetric, one also needs to consider
gauge supermultiplets

(45, v (4.47)

which relate the Standard Model’s gauge bosons Aj to their superpartner fermions ¥*.
One should note that since gauge bosons have 2 degrees of freedom (d.o.f.) and since
a transformation obviously cannot change the number of d.o.f., their superpartners ¥¢
also have 2 degrees of freedom. Therefore, they are Majorana fermions.”

Obviously for SUSY to hold, particles within a supermultiplet must share the same mass,
quantum numbers (except spin), interactions and couplings. This fact necessitates that
SUSY, if realized in nature, must be broken to hide the superpartners of the Standard
Model particles which are yet to be observed. Typically, after breaking SUSY there
remains a discrete symmetry called R-parity (R,) which can be assigned to every field
such that we have R, = +1 for Standard Model fields and R, = —1 for the superpartner
fields. One can define R-parity as [97]

R, = (—1)»13(B-D) (4.48)

where s is the spin and B and L are the corresponding baryon and lepton numbers
of the field. If R, is a conserved quantity, it follows that the lightest superpartner
cannot decay such that it becomes a candidate for explaining the origin of dark matter.'®
However, R, conservation also comes with the conservation of both baryon and lepton
number [97]. Thus, supersymmetric models which want to explain the baryon asymmetry

90r Weyl fermions in the massless case. However, in the massless case distinguishing Weyl and Majo-
rana fermions is not necessary
101t is often referred to as LSP.
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of the universe via explicit violation of either lepton or baryon number need to break R,,.
This induces new lepton number violating parts to the Lagrangian [98]

— = ec ~

(61, 72) dn < iy > (4.49)

which can contribute to Ov33-decay. Contributions to Ov38 from K,—SUSY have been
studied first by [98, 99]. The resulting Feynman diagrams are shown in Figure 4.10. The
relevant gluino (§) and neutralino (x) - fermion interactions are given by [98, 100, 101]

A
Ly = V20 Y~ (a°9d, — "Gdn) + hec (4.50)
and
4 JE— ~ PR ~
L =20: 3" (€0 (W) Trxa¥ + en (V) Tt ) + hc. (4.51)
=1

One can arrive at the low-energy effective Lagrangian by integrating out the heavy super-
fields as well as the Standard Model particles with masses above~ my. After integrating
out the heavy scalar squarks dr and @y, as well as the gluino g and neutralinos x; by
solving the e.o.m. and plugging the solutions back into the Lagrangian one after the
other, one finds the different low-energy effective dimension-9 AL = 2 operators which
contribute to Ov353 [99]

2

L, = 255\, [(ng + 1) ([U(l +7°)d] [u(14~°)d] — i [uo (14 4°)d] [to, (1 + ’75)65])

. (nxé + 05— ”xf) [a(1 ++°)d] [a(l +~°)d] ] [e(1+s)e].

(4.52)
These can be translated to the C-basis as
9 2v
Ciy’ = — [2779 + 20y + Mye + 0y — ﬁxf}
o 45 (4.53)
Cyn = —[n; .
3R mN (Mg + 1]

82



4.2. Distinguishing specific Models
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Figure 4.10.: Feynman diagrams contributing to Ov33 within the &,-MSSM [98].

The coupling constants are given in terms of the gluino, neutralino and squark masses
as [98]

i=1
; 4 4 - (4.54)
Nys = Yoo A ( R) 621(6)—
X Mey, i— g My,
4 2
3@2 2 m~R 2 m Mey,
xfF = "9 (méL> > My, cri(d)eri(e) + eri(u)eri(d) ma, <3
=1
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Figure 4.11.: Half-life ratios resulting from the X,-SUSY contributions to Ov33 com-
pared to the standard mass mechanism.

with

A= V2T A (4.55)
5 .
3 GFmJR

We can see that both gluino and neutralino exchange diagrams contribute to the same
low-energy operators. We calculated the ratios in Figure 4.11. As we saw in the previous
section, distinguishing effects coming from C’éi)’ and Cé?g’ is not achievable by any prac-
tical means within the current knowledge of LECs. Hence, there is no sense in studying
different parameter settings here. Additionally, both operators contribute only to G
such that there is not much information to gain when turning towards the phase-space

observables as they are the same as for the mass mechanism.

