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Abstract. Searches for violation of lepton flavor universality are topical due to hints of
discrepancies with Standard Model expectations in studies involving muons, B mesons, and
beta decays which may be related by tests of the unitarity of the Cabibbo-Kobayashi-Maskawa
quark mixing matrix. The status and prospects of pion decay experiments which offer the most

precise tests of e — y universality are discussed.

1. Introduction

Since the Standard Model (SM) is clearly not the final word on the fundamental theory, the
search for new physics effects proceeds on many fronts. New particles and interactions are being
sought directly at high energy colliders and indirectly in searches using numerous techniques (see
reviews in Ref. [1]). Indirect searches for violations of symmetries are among the approaches
being pursued due to the potential sensitivity to high mass scales. One approximate symmetry
built into the SM is lepton flavor universality (LFU). Violation of LFU (LFUV) could occur, for
example, if there were interactions with different weak couplings for electrons, muons and tau
leptons. LFUV can be probed through a wide range of measurements (see [2] and references
therein). Experiments dealing with meson, tau, and beta decays are being pursued vigorously in
light of hints of possible new flavor physics effects and the possibly related deviation in first-row
unitarity of the Cabibbo-Kobayashi-Maskawa (CKM) matrix [3, 4]. In this paper, the sensitivity
of current and proposed rare pion decay measurements to LEFUV and other non-SM effects will

be briefly outlined.

2. Rare Pion Decays and Lepton Universality
As discussed in Ref. [2], the helicity suppressed ratio of pion decay rates

e/ = Llr = eve(V]/Tlr = pou ()], (1)

provides the most stringent test of LF'U because it can be calculated with extraordinary precision

at the 10 level and can also be measured accurately. R;r/u is a sensitive probe of non-universal
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corrections to W-lepton couplings especially if they generate a pseudo-scalar current or an
induced scalar current [5]. The exceptionally accurate theoretical calculations of R7,, 6,7,8,9]
involve the application of chiral perturbation theory (ChPT) and include structure dependent
contributions to m — ¢yy [10] which are not helicity suppressed. The SM expectation|2] is

R(SM)7,, = 1.23524(15) x 107" (2)

where the dominant uncertainty arises from a low-energy constant in ChPT, followed by non-
leading logarithmic corrections of O(a?).

The most precise measurement of R7 Jp WS reported by the TRIUMF PIENU experiment [11]
which will be discussed below. The result, based on analysis of an initial data set, was

R(Exp)7,, = (1.2344 & 0.0023(stat) % 0.0019(syst)) x 10~*. (3)

The PDG [1] average including previous experiments done at TRIUMF [11, 12, 13] and PSI [14]
is
R(Exp)7),, = (1.2327 +0.0023) x 107, (4)

The comparison between theory and experiment given in Eqgs. (2) and (4) provides the most
precise measure of e—y universality. The ratio of effective couplings Ay (¢ = e, u) multiplying

the low-energy charged current contact interaction obtained using Rz/u is

Ay
—= = 1.0010 =+ 0.0009, (5)
Ae R™
e/u
in excellent agreement with the SM expectation. Deviation from Ay/Ay = 1 could be due

to various mechanisms such as flavor-dependent couplings of the W-boson to the leptonic
current. In the context of modified W-boson couplings, LFU tested with Rg/u probes the
couplings of a longitudinally polarized W-boson whereas purely leptonic reactions like 7 —
lv.vy give comparable precision[2] on the couplings of the transversely polarized W-boson.
Apparent deviations from Ay/Ay = 1 could also be due the presence of unaccounted-for sterile
neutrinos|15].

Charged p-e universality can also be tested using similar K and W decays[2] and B decays
such as Br[B — D*uv]/Br[B — D*ev] [16, 17, 18]; these are interesting in light of possible
anomalies in R(D™))=Br[B — D™ rv,]/Br[B — D™y,] [19, 20, 21] , and R(K®))=Br[B —
K®putu~]/Br[B — K®ete ] [22, 23, 24] which reflect the impact of possible four-fermion
operators involving leptons and heavy quarks. CKM unitarity tests which rely principally on
beta decays and K decays for inputs to the extraction of V4 and Vs may be related to LFU
since calculation of V4 relies on obtaining G from u decay (see Refs. [4, 2] and references
therein). Recently it has been pointed out [25] that V,s/V,4 can be obtained using the ratio
of decay rates Ry = I'(K — mlv(v))/T(nt — 7n%*v(y)) where the uncertainty is dominated
by pion beta decay which is discussed below. As illustrated in Fig. 1[2] tensions exist among
current determinations of Vs and with overall CKM unitarity.



