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FIG. 3. Reconstructed distribution of the reaction vertex along
the beam line showing target-full events in the top histogram (blue)
after loose K0Y 0 selection and the missing mass cut shown in
Fig. 2. Events selected by the first BDT are shown in the middle
histogram (red), and rejected events in the bottom histogram (black).
The magenta line indicates a loose cut to reject unambiguous target-
material background.

This BDT algorithm is more efficient than a simple “cut”
method in both rejecting background and keeping signal
events [53,57]. The method builds a “forest” of distinct de-
cision trees that are linked together by a boosting mechanism.
Each decision tree constitutes a disjunction of logical conjunc-
tions (i.e., a graphical representation of a set of if-then-else
rules). Thus, the entire reaction phase-space is considered by
every decision tree. Before employing the BDT for signal
and background classification, the BDT algorithm needs to
be constructed (or trained) with training data—wherein the
category of every event is definitively known. We used the
ROOT implementation of the BDT algorithm [58]. Every
event processed by the constructed BDT algorithm is assigned
a value of between −1 and +1 that quantifies how likely the
processed event is a background event (closer to −1) or a
signal event (closer to +1). An optimal cut on the BDT output
is chosen to maximize the S/

√
S + B ratio, where S and B are

the estimations, based on training data, of the initial number
of signal and background events, respectively.

The initial assignment of the π− particles to either K0 or �

decay was studied with Monte Carlo simulation, and a loose
selection based on invariant masses was made. Specific details
of these cuts are given in Ref. [57].

The first BDT was trained using real empty-target data
for the background training. A signal Monte Carlo simulat-
ing quasifree hyperon production on the neutron was used
for signal training data. The momentum distribution of the
spectator proton, ps , followed the Hulthèn potential [59,60]
for the deuteron. Based on this training, an optimal BDT cut
that maximized the estimated initial S/

√
S + B ratio was se-

lected. Figure 3 shows the total (blue histogram) and rejected
(black histogram) events by the first BDT cut. In comparing
Figs. 1 and 3, two items should be noted. First, the BDT
was trained to remove target-material background events with
missing momentum not consistent with a Hulthèn distribution.

FIG. 4. Invariant π−
� p mass (top) and invariant π−

K0π
+ mass

(bottom) after target material background rejection by the first BDT
cut. Black histograms show events rejected by the second BDT cut.
Fits of the sum (red curve) of a Breit-Wigner line-shape (blue curve)
and a third-order polynomial (black curve) are shown. The fits aid the
discussion in the text but were not used in the subsequent analysis.

Second, the BDT background-rejection efficiency was not
perfect, leaving some target-material background events that
were removed in a subsequent step (Sec. III C). We then
rejected events with z > −2 cm on the reaction vertex to
remove remaining unambiguous background events due to
various cryostat foils.

The second-step BDT was trained using a four-body phase-
space γ d → π−π+π−p(pS ) simulation as background train-
ing data and the γ d → K0�(pS ) simulation as signal training
data. There were two negative pions in each event: one from
the decay of the K0 and one from the decay of the hyperon.
The goal of the BDT analysis was to use the available
correlations among all particles to sort the pions correctly
and to select events with decaying strange particles. The
main training variables at this stage of the analysis included
the 3-momenta of all the particles and the detached decay
vertices of the K0s and the hyperons. After the optimized
BDT cut was placed, Fig. 4 shows the total (red histogram)
and rejected (black histogram) events after this second BDT
analysis step. The efficiency of the second BDT was less than
100%, thus, there are remaining target background events in
the selected data sample. The dips near the signal maxima in
the background spectra show that the background is slightly
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FIG. 5. Distributions of missing mass from the reconstructed K0, γ n → π−
K0π

+X for simulation data, assuming that the target is an at-rest
neutron. Left: The magenta histogram represents events with correct K0� classification, while the cyan histogram represents events with the
wrong K0�0classification. Right: The cyan histogram represents events with the correct K0�0 classification, while the magenta histogram
represents events with the wrong K0� classification.

undersubtracted. This issue is discussed and corrected below.
A fit with a Breit-Wigner line shape and a polynomial was
used to estimate that the strange-to-nonstrange ratio of events
in the data set at this stage was about 2.3:1 in the peak regions.

For the final task, separating the K0� and K0Σ0 channels,
the third BDT was trained using γ d → K0�0(pS ) simulation
as “background” training data and γ d → K0�(pS ) simu-
lation as “signal” training data. Note that the term back-
ground used here is just for semantic convenience, since both
channels were retained after applying the third optimized
BDT cut. Figure 5 shows in the left [right] histogram the
classification success of the third BDT on γ d → K0�(pS )
[γ d → K0�0(pS )] simulation data. The histograms reveal
that a small number of K0� events would be misclassified
as K0Σ0 events, and vice versa. In the next section, the
correction for the contamination on both final data sets is
discussed. Figure 6 shows the separation result from the third
BDT on real data.

C. Corrections for remaining backgrounds
and asymmetry calculation

The E asymmetry values for both target-material and
nonstrange background events were statistically consistent
with 0 [57]; therefore, we implemented an approximation
procedure to correct for the dilution effect from the re-
maining background. We estimated two ratios: one for the
remaining fraction of target background (TGT), RTGT, and
one for the fraction of remaining nonstrange (NS) final-
state events mixed with the hyperon events, RNS. We write
RTGT = N remain/NHD and RNS = Y remain/YK0Y . N remain and
NHD are the estimated number of remaining target-material
background events and true deuteron events after the first BDT
and z = −2 cm vertex cuts, respectively. Y remain and YK0Y are
the estimated number of remaining nonstrange and true K0Y
events after the second BDT cut, respectively. Next, let YBDT

be the number of events that passed the z-vertex cut and the

first two BDT selections; then YBDT can be partitioned into

YBDT = (1 + RNS)YK0Y = (1 + RNS)
[
YK0Y

HD + YK0Y
TGT

]
, (5)

since YK0Y also comprises events from the remaining target-
material background and the bound signal events. If we further
allow YK0Y

TGT /YK0Y
HD = N remain/NHD = RTGT, then YBDT can

finally be expressed as

YBDT = (1 + RNS)(1 + RTGT)YK0Y
HD (6)

or

YK0Y
HD = (1 + RNS)−1(1 + RTGT)−1YBDT. (7)

These relations should remain valid for both YK0�
BDT and YK0�0

BDT ,
which are the K0� and K0�0 signal events from bound

)2 (GeV/c+π0K
-πMissing Mass Off 

0.8 1 1.2 1.4 1.6

C
ou

nt
s

0

100

200

300 Real Data

FIG. 6. Distribution of missing mass from the reconstructed K0,
γ n → π−

K0π
+X for real data, assuming that the target is an at-rest

neutron, after rejecting nonhyperon background by the second BDT
cut. The magenta (cyan) histogram was classified as K0� (K0�0)
using the third BDT selection step.
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