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- Muons & Pions 

- Muon to Electron Conversion 

- The Muon Decay 

- The Pion Decay 

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

Powell

1949: H.Yukawa awarded the Nobel Prize. 

1950: C. Powell awarded the Nobel Prize

Original tracks in Powell’s Experiment
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Chapter 1

Introduction

The Standard Model (SM) of the particle physics have been surviving many experimental trials,
although it is thought not to be the "ultimate" theory but an e�ective theory at low energy. The
SM contains quarks and leptons and both have three generations. But it cannot answer why three
generations exist, and how flavors are mixed to each other. The question about the generation
and flavor is one of the greatest themes of particle physics. Theories beyond SM which give the
answer for this question is longed for, and many experiments have been searching for the hints
for the new theories.

In year 2012, the last SM particle Higgs was found at 125 GeV by ATLAS [1] and CMS [2]
collaborations at the CERN Large Hadron Collider, while no evidence beyond SM has been
discovered. The existence of the mass and the flavor mixing of neutrino is one of the few
discrepancies between experiments and the SM [3]. The mixing of the neutrino flavor can
be described by Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix [4]. Also in year 2012,
reactor and accelerator neutrino experiments revealed the last mixing angle: ✓13 to be relatively
large (9�) [5] [6] [7].

However, the mixing in the charged lepton sector has never been observed since the discovery
of the muon in year 1937 [8].

The MEG experiment has searched for µ! e� with unprecedentedly high sensitivity.

1.1 Physics motivations
When the neutrino mixing is considered, charged lepton flavor violating (CLFV) process (e.g.
µ! e�) occurs as shown in a diagram in Fig. 1.1. The probability of this decay mode is given
by Eq. (1.1). This is too small to be measured experimentally, in other words, the discovery of
the µ! e� will be an unwavering evidence of new physics.

�

µ ⌫µ ⌫e e

W

Figure 1.1: µ! e� decay via neutrino mixing, the probability amplitude is extremely small.
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B(µ! e�) =
3↵
32⇡

�������
X

i=2,3
U⇤µiUei

�m2
i1

M2
W

�������
2

⇠ 10�55, (1.1)

where Ui j is i- jth element of the PMNS matrix. The absolute value of this formula is extremely
suppressed by the fourth power of the mass di�erence between W boson and neutrinos.

1.1.1 µ! e� by theories beyond the standard model
A model-independent Lagrangian for the µ+ ! e+� process can be written as Eq. (1.2) [9].

Lµ!e� = �4GFp
2

f
mµAR µ̄R�

µ⌫eLFµ⌫ + mµAL µ̄L�
µ⌫eRFµ⌫ + (h.c.)

g
, (1.2)

where GF is Fermi coupling constant, and AR and AL are coupling constants corresponds to
µ+ ! eR

+� and µ+ ! eL
+�, respectively, and are expressed as,

AR = �
p

2e
8G2

Fm2
µ

( f ⇤E1(0) + f ⇤M1(0)), (1.3)

AL =

p
2e

8G2
Fm2
µ

( f ⇤E1(0) � f ⇤M1(0)).

fE1 and f M1 are electro-magnetic form factors when the general transition amplitude of vertex
of muon (4-momentum pµ), electron (pe) and photon (q = pµ � pe) is written as,

M = �eA⇤µ(q)ūe


( fE0(q2) + �5 f M0(q2))�⌫ (gµ⌫ � qµq⌫

q2 )

+( f M1(q2) + �5 fE1(q2))
i�µ⌫
mµ

�
uµ(pµ). (1.4)

The di�erential angular distribution is given by Eq. (1.5).

dB(µ+ ! e+�)
d cos ✓e

= 192⇡2
⇣
|AR |2(1 � Pµ cos ✓e) + |AL |2(1 + Pµ cos ✓e)

⌘
, (1.5)

where ✓e is the angle between the muon polarization and the positron momentum in the muon
rest frame, and Pµ is the magnitude of the muon polarization. AR and AL depend on the model,
so the measurement of positron emission angle with respect to polarized muon gives another
information to restrict models.

The introduction of the supersymmetry (SUSY) [10] is one of the most prevailing extensions
of the standard model. It helps the SM from the ultraviolet divergence of Higgs boson mass due
to the higher order quantum e�ect. Even in the minimum SUSY extension of the standard model
(MSSM), there are huge degrees of freedom in the parameter space. Hence, the MSSM is often
considered within the constraints to meet the phenomenological observations (pMSSM). In the
MSSM scheme, a muon can decay into a positron and a photon as in Fig. 1.2 [11].

In this example, the decay occurs via a loop of neutralino and slepton. The slepton is
spin-0 SUSY partner of lepton, and neutralino is spin-1/2 particle which is made by mixing of
SUSY partners of electro-weak boson and Higgs boson. The decay of Fig. 1.2 is possible if the
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�

µ f�0
e

fµ ee

Figure 1.2: An example of µ! e� decay in the SUSY model.

theory has non-diagonal element (mixing) in slepton mass matrix. However some mechanism
which suppresses the matrix to be almost diagonal is thought to exist, otherwise the probability
of the decay was much higher than experimental observation. Two kinds of sources of the
non-vanishing o�-diagonal element are proposed in the pMSSM scheme.

seesaw mechanism with SUSY Heavy right-handed neutrino with seesaw model is a well-
motivated candidate of the new physics. Since it can naturally explain the small neutrino mass
by introducing a right handed neutrino with a heavy Majorana mass. As the Yukawa coupling
matrix for electron and neutrino are independent, o�-diagonal elements appear in left-handed
slepton mass matrix as,

(m2
l̃ L)i j ⇡ � 1

8⇡2 (y⌫)⇤ki (y⌫)k j m2
0(3 + |A0 |2) ln(

MP

MR
), (1.6)

where y⌫ is the Yukawa coupling matrix for neutrino, m0 is the universal scalar mass, A0 is
the universal trilinear coupling, MP and MR are the Planck mass and mass of the right handed
neutrino. The e�ect from right-handed neutrino contributes only AR, in other words, only
µ+ ! e+R� occurs and thus the angular dependence will be a form of (1� Pµ cos ✓e). Figure 1.3
shows the prediction of branching ratio of µ ! e� and ⌧ ! µ� by MSSM with seesaw model
[12]. Since ✓13 is already found to be ⇠ 9�, purple region is remaining.

SUSY GUT A combination of the MSSM and Grand Unification Theory (GUT) is a candidate
for the origin of the slepton flavor mixing. The GUT is a theory to explain the electroweak
and the strong interactions using a larger gauge group which includes the gauge groups both
SU (2)L ⇥ U (1)Y and SU (3)C . The quarks and leptons are summed up into one multiplet and
newly introduced bosons causes a new kind of the interaction that transforms quarks to leptons
vice versa. The SUSY GUT is a favoured theory, because coupling constants of electromagnetic,
weak and strong interactions converge to one value as the energy scale goes up to ⇠ 1015 GeV
(GUT scale). The smallest group which satisfies the requirement is SU (5), while SO(10) or
larger groups are also the candidate of the extended theory of the SM.

The GUT as a source of LFV is suggested in [11]. This is an independent LFV source of
the see-saw mechanism, since it originates from o�-diagonal element in up-type quarks. In
the case of SU (5), LFV appears in the right-handed slepton sector (negligibly small in the
left-handed side). In this model, the higher branching ratio is expected with the larger tan �,
where � = hh2i/hh1i is the ratio of the expectation values of two Higgs fields. (h1 for down-type
quark and lepton, h2 for up-type quark.) Figure 1.4 shows the calculation with SU (5) model
[16]. In the case of SO(10), both AR and AL have non-vanishing values [17].
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and the precise measurement of the branching ratio gives an information to restrict theories.
The branching ratio in O(10�13) is a region where many theories predict and it is meaningful to
search for µ! e� in the sensitivity.

