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We report the observation of the rare charm decay D° — K~ zteTe™, based on 468 fb~! of ete™
annihilation data collected at or close to the center-of-mass energy of the Y (4S) resonance with the BABAR
detector at the SLAC National Accelerator Laboratory. We find the branching fraction in the invariant mass
range 0.675 < m(eTe™) < 0.875 GeV/c? of the electron-positron pair to be B(D° - K~ztete™) =
(4.0+£0.540.2+0.1) x 107, where the first uncertainty is statistical, the second systematic, and the
third due to the uncertainty in the branching fraction of the decay D° — K~ 7" z* 7z~ used as a
normalization mode. The significance of the observation corresponds to 9.7 standard deviations including
systematic uncertainties. This result is consistent with the recently reported D° — K~z+u*u~ branching
fraction, measured in the same invariant mass range, and with the value expected in the standard model. In a
set of regions of m(ete™), where long-distance effects are potentially small, we determine a 90% con-
fidence level upper limit on the branching fraction B(D® — K~ztete™) < 3.1 x 1076,

DOI: 10.1103/PhysRevLett.122.081802

The decay D° — K~ ztete™ [1] is expected to be very
rare in the standard model (SM) as it cannot occur at
tree level [2]. Short-distance contributions to the DY —
K~ n"ete™ branching fraction proceed through loop and
box diagrams [3] and are expected to be O(1077).
However, decays with long-distance contributions, such
as D° — VX, where V is a vector or pseudoscalar meson
decaying to two leptons and X is an accompanying particle
or particles, could contribute at the level of O(1079)
through photon pole amplitudes or vector meson domi-
nance [3-7].

Certain physics models beyond the standard model, such
as minimal supersymmetric or R-parity-violating super-
symmetric theories, predict branching fractions as high as
O(1073) [3,7-10]. As virtual particles can enter in the one-
loop processes, this type of decay can be used to study new
physics processes at large mass scales. These processes
could potentially be detected in regions where the decays of
intermediate mesons do not dominate.

Over the last few years there have been a number of
measurements of the decays of B mesons to final states
involving one or more charged leptons. Some of these
measurements suggest a possible deviation from the
assumption that all leptons couple equally [11-20]. The
possibility therefore exists that a deviation from lepton
universality will be seen in D meson decays.

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP’.

Recently, the LHCb Collaboration measured
B(D® - K~zatptu™) = (417 £0.12 4 0.40) x 107 in
the mass range 0.675 < m(u*pu~) < 0.875 GeV/c?, where
the decay is dominated by the p° and @ resonances [21].
For modes involving electrons, the CLEO Collaboration set
90% confidence level (C.L.) limits on the branching
fractions B(D® — X£*#7) in the range (4.5-118) x 1073,
where X represents a z°, K9, 5, p°, @, or ¢ meson and
£ =e or pu [22]. The E791 Collaboration has reported
B(DY - K~ntete™) < 38.5 x 1075 at the 90% C.L. in the
full m(K-z") invariant mass range and B(D° —
K ntete™) <4.7x 1075 in the m(K ") mass range
within 55 MeV/c? of the K*(892)° mass [23,24].

We report here the observation of the decay D° —
K~ nteTe™ [1] with data recorded with the BABAR detector
at the PEP-II asymmetric-energy ete™ collider operated at
the SLAC National Accelerator Laboratory. The data
sample corresponds to 424 fb~! of eTe™ collisions col-
lected at the center-of-mass energy of the Y (4S) resonance
(on peak) and an additional 44 fb~! of data collected
40 MeV below the T(4S) resonance (off peak) [25].
The signal branching fraction B(D® — K=ntete™) is
measured relative to the normalization decay
D — K=z"n*n~. The D° mesons are reconstructed from
the decay D** — D%z" produced in e*e™ — cC events.
The use of this decay chain increases the purity of the
sample at the expense of a smaller number of reconstructed
D mesons.

