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1. Introduction

The pion decay branching ratio (including the radiative counterparts)

R =
Γ(π+→ e+νe +π+→ e+νeγ)

Γ(π+→ µ+νµ +π+→ µ+νµγ)
(1.1)

is one of the most precisely calculated observables within the Standard Model (SM) [1]. The most
recent and precise theoretical calculation [2] gives the following result:

Rth =
g2

e

g2
µ

m2
e

m2
µ

(m2
π −m2

e)
2

(m2
π −m2

µ)
2

[
1+∆e2 p2 +∆e2 p4 + ...

]
= (1.2352±0.0001)×10−4 . (1.2)

The m2
e/m2

µ term is a consequence of the helicity suppression mechanism due to the nature of the
weak interactions. The ratio g2

e/g2
µ is exactly equal to 1 in the case of lepton universality. The first

part of the formula containing only the pion and lepton masses is the known tree-level result, while
the terms in parentheses represent the radiative and structure-dependent corrections in a chiral
perturbation theory expansion.

The experimental values before 2015 come from measurements done at TRIUMF [3] and PSI
[4]:

RT RIUMF
exp = (1.2265±0.0034(stat)±0.0044(syst))×10−4 (1.3)

RPSI
exp = (1.2346±0.0035(stat)±0.0036(syst))×10−4 (1.4)

Both experiments are in agreement with the SM. The theoretical precision is over one order of
magnitude better than the experimental one, calling for an improved experiment. The goal of the
TRIUMF experiment is to improve the precision on R by a factor of 5, reaching the 0.1% level.
Such a precision will translate in a 0.05% precision in the test of lepton universality.

The presence of new physics beyond the SM can induce changes in R. Examples of such
scenarios include: new pseudoscalar interactions [1], (R-parity violating) SUSY [5], the presence
of massive neutrinos [6], excited gauge bosons, leptoquarks [7] and charged Higgs bosons [8]. In
particular, at the planned precision level, sensitivity to new pseudoscalar interactions up to a mass
scale of 1000 TeV can be achieved.

2. Experimental Technique and the Detector

The 75 MeV/c pion beam is provided by the specially modified M13 secondary beamline at
TRIUMF [9]. The primary 500 MeV, 120 µA proton beam from the TRIUMF cyclotron was sent
onto a 1 cm thick beryllium target and the M13 beamline selected particles with an energy loss
technique, achieving a final beam composition of 84% pions, 14% muons and 2% positrons. The
pions were stopped in an active plastic scintillator target where they decayed in one of the two
channels, π+→ e+νe or π+→ µ+νµ (see Fig. 1). In the latter case, the muon had 4.1 MeV kinetic
energy which is not sufficient for escaping the target and therefore decays at rest via µ+→ e+νeν̄µ .
Both decays π+ → e+νe and π+ → µ+ → e+ resulted in the emission of a positron from the
target. The PIENU detector was designed for measuring time and location of the incoming pion
and time, energy and location of the decay positron. In this way, both decays are detected at the
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same time with the same apparatus and acceptance, eliminating many systematic uncertainties in
the branching ratio.

The energy and timing characteristics of the two decays are quite different. The positron from
the π+→ µ+→ e+ decay chain has a broad energy distribution (0.5-52 MeV) resulting from the
three-body µ+→ e+νeν̄µ decay of the muon and the decay time is dominated by the muon decay
time τµ = 2.2 µs. The positron from the π+→ e+νe decay instead has a fixed energy of about 69.8
MeV and a timing driven by the pion lifetime τπ=26 ns. Measuring accurately energy and time of
the positrons is the key to disentangle the two decay channels. Energy and time distributions are
showed in Fig. 2.

eν
+e→+π

:~26 nsπτ
:69.8 MeVeE

+e→+µ→+π
:~4.1 MeVµT

sµ:~2.2 µτ
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Figure 1. Schematic of the PIENU experiment technique (see text).
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Figure 2. (a) Simulated energy spectra of decay positrons in the calorimeter. The horizontal
axis is energy and the vertical axis is the amplitude normalized separately for the two modes.
(b) Simulated decay positron time spectra. The horizontal axis is the decay time and the vertical
axis is the amplitude normalized separately for the two modes.

where ⌧⇡ and ⌧µ are the lifetimes of the pion and muon. The time spectra in the two regions are
fitted to Eqs. (4) and (5) simultaneously in order to extract the “raw” branching ratio to which
corrections are applied. The most important corrections resulting in systemmatic uncertainties
include the ⇡+!e+⌫e low energy distribution in the calorimeter due to shower leakage and
the di↵erence of positron acceptances between ⇡+!e+⌫e and ⇡+!µ+!e+ events. The raw
branching ratio extraction and these systematic corrections will be discussed in Section 3.

