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Probing the nature of neutrinos with a new force
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We discuss the possibility to distinguish between Dirac and Majorana neutrinos in the context of the
minimal gauge theory for neutrino masses, the B — L gauge extension of the Standard Model. We revisit the
possibility to observe lepton number violation at the Large Hadron Collider and point out the importance of
the decays of the new gauge boson to discriminate between the existence of Dirac or Majorana neutrinos.
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I. INTRODUCTION

After the discovery of the Brout-Englert-Higgs boson at
the Large Hadron Collider (LHC), we understand how the
electroweak symmetry is broken in nature and how all the
charged fermions should acquire mass through the Higgs
mechanism. Unfortunately, the Standard Model (SM) does
not provide an explanation for the origin of neutrino
masses, and hence, the experimental evidence of neutrino
masses calls for new physics beyond the SM. Thanks to the
effort of the experimental community, the mixing angles
and mass splittings in the neutrino sector have been
measured with good precision, see Ref. [1] for a review
about neutrino physics.

The nature of neutrinos remains unknown and it is a
central open question in particle physics. The neutrinos can
be either Dirac or Majorana fermions [2], in the Dirac case
the anomaly-free symmetry B — L is conserved or broken
in a unit larger than two, while in the Majorana case B — L
is broken in two units. The simplest way to distinguish
between the existence of Dirac or Majorana neutrinos is to
search for exotic lepton number (or B — L) violating
processes at low energies such as neutrinoless double beta
decays [3.4] or for signatures at colliders [5] if the B — L
breaking scale is low. Clearly, the discovery of any of these
processes will be crucial to understand the origin of
neutrino masses and complete our understanding about
mass generation.

The simplest mechanism for Majorana neutrino masses
is the canonical seesaw mechanism [6-9]. In this context,
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by adding at least two copies of right-handed neutrinos it is
possible to generate neutrino masses in agreement with the
experimental observations. Unfortunately, the seesaw scale
could be very large, M .. < 10'*~15 GeV, and we might
not have direct access to the mechanism behind neutrino
masses. However, if the seesaw scale lies below or near the
TeV scale, then we might test this mechanism in the near
future. In the absence of any signature from neutrinoless
double beta decays we need to investigate the possibility to
observe lepton number violating signatures at particle
colliders to establish the nature of neutrinos.

If the relevant scale (B — L scale) for the generation of
Majorana neutrino masses is relatively close to the electro-
weak scale we can hope to observe signatures with same-
sign leptons at colliders [5]. In the context of the canonical
seesaw mechanism, there have been different studies of the
production of right-handed neutrinos at particle colliders,
see for example the studies in Refs. [10-17]. The main
production channel considered in many studies is pp —
W* — N£*, which is generically suppressed by the
active-sterile neutrino mixing. In the scenario where the
right-handed neutrino masses are below the W-gauge
boson mass, My < My, the right-handed neutrinos
could be discovered using displaced vertices [18-20].
Furthermore, if My < M,/2 the SM Higgs boson can
decay into a pair of right-handed neutrinos and constraints
can be placed by studying the properties of the Higgs
[21-24]. For more details and a complete list of references
see the review in Ref. [25].

The simplest gauge theory for neutrino masses corre-
sponds to promoting B — L to a local symmetry. This is
because the three right-handed neutrinos automatically
cancel all gauge anomalies. In this context the neutrinos
are Dirac fermions if the new Zp; gauge boson acquires
mass through the Stueckelberg mechanism [26] orif B — L
is spontaneously broken in more than two units.
Alternatively, a new scalar with B — L charge equal to
two can be introduced to break B — L spontaneously and
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generate Majorana masses for the neutrinos via the seesaw
mechanism. In this scenario, the Zp; can mediate the pair
production of right-handed neutrinos, and hence, this
channel has the advantage of not being suppressed by
the active-sterile neutrino mixing [27]. See Refs. [28-30]
for other studies along these lines.

