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ABSTRACT: The Majorana nature of neutrinos can be experimentally verified only via
lepton-number violating processes involving charged leptons. We study 36 lepton-number
violating (LV') processes from the decays of tau leptons and pseudoscalar mesons. These
decays are absent in the Standard Model but, in presence of Majorana neutrinos in the
mass range ~ 100 MeV to 5 GeV, the rates for these processes would be enhanced due to
their resonant contribution. We calculate the transition rates and branching fractions and
compare them to the current bounds from direct experimental searches for AL = 2 tau and
rare meson decays. The experimental non-observation of such LV processes places stringent
bounds on the Majorana neutrino mass and mixing and we summarize the existing limits.
We also extend the search to hadron collider experiments. We find that, at the Tevatron
with 8 fb~! integrated luminosity, there could be 20 (50) sensitivity for resonant production
of a Majorana neutrino in the p*u® modes in the mass range of ~ 10 — 180 GeV (10 —
120 GeV). This reach can be extended to ~ 10 — 375 GeV (10 — 250 GeV) at the LHC of
14 TeV with 100 fb~!. The production cross section at the LHC of 10 TeV is also presented
for comparison. We study the p*e® modes as well and find that the signal could be large
enough even taking into account the current bound from neutrinoless double-beta decay.
The signal from the gauge boson fusion channel W+W* — ¢{¢J at the LHC is found to be
very weak given the rather small mixing parameters. We comment on the search strategy

when a 7 lepton is involved in the final state.
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In the Standard Model (SM) of strong and electroweak interactions, neutrinos are strictly

massless due to the absence of right-handed chiral states (Ng) and the requirement of



SU(2)1 gauge invariance and renormalizability. Recent neutrino oscillation experiments
have conclusively shown that neutrinos are massive [1]. This discovery presents a pressing
need to consider physics beyond the SM. It is straightforward to obtain a Dirac mass
term mp (7, Ng + h.c.) for a neutrino by including the right-handed state, just like the
treatment for all other fermions via Yukawa couplings to the Higgs doublet in the SM.
However, a profound question arises: Since Np is a SM gauge singlet, why should a gauge-
invariant Majorana mass term %M NrNpg not exist in the theory? In fact, there is strong
theoretical motivation for the Majorana mass term to exist since it could naturally explain
the smallness of the observed neutrino masses via the so-called “see-saw” mechanism [2]
~ D
my & F (1.1)
From a model-building point of view, there are many scenarios that could incorporate the
Majorana mass. Examples include Left-Right symmetric gauge theories [3]; SO(10) Su-
persymmetric (SUSY) grand unification [4] and other grand unified theories [5]; models
with exotic Higgs representations [6, 7]; R-parity violating interactions (AL = 1) in Super-
symmetry (SUSY) [8] and theories with extra dimensions [9]. There are other proposals
to generate Majorana masses for neutrinos at a higher scale M without relying on the
right-handed state Ng [10, 11]. According to the scheme in generating the mass scale M
in eq. (1.1), it has been customary to call them Type I [2], Type II [10] or Type III [11].
Within the context of the SM, there is only one gauge-invariant operator [12] that is

relevant to the neutrino mass,
K

A
where [; and H are the SM lepton and Higgs doublets, respectively. The constant  is a

I,H I, H, (1.2)

model-dependent effective coupling and A is the new physics cut-off scale. It is a dimension-
5 non-renormalizable operator, and leads to Majorana neutrino masses of the order xv?/A,
after the Higgs field acquires a vacuum expectation value v, in accordance with the see-saw
scheme. Higher dimensional operators that give rise to Majorana neutrino masses have also
been constructed in a model-independent manner [13]. The challenging task is to look for
experimental evidence to probe the new physics scale A and to distinguish the underlying
theoretical models mentioned above.

In the neutrino sector, besides the rich phenomena of neutrino flavor oscillations and
the possible existence of new sources of CP-violation, lepton number violation by two units
(AL = 2), as implied by a Majorana mass term, plays a crucial role. Not only may it
result in important consequences in particle physics, nuclear physics and cosmology but
it would also guide us in understanding the fundamental symmetries of physics beyond
the SM. Although the prevailing theoretical prejudice prefers Majorana neutrinos, exper-
imentally testing the nature of neutrinos and lepton-number violation (LV') in general, is
of fundamental importance. In accelerator-based experiments, neutrinos in the final state
are undetectable by the detectors, leading to the so-called “missing energy” and therefore
missing lepton numbers as well. One is thus forced to look for charged leptons in the final
state. The basic process with AL = 2 can be generically expressed by

W W~ — (765, (1.3)



Figure 1. A generic diagram for AL = 2 processes via Majorana neutrino exchange.

where W™ is a virtual SM weak boson and ¢12 = e, 1, 7. By coupling fermion currents to
the W bosons as depicted in figure 1, and arranging the initial and final states properly, one
finds various physical processes that can be experimentally searched for. The best known
example is neutrinoless double-beta decay (0v(3(3) [14-16], which proceeds via the parton-
level subprocess dd — uu W*W ™" — uu e”e~. Other interesting classes of LV processes
involve tau decays such as 7= — ¢t M; M, [17, 18] where the light mesons My, My are
7, K, rare meson decays such as M;" — (] ¢35 M; [18-20] and hyperon decays such as
YT — YTe e, 27 — pu~pu~ ete. [21]. One could also explore additional processes like
e~ — ut [22], = — et [18, 23] and p~ — puT conversion [18, 24]. One may also consider
searching for signals at accelerator and collider experiments via e"e” — W~W™ [25],
ete” — 79 — N+X [26], eTp — vo(7)0E 05 X [27], neutrino nucleon scattering vy(77) N —
E:FfffétX 28], pp — ({3 X [29-34], top-quark decays t — bl ¢35 W~ [35], charged-Higgs
production e*e* — HTH* [36], and in the decay N — (*HT [37].

The dynamics for AL = 2 processes as in eq. (1.3) is dictated by the properties of the
exchanged neutrinos. For a Majorana neutrino that is light compared to the energy scale
in the process, the transition rates for LV processes are proportional to the product of two
flavor mixing matrix elements among the light neutrinos and a LV mass insertion

2
2

<m>2152 = (1.4)

3
5 UflmUZQmmym

m=1

)

where (m), ,, are the “effective neutrino masses”. If the neutrinos are heavy compared to
the energy scale involved, then the contribution scales as

3+ 2

21:1 W1MIWQm’ (1 5)
my_, ' .

m/=4 m

where V is the mixing matrix between the light flavor and heavy neutrinos. Unfortunately,
both situations encounter a severe suppression either due to the small neutrino mass like



m?,m JMZ,, or due to the small mixing |W1mzw2m/|2. An important observation is that
when the heavy neutrino mass is kinematically accessible, a process may undergo resonant
production of the heavy neutrino. The transition rate can be substantially enhanced and

goes like
(N — i) DN = )

) (1.6)

where 7, f refer to the initial and final state during the transition.

The possible existence of sterile neutrinos in the mass range relevant for resonant en-
hancement of AL = 2 processes studied in this paper is motivated in several scenarios.
Models which implement the see-saw mechanism at low energies have been recently con-
sidered [38, 39]: the neutrino masses generated are accidentally small and active-sterile
mixing can be as large as few percent. See-saw models at the electroweak scale can explain
neutrino masses if appropriate symmetries are imposed and at the same time provide an
appealing mechanism for baryon asymmetry generation via resonant leptogenesis [40]. In
theories with dynamical electroweak symmetry breaking, sterile neutrinos with masses in
the 100s of MeV to GeV range are invoked to explain light neutrino masses [41]. Sterile
neutrinos can also play a role in understanding the flavour problem in the leptonic sector.
It has been shown that mixing with sterile neutrinos can be at the origin of the large angles
in the neutrino sector [42].

Heavy, mostly-sterile neutrinos have been investigated for their role in cosmology
and astrophysics, in particular in Big Bang Nucleosynthesis, Large Scale Structure for-
mation [43], cosmic microwave background, diffuse extragalactic background radiation,
supernovae [44] and as dark matter candidates [45-47] (for a review on MeV sterile neutri-
nos, see ref. [48]). A keV sterile neutrino is a viable dark matter candidate [45, 47], which
can also explain the origin of pulsar kicks [49]. Decays of heavy, mostly-sterile neutrinos
have been proposed to explain the early ionization of the Universe [50]. Due to mixing,
dark matter sterile neutrinos would decay radiatively contributing to the Diffuse Extra-
galactic Background Radiation and inducing x-ray emission from galaxy clusters [51, 52].
A large coupling between sterile neutrinos and light dark matter scalars can be at the
origin of neutrino masses and of the observed dark matter abundance [53]. A model with
sterile neutrinos in the keV-GeV mass range has been proposed to explain the dark matter
of the Universe as well as baryogenesis [54, 55]. Its phenomenological and astrophysi-
cal signatures have been considered in detail in refs. [52, 56]. This model assumes the
existence of one sterile neutrino with keV mass for dark matter and two heavier neutri-
nos with quasi-degenerate GeV masses for successful baryogenesis. The required mixing
|Veme |2 of the latter neutrinos with the active ones is mass dependent and lies in the range
10~ — 1078, for a mass of 1 GeV. Additional constraints on the heavy neutrino mass and
mixing angles can be derived from astrophysical observations. Sterile neutrinos mixed with
active ones would be efficiently produced in supernovae cores, escaping from it and deplet-
ing substantially the supernova core energy, and, therefore, might modify the supernova
evolution. Recently, it was shown that sterile neutrinos in the mass range ~ 0.2 GeV and
small mixing angle with 4 and 7 neutrinos could enhance the energy transport from the
core to the stalled shock and favor the supernova explosion [44]. They could also explain



the high velocity of pulsars if the momentum carried away by heavy sterile neutrinos is
emitted asymmetrically [49]. Detailed reviews and discussions of heavy neutrinos in the
Early Universe and their present bounds can be found, e.g., in refs. [48, 57, 58].

Cosmological and astrophysical constraints on sterile neutrinos are typically very strong
but are not as robust as the ones from laboratory searches as they typically depend on the
production mechanism of sterile neutrinos in the Early Universe and on the cosmological
evolution. For example, they can be significantly weakened or evaded if the reheating
temperature is low [47, 59|, if their density in the Early Universe is diluted by entropy
injected at late times [55] or if they have non-standard interactions. In these cases, much
larger mixing angles with active neutrinos are allowed by cosmological observations and
can be tested in terrestrial experiments. Therefore, it is important to perform experimental
searches of heavy sterile neutrinos with increased sensitivity and, specifically for Majorana
neutrinos, to consider AL = 2 processes. If a positive signal is found and is incompati-
ble with the cosmological and/or astrophysical observations, one would need to consider
modifications to the standard cosmological scenario and/or would gain new insight on the
evolution of astrophysical objects.

In this paper, we study resonant contributions of heavy Majorana neutrinos to AL = 2
processes involving two charged leptons in accelerator-based experiments. We establish
our conventions and discuss the current constraints on the mass and mixing of heavy
neutrinos in section 2. In section 3 we lay out the general expressions for the heavy neutrino
contributions to low energy LV decays and study two classes of AL = 2 processes,

(a) tau decays 7~ — (T M M,
(b) rare meson decays K+, D*, Df Bt — ¢f 5 M, .

We calculate the enhanced transition rates and branching fractions and compare them
to the bounds set by direct experimental searches. A non-observation of such AL = 2
processes places stringent constraints on the mass and mixing of Majorana neutrinos which
are also presented in this section. The resonant production of Majorana neutrinos at hadron
colliders, namely the Tevatron and LHC are studied and updated in section 4. We draw
our conclusions in section 5. We discuss in detail the formalism, the decay modes and the
total decay width of heavy Majorana neutrinos and the transition rates of LV processes in
the appendices.

2 DMajorana neutrinos in extension of the standard model

To set up our notation and convention, we first discuss the formalism for the simplest
extension of the SM which includes right handed singlets. Also in this section, we present
the current constraints on the mass and mixing of a heavy neutrino from various direct
detection experiments, accelerator searches and electroweak precision constraints.



2.1 Formalism for heavy neutrino mixing

The leptonic content in our simplest extension of the SM includes three generations of

left-handed SM SU(2)1, doublets and n right-handed SM singlets

Vq
L., = (l ) . Nig, (2.1)
“Jr

where ¢ = 1,2,3 and b = 1,2,...,n. The gauge-invariant Yukawa interactions lead to
Dirac masses for the charged leptons and neutrinos after the Higgs field develops a vacuum
expectation value v. It is also possible for the singlet neutrinos to have a heavy Majorana
mass term. The full neutrino mass terms as well as the diagonalized eigenvalues can be

expressed as

3 n n
v 1 B — v ENG 1Z:3 BN
— [’m = B Z (VaL meyy, Nop + leL My, I/gR) + Z leL Bpy Nygr | +h.c.
a=1b—1 bb/ =1
1 3+n
= 5 (Z My,, VmL V%R‘f‘ Z MNm’ an,L Nm’R) + h.c. (22)
m=1 m/=4

with the mixing relations between the gauge and mass eigenstates

3 3+n
VoI, = Z UonVimI + Z Vam/an/L, (2.3)
m=1 m/'=4

Uut + vVt =1. (2.4)

In terms of the mass eigenstates, the gauge interaction Lagrangian can be written as

T 3 T 3+n
—L = %WJ <Z S Ub " PLl+> > Vi N—gﬂﬂPJ) +he.

l=e m=1 l—e m/—4
g T 3 T 3+n

S cos by 2 <Z S Up " PL v+ Y Vi NoAMPL Vg) Fhee.(2.5)
l=e m=1 l—e m!—4

Further details about the mixing formalism are given in appendix A.

A few important remarks are in order before the detailed considerations. First of all,
parameterically, the light neutrino masses m,, 444 are of the order of magnitude (m”D)2 /B,
while the heavy neutrino masses are My, giqg ~ B. Secondly, the mixing parameters would
typically scale as UTU ~ I and V1V ~ m,, /My. Thirdly, the Majorana mass term for the
flavor states v,r, absent in eq. (2.2) and corresponding to the null entry Osxs in eq. (A.8),
may receive non-zero contributions as Majorana masses for the light active neutrinos, for
instance from higher dimensional AL = 2 operators or in theories with a triplet Higgs
field. The general formalism presented here remains the same. In this paper, we will take a
phenomenological approach toward these parameters. We will simply take the masses and
mixing elements of the heavy neutrino as free parameters, only subject to some constraints
from experimental observations. The assumption that the masses and mixing elements



are not rigorously related by the see-saw relations is feasible from a model-building point
of view, since some fine-tuning or some ansatz of the neutrino mass matrix can always
alter the general relations. Several scenarios where it is possible to have rather low mass
of the heavy neutrino were mentioned in the previous section. Here and henceforth, we
consider the case when only one heavy Majorana neutrino is kinematically accessible and
denote it by Ny, with the corresponding mass m,4 and mixing with charged lepton flavors
Vig. If we stick with this simple parameterization, the SM Higgs boson will couple to the
heavy neutrinos as well. We present the couplings in appendix A. When appropriate, we
will include this effect. As noted above, some fine-tuning [60] would be needed to avoid
excessive contributions to the light neutrino mass.

