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A search for violation of the charge-parity (CP) symmetry in the Dþ → K−Kþπþ decay is presented,
with proton-proton collision data corresponding to an integrated luminosity of 5.4 fb−1, collected
at a center-of-mass energy of 13 TeV with the LHCb detector. A novel model-independent tech-
nique is used to compare the Dþ and D− phase-space distributions, with instrumental asymmetries
subtracted using the Dþ

s → K−Kþπþ decay as a control channel. The p value for the hypothesis of CP

conservation is 8.1%. The CP asymmetry observables Aϕπþ
CPjS ¼ ð0.95� 0.43stat � 0.26systÞ × 10−3 and

AK̄�0Kþ
CPjS ¼ ð−0.26� 0.56stat � 0.18systÞ × 10−3 are also measured. These results show no evidence of CP

violation and represent the most sensitive search performed through the phase space of a multibody decay.
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The breaking of the combined charge-parity (CP)
symmetry in particle interactions is a critical element in
explaining the imbalance between matter and antimatter in
the Universe [1]. Existing observations of CP violation in
K and Bmeson decays are consistent with predictions from
the standard model (SM), where the violation arises from a
single irreducible phase in the Cabibbo-Kobayashi-
Maskawa quark mixing matrix [2,3]. However, the effect
of this phase alone is insufficient to explain the observed
matter-antimatter asymmetry [4–7], underscoring the
necessity for new CP -violating dynamics beyond the SM.
In the charm-quark sector, CP violation has so far only

been observed in the difference between the time-integrated
CP asymmetries of D0 → π−πþ and D0 → K−Kþ decays
[8]. These are Cabibbo-suppressed decays, with transitions
of the type c → uqq̄ (q ¼ d, s) for which the SM predicts
very small CP asymmetries, of the order of 10−3 or
less. The recent measurement of the asymmetry in the
D0 → K−Kþ decay [9,10] indicates that the observed
signal is mostly due to CP violation in the D0 → π−πþ
decay amplitude. The interpretation of these results is still
being debated, with explanations falling within the SM
[11–14] and some suggesting physics beyond it [15–18].
Measurements of CP asymmetries in a wide range of
decays are fundamental to fully exploit the potential of
charmed hadrons for revealing signs of physics beyond
the SM.

Three-body decays have unique features for CP -asym-
metry studies. Depending on the underlying mechanism
of CP violation, localized asymmetries across the decay
phase space can be considerably larger than the integrated
value, as observed already in Bþ decays [19,20]. The
Dþ → K−Kþπþ decay (the inclusion of charge-conjugate
processes is implied throughout except in the discussion of
asymmetries) is the three-body Cabibbo-suppressed Dþ
decay with the largest branching fraction [21]. Studies of
CP violation across its Dalitz plot, a two-dimensional
diagram representing the phase space [22,23], have pre-
viously been undertaken by the BABAR [24], CLEO [25],
and LHCb [26] collaborations. Measurements of the CP
asymmetry in the phase-space region dominated by
Dþ → ϕπþ, with ϕ → K−Kþ, have also been reported
by LHCb [27,28]. All results are consistent with CP
symmetry.
In this Letter, a search for localized CP violation in the

phase space of Dþ → K−Kþπþ decays is presented, using
data collected by the LHCb experiment from 2016 to 2018,
corresponding to an integrated luminosity of 5.4 fb−1.
Currently, this represents the largest sample available of
c-hadron decays with potential for observation of CP
violation. A model-independent technique is developed
to address the challenge of isolating the CP asymmetry
from instrumental effects, by exploiting the control channel
Dþ

s → K−Kþπþ, for which CP violation is not
expected [15,29].
The LHCb detector is a single-arm forward spectrometer

covering the pseudorapidity range 2 < η < 5, described in
detail in Refs. [30,31]. It is designed for the study of
particles containing b or c quarks. The magnetic field
polarity is reversed periodically during data taking to
mitigate the differences of reconstruction efficiencies of
particles with opposite charges. Datasets corresponding to
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about half of the total integrated luminosity are recorded
with each magnetic field configuration.
The online event selection is performed by a trigger

consisting of a hardware stage followed by a two-level
software stage. In between the two software stages, an
alignment and calibration of the detector is performed in
near real time and their results are used in the trigger [32].
In the first software stage, events used in this analysis are
selected if at least one track has large transverse momentum
and is incompatible with originating from any primary
vertex (PV), or if any two-track combination forming a
vertex significantly displaced from the PV is found in the
event by a multivariate algorithm [33,34]. In the second
stage, two oppositely charged particles identified as kaons
are combined with a particle identified as a pion to form a
good-quality decay vertex detached from any PV. The PV
with the smallest value of χ2IP is associated with the decay
candidate, where χ2IP is defined as the difference in the
vertex fit χ2 of the PV reconstructed with and without the
particle under consideration, in this case, the Dþ

ðsÞ candi-
date. Further requirements are applied on the Dþ

ðsÞ decay
time, on the angle between the reconstructed Dþ

ðsÞ momen-

tum vector and the vector connecting the PV to the decay
vertex, on the χ2 of the Dþ

ðsÞ decay vertex fit, and on the

momentum, the transverse momentum, and the χ2IP of the
Dþ

ðsÞ candidate and of its decay products. The invari-

ant masses of the Dþ and Dþ
s candidates are required

to be within the intervals [1805,1935] MeV and
[1905,2035] MeV, which correspond to approximately
10 times their mass resolution. (Natural units with c ¼ 1
are used throughout).
The candidates selected from the second software-trigger

stage are directly used for the offline analysis [34] and must
satisfy additional selection criteria, applied uniformly for
the Dþ and Dþ

s samples whenever possible, to minimize
potential biases in the CP violation study. A stringent
particle identification (PID) requirement is applied on both
kaons, which reduces to a negligible level the contamina-
tion from Dþ → K−πþπþ decays in the Dþ

s → K−Kþπþ
sample, while significantly reducing background due to
random combinations of tracks. Contamination from semi-
leptonic decays where the muon is misidentified as a pion is
suppressed by a muon PID veto to the pion candidate.
Contamination from Λþ

c → K−pπþ decays and random
combinations of D0 → K−πþ decays with a pion are
removed using invariant-mass vetoes. The requirement
on the maximum χ2IP of the D

þ
ðsÞ meson is further tightened

to reduce the contamination from secondary b -hadron
decays. Fiducial requirements are applied to remove small
regions of the kinematic space where large charge asym-
metries are observed, typically caused by low-momentum
tracks being swept out of the detector acceptance by the
magnetic field. Finally, candidates are randomly rejected to

equalize, in each data-taking year, the signal yields of the
samples collected with each magnet polarity.
After applying all selection criteria, the yields forDþ and

Dþ
s decays are approximately 135 and 181 × 106, respec-

tively, with a purity of 95% within an interval of�20 MeV
around their nominal masses. The K−Kþπþ invariant-mass
distributions are shown in Fig. 3 of Appendix A.
The strategy to identify a signal of CP violation in the

Dþ → K−Kþπþ decay is a model-independent search
based upon a χ2 test for the hypothesis of the charge
asymmetries over theDþ Dalitz plot being compatible with
those of the Dþ

s control mode. It assumes that the nuisance
asymmetries (i.e., differences in charged-particle detection,
reconstruction or selection efficiencies, left-right detector,
or any other instrumental asymmetries) depend only on the
kinematics of the final-state particles and that local effects
arising from correlations between the Dþ

ðsÞ kinematic-

dependent production asymmetries and the Dalitz plot
variables are negligible, making the difference between
the production asymmetries a global effect that can be
subtracted.
The Dalitz plots are divided into bins and the raw charge

asymmetry for the decay X in each bin i is defined as

Ai;X
raw ¼ Ni;X

þ − Ni;X
−

Ni;X
þ þ Ni;X

−
; ð1Þ

where X ¼ S, C refers to the signal (S) or control (C)
modes, þ and − refer to the charge of the D�

ðsÞ candidates,

and Ni;X
þð−Þ is the number of decays Xþð−Þ in bin i, as

determined from mass fits described later. The CP observ-
able is defined as

ΔAi
CP ¼ Ai;S

raw − Ai;C
raw − ΔAglobal

raw : ð2Þ

The term ΔAglobal
raw is the global difference in asymmetries

averaged over all bins in the Dalitz plot,

ΔAglobal
raw ¼

PNbins
i

Ai;S
raw−A

i;C
raw

σ2
Ai;Sraw

þσ2
Ai;CrawPNbins

i
1

σ2
Ai;Sraw

þσ2
Ai;Craw

; ð3Þ

where σAi;X
raw

are the Ai;X
raw uncertainties. Any difference

between the global asymmetries in the two decays is
cancelled by this term, which, in the absence of CP
violation, corresponds to the difference between the Dþ

andDþ
s production asymmetries. The Ai;C

raw term cancels out
instrumental asymmetries from the raw signal asymmetry
in bin i.
To build the χ2 test statistic, the significance of ΔAi

CP,

Si
ΔCP

¼ ΔAi
CP

σΔAi
CP

; ð4Þ
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is used, where σΔAi
CP

is the ΔAi
CP statistical uncertainty and

accounts for the correlations between the individual per-bin
asymmetries and the global difference of asymmetries. The
expressions for σΔAi

CP
and σ

ΔA
global
raw

are presented in Eqs. (B1)
and (B2) in Appendix B. Under the hypothesis of CP
symmetry, Si

ΔCP
follows a standard normal distribution, as

validated using pseudoexperiments.
The test statistic is then defined as

χ2ðSΔCP
Þ ¼

XNbins

i

ðSi
ΔCP

Þ2; ð5Þ

from which a p value for the hypothesis of no localized CP
violation can be extracted.
The Dalitz plots for the signal and control samples are

depicted in Fig. 1, where the binning scheme is overlaid. In
this plot, sðK−πþÞ and sðK−KþÞ represent the squared
invariant masses of the K−πþ and K−Kþ systems, respec-
tively. For the purpose of this plot, background subtraction
is performed using the sPlot technique [35], based on Dþ

and Dþ
s invariant-mass fits.

The binning scheme is designed to exploit the resonant
structures in the Dþ → K−Kþπþ decay, which are simi-
lar to those in the Dþ

s → K−Kþπþ decay. Key features in
these decays are the K̄�ð892Þ0 and ϕð1020Þ vector reso-
nances, prominently visible around sðK−πþÞ ¼ m2

K̄�0 and
sðK−KþÞ ¼ m2

ϕ. Vector resonance distributions in the
Dalitz plot present a node, shown more explicitly in the
inset of Fig. 1 for the ϕ case. The rectangular areas around
the two resonances are divided into four bins with the
internal boundaries defined by the distribution node in one
direction and the known mass [21] in the other. For the K�0
resonance, the region above the node is further subdivided
to account for instrumental asymmetry variations. Other
Dalitz plot areas are segmented to approximately equalize
the number of candidates in each bin, with the Dþ

s Dalitz
plot following a similar segmentation with expanded outer
limits. This design has a natural bin-to-bin correspondence

between the Dalitz plots ofDþ andDþ
s mesons with a good

agreement between final-state kinematic quantities in each
bin. A bin-by-bin weighting procedure is applied to the Dþ

s
candidates to correct for residual differences.
Sensitivity studies, where Dþ → K−Kþπþ samples are

generated according to the isobar model from Ref. [25],
support this binning choice. In these studies, CP violation
is introduced as small differences in the relative phase or
magnitude of one or more resonances’ amplitudes between
the Dþ and D− samples. The asymmetry caused by
different phases in a given resonant contribution to the
Dþ and D− amplitudes changes sign when crossing
vertically or horizontally between quadrants around this
resonance. This behavior motivates the measurement of the
CP asymmetry observable ACPjS [27],

ACPjS ¼
1

2

h�
ΔAtop-left

raw þ ΔAbottom-right
raw

�

−
�
ΔAtop-right

raw þ ΔAbottom-left
raw

�i
; ð6Þ

where ΔAraw ¼ AS
raw − AC

raw and the Dalitz plot bins top-
left, top-right, bottom-left, and bottom-right are the ones
numbered in Fig. 1 as bins 13, 17, 14, and 16 (3þ 4, 7þ 8,
5, and 6) (the plus sign indicates that candidates from two
bins are combined before computing ACPjS), respectively,
for the ϕπþ (K̄�0Kþ) resonant amplitude. In this case, the
global asymmetry components cancel out, making ACPjS an
observable sensitive purely to CP violation in the decay.
The local ΔAi

CP are also provided as additional measure-
ments, which can be interpreted as CP -violating observ-
ables in light of theoretical predictions, but only as relative
quantities between bins. The net average CP asymmetry is
removed in the subtraction, and therefore, the ΔAi

CP in
individual bins cannot be combined to obtain the integrated
CP asymmetry over the phase space. All the results from
the present study are insensitive to CP violation manifested
solely as a global asymmetry.
To verify the method and mitigate experimenter’s bias,

multiple tests were conducted before examining the Ai;S
raw

values. Both signal and control samples were segmented by
Dþ

ðsÞ momentum, pseudorapidity, and transverse momen-

tum, confirming that ΔAi
CP values were statistically com-

patible among these segments. Simulations [36] of the
Dþ → K−Kþπþ and Dþ

s → K−Kþπþ decays, using a
realistic resonant model with the same yields as in data,
are used to study the impact of known effects, such as
detection and tracking efficiency asymmetries [37] and PID
efficiency asymmetries extracted from calibration samples
[38], obtained as a function of the kaon and pion kinemat-
ics. The patterns of asymmetries in simulated signal and
control samples match those observed in the control data.
Additionally, various production-asymmetry models are
tested, based on the results obtained with data taken in
2011 and 2012 [39–41]. None of the models significantly

FIG. 1. Dalitz plots for (left) Dþ → K−Kþπþ and (right)
Dþ

s → K−Kþπþ decays in data with the binning scheme overlaid.
The enlarged inset shows the bins around the ϕπþ region, where
the same numbering scheme is followed for both channels.
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affects the local raw asymmetry patterns across the Dalitz
plot. The method’s validity is further confirmed through
10 000 pseudoexperiments designed to simulate instrumen-
tal asymmetries, with the resulting

PNbins
i ðSi

ΔCPÞ2 values
fitting a χ2 distribution with Nbins degrees of freedom.
The signal and background raw charge asymmetries and

yields are directly determined for each Dalitz plot bin from
simultaneous χ2 fits to the binned K∓K�π� invariant-mass
distributions of Dþ

ðsÞ and D
−
ðsÞ candidates, independently for

each data taking year and magnet polarity. The raw
asymmetries are then combined for the final results. The
signal and background shapes, as well as the procedure
used to verify that the extracted asymmetries are unbiased,
are described in the Appendixes.
The results for ΔAi

CP are shown in detail in Table I.
Systematic uncertainties arise from various sources and are
evaluated by comparing results obtained with alternative
procedures to the nominal ones. The impact of remaining
kinematic mismatches between the control and signal
samples is assessed by obtaining the Dþ

s asymmetries

without equalization weights. Different fit models for the
signal and background mass shapes are tested. Biases due
to differences in the instrumental asymmetries related to the
different Dþ and Dþ

s lifetimes, flight distance distributions
and contamination from b-hadron decays, which cannot be
disentangled, are determined by splitting the samples into
two ranges of D-meson flight distance significance and χ2IP
and combining the resulting ΔAi

CP values. For most bins,
this is the dominant systematic uncertainty (labeled as “sec
dec” in Table I). The influence of different requirements in
the trigger for the signal and control channels is inves-
tigated by aligning the selection criteria. The precision in
each bin is limited by the statistical uncertainty. A graphical
representation of the results is shown in Fig. 4 of
Appendix C.
The CP observables ACPjS for the ϕπþ and K̄�0Kþ

systems are given by

Aϕπþ
CPjS ¼ ð0.95� 0.43� 0.26Þ × 10−3;

AK̄�0Kþ
CPjS ¼ ð−0.26� 0.56� 0.18Þ × 10−3;

where the first uncertainty is statistical and the second is
systematic, evaluated using the same procedure described
for the ΔAi

CP results. The uncertainties are also shown in
detail in Table I.
Finally, the statistical significances Si

ΔCP
are shown

across the Dalitz plot in Fig. 2. The χ2 of the search test
is 31.8 for 22 degrees of freedom, resulting in a p value of
8.1%, consistent with the hypothesis of no localized CP
violation in the phase space of the Dþ → K−Kþπþ decay.
Potential systematic biases in the search test results are
examined by evaluating ΔAi

CP in the same alternative
scenarios used to evaluate systematic uncertainties for

TABLE I. Experimental results for ΔAi
CP ¼ ΔAi

raw − ΔAglobal
raw

and ACPjS, with systematic and statistical uncertainties shown in
the last two columns. The individual contributions to the
systematic uncertainties are also shown. All values are expressed
in 10−3 units.