In this article, we discuss the possibility to distinguish
between Dirac and Majorana neutrinos in the context of the
minimal gauge theory for neutrino masses based on B — L.
We revisit the possibility to observe lepton number viola-
tion at the LHC and point out the importance of measuring
the decay branching ratios of the new gauge boson to
discriminate between the existence of Dirac or Majorana
neutrinos. Clearly, a future simultaneous discovery of the
Zp; gauge boson and heavy right-handed neutrinos will
be evidence for Majorana neutrinos. However, when
My > My, /2 the production cross section for a pair of
right-handed neutrinos is highly suppressed and the pros-
pects for observing lepton number violation are very small.
We show how to distinguish between Majorana and Dirac
neutrinos if a Zp; gauge boson is discovered even if there is
no direct discovery of the right-handed neutrinos.

The structure of our work is the following: in Sec. II, we
discuss the current bounds on the U(1),_, gauge boson
mass and its coupling to matter. In Sec. III, we revisit the
lepton number violating signals at the LHC through the
process pp = NN — [¥[*4j, we show the predictions
for the latter by performing the most general analysis. In
Sec. III A, we demonstrate how to distinguish between
Dirac and Majorana neutrinos by measuring the decay
width of Zp;. We present our summary in Sec. I'V.

II. MINIMAL GAUGE THEORY
FOR NEUTRINO MASSES

The simplest gauge theory for neutrino masses is based
on the local B — L gauge symmetry. The right-handed
neutrinos needed to generate Dirac/Majorana masses for
neutrinos are also the extra degrees of freedom needed to
define an anomaly-free gauge theory based on B — L. In
this context the new gauge boson, Zp;, has the following
interactions:

o 1 1—
LD gp <€i7’”€i - g”i?’”ui - gdi}’”di
+ Vi v + lTiR)’””iR) 3, (1)

where the family index i = 1, 2, 3. In the above equation
e, = e —+ €ig, U; = U;p, + Uip, and di = diL —+ diR are the
Dirac spinors for the charged fermions.

In Fig. I we show the relevant bounds in the gz, — M7,
plane. The blue line corresponds to the bound from LEP
[31] (My,, /gpr > 7 TeV), while the orange line corre-

sponds to dilepton searches at the LHC with /s = 13 TeV
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FIG. 1. Collider bounds in the gg; — M, plane. The blue line

corresponds to the bound from LEP [31], while the orange line
corresponds to dilepton searches at the LHC with /s = 13 TeV
and 36.1 fb~! by the ATLAS collaboration [32]. The constraint
from the bound on AN [33] is shown by the green line and
applies only to the scenario with Dirac neutrinos. The predictions
for the decay width of Zp; in the scenario with Dirac neutrinos
are shown by the black lines.

and 36.1 b~ [32]. The black lines define the different
values for the decay width of the Zp; gauge boson, and the
bound from N [33] (M, /gg, > 10.33 TeV) is shown
by the green line that is only relevant when the neutrinos are
Dirac fermions. Notice that the LHC bounds are the most
relevant when the gauge boson mass is below 4 TeV. All
these bounds are relevant to understand the predictions for
the processes investigated in the next section.

In the minimal B — L gauge theory the Dirac Yukawa
coupling for neutrinos reads as

L£>-YP?, Hug +He., (2)

with £, ~ (1,2,-1/2), H = ic,H*, and H ~ (1,2,1/2) is

the SM Higgs doublet. As we mentioned above, the mass

of the B— L gauge boson can be generated via the

Stueckelberg mechanism [26] leaving the U(1),_, gauge

group unbroken. In this simple theory the neutrinos are

Dirac particles, see Ref. [34] for a recent discussion of the

different possibilities. Alternatively, a scalar can be intro-

duced with B — L charge equal to two, and once this scalar

acquires a nonzero vacuum expectation value it will give

mass to the Zp; and the right-handed neutrinos. Therefore,

the canonical seesaw mechanism for Majorana neutrinos
can be implemented.