2.2 Current constraints on Ny masses and mixing

In laboratory searches, no positive evidence of sterile neutrinos has been found so far,' in
the mass range of interest, 100 eV-100 GeV.?

A very powerful probe of the mixing of heavy neutrinos with both v, and v, are peak
searches in leptonic decays of pions and kaons [67]. If a heavy neutrino is produced in
such decays, the lepton spectrum would show a monochromatic line at

2 2 2
By =Tu Tt m M (2.6)
2m s

where E; and my are respectively the lepton energy and mass, mj; is the meson mass. The
mixing angle controls the branching ratio of this process as:

D(M* = 6ENy)  |[Viul?

— ,%VQ, 2.7
PO = o) 53 (U Vel 27)

where p is a kinematical factor [67]:

\/1 + g+ g — 2( e A pa F prepia) <w + g — (pe — u4)2>

pre(1 — Mz)2

p : (2.8)

with p; = mf / m?u For large my, the helicity suppression of the 7w, K — £, decays weakens
and there is an enhancement for M — ¢t Ny by a relative factor m?/ mf, reaching up to
10 —10° compared to that of 7 — ev, and K — ev, in the SM, respectively. These bounds
are very robust because they rely only on the assumption that a heavy neutrino exists and
mixes with v, and/or v,.

Another strategy to constrain heavy neutrinos mixed with v, v, and v, is via searches
of the products of their decays. If kinematically allowed, N4 would be produced in every

'Indications of the existence of a neutrino with 17 keV mass were subsequently shown to be non valid.
For a review, see ref. [61]. Studying interactions of neutrinos from 7 and p decays, an anomaly in time
distribution was found [62]. It could be interpreted as the existence of a neutrino emitted in pion decays
with mass of 33.9 MeV. Searches for this neutral fermion have not given any positive signature and have
allowed to constrain the mixing to be |V,4|> < 9.2 x 107% at 95% C.L. [63].

2For sterile neutrinos with smaller masses a rather complete analysis of the bounds can be found in
ref. [64]. See also the implications of the recent results from the MiniBooNE collaboration [65, 66].



process in which active neutrinos are emitted with a branching fraction proportional to
the mixing parameter |Vj4|?. They would subsequently decay via Charged Current (CC)
and Neutral Current (NC) interactions into neutrinos and other “visible” particles, such
as electrons, muons and pions. Searches for these “visible” decay-products were performed
and were used to constrain the mixing parameters. In beam dump experiments, N4 would
be produced in meson decays, with the detector located far away from the production
site. The suppression of the flux of N4 needs to be taken into account if the decay length
is very short and, therefore, typically both an upper and a lower bound on the mixing
angle can be set. Otherwise, the production can happen in the detector itself, as for the
limits obtained from a reanalysis of LEP data, using the possible decays of the Z9 [26]
into heavy neutrinos. In this case, large values of the mixing angle can be excluded.
These bounds are less robust than the ones previously discussed. In fact, if the heavy
neutrinos have other dominant decay channels into invisible particles, these bounds would
be weakened, if not completely evaded. For example, a coupling of the type gNv¢ (see
ref. [53, 68]), with ¢ a scalar, can induce very fast decays, which might dominate over the
ones induced by CC and NC interactions. In this case, if the decay length is very short due
to these strong interactions, the flux of N4 might be suppressed at the far detector and the
bound would not apply. If the production happens in the detector itself, the bounds would
need to be recomputed considering the branching fraction into “visible” channels. Notice
that we do not report here the bounds from ref. [69] as they do not apply to the heavy
neutrinos under consideration. In these analyses it was assumed that heavy neutrinos were
produced via Z° — N4N; with the same strength as an active neutrino. In our scheme,
this would correspond to having mixing angle equal to 1. Then, the search for N4 decays
in the detector was used to constrain the heavy neutrino parameters. These data should
be reanalyzed considering that the production of Ny is suppressed by |Vy4|?. Comparing
the expected number of events with the backgrounds we estimate that typically bounds of
order |Vy|? < few x 1073-10~2 could be deduced. However, a detailed analysis should be
performed and we do not report these limits in our figures.

For masses above the production threshold, additional constraints can be obtained from
lepton universality as the decay rates for muons, pions, taus as well as the invisible decay
width for the Z" boson are modified with respect to the SM predictions [70-72]. Flavour
changing neutral current processes such as u — e, u — eete™ and p—e conversion in nuclei
are affected by the existence of heavy sterile neutrinos and strong limits can be obtained
on the mixing with active neutrinos [73-75]. These bounds are reported in section 2.2.4.

Finally, in section 2.2.5 we discuss the very strong constraints on |V.4|?> which can be
obtained from the non-observation of neutrinoless double beta decay. It should be noticed
that in the presence of more than one sterile neutrino, possible cancellations between the
contributions to the decay rate can be achieved and the bounds would be consequently
much weaker.

Next, we review the laboratory constraints on the mixing between heavy and active
neutrinos, depending on flavour and the mass of sterile neutrinos.



2.2.1 Mixing with v,

The mixing parameter V4 can be tested in searches of kinks in the [-decay spectrum, of
peaks in the spectrum of electrons in meson decays and, finally, of N4 decays in reactor
and accelerator neutrino experiments.

For masses 30 eV ~ my4 ~ 1 MeV, the most sensitive probe is the search for kinks in
the (-decay spectra [67]. In the presence of heavy neutrinos mixed with v, the Kurie plot
would be given by the contributions of the decays into light neutrinos as well as into heavy
ones. This induces a kink in the Kurie plot at the end point electron energy F,

M2 4 mZ — (Mg +my)?
N 2M; ’

E. (2.9)
where M; ; are the mass of the initial and final nuclei, respectively, and m, is the electron
mass. In figure 2 we report the most stringent limits, obtained by using different nuclei [76—
80]. In reactors and in the Sun only low mass, my < few MeV, heavy neutrinos can be
produced. The constraints obtained by looking for their decays into electron-positron
pairs [81, 82] are reported in figure 2 with solid (cyan) contour labeled Bugey and short
dashed (blue) contour labeled Borexino. The region with long dash dotted (grey) contour,
labelled m — ev, is excluded by peak searches [83].

For heavier masses peak searches give the most stringent bounds, shown in figure 3.
Notice that, due to the weakened helicity suppression of the m decay, the sensitivity on
Vo4 increases with my till phase space becomes relevant at myg > 80 MeV, for 7 — ev,.
The excluded region, at 90% C.L., from ref. [83], is indicated with the solid (black) line
labeled @ — ev. For heavier masses, stringent bounds are obtained by looking at the
electron spectrum in K decays [85] and are indicated by the double dash dotted (purple)
line labeled K — ev in figure 3. Assuming that only CC and NC interactions are at play,
stringent bounds have been obtained on |V.4|?> and are reported in figure 3 by the rest
of the contours (except dotted (maroon) line labeled Ovf3). In particular, the limits at
90% C.L. from refs. [86-88], assume the production of Ny in meson decays and look for
visible channels in a detector located some distance from the source. The limits at 95% C.L.
in refs. [89, 90] analyse the data from DELPHI and L3 detectors, looking for Ny from Z°-
decays. In figure 3 we also report the excluded region from neutrinoless double beta-decay
experiments [84, 91], bounded by dotted (maroon) line, valid if the heavy neutrinos are

Majorana particles (see further).

2.2.2 Mixing with v,

The bounds on [V,4]? come from searches of peaks in the spectrum of muons in pion and
kaon decays and of the decays of Ny produced in neutrino beams and eTe™ collisions.

As already discussed in the case of mixing with v., peak searches provide very robust
and stringent bounds, by looking at pion decays for masses up to 34 MeV, and at kaon
decays for higher masses. A detailed review is given in figures 1 and 2 in ref. [92] and for
masses larger than 100 MeV the limits are reported in figure 4. The other limits on |Vu4|2
are found in decay searches and are also shown in figure 4. They come from beam dump
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Figure 2. Bounds on |V¢4|? versus my in the mass range 10eV-10MeV. The excluded regions
with contours labeled ¥"Re [76], *H [77] , 93Ni [78] , 3°S [79] , *°F and Fermiy [80] refer to the
bounds from kink searches. All the limits are given at 95% C.L. except for the ones from ref. [80]
which are at 90% C.L.. The areas delimited by short dashed (blue) contour labeled Borexino and
solid (cyan) contour labeled Bugey are excluded at 90% C.L. by searches of N, decays from the
Borexino Counting Test facility [81] and ref. [82] respectively. The region with long-dash-dotted
(grey) contour, labelled m — ev, is excluded by peak searches [83]. The dotted (maroon) line labeled
Ovf0 indicates the bound from searches of neutrinoless double beta-decay [84].

experiments [86, 87, 93-95] and from direct N4 production in the detectors DELPHI [89],
L3 [90] and CHARM [96].

2.2.3 Mixing with v,

Heavy neutrinos mixed with 7 neutrinos can be produced either via CC interactions if a 7
is produced or in NC interactions. The only limits come from searches of Ny decays and
are reported in figure 5. The bounds at 90% C.L. from CHARM [97] and NOMAD [98]
assume production via D and 7 decays. The DELPHI bound at 95% C.L. [89] assumes
Ny production in Z° decays and with respect to the bound on |Ve4|? and |V4/|? there is 7-
production kinematical suppression for low masses which weakens the constraint for masses
in the range my4 ~ 2-3 GeV.
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Figure 3. Bounds on |Ve4|2 versus my in the mass range 10 MeV—-100 GeV. The areas with solid
(black) contour labeled @ — er and double dash dotted (purple) contour labeled K — ev are
excluded by peak searches [83, 85]. Limits at 90% C.L. from beam-dump experiments are taken
from ref. [86] (PS191), ref. [87] (NA3) and ref. [88] (CHARM). The limits from contours labeled
DELPHI and L3 are at 95% C.L. and are taken from refs. [89] and [90] respectively. The excluded
region with dotted (maroon) contour is derived from a reanalysis of neutrinoless double beta decay
experimental data [84].

2.2.4 Electroweak precision tests

The presence of heavy neutral fermions affects processes below their mass threshold due
to their mixing with standard neutrinos [70] and significant bounds can be set by precision
electroweak data. The effective p-decay constant G, measured in muon decays, is modified
with respect to the SM value and can be related to the fundamental coupling G as:

Gy = Gy (1= Vea2)(1 = Vi) - (2.10)

The p — e universality test, done by comparing the decay rate of pions into e and uv, can
be used to constrain the ratio
1 — [Vea]?

i b 2.11
T Vul? 211)

for my > mg [70, 71]. The analysis of experimental data leads to ij'“i:ﬂi = 1.0012 +

0.0016 [71], which implies |Ve4|? < 0.004 at 20 for the least conservative case of |V,4]? = 0.
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Figure 4. Limits on |V,4|? versus my4 in the mass range 100 MeV-100 GeV come from peak
searches and from N4 decays. The area with solid (black) contour labeled K — puv [92] is ex-
cluded by peak searches. The bounds indicated by contours labeled by PS191 [86], NA3 [87],
BEBC [93], FMMF [94], NuTeV [95] and CHARMII [96] are at 90% C.L., while DELPHI [89] and
L3 [90] are at 95% C.L. and are deduced from searches of visible products in N4 decays. For the
beam dump experiments, NA3, PS191, BEBC, FMMF and NuTeV we give an estimate of the upper
limit for the excluded values of the mixing angle.

For my > m,, the p — 7 universality sets limits on:

1-— |V7—4|2

i A 2.12
T V2 (212)

and can be tested by looking at the 7 leptonic and hadronic decays which give |V;4]? —
[V,a]? = 0.0057 & 0.0065 [71] and |V;4]? — [Ves|? = 0.0054 £ 0.0064 [71]. The most con-
straining bound on |V,4|? is obtained for [Ve4|?, [V,4|> = 0 and reads |V;4]? < 0.018 at 20.
The unitarity constraint on the first row of the CKM matrix [99] reads

1
ST OVSEME = = 0.9992 £ 0.0011, (2.13)
=123 1= [V

and translates into a very strong bound on [V,4]?, |V,u|? < 0.0003 (0.0014), at 1 (2)o,

which holds for sterile neutrinos heavier than the A baryon.

In the presence of heavy singlet neutrinos heavier than half the Z° mass, the invisible
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(CHARM) and in ref. [98] (NOMAD) at 90% C.L., and in ref. [89] (DELPHI) at 95% C.L.

decay rate of Z° would be reduced with respect to the SM one, Fle\iinV’ as:
~ 1= =|Vey|* — =|Vul* — =V, . 2.14
Fsz,l\iinv 6 ‘ 54‘ 6 ’ N4’ 3 ’ 7'4’ ( )

By a standard model fit to LEP data, the effective number of neutrinos is now determined
to be N, = 2.984 + 0.008 [99] and provides a bound on |Vj4|? similar to but somewhat
weaker than the ones obtained by lepton-universality.

A combined analysis of an old set of unitarity bounds [71], which does not include the
one from the CKM matrix determination, leads to the following limits at 90% C.L. |V.4|? <
0.012,|V,4]? < 0.0096 and [V;4]* < 0.016. If the CKM matrix constraint is included and
partial cancellations between the contributions of different flavors are taken into account,
a previous combined study [70] then gives the more robust limits at 90% C.L., |Vi4]? <
0.0066, |V,4|* < 0.0060 and |V;4]* < 0.018. A very recent analysis [72] has updated these
results using the latest electroweak precision data, except for the CKM observables. They
find at 90% C.L.

[Vea|? < 0.003, [V,ul? < 0.003, [Vy4]? < 0.006 . (2.15)

If the constraints from CKM observables are included, we expect the bounds to become
somewhat stronger, given by |[Ves|? < 0.002,|V,4]? < 4 x 107°,|Vo4[> < 0.006 [100]. In
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Mixing element Range of my EW Measurement
|Vea|? my 2 O(mx) < 0.003 [72]
|Vyua|? my 2 O(my) < 0.003 [72]
|Vral® my 2 O(m;) < 0.006 [72]
|VeaVal 10GeV (100 GeV) [1000GeV] | < 0.015 (3.5 x 107%) [1.2 x 1074

Table 1. Most stringent model-independent constraints on the mixing elements of the heavy
neutrino from precision electro-weak measurements. The bounds on |Vy4]?, ¢ = e,u, 7 and on

[VeaV,a] at 90% C.L.. See text for details.

the following, we take the bound [V,4|*> < 0.0060 as a conservative reference limit on the
mixing for comparison with the results of our study.