4.2.3. Leptoquarks

Leptoquarks (LQs) are hypothetical bosons (3, X,Y) with non-zero color charge which
couple to both quarks and leptons. They arise in numerous Standard Model exten-
sions such as technicolor and composite models [102, 103] or models of grand unifica-
tion [104, 105]. Additionally, they can generate non-zero neutrino masses at 1 loop
level [106]. For a comprehensive review on leptoquarks see [107].

Ignoring leptoquarks which do not directly couple to the Standard Model’s particle con-
tent, one can add up to 10 different leptoquarks which obey the Standard Model sym-
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LQ (2) [ SUB)e SU@R), U@y Q

So 3 1 -2/3 -1/3

So 3 1 -8/3 -4/3

Si/2 3 2 -7/3 (—2/3,-5/3)
Sy /o 3 2 -1/3 (1/3,-2/3)

Sy 3 3 2/3  (2/3,—1/3,—4/3)
Vo 3 1 -4/3 -2/3

Vo 3 1 -10/3 -5/3

Vija 3 2 -5/3 (—1/3,—4/3)
Vij2 3 2 1/3 (2/3,-1/3)
Vi 3 3 -4/3  (1/3,-2/3,-5/3)

Table 4.4.: List of possible scalar and vector leptoquarks and their transformation prop-
erties under the Standard Model symmetries.

metries [? ]'! They are summarized in Table 4.4. By looking at the relevant Feynman
diagrams in Figure 4.12 we can see that the contributions to Ov 3 arise from leptoquarks
with Q) = £1/3 (Figure 4.12 left) and Q® = 4+2/3 (Figure 4.12 right). The full set of
renormalizable LQ-fermion interactions is given by [108]

Loy =), S0 [wiPres] + (Afi)..gg [d°i Pre;]

(
+ )\Sl/2> o mPLL) + <)\§/2) 1y [diPLLy] s
(M), SE @ PrimLy] + (M, /2) U, [Q°:Prirac;] '
+ (AR, (@ PrinsiL;| + e
and
= (L), Vi (@ Pres] + (M) Vo' [0 Pre;]
+( V1/2> Vi, (@ PLL] + (A‘};/z) Vo [uin® PL L] s

(), Von (@ Pey) + (M), Vidh, [@ " Pre]

—+ ( )'j [@i’y“PLVluLj} + h.c.

for the scalar (S) and vector (V) leptoquarks respectively. Here we follow the nota-
tion of [108] which distinguishes leptoquarks coupling to left- and right-handed quarks.
Additionally to the LQ-fermion interactions, one can write down gauge invariant and

HNote that one sometimes finds a different Y assignment. This is due to a different definition of Y
which results in @ = Is + Y instead of our definition Q = I3 + Y/2.
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renormalizable LQ-Higgs interactions
Lroa =hi, @525 + hy, @V}, V4,
+hg, ®1515) /9 + hyy 31 V12
Vi, (8181 (81 ,2) + 77, , (81V1) (V0,0)
+Ys, (qﬂs @) So + Vv, (<I> Vi@ ) (4.58)
5 (07519) SgT iy (of ) 4 hee.

5 (- o) o
Q

where the leptoquark triplets are defined as
Vl = ZTth Sl = ZTiSIi- (4.59)
i i

These LQ-Higgs interactions are essential when considering contributions to Ov33 be-
cause they result in non-zero correlation functions for, e.g.,

(Sb8172) o > NaiNs, 1 (4.60)
1

where N is the mixing matrix which diagonalizes the mass matrix N7 M2N = M? diag & and
I = NTT are the mass eigenstate fields. This particular example results in contributions
to the right diagram in Figure 4.12. After electroweak symmetry breaking the relevant
mass matrices are given by |[108]

~r 2
77]MIL gILRv2 h}‘o R%UQ
LR 2 M hR’U RU2
M2 (@) =i | T T ng LT, (4.61)
hIO hIOU T][M11/2 h11
kEv? K2 hy,v MI1
and
— 2
[M11/2 }/111‘/22}2 Y}If/2 v? \/51’111’0
L .2 2 LR ;2
M3 (@) = | Vet MV TR (162
r\*1 YR 2 LR 2 N 0 '
1Y 91, .Y it 111;{/2
— 2
\/2 hllv 0 0 nrMi,

with I = S,V ng = 1,95y = —1 and M= M12 + n7grv?. The bold constants are mass
scales which are a priori completely free. Of course, they can arise dynamically from
more complete models.
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Figure 4.12.: Feynman diagrams of the vector (V') and scalar (S) leptoquark interactions
contributing to 0v345.