1.2 µ! e� search

1.2.1 Past experiments

The search for µ ! e� has a long history since the first result in year 1947 using cosmic
ray [22]. From the result that a muon doesn’t directly change to an electron, it turned out that
a muon is not an excited state of an electron. Then in 50s, the upper limit of the branching
ratio was improved in the experiments using accelerators, such as 2 ⇥ 10�5 in year 1954 [23],
7 ⇥ 10�7 in 1959 [24]. These results are inconsistent with the theoretical calculation under an
assumption of one "meson" [25]. The existence of the "lepton flavor" was established from these
measurements results, where it is considered that electron and muon are di�erent particles, and
there are di�erent types of neutrino to interact.

In the following decade, the search for µ ! e� was not so active, but in late 70s, intense
muon sources were becoming available, for example at Swiss Institute for Nuclear research
(SIN1), TRIUMF in Canada, and Los Alamos National Laboratory Meson Physics Facility
(LAMPF). In 1982, LAMPF group reached to the branching ratio sensitivity of 1.7⇥10�10 [26].
The world record of the branching ratio limit was overwritten with Crystal Box [27] and then
MEGA [28]. 1.2 ⇥ 10�11 set by MEGA experiment was the most stringent upper limit before
the MEG experiment was started. The history of the branching ratio improvement in the LFV
search is summarized in Fig. 1.5 [29]. Table 1.1 shows the world records of the muon LFV
search [30].

1940 1950 1960 1970 1980 1990 2000 2010 2020 2030
-1910

-1710

-1510

-1310

-1110

-910

-710

-510

-310

-110
1

Figure 1.5: History of the result of CLFV search
experiments [29].

Table 1.1: Current limits of muon
decays from Particle Data Group [30].

Mode Branching ratio C.L.
e� ⌫̄e⌫µ ⇡ 100%
e� ⌫̄e⌫µ� 1.4 ± 0.4%
e� ⌫̄e⌫µe+e� 3.4 ± 0.4 ⇥ 10�5

e�⌫e ⌫̄µ < 1.2% 90%
e+� < 5.7 ⇥ 10�13 90%
e�e+e� < 1.0 ⇥ 10�12 90%
e�2� < 7.2 ⇥ 10�11 90%

1 former organization of Paul Scherrer Institute (PSI)
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γ e → µ
  e N→ N µ

 e e e→ µ

Figure 1. – Limit on the branching ratio of flavour violating muon decays as a function of the
year. The three main clusters correspond to the usage of cosmic ray muons (until the 1950s),
stopped pion beams (until the 1970s) and stopped muon beams. Presently the best limit is that
on the µ+ ! e+� decay set by the MEG experiment [49].

searching for Charged Lepton Flavour Violation (CLFV) is the aim of the present review.
We first give a theoretical introduction to set the stage and to see in a more formal and
detailed way what we mentioned above, as well as to discuss how and why Lepton Flavour
can be violated in extensions of the Standard Model: what, in other words, makes CLFV
processes so sensitive to new physics.

We will then review the general aspects of the experimental searches and discuss
some of the present and planned experiments with particular emphasis on the transition
between the first and the second family of leptons. To this class, in fact, belong the
three most searched modes – µ+ ! e+� (“mu-to-e-gamma”), µ�N ! e�N (“mu-e-
conversion”), and µ+ ! e+e�e+ (“mu-to-three-e”) – due to the copious availability of
the parent particle in the cosmic radiation first and at dedicated accelerators afterwards.
The history of the limit on the probability of these processes is shown in Figure 1, which
starts with the first experiment performed by Hinks and Pontecorvo in 1947 [259]. They
stopped cosmic ray muons in a lead absorber and measured the coincidence between
signals from two Geiger-Müller counters: having seen no such coincidence they gave as
a limit essentially the inverse of the number of observed muons. The limits on the three
processes improved as artificial muons were produced, stopping pion beams first (until
the 1970s) and starting directly with muon beams afterwards.

These experiments give the best constraints to date to possible extensions of the Stan-
dard Model inducing CLFV, therefore they play a prominent role in this review. There

TRIUMF TPC (1987)

TRIUMF               (1977) 
MINA+TINA

µ ! e�

Nµ ! Ne

E.P. Hincks, B. Pontecorvo 
Phys. Rev. 73 257 (1948)

Doug’s PhD Thesis
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Mu2e @ FNAL (<10-16) 
COMET@JPARC (<10-16) 
DeeMee (<10-14) 
Mu3e @ PSI (<10-16)

Doug’s PhD Thesis
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New Limit on the Decay p+ ~ e+y
P. Depommier, J.-P. Martin, J.-M. Poutissou, and R. Poutissou

~boyatoi~e de Physique Nucleaixe, Univexsite de Montreal, Montreal, Quebec AC' 3J7, canada

D. Berghofer, M. D. Hasinoff, D. F. Measday, and M. Salomon
Physics Department, University of British Columbia, Vancouver, British Columbia VGTIW5, Canada

D. Bryman
TRIUMP, University of British Columbia, Vancouver, British Columbia VGTIW5, Canada

M. Dixit and J. A. Macdonald
Physics DePariment TRIUM—E, University of Victoria, Victoria, British Columbia VBW 2Y2, Canada

G. I. Opat&'&
School of Physics, University of Melbourne, Parhville, Victoria 3052, Australia

(Received 16 August 1977)

Using two large NaI detectors, a limit on the branching ratio for the p,+-e+y decay has
been found to be R& &

——Hp+—e+y)/I'(p+ —e+v v&) & 3.6x 10 at a 90% confidence level.

Evidence for the conservation of muon number
rests primarily on the absence of the processes
p. -e'y, ' p, '-e'e'e, and p. +N-e +N. ' The
present limits (90% confidence level) on these re-
actions are

I'(p, '- e'y)
I' p, e vv&

total number of pions stopped during the experi-
ment was N, = 3.61 x10".
Two NaI(Tl) crystals (TINA, 45.7 cm diam

x50.8 cm and MINA, 35.5 cm diamx35. 5 cm)

I'(p'-e'e'e )
l'(p 8 v

&(g +N-e +N)
Ru s 8 sl ( N-N) 1.6 10

(2)

(3)

)OOMeV ~+
C

Recent developments in gauge theories allow fi-
nite values for these ratios, usually by postulat-
ing the existence of new intermediate leptons. 4
If muon-number nonconservation does occur, the
relative values of the ratios (1), (2), and (3) will
help distinguish among models.
%e report here the results of a new search for

the p, '-e'y decay carried out at TRIUMF using
two large NaI(Tl) crystals. The experiment was
performed on the stopped v/p. channel (M9) with
a 1 00- eMV/c beam composed of 61% v+, 29% g',
and 10% e'. The setup is shown in Fig. 1. Pions
were stopped in a j.5~15x0.6 cm' scintillation-
counter target (counter 3) oriented at 20' to the
incident beam. The stopping rate was 2 x10'/sec;
the decay m'- p. 'v„was the source of muons. The

C H degr ader2 2
IDES//8///g

I

M I NA
I

36@ X 36

wuuuuuuuz
LEAD

VA ~RoN

EE/XDWEX////XZPYX8

p
ggP

I

g F/~

&/zuuuuuuuuu~a

Tl NA
46+ X 51

~0 CH

FIG. 1. Diagram of the setup used in the present ex-
periment. The scintillation counters Nos. 1—10 (thick-
ness not to scale) were used to identify charged parti-
cles.
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To obtain an upper limit on the branching ratio
we use the Poisson distribution

P„(n) = (u"jn! ) exp(- u),
where u =~R+b, n =1 is the observed number of
events and, b =1.74 is the expected number of
background events. c is the effective number of
trials

e = (0/4m)e, eser V„=5.96x10'.
At a 9o confidence level"" we find an upper
limit for the branching ratio for the p+-e+y de-
cay,

R„, (3.6 x10
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the NaI signals were affected by pileup and therefore
this effect contributed only a small broadening of our
experimental resolution.
J. Spuller et al. , Phys. Lett. 67B, 479 (1977'.
P. Depommier et al. , Nucl. Phys. B4, 189 (1968).