Indirect limits on the parameters characterizing heavy sterile neutrinos can be obtained
from searches for flavour changing neutral current processes such as u — ey, u — eete”
and p — e conversion in nuclei [75]. The branching fraction for ;1 — ey induced by the
mixing with heavy singlet neutrinos is given by [73-75]:

2
my ,
S vt o
m

w

, (2.16)

3o

Br(p — ey) = —

(v —ey)=o-

where m/ indicates the heavy sterile neutrinos with mass m N, and my is the mass of the
W boson. The function g(z) is given by

2(1 — 62 + 32% + 223 — 622 In(x))
9(z) = 2(1 — 2)’ ’

(2.17)

where g(x) goes from 0 to 1 as z varies from 0 to infinity. At present, the branch-
ing fraction is constrained to be Br(y — ey) < 1.2 x 107! [101] at 90% C.L. imply-
ing that, for one extra sterile neutrino, |VeaVjy| < 0.015 (3.5 x 107%) [1.2 x 1074 for
m4 = 10 GeV (100 GeV) [1000 GeV]. Similar constraints are imposed by searches for the
processes p — e conversion in nuclei and p — eeTe™ [75]. The current strongest bound
comes from the search for u — e conversion in Ti for which the branching ratio with respect
to the total nuclear muon capture rate is constrained to be Br(uTi — e Ti) < 4.3 x 10712
at 90% C.L. [102]. For one sterile neutrino, this translates into a bound on the following
quartic combination of mixing angles |V64V;4 > IVaal?| < 1.3x 1073 (100 GeV /my)?, which
is weaker than the bounds from p — ey searches but becomes important at very high values
of the masses, m4 = 10 TeV. In the presence of more than one sterile neutrino, partial
cancellations between their contributions are possible, with a consequent weakening of the
bounds. Future more sensitive searches will further improve these limits.

The most stringent EW precision constraints are compiled in table 2.2.4 and include
the bounds reported above from universality tests and lepton flavor changing processes.
These bounds are obtained barring cancellations between mixing angles and therefore could
be weakened if some parameters are of the same order.
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2.2.5 Neutrinoless double beta decay (0v303)

The most well studied among AL = 2 processes is neutrinoless double beta decay (0v303)
and the constraints from it deserve special attention. The constraints on |V4|? for a wide
range of heavy neutrino masses (10 MeV < my < 100 GeV) are shown in figures 2 and 3.
For heavy neutrinos with mass, my _, > 1 GeV, the bound is [84, 91]

Ve
Z|€m| <5 x107° TeV~L, (2.18)
' N,
The constraint above is very strong and makes it impossible to observe at colliders the
like-sign dilepton signature with electrons (see section 4).

3 Lepton-number violating decays

The key point for the search of lepton-number violating processes in this paper is to consider
the substantial enhancement via resonant neutrino production. One thus needs to evaluate
the decay widths of Ny to various channels. We consider the decay width of the heavy
Majorana neutrino in two regimes: when the mass is much smaller than that of the W
boson and when the mass is larger than the mass of the W boson. Based on this, we then
compute the AL = 2 decay branching fractions for 7 lepton and K, D, D; and B mesons.

3.1 Decay modes of heavy Majorana neutrino
3.1.1 Decay modes of heavy Majorana neutrino with mass m4 < myy

For the LV low energy tau decays and rare meson decays the resonant contribution is from
a heavy Majorana neutrino with mass of order MeV to GeV. In this section we discuss the
decay modes of a Majorana neutrino which is lighter than the W boson, so that m4 << myy.
The heavy neutrino decays via charged and neutral current interactions to the modes listed
below. The partial decay widths of the heavy Majorana neutrino with the leading terms
in mixing and in the massless limit of the final state particles are given below. The full

detailed expressions for the same are given in appendix C.

G2,

P = T(Ny = £7PF) = 22 fp Vag [P [Veal* (3.1)
P = I(Ny — v, P%) = 6: I3 [ Vau|? m3, (3.2)
I = TNy~ V) = SE g2 (Vg 2 Vil i (33)
eV = T(Ny — V0 = C;—Em% T2 [Viu? m3, (3.4)
r4%ve, = D(Ny — (705 vy,) = 19; 5 [Veal” mi, (3.5)
a2l = D(Ny — v, 0, 4F) = 9%2 [Vial® m3 [ + 64, 0,00], (3.6)
e = i T'(Ny — vp,v,7,) = % Vial? mi, (3.7)

lo=e
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where Pt and V1) are charged (neutral) pseudoscalar and vector mesons, fj; are the
meson decay constants and Vg are the CKM matrix elements.

All the decay modes listed above contribute to the total decay width of the heavy
Majorana neutrino which is given by:

Iy, = lep n ZPWV n Z oTeP Z ortV
0P A% ¢.p LV
i Z 2F£1£2u52 + Z leb@ 4 Z I‘Vh”’/’ (3.8)

01,02 (017#£02) £1,62 0

where ¢,01,05 = e,u, 7. For a Majorana neutrino, the AL = 0 process Ny — £~ PT as
well as its charge conjugate AL = 2 process Ny — TP~ are possible and have the same
width T*F. Hence the factor of 2 associated with the decay width of this mode in eq. (3.8).
Similarly, the AL = 0 and its charge conjugate AL = 2 process are possible for the decay
modes Ny — ¢~ V+ and Ny — Eff;% and hence have a factor of 2 associated with their
width in eq. (3.8).

For the low energy LV tau decays and rare meson decays we consider, the mass of
the heavy neutrino is in the range 140 MeV < my < 5278 MeV. For this mass range we
list all the possible decay channels for N4 in table 6 in appendix C. The mass and decay
constants of pseudoscalar and vector mesons used in the calculation of partial widths given
in egs. (3.1)—(3.7) are listed in table 7 in appendix E.

Next, we get a rough numerical estimate of the total width of the heavy neutrino with
the decay modes discussed in egs. (3.1)—(3.7). To do this, we consider the massless limit of
the decay products of the heavy neutrino, include only leading terms in mixing of O(|Vy4|?)
and ignore small factors like 7 and |[VCEM|2 in calculating the partial decay widths. We
can only get a rough estimate of the width in this approximation, but it is sufficient to
see that it warrants the use of narrow width approximation. The two body decays of the
heavy neutrino have a general form

G2 f2 m3 GQ f2 m3 a
[2body %ﬂﬂv,ﬂ\? ~ %ﬂvm ~ (1071 [Vu]?) GeV, (3.9)

where typical values of my ~ 1 GeV, fuyr ~ 0.1 GeV and Gr ~ 107 GeV~2 have been
used. The three body decays of the heavy neutrino have a general form
5

mj G%m _
rhody 10% 3 [Veal* ~ 55 Vel ~ (1077 Vi) GeV, (3.10)

where typical values of my ~ 1 GeV and G ~ 107 GeV~2 have been used. The total
width of the heavy neutrino is then given by

I'y, = (number of decay modes) x (I'2Pody 4 p3body)

~ 50 x (10712 GeV + 10713 GeV) [Viul? ~ (1071 [Viy/?) GeV. (3.11)

As shown above, the width of the heavy neutrino ~ O(107! |Vp4|?) GeV is much smaller
than the mass of the heavy neutrino ~ O(1 GeV) and we can use the narrow width
approximation to an excellent approximation.
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Now we look at the lifetime of the heavy Majorana neutrino to determine the decay
length. The lifetime is given by

1 1
TNy = FN4 - 10711 |Vg4|2 GeV’
~ 10" V|72 GeV L ~ 6.58 x 1071 [Vy| ™2 s, (3.12)

which gives a typical decay length cry, ~ 1 x 1075 |Vz4|~2 m. Note that for a very small
mixing, |Vi4|? < O(107%), the N4 may escape from the detector if it is not much heavier
than a GeV. We will take this effect into account in the following studies.

3.1.2 Decay modes of heavy Majorana neutrino with mass m4 > my

In this section we discuss the decay modes of the Majorana neutrino which is heavier than
the W gauge boson, so that m4 > myy. The decay modes of the heavy Majorana neutrino
are to a W or a Z gauge boson plus the corresponding SM lepton. The partial decay widths
for longitudinal and transverse gauge bosons W+, Z9 in static heavy neutrino frame are

2

TV = T(Ny — W) = TNy — £ W;) = —L— |V md (1 — )%, (3.13)
647 M2,
2
TV = T(Ny — W) =T(Ny — £TW5) = 392_77 Vea)? ma (1 — pw)?, (3.14)
2
Zn _ _ 9 2,3 2
et = T(Ny — veZy) = mlml my (1 —pz)”, (3.15)
2
[7%r = D(N. Zr) = ——|Viu|? 1—pz)? 3.16
(Ny — veZr) 3%008%/!@4! my (1 —pz)”, (3.16)

where p; are the masses of the gauge bosons scaled by the mass of the heavy neutrino and
are given by y; = m?/m3. To obtain the total decay width for Ny, we sum over the charged
leptons ¢ and as discussed earlier include the AL = 0 process Ny — £~ WZF o as well as the
charge conjugate AL = 2 process Ny — (W, ;. Hence the factor of 2 associated with the
decay width of these modes in the expression for the total width below.
Ty, = Y (2070 4 20Wr 4 Py P ),
¢
In egs. (3.15)—(3.17), we have used the relation (see appendix for details)

3 T T
Z {Urlvjzjz\lff - Z‘VM‘Q(l— Z \Vg14]2>], since UUT +VVTI=1. (3.17)
m=1 l=e l1=e
Ignoring terms of order |Via|* we have

SN = >Vl (3.18)
m )4

In this approximation, the total width of a heavy Majorana neutrino can be written as

3Grm3
~ E |Via|? S P for my > mw,
T
¢

V2

o Y [Vl GEmi(fir +m3)  for my < mw,
4

Ty, (3.19)
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Figure 6. (a) Top: decay width and (b) bottom: decay length (normalized by )", |Via|?) versus
mass of heavy Majorana neutrino for real and virtual weak bosons with the inclusion of Higgs decay
channel for myg = 120 GeV .

where the expression when my < my is obtained from eq. (3.8) and fa are the meson
decay constants. We note that the approximate form of the total width as given in eq. (3.19)
is only for intuitive purposes to infer the general behaviour of the total width as a function
of mass. The precise expressions for the total width of the heavy Majorana neutrino as
given in egs. (3.8), (3.17) and (C.9) have been used in the numerical analysis.

It should be noted that in the SM, if N4 is heavier than the Higgs boson, then the
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Figure 7. (a) Left: branching fractions for decay of heavy Majorana neutrino into W* and Z*

bosons with varying heavy neutrino mass; (b) right: branching fractions for decay of heavy Majorana
neutrino into longitudinal and transverse gauge bosons in static heavy neutrino frame with the
inclusion of Higgs decay channel for mpy = 120 GeV .

decay to a Higgs will be present and the partial width is given by
2

"1 = D(Ny — vH) = — [Ve” md (1= pugp)?

9 (3.20)
64mmyy,
In figure 6 we plot the decay width of the heavy Majorana neutrino versus its mass normal-
ized by the common factor ), |Via)®. We can see in figure 6(a) that for a heavy neutrino
with mass m4 > my, the decay width increases as Gpmj as given in eq. (3.19). Given the
rather small mixing parameter, the width remains narrow even for my ~ O(1TeV). For a
lighter neutrino with m4 < myy, the width can be very small. The proper decay length is
presented in figure 6(b). We see from this that for my < 20 GeV and |V,4]? < 107 from
figure 4, we have ¢ ~ 1 um.

In figure 7(a) we plot the branching fractions of the heavy Majorana neutrino decay to
W and Zv versus varying heavy neutrino mass my4. In figure 7(b) we plot the branching
fractions for the decays into longitudinal and transverse gauge bosons in static heavy
neutrino frame. When the neutrino mass is large, it mainly decays to longitudinal gauge
bosons and Br(Ny; — WT4~) ~ Br(Ny; — Zv) = Br(Ny — Hv) = 25%. In terms of the
search at hadron colliders, we prefer to adopt the W¥ mode since we wish to reconstruct
the full event including the lepton number.

3.2 Lepton-number violating tau decays

In this section we examine tau decays into an anti-lepton and two mesons
T (p1) — €7 (p2) My (a1) My (g2)
which is a process with AL = —2. The decay amplitude for the above process is given by

Urd, g, Proc
(p1—q1)? —mi+iFN4m4

(3.21)

iM :2G2FV]\(/}FMV]\(/}£<M]CM1 fMQ VT*4VZL my

+ (@ < q), (3.22)
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where V]\(;;ZKM and fys, are the quark flavor mixing element and the decay constant for
the meson M; respectively. From this decay amplitude, we can calculate the transition
rate I'7{, and the branching fraction normalised by the tau decay width. In appendix D,
we give the calculations and the full expressions for the decay branching fraction of the
process (3.21) in terms of the mass of heavy neutrino, my, and the mixing |V,4Vu|?. To
understand the physical picture, we can express the branching fraction in an intuitive form,
in the massless limit of the final state particles, as

By — v _pr (19277
PT LV GQFm,E; )
3 1 2 £2 2 CKMy,CKM 2 2 mi my
~ §7T<1 - §5M1M2>GFfM1fM2|VM1 Vit 17 [ VraVaa|" 1 = mz )\ Tx, )
~ 1078 [V MVZEM 2 [V V), (3.23)

where we have used typical values of my ~ 1 GeV, fa;, ~ 0.1 GeV, Gp ~ 1 x 1075 GeV 2
and I'y, ~ 10711 |Vy4|? GeV. From the simple expression given above one can easily make
a rough estimate of the required sensitivity and hence the feasibility of observation in terms
of the mixing parameters for a given model.

A direct search for LV tau decays has been made at the BaBar detector and the
limits on the branching fractions were reported in ref. [103]. The experimental limits for
various decay modes are typically of the order of 10~7, as given in table 3.2. From the non-
observation of the LV tau decay modes one can determine bounds on the mixing parameters
|Vg4VT4|2 as a function of the heavy neutrino mass my4. To do this in a comprehensive
manner, we carry out a Monte Carlo sampling of the mixing parameters and the mass of
the heavy neutrino. For simplicity, the mixing elements V4, V4 and V74 are allowed to
vary in the range from 0 to 1. The ranges of mass sampled for the heavy neutrino are listed
in table 3.2 for the various tau decay modes. We only sample the range of masses that
lead to a resonant enhancement of the width as the other mass regions have very small
transition rates as discussed earlier. We then calculate the transition rates and branching
fractions over the entire range of mixing and mass of the heavy neutrino and the results of
the Monte Carlo sampling are discussed next.

