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History and Physics Motivation
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Early History
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1935: H. Yukawa predicts a new particle

1936: Discovery of the Muon 

1947: C. Powell and collaborators discover the Pion
M.Lattes, H.Muirhead, G.Occhialini, C.Powell: 
Nature, 159:694-697 (1947)

  C O S M I C  R A D I A T I O N 151

Fig. 5. Photo-micrographs of four examples of the successive decay z-,u-e as recorded
in photographic emulsions.

Occhialini

Powell

1949: H.Yukawa awarded the Nobel Prize.

1950: C. Powell awarded the Nobel Prize
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The Pion and the Standard Model
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- Pion discovered with

- But:

mµ = 105 MeV

me = 0.511 MeV

- Why don’t we see                            ?

 - 1950s: Many experimental indications that the weak interactions
             were violating parity. “V-A” structure:   
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Helicity Suppression
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⇡
Spin=0⌫e ⌫µ e+µ+

Angular Momentum
V-A

Neutrinos produced only by weak interactions:
       Neutrinos: left-handed helicity
       Antineutrinos: right-handed helicity

Weak interaction forces the electron into the “wrong” helicity state
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Helicity Suppression
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⇡
Spin=0⌫e ⌫µ e+µ+

Angular Momentum
V-A

Neutrinos produced only by weak interactions:
       Neutrinos: left-handed helicity
       Antineutrinos: right-handed helicity

Weak interaction forces the electron into the “wrong” helicity state

The V-A structure of the weak interactions explains why the muon decay mode is favoured!
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Experimental History
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BR =
�⇡!e⌫

�⇡!µ⌫µ

Bryman et al.
TRIUMF

PSI

TRIUMF

DiCapua et al.

Anderson et al.

PIENU@TRIUMF
PEN@PSI



IWMNP 2017, Bormio (Italy) Luca Doria, TRIUMF

Lepton Universality

9

Helicity Suppression
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Helicity Suppression
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BSM Physics
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New pseudo-scalar interactions (no helicity suppression)
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B.Campbell, D. Maybury: Nucl.Phys. B709, 419 (2005)

Charged Higgs (with non-SM couplings) O. Shanker: Nucl.Phys. B204(3), 375 (1982)

Relevant for SUSY models, Changes the BR through loop contributions

Beyond the Standard ModelBeyond the Standard Model

High Sensitivity to New Pseudoscalar Interactions

which are not helicity suppressed.

High Sensitivity to New Pseudoscalar Interactions

which are not helicity suppressed.

a) – SM

b) – New four fermion interaction

c) – Charged Higgs
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PS contribution comes as interference with the axial-vector (dominant) interaction. 

Effect is proportional to 1/!2 where ! is the mass of the hypothetical particle.

1� Rexp.

RSM
⇠ ⌥ 2m2

⇡

me(md +mu)

m2
W

mH±
�ud(�e⌫ � me

mµ
�µ⌫) M±

H ⇠ 400GeV

SUperSYmmetry
2

νI

eI

u

d

H+

(a)

νI νI

ν̃J

χ0
i

(b)

W+

ℓI

ν̃J

νI

χ−

j

χ0
i

(c)

u νI

d ℓI

χ+
k

χ0
m

d̃−i L̃−

j

(d)

FIG. 1: Representative contributions to ∆RSUSY

e/µ : (a) tree-level charged Higgs boson exchange, (b) external leg diagrams, (c)
vertex diagrams, (d) box diagrams. Graph (a) contributes to the pseudoscalar amplitude, graphs (b,c) contribute to the axial
vector amplitude, and graph (d) contributes to both amplitudes.

assumed that the left-handed first and second generation
sleptons ẽL and µ̃L are degenerate (see e.g. [20] ) and
thus ∆RSUSY

e/µ ≃ 0.
In section III, we consider corrections to Re/µ from R-

parity violating (RPV) processes. These corrections en-
ter at tree-level, but are suppressed by couplings whose
strength is contrained by other measurements. In or-
der to analyze these constraints, we perform a fit to the
current low energy precision observables. We find that,
at 95% C.L., the magnitude of RPV contributions to
∆RSUSY

e/µ could be several times larger than the com-
bined theoretical and anticipated experimental errors for
the future Re/µ experiments. We summarize the main
results and provide conclusions in section IV.

II. R-PARITY CONSERVING INTERACTIONS

A. Pseudoscalar contributions

The tree-level matrix element for π+ → ℓ+ νℓ that
arises from the (V −A)⊗ (V −A) four fermion operator
is

iM(0)
AV = −i2

√
2GµVud ⟨0| d̄γλPL u

∣∣π+
〉

uνγλPL vℓ

= 2VudFπGµmℓ uνPR vℓ , (4)

where PL,R are the left- and right-handed projection op-
erators,

Fπ = 92.4 ± 0.07 ± 0.25 MeV (5)

is the pion decay constant, Gµ is the Fermi constant ex-
tracted from the muon lifetime, and Vud is the (1, 1) com-
ponent of the CKM matrix. The first error in Eq. (5) is
experimental while the second arises from uncertainties
associated with QCD effects in the one-loop SM elec-
troweak radiative corrections to the πµ2 decay rate. The
superscript “(0)” and subscript “AV ” in Eq. (4) denote
a tree-level, axial vector contribution. At one-loop order,
one must subtract the radiative corrections to the muon-
decay amplitude — since Gµ is obtained from the muon
lifetime — while adding the corrections to the semilep-
tonic CC amplitude. The corrections to the muon-decay

amplitude as well as lepton flavor-independent contri-
butions to the semileptonic radiative corrections cancel
from Re/µ.

Now consider the contribution from an induced pseu-
doscalar four fermion effective operator of the form

∆LPS = −
GPSVud√

2
ν(1 + γ5)ℓ dγ5u . (6)

Contributions to Re/µ from operators of this form were
considered in a model-independent operator framework
in Ref. [21]. In the MSSM, such an operator can arise
at tree-level (Fig. 1a) through charged Higgs exchange
and at one-loop through box graphs (Fig. 1d). These
amplitudes determine the value of GPS . The total matrix
element is

iM(0)
AV +iMPS = VudFπGµmℓuν(1+γ5)vℓ

[
1 +

GPS

Gµ
ωℓ

]

(7)
where

ωℓ ≡
m2

π

mℓ(mu + md)
≃
{

5 × 103 ℓ = e
20 ℓ = µ

(8)

is an enhancement factor reflecting the absence of helicity
suppression in pseudoscalar contributions as compared to
(V −A)⊗ (V −A) contributions [22]. Pseudoscalar con-
tributions will be relevant to the interpretation of Re/µ

if
∣∣∣∣
GPS

Gµ

∣∣∣∣ ωℓ ! 0.0005 , (9)

and if GPS ωℓ is lepton-flavor dependent.
The tree-level pseudoscalar contribution (Fig. 1a) gives

G(0)
PS =

mℓ tanβ(mu cotβ − md tanβ)√
2m2

H+v2
, (10)

where mH+ is the mass of the charged Higgs boson.
Thus, we have

G(0)
PS

Gµ
ωℓ =

m2
π tanβ(mu cotβ − md tanβ)

(mu + md)m2
H+

. (11)

M. Ramsey-Musolf, S.Su, S. Tulin: Phys.Rev. D76, 095017 (2007)

And More: Leptoquarks, new scalar interactions, massive neutrinos,… 

R-parity violating SUSY affects the BR 
already at tree-level!
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Lepton Universality Violation?
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LHCb Collaboration,  
R. Aaij et al., “Test of lepton universality using B+ → K+l+l− decays,” arXiv:1406.6482. 

RK = 0.745+0.090
�0.074(stat)± 0.036(cyst)

2.6� deviation from the SM value 

RK =
B+ ! K+µ+µ�

B+ ! K+e+e�

- Previously measured by Belle and BaBar at 20-50% precision level 
- RK = 1 expected from SM 
- Theoretically clean observable with small corrections 
- Analysis : 1<q2<6 GeV2/c4

Feruglio, Paradisi, Pattori, Phys. Rev. Lett. 118, 011801 (2017)

3.9� deviation from the SM value 
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The PIENU Experiment at TRIUMF
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The Pion Beam

13

3.1. The M13 beamline

magnets (Q1-Q2, Q3-Q4-Q5 and Q6-Q7) to collect pions and focus the beam
[1]. F1, F2 and F3 indicate the 3 foci before the beamline extension. F4 is
the last focus at the end of the extension which is the location of the PIENU
target counter.
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Figure 3.1: M13 beam channel with the extension built in 2008

Prior to the new beamline construction, tests were performed to determine
the beam quality and its particle content. These tests were intended to verify
the Monte Carlo calculations done with a beam transport program called
REVMOC [100] used to design the beamline extension [101]. At F3, the
NaI(Tl) calorimeter (described in §3.2.5) was placed to measure the energy
of the particles and a plastic scintillator gave the energy and time informa-
tion necessary to discriminate the particles with their time of flight (TOF).
Fig.3.2 shows a picture of the test setup.
After traversing a degrader (1.45 mm thick Lucite absorber) placed near
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Experimental Technique

• Pion Beam

• Stopped Pions in Active Target
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A.Aguilar-Arevalo et al. NIM A609 (2009) 102
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        - same Acceptance

3.1. The M13 beamline

which results in a pion intensity loss due to decays-in-flight.

Figure 3.4: Pion, muon and positron position distributions transverse to the
beam (see Fig.3.1 for coordinates) at F3. The solid lines are fitted Gaussian
curves for pions and positrons.

3.1.1 Beamline momentum calibration

Due to the uncertainties in the dipole magnets’ fringe field it is di�cult to
obtain an absolute beam momentum calibration. Usually, the endpoint of
the positron energy spectrum from µ+ ! e+⌫⌫̄ decay in the production
target (Michel edge) and the energy peak of muons from ⇡+ ! µ+⌫ decay
at the surface of the production target (surface muons) are used to calibrate
the beamline [102]. To obtain an additional calibration point we performed
a measurement of ⇡+ ! e+⌫e decays in the production target (BL1A-T1 )
which gave a clear calibration peak at 69.8 MeV/c [1]. With those measure-
ments we estimate the uncertainty of our beamline calibration to be around
1%.
The beam momentum bite is restricted to 1.5% FWHM using the SL1 slits
which are located directly downstream of the B1 magnet. However, after
the degrader the momentum bite is slightly worsened and a small dispersion
of the beam is introduced which has a noticeable e↵ect on the pion stopping
distribution in the target.
Studies were performed to find the best combination of slit openings which
minimized scattering and optimized the beam rate in our target.
Tuning of the quadrupoles upstream and downstream of B3 was done to

41

TRIUMF Cyclotron: 
500MeV proton beam

A.Aguilar-Arevalo et al.: Nucl. Instr. Meth. A621, 188 (2010)
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a measurement of ⇡+ ! e+⌫e decays in the production target (BL1A-T1 )
which gave a clear calibration peak at 69.8 MeV/c [1]. With those measure-
ments we estimate the uncertainty of our beamline calibration to be around
1%.
The beam momentum bite is restricted to 1.5% FWHM using the SL1 slits
which are located directly downstream of the B1 magnet. However, after
the degrader the momentum bite is slightly worsened and a small dispersion
of the beam is introduced which has a noticeable e↵ect on the pion stopping
distribution in the target.
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Tuning of the quadrupoles upstream and downstream of B3 was done to

41

TRIUMF Cyclotron: 
500MeV proton beam

A.Aguilar-Arevalo et al.: Nucl. Instr. Meth. A621, 188 (2010)



IWMNP 2017, Bormio (Italy) Luca Doria, TRIUMF

The Pion Beam

13

3.1. The M13 beamline

magnets (Q1-Q2, Q3-Q4-Q5 and Q6-Q7) to collect pions and focus the beam
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Figure 3.1: M13 beam channel with the extension built in 2008

Prior to the new beamline construction, tests were performed to determine
the beam quality and its particle content. These tests were intended to verify
the Monte Carlo calculations done with a beam transport program called
REVMOC [100] used to design the beamline extension [101]. At F3, the
NaI(Tl) calorimeter (described in §3.2.5) was placed to measure the energy
of the particles and a plastic scintillator gave the energy and time informa-
tion necessary to discriminate the particles with their time of flight (TOF).
Fig.3.2 shows a picture of the test setup.
After traversing a degrader (1.45 mm thick Lucite absorber) placed near
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3.1. The M13 beamline

Figure 3.2: Test of the particle separa-
tion technique prior to the installation
of the beamline extension.