2.2. Beam Line
The PIENU experiment was located at the TRIUMF M13 beam line. The TRIUMF cyclotron
delivered a 500 MeV proton beam with an intensity of 120 µA to a 12 mm thick beryllium
pion production target every 43 ns with a 4 ns wide pulse. In order to reduce the positron
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Figure 1: Stopped pion technique used in the PIENU experiment. The muon is fully contained in the target
while decay positrons from both decay channels are detected.
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Figure 1. Schematic of the PIENU experiment technique (see text).
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Figure 2. (a) Simulated energy spectra of decay positrons in the calorimeter. The horizontal
axis is energy and the vertical axis is the amplitude normalized separately for the two modes.
(b) Simulated decay positron time spectra. The horizontal axis is the decay time and the vertical
axis is the amplitude normalized separately for the two modes.

where ⌧⇡ and ⌧µ are the lifetimes of the pion and muon. The time spectra in the two regions are
fitted to Eqs. (4) and (5) simultaneously in order to extract the “raw” branching ratio to which
corrections are applied. The most important corrections resulting in systemmatic uncertainties
include the ⇡+!e+⌫e low energy distribution in the calorimeter due to shower leakage and
the di↵erence of positron acceptances between ⇡+!e+⌫e and ⇡+!µ+!e+ events. The raw
branching ratio extraction and these systematic corrections will be discussed in Section 3.

2.2. Beam Line
The PIENU experiment was located at the TRIUMF M13 beam line. The TRIUMF cyclotron
delivered a 500 MeV proton beam with an intensity of 120 µA to a 12 mm thick beryllium
pion production target every 43 ns with a 4 ns wide pulse. In order to reduce the positron
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Figure 2: Simulated energy (left) and time (right) distributions for the π+→ e+νe (blue) and π+→ µ+→ e+

(red) decays. The distributions are normalized for comparison purposes.

The PIENU detector schematic is showed in Fig. 3 and it is described in detail in [10]. The pion
beam tracking was provided by two multiwire proportional chambers (WC1/2), each with three
planes of wires oriented at 60◦ from each other. After WC1/2, the beam was degraded by two plastic
scintillators (B1, B2) providing the pion arrival trigger signal and energy loss measurement for
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particle identification and pileup rejection. Pions were stopped in an 8 mm thick plastic scintillator
(B3) where they decayed at rest. Silicon microstrip detectors (S1, S2) were installed before the
target for tracking pions and to detect decays in flight. After the target, a third silicon microstrip
detector (S3) and a wire chamber (WC3) provided positron tracking. After S3 and WC3 there
were two plastic scintillators (T1, T2) for positron detection which provided the decay trigger
signal. WC3 and T2 were mounted right in front of a NaI(Tl) calorimeter crystal (48 cm × 48 cm)
which provided the positron energy measurement. The main calorimeter was surrounded by 97
CsI crystals arranged in a two-layer concentric structure for shower leakage detection. Additional
veto scintillators were placed on the beamline, calorimeter and WC3 flanges for covering dead
materials. The position of the target with respect to the calorimeter resulted in 20% acceptance for
positrons tracks.

T2

V3

V2

WC3

V3

CsI Rings

V1

V1

WC1/2

B1

B2

S1 S2 S3

T1

V2

Beam

Y

Z

10 cm

NaI(Tl)

B3

Figure 3. The schematic of the PIENU detector.

contamination in the beam, the M13 channel was modified[11]. A positive charged beam of
momentum P=75±1 MeV/c was collected at 135o and transported in vacuum to the PIENU
detector. The pion beam rate was about 70 kHz and the beam was composed of 84% ⇡+, 14%
µ+, and 2% e+.

