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We present the first measurement of the Michel parameter & in the 7~ — u~ 7,1, decay using the full data
sample of 988 fb~! collected by the Belle detector operating at the KEKB asymmetric energy e*e”
collider. The method is based on the reconstruction of the y~ — ¢~ v,v, decay-in-flight in the Belle central
drift chamber and relies on the correlation between muon spin and its daughter electron momentum.
We study the main sources of the background that can imitate the signal decay, such as kaon and pion
decays-in-flight and charged particle scattering on the detector material. Highly efficient methods of
their suppression are developed and applied to select 165 signal-candidate events. We obtain & =
0.22 £ 0.94 + 0.42 where the first uncertainty is statistical, and the second one is systematic. The result is
in agreement with the Standard Model prediction of & = 1.
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I. INTRODUCTION

In the Standard Model (SM), the 7 lepton decay proceeds
through a weak charged current, whose amplitude can
be approximated with high accuracy by the four-fermion
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interaction with the V — A Lorentz structure. A deviation
from this structure would indicate physics beyond the SM,
which can be caused by an anomalous coupling of the W
boson with the 7 lepton, a new gauge or charged Higgs
bosons contribution, etc [1-4]. The presence of massive
neutrinos can also modify experimental observables, lead-

ing to a deviation from the SM prediction [5].

The most general form of the Lorentz invariant, local,
derivative-free, lepton-number-conserving four-fermion
interaction Hamiltonian [6] leads to the following matrix

Published by the American Physical Society
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element of the = — ¢ ‘D;v,] decay (£ = e or p) written in
the form of helicity projections [7-9]:

M = 4\(/;5 Y Gl W) (@)l Tilza). (1)

A=S.V.T
e.w=L,R

=1, TV =y rr— Hogl _ybyl): (2
% 2\5(”/ ) (2)

S, V, and T denote scalar, vector, and tensor interaction,
respectively; e, = L, R means left- and right-handed
leptons, respectively. Each set of indices 4, & and w
uniquely determines the neutrino handedness a and f.
The total strength of the weak interaction in Eq. (1) is given
by Gp, while g/, are normalized as

1
S (JP + P LR =1 @

e,w=L,R

It is convenient to express the observables in the lepton
decay in terms of the Michel parameters (MPs), which are
bilinear combinations of the coupling constants ¢%,. The
MPs are described in detail elsewhere [10].

At present, in 7 decays four Michel parameters, p, 7, &,
and &6, have been measured with accuracies at the level
of a few percent [11], and the obtained values p = 0.745 +
0.008, n =0.013 £0.020, £ = 0.985 £ 0.030, and & =
0.746 + 0.021 are in agreement with the SM prediction of
p=3/4,n=0, =1, and £ = 3/4. These parameters
describe the differential decay width, integrated over the
neutrinos momenta and summed over the daughter lepton
spin. Measurements of the remaining Michel parameters,
g8, i, d/A, and f'/A, requires knowledge of the
daughter lepton polarization, and no measurements of them
have yet been performed. The only exception is two
parameters, £k and #, obtained in the radiative leptonic =
decays by the Belle collaboration [12]. These parameters
are related to the Michel parameters & and &” through linear
combinations with the parameters &, £5, and p: & = =& —
46k +8/366 and &' =16/3p — 47— 3. Substituting
parameters ¢ and &6 with their SM values and &k with
the value for the radiative muonic 7 decay from Ref. [12], one
obtains & = —2.2 +2.4. However, this measurement still
suffers from very large uncertainties: physically allowed &
values range from —1 to 1 (in SM, it is equal to 1).

In this paper, we present the first direct measurement
of the Michel parameter ¢ in the 7~ — u~0,v, decay.
This parameter determines the longitudinal polarization of
muons P; and enters the term of the 77 — u v,

lCharge conjugation is implied throughout the paper unless
otherwise indicated.

differential decay width that does not depend on the 7
lepton polarization. The parameter & is written in terms of
the coupling constants as

Ew

1
¢ =125 (JlakP + bk + ko). )

w=L,R

Thus, a measurement of & provides the necessary infor-
mation required to calculate the probability of an unpo-
larized 7 lepton to decay to a right-handed muon: Q% =
(1 —=¢)/2. This paper is accompanied by a Letter in
Physical Review Letters [13].

II. METHOD
A. Differential decay width

The method of the muon polarization measurement is
based on the y~ — e7,v, decay reconstruction since the
electron momentum in the muon rest frame correlates with
the muon spin. Initially, the idea was suggested in Ref. [14],
where it was proposed to use stopped muons. Recently, it
was proposed to use the muon decay-in-flight (kink) in the
tracking system of the detector to measure £ in the 7~ —
W U,u, decay in a future experiment at the Super Charm-
Tau Factory [15,16]. In this paper, we rely on the adaptation
of this method for the application at the B-factories
from Ref. [17].

The differential decay width of the cascade decay 7~ —

u~ (= e"D,v,)v,v, obtained in Ref. [17] follows

a&r 12r
_ B . ToULY D 2 .2
dxdydcosf, M 1—3x2 0 VI TN

x [(3=2y)Fs(x) + (2y = 1)Fyp(x) cos 6, ].
(5)

Here I'._,,, is the partial width of the 7~ — y~7,v, decay;
B, ¢y, is the branching fraction of the = — e~7,v, decay;
x = E,/W,, is the reduced muon energy in the 7 rest frame
(W, = (mj + mZ)/(2m,) is the maximum muon energy];
xog = m,/W,, is the reduced muon mass; and y = 2E,/m,
is the ratio of the electron energy to its maximum value
in the muon rest frame. Functions F;g(x) and F;p(x) are
expressed in terms of Michel parameters and depend
only on x:

2
Frs(x) = x(1—x) +§p(4x2 —=3x—x3) +nxo(1 —x),

1 2_ 2 X5
F,P(x):—4\/x — x5 |—9¢ 2x—3+7

W

012003-2



STUDY OF THE MUON DECAY-IN-FLIGHT IN THE ...

PHYS. REV. D 108, 012003 (2023)

Since p, 1, £, and &6 are measured very precisely, we fix
their values to the SM expectationsz; thus, only & in
Egs. (5) and (6) is to be determined.