Figure 3.3: The experimental area af-
ter the beamline extension installa-
tion.

F1, the pions and positrons energy loss di↵erence is large enough to ob-
tain a clear particle separation at F3 as shown in Fig.3.4. A collimator
(5 cm-thick lead bricks with a 3 cm square hole) can then be placed at this
position to suppress the displaced positrons and redefine the pion image.
After the collimator, the small momentum tail of the positron beam due to
di↵erent energy loss processes results in the presence of some positrons at
the pion spot. The contamination was however measured to be of the order
of 0.5% at the location of the collimator (it is 2% at the location of the
target counter due to pion decay-in-flight and collimation) which is almost
a factor 100 smaller than without the absorber/collimator system.
After the collimator, the pion beam is directed toward the PIENU detec-
tor by a dipole magnet (B3 magnet: -70°) and refocused by a triplet of
quadrupoles (Q8-Q9-Q10) placed after B3. A large 20 cm-thick steel wall
isolates the location of the collimator from the detector, allowing better
shielding from the �-rays emitted by the stopped positrons in the collima-
tor. The total length of the extension between F3 and F4 is 4.5 m (in
comparison, the distance between BL1A-T1 and F3 is approximately 10 m)
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Idea: Stop the pions in an active target 
Measure the decay positrons from the two decays
Advantages:

- Simultaneous measurement (energy and time)

- Same acceptance and conditions
- Systematic uncertainties cancel in the BR

Scintillator



IWMNP 2017, Bormio (Italy) Luca Doria, TRIUMF

Stopped Pion Technique

15

Idea: Stop the pions in an active target 
Measure the decay positrons from the two decays
Advantages:

- Simultaneous measurement (energy and time)

- Same acceptance and conditions
- Systematic uncertainties cancel in the BR

µ+

⇡+
Scintillator



IWMNP 2017, Bormio (Italy) Luca Doria, TRIUMF

Stopped Pion Technique

15

Idea: Stop the pions in an active target 
Measure the decay positrons from the two decays
Advantages:

- Simultaneous measurement (energy and time)

- Same acceptance and conditions
- Systematic uncertainties cancel in the BR

µ+

⇡+

e+
⇡+

Scintillator



IWMNP 2017, Bormio (Italy) Luca Doria, TRIUMF

Stopped Pion Technique

15

Idea: Stop the pions in an active target 
Measure the decay positrons from the two decays
Advantages:

- Simultaneous measurement (energy and time)

- Same acceptance and conditions
- Systematic uncertainties cancel in the BR

µ+

⇡+

e+
⇡+

e+
⌧⇡ = 26ns

⌧µ = 2200ns

Scintillator



IWMNP 2017, Bormio (Italy) Luca Doria, TRIUMF

Stopped Pion Technique

15

Idea: Stop the pions in an active target 
Measure the decay positrons from the two decays
Advantages:

- Simultaneous measurement (energy and time)

- Same acceptance and conditions
- Systematic uncertainties cancel in the BR

µ+

⇡+

e+
⇡+

e+
⌧⇡ = 26ns

⌧µ = 2200ns

NaI(Tl)
Energy 

Measurement

Scintillator



IWMNP 2017, Bormio (Italy) Luca Doria, TRIUMF

Stopped Pion Technique

15

Idea: Stop the pions in an active target 
Measure the decay positrons from the two decays
Advantages:

- Simultaneous measurement (energy and time)

- Same acceptance and conditions
- Systematic uncertainties cancel in the BR

µ+

⇡+

e+
⇡+

e+
⌧⇡ = 26ns

⌧µ = 2200ns

NaI(Tl)
Energy 

Measurement

5.1. LOWER LIMIT

Figure 5.4: 2-pulse and 3-pulse fit for π+→µ+→e+ event in B3.
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Figure 3.6: Schematic diagram of the experimental apparatus. See Table 3.1 and text below for the legend.
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3.2. The detector

was needed to improve the performance at high count rates in the BNL ex-
periment. This setup requires the use of 57 high voltage channels, instead
of just 19 channels. Two tube (tube 2 and 4) bases have been restored to
be powered with one high voltage unit and no di↵erence was found in the
gain between those and the modified bases at the typical count rates of the
PIENU experiment.
The surface of the crystal is covered with a reflective material. An optical
simulation was performed with the software Detect2000 [108] to study the
dependence of the energy deposited in the crystal on the entrance location
of the particle in the NaI. The results showed that the light emitted by the
crystal is uniformly reflected [109]. Therefore, a similar amount of light is
seen by every photo-tube independent of the entrance position of the ioniz-
ing particle in the front face of the NaI crystal. This was confirmed within
2% accuracy by bench tests using a positron source (22Na) [110].

Figure 3.13: View of the NaI crys-
tal from the back side on the test
bench.

Figure 3.14: The NaI crystal sur-
rounded by the 97 crystals of CsI
arranged in two layers.

3.2.6 CsI calorimeter

In Fig.3.6 the CsI ring is indicated in red. On loan from BNL, this detector
consists of 97 pure (undoped) CsI pentagonal crystals (Fig.3.15) of 25 cm in
length (13.5 radiation length) and about 9 radiation length radially, arranged
in two concentric layers around the NaI detector as can be seen on Fig.3.14.

51

3.2. The detector

Figure 3.15: Picture of one of the CsI crystal.

is enclosed in a steel cylinder which forms the housing for the CsI crys-
tals and also provides magnetic and radiation shielding. PIENU-II can be
independently moved from PIENU-I.
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“BiNa”:
Monolithic 48x48cm 
NaI(Tl) crystal
19-PMTs readout

97 pure CsI crystals
single PMT readout 
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3.2. The detector

Figure 3.8: A beam wire chamber
plane and its preamplifier board.

Figure 3.9: Wire Chamber 1 and
2 installed on the beam pipe.

hybrids fixed back to back with perpendicular orientation of the strips (to
measure X and Y coordinates). S1 and S2 are both placed immediately
upstream of the target while S3 is placed immediately downstream of it to
provide the most accurate position and angle information in the target of
the incoming pion and the outgoing positron respectively (see §3.2.7 for a
detailed description of the tracking detectors). Fig.3.11 shows the first two
silicon strip detectors (4 planes).
A plane of silicon detector has an active volume of 61 mm⇥61 mm⇥285 µm.
The Si sensor is a single sided AC-coupled micro-strip detector of the same
type as the ones used in the ATLAS central tracker [105]. In the original
design each strip has a pitch of 80 µm but since the required resolution
for the PIENU experiment was of the order of 300 µm the design has been
modified to bind four silicon strips to one read-out line. For further reduction
of readout channels the lines are interconnected with capacitors and only
every fourth line is connected to an amplifier as shown in Fig.3.12. A total
of 48 channels per silicon plane (288 channels in total) are read out. The
capacitive network forms a charge division line where the reconstruction of
the ionization amplitude and position is made by proper weighting of the
two or three channels that typically fire during an event.
In order to reduce the data size, a hardware threshold is set to suppress the
channels which have no hit. Because of the noise level in these detectors, the
threshold is set too high to be able to detect beam positrons in S1 and S2.
However, S3 has a lower threshold to make sure that the detection e�ciency
for decay positrons is higher than 99%.
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3.2. The detector

Figure 3.10: The WC3 mounted onto the flange of the NaI(Tl) crystal en-
closure.

Figure 3.11: S1 and S2 assembly mounted on their support structure.
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were cut from UV transparent acrylic sheets and polished. It was
important to have a uniform light collection efficiency in order to
maximize energy resolution. A schematic of the four-way readout
configuration is shown in Fig. 3. Simulations of the optical
transport with Detect2000 [12] were used to predict the unifor-
mity of the light collection in this configuration, and were later
confirmed with measurements. For example, a variation of o1:2%
was observed in the visible energy deposited by beam muons in
B1 over the counter's surface.

Each scintillator was read out with four photo-multiplier tubes
(PMTs), except for V1, V2 and V3 which were each read out with a
single PMT. PMTs were selected by photocathode size and ability
to match either the 425 nmwavelength of the maximum emission
of the Bicron-408 or the 476 nm wavelength of the emission peak
of the WLS fibers. Information on the scintillator size and PMTs
used is listed in Table 1. All plastic scintillator PMTs were read out
with 500 MHz ADCs (see Section 7.2).

T2 was the largest scintillator read out with WLS fibers, having
33 parallel grooves machined on the downstream side. Near the
edge of the counter, the grooves were made gradually deeper so
that the WLS fibers lying in the grooves could exit perpendicular
to the counter's surface with minimum transition space and point
upstream where they could be bundled and read out by PMTs (see
Fig. 4 for schematic of the T2 grooves). The minimum radius of the
groove curvature at the edges of T2 was 19.5 mm. Fibers were
thermally pre-bent to reduce stress. T2 fibers were read out on
both ends, and bundled into two groups (1–16 and 17–33). As a
result, T2 was read out using four PMTs. It had a time resolution of
σt ¼ 1:4 ns for minimum ionizing particles when measured against
T1 (see Fig. 5) and its efficiency for positrons was measured to be
greater than 99.7% within the acceptance region.

The most critical scintillation counter, B3, had an energy
resolution of 5% r.m.s. (Tvisible ¼ 3:2270:16 MeV) for 4.1 MeV μþ

from πþ-μþ νμ decay (see Fig. 6). The time difference between T1
and B1 was used to determine the decay time with a resolution of
σt ¼ 138 ps for beam positrons. Both T1 and B1 times were
determined from fits of 500 MHz-sampling-frequency waveforms.

5. Calorimeter

The purpose of the PIENU calorimeter system was to detect
decay positrons and photons from the πþ-eþνe and πþ-eþνeγ
decays as well as from the μþ-eþνeνμ and μþ-eþ νeνμγ
following the decay πþ-μþ νμ. It was composed of a large
monolithic NaI(Tℓ) crystal surrounded by 97 pure CsI crystals.

Scintillation light collection was realized through directly cou-
pled PMTs.

5.1. NaI(Tℓ) crystal

The main calorimeter element was a single crystal of thallium-
doped NaI on-loan from Brookhaven National Laboratory [9]. The
crystal was enclosed in a 3 mm thick aluminum enclosure which
had nineteen 76.2 mm diameter circular quartz windows at the
rear end. The aluminum front face of the NaI(Tℓ) was 0.5 mm
thick. Each window was viewed by a 76.2 mm diameter Hama-
matsu R1911 PMT (with the exception of the central PMT R1911-
07) surrounded by a μ-metal shield.

The surface of the crystal was covered with reflective material.
An optical simulation was performed using Detect2000 [12] to
study the dependence of the energy deposited in the crystal on the
entrance location of the particle. Light emitted by the crystal was
uniformly reflected,11 and thus a similar amount of light was seen
by individual PMTs independent of the entrance position of the
ionizing particle on the front face of the NaI(Tℓ) crystal. This was
confirmed within 2% by bench tests using 511 KeV and 1274 KeV γ
rays from a 22Na radioactive source. The calibration of the NaI(Tℓ)
crystal was done with 75 MeV/c beam positrons using a dedicated
trigger.