2.3. The PIENU Detector
Figure 3 shows the schematic of the PIENU detector. Pion beam tracking was provided by two
circular multiwire proportional chambers (WC1 and WC2) each with three planes oriented at
0� and ±120� at the exit of the beam line. Following WC2, the beam was degraded by two thin
plastic scintillators B1 and B2 (beam counters) used for time and energy loss measurements in
order to identify the beam pions. The beam counters were followed by two sets of single-sided
0.3-mm thick 61⇥61 mm2 Si strip detectors (S1 and S2) with strips oriented along the X and
Y axes. The pion beams stopped in the center of an 8 mm plastic scintillator target (B3) and
decayed at rest.

In order to reconstruct the tracks and define the acceptance of decay positrons, another
pair of X-Y Si strips (S3) and three layers of circular multiwire proportional chamber (WC3)
were employed. Two thin plastic scintillators (telescope counters T1 and T2) were used to
measure decay times and to define the on-line trigger. Triggered decay positrons entered a
large single crystal NaI(Tl) calorimeter (48 cm diameter ⇥ 48 cm width). Two layers of 97
pure CsI pentagonal crystals of 25 cm in length surrounded the NaI(Tl) crystal for shower
leakage detection. Three veto scintillators were installed to cover inactive material. V1 covered
the front frame of WC1, V2 covered the frame of WC3, and V3 covered the front flange of the
NaI(Tl) crystal. The solid angle acceptance was 20%, about 10 times larger than in the previous
TRIUMF experiment[3].
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Figure 3: Elevation view of the PIENU detector. The target (B3) region is comprised of wire chambers
(WC1/2) and silicon detectors (S1, S2) for pion tracking, plastic scintillators (B1, B2) for pion energy loss
measurement, silicon detector (S3) and wire chamber (WC3) for decay positron tracking, and scintillators
(T1, T2) for positron time measurement. The calorimeter is a NaI(Tl) crystal surrounded by 97 CsI crystals
for shower leakage containment.

All the scintillators were digitized by 500 MHz waveform digitizers. The CsI calorimeter and
the silicon detectors were digitized at 60 MHz while for the slower NaI(Tl) calorimeter a lower rate
of 30 MHz was used. The trigger logic was designed for increasing the proportion of π+→ e+νe

decays in the data and for accomodating the presence of calibration procedures. The main physics
trigger condition was based on a positively identified incoming pion at t = 0 ns and the presence
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of a decay positron in the [-300, 540] ns time window. The timing window before the pion arrival
was inspected for background estimation purposes. The π+→ µ+→ e+ decay was recorded with
a prescale factor of 16, while the π+ → e+νe was enhanced by two trigger conditions based on
a decay time shorter than 35 ns and energy (NaI(Tl)+CsI) larger than 45 MeV. The typical pion
stopping rate was 50 kHz, while the trigger rate was 600 Hz.

3. Data Analysis

The PIENU experiment collected physics data between 2009 and 2012 and here we present
the analysis of the 2010 dataset already published in [12]. This corresponds to about 1/20 of the
total statistics collected, sufficient to supersede previous experimental results in terms of precision.

A blind analysis procedure was followed and the extracted branching ratio was modified in
the analysis software by an unknown factor (within ±1 %) which was removed only after all the
systematic checks and agreement within the collaboration.

The data analysis was based on the timing information provided by the B1 and T1 plastic
scintillators. The waveforms from the B1 and T1 scintillators were fitted event by event for timing
extraction. The energy information was provided by the total energy detected by the calorimeters
(NaI(Tl)+CsI). The final energy spectrum is showed in Fig. 4.

2

ceded by two thin plastic scintillators (T1 and T2). Two
concentric layers of pure CsI crystals [12] (9 r.l. radi-
ally, 97 crystals total) surrounded the NaI(Tℓ) crystal to
capture electromagnetic showers. Positron tracking was
done by an (x, y) pair of Si-strip detectors (S3) and wire
chambers (WC3) in front of the NaI(Tℓ) crystal.