The variable 6, is the angle between 7, and 7i,,, where 7i,,
is the direction opposite to the 7 lepton momentum in the
muon rest frame at the muon production vertex, and 7, is
the direction of the electron in the muon rest frame at the
muon decay vertex. The former vector is represented in the
conventional coordinate system introduced in Ref. [17] as
(X1, X5, X3) while 77, is represented in the coordinate system
obtained from the initial one by rotation through an angle ¢
(the muon momentum angle of rotation in the magnetic
field of the Belle detector before the decay). The procedure
of the coordinate system rotation and 6, calculation is
explained in detail in Ref. [17].

The angle 0, has a simple physical meaning when the
muon decays immediately at the production vertex: this is
the angle between mother and daughter charged leptons
in the muon rest frame. Once the muon propagates in the
magnetic field of the detector, its momentum in the
laboratory frame and spin in the muon rest frame are
rotated through the same angle ¢ (assuming g, —2=0
without loss of precision [11]). The rotation of the
coordinate system in each event is designed to compensate
for the effect of the magnetic field, bringing the event to the
case of the instantaneous muon decay.

B. 7 lepton momentum reconstruction

For the £ measurement, a knowledge of the 7 lepton
momentum is essential. While the 7 energy is known
from the beam energy (up to the initial-state radiation),
it is not feasible to reconstruct the true direction of the 7
momentum due to neutrinos in the final state. However, it is
possible to find the region where the 7 lepton momentum is
directed using the second (tagging) z lepton in the event
[18]. The method is based on the kinematics of the 77~ -
pair production and decay in the center-of-mass (c.m.)
frame.

For hadronic modes of the tagging 7, the angle between =
lepton and daughter hadron momenta is the following:

2E.E, —m?—m}

7
2p.ph )

cosy =

Here E, and p, are the 7 lepton energy and momentum
magnitude in the c.m. frame; E,,, p,,, and m,, are the hadron
system energy, momentum magnitude, and invariant mass,
respectively. We use all one-prong and three-prong modes
of the tagging 7, including v* — £tv,0, (£ =e or ),
however, we treat the leptonic mode as a hadronic one for
simplification.

’It is checked that this assumption has a negligible effect.

FIG. 1. Geometric interpretation of the z lepton momentum
reconstruction.

For the signal 7~ — u~7,v, decay, the angle between 7
lepton and daughter muon momenta is restricted to

2E.E, —m?—m

2p.py

ETE” —mm,

PPy

2
£ <cosy < (8)
Here, E,, and p,, are the muon energy and momentum in the
c.m. frame.

Thus, the true 777~ pair production axis lies on the
generatrix of a cone with an apex angle of 2y and inside a
cone with an apex angle of 2y (see Fig. 1). This restricts the
region of possible 7 lepton directions to an arc (@, D,),
where @ and @, are defined as follows

COS Y/ COS & + COS Y

®, = 7 + arcsin - -
siny sin a

CoSy cosa + cosy

®, = 27z — arcsin - , 9)
siny sina

Here o is an angle between [5# and p;,. For simplicity,
we use the average value of ® = (O, + ®,)/2 = —7z/2
instead of averaging Eq. (5) over (®, ®,). This approxi-
mation has a negligible impact on the £ measurement: the
increase of the statistical uncertainty is less than 0.01.

C. Decay vertex reconstruction

Track reconstruction at Belle is optimized for long-lived
particles that originate close to the interaction point of the
beams (IP) and does not contain dedicated algorithms for
identifying charged particle decays in flight. However,
tracks that do not point to IP are also reconstructed with
a considerable efficiency. In our case, the muon track is
reconstructed first, and it may absorb some hits produced
by the daughter electron, thereby smearing the muon
momentum resolution. The remaining hits are used to
reconstruct the electron track.

We define the decay vertex as a point of the closest
approach of muon and electron tracks in the region of their
endpoint and starting point, respectively.

012003-3
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ITII. THE DATA SAMPLE AND THE
BELLE DETECTOR

This analysis is based on a data sample taken at or near
the Y(1S), T(2S), T(3S), Y(4S), and T(5S) resonances
with an integrated luminosity of 988 fb~! corresponding to
about 912 x 10° 77~ pairs [19]. The data are collected
with the Belle detector [20] at the KEKB asymmetric-
energy ete” collider [21,22].

The Belle detector is a large-solid-angle magnetic
spectrometer that consists of a silicon vertex detector
(SVD), a 50-layer central drift chamber (CDC), an array
of aerogel threshold Cherenkov counters (ACC), a barrel-
like arrangement of time-of-flight scintillation counters
(TOF), and an electromagnetic calorimeter comprised
of CsI(Tl) crystals (ECL) located inside a super-
conducting solenoid coil that provides a 1.5 T magnetic
field. An iron flux-return located outside of the coil is
instrumented to detect K mesons and to identify
muons (KLM).

The most critical subdetector for this study is CDC [23].
It has the following dimensions: the length is 2400 mm, and
the inner and outer radii are 83 and 874 mm, respectively.
This size is large enough to reliably reconstruct both
daughter electron and mother muon tracks.

To study the background processes, optimize the selec-
tion criteria, and obtain the fit function, signal and back-
ground Monte Carlo (MC) samples are used.

A signal MC sample of e*e™ — 77~ with the following
7" = u (= e bv,)p,v, cascade decay is ~50 times
larger than the data. The production and subsequent decay
of 777~ pairs are generated with KKMC [24] and TAUOLA
[25,26] generators, respectively, and decay products are
propagated by GEANT3 [27] to simulate the detector
response. The y~ — e"0,u, decay is also generated by
GEANT3, assuming muons are unpolarized as if & = 0. To
speed up the signal MC sample generation, we reduce the
muon lifetime in GEANT3 by 100. This procedure is justified
and only slightly biases the distribution of the muon decay
length because the CDC size is much smaller than the
average flight distance of the muon from the 7 decay, which
is of the order of a kilometer. We evaluate the effect of this
reduction of the muon lifetime in the MC generation and
quote a systematic uncertainty associated with it.

An example of the eTe~™ — 777~ MC event display with
the u~ — e71,v, kink in the CDC is presented in Fig. 2.
The y~ — e"p,v, decay that occurred in the central volume
of the CDC is clearly observed as a kinked track due to
the change of the trajectory curvature since the daughter
electron from the u~ — e7v,v, decay has a smaller
momentum in the laboratory frame compared to the mother
muon. Both electron and muon trajectories are recon-
structed as separate tracks by the Belle track reconstruction
algorithm.