' P. Depommier et al. , Phys. Lett. 7, 285 (1968). The
value A& quoted has been calculated using the value of
y (ratio of axial-vector to vector form factor ) of P. De-
pommier et al. corrected for the latest value of the vr

lifetime [T~p = (0.828+ 0.057) & 10 ' sec].
"Using the experimentally measure NaI line shape,
we estimate that 68/0 of all particles with incident ener-
gy, I', will deposit an energy in the NaI greater than
E—0.5m (PWHM).
2Particle Data Group, Rev. Mod. Phys. 48, 44 (1976).
Handbook of Mathematical Punctions, edited by

M. Abramovitz and I. Stegun (National Bureau of Stan-
dards, Washington, D. C., 1964), Vol. 55.

Whirlpools in the Sea: Polarization of Antiquarks in a Spinning Proton

F. E. Close
Rutherford Laboratory, Chilton Didcot, Oxfordshire OX11 OQX, England, and Argonne ¹tional Laboratory,

Argonne, Illinois 60439

Dennis Sivers
Argonne ¹tional Laboratory, High Energy Physics Division, Argonne, Illinois 60439

(Received 3 August 1977)

We argue that the sea of virtual quark-antiquark pairs in a proton is polarized. Quan-
tum chromodynamics allows a valence quark to emit a gluon which then produces pairs.
If the parent quark in this process exhibits a (1—x) 3 behavior as x—1 then the antiquark
with helicity the same as the original quark will have a leading (1—x) distribution. Im-
plications for the counting rules and for polarized Drell- Yan annihilation are discussed.

In our current picture of the proton it contains
not only three valence quarks but also an indefi-
nite number of color-SU(3) gauge bosons and
quark-antiquark pairs. We usually refer to these
extra objects as "gluons" and "the sea", respec-

tively. It is a widely held belief that the sea is
unpolarized. '
The simplest nucleon configuration consists of

just the valence quarks. The sea can be generat-
ed by the valence quarks emitting gluons which
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New Limit on the Decay p+ ~ e+y
P. Depommier, J.-P. Martin, J.-M. Poutissou, and R. Poutissou

~boyatoi~e de Physique Nucleaixe, Univexsite de Montreal, Montreal, Quebec AC' 3J7, canada

D. Berghofer, M. D. Hasinoff, D. F. Measday, and M. Salomon
Physics Department, University of British Columbia, Vancouver, British Columbia VGTIW5, Canada

D. Bryman
TRIUMP, University of British Columbia, Vancouver, British Columbia VGTIW5, Canada

M. Dixit and J. A. Macdonald
Physics DePariment TRIUM—E, University of Victoria, Victoria, British Columbia VBW 2Y2, Canada

G. I. Opat&'&
School of Physics, University of Melbourne, Parhville, Victoria 3052, Australia

(Received 16 August 1977)

Using two large NaI detectors, a limit on the branching ratio for the p,+-e+y decay has
been found to be R& &

——Hp+—e+y)/I'(p+ —e+v v&) & 3.6x 10 at a 90% confidence level.

Evidence for the conservation of muon number
rests primarily on the absence of the processes
p. -e'y, ' p, '-e'e'e, and p. +N-e +N. ' The
present limits (90% confidence level) on these re-
actions are

I'(p, '- e'y)
I' p, e vv&

total number of pions stopped during the experi-
ment was N, = 3.61 x10".
Two NaI(Tl) crystals (TINA, 45.7 cm diam

x50.8 cm and MINA, 35.5 cm diamx35. 5 cm)

I'(p'-e'e'e )
l'(p 8 v

&(g +N-e +N)
Ru s 8 sl ( N-N) 1.6 10

(2)

(3)

)OOMeV ~+
C

Recent developments in gauge theories allow fi-
nite values for these ratios, usually by postulat-
ing the existence of new intermediate leptons. 4
If muon-number nonconservation does occur, the
relative values of the ratios (1), (2), and (3) will
help distinguish among models.
%e report here the results of a new search for

the p, '-e'y decay carried out at TRIUMF using
two large NaI(Tl) crystals. The experiment was
performed on the stopped v/p. channel (M9) with
a 1 00- eMV/c beam composed of 61% v+, 29% g',
and 10% e'. The setup is shown in Fig. 1. Pions
were stopped in a j.5~15x0.6 cm' scintillation-
counter target (counter 3) oriented at 20' to the
incident beam. The stopping rate was 2 x10'/sec;
the decay m'- p. 'v„was the source of muons. The
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FIG. 1. Diagram of the setup used in the present ex-
periment. The scintillation counters Nos. 1—10 (thick-
ness not to scale) were used to identify charged parti-
cles.
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Search for muon-electron and muon-positron conversion

S. Ahmad, ' G. Azuelos, M. Blecher, ' D. A. Bryman, ' R. A. Burnham, E. T. H. Clifford, '
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P. Schlatter, ' J. Spuller, and J. Summharnmer'&
TRIUMF and University of Victoria, Victoria, British Columbia, Canada V88'2Y2
TRIUMF, 4004 8'esbrook Mall, Vancouver, British Columbia, Canada V6T 2A3
Virginia Polytechnic Institute and State University, Blacksburg, Virginia 24061
University ofBritish Columbia, Vancouver, British Columbia, Canada V6T2A6

Universite de Montreal, Montreal, Quebec, Canada H3C 3J7
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(Received 3 May 1988)

Limits on the lepton-flavor-violating reactions p +Z~e +Z and p +Z~e +(Z —2),
muon-electron and muon-positron conversion, have been obtained from a search performed at
TRIUMF using a time-projection chamber. Upper limits (90% C.L.) for. the branching ratios com-
pared to ordinary muon capture for a titanium target are R (Ti)=1 (p Ti~e Ti)/
I (p Ti capture) (4.6)&10 ' and R+(Ti)=I (p Ti~e+Ca )/I (p Ti capture)(1. 7)&10 ' . A
smaller data set obtained using a lead target yielded R (Pb) (4.9&(10 ' . The implications of
these results for extensions of the standard model which allow lepton-flavor violation are discussed.

I. INTRODUCTION
A variety of observations provide evidence that the

electroweak properties of the electron, muon, and tau
lepton are identical. These rneasurernents include muon
and electron gyromagnetic ratios, muon, pion, and tau
decays, electron and muon scattering, and the energy lev-
els of ordinary and muonic atoms. Nevertheless, decay
and conversion processes which exhibit lepton-flavor
violation (LFV) such as

and

p e+3' ~

~~I +r
p +Z~e +Z, (3)

p +Z~e++(Z —2), (4)

1 (e v),
L = ' —1 (e+v, ),

0 (all other particles),

(p v„),
L„= 1 (p+v )

0 (all other particles) .

where Z is a nucleus of atomic number Z, have not been
observed.
Prior to the Weinberg-Salam-Glashow' (WSG) gauge

theory of weak and electromagnetic interactions, different
flavor quantum numbers were assigned to the muon, the
electron, and their associated neutrinos in a variety of
ways. For example, in the additive lepton-number
scheme the assignments are