Bin ΔACP σweightingsyst σsec dec
syst σfitsyst σtriggersyst σtotsyst σstat

1 1.97 0.67 1.35 0.88 0.10 1.75 1.39
2 0.78 0.32 0.19 0.50 0.26 0.68 1.33
3 −0.01 0.01 0.49 0.15 0.67 0.85 1.43
4 0.06 0.20 0.11 0.24 0.21 0.39 0.75
5 0.24 0.06 0.07 0.04 0.05 0.11 0.36
6 0.71 0.05 0.21 0.08 0.17 0.29 0.38
7 0.99 0.06 0.36 0.19 0.04 0.41 0.73
8 0.69 0.16 0.57 0.13 0.13 0.63 1.28
9 −3.14 0.99 0.60 1.59 0.01 1.97 2.49
10 0.83 1.28 1.97 2.63 0.87 3.63 1.97
11 −0.02 0.20 0.39 0.10 0.24 0.51 0.78
12 1.08 0.11 0.22 0.11 0.03 0.27 0.63
13 0.25 0.04 0.13 0.06 0.06 0.17 0.42
14 −0.99 0.08 0.05 0.07 0.08 0.14 0.42
15 −1.99 0.01 0.56 0.08 0.18 0.60 0.90
16 0.12 0.05 0.26 0.07 0.15 0.31 0.43
17 −0.55 0.08 0.08 0.10 0.03 0.15 0.35
18 −0.24 0.19 0.39 0.03 0.14 0.46 0.47
19 −0.53 0.07 0.50 0.20 0.34 0.64 0.75
20 −2.14 0.46 0.29 0.29 0.20 0.65 1.14
21 0.45 0.48 0.53 0.23 0.42 0.86 1.07
22 2.14 1.28 1.09 0.81 0.85 2.05 2.23

Resonant
mode ACPjS σweightingsyst σsec dec

syst σfitsyst σtriggersyst σtotsyst σstat

ϕπþ 0.95 0.12 0.21 0.07 0.07 0.26 0.43
K̄�0Kþ −0.26 0.01 0.16 0.06 0.06 0.18 0.56

FIG. 2. The significance SΔCP
across the Dalitz plot, which

accounts only for the statistical uncertainty. The inset shows an
enlargement of the Dalitz plot around the ϕπþ region.
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ΔAi
CP. The resulting p values range from 2.3% to 14.1%,

confirming absence of localized CP violation over the
Dalitz plot within the current statistical reach.
In summary, this Letter reports a search for CP violation

across the phase space ofDþ → K−Kþπþ decays utilizing a
novel binned, model-independent method that neutralizes
instrumental effects via a control channel with an identical
final state. The p values, obtained from all considered
scenarios, are consistent with CP symmetry. The observ-
ablesΔAi

CP aremeasuredwith10−3 precisionwithin the bins
of theDalitz plot. This constitutes themost precise search for
localized CP violation ever performed. Furthermore, this

study presents the most precise measurement of Aϕπþ
CPjS and

the first experimental result forAK̄�0Kþ
CPjS , both compatiblewith

zero with a precision smaller than 10−3.

Acknowledgments—We express our gratitude to our
colleagues in the CERN accelerator departments for the
excellent performance of the LHC. We thank the technical
and administrative staff at the LHCb institutes. We
acknowledge support from CERN and from the following
national agencies: CAPES, CNPq, FAPERJ, and FINEP
(Brazil); MOST and NSFC (China); CNRS/IN2P3
(France); BMBF, DFG, and MPG (Germany); INFN
(Italy); NWO (Netherlands); MNiSW and NCN
(Poland); MCID/IFA (Romania); MICIU and AEI
(Spain); SNSF and SER (Switzerland); NASU (Ukraine);
STFC (United Kingdom); DOE NP and NSF (USA). We
acknowledge the computing resources that are provided by
CERN, IN2P3 (France), KIT, and DESY (Germany), INFN
(Italy), SURF (Netherlands), PIC (Spain), GridPP (United
Kingdom), CSCS (Switzerland), IFIN-HH (Romania),
CBPF (Brazil), and Polish WLCG (Poland). We are
indebted to the communities behind the multiple open-
source software packages on which we depend. Individual
groups or members have received support from ARC and
ARDC (Australia); Key Research Program of Frontier
Sciences of CAS, CAS PIFI, CAS CCEPP, Fundamental
Research Funds for the Central Universities, and Sci. and
Tech. Program of Guangzhou (China); Minciencias
(Colombia); EPLANET, Marie Skłodowska-Curie
Actions, ERC, and NextGenerationEU (European
Union); A*MIDEX, ANR, IPhU, and Labex P2IO, and
Région Auvergne-Rhône-Alpes (France); AvH Foundation
(Germany); ICSC (Italy); Severo Ochoa and María de
Maeztu Units of Excellence, GVA, XuntaGal, GENCAT,
InTalent-Inditex, and Prog. Atracción Talento CM (Spain);
SRC (Sweden); the Leverhulme Trust, the Royal Society,
and UKRI (United Kingdom).

[1] A. D. Sakharov, Violation of CP invariance, C asymmetry,
and baryon asymmetry of the universe, Sov. Phys. Usp. 34,
392 (1991).

[2] N. Cabibbo, Unitary symmetry and leptonic decays, Phys.
Rev. Lett. 10, 531 (1963).

[3] M. Kobayashi and T. Maskawa, CP -violation in the
renormalizable theory of weak interaction, Prog. Theor.
Phys. 49, 652 (1973).

[4] M. B. Gavela, P. Hernandez, J. Orloff, O. Péne, and C.
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End Matter

Appendix A: Invariant-mass distributions and fits—
The probability density function used to describe the
K∓K�π� invariant-mass distribution of signal candidates
in each bin of the Dalitz plot is given by a sum of a
Gaussian function and a double-sided crystal ball
(DSCB) function [42], with widths and tails that can
differ between the left and right sides of the probability
density function around the most probable value. All the
parameters describing the signal shape, apart from the
Gaussian width and mean, are fixed to the values
obtained from simulation, weighted by PID efficiencies
obtained from calibration samples [38]. The fixed

parameters are the offset and relative fraction between
the DSCB and the Gaussian functions, and the tail
parameters of the DSCB. The background is
parametrized by a third-order Bernstein polynomial for
Dþ → K−Kþπþ and as a second order for polynomial
for Dþ

s → K−Kþπþ decays. The Gaussian width and the
background parameters are shared between the Dþ

ðsÞ and

D−
ðsÞ subsamples that are fitted simultaneously.
The fits are validated using pseudoexperiments, where

K∓K�π� invariant-mass distributions are generated
according to the baseline fit results and then fitted with

FIG. 3. Invariant-mass distribution of the final samples of (left) Dþ → K−Kþπþ and (right) Dþ
s → K−Kþπþ candidates.
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the same prescription. The pulls for the fitted para-
meters follow standard normal distributions across all
Dalitz plot bins for both decay modes. This analysis
confirms that the signal and background asymmetries are
unbiased.

For illustration, the mass distributions of the
Dþ → K−Kþπþ and Dþ

s → K−Kþπþ candidates, summed
over all Dalitz plots bins, are given in Fig. 3.

