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Interactions that manifest themselves as lepton number violating processes at low energies in
combination with sphaleron transitions typically erase any preexisting baryon asymmetry of the
Universe. In this article, we discuss the constraints obtained from an observation of neutrinoless
double beta decay in this context. If a new physics mechanism of neutrinoless double beta decay
other than the standard light neutrino exchange is observed, typical scenarios of high-scale baryo-
genesis will be excluded unless the baryon asymmetry is stabilized via some new mechanism. We
also sketch how this conclusion can be extended beyond the first lepton generation by incorporating

lepton flavor violating processes.

INTRODUCTION

The discovery of neutrino masses is typically un-
derstood as a hint for physics beyond the Standard
Model (SM). The question whether lepton number is con-
served or broken is intimately related to this link. After
all, neutrino masses can be realized in two different ways,
either as Majorana or as Dirac masses, where in the lat-
ter case lepton number has to be protected via a newly
invoked symmetry. In the following we will argue that
low energy lepton number violation (LNV) in the form
of neutrinoless double beta (0vf33) decay will have far-
reaching consequences for the mechanism of baryogene-
sis. We will also assess the impact of low energy lepton
flavor violation (LFV) to extend the argument beyond
the first lepton generation.

The observed baryon asymmetry of the Universe, ex-
pressed as the baryon-to-photon number density ratio [1],

% = (6.0 £ 0.06) x 10719, (1)

cannot be understood within the SM [2]. Models of high-
scale baryogenesis, with leptogenesis [3] as the most pop-
ular realization, typically rely on the generation of an
asymmetry in the (B — L) number density, where B and
L are the total baryon and lepton number, respectively.
This involves the presence of (B — L) and C'P violating
interactions that occur out of thermal equilibrium. The
produced (B — L) asymmetry is then rapidly converted
into the observed baryon asymmetry by SM (B + L) vio-
lating sphaleron interactions above the electroweak (EW)
scale up to ~ 102 GeV [4].

Among the possible (B — L) violating interactions we
concentrate on those with AL = 2 and AB = 0 which

are most relevant for neutrino physics and especially for
OvpB. If total lepton number is broken reasonably far
above the electroweak scale such that light Majorana
neutrino masses are induced, the low energy effects can
be described by effective AL = 2 operators of odd mass
dimension. This additionally assumes that there are no
other light particles beyond the SM at or below the EW
scale. Up to dimension 11, all possible 129 operators are
listed in [5], extending the previous work [6]. We will
concentrate on the following examples:

= (L'L’)H* Hezkejl,

= (L'd°)(ecu®)H e,

= (L LJ)(QZUC)(QJ ),

= (L'L7)(Qud®)(Qud®) Hyp Hi k€1, (2)

written in terms of the SM fields L = (vp,er)?, Q =
(up,d)”, H = (HY,HT, e, u® and d°, where the
fermions are described as left-handed two-component
fields. The bracketing denotes the chosen Lorentz con-
traction and we suppress the possible flavor and color
structures of the operators. The case Os corresponds
to the well-known Weinberg operator, but all the other
operators will generate light Majorana neutrino masses
at various loop levels after EW symmetry breaking [5].
The above operators act as representative examples that
mediate O3 decay via standard or nonstandard light
neutrino exchange, or via short-range interactions at tree
level.
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FIG. 1: Contributions to Ov33 decay generated by the oper-
ators Os (a), O7 (b), Oy (c) and O11 (d), as given in Eq. (2),
in terms of effective vertices, pointlike at the nuclear Fermi
momentum scale.

NEUTRINOLESS DOUBLE BETA DECAY

The most prominent probe of low energy LNV is 0v53
decay, the simultaneous transition of two neutrons into
two protons and two electrons. The most general La-
grangian triggering the decay can be parametrized as de-
picted in Fig. [T} in terms of effective 6-dim and 9-dim op-
erators at the nuclear Fermi scale O(100 MeV) [7]. The
diagrams show the exchange of a light Majorana neutrino
generated by Oy between two SM Fermi interactions (a),
the exchange of a light neutrino between a Fermi interac-
tion and the operator O7 (b), and two short-range con-
tributions triggered by the operators Og (¢) and Oq1 (d).