FIG. 2. Event display of a MC event ete” - 7t7™ —
(ztnm*D,) (W D,w,) with u= = e D,u, decay in the CDC
(the arrow points to the decay vertex). The Belle detector,

without the KLM, is shown projected onto x—y plane.

The background consists of 77~ -pair events without a
W~ — e D, decay and non-ttz~-pair events. The MC
sample for the former contribution is generated the same
way as the signal, with an exception of the = — e7 7,1,
decay generation step. The non-t"z~-pair background
consists of the dimuon eTe™ — uTu~ process, eTe™ — qg
(g=u, d, s, and c¢) continuum and e*e~ — Y(4S) — BB
events, two-photon mediated processes (ete” —
ete Tt ,eTe"qq, where £ =e¢, u and g =u, d, s,
and c¢), and Bhabha scattering generated with KKMC,
EvtGen [28], AAFH [29], and BHLUMI [30] generators,
respectively. Final-state radiation is simulated using
the pHOTOS [31] package for all charged final-state
particles.

A list of the background MC samples is presented in
Table I with the ratio of the number of generated events
N3jc to the expected number of corresponding events in
data (product of the integrated luminosity g‘;m and the
PrOCESS Cross SECtion Gpyc)-

TABLE I. Background MC samples with their size.
Processes Nye/ (L5 Oproc)
ete™ — 777 background 4.5
ete™ -ty 44
ete” > qg(q=u,d, s, c) 5.8
ete” — T(4S) - BB 10.2
ete” s ete T (£ =e, p) 6.9
ete” > eTe qq (g =u, d) 7.5
ete —»ete qq(qg=s, c) 8.1
Bhabha scattering 0.2
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IV. EVENT SELECTION

The event selection is performed in three steps. The first
step is the preselection of candidates in 777~ events with
the 77~ -pair decay topology of interest. The second step is
dedicated to the kink candidate selection. In the last step,
we apply the BDT (boosted decision tree classifier)
machine learning algorithm [32,33] to select signal event
candidates and suppress the kink background.

A. Preselection

In the first step, 7~ -pair event candidates are required
to pass the preliminary selection criteria. They are used to
select the Tz -pair decay topology and suppress the
contribution from Bhabha scattering, ete™ — ptu~,
two-photon production, eTe™ = gg (¢ = u, d, s, or ¢),
and BB events.

In the c.m. frame, the event is divided by the plane
perpendicular to the thrust vector 71 into two hemispheres.
The vector 7i; is defined as follows

nr Zz|ﬁz|

Here p, is the momentum of the ith track; the summation is
over all tracks in the event. The signal hemisphere is
determined by the muon candidate momentum direction.
The complementary one is called tagging hemisphere.

In the present analysis, the decay mode of the second
lepton is not important. Therefore, our selection includes
only the information about the event topology formed by
charged tracks from the IP. In the signal hemisphere, we
require only one track from the IP with the impact
parameters in the r¢-plane and along the z-axis (the
direction opposite to the e* beam) to be dry, <2 cm
and |dzge| < 4 cm, respectively. We also require one
secondary electron candidate track in the signal hemi-
sphere; however, at this step, the parameters of this track are
not used. As the 7 lepton decays dominantly into one or
three charged tracks in the final state, in the tagging
hemisphere, we require one (topology 1-1) or three (top-
ology 1-3) charged tracks from the IP with their impact
parameters to be dry, < 0.5 cm and [dz,,| < 2 cm. The
total charge of the event is required to be zero.

Some events may contain photons, for example, from
ns. They are selected with the energy requirement
E, > 50 MeV. In the signal hemisphere, the maximum
photon energy and the total sum of the photon energies are
limited to be less than 300 MeV and 400 MeV, respectively,
and the 7° candidates (a combination of two photons with
|M(yy) —mp| < 15 MeV/c?, corresponding to approxi-
mately £30 window in the resolution) are vetoed.

For topology 1-1, the primary backgrounds are Bhabha
scattering, two-photon interactions, eTe™ — utu~, and
ete” > qq (g=u, d, s, or ¢). For topology 1-3, the

main background is eTe™ — qg (¢ = u, d, s, or ¢). To
suppress the contribution of these processes, additional
requirements are used. They are based on the fact that the
ete™ — 7~ events with the 7z~ -pair subsequent decay
are characterized by a large missing energy (E,) and
missing momentum (P,;) due to undetected neutrinos.
The missing four-momentum (P is, Emiss) 18 defined as
follows

— pP*

Pmiss =Py trk(IP)

beam

- P, (1)
where P}, is the beam four-momentum in the c.m. frame,
P:rk(IP) is a sum of four-momenta of all tracks from the
77 -pair in the c.m. frame, and P;j is a sum of four-
momenta of all photons in the c.m. frame. Another feature
of 777~ events is a nearly uniform distribution of cos 0,
where 0, is the angle between the P and z-axis.

Thus, we apply the requirements on the missing mass
(m2. = P%.) 1 GeV/c? < mpyeo <7 GeV/c?, missing
angle 7/6 < 0 < 57/6, thrust magnitude 0.85 <
T <0.99, and invariant mass of the tag-side tracks
me < 1.8 GeV/c2.

To suppress the remaining Bhabha scattering contribu-
tion, we apply an electron veto for the tag-side track for
topology 1-1 using identification based on the information
from the CDC, ACC, and ECL [34]. We require its
likelihood ratio R(e/x) = L,/(L, + L,) to be less than
0.4, where £, and L, are the likelihood values of the track
for the electron and non-electron hypotheses, respectively.
This requirement rejects about 80% of events with an
electron on the tag side.

B. Kink selection

In this subsection, we describe the preselection of
candidates for events with the y~ — e~7,v, decay in the
CDC. As mentioned above, the daughter electron track
originating from the muon decay in the signal hemisphere
is required to infer the muon polarization. To suppress
random combinations with tracks from IP, we require the
electron candidate impact parameter in the r¢-plane to be
dr, > 4 cm. To reconstruct the u~ — e~ v,v, decay inside
the CDC, both the muon track and the electron track have to
be reconstructed, leaving enough hits in the tracker. The
last point of the muon track and the first point of the
electron track must be inside the CDC, detached at least
10 cm from its walls.