Flavor conservation was accounted for by assuming that
both QL„and gL, were conserved separately. In the
language of gauge theories, there is no apparent global
symmetry of the Lagrangian associated with the presence
of universally conserved quantities such as L, and L„,
and a conservation law for lepton flavors must therefore
be regarded as an ad hoc prescription. It would seem
more plausible that the suppression of processes such as
(1)—(4) arises naturally frotn some dynamical mechanism
rather than from an absolute conservation principle.
The standard WSG theory incorporates lepton-flavor

conservation only by assuming distinct massless neutri-
nos for the different lepton flavors. Small neutrino
masses at the level of current experimental limits would
result in rates of flavor-changing reactions far below
presently detectable levels. Although the minimal theory
is in agreement with observation it is still far from com-
pletely satisfactory. In particular, it does not account for
the replication of generations of fundamental particles or
for the observed fermion mass spectrum and does not
deal with the relationships between quarks and leptons.
Additions to the theory will be required to address

these issues. Many extensions of the standard model
have been proposed in which LFV arises naturally. Gen-
erally, new particles are required such as additional lep-
tons, Majorana particles, " additional Higgs parti-
cles, ' ' leptoquarks, ' ' ' and gauge bosons' ' in
horizontal gauge models, scalar supersyrnmetric partners
of fermions, ' ' or familons. The observation of LFV
reactions would provide unambiguous evidence for new
effects. Even if LFV reactions are not observed, upper
limits for such processes can set limits on the masses of
such hypothetical particles.
In several models the coherent action of the nuclear

quarks in reaction (3) leads to enhancement of muon-
electron conversion thereby making it potentially a sensi-
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FIG. 1. A perspective view of TPC. The numbered elements
are 1, magnet iron; 2, magnet coil; 3, exterior trigger scintilla-
tors, a, 8' counters, b, E counters; 4, exterior trigger wire
chambers EWC; 5, TPC end-cap support frame; 6, central
electric-field cage wires; 7, central high-voltage plane; 8, outer
electric-field cage wires; 9, interior (I) trigger scintillators; 10,
interior cylindrical wire chamber IWC; 11, TPC end-cap pro-
portional wire modules for track detection. The detail shows
the arrangement of the grid and anode wires and cathode pads.

TABLE I. TPC characteristics.
Drift volume
Drift field
Electron drift velocity
Maximum drift length
Chamber gas
No. of sectors
No. of proportional wires per sector
No. of segmented cathode pads per sector
Proportional-wire diameter
Proportional-wire voltage
Proportional-wire gain
Minimum rP resolution
z resolution

1.15 m'
25 kv/ITI
0.07 m/ps
0.343 m

80:20 Ar:CH4
12
12
636

20 pm
1750 V
=5X104

=200 pm o
0.5 mm o.

cated at the TPC midplane and by dual field cages with a
gradient potential.
At each end of the hexagonal TPC are six sectors with

12 proportional wires each, which detect the ionization
electrons. Track coordinates in the rP (transverse) plane
are obtained from the anode wire position and from the
distribution of induced charge on the segmented cathode
pads located every 6 mm along the wire's length. The Z
(axial) coordinate is obtained from the drift time which
could extend up to 5 ps. Thus, up to 12 sets of three-
dimensional position coordinates are obtained on the hel-
ical track of a charged particle. From the cathode pulse
heights up to 12 samples of energy-loss (dE/dX) infor-
mation are also obtained and can be used to distinguish

electrons from heavy particles.
The proportional wires and cathode pads are located in

individual channels in the end plates as shown in Fig. 1
and are separated from the main drift volume by a system
of grid wires which are normally biased to block ioniza-
tion electrons from reaching the anode wires. When an
event trigger is generated the grid potentials are switched
to match the drift field, allowing the ionization to reach
the wires. This substantially reduces the rate on the
wires and increases the rate capability of the chamber.
Also reduced are aging effects and drift-field distortion
due to positive ions generated in the proportional cascade
that drift back into the main chamber volume.
All 144 anode wires are read out individually, whereas

the pads of the segmented cathode are multiplexed.
There are 636 pads per sector, and an individual pad on
each sector is connected in parallel to the corresponding
pads on every other sector. The anode signals were
amplified with on-board hybrid preamplifiers. The pad
signals were amplified externally using LeCroy TRA510
amplifiers.
In the TPC, transverse diffusion of drifting ionization

electrons was suppressed by the arrangement of the
parallel electric and magnetic fields, since the electrons
tended to spiral around the field lines. The suppression is
given by D(B)=D(0)I+1+co r where D(B) is the
transverse diffusion coefficient at magnetic field 8,
co=e8/m, c is the cyclotron frequency, and w is the mean
time between collisions in the gas. Longitudinal diffusion
is unaffected by the parallel fields configuration. The gas
mixture used, 80:20 argon:methane, ' is also well suited
to TPC operation because it gives a good ionization rate
and a reasonably high drift velocity of V&——0.07 m ps
at an electric field F. =25 kV m
The position resolution is inAuenced by transverse

diff'usion of the drifting ionization and by nonparallel
electric and magnetic field (EXB) effects near the pro-
portional wires. (The electric field is cylindrically sym-
metric about the proportional wires in this region. ) The
Lorentz force due to radial components in the electric
field affects the width of the avalanche distribution at the
anode wire. The resolution is, therefore, a sensitive func-
tion of the angle the track makes with respect to the
wires as shown in Fig. 2. Tracks from negatively charged
particles tend to cross the wires at favorable angles due to
their curvature and therefore the cathode charge distri-
butions are narrower than those from positively charged
particles.
The TPC, beam counters, and trigger counters were

mounted in a large-volume magnet which was obtained
from the University of Chicago. The useable volume was
1.5 mal. 2 m&(0.9 m. The main coil consisted of 22
water-cooled aluminum-coil pancakes of 16 turns each
operated at 1750 A. Together with two end coils of 4
pancakes each operated at 410 A, an axial field of 0.9 T
was produced with a uniformity of 58/8 (0.3%. A 20-
cm-diameter hole in each pole allowed access for the
beam, beam scintillation counters, inner trigger counters,
light guides, and cables. The magnet settings were moni-
tored and recorded with each data buffer using a locking
NMR magnetometer read by a CAMAC register and us-
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FIG. 2. The spatial rms resolution (cr ) of the deviations from
the track fit in the direction along the wire as a function of the
crossing angle 0. The points and crosses were taken before and
after the gated grid system (Ref. 40) was installed. The curve is
a fit described in Ref. 39.

ing a scanning analogue-to-digital converter (ADC) to
measure the power-supply shunt currents.
The detector system was routinely calibrated and mon-

itored by measuring the monoenergetic (69-MeV/c) posi-
trons from the decay ~+~e+v, . During these pion cali-
bration runs the magnetic field was reduced to 0.6 T so
that the curvature for 69-MeV/c positrons approximately
matched that of 100-MeV/c electrons at 0.9 T.

C. Muon and pion beams

The detection system was mounted at the end of a 10-
m extension to the M9 stopped m/p channel at TRIUMF
(Ref. 42) as shown in Fig. 3. M9 views a 10-cm-long
beryllium production target at 135' with respect to the in-
cident proton beam with a solid-angle acceptance of =25
msr. The proton beam (500 MeV, 140 IuA) had a micro-
structure of 5-ns long pulses every 43.3 ns.
The 73-MeV/c negative-muon beam was composed of

cloud muons produced by pion decay near the production
target. The muon flux incident on the beam counters was

typically 1.3X10 s ' with a 10% 5P/P [full width at
half maximum (FWHM)] momentum spread and 6X10
cm beam spot. A stop rate in the Ti target of 10 s
was achieved. After the 19-m drift from the production
target to the detector the raw beam composition is
~/p= 1 and e/@=10. The electrons merely cause a rate
problem in the beam counters, but the pions pose a seri-
ous background problem due to capture in the target, and
must be suppressed to a factor of 10 ' per muon.
The first factor of 10 in pion suppression was achieved

using a radio-frequency (rf) particle separator in the
beam line. A resonating structure including a pair of 1-
m-long plates separated by a 15-cm gap was driven at the
cyclotron frequency (23 MHz) to produce a 20-kV/cm
peak transverse rf field. The phase was tuned with
respect to the time structure of the beam so that
deflection of muons in a crossed 0.01-T magnetic field
was canceled. Pions and electrons passed through the
separator when the electric field was out of phase and
were deflected. After the separator, the beam composi-
tion was m/p =10, e /p = 10 . The stopping-range
separation between 73-MeV/c pions and muons led to a
further order-of-magnitude reduction in the pion contam-
ination of beam reaching the experimental Ti target.
The contamination of pions in the beam was deter-

mined by measuring the momentum spectrum of prompt
protons associated with beam pions stopping in the Ti
target. There is good separation between protons pro-
duced from muon capture which have maximum momen-
tum =400 MeV/c and those from pion capture which
have median momentum =400 MeV/c. The normaliza-
tion was obtained by counting protons above 400 MeV/c
produced by stopping ~ from a pion beam in the target.
The observed m. contamination in the muon beam was
found to be 2X10 ' per muon. The additional pion
suppression required was obtained from the beam
counter signals as described in Sec. II E.
For the detector calibrations using the decay