A positron signal, defined by a T1 and T2 coincidence,
occurring in a time window –300 to 540 ns with respect
to the incoming pion was the basis of the main trigger
logic. This was prescaled by a factor of 16 to form an
unbiased trigger (Prescaled-trigger). Events in an early
time window 6 to 46 ns and events with Ee+ > 46 MeV in
the calorimeter provided other triggers (Early- and HE-
triggers), which included most π+ → e+ν decays. The
typical trigger rate (including monitor triggers) was 600
Hz.
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FIG. 2: Energy spectra of positrons in the time region 5
to 35 ns without and with (shaded) background-suppression
cuts (see the text). The vertical line at 52 MeV indicates the
Ecut position.

Events originating from stopped pions were selected
based on their energy losses in B1 and B2. Any events
with extra activity in the beam and positron counters
(B1, B2, T1 and T2) in the time region of –7 to 1.5 µs
with respect to the pion stop were rejected. About 40 %
of events survived the cuts. A fiducial cut for positrons
entering the NaI(Tℓ) detector required a track at WC3
to be within 60 mm of the beam axis to reduce electro-
magnetic shower leakage from the crystal.

The summed NaI(Tℓ) and CsI energy for positrons in
the time region 5 to 35 ns is shown in Fig. 2. The time
spectra for events in the low- and high-energy regions
separated at Ecut = 52 MeV are shown in Fig. 3. Events
satisfying the Early-trigger or Prescaled-trigger filled the
low-energy histogram (Fig. 3a) and HE-trigger events
filled the high-energy histogram (Fig. 3b). There were
4 × 105 π+ → e+ν events at this stage. The raw branch-
ing ratio was determined from the simultaneous fit of
these timing distributions. To reduce possible bias, the
raw branching ratio was shifted (“blinded”) by a hidden

random value within 1 %. Prior to unblinding, all cuts
and corrections were determined and the stability of the
result against variations of each cut was reflected in the
systematic uncertainty estimate.

In the low-energy time spectrum, the main components
were π+ → µ+ → e+ decays at rest (L1), µ+ → e+νν
decays (L2, about 1 % of L1) after decays-in-flight of pi-
ons (πDIF), and decays coming from previously stopped
(“old”) muons remaining in the target area (L3):

L1: FL1 =
λπλµ

λπ−λµ
(e−λµt − e−λπt) for t > 0,

L2: FL2 = λµe−λµt for t > 0, and
L3: FL3 = λµe−λµt for any t.
The distribution coming from the presence of plural
muons in the target area was estimated to be <0.01 %,
and was ignored in the fit. The low-energy fraction of
π+ → e+ν events due to shower leakage and radiative
decays was also negligible in the low-energy time spec-
trum fit.
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FIG. 3: (Color online) Time spectra of positrons (thin line
histograms) in the (a) low- and (b) high-energy regions sep-
arated at Ecut. The notches at t = 0 ns are due to a veto
for prompt pion decays, and the peak at –3 ns in (b) is due
to positrons in the beam. Each curve, labeled with the corre-
sponding component described in the text, indicates the am-
plitude in the fit. L1 and part of L3 significantly overlap with
the data. The thick solid line in (b) for t < 0 ns shows the fit.
The fit for the other regions is almost indistinguishable from
the data and is omitted here.

The primary time distribution component in the high-
energy region was the π+ → e+ν decay (H1: FH1 =

Figure 4: Total energy measured in the calorimeters. The contributions of the two decays are clearly visible.
The shaded spectrum is obtained applying suppression cuts in order to reduce π+→ µ+→ e+ events (see
Sec. 4). The vertical dashed line shows the cutoff energy Ecut = 52 MeV between the two decays employed
in the data analysis.

The data analysis is based on dividing the two decay channels with a cutoff Ecut = 52 MeV in
the energy spectrum (the dashed line in Fig. 4). The branching ratio is extracted fitting at the same
time the two timing distributions corresponding to the two energy regions (See Fig. 5).

The timing spectrum corresponding to low-energy events (E < 52 MeV) was fitted with the
following shapes:
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done by an (x, y) pair of Si-strip detectors (S3) and wire
chambers (WC3) in front of the NaI(Tℓ) crystal.
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logic. This was prescaled by a factor of 16 to form an
unbiased trigger (Prescaled-trigger). Events in an early
time window 6 to 46 ns and events with Ee+ > 46 MeV in
the calorimeter provided other triggers (Early- and HE-
triggers), which included most π+ → e+ν decays. The
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Events originating from stopped pions were selected
based on their energy losses in B1 and B2. Any events
with extra activity in the beam and positron counters
(B1, B2, T1 and T2) in the time region of –7 to 1.5 µs
with respect to the pion stop were rejected. About 40 %
of events survived the cuts. A fiducial cut for positrons
entering the NaI(Tℓ) detector required a track at WC3
to be within 60 mm of the beam axis to reduce electro-
magnetic shower leakage from the crystal.