The BABAR detector is described in detail in Ref. [26].
Charged particles are reconstructed as tracks with a five-
layer silicon vertex detector and a 40-layer drift chamber
inside a 1.5 T solenoidal magnet. An electromagnetic
calorimeter comprised of 6580 CsI(Tl) crystals is used
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to identify electrons and photons. A ring-imaging
Cherenkov detector is used to identify charged hadrons
and to provide additional lepton identification information.
Muons are identified with an instrumented magnetic-flux
return.

Monte Carlo (MC) simulation is used to evaluate the
level of background contamination and selection efficien-
cies. Simulated events are also used to cross-check the
selection procedure and for studies of systematic effects.
The signal and normalization channels are simulated with
the EVTGEN package [27]. We generate the signal channel
decay with a phase-space model, while the normalization
mode includes two-body and three-body intermediate
resonances, as well as nonresonant decays. For background
studies, we generate eTe™ — qg (¢ = u, d, s, ¢), dimuon,
Bhabha elastic e*e™ scattering, BB background, and two-
photon events [28,29]. The background samples are pro-
duced with an integrated luminosity approximately 6 times
that of the data. Final-state radiation is provided by PHOTOS
[30]. The detector response is simulated with GEANT4
[31,32]. All simulated events are reconstructed in the same
manner as the data.

Events are required to contain at least five charged
tracks. Candidate D° mesons are formed from four charged
tracks reconstructed with the appropriate mass hypothesis
for the D° - K-zteTe™ and D° — K-7tnt 7~ decays.
Particle identification (PID) is applied to the charged tracks
and the same criteria are applied to the signal and
normalization modes [26,33]. The four tracks must form
a good-quality vertex with a y> probability for the vertex fit
greater than 0.005. In the case of D — K- ztete™, a
bremsstrahlung energy recovery algorithm is applied to the
electrons, in which the energy of photon showers that are
within a small angle (typically 35 mrad) of the initial
electron direction are added to the energy of the electron
candidate. The electron-positron pair must have an invari-
ant mass m(ete”) > 0.1 GeV/c?. The D° candidate
momentum in the PEP-II center-of-mass system p* must
be greater than 2.4 GeV/c. The requirement for five
charged tracks strongly suppresses backgrounds from
QED processes. The p* criterion removes most sources
of combinatorial background and also charm hadrons
produced in B decays, which are kinematically limited
to less than ~2.2 GeV/c.

The candidate D** is formed by combining the D°
candidate with a charged pion with a momentum in the
laboratory frame greater than 0.1 GeV/c. The pion is
required to have a charge opposite to that of the kaon in
the D decay. A vertex fit is performed with the D° mass
constrained to its known value and the requirement that the
D° meson and the pion originate from the interaction
region. The y? probability of the fit is required to be greater
than 0.005. The D° meson mass m(D") must be in the
range 1.81 < m(D°) < 1.91 GeV/c? and the mass differ-
ence, Am = m(D*") — m(D"), between the reconstructed

masses of the D** and D candidates is required to satisfy
0.143 < Am < 0.148 GeV/c?. The regions around the
peak positions in m(D°) and Am in data are kept hidden
until the analysis steps are finalized.

To reject misreconstructed D° — K~ zte* e~ candidates
that originate from D° hadronic decays with large branch-
ing fractions where one or more charged tracks are
misidentified by the PID the candidate is reconstructed
assuming the kaon or pion mass hypothesis for the leptons.
If the resulting candidate m(D°) is within 20 MeV/c? of
the known D° mass [34] and |Am| < 2 MeV/c?, the event
is discarded. After these criteria are applied, the back-
ground from these hadronic decays is negligible. Multiple
candidates occur in less than 4% of simulated D° —
K- ntntn~ decays and in less than 2% of D° —
K-mtete™ decays. If two or more candidates are found
in an event, the one with the highest vertex y? probability is
selected.

