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We present a search for an invisible hidden-sector particle Xiny, produced in B° — D°Xi, and
B & hXin decays, where h = 7+, K*, DZF. p*. The search is performed using eTe™ collision
data recorded with the Belle detector, corresponding to 711 fb~!. No significant signal is observed.
We set 90% confidence level upper limits ranging between 10™% and 107° on the branching fraction

B(B — hXin) as a function of mx,,, .

Corresponding limits are set on B(B — hX) x B(X — 7v7y)

for lifetimes ctx between 10 pm and 10 m. Many of these limits are the first direct constraints
on their respective decays. Our results provide the most stringent exclusion limits to date on the
branching fractions for all search channels, and exclude previously unexplored regions of parameter

space relevant to several new physics models.

In recent years, the absence of evidence for physics
beyond the standard model (SM) at the energy fron-
tier has shifted attention toward searches for new parti-
cles with masses comparable to those of known SM par-
ticles. If such particles exist and have so far avoided
detection, this would likely be due to their small cou-
plings to SM particles; such hypothetical particles are
termed feebly-interacting particles (FIPs) [1]. The in-
teractions of FIPs with SM particles can be governed by
low-dimensional operators, or portals, classified according
to mediator spin [2]. This phenomenological framework
enables straightforward comparison across experimental
searches.

Many particles proposed in extensions to the SM
are FIP candidates. Pseudoscalar axion-like particles
(ALPs) arise in many extensions to the SM [3-5] and offer
potential solutions to longstanding problems in physics
[6], as potential dark matter candidates [7-9] or dark sec-
tor mediators [10]. Constraints on ALP couplings to pho-
tons and electrons are already stringent across the MeV-
GeV range [6, 11-14]. ALPs produced in flavor-changing
neutral current (FCNC) processes, such as those in B
decays, are especially promising to detect, as these tran-
sitions are suppressed in the SM, enhancing sensitivity
to physics beyond the SM [15-21]. These decays depend
on the coupling of ALPs to the W# bosons, which, com-
pared to the couplings to photons and electrons is less
constrained [10, 22-27].

Scalars can also be dark matter candidates [28] or
dark sector mediators [29], and can play roles in solv-
ing a range of problems in physics [23, 30-36]. Dedi-
cated studies in B decays further probe their parameter
space [37, 38]. While less commonly studied in B decays,
light vector particles are also in principle allowed [39, 40],
with potential relevance to the excess rate measured for
BT — Ktuw [41].

Although portals provide a general classification of
models, the observability of a new particle depends on
its decay properties. A FIP may appear invisible because
it is a dark matter candidate, predominantly decays into
dark matter candidates, or because it has a long lifetime
and decays outside the detector volume. In any case, the
result is a missing energy signature.

In this Letter, we report on a search for an invisible
FIP, Xinv, produced in B° — DYX;,, and B — hXin,
decays, where h = 7+, KT, Df p. Charged-conjugate
decays are implied throughout. The data were collected
with the Belle detector [42] at the energy-asymmetric
ete” KEKB collider [43] at a center-of-mass (c.m.) en-
ergy /s = 10.58 GeV. The search is performed on a
dataset containing (770 4+ 11) x 10° ete™ — 7(45) —
BB events, corresponding to an integrated luminosity of
711 b~ L.

The search for Xj,, is carried out by scanning for nar-
row peaks in the momentum of the recoiling hadron in
the frame of its parent (signal-side) B meson, denoted
pr. The other (tag-side) B meson in the event is also
reconstructed to kinematically constrain the event. A
scan is performed across the p; distribution looking for
excesses above the expected background. The current
best limits on the branching fractions of BT — Kt X,
and Bt — 71 Xj,, come from searches for the SM chan-
nels B — Ktvw and Bt — ntvw at B-factories,
which have excluded branching fractions down to approx-
imately 1075 for both channels [44-47]. Recently, there
has been a surge of interest in b — sv¥ transitions, as
Belle II reported evidence of BT — K*tuvw [48]. The
best existing limit on B(Bt — pXi,y) is about 107, set
by a recent BABAR search [49]. To date, there have
been no dedicated searches for the two decays involving
charm mesons discussed in this Letter, making this the
first search for BT — D Xj,, and B® — D°Xj,,.



