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A search for heavy Majorana neutrinos produced in the B~ — z"u~pu~ decay mode is performed using
3 tb~! of integrated luminosity collected with the LHCb detector in pp collisions at center-of-mass
energies of 7 and 8 TeV at the LHC. Neutrinos with masses in the range 250 to 5000 MeV and lifetimes
from zero to 1000 ps are probed. In the absence of a signal, upper limits are set on the branching fraction
B(B~ — " u~pu~) as functions of neutrino mass and lifetime. These limits are on the order of 10~° for short
neutrino lifetimes of 1 ps or less. Limits are also set on the coupling between the muon and a possible

fourth-generation neutrino.
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Neutrinos can either be their own antiparticles, in which
case they are called “Majorana” particles [1], or Dirac
fermions. Heavy Majorana neutrinos can be sought in
heavy flavor decays and couplings to a single fourth
neutrino generation can be determined, or limits imposed,
as in previous measurements [2,3]. The lepton number
violating process B~ — ztu~pu~, shown in Fig. 1, is
forbidden in the standard model, but can proceed via the
production of on-shell Majorana neutrinos. It is one of the
most sensitive ways of looking for these particles in B
meson decays, and has been modeled by Atre et al. [4].
Note that it is possible for virtual Majorana neutrinos of any
mass to contribute to this decay. We investigate the B~ —
atu~pu~ decay using 3 fb~! of data acquired by the LHCb
experiment in pp collisions. (In this Letter, mention of a
particular decay implies the use of the charge-conjugate
decay as well.) One-third of the data were recorded at
7 TeV center-of-mass energy, and the remainder at 8 TeV.

The search strategy is based on our previous analysis [2],
but extends the sensitivity to neutrino lifetimes z, from the
picosecond range up to about 1000 ps. The selection is
aimed at maximizing the efficiency squared divided by the
background yield. For lifetimes =1 ps, the z"u~ decay
products can appear as significantly detached from the B~
decay vertex. Therefore, we use two distinct strategies, one
for short 7y (S) and another for 7z up to 1000 ps (L).

The LHCb detector is a single-arm forward spectrometer
covering the pseudorapidity range 2 < n < 5, designed for
the study of particles containing b or ¢ quarks [5]. The
detector includes a high-precision tracking system consist-
ing of a silicon-strip vertex detector surrounding the pp
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interaction region (VELO), a large-area silicon-strip detec-
tor located upstream of a dipole magnet with a bending
power of about 4 Tm, and three stations of silicon-strip
detectors and straw drift tubes placed downstream. The
combined tracking system provides a momentum (p)
measurement with relative uncertainty that varies from
0.4% at 5 GeV to 0.6% at 100 GeV. (We use natural units
where ¢ = 1.) The impact parameter is defined as the
minimum track distance with respect to the primary vertex
(PV). For tracks with large transverse momentum (py) with
respect to the proton beam direction, the impact parameter
resolution is approximately 20 um. Charged hadrons are
identified using two ring-imaging Cherenkov (RICH)
detectors. Photon, electron, and hadron candidates are
identified by a calorimeter system consisting of scintillat-
ing-pad and preshower detectors, an electromagnetic calo-
rimeter, and a hadronic calorimeter. Muons are identified
by a system composed of alternating layers of iron and
multiwire proportional chambers.

The LHCb trigger [6] consists of a hardware stage, based
on information from the calorimeter and muon systems,
followed by a software stage that performs full event
reconstruction. The hardware trigger selects either a single
muon candidate with py > 1.64 GeV or two muons with
the product of their pr values being greater than
1.69 GeV?. In the subsequent software stage, a muon
candidate must form a vertex with one or two additional
tracks that are detached from the PV. The trigger effi-
ciency decreases for large lifetime Majorana neutrinos.
Simulations are performed using PYTHIA [7], with the
specific tuning given in Ref. [8], and the LHCb detector
description based on GEANT [9] described in Ref. [10].
Decays of b hadrons are based on EVTGEN [11].
Simulation of B~ — zpu~u~ is carried out in two steps,
the first being the two-body decay B~ — Nu~, where N is a
putative Majorana neutrino, and the second N — ztu~.
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FIG. 1 (color online). Feynman diagram for B~ — 't pu~u~
decay via a Majorana neutrino labeled N.