After the application of all selection criteria and correc-
tions for small differences between data and MC simulation
in tracking and PID performance, the average
reconstruction efficiency for the D° — K~z 2z~ decay
is €pom = (20.1 £0.2)%, where the uncertainty is due to
the limited size of the simulation sample. For the D° —
K~n"e"e™ decay, the average reconstruction efficiency &g,
varies between 5.0% and 8.9% depending on the m(ete™)
mass range. The remaining background comes predomi-
nantly from e*te™ — cc events. No evidence is found in
MC simulation for backgrounds that peak in the m(D°) and
Am signal region.

The D° — K~z"e*e™ branching fraction is determined
relative to that of the normalization decay channel D° —
K mtntz~ using

Nsig 1

. ()

. i
sig i €sig

B(D® - K=ntete™)
B(D® - K~zntntn™)

A
o €HOI'III 'C'norm

_Nnorm E

where B(D® — K~ztz*z) is the branching fraction of
the normalization mode [34], and N, and €., are the
D° — K~ntntn fitted yield and the reconstruction effi-
ciency calculated from simulated D° — K~ ztztz
decays, respectively. The fitted D® — K=zteTe™ signal
yield is represented by Ng,, and €X, is the reconstruction
efficiency for each signal candidate 7, calculated from MC
simulated D° - K~ztete™ decays as a function of
m(e*te”) and m(K~z"). The symbols Ly, and Lom
represent the integrated luminosities used for the signal
D — K~ntete™ decay (468.242.0 fb~!) and the nor-
malization D° - K~z*ztz~ decay (39.34+0.2 fb!),
respectively [25]. The signal mode uses both the on-peak
and off-peak data samples while the normalization mode
uses only a subset of the off-peak data.

The D° - K=ntete™ and D° — K- ntnt 7~ yields are
determined from extended unbinned maximum likelihood
fits to the Am and the four-body mass distributions. The
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Am and the four-body mass distributions are not correlated
and are treated as independent observables in the fit. For the
D — K-ntete™ signal, a Gaussian-like function with
different lower and upper widths is used for both Am and
m(K~ztete™). This asymmetric function is used in order
to describe the imperfect bremsstrahlung energy recovery
for the electrons. The background in the D° — K~ ztete™
channel is modeled with an ARGUS threshold function
[35] for Am and a first-order Chebyshev polynomial for
m(K-ztete™). For the D° - K~z"z*z~ normalization
mode, the Am and m(K~z*z~z") distributions are each
represented by two Cruijff functions with shared means
[36]. The background is represented by an ARGUS thresh-
old function for Am and a second-order Chebyshev
polynomial for m(K ztz"z"). All yields and shape
parameters are allowed to vary in the fits except for the
ARGUS function threshold end point, which is set to the
kinematic threshold for the D** — D%z* decay.

Decays of intermediate mesons to the final state e™ e~y
can potentially appear in the m(e*e™) spectrum as the
photon is not reconstructed. However, the constraint
m(D°) > 1.81 GeV/c? is effective in reducing the back-
ground from these decays despite their relatively high
branching fractions. We investigate the backgrounds by
generating simulation samples D — K~z V, with inter-
mediate decays p°/w/¢p — eTe” and 5/’ — ete y. Inthe
simulations, QED radiative corrections are provided by
PHOTOS [30]. The branching fractions are taken from
Ref. [34], except for the unknown B(D° — K~z"5), which
is estimated to be (1.8 £0.9)% from the related decay
D° — K9n%. After applying the selection criteria, we
expect to find 0.3 + 0.2 e*e~y background decays in the
0.675 < m(e*e™) < 0.875 GeV/c? range.