While our primary focus is on invisible final states,
we also assess the sensitivity of our selection to scenarios
where a particle X decays via X — vy with decay length
comparable to the detector size. Although our analysis
is optimized for the invisible case, such visible decays
can mimic the Xj,, signature when X decays outside the
sensitive detector volume or when the decay products
escape detection.

The Belle detector has a cylindrical symmetry around
the beamline, with the z-axis defined as the direction
of the electron beam. The Belle detector comprises six
sub-detectors, listed in the following from innermost to
outermost: the silicon vertex detector, the central drift
chamber, the aerogel Cherenkov counter, the time-of-
flight scintillation counter, the electromagnetic calorime-
ter (ECL), and the KY and muon detector. The ECL
consists of a cylindrical barrel region surrounding the
beamline and forward and backward endcap regions at
either end, with the forward endcap located in the pos-
itive z direction. A solenoid produces a 1.5 T magnetic
field through the five innermost detectors. Further de-
tails of the detector are in Ref. [42].

Signal events are simulated using the Monte Carlo
(MC) event generator EvtGen [50] for a range of Xy
masses from 1 MeV/c? to just below the kinematically
allowed upper limit of mp — my, for both invisible Xj,
and X — . For the latter, the lifetime c7x is gener-
ated in a range from 10 ym to 10 m. The background
processes ete” — 7 (45) — BB (with SM B decays)
and ete”™ — ¢q(y) (where ¢ = u,d, s, c) are simulated
using EvtGen and PYTHIA [51], with final-state radiation
simulated using PHOTOS [52]. The detector response is
modeled with GEANT3 [53]. Both experimental and simu-
lated events are converted to the Belle II format [54], and
then reconstructed and analyzed using the Belle II analy-
sis software framework [55, 56]. To avoid experimenter’s
bias, the selection criteria and analysis procedure are fi-
nalized using simulated events before examining the data.

The tag-side B meson is reconstructed from hadronic
decay modes using the full event interpretation (FEI) al-
gorithm [57]. It must satisfy Mye = +/s/4 — [p|? > 5.27
GeV/c? and |AE| = |E}5 — v/5/2] < 0.1 GeV, where pg
and Ej are the momentum and energy of the B meson.
Here and throughout the paper, quantities in the eTe™
c.m. frame are indicated by an asterisk. The signal qual-
ity returned by the FEI is required to exceed 0.005.

All signal channels contain at least one charged parti-
cle in the final state. We select reconstructed trajectories
of charged particles (tracks) with a point of closest ap-
proach to the interaction point (IP) in the radial direction
satisfying dr < 2 cm, and in the z-direction satisfying
|dz| < 3 cm. All final-state particles are required to
have a momentum p* > 0.1 GeV/e.

Charged particles are identified using a binary ratio P
of likelihoods £, which compares two particle hypothe-
ses ¢ and j: Py = L;/(L; + L;) [58]. In the search

for Bt - K™ X (BT = 77 Xin), we select charged
kaons (pions) with 88% (92%) efficiency with a 4% (7%)
pion (kaon) mis-identification rate. In the search for
BT — pXi,y, protons are identified with 97% efficiency
with 18% and < 1% kaon and electron mis-identification
rates, respectively.

In the searches for BY — D¥ X;,, and B® — D°X;,,,
the D} and D° mesons are reconstructed from spe-
cific final states: D} — KTK~-7nT and D° — K7,
K—7nt7% or K—ntn~nt. The 77 and K candidates
in these decays must meet the same IP requirements as
above, with looser particle identification selections, cor-
responding to 97% (98%) charged kaon (pion) efficiency,
with a pion (kaon) mis-identification rate of 18% (23%).
A vertex fit is performed as detailed in Ref. [59]. The
D} and D candidates are required to lie within 3 times
the mass resolution of their nominal masses [60].

Neutral pion candidates are reconstructed using two
ECL energy deposits (clusters) not matched with tracks,
which we identify as photons, with an invariant mass
between 118 MeV/c? and 150 MeV/c? (corresponding to
an invariant mass window of approximately +20). This
retains 97% of 7° produced in the decay D° — K+7— 0.
To suppress background in the ECL, we apply minimum
photon energy thresholds of 50 MeV in the barrel and
100 MeV in the endcaps.