The Ov38 half-life can be succinctly written in terms
of an effective coupling ¢; of a single operator as Tl_/; =

€2G;|M;|?, where G; and M; are the nuclear Ov33 phase
space factor and matrix element, respectively, for a given
isotope and operator. The effective couplings €; are con-
nected to the scales of the operators in Eq. as [8]

S 7?0 Grer _ gi} G%€{9,11} —{
TN V2 20 2m,

i 961}2}
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In terms of the effective Ov33 mass mee, one simply has
€5 = Mee/Me with the electron mass m., whereas the
other couplings are normalized with respect to the Fermi
coupling G r and the proton mass m,. The Higgs vacuum
expectation value v = 174 GeV arises from EW symme-
try breaking thereby generating the effective 6-dim and
9-dim operators for Ov35. Powers of a generic (average)
coupling constant g are included to illustrate the scaling
expected in a tree level ultraviolet (UV) completion of an
operator. In the following we will set g = 1 for simplicity.

The most stringent bounds are currently derived from
experimental 0v33 searches in "°Ge and 36Xe with 90%

C. L. limits of T > 2.1 x 10 y [9] and Tlo/2 >
(1.1 — 1.9) x 10?5 y [10, 1], respectively. In deriving
the corresponding scales of the operators we use the re-
sults of [§] for Ge. Planned future experiments aim to
increase the sensitivity by potentially two orders of mag-
nitude to T /5 ~ 10?7 y [12]. Assuming the dominance
of a single operator, the half-life can be expressed as

2d—8
Tyjo =2.1x10% y- (Ap/AD)

) (4)
where AY) is the scale corresponding to the current sen-
sitivity. Table [I| lists the values of AY for our selection
of operators. The scaling dimension d is identical to the
operator dimension D if Qv is generated at tree level
from the underlying operator, as in the cases we discuss,
but could be smaller for loop-induced diagrams. As men-
tioned before, the operators in Eq. act as examples for
the different types of Ov33 decay mediation. Similar re-
sults hold for the other 125 operators and other Lorentz
structures. The latter will affect the OvgS sensitivity
somewhat, but due to the high dimensionality of the op-
erators this will only weakly impact the derived scales.
Many of the 129 operators will induce Ov 3 nonstandard
mechanisms only at the loop level; in such cases, there
will be additional loop suppression factors in the rela-
tions analogous to Eq. . This will make it unlikely
that such contributions can be observed in Ov3( decay,
but if they were, our following argumentation with re-
spect to baryogenesis would be even stronger.

If OvBpB decay was observed, the responsible opera-
tor would still be unknown. Although discriminating
between the different underlying operators is a challeng-
ing task, various ideas have been proposed regarding how
this could be achieved, at least for a subset of the var-
ious contributions. Cosmological observations such as
anisotropies of the cosmic microwave background or the
large scale structure, can set stringent constraints on the
sum of neutrino masses; the Planck Collaboration, for
example, recently attained ) m, < 0.17 eV [1], which
can be further improved by future experiments [I3]. An
inconsistency between the neutrino masses determined
by cosmology and an observed OvS33 decay, would rule
out the standard interpretation with three light neutri-
nos and could therefore point us to a nonstandard con-
tribution to OvBS3 decay.

Different mechanisms can be directly distinguished in
searches for Ov3[ decay by looking at the kinematic dis-
tribution of the outgoing electrons [I4]. This technique
will be used in the future SuperNEMO experiment [I5].
As it will be able to measure the angular and energy
distribution of the electrons, it can identify long-range
contributions, such as the O7 discussed above, leading to
right-handed currents. Whereas for the standard mass
mechanism with V' — A couplings the two electrons are
expected to be preferably emitted back to back with
comparable energies, the contribution of O, will lead



to a signal with the electrons being preferably emitted
in the same direction with one taking most of the en-
ergy [14]. SuperNEMO has an expected sensitivity of
T1/5 = 1.2 x 10?® y in the case of the standard light neu-
trino exchange and 77,5 = 6.1 x 10%° y if Ov3B3 decay
is mediated by a right-handed current generated from
the operator O7, for a 500 kg y exposure to the iso-
tope 2Se [16]. If OvBB decay is discovered in any of
the ongoing or planned experiments, it will be important
to improve such experimental techniques further as this
method can directly test for the presence of nonstandard
right-handed current contributions.