Appendix B: Uncertainties of the observables—The
statistical uncertainties of the asymmetries defined in the
Letter are shown below for completeness,
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¼
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Appendix C: Graphical representation of the CP asymmetries—A graphical representation of the ΔAi
CP results is

shown in Fig. 4. The horizontal axis is given by the bin index, according to the scheme depicted in Fig. 1.
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R. Le Gac ,12 H. Lee ,59 R. Lefèvre,11 A. Leflat ,42 S. Legotin ,42 M. Lehuraux ,55 E. Lemos Cid ,47 O. Leroy ,12

T. Lesiak ,39 B. Leverington ,20 A. Li ,4 C. Li ,12 H. Li ,70 K. Li ,8 L. Li ,61 P. Li ,7 P.-R. Li ,71 Q. Li ,5,7 S. Li ,8

T. Li ,5,t T. Li ,70 Y. Li ,8 Y. Li,5 Z. Lian ,4 X. Liang ,67 S. Libralon ,46 C. Lin ,7 T. Lin ,56 R. Lindner ,47

V. Lisovskyi ,48 R. Litvinov ,30,47 F. L. Liu ,1 G. Liu ,70 K. Liu ,71 S. Liu ,5,7 W. Liu,8 Y. Liu ,57 Y. Liu,71 Y. L. Liu ,60

A. Lobo Salvia ,44 A. Loi ,30 J. Lomba Castro ,45 T. Long ,54 J. H. Lopes ,3 A. Lopez Huertas ,44 S. López Soliño ,45

Q. Lu ,14 C. Lucarelli ,25 D. Lucchesi ,31,f M. Lucio Martinez ,77 V. Lukashenko ,36,51 Y. Luo ,6 A. Lupato ,31,u

E. Luppi ,24,e K. Lynch ,21 X.-R. Lyu ,7 G. M. Ma ,4 R. Ma ,7 S. Maccolini ,18 F. Machefert ,13 F. Maciuc ,41

B. Mack ,67 I. Mackay ,62 L. M. Mackey ,67 L. R. Madhan Mohan ,54 M. J. Madurai ,52 A. Maevskiy ,42

D. Magdalinski ,36 D. Maisuzenko ,42 M.W. Majewski,38 J. J. Malczewski ,39 S. Malde ,62 L. Malentacca,47

A. Malinin ,42 T. Maltsev ,42 G. Manca ,30,l G. Mancinelli ,12 C. Mancuso ,28,13,j R. Manera Escalero ,44

D. Manuzzi ,23 D. Marangotto ,28,j J. F. Marchand ,10 R. Marchevski ,48 U. Marconi ,23 E. Mariani,15 S. Mariani ,47

C. Marin Benito ,44 J. Marks ,20 A. M. Marshall ,53 L. Martel ,62 G. Martelli ,32,o G. Martellotti ,34

L. Martinazzoli ,47 M. Martinelli ,29,b D. Martinez Santos ,45 F. Martinez Vidal ,46 A. Massafferri ,2 R. Matev ,47

A. Mathad ,47 V. Matiunin ,42 C. Matteuzzi ,67 K. R. Mattioli ,14 A. Mauri ,60 E. Maurice ,14 J. Mauricio ,44

P. Mayencourt ,48 J. Mazorra de Cos ,46 M. Mazurek ,40 M. McCann ,60 L. Mcconnell ,21 T. H. McGrath ,61

N. T. McHugh ,58 A. McNab ,61 R. McNulty ,21 B. Meadows ,64 G. Meier ,18 D. Melnychuk ,40 F. M. Meng ,4

M. Merk ,36,77 A. Merli ,48 L. Meyer Garcia ,65 D. Miao ,5,7 H. Miao ,7 M. Mikhasenko ,74 D. A. Milanes ,73

A. Minotti ,29,b E. Minucci ,67 T. Miralles ,11 B. Mitreska ,18 D. S. Mitzel ,18 A. Modak ,56 R. A. Mohammed ,62

R. D. Moise ,16 S. Mokhnenko ,42 T. Mombächer,47 M. Monk ,55,1 S. Monteil ,11 A. Morcillo Gomez ,45

G. Morello ,26 M. J. Morello ,33,d M. P. Morgenthaler ,20 A. B. Morris ,47 A. G. Morris ,12 R. Mountain ,67 H. Mu ,4

Z. M. Mu ,6 E. Muhammad ,55 F. Muheim ,57 M. Mulder ,76 K. Müller,49 F. Muñoz-Rojas ,9 R. Murta ,60 P. Naik ,59

T. Nakada ,48 R. Nandakumar ,56 T. Nanut ,47 I. Nasteva ,3 M. Needham ,57 N. Neri ,28,j S. Neubert ,17

N. Neufeld ,47 P. Neustroev,42 J. Nicolini ,18,13 D. Nicotra ,77 E. M. Niel ,48 N. Nikitin ,42 P. Nogarolli ,3 P. Nogga,17

N. S. Nolte ,63 C. Normand ,53 J. Novoa Fernandez ,45 G. Nowak ,64 C. Nunez ,81 H. N. Nur ,58

A. Oblakowska-Mucha ,38 V. Obraztsov ,42 T. Oeser ,16 S. Okamura ,24,e A. Okhotnikov,42 O. Okhrimenko ,51

R. Oldeman ,30,l F. Oliva ,57 M. Olocco ,18 C. J. G. Onderwater ,77 R. H. O’Neil ,57 D. Osthues,18

J. M. Otalora Goicochea ,3 P. Owen ,49 A. Oyanguren ,46 O. Ozcelik ,57 F. Paciolla ,33,v A. Padee ,40

K. O. Padeken ,17 B. Pagare ,55 P. R. Pais ,20 T. Pajero ,47 A. Palano ,22 M. Palutan ,26 G. Panshin ,42 L. Paolucci ,55

PHYSICAL REVIEW LETTERS 133, 251801 (2024)