The rest of event (ROE) refers to all reconstructed
charged particles and photons in the event that are not
associated with the signal- or tag-side decays. Charged
particles are only considered in the ROE if dr < 2 cm
and |dz| < 5 cm, and photons are only considered if
their energies are greater than 50 MeV, 100 MeV, and
150 MeV in the barrel, forward endcap, and backward
endcap, respectively. Events are retained only if there
are no charged particles in the ROE and the total energy
from photons in the ROE (Fgcr,) does not exceed 1.5
GeV.

To further suppress background processes, we train
boosted decision trees (BDTs) [61] on simulated events.
These classifiers are trained using a set of variables de-
scribing the event topology and kinematics: the ratio of
the second to zeroth Fox-Wolfram moment (Rs) [62], the
modified moments described in [63, 64], thrust-related
quantities (cosfr, cosfr., T(O), and T(B)), the nine
CLEO cones [65], the Biag energy difference and flight
distance, the missing mass squared, and Egcr, [66, 67].

The first classifier, BDT1, is trained using a simulated
dataset equivalent to 400 fb~! to distinguish events with
B decays from eTe™ — ¢g events. Using the same vari-
ables, a second classifier, BDT2, is then trained on signal
MC events and background events that pass a 90% signal
efficiency cut on the output of BDT1. This training uses
a dataset equivalent to about 5 ab ™.

The selection criteria for the two classifier outputs are
optimized using a two-dimensional grid search, with a
Punzi figure of merit [68] with a target statistical sig-



nificance of 30. The selection criteria for the classifier
outputs are optimized for each channel individually. Av-
eraged across all channels, a signal efficiency of 84% and
background rejection of 86% are achieved. In simulated
signal events, the average number of candidates per event
is 1.5 for BT — hXiny and 1.9 for BY — DYX,,,. In cases
where multiple candidates satisfy the selection criteria,
the candidate with the highest FEI signal probability is
retained. The correctly reconstructed candidate is se-
lected more than 97% of the time for BT — hXj,,, and
80% of the time for B® — D%X;...

We verify that the BDT classifiers perform similarly in
data and simulation by studying two-body SM B decays
that are kinematically similar to the signal processes. For
h = K™, we examine a sample with two ROE tracks
near the J/iy — £7¢~ (where { = e, ) peak arising from
Bt — Jhp KT decays. For h = DY, we examine an Frcr,
sideband with 2.25 < Egcr, < 3.5 GeV near the 70 — vy
peak arising from BY — D%z decays. Classifiers’ re-
sponses for these channels are validated in these respec-
tive sidebands. The BDT output distributions show good
agreement between data and simulation. However, the
FEI efficiency exhibits significant differences arising from
imperfect modeling of detector response, particle iden-
tification, and the branching fractions of the numerous
decay channels used in the tag reconstruction.

The FEI efficiency is calibrated using B — D™ v de-
cays [69]. The correction is taken as the ratio of signal
vields between real and simulated data; the values are
0.79 £ 0.02 and 0.78 £ 0.02 for charged and neutral B
mesons, respectively. These values are cross-checked us-
ing sidebands containing Bt — JA KT and B® — D7
events for charged and neutral B decays, respectively. In
the two-track sample, we fully reconstruct the B;, decay
BT — Jip KT, requiring |AFE| < 0.1 GeV, and only keep
candidates with 1.6 < px < 1.78 GeV/c. No additional
selection is applied to the B® — D°x0 sideband, in which
candidates are kept with 2.20 < ppo < 2.45GeV/c. The
experimental and simulated momentum distributions for
both control modes are shown in Fig. 1. We perform
a fit to the K+ and DY momentum distributions. The
peaks in these distributions, corresponding to the recoil-
ing J/1» and 7, are modeled using a sum of two Gaussian
functions. The background is modeled with a third-order
polynomial. The signal peak width is allowed to float in
the fit to data. The width scale factor is used to correct
for resolution differences between simulation and experi-
mental data, and is found to be 1.21£0.05 and 1.08+0.23
for BT — J/p KT and B® — D70 respectively. The ra-
tios of signal yields between experimental and simulated
data are 0.75£0.09 and 0.84 +0.34 for charged and neu-
tral B mesons, respectively. These values agree with the
ratios derived from B — D™ ¢y decays.