(i) Dirac neutrinos

In the case when the neutrinos are Dirac fermions

the decay width of the B — L gauge boson can be

predicted as function of the gauge coupling and its

mass. The branching ratio for the invisible decay can

be quite large due to the fact that there is an extra

contribution of the right-handed neutrinos, the invis-

ible branching ratio is close to 38% as it is shown in

the left panel in Fig. 2. This is a simple but important
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FIG. 2. Branching ratios for the decay of Zp; into the different channels. The green line corresponds to the decay channels
Zpr — e~ e, u~ut, 77 tT, the blue line is the decay into quarks, Zz; — ¢g, with ¢ = u, d, c, s, b and the dashed orange line is for the
Zp; — tt decay. The black dotted line is the decay into Dirac neutrinos Zg; — v;; (left panel) and the decay into Majorana neutrinos

ZBL i I/il/l',NiNi (rlght panel).

result because as we will discuss in the next sections,
the branching ratios of Zp; can be used to distin-
guish between the Dirac and Majorana scenarios.
(i) Majorana neutrinos

In the case with Majorana neutrinos and the
canonical seesaw mechanism we can hope to ob-
serve lepton number violation at the LHC. The
masses for Majorana neutrinos are generated after
symmetry breaking through the canonical seesaw
using the terms:

- - 1
[: D —YI?KLHI/R - EMNl/gcl/R =+ H.c. (3)

The best way to observe lepton number violation at
the LHC is through the pair production of right-
handed neutrinos, i.e., pp = Zg; — N;N;, where
N, correspond to the physical states associated to the
right-handed neutrinos. In the next section, we will
revisit the predictions for lepton number violation
and discuss the possibility to observe these signa-
tures. It is important to mention that in this case the
prediction for the neutrino branching ratio depends
on the mass of the right-handed neutrinos.

The right panel in Fig. 2 shows the branching
ratios of Zp; in the Majorana case with all three
right-handed neutrino masses set to My =500 GeV.
The neutrino branching ratio goes from 23% to 38%
as the Zg; — N;N; decay channel become kinemat-
ically allowed. Notice that the latter is not an
invisible decay since the N;’s can decay into visible
states inside the detector.

III. B-L FORCE AND LEPTON NUMBER
VIOLATION AT THE LHC

The observation of lepton number violation by two units
at the LHC will shed light on the origin of neutrino masses.

In the gauged U(1),_, scenario, the right-handed neutrinos
can be produced at the LHC through the B — L gauge
boson: pp — Zy, — N;N; [27], withi = 1, 2, 3. The cross
section for this process is given by

I
ol = NN)(s) = [ dr = L alaq ~ NN)G). ()
To

where the partonic cross section corresponds to

0(qq — Zp, — N:N;)(8)
g (3 —4M3, )¥*(2m2 +3)

~ 64875 /- R ’
TS = Amy(MG, TS+ (8- M7, )%

and

dﬁ‘;‘f 1 Ldx T
dr 1 +5ab[ - |:fa/A(x’/4)fb/B (;ﬂ)

i (o) fut) . )

(5)

The parameter ¢ = §/s, where § is the partonic center-of-
mass energy squared, s is the hadronic center-of-mass
energy squared, 7o = 4M ,2\,]/ s is the production threshold,
and y is the factorization scale that is set to u = M, . The
f-functions correspond to the parton distribution functions
for which we use the MSTW2008 [35] set.

In Fig. 3 we show the predictions for the pp — N;N;
cross section as a function of the right-handed neutrino
mass. This plot shows that when the decay Zg; — N;N; is
kinematically closed, i.e., M. > M, /2, the cross section
drastically drops to very small values. This occurs because
for these masses the cross section never hits the Zg;
resonance. Requiring the Majorana Yukawa coupling to
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be perturbative translates as an upper bound of My <
V2rxMy,, /gpr, we make sure this is satisfied in Fig. 3.