~+~e+v, the beam-line polarity was reversed, the
momentum tuned to 89 MeV/c to stop positive pions in
the center of the target, and the rf separator phase was
tuned to transmit pions. Stopping pion rates in the range
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FIG. 3. The M9 stopped m/p channel at TRIUMF.
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Mean m~ev efficiency
Muons misidentified as pions
of circle fit

Live-time window
Momentum window AI',

0.06
0.41
0.92
0.93
0.83

Overall acceptance 0.018

TABLE III. Efficiency correction factors for Pb-target runs. I (p +Pb e +Pb)
I (p Pb capture)

(3.9 f, g (f,NLT A), '=4.9)(10 (18)

where f, =0.972 is the capture fraction in Pb determined
from the mean disappearance time rd 72——.3 ns (Ref. 38).

V. DISCUSSION
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p,—e conversion

MeV/e was selected for evaluation of candidate events
which would contain 83% of p ~e events as deter-
mined by a Monte Carlo calculation similar to that made
for Ti. The mean overall acceptance for the Pb-target
data was ( A )-0.018.
A total of NLT ——0.53/10' live times were recorded

corresponding to 0.44)&10' captures in Pb. The resul-
tant e momentum spectrum is shown in Fig. 18(a).
There is one candidate event in the window 5P, . Based
on a Monte Carlo —generated e spectrum for bound p
decay in Pb using a calculation of Watanabe, Fukui, Oht-
subo, and Morita, a few events are to be expected from
bound p decay in the momentum window 5P, . In ad-
dition backgrounds from radiative p and m capture pro-
cesses can be expected to be enhanced considerably for a
heavy target such as Pb compared to Ti. Figure 18(b)
shows the expected p~e conversion peak in Pb assuming
a branching ratio of 10
Assuming Poisson statistics for one observed event a

90%-confidence-level upper limit on p ~e conversion
in Pb is given by

Calculations of the rates for LFV processes have been
carried out in a wide variety of models. However, abso-
lute rates are di%cult to predict due to unknown cou-
plings and masses of the hypothetical exchange particles
which mediate the interactions. Nevertheless it is gen-
erally possible to compare the relative sensitivity of the
various LFV processes for which upper limits are known,
and examine the constraints placed on masses and cou-
plings in each type of model. A sample of theoretical ap-
proaches which highlight the sensitivity of muon-electron
conversion to new effects is discussed below.
According to Shanker, ' the branching ratio for

muon-electron conversion R (Z) of Eq. (6) can be ex-
pressed phenomenologically in a model-independent way
as

R (Z)=[g, +g„'(Z N)/3A] —F(Z) (19)

O

CO

Pb

C.~ 0—
C)

1—
C3

GOO
CO

for the vector-dominant case of the ground-state-to-
ground-state transition. In Eq. (19) F(Z)=cps/co where
co is the rate for ordinary muon capture and cu includes
the charge form factor for the conversion process and is
constant for a given nucleus. Shanker ' has calculated
F(Z) for several nuclei, and g„and g„' are calculable in a
given model.
Results from at least two nuclei are required to place

bounds on both g„and g„'. The allowable phase space for
these coupling constants is shown in Fig. 19 by the area
bounded by the three pairs of parallel lines obtained from

O

70 80 90 100 110 120 130
Electron Momentum (MeV/c)

-2-6 I I I I I

2 0 2 4

Isovector coupling 10 g"
V

FIG. 18. Electron momentum spectrum from the Pb target.
{a) Data and (b) Monte Carlo simulation of muon-electron con-
version for R (Pb}=10

FIG. 19. Phase space of hypothetical isoscalar and isovector
coupling constants constrained to the shaded area by the limits
in Ti, Pb, and S for muon-electron conversion.

Electron-muon conversion experiment with TPC. 
Believed to be the first experiment ever collecting 
data with a TPC (newly invented by D.R. Nygren)!

M9 Beamline
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Experiments at the M13 Beamline
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“Hector” 
LRL Berkely 
0.74 T 
350A max 
1.2x2.4x1.1m 
17.2 tons 
Gap: 7.65’’ 
45deg bend

“Leander” 
LRL Berkeley 
0.64 T 
300A max 
1.3x2.5x1.3m 
22 tons 
Gap: 7.65’’ 
45deg bend

Data from G. Clark
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COMMISSIONING OF A NEW LOW ENERGY, •• CHANNEL AT TRIUMF 

C.J. Oram, J.B. Warren and G.H. Marshall 

Physias Department, University of British Columbia 
Vancouver, B.C., Canada V6T 2A6 

J. Doornbos 
TRWMP, Vancouver, B.C., CaMda V6T 2A3 

Abstract 

The TRIUHF high luminosity low energy channel H13 Is described 

and Its performance compared with design values. Beam line momentum 

resolution measurements, using a solid state detector, are described. 

The measured effect on surface muon flux of the position of the primary 

beam on the production target is compared with a simple model. 

(submitted to Nuclear Instruments & Methods) 

- 2 -

I. Introduction 

The H13 beam line at TRIUHF is a low energy (20-130 HeV/c) pion and 

muon channell), It views the TRIUHF IATI production target at 135• with 

respect to the primary 500 HeV proton beam. The beam line has two 6o• 

bends, the first right, the second left, and Is 9.4 m long (to F3). 

Figure I shows the layout of the beam line and location of the three foci, 

the slits and the jaws. 

The beam line was Initially tuned using a broad energy alpha source 

and a surface barrier detector, so as to minimize the requirement for 

primary beam time for tuning. Final tuning was achieved by using an un-

coated 1.45 .m long pyrolltlc graphite target at IATI. 

While the measurements In this paper were being made the maximum 

momentum of the beam line was 100 HeV/c; however, with the new power 

supplies now Installed the beam line operates over Its designed range 

(20-130 HeV/c). 

2. Alpha source measurements 

2. 1 APPARATUS 

A source with two lines at 5.81 and 5.77 HeV was used. The 

source had a thick window giving It a spectrum with a peak at HeV 

and an 8% energy spread (FWHH). Since the alphas have charge +2, the 

equivalent momentum Is 91 HeV/c for a singly charged particle, The source 

was mounted at the IATI target position and could be traversed both horl-

zontally, along the proton. beam direction, and vertically. 

A surface barrier detector with resolution of 30 keV (FWHH) was 

mounted at the focus being studied. It had a square aperture of either 

3/8" or 3116" and could be moved in the plane perpendicular to the beam 

axis. 