After integrating out the heavy LQ degrees of freedom and rearranging the resulting
EFT operators via Fierz transformations one arrives at the effective low-energy 4-Fermi
interactions. The parts of the low-energy Lagrangian, that are relevant to Ov33, are then
given by [109]

Lio= [ePLu]{M [@Prd] + M2 [uPLd]}

— [ey"Pp1] {(J\/é I;) [@y,, Prd] — V2 <;‘[52 + ;i) [U’yuPLd]} + h.c.
(4.63)
with the low-energy Wilson coeflicients
er =27 [NENE (01 (Q)) + miv20 (@3)) — AR 045 (1) (4.64)
of = 5o M L Q). off = fm Aﬁ Ps@D). @)
with
i, ;Nm;‘; (466)

Here, “common mass scales” Mg and My have been inserted for convenience. It should
be noted that the exact choice of Mgy does not matter as they drop out. However, the
exact LQ masses do enter into the calculation such that for leptoquark masses which
are about the same order of magnitude one can choose Mgy such that it represents the
supression factor. Looking at Eq. (4.64) and Eq. (4.65), there is a priori no reason from,
e.g., naturalness arguments why any of the low energy coefficients a; and €; should be
suppressed or enhanced compared to the others. However, if the L(Q interactions arise
from a more complete model, hierarchical structures might appear. We will therefore
study different settings in which some couplings dominate over the others.
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Figure 4.13.: Half-life ratios resulting from different leptoquark settings when taking "®Ge
as the reference isotope. The ratios are compared to the standard mass

mechanism.

From Eq. (4.63) we can match the Wilson coefficients in Eq. (4.64) and Eq. (4.65) onto
the C'-basis and find

6
Ci'h

v2
2
MV
1)2
L
M3
L L
Va2 [ &5 4 v
Szt g

R R
Qg Qy,

2
(5.
(3

We study 7 different settings of LQ contributions to Ov3:
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. Full LQ Model:

. Scalar LQs (S):

. Scalar LQs coupling to LH fermions (SL):

. Scalar LQs coupling to RH fermions (SR):

es = ey = ok = af
eS:aézagzl
ozé:l
ozg:l

(4.67)
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Figure 4.14.: Angular correlation coefficients (upper right) and single electron spectra
(lower left) resulting from the different LQ contributions.

5. Vector LQs (V): ey =ab=all=1
6. Vector LQs coupling to LH fermions (VL): ok
7. Vector LQs coupling to RH fermions (VR): aff =1

The resulting ratios normalized to the neutrino mass mechanism for each of the above
cases are shown in Figure 4.13. The corresponding single electron spectra and angular
correlation coefficients can be seen in Figure 4.14. We can see that distinguishability
between scalar and vector LQs is only given if couplings to both left- and right-handed
fermions are realized while distinguishability between leptoquarks coupling to left- or
right-handed fermions is also possible.
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5. Summary and Conclusions

In this thesis, we studied possibilities to distinguish and identify different mechanisms of
OvpB-decay. We focused our efforts mainly towards low-energy Ov3[5-decay experiments
but also shortly covered complementary high-energy collider experiments. To include
all possible Ov35 mechanisms we utilized a low-energy effective field theory framework
designed by [74] that contains a basis of 32 independent LEFT operators.