The signal selection efficiency depends on the decay
mode: for h = 77, KT, p, it is around 0.5%, while for
h =D}, DO it is around 0.01%, as only a fraction of the
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FIG. 1. Momentum distributions of the KT and D° in the

Baig-frame for the two control channels, B™ — Jiiy K™ (top)
and B® — D%z (bottom), respectively, overlaid with the
expected distributions from simulation.

D7 and DY decays are reconstructed. The efficiency is
mostly flat as a function of mx,_ , but reduces as mx,_,
approaches the kinematic limit of mp — my,.

The signal yield is extracted by performing extended,
unbinned maximum likelihood fits to py. The fit model
consists of signal and background components. The sig-
nal component is modeled as a sum of two Gaussian
functions with a shared mean p and different widths oq



and o2. The fit is first performed on simulated signal
events, allowing the widths and relative contributions of
the Gaussian components to float. Subsequently, these
fit results are parameterized as a function of the p; value
corresponding to the generated myx, . of the sample. The
resolution o of the peak is the quadrature sum of the
two width parameters, taking into account their relative
weights, and the width scaling factor derived from the
control mode fits. This approach provides a well-defined
signal probability density function (PDF) at any scan
point.

To parameterize the background, we use a kernel den-
sity estimator (KDE) [70], with the kernel width set by
the local event density. The KDE is built from simu-
lated background events and has a fixed shape during the
signal extraction fit. Differences in the pj distribution
between off-resonance data and simulated ete™ — ¢g
events are accounted for by applying a linear correction
to the ete™ — gg background PDF. Independent fits are
conducted for several hundred mass hypotheses for each
channel, with scan steps equal to half the signal reso-
lution. The resolution ranges from about 5 MeV/c to
40 MeV/¢, generally increasing as myx, ., decreases. The
KDE for a given fit window is defined over a 150 win-
dow. A combined signal and background fit is performed
in a £10¢ window to mitigate the impact of the KDE
boundary problem [70].

For all channels, a toy MC study is performed in
which simulated events are sampled with varying yields
of signal, ¢g, and BB background events. The mean
signal yield obtained from the combined fitting method
closely matches the number of signal events in the sam-
pled datasets, indicating the signal extraction method
responds linearly to the presence of signal events.

The only background processes that can mimic the
peaking structure of the signal are two-body B decays.
For common processes with narrow peaks, such as BT —
K™DV, events within three times the resolution of the
peak are vetoed. For some of these processes, such as
Bt — KT fy(1370), the recoil peak is so broad that it
can be safely treated as a non-peaking background. For
very rare processes where the expected number of events
is below the expected sensitivity of the search, such as
BT — KTK*(892)° (which has a branching fraction
O(1077)) [71], a signal-like PDF component correspond-
ing to the SM particle mass is added to the fit, and its
yield is allowed to float within £100% of the predicted
branching fraction or two events, whichever is greater.

The dominant systematic uncertainty is the 2.5% un-
certainty on the FEI correction factor for both charged
and neutral B mesons. Other sources include uncer-
tainties in particle identification, tracking efficiency, cor-
rections made to the py distributions from ete™ — ¢g
events, and limited signal MC statistics. For channels in-
volving D} and D° mesons, uncertainties in the branch-
ing fractions of the specific decay modes used for their re-

construction are included, with an additional uncertainty
from 7° reconstruction in the D° case. Peaking back-
ground yields also contribute to the total uncertainty.
Statistical uncertainties dominate across all five chan-
nels, while total systematic uncertainties remain below
a few percent.

The branching fraction B(B — hXiny) is extracted di-
rectly from an extended maximum likelihood fit to the
pp, spectrum. The selection efficiency and the number of
BB pairs are included as nuisance parameters, allowing
their associated uncertainties to be propagated through
the fit.

Bt = atX Belle preliminary
103 4 J£dt =711 bt
—— X — invisible
X— vy
-4
10 A —— ¢y = 2500 mm
(| bl —— ¢7x = 1000 mm
1079 4 7 N i erx = 500 mm
crx = 250 mm
106 4 crx = 50 mm
BT - KtX Bt — pX
1074 3
= 1074 ;
<
T
n) 1075' E
9
1076+ i . .
1072 1
1074 3
10744 1
1074 1
Bt = DrX B - D°X
1064 ; ; : : :
0 2 4 0 2 4
mx[GeV /c?]

