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Improved search for heavy neutrinos in the decay 7z — ev
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A search for massive neutrinos has been made in the decay ™ — e*v. No evidence was found for extra
peaks in the positron energy spectrum indicative of pion decays involving massive neutrinos (z — e*v;,).

Upper limits (90% C.L.) on the neutrino mixing matrix element |U,;

|> in the neutrino mass region

60—135 MeV/c? were set and are an order of magnitude improvement over previous results.

DOI: 10.1103/PhysRevD.97.072012

I. INTRODUCTION

In the original Standard Model (SM) [1], neutrinos are
included as massless particles. There is now firm exper-
imental evidence that neutrinos oscillate between different
flavors, indicating that at least two are massive particles [2].
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Many extensions of the SM incorporating massive neu-
trinos hypothesize the existence of additional neutrino
states. Right-handed gauge singlets (sterile neutrinos) are
an essential ingredient in seesaw models [3] aiming to
explain the smallness of neutrino masses. In the neutrino
minimal Standard Model [4] (WMSM), three sterile neu-
trinos and three corresponding mass eigenstates are added,
leading to new mixings between six definite mass states
and the active and sterile states. For example, depending on
the choices of parameters and mass hierarchy in the YMSM,
the two heaviest sterile neutrino states may occur in the
range probed by meson decays [5], while the lightest state
can play a role as a dark matter particle in the keV /c? mass
range. Massive neutrinos in the MeV/c? range are also
required in dark matter models addressing small scale
structure problems [6] or involving new thermalization
scenarios [7]. More generally, for k sterile neutrinos, the
weak eigenstates v, are related to the mass eigenstates v;
by a unitary transformation matrix Uy,;, where v, =

S U, with € = e, 1, T, 01, 1 Sk
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Depending on the mass scale of the new heavy mass
eigenstates, sterile neutrinos can have different phenom-
enological signatures. If heavy neutrino states are Majorana
fermions, neutrinoless double beta decay experiments may
provide stringent constraints [8]. Other constraints on Uy,
come from lepton universality tests, the decay width of
invisible decays of Z bosons, y and 7 lepton-flavor-
violating decays, and magnetic and electric dipole moments
of charged leptons [8]. In particular, heavy neutrinos with
MeV/c? to GeV/c? masses can have measurable effects in
meson decays that can be explored by precisely measuring
their decay branching ratios or by searching for extra peaks
in the energy spectrum of their leptonic two-body decays
(e.g. 7, K,B — lv) [9].

The decay n* — et (positron energy E,+ = 69.8 MeV)
is helicity suppressed in the SM, and its measured branch-
ing ratio is Rey, = (1.2327 £ 0.0023) x 10~* [10-13]. The
presence of heavy neutrinos relaxes the helicity suppres-
sion; comparing the experimental value with the theoretical
SM calculation Rgyy = (1.2352 +0.0002) x 1074 [14-16],
limits on |U,;|* have been obtained for masses below
60 MeV/c? [13]. Previous searches for additional peaks in
" — etv decays [17,18] established upper limits at the
level of |U,;|*> <1077 in the neutrino mass region of
50-130 MeV/c? and were limited by the presence of
the u* — eTwvw decay background (E,+ = 0.5-52.8 MeV)
originating from decays in flight of pions. An improved
limit was published in Ref. [19] based on a partial data set
from the PIENU experiment.

In the present work, we present a search for additional
peaks in the low-energy region of the background-
suppressed 77 — eTv spectrum using the full data set
collected by the PIENU experiment, representing a sample
larger than [19] by an order of magnitude.

II. EXPERIMENTAL TECHNIQUE

The # beam was provided by the TRIUMF M13 beam
line, modified to deliver 75 + 1 MeV/c pions with < 2%
positron contamination [20]. A detailed description of the
PIENU detector (Fig. 1) can be found in Ref. [21]. Briefly,
beam tracking was realized by two sets of multiwire
proportional chambers (WC1 and 2), each with three planes
of wires oriented at 60° to each other. After WC1/2, the
beam was degraded by two plastic scintillators (B1 and
B2). These provided the pion-arrival trigger signal, energy
loss measurement for particle identification, and detection
of extra beam particles. Pions were stopped in an 8§ mm
thick plastic scintillator (B3) where they decayed at rest
viazT > efvorzt - ut - et (zt - utv followed by
ut —etwvp). Two sets of silicon microstrip detectors
(S1 and S2), each with two orthogonal planes, were
installed upstream of B3 for tracking pions and (together
with the pion track information from WC1/2) to detect
decays in flight. After B3, a third silicon microstrip
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FIG. 1. Schematic illustration of the PIENU detectors with the
pion stopping region shown in the inset.

detector (S3) and a wire chamber (WC3) provided tracking
for decay positrons.