The summed NaI(Tℓ) and CsI energy for positrons in
the time region 5 to 35 ns is shown in Fig. 2. The time
spectra for events in the low- and high-energy regions
separated at Ecut = 52 MeV are shown in Fig. 3. Events
satisfying the Early-trigger or Prescaled-trigger filled the
low-energy histogram (Fig. 3a) and HE-trigger events
filled the high-energy histogram (Fig. 3b). There were
4 × 105 π+ → e+ν events at this stage. The raw branch-
ing ratio was determined from the simultaneous fit of
these timing distributions. To reduce possible bias, the
raw branching ratio was shifted (“blinded”) by a hidden

random value within 1 %. Prior to unblinding, all cuts
and corrections were determined and the stability of the
result against variations of each cut was reflected in the
systematic uncertainty estimate.

In the low-energy time spectrum, the main components
were π+ → µ+ → e+ decays at rest (L1), µ+ → e+νν
decays (L2, about 1 % of L1) after decays-in-flight of pi-
ons (πDIF), and decays coming from previously stopped
(“old”) muons remaining in the target area (L3):

L1: FL1 =
λπλµ

λπ−λµ
(e−λµt − e−λπt) for t > 0,

L2: FL2 = λµe−λµt for t > 0, and
L3: FL3 = λµe−λµt for any t.
The distribution coming from the presence of plural
muons in the target area was estimated to be <0.01 %,
and was ignored in the fit. The low-energy fraction of
π+ → e+ν events due to shower leakage and radiative
decays was also negligible in the low-energy time spec-
trum fit.
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FIG. 3: (Color online) Time spectra of positrons (thin line
histograms) in the (a) low- and (b) high-energy regions sep-
arated at Ecut. The notches at t = 0 ns are due to a veto
for prompt pion decays, and the peak at –3 ns in (b) is due
to positrons in the beam. Each curve, labeled with the corre-
sponding component described in the text, indicates the am-
plitude in the fit. L1 and part of L3 significantly overlap with
the data. The thick solid line in (b) for t < 0 ns shows the fit.
The fit for the other regions is almost indistinguishable from
the data and is omitted here.

The primary time distribution component in the high-
energy region was the π+ → e+ν decay (H1: FH1 =

Figure 5: Timing distributions corresponding to the two energy regions E < 52 MeV (top) and E > 52 MeV
(bottom). The fitted shapes are reported with different codes and are fully described in the text.

L1(t) = λπ λµ

λπ−λµ

(
e−λµ t − e−λπ t

)
for t > 0 and λπ/µ = 1/τπ/µ ,

L2(t) = λµe−λµ t for t > 0,
L3(t) = λµe−λµ t for any t.

L1 describes the π+ → µ+ → e+ decay chain, L2 the case where the pion decays in flight and
L3 accounts for the decay of old muons already present in the target or surrounding materials.

The timing spectrum corresponding to the high-energy events (E > 52 MeV) was fitted with
the following shapes:

H1(t) = λπe−λπ t for t>0,
H2(t) = λπ λµ

λπ−λµ

(
e−λµ t − e−λπ t

)
for t>0,

H3(t) = λµe−λµ t for any t.

H1 describes the π+→ e+νe decay, while H2 and H3 are analogous to L2 and L3 and are present
in the high-energy region because of detector resolution effects, pileup and muon radiative decays.
The contribution from radiative pion decays is calculated via a Monte Carlo simulation, resulting
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in the shape H4. The shape H5 accounts for two decays happening close enough in time to be
integrated by the calorimeter. Also this shape was estimated with a dedicated Monte Carlo which
includes the pulse shape and integration time of the NaI(Tl) and CsI calorimeters. H6 results from
the finite double pulse time resolution of the T1 scintillator and it is estimated from the data by
artificially inflating the T1 resolution and then extrapolating the result to the measured one. The
free parameters in the fit were the amplitudes of the L1,2,3 and H1,2,3,5 shapes and the branching
ratio Rraw is the ratio of the H1 and L1 amplitudes. H4 was fixed by the known radiative pion
branching ratio.
The fitted raw branching ratio was

Rraw = (1.1972±0.0022(stat)±0.0005(syst))×10−4 (3.1)

with χ2/dof = 1.02 (dof=673).