The fitted yield for the D° — K~z 2z~ normalization
data sample is 260870 + 520. For the D - K=ztete™
signal mode, the fitted yield, after the subtraction
of the eTe~y background, is 68 +9 in the range
0.675 < m(e*e™) < 0.875 GeV/c?. The significance S =
v —2AIn L of the signal yield in this mass range, including
statistical and systematic uncertainties, is 9.7 standard
deviations (o), where Aln /L is the change in the log-
likelihood from the maximum value to the value when
the number of D° — K~z*ete™ signal decays is set to
N sig B 0

Figure 1 shows the results of the fit to the m(K~ztete™)
and Am distributions of the D® — K~z e*e™ signal mode
in the mass range 0.675 < m(ete™) < 0.875 GeV/c?.
Figure 2 shows the projection of the fit to the D° —
K- ntete™ signal mode as a function of m(e*e™) and
m(K~zt), where the background has been subtracted using
the sPlot technique [37]. A peaking structure is visible in
m(e*e™) centered near the p° mass. A broader structure is
seen in m(K~z") near the known mass of the K*(892)°
meson. Both distributions are similar to the distributions
shown in Ref. [21] for the decay D° — K~z u*p~.

e L L e B B B B B S |
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FIG. 1. Fits to D° > K ztete~ data distributions for

(@) m(K~ztete™) and (b) Am mass for candidates with
0.675 < m(e*e™) < 0.875 GeV/c>.

We test the performance of the maximum likelihood fit
by generating ensembles of MC simulation pseudodata
samples from both the PDF distributions and the fully
simulated MC events. The mean number of signal, nor-
malization, and background yields used in the ensembles is
taken from the fits to the data sample. The yields are
allowed to fluctuate according to a Poisson distribution and
all fit parameters are allowed to vary. No significant bias is
observed in the normalization mode. The largest fit bias
observed in the signal mode is 0.4 &= 0.1. The biases are
much smaller than the statistical uncertainties in the yields.
The fit biases are subtracted from the fitted yields before
calculating the signal branching fractions.

To cross-check the normalization procedure, the signal
mode D° — K-ztete™ in Eq. (1) is replaced with the
decay D° — K~z*, which has a well-known branching
fraction [34]. The D — K~z decay is selected using the
same criteria as used for the D° - K~ ztzt7z~ mode,
which is used as the normalization mode. The D° —
K~ n" yield is determined using an unbinned maximum
likelihood fit to Am and the two-body invariant mass
m(K~z"). Three Crystal Ball functions [38] with shared
means are used for the D° — K~ zt signal Am and
m(K~z*) distributions. The backgrounds are represented
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FIG. 2. Projections of the fits to the D® - K~ ztete™ data
distributions onto (a) m(e*e™) and (b) m(K~z*) for candidates
with 0.675 < m(e*e™) < 0.875 GeV/c?. The background has
been subtracted using the sPlot technique [37].

by an ARGUS function for Am and a second-order
Chebyshev polynomial for m(K=z*t). The D® - K=zn*
signal yield is 1881950+ 1380 with an average
reconstruction efficiency of &g, = (27.4 £0.2)%. We
determine B(D® — K~z") = (3.98 + 0.08 & 0.10)% using
Eq. (1), where the uncertainties are statistical and system-
atic, respectively; the current world average is (3.89 £
0.04)% [34]. Similar compatibility with the B(D° —
K~7n") world-average, but with larger uncertainties, is
achieved when the normalization mode D° —
K ntz*z~ in Eq. (1) is replaced with the four-body decay
modes D° - K"K*ztn~ or D° - nntntn.

The main sources of systematic uncertainty are associ-
ated with the model parametrizations used in the fits and
the normalization procedure, signal MC model, fit bias,
tracking and PID efficiencies, luminosity, backgrounds
from intermediate decays to e e~y, and the normalization
mode branching fraction. Some of the tracking and PID
systematic effects cancel in the branching fraction deter-
mination since they affect both the signal and normaliza-
tion modes.

Systematic uncertainties associated with the model
parametrization are estimated by repeating the fit with

the D° — K~n"ete™ signal parameters for the Am and
four-body distributions fixed to values taken from simu-
lation. Alternative fits are also performed with the default
peaking and background functions for the signal and
normalization modes replaced with alternative functions.
The resulting uncertainties are 1.9% and 1.0% for the signal
and normalization yields, respectively.