Two plastic scintillators (T1 and T2) provided the decay
trigger signal. WC3 and T2 were mounted in front
of a Nal(7T¢) calorimeter crystal (a 48 cm diameter x
48 cmlongcylinder), which provided the main positron
energy measurement. The Nal(77¢) calorimeter was sur-
rounded by 97 pure Csl crystals arranged in a two-layer
concentric structure for electromagnetic shower leakage
detection. The trigger logic was based on a pion signal
provided by the coincidence B1-B2-B3 (with a high Bl
threshold to select pions) and a decay-positron signal
provided by a TI-T2 coincidence. A coincidence of
pion-arrival and decay-positron signals within a time
window from —300 to 540 ns defined the logic for an
unbiased collection of events, prescaled by a factor 16.
Another trigger was based on a decay-positron signal in the
2 to 40 ns time window without prescaling, containing most
of the ™ — e'v events. Continuous calibration of the
detectors was provided by dedicated beam-positron and
cosmic-ray triggers. The typical pion stopping rate was
5x 10* s7!, while the trigger rate was 600 s~'. Plastic
scintillators, and Nal(Tl) and CsI calorimeters were read
out by waveform digitizers at 500, 30, and 60 MHz
respectively. Silicon detectors were digitized at 60 MHz,
while the wire chambers and trigger signals were read by
multihit time-to-digital converters with 0.625 ns resolution.

III. DATA ANALYSIS

A. Event selection

The analysis included four data sets with approximately
107 zt — e*w events collected over a period of four years,
including the data used in the previous search [19] based on
10° 7zt — e*v events. Automatic calibration procedures
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and run-by-run gain stability corrections of the detectors
ensured similar decay spectra for all data sets. The event
selection adopted the same strategy as for the extraction of
the #7 — e™v branching ratio [13]. Pions were identified
based on their energy loss in B1 and B2, and a cut was
applied to WC1/2 to exclude beam halo particles. Cuts
based on waveform information from B1, B2, and T1 were
used to reject events with additional beam particles.
A fiducial radial cut of 80 mm in WC3 was used, resulting
in 20% solid angle acceptance for positron tracks.
A requirement of <2 MeV measured by the Csl array
was applied to select events which were mainly contained
in the higher resolution Nal(7¢) detector.

Suppression of 77 — u™ — e events was based on
timing, energy, and tracking information. Events in the
4-35 ns timing window were selected. The strongest
suppression factor was given by the sum E of the energy
deposits in B1, B2, S1, S2, and B3 (with a 100 ns
integration window). For z7 — u* — e™ decay, the energy
deposit in B3 was generally larger than for z© — e*v decay
by 4.1 MeV, due to the presence of the muon. However, due
to the 100 ns integration window, which might miss the
positron and light output saturation effects in the plastic
scintillator, the energy distribution observed in B3 for
at —> uT —>e" events overlapped that for zt — etv
events. Therefore, a cut in E, with a width of 1 MeV
was applied, as indicated in Fig. 2(a), to minimize the
zt — u™ — e’ background.

The beam tracking detectors WC1/2 and S1/2 allowed
the measurement of the vertex of pion decays in flight
before B3 and, when combined with positron tracking
information from S3 and WC3 downstream of B3, allowed
an estimate of the decay vertex in the beam direction (Z);
this latter distribution is broader in the case of 77 —pu™ —e™
events due to the distance traveled by the muon in B3. Cuts
on the pion decay-in-flight track angle upstream of B3 [19]
and Z vertex distributions [Fig. 2(b)] helped in rejecting
the zt — u™ — e* backgrounds.
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FIG. 2.

The suppression cuts were optimized to minimize the
figure of merit /N /N, where N; and N are the numbers
of events below and above 52 MeV in the positron energy
spectrum. The cuts suppressed the backgrounds by a factor
of 107 with the final positron energy spectrum, yielding
VN /Ny =2.8x107%. The background-suppressed spec-
trum is shown in Fig. 3, where the majority of events are of
the z+ — e v type concentrated at the peak at 69.8 MeV with
a low-energy tail extending below the background events
(mainly #* — u* — e where the pion or the muon decayed
in flight near or in B3). The shoulder at about 58 MeV is due
to photonuclear reactions in the Nal(7¢) followed by
neutron emission and escape from the crystal [22].