In order to study the lepton number violating signatures
we need to calculate the branching ratios for the right-

handed neutrinos. The decay widths for the right-handed

neutrinos are given by

9% 2173 M%v
I'(N;, - W) = VolPM3 | 1+2—%
( i ) 647[M€V| fz| Nl-< + M}z\}))
M2 2
x <1—2W> , (7)
M3,
2 2
9% 2143 M7
I'(N; Z) = VoileM 1+2—+=
(N; = v.Z) 647rM%V| il N,-< + M}z\/(_)
M2 2
M3,
9% 2143 %z : 2
I'(N; h) = Vi ——t 0,
(N: = veh) = o Wty (172 ) o

where 6 is the mixing angle between the SM Higgs and the
scalar that breaks U(1)z_, . The matrix defining the mixing
between the right-handed and left-handed neutrinos can be
written as [36]

V= VPMNSml/zRM_l/Z, (10)
where Vpyns 1s the PMNS mixing matrix, m =
diag(m, m,, ms3) is the matrix of the light neutrino masses
and M = diag(My,, My,, My, ) is the matrix for the heavy
|

C12€13 $12€13

_ i
VeMNs = | —S512C23 — C12823513¢€"

is
$12823 — C12€23513€ —C12823

with s;; = sin@;;, ¢;; = cos 0;;, & is the Dirac phase and ¢;
are the Majorana phases. For their numerical values we use
the central values from a recent fit [37] as given in Table 1.
For our numerical evaluation we perform a scan over the
lightest active neutrino mass and the Majorana phases o,
and a, in the range shown in Table II. The scenario with
normal hierarchy (NH) corresponds to Am3, = Am3, > 0,

TABLE L.

is
C12C23 — §12823513€

LHC 14 TeV
10° .
_ 1071 _‘\
=,
- 1072
=
= 1073
T
—4
S 10
\b/ N — Mz, =1TeV, ggr =001
1072F . My, =34 TeV, gpp =0.1
—— My, =4TeV, g =0.2
10°¢ : =
102 103
My, [GeV]
FIG. 3. Predictions for the production cross section pp — N;N;

at /s = 14 TeV LHC as a function of My . Different colors
correspond to different choice of parameters.

neutrino masses. The R matrix is complex and orthogonal,
and it may be parametrized in terms of three complex
rotation matrices

1 0 0 Co, 0 5,
R=10 ¢, sy 0 I 0
0 =54, Co, Sw, 0 ¢q,
Coy  Swy, 0
X | =S4, Cu O], (11)
0 0 1

where ¢, = cosw;, s, =sinw; and ®; are complex
angles. The PMNS matrix can be written as

SlSe—lé

sa3cq3 | x diag(e®@/?, 1, ei®/?) (12)

is
— 512€23513€ €23C13

[
while the scenario with inverted hierarchy (IH) corresponds
to Am3, = Am3, <O0.

In Fig. 4 we show the branching ratios BR(N; —
["W* 4+ ["W~) as a function of the right-handed neutrino
mass; for the plots in the left panel the R matrix is set to the
identity matrix which corresponds to the simple scenario
with all complex angles w; set equal to zero. This means

Parameters in the neutrino sector, we use the central values listed in Ref. [37]. The scenario with normal

hierarchy (NH) corresponds to Am3, > 0, while the scenario with inverted hierarchy (IH) corresponds to Am3, < 0.

Sin2 912 Sin2 923 Sin2 613 5/0

Am3, /eV? Am3, /eV? (NH) Am2,/eV? (IH)

0.310 0.563 0.02237 221

7.39 x 1073 2.528 x 1073 —-2.510 x 1073
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TABLE II. Ranges of the nine free parameters in our numerical
scan. For normal hierarchy (inverted hierarchy) we scan over the
lightest neutrino mass m; (m3).

