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3.1 Lepton universality

Lepton universality postulates that the interac-
tions of leptons do not explicitely depend on
lepton family number other than through their
different masses and mixings. The concept
can be generalized to include the quarks.
Whereas there is little doubt about the uni-
versality of electric charge (i.e. the coupling
strength to photons) there are scenarios out-
side the Standard Model (SM) in which lepton
universality is violated in the interactions with
W and Z bosons.

Allowing for universality violations one can
generalize the V − A charged current weak
interaction of leptons to 4:

L =
∑

l=e,µ,τ

gl√
2
Wµνlγ

µ(
1− γ5

2
)l + h.c. (3.1)

Violations may also have their origin in non-
SM contributions to the transition amplitudes.
Such apparent violations of lepton universality
have been discussed in the literature for vari-
ous particle decays:

- in W , Z and π decay resulting from R-parity
violating extensions to the MSSM [1; 2],

- in W decay resulting from charged Higgs
bosons [3],

- in π decay resulting from box diagrams in-
volving non-degenerate sleptons [4],

- in K decay resulting from LFV contributions
in SUSY [5],

- in Υ decay resulting from a light Higgs boson
[6],

- in π and K decay from scalar interactions
[7], enhanced by the strong chiral suppres-
sion of the SM amplitude for decays into
eνe. Since these contributions result in in-
terference terms with the SM amplitude the
deviations scale with the mass M of the ex-
change particle like 1/M2 rather than 1/M4

as may be expected naively.

Experimental limits have recently been com-
piled by Loinaz et al. [8]. Results are shown in
Table 3.1.

3.2 Γπ→eν/Γπ→µν

In lowest order (tree level) the decay width of
π → lνl (l = e, µ) is given by:
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By taking the branching ratio Re/µ ≡
Γπ→eν/Γπ→µν the factors affected by hadronic
uncertainties cancel. Radiative corrections
lower the result by 3.74(3)% [9] when assuming
that final states with additional photons are in-
cluded.

4Still more general violations lead to deviations from the 1− γ5 structure of the weak interaction.
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Table 3.1:Limits on lepton universality from various
processes. Violations may affect the
various tests differently so which con-
straint is best depends on the mechanism.
Hypothetical non V-A contributions, for
example, would lead to larger effects
in decay modes with stronger helicity
suppression such as πππ→→→eeeννν and KKK→→→eeeννν.
Adapted from Ref. [8].

decay mode constraint
W → e νe (gµ/ge)W = 0.999 ± 0.011
W → µ νµ (gτ/ge)W = 1.029 ± 0.014
W → τ ντ

µ → e νe νµ (gµ/ge)τ = 0.9999 ± 0.0021
τ → e νe ντ (gτ/ge)τµ = 1.0004 ± 0.0022
τ → µ νµ ντ

π → e νe (gµ/ge)π = 1.0021 ± 0.0016
π → µ νµ (gτ/ge)τπ = 1.0030 ± 0.0034
τ → π ντ

K → e νe (gµ/ge)K = 1.024 ± 0.020
K → µ νµ (gτ/gµ)Kτ = 0.979 ± 0.017
τ → K ντ

This leads to the theoretical prediction:

Rtheor.
e/µ = (ge/gµ)2 × 1.2354(2) · 10−4 . (3.3)

Two experiments [10; 11] contribute to the
present world average for the measured
value:

Rexp.
e/µ = 1.231(4)× 10−4 . (3.4)

As a result µe universality has been tested at
the level: (gµ/ge)π=1.0021(16) (see Table 3.1).

3.3 Measurement principles

Measurements of Re/µ are based on the anal-
ysis of e+ energy and time delay with respect
to the stopping π+. The decay π → eν is
characterized by Ee+ = 0.5mπc

2 = 69.8 MeV
and an exponential time distribution follow-
ing the pion life time τπ=26 ns. In the case of
the π → µν decay the 4 MeV muons which
have a range of about 1.4 mm in plastic scin-
tillator can be kept inside the target and are
monitored by the observation of the subse-
quent decay µ → eνν which is characterized
by Ee+ < 0.5mµc

2 = 52.8 MeV and a time distri-
bution which first grows according to the pion
life time and then falls with the muon life time.

A major systematic error is introduced by un-
certainties in the low-energy tail of the π →
eν(γ) energy spectrum in the region below
0.5mµc

2. This tail fraction typically amounts to
≈1 % . The low-energy tail can be studied by
suppressing the π → µ→ e chain by the selec-
tion of early decays and by vetoing events in
which the muon is observed in the target sig-
nal. Suppression factors of typically 10−5 have
been obtained. A study of this region is also
interesting since it might reveal the signal from
a heavy sterile neutrino [12].

Figure 3.1: The PEN CsI calorimeter before installa-
tion of the cylindrical tracking detectors and beam
counters shown in Fig. 3.2.

3. PEN
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Figure 3.2: yyy - zzz view of the innermost MWPC (in green) and three of the four beam counters (in blue). A
fourth detector situated in an intermediate focus a few meters upstream is used to measure particle velocities
which helps to suppress muons in the beam and to calculate the pion momentum on an event-by-event basis.

3.4 Status of PEN

Both at PSI [13] and at TRIUMF [16] proposals
for new Re/µ measurements have been ac-
cepted. At PSI the 3π sr CsI calorimeter built for
a determination of the π+ → π0e+ν branching
ratio (see Fig. 3.1) is being used. The setup was
also used for the most complete studies of the
radiative decays π → eνγ [14] and µ → eννγ

[15] done so far.

Large samples of π → eν decays have been
recorded parasitically in the past which were
used as normalization for π+ → π0e+ν with
an accuracy of < 0.3%, i.e. the level of
the present experimental uncertainty of Re/µ.
Based on this experience an improvement in
precision for Re/µ by almost an order of mag-
nitude is expected.

Our institute supplied new beam counters op-
timized for the specific requirements of these
measurements (Fig. 3.2) i.e. optimal time,
energy and double-pulse resolutions. The
signals from these fast scintillating detectors
are recorded with wave-form digitizers allow-
ing for optimal off-line reconstruction of the
complex target information containing two or
three overlapping signals (see Fig. 3.3).

Target Waveforms: π → µ → e Decay in 1A HT Trigger
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Figure 3.3: Beam-counter wave forms for the event
of a πππ+ stopping in the active target followed by the
decay sequence πππ→→→µµµννν, µµµ→→→eeeνννννν. The sampling fre-
quency is 2 GHz.
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π
+

→ e
+

ν Discrimination with ANN: Monte Carlo I

• ANN training on High Thr. MC data: Ee>48MeV, tπG>10 ns

• Application on Low Thr. MC data, Ee>10MeV, tπG>10 ns

• Extract efficiency and false positive probability for π
+
→ e

+
ν
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Figure 3.4: Separation of πππ→→→eeeννν and πππ→→→µµµννν events
using a multi-layer perceptron (MLP) artificial neural
network.

As mentioned above the separation of π →
eν(γ) from π → µν(γ) is based on the analysis
of many pieces of information. As discussed in
some detail in Sec. 5 for the separation of sin-
gle photons from π0 decays various methods
are available. Figure 3.4 shows as an exam-
ple the separation obtained with an artificial
neural network.

Presently we are replacing the plastic ho-
doscope situated between the tracking de-
tectors detectors and the CsI calorimeter. First
tests have shown that the light yield will in-
crease by more than an order of magni-
tude which will guarantee both the very high
positron detection efficiency and the sub-
nanosecond time resolution required for this
experiment. Starting early September we
hope to take data which should lead to a first
significant improvement in Re/µ.
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