B. Positron spectrum fit

The background-suppressed positron spectrum was used
to search for additional peaks due to massive neutrinos. The
spectrum was fitted from E,+ = 4 MeV to E,+ = 56 MeV
with background components and a signal component. The
lower limit of the fit was set by the lack of statistics and the
sharp drop of the cut efficiencies, while the upper limit was
set for avoiding the peaks due to photonuclear interactions.
The fit was repeated, shifting the signal component in
0.25 MeV steps within the fitting range. The signal shape
was simulated for every energy step with a Monte Carlo
(MC) simulation validated with an experimental study of
the calorimeter response to positrons. The shapes of the
background components were obtained from late-time
positrons (¢ > 200 ns) representing the 7™ — u™ — e*
decay chain, a component derived from MC describing
nt - ut — e’ events where the muon decayed in flight in
B3, mimicking the z+ — e*v timing, and a ™ — e*v low-
energy tail component due to electromagnetic shower
losses, which was a triple-exponential fit to the MC
spectrum. The fitted components are shown in Fig. 3.
The background-only fit described the data well, yielding
y*/dof = 197.2/203 = 0.97, and the addition of purported
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(a) Energy sum E; measured in B1, B2, S1, S2, and B3. (b) Z vertex for events with positron energy E,+ < 52 MeV (shaded

histogram) and E,+ > 52 MeV (blue full line). The two distributions are normalized to contain the same number of events, and cuts

applied are indicated by the red vertical dashed lines.
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FIG. 3.

Background-suppressed positron energy spectrum (black histogram). Fitted components include muon decays in flight (thick

blue line, from MC), z+ — e™v (green, dot-dashed line, fit to MC), and z* — ™ — e* (red dashed line, from late-time data events).
The insert shows the (rebinned) residuals (Data—Fit) with statistical error bars and the signal shape in the case of E,+ = 40 MeV and

|Uei|2 = ]0_8.

signals did not change the result. Since no significant
excesses beyond statistical fluctuations were found, upper
limits |U,;|?, on the couplings could be calculated.

C. Acceptance correction

Most systematic and acceptance effects canceled to first
order, since the upper limit was proportional to the ratio of
the fitted number of signal events and the number of z+ —
etv events N(zx — ev,), which were estimated by fitting a
MC generated spectrum to the data for E,+ > 52 MeV.
However, energy-dependent effects induced by the sup-
pression cuts did not completely cancel, and a correction
was needed. The positron energy-dependent acceptance
correction Acc(E,+) was calculated via a MC simulation.
Uniformly distributed positron tracks were simulated at a
given energy E,+ between 0 and 70 MeV in 0.25 MeV steps
with the suppression cuts: energy sum E, Z vertex, and Csl
veto. The ratio between the number of events at a given E,+
and the number of events at £, = 70 MeV was taken as
the relative acceptance correction. The correction as a
function of the positron energy is shown in Fig. 4. The
statistical uncertainty due to the MC procedure is about 1%.
The increase of the acceptance correction toward low
energies is due to the Csl veto cut, which removes more
high-energy events having larger shower leakage from the
Nal(TI) calorimeter. In order to estimate the systematic
uncertainty on the acceptance correction, a study was
performed using 7zt — ut — e’ events. In contrast to
zt — eTv events, the background contribution to this
spectrum was negligible; it had higher statistics and
covered a broad energy range. Comparing 77 —u™ —e™

events to the MC, the effect of the suppression cuts was
studied, and good agreement with the data was found.
The maximum difference between data and MC for
E,. > 10 MeV was 3%, which was conservatively
assigned to be the systematic uncertainty on the acceptance
correction.

IV. RESULTS

Since no significant peaks were found in the data,
90% C.L. upper limits N(z — ev;),,; were calculated
with a Bayesian procedure, assuming a flat prior and
enforcing a positive peak amplitude and a Gaussian
probability distribution.
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FIG. 4. Acceptance correction Acc(E,+) as a function of the
positron energy as determined with the MC simulation. The error
bars are statistical only.
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FIG. 5.
line). The black dashed line shows the results from Ref. [18].

An upper limit |U,;|?,; on the squared matrix element
describing the mixing of the massive states with the other
active neutrino states was obtained using

U,? E, ), 1
ACC(E6+) N(]T—) 61/) ‘ ei ULpe( e ) ( )

where p,(E,+) is a phase space and helicity-suppression
factor [9],

1+ 62+ 67 —2(8, + 6; + 6,9
pe(Ef) = \/ ( 2 )
5e<1 _5e)

X (56 + 5i - (56 - 51')2)’ (2)

where

b, = m,/my, 0; =my,,/m,, and

m, = \/m,2, —2m,E,+ + m2.

The results for the 90% C.L. upper limits for |U,;|* [23]
are shown in Fig. 5 (thick red line), together with the
previous result [18] (black dashed line). These results
supersede those reported in Ref. [19].

90% C.L. upper limits on the square of the mixing matrix elements |U,;

| of heavy neutrinos coupled to electrons (thick red

V. SUMMARY

A search has been performed for the mixing of heavy
neutrinos coupled to electrons in the decay #t — e*v;,. No
extra peaks due to heavy neutrinos were found in the
positron energy spectrum, resulting in upper limits set on
the square of the mixing matrix elements |U,;|*> from 1078
to 1077 for neutrino masses in the range 60-135 MeV/c?.
These results are independent of assumptions about the
nature of the heavy neutrino and are comparable to limits
from neutrinoless double beta decay found in Ref. [8],
which assume that massive neutrinos are Majorana in
nature.
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