Another possibility is to compare OvB3 decay rates
of different isotopes as shown in Ref. [I7]. As in the
half-life ratio of two different isotopes the new physics
parameters drop out; it depends only on the nuclear ma-
trix elements and phase space integrals which in turn
depend on the underlying mechanism. When comparing
the experimentally determined ratio with the theoretical
prediction, potential new physics contributions can be
determined. Further possibilities include the comparison
of OvB~ B~ decay with Ov3*+/EC [1§], the comparison
of OvB~B~ and OvBT BT decay [I8] as well as the com-
parison between Ov3/ decay to the ground state and an
excited state [19].

Moreover, as has been discussed in Ref. [20], short-
range contributions that lead to the LHC analog of neu-
trinoless double beta decay feature characteristic observ-
ables. These include invariant mass peaks corresponding
to the masses of heavy particles created on-shell, and
a possible asymmetry in the rate of the processes with
etet and e~ e~ final states which could allow for a very
concrete identification of the new physics scenario.

Thus, various ideas exist to achieve the necessary dis-
crimination between the standard mechanism from other
contributions, which is crucial for our analysis due to the
large disparity of scales, cf. Table[]]

LEPTON FLAVOR VIOLATION

Neutrinoless double beta decay can only probe the
electron-electron component of the LNV operators dis-
cussed above, which should in general be dressed with
appropriate coefficients in flavor space; for example,
1/A§ = cap/A3 (suppressing quark flavor) with o, 8 =
e, i, T and cgo = cqp. Observation of only Ovj33 does
not allow us to model independently fix any of the coeffi-
cients except ce.. LNV meson decays and direct searches
at the LHC might probe the corresponding pp and 77
coeflicients, whereas the off-diagonal transitions violate
not only the total lepton number but also individual fla-
vor numbers by one unit. While LFV and LNV can
be observed simultaneously in certain processes, such as
uT — e~ conversion in nuclei or in direct searches at the
LHC, the most stringent limits on LFV are set on 6-dim

Op A} [GeV] A} [GeV]
Os 9.2x10*° 9.1 x10*®
O; 1.2x10° 2.6 x10*
Oy 43x10' 2.1x10°
O 78x10'  1.0x10°

TABLE I: Operator scale A% and minimal washout scale A%
for the LNV operators in Eq. and the current OvS308 sensi-
tivity T /2 = 2.1 x 10* y.

AL = 0 operators of the form Oy = C@evizUMV[CHFHV
and Oprgq = Coogq(£1110)(q2q) (the TI; represent possi-
ble Lorentz structures) [21], with ¢ = e, u, 7. We define
the LF'V operator scales A; as

693 2

CU’Y = 16”2/\%@77 Cetqq = Ag@qu (5)
again keeping track of generic couplings in a UV complete
model through powers of g, which we set to unity in our
numerical results. The operator Oy, necessarily involves
an electromagnetic coupling and cannot be induced at
tree level. We therefore include the elementary charge e
and a loop suppression factor in C¢r,. We do not assume
any correlation between the 6-dim AL = 0 operators and
the AL = 2 operators discussed above. Instead, each
operator can live at a different scale, only constrained
or fixed by the experimental data. This will allow us to
infer for what temperatures the individual lepton flavor
asymmetries are in equilibrium.

Among the possible low energy LFV processes, we con-
sider the following observables along with their current
limits at 90% C. L.: the decay branching ratios Br,, ¢, <
5.7 x 10713 [22], Br, 4y, S 4.0 x 1078 (£ = e, p) [23] and
the u—e conversion rate Rﬁie < 7.0x10713 [23]. The ex-
pected sensitivities of ongoing and planned experiments
are Bry, e ~ 6.0 x 10714 [24], Br, ¢, ~ 1.0 x 1079 [25]
and R, ~ 2.7x 10717 [26]. Similar to Eq. (@) we relate
the observables with the corresponding operator scales,
for example for O,

Bryey = 5.7 % 1073 (A%, /A,e,) ", (6)

and analogously for the operators Or¢y and Oeqq. We
omit the possibility that the LF'V processes are induced
by higher dimensional operators. The scales AY corre-
sponding to the current sensitivities are shown in Ta-
ble

LEPTON ASYMMETRY WASHOUT

We now consider the washout of a preexisting net
lepton asymmetry from the above operators. Includ-
ing only the washout processes generated by a single
D-dimensional LNV operator, the Boltzmann equation