Studying the observables that can in principle be extracted from Ov3fS-decay experi-
ments we found that one can organize these 32 different operators into 11 groups that
are theoretically distinguishable from each other. To arrive at these 11 operator groups
we assumed the NDA values for the unknown LECs. First we studied the impact of the
different operators onto the phase space observables, i.e., the single electron spectrum as
well as the angular correlation coefficient shown in Figure 4.2 and found that in principle
one can distinguish 4 different groups of operators via these observables. Afterwards we
turned towards studying how well different operator groups can be distinguished from
each other utilizing half-life measurements in different isotopes. This approach resulted
in the aforementioned 11 distinguishable groups. In Figure 4.6 we show the maximum
half-life ratios and the corresponding combination of isotopes. We calculated these once
setting the unknown LECs to 0 while keeping g{\fé\} = g‘T}N = g@N = 1 such that we do
not omit contributions from the short-range vector operators and once setting the un-
known LECs to their NDA values. The different choices mostly affect the contributions
from short-range mechanisms. Next, from the results shown in Figure 4.6 we determined
the experimental accuracy on the half-life measurement that is necessary to identify dif-
ferent operators at 1lo. The results are shown in Table 4.3. Again, we studied both
LEC settings. Interestingly, we found that in both settings the mass mechanism can be
identified or rejected at the 1o level if the necessary accuracy of 50 on the half-life of
Ov 3 is reached. Therefore, given the observation of Ov543 in the corresponding isotopes
one can already see whether the mass mechanism is indeed the leading order mechanism
or if some non-standard mechanism gives the leading order contribution.

While these findings encourage measurements in many different isotopes, we do not find
measurements of different 0v/33 modes to be very promising as they are typically ex-
pected to be highly suppressed.

We want to emphasize that while our findings should be qualitatively profound, especially
for the short-range mechanism a precise knowledge of the currently unknown LECs is
necessary if one wants to exactly predict quantitative half-life ratios. Additionally, bet-
ter knowledge of the currently unknown LECs could enable us to distinguish between
different short-range vector operators, increasing the number of operator groups that are
distinguishable via Ov 35 experiments to 12. Therefore, this work should be viewed as a
motivation towards calculating these within lattice QCD.
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5. Summary and Conclusions

Within our calculations we ignored uncertainties coming from the choice of the NME
calculation method as it is currently not possible to set strict errorbars. However, while
different calculation methods can lead to NMEs differing by factors of 2 — 3 the difference
of the ratios of NMEs are oftentimes smaller as one can expect that systematic errors
cancel. Additionally, as ab initio methods will become more feasible also for heavier
nuclei the uncertainty on the NMEs should become considerably smaller while it can
become possible to safely quantify uncertainties in the NME calculation.

In the best case scenario we will observe lepton number violation in both Ov83 exper-
iments as well as within collider experiments. Assuming the currently unknown LECs
will allow us to distinguish the maximum of 12 operator groups within Ov53 experi-
ments, one can additionally distinguish between operators of the same quark current but
different lepton current structure using collider data. This would result in 17 different
distinguishable operator groups.

In the last part of this work we applied the above methods onto full models rather than
just single operators and compared them to the standard mass mechanism. While the
assumption of a single operator dominance can be realized in full models such as, e.g., the
mLRSM with vanishing mgg < 10 meV, this does not necessarily hold for every model or
parameter setting. Here we studied three different types of models, mLRSM, &,-SUSY
and Leptoquarks. The obtained ratios are shown in Figures 4.8, 4.11 and 4.13. Of course
one cannot hope to clearly identify a full BSM model utilizing only Ov53-decay experi-
ments as many different high-energy models can result in the same low-energy effective
theory. However, measuring and comparing the expected decay rate ratios can still help
to reject certain models or parameter sets. Additionally, all three models that we studied
can in principle be distinguished from the mass mechanism.!

In this work we only considered new-physics beyond the weak scale. However, especially
the presence of light? right-handed sterile neutrinos is a notable exception that we do
not cover by this approach. The impact of which has recently been studied by Dekens
et al. [110] and should also be included in a future work. Especially masses around the
scale of momentum transfer ~ 100 MeV could be interesting as resonances might appear.