FIG. 2. Upper limits on the branching fraction B(B — hXinv)
at 90% CL as a function of mx,, are shown in black. Replac-
ing the invisible decay assumption with X — ~v yields the
colored limits, shown for several orders of magnitude of crx.
Mass regions vetoed for known SM particles 7°, K0 p)o,
Tle, Xe1, and 1(25) are shaded gray. Not all veto regions apply
to every channel.

The local significance for each mass hypothesis is de-
fined as Sipeal = \/2 - (log Lsyp —log Ly), where L de-
notes the maximum likelihood under the signal-plus-
background and background-only hypotheses. Given
the scan over several hundred mass points per channel,
the look-elsewhere effect [72] is addressed by converting
Slocal 10 a global significance Sgional using the trial factor




method of Ref. [73].

No significant excess is observed. The most signifi-
cant local excess, Siocal = 2.950, is observed at mx,
3.28 GeV/c? in the Bt — 7t Xj,, channel, correspond-
ing to Sgiobal = 0.650. Upper limits at the 90% con-
fidence level (CL) are set as a function of mx,, using
the modified frequentist CLg method [74]. Limits on the
branching fraction are computed at each mass point, as
shown in Fig. 2. Notably, the limit on B(B* — KT Xj,)
excludes that decay as an explanation for the observed
excess in BT — KTvw [75] for the values of mx,  con-
sidered. However, the BT — K Tu¥ excess could arise in
mass regions vetoed by this work [76].

Searches for long-lived particles that decay via X — v
are motivated by many ALP models [1, 22]. Here, X
refers to a FIP that may not be completely invisible due
to a lab-frame decay length on a similar scale as the de-
tector. The sensitivity to such decays is evaluated by
applying the nominal B — hXj,, selection criteria to
the aforementioned simulated signal sample containing
B — hX(— ~v) decays. We stress that this is not a
dedicated search for X — ~~, nor is any alternative re-
construction or statistical treatment performed. Instead,
the X — ~7 study serves only to quantify at what life-
times such decays would mimic the invisible scenario un-
der the nominal selection. These results are shown as
the colored lines in Fig. 2. Since the selection criteria are
designed to reject events with substantial Fgqr,, and the
decay products of X — 7 are more likely to be detected
in the ECL for smaller values of c7x, the sensitivity is
worse at shorter lifetimes.

For some benchmark masses and lifetimes, the X se-
lection efficiency was recalculated for several other final
states: ete™, utu~, nt7~, KTK~, nnn, and 7my. Pho-
ton pairs, for a given myx and Tx, are the decay products
that deposit the most energy in the ECL and therefore
cause the event to fail the Fgcr, < 1.5 GeV requirement.
This makes the X — vy limits from this work a con-
servative estimate for any of the other final states listed
above, several of which are interesting in the context of
hadronically-decaying ALP scenarios [77, 78].

In summary, we present a search for invisible particles
Xiny produced in BT — hX,,, h =71, K", p,Df, and
BY — DX, decays, using the 711 fb™! Belle dataset.
No significant excess is observed, and 90% upper limits
are set on the branching fraction B(B — hXj,y) for all
channels. We provide another set of limits under the
alternative assumption that the new particle decays via
X — ~v and has a lifetime crx between 10 pm and
10 m. These results provide the most stringent branching
fraction exclusion limits in these channels to date and are
the first search results for the channels BT — 77 X,
Bt — D} Xiy, and B® — DX,

The limits in Fig. 2 place the strongest constraints on
the ALP-W coupling, several ALP-quark couplings, and
the dark scalar-Higgs mixing parameter (outlined in the

End Matter). Furthermore, the limits on B* — pXjp,,
provide the best constraints on the B-mesogenesis [79,
80] parameter space, and on the b quark coupling to the
lightest neutralino in R-parity-violating supersymmetry
models [81].
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END MATTER

The decay width for the B™ — KTa production process is given by Ref. [22] as ['(BT — KT a) = m%|gaps|*(1 —
m%(/sz)zfg(mz))\%z/ﬁéhr, with fo(m2) = 0.330/(1 — m2/37.46) and Ax, = (1 — (ma + mg)?/mB)(1 — (me —

mg)?/m%), where fo(q) is a form factor from the hadronic matrix element [27] and X is the Kéllen function [82].

