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Universe. We demonstrate in a model independent approach that the observation of neutrinoless
double beta decay would impose a stringent constraint on mechanisms of high-scale baryoge-
nesis, including leptogenesis scenarios. Further, we discuss the potential of the LHC to model
independently exclude high-scale leptogenesis scenarios when observing lepton number violat-
ing processes. In combination with the observation of lepton flavor violating processes, we can
further strengthen this argument, closing the loophole of asymmetries being stored in different

lepton flavors.
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1. Introduction

Different observations point us to physics beyond the Standard Model (SM). One of them is
the baryon asymmetry, quantified by the measured baryon-to-photon number density ratio [1]

N> = (6.0940.06) x 1017, (1.1)

With CP violation within the SM being too small and the Higgs mass being too heavy and thus
preventing a first order phase transition [2], models of baryogenesis in new physics scenarios have
to be evoked. While in the literature a variety of successful models has been proposed for leading
to the observed baryon asymmetry, it is worthwhile to think about possibilities of narrowing down
these options and to proceed in the question which mechanism is realised in nature.

Many models, like for example leptogenesis, work via the principle of creating a (B — L)
asymmetry above the electroweak (EW) scale which is then converted via non-perturbative (B+ L)
violating sphaleron processes above and at the EW scale to the necessary baryon asymmetry while
satisfying the three Sakharov conditions [3]. This principle can be also seen the other way round.
Observing any (B — L) violating process at low scales can lead together with (B + L) violating
sphaleron processes to a washout of a pre-existing baryon asymmetry. This has far-reaching con-
sequences: Observing AL = 2 lepton number violation (LNV) can lead to the exclusion of baryo-
genesis models above a certain scale irrespective of the underlying, concrete mechanism. Thus,
experiments probing lepton number violation (LNV) are powerful probes in falsifying models of
baryogenesis. Mainly based on our previous publications [4, 5] but also [6, 7], we will review the
significant impact a possible observation of neutrinoless double beta (Ov33) decay could have as
well as a signal of LNV at the LHC. We also comment on how an observation of lepton flavour
violation (LFV) can strengthen our argumentation, closing the loophole of an asymmetry being
stored in different flavours.

2. Probing Lepton Number Violation with Neutrinoless Double Beta Decay

OvB B decay, the transition of two neutrons into two protons and two electrons without any
emission of anti-neutrinos is a sensitive probe of LNV. Different classes of diagrams can contribute
in principle to this process as exemplified in Fig. 1: The long-range parts (a) - (b), including the
standard mass mechanism (a), as well as the short-range parts (c) - (d). With the vertices being

(c)

Figure 1: Contributions to Ov33 decay generated by the operators s (a), 07 (b), Og (c) and &1 (d), as
given in Eq. 2.4, in terms of effective vertices, pointlike at the nuclear Fermi momentum scale.

pointlike at the Fermi scale, the long range parts can be expressed in terms of effective couplings
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Isotope gy 4 ESA S e lerf| 5
%Ge  3.3-107° 59-107 1.0-100% 1.0-108 6.4-1071° 1.0-107°

Boxe 26-107° 5.1-1007 62-107° 62-107° 44-10710 74.10°10

Table 1: Limits on effective long-range (B — L)- violatlng couplings, taken from Ref. [8] and updated to
the current limits of 7,9 > 2.1 10% y [11] and 7, ;¢ > 1.9 x 10% y [10] with 90% C. L. limits. It is
assumed that only one ¢ is different from zero at a time.

13 , leading to the following general Lagrangian [8]:
Gr , . : .
L= (Wadynp+ Y €hipld), 2.1
\/E i af

with J}, = @0ud being the hadronic and jz = é0pV the leptonic current and the operators Oy, g
defined as

Oyia=7'(1£%), Osip = (1£7%), ﬁTRrL:%[Yua'}'V]V#(liYS)- (2.2)

The first term in Eq. 2.1 leads to the standard light Majorana neutrino exchange. Assuming one
operator being dominant at a time, one can set limits on the effective couplings from the bounds on
the OV B decay half life T} ), [8],

T, = b PGilMiP, (2.3)
where G; stands for the phase space factor and M; for the specific nuclear matrix element. Currently,
no sign for this process has been found and experiments set only limits on the OV half life in
different isotopes Tfjg (1.9—1.1) x 10® y [9, 10] and 7{j§ > 2.1 x 10% y [11]. With these
current limits we arrive at the bounds on the effective couplings as given in Tab. 1. This implies,
however, as well that as soon as Ov3 3 decay is observed, the corresponding effective couplings 35
can be determined assuming one of them being different from zero at a time. Short range operators
can be treated in a similar way. For further details we refer the reader to Ref. [8] and references
therein.