Parameter Scan Range NH (IH)
ny(3) [10_9, 01] eV

a; [-7, 7]

a, [-7, 7]

Re[w;] [-7, 7]

Im[w,] [-7, 7]

that the mixings V,; depend only on low energy physics,
and hence, the structure of the PMNS matrix is being
reflected in these plots. Thus, by measuring the branching
ratios of the N;’s we can learn whether the R matrix is
close to the identity matrix, since in this case there is a
clean prediction for each branching ratio. We focus on the
N; — [TW? channels because these are the ones that lead
to signatures of lepton number violation as we will
see below.

For the plots in the right panel in Fig. 4 we perform a
scan on the w; complex angles in the ranges shown in
Table II. The imaginary parts of @; exponentially enhance
the entries in the R matrix so we make sure that each entry
in the Dirac Yukawa matrix Y2 remains perturbative. This
demonstrates that once the freedom in the R matrix is taken
into account the predictions can change drastically. For
example, the branching ratio for Ny — pTW* which is
around 4.5% for R = 1 can become as large as 50% once
the random scan is performed. We find that the branching
ratios are not sensitive to whether we have normal hierarchy
or inverted hierarchy in the active neutrino sector, so the
plots have the same behavior for IH.

In Fig. 5 we show the decay width of N; as a function
My for each right handed neutrino. As can be seen from
Egs. (7)—(9) the decay widths are proportional to the light
neutrino masses, and hence, they depend on whether we
have NH or IH. The plots on the left correspond to normal
hierarchy while the ones on the right correspond to inverted
hierarchy. For the top row we fix R = 1, which means the
'y, are only dependent on the light neutrino masses m;. In
the NH scenario this is the reason why I'y can vary over
several orders of magnitude, while I'y, and I'y, are
restricted to a small window. For the IH scenario, the
decay width Iy is the one that has a large range since v3 is
the lightest.

In the middle row of Fig. 5 we show the decay width for a
scan of the R matrix taking only real parameters. The
difference with R identity is that now there is more freedom
in the decay width for N, and N5 in the NH and N, and N,
in the IH. Once the R matrix is allowed to take on random
values it becomes very difficult to distinguish between the
NH and the IH scenarios. An exploration for different values
of the R matrix is not commonly done in the literature.

In the third row of Fig. 5 we present the results for a
random scan of the R matrix considering complex entries.
We find that the decay width can be 6 orders of magnitude
larger than when taking only real entries in the R matrix;
this happens because imaginary parts of w; exponentially
enhance the entries in the mixing matrix V. We find that the
maximal values for the decay widths are 'y =~ 10~* GeV,
[y~ 107" GeV and I'y™ ~2x 107° GeV. Therefore,
the heavy neutrinos can decay more promptly than we
might expect from the naive seesaw relation V? ~ m/My.

The decaying length of the heavy neutrinos can have a
large range from 10~ mm to 10° mm, and hence, these
heavy neutrinos can be searched for using different
techniques. When the decay length is between 107> mm
and 10° mm then these appear at the LHC as displaced
vertices. Additionally, when the lightest neutrino mass is
taken to be very small, the decay length can be in the
order of meters and detectors such as FASER [38] or
MATHUSLA [39] can be used to search for them.

Lepton number violation can be probed by searching
for the process pp — N;N; — I*174j at the LHC. The
expected number of events for this process is given by

Nevents =Lx 0(1717 - NiNi) x2
 BR2(N; — [WF) x BR (WT = jj),  (13)

where the hadronic decay of the W boson is
BR(W¥ — jj)~2/3. In Fig. 6 we show the expected
number of events at the LHC for center-of-mass energy of
14 TeV assuming £ = 3000 fb~! for the integrated lumi-
nosity. The points in black correspond to the simplified
scenario with R = 1 and for the gray points we perform a
scan on the free parameters in the range shown in Table II.
See Ref. [27] where the authors discussed in detail the
relevant SM backgrounds, W and multibosons, and how
to distinguish between the signal and background imposing
different kinematical cuts.