The relevant mixing parameters |Ve4Vr4| and |V,4V;4| are probed as a function of
the heavy neutrino mass my4 and are shown in figure 8(a) and figure 8(b), respectively.
Under the assumption that the detector was able to reconstruct all the signal events,
the region above the curves is excluded by the current direct experimental search for
LV tau decays. The most stringent bound on |Ve4Vi4| is of O(107%) and comes from
77 — et n~. The most stringent bound on |V,,4V;4| is also of O(107°%) and comes from
77 — pta 7w, This is three orders of magnitude more sensitive than the limits from
precision electroweak data which constrain the square of the mixing \Vg4]2 to be less than
few times 1072. In the absence of detection of LV processes the constraints on mixing
from peak searches, accelerator experiments, reactor experiments and others (collectively
called laboratory constraints here and henceforth) described in figure 2-figure 5 are also
applicable here. In the mass region probed by LV tau decays the most stringent current
constraints are [Veq|> < 1077 — 1078, [V,4]? < 1076 — 107® and |V4|> < 1071 — 1074
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Mixing element | Range of my (MeV) | Decay mode Bexp
140 - 1637 T~ et |27 x 1077
|Vea Vigl 140 - 1637 T —efn K~ | 1.8x 1077
494 - 1283 77 —etK K~ | 1.5x1077
245 - 1637 T~ —utrTrT [ 0.7x1077
|V,aVza 245 - 1637 T —utrT KT | 22x 1077
599 - 1283 T - putTKTK™ | 48 %1077

Table 2. Mass and mixing elements of heavy neutrino and the decay mode constraining them with
the corresponding experimental bounds on branching fractions. Bounds for AL = 2 tau decays are
from ref. [103]

This would roughly translate into constraints on [VesVry| < 1074 — 107% and |V,4Vy4| <
10~* =105 which are comparable to the limits from LV tau decay modes. We explore more
combinations of mixing elements and also provide better constraints on mixing in some
mass regions. To summarize, the constraints on mixing from LV tau decays are always
competitive with or better than precision EW constraints and laboratory constraints in the
corresponding mass region. The experimental bounds can improve in future and an order
of magnitude improvement in the experimental branching fraction will give approximately
an order of magnitude improvement in the constraints for the mixing parameters |VpyV;4].
More importantly, a detection in one of the laboratory experiments implies the existence
of a sterile neutrino while a detection in one of the modes studied in our analysis would
imply LV and hence the existence of a Majorana neutrino.

It should be noted that the intermediate heavy Majorana neutrino is treated as a real
particle which propagates before decaying. If it exits the experimental apparatus prior to
decaying, then the signal corresponding to the AL = 2 process cannot be reconstructed
and no bound could be deduced from the non-observation of such events. In figures 8(a)
and 8(b), we provide an estimate of the bound on the mixing parameters which takes into
account the probability of the heavy Majorana neutrino to decay within the detector of
size Lexp. This probability is given by

P =1—exp(—Lexpl'n) (3.24)

and for small masses and /or small mixing parameters and consequently long decay lengths,
it can be approximated with P ~ Le,I'y. We take Ley, = 10 m, the typical size of the
detectors used in the experiments under consideration. For simplicity, we take N4 to be
relativistic but we keep its gamma factor v = 1, as a more precise value requires a full
understanding of the experimental setup. We assume |Ve4| = [Vya| = |V74|. An estimate of
the realistic bound on the mixing parameter |V.4V;4| is then given by

VeaVral(= [Vea|?) = \/\%4130/(LeprN0), (3.25)

where |Ve4|go is the bound obtained assuming that all the N4 decay in the detector and
discussed above, and I'nq is the decay rate for a fully active heavy Majorana neutrino, i.e.
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Figure 8. (a) Left: excluded regions above the curves for |V.4V;4| versus my; (b) right: same as
(a) but for |V,4V;4|. The thin black lines correspond to the estimate of the bound (for 7 — enn
and 7 — pmm) once the probability of Ny decay in the detector is taken into account.

when the mixing parameter |Vyy| = 1 for ¢ = e, u, 7. The bounds remain unchanged for
large values of the mixing angle and /or large values of my, as the decay length in these cases
is very short. However, the most sensitive limit on |Vo4V;4|(= |Ve4|?) coming from 7 — enn
searches gets weakened to ~ 4 x 1074 (4 x 107%) (1 x 1079) for m4 = 0.2 (0.5) (1.0) GeV.
Similarly, the searches for 7 — unm allows to set a bound on |V,4Vr4|(= |V,u|?) which
weakens to [V4Vrg| < 1 x 1074 (2 x 107°) (1 x 107°) for m4 = 300 (600) (900) MeV. A
detailed analysis taking into account the experimental setup should be performed in order
to obtain more precise bounds.

3.3 Lepton-number violating rare meson decays

We now investigate the LV processes in which a meson decays into two like-sign leptons
and another meson

M (q1) — % (p1) £ (p2) My (g2)- (3.26)
These decays are similar to the tau decay modes described in the previous section. The
decay amplitude for the above process is given by

iMP = 2GLVEMVEEM £ g, Vi aVia ma

Uty 4y PrVes
X . + (p1 < p2), 3.27
_(Ch —p1)? —my? + iUy | ( ) (8:27)

AV 2 1,CKMy,CKM
iMY = 2GE Vi Var, o v Vi aVi,a ma mo,

2

A
ur 4, #(q2) Prog,
X - + (p1 < p2), 3.28
_(Ch —p1)? —m4® + ZFN4m4_ ®1 2) (3.28)

where iM? and iM" are the decay amplitudes when the meson M, is a pseudoscalar or
vector meson respectively and V]\%KM and fyy, are the quark flavor mixing element and the
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Mixing element | Range of my (MeV) | Decay mode Bexp

140 - 493 Kt —etefn™ | 64x10710

140 - 1868 Dt —e+etn™ | 36x1076

494 - 1868 Dt —etetK— | 45x1076

140 - 1967 DF — etetn 6.9 x 1074

|Vea|? 494 - 1967 Df —etetK— |63x1074
140 - 5278 Bt —efetn™ 1.6 x 1076

494 - 5278 Bt —wetetK— | 1.0x1076

776 - 5278 Bt = etetp 2.6 x 1076

892 - 5278 Bt —etetK* [ 28x1076

245 - 388 Kt —putptn™ | 3.0x107°

245 - 1763 Dt — ptptn |48 x1076

599 - 1763 Dt — ptptK= | 1.3x107°

881 - 1763 Dt = ututp~ | 56x1074

997 - 1763 Dt — ptptK* | 85 x 1074

\E 245 - 1862 Df — ptpta™ | 29x107°
599 - 1862 Df — ptptK— | 1.3x107°

997 - 1862 DF — ptptK* | 1.4 x 1073

245 - 5173 Bt - utptn™ | 1.4 x 1076

599 - 5173 Bt - utptK— | 1.8 x 1076

881 - 5173 Bt —putptp™ | 5.0x1076

997 - 5173 Bt — ptutK* [ 83 %1076

140 - 493 Kt seftputn | 55x10710

140 - 1868 Dt — etptn~ 5.0 x 107°

494 - 1868 Dt —wetptK— |[13x107%

140 - 1862 D —etptn= |73 x107%

|Vea Vil 494 - 1967 D} —etptK— | 6.8x107*
140 - 5278 Bt —wetptr™ | 1.3x1076

494 - 5278 Bt —wetptK— | 20x1076

776 - 5278 Bt —etutp | 33x1076

892 - 5278 Bt —efputK* | 44 x1076

Table 3. Same as table 3.2 but for AL = 2 rare meson decays. The experimental bounds are from
ref. [99], the bounds for DT — eTeTn (K ™) are from ref. [104].

decay constant for the meson M; respectively. From this decay amplitude, we can calculate
the transition rate I;]‘\fl and the branching fraction normalised by the decay width of the
meson Mj. In appendix E, we give the calculations for the decay branching fraction of the
process (3.26) in terms of the mass of heavy neutrino, my, and the mixing |Vp,4Vp,4|. We
can express the branching fraction in an intuitive form, in the massless limit of the final
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state particles, as

pMe
Br = 2% =T" 7,
FMl LV 1
1 1 4 £2 2 7,CKMy,CKM)|2 2 mi\, s mq
~ 64?<1 - §5£1£2>GFfM1fM2|VM1 Vit, 17 [VeraVioa | 1 = 2 )T\ )
~ (10719 GeV) my, [VEEMVEEM Vi Vial, (3.29)

where we have used typical values of my ~ 1 GeV, fy, ~ 0.1 GeV, Gp ~ 1 x107° GeV~2,
Ty, ~ 1071 V|2 GeV and 7y, is in seconds. Using the values for the lifetimes of the

mesons in appendix E, the branching fractions for the various mesons are given by

Br(K) ~ VMV GEM 12 V) 4Vl (3.30)
Br(D, B) ~ 1074 |V EMYERM2 1y, V4, (3.31)
Br(Ds) ~ 107> [VarMVigiM 2 [Viya Vigal - (3.32)

As mentioned earlier, with the simple expressions above one can easily make a rough
estimate of the required sensitivity and hence the feasibility of observation in terms of the
mixing parameters for a given model.

Searches for rare meson decay modes have been made in numerous experiments.
Table 3.3 summarizes the current experimental limits on branching fractions given by
refs. [99, 104]. From the non-observation of these LV rare meson decay modes one can
determine constraints on mixing parameters |V, 4Vy,4| as a function of the heavy neutrino
mass my4. To do this in a comprehensive manner, we carry out a Monte Carlo sampling
of the mixing parameters and the mass of the heavy neutrino similar to tau decay. The
mixing elements V4, V)4 and V4 are allowed to range from 0 to 1 for simplicity. Only the
range of mass that leads to a resonant enhancement of the width is sampled for the heavy
neutrino and listed in table 3.3 for the various meson decay modes. The transition rates
and branching fractions are then calculated over the entire range of mixing and mass of
the heavy neutrino and the results of the Monte Carlo sampling are discussed next.

For the various decay modes, the mixing parameters probed are |Ve4|2, |VeaVyua| and
|Vu4|2 depending on the final state leptons. Again, we plot the excluded region of the
mixing parameters as a function of neutrino mass, as shown in figure 9 for |Ve4|2, figure 10
for [Vo4Vya| and in figure 11 for |V,4|?. The regions above the curves are excluded by the
current direct experimental searches for LV meson decays. First we plot the limits which
can be derived assuming that all N4 decay in the detector and give a positive signature.
The most stringent constraints are from the K+ — ¢ /3 7~ mode with mixings of O(10~9)
excluded for |Vey|?, |VeaViua| and |V,4|?. This is six orders of magnitude more sensitive
than the limits from precision electroweak data which constrains the square of the mixing
|‘/g4|2 to be less than few times 1073. Next in sensitivity are the D and Dy decay modes
with constraints of order few times 10~ which are similar to the constraints from precision
electroweak data. The bounds for the same mixing elements are much weaker in the mass
range above 2 GeV. Even though the limits are weak in this region, it is important not
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to neglect the experimental study of these processes. It only implies that there is a large
parameter space available for the mass and mixing of heavy neutrinos.

As discussed for the AL = 2 tau decays, in the absence of detection of LV processes
the laboratory constraints on mixing described in figure 2—figure 5 are also applicable here.
In the mass region probed by LV meson decays the most stringent laboratory bounds
are [Veq|? < 1077 — 1078, [V,4]? < 1075 — 1078 for my < 2GeV and |V,4|> < 107 for
my > 2GeV. This would roughly translate into constraints on |[VeaV4| < 1076 — 1078
for my < 2GeV and |VeqViu| < 107° — 1079 for my4 > 2GeV. It should be noted that, if
these experiments were able to fully reconstruct the signal, the limits from K meson decays
would be better than the laboratory constraints by at least an order of magnitude in the
corresponding mass region. In fact, the constraints on ]Ve4\2 from the kaon decay mode
K™ — ete™r~ would be more stringent than even the constraints from Ov33 shown in
figure 3. Usually Ov3(5 experiments have the best sensitivity as they have an advantage
of a large “effective luminosity” resulting from the large number of nuclei available for
decay. The meson (and tau) experiments on the other hand have a small luminosity
coming from a limited number of mesons (taus) produced in accelerators compared to
the number of nuclei in Ovg@3 experiments. It is interesting to note that the resonant
enhancement in the case of the K meson decay is able to match or improve over the large
“effective luminosity” of Ov(33 experiments. In conclusion, the constraints on mixing from
LV meson decays are competitive with the precision EW constraints and all the laboratory
constraints, potentially even Ov3/3, in some mass regions. But again, we emphasize that
the aim of our analysis is to study LV processes and hence Majorana neutrinos.

We have also taken into account the fact that, for small mixing, only part of the heavy
sterile neutrinos produced will decay in the detector. We have considered Ley, = 10 m,
[Vea| = [Via| = |Vr4| and the gamma factor of Ny, v = 1, for simplicity. In this case,
as discussed for the AL = 2 tau decays, the bounds get sensibly weakened. An estimate
of these bounds is reported in figures 9, 10 and 11 by thin black lines. We see that the
bounds get significantly weakened by few orders of magnitude for K — eemr, K — eum and
K — ppm and a careful analysis of these searches should be performed to find the detailed
bounds on the mixing angles.

The sensitivity of current direct experimental searches are not adequate to constrain
mixings for some decay modes. The theoretically allowed branching fraction versus mass
my for such modes is given in figure 12. As we can deduce from table 3.3 and figure 12 all the
modes are very close to start being probed by direct experimental searches. The experimen-
tal bounds on branching fractions can improve in future and similar to tau decay modes, an
order of magnitude improvement in the experimental branching fraction will give approx-
imately an order of magnitude improvement in the constraints for the mixing parameters
|Vi,4Vip4l. Currently we do not have any constraints on the mixing parameter |Vy4|* from
LV rare meson decay modes. Only very weak constraints for BR(B — X7777) < O(5%)
exist in a theoretical analysis [105]. The similar signature BT — 777" M~ is a possible
decay mode that would bound |VT4|2 and should be pursued.
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Figure 9. Excluded regions above the curves for |Ve4|2 versus my from Mfr — e*e*M{ searches.
The thin black line corresponds to an estimate of the bound from KT — ete™n™ once the proba-
bility of decay of N4 in the detector is taken into account.

Figure 10. Same as figure 9 but for |V.4V,4| from M;" — et ™M,y searches.
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Figure 11. Same as figure 9 but for [V,4|* from M;" — p*put M, searches.

Branching Fraction

0.1

Figure 12. Branching fraction versus heavy neutrino mass my for decay modes M, — ¢ 03 M,
not yet constrained by direct experimental searches. The regions below the curve are theoretically
allowed.

