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A search for the very rare D° — u*u~ decay is performed using data collected by the LHCb experiment
in proton-proton collisions at v/s = 7, 8, and 13 TeV, corresponding to an integrated luminosity of 9 fb=!.

The search is optimized for D° mesons from D*+ — D%z* decays but is also sensitive to D° mesons from
other sources. No evidence for an excess of events over the expected background is observed. An upper
limit on the branching fraction of this decay is set at B(D® — pu*u~) < 3.1 x 107 at a 90% C.L. This
represents the world’s most stringent limit, constraining models of physics beyond the standard model.
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Processes with a change in quark flavor without a change
in electric charge are forbidden at the lowest order in the
standard model (SM) of particle physics. Flavor changing
neutral currents (FCNC) are additionally suppressed by the
Glashow-Iliopoulos-Maiani (GIM) mechanism [1]. FCNC
have been extensively studied in strange- and beauty-quark
hadrons. In the charm sector the GIM suppression is
stronger because the mass differences between down-type
quarks are smaller than the ones between up-type quarks.
These processes can be enhanced by several orders of
magnitude in new physics (NP) scenarios when compared
with the SM.

The D° — ptu~ decay is among the most interesting
charm-hadrons decays (Charge conjugate processes are
implied throughout.), being fully leptonic and additionally
suppressed by helicity reasons. Its SM short-distance
contribution is extremely suppressed, yielding a branching
fraction on the order of 10~!8 [2]. Long-distance contri-
butions dominate through an intermediate two-photon
state, and can be estimated to be B(D® — ytu~)~
2.7 x 107B(D° - yy), leading to a D° — u*u~ branching
fraction of at least 3 x 10~!3 [2]. The best upper limit on the
D" — yy decay rate was set by the Belle Collaboration to
be 8.5 x 1077 at a 90% C.L. [3]; using the same relation
this turns into an upper limit on the long-distance con-
tribution to the D° — utu~ branching fraction of
2.3 x 107", The D° — p*u~ decay rate can be enhanced
in many NP models [4]. Being one of the most sensitive
FCNC processes in the up-quark sector, its branching
fraction is used as a primary building block of different
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models, constraining the relevant couplings saturating the
branching fraction limit [5-16]. Most significantly, model-
independent bounds on the Wilson coefficients related to
charm physics and in particular to D° — u*u~ decays have
been set in Refs. [16,17]. Furthermore, the D — u* ™~ rate
is correlated to the rate of D° — D mixing in many NP
models [4]. This is of utmost importance given the recent
first observation of the mass difference between neutral
charm-meson eigenstates [18]. Concerning specific mod-
els, in the minimal supersymmetric standard model no
sizeable contribution would enhance the D° — putu~ rate
[4]. Conversely, in some supersymmetric models with
R-parity symmetry violation tree level contributions would
be allowed [2,19]. Recent discussions of predictions for
D° — ytyu~ decays in such models can be found in
Refs. [14,20]. In addition, it is interesting to note the
importance of D° — u*u~ decays as a testing ground for
models with leptoquarks proposed to explain deviations
from the SM observed in B physics measurements [21-40].
In some of these models rare B decays receive contributions
at the loop level, while new particles could mediate the
D° — utu~ decay at tree level. This phenomenon has been
extensively discussed in the literature [5-13,41-46]. In
those where additional vector bosons (Z’) are introduced,
the D — u*u~ decay usually does not give strong con-
straints [47,48]. Similarly, in other explanatory models
[49-51] the bound from D° — u*u~ decays can be
avoided. Instead in some models with vectorlike fermions
[15], the D° — u*pu~ decay gives the strongest constraint.

The current world’s best limit on this decay is B(D° —
wrum) <6.2x107(7.6 x 107°) at 90% (95%) C.L., and
was obtained by the LHCb experiment exploiting about
0.9 tb~! of 2011 data [52]. The data used in Ref. [52] are
also used in this analysis, and those results are superseded
by this Letter.