IThat is except parameter settings for the mLRSM in which the mass mechanism gave the dominant
contribution.
2 i.e., that are dynamical also at the LEFT scale
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A. Basis Translation

A.l. Fierz Tranformations

Fierz transformations [111, 112] give a relation between fermion quadrilinears of different
Lorentz structures. Defining

65(1234) = [@1&)2] [@30.)4] (Al)
6\/(1234) = [@1’7“&)2] [wg’)/ucw;] (AQ)
eT(1234) = [wla'm,wﬂ [@30/“/&/'4] (A?))
ea(1234) = 17" v5w2] (@37, v504] (A.4)
6p(1234) = [@1’)/5002] [@3’}’5(,04] (A5)
where VU, are anti-commuting dirac spinors and with
i
Ouv = 5 ['7;“')@] (AG)
the standard Fierz transformation gives a relation of the form
P
er(1234) = > Fyje;(1432) (A7)
J=S
with
r 1 1 1 _1
1 4 g8 1 1
-1 4 0 3 1
F=|[-3 0 1 o0 -3 (A8)
1 3 0 1 -1
11 1 _1 1
1 1 8 4 1

A.2. Basis translation ¢ «+—— C

Even though they are equal in some parts, in order to correctly translate the e-basis into
the C-basis one needs to consider a few steps:
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A. Basis Translation

1.: The prefactors of the two descriptions differ by a factor of

G
pre—

1
dvimy "
_ 1 v
= S

o=

Additionally, the chiral fermion currents in the e-basis are defined by

W(1+5)V = V2P U (A.9)
=20, Up . (A.10)

Thus, for every chiral fermion current there is a factor of 2 which has to be taken into
account.

2.: The e-basis contains quark tensor currents. Instead, the C-basis contains color-octet

operators. These are related via Fierz transformations. One can express the color-octet
operators as a mixture of two terms

[ax‘d} [ﬂ)\Ad] = og*dPPd> — gaadaaﬁdﬁ (A.11)

where «, 8 are color indices. To get rid of the tensor currents within the e-basis one needs
the following Fierz transformation

[@10“”\112} [@,awm}
= [Tw [Tow] + 5 [Tiom v [Taows] - 3[Tinew] [Tarows]
(o ]

4 ;( =3[0 [T + 3 [0 0 [Ty, 0] — 3[T150,] [\11375\114})
(A.12)

which results in
[@10”"\1}2} [Wgam,\lu}
=—4 [@1\114} [63\112} —4 [@1’}/5\1’4} [@3’)/5\112} (A13>

_9 [@1%} [63\1/4} - [ﬁm\yg} [@375%}
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A.2. Basis translation € +—— C'

Plugging in chiral fermion currents one finds

{‘I’lR,LJ#V‘IQL,R} [‘I’sR,LUW‘hL,R}

- o S - (A.14)
= —8{‘P13,L‘I’4L,R} [‘I/3R,L\I/2L,R] - 4[‘I/1R,L\IIQL,R} {\IJ3R,L‘I’4L,R}

and

| Tir0" Wor g | [Tsr moum Wan| = 0 (A.15)
With the help of the above relation we can match operators of the type e2J*J,,, j e.g.
el L [ﬂ%a’“’dﬂ [ﬂ%aﬂydﬂéj;e‘i
:< — s[updy] [whaz] - 4 [whas] [ugdg])qeg (A.16)
:#L( — 805 — 4(92>6L66L .

Operators with different chiralities can be transformed accordingly. The remaining oper-
ators in the e-basis which contain tensor currents are of the form €4 J#J,,j”. Obviously,
we cannot use the same trick here again to get rid of the tensor current. Instead, we
have to treat the tensor current as a combination of two vector currents

']#J[,LV = $17#\112@30uylp4

i[— _ _ _
=5 [\Pw“‘lfz‘lfﬂu%% — Wy ‘1’2‘1’3%%‘1’4}
il — _ _ _
= 5 [2@17“‘1’2‘1’3’}%’%‘1’4 — 2\1117M\I’2\I’3g;w\114:|
= i[‘Pw“‘I/Q‘I’:sW (’YV‘I’4) - ‘1/1%‘1’2‘1’3‘114}

=1 [ — (711‘114)@3‘1/2
(A.17)

1_ _
+ 5\1’1’7;1 ('71/‘1’4> W3y Wy

1_ _
+ 5\1’1%75 (%‘1’4) W3yHys W
+ U5 (’YV‘I’4)@375\1’2

- ‘1’1%‘1’2‘1’3‘1’4}

. —2@1’}/,,\1’4@3\1’2 - @1’}/,,\1’2@3\1’4 for LLX and RRX
- @17“112@37#%,\114 — W7, UyW3Wy for LRX and RLX
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with
Y Yv = —VoVu + 2g;u/ (A18)

If we switch the step from line 2 to line 3 to

il _ _ _
3 [‘I’W“‘I’Qq’ﬂu’b% — ‘1’17“‘112‘113%’m‘1/4]

N | .