In both categories S and £, only tracks that start in the
VELO are used. We require muon candidates to have
p>3GeV and py > 0.75 GeV, as muon detection provides
fewer fakes above these values. The hadron must have
p > 2 GeVand py > 1.1 GeV, in order to be tracked well.
Muon candidate tracks are required to have hits in the
muon chambers. The same criteria apply for the channel
we use for normalization purposes, B~ — J/wK~ with
J/w — ptu~. Pion and kaon candidates must be positively
identified in the RICH systems. For the § case and the
normalization channel, candidate B~ combinations must
form a common vertex with a y> per number of degrees of
freedom (ndf) less than 4. For the £ candidates we require
that the #"p~ tracks form a neutrino candidate (V) decay
vertex with a y> < 10. A B~ candidate decay vertex is
searched for by extrapolating the N trajectory back to a near
approach with another y~ candidate, which must form a
vertex with the other muon having a y*> < 4. The distance
between the z "y~ and the primary vertex divided by its
uncertainty must be greater than 10. The p; of the ztu~
pair must also exceed 700 MeV. For both the S and £ cases,
we require that the cosine of the angle between the B~
candidate momentum vector and the line from the PV to the
B~ vertex be greater than 0.99999. The two cases are not
exclusive, with 16% of the event candidates appearing
in both.

The mass spectra of the selected candidates are shown in
Fig. 2. An extended unbinned likelihood fit is performed

to the J/wK~ mass spectrum with a double—Crystal Ball
function [12] plus a triple-Gaussian background to account
for partially reconstructed B decays and a linear function
for combinatoric background. We find 282774 + 543
signal events in the normalization channel. Backgrounds
in the z"p~p~ final state come from B decays to charmo-
nium and combinatoric sources. Charmonium backgrounds
are estimated using fully reconstructed J/wK~(z~) and
w(2S)K~(n~) events and are indicated by shaded regions;
they can peak at the B~ mass. No signal is observed in
either the S or £ samples.

We use the CL; method to set upper limits [13], which
requires the determination of the expected background
yields and total number of events in the signal region. We
define the signal region as the mass interval within +2¢
of the B~ mass where ¢ is the mass resolution, specifically
5238.6-5319.8 MeV. Peaking background shapes and
normalizations are fixed from exclusive reconstructions in
the data. We fit the distributions outside of the B~ signal
region with a sum of the peaking background tails, where
both shape and normalization are fixed, and linear functions
to account for the combinatorial backgrounds. The interpo-
lated combinatoric background in each signal region is
combined with the peaking background to determine the
total background.

In the signal B mass range there are 19 events in the S
sample and 60 events in the £ sample. The & and £
background fit yields are 17.8 3.2 and 54.5 +5.4,
respectively, in the same region.

The detection efficiency varies as a function of neutrino
mass my, and changes for the £ sample with 7. To quote
an upper limit on the branching fraction for the & sample
we take the average detection efficiency, as determined by
simulation, with respect to the normalization mode of
0.687 £0.001. In computing the limit we include the
uncertainties on background yields obtained from the fit
to the m(z"pu~p~) distribution and the systematic uncer-
tainty described below. The normalization is obtained from
the number of J/wK~ events and the known rate of
BB~ = J/wK~,J/w — utu~) = (6.04 £ 0.26) x 107>
[14,15]. We find
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FIG. 2 (color online).

Invariant mass distributions with fits overlaid of candidate mass spectra for (a) J/wK~, (b) z7u~pu~ (S), and (c)
atu~u~ (L£). Backgrounds are (green) shaded; they peak under the signal in (b) and (c). The dotted lines show the combinatorial

backgrounds only. The solid line shows the sum of both backgrounds.
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FIG. 3 (color online).
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Invariant 7 4~ mass distribution for z"p~u~ candidates with masses restricted to +2¢ of B~ mass for the (a) S

and (b) L selections. The shaded regions indicate the estimated peaking backgrounds. Backgrounds that peak under the signal in (a) and
(b) are (green) shaded. The dotted lines show the combinatorial backgrounds only. The solid line is the sum of both backgrounds.

[In (a) there are two combinations per event.]

BB~ = atuu~) <4.0x107°

at95% confidence level.

This limit is applicable for 7y <1 ps. The total systematic
uncertainty is 6.6%. The largest source is B(B~ — J/yK™)
(4.2%), followed by modeling of the efficiency ratio (3.5%)
and backgrounds (3.5%), relative particle identification
efficiencies (0.5%), tracking efficiency differences for
kaons versus pions (0.5%), and yield of the normalization
channel (0.4%).