O; X [GeV]  A? [GeV]
Opey  1.4x10* 2.8 x 10°
Orey  2.8x 10" 2.7 x 10*
Opeqq 1.5 x 10 1.8 x 10°

TABLE II: As Table[[|but for the given LFV operators, using
the current sensitivity of their respective observable.

for the net lepton number 7y, normalized to the photon
density n., can be expressed as
d77L T2D—4
nHT—— = CD—51 < NL- 7
2l dT A%D_gn ( )
Here, the equilibrium photon density is n, ~ 273 /72, the
Hubble parameter is H ~ 1.66\/gi*T2 /Ap1, with the effec-
tive number of relativistic degrees of freedom g, (=~ 107
in the SM) and the Planck scale Ap; = 1.2 x 10! GeV.
The constant cp is calculated for each operator by deter-
mining the scattering density integrated over the whole
phase space and summing over all possible initial and
final states. For the operators in Eq. it is given by
C{5,7,9,11} = {8/7’(’5, 27/(27’(7), 3.2 % 104/7'('9, 3.9x 105/71'13}.
The AL = 2 processes induced by the operator Op
can be considered to be in equilibrium and washout of
the lepton asymmetry is effective if

Tw _ ep T2P7° _o A (T 2Dig>1 (8)
H 7’l,),[’IA2DD_8 B DAD AD ~

with ¢, = n2¢p/(3.3,/gx) ~ 0.3cp. This is the case in
the temperature interval

Ap
A
P (C’DAPl

>  =)Mp <T < Ap. (9)

The upper limit T < Ap is to ensure that only scales
are considered where the effective operator approach is
valid. Around the temperature T =~ Ap it will become
necessary to consider the underlying model with the gen-
eral effect that the washout rate will be regularized by
the exchange of heavy particles with a mass scale of Ap.

An asymmetry generated at scales above Ap will be
washed out if Qv is observed at a corresponding rate
and if it could be established that the operator in ques-
tion gives the dominant contribution. Table [[] shows the
values of A}, for the operators in Eq. and the current
experimental Ov (3 sensitivity. The determination of the
lower limit on the scale of baryogenesis can be made more
precisely by solving the Boltzmann equation @ to deter-
mine the suppression of a primordial asymmetry down
to the EW scale where any remainder is converted to a
baryon asymmetry by sphaleron processes. This leads to
the increased lower limit

3 107*Y \ap_9 | 2p—9 =

Ap &~ [(2D—9)1n<n%bs>)\D +v ]

, (10)

where we conservatively assume a primordial asymmetry
of order one, perhaps generated in a non-thermal fashion.
The effective washout intervals for the different operators
are shown in Fig. 2] for both the current and the future
experimental Ov33 sensitivity Ty /o = 1027 y.

An analogous analysis can be applied to the AL =0
LFV operators, but instead of leading to a washout of a
net lepton number, we are here interested in the temper-
ature interval where two individual flavor number asym-
metries are equilibrated by LFV processes. When this
interval overlaps with the AL = 2 washout interval of
one net flavor number (i.e. electron number if Ovgg is
observed), the net number of the other flavor will be ef-
ficiently washed out as well. Table [[I] shows the corre-
sponding lower limits for effective washout based on the
current experimental sensitivities. Furthermore, the LE'V
equilibrium intervals are displayed in Fig. [2| in compari-
son with the LNV washout intervals, for both the current
and expected future sensitivities.

The most immediate feature in Table [[] and Fig. [2] is
the stark dichotomy between the scale of the operator
Os =~ 10" GeV and the scales of the other LNV operators
~ 10375 GeV. In this way, Ov3f decay probes both very
high scales and the TeV scale. Our main conclusion is
that if Qv decay is observed and triggered by an oper-
ator other than Os, the resulting washout would rule out
baryogenesis mechanisms above the corresponding scale
Ap and therefore essentially anywhere but close to the
EW scale. We want to stress that the strong washout
intervals only apply if OvBS is actually observed; if no
signal is seen one may only conclude that the washout of
the corresponding operator is weak below Ap. Future ex-
perimental improvements of the Ov3 sensitivity may not
be able increase much the reach in the scales of O7 9 11
but they can still extend to probe the phenomenologically
interesting Terascale up to ~ 50 TeV.