This Letter presents a search for the D° — utu~
decay based on data collected by the LHCb experiment
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in pp collisions corresponding to 9 fb~! of integrated
luminosity. The data have been collected in 2011, 2012
(Run 1), and 2015-2018 (Run 2) at /s = 7, 8, and 13 TeV,
respectively. Compared with the previous publication [52],
the present work benefits from various improvements in the
analysis, such as refined multivariate algorithms against
combinatorial and misidentified background as well as an
improved trigger [53], described throughout the Letter.
These allow one to mitigate the impact of the harsher
experimental conditions in Run 2. Both the higher energy
and instantaneous luminosity produce a higher track
multiplicity, which increases the combinatorial background
and worsens the particle identification performance. The
D° — utpu~ decay is searched for using D** — DYzt
decays, as this improves the background rejection and
allows the yield of the decay to be obtained from a two-
dimensional fit to the dimuon invariant mass, m(u*u~),
and the difference between the D** and D° candidate
masses, Am. The yield is converted to the decay branching
fraction by normalizing to two hadronic decays, D° —
K=n" and D° - 7zt 77, selected concurrently to the signal
(collectively referred to as D° — h™h™).

The LHCD detector is a single-arm forward spectrometer
covering the pseudorapidity range 2 < 5 < 5, described in
detail in Refs. [54,55]. The simulated events used in this
analysis are produced with the software described in
Refs. [56-62].

Events are selected online by a trigger that consists of a
hardware stage, which is based on information from the
calorimeter and muon systems, followed by two software
stages. At the hardware trigger stage, events are required to
have a muon candidate with high transverse momentum,
pr, or a hadron, photon or electron candidate with high
transverse energy in the calorimeters. A first stage of the
software trigger selects events with a muon candidate, or a
high p; charged particle, or a combination of two tracks,
each of these displaced from the primary pp collision
vertex (PV). In the second stage of the software trigger,
dedicated algorithms select candidate D° — u*u~, D° —
K~z* and D° — n" 7z~ decays, combining two oppositely
charged tracks with loose particle identification (PID)
requirements that form a secondary vertex separated from
any PV. The invariant mass of the D° candidate must lie in
an interval of +300(£70) MeV/c? centered on the known
D mass for signal (normalization) channel candidates. To
keep the same trigger selection for the signal and normali-
zation channels, aside from PID, a scale factor of order 0.2—
3.0% depending on the data taking period is applied to the
normalization channels’ trigger selections to limit their rate,
keeping randomly a fraction of the events. In the offline
selection, only candidates associated with a muon hardware
trigger, or those where the rest of the event contained a high
transverse energy hadron or electron are kept for the signal
channel. For the normalization channels, only candidates
associated with a high transverse energy hadron are kept.

In the offline analysis, D’ candidates satisfying the
trigger requirements are formed with similar but more
stringent criteria than the second software-trigger stage.
These D° candidates are then combined with a charged
particle originating from the same PV and having p; >
110 MeV/c to form D** — D%z candidates. To improve
the mass resolution, the D*" meson decay vertex is
constrained to coincide with the PV [63]. The candidate
Am is required to be in the range 139.6-151.6 MeV/c?.
A multivariate selection based on a boosted decision tree
(BDT) algorithm [64—66] is used to suppress background
from random combinations of charged particles, using as
input the py of the pion from the D** decay, the smallest
pr and impact parameter significance with respect to the
PV of the D° decay products, the angle between the D
momentum and the vector connecting the primary and
secondary vertices, and the quality of the D vertex.
The BDT is trained separately for each Run of data taking,
using simulated decays as signal and data candidates from
the dimuon sample with m(u*p~) > 1894 MeV/c? as
background. The k-folding technique, with k=9, is
applied [67]. The BDT output ranges from O to 1, from
backgroundlike candidates to more signal-like candidates.
The BDT output is used to define three search regions:
BDT € [0.15,0.33], [0.33, 0.66], [0.66, 1.]. The output of
the same BDT algorithm is computed also for the D —
#tn~ candidates for calibration purposes, but is not
required in the selection.