The track helix is parametrized by five parameters,
whose determination requires at least five hits in the
CDC. It is also important to discard fake tracks; thus, it
is required for the total number of the CDC hits to be larger
than 7 for the electron candidates and larger than 10 for the
muon candidates. Both tracks from the u~ — e~ 7,v, decay
are shorter than the average track of the nondecayed
particle from IP; therefore, we require the number of their
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CDC hits to be less than 40. Since the decayed muon does
not leave the drift chamber, the absence of associated hits in
the outer TOF, ECL, and KLM systems is required. The
electron tracks originate outside the SVD and are stopped
in the ECL; therefore, for them, we veto signals from the
SVD and KLM systems.

Finally, the distance between the muon and electron
tracks at the decay vertex is required to be less than 5 cm.
This requirement is loose enough to keep almost 100% of
kink events while rejecting random combinations of tracks.

The overwhelming majority of events that passed these
selection criteria have the form of a track kink. One of these
processes is p~ — € Uoly, and the rest are backgrounds,
which mimic the signal. They are light meson decays
-y, K-upv, K —-ub, K -,
K -7 7% K - nata, K- - 7z~ 7%, and electron
scattering, muon scattering, and hadron scattering. In
Table II, the signal and the main background processes
are listed with their relative contributions. About 20% of
pion decay events, 30% of kaon decay events, and 30% of
hadron scattering events come from e*e™ — gg, while all
other events are mainly from ete™ — 7.

The kinks, formed by a decay-in-flight, are characterized
by daughter particle kinematics in the mother particle rest
frame determined by the momentum magnitude and emis-
sion angle. These two variables are only defined for the
correct pair of mass hypotheses assigned to the tracks, e.g.,
fory™ — e7,v,, they are electron and muon mass hypoth-
eses assigned to the daughter and mother particles, respec-
tively. To indicate which pair is used in the particular case,
we introduce the following notation: p, ,, and €, , mean
the daughter particle momentum and emission angle in the
mother particle rest frame with p; and p, mass hypotheses
assigned to the daughter and mother tracks, respectively.
Here we measure the daughter particle emission angle from
the direction of the mother particle in the laboratory frame
because this angle determines the efficiency to reconstruct a
decay-in-flight. The efficiency to reconstruct the daughter
track from a kink has a maximum for the daughter particles
emitted perpendicular to the mother particle direction,

TABLE II. Relative contribution of the signal and background
processes after the kink selection and before applying the BDT
requirement.

Type Contribution (%)
U > ey, 3.2
T o pTY, 224
K- —na® 3.3
K~ — 3 body 4.6
K™ = up, 459
e-scattering 9.5
p-scattering 1.1
Hadron scattering 10.0

while it drops for daughter particle emitted along the muon
direction.

In the present study, we use three pairs (py, p,): (e, 1),
(7, K), and (u,x). For these mass hypotheses, we plot
Pp,p, and cos@, , distributions in Fig. 3. A good agree-
ment between the MC simulation (filled histograms) and
the data (points with errors) is observed.

Both Table II and Fig. 3 show that the largest contri-
bution to the background comes from the pion and kaon
two-body decays. These processes are characterized by a
peak in the momentum distribution of the daughter particle
in the rest frame of the decayed one, which is clearly
observed for the K~ -y, and K~ — 7" decays in
Fig. 3(c) and for the z~ — p~7, decay in Fig. 3(e), proving
the correctness of the applied kink selection procedure.
Before the selection based on the BDT, the signal con-
tribution is small and hardly visible in Fig. 3. The signal
shape has no sharp structures due to a three-body decay,
and it is further smeared in the variables calculated with the
wrong pair of mass hypotheses.

We define the signal region for p,, < 70 MeV/c. As can
be seen from Fig. 3(a), the largest background contribution
to this region is from the pion decay and electron scattering.
However, in the region for the 7~ — p~0, decay, p,, <
100 MeV/c, there are almost no y~ — e~ ,v, events [see
Fig. 3(e)], which makes it possible to effectively suppress
the 7= — 1, background, as well as a significant part of
the electron scattering events.

C. BDT based signal selection

To further suppress the background, we apply the BDT
machine learning (ML) classification algorithm. To sepa-
rate the signal from the background, we select twelve
features based on the physics of the background processes.
The first two features are p,, and p,x. The next group of
five features is responsible for the particle identification
(PID) of muon and electron candidates. They are defined as
likelihood ratios R(¢/x) = L,/(L, + L), where ¢ = u
ore, and L, and L, are the likelihood values of the track for
the muon (electron) and non-muon (non-electron) hypoth-
eses, respectively. For muon candidates, we use PID based
on the dE/dx losses inside the CDC against electron, pion,
kaon, and proton hypotheses (x = e, 7, K, and p, respec-
tively). For electron candidates, PID is based on the dE/dx
losses inside the CDC and ECL information; here only
R(e/u) is used. Two more features are related to the decay
vertex; they are the z-coordinate of the last point of the
mother particle track and the distance between the daughter
and mother tracks at the decay vertex. Finally, to suppress
the residual contribution from eTe™ — gg, we use M i,
c0s Ois» and thrust magnitude as separation variables.

Although the cos 6, ,,, variables show a good separation
power (see Fig. 3), we do not use them in the BDT because
they are strongly correlated with cos 8, (the main variable
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FIG. 3. Momentum p,, ,, and angular cos ¢
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distributions for the daughter particle (the mass hypothesis p;) in the mother particle

(the mass hypothesis p,) rest frame. (a) p,,, (b) c0s0,,, (€) prk, (d) cos Ok, (€) p,,, and () cosb,,.

to fit &) and, therefore, bias the & measurement with poorly
controlled systematics.

The distribution of the BDT output variable Ogpr is
shown in Fig. 4 for signal and background for training and
test samples. The optimal selection of Ogp > 0.0979 is
obtained by maximizing the ratio N,/ \/Ngs + Npckes
where N, is the number of selected signal events, and
Nypeg 18 the number of selected background events. The
obtained signal selection efficiency is &4, =~ 80%, while the
background is suppressed by a factor of fifty.

To illustrate the performance of BDT, we plot the
electron candidate momentum in the muon rest frame
shown in Fig. 5. The absence of the Belle track

6 — . . r . background
1 (test sample)
S5t ] .
signal
Boal ] I (test sample)
Z { background
T 3L ] (training sample)
Z i signal
=2 ] (training sample)
1r ]

0.0
Ogpr

FIG. 4. Ogpr distribution for the signal and background
(training and test samples).
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FIG. 5. Momentum distribution for the electron and muon mass

hypotheses for the daughter and mother particles, respectively.
The dashed line shows the 53 MeV/c threshold.

reconstruction algorithm optimization for the kink events
leads to a wide tail above the kinematic threshold of
53 MeV/c in the y~ — e",v, decay. The relative con-
tribution of the signal and background processes after the
BDT application is listed in Table III. About 6% of the
u~ — e D,v, decays come from the non-z*z~ events.