[ — 20U MWy (Usy,) 7, Pa + 2\1117u‘112\1/3guu\1/4:|

(A.19)

U1 0030y — U0 Psy,7, Py for LLX and RRX
N \1117V\I/2\I/3\I/4 + 2\:[/1\114\:[/3’)/1,\112 for LRX and RLX

we finally get
J'ut],uy = @17“‘112@30#11‘1’4

— —2@1’71,\1/4@3\1/2 - @1’71,\1/263\1/4 for LLX and RRX (AQO)
) Ui UsUs Wy + 20,0, W37, Uy for LRX and RLX

We can then use the above relation to get rid of the remaining tensor currents e.g.

it I} it = e [ﬂ%’y“d%} [ﬂ%%udf]@m%ec

= ef* ( —2i[ug ]| [whas| - i[agydg] [ahd] >€’Yﬂ5€c
. — — 5 —Q (o] n =, c
— ze£L< — {uL/\Afyl,dL} [uR)\AdL} —3 [uL’y,,dL} [u%d'ﬁ)})ew%e
. ) _ .
= Z€4LL< - (’)g - 3O§> EYuY5€

(A.21)

Again, similar operators with different chiralities can be transformed accordingly.
The translation of the remaining operators which do not contain tensor currents is
straight-forward.

B. Phase Space Factors - Trace
calculations

When taking the absolute square of (3.136), the 5 different lepton currents result in 11
different trace calculations. To calculate these one needs the relations given in (3.81)
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plus some additional relations concering traces of 5. For convenience we summarize all
the necessary relations and trace identities including the ones from (3.81)

Tr{ABC} = Tr{CAB} = Tr{BCA} (Cyclic Permutation)
Tr{A+ B} = Tr{A} + Tr{B}
Zspins u(p)u(p) = P+ me } :
— Completeness relation
Zspins uc(p)uc(p) = p — Me ( p )
Tr{y"} =0
Tr{y ~5} =0
Tr{ys} = Tr{7""7" 75} =0
Tr{y'y 775} = —dietP?
Tr{yy"} = 4g"
Tr{y'y"y"7} = 4(¢"9" = ¢"79" + 9" 4"")
() =1
{1577} =0
where €#P? is the anti-symmetric Levi-Civita tensor. Using these relations the lepton
current traces can be calculated which leads to

Tr{|ﬂ1u§|2}
Tr{]ﬂlPR,LuS]Q} =2 (E1E2 - 52)

Ey — E>\? L
<12> TT{WWOU%F} =4 (E1E2 +p1-p2— mZ)

Me

} (Trace of odd number of 4* vanishes)
(B.1)

4 (E1Ey — 1 - o — m})

TI"{WWO’}’EJUE\Q} =4 (E1Ey + P - P +m?)
for the simple squared currents and

Te{fayus ) } — Te{ja Prpus) | = —2m?

1

Tr{[u1 Pr,rus] [ugu1]} = 5 Tl“{|ﬂ1u2| } =2 (E1Ey — p1 - po — mi)
1

Tr{ w1 P rus) rPR Lul]} 5

E,—-E _
P iy P ] [urom] } = ~2(B) — B)?
e
Tr{ﬂlPR,Lu§@7075u1} =12 (E) + E2) me
Ey — E = B —Es _ o1 ¢ _ 2
o Tr{[ulfyouﬂ @ul]} = QT Tr{[ulPR,LUQ] @youl]} = —4(Fy — E9)
e e
Bl E
% Te{[w1vous] [uSyoysui]} =0
e

Tr{[wus] [uSrov5u1] } =0
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B. Phase Space Factors - Trace calculations

for the mixed currents. In the above formulas we used the abbreviation
U2 =u (p1,2) . (B-4)

We see that, while many different traces appear, there are actually only 6 independent
results.
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