In the mass range 0.675 < m(ete™) < 0.875 GeV/c?,
we replace the signal phase-space simulation model with
a model assuming D° — K*(892)%° with K*(892)° —
K~ 7t and p° — ete™ and assign half the difference with
the default reconstruction efficiency as a systematic uncer-
tainty, equivalent to a relative change of 1.8%. We also use
this number as an estimate of the relative change in other
regions of m(ete”) and m(K~z") where no suitable
alternative simulation model exists.

The systematic uncertainty in the fit bias for the signal
yield is taken from the ensemble of fits to the MC
pseudodata samples and we attribute a value of half the
largest fit bias found, #+0.2. To account for imperfect
knowledge of the tracking efficiency, we assign an uncer-
tainty of 0.8% per track for the leptons and 0.7% for the
kaon and pion [39]. For the PID, we estimate an uncertainty
of 0.7% per electron, 0.2% per pion, and 1.1% per kaon
[26]. A systematic uncertainty of 0.8% is associated with
the knowledge of the luminosity ratio, Lo/ Lsg [25].

The overall systematic uncertainty in the yields is 5.3%
for the signal and 3.6% for the normalization mode. As the
PID and tracking systematic uncertainties of the kaons and
pions are correlated and cancel, the combined systematic
uncertainty in the D° — K~z eTe™ branching fraction is
3.8%, where the uncertainty in the D° — K~ ztatz~
branching fraction is excluded [34].

The branching fraction B(D° — K~z"e*e™) in the mass
range 0.675 < m(ete™) < 0.875 GeV/c? is determined to
be (4.0+0.5+0240.1) x 1075, where the first uncer-
tainty is statistical, the second systematic, and the third
comes from the uncertainty in B(D° — K-zt 7" 7") [34].
This result is compatible within the uncertainties with
B(D° — K=z utu~) reported in Ref. [21].

In the region 0.1 < m(e*e™) < 0.2 GeV/c?, the fitted
signal yield is 175 4 14, with the distribution dominated by
the decay D° — K=7" 2% 7° — e*e™y, where the photon
has not been reconstructed.

Figure 3 shows the projection of the signal yield as a
function of m(e*e™) for the fit to Am and m(K-ztete™)
in the mass range m(e*e~) > 0.2 GeV/c? above the 7° —
eTe "y decay region, where the background has been
subtracted using the sPlot technique.

We determine the signal yield in the region of the ¢
meson by repeating the fit to Am and m(K~ z"e"e™) with
the m(ete™) distribution restricted to the mass range
1.005 < m(e*e™) < 1.035 GeV/c?. This range corre-
sponds to £3 times the ¢ mass width, based on simulation
and taking into account the detector resolution. The fitted
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FIG. 3. Projection of the fits to the D° — K~ztete™ data
distributions onto m(ete™) for candidates with m(ete™) >
0.2 GeV/c?. The background has been subtracted using the
sPlot technique [37]. The shaded bands indicate the m(ete™)
regions excluded from the “continuum” region.

yield is 3.8774, where the uncertainty is statistical only; the
statistical significance S is 1.8¢. The branching fraction is
determined to be (2.2 +0.6) x 1077, where the second
uncertainty is systematic and is dominated by the uncer-
tainty on the model parametrization. We use the frequentist
approach of Feldman and Cousins [40] to determine a
90% C.L. branching fraction upper limit of 0.5 x 107°.

We repeat the fit to Am and m(K ztete™) in the
continuum m(e* e~ ) region that is predicted to be relatively
unaffected by intermediates states, and is defined by
excluding the following m(e*e™) mass ranges: m(ete™) <
0.2 GeV/c?,0.675 < m(ete™) < 0.875 GeV/c?,0.491 <
m(ete™) < 0.560 GeV/c?,0.902<m(ete™)<0.964GeV/
2, and 1.005 < m(e*e™) < 1.035 GeV/c?. These corre-
spond to ranges dominated by the decays of the z° and
p° /e mesons or potentially affected by the decays of 7, 1/,
and ¢ mesons, respectively. Simulation samples of D° —
K-ntnand D° — K—zty/, withn/n' — ete~y, are used to
determine the asymmetric m(e*e™) mass ranges centered
on the known 7 and ' masses. These m(e™e™) mass ranges
exclude 90% of any remaining simulated # and #' candi-
dates that pass the selection criteria. The number of
background decays from intermediate states in the con-
tinuum region is predicted to be 9.9 0.9, dominated
by the decay p°/w — ete™ with m(ete™) less than
0.675 GeV/c?. The fitted yield in the continuum region,
after the subtraction of this background, is 19 £+ 7, with a
statistical significance S = 2.60. This corresponds to a
branching fraction (1.6 +0.6 +0.7) x 107°, where the
second uncertainty is systematic and is dominated by
our knowledge of the model parametrization. The result
is not significant and we determine a 90% C.L. branching
fraction upper limit of 3.1 x 107°.