Fig. 2. Computer generated rendering of the PIENU detector and the steel wall
used as passive shielding at the end of the M13 beamline. Fig. 3. Schematic view of the B1, B2, B3 and T1 scintillator readout. Light guides

were bent adiabatically and coupled to PMTs through acrylic cylinders.

Fig. 4. Schematic drawing of the T2 scintillator. 33 parallel grooves (1:1# 1:1 mm2)
machined on the surface of the counter were made deeper towards the edge to
allow the WLS fibers to exit perpendicular to the counter's surface (see text for
details). One such readout WLS fiber is shown for illustration.

11 For the simulation both specular and diffuse reflectors were modeled, with
the reflection coefficient varying between 0.95 and 0.99 and a refractive index of
1.85 was assumed for the NaI(Tℓ) crystal.
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1.4. Outline of the thesis

The blinding was not applied to the data used for corrections, since as long
as the value of the “raw branching ratio” is blinded, corrections can be
studied on the unblinded sets of data.

Target Energy [MeV]

π→e π→μ

1.00

0.99

π→e π→μ

1.00

0.99

a) b)

inefficiency functions

Target Energy [MeV]

Figure 1.8: Blinding technique for the PIENU experiment. A smooth in-
e�ciency function removes events based on their energy deposited in the
target. Depending on the levels of the function (unknown to the experi-
menters), this procedure lowers -case a)- or raises -case b)- the branching
ratio.

1.4 Outline of the thesis

Recently, important progress has been achieved in theoretical calculations
of the ⇡+ ! e+⌫e branching ratio which has called for even more precise
measurements. Two experiments at PSI and TRIUMF have been working
for the last few years on measuring the pion branching ratio with the final
goal of improving the measurement by almost a factor 10.
This thesis will detail the work done over the past four years at the detector
and analysis level for the PIENU experiment and will present the preliminary
results obtained with a partial set of the available data. Chapter 2 will
develop the theoretical background. The following chapters will describe the
experimental apparatus (chapter 3), present the analysis strategy (chapter
4 and 5) and Monte Carlo simulations (chapter 6) and finally expose the
preliminary and intermediary results on the branching ratio (chapter 7) and
on the massive neutrino search (chapter 8) based on data taken in 2010 and
2009 respectively. The author’s personal contributions to the experiment
are detailed in the Preface.

10

- Avoid biases in precision experiments! 
- Blinding procedure done before starting the analysis.
- One of the two decays is slightly suppressed: BR changes.
- Random and unknown inefficiency factor
- “Unblinding” only when the Collaboration agrees on the analysis procedure and    
  systematic error estimates.
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data. Pion-DIF events between WC2 and S1 can be distinguished
due to their higher kink angle.

7. Trigger and data acquisition system

7.1. πþ-eþνe run trigger

Pions and a fraction of beam muons and positrons (used for the
calibration of some detectors) were selected by the trigger using
energy deposit information in B1. Definition of a beam particle was
done by requiring the coincidence of the beam counters B1, B2,
and B3. A coincidence of T1 and T2 counters defined the decay-
positron signal. A coincidence of beam pion and decay positron
signals (PIE) within a time window of "300 ns to 500 ns was the
basis of the main trigger logic. Since πþ-μþ νμ decays happen
much more often than πþ-eþ νe decays, a Prescale trigger
precisely selected only 1/16 of PIE events. Meanwhile, the

πþ-eþνe events were enhanced by the Early and HE (High
Energy) triggers. The Early trigger selected decays which hap-
pened between 2 ns and 40 ns (excluding prompt events) after the
pion stop. Due to the 26 ns pion lifetime, more than 70% of the
πþ-eþνe events happen within this time range. The HE trigger

was based on a VME-module which summed the energy deposited
in the calorimeters in real time. The trigger signal was produced by
this module for events which had a high energy deposited in the
NaI(Tℓ) and CsI spectrometers. The energy threshold was set
4 MeV below the highest energy of the positron from the
πþ-μþ-eþ decay chain. Almost all the πþ-eþνe events (with
the exclusion of the tail events which extend below the eþ energy
spectrum from the πþ-μþ-eþ decay chain) were selected by
this trigger. Those three triggers constituted the “physics triggers”.
Additional triggers were used for data quality checks and calibra-
tion purposes. The Xe-lamp trigger provided flashes twice a second
to all CsI crystals. Both these triggers (Xe-lamp and Cosmic) were
intended for CsI calibration and monitoring. Finally, the Beam
positron trigger triggered on one of every 32 beam positrons to
calibrate the NaI(Tℓ) crystal. During a run, all 6 triggers were used
and several of them could be satisfied at the same time. The rates
of the various triggers are shown in Table 2. The trigger signal
issued by any of the six triggers was then latched by the pion (tπ þ )
and the positron (teþ ) timings in order to reference the gate of the
data acquisition modules to the incoming and decay particles,
respectively. These latched signals triggered the data acquisition.
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Fig. 14. Measured energy in NaI(Tℓ) and CsI array for a portion of collected data.
The vertical line denotes separation of collected events into low-energy (dominated
by πþ-μþ νμ decays) and high-energy (dominated by πþ-eþ νe decays and pile-
up).
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Fig. 15. Time spectrum defined by the time difference between T1 and B1 hits for
low-energy events. Zero time corresponds to the time of the pion stop. The solid
(red) line represents the fit function describing the πþ-μþ-eþ decay chain, the
dashed (blue) line represents the sum of backgrounds, represented by two dotted
lines which correspond to muon decays and pion decays in flight. (For interpreta-
tion of the references to color in this figure caption, the reader is referred to the
web version of this paper.)
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Fig. 16. Time spectrum defined by the time difference between T1 and B1 hits for
high-energy events. Zero time corresponds to the time of the pion stop. The solid
(red) line represents the fit function describing the πþ-eþ νe time spectrum, the
dashed (blue) line represents the πþ-μþ-eþ decay chain events which due to
pulse pile up ended up in the high energy spectrum, and the dashed line represents
the sum of the remaining background mechanisms like charged pileup and
radiative decays. (For interpretation of the references to color in this figure caption,
the reader is referred to the web version of this paper.)

Table 2
Trigger rates.

Trigger Rate (Hz)

Pion stop in target 5# 104

Physics triggers
Early trigger 160
HE trigger 170
Prescale trigger 240

Other triggers
Cosmics trigger 15
Beam Positron trigger 5
Xe lamp trigger 2

Total Triggers 600
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data. Pion-DIF events between WC2 and S1 can be distinguished
due to their higher kink angle.

7. Trigger and data acquisition system

7.1. πþ-eþνe run trigger

Pions and a fraction of beam muons and positrons (used for the
calibration of some detectors) were selected by the trigger using
energy deposit information in B1. Definition of a beam particle was
done by requiring the coincidence of the beam counters B1, B2,
and B3. A coincidence of T1 and T2 counters defined the decay-
positron signal. A coincidence of beam pion and decay positron
signals (PIE) within a time window of "300 ns to 500 ns was the
basis of the main trigger logic. Since πþ-μþ νμ decays happen
much more often than πþ-eþ νe decays, a Prescale trigger
precisely selected only 1/16 of PIE events. Meanwhile, the

πþ-eþνe events were enhanced by the Early and HE (High
Energy) triggers. The Early trigger selected decays which hap-
pened between 2 ns and 40 ns (excluding prompt events) after the
pion stop. Due to the 26 ns pion lifetime, more than 70% of the
πþ-eþνe events happen within this time range. The HE trigger

was based on a VME-module which summed the energy deposited
in the calorimeters in real time. The trigger signal was produced by
this module for events which had a high energy deposited in the
NaI(Tℓ) and CsI spectrometers. The energy threshold was set
4 MeV below the highest energy of the positron from the
πþ-μþ-eþ decay chain. Almost all the πþ-eþνe events (with
the exclusion of the tail events which extend below the eþ energy
spectrum from the πþ-μþ-eþ decay chain) were selected by
this trigger. Those three triggers constituted the “physics triggers”.
Additional triggers were used for data quality checks and calibra-
tion purposes. The Xe-lamp trigger provided flashes twice a second
to all CsI crystals. Both these triggers (Xe-lamp and Cosmic) were
intended for CsI calibration and monitoring. Finally, the Beam
positron trigger triggered on one of every 32 beam positrons to
calibrate the NaI(Tℓ) crystal. During a run, all 6 triggers were used
and several of them could be satisfied at the same time. The rates
of the various triggers are shown in Table 2. The trigger signal
issued by any of the six triggers was then latched by the pion (tπ þ )
and the positron (teþ ) timings in order to reference the gate of the
data acquisition modules to the incoming and decay particles,
respectively. These latched signals triggered the data acquisition.
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Fig. 14. Measured energy in NaI(Tℓ) and CsI array for a portion of collected data.
The vertical line denotes separation of collected events into low-energy (dominated
by πþ-μþ νμ decays) and high-energy (dominated by πþ-eþ νe decays and pile-
up).
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Fig. 15. Time spectrum defined by the time difference between T1 and B1 hits for
low-energy events. Zero time corresponds to the time of the pion stop. The solid
(red) line represents the fit function describing the πþ-μþ-eþ decay chain, the
dashed (blue) line represents the sum of backgrounds, represented by two dotted
lines which correspond to muon decays and pion decays in flight. (For interpreta-
tion of the references to color in this figure caption, the reader is referred to the
web version of this paper.)
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Fig. 16. Time spectrum defined by the time difference between T1 and B1 hits for
high-energy events. Zero time corresponds to the time of the pion stop. The solid
(red) line represents the fit function describing the πþ-eþ νe time spectrum, the
dashed (blue) line represents the πþ-μþ-eþ decay chain events which due to
pulse pile up ended up in the high energy spectrum, and the dashed line represents
the sum of the remaining background mechanisms like charged pileup and
radiative decays. (For interpretation of the references to color in this figure caption,
the reader is referred to the web version of this paper.)

Table 2
Trigger rates.

Trigger Rate (Hz)

Pion stop in target 5# 104

Physics triggers
Early trigger 160
HE trigger 170
Prescale trigger 240

Other triggers
Cosmics trigger 15
Beam Positron trigger 5
Xe lamp trigger 2

Total Triggers 600
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data. Pion-DIF events between WC2 and S1 can be distinguished
due to their higher kink angle.