The top row in Fig. 6 corresponds to the production and
decay of N;. The left panel corresponds to the NN, —
et eT4j channel. Here, the case R = 1 is close to the largest
number of events obtained from the random scan. The middle
panel is for the N\N|, — e®u*4;j channel and in this case the
random scan can increase the number of events by a factor
of 4. The right panel is for the NN, — u*u*4;j channel and
here the R = 1 case predicts a much lower number of events
than can be obtained from the random scan which can
increase the number of events by a factor of 100. As can
be appreciated, the predictions for the number of events is
very sensitive to the form of the R matrix and can be quite
different from the ones obtained using the naive seesaw
relation V2 ~ m, /M y. If these channels are discovered in the
near future, this information can be used to learn about the R
matrix and the seesaw relation. In Appendix we present the
results of our scan for the active-sterile neutrino mixing.
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FIG. 4. Scatter plot of the branching ratios BR(N; — I"W™ + I*W~) as a function of the right-handed neutrino mass M, and normal
hierarchy. The R matrix is set to the identity matrix (left panel) and a random scan is performed (right panel). The same behavior is

observed for the scenario with inverted hierarchy.

A. DIRAC VS MAJORANA: THE ROLE OF THE
Zy, DECAY WIDTH

The discovery of the Zp; gauge boson does not
guarantee the discovery of right-handed neutrinos, and
hence, we might be unable to disentangle between neu-
trinos being Dirac or Majorana. In this section, we argue
that a measurement of the Zp,; total width, I'7, , and its

decay branching ratios will suffice to distinguish between
the scenario with Dirac or Majorana neutrinos. We expect
the LHC to reach this precision [40]. For example, take the
high precision LEP measurement of the Z boson in the SM
to less than one percent I'; = 2.4952 £ 0.0023 GeV [41].
The decay width of Zg; for the different channels is
given by,
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FIG.5. Scatter plot of I'y vs M, the green, orange and blue dots correspond to N, N,, and N5 respectively. For the top row we fix the
R matrix to the identity. For the middle (bottom) row the elements of the R take on random real (complex) values. The panels on the left
(right) correspond to normal (inverted) hierarchy.

FZBL = Ihadrons + Lle ptons r,, (14) while in a scenario with Majorana neutrinos we have

3 3
where the last term is the contribution from the decay into M — Z [(Zg, = viv;) + Z [(Zg, = N;N;)

neutrinos. In the scenario with Dirac neutrinos we have i—1 i=1
M AM2 N 32
-3 gBL ZgL + Z gBL ZBL 2N i )
3 M 24z =123 M Z
=3 "T(Zy, = vimi) = 6, 2. (15) “
=1 o 24z (16)
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FIG. 6. Scatter plot of the expected number of events at the LHC for center-of-mass energy of 14 TeV assuming £ = 3000 fb~! for the
integrated luminosity. The black points correspond to the case with R = 1, while the gray points correspond to a random scan on the
entries of the R matrix. These plots correspond to the case with normal hierarchy and we scan over the lightest neutrino mass, the same

pattern is observed for inverted hierarchy.

Notice that I'? > T™. Consequently, the total Zz; decay
width is different depending on whether neutrinos are Dirac
or Majorana. However, we should point out that there is
degeneracy I'? ~ T in the scenarios with My < My .
All the results in this section are independent of the active-
sterile neutrino mixing.