Finally, the number of the reconstructed signal y~ —
e U,v, decays and background events are estimated from
the MC simulation to be 139 &+ 2 and 50 £ 5, respectively,
where the uncertainty is due to the limited size of the MC
samples. In the data, 165 signal-candidate events pass all
the applied selection criteria.

V. BACKGROUND STUDY

In the present study, the background suppression and
determination of the fit function are based on the MC
simulation; thus, it is important to control the differences
between the MC samples and the data and take them into
account as systematic uncertainties. Therefore, we conduct
a study of background processes in the data and the MC
simulation using large pure samples with different types of
kink candidates (pion and kaon decays, hadron and electron
scattering).

Light meson decays are selected in two ways. The first
method is based on the BDT described in the previous
section, where we mark 7~ — u~7, or K~ — u~b, decay as

TABLE III.  Relative contribution of the signal and background
processes after the BDT application.

Type Contribution (%)
U = e D, 77.8
T oY, 2.2
K~ — 3 body 43
K™= up, 3.7
e-scattering 9.6
u-scattering 0.2
Hadron scattering 2.2

=
=~
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T Yy,
K —r
K~ —3 body
K —p v,
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(=)

e
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e-scattering
u-scattering

hadron
scattering

data

N/ (2 MeV/e)

e
N

0 20 40 60 80 100
Py [MeV/c]

i B LR

FIG. 6. p,, distribution for the z~ — u~0, event candidates
selected with the BDT from the z sample.

a signal. The samples obtained in this way have a purity
close to unity.

The distributions of p,, for the selected 7~ — u™ 0,
sample and p,x for the selected K~ — p~1, sample are
shown in Figs. 6 and 7(a), respectively. In the former plot,
the p,, distribution in the MC sample is shifted to the
higher muon momentum compared to the data. This effect
is related to the imperfection of the track reconstruction
algorithm in the case of a kink and is especially pronounced
in the pion decay due to the low energy release. In Fig. 7(a),
we observe that the muon momentum peak has a larger
width in the data indicating a better resolution in the MC
simulation, while kaon momentum distribution in the

x102
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pux [(MeV/c]

-1 IR0 0]
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FIG. 7. (a) p,x and (b) pg distributions for the K~ — 7,
event candidates selected with the BDT from the z sample.
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laboratory frame py plotted in Fig. 7(b) shows an agree-
ment between the MC simulation and the data within
statistical uncertainties of both samples.

It is also important to control systematics caused by the
BDT application; thus, background processes have to be
studied in samples obtained without ML algorithms. To
obtain a high-purity kink sample without BDT, we use the
decay chain D** — DY(— K~=z")z* since there is a large
sample of D** mesons collected by the Belle detector,
and both decays, D** — D%z and D° — K~z are well-
studied. In these events, it is possible to reconstruct the
light meson decay-in-flight and tag the kink type. A
detailed description of the D** sample selection is given
in Appendix A.

For the 7~ — u~ 0, kinks selected from the D** sample,
we plot the p,, distribution in Fig. 8(a). It is similar to
Fig. 6, although the statistics are several times smaller.

Concerning kaon kinks from the D*T sample, they
include both kaon two-body and three-body decays and
a large number of events with hadron scattering. To
illustrate the abundance of selected processes, we plot
the p,x distribution in Fig. 8(b). Here we observe a
relatively large contribution of K~ — 7~ 2° decays com-
pared to Fig. 3(c), where such events are suppressed by
requirements for photons and z”s. For this kaon decay
mode, we confirm the agreement between the MC simu-
lation and the data within statistical uncertainties. For
K~ — p7u, decays, we observe a discrepancy; therefore,
to study this process in more detail, we plot the p,x

distribution in Fig. 8(c). Here the discrepancy in the muon
momentum peak width for K~ — p~0, decays is observed
to be similar to one in Fig. 7(a) for the  sample and thus
confirms this to be a systematic effect.

Kaon kinks from the D** sample also include hadron
scattering events [e.g., Fig. 8(b)]. This process is typical for
slow hadrons, as can be seen from Fig. 8(d), where pg is
plotted. For the first two bins with data, we observe a
significant discrepancy between the data and MC samples,
while an agreement is observed for kaon kinks from the 7
sample [Fig. 7(b)]. Another confirmation that the MC
simulation does not reproduce hadron scattering is an
underestimation of the events number in the hadron
scattering region observed in Fig. 8(b). The difference
between the MC simulation and the data is expected since
this process is not perfectly described by GEANT3. For
larger pg, the MC simulation reproduces the data within
statistical uncertainties for both D** and 7 samples.

The electron scattering process makes a significant
contribution to the background. The study of this process
is based on the sample obtained from the y-conversion on
the detector material in the IP vicinity. The selection of the
y-conversion sample is described in detail in Appendix B.
To illustrate the electron scattering process, we use the
same pair of mass hypotheses as in the fit of the u= —
e~ v,v, process. The p,, distribution is shown in Fig. 9. A
discrepancy between the MC and data samples is observed
in the shape of the electron spectrum and taken into account
in the systematics.

x102
gl ' ' I e R A
—~ _ (b) O mou,
= S 6 0 K —r
> = -
] () -
= S . I K —3 body
v © N K —u v,
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‘ - :
0 200 40 60 80 100 0 100 200 300 scattering
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FIG. 8. D** sample. (a) p,,, distribution for pion kinks; (b) p.x. (¢) p,x. and (d) pg distributions for kaon kinks.
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FIG. 9. p,, distribution for the electron scattering kinks
selected from the y-conversion sample.

In conclusion, a complete study of the main background
processes is done. All observed discrepancies are taken into
account as systematic uncertainties. In addition, the dis-
cussed samples also provide important information about
secondary and primary tracks in events that contain kinks
for all main particle types except primary muon. This
information is also used in systematics estimation, as it is
described in the corresponding section below.

VI. FIT FUNCTION AND FIT RESULT

According to Eq. (5), the term proportional to & depends
on cosé,, y, and x. Since the dependence on x is very
weak,” we can integrate over it without loss of sensitivity.
In contrast, the dependence on y is strong, and integration
over it dramatically decreases the sensitivity to &; thus, we
perform a two-dimensional (2D) fit on the (y,cos6,) =
(v, ¢) distribution using an unbinned maximum-likelihood
method.