7. Trigger and data acquisition system

7.1. πþ-eþνe run trigger

Pions and a fraction of beam muons and positrons (used for the
calibration of some detectors) were selected by the trigger using
energy deposit information in B1. Definition of a beam particle was
done by requiring the coincidence of the beam counters B1, B2,
and B3. A coincidence of T1 and T2 counters defined the decay-
positron signal. A coincidence of beam pion and decay positron
signals (PIE) within a time window of "300 ns to 500 ns was the
basis of the main trigger logic. Since πþ-μþ νμ decays happen
much more often than πþ-eþ νe decays, a Prescale trigger
precisely selected only 1/16 of PIE events. Meanwhile, the

πþ-eþνe events were enhanced by the Early and HE (High
Energy) triggers. The Early trigger selected decays which hap-
pened between 2 ns and 40 ns (excluding prompt events) after the
pion stop. Due to the 26 ns pion lifetime, more than 70% of the
πþ-eþνe events happen within this time range. The HE trigger

was based on a VME-module which summed the energy deposited
in the calorimeters in real time. The trigger signal was produced by
this module for events which had a high energy deposited in the
NaI(Tℓ) and CsI spectrometers. The energy threshold was set
4 MeV below the highest energy of the positron from the
πþ-μþ-eþ decay chain. Almost all the πþ-eþνe events (with
the exclusion of the tail events which extend below the eþ energy
spectrum from the πþ-μþ-eþ decay chain) were selected by
this trigger. Those three triggers constituted the “physics triggers”.
Additional triggers were used for data quality checks and calibra-
tion purposes. The Xe-lamp trigger provided flashes twice a second
to all CsI crystals. Both these triggers (Xe-lamp and Cosmic) were
intended for CsI calibration and monitoring. Finally, the Beam
positron trigger triggered on one of every 32 beam positrons to
calibrate the NaI(Tℓ) crystal. During a run, all 6 triggers were used
and several of them could be satisfied at the same time. The rates
of the various triggers are shown in Table 2. The trigger signal
issued by any of the six triggers was then latched by the pion (tπ þ )
and the positron (teþ ) timings in order to reference the gate of the
data acquisition modules to the incoming and decay particles,
respectively. These latched signals triggered the data acquisition.
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Fig. 14. Measured energy in NaI(Tℓ) and CsI array for a portion of collected data.
The vertical line denotes separation of collected events into low-energy (dominated
by πþ-μþ νμ decays) and high-energy (dominated by πþ-eþ νe decays and pile-
up).
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low-energy events. Zero time corresponds to the time of the pion stop. The solid
(red) line represents the fit function describing the πþ-μþ-eþ decay chain, the
dashed (blue) line represents the sum of backgrounds, represented by two dotted
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Fig. 16. Time spectrum defined by the time difference between T1 and B1 hits for
high-energy events. Zero time corresponds to the time of the pion stop. The solid
(red) line represents the fit function describing the πþ-eþ νe time spectrum, the
dashed (blue) line represents the πþ-μþ-eþ decay chain events which due to
pulse pile up ended up in the high energy spectrum, and the dashed line represents
the sum of the remaining background mechanisms like charged pileup and
radiative decays. (For interpretation of the references to color in this figure caption,
the reader is referred to the web version of this paper.)

Table 2
Trigger rates.

Trigger Rate (Hz)

Pion stop in target 5# 104

Physics triggers
Early trigger 160
HE trigger 170
Prescale trigger 240

Other triggers
Cosmics trigger 15
Beam Positron trigger 5
Xe lamp trigger 2

Total Triggers 600
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5.2. CsI crystal array

Each crystal within the CsI array was 25 cm (13.5 radiation
lengths) long and had pentagonal shape, with an average width of
9 cm and a height of 8 cm (4.5 radiation lengths). The crystals
were arranged to form two upstream and two downstream
concentric layers around the NaI(Tℓ). Each concentric layer of
crystals was supported by a 2 mm thick stainless steel cylinders
with a 2-mm thick fin separating and supporting every 3–5
crystals from its neighbors (6 fins per layer). The resulting array
of CsI crystals was 50 cm long and 16 cm (9 radiation lengths)
thick in the radial direction. The CsI array was continuously
flushed with nitrogen gas to keep the humidity level low. Each
crystal was read out by a fine-mesh 76.2 mm diameter Hama-
matsu R5543 PMT [13]12. The pure CsI pulse shape has two
components: fast and slow with 30 ns and 680 ns decay times
respectively. The fast component constitutes about 20% of the total
pulse. In order to suppress the slow component, a UV-transmitting
optical filter was present in front of each PMT. Each crystal had a
YalO3:Ce245Am source [15] attached to its front face to monitor the

crystal's light output and the PMT's gain. The source emits light at
a frequency of 50 Hz with similar wavelength and pulse width as
the CsI scintillation light with an equivalent energy deposit of
10 MeV. Each crystal was also connected via a quartz fiber to the
output of a Xe lamp whose flash was triggered at 2 Hz during data
taking. This Xe lamp system was implemented to monitor CsI
PMT's gains. Seven reference PMTs of the same type as the ones
used for the calorimeter were enclosed in an incubator maintained
at a constant temperature of 24.0 1C. The Xe lamp was enclosed in
an identical incubator at the same temperature. The Xe-lamp was
connected to the reference PMTs through the same system as the
CsI crystals so that any changes in the Xe-lamp output could be
tracked by the reference PMTs.13

The energy calibration of the CsI array was performed with
cosmic rays. A dedicated trigger, based on coincidence of the two
concentric CsI rings, provided a sample of cosmic ray data. The
energy peak due to minimum ionizing muons going through the
crystals was compared with a detailed Monte Carlo (MC) simula-
tion of the system to obtain the energy calibration.
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Fig. 5. The observed time difference between T2 and T1. The T1 time is determined
by fitting a waveform, while the T2 time is defined as the time of the earliest pulse
found within the waveform. Due to WLS fiber readout of T2 several pulses could be
seen for one particle. Histogram is data, and the smooth line is a Gaussian fit.
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Fig. 6. Visible energy deposited in B3 by a μþ with a kinetic energy of 4.1 MeV from
πþ-μþ νμ decay. The data is represented by points, and a Monte Carlo simulation
by the histogram. The mean visible energy is approximately 3.2 MeV due to
saturation of scintillation light.
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Fig. 7. Left: Response of the NaI(Tℓ) crystal to a positron beam of momentum 70 MeV/c. Below the full energy peak, the additional low energy peak structures are due to
photoabsorption followed by neutron escape from the crystal [16]. Right: πþ-eþ νe decay spectrumwith additional cuts for suppressing the πþ-μþ νμ decays, which can be
seen in the energy spectrum up to approximately 50 MeV. The first structure due to photoabsorption in the crystal becomes visible to the left of the main peak (from the
πþ-eþ νe decay positron at around 65 MeV) as one restricts the acceptance. The shaded histogram represents a tighter-than-nominal 40 mm radial acceptance cut and the
unfilled histogram represents the nominal acceptance cut of 60 mm.

12 The components of the magnetic background in the experimental area have
been measured to be o2 Gauss at the location of the detector, well within the
operational specifications of these fine-meshed PMTs. Before being brought to
TRIUMF, the crystals and their PMTs were used as endcap photon-veto detector in
the E949 experiment at BNL [14]

13 The Xe lamp system was found to be stable to less than 1% level and was
used for monitoring. Since the whole experimental apparatus was enclosed in the
temperature controlled tent, no temperature-dependent variations in the PMT
gains were observed, while the PMT gain degradation over time was on the order
of E1% per year.

A.A. Aguilar-Arevalo et al. / Nuclear Instruments and Methods in Physics Research A 791 (2015) 38–4642

Positron Beam: Upper limit Suppressed Spectrum: Lower Limit

R<80mm

R<30mm

t<35ns 
Tg energy deposit cut 
Tracking cuts



IWMNP 2017, Bormio (Italy) Luca Doria, TRIUMF

Low Energy Tail

23

5.2. CsI crystal array

Each crystal within the CsI array was 25 cm (13.5 radiation
lengths) long and had pentagonal shape, with an average width of
9 cm and a height of 8 cm (4.5 radiation lengths). The crystals
were arranged to form two upstream and two downstream
concentric layers around the NaI(Tℓ). Each concentric layer of
crystals was supported by a 2 mm thick stainless steel cylinders
with a 2-mm thick fin separating and supporting every 3–5
crystals from its neighbors (6 fins per layer). The resulting array
of CsI crystals was 50 cm long and 16 cm (9 radiation lengths)
thick in the radial direction. The CsI array was continuously
flushed with nitrogen gas to keep the humidity level low. Each
crystal was read out by a fine-mesh 76.2 mm diameter Hama-
matsu R5543 PMT [13]12. The pure CsI pulse shape has two
components: fast and slow with 30 ns and 680 ns decay times
respectively. The fast component constitutes about 20% of the total
pulse. In order to suppress the slow component, a UV-transmitting
optical filter was present in front of each PMT. Each crystal had a
YalO3:Ce245Am source [15] attached to its front face to monitor the

crystal's light output and the PMT's gain. The source emits light at
a frequency of 50 Hz with similar wavelength and pulse width as
the CsI scintillation light with an equivalent energy deposit of
10 MeV. Each crystal was also connected via a quartz fiber to the
output of a Xe lamp whose flash was triggered at 2 Hz during data
taking. This Xe lamp system was implemented to monitor CsI
PMT's gains. Seven reference PMTs of the same type as the ones
used for the calorimeter were enclosed in an incubator maintained
at a constant temperature of 24.0 1C. The Xe lamp was enclosed in
an identical incubator at the same temperature. The Xe-lamp was
connected to the reference PMTs through the same system as the
CsI crystals so that any changes in the Xe-lamp output could be
tracked by the reference PMTs.13

The energy calibration of the CsI array was performed with
cosmic rays. A dedicated trigger, based on coincidence of the two
concentric CsI rings, provided a sample of cosmic ray data. The
energy peak due to minimum ionizing muons going through the
crystals was compared with a detailed Monte Carlo (MC) simula-
tion of the system to obtain the energy calibration.
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Fig. 7. Left: Response of the NaI(Tℓ) crystal to a positron beam of momentum 70 MeV/c. Below the full energy peak, the additional low energy peak structures are due to
photoabsorption followed by neutron escape from the crystal [16]. Right: πþ-eþ νe decay spectrumwith additional cuts for suppressing the πþ-μþ νμ decays, which can be
seen in the energy spectrum up to approximately 50 MeV. The first structure due to photoabsorption in the crystal becomes visible to the left of the main peak (from the
πþ-eþ νe decay positron at around 65 MeV) as one restricts the acceptance. The shaded histogram represents a tighter-than-nominal 40 mm radial acceptance cut and the
unfilled histogram represents the nominal acceptance cut of 60 mm.

12 The components of the magnetic background in the experimental area have
been measured to be o2 Gauss at the location of the detector, well within the
operational specifications of these fine-meshed PMTs. Before being brought to
TRIUMF, the crystals and their PMTs were used as endcap photon-veto detector in
the E949 experiment at BNL [14]

13 The Xe lamp system was found to be stable to less than 1% level and was
used for monitoring. Since the whole experimental apparatus was enclosed in the
temperature controlled tent, no temperature-dependent variations in the PMT
gains were observed, while the PMT gain degradation over time was on the order
of E1% per year.
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5.2. CsI crystal array

Each crystal within the CsI array was 25 cm (13.5 radiation
lengths) long and had pentagonal shape, with an average width of
9 cm and a height of 8 cm (4.5 radiation lengths). The crystals
were arranged to form two upstream and two downstream
concentric layers around the NaI(Tℓ). Each concentric layer of
crystals was supported by a 2 mm thick stainless steel cylinders
with a 2-mm thick fin separating and supporting every 3–5
crystals from its neighbors (6 fins per layer). The resulting array
of CsI crystals was 50 cm long and 16 cm (9 radiation lengths)
thick in the radial direction. The CsI array was continuously
flushed with nitrogen gas to keep the humidity level low. Each
crystal was read out by a fine-mesh 76.2 mm diameter Hama-
matsu R5543 PMT [13]12. The pure CsI pulse shape has two
components: fast and slow with 30 ns and 680 ns decay times
respectively. The fast component constitutes about 20% of the total
pulse. In order to suppress the slow component, a UV-transmitting
optical filter was present in front of each PMT. Each crystal had a
YalO3:Ce245Am source [15] attached to its front face to monitor the

crystal's light output and the PMT's gain. The source emits light at
a frequency of 50 Hz with similar wavelength and pulse width as
the CsI scintillation light with an equivalent energy deposit of
10 MeV. Each crystal was also connected via a quartz fiber to the
output of a Xe lamp whose flash was triggered at 2 Hz during data
taking. This Xe lamp system was implemented to monitor CsI
PMT's gains. Seven reference PMTs of the same type as the ones
used for the calorimeter were enclosed in an incubator maintained
at a constant temperature of 24.0 1C. The Xe lamp was enclosed in
an identical incubator at the same temperature. The Xe-lamp was
connected to the reference PMTs through the same system as the
CsI crystals so that any changes in the Xe-lamp output could be
tracked by the reference PMTs.13

The energy calibration of the CsI array was performed with
cosmic rays. A dedicated trigger, based on coincidence of the two
concentric CsI rings, provided a sample of cosmic ray data. The
energy peak due to minimum ionizing muons going through the
crystals was compared with a detailed Monte Carlo (MC) simula-
tion of the system to obtain the energy calibration.
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Fig. 7. Left: Response of the NaI(Tℓ) crystal to a positron beam of momentum 70 MeV/c. Below the full energy peak, the additional low energy peak structures are due to
photoabsorption followed by neutron escape from the crystal [16]. Right: πþ-eþ νe decay spectrumwith additional cuts for suppressing the πþ-μþ νμ decays, which can be
seen in the energy spectrum up to approximately 50 MeV. The first structure due to photoabsorption in the crystal becomes visible to the left of the main peak (from the
πþ-eþ νe decay positron at around 65 MeV) as one restricts the acceptance. The shaded histogram represents a tighter-than-nominal 40 mm radial acceptance cut and the
unfilled histogram represents the nominal acceptance cut of 60 mm.