The ALP coupling to the b and s quarks g,;s can be written in terms of the ALP-W coupling g,w as gups =
—3V2Grmiygaw 2 ey Vap Vs (mg /miy) /1672, where f(x) = z[l + z(logz — 1)]/(1 — 2?). Here, G is the Fermi
constant, Vs with ¢ = ¢, t are CKM matrix elements, and mpg, mg, mw, mq, m, are the masses of the BT and KT
mesons, W boson, ALP, and c or ¢ quark, respectively. Analogous expressions apply for BT — 7 "a.

Figure 3a shows limits on g,w for invisible ALPs. Figure 4 presents the corresponding 90% CL upper limits assuming
a — 7. In this case, the decay width and therefore lifetime are related to the coupling via I'y = g2y, m3 sin? Oy /647,
where 0y is the Weinberg angle.

Belle preliminary
[ L£dt 711 b7t

B* — K*X (this work)
B* — 7t X (this work)
mono-vy (BABAR)

B - K*vi (BABAR)
K* 5 mtX (NAG2)

K+ nmtup (ET871E949)
h — invisible (CMS)

70 — invisible (NA62)

caonmEnn

10754 . ] . | | | |
2 3 4 5 1 2 3 4 5

mg [GeV/c? mg [GeV/c?

<o
[

FIG. 3. Excluded regions for mx,_, up to 5.1 GeV/c? at 90% CL shown for: (a) the coupling gow in the invisible ALP scenario
from Ref. [22], and (b) the mixing angle 6 for the dark scalar in the missing energy scenario from Ref. [37]. Exclusions from
BABAR [44, 83], NA62 [18, 20], E949 [21], and CMS [84] are overlaid for comparison.

Belle preliminary
[ dt 711 71

B* — K*q (this work)

B* - K*a,a — vy (BABAR)
Z — 3y (LEP)

Beam dump experiments

K+ — rtyy (B949)

K+ — ntyy (NA62)

K2 — 70y (kTeV)

B — K®a,a — vy (Belle)

K — nXin, (NA62)

(noamoeon
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m, [GeV/c?]

[oa)

FIG. 4. Limits on the coupling strength g,w assuming the ALP decays via a — v, including the constraints from other
experiments presented in Ref. [22], with the addition of more recent constraints that appear in Ref. [14].

Following Ref. [16], the exclusion limits can also be mapped to the ALP-quark couplings g, using the B(B — ha) g;z
values given in that reference to translate the branching fraction limits in Fig. 2 to constraints on g4. The resulting
exclusion regions, shown in Fig. 5, illustrate the complementary sensitivity of different B decay channels.
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FIG. 5. 90% confidence level exclusion regions on the ALP-quark couplings described in Ref. [16].

Alternatively, one can consider a process that produces a dark scalar S in B meson decays. In Ref. [37], the decay
width for such a process is given by T'(BT — KT8) = V2G p|Cys|?(mp + ms)>(m% — m3%)?[(m% — m%k — m%)? —
4m3,m2M? J[647m3 (my, — m,)?], where fo(q?) is the scalar hadronic form factor from Ref. [38] and Cy, is a Wilson
coefficient that can be written as Cp, = 3\/§Gpm?thVtz sin 0/1672 + (’)(m%/m%v), where 0 is the dark scalar-Higgs
mixing angle, and my and mg are the masses of the top quark and dark scalar.

Whether a dark scalar decays visibly or invisibly depends on both the mixing angle # and Yukawa coupling y, to
dark fermions y. The invisible decay rate is written in Ref. [37] as I'(S — xx) = y2mg cos? 0(1 — 4m?2 /m%)>/? /8.
Assuming the coupling y, is sufficiently large so that B(S — xx) =~ 1, we can map the branching fraction limits in
Fig. 2 to the mixing angle §. These results are shown in Fig. 3b.