A second source of background is due to two- and three-
body D° decays, with one or two hadrons misidentified as
muons (e.g., D° — h*h™ or semileptonic decays). The
misidentification occurs mainly for hadrons that decay into
a muon before the muon subdetector. Although this process
is relatively rare, the large branching fractions of these
modes produce a background peaking in the signal region
of the m(u™u™) distribution that is partially suppressed by a
multivariate muon identification discriminant combining
information from the Cherenkov detectors, the calorime-
ters, and the muon subdetector [68]. In addition, the muon
candidates are required to have associated muon chamber
hits that are not shared with any other track in the event.
Signal and background sources can originate both from
D*t — Dz* decays or from other sources (the PV or B
decays) combined with an unrelated pion (untagged); both
are taken into account in the yield estimation. A require-
ment on the output of the multivariate muon identification
discriminant is simultaneously chosen for the three BDT
regions, by optimizing the sensitivity to the minimum
visible cross section, as defined by an extension of the
figure of merit defined in Ref. [69]. Roughly 1% of events
contain more than one signal candidate after all selection
requirements, all of which are retained.

The signal yield is converted to the decay branching
fraction by normalizing to the hadronic decays D° — z+z~
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and D° — K~ z*, with branching fractions of (1.490 =
0.027) x 107 and (3.999 £ 0.045) x 1072, respectively
[70], as

Nooooi o s,
B(D — ) = 2=t S B p0 )
Npoonin Euty

=aNpo_,, (1)

where ¢ is the efficiency and N is the yield of the given
channel, s is the scale factor of the normalization channel
and «a is defined as the single event sensitivity.

The efficiencies in Eq. (1) are factorized into different
steps for ease of estimation and evaluated with respect to
the previous steps: detector acceptance, reconstruction and
selection, PID, and trigger.

The reconstruction and selection efficiencies are
obtained from simulated samples. The simulated candidates
are assigned weights with an iterative procedure that
improves the agreement with data using the following
variables: pseudorapidity of the D° meson, transverse
momentum of the D meson, and number of tracks in
the event. It is verified that after weighting, all variables
used in the selection agree well between data and simu-
lation. The weights obtained from the D — 7%z~ candi-
dates are used to correct also the signal simulation.

Possible residual differences between data and simula-
tion in the tracking efficiencies are determined using
control channels in data [71]. The PID efficiencies are
determined from data using samples of kinematically
identified charged particles from BT — J/wK" and
D"t - D°(— K~z")x" decays [68], weighted to match
the kinematic properties of the signal and the normalization
channels, respectively. The efficiencies are determined in
bins of the p and p; of the tracks. A total systematic
uncertainty of 1-3% is associated to the binning scheme
and background determination in the calibration samples.

The efficiency of the second level of the software trigger
is unity with respect to the offline-selected candidates by
construction, as the selection is tighter in every require-
ment. The hardware and first level software trigger effi-
ciencies are evaluated with the TISTOS method [72] in
data. For the signal channel, the Bt — J/w(— utu)K+
decay is used as the calibration channel, selected with the
same requirements as those used for the analysis of B
decays into two muons [73,74]. The calibration is per-
formed in intervals of the J/w py and pseudorapidity. For
each interval, a scaling factor between data and simulation
is obtained and applied to the D° — y*u~ simulation.
Compatible results are obtained repeating the calibration in
intervals of p; and the maximum IPy? of the muons, where
IPy? is defined as the difference in the vertex-fit y* of a
given PV reconstructed with and without the track under
consideration. The typical scaling between data and sim-
ulation deviates from unity by 2—-6%. The normalization

channels, given their high yields, are self-calibrated.
The TISTOS method is applied to the D° - K~z" and
D° — 7t 7~ channels, and trigger efficiencies are obtained.
To minimize cross-correlation biases, only candidates in
events that satisfy a muon trigger independently of the
candidate are used as a calibration sample. The calibration
of the hadronic hardware trigger is also validated with
independent estimates based on control samples in data,
obtained with similar methods as in Ref. [75], from which a
15% relative systematic uncertainty is assigned to the
hadronic trigger efficiency calibration.