12 The components of the magnetic background in the experimental area have
been measured to be o2 Gauss at the location of the detector, well within the
operational specifications of these fine-meshed PMTs. Before being brought to
TRIUMF, the crystals and their PMTs were used as endcap photon-veto detector in
the E949 experiment at BNL [14]

13 The Xe lamp system was found to be stable to less than 1% level and was
used for monitoring. Since the whole experimental apparatus was enclosed in the
temperature controlled tent, no temperature-dependent variations in the PMT
gains were observed, while the PMT gain degradation over time was on the order
of E1% per year.
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data. Pion-DIF events between WC2 and S1 can be distinguished
due to their higher kink angle.

7. Trigger and data acquisition system

7.1. πþ-eþνe run trigger

Pions and a fraction of beam muons and positrons (used for the
calibration of some detectors) were selected by the trigger using
energy deposit information in B1. Definition of a beam particle was
done by requiring the coincidence of the beam counters B1, B2,
and B3. A coincidence of T1 and T2 counters defined the decay-
positron signal. A coincidence of beam pion and decay positron
signals (PIE) within a time window of "300 ns to 500 ns was the
basis of the main trigger logic. Since πþ-μþ νμ decays happen
much more often than πþ-eþ νe decays, a Prescale trigger
precisely selected only 1/16 of PIE events. Meanwhile, the

πþ-eþνe events were enhanced by the Early and HE (High
Energy) triggers. The Early trigger selected decays which hap-
pened between 2 ns and 40 ns (excluding prompt events) after the
pion stop. Due to the 26 ns pion lifetime, more than 70% of the
πþ-eþνe events happen within this time range. The HE trigger

was based on a VME-module which summed the energy deposited
in the calorimeters in real time. The trigger signal was produced by
this module for events which had a high energy deposited in the
NaI(Tℓ) and CsI spectrometers. The energy threshold was set
4 MeV below the highest energy of the positron from the
πþ-μþ-eþ decay chain. Almost all the πþ-eþνe events (with
the exclusion of the tail events which extend below the eþ energy
spectrum from the πþ-μþ-eþ decay chain) were selected by
this trigger. Those three triggers constituted the “physics triggers”.
Additional triggers were used for data quality checks and calibra-
tion purposes. The Xe-lamp trigger provided flashes twice a second
to all CsI crystals. Both these triggers (Xe-lamp and Cosmic) were
intended for CsI calibration and monitoring. Finally, the Beam
positron trigger triggered on one of every 32 beam positrons to
calibrate the NaI(Tℓ) crystal. During a run, all 6 triggers were used
and several of them could be satisfied at the same time. The rates
of the various triggers are shown in Table 2. The trigger signal
issued by any of the six triggers was then latched by the pion (tπ þ )
and the positron (teþ ) timings in order to reference the gate of the
data acquisition modules to the incoming and decay particles,
respectively. These latched signals triggered the data acquisition.
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Fig. 14. Measured energy in NaI(Tℓ) and CsI array for a portion of collected data.
The vertical line denotes separation of collected events into low-energy (dominated
by πþ-μþ νμ decays) and high-energy (dominated by πþ-eþ νe decays and pile-
up).
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Fig. 15. Time spectrum defined by the time difference between T1 and B1 hits for
low-energy events. Zero time corresponds to the time of the pion stop. The solid
(red) line represents the fit function describing the πþ-μþ-eþ decay chain, the
dashed (blue) line represents the sum of backgrounds, represented by two dotted
lines which correspond to muon decays and pion decays in flight. (For interpreta-
tion of the references to color in this figure caption, the reader is referred to the
web version of this paper.)
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Fig. 16. Time spectrum defined by the time difference between T1 and B1 hits for
high-energy events. Zero time corresponds to the time of the pion stop. The solid
(red) line represents the fit function describing the πþ-eþ νe time spectrum, the
dashed (blue) line represents the πþ-μþ-eþ decay chain events which due to
pulse pile up ended up in the high energy spectrum, and the dashed line represents
the sum of the remaining background mechanisms like charged pileup and
radiative decays. (For interpretation of the references to color in this figure caption,
the reader is referred to the web version of this paper.)

Table 2
Trigger rates.

Trigger Rate (Hz)

Pion stop in target 5# 104

Physics triggers
Early trigger 160
HE trigger 170
Prescale trigger 240

Other triggers
Cosmics trigger 15
Beam Positron trigger 5
Xe lamp trigger 2

Total Triggers 600
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data. Pion-DIF events between WC2 and S1 can be distinguished
due to their higher kink angle.

7. Trigger and data acquisition system

7.1. πþ-eþνe run trigger

Pions and a fraction of beam muons and positrons (used for the
calibration of some detectors) were selected by the trigger using
energy deposit information in B1. Definition of a beam particle was
done by requiring the coincidence of the beam counters B1, B2,
and B3. A coincidence of T1 and T2 counters defined the decay-
positron signal. A coincidence of beam pion and decay positron
signals (PIE) within a time window of "300 ns to 500 ns was the
basis of the main trigger logic. Since πþ-μþ νμ decays happen
much more often than πþ-eþ νe decays, a Prescale trigger
precisely selected only 1/16 of PIE events. Meanwhile, the

πþ-eþνe events were enhanced by the Early and HE (High
Energy) triggers. The Early trigger selected decays which hap-
pened between 2 ns and 40 ns (excluding prompt events) after the
pion stop. Due to the 26 ns pion lifetime, more than 70% of the
πþ-eþνe events happen within this time range. The HE trigger

was based on a VME-module which summed the energy deposited
in the calorimeters in real time. The trigger signal was produced by
this module for events which had a high energy deposited in the
NaI(Tℓ) and CsI spectrometers. The energy threshold was set
4 MeV below the highest energy of the positron from the
πþ-μþ-eþ decay chain. Almost all the πþ-eþνe events (with
the exclusion of the tail events which extend below the eþ energy
spectrum from the πþ-μþ-eþ decay chain) were selected by
this trigger. Those three triggers constituted the “physics triggers”.
Additional triggers were used for data quality checks and calibra-
tion purposes. The Xe-lamp trigger provided flashes twice a second
to all CsI crystals. Both these triggers (Xe-lamp and Cosmic) were
intended for CsI calibration and monitoring. Finally, the Beam
positron trigger triggered on one of every 32 beam positrons to
calibrate the NaI(Tℓ) crystal. During a run, all 6 triggers were used
and several of them could be satisfied at the same time. The rates
of the various triggers are shown in Table 2. The trigger signal
issued by any of the six triggers was then latched by the pion (tπ þ )
and the positron (teþ ) timings in order to reference the gate of the
data acquisition modules to the incoming and decay particles,
respectively. These latched signals triggered the data acquisition.
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Fig. 14. Measured energy in NaI(Tℓ) and CsI array for a portion of collected data.
The vertical line denotes separation of collected events into low-energy (dominated
by πþ-μþ νμ decays) and high-energy (dominated by πþ-eþ νe decays and pile-
up).
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Fig. 15. Time spectrum defined by the time difference between T1 and B1 hits for
low-energy events. Zero time corresponds to the time of the pion stop. The solid
(red) line represents the fit function describing the πþ-μþ-eþ decay chain, the
dashed (blue) line represents the sum of backgrounds, represented by two dotted
lines which correspond to muon decays and pion decays in flight. (For interpreta-
tion of the references to color in this figure caption, the reader is referred to the
web version of this paper.)
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Fig. 16. Time spectrum defined by the time difference between T1 and B1 hits for
high-energy events. Zero time corresponds to the time of the pion stop. The solid
(red) line represents the fit function describing the πþ-eþ νe time spectrum, the
dashed (blue) line represents the πþ-μþ-eþ decay chain events which due to
pulse pile up ended up in the high energy spectrum, and the dashed line represents
the sum of the remaining background mechanisms like charged pileup and
radiative decays. (For interpretation of the references to color in this figure caption,
the reader is referred to the web version of this paper.)

Table 2
Trigger rates.

Trigger Rate (Hz)

Pion stop in target 5# 104

Physics triggers
Early trigger 160
HE trigger 170
Prescale trigger 240

Other triggers
Cosmics trigger 15
Beam Positron trigger 5
Xe lamp trigger 2

Total Triggers 600
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data. Pion-DIF events between WC2 and S1 can be distinguished
due to their higher kink angle.

7. Trigger and data acquisition system

7.1. πþ-eþνe run trigger

Pions and a fraction of beam muons and positrons (used for the
calibration of some detectors) were selected by the trigger using
energy deposit information in B1. Definition of a beam particle was
done by requiring the coincidence of the beam counters B1, B2,
and B3. A coincidence of T1 and T2 counters defined the decay-
positron signal. A coincidence of beam pion and decay positron
signals (PIE) within a time window of "300 ns to 500 ns was the
basis of the main trigger logic. Since πþ-μþ νμ decays happen
much more often than πþ-eþ νe decays, a Prescale trigger
precisely selected only 1/16 of PIE events. Meanwhile, the

πþ-eþνe events were enhanced by the Early and HE (High
Energy) triggers. The Early trigger selected decays which hap-
pened between 2 ns and 40 ns (excluding prompt events) after the
pion stop. Due to the 26 ns pion lifetime, more than 70% of the
πþ-eþνe events happen within this time range. The HE trigger

was based on a VME-module which summed the energy deposited
in the calorimeters in real time. The trigger signal was produced by
this module for events which had a high energy deposited in the
NaI(Tℓ) and CsI spectrometers. The energy threshold was set
4 MeV below the highest energy of the positron from the
πþ-μþ-eþ decay chain. Almost all the πþ-eþνe events (with
the exclusion of the tail events which extend below the eþ energy
spectrum from the πþ-μþ-eþ decay chain) were selected by
this trigger. Those three triggers constituted the “physics triggers”.
Additional triggers were used for data quality checks and calibra-
tion purposes. The Xe-lamp trigger provided flashes twice a second
to all CsI crystals. Both these triggers (Xe-lamp and Cosmic) were
intended for CsI calibration and monitoring. Finally, the Beam
positron trigger triggered on one of every 32 beam positrons to
calibrate the NaI(Tℓ) crystal. During a run, all 6 triggers were used
and several of them could be satisfied at the same time. The rates
of the various triggers are shown in Table 2. The trigger signal
issued by any of the six triggers was then latched by the pion (tπ þ )
and the positron (teþ ) timings in order to reference the gate of the
data acquisition modules to the incoming and decay particles,
respectively. These latched signals triggered the data acquisition.
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Fig. 14. Measured energy in NaI(Tℓ) and CsI array for a portion of collected data.
The vertical line denotes separation of collected events into low-energy (dominated
by πþ-μþ νμ decays) and high-energy (dominated by πþ-eþ νe decays and pile-
up).
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Fig. 15. Time spectrum defined by the time difference between T1 and B1 hits for
low-energy events. Zero time corresponds to the time of the pion stop. The solid
(red) line represents the fit function describing the πþ-μþ-eþ decay chain, the
dashed (blue) line represents the sum of backgrounds, represented by two dotted
lines which correspond to muon decays and pion decays in flight. (For interpreta-
tion of the references to color in this figure caption, the reader is referred to the
web version of this paper.)
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Fig. 16. Time spectrum defined by the time difference between T1 and B1 hits for
high-energy events. Zero time corresponds to the time of the pion stop. The solid
(red) line represents the fit function describing the πþ-eþ νe time spectrum, the
dashed (blue) line represents the πþ-μþ-eþ decay chain events which due to
pulse pile up ended up in the high energy spectrum, and the dashed line represents
the sum of the remaining background mechanisms like charged pileup and
radiative decays. (For interpretation of the references to color in this figure caption,
the reader is referred to the web version of this paper.)