In Fig. 7 we present a contour plot of the neutrino
branching ratio for Zg; in the My vs M, plane, where we
are assuming that My = My, = My, = My for simplic-
ity. This branching ratio is independent of the value of the
coupling gg;. Whenever My > M, /2 the only decays
into neutrinos are Zg; — v,v; and this branching ratio is

equal to 23%. As the Zp; — N;N; channels become
kinematically open the neutrino branching ratio starts to
increase and goes to 38% for My < M, . To quantify the
difference between the neutrino width in the Dirac vs
Majorana case we define the following quantity

oM
T (17)

oT,

where I'? corresponds to Dirac neutrinos given by Eq. (15)
and in the limit of massless neutrinos depends only on
My, , while '™ which given in Eq. (16) corresponds to the
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BR(Zpr — neutrinos)
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FIG. 7. Contour plot for the neutrino branching ratio of Zp; in

the My vs M, plane. This result is independent of the value of
the coupling gp; . We take all three right handed neutrino masses
My, to be equal to My for simplicity.

Majorana case and depends on both M, and M. The 6I',
parameter can range between 0 and 1. For My < M, 6L,
is close to 0 and it is hard to disentangle between Dirac and
Majorana. As My approaches M ~ then this quantity
increases and once the Zp; — N;N; channels are closed
then I'? = 2I'M and we have 6", = 1. This behavior is
manifested in Fig. 8§, where we show the parameter oI, as a
function of the gauge boson mass for different values
of M N-

Now, let us discuss the correlation between the lepton
number violating processes and the decay width of the
B — L gauge boson. In Fig. 9 we show in red the production
cross section for a pair of right-handed neutrinos and in
green the oI, parameter as a function of M. These plots
show the complementarity between direct production of

100
i;
~
I 7> 10!
Qax
—
N
I —— My =10 GeV
I'—? 1072 F —— My =50 GeV
o — My =100 GeV
—— My =250 GeV
—— My =500 GeV
1073 - :
102 108 10*
My, [GeV]

FIG. 8. The difference in the total Zp; width in the Dirac vs
Majorana scenarios normalized with respect to the Majorana case
as a function of the Zp; mass. These results are independent of
the value of the gauge coupling gp; .

N,;’s and the measurement of the Zp; neutrino branching
ratio to distinguish between Dirac and Majorana neutrinos.
These plots show that as the pair production cross section
goes down, the oI, parameter increases eventually becom-
ing equal to one.

If a Zp; gauge boson is discovered and the right-handed
neutrinos lie in the range 100 GeV < My < M, /2 then
there is a good possibility to directly produce the right-
handed neutrinos at the LHC. However, when My >
My, /2 it becomes very difficult to produce the right-
handed neutrinos; thus, we could either be in a scenario
with Dirac or Majorana neutrinos. Nonetheless, by meas-
uring the neutrino branching ratio of Zp; we can discrimi-
nate between these two possibilities. There are three
different scenarios that are possible:

(i) BR(Zp; — neutrinos) ~23%: Measuring the neu-
trino branching ratio of Zp; close to 23% implies
that neutrinos are Majorana and that the channels
Zpr — N;N,; are kinematically closed. This corre-
sponds to having I, = 1. Consequently, even if
we are unable to directly produce N;N; we will
have indirect evidence that neutrinos are Majorana

fermions.
10°
1.0
1071 o(pp— NN) ory
o M =1V fog s
Py gL = 0.01 =
, -3 (N ah
=10 0.6 o
—4
T 10 04
Q - A
X 10 £
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FIG.9. The red line corresponds to the production cross section
of pp — NN at the LHC with center-of-mass energy of 14 TeV.
The blue line is the difference in the Zp; neutrino width between
the Dirac and the Majorana cases normalized with respect to
Majorana case. Both are plotted as a function of the My.
The upper (lower) panel corresponds to M, =1 TeV and
gpr = 0.01 (MZBL =4 TeV and gpr = 02)
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TABLE III. Numerical values in units of GeV for the decay width for the channel Zy; — neutrinos and the Z; total width for four
different scenarios. We set M, = 3.4 TeV and gp; = 0.1.