The efficiency of the BDT requirement, and the signal
fraction in the BDT intervals, are calibrated in data by
applying the same estimator to the D° — 77z~ decay,
which is topologically very similar to the signal. The
distribution of the BDT output is obtained in background
subtracted D° — ztz~ decays in data and simulation, and
found to be compatible, as shown in the Supplemental
Material [76]. A small correction is determined and applied
to the signal; its uncertainty is assigned as systematic
uncertainty to the signal efficiency.

The yields of the normalization channels are obtained
through a fit to the Am distribution (Fig. 1), requiring the
reconstructed D° mass to be within 410 MeV/c? of the
known D mass. The signal probability distribution func-
tion is composed of a sum of a Gaussian and a Crystal-Ball
function [77] with power-law tails on both sides. The
background is described with a threshold function, as
defined in Ref. [52]. The parameters of the Crystal-Ball
function are estimated with simulation: the power of the tail
is fixed, while the position where the power tails start may
vary freely in the fit. In addition, the signal width and all
background parameters are left free in the fit.

Using Eq. (1), values of a for both normalization
channels are obtained, and found to be in good agreement
with each other for each data taking run and for the full
sample. As an additional cross-check, the ratio of the
efficiency corrected yields of the two normalization chan-
nels is obtained and compared to the ratio of their
branching fractions. The value is stable across the data
taking years and compatible with the world average [70].
The average single event sensitivity is found to be
a = (2.15+0.34) x 10!, corresponding to at most one
expected signal DY — pytu~ decay under the SM
hypothesis.

The signal yield is obtained through an unbinned
maximume-likelihood fit to the two-dimensional distribu-
tion of m(u*u~) and Am, performed simultaneously
in the three BDT intervals and in the two data taking
Runs. The distributions projected onto the two variables are
shown in Fig. 2. Each of the two projections is selected
using only candidates in the signal region of the other
variable, where the signal regions are defined as m(D°) €
[1840, 1885] MeV/c? and Am € [144.9,146.1] MeV/c?,
respectively. The full distributions can be seen in the
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Distributions of Am for (left) D° — K~ z* and (right) D° — 727z~ normalization channel candidates for (top) Run 1 and

(bottom) Run 2 data. The distributions are superimposed with the fit.

Supplemental Material [76]. The correlation between the
two variables is found to be negligible for all contributing
decay modes; thus they are treated as uncorrelated. After
the full selection, only combinatorial and misidentified
hadronic D° decays are found to contribute to the back-
ground. Background from semileptonic decays is found to
be negligible, and any remaining background from other
sources is well modeled as part of the combinatorial
background component.

The shape of the signal and misidentified background
(DY - ztn~, DY - K—zt) distributions in the two fit
variables is obtained from simulation, reconstructed as
D° — u*yu~ decays. The model parameters are determined
separately for Run 1 and Run 2; the resulting probability
distribution function describes the distribution in each data
taking year and BDT interval well. For signal, the m(u"p™)
and Am distributions are both parametrized by Crystal-Ball
[77] functions with power tails on both sides. For D? —
atx~ decays, a single Crystal-Ball function in m(u*p~)
and the sum of a Johnson [78] and Gaussian function in Am
are employed. For D° — K~z* decays, a Johnson function
is used for the m(u*p~) distribution, while the Am
distribution is described by three Gaussian functions. The
combinatorial background is described by an exponential
function in m(u*u~) and a threshold function in Am [52].