Table 2
Trigger rates.

Trigger Rate (Hz)

Pion stop in target 5# 104

Physics triggers
Early trigger 160
HE trigger 170
Prescale trigger 240

Other triggers
Cosmics trigger 15
Beam Positron trigger 5
Xe lamp trigger 2

Total Triggers 600
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data. Pion-DIF events between WC2 and S1 can be distinguished
due to their higher kink angle.

7. Trigger and data acquisition system

7.1. πþ-eþνe run trigger

Pions and a fraction of beam muons and positrons (used for the
calibration of some detectors) were selected by the trigger using
energy deposit information in B1. Definition of a beam particle was
done by requiring the coincidence of the beam counters B1, B2,
and B3. A coincidence of T1 and T2 counters defined the decay-
positron signal. A coincidence of beam pion and decay positron
signals (PIE) within a time window of "300 ns to 500 ns was the
basis of the main trigger logic. Since πþ-μþ νμ decays happen
much more often than πþ-eþ νe decays, a Prescale trigger
precisely selected only 1/16 of PIE events. Meanwhile, the

πþ-eþνe events were enhanced by the Early and HE (High
Energy) triggers. The Early trigger selected decays which hap-
pened between 2 ns and 40 ns (excluding prompt events) after the
pion stop. Due to the 26 ns pion lifetime, more than 70% of the
πþ-eþνe events happen within this time range. The HE trigger

was based on a VME-module which summed the energy deposited
in the calorimeters in real time. The trigger signal was produced by
this module for events which had a high energy deposited in the
NaI(Tℓ) and CsI spectrometers. The energy threshold was set
4 MeV below the highest energy of the positron from the
πþ-μþ-eþ decay chain. Almost all the πþ-eþνe events (with
the exclusion of the tail events which extend below the eþ energy
spectrum from the πþ-μþ-eþ decay chain) were selected by
this trigger. Those three triggers constituted the “physics triggers”.
Additional triggers were used for data quality checks and calibra-
tion purposes. The Xe-lamp trigger provided flashes twice a second
to all CsI crystals. Both these triggers (Xe-lamp and Cosmic) were
intended for CsI calibration and monitoring. Finally, the Beam
positron trigger triggered on one of every 32 beam positrons to
calibrate the NaI(Tℓ) crystal. During a run, all 6 triggers were used
and several of them could be satisfied at the same time. The rates
of the various triggers are shown in Table 2. The trigger signal
issued by any of the six triggers was then latched by the pion (tπ þ )
and the positron (teþ ) timings in order to reference the gate of the
data acquisition modules to the incoming and decay particles,
respectively. These latched signals triggered the data acquisition.
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Fig. 14. Measured energy in NaI(Tℓ) and CsI array for a portion of collected data.
The vertical line denotes separation of collected events into low-energy (dominated
by πþ-μþ νμ decays) and high-energy (dominated by πþ-eþ νe decays and pile-
up).
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Fig. 15. Time spectrum defined by the time difference between T1 and B1 hits for
low-energy events. Zero time corresponds to the time of the pion stop. The solid
(red) line represents the fit function describing the πþ-μþ-eþ decay chain, the
dashed (blue) line represents the sum of backgrounds, represented by two dotted
lines which correspond to muon decays and pion decays in flight. (For interpreta-
tion of the references to color in this figure caption, the reader is referred to the
web version of this paper.)
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Fig. 16. Time spectrum defined by the time difference between T1 and B1 hits for
high-energy events. Zero time corresponds to the time of the pion stop. The solid
(red) line represents the fit function describing the πþ-eþ νe time spectrum, the
dashed (blue) line represents the πþ-μþ-eþ decay chain events which due to
pulse pile up ended up in the high energy spectrum, and the dashed line represents
the sum of the remaining background mechanisms like charged pileup and
radiative decays. (For interpretation of the references to color in this figure caption,
the reader is referred to the web version of this paper.)

Table 2
Trigger rates.

Trigger Rate (Hz)

Pion stop in target 5# 104

Physics triggers
Early trigger 160
HE trigger 170
Prescale trigger 240

Other triggers
Cosmics trigger 15
Beam Positron trigger 5
Xe lamp trigger 2

Total Triggers 600
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data. Pion-DIF events between WC2 and S1 can be distinguished
due to their higher kink angle.

7. Trigger and data acquisition system

7.1. πþ-eþνe run trigger

Pions and a fraction of beam muons and positrons (used for the
calibration of some detectors) were selected by the trigger using
energy deposit information in B1. Definition of a beam particle was
done by requiring the coincidence of the beam counters B1, B2,
and B3. A coincidence of T1 and T2 counters defined the decay-
positron signal. A coincidence of beam pion and decay positron
signals (PIE) within a time window of "300 ns to 500 ns was the
basis of the main trigger logic. Since πþ-μþ νμ decays happen
much more often than πþ-eþ νe decays, a Prescale trigger
precisely selected only 1/16 of PIE events. Meanwhile, the

πþ-eþνe events were enhanced by the Early and HE (High
Energy) triggers. The Early trigger selected decays which hap-
pened between 2 ns and 40 ns (excluding prompt events) after the
pion stop. Due to the 26 ns pion lifetime, more than 70% of the
πþ-eþνe events happen within this time range. The HE trigger

was based on a VME-module which summed the energy deposited
in the calorimeters in real time. The trigger signal was produced by
this module for events which had a high energy deposited in the
NaI(Tℓ) and CsI spectrometers. The energy threshold was set
4 MeV below the highest energy of the positron from the
πþ-μþ-eþ decay chain. Almost all the πþ-eþνe events (with
the exclusion of the tail events which extend below the eþ energy
spectrum from the πþ-μþ-eþ decay chain) were selected by
this trigger. Those three triggers constituted the “physics triggers”.
Additional triggers were used for data quality checks and calibra-
tion purposes. The Xe-lamp trigger provided flashes twice a second
to all CsI crystals. Both these triggers (Xe-lamp and Cosmic) were
intended for CsI calibration and monitoring. Finally, the Beam
positron trigger triggered on one of every 32 beam positrons to
calibrate the NaI(Tℓ) crystal. During a run, all 6 triggers were used
and several of them could be satisfied at the same time. The rates
of the various triggers are shown in Table 2. The trigger signal
issued by any of the six triggers was then latched by the pion (tπ þ )
and the positron (teþ ) timings in order to reference the gate of the
data acquisition modules to the incoming and decay particles,
respectively. These latched signals triggered the data acquisition.
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Fig. 14. Measured energy in NaI(Tℓ) and CsI array for a portion of collected data.
The vertical line denotes separation of collected events into low-energy (dominated
by πþ-μþ νμ decays) and high-energy (dominated by πþ-eþ νe decays and pile-
up).
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Fig. 15. Time spectrum defined by the time difference between T1 and B1 hits for
low-energy events. Zero time corresponds to the time of the pion stop. The solid
(red) line represents the fit function describing the πþ-μþ-eþ decay chain, the
dashed (blue) line represents the sum of backgrounds, represented by two dotted
lines which correspond to muon decays and pion decays in flight. (For interpreta-
tion of the references to color in this figure caption, the reader is referred to the
web version of this paper.)

 time [ns]+e
-300 -200 -100 0 100 200 300 400 500

Ev
en

ts/
bi

n

-110

1

10

210

310

410

Fig. 16. Time spectrum defined by the time difference between T1 and B1 hits for
high-energy events. Zero time corresponds to the time of the pion stop. The solid
(red) line represents the fit function describing the πþ-eþ νe time spectrum, the
dashed (blue) line represents the πþ-μþ-eþ decay chain events which due to
pulse pile up ended up in the high energy spectrum, and the dashed line represents
the sum of the remaining background mechanisms like charged pileup and
radiative decays. (For interpretation of the references to color in this figure caption,
the reader is referred to the web version of this paper.)

Table 2
Trigger rates.

Trigger Rate (Hz)

Pion stop in target 5# 104

Physics triggers
Early trigger 160
HE trigger 170
Prescale trigger 240

Other triggers
Cosmics trigger 15
Beam Positron trigger 5
Xe lamp trigger 2

Total Triggers 600
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data. Pion-DIF events between WC2 and S1 can be distinguished
due to their higher kink angle.

7. Trigger and data acquisition system

7.1. πþ-eþνe run trigger

Pions and a fraction of beam muons and positrons (used for the
calibration of some detectors) were selected by the trigger using
energy deposit information in B1. Definition of a beam particle was
done by requiring the coincidence of the beam counters B1, B2,
and B3. A coincidence of T1 and T2 counters defined the decay-
positron signal. A coincidence of beam pion and decay positron
signals (PIE) within a time window of "300 ns to 500 ns was the
basis of the main trigger logic. Since πþ-μþ νμ decays happen
much more often than πþ-eþ νe decays, a Prescale trigger
precisely selected only 1/16 of PIE events. Meanwhile, the

πþ-eþνe events were enhanced by the Early and HE (High
Energy) triggers. The Early trigger selected decays which hap-
pened between 2 ns and 40 ns (excluding prompt events) after the
pion stop. Due to the 26 ns pion lifetime, more than 70% of the
πþ-eþνe events happen within this time range. The HE trigger

was based on a VME-module which summed the energy deposited
in the calorimeters in real time. The trigger signal was produced by
this module for events which had a high energy deposited in the
NaI(Tℓ) and CsI spectrometers. The energy threshold was set
4 MeV below the highest energy of the positron from the
πþ-μþ-eþ decay chain. Almost all the πþ-eþνe events (with
the exclusion of the tail events which extend below the eþ energy
spectrum from the πþ-μþ-eþ decay chain) were selected by
this trigger. Those three triggers constituted the “physics triggers”.
Additional triggers were used for data quality checks and calibra-
tion purposes. The Xe-lamp trigger provided flashes twice a second
to all CsI crystals. Both these triggers (Xe-lamp and Cosmic) were
intended for CsI calibration and monitoring. Finally, the Beam
positron trigger triggered on one of every 32 beam positrons to
calibrate the NaI(Tℓ) crystal. During a run, all 6 triggers were used
and several of them could be satisfied at the same time. The rates
of the various triggers are shown in Table 2. The trigger signal
issued by any of the six triggers was then latched by the pion (tπ þ )
and the positron (teþ ) timings in order to reference the gate of the
data acquisition modules to the incoming and decay particles,
respectively. These latched signals triggered the data acquisition.
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Fig. 14. Measured energy in NaI(Tℓ) and CsI array for a portion of collected data.
The vertical line denotes separation of collected events into low-energy (dominated
by πþ-μþ νμ decays) and high-energy (dominated by πþ-eþ νe decays and pile-
up).
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Fig. 15. Time spectrum defined by the time difference between T1 and B1 hits for
low-energy events. Zero time corresponds to the time of the pion stop. The solid
(red) line represents the fit function describing the πþ-μþ-eþ decay chain, the
dashed (blue) line represents the sum of backgrounds, represented by two dotted
lines which correspond to muon decays and pion decays in flight. (For interpreta-
tion of the references to color in this figure caption, the reader is referred to the
web version of this paper.)
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Fig. 16. Time spectrum defined by the time difference between T1 and B1 hits for
high-energy events. Zero time corresponds to the time of the pion stop. The solid
(red) line represents the fit function describing the πþ-eþ νe time spectrum, the
dashed (blue) line represents the πþ-μþ-eþ decay chain events which due to
pulse pile up ended up in the high energy spectrum, and the dashed line represents
the sum of the remaining background mechanisms like charged pileup and
radiative decays. (For interpretation of the references to color in this figure caption,
the reader is referred to the web version of this paper.)