We also search for signals as a function of my. The
7"~ mass spectra are shown in Fig. 3 for both S and £
selections, requiring that the #*u~p~ mass be restricted
to the B~ signal range. There is an obvious peak around
3100 MeV from misidentified J/wK~ (or z~) events.
The n"u~ mass spectra are fitted with a function
derived from fitting the upper B~ sideband regions, from
5319.8 to 5400.0 MeV, for the combinatoric background,
and peaking background components obtained from
simulation.

As there is no evidence for a signal, upper limits are set
by scanning across the my spectrum. At every 5 MeV step
beginning at 250 MeV and ending at 5000 MeV we define a
430 search region, where ¢ ranges from approximately
3 MeV at low mass to 24 MeV at high mass. The mass
resolution is determined from fitting signals in other LHCb
data [2]. The fitted background is then subtracted from the
event yields in each interval. The upper limit at 95% C.L. of
B(B~ — mtu~u~) at each mass value is computed using
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FIG. 4. Upper limit on B(B~ - ztu~pu~) at 95% C.L. as a
function of my in 5 MeV intervals for S selected events.

the CL,; method. The simulated efficiency ratio to the
normalization mode averages about 0.8 up to 4000 MeV,
and then approaching the phase space boundary, sharply
decreases to 0.2 at 5000 MeV. The results of this scan are
shown in Fig. 4.

The efficiency is highest for 7z of a few ps, and
decreases rapidly until about 200 ps when it levels off
until about 1000 ps, beyond which it slowly vanishes as
most of the decays occur outside of the vertex detector. For
L candidates, we set upper limits as a function of both m
and lifetime by performing the same scan in mass as before,
but applying efficiencies appropriate for individual lifetime
values between 1 and 1000 ps. The number of background
events is extracted from the sum of combinatorial and
peaking backgrounds in the fit to the m(z"u~) distribution
in the same manner as for the S sample. The estimated
signal yield is the difference between the total number of
events computed by counting the number in the interval and
the fitted background yield. We take the zy dependence
into account by using different efficiencies for each lifetime
step. The two-dimensional plot of the upper limit on
B(B~ = ntu~u~), computed using the CL, method, is
shown in Fig. 5.

Model-dependent upper limits on the coupling of a
single fourth-generation Majorana neutrino to muons
|V 44| for each value of my are extracted using the formula
from Atre et al. [4]:
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FIG. 5. Upper limits on B(B~ — ztu~u~) at 95% C.L. as a
function of my, in 5 MeV intervals, for specific values of 7.
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FIG. 6 (color online). Upper limits at 95% C.L. on |V 4|* are
shown as a function of my for £ events.
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with  Gp=1.166377x107GeV~2, fp=0.19 GeV,
fr=0.131 GeV, |V,| =0.004, |V,4 = 0.9738, my =

5.279 GeV, 753 =1.671ps, and A = 6.582 x 107> GeV's
[15]. The total neutrino decay width I'y is a function of my
and is proportional to |V 4|*. In order to set limits on |V ,4|?,
a model for I'y is required. The purely leptonic modes are
specified in Ref. [4]. For the hadronic modes we use the
fraction of times the charged current manifests itself as a
single charged pion in 7~ and B~ decays, giving an
additional m3, dependent factor in I'y. The total width
for Majorana neutrino decay is then

Ty = [3.95m3 + 2.00m3 (1.44m3 + 1.14)] x 1073|V 42,
2)

where my and I'y are in units of GeV. The first term
corresponds to fully leptonic three-body decays, while the
second is for decays into one lepton and hadrons.

To obtain upper limits on |V ,4|* for each value of my we
assume a value for |V 4| and calculate I'y. This allows us to
determine the 7y dependent detection efficiency. We then
use Eq. (1) to find the branching fraction. The value of |V 4|
is adjusted to match the previously determined upper limit
value (see Fig. 5). The resulting 95% C.L. limit on |V ,4|* is
shown in Fig. 6 as a function of my. Limits have been
derived by Atre et al. [4] for other experiments using
different assumptions about the dependence of 'y with my,
and thus cannot be directly compared. More searches exist
for higher mass neutrinos [16]. The results presented here
supersede previous LHCb results [2], significantly improve
the limits on the B~ — z"u~pu~ branching fraction, and
extend the lifetime range of the Majorana neutrino search
from a few picoseconds to 1 ns.

In conclusion, we have searched for on-shell Majorana
neutrinos coupling to muons in the B~ — z"u~pu~ decay

channel as a function of my between 250 and 5000 MeV
and for lifetimes up to ~1000 ps. In the absence of a
significant signal, we set upper limits on the B~ — a2y~ u~
branching fraction and the coupling |Vﬂ4|2 as a function of
the neutrino mass.
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