251801-9

https://orcid.org/0000-0002-8967-3644
https://orcid.org/0000-0001-5635-6063
https://orcid.org/0000-0001-8829-9681
https://orcid.org/0009-0004-8932-4024
https://orcid.org/0000-0002-2916-7184
https://orcid.org/0000-0003-3676-5040
https://orcid.org/0000-0002-5115-0581
https://orcid.org/0000-0001-8857-1665
https://orcid.org/0000-0001-7552-400X
https://orcid.org/0000-0002-6825-6497
https://orcid.org/0009-0002-6342-5965
https://orcid.org/0000-0001-5730-8434
https://orcid.org/0000-0002-2234-0001
https://orcid.org/0000-0002-9257-839X
https://orcid.org/0000-0002-4947-2928
https://orcid.org/0000-0002-3363-7783
https://orcid.org/0000-0003-0959-3853
https://orcid.org/0000-0002-2231-1374
https://orcid.org/0000-0002-5556-1775
https://orcid.org/0000-0002-7958-2917
https://orcid.org/0000-0001-7641-7505
https://orcid.org/0000-0002-3804-8734
https://orcid.org/0000-0001-8162-4277
https://orcid.org/0000-0001-9616-6651
https://orcid.org/0009-0005-8756-0960
https://orcid.org/0000-0003-2714-2706
https://orcid.org/0000-0002-1465-0077
https://orcid.org/0000-0001-8177-0856
https://orcid.org/0000-0002-6986-9404
https://orcid.org/0000-0001-6445-4907
https://orcid.org/0009-0008-7974-3785
https://orcid.org/0000-0002-1529-8087
https://orcid.org/0000-0003-3605-832X
https://orcid.org/0000-0001-7828-3694
https://orcid.org/0000-0001-6265-8412
https://orcid.org/0000-0001-9384-6926
https://orcid.org/0000-0002-3712-7318
https://orcid.org/0000-0003-2613-7315
https://orcid.org/0000-0002-4962-3546
https://orcid.org/0000-0002-9199-8616
https://orcid.org/0000-0002-3139-3332
https://orcid.org/0000-0001-6454-278X
https://orcid.org/0000-0002-8227-4544
https://orcid.org/0000-0002-2855-0544
https://orcid.org/0000-0002-5924-2683
https://orcid.org/0000-0002-1407-1729
https://orcid.org/0000-0003-3018-5707
https://orcid.org/0000-0001-7894-8799
https://orcid.org/0000-0002-8894-6292
https://orcid.org/0000-0002-4174-6509
https://orcid.org/0000-0001-8771-3115
https://orcid.org/0000-0001-5534-1732
https://orcid.org/0000-0002-2522-6722
https://orcid.org/0000-0002-1940-6276
https://orcid.org/0000-0003-1409-1428
https://orcid.org/0000-0001-8403-0706
https://orcid.org/0000-0003-4971-7160
https://orcid.org/0000-0002-8096-3792
https://orcid.org/0000-0003-0182-8638
https://orcid.org/0000-0002-6564-040X
https://orcid.org/0000-0002-5438-9176
https://orcid.org/0000-0002-0025-4663
https://orcid.org/0000-0003-3719-119X
https://orcid.org/0000-0001-6427-4746
https://orcid.org/0000-0003-1728-8525
https://orcid.org/0000-0001-8120-3296
https://orcid.org/0000-0002-8964-5109
https://orcid.org/0000-0002-0656-8647
https://orcid.org/0000-0002-8579-844X
https://orcid.org/0000-0002-9850-4965
https://orcid.org/0000-0003-3272-6001
https://orcid.org/0000-0003-1699-8816
https://orcid.org/0000-0001-5706-7255
https://orcid.org/0000-0002-5821-1674
https://orcid.org/0009-0005-4053-1222
https://orcid.org/0009-0009-5577-1308
https://orcid.org/0000-0002-6066-7232
https://orcid.org/0000-0002-1285-3911
https://orcid.org/0000-0002-8912-4653
https://orcid.org/0000-0003-3598-0427
https://orcid.org/0000-0002-6528-8178
https://orcid.org/0000-0002-6407-6974
https://orcid.org/0009-0006-1867-9674
https://orcid.org/0000-0001-8686-2303
https://orcid.org/0000-0002-4285-8027
https://orcid.org/0000-0001-8482-5576
https://orcid.org/0000-0002-1290-6737
https://orcid.org/0000-0001-7910-4109
https://orcid.org/0000-0002-9652-1964
https://orcid.org/0000-0003-3838-281X
https://orcid.org/0000-0002-5291-9583
https://orcid.org/0000-0002-0260-6570
https://orcid.org/0000-0002-6520-8203
https://orcid.org/0000-0002-0253-8619
https://orcid.org/0009-0005-4421-9025
https://orcid.org/0000-0001-9695-8165
https://orcid.org/0000-0001-7909-1272
https://orcid.org/0000-0003-0828-0943
https://orcid.org/0000-0003-0741-5922
https://orcid.org/0000-0002-1821-1848
https://orcid.org/0009-0002-3680-1224
https://orcid.org/0000-0003-2589-5130
https://orcid.org/0009-0005-2645-8364
https://orcid.org/0000-0001-9092-3527
https://orcid.org/0000-0001-8614-7203
https://orcid.org/0000-0002-7473-2031
https://orcid.org/0000-0002-8767-7289
https://orcid.org/0000-0002-1495-0053
https://orcid.org/0000-0001-6805-0395
https://orcid.org/0000-0002-4036-2060
https://orcid.org/0000-0001-8631-4200
https://orcid.org/0000-0002-6133-486X
https://orcid.org/0000-0002-1236-4667
https://orcid.org/0000-0002-7947-465X
https://orcid.org/0000-0002-9546-358X
https://orcid.org/0000-0001-8774-8270
https://orcid.org/0000-0003-4688-0050
https://orcid.org/0009-0000-2192-995X
https://orcid.org/0009-0002-8059-5325
https://orcid.org/0000-0003-4937-2270
https://orcid.org/0000-0002-8366-1167
https://orcid.org/0009-0005-6974-140X
https://orcid.org/0009-0005-3844-0778
https://orcid.org/0000-0003-1633-0496
https://orcid.org/0000-0002-5443-4870
https://orcid.org/0000-0003-1587-4555
https://orcid.org/0000-0001-5241-8642
https://orcid.org/0000-0002-5816-9488
https://orcid.org/0000-0002-2360-2392
https://orcid.org/0000-0002-9467-8001
https://orcid.org/0000-0002-3454-7261
https://orcid.org/0000-0002-0322-5550
https://orcid.org/0000-0003-2384-5973
https://orcid.org/0000-0002-7195-8537
https://orcid.org/0000-0002-3151-3453
https://orcid.org/0000-0003-4074-4787
https://orcid.org/0000-0002-7551-6971
https://orcid.org/0009-0003-3006-2149
https://orcid.org/0000-0001-9619-6666
https://orcid.org/0000-0003-3192-6175
https://orcid.org/0000-0001-7600-7039
https://orcid.org/0000-0003-3001-6268
https://orcid.org/0000-0002-2589-240X
https://orcid.org/0000-0002-3966-2998
https://orcid.org/0000-0001-6640-7274
https://orcid.org/0000-0001-5012-6013
https://orcid.org/0000-0002-3554-5479
https://orcid.org/0000-0002-2366-9554
https://orcid.org/0000-0002-2243-8412
https://orcid.org/0000-0003-4625-6880
https://orcid.org/0000-0003-2740-9765
https://orcid.org/0000-0002-1603-3646
https://orcid.org/0009-0004-1932-8580
https://orcid.org/0000-0001-5455-3768
https://orcid.org/0000-0002-5723-0961
https://orcid.org/0000-0002-5241-2555
https://orcid.org/0000-0003-2043-4669
https://orcid.org/0000-0003-4602-6946
https://orcid.org/0000-0002-5277-9103
https://orcid.org/0009-0002-5841-9624
https://orcid.org/0000-0001-7587-3365