Untagged signal and D° — 72"z~ components are included
and parametrized as their respective tagged component in
m(uTp~) and with the same threshold function of the
combinatorial background in Am. The fraction of this
component is fixed to the value determined in each BDT
interval from a fit to D® — 77z~ data. The shape parameters
obtained from the simulated samples are fixed in the data fit,
while the slope of the exponential of the combinatorial
background is left free to vary in each BDT interval.

A constraint on the expected number of misidentified
D° — ztz~ decays is determined from a dedicated, high-
statistics, simulation sample with the trigger and offline
selection applied. The most critical part of the simulated
sample is the PID efficiency due to the presence of a large
fraction of = — p decays that mimic the signal and
are not considered in the standard calibration tools. The
PID efficiency is obtained from simulation, but it is cross-
checked using DT — 7Tz~ 7" and D — zt 7~z control
samples in data where same-sign pions are weighted to
match the kinematics of D — 7z~ decays. The agree-
ment between the PID efficiency determined with both
methods is satisfactory over the full range of the muon
identification discriminant variable [76]. Therefore, no
systematic uncertainty is assigned on this estimate.
The uncertainty on the expected D’ — ztz~ vyield is
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background.

propagated through a Gaussian constraint on the relevant
parameter in the final fit.

The yield of the misidentified D — K~z decays is
constrained from an auxiliary fit to the m(u*p~) sideband
data, recomputed with the correct mass hypothesis. The
fit is performed using the Am distribution within a
+10 MeV/c? region around the D° mass in the K~z
mass hypothesis. A correction is applied to take into
account this mass requirement. The correlation between
this estimate and the yield in the final fit is found not to
influence the estimate of the signal branching fraction.

The systematic uncertainties related to both the normali-
zation, through a, and the background shapes and yields,
are included in the fit as Gaussian constraints on the
relevant parameters. The dominant systematic uncertainty
comes from the calibration of the hadronic trigger effi-
ciency, which is shared through auxiliary parameters
among the normalization channels, and also with the
misidentified D° — 7"z~ yields that depend on the same
estimate. The fit procedure is tested with pseudoexperi-
ments. The values of the floating shape parameters are
obtained from the data fit. Unbiased estimates of the
branching fraction with correct coverage are obtained.

The m(u*p~) and Am distributions in data are shown
for the most sensitive BDT interval in Fig. 2 and for all
intervals in Ref. [76], overlaid with the result of the fit.
The data are consistent with the expected background. The

value obtained for the D° — u*u~ branching fraction is
B(D — ptu) = (1.74+1.0) x 107, corresponding to
79 445 signal decays. The significance of this signal is
estimated comparing the test statistics in data with the
distribution of the test statistics in background-only pseu-
doexperiments, and is found to have a p value of 0.068,
corresponding to a significance of 1.5¢ (see also Ref. [76]).
An upper limit on the branching fraction is derived using
the frequentist C.L.; method [79] as implemented in the
GAMMACOMBO framework [80,81]. This yields

B(D° = yu~) < 3.1(3.5) x 10~ at 90(95)%C.L.

The observed limit is larger than the one expected from
background-only pseudoexperiments, B(D° — utu~) <
1.9(2.3) x 10~ at a 90(95%) C.L., coherently with the
central value for the signal branching fraction.

The fit is repeated with different configurations: allowing
the resolution of the misidentified D — z*+z~ background
to vary, using a double exponential function in place
of a single one for the combinatorial background, and
reducing the range in the Am variable. No significant
change was found in the signal branching fraction with any
configuration.

In summary, a search for the D° — u*u~ decay in data
corresponding to 9 fb~! of pp collision data collected by
the LHCDb experiment is performed. No excess with respect
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to the background expectation has been found, and an
upper limit of B(D° — u*p~) < 3.1 x 10~ at 90% C.L.
has been set. This result represents an improvement of more
than a factor of 2 with respect to the previous LHCb result.
This measurement constitutes the most stringent limit on
the relevant FCNC couplings in the charm sector, allowing
one to set additional constraints on physics models beyond
the SM which predict the branching fractions of D —
upu~ and describe results from B physics measurements.
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