Future LFV searches will probe intermediate scales up
to ~ 10% GeV, but if 7 — ¢y or u — e conversion in
nuclei was observed, the involved flavors would be equi-
librated around the same temperatures as the washout
from the LNV operators Oz 11. Combining Ovj3/5 and
LFV searches can therefore have a potentially strong im-
pact on our understanding of the baryon asymmetry of
the Universe. On the other hand, the limit on Br,_.,
is already so severe that there is essentially no overlap
with the LNV ranges. We also show \ for the LFV op-
erators but it should not be interpreted as a lower limit
on effective scattering; it merely indicates that the flavor
equilibration weakens as the temperature decreases.

CONCLUSIONS

Our results demonstrate that an observation of Ov3g3
decay can impose a stringent constraint on mechanisms of
high-scale baryogenesis. More concretely, if Ov83 decay
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FIG. 2: Temperature intervals where the given LNV and LFV
operators are in equilibrium, defined by the operator scale
A and the minimal washout scales A\, A as described in the
text. In each case, for the left (right) bar it is assumed that
the corresponding process is observed at the current (future)
experimental sensitivity as given in the text.

is triggered by any nonstandard mechanism, Fig. [1| (b),
(c), and [1f (d), high-scale baryogenesis is generally ex-
cluded. For contribution (b) an experiment such as Su-
perNEMO which is sensitive to electron tracks and mo-
menta may be able to discriminate this case from the
mass mechanism. For contributions (c¢) and (d), an ob-
servation of Ov33 decay will typically also imply the ob-
servation of LNV processes at the LHC [20,[27]. A discov-
ery at the LHC in itself is sufficient to exclude high-scale
baryogenesis scenarios [28]. In Fig. 2| we indicate the ap-
proximate reach of the LHC in direct LNV searches [2§],
illustrating that the LHC and Ov38 probe very similar
scales. Given the expected high sensitivity of upcoming
cosmological observations to the sum of the light neutrino
masses [13] at the level of the oscillation mass splitting,
the comparison with OvS3 decay searches can become
potentially important as well; an incompatibility within
the standard 3-flavor neutrino framework could indicate
the presence of a nonstandard contribution from any of
the 7-, 9- or 11-dimensional operators. Since our ar-
guments demonstrate the importance of distinguishing
between mechanisms, we hope that our work motivates
experimentalists to refine experimental strategies for this
purpose.

However, we would like to emphasize that for our main
conclusion, i.e. the falsification of baryogenesis mecha-
nism above &~ 500 GeV, it is not necessary to exactly
pinpoint the dominant nonstandard Ov(33 operator but

only to establish the presence of any nonstandard contri-
bution in near future Ov3S5 decay searches. In any case,
the results of this work provide further motivation to vig-
orously search for LNV} if observed, both the mechanism
of neutrino mass generation and the then necessarily low-
scale mechanism of baryogenesis could be discovered.

Loopholes to this argument exist, such as the LNV
washout not affecting a specific lepton flavor. This would
be especially problematic in case of the third generation
which is difficult to probe at both low and high ener-
gies. We have demonstrated that simultaneous obser-
vation of Ov3 and LFV processes can be combined to
understand if individual flavor asymmetries are washed
out. This represents a rather non-trivial motivation for
LFV searches. Due to the presence of (B + L) violating
sphaleron processes, our arguments do apply to general
baryogenesis mechanisms with A(B — L) # 0 and not
only to the case AL =2, AB = 0, but models with new
conserved quantum numbers or hidden sectors may be
exempt [29]. Such protection mechanisms should be ad-
dressed explicitly in any model combining low-scale LNV
with high-scale baryogenesis. Apart from this caveat,
our analysis is based on an effective operator approach,
with the only fundamental assumption that lepton num-
ber is broken above the EW scale. It is therefore model
independent and conservative, and similar bounds can
be made more stringent in specific models. For exam-
ple, successful baryogenesis via leptogenesis can provide
bounds on the light neutrino masses in seesaw scenar-
ios [30)].

In summary, if Ov30 decay is observed and it can be
demonstrated that it is triggered by a nonstandard mech-
anism, baryogenesis is likely to occur at a low scale. If on
the other hand, baryogenesis is a high-scale phenomenon,
the only manifestation of LNV at low scales is Ov58 de-
cay through the standard mass mechanism. In this case
it is highly probable that the origin of neutrino mass gen-
eration occurs at a high scale as well.
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