TRIUMF-2022 IOP Publishing

Journal of Physics: Conference Series 2391(2022) 012014  doi:10.1088/1742-6596/2391/1/012014
0.226 -
~N
0.225 Ry
<
N .‘gla
A Q.
0.224 | L\
\ 0.27%
U 0223 (0.27%)
5N
0
)C)6
0.222 -
ecays ‘&)l ,;S"“ c
(0.58%) o-
« € 2
0.221 - Y]
=
0+ — 0*(0.030%) G
Neutron (0.050%) —»
0.22Q - : .

0.960 0.965 0.970 0975

Vud

Figure 1. Summary of constraints on V,4 and Vs (assuming the Standard Model hypothesis)
from nuclear, nucleon, meson, and 7 lepton decays. For each constraint, the one-sigma
uncertainty on Vs or V4 is given in parenthesis (see [2] for details). The one-sigma ellipse
from a global fit (with x2/d.o.f. = 2.8), depicted in yellow, corresponds to Vg = 0.97357(27)
and Vs = 0.22406(34), implying Ackm = |Vaal? + |Vaus|? — 1 = (=19.5 £ 5.3) x 10~%. Figure
reproduced from [2].

3. Rare Pion Decay Experiments

The TRIUMF PIENU experiment [11, 26] used pions stopped in plastic scintillator and measured
decay positrons in a calorimeter consisting of Nal(T1) and pure CsI crystals. The branching ratio
given in Eq. 3 was obtained by separating events into high- and low-energy regions corresponding
to the positron energy spectra of 77 — eTv and 77 — u™ — e decays. The time spectra were
fit in each region with the 7+ — eTv and 77 — u™ — et decay shapes as well as backgrounds
originating from sources including pion decays in flight and pile-up contamination from decays
of residual muons. The raw branching ratio RZ%’ was the ratio of the 77 — et amplitude to
the 7+ — u™ — et amplitude. Corrections such as the tail correction for low energy = — ev
events below the p — evv spectrum, principally due to electromagnetic shower leakage, were
subsequently applied to obtain the final value. PIENU and the PEN [27, 28, 29] experiment
(which used a similar technique) aim to further improve the precision of the 7 — ev branching

ratio R’cf/ﬂ using larger available data sets. However, even when these goals are realized, an
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experimental improvement by more than an order of magnitude in uncertainty would be valuable
to confront the SM prediction (Eq. 2) and to search for non-SM effects.

The recently proposed PIONEER experiment[30] at the Paul Scherrer Institut (PSI) aims
for an improvement in precision for R’eT/# by an order of magnitude making the experimental
uncertainty comparable to the theoretical uncertainty in Eq. 2. To reach very high precision
requires high statistics as well as reduction of systematic uncertainties, backgrounds, biases, and
distortions in the data selection criteria. Like PIENU [11] and PEN [27], PIONEER will be done
using stopped pions that decay at rest.

The PIONEER detector[30] is illustrated in Fig. 2. An intense pion beam is brought to
rest in an instrumented target detector (ATAR) and an electromagnetic calorimeter (CALO)
surrounds the stopping target. A cylindrical tracker surrounding the ATAR is used to link
the locations of pions stopping in the target to showers in the calorimeter. Features of the
PIONEER approach will include improved time and energy resolutions, increased calorimeter
depth, high-speed detector and electronic response, large solid angle coverage, and complete
event reconstruction. The proposed detector will include a 37 sr, 25 radiation length (Xy) LXe
electromagnetic calorimeter, similar in concept to the MEG LXe calorimeter[31]; an alternate
crystal-based calorimeter design is also under consideration. The 2x2 c¢cm? ATAR is an advanced
design fully active LGAD Si-strip detector[32] which will provide fine-grained position and
energy-loss measurements for incoming pions, muons from pion decay, and outgoing positrons.
The preliminary ATAR geometry has 48 planes, each with 100 120um-thick strips on a pitch of
200um; planes will alternate between horizontal and vertical directions.