Nucl. Instr. Meth. 179-1, 95-103 (1981) 
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Michel parameter description
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Louis Michel  
(1923-1999)

The Michel Decay
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Figure 1.1: Theoretical momentum-angle spectrum of the decay positron from polar-
ized muons. This spectrum uses the Standard Model values for the decay parameters
and do not contain any radiative correction. The definition of cos θ corresponds here
to the experimental angle.

decay parameters are:

ρ =
3

4
, η = 0, ξ = 1, δ =

3

4
(1.11)

The parameter ξ cannot be measured independently because it appears in Eq.

(1.4) as a product of the muon polarization Pµ. Consequently only the combination

Pµξ can be measured from the momentum-angle spectrum shape. The Standard

Model prediction for the polarization P π
µ at the time of the muon production from

pion decay leads to:

P π
µ ξ = 1. (1.12)

The measured polarization differs from the polarization at the time of the muon

production because of depolarization processes. Therefore the determination of P π
µ ξ

from our measurement of Pµξ relies on the knowledge of the depolarization processes.
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and do not contain any radiative correction. The definition of cos θ corresponds here
to the experimental angle.
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The TWIST Experiment

CIPANP06, June 1, 2006 G.M. Marshall, Muon decay with TWIST2

The T RIUMF Weak Interaction 
Symmetry T est

� Tests Standard Model 
predictions for muon
decay.

� Uses highly polarized μ+

beam.
� Stops μ+ in a very 

symmetric detector.
� Tracks e+ through 

uniform, well-known field.
� Extracts decay 

parameters by 
comparison to detailed 
and verified simulation.

CIPANP06, June 1, 2006 G.M. Marshall, Muon decay with TWIST3

Michel parameter description

�Muon decay (Michel) parameters ρ, η, Pμξ, δ
� muon differential decay rate vs. energy and angle:

� where

� and 

Louis Michel

θ
pe

Pμ

A high precision measurement of the decay distribution of polarized muons.

TRIUMF Weak Interaction Symmetry Test
(E614)

16

z

y

(a)

x

y
uv

(b)

Figure 2.5: The side cross section of the detector (Fig. (a)) shows the 56 planar
wire chambers installed symmetrically around the muon stopping target. A system
of pneumatic cylinders keep precisely in place the chambers for the duration of the
run period. The wires are oriented parallel to the u or v axis (u plane shown on Fig.
(b)). The uvz coordinate system is equivalent to the xyz coordinate system rotated
by 45◦ around the z axis.

M13 Beamline

Nucl. Instr. and Meth. A548 (2005) 306-335
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The TWIST Detector
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UBC, November 10, 2005 G.M. Marshall, Muon decay with TWIST21

Support cradle

Array of 56 detector planes in the support cradle

UBC, November 10, 2005 G.M. Marshall, Muon decay with TWIST39

The TEC

x y

θyθx

The TEC (time expansion chamber) is a transverse drift chamber
operating at 0.08 bar, separated from beam vacuum by 6 μm Mylar

windows. It has two modules, one for x and one for y.

W. Faszer

G. Sheffer (1952-2016)

Time Expansion Chambers

Planar Wire Chambers (44 DC + 12 PC)Support Cradle MRI Magnet (2T)

DETECTOR 
2T field (0.5g precision) 
44 Drift Chambers + 12 Prop. Chambers 
2 TECs for beam monitoring 
Al / Ag muon stopping foil + var. density gas degrader 

ANALYSIS 
1010 muon decays in 14 datasets analyzed. 
Strategy: Compare well tested MC to data —> extract mu decay parameters 
BLIND ANALYSIS (MC used hidden parameters with encryption key) 
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Blind Analysis

15

UBC, November 10, 2005 G.M. Marshall, Muon decay with TWIST30

Revealing the hidden parameters

� The base set is 
generated using 
unknown, hidden 
values of (λMC).

� All systematic 
uncertainties as well 
as offsets Δλ are 
confirmed prior to 
revealing hidden 
values.

(First ) Attempt to retrieve the CD 
with blind-analysis keys. 
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Revealing the hidden parameters

� The base set is 
generated using 
unknown, hidden 
values of (λMC).

� All systematic 
uncertainties as well 
as offsets Δλ are 
confirmed prior to 
revealing hidden 
values.

(First ) Attempt to retrieve the CD 
with blind-analysis keys. 

UBC, November 10, 2005 G.M. Marshall, Muon decay with TWIST31

The next step...

“Do you by any chance have 
the real TWIST disk?”

“Yes!”..ehm..
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as offsets Δλ are 
confirmed prior to 
revealing hidden 
values.

(First ) Attempt to retrieve the CD 
with blind-analysis keys. 

UBC, November 10, 2005 G.M. Marshall, Muon decay with TWIST31

The next step...

“Do you by any chance have 
the real TWIST disk?”

“Yes!”..ehm..

UBC, November 10, 2005 G.M. Marshall, Muon decay with TWIST31

The next step...

“Do you by any chance have 
the real TWIST disk?”

“Yes!”
…found!
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Results

Pushing the limits of muon
decay with TWIST

Glen Marshall, for the TWIST Collaboration
UBC Colloquium, November 10, 2005

The TWIST Collaboration

the data. The data spectrum was fit to a linear combination of the simulated spectrum and

a set of “derivative” spectra with a �

2
statistic to determine the di↵erence in the MDPs ⇢, ⇠,

and ⇠�. This approach is possible because spectrum has a linear dependence on the muon decay

parameters.

The di↵erence in momentum scales between data and MC is angle dependent and significant

relative to the precision goals of TWIST; �p/W✏µ ⇠ (10 keV/c )/52.828 MeV/c ⇠ 2 ⇥ 10

�4
.

The momentum calibration was corrected in the data by removing the linear interpolation of

the di↵erences with respect to 1/| cos ✓| from each event. The nature of this correction as a

function of momentum is unknown so its implementation was a systematic uncertainty. Two

di↵erent calibration methods were used; a momentum shift pec = praw + �p, and a scaling

pec = praw/(1��p/W✏µ). MDPs were taken to be the average value from the two methods.

4. Systematics

TWIST is a systematics limited experiment so a majority of e↵ort in the experiment was

spent controlling and understanding systematic e↵ects on the decay spectrum. The systematic

uncertainties are shown in Fig.1. Systematics are categorized as target material specific, common

to all data sets, and specific to measurements involving the polarization. The positron interaction

systematics are examples of the systematic evaluation. The di↵erence between data and MC is

less than 1% for delta ray production and 2.4% for bremsstrahlung production. The uncertainties

in the muon decay parameters were measured from special MCs which exaggerate the e↵ect of

these positron interactions fit to a nominal MC. MDP di↵erences from this fit, scaled relative

to the interaction di↵erence between data and MC, are the systematic errors.

5. Physics Results

The measured values of the decay parameters are shown in Table 1. The best measurements

completed prior to the TWIST experiment are also shown demonstrating that the experimental

goals of the experiment were achieved. The precise data set needed to be selected by the

collaboration with an agreed analysis such that the results needed to show good internal

consistency and the systematics needed to be similarly agreed upon by all members of the
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Current work

⇢ 0.74997± 0.00012(st.)± 0.00023(sys.)

� 0.75049± 0.00021(st.)± 0.00027(sys.)

P

⇡
µ ⇠ 1.00084± 0.00029(st.)

+0.00165
�0.00063(sys.)

P

⇡
µ ⇠�/⇢ 1.00179±+0.00156

�0.00063
> 0.99909 (90% C.L.)