In summary, we have presented the first observation
of the decay D° — K~ n*e*e™. The branching fraction in
the mass range 0.675 < m(eTe™) < 0.875 GeV/c? is

(4.0+0.540.2+0.1) x 107%, compatible with the result
for B(DY - K=ztu*u~) [21], and with theoretical pre-
dictions for the SM contribution [6] for this mass region.
We have placed 90% C.L. branching fraction upper limits
on the decay D* — K~ zte*e™ in the m(e*e™) mass region
of the ¢ meson and in m(e™e™) mass regions where long-
distance effects are potentially small.

We are grateful for the excellent luminosity and machine
conditions provided by our PEP-II colleagues, and for the
substantial dedicated effort from the computing organiza-
tions that support BABAR. The collaborating institutions
wish to thank SLAC for its support and kind hospitality.
This work is supported by DOE and NSF (USA), NSERC
(Canada), CEA and CNRS-IN2P3 (France), BMBF and
DFG (Germany), INFN (Italy), FOM (Netherlands), NFR
(Norway), MES (Russia), MINECO (Spain), STFC (United
Kingdom), BSF (USA-Israel). Individuals have received
support from the Marie Curie EIF (European Union) and
the A. P. Sloan Foundation (USA).

"Deceased.
"Present address: Wuhan University, Wuhan 430072, China.
*Present address: Universita di Bologna and INFN Sezione
di Bologna, 1-47921 Rimini, Italy.
SPresent address: University of Huddersfield, Huddersfield
HD1 3DH, United Kingdom.
Present address: University of South Alabama, Mobile,
Alabama 36688, USA.
“Also at: Universita di Sassari, [-07100 Sassari, Italy.
[1] Charge conjugation is implied throughout.
[2] S.L. Glashow, J. Iliopoulos, and L. Maiani, Phys. Rev. D 2,
1285 (1970).
[3] A. Paul, I. I. Bigi, and S. Recksiegel, Phys. Rev. D 83,
114006 (2011).
[4] S. Fajfer, S. Prelovsek, and P. Singer, Phys. Rev. D 64,
114009 (2001).
[5] S. Fajfer, S. Prelovsek, and P. Singer, Phys. Rev. D 58,
094038 (1998).
[6] L. Cappiello, O. Cata, and G. D’ Ambrosio, J. High Energy
Phys. 04 (2013) 135.
[7]1 A. Paul, A. de la Puente, and 1. I. Bigi, Phys. Rev. D 90,
014035 (2014).
[8] G. Burdman, E. Golowich, J. A. Hewett, and S. Pakvasa,
Phys. Rev. D 66, 014009 (2002).
[9] S. Fajfer and S. Prelovsek, Phys. Rev. D 73, 054026 (2006).
[10] S. Fajfer, N. Ko$nik, and S. Prelovsek, Phys. Rev. D 76,
074010 (2007).
[11] J.P. Lees et al. (BABAR Collaboration), Phys. Rev. D 88,
072012 (2013).
[12] M. Huschle ef al. (Belle Collaboration), Phys. Rev. D 92,
072014 (2015).
[13] Y. Sato er al. (Belle Collaboration), Phys. Rev. D 94,
072007 (2016).
[14] S. Hirose et al. (Belle Collaboration), Phys. Rev. Lett. 118,
211801 (2017).