Ref. [12] lists all 129 possible AL = 2 effective operators based on the SM content and gauge
structure up to dimension 11. In the following, we will discuss four of them, which can lead to the

contributions shown in Fig. 1,

( ) gzkgjly

= (L'd°)(ecu)H' &5,

= (U'L7)(Qu) (Qu¢),

= (L'LY)(Qkd®)(Qid® ) HpHig ji€im. (2.4)

Hereby, L = (vz,er)”, Q = (up,d;)”, H = (H*,H°)T, ¢, u¢ and d¢ are the SM fields. The
fermions are written in terms of left-handed two-component fields. The bracketing denotes the
chosen Lorentz contraction suppressing possible flavor or colour structures. The scales of the op-
erators, as given in Eq. 2.4, can be connected with the effective couplings as follows [5]

o g? Gréey _ é G%S{g.’“} _ g;‘ g%?
BT A V2 2AY 2m, A AT

1. 2.5)
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Op  A5[GeV]  AD[GeV]  AY [GeV]
Os 92x10% 15%x102 9.1x10"
7 1.2x10> 2.8x10> 2.6x10*
Oy 43 x10! 1.7x10>  2.1x10
o, 1.8 x 10! 1.7 x 10? 1.0x 103

Table 2: Operator scale A% and minimal washout scales AB, ig for the LNV operators in Eq. 2.4 and the
current Ov3 B sensitivity 7 , = 2.1 x 102 y.

For the Weinberg operator, the effective coupling is given by & = m,./m,, with m,, being the
effective Ov3 8 mass and m, the electron mass. The higher dimensional couplings are normalised
with respect to the Fermi coupling Gr and the proton mass mp. Further, v = 174 GeV denotes
the Higgs vacuum expectation value, and g a generic, average coupling constant to illustrate the
scaling in an ultraviolet (UV) completed theory, set to one in the following. Given Eq. 2.3 and
Eq. 2.5, a measured half life of OV 8 decay is directly linked to the scale of the operator assuming
one is dominant at a time. Table 2 summarises the scales A% for the current sensitivity of 77, =
2.1 x 107 y.

3. Lepton Asymmetry Washout

In the following, we discuss the strength of the washout introduced by each single operator
given in Eq. 2.4 on a pre-existing baryon asymmetry. For example, in the case of &7, 20 different
permutations leading to 2 — 3 and 3 — 2 processes have to be taken into account. Thus, the
Boltzmann equation for the net lepton asymmetry 7);, normalised to the photon density ny, can be
expressed as [5]

dnL T2D74
nHT—m = CD@%

(3.1
with n, & 2T /%, the Hubble parameter H ~ 1.66,/g.T%/Api, g ~ 107, and Ap; = 1.2 x 10" GeV.
The constant ¢p is derived from the calculation of the scattering amplitude and is given by ¢(57.9,11} =
{8/m°,27/(2xn"),3.2 x 10*/7°,3.9 x 10° /z'3}.

The AL = 2 processes of each underlying operator &p are in equilibrium and the washout of
the asymmetry is effective when the washout rate is larger than the Hubble expansion [5]

riwzciDTZD"‘fc/@ T 2D79>1 (3.2)
H - )’lyH AE)D’X —*DAp \ Ap ~ ) .

with ¢}, = m?cp/(3.3,/8x) ~ 0.3cp. This is the case in the temperature interval [5]

A 2D-9
AD<,D ) =Ap <T < Ap. (3.3)
CDApl

Hereby, the lower limit denotes the scale above which the washout generated by the AL =2 operator
is highly effective. Assuming the current limits on the Ov3 3 half life, the corresponding values
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Figure 2: Temperature intervals in which the given LNV and LFV operators are in equilibrium, defined by
the operator scale Ap and the minimal washout scales QLD,iD as described in the text. For each operator,
the left (right) bar shows the corresponding process being observed at the current (future) experimental
sensitivity. For the future sensitivity we use 7} , ~ 10*' y.

for A are given in Table 2. The upper limit Ap specifies up to which scale the effective operator
approach is still valid, and from which scale on a UV complete theory has to be established.