Table 2
Trigger rates.

Trigger Rate (Hz)

Pion stop in target 5# 104

Physics triggers
Early trigger 160
HE trigger 170
Prescale trigger 240

Other triggers
Cosmics trigger 15
Beam Positron trigger 5
Xe lamp trigger 2

Total Triggers 600
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data. Pion-DIF events between WC2 and S1 can be distinguished
due to their higher kink angle.

7. Trigger and data acquisition system

7.1. πþ-eþνe run trigger

Pions and a fraction of beam muons and positrons (used for the
calibration of some detectors) were selected by the trigger using
energy deposit information in B1. Definition of a beam particle was
done by requiring the coincidence of the beam counters B1, B2,
and B3. A coincidence of T1 and T2 counters defined the decay-
positron signal. A coincidence of beam pion and decay positron
signals (PIE) within a time window of "300 ns to 500 ns was the
basis of the main trigger logic. Since πþ-μþ νμ decays happen
much more often than πþ-eþ νe decays, a Prescale trigger
precisely selected only 1/16 of PIE events. Meanwhile, the

πþ-eþνe events were enhanced by the Early and HE (High
Energy) triggers. The Early trigger selected decays which hap-
pened between 2 ns and 40 ns (excluding prompt events) after the
pion stop. Due to the 26 ns pion lifetime, more than 70% of the
πþ-eþνe events happen within this time range. The HE trigger

was based on a VME-module which summed the energy deposited
in the calorimeters in real time. The trigger signal was produced by
this module for events which had a high energy deposited in the
NaI(Tℓ) and CsI spectrometers. The energy threshold was set
4 MeV below the highest energy of the positron from the
πþ-μþ-eþ decay chain. Almost all the πþ-eþνe events (with
the exclusion of the tail events which extend below the eþ energy
spectrum from the πþ-μþ-eþ decay chain) were selected by
this trigger. Those three triggers constituted the “physics triggers”.
Additional triggers were used for data quality checks and calibra-
tion purposes. The Xe-lamp trigger provided flashes twice a second
to all CsI crystals. Both these triggers (Xe-lamp and Cosmic) were
intended for CsI calibration and monitoring. Finally, the Beam
positron trigger triggered on one of every 32 beam positrons to
calibrate the NaI(Tℓ) crystal. During a run, all 6 triggers were used
and several of them could be satisfied at the same time. The rates
of the various triggers are shown in Table 2. The trigger signal
issued by any of the six triggers was then latched by the pion (tπ þ )
and the positron (teþ ) timings in order to reference the gate of the
data acquisition modules to the incoming and decay particles,
respectively. These latched signals triggered the data acquisition.
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Fig. 14. Measured energy in NaI(Tℓ) and CsI array for a portion of collected data.
The vertical line denotes separation of collected events into low-energy (dominated
by πþ-μþ νμ decays) and high-energy (dominated by πþ-eþ νe decays and pile-
up).
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Fig. 15. Time spectrum defined by the time difference between T1 and B1 hits for
low-energy events. Zero time corresponds to the time of the pion stop. The solid
(red) line represents the fit function describing the πþ-μþ-eþ decay chain, the
dashed (blue) line represents the sum of backgrounds, represented by two dotted
lines which correspond to muon decays and pion decays in flight. (For interpreta-
tion of the references to color in this figure caption, the reader is referred to the
web version of this paper.)
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Fig. 16. Time spectrum defined by the time difference between T1 and B1 hits for
high-energy events. Zero time corresponds to the time of the pion stop. The solid
(red) line represents the fit function describing the πþ-eþ νe time spectrum, the
dashed (blue) line represents the πþ-μþ-eþ decay chain events which due to
pulse pile up ended up in the high energy spectrum, and the dashed line represents
the sum of the remaining background mechanisms like charged pileup and
radiative decays. (For interpretation of the references to color in this figure caption,
the reader is referred to the web version of this paper.)

Table 2
Trigger rates.

Trigger Rate (Hz)

Pion stop in target 5# 104

Physics triggers
Early trigger 160
HE trigger 170
Prescale trigger 240

Other triggers
Cosmics trigger 15
Beam Positron trigger 5
Xe lamp trigger 2

Total Triggers 600
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data. Pion-DIF events between WC2 and S1 can be distinguished
due to their higher kink angle.

7. Trigger and data acquisition system

7.1. πþ-eþνe run trigger

Pions and a fraction of beam muons and positrons (used for the
calibration of some detectors) were selected by the trigger using
energy deposit information in B1. Definition of a beam particle was
done by requiring the coincidence of the beam counters B1, B2,
and B3. A coincidence of T1 and T2 counters defined the decay-
positron signal. A coincidence of beam pion and decay positron
signals (PIE) within a time window of "300 ns to 500 ns was the
basis of the main trigger logic. Since πþ-μþ νμ decays happen
much more often than πþ-eþ νe decays, a Prescale trigger
precisely selected only 1/16 of PIE events. Meanwhile, the

πþ-eþνe events were enhanced by the Early and HE (High
Energy) triggers. The Early trigger selected decays which hap-
pened between 2 ns and 40 ns (excluding prompt events) after the
pion stop. Due to the 26 ns pion lifetime, more than 70% of the
πþ-eþνe events happen within this time range. The HE trigger

was based on a VME-module which summed the energy deposited
in the calorimeters in real time. The trigger signal was produced by
this module for events which had a high energy deposited in the
NaI(Tℓ) and CsI spectrometers. The energy threshold was set
4 MeV below the highest energy of the positron from the
πþ-μþ-eþ decay chain. Almost all the πþ-eþνe events (with
the exclusion of the tail events which extend below the eþ energy
spectrum from the πþ-μþ-eþ decay chain) were selected by
this trigger. Those three triggers constituted the “physics triggers”.
Additional triggers were used for data quality checks and calibra-
tion purposes. The Xe-lamp trigger provided flashes twice a second
to all CsI crystals. Both these triggers (Xe-lamp and Cosmic) were
intended for CsI calibration and monitoring. Finally, the Beam
positron trigger triggered on one of every 32 beam positrons to
calibrate the NaI(Tℓ) crystal. During a run, all 6 triggers were used
and several of them could be satisfied at the same time. The rates
of the various triggers are shown in Table 2. The trigger signal
issued by any of the six triggers was then latched by the pion (tπ þ )
and the positron (teþ ) timings in order to reference the gate of the
data acquisition modules to the incoming and decay particles,
respectively. These latched signals triggered the data acquisition.
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Fig. 14. Measured energy in NaI(Tℓ) and CsI array for a portion of collected data.
The vertical line denotes separation of collected events into low-energy (dominated
by πþ-μþ νμ decays) and high-energy (dominated by πþ-eþ νe decays and pile-
up).
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Fig. 15. Time spectrum defined by the time difference between T1 and B1 hits for
low-energy events. Zero time corresponds to the time of the pion stop. The solid
(red) line represents the fit function describing the πþ-μþ-eþ decay chain, the
dashed (blue) line represents the sum of backgrounds, represented by two dotted
lines which correspond to muon decays and pion decays in flight. (For interpreta-
tion of the references to color in this figure caption, the reader is referred to the
web version of this paper.)
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Fig. 16. Time spectrum defined by the time difference between T1 and B1 hits for
high-energy events. Zero time corresponds to the time of the pion stop. The solid
(red) line represents the fit function describing the πþ-eþ νe time spectrum, the
dashed (blue) line represents the πþ-μþ-eþ decay chain events which due to
pulse pile up ended up in the high energy spectrum, and the dashed line represents
the sum of the remaining background mechanisms like charged pileup and
radiative decays. (For interpretation of the references to color in this figure caption,
the reader is referred to the web version of this paper.)

Table 2
Trigger rates.

Trigger Rate (Hz)

Pion stop in target 5# 104

Physics triggers
Early trigger 160
HE trigger 170
Prescale trigger 240

Other triggers
Cosmics trigger 15
Beam Positron trigger 5
Xe lamp trigger 2

Total Triggers 600
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data. Pion-DIF events between WC2 and S1 can be distinguished
due to their higher kink angle.

7. Trigger and data acquisition system

7.1. πþ-eþνe run trigger

Pions and a fraction of beam muons and positrons (used for the
calibration of some detectors) were selected by the trigger using
energy deposit information in B1. Definition of a beam particle was
done by requiring the coincidence of the beam counters B1, B2,
and B3. A coincidence of T1 and T2 counters defined the decay-
positron signal. A coincidence of beam pion and decay positron
signals (PIE) within a time window of "300 ns to 500 ns was the
basis of the main trigger logic. Since πþ-μþ νμ decays happen
much more often than πþ-eþ νe decays, a Prescale trigger
precisely selected only 1/16 of PIE events. Meanwhile, the

πþ-eþνe events were enhanced by the Early and HE (High
Energy) triggers. The Early trigger selected decays which hap-
pened between 2 ns and 40 ns (excluding prompt events) after the
pion stop. Due to the 26 ns pion lifetime, more than 70% of the
πþ-eþνe events happen within this time range. The HE trigger

was based on a VME-module which summed the energy deposited
in the calorimeters in real time. The trigger signal was produced by
this module for events which had a high energy deposited in the
NaI(Tℓ) and CsI spectrometers. The energy threshold was set
4 MeV below the highest energy of the positron from the
πþ-μþ-eþ decay chain. Almost all the πþ-eþνe events (with
the exclusion of the tail events which extend below the eþ energy
spectrum from the πþ-μþ-eþ decay chain) were selected by
this trigger. Those three triggers constituted the “physics triggers”.
Additional triggers were used for data quality checks and calibra-
tion purposes. The Xe-lamp trigger provided flashes twice a second
to all CsI crystals. Both these triggers (Xe-lamp and Cosmic) were
intended for CsI calibration and monitoring. Finally, the Beam
positron trigger triggered on one of every 32 beam positrons to
calibrate the NaI(Tℓ) crystal. During a run, all 6 triggers were used
and several of them could be satisfied at the same time. The rates
of the various triggers are shown in Table 2. The trigger signal
issued by any of the six triggers was then latched by the pion (tπ þ )
and the positron (teþ ) timings in order to reference the gate of the
data acquisition modules to the incoming and decay particles,
respectively. These latched signals triggered the data acquisition.
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Fig. 14. Measured energy in NaI(Tℓ) and CsI array for a portion of collected data.
The vertical line denotes separation of collected events into low-energy (dominated
by πþ-μþ νμ decays) and high-energy (dominated by πþ-eþ νe decays and pile-
up).
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Fig. 15. Time spectrum defined by the time difference between T1 and B1 hits for
low-energy events. Zero time corresponds to the time of the pion stop. The solid
(red) line represents the fit function describing the πþ-μþ-eþ decay chain, the
dashed (blue) line represents the sum of backgrounds, represented by two dotted
lines which correspond to muon decays and pion decays in flight. (For interpreta-
tion of the references to color in this figure caption, the reader is referred to the
web version of this paper.)
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Fig. 16. Time spectrum defined by the time difference between T1 and B1 hits for
high-energy events. Zero time corresponds to the time of the pion stop. The solid
(red) line represents the fit function describing the πþ-eþ νe time spectrum, the
dashed (blue) line represents the πþ-μþ-eþ decay chain events which due to
pulse pile up ended up in the high energy spectrum, and the dashed line represents
the sum of the remaining background mechanisms like charged pileup and
radiative decays. (For interpretation of the references to color in this figure caption,
the reader is referred to the web version of this paper.)