4. Corrections and Systematic Checks

4.1 Tail Correction

After the extraction of Rraw from the simultaneous fit of the two timing spectra, corrections
were needed. The largest correction came from the low-energy tail of the π+→ e+νe decay which
extends underneath the overwhelming π+→ µ+→ e+ background prohibiting a direct access to
its magnitude. Bacause of the π+→ e+νe events in the tail, the branching ratio resulted too low
and a correction was needed.

For estimating the amount of low energy tail, two different strategies were devised. The first
one is based on removing the detectors before the calorimeter and injecting a positron beam in it
in order to obtain its detailed response (see Fig. 6). Rotating the detector with respect to the beam
axis, it was possible to investigate the response in energy and angle. In the calorimeter response,
additional peaks were detected and detailed Monte Carlo simulation showed that they arise from
photonuclear reactions on Iodine and subsequent emission of neutrons which leave the detector
[11]. The low energy tail derived from the positron beam data was regarded as an upper limit
to the true value, since the beam itself might induce a slightly larger tail due to scattering effects
in the beamline. The upper limit to the low energy tail fraction below 52 MeV was found to be
3.19±0.03(stat)±0.08(syst)%.

The second strategy resulted instead in a lower bound to the low energy tail. For estimating it,
π+→ µ+→ e+ events were suppressed using an early decay-time region 5-35 ns, pulse shape and
total pion energy deposited in B1, B2, S1, S2, B3, and measurements of the straightness of the pion
track (see [13] for a detailed explanation). The resulting suppressed spectrum is the shaded his-
togram in Fig. 4. The remaining backgrounds were subtracted using the fact that the background-
suppressed spectrum in a low-energy region contained a negligible π+ → e+νe tail contribution.
The area of the low-energy region was scaled to the full region (< Ecut) using the known back-
ground distributions. Since the total pion energy cut tended to remove π+ → e+νe events with
Bhabha scattering (resulting in a larger energy deposit in B3), a Monte Carlo correction to the
extracted low energy tail was needed. The final lower limit was 2.95±0.07(stat)±0.08(syst)%.

Combining the upper and lower bounds to the low energy tail resulted in a multiplicative
correction to the branching ratio of 1.0316±0.0012.
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Figure 9. Left: Schematic of the calorimeter lineshape measurement.[13] Right: Energy
spectrum in NaI and CsI at 0�[14].
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Figure 10. ⇡+!µ+!e+ energy spectra. Red (dashed line): Simulated µDIF events. Black
(solid line): Decay-at-rest events.

4.3. Uncertainty of the µDIF Contribution
For the decays-in-flight of muons from ⇡+!µ+⌫µ in B3, Lorentz boosting raises the positron
energy. Figure 10 shows the energy spectra of µDIF and µ-decay-at-rest events determined by
MC. Since µDIF had the same time distribution as ⇡+!e+⌫e decays, µDIF events inflated the
apparent number of ⇡+!e+⌫e decays. The contribution of µDIF events CµDIF was estimated
by MC study and scaled to the number of ⇡+!µ+!e+ decays (parameter A) in Eq.7. The
correction value CµDIF was found to be 0.2% of ⇡+!e+⌫e, resulting in an uncertainty on the
branching ratio < 0.01%.

4.4. Other Corrections
The timing of the decay positron was based on the signal from energy loss in T1. Possible energy
dependence with the pion stop time t0 was studied using decay positrons from muons stopped
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Journal of Physics: Conference Series 631 (2015) 012044 doi:10.1088/1742-6596/631/1/012044
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Figure 6: (Left) Schematic of the calorimeter’s lineshape measurement. Only WC1/2, T2, WC3, the NaI(Tl)
and CsI calorimeters were used. The positron beam was injected at different angles and energies for charac-
terizing the detector’s response. (Right) The lineshape in the case of an injected beam at 0◦ is showed. The
peaks due to photonuclear reactions and neutron escape are evident.