PIONEER aims to improve both the statistical and systematic uncertainties in the
measurement of R’BT/M. In particular, the ATAR particle identification and tracking capabilities
will enable improved precision on the tail correction mentioned above, which was the largest
source of systematic uncertainty in the PIENU measurement [11]. Figure 3(Left) shows the
simulated detector response for p — evv and m — ev decays and the background-suppressed
distributions (Right) used to determine the tail correction. The remaining small background is
dominated by events with m — p decay at rest (DAR) followed by u — e decay decay in flight
(DIF) before stopping; it is anticipated that this component can be independently measured.
Table 1 gives the estimated uncertainties for the PIONEER measurement of R7 I in comparison
with [11].

PIONEER also aims to improve the precision for the branching ratio of pion beta decay
7t — 7% Tv(y) [33] by a factor of three (ten) in the second (third) phase of the experiment.
Pion beta decay, while providing the theoretically cleanest method to obtain |V,4|, requires a
10x improvment in the experimental precision to be competitive. However, a 3x improvement
in precision of the pion beta decay branching ratio compared to Ref. [33] would allow for
a 0.2% accuracy in the determination of the ratio Vis/V,g, competitive with the existing
determination[25].

Searches for heavy sterile neutrinos vy in 7+ — ¢Tvy decays were also performed in the
PIENU experiment [34, 35]. PIONEER aims to make improvements in sensitivity by an order
of magnitude for processes like 77 — eTvy decay as indicated in Figure 4. Similarly, pion decays
involving massive or massless weakly interacting neutral bosons X such as axions [36, 37, 38, 39]
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Figure 2. Conceptual layout of the PIONEER rare pion decay experiment[30]. The intense
positive pion beam enters from the left and is brought to rest in a highly segmented active target
(ATAR). Decay positron trajectories are measured from the ATAR to an outer electromagnetic
calorimeter (CALO) through a tracker. The CALO records the energy, time, and location of
positron tracks. An example outgoing positron track is shown in green.

PIENU 2015 PIONEER Estimate

Error Source % %
Statistics 0.19 0.007
Tail Correction 0.12 <0.01
to Correction 0.05 <0.01
Muon DIF 0.05 0.005
Parameter Fitting 0.05 <0.01
Selection Cuts 0.04 <0.01
Acceptance Correction 0.03 0.003
Total Uncertainty 0.24 < 0.01
Table 1. R7, precision reported by PIENUJ[11] and estimated precision for PIONEER[30].

and Majorons [40, 41, 42] have been searched for; these may involve dark matter candidates, or
impact baryogenesis or the strong C'P problems [43]. Other reactions of interest include rare pion
decays T — £Tywi which are highly suppressed; the experimental search for these processes

could reveal small non-SM effects such as neutrino-neutrino interactions [44] and six-fermion
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Figure 3. Left: Simulated decay spectra for y — evwv (blue) and # — ev (orange) decays.
Right: p© — e background-suppressed spectra showing the components due to m — ev decays
(orange) and two remaining backgrounds: p — e DIF after 7 — pu DAR (green), and p — e
DAR (blue) from m — pu DIF[30]. See text.

interactions [45, 46], which might compete with the SM processes at first order; considering
three models (SM, neutrino-neutrino interaction, and six-fermion) these latter processes were
also searched for in PIENU [47] and sensitivity to them will be improved in PIONEER.

4. Conclusions

The status of the searches for violation of lepton flavor universality in the charged current
involving pions decays has been discussed. This high precision test of LFU agrees well with the
SM expectation at the O(1073) level and is particularly interesting in light of the experimental
hints for possible large deviations from LFU in semi-leptonic B decays, the anomalous magnetic
moment of the muon[49], and the Cabbibo angle anomaly. The proposed PIONEER experiment
alms to improve the test of e — u universality in pion decay, the pion beta decay determination

of V4, and searches for exotic decays by an order of magnitude.
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Figure 4. Limits on mixing coefficients for fourth generation neutrinos coupling to electrons
|Uei|? (90% C.L.) from PIENU (red)[11, 34]) and expected sensitivity from PIONEER (black).

The lower mass region limits (m,,, <65 MeV) come from the R’er/# branching ratio measurement

and the higher mass region limits (m,,, >65 MeV) from a peak search. Figure reproduced from
Ref. [48].
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