B-mesogenesis refers to a baryogenesis mechanism via decays of B mesons to dark baryons in the early universe
[79]. These decays take the form B — B,;Mvp, where B is a baryon containing quarks i = u,c and j = d,s, M
is a meson, and ip is the dark baryon. The interactions are described by effective operators O;; for each possible
b — ijip vertex. As this Letter probes B decays with a proton in the final state, it can only constrain the Qg
operator. For this mechanism to produce the observed baryon asymmetry of the universe, the branching fraction of
BT — B;j;Mip must be greater than 10~° [80]. The relation between the decay rates to B" — B;; Mt p and the
two-body decay BT — B;;ip is also described in Ref. [80]. The limit of 107° on the multi-body branching fraction
is mapped onto the two-body branching fraction, shown in coloured regions in Fig. 6. The branching fraction limit
on BT — pX in Fig. 2 rules out B-mesogenesis for dark baryon masses above 2.5 GeV/c?, and between 2.15 and 2.3
GeV/c2.

The R-parity violating (RPV) supersymmetry process BT — p¥o, where ¥ is the lightest neutralino, can also be
constrained by the limits on BT — pX. The neutralino production process depends on the RPV coupling A/, 5 divided
by a squared squark mass mZ. The results for BT — pX in Fig. 2 are mapped onto this coupling as a function of
neutralino mass using results from [81]. We exclude lower values of the coupling than the constraints from BABAR
between 0-0.5 GeV/c?, and for most masses above 2 GeV/c?.
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FIG. 6. Left: Theory expectation for the B-mesogenesis effective operators with 90% CL upper limits on the branching fraction
B — pyp derived from the Belle dataset. Right: Excluded parameter space by BABAR and Belle (this work) for the RPV

coupling A{;3 as a function of neutralino mass.
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SUPPLEMENTAL MATERIAL

The mass point with the most significant excess occurred in the search for BT — 7 Xjn, at mx, , = 3.28 GeV/c?.
The best fit result at this scan point is shown in Fig. 7. The full pj distributions are shown in Fig. 8, with simulated
events overlaid. The simulated events are reweighted to match the Belle dataset’s luminosity, as well as the differences

in reconstruction efficiency between real and simulated events.

The analysis reconstruction efficiency and BDT

responses were validated on a sideband samples containing the control modes B* — J/iy K™ and BY — D0 prior
to unblinding the signal region data. The outputs of the background suppression BDTs are shown for both control

modes in Fig. 9.
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FIG. 7.
BJr — 7T+Xinv.

Signal extraction fit with the highest local significance, corresponding to mx

= 3.28GeV/c? for the channel

inv



3
ot
fanl

o
o}
il

(]
ot
fanl

—
o
fanl

Candidates / (41/MeV/c)

—
]
il

—
@® o}
fa} il
—_—
—_——

Candidates / (43/MeV/c)

60

40

20

0
&) 1 7
E\O 0 $48 ote 040?0e* 20009000000 00t000r’ 000 s s0stP00 ¢ ¢++LH
sl= ¢ v e e T
a1 ‘ ; ‘ ‘ :
0.5 1.0 1.5 2.0 2.5
p(p) [GeV/d]

Candidates / (43/MeV/c)
5 8 8B

]
il

1
O 0 1 $aas®e®* 0%e000e® s 00 PUSUIPSL JONPS uL“T”
= PrarteToatteteen T age st e ten et onat e e T |
b ++
2.

0.5 1.0 15 20
p(D%) [GeV/d]

5

Candidates / (43/MeV/c)

Data—MC
MC

Data—MC

Candidates / (43/MeV/c)

250 1

— — %)
53 =) 153 =}
o = o S S S =}

|
—

o 3
) ot

(]
o

—
o

—
[}

1 900e% 004,244%e %0000, 1907, .‘.‘.?sft‘!a !t*.gflq*

05 10 15 20 25
p(K™") [GeV/c|

4
ittt e

05 1.0 15 2. 25

p(DJ) [GeV/d]

Belle preliminary [ £ = 711 b1
[ ete” — T(4S) > BB
B cte —qg
I MC Error

¢ Data

13

FIG. 8. Full p; distributions for the five search channels. Grey bands indicate regions of phase space vetoed in the signal
extraction. The overlaid simulated events are reweighted to match the Belle dataset integrated luminosity, and to account for

the discrepancy in reconstruction efficiency arising from the FEI.
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FIG. 9. BDT response comparison between simulated and real data in the two-track and Egcr. sidebands, which contain the
BT — JAP KT (top row) and B® — D"zx° (bottom row) control modes respectively, used to validate the performance of the

BDTs.