The likelihood function is

L= HP(y,», cii &), (12)
i

where n denotes the number of data events, and P(y, c; &)
is a probability density function (PDF)

P(y,c;&') = pPgg(y, ¢;&') + (1 = p)Ppere (v, ¢).  (13)

Here p = N/ (Ngg + Npekg) = 0.74 s the signal
purity, the ratio of the number of signal events N, to
the total number of events N, + Nyckg» Piig (¥, €:&') is a
signal PDF, and Py, (y,c) is a background PDF. The
signal purity and both PDFs are obtained from the MC
simulation.

The signal PDF can be determined from the
theoretical PDF Py, (7,¢,z;&') by applying efficiency

’If x3 is neglected in Eq. (5), the dependence on x factorizes.

corrections and performing a convolution with the detector
resolution:

Pag(v, ¢;:¢) = @/Pm(i, ¢,z;¢)
xn(9.¢.2)9(y, ¢, ¥, ¢,z)dz dy de,
NE) = [ PaememG.e)
x g(y,c,¥,¢,z)dzdy de dy dc. (14)

Here (7,¢) = (§,cos,) are “true” physical quantities of
our interest, and z is a vector of the rest of the true physical
variables not used in the fit. Functions #(y,¢,z) and
g(y,c,¥,¢,z) are the efficiency and resolution functions,
respectively. The theoretical PDF, Py (¥,¢,z;&), is
obtained from the differential decay width given by Eq. (5).

Both efficiency and resolution functions are too com-
plicated to express in analytic form; thus, it is almost
impossible to calculate the Pg,(y. c;¢&’) function given in
Eq. (14) analytically. Fortunately, the theoretical PDF is
linear in &'; therefore, we rewrite it as follows

Pun(3.¢.2:8) = A(y.8.2) + &B(y.¢.2).  (15)
Using this form, we rewrite Eq. (14):

A(y.c) +&B(y.c)
A+EB

Psig(y’ C;‘f/) = > (16)

where

Aww=/kﬁamm@mmwjﬁma@&,

B(y.c) = / B(3.¢.2)n(3,¢.2)g(y. ¢, 3, ¢.2)dz dy d,

A:/A(y,c)dydc, B:/B(y, c)dydc. (17)

In this study, the dependence of the signal PDF normali-
zation on & is negligible as A > B.

To calculate A(y,c)/A and B(y,c)/A, we use two
MC samples generated with & =1 and & = —1. Their
distributions in (y, c¢) are determined exactly by the follow-
ing PDFs: P (y.c) = Pgg(y.c;+1) and P_(y,c) =
Pgig(y. c: —1), respectively, providing

1
Pgg(y, ;&) = E{PH (v, ¢) +P_i(y,c)

+&P(y, ) =P_i(y. )]} (18)

All the PDFs can be obtained in the form of 2D
histograms of (y,c) or in the form of smooth functions
describing the distributions in (y, ¢). Since the signal MC
sample statistics is large, 2D histograms of (y,c¢) can
already be considered as almost smooth functions (there are
no statistically significant fluctuations), which can be used
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in the fit without loss of accuracy. Thus, for simplicity and
naturalness, we obtain P.(y,c) in the form of the 2D
histogram of 10 x 10 bins with an interpolation of the
intermediate values. Alternatively, we use a smooth func-
tion to evaluate the systematic uncertainty as it is described
in Sec. VIID.

In contrast to the signal, the background MC sample has
modest statistics, and there is no feasibility to increase it.
Therefore, Py (. ¢) is obtained from the approximation
of a 6 x 6-bin histogram of (y, ¢) distribution by a smooth
parametric function so that y*/n.d.f. =~ 1.

The fit procedure is tested on ensembles of 1000
statistically independent simulated samples of the size
expected in the data with eleven & seed values from —1
to 1 in steps of 0.2, and no statistically significant biases are
observed.

Finally, the fit to the data yielded & = 0.22 £ 0.94. The
projections of the data and the fit function onto the y and
cos @, axes are shown in Fig. 10. The variation of the
—2[InL(&') —In L(&G,)] as a function of the & value is
shown in Fig. 11. The & = —1 scenario is more than one
standard deviation away from the measured & value.
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FIG. 10. The fit of the data with & = 0.22 £ 0.94. Points with
errors correspond to the data, the solid line histogram corresponds
to the fit function, and the shadowed area corresponds to the
background function. (a) projection onto y, (b) projection onto
cosd,.

=2 L") —InL(Ey)]

-1.0
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FIG. 11. The variation of the —2[InL(&)—InL(& )] as a
function of the & value.

For a more detailed illustration of the fit, we plot three
slices in y (0 <y <0.52, 052 <y <0.78, and 0.78 <
y < 1.3) projected onto cos @, (Fig. 12). In addition to the
fit function with & = 0.22, we show fit functions with & =
—1 (dashed) and with & = 1 (dash-dotted). For y < 0.52,
there is almost no sensitivity to &, while for 0.78 <
y < 1.3, the sensitivity is maximum. This behavior is
expected from the theoretical function given by Eq. (5).
The total x> for the fit projections shown in Fig. 12 is 31
with n.d.f. =29, demonstrating that the fit describes the
data well. The total y> for the projections shown in Fig. 12
for the function with & = —1 is 37 and for the function with
& =11is 30.

VII. SYSTEMATIC UNCERTAINTIES

The systematic uncertainties are taken into account by
assuming the most conservative approach. To estimate
them, we generate for each source of the systematics an
ensemble of 1000 toy MC samples with eleven & seed
values from —1 to 1 in steps of 0.2 and the same statistics as
estimated from the signal and background MC samples.
Each sample is generated according to the 2D distribution in
y and cos@, obtained from variation of the signal and
background distributions within the expected uncertainties
(observed discrepancies between the MC simulation and the
data described in the previous sections). Then all samples are
fitted with the default PDF function, and the average of
obtained & values over 1000 samples is calculated. The
maximum difference between these mean values and the
default one is taken as a systematic uncertainty.

We also estimate the systematic uncertainties from the
data by varying the PDF functions used in the fit to obtain
the difference between a new & value and the default one.
We use this method as a crosscheck since it is less robust for
systematics evaluation and always gives a lower value
compared to the estimation from toy MC samples.