Table 2
Trigger rates.

Trigger Rate (Hz)

Pion stop in target 5# 104

Physics triggers
Early trigger 160
HE trigger 170
Prescale trigger 240

Other triggers
Cosmics trigger 15
Beam Positron trigger 5
Xe lamp trigger 2

Total Triggers 600
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data. Pion-DIF events between WC2 and S1 can be distinguished
due to their higher kink angle.

7. Trigger and data acquisition system

7.1. πþ-eþνe run trigger

Pions and a fraction of beam muons and positrons (used for the
calibration of some detectors) were selected by the trigger using
energy deposit information in B1. Definition of a beam particle was
done by requiring the coincidence of the beam counters B1, B2,
and B3. A coincidence of T1 and T2 counters defined the decay-
positron signal. A coincidence of beam pion and decay positron
signals (PIE) within a time window of "300 ns to 500 ns was the
basis of the main trigger logic. Since πþ-μþ νμ decays happen
much more often than πþ-eþ νe decays, a Prescale trigger
precisely selected only 1/16 of PIE events. Meanwhile, the

πþ-eþνe events were enhanced by the Early and HE (High
Energy) triggers. The Early trigger selected decays which hap-
pened between 2 ns and 40 ns (excluding prompt events) after the
pion stop. Due to the 26 ns pion lifetime, more than 70% of the
πþ-eþνe events happen within this time range. The HE trigger

was based on a VME-module which summed the energy deposited
in the calorimeters in real time. The trigger signal was produced by
this module for events which had a high energy deposited in the
NaI(Tℓ) and CsI spectrometers. The energy threshold was set
4 MeV below the highest energy of the positron from the
πþ-μþ-eþ decay chain. Almost all the πþ-eþνe events (with
the exclusion of the tail events which extend below the eþ energy
spectrum from the πþ-μþ-eþ decay chain) were selected by
this trigger. Those three triggers constituted the “physics triggers”.
Additional triggers were used for data quality checks and calibra-
tion purposes. The Xe-lamp trigger provided flashes twice a second
to all CsI crystals. Both these triggers (Xe-lamp and Cosmic) were
intended for CsI calibration and monitoring. Finally, the Beam
positron trigger triggered on one of every 32 beam positrons to
calibrate the NaI(Tℓ) crystal. During a run, all 6 triggers were used
and several of them could be satisfied at the same time. The rates
of the various triggers are shown in Table 2. The trigger signal
issued by any of the six triggers was then latched by the pion (tπ þ )
and the positron (teþ ) timings in order to reference the gate of the
data acquisition modules to the incoming and decay particles,
respectively. These latched signals triggered the data acquisition.
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Fig. 14. Measured energy in NaI(Tℓ) and CsI array for a portion of collected data.
The vertical line denotes separation of collected events into low-energy (dominated
by πþ-μþ νμ decays) and high-energy (dominated by πþ-eþ νe decays and pile-
up).
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Fig. 15. Time spectrum defined by the time difference between T1 and B1 hits for
low-energy events. Zero time corresponds to the time of the pion stop. The solid
(red) line represents the fit function describing the πþ-μþ-eþ decay chain, the
dashed (blue) line represents the sum of backgrounds, represented by two dotted
lines which correspond to muon decays and pion decays in flight. (For interpreta-
tion of the references to color in this figure caption, the reader is referred to the
web version of this paper.)
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Fig. 16. Time spectrum defined by the time difference between T1 and B1 hits for
high-energy events. Zero time corresponds to the time of the pion stop. The solid
(red) line represents the fit function describing the πþ-eþ νe time spectrum, the
dashed (blue) line represents the πþ-μþ-eþ decay chain events which due to
pulse pile up ended up in the high energy spectrum, and the dashed line represents
the sum of the remaining background mechanisms like charged pileup and
radiative decays. (For interpretation of the references to color in this figure caption,
the reader is referred to the web version of this paper.)

Table 2
Trigger rates.

Trigger Rate (Hz)

Pion stop in target 5# 104

Physics triggers
Early trigger 160
HE trigger 170
Prescale trigger 240

Other triggers
Cosmics trigger 15
Beam Positron trigger 5
Xe lamp trigger 2

Total Triggers 600
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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
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correction of 1.48± 0.02(syst) % obtained by simulation
was added to the tail correction. Thus, the lower bound
was 2.95± 0.07(stat)± 0.08(syst) %. Combining the up-
per and lower bounds, the multiplicative tail correction
of 1.0316± 0.0012 was obtained.

Possible energy-dependent effects on t0 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. Other uncertainties included are for possible trig-
ger inefficiencies (±0.0003) and distortions due to pile-up
cuts (±0.0004).

Stability of the measured branching ratio was further
tested for dependence on many parameters, such as Ecut,
which provided confidence in the validity of the back-
ground functions and corrections. Figure 4 shows the
dependence on Ecut. The sharp drop at 50 MeV is due
to the combination of a HE-trigger threshold effect and
the muon polarization effect at the upper edge of the
π+ → µ+ → e+ spectrum; these effects are negligible at
Ecut = 52 MeV.
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FIG. 4: Dependence of the branching ratio on Ecut with re-
spect to the value at 52 MeV. The error bars indicate addi-
tional statistical and systematic uncertainties. Note the sta-
tistical uncertainty at Ecut = 52 MeV is 23 × 10−8.

Table I shows a summary of the fit uncertainties and
corrections after “unblinding”. The measured branching
ratio is RExp

e/µ = (1.2344± 0.0023(stat)± 0.0019(syst))×

10−4, consistent with previous work and the SM predic-
tion. The present result improves the test of e-µ univer-
sality compared to previous experiments by a factor of
two: ge/gµ = 0.9996 ± 0.0012 for the charged current.
Results using additional data and improved systematic
uncertainty estimates will be forthcoming.

The present measurement also results in improved
90 % confidence-level limits, based on the approach in
Ref.[18], on the neutrino mixing parameter Uei between
the weak electron-neutrino eigenstate and hypothetical
mass eigenstate mνi

[19], |Uei|2 < 0.0033/(ρe − 1) in the

mass region < 55 MeV, where ρe is a kinetic factor found
in Refs. [19, 20].

Values Uncertainties

Stat Syst

RRaw
e/µ (10−4) 1.1972 0.0022 0.0005

π,µ lifetimes 0.0001

other parameters 0.0003

excluded components 0.0005

Corrections

Acceptance 0.9991 0.0003

Low energy tail 1.0316 0.0012

Other 1.0004 0.0008

RExp
e/µ (10−4) 1.2344 0.0023 0.0019

TABLE I: The table includes the raw branching ratio with
its statistical and systematic uncertainties, the multiplicative
corrections with their errors, and the result after applying
corrections.
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Standard Model

TRIUMF

PSI
TRIUMF - NEW

⇡ ! e⌫/⇡ ! eµ

⌧ ! e/⌧ ! µ

K ! ⇡e/K ! ⇡µ

K ! e/K ! µ

W ! e/W ! µ

Phys. Rev. Lett. 115, 071801 (2015)
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Dataset BR Status

2010 1.2344 ± 0.0023 ± 0.0012 Published

2011 1.2XX ± 0.0018 ± 0.0013 Completed, blind

2012 1.2XX ± 0.0009 ± 0.00X In progress
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Dataset BR Status

2010 1.2344 ± 0.0023 ± 0.0012 Published

2011 1.2XX ± 0.0018 ± 0.0013 Completed, blind

2012 1.2XX ± 0.0009 ± 0.00X In progress

 Final Goal: 0.1% precision
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is a two-body decay

The pion decays at rest

—> Kinematics fully known if e+ is measured:

If a massive neutrino can be produced, it will 
show up as a peak in the energy spectrum.

⇡ ! e⌫

m⌫ =
p

m2
⇡ +m2

e � 2m⇡Ee
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is a two-body decay

The pion decays at rest

—> Kinematics fully known if e+ is measured:

If a massive neutrino can be produced, it will 
show up as a peak in the energy spectrum.
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⇡ ! e⌫

m⌫ =
p

m2
⇡ +m2

e � 2m⇡Ee ⇡ ! e⌫

1) Consider the suppressed spectrum 
2) Fit the spectrum with signal+bkg shapes: 

-                                 (data, t>150ns) 
- Muon decays in flight (MC) 
-                shape (MC) 

3) Set upper limits to the BR for the pion 
decay to massive neutrinos. 

⇡ ! µ⌫ ! e⌫⌫

N(⇡ ! e⌫i)UL

N(⇡ ! e⌫l)
= |Uei|2UL⇢e



IWMNP 2017, Bormio (Italy) Luca Doria, TRIUMF

Present Constraints

39

17

10�7 10�6 10�5 10�4 10�3 10�2 10�1 100 101 102 103

m4 [GeV]

10�10

10�9

10�8

10�7

10�6

10�5

10�4

10�3

10�2

10�1

100

|U
e4
|2

� decay

� !
e�

Michel

�(Z !inv)Lepton Universality

99% CL (LNC)

99% CL (LNV)

0�2�

K ! e�

(a)

10�7 10�6 10�5 10�4 10�3 10�2 10�1 100 101 102 103

m4 [GeV]

10�10

10�9

10�8

10�7

10�6

10�5

10�4

10�3

10�2

10�1

100

|U
µ
4|2

Michel

�(Z !inv)
Lepton Universality

K ! µ�

� ! µ�

99% CL

(b)

10�7 10�6 10�5 10�4 10�3 10�2 10�1 100 101 102 103

m4 [GeV]

10�10

10�9

10�8

10�7

10�6

10�5

10�4

10�3

10�2

10�1

100

|U
�
4|2

�(Z !inv)Lepton Universality

99% CL

(c)

FIG. 4: The global 99% CL upper limits on the value of (a) |Ue4|2, (b) |Uµ4|2, and (c) |U⌧4|2 as a function of m4.
See text for details and sources of each constraint. The black dashed line corresponds to |U |2 = v

2
/m

2
4, to the right

of which |U |2 values are not expected to be theoretically accessible. See text for details.

A. de Gouvêa, A. Kobach, Phys. Rev. D 93, 033005 (2016)
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Full data analysis ongoing.

D.I. Britton et al., Phys. Rev. D46, R885 (1992).

M. Aoki et al., Phys. Rev. D84, 052002 (2011).

2009 dataset
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Conclusions and Outlook

41

• Best limit on lepton universality violation established 

• Work ongoing towards full dataset analysis 

• Massive neutrino searches in the MeV range in pion and muon decays 

After >60 years the pion is still an important testing ground for the SM!

Final results coming soon: stay tuned!



Canada’s national laboratory
for particle and nuclear physics 
and accelerator-based science

TRIUMF: Alberta | British Columbia | Calgary | 
Carleton | Guelph | Manitoba | McGill | McMaster | 
Montréal | Northern British Columbia | Queen’s | 
Regina | Saint Mary’s | Simon Fraser | Toronto | 
Victoria | Western | Winnipeg | York

Thank you!
Merci!

Follow us at TRIUMFLab 