Previous Results
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� 0.7486 ± 0.0038 [11]

Pµ⇠ 1.0027 ± 0.0085 [12]

Pµ⇠�/⇢ 0.99787 ± 0.00082 [13]

Table 1: MDPs values measured from

this work in contrast to the previous best

measurements.

|gSRR| < 0.035 |gVRR| < 0.017 |gTRR| ⌘ 0

|gSLR| < 0.050 |gVLR| < 0.023 |gTLR| < 0.015

|gSRL| < 0.420 |gVRL| < 0.105 |gTLR| < 0.105

|gSLL| < 0.550 |gVLL| < 0.960 |gTLL| ⌘ 0

Table 2: Coupling constants determined

from the global analysis of the MDPs.
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PIENU
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Bryman et al.
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DiCapua et 

Anderson et 

PIENU@TRIUMF
PEN@PSI



TRIUMF Science Week 2018 Luca Doria, TRIUMF & JGU-Mainz

M13 & PIENU

19

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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Experimental Technique

• Pion Beam

• Stopped Pions in Active Target

TRIUMF Cyclotron

500 MeV, 100uA

Proton Beam

70 MeV/c Pion Beam

- 3-Dipoles Beamline

- 10 Quadrupoles

- Separation:

     Energy-loss 

     Collimator

- Positron 

  Contamination <1%

- dp/p ~ 1.5% FWHM

43mm

A.Aguilar-Arevalo et al. NIM A609 (2009) 102

π

π

e+

e+

μ

Decays detected:

        - at the same time

        - same final state detected

        - 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
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NaI+CsI Steel Frame NaI Crystal “BiNa”
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NaI+CsI Steel Frame NaI Crystal “BiNa”
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PIENU3.1. 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.
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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
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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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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. 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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Improved measurement of the π → eν branching ratio
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A new measurement of the branching ratio, Re/µ = Γ(π+
→ e+ν + π+

→ e+νγ)/Γ(π+
→

µ+ν + π+
→ µ+νγ), resulted in Rexp

e/µ = (1.2344 ± 0.0023(stat) ± 0.0019(syst)) × 10−4. This is in
agreement with the standard model prediction and improves the test of electron-muon universality
to the level of 0.1 %.

PACS numbers: 13.20.Cz, 14.40.Be, 14.60.St, 14.80.-j

The standard model (SM) assumes equal electro-weak
couplings of the three lepton generations, a hypothesis
known as lepton universality which is studied in high
precision measurements of π,K, τ, B, and W decays. A
recent measurement of B+ → K+l+l− decays [1], where
l represents e or µ, hinted at a possible violation of e-µ
universality in second order weak interactions that in-
volve neutral and charged currents. The branching ratio
of pion decays, Re/µ = Γ(π → eν(γ))/Γ(π → µν(γ)),
where (γ) indicates inclusion of associated radiative de-
cays, has been calculated in the SM with extraordi-
nary precision to be RSM

e/µ = (1.2352 ± 0.0002) × 10−4

[2, 3]. Comparison with the latest experimental values,
Rexp

e/µ = (1.2265± 0.0034(stat)± 0.0044(syst))× 10−4 [4]

and Rexp
e/µ = (1.2346±0.0035(stat)±0.0036(syst))×10−4

[5], has provided one of the best tests of e-µ universality
in weak interactions for the charged current, at the 0.2 %
level giving sensitivity to new physics beyond the SM up
to mass scales ofO(500) TeV[3]. Examples of new physics
probed include R-parity violating SUSY [6], extra leptons
[7] and leptoquarks [8]. In this paper, we present the first
results from the PIENU experiment, which improve on
the precision of Rexp

e/µ and the test of e-µ universality.

The branching ratio Re/µ is obtained from the ratio
of positron yields from the π+ → e+ν(γ) decay (total
positron energy Ee+ = 69.8 MeV) and the π+ → µ+ν(γ)
decay followed by the µ+ → e+νν(γ) decay (π+ → µ+ →
e+, Ee+ = 0.5− 52.8 MeV) using pions at rest. Figure 1

shows a schematic view of the apparatus [9] in which a
75-MeV/c π+ beam from the TRIUMF M13 channel [10]
was degraded by two thin plastic scintillators B1 and B2
and stopped in an 8-mm thick scintillator target (B3) at
a rate of 5 × 104 π+/s. Pion tracking was provided by
wire chambers (WC1 and WC2) at the exit of the beam
line and two (x,y) sets of single-sided 0.3-mm thick planes
of silicon strip detectors, S1 and S2, located immediately
upstream of B3.

FIG. 1: Top half cross-section of the PIENU detector. The
cylindrical NaI(Tℓ) crystal is surrounded by a cylindrical ar-
ray of CsI crystals as described in the text.

The positron calorimeter, 19 radiation lengths (r.l.)
thick, placed on the beam axis consisted of a 48-cm (dia.)
× 48-cm (length) single-crystal NaI(Tℓ) detector [11] pre-
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method tended to remove π+ → e+ν events with Bhabha
scattering which resulted in larger energy deposit in B3,
a 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, a 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
and other cuts (±0.0005).
Stability of the measured branching ratio was further

tested for dependence on many parameters, such as fit-
ting ranges, fiducial cuts, pile-up cuts and Ecut, which
provided confidence in the validity of the background
functions and corrections. Figure 4 shows the depen-
dence on Ecut. The drop below 50.5 MeV is primarily
due to the energy threshold of the HE-trigger.
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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. The variations
indicated here are small compared to the statistical uncer-
tainty of 23× 10−8 at Ecut = 52 MeV.

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 an order of magnitude more data and pos-
sibly improved systematic uncertainty estimates will be
forthcoming.
This measurement also results in improved 90 %

confidence-level limits [18] on the neutrino mixing param-
eter Uei between the weak electron-neutrino eigenstate

and a hypothetical mass eigenstate mνi [17], |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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ceded by two thin plastic scintillators (T1 and T2). Two
concentric layers of pure CsI crystals [12] (9 r.l. radi-
ally, 97 crystals total) surrounded the NaI(Tℓ) crystal to
capture electromagnetic showers. Positron tracking was
done by an (x, y) pair of Si-strip detectors (S3) and wire
chambers (WC3) in front of the NaI(Tℓ) crystal.
A positron signal, defined by a T1 and T2 coincidence,

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

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

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

random value within 1 %. Prior to unblinding, all cuts
and corrections were determined and the stability of the
result against variations of each cut was reflected in the
systematic uncertainty estimate.
In the low-energy time spectrum, the main components

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

L1: FL1 = λπλµ

λπ−λµ
(e−λµt − e−λπt) for t > 0,

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

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

This work was supported by the Natural Science and
Engineering Research Council and TRIUMF through
a contribution from the National Research Council of
Canada, and by Research Fund for the Doctoral Program
of Higher Education of China, and by JSPS KAKENHI
Grant numbers 18540274, 21340059, 24224006 in Japan.
We are grateful to Brookhaven National Laboratory for
the loan of the crystals, and to the TRIUMF detector,
electronics and DAQ groups for their engineering and
technical support.

[1] R. Aaij et al., Phys. Rev. Lett. 113, 151601 (2014).
[2] W.J. Marciano and A. Sirlin, Phys. Rev. Lett. 71, 3629

(1993); V. Cirigliano and I. Rosell, J. High Energy Phys.
0710, 005 (2007).

[3] D.A. Bryman, W. Marciano, R. Tschirhart and T. Ya-
manaka, Ann. Rev. Nucl. Part. Sci. 61, 331-354 (2011).

[4] D.I. Britton et al., Phys. Rev. Lett. 68, 3000 (1992); D.I.
Britton et al., Phys. Rev. D49, 28 (1994).

[5] G. Czapek et al., Phys. Rev. Lett. 70, 17 (1993).
[6] M.J. Ramsey-Musolf, S. Su and S. Tulin, Phys. Rev.

D76, 095017 (2007).
[7] M. Endo and T. Yoshinaga, arXiv:1404.4498.
[8] S. Davidson, D. Bailey and B. Campbell, Z. Phys. C61,

613 (1994).
[9] A. Aguilar-Arevalo et al., Nucl. Instrum. Methods A791,

38-46 (2015).
[10] A. Aguilar-Arevalo et al., Nucl. Instrum. Methods A609,

102 (2009).
[11] G. Blanpied et al., Phys. Rev. Lett. 76, 1023 (1996).
[12] I-H. Chiang et al., IEEE NS-42, 394 (1995).
[13] GEANT4; S.Agostinelli et al., Nucl. Instrum. Methods

A506, 250 (2003); http://geant4.cern.ch.