https://orcid.org/0000-0001-6052-8243
https://orcid.org/0000-0002-5541-6500
https://orcid.org/0000-0003-4451-214X
https://orcid.org/0000-0002-4234-435X
https://orcid.org/0009-0002-2387-8150
https://orcid.org/0000-0001-5961-6588
https://orcid.org/0000-0003-4529-3356
https://orcid.org/0000-0002-6919-227X
https://orcid.org/0000-0003-3257-9240
https://orcid.org/0000-0001-9617-6067
https://orcid.org/0000-0002-2375-9509
https://orcid.org/0000-0003-4176-1503
https://orcid.org/0000-0003-1874-8407
https://orcid.org/0000-0001-7292-848X
https://orcid.org/0000-0003-1168-9547
https://orcid.org/0000-0002-6323-5582
https://orcid.org/0000-0001-9892-5113
https://orcid.org/0000-0002-6598-1941
https://orcid.org/0000-0002-8196-1828
https://orcid.org/0000-0003-4937-7637
https://orcid.org/0000-0001-6823-2607
https://orcid.org/0000-0002-0630-5185
https://orcid.org/0009-0001-8755-2937
https://orcid.org/0000-0003-0312-3914
https://orcid.org/0000-0002-1072-5633
https://orcid.org/0000-0002-7053-4951
https://orcid.org/0000-0001-5689-9578
https://orcid.org/0000-0001-8838-5205
https://orcid.org/0000-0002-0152-2412
https://orcid.org/0000-0002-9571-7535
https://orcid.org/0000-0002-4644-5916
https://orcid.org/0000-0001-6651-9436
https://orcid.org/0000-0001-8323-6454
https://orcid.org/0000-0003-0171-7890
https://orcid.org/0000-0002-8285-3589
https://orcid.org/0000-0002-9390-8821
https://orcid.org/0000-0002-6503-0759
https://orcid.org/0000-0003-1652-8005
https://orcid.org/0000-0001-6267-7314
https://orcid.org/0000-0001-5704-3499
https://orcid.org/0000-0003-2744-3656
https://orcid.org/0000-0002-8179-0707
https://orcid.org/0000-0002-3731-9977
https://orcid.org/0000-0002-2120-5633
https://orcid.org/0000-0003-1960-4413
https://orcid.org/0000-0003-1144-3678
https://orcid.org/0000-0002-2490-435X
https://orcid.org/0000-0003-4981-6847
https://orcid.org/0000-0002-9915-6587
https://orcid.org/0000-0001-9099-4878
https://orcid.org/0000-0002-4111-0797
https://orcid.org/0000-0003-3410-0918
https://orcid.org/0000-0002-5055-7224
https://orcid.org/0000-0002-7298-3101
https://orcid.org/0000-0003-0529-6982
https://orcid.org/0000-0002-2867-722X
https://orcid.org/0000-0002-9863-4954
https://orcid.org/0000-0001-8562-0038
https://orcid.org/0000-0002-6150-3168
https://orcid.org/0000-0002-8663-9037
https://orcid.org/0000-0002-8996-795X
https://orcid.org/0000-0003-4792-9178
https://orcid.org/0000-0002-6438-4483
https://orcid.org/0000-0001-6841-6035
https://orcid.org/0000-0002-3264-3401
https://orcid.org/0000-0001-8713-6119
https://orcid.org/0000-0002-9428-4715
https://orcid.org/0000-0003-4665-5451
https://orcid.org/0000-0002-4047-4521
https://orcid.org/0000-0003-2222-7727
https://orcid.org/0000-0003-1664-8963
https://orcid.org/0000-0002-7366-4364
https://orcid.org/0000-0002-9331-1363
https://orcid.org/0000-0002-8210-1256
https://orcid.org/0000-0003-0525-2736
https://orcid.org/0000-0002-3687-9630
https://orcid.org/0000-0002-3038-7301
https://orcid.org/0009-0004-7045-2181
https://orcid.org/0000-0001-8993-3234
https://orcid.org/0000-0002-5477-3995
https://orcid.org/0000-0001-5023-2086
https://orcid.org/0000-0001-7144-0175
https://orcid.org/0000-0002-1947-8034
https://orcid.org/0000-0002-4266-1726
https://orcid.org/0000-0003-1667-7115
https://orcid.org/0009-0004-1533-6014
https://orcid.org/0000-0003-0818-4695
https://orcid.org/0000-0002-0374-5310
https://orcid.org/0000-0002-2622-8551
https://orcid.org/0000-0003-4232-5615
https://orcid.org/0000-0002-1936-5400
https://orcid.org/0000-0002-6969-2063
https://orcid.org/0000-0001-7450-1121
https://orcid.org/0000-0002-0091-5177
https://orcid.org/0000-0002-3972-6824
https://orcid.org/0000-0002-4018-1454
https://orcid.org/0000-0002-1697-4999
https://orcid.org/0000-0003-3650-2689
https://orcid.org/0000-0003-1198-1441
https://orcid.org/0000-0002-3718-4144
https://orcid.org/0000-0002-5662-8804
https://orcid.org/0000-0002-1849-1472
https://orcid.org/0000-0003-0484-0157
https://orcid.org/0000-0001-5015-3353
https://orcid.org/0000-0001-9165-7080
https://orcid.org/0000-0002-6180-3697
https://orcid.org/0000-0003-4190-1078
https://orcid.org/0000-0002-7699-5724
https://orcid.org/0000-0002-0832-9199
https://orcid.org/0000-0001-6644-9888
https://orcid.org/0000-0003-1908-4219
https://orcid.org/0000-0001-9720-7507
https://orcid.org/0000-0001-9291-2231
https://orcid.org/0000-0001-7413-5862
https://orcid.org/0000-0002-1131-8909
https://orcid.org/0000-0001-6867-8166
https://orcid.org/0000-0002-4978-602X
https://orcid.org/0000-0002-6915-8370
https://orcid.org/0000-0001-6977-2971
https://orcid.org/0009-0000-6210-6861
https://orcid.org/0000-0002-6813-6794
https://orcid.org/0000-0002-5728-9867
https://orcid.org/0000-0001-7115-7214
https://orcid.org/0000-0002-8297-6714
https://orcid.org/0000-0002-6106-3756
https://orcid.org/0000-0002-0706-1944
https://orcid.org/0000-0003-2298-0102
https://orcid.org/0000-0001-9034-3637
https://orcid.org/0000-0001-7513-3033
https://orcid.org/0000-0002-6587-4695
https://orcid.org/0000-0003-0215-1091
https://orcid.org/0009-0001-4635-1055
https://orcid.org/0000-0003-2536-4209
https://orcid.org/0000-0001-5055-7710
https://orcid.org/0000-0002-1819-1381
https://orcid.org/0000-0003-4864-7164
https://orcid.org/0000-0002-2521-9346
https://orcid.org/0000-0002-7822-523X
https://orcid.org/0000-0003-1328-0534
https://orcid.org/0000-0002-0994-3641
https://orcid.org/0000-0001-7792-4082
https://orcid.org/0000-0003-1229-3093
https://orcid.org/0000-0002-0657-6962
https://orcid.org/0000-0001-6902-0710
https://orcid.org/0000-0001-7025-3407
https://orcid.org/0000-0002-6968-1217
https://orcid.org/0000-0002-2310-4166
https://orcid.org/0000-0002-9797-8464
https://orcid.org/0000-0002-9584-8500
https://orcid.org/0000-0002-4161-9147
https://orcid.org/0000-0002-8240-7300
https://orcid.org/0000-0003-3227-9248
https://orcid.org/0000-0002-6001-600X
https://orcid.org/0000-0002-5017-7168
https://orcid.org/0000-0001-7251-9125
https://orcid.org/0000-0003-3184-1622
https://orcid.org/0009-0005-9758-742X
https://orcid.org/0000-0001-9630-2000
https://orcid.org/0000-0002-6095-9593
https://orcid.org/0000-0001-7052-1360
https://orcid.org/0000-0001-9163-2051
https://orcid.org/0000-0003-0465-2893