4 Collider signatures

In this section we study heavy Majorana neutrinos at hadron colliders. The most distinctive
channels of the signal involve like-sign di-leptons. It was first proposed in ref. [29] in the
context of the left-right symmetric model, and subsequently studied in ref. [30-33] We
discuss the signatures for a heavy Majorana neutrino and the sensitivity to probe the

parameters my4 and Vp4 at the Tevatron and the LHC.
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Figure 13. (a) Left: Feynman diagram for like-sign dilepton signature via W fusion in hadronic
collisions; (b) right: the exchanged coherent diagram which is same as heavy neutrino production
and decay.

As for the production of a heavy Majorana neutrino at hadron colliders, the represen-
tative diagrams at the parton level are depicted in figure 13, with the exchange of final state
leptons implied. The first diagram is via WW fusion with a t-channel heavy neutrino Ny
exchange, directly analogous to the process of OvG3. The second diagram is via s-channel
Ny production and subsequent decay. Although in our full calculations, we have coher-
ently counted for all the contributing diagrams of like-sign dilepton production including
possible identical particle crossing, it is informative to separately discuss these two classes
of diagrams due to their characteristically different kinematics.

The scattering amplitude for the process in figure 13(a) is proportional to Vp,4Vy,4 and
the cross section can be expressed as

o (pp — WEWE = (56 X) = (2 60,0,) [V 4Vipa|? oo (WW), (4.1)

where og(WW) is the “bare cross section”, independent of the mixing parameters. We
show the bare cross section at the LHC energy of 14 TeV versus the heavy neutrino mass
in figure 14. This cross section can be at the order of tens of femtobarns. However, due
to the large suppression of the small flavor mixing to the fourth power, the cross section
is rather small. This process was calculated in ref. [20] under the effective vector boson
approximation. The authors of ref. [20] obtained significantly more optimistic results than
ours. Further scrutiny indicated that they missed a factor of G%mév /8 and their result
should be scaled down by this factor. The corresponding curve for the Tevatron is not
shown in figure 14 as the bare cross section is smaller by nearly two orders of magnitude.
Including the small mixing element (to the fourth power) further reduces the cross section
drastically with no hope of detection at the Tevatron via this mode.

By far, the dominant production process of heavy Majorana neutrino in hadronic
collisions is the diagram shown in figure 13(b). We calculate the exact process, but it turns
out to be an excellent approximation to parameterize the cross section as

|W14‘/€24|2
Y i [Vial®

This observation allows us to study the process in a model-independent way. We can

o(pp — 1 17 WF) = (2= 84,0,) 0(pp — (ENy)Br(Ny — (zWT)

(4.2)
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Figure 14. The bare cross section oo(WW) versus mass of the heavy neutrino my.

rewrite the cross section in a factorized form
olpp — 5 13 WF = 0 05§ 7)) = (2= 60,0,) Sere, 00(Ns), (4.3)

where 0((Vy), called the “bare cross section”, is only dependent on the mass of heavy
neutrino and is independent of all the mixing parameters when the heavy neutrino decay
width is narrow. As seen in figure 6, this is indeed the case for my < 1TeV once we fold in
the constraints |V4|? < O(1073) from precision EW measurements. We calculate the exact
cross section for the dilepton production and use the definition eq. (4.3) to find the bare
cross sections og(Ny), which are shown in figure 15 at the Tevatron and the LHC energies
versus the mass of the heavy Majorana neutrino. Due to the fact that the LHC will start
its operation at 10 TeV, we have calculated the cross sections at both 10 and 14 TeV c.m.
energy. The production rate is increased at the higher energy by a factor of 1.5, 2.0, 2.5 for
my4 = 100, 550 and 1000 GeV, respectively. We will mainly present our results at 14 TeV
for the rest of the paper. An obvious feature of the cross sections is the transition near
the W mass. For m4 < My the cross section is nearly a constant due to an on-shell W
production via the Drell-Yan mechanism with its subsequent leptonic decay to ¢*N,. For
myg > Myy the cross section falls off sharply versus my4 and the on-shell decay goes like
Ny — CEWF = 05 jijo.
The flavor information of the final state leptons is parameterized by

VeraViga?
Stvgy = WaaVieal (4.0
ZZ:e H/Z4‘
In general the two final state charged leptons can be of any flavor combination, namely,
ete®, efut, etrt, ptut, ptrt oand 7T (4.5)
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Figure 15. The bare cross section o¢(N4) versus mass of heavy Majorana neutrino my4 for the
Tevatron (pp at 1.96 TeV, solid curve) and the LHC (pp at 10 and 14 TeV, dotted and dashed
curves, respectively).

The constraint from Ov(3f as given in eq. (2.18) is very strong and makes it difficult to
observe like-sign di-electrons e*e*. The events with 7 leptons will be challenging to recon-
struct experimentally. We will thus concentrate on clean dilepton channels of p*p* and
pte®, although we will comment on our proposal to include the 7 modes. The correspond-

ing mixing parameters in our notation will be

’VM4’4 S = "/:34‘/;14‘2

v ew = =r 1 o0 (4.6)
ZZ:e |‘/é4|2 ZZ:@ |W4|2

respectively. Given the smallness of |V.4|?, we can further simplify our study by exploring
only two cases: an optimistic case ’Vu4’2 > |Vial?, |Vea|? and a generic case ]VM\Q ~
[Vr4|? > |Vea|?, which lead to

g |Vl (optimistic) g |Ves|?  (optimistic) (47)
Ht %]V,A\Q (generic) He %\%4]2 (generic) ’

4.1 Search for like-sign dilepton signals at the Tevatron

We now consider the search for N4 at the Fermilab Tevatron, which is currently running at

a c.m. energy of 1.96 TeV in pp collisions. We concentrate on the clean like-sign ;& p* mode

pp — pEpE jije X, (4.8)
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Figure 16. Normalized distributions o~tdo/dX for m4 = 20, 50 and 100 GeV at the Tevatron for
(a) upper left: the minimal isolation ARE—m' (b) upper right: the missing transverse momentum

)

P (c) bottom left: the 2025 system invariant mass m(££j5); (d) bottom right: the di-jet invariant
mass m(jj).

where X is some inclusive hadronic activities common in hadronic collisions. To quantify
the signal observability, we first impose the basic acceptance cuts on leptons and jets to
simulate the CDF /D0 detector coverage

P >5GeV, |pf <20, ph>10GeV, |p’| < 3.0. (4.9)

We also smear the lepton momentum by a tracking resolution and the jet energy by hadronic

calorimeter resolution as

Apl. 4 AE; 5%
—L =15x107° p¥, ) —
Pr ”EB JE

where pf. and Ej; are in units of GeV.

@ 3%, (4.10)

The signal events we are searching for have very unique kinematical features. For the
purpose of illustration, we choose m4 = 20, 50 GeV (below myy threshold) and 100 GeV
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(above myy). First of all, there are two well-isolated like-sign charged leptons. This is shown
in figure 16(a) by a normalized distribution of the minimal isolation ARy; = \/An? + Ag¢?.
Second, there is essentially no missing transverse energy. However, realistically, the detec-
tors have finite resolutions as simulated by the Gaussian smearing given in eq. (4.10). Con-
sequently, there is always some misbalance in the energy-momentum measurements, which
is attributed to the missing transverse energies and is plotted in figure 16(b). Thirdly, due
to the existence of an on-shell W¥ in the signal process, one would expect to reconstruct it
by an invariant mass either from the 2¢2j system m(¢¢;jj) (in the case of DY production)
or from the di-jets mjj) (in the case of Ny decay). This is demonstrated in figures 16(c)
and (d), respectively. The above kinematical features motivate us to impose the following

event selection cuts

ARJE™ > 0.5, (4.11)
60 GeV < either m(¢€57) or m(jj) < 100 GeV, (4.12)
P < 20 GeV. (4.13)

These cuts are highly efficient in selecting the signal events. We illustrate this in table 4.1,
in which we calculate the signal rates with the consecutive cuts for my = 60 GeV and
\VM4]2 = |[Vrs|? = 5 x 1073 > |V.y®. Note that the choice of mixing elements used in the
illustration is motivated by constraints from precision EW measurements. However this is
for illustration purposes only and in our full analysis we have kept S, as a free parameter.

At the Tevatron energies, the SM contribution to the like-sign dilepton events is rather
small. The leading background of this type comes from the top-quark production and its

cascade decay via the chain

t—Wth— (ty, b, (4.14)
t—>W bW~y lt. (4.15)

The background rates and survival probabilities with the consecutive cuts are also given
in table 4.1. We see that the ¢t background is essentially eliminated by the selective
cuts. We have also considered other SM backgrounds coming from the production of
WEW*j4, W*Zjj. After the selective cuts, all these backgrounds are negligibly small.
In figure 17, we plot the bare cross section o (N4) with the basic cuts of eq. (4.9) as well
as the selection cuts eqs. (4.11)—(4.13). The reduction in rate is mainly due to the basic
acceptance cuts. For comparison, we have also included two choices of pseudo-rapidity
cut [n(p)] < 2 and |n(p)| < 1.5. We now consider the statistical significance of the signal
observation. In the absence of background events, we use Poisson statistics to determine
the search sensitivity. We take a signal with 95% Confidence Level (as this is very close
to 20 we call it a 20 effect henceforth) to be 3 events. We can thus translate this to the

sensitivity to the mixing parameter
(2= 62,0,)00(Na) Seye, L 23, (4.16)

where L is the integrated luminosity.
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No cut | Basic cut (4.9) | +AR (4.11) | +m(jj), m(¢ljj) (4.12) | +p.. (4.13)
Signal
o (fb) | 319 108 99 96 96
eff. - 33% 92% 97% 100%
tt Bkg
o (fb) | 784 58.2 1.85 0.04 0.005
eff. - 74% 3.2% 2.2% 12.5%

Table 4. The representative signal and background cross sections at the Tevatron, for u*pu*jj and
the efficiencies with the consecutive cuts. For illustration, we have used my = 60 GeV, |V“4|2 =
[Vea> =5 x 1073 > |Voy°.
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Figure 17. o0o(N,) with varying heavy neutrino mass my4 after all the cuts. The two cases
correspond to muon rapidity acceptance at DO and CDF.

The CDF collaboration at the Tevatron has successfully studied the events with like-
sign dileptons in a different context [106]. Given our event selection, in figure 18 we estimate
the sensitivity reach for the mixing parameters versus my at the 20 (solid curves) and 50
(dashed curves) level at the Tevatron. In figures 18(a—b) (upper-left and upper-right), the
sensitivity is shown for S, with 2 and 8 fb~! integrated luminosity. The horizontal dotted
lines are the constraint on Sy, ~ |[V,u4*> < 6 x 1073 from an analysis of precision EW
measurements [70]. The DELPHI [89] and L3 [90] bounds are also given for comparison.
We find that the Tevatron has the potential to reach the following sensitivity for the mass
of the heavy neutrino

fe— 3 71‘
g ~ { 40 — 130 GeV  for 20 with 2 fb™"; (4.17)

10 — 180 GeV (50 — 120 GeV) for 20 (50) with 8 b 1.
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Alternatively, the sensitivity for the mixing parameter can be

4.18
5x 1076 (2 x107°) for 20 (50) with 8 fb~!. (4.18)

. { 2x107%  for 20 with 2 fb~1;
e

Similar to figures 18(a—b), figures 18(c—d) (lower-left and lower-right) show the results

for S, instead. The lower dotted curve in figure 18(d) is the bound on Se,, =~ |Ves|? from
OvBB. We have assumed the same detection efficiencies for p and e. With this assumption,
the slightly better reach for S, compared to S, is due the factor of two difference in
total rate with identical and nonidentical particles as evident from eq. (4.3). With 2fb~!
luminosity, the sensitivity to |V.4|? is not close to the stringent bound from the 0v33 decay
as seen in figure 3. We see from figure 18(d) that with 8fb~! luminosity, the Tevatron
sensitivity for S,,, may reach the level of the current bound from Ov33. From eq. (4.16), it
is straightforward to obtain future sensitivity to mixing parameters (.S,,,, Se,) by a simple

fupts
scaling of the luminosity.

4.2 Search for like-sign dilepton signals at the LHC

At the LHC with a c.m. energy of 14 TeV in pp collisions, we adopt the basic acceptance
cuts on leptons and jets as

Pr>10GeV, |nf| <25, ph>15GeV, || <2.5. (4.19)

The efficiency of these cuts increases with heavy neutrino mass and is 50% for my =
200 GeV and 80% for my = 800 GeV. The smearing parameters to simulate the AT-
LAS/CMS detectors are [107]

Ap:‘ﬁ _5 AFE: 1
—L =36 x107° pt, J — ® 5%, 4.20

where p4. and E; are in units of GeV.

We again present the characteristic kinematical distributions for the signal. Fig-
ure 19(a) shows the normalized distribution of the minimal isolation AR,;. The simu-
lated missing transverse momentum after the energy-momentum smearing is plotted in
figure 19(b). The invariant masses of the 2(2j system m(£(;jj) and the di-jets mjj) are
demonstrated in figures 19(c) and (d), respectively. We thus design the selection cuts at
the LHC as

ARJE™ > 0.5, (4.21)
60 GeV < either m(€¢jj) or m(jj) < 100 GeV, (4.22)
P < 25 GeV. (4.23)

These cuts are highly efficient in selecting the signal events. We illustrate this in table 4.2, in
which we calculate the signal rates with the consecutive cuts for m4 = 200 GeV and |Vu4|2 =
|VT4|2 =5x1073 > |Ve4|2. Again the choice of mixing elements is motivated by constraints
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Figure 18. The Tevatron sensitivity to the mixing parameters versus my (a) upper-left: 20 and 50
sensitivity of S, with 2fb~! integrated luminosity; (b) upper-right: same as (a) but with 8fb~!
integrated luminosity; (c) lower-left: 20 and 50 sensitivity of S, with 2 fb~! integrated luminosity;
(d) lower-right: same as (c) but with 8fb~! integrated luminosity. The horizontal dotted lines
in (a) and (b) are the constraint on Sy, ~ |V,|* < 6 x 1073 from an analysis of precision EW
measurements [70]. The DELPHI [89] and L3 [90] bounds are also given here for comparison. The
lower dotted curve in (d) is the bound on Se,, ~ |Ves|? from Ov3p3.

from precision EW measurements. However as discussed earlier this is for illustration

purposes only and in our full analysis we have kept S,,, and S, as free parameters.