081802-7


https://doi.org/10.1103/PhysRevD.2.1285
https://doi.org/10.1103/PhysRevD.2.1285
https://doi.org/10.1103/PhysRevD.83.114006
https://doi.org/10.1103/PhysRevD.83.114006
https://doi.org/10.1103/PhysRevD.64.114009
https://doi.org/10.1103/PhysRevD.64.114009
https://doi.org/10.1103/PhysRevD.58.094038
https://doi.org/10.1103/PhysRevD.58.094038
https://doi.org/10.1007/JHEP04(2013)135
https://doi.org/10.1007/JHEP04(2013)135
https://doi.org/10.1103/PhysRevD.90.014035
https://doi.org/10.1103/PhysRevD.90.014035
https://doi.org/10.1103/PhysRevD.66.014009
https://doi.org/10.1103/PhysRevD.73.054026
https://doi.org/10.1103/PhysRevD.76.074010
https://doi.org/10.1103/PhysRevD.76.074010
https://doi.org/10.1103/PhysRevD.88.072012
https://doi.org/10.1103/PhysRevD.88.072012
https://doi.org/10.1103/PhysRevD.92.072014
https://doi.org/10.1103/PhysRevD.92.072014
https://doi.org/10.1103/PhysRevD.94.072007
https://doi.org/10.1103/PhysRevD.94.072007
https://doi.org/10.1103/PhysRevLett.118.211801
https://doi.org/10.1103/PhysRevLett.118.211801

PHYSICAL REVIEW LETTERS 122, 081802 (2019)

[15] R. Aaij et al. (LHCb Collaboration), Phys. Rev. Lett. 113,
151601 (2014).

[16] R. Aaij et al. (LHCb Collaboration), Phys. Rev. Lett. 115,
111803 (2015).

[17] R. Aaij et al. (LHCb Collaboration), J. High Energy Phys.
08 (2017) 055.

[18] R. Aaij et al. (LHCb Collaboration), Phys. Rev. Lett. 120,
121801 (2018).

[19] R. Aaij et al. (LHCb Collaboration), Phys. Rev. Lett. 120,
171802 (2018).

[20] R. Aaij et al. (LHCb Collaboration), Phys. Rev. D 97,
072013 (2018).

[21] R. Aaij et al. (LHCb Collaboration), Phys. Lett. B 757, 558
(2016).

[22] A. Freyberger et al. (CLEO Collaboration), Phys. Rev. Lett.
76, 3065 (1996).

[23] E. M. Aitala et al. (E791 Collaboration), Phys. Lett. B 462,
401 (1999).

[24] E. M. Aitala et al. (E791 Collaboration), Phys. Rev. Lett. 86,
3969 (2001).

[25] J.P. Lees et al. (BABAR Collaboration), Nucl. Instrum.
Methods Phys. Res., Sect. A 726, 203 (2013).

[26] B. Aubert et al. (BABAR Collaboration), Nucl. Instrum.
Methods Phys. Res., Sect. A 479, 1 (2002); 729, 615
(2013).

[27] D.J. Lange, Nucl. Instrum. Methods Phys. Res., Sect. A
462, 152 (2001).

[28] B.F. L. Ward, S. Jadach, and Z. Was, Nucl. Phys. B, Proc.
Suppl. 116, 73 (2003).

[29] T. Sjostrand, Comput. Phys. Commun. 82, 74 (1994).

[30] P. Golonka and Z. Was, Eur. Phys. J. C 45, 97 (2006).

[31] S. Agostinelli et al. (GEANT4 Collaboration), Nucl. Instrum.
Methods Phys. Res., Sect. A 506, 250 (2003).

[32] J. Allison, K. Amako, J. Apostolakis, H. Araujo, P. Dubois
et al. (GEANT4 Collaboration), IEEE Trans. Nucl. Sci. 53,
270 (20006).

[33] I. Adam et al., Nucl. Instrum. Methods Phys. Res., Sect. A
538, 281 (2005).