4.2 Muon Decays in Flight Correction

The case in which the pion decays at rest and the muon decays in flight in the target (µDIF)
must be treated as a correction to the branching ratio, since in this case the timing of such an event
is not distinguishable to a π+→ e+νe decay. The amount of µDIF with E > Ecut was estimated
with a Monte Carlo simulation and it was found to be 0.2% of the π+ → µ+ → e+ events. The
µDIF distribution compared to the decay at rest one is showed in Fig. 7.
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Energy [MeV]
0 10 20 30 40 50 60 70

N
o

rm
a

li
ze

d
 C

o
u

n
ts

/b
in

0

0.001

0.002

0.003

0.004

0.005

0.006

0.007

0.008

0.009

Decay In Flight

Decay At Rest

Figure 10. ⇡+!µ+!e+ energy spectra. Red (dashed line): Simulated µDIF events. Black
(solid line): Decay-at-rest events.

4.3. Uncertainty of the µDIF Contribution
For the decays-in-flight of muons from ⇡+!µ+⌫µ in B3, Lorentz boosting raises the positron
energy. Figure 10 shows the energy spectra of µDIF and µ-decay-at-rest events determined by
MC. Since µDIF had the same time distribution as ⇡+!e+⌫e decays, µDIF events inflated the
apparent number of ⇡+!e+⌫e decays. The contribution of µDIF events CµDIF was estimated
by MC study and scaled to the number of ⇡+!µ+!e+ decays (parameter A) in Eq.7. The
correction value CµDIF was found to be 0.2% of ⇡+!e+⌫e, resulting in an uncertainty on the
branching ratio < 0.01%.

4.4. Other Corrections
The timing of the decay positron was based on the signal from energy loss in T1. Possible energy
dependence with the pion stop time t0 was studied using decay positrons from muons stopped
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Figure 7: Simulated distributions of π+→ µ+→ e+ events in the case where the pion decays at rest and
the muon decays either at rest (black) or in flight (red) in the target B3.

4.3 Timing Correction

Possible energy-dependent effects on the pion arrival time were studied using positrons in the
beam at momenta 10-70 MeV/c, and with positrons from muons stopped at the center of B3 by
lowering the beam momentum to 62 MeV/c. The multiplicative correction from this effect was
1.0004±0.0005.
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4.4 Systematic Checks

The stability of Rraw was tested for dependence on many parameters: fitting range, histogram
binning, pile-up cuts, acceptance cut and Ecut . In particular, since the tail correction changes with
acceptance and Ecut , finding a stable branching ratio as a function of these two cuts gives confidence
in the knowledge of the low energy tail shape. The stability of Rraw against the acceptance (selected
radius with WC3) and Ecut are showed in Fig. 8.

JGU Mainz, Jun 2017 Luca Doria, TRIUMF

Systematic Checks

44

Energy cut dependence 
- Tail/muDIF corrections applied

Acceptance Radius Dependence 
- R= 60 mm
- Errors adjusted to statistics change
- Maximum R investigated 

       with e+ beam

Raw
Corrected

Raw
Corrected

Figure 8: Branching ratio as a function of Ecut (left) and the acceptance radius in WC3 (right). The black
points are the uncorrected Rraw while the red ones are corrected for the low energy tail and µDIF.

5. Results and Conclusion

The final branching ratio after all the corrections and the removal of the blinding factor was
found to be

R = (1.2344±0.0023(stat)±0.0019(syst))×10−4 (5.1)

consistent with previous experimental results and with the SM prediction. This result improves the
test of lepton universality for the first two SM generations by a factor of two:

ge

gµ

= 0.9996±0.0012 . (5.2)

These results represent 1/20 of the total data collected and the full analysis is undergoing.
General improvements to the analysis strategy and to the simulation will lead to lower systematic
uncertainties and the final goal of the experiment is to obtain 0.1% precision on the branching ratio.
The collected data will also be used to improve limits on massive neutrinos in π+→ e+νe decays
[13] as well as to search for other beyond SM particles, like e.g. Majorons [14].
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