In this study, we distinguish four main categories of the
systematic error sources: ‘“background,” “PID in BDT,”
“signal,” and “fit procedure.”
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FIG. 12. Projection onto cos @, for slices in y: (a) 0 < y < 0.52,
(b) 0.52 <y < 0.78, and (c) 0.78 < y < 1.3. Points with errors
correspond to the data, the solid line corresponds to the & = 0.22
fit function, the dashed line corresponds to the & = —1 fit function,
the dash-dotted line corresponds to the & = 1 fit function, and
the shadowed area corresponds to the background function.

A. Background systematics

This category of systematic errors includes the uncertain-
ties in the expected background fraction of each type used in
the fit PDF as well as the particular background shape.

The signal purity p is obtained from the MC simulation
with the statistical uncertainty of 0.02 induced by the
limited number of signal and background MC events.
While the signal MC sample is generated with large
statistics, the size of the background MC sample is
moderate, thus making a major contribution. The observed
discrepancies between the data and simulation lead to an
additional systematical uncertainty of 0.02 in the purity
value. The variation of p within the combined error results
in the systematic uncertainty of 0.10.

The PDF shape and relative contribution of each type of
the background processes are the sources of the systematics
because the MC simulation does not reproduce data
perfectly. The main background contamination comes from
the kaon and pion decays, electron and hadron scattering.
For each of them, we conducted a small dedicated study
described in Sec. V. Prepared pure background samples
allow us to observe discrepancies between the MC simu-
lation and the data in both normalization and shape. To take
these discrepancies into account, we reweight each type of
the background MC sample based on particular kinematical
characteristics. For the reweighted background sample, we
obtain new values of the background smooth function
parameters. The estimated systematic uncertainties are the
following: 0.05 for z~ — u~1,, 0.06 for K~ — 3 body, 0.05
for K= — u~,, 0.10 for e-scattering, and 0.11 for hadron
scattering. The statistical uncertainties of the parameters of
the background PDF do not have much impact on the shape
and have already been taken into account in the signal
purity systematics.

The combined background systematic uncertainty is 0.20.

B. PID in BDT systematics

To estimate the effects of PID usage in the BDT, we take
advantage of the availability of various tagged kinks in the
data selected without BDT application. This systematic
uncertainty contains two separate contributions: PID uncer-
tainties of primary muons and daughter electrons.

The PID uncertainty of the daughter track is easier to
analyze since we have tagged secondary electrons from
the electron scattering (y-conversion sample), muons from
kaon decays (D** sample), and pions from kaon decays
(D*t sample). We reweight the R(e/u) distribution for
both the signal and background according to the weights
obtained from the corresponding sample and then apply a
new PDF for toy MC sample generation. The obtained
systematic uncertainty is 0.13.

To identify muons, we use PID with all four pairs of
particle hypotheses (muon against electron, pion, kaon, or
proton) in the BDT. To simplify, we evaluate the system-
atics of PID for all of them separately. Although they are
correlated, the separate analysis only increases the system-
atic uncertainty.

For all kink mother particle types except for the muon,
we have a clean sample providing the corresponding PID
distribution in the data (electrons from the y-conversion
sample, kaons and pions from the D** sample). Muons do
not have a suitable sample; therefore, we treat them as pions
instead. This replacement is justified since we use only
dE/dx losses, and they are almost the same for the muon
and pion mass hypotheses.

We reweight the R (u/x) distribution (x = e, x, K, or p)
for both the signal and background and then apply a
new PDF for toy MC sample generation. The obtained
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uncertainties are 0.13 for R(u/e), 0.09 for R(u/x), 0.10
for R(u/K), and 0.06 for R(u/p).
The combined PID in BDT systematic uncertainty is 0.24.

C. Signal PDF systematics

Here, we study all sources of systematic uncertainties
related to the signal PDF P, These include signal
reconstruction efficiency depending on the muon labora-
tory momentum p, and the electron emission angle in the
muon rest frame 6,,, electron momentum resolution in the
muon rest frame, and also the systematics of the signal MC
sample generation method.

The systematic uncertainty due to the discrepancy in
reconstruction efficiency between the data and the MC
simulation consists of two different contributions: one is
related to the trigger efficiency of the selected topology, and
the other is due to the kink reconstruction efficiency. The
trigger efficiency uncertainty results in a small discrepancy
between primary muon momentum distributions in the MC
and data samples. We obtain weights for the estimation
from the sample of 7~ — u~7,v, decays without u~ —
e” Vv, kink. This systematic uncertainty is 0.08.

The reconstruction efficiency also strongly depends on
the electron emission angle 6,,,. We control this effect using
the largest selected background sample of K~ — u™o,
decays (from D** decays). Since kaons are pseudoscalars,
their decay angular distribution is uniform. Therefore, after
reconstruction, the cos 9}4,{ distribution represents the kink
reconstruction efficiency. Applying weights from the kaon
decay to our signal, we estimate the systematic uncertainty
to be 0.09.

To take into account the systematics of the electron
momentum resolution in the muon rest frame, we also
exploit the K~ — u~p, decay sample. We use kaons
selected from the z sample since here we observe a
discrepancy in p,x resolution slightly larger compared
to kaon kinks from the D** sample. We estimate systematic
uncertainty to be 0.03.

The systematic uncertainty induced by the muon lifetime
reduction for the signal MC sample generation is 0.07. It is
estimated by comparing the signal MC sample to the ten
times smaller MC sample generated with the default muon
lifetime.

The combined signal PDF systematic uncertainty is 0.14.

D. Fit procedure systematics

To estimate the systematic uncertainty of the fit pro-
cedure, we compare the fit results of the Michel parameter
& for two different Pg,. The first one is the default signal
PDF in the form of a histogram. The second one is obtained
from the MC (y,cos6,) distribution by smoothing a
16 x 16-bin 2D histogram with a parametric function.
We estimate the systematic uncertainty of this source to
be 0.25.

In addition, we check the difference in the result by
varying the bin width of the default Pg,. It is impossible to
vary the bin size much since with too fine binning, a few
empty bins appear, leading to a bias of the fit, while with
too rough binning, the sensitivity suffers due to the fitting
function sharpness in some regions. Thus, 8 x 8 and
12 x 12 net is used to check the variation. The obtained
difference is small and does not exceed 0.13.

In conclusion, we consider 0.25 as a systematic uncer-
tainty of the fit procedure.