In figure 20, we plot the bare cross section og(N4) with the basic cuts of eq. (4.19) as
well as the selection cuts egs. (4.21)—(4.23) at 14 TeV. The solid (dotted) curves correspond
to the bare cross section without (with) the Higgs decay channel for mpy = 120 GeV. The
reduction in rate is mainly due to the basic acceptance cuts. We note that the cross
section with the cuts at 14 TeV is higher than that at 10 TeV by a factor of 1.4-1.6 for
my4 = 100 — 500 GeV. The sensitivity reach for the mixing parameters to be presented later
will be scaled down roughly according to this factor for LHC with c.m. energy of 10 TeV.

As discussed in the previous section, a large SM background comes mainly from top
quark production and decay via the chain decay ¢t — b — ¢ £T 1v,. Fortunately, after
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Figure 19. Normalized distributions o~*do/dX for m4 = 60, 100, 200 and 500 GeV at the LHC
for (a) upper left: the minimal isolation ARZ’-“’; (b) upper right: the missing transverse momentum
Prs (c) bottom left: the 2¢2j system invariant mass m(€€55); (d) bottom right: the di-jet invariant
mass m(jj).

all the selective cuts in eqs. (4.19)—(4.23), the top-quark decay background is essentially
eliminated and has no remaining events for the expected Iluminosity of 100 fb~! at LHC.

There are several other SM backgrounds coming from like-sign W boson production
at the LHC energies. First of all, the triple gauge-boson production process

pp — WEWEWT = 050t v jj, (4.24)

leads to the irreducible background with two like-sign leptons plus jets. Next, the same

final state can be produced via the process
pp — WEW®E jj — F0Fuw jj, (4.25)

where the two jets may come from either QCD scattering or from the gauge-boson fusion
process. However these backgrounds have two missing neutrinos and can be suppressed

by a combination of cuts on the missing transverse energy and invariant mass. We also
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No cut Basic cut | +p,. cut | +AR cut | +m(jj), m(¢ljj) cut
(4.19) | (4.23) | (4.21) (4.22)
Signal
o (fb) 0.86 0.42 0.37 0.35 0.33
eff. - 48% 88% 96% 94%
tt Bkg
o (fb) 29.6 16.9 2.7 0.075 0.002
eff. - 57% 16% 2.8% 2.7%
WAEWEWT | mpy =120 GeV
o 1.01 0.42 0.057 0.052 0.050
eff. - 42% 14% 91% 96%
mpyg =300 GeV
o (fb) 1.28 0.58 0.066 0.061 0.058
eff. - 45% 11% 92% 95%
WEW*55 | myg =120 GeV
o (fb) 42 1.3 0.29 0.17 0.019
eff. - 31% 22% 59% 11%
mpyg =300 GeV
o (fb) 44 1.4 0.34 0.19 0.025
eff. - 32% 24% 56% 13%

Table 5. The representative signal and background cross sections at the LHC, for p*pu*jj and
the efficiencies with the consecutive cuts. For illustration, we have used m4 = 200 GeV, |Vu4|2 =
[Vral> =5 x 1073 > |Voy|?, and mpy = 120, 300 GeV.

analysed the backgrounds coming from Z boson production
pp — jjZZ, pp— jiZW. (4.26)

in which some charged leptons are missing in the detection so that they lead to like-sign
dilepton events. The backgrounds are very small after the cuts.

We list the number of background events and efficiency of cuts in table 4.2 for a
luminosity of 100 fb~! at LHC. The total background is about 7 — 8 events for 100 fb~!
at the LHC. The main background is from the W*W=*WT channel and can be further
suppressed if a tighter missing energy cut could be exploited. For instance, the background
events may be reduced by half, leaving about 3 — 4 events with p,, < 15GeV.

The last but not least important feature of the signal is the direct reconstruction of
the resonant mass of Ny in the final state ¢*jj. This is shown in figure 21 for the SM
background and the signal with my4 = 200, 400 GeV. We see the effective reconstruction
of the resonant mass. For a given mass my in the search, one can further make the event
selection on m(¢j75)

0.8 ma < m(ljj) < 1.2 my, (4.27)

to estimate the significance of the signal observation. This loose cut has little effect on the
signal, but reduces the total background to 0 — 4 events for 100 fb~! in the range of my as
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Figure 20. The bare cross section og(N4) versus heavy neutrino mass my after all the cuts at the
LHC (14 TeV). The solid (dotted) line correspond to the exclusion (inclusion) of the Higgs decay
channel for mg = 120 GeV.

shown in figure 22. We once again adopt Poisson statistics to determine the search sensitiv-
ity. The number of signal events needed for 2¢ significance would be 3 —11; and 15 — 44 for
50 significance. In figure 23(a) and figure 23(b), we summarize the sensitivity for S, and
Sep versus my, respectively. The solid (dashed) curves correspond to 20 (5¢) limits on Spr
with the exclusion of the Higgs decay channel. The dotted (dash dotted) curves are similar
but with the inclusion of the Higgs decay channel for my = 120 GeV. The horizontal dotted
line corresponds to constraints on |V,,4|? < 6 x 1073 from precision EW measurements [70].
In figure 23(b) the dashed line at the bottom corresponds to the limit from Ov3(.

In the optimistic case, we assume that [Vy4|* < [V,4|* and S, =~ [V,ul* < 6 x 1073,
The detection sensitivity on heavy neutrino mass can be

(4.28)

375 GeV  for 20;
4 250 GeV  for 5o.

Or alternatively, the mixing parameter can be probed to

7x 1077 for 20
Sy~ ’ 4.29
e { 3x 1076 for 5o. (4.29)

In particular, even with the very stringent bound on |V.4|? from 034 as indicated by
the dashed curve in figure 23(b), one may still have 20 sensitivity if m4 ~ myy.

Our calculations for hadron colliders have been based on parton-level simulations.
A recent study [33] pointed out that there may be other backgrounds to be considered
when detector effects are included. Ome of them is the faked like-sign dileptons from
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Figure 21. Invariant mass distributions of m(¢jj) for the signal with m4 = 200, 400 GeV and
background processes.
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Figure 22. Number of background events vs mass of the heavy neutrino, my.

the bb cascade decay. The other is due to the QCD multi-jet radiation to degrade the
reconstruction of W — jj. Those backgrounds can not be easily simulated in particular at
the parton-level. A preliminary analysis including full CMS detector simulations cannot
support their claim [34]. Nevertheless, we may consider to design more stringent acceptance
cuts to further discriminate against the backgrounds. First, common wisdom suggests to
tighten up the charged lepton isolation requirement

ARJE™ > 0.8, (4.30)

which would remove the backgrounds from b, ¢ decays substantially, but a full assessment
can be made only when real data become available and after the detectors are fully un-
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Figure 23. (a) Left: 20 and 50 sensitivity for S, versus my at the LHC with 100 fb~! integrated
luminosity; (b) right: same as (a) but for S, . The solid and dashed (dotted and dash dotted) curves
correspond to limits with the exclusion (inclusion) of the Higgs decay channel for mpy = 120 GeV.
The horizontal dotted line corresponds to the constraint on S,,, ~ |V,,4|*> < 6 x 1073 from precision

EW measurements [70].
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Figure 24. (a) Left: same as figure 20 but with the tighter cuts of eqs. (4.30) and (4.31); (b)
right: same as figure 23(a) but with the tighter cuts of eqs. (4.30) and (4.31).

derstood. Next, we may increase the jet threshold to suppress the initial state QCD jet
radiation to purify the W — jj sample. Our estimate based on a PYTHIA simulation
shows that the kinematics of a DY-type electroweak process can be largely preserved with
the appropriate jet threshold. We thus examine the cut

ph > 25 GeV, (4.31)

which results in only about 17% of the events with potential jet contamination. The results
with the tightened cuts are given in figure 24. We see that the stringent cuts severely hurt

the low mass region, but the effect on the high mass region is modest.
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4.3 Like-sign dilepton signals with 7 in the final states

So far we have only presented the results with electron and muon final states and ignored the
taus. This is due to the experimental challenge of 7 reconstruction. Given the importance
to cover all the lepton flavors, one must strive to include taus on the search list. Besides the
known experimental practice for 7 identification at the Tevatron [108], there are proposals
to identify 7 events in connection with the neutrino sector [109]. The central issue is to
reconstruct the missing momenta from 7 decays. We can generalize our requirement for
the charged leptons to the isolated charged tracks presumably from the 7 decays (e, u, or
one-prong and three-prong charged hadrons)

pr(track) > 10GeV, |n(track)| < 2.5. (4.32)

This assures that the parent taus are very energetic. For events with one 7 and no other
sources of missing particles, the missing momentum will be along the direction of the
charged track. We thus have

P (invisible) = kp’ (track), (4.33)

where the proportionality constant « is determined from the J measurement by assigning
F = kpr(track). For events with two taus, we generalize it to

P (invisible) = k1 (tracky) + kop (tracks). (4.34)

As long as the two 7 tracks are not linearly dependent, x; and ks can be determined again
from the F; measurement. The missing momenta, as well as the 7 kinematics, are thus
fully reconstructed.

Although we believe that the N, signals in the modes of e*7%, p*7+ and 77+ would
be very promising for observation, the background analyses will be considerably more
involved due to the complication of 7 reconstruction. Since our simulations are performed
at the parton level, we are unable to adequately address the background suppression and

to quantify the signal observability. We thus leave this for future studies.

5 Summary and conclusions

The observation of a LV process would show that neutrino is a Majorana particle unam-
biguously. Apart from light neutrinos, LV processes involving SM particles can receive
a contribution from heavy Majorana neutrinos due to mixing. In fact, this contribution
can be resonantly enhanced for appropriate masses of the heavy neutrino. In the absence
of observation of LV interactions, the rates for these processes can constrain the mixing
elements |Vy,4Vy,4| as a function of the mass my of the heavy Majorana neutrino. We
considered two classes of LV violating processes: (a) low energy AL = 2 tau decays and
rare meson decays and (b) collider signals for like-sign dilepton production with no missing
energy implying the existence of Majorana neutrinos. We emphasize the necessity of in-
volving two charged leptons and no neutrinos in the initial and final states, to be conclusive
about lepton-number violation.
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For the low energy interactions we evaluated the transition rates and branching frac-
tions as a function of the mass and mixing of the heavy neutrinos. We then translated the
current experimental bounds from direct searches into limits on |Vy,4Vp,4| as a function of
the mass my of the heavy neutrino. Amongst the rare meson decays, the K+ — ¢ (57~
decay mode currently gives the most sensitive experimental limits on |Vy,4Vp,4|. Poten-
tially, these constraints are six orders of magnitude more stringent than the constraints
from precision electroweak data which limit |Vp4|? to few times 1073. As the intermediate
heavy sterile neutrino is a real particle which might exit the detector if the decay length is
longer than the detector size, for very small mixing angles the bounds get weakened but
are still much more stringent than the electroweak precision constraints. This effect should
be taken into account and a detailed analysis of past experimental data is required in order
to find the precise limits on the mixing angles. Next in sensitivity are the D and Dy meson
decay modes with constraints of the order of 1072, Again, these are competitive with if
not better than constraints from EW precision data. The other processes (in other mass
ranges) have very weak experimental limits, weaker than EW precision data and essen-
tially do not impose any meaningful bounds on |V, 4V,4|. This implies that more accurate
experimental studies on those rare decays should be strongly encouraged. In particular,
many interesting processes of D, B decays have not even been experimentally probed as
well as those with a 7 lepton in the final state. Among the 7-decay modes the best limits
come from 7~ — T~ 7~. The other 7-decay modes have sensitivity of order 1072 to 1075,
Again, the constraints from 7 decay modes are competitive with or better than constraints
from precision EW data by 2 to 3 orders of magnitude. The experimental bound on LV
processes is expected to improve in the future. The future sensitivity of the square of the
mixing parameter will increase approximately by an order of magnitude for every order of
magnitude improvement in experimental bounds on branching fractions. We have shown
that the low energy AL = 2 7 decays and rare meson decays can be very strong probes to
discover or constrain the mass and mixing of heavy Majorana neutrinos. Even those decay
modes which do not impose strong constraints should not be neglected. It only implies
that a large range of the parameter space is available for exploration.

In addition to analyzing the LV tau and meson decay modes and precision EW mea-
surements we also compiled the constraints on the mixing elements (|Ve4|?, |V,4|* and |V74|?)
from peak searches, accelerator experiments, reactor experiments and others - collectively
called laboratory constraints. In the absence of detection of LV, the laboratory constraints
and the ones from AL = 2 processes can be compared. The constraints on mixing from
LV tau decays are always competitive with or better than laboratory constraints in the
corresponding mass region while the constraints from LV meson decays are competitive
with laboratory constraints only in some mass regions. We note that we explore more
combinations of mixing elements and also provide better constraints on mixing in some
mass regions. More importantly, a detection in one of the experiments analyzed to obtain
laboratory constraints implies the existence of a sterile neutrino while a detection in one of
the AL = 2 tau or meson decay modes studied in our analysis would imply LV and hence
the existence of a Majorana neutrino. We pointed out the fact, often ignored in the litera-
ture when analyzing low-energy processes, that a heavy neutrino might decay outside the
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detector if it becomes long-lived for low mass (less than a GeV) and/or very small mixing.

For the collider signals of heavy Majorana neutrinos we looked for the definitive lepton-
number violating like-sign dilepton production and no missing energy. Such signals have
low backgrounds and have the potential for discovery of heavy Majorana neutrinos. At the
Tevatron, with the current and future integrated luminosities, we find that the mass of the
heavy Majorana neutrinos can be probed up to

. 10 — 130 GeV (10 — 75 GeV)  for 20 (50) with 2 b~
) 10 — 180 GeV (10 — 120 GeV)  for 20 (50) with 8 fbL.

Alternatively, the sensitivity for the mixing parameter can be

Sy~ [Vial? ~ 2 x 1075 (107%) for 20 (50) with 2 fb!;
e 5x 1076 (2 x107°) for 20 (50) with 8 fb~!.

This will surpass the DELPHI [89] and L3 [90, 110] 95% C.L. bounds.
The sensitivity for heavy Majorana neutrinos can be extended significantly at the LHC.
With 100 fb~! of integrated luminosity,

mya ~ 375 (250) GeV  for 20 (50); (5.1)
or alternatively, the mixing parameter can be probed to
Spp ~ ViuP ~7x 1077 (3x1079) for 20 (50). (5.2)

The sensitivity at LHC will go well beyond the DELPHI and L3 95% C.L. bounds in
both mass reach and mixing, and beyond the current bound on |V4|? from Ov33. In
summary, there is a rich avenue of possibilities for discovering or constraining the elusive
Majorana neutrinos.
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A Lepton mixing formalism

In this appendix, we illustrate the parameterization for the lepton sector, although we
have not followed the relations literally, assuming that new physics beyond this minimal
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formalism exists. The leptonic content in the theory includes three generations of left-

handed SM SU(2)z, doublets and n right-handed SM singlets:

Va/
LaL:< ) . Nig, (A1)
L

where a =1,2,3 and b=1,2,3,...,n (n > 2 for at least two massive neutrinos).