A. Papanestis ,56 M. Pappagallo ,22,n L. L. Pappalardo ,24,e C. Pappenheimer ,64 C. Parkes ,61 B. Passalacqua ,24

G. Passaleva ,25 D. Passaro ,33,d A. Pastore ,22 M. Patel ,60 J. Patoc ,62 C. Patrignani ,23,h A. Paul ,67 C. J. Pawley ,77

A. Pellegrino ,36 J. Peng ,5,7 M. Pepe Altarelli ,26 S. Perazzini ,23 D. Pereima ,42 H. Pereira Da Costa ,66

A. Pereiro Castro ,45 P. Perret ,11 A. Perro ,47 K. Petridis ,53 A. Petrolini ,27,i J. P. Pfaller ,64 H. Pham ,67 L. Pica ,33,d

M. Piccini ,32 B. Pietrzyk ,10 G. Pietrzyk ,13 D. Pinci ,34 F. Pisani ,47 M. Pizzichemi ,29,b V. Placinta ,41

M. Plo Casasus ,45 T. Poeschl ,47 F. Polci ,15,47 M. Poli Lener ,26 A. Poluektov ,12 N. Polukhina ,42 I. Polyakov ,47

E. Polycarpo ,3 S. Ponce ,47 D. Popov ,7 S. Poslavskii ,42 K. Prasanth ,57 C. Prouve ,45 V. Pugatch ,51 G. Punzi ,33,r

S. Qasim ,49 Q. Q. Qian ,6 W. Qian ,7 N. Qin ,4 S. Qu ,4 R. Quagliani ,47 R. I. Rabadan Trejo ,55

J. H. Rademacker ,53 M. Rama ,33 M. Ramírez García ,81 V. Ramos De Oliveira ,68 M. Ramos Pernas ,55

M. S. Rangel ,3 F. Ratnikov ,42 G. Raven ,37 M. Rebollo DeMiguel ,46 F. Redi ,28,u J. Reich ,53 F. Reiss ,61 Z. Ren ,7

P. K. Resmi ,62 R. Ribatti ,48 G. R. Ricart ,14,82 D. Riccardi ,33,d S. Ricciardi ,56 K. Richardson ,63

M. Richardson-Slipper ,57 K. Rinnert ,59 P. Robbe ,13 G. Robertson ,58 E. Rodrigues ,59 E. Rodriguez Fernandez ,45

J. A. Rodriguez Lopez ,73 E. Rodriguez Rodriguez ,45 J. Roensch,18 A. Rogachev ,42 A. Rogovskiy ,56 D. L. Rolf ,47

P. Roloff ,47 V. Romanovskiy ,42 M. Romero Lamas ,45 A. Romero Vidal ,45 G. Romolini ,24 F. Ronchetti ,48

T. Rong ,6 M. Rotondo ,26 S. R. Roy ,20 M. S. Rudolph ,67 M. Ruiz Diaz ,20 R. A. Ruiz Fernandez ,45

J. Ruiz Vidal ,80,w A. Ryzhikov ,42 J. Ryzka ,38 J. J. Saavedra-Arias ,9 J. J. Saborido Silva ,45 R. Sadek ,14

N. Sagidova ,42 D. Sahoo ,75 N. Sahoo ,52 B. Saitta ,30,l M. Salomoni ,29,47,b C. Sanchez Gras ,36 I. Sanderswood ,46

R. Santacesaria ,34 C. Santamarina Rios ,45 M. Santimaria ,26,47 L. Santoro ,2 E. Santovetti ,35 A. Saputi ,24,47

D. Saranin ,42 A. Sarnatskiy ,76 G. Sarpis ,57 M. Sarpis ,61 C. Satriano ,34,x A. Satta ,35 M. Saur ,6 D. Savrina ,42

H. Sazak ,16 L. G. Scantlebury Smead ,62 A. Scarabotto ,18 S. Schael ,16 S. Scherl ,59 M. Schiller ,58 H. Schindler ,47

M. Schmelling ,19 B. Schmidt ,47 S. Schmitt ,16 H. Schmitz,17 O. Schneider ,48 A. Schopper ,47 N. Schulte ,18

S. Schulte ,48 M. H. Schune ,13 R. Schwemmer ,47 G. Schwering ,16 B. Sciascia ,26 A. Sciuccati ,47 S. Sellam ,45

A. Semennikov ,42 T. Senger ,49 M. Senghi Soares ,37 A. Sergi ,27,47 N. Serra ,49 L. Sestini ,31 A. Seuthe ,18

Y. Shang ,6 D. M. Shangase ,81 M. Shapkin ,42 R. S. Sharma ,67 I. Shchemerov ,42 L. Shchutska ,48 T. Shears ,59

L. Shekhtman ,42 Z. Shen ,6 S. Sheng ,5,7 V. Shevchenko ,42 B. Shi ,7 Q. Shi ,7 Y. Shimizu ,13 E. Shmanin ,42

R. Shorkin ,42 J. D. Shupperd ,67 R. Silva Coutinho ,67 G. Simi ,31,f S. Simone ,22,n N. Skidmore ,55 T. Skwarnicki ,67

M.W. Slater ,52 J. C. Smallwood ,62 E. Smith ,63 K. Smith ,66 M. Smith ,60 A. Snoch ,36 L. Soares Lavra ,57

M. D. Sokoloff ,64 F. J. P. Soler ,58 A. Solomin ,42,53 A. Solovev ,42 I. Solovyev ,42 R. Song ,1 Y. Song ,48 Y. Song ,4

Y. S. Song ,6 F. L. Souza De Almeida ,67 B. Souza De Paula ,3 E. Spadaro Norella ,27 E. Spedicato ,23 J. G. Speer ,18

E. Spiridenkov,42 P. Spradlin ,58 V. Sriskaran,47 F. Stagni ,47 M. Stahl ,47 S. Stahl ,47 S. Stanislaus ,62 E. N. Stein ,47

O. Steinkamp ,49 O. Stenyakin,42 H. Stevens ,18 D. Strekalina ,42 Y. Su ,7 F. Suljik ,62 J. Sun ,30 L. Sun ,72 Y. Sun ,65

D. Sundfeld ,2 W. Sutcliffe,49 P. N. Swallow ,52 F. Swystun ,54 A. Szabelski ,40 T. Szumlak ,38 Y. Tan ,4 M. D. Tat ,62

A. Terentev ,42 F. Terzuoli ,33,47,v F. Teubert ,47 E. Thomas ,47 D. J. D. Thompson ,52 H. Tilquin ,60 V. Tisserand ,11

S. T’Jampens ,10 M. Tobin ,5,47 L. Tomassetti ,24,e G. Tonani ,28,47,j X. Tong ,6 D. Torres Machado ,2 L. Toscano ,18

D. Y. Tou ,4 C. Trippl ,43 G. Tuci ,20 N. Tuning ,36 L. H. Uecker ,20 A. Ukleja ,38 D. J. Unverzagt ,20 E. Ursov ,42

A. Usachov ,37 A. Ustyuzhanin ,42 U. Uwer ,20 V. Vagnoni ,23 V. Valcarce Cadenas ,45 G. Valenti ,23

N. Valls Canudas ,47 H. Van Hecke ,66 E. van Herwijnen ,60 C. B. Van Hulse ,45,y R. Van Laak ,48 M. van Veghel ,36

G. Vasquez ,49 R. Vazquez Gomez ,44 P. Vazquez Regueiro ,45 C. Vázquez Sierra ,45 S. Vecchi ,24 J. J. Velthuis ,53

M. Veltri ,25,z A. Venkateswaran ,48 M. Vesterinen ,55 D. Vico Benet ,62 P. V. Vidrier Villalba,44 M. Vieites Diaz ,47

X. Vilasis-Cardona ,43 E. Vilella Figueras ,59 A. Villa ,23 P. Vincent ,15 F. C. Volle ,52 D. vom Bruch ,12

N. Voropaev ,42 K. Vos ,77 G. Vouters ,10,47 C. Vrahas ,57 J. Wagner ,18 J. Walsh ,33 E. J. Walton ,1,55 G. Wan ,6

C. Wang ,20 G. Wang ,8 J. Wang ,6 J. Wang ,5 J. Wang ,4 J. Wang ,72 M. Wang ,28 N.W. Wang ,7 R. Wang ,53

X. Wang ,8 X. Wang,70 X.W. Wang ,60 Y. Wang ,6 Z. Wang ,13 Z. Wang ,4 Z. Wang ,28 J. A. Ward ,55,1

M. Waterlaat,47 N. K. Watson ,52 D. Websdale ,60 Y. Wei ,6 J. Wendel ,79 B. D. C. Westhenry ,53 C. White ,54

M. Whitehead ,58 E. Whiter ,52 A. R. Wiederhold ,55 D. Wiedner ,18 G. Wilkinson ,62 M. K. Wilkinson ,64

M. Williams ,63 M. R. J. Williams ,57 R. Williams ,54 Z. Williams ,53 F. F. Wilson ,56 W. Wislicki ,40 M. Witek ,39

L. Witola ,20 C. P. Wong ,66 G. Wormser ,13 S. A. Wotton ,54 H. Wu ,67 J. Wu ,8 Y. Wu ,6 Z. Wu ,7 K. Wyllie ,47

S. Xian,70 Z. Xiang ,5 Y. Xie ,8 A. Xu ,33 J. Xu ,7 L. Xu ,4 L. Xu ,4 M. Xu ,55 Z. Xu ,47 Z. Xu ,7 Z. Xu ,5

D. Yang ,4 K. Yang ,60 S. Yang ,7 X. Yang ,6 Y. Yang ,27,i Z. Yang ,6 Z. Yang ,65 V. Yeroshenko ,13 H. Yeung ,61

PHYSICAL REVIEW LETTERS 133, 251801 (2024)