E. Systematics summary

Finally, the combined overall systematic uncertainty of
the Michel parameter & measurement is estimated to be
oz = 0.42. In Table IV, we summarize the results of the
systematic uncertainty estimation for all sources.

Systematic uncertainty is significantly smaller than the
statistical one in this analysis, demonstrating the potential
of the applied method. The method allows for a significant
improvement in accuracy in the near future in already
working experiments or those being under development.
Thus, the task of control of systematic uncertainty with
increasing statistics is worth considering.

A qualitative consideration that the statistical uncertainty
will dominate the systematic one in similar analyses in the
near future experiments is discussed in detail in Ref. [17].
This analysis confirms in practice the validity of that
conclusion: most of the systematic sources are controlled

TABLE IV. Sources of the systematic uncertainties of the
Michel parameter £ measurement (absolute values).

Source Uncertainty
Background
Purity (p) 0.10
n~ =y, MC 0.05
K~ — 3 body MC 0.06
K~ — p~p, MC 0.05
e-scattering MC 0.10
Hadron scattering MC 0.11
PID in BDT
R(e/u) 0.13
R(u/e) 0.13
R(u/=) 0.09
R(u/K) 0.10
R(u/p) 0.06
Signal PDF
p, efficiency 0.08
cos d,, efficiency 0.09
Dey Tesolution 0.03
Signal MC generation 0.07
Fit procedure
Fit function 0.25
Total 0.42
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with large independent samples, and no limiting factors for
further improvements in accuracy have yet been observed.

VIII. RESULT

We measure the Michel parameter £ to be
E=022+094+042, (19)

where the first uncertainty is statistical and the second one
is systematic. This result is consistent with the Standard
Model prediction of &gy, = 1. The combined uncertainty,
oz = 1.03, is more than two times smaller compared to the
previous Belle result & = —2.2 +2.4 calculated from &k
obtained in the study of the 7~ — 7,1,y decay [12].
Based on the gained experience, it is possible to improve
the result in the near future in the Belle II experiment [35],
taking into account the upgraded detector with an enlarged
CDC and the implementation of improved tracking algo-
rithms. In particular, the kink reconstruction algorithm
implementation will provide a better momentum resolution,
which is important for both background suppression and
sensitivity increase (smeared by the resolution otherwise).

IX. CONCLUSION

In summary, we report the first direct measurement of the
Michel parameter &' in the 7~ — yu~7,v, decay with the full
Belle data sample using the y~ — e7,v, decay-in-flight
in the Belle drift chamber. The obtained value of & =
0.22 £ 0.94 4+ 0.42, where the first uncertainty is statistical
and the second one is systematic, is in agreement with the
Standard Model prediction &gy, = 1.
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APPENDIX A: KINK EVENTS SELECTION IN
THE DECAY CHAIN D** — D%(—» K~ =n*)n*

We reconstruct D*T candidates in the decay chain
Dt — D%(— K~z*)n". The following selection crite-
ria on the K~z and K~ z"z" invariant masses are used:
1.82GeV/c*<M(K~nt)<1.9GeV/c? and [M(K~ntnt)—
M (K~ ") +MPPS(D%) —MPPS(D*+)| <3MeV/c?, provi-
ding a large sample of D*t candidates. The momentum
of the D** candidates in the c.m. frame is limited at pp-+ >
2.3 GeV/c since our MC simulation of ete™ — 1(4S5) —
BB does not reproduce K~z 27" invariant mass distribution
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well for both the D** signal and combinatorial background.
For larger momentum, D** are produced in the continuum,
and our MC simulation of eTe™ — gg describes the com-
binatorial background well. However, there is a discrepancy
between the data and MC samples in the D** peak since the
effects of the c-quark fragmentation were not properly
accounted for in the MC simulation. The fragmentation is
based mainly on the momentum spectrum; therefore, we
reweight the MC sample with a real D** — Dz* decay in
bins of its momentum. The following procedure is used: the
M (K~ =" zt) distribution in data is fitted in bins of pp-+, and
the number of D*T mesons is obtained. After that, we
determine the weight for the MC event with real D** as
w(pp-+) = N2 (pp ) /NYS (pp-+). We perform this pro-
cedure with D** candidates reconstructed before any kink
selection.

For further event selection, we require one of the DO
daughter tracks to pass the kink selection criteria described
in Sec. IV B. The second track is identified using the
information from the CDC, TOF, and ACC combined
to form likelihood £; (i =z or K). To select the pion
(kaon) kink, we require R(K/x) = Lx/(Lx + L) > 0.6
[R(z/K) > 0.6] for K~ (z") from the D° meson.

To illustrate the result of the selection, we plot the K~z
invariant mass for pion and kaon kinks in Figs. 13(a)
and 13(b), respectively. As can be seen, each sample
consists of the corresponding kinks, as well as hadron
scattering events.
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FIG. 13. K~z invariant mass for (a) # kink candidates and
(b) K~ kink candidates.

APPENDIX B: KINK EVENTS SELECTION
IN THE y-CONVERSION PROCESS

We select y-conversion events from 1-1 and 1-3 topology
77~ pairs sample prepared according to the preselection
criteria described in Sec. IVA. Although this preselection
limits available statistics, the kink reconstruction efficiency
here is similar to one in the main analysis.

The conversion is reconstructed on the one-track side
from two oppositely charged tracks. To suppress back-
ground from other V-shaped processes like K9 decay, the
invariant mass of e*e™ pair m,,- is required to be less than
40 MeV/c?. Since y-conversion occurs on the detector
material, the radius of the conversion vertex in the r¢-plane
has to be larger than 2 cm. To suppress a random
combination of the tracks, the distance between two tracks
in projection onto the z-axis is required to be less than 5 cm.
The daughter electron is reconstructed as a kink with the
selection criteria described in Sec. IV B. Finally, using
the identification of the daughter positron R(e/x) > 0.8,
we obtain a clean sample of identified electron scattering
events.

To illustrate the result of the described procedure, we
plot the eTe™-pair invariant mass in Fig. 14(a) and the
radius of the conversion vertex in the r¢-plane in
Fig. 14(b). The localization of the m,+,- in the zero region
is as expected. In the distribution of the y-conversion
vertex, the SVD structure is clearly observed. The selected
sample consists of pure electron scattering events.
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FIG. 14. (a) invariant mass m,+,- and (b) radius of the
conversion vertex for the selected y-conversion events, where
one of the electron is reconstructed as an electron scattering kink.
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