A more precise estimation can be done by directly solving the Boltzmann equation and deter-
mining above which scale a pre-existing lepton asymmetry of order one has been washed out to the
observed value of baryon asymmetry. This leads to the more accurate scale i,g [5],

A 102N .op o, apo B
o~ |(2D—9)In( = ) A2 4y , (3.4)
B

given as well in Table 2.

The results are summarised in Fig. 2, where the current and future values for Ap, iD and
Ap are depicted for each AL = 2 operator. A striking observation is the stark difference in scales
between the Weinberg operator 5 and the higher dimensional operators @7 9 11. As the scale iD,
above which a pre-existing baryon asymmetry is washed out to the observed value, lies close to
the EW scale for the operators &7 9 11, observing Ovf3 via a non-standard mechanism excludes
baryogenesis as a high-scale phenomenon. However, to be fair, this assumes a washout equally
distributed in all flavours. As Ov33 decay only probes the electron flavour sector, one has to
ensure that all flavours are in equilibrium.

4. Extension to other flavours by considering Lepton Flavour Violation

The most stringent limits on LFV are currently set on 6-dimensional AL = 0 operators of
the form &y = (gggyigG“Vf_cHFuv and Oyyq = Crigq (¢T1,£)(gT1q), where I1; represent possible
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Lorentz structures [13], with £ = e, i, 7. We define the LFV operator scales A; as [5]

4.1

where a generic coupling g as scaling of an UV complete model is introduced, set to one in our
calculation. As %y necessarily involves an electromagnetic coupling e and cannot be generated
at tree level, a loop suppression factor is added as well. No correlation between the LFV and
LNV operators is assumed. In a similar analysis to the above discussed LNV operators, we studied
from which scale LFV is equilibrated. In Fig. 2, the scale A is shown, which indicates above
which the corresponding flavours are equilibrated and a pre-existing asymmetry is washed out. The
validity of the effective operator approach is denoted by A?. Both parameters are given for current
and future sensitivities. The current values are calculated by taking Bry ., < 5.7 x 10713 [14],
Br; iy $4.0x 1078 (£ = e, 1) [15] and the p — e conversion rate Rj",, < 7.0 x 107" [15], the
expected sensitivities of ongoing and planned experiments are Bry, ., ~ 6.0 x 10~ 16], Bre iy~
1.0x 107 [17] and Ry, ~ 2.7 x 10717 [18].

Comparing the resulting ranges with those of the LNV operators, we encounter an overlap of
T — {u and u — e conversion with the higher dimensional LNV operators @77 ¢ 11. This means when
observing Ov3 3 decay and LFV in T — ¢u and p — e conversion of this scale, an asymmetry stored
in a flavour other than the electron sector can be ruled out and high-scale baryogenesis models can
be excluded. As visible in Fig. 2, the limit on 4 — ey is already too strong such that no overlap
with the LNV ranges is possible.

This demonstrates that the observation of Ovf 3 decay can impose a stringent constraint on
models of high-scale baryogenesis. If OV decay is observed via a non-standard mechanism,
high-scale baryogenesis is in principal excluded. If LFV is observed as well, as discussed above,
the possibility of an asymmetry being stored in another flavour sector can be excluded as well.
Crucial at this point is the discrimination between the Weinberg operator and any non-standard
mechanism leading to OV decay. Different experimental strategies exist to achieve this disen-
tanglement. A potential discrepancy between the neutrino masses determined from cosmology and
the OvB B half life measurement could indicate for example an underlying non-standard mecha-
nism. Also SuperNEMO [20, 21] is designated to discriminate the &7 operator from others due to
its possibility to measure the energy and angular distribution of the outgoing electrons [19]. Fur-
ther possibilities include the measurements via different isotopes [22] and the comparison between
OvB~B~ and OVBTB™ [23]. For further details we refer the interested reader to [5] and refer-
ences therein. As indicated in Fig. 2, the higher dimensional operators 9 and | imply as well
a potential observation of LNV at the LHC. Thus, we would like to make a short excursion on the
implications of observing LNV at the LHC.