The leptonically universal gauge interactions involving neutrinos are of the form

3 3
| LS g Am g T
L= (\/EWM ;%L Y lar, + h.c.> + Seors Zﬂ;m YVl (A.2)
The gauge-invariant Yukawa interactions are
3 L 3 n L
— ,Cy = Z f(llb Lar, Hle + ZZ (l;b Lar, HNbR + h.c. (A3)

a,b=1 a=1 b=1

where H is the SM Higgs doublet and H = ir,H*. After the Higgs field develops a vev
(H) — v/+/2, the Yukawa interactions lead to Dirac masses for the leptons

3 3 n
— b= melab le+ZZ VoL Mm% Nyr | + hc. (A.4)
a,b=1 a=1 b=1

where the mass matrices are given by the vev times the corresponding Yukawa couplings
Lv el \/—
mgy = fo, v/V2.

The 3 x 3 mass matrix m!

can be diagonalized by two unitary rotations among the
gauge interaction eigenstates Iy, Ir

O} m! Og = diag(me, mu,m;), lo = O £, (A.5)

where ¢ = e, u, 7 are the mass eigenstates, which define the charged lepton flavors. The
Dirac masses as well as interactions with the Higgs boson for the charged leptons now have
the standard form

T o B
Ly =) my <1+?> 2 (A.6)
l=e

If the Yukawa interactions of eq. (A.3) are the whole source for neutrino mass, then we
would have min(n,3) massive Dirac neutrinos.

To complete the neutrino mass sector, there is also a possible heavy Majorana mass
term

J
— E%I = 5 b;I NbcL Bbb/ Nb/R + h.c. (A7)
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where a charge conjugate state is defined as ¢ = CyT (¥¢ = 4TC), and a chiral state

satisfies (¢¢); = (¢_;)¢, with 7 = —, + for L, R. The full neutrino mass terms thus read
3 n n
— =5 D2 war miy Ner+ N, mi, vig) + Y N Bwy Nyg | +hec
a=1b=1 b =1
1, — O3x3 miy Ve
= — (v, N¢ " + h.c. A8
9 ( L) < 223 Bsn Ng ( )

where we have used the identity ¥, map Nog = Ny Mpa Vigs
The mass matrix can be diagonalized by one unitary transformation

0 m Yog O
L R b A e (A.9)
m" B 0 Mg

where the mass eigenvalues are of the order

m2

Mg ~ 5 M3, ~ B. (A.10)

L is a (34 n) x (3 4+ n) unitary matrix and can be parameterized as

L= < U3><3 V3><n> ) (A.ll)

The relation between the gauge interaction eigenstates and the mass eigenstates are given

by
<VL> :L<VL> , (A.12)
N Ny )

with the mass eigenstates vy, (m = 1,2,3), N, (m’ = 4,...,3 + n). The diagonalized
(Majorana) mass terms of eq. (A.8) thus read

3+n
1
— LY == (Zm UL V R+ZMNN,LN/R>+hc (A.13)
m=1 '=4

with the mixing relations between the gauge and mass eigenstates

3+n 3+n

Var, = Z UameL + Z Vam/N m!'L> NbL - Z XmemL + Z }/bm/N m!'L> (A14)
m/=4 m/=4
3+n 3+n

VgR - Z U;myﬁlR_{_ Z V 'N m'R,  NbrR = Z Xbm mR+ Z vam/N 'R- (A'15)
m= m/'= m=1 m!/ =4

Note that the unitarity condition for IL leads to the relations

UUT+VVT = UU + XTX = 3.3, (A.16)
XXT+YYT = VIVHYTY = [0 (A.17)
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Parametrically, UUT and Y'Y ~ O(1), VVT and XTX ~ O(m,/My).

In terms of the mass eigenstates, the gauge interaction lagrangian eq. (A.2) can be

written as
T 3+n
— L= \%Wj <Z > (UTOL) e Ta*Prl+ Y Y (VIOL) e NE ,fyﬂPLe> + h.c.
f=e m=1 l=e m/'=4
3 3+n
QCgSW ZM Z (UTU)mlmQ V—mlr}/uPLVmQ_F Z (VTV)m’lm’QN—;/lW“PLN;’Q
mi,me=1 m/,mh=4
3 3+n
+ QCgsW Zo | S0 N UV )T PLNG,, 4 e | (A.18)

mi=1m}=4
To make the couplings more intuitive, we define the combination matrices by
v =olu, v =olv, v"N=ulv, v =ufu, vV =viv. (A.19)

We thus rewrite the gauge interaction lagrangian by one mixing matrix for each term

T 3 T 34n
— L= %W; (Z S Uk v Pl 4> > Ve Ne /WPL6> +he.

{=e m=1 l=e m/'=4
g 3 3+n
NN =77
QCOSWZ“ Z Unima Pma " PLvim, + Z Vit Nong 7" PLN g
mi,ma=1 m],mh=4
g 3+n
vIN o c
 Seos 2 Z > U T PLNS, +hee. | (A.20)

mi1=1ml,=4

These couplings along with the mixing matrices eq. (A.19) give the most general leptonic
interactions of the charged and neutral currents in terms of the mass eigenstates. Alter-
natively, the neutral current interactions can be aligned along with that of the charged
currents when rotating left-handed neutrinos in the same way as the charged leptons,

3 3+n
Var, = (OL)at Ver, or Vg, = Z (OLU) tmimr, + Z O\ V) o N . (A.21)
m=1 m/=4

It may be convenient in certain practical calculations to rewrite the neutral current inter-
actions in terms of their flavor eigenstates

T 34n
- <Z > Uy Te"PLl+> > Vi NE wPLe> +h.c.

{=e m=1 l=e m/'=4
T 34n
9y, . .
2cos€W ZleUEWymW Pr W"'ZZ 24‘/5711/ NeAtPL V£>+h c.+---(A.22)
=€ em/

where we have dropped the superscripts for U, V defined in eq. (A.19), for simplicity as
adopted throughout the text.
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Figure 25. Feynman rules for the charged current vertices in terms of the neutrino mass eigenstates,
as given in eq. (A.22).

Vims Non,
Z Z
le le
_ 59 vv o _ vIN m
ZQCOSW Um1m27 PL 2cosW Umlm g PL
NT, N,/
my 2
A Z
le lel
—i5 I —UYN  yrPrC —i VNN yhPp

2cosw ~ mimg QCOSW mm

Figure 26. Feynman rules for the neutral current vertices in terms of the neutrino mass eigenstates,
as given in eqs. (A.20).

For the reader’s convenience, we give most of the corresponding Feynman rules for the
interaction vertices, listed in figure 25 for the charged currents, and in figure 26 for the
neutral currents. The Feynman rules for the other diagrams can be easily deduced from
the ones that are explicitly written down in figure 25 and figure 26.

Finally, the heavy neutrino interactions with the Higgs boson read

H T 34n
—Ln="= 2" Vi MY N, P vy +he + - (A.23)

v
l=e m/'=4

The corresponding Feynman rule for the interaction vertex is given in figure 27.
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Figure 27. Feynman rule for the Higgs vertex in terms of the heavy neutrino mass eigenstates, as
given in eq. (A.23).

B General amplitude of AL = 2 processes

The charged current interaction lagrangian in terms of neutrino mass eigenstates is

T 3+n
Lee = W+ (Z S U v Pl Y VA N—fnﬁ“PL€> +he (B

f=e m=1 l=e m/'=4

where P, = %(1 —75). The leptonic AL = 2 subprocess W~W ™ — (], is induced by the
product of two charged currents

3+n

1epoc ZU £2m (1" Prvm) (L2y" Prvpm)+ Z Vglm/Vng (617" Py Ny ) (bay” Pr Ny ),
m/'=4

(B.2)
which can be rewritten using charge conjugation as
3+n

lep Z Z1m sz 617 PLVm)(ery PREC + Z Z1m"/bm (EllyMPLN )(Nm/'yVPng),
m'=4

(B.3)

The Majorana neutrino fields can be contracted to form a neutrino propagator, and the
transition matrix element is thus given by

9 3
.g g+me
= = Ul € rp Y Prts
Miey =5 = Ueim (B Qi —mZ Fil,,m,, (" Prt3)
9 3+n
g ¢4+mn_,
I N YIN YN Gnp m YPRls),  (BA
+2 — Oym! Vieom/ ( 17 L)QQ—W%V /+iPN MmN /(’Y R2) ( )
m/= m m m

,48,



where ¢ is the momentum exchange carried by the neutrino. The ¢ term vanishes due to the
chirality flip. Including the crossed diagram (¢ < ¢5) the leptonic amplitude then becomes

2 3 KAV VAL
MM Q_Z Y 7Ty
Miep =7 iUt m”’"u1<q2—m3 ) SR e e R

m=1
92 3+n
+E ‘/Zlm"/bm’ mN /
m/=4
_ i YAt
XU - + - Pruvs. B.5
' <q2 -mi , +iln, ,my,, ¢?—m3  +iln my,, e (B5)

For the light Majorana neutrinos, namely, m = 1,2,3 the masses m,,, ~ O(eV) [111]
and for the heavy Majorana neutrinos , the masses my , ~ O(MeV — GeV) for the low
energy processes we consider. The heavy Majorana neutrino contribution has a resonant
enhancement when ¢2, ¢’> ~ m?v and is the dominant one. The light Majorana neutrino
contribution however encounters a severe suppression due to the small neutrino mass like
m?,m /MSV Hence we can neglect the contributions of the light Majorana neutrinos and
the Z?n:l part of the amplitude drops out.

In principle all the heavy Majorana neutrinos will contribute to the amplitude but in
our analysis we only consider the contribution of one of the heavy neutrinos, in particular
the lightest one for simplicity. So the amplitude can now be written as

e 2 v Vi il s P B.6

mauy - + - V9. .
lep — fathd T 2 m2 +ily,ms  ¢2 —m2 +iln,my ez (B-6)
We can rewrite the above amplitude as

2 wvHAY P 2 YA P

9 uy"y RV 9 uy YT LRV2
MY = 2V, Vs m : + =V uViou m :
lep g ThidVeed 4q2 —m2+ily,my 2 hatexd 4q’2 m32 + il N, ma

= My + M. (B.7)

When ¢? ~ m3, M; has a resonant contribution and when ¢’?> ~ m?, My has a resonant
contribution. In general, ¢ # ¢/, and it is convenient to split up the individual resonant
contributions by the Single-Diagram-Enhanced multi-channel integration method [112]. To
do this, define the functions

[Mi]?
> M

Then the amplitude squared is given by

fi= (B.8)

= Z fi (B.9)

The amplitude squared splits up into the functions f; defined above and the phase space

integration can be done for each f; separately. This helps to make convenient simplifications
for the phase space integration and the computation can be carried out in parallel. The
contributions from each f; can be added up after phase space integration.
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C Decay modes of heavy Majorana neutrino

In this section we will discuss in detail the decay modes of the heavy Majorana neutrino

Ny, with mass my4 much smaller than the mass of the W boson, myy. From EW precision

measurements the mixing elements |Vp4|?> < O(1073) and the higher order terms in mixing

would be very small and can be ignored. Hence the widths are presented only up to leading

terms in mixing. The charged current and neutral current vertices of N4 with the mixing

elements are given in figure 25 and figure 26. With increasing mass of the heavy neutrino

new decay channels open up and can be classified into two body and three body decays.

The decay width scales as the third and the fifth power of the mass(my) for two and three

body decays respectively.

(1)

Ny — £~ P* where ¢ = e, i, 7 and PT is a charged pseudoscalar meson. This decay
mode has charged current interactions only as shown in figure 25 and the decay width

is given by
(P — p+ G% 2 2 2 3
" =T(Ny =0 P") = TP Vg I” [Veal™ miy It (pe, pp),
L(z,y) = [(1+z —y)(1 +2) — 42]A3 (1,2, y),
Ma,b,c) = a® +b* + ¢ — 2ab — 2bc — 2ca, (C.1)

where fp is the meson decay constant and V,z are the CKM matrix elements.
and pp are the masses scaled by the mass of the heavy neutrino and are given by
pi = mg /m.

Ny — v PY where vy = v, vy, v, and PY is a neutral pseudoscalar meson. This decay
mode has neutral current interactions only as shown in figure 26 and the decay width

is given by
GZ
7" =T(Ny — v P%) = ﬁfzzo Vaal? mi (1= pp)?, (C.2)

where fp is the meson decay constant, up is the mass of the neutral meson scaled by
the mass of the heavy neutrino and is given by up = m%; /m3. The mass of the light
neutrino ~ O(eV) [18] is much smaller than the mass of Ny ~ O(MeV — GeV) and
can be neglected to a very good approximation. We have set the mass of the light
neutrino to zero in the expression for the width above and henceforth.

Ny — 7V T where £ = e, u, 7 and V7T is a charged vector meson. This decay mode
has charged current interactions only as shown in figure 25 and the decay width is
given by

GZ
ﬁf\% Vg |* 1Vea|* m3 (e, piv),

(14+2—y)(1+x+2y) —435])\%(1,x,y), (C.3)

'V =10(N, - 07V =

IZ(x7y)

where fy is the vector meson decay constant and V5 are the CKM matrix elements.

e and py are the masses of the lepton and the vector meson scaled by the mass of
the heavy neutrino and are given by pu; = mf /m3.
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(4)

Ny — 1,V0 where vy = v, vy, v and V0 is a neutral vector meson. This decay mode
has neutral current interactions only as shown in figure 26 and the decay width is

given by
WV _ o Gh o 2 3
r = F(N4 - VKV ) - ﬁﬁ\/ fV |W4| my 13(1“1/2’/“/)’
1

where fy is the meson decay constant, py is the mass of the neutral meson scaled by
the mass of the heavy neutrino and is given by uy = m%, /m3. Ky is the vector cou-
pling associated with the meson and is expressed in terms of z,, = sin® 6,,, where 6, is
the Weinberg angle. The values of k for the various vector mesons are: kK = %xw for p°
and w; Kk = (—§ + 32y, for K*O,F*O and ¢; and k = (§ — 3y, for D*O,E*O and J/v.

Ny — 6;6;% where 01,05 = e, u, 7 with ¢ # f5. This decay mode has charged
current interactions only as shown in figure 25 and the decay width is given by

_ G?
ri%ve, = D(Ny — 0705 vy,) = 192123 m3 |Vo,al® L (4,5 0, 20y,
(1—2)?
d
Il(x’y’ Z) =12 / _S(S_xz _y2)(1+z2 —S))\%(S,QUQ’yQ))\%(l,S,Zz), (C5)
s
(z+y)?

where 17(0,0,0) = 1, z; are the masses scaled by the mass of the heavy neutrino and
are given by x; = m;/my4. The mass of the light neutrino ~ O(eV) is much smaller
than the mass of Ny ~ O(MeV — GeV) and hence can be neglected compared to
the mass of Ns. We have set the mass of the light neutrino to zero with very good

approximation in the expression for the width above and henceforth.