Dirac neutrinos My =10 GeV My =500 GeV My =2 TeV
I'(Zy; — neutrinos) 2.70563 GeV 2.70556 GeV 2.53395 GeV 1.35282 GeV
['(Zy; — all) 7.21501 GeV 7.21494 GeV 7.04333 GeV 5.86219 GeV

(ii) 23% < BR(Zg; — neutrinos) < 38%: A measure-
ment of the neutrino branching ratio between 23%
and 38% will mean that neutrinos are Majorana and
that both channels Zgz; — v,v; and Zg; — N;N; are
open. The Majorana nature can be further confirmed
by direct observation of the right-handed neutrinos
at particle colliders. This corresponds to having
0<ol, < 1.

(iii) BR(Zp, — neutrinos) ~38%: If the neutrino
branching ratio is measured very close to 38% then
it becomes hard to disentangle the nature of neu-
trinos since we can either be in the case with Dirac
neutrinos or the one with Majorana neutrinos and
My < My, . This corresponds to having oI', ~ 0.

In the Dirac scenario the branching ratio into neutrinos

is invisible. In the Majorana case, the decay into light
neutrinos Zg; — v;v; is always invisible. However, for the
decays Zp; — N;N;, the heavy neutrinos N; can sub-
sequently decay into visible particles inside the detector.
In Table IIT we show the predictions for the Zp; decay into
neutrinos and its total width for M, =3.4 TeV and
gpr, = 0.1. As this table shows, when the right-handed
neutrino mass is below 10 GeV it is difficult to distinguish
between Dirac and Majorana neutrinos because the differ-
ence in the decay width into neutrinos is smaller than
10~* GeV. However, above 10 GeV one can distinguish the
two scenarios for neutrino masses.

IV. SUMMARY

We have discussed how to distinguish between Dirac and
Majorana neutrinos in the simplest gauge theory for
neutrino masses; namely, the B — L gauge extension of
the SM. Assuming that the B — L symmetry breaking scale
is not far from the electroweak scale, we revisited the
prospects for observing lepton number violation at the
Large Hadron Collider. We performed a general random
scan on the parameters in the R matrix that enters in the
mixing between neutrinos and demonstrated that the life-
time of the right-handed neutrinos can span many order of

magnitudes. Even for right-handed neutrino masses above
the electroweak scale decaying lengths in the order of
meters are possible. We have shown that a large number of
events for the processes pp — N;N; — [FI¥4j can be
observed in some cases and using these channels one
can learn about the structure of the mixing matrix and the
seesaw relation.

We have discussed how the measurement of the Zp,
decay width and branching ratios can help to discriminate
between Majorana and Dirac neutrinos. Three different
scenarios are possible: (i) BR(Zp; — neutrinos) ~23%
would mean that My > M, /2 in which the pair-produc-
tion cross section for right-handed neutrinos is highly
suppressed; nonetheless, measuring this branching ratio
will imply that neutrinos are Majorana. (ii)) 23%<
BR(Zp; — neutrinos) < 38% means that the decay chan-
nels Zz; — N;N; are open and we will be able to directly
pair produce the right-handed neutrinos at colliders.
(iii) BR(Zp;, — neutrinos) ~ 38% would be a pessimistic
scenario in which we have My < My, , which makes
the right-handed neutrinos hard to observe at particle
colliders and also hard to disentangle between Dirac and
Majorana neutrinos, since the prediction for Dirac neutri-
nos is BR(Zp; — neutrinos) = 38%. Our results could
help uncover whether the neutrinos are Dirac or
Majorana fermions and complete our understanding of
the mass generation.
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APPENDIX: NEUTRINO MIXINGS

In Fig. 10 we present the results for the neutrino mixing
matrix V; the black dots correspond to the simple scenario
with R = 1 and the gray points correspond to the scan over
the free parameters in the ranges shown in Table II.
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FIG. 10. Scatter plot of the elements of the active-sterile neutrino mixing. The black points correspond to the case with R = 1, while
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