5. Lepton Number Violation at the LHC

A generic example for tree level UV completions of LNV operators has been studied in
I*1*qq as depicted in Fig. 3 (left), which
could be realised e.g. by a resonant Wx production in L-R symmetric models. In this general ap-

Ref. [4]; a resonant same sign dilepton signal pp —

proach the intermediate particles X and Y stand for different vector or scalar bosons and ¥ denotes
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Figure 3: Possible diagram contributing to the resonant same sign dilepton signal pp — [*1%gq at the LHC.
The particles X and Y indicate different vector or scalar bosons, ¥ denotes a fermion. Any two of the four
fermions f; can be leptons (left). Washout rate I'yy /H at T = My as a function of Mx and oppc (solid blue
contours). The dotted light blue lines denote the surviving lepton asymmetry at the EW scale relative to its
value at My, nEV /n¥ (right).

a fermion. Further, any two out of the four fermions f; can be leptons. Following similar arguments
as above, we calculate the ratio between the washout rate and the Hubble expansion to be larger
than one,

NG

r
w__Y ). (5.1)

T 00
W T oy with y=—— [ dsse(s)K
H  mH Wi 327:4/0 ssro(s)Ki(

Here, K is the 1st-order modified Bessel function of the second kind, and & (s) is the cross section
of the AL =2 process. This cross section can be related to the LHC cross section ot gc, factorising
out a parton distribution function f;,4,, and the averaging over initial particle quantum numbers,

o 4.9 *SLHC
fang» (Mx /\/Strc)

This leads to the following expression [4],

o(s) -oLnc - 6(s —M3). (5.2)

Dw o008 MeM} K (My/T)

H Ve T fy 00 (Mx/y/siac

) X (SLHCOLHC) (5.3)

which is independent of the branching ratios of the particle X and thus valid for all coupling
strengths assuming that the resonant particle X and subsequent particles decay promptly at the
LHC. Evaluated at T = My with the LHC center-of-mass energy /spnc = 14 TeV, this expression
only depends on the resonant mass My and the LHC cross section o gc.
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The far-reaching consequences are shown in Fig. 3. In blue solid lines, the washout rate is
depicted. They show that a strong washout is implied when observing an LNV signal at the LHC
of around 61 e > 1072 fb. In blue dashed lines, the strength of the washout is depicted, indicating
the washout at the EW scale normalised to its value at My. In case an LNV signal at the LHC
is seen, it would imply a large washout and thus render high-scale leptogenesis and baryogenesis
models ineffective. Again, it should be mentioned that as a caveat it is possible that LNV is realised
just in the third family only. Thus, additional measurements for pp — [=[*¢qq for either 1] = ee,
up and t7, or for eyt and e(u)t would testify that all lepton flavours have been equilibrated.
Alternatively, the observation of LFV at low scales would allow a similar conclusion, as outlined
above.

6. Conclusions

Searches for LNV in Ovf 3 decay, at the LHC and in other contexts (e.g. in meson decays)
are powerful tools to narrowing down models of baryogenesis. As demonstrated above, if OV 3
decay was observed via a non-standard mechanism, it would point us to low-scale baryogenesis as
well as a probable discovery of LNV at the LHC. If however, high-scale baryogenesis is realised
in nature, no LNV is expected to be discovered at the LHC. If Ov3 decay was observed, its
underlying mechanism is then likely to be the standard mass mechanism via the Weinberg operator
and it would point us also to a high-scale origin of neutrino masses. Loop holes in this reasoning
exist, like in models with hidden sectors, new symmetries or conserved charges, and we would like
to refer the reader to [4, 5] for a more detailed discussion. Although those have to be considered
in the specific model of baryogenesis in question, we think it is important to make theorists and
experimentalists aware of the tight connection between Ov3 3 decay and searches for LNV at the
LHC with the origin of the baryon asymmetry of our Universe.
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