Ny — vy, Uy €5 where 01,03 = e, 1, 7. Both charged current and neutral current inter-
actions as shown in figure 25 and figure 26 are relevant for this mode and the decay
width is given by

Dva 2 = D(N; — wlegew:g%mlﬁ mj x [(gggg+%gg) Iy(ty,, 1 08,)
(0" 430014200 i 0| ()
(1)
Iy(z,y,2) = 24yz / %(1 + 2% — s))\%(s,y2,z2))\%(1,s,x2), (C.7)
(y+2)?

where 15(0,0,0) = 1, I1(x,y, z) has been defined in eq. (C.5), x; are the masses scaled
by the mass of the heavy neutrino and are given by z; = m;/my, gf = —% + Ty,
gf% =z, and x,, = sin? 6,, = 0.231, where 0,, is the Weinberg angle.
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(7) Ny — vp,v7 where vy, = Ve, v, V7. This decay mode has neutral current interactions
only as shown in figure 26. Using the massless approximation for the neutrinos as
described above the decay width has a simple form given by

2

GF

3“/514‘2 mi (08)

.
e = Z L(Ny — veve,vg;) = 96,3

lo=e

All the decay modes listed above contribute to the total decay width of the heavy
Majorana neutrino which is given by:

FN4 — ZFVZP+ZFVZV+Z2F£P+Z2F£V
l,P LV L,P LV

n Z 21«(1(21/52 + Z FV414242 + Z Tvavy, (C.9)

£y, (617#02) 01,02 vy

where ¢, /1,05 = e, i, 7. For a Majorana neutrino, the AL = 0 process Ny — £~ PT as
well as its charge conjugate |AL| = 2 process Ny — £T P~ are possible and have the same
width, T'*". Hence the factor of 2 associated with the decay width of this mode in eq. (C.9).
Similarly, the AL = 0 and its charge conjugate |AL| = 2 process are possible for the decay
modes Ny — ¢~ V1 and Ny — 6;6;1/@2 and hence have a factor of 2 associated with their
width in eq. (C.9).

As mentioned earlier, new channels open with increasing mass of the heavy neutrino.
For the low energy LV tau decays and rare meson decays we consider, the mass of the heavy
neutrino is in the range 140 MeV < my < 5278 MeV. For this mass range we list all the
possible decay channels for Ny in table 6. The mass and decay constants of pseudoscalar
and vector mesons used in the calculation of partial widths given in egs. (C.1)-(C.8) are
listed in table 7 in appendix E.

D Lepton-number violating tau decay

The decay amplitude for lepton number violating tau decays can be separated into leptonic
and hadronic parts,

iM= (Mlep)uu(Mhad)“y- (D'l)

For the tree level amplitude, the hadronic part can be expressed in terms of the decay
constants of the mesons in a model independent way. The box diagram includes hadronic
matrix elements which cannot be simplified in terms of decay constants and needs to be
evaluated in a model dependent way. We expect the tree level amplitude to dominate and
do not include the box diagram. It has been argued that in certain cases for rare meson
decays sub-leading contributions may be appreciable [20, 113]. Even in such a scenario
the difference will not be important at the current level of sensitivities and we include the
more conservative limit from tree level diagrams only. The tau decays and the rare meson
decays are crossed versions of each other and the above arguments are true for both.
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Mass of heavy
neutrino (MeV)

Decay mode of
heavy neutrino

Mass of heavy
neutrino (MeV)

Decay mode of
heavy neutrino

> > Vm =107

Ny — vp v, v,

> my, +m, = 1880

Ny— p1ru; +cc
Ny — 7 pty, + cc

> 2m, = 1.02

Ny — vpe— et

> my + my = 1920

Ny, — 171t +cc

> me +my, = 106

Ny — e putu, +cc
Ny — p~etv, +c.c

> me +mp, = 1970

Ny — e Df +cc

> mgo = 135 Ny — vym® >my, +mp=1980 | Ny — p D +cc
> me + my = 140 Ny — et +ce > mp«o = 2010 Ny — vyD*0
> 2m,, = 211 Ny — v~ pt > mp0 = 2010 Ny — Vgﬁ*o

> my, +m, = 245

Ny — p— 7t +ee

> me + mp+ = 2010

Ny — e~ D" + c.c

> me +mp = 494

Ny, —e KT +cc

> my, +mp, = 2070

Ny — p~Df +cc

> m, = 548 Ny — v > me +mps = 2110 | Ny — e DIt +cc
>my +mg =599 | Ny — u~ KT 4 c.c > my, +mp+ = 2120 | Ny — p~D*" + c.c
> my = 776 Ny — vpp” >my +mps =2220 | Ny — p~ DIt +cc
> me +m, = 776 Ny — e pt+ece >m,+mrg=2270 | Ny -7 KT +cc
> m,, = 783 Ny — ypw > m, +m, = 2550 Ny — 7 pt +ecc
>my,+m, =882 | Ny— pu pt+ce >m, +mi =2670 | Ny — 7 K*" +c.c
> me+mg- =892 | Ny — e K*" +cc | >m,, = 2980 Ny — vpme

> M0 = 896 Ny — v K*0 > m ., = 3100 Ny — v /2

> M0 = 896 Ny — K" > 2m, = 3550 Ny — vpr—rt

> m,y = 958 Ny — v >m;+mp=23650 | Ny — 7 DT +cc
>my +mgs =997 | Ny — u K* +cc | >m;+mp, =3750 | Ny — 7'_D;F + c.c
> mgy = 1019 Ny — vp >m, +mp =3790 | Ny — 7~ D*F +c.c

> me +m, = 1780

Ny — e 77, +cc
Ny — 17 e, +cc

> m; + mp: = 3890

Ny — 7'*D;,kJr + c.c

> me +mp = 1870

Ny — e Dt +cc

Table 6. Decay modes of heavy Majorana neutrino based on its mass my.

The leptonic part of the subprocess 7= — ¢TW *W ~* is obtained by crossing the

amplitude in (B.6)

2
M =Ly

Combining the hadronic and leptonic parts, the decay amplitude for

My

% _
lep — 9 T4‘/€4 Ur 2

q* — m?l + v, my

7 (p1) — €7 (p2) My (q1) My (g2)
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is given by

iM = (Miep) My, Mg, + (M M) (D.4)
Urdl o Prve
(p1 —q)? —mj + zTN4m4]
Ur M2 A1 Prve
(p1 — q2)? —m3 +ilnyma |
— My + Mo, (D.6)

= 2G VCKMVCKMfM1fM2V:4VZZ m4[

+2GEVEMVEM for ViV m4[ (D.5)

where V]\(;;ZKM are the quark flavor-mixing matrix elements for the mesons and fj;, are meson
decay constants. Then the functions, f; and fs defined in eq. (B.8) are given by

F, A (a2 4+ b*)A + (araz + b*)C
_ D.7
h <a%+b2> (@2 +b)A+ (a2 +02)B o= a), (D7)
f2 = filer < ¢2), (D.8)
AWpi, ;) = 81 - 1) (P2 - @) (a1 - @2) — 4m3y, (p1 - @2) (P2 - @2)
—4m3y, (pr - @) (p2 - @) + 2mi, mig, (p1 - p2), (D.9)
B(pisq;) = Alq1 < q2), (D.10)
C(piyg;) = 4(p1 - p2)(q1 - @2)* — A(pi, qj), (D.11)
D(pi, q;) = Cla1 < a2), (D.12)
Fr = 4GE i, i Van Vi ™M P [Vea Vil *mi, (D.13)
a12(piyqj) = (01 — q1.2)* —m3;  b=Tnmy. (D.14)
The decay width for the LV tau decay is then given by
1
EV = (1 — §5M1M2> 19875m [/ fldP531 + / deP532 R (D15)
LR 2 2 2 mcl
dPS3; = o A2 (mz, myy,,m ))\2( cl,mg,mMQ) 5 dy1dy2dysdya, (D.16)
T cl
dPSs3y = dPS31(q1 < ¢2), (D.17)

where dPSs; and dPSss are the phase space factors obtained by conveniently clustering
two different sets of particles to enable applying the narrow-width approximation easily.
y1 to ys are rescaled angular variables with integration limits 0 < gy; < 1. As seen in
section 3.1.1, the width of the heavy neutrino is very small compared to the mass and
hence we can apply the narrow-width approximation.

s

— [ stm2, ~ miym?

'y ,— 0

D.18
S (D19)

/ dmzz
(mg, ) + 13 Ny m4
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Applying the narrow-width approximation as described above and integrating over the

d—function we get

F Ar3
APSs; — s
[ narsy = [ ( T e

1 1
XAz (m2,mi,, mi)A2 (m3, my, m?\b)) dy1dyadysdya, (D.19)

(a2 +b*)A+b*(B +C + D)
(a3 +b*)A + 2B

T

/f2dP532 = /fldPS31(QI < q2) (D.20)

Now, we can find the decay rate from eq. (D.15). Normalized to the 7 decay width I'; =
G%mi /19273, the corresponding branching fraction is Br = L /T'+. The masses and decay
constants of mesons are listed in table 7. The CKM matrix elements and 7 mass are taken
from the Particle Data Group (PDG) [99]:

my = 1777 MeV, |Viq| = 0.9738, |Vis| = 0.2200.

E Rare meson decay

The rare meson decays

M (q1) — 5 (p1) €7 (p2) My (g2)

have the same Feynman diagrams as tau decay. The meson My can be a pseudoscalar or
vector meson. The decay amplitude when M is a pseudoscalar meson is given by

. oy d, 4, PRV,
MP _ 2G2 VCKMVCKM Vi iV, 142
v PVan Vi, S S Ve aViea my @ =) —miZ+ T

2 1/ CKMy,CKM U, A2 A Prog
T2OEVaL Vi S VeraVesa s [((h - p232 —my? + ii“N4m4
= M+ MJ. (E.1)

Next we consider the case where My is a vector meson. The decay amplitude is given by

V Uy g /éA(QZ)l RUs

: 2g2 xchM CKM ‘7 ‘7 141 2
pu— V

ZM F M1 MQ fMl fMQ €14 €24 m4 ’I’I’LMQ ( 1 1)2 m 2 ’LFN4m

(g1 — p2)? — my? + il y,my

= M{ + M. (E.2)

T A
U £ Prv
2G2 VCf(M‘rCi(Mf 1f 2‘%14‘%24 my m 2[ 4y (Q2) /41 RVl ]

Similar to tau decay, we define the functions f{, ff’ and f), fJ for the pseudoscalar
and vector mesons respectively as given in eq. (B.8). fZ-P and fZ-V turn out to have the same
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form and are given below.
P(V) _ FMAP(V) (a% + bQ)AP(V) + (a1a2 + b2)CP(V)
' af +02 )| (a3 +0)APW) + (af +62)BPV)

+ (p1 < p2)|, (E.3)

3V = 11 o), (B4)
AP (pioq;) = 8(p1 - q1)(p2 - @2)(q1 - @2) — 4miy, (p1- @2) (P2 - @)
—4miy, (p1 - q1)(p2 - @1) + 2m3,miy, (p1 - pa), (E.5)
AV (piyg;) = 8(p1 - @1)(p2 - @) (a1 - g2) — 4miy, (p1- @2) (P2 - @)
+4mis, (p1 - @1) (P2 - 1) — 2mi, mig, (p1 - p2), (E.6)
BV (p;,q5) = A"V (p1 < po), (E.7)
C"(pi,g;) = 4lpr - p2) (@1 - 02)* — A" (pi, 45), (E-8)
CY (pivgj) = 41 - p2)(q1 - @2)* — Ami, m3, (01 - p2) — AY (pi, q5), (E.9)
(V)(pz,q]) = C"M(py < po), (E.10)
= 4G} i FinVin Vi P Via Vi Pm3, (B.11)
a1,2(m7qj‘) = ( @1 —p12)’ —mi; b=Tn,ma (E.12)
The decay rate for LV rare meson decay is then given by
i = (1 - %m)m [ [ apsa s [ Vapsa). (@1

2 . m2

dPS31 = W}m(m?\/ll,mz,mgl))m(mgl,mi,m?\/b) de dyrdyadysdyy, (E.14)
M, cl

dPSsy = dPS31(p1 < p2), (E.15)

where dPS3; and dPSso are the phase space factors obtained by conveniently clustering
two different sets of particles to enable applying the narrow-width approximation easily.
y1 to yy4 are rescaled angular variables with integration limits 0 < y; < 1. The width
of the heavy neutrino is very small compared to the mass and hence we can apply the
narrow-width approximation.

/ dmzz
(m2, —m3)? + T3, m3

Applying the narrow-width approximation as described above and integrating over the

/5 —m3)dm? T (E.16)
I'ny— 0 ZFN4m4

d—function we get

F AP(V) 3
/flP(V)dpS31 :/ 1 Z\/12 : T
mayn MmN,

1 1
XAz (m%\dl ’ mz ’ mi))‘§ (m?b m%g ) m?\b)) dy1dy2dysdya, (E'17)

(a% + bQ)AP(V) + bQ(BP(V) + cPW) + DP(V))
(a3 + b2)AP(V) 4 p2BP(V)

/ﬁmM%Z/ﬁmw&me» (E.18)
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Pseudoscalar Mass Decay Constant | Vector Mass Decay Constant
Meson (MeV) [99] (MeV) [99] Meson | (MeV) [99] | (MeV) [114]

t 139.6 130.7 pt 775.8 220
K* 493.7 159.8 K** 891.66 217
D* 1869.4 222.6 [115] D* 2010 310
DF 1968.3 266 D:* 2112.1 315
B* 5279 190 [116] w 782.59 195

0 135 130 KO K| 896.10 217

n 547.8 164.7 [117] ) 1019.456 229

n 957.8 152.9 [117] D D" | 2006.7 310

Ne 2979.6 335.0 [118] J /1 3096.916 459 [119]

Table 7. Mass and decay constants of pseudoscalar and vector mesons used.

Now, we can find the decay rate from eq. (E.13). The branching fraction is then given by
Br =7, DM,
The CKM matrix elements and the lifetimes of mesons used in our calculations are

taken from PDG [99] and are listed below.

|Vup| =0.00367, |Veq| =0.224, |Ves| =0.996;
T =12384x10"%s, 7p=1.040x10""s, 7p,=4.9x10" s, 75=1.671x10""s,

The mass and decay constants of pseudoscalar and vector mesons used in our calculations
are listed in table 7.
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