TRIUMF

PSI

TRIUMF-NEW
TRIUMF-NEW

⌧ ! e/⌧ ! µ

K ! ⇡e/K ! ⇡µ

K ! e/K ! µ

W ! e/W ! µ



TRIUMF Science Week 2018 Luca Doria, TRIUMF & JGU-Mainz 27

Results

4

Positron Energy (MeV)
0 10 20 30 40 50 60 70 80

Ev
en

ts
 / 

0.
25

 M
eV

1

10

210

310

410

510

Positron Energy (MeV)
10 20 30 40 50

D
at

a 
- F

it

80−
60−
40−
20−
0

20
40
60

FIG. 3. Background-suppressed positron energy spectrum (black histogram). Fitted components include muon decays in flight
(thick blue line, from MC), π+ → e+ν (green, dot-dashed line, fit to MC), and π+ → µ+ → e+ (red dashed line, from late-time
data events). The insert shows the (rebinned) residuals (Data–Fit) with statistical error bars and the signal shape in the case
of Ee+ = 40 MeV and |Uei|

2 = 10−8.

a function of the positron energy is shown in Fig. 4. The
statistical uncertainty due to the MC procedure is about
1%. The increase of the acceptance correction towards
low energies is due to the CsI veto cut, which removes
more high-energy events having larger shower leakage
from the NaI(Tl) calorimeter. In order to estimate the
systematic uncertainty on the acceptance correction, a
study was performed using π+ → µ+ → e+ events.
In contrast to π+ → e+ν events, the background con-
tribution to this spectrum was negligible; it has higher
statistics and covers a broad energy range. Comparing
π+ → µ+ → e+ events to the MC, the effect of the sup-
pression cuts was studied and good agreement with the
data was found. The maximum difference between data
and MC for Ee+ > 10 MeV was 3%, which was conser-
vatively assigned to be the systematic uncertainty on the
acceptance correction.

RESULTS

Since no significant peaks were found in the data, 90%
C.L. upper limits N(π → eνi)UL were calculated with a
Bayesian procedure, assuming a flat prior and enforcing
a positive peak amplitude and a Gaussian probability
distribution.
An upper limit |Uei|2UL on the squared matrix element

describing the mixing of the massive states with the other
active neutrino states was obtained using

1

Acc(Ee+ )

N(π → eνi)UL

N(π → eν)
= |Uei|2ULρe(Ee+) , (1)
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FIG. 4. Acceptance correction Acc(Ee+) as a function of the
positron energy as determined with the MC simulation. The
error bars are statistical only.

where ρe(Ee+) is a phase space and helicity-suppression
factor [6]

ρe(Ee+) =

√

1 + δ2e + δ2i − 2(δe + δi + δeδi)

δe(1 − δe)2

×(δe + δi − (δe − δi)
2) , (2)

where

δe = me/mπ , δi = mνi/mπ , and

mνi =
√

m2
π − 2mπEe+ +m2

e .
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FIG. 5. 90% C.L. upper limits on the square of the mixing matrix elements |Uei|
2 of heavy neutrinos coupled to electrons (thick

red line). The black dashed line shows the results from [18].

The results for the 90% C.L. upper limits for |Uei|2
are shown in Fig. 5 (thick red line), together with the
previous result [18] (black dashed line). These results
supersede those reported in [19].

SUMMARY

A search has been performed for the mixing of heavy
neutrinos coupled to electrons in the decay π+ → e+νh.
No extra peaks due to heavy neutrinos were found
in the positron energy spectrum, resulting in upper
limits set on the square of the mixing matrix elements
|Uei|2 from 10−8 to 10−7 for neutrino masses in the
range 60–135 MeV/c2. These results are independent of
assumptions about the nature of the heavy neutrino and
are comparable to limits from neutrinoless double beta
decay found in [5], which assume that massive neutrinos
are Majorana in nature.
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- Best limit in the ~100 MeV/c2 mass range 
- Relevant for dark matter / cosmology models 
- Matches neutrino less beta decay limits 
- No assumption on neutrino nature (Dirac/Majorana)
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Ultra-Cold Neutrons

EUCN < 300 neV ~ 3.5mK 
UCNs undergo total reflection —> 
—> Storable by common materials 

Can be used for the study of : 

- exotic interactions 
- axions, dark matter 
- quantized states in g potential 
- …
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Aim:  
Operate the world’s strongest intensity UCN source. 

Technique:  
Spallation target + superfluid LHe converter

How to produce UCN: TRIUMF’s source as example

I Free n via spallation

I Moderation to thermal and cold
neutron energies:

Ekin / Tmod
works down to���������! ⇠ 20K

I ’Superthermal’ conversion process in
superfluid He: Ekin(cold n) !
phonon/roton excitation
THe�II| {z }
=0.8K

6= TUCN| {z }
3.5mK

Beatrice Franke, April 11, 2018 17/41

Ultra-Cold Neutrons

EUCN < 300 neV ~ 3.5mK 
UCNs undergo total reflection —> 
—> Storable by common materials 

Can be used for the study of : 

- exotic interactions 
- axions, dark matter 
- quantized states in g potential 
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The TUCAN collaboration (TRIUMF UltraCold Advanced Neutron)

KEK T. Adachi, S. Jeong, S. Kawasaki, Y. Makida, K. Mishima, T. Okamura, Y. Watanabe

RCNP Osaka K. Hatanaka, I. Tanihata, E.Pierre (E.P. also TRIUMF)

U Nagoya M. Kitaguchi, H. Shimizu

UBC E. Altiere, D. Jones, K. Madison, E. Miller, T. Momose, T. Hayamizu

U Winnipeg C. Bidinosti, B. Jamieson, R. Mammei (also TRIUMF), J.Martin

U Manitoba T. Andalib, J. Birchall, M. Gericke, M. Lang, J. Mammei, S.Page, L. Rebenitsch, S.
Hansen-Romu, S. Ahmed

TRIUMF C. Davis, B. Franke, K. Katsika, T. Kikawa, A. Konaka (also UVic and Osaka U), F.
Kuchler, L.Lee (also U. Manitoba), R. Picker (also SFU), W.Ramsay, W.vanOers
(also U. Manitoba), T. Lindner (also UW)

UNBC E. Korkmaz

SFU J. Sonier

Beatrice Franke, April 11, 2018 8/41

The TUCAN collaboration
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Beamline 1U, Meson hall

Beatrice Franke, April 11, 2018 11/41

The first UCN production in Canada!

http://www.triumf.ca/first-triumf-ucns
Beatrice Franke, April 11, 2018 23/41

First UCNs produced in Canada

Normalization detector setup Transmission measurement of 100cm
guide

Comparison of two detectors

Thank you for your attention!
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Normalization detector setup Transmission measurement of 100cm
guide

Comparison of two detectors

Thank you for your attention!
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Nov. 13th 2017
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Successful local particle physics program at TRIUMF 

Unique experiments with clear impact on our knowledge of the SM 

Testing of fundamental symmetries of the Standard Model: 

- Lepton Flavour 
- Properties of the weak interactions 
- Search for Physics beyond the SM 
- Forerunners in precision physics: a relevant topic today. 
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Successful local particle physics program at TRIUMF 

Unique experiments with clear impact on our knowledge of the SM 

Testing of fundamental symmetries of the Standard Model: 

- Lepton Flavour 
- Properties of the weak interactions 
- Search for Physics beyond the SM 
- Forerunners in precision physics: a relevant topic today. 

Happy 50th birthday TRIUMF! 
I wish You many more decades of success!
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