[34] M. Tanabashi et al. (Particle Data Group), Phys. Rev. D 98,
030001 (2018).

[35] H. Albrecht et al. (ARGUS Collaboration), Phys. Lett. B
241, 278 (1990).

[36] The Cruijff function is a centered Gaussian with different
left-right  resolutions  and  non-Gaussian tails:
£(x) = exp{—(x — m)?/[267  + a g (x — m)?]}.

[37] M. Pivk and F.R. Le Diberder, Nucl. Instrum. Methods
Phys. Res., Sect. A 555, 356 (2005).

[38] T. Skwarnicki, A study of the radiative cascade transitions
between the Y’ and Y resonances, Ph.D. thesis, Institute of
Nuclear Physics, Krakow, 1986, Report No. DESY-F31-
86-02.

[39] T. Allmendinger et al., Nucl. Instrum. Methods Phys. Res.,
Sect. A 704, 44 (2013).

[40] G.J. Feldman and R. D. Cousins, Phys. Rev. D 57, 3873
(1998).

081802-8


https://doi.org/10.1103/PhysRevLett.113.151601
https://doi.org/10.1103/PhysRevLett.113.151601
https://doi.org/10.1103/PhysRevLett.115.111803
https://doi.org/10.1103/PhysRevLett.115.111803
https://doi.org/10.1007/JHEP08(2017)055
https://doi.org/10.1007/JHEP08(2017)055
https://doi.org/10.1103/PhysRevLett.120.121801
https://doi.org/10.1103/PhysRevLett.120.121801
https://doi.org/10.1103/PhysRevLett.120.171802
https://doi.org/10.1103/PhysRevLett.120.171802
https://doi.org/10.1103/PhysRevD.97.072013
https://doi.org/10.1103/PhysRevD.97.072013
https://doi.org/10.1016/j.physletb.2016.04.029
https://doi.org/10.1016/j.physletb.2016.04.029
https://doi.org/10.1103/PhysRevLett.76.3065
https://doi.org/10.1103/PhysRevLett.76.3065
https://doi.org/10.1016/S0370-2693(99)00902-8
https://doi.org/10.1016/S0370-2693(99)00902-8
https://doi.org/10.1103/PhysRevLett.86.3969
https://doi.org/10.1103/PhysRevLett.86.3969
https://doi.org/10.1016/j.nima.2013.04.029
https://doi.org/10.1016/j.nima.2013.04.029
https://doi.org/10.1016/S0168-9002(01)02012-5
https://doi.org/10.1016/S0168-9002(01)02012-5
https://doi.org/10.1016/j.nima.2013.05.107
https://doi.org/10.1016/j.nima.2013.05.107
https://doi.org/10.1016/S0168-9002(01)00089-4
https://doi.org/10.1016/S0168-9002(01)00089-4
https://doi.org/10.1016/S0920-5632(03)80147-0
https://doi.org/10.1016/S0920-5632(03)80147-0
https://doi.org/10.1016/0010-4655(94)90132-5
https://doi.org/10.1140/epjc/s2005-02396-4
https://doi.org/10.1016/S0168-9002(03)01368-8
https://doi.org/10.1016/S0168-9002(03)01368-8
https://doi.org/10.1109/TNS.2006.869826
https://doi.org/10.1109/TNS.2006.869826
https://doi.org/10.1016/j.nima.2004.08.129
https://doi.org/10.1016/j.nima.2004.08.129
https://doi.org/10.1103/PhysRevD.98.030001
https://doi.org/10.1103/PhysRevD.98.030001
https://doi.org/10.1016/0370-2693(90)91293-K
https://doi.org/10.1016/0370-2693(90)91293-K
https://doi.org/10.1016/j.nima.2005.08.106
https://doi.org/10.1016/j.nima.2005.08.106
https://doi.org/10.1016/j.nima.2012.11.184
https://doi.org/10.1016/j.nima.2012.11.184
https://doi.org/10.1103/PhysRevD.57.3873
https://doi.org/10.1103/PhysRevD.57.3873