251801-10

https://orcid.org/0000-0002-5405-2901
https://orcid.org/0000-0001-7601-5602
https://orcid.org/0000-0002-0876-3163
https://orcid.org/0000-0003-0738-3668
https://orcid.org/0000-0003-4174-1334
https://orcid.org/0000-0003-3643-7469
https://orcid.org/0000-0002-8077-8378
https://orcid.org/0000-0002-8601-2197
https://orcid.org/0000-0002-5024-3495
https://orcid.org/0000-0003-3871-5602
https://orcid.org/0009-0000-1201-4918
https://orcid.org/0000-0002-5882-1747
https://orcid.org/0009-0006-7202-0811
https://orcid.org/0000-0001-9112-3724
https://orcid.org/0000-0002-7884-345X
https://orcid.org/0009-0005-4236-4667
https://orcid.org/0000-0002-1642-4030
https://orcid.org/0000-0002-1862-7122
https://orcid.org/0000-0002-7008-8082
https://orcid.org/0000-0002-3863-352X
https://orcid.org/0000-0001-9721-3325
https://orcid.org/0000-0002-5732-4343
https://orcid.org/0000-0002-1996-0496
https://orcid.org/0000-0001-7871-5119
https://orcid.org/0000-0003-0222-7594
https://orcid.org/0009-0009-8578-3078
https://orcid.org/0000-0003-2995-1953
https://orcid.org/0000-0001-9837-6556
https://orcid.org/0000-0001-8659-4409
https://orcid.org/0000-0003-1836-7233
https://orcid.org/0000-0001-9622-820X
https://orcid.org/0000-0002-7224-9708
https://orcid.org/0000-0002-7763-252X
https://orcid.org/0000-0001-5189-230X
https://orcid.org/0000-0003-4465-2441
https://orcid.org/0000-0002-2289-918X
https://orcid.org/0000-0003-3754-7221
https://orcid.org/0000-0001-8058-0436
https://orcid.org/0000-0001-7867-1232
https://orcid.org/0000-0003-2222-9925
https://orcid.org/0000-0001-5942-1772
https://orcid.org/0000-0002-6855-7783
https://orcid.org/0000-0002-4298-5309
https://orcid.org/0000-0002-1476-7056
https://orcid.org/0000-0002-8293-2922
https://orcid.org/0000-0003-3236-1452
https://orcid.org/0000-0001-9923-0938
https://orcid.org/0000-0003-2000-6306
https://orcid.org/0000-0002-5204-9821
https://orcid.org/0000-0002-8346-9052
https://orcid.org/0000-0003-4264-9724
https://orcid.org/0000-0001-6453-4691
https://orcid.org/0000-0003-3932-7556
https://orcid.org/0000-0001-8453-658X
https://orcid.org/0000-0002-7518-0961
https://orcid.org/0000-0002-3632-2453
https://orcid.org/0000-0002-9787-3910
https://orcid.org/0000-0003-2599-7209
https://orcid.org/0000-0003-3002-4719
https://orcid.org/0000-0001-7956-763X
https://orcid.org/0000-0003-3049-7866
https://orcid.org/0000-0003-1600-9432
https://orcid.org/0000-0002-8690-5198
https://orcid.org/0000-0003-0762-5583
https://orcid.org/0000-0002-2897-5323
https://orcid.org/0000-0002-4522-4863
https://orcid.org/0000-0001-9728-8984
https://orcid.org/0000-0002-2657-4040
https://orcid.org/0000-0002-8395-7654
https://orcid.org/0000-0001-9974-9350
https://orcid.org/0000-0001-9025-2225
https://orcid.org/0000-0003-1778-1213
https://orcid.org/0000-0002-9292-2066
https://orcid.org/0009-0009-8397-572X
https://orcid.org/0000-0002-4254-3658
https://orcid.org/0000-0002-6847-2835
https://orcid.org/0000-0002-2752-001X
https://orcid.org/0000-0001-9802-1122
https://orcid.org/0000-0002-0656-9033
https://orcid.org/0000-0002-7026-1383
https://orcid.org/0000-0003-2846-7625
https://orcid.org/0000-0002-3040-065X
https://orcid.org/0000-0003-1895-9319
https://orcid.org/0000-0002-7973-8061
https://orcid.org/0000-0002-7548-6530
https://orcid.org/0000-0002-1034-1058
https://orcid.org/0000-0001-7908-7214
https://orcid.org/0000-0001-7378-4350
https://orcid.org/0000-0003-0939-4272
https://orcid.org/0000-0002-1217-8418
https://orcid.org/0000-0002-8830-1486
https://orcid.org/0000-0002-0118-4214
https://orcid.org/0000-0003-3438-9774
https://orcid.org/0000-0002-5479-9212
https://orcid.org/0000-0001-5704-6163
https://orcid.org/0000-0002-3999-6795
https://orcid.org/0000-0002-0050-575X
https://orcid.org/0000-0001-6367-6815
https://orcid.org/0000-0002-5727-4454
https://orcid.org/0000-0001-8362-7164
https://orcid.org/0000-0002-3543-0313
https://orcid.org/0000-0003-4235-2445
https://orcid.org/0000-0002-2510-8929
https://orcid.org/0000-0002-6270-130X
https://orcid.org/0000-0003-0438-8359
https://orcid.org/0000-0002-2640-3794
https://orcid.org/0000-0002-5600-9413
https://orcid.org/0000-0001-9539-8370
https://orcid.org/0000-0003-3491-0232
https://orcid.org/0009-0007-9229-653X
https://orcid.org/0000-0002-7082-887X
https://orcid.org/0000-0001-7731-6757
https://orcid.org/0000-0003-3826-0329
https://orcid.org/0000-0002-9810-1816
https://orcid.org/0000-0002-8776-6759
https://orcid.org/0000-0002-2146-2648
https://orcid.org/0000-0002-5605-1662
https://orcid.org/0000-0001-6067-7863
https://orcid.org/0000-0002-9617-9986
https://orcid.org/0009-0007-2159-3633
https://orcid.org/0000-0003-1711-2044
https://orcid.org/0000-0002-6402-1674
https://orcid.org/0000-0002-4976-0460
https://orcid.org/0000-0003-2462-913X
https://orcid.org/0000-0001-8752-4293
https://orcid.org/0000-0001-8372-6031
https://orcid.org/0000-0003-2689-1123
https://orcid.org/0000-0001-8702-7991
https://orcid.org/0000-0003-2290-9672
https://orcid.org/0000-0003-4013-3468
https://orcid.org/0000-0003-0528-2724
https://orcid.org/0000-0001-8750-863X
https://orcid.org/0000-0002-1468-0479
https://orcid.org/0000-0003-3305-0576
https://orcid.org/0000-0002-8400-1566
https://orcid.org/0000-0002-6394-1081
https://orcid.org/0000-0002-6014-7552
https://orcid.org/0000-0002-8581-3312
https://orcid.org/0000-0003-0166-2105
https://orcid.org/0009-0001-8533-0783
https://orcid.org/0000-0002-3648-0830
https://orcid.org/0009-0005-5265-9792
https://orcid.org/0000-0003-1731-7939
https://orcid.org/0000-0003-0670-006X
https://orcid.org/0000-0002-8568-1487
https://orcid.org/0000-0003-0383-1451
https://orcid.org/0000-0003-1130-2197
https://orcid.org/0009-0006-2212-6431
https://orcid.org/0000-0001-9676-6059
https://orcid.org/0000-0001-9495-6115
https://orcid.org/0000-0002-5033-0580
https://orcid.org/0000-0002-1127-5144
https://orcid.org/0000-0002-0736-3061
https://orcid.org/0000-0001-7987-7558
https://orcid.org/0000-0002-0287-6124
https://orcid.org/0000-0002-4098-9592
https://orcid.org/0000-0003-1331-1791
https://orcid.org/0000-0001-9193-8106
https://orcid.org/0000-0003-0700-5448
https://orcid.org/0000-0002-2653-1366
https://orcid.org/0000-0003-1512-9715
https://orcid.org/0000-0003-1391-5384
https://orcid.org/0000-0002-1050-5649
https://orcid.org/0000-0003-3171-9125
https://orcid.org/0000-0002-5781-8933
https://orcid.org/0000-0001-7915-8211
https://orcid.org/0000-0002-4936-1152
https://orcid.org/0000-0002-8868-1730
https://orcid.org/0000-0001-8881-3943
https://orcid.org/0009-0006-8218-2566
https://orcid.org/0000-0002-1545-959X
https://orcid.org/0000-0001-6741-6199
https://orcid.org/0000-0003-3631-8398
https://orcid.org/0000-0003-3410-0731
https://orcid.org/0000-0002-9897-9506
https://orcid.org/0000-0002-2687-1950
https://orcid.org/0000-0003-2460-3327
https://orcid.org/0000-0002-9740-0574
https://orcid.org/0000-0002-1305-3377
https://orcid.org/0000-0002-3872-1917
https://orcid.org/0000-0001-6431-6360
https://orcid.org/0000-0002-2652-123X
https://orcid.org/0000-0001-6181-4583
https://orcid.org/0000-0002-4893-3729
https://orcid.org/0000-0003-0644-3227
https://orcid.org/0000-0002-5355-5996
https://orcid.org/0000-0003-4254-6012
https://orcid.org/0000-0002-8854-8905
https://orcid.org/0000-0003-0256-4320
https://orcid.org/0000-0003-1959-5676
https://orcid.org/0000-0003-3471-1751
https://orcid.org/0000-0001-7181-6785
https://orcid.org/0009-0003-3794-3408
https://orcid.org/0000-0002-1111-5597
https://orcid.org/0000-0002-4950-6665
https://orcid.org/0000-0002-6117-7307
https://orcid.org/0000-0002-5280-9464
https://orcid.org/0000-0002-7576-4019
https://orcid.org/0000-0001-8476-8188
https://orcid.org/0000-0002-8243-400X
https://orcid.org/0000-0003-1776-0498
https://orcid.org/0000-0001-5214-8865
https://orcid.org/0000-0001-7055-6467
https://orcid.org/0000-0002-9474-9332
https://orcid.org/0000-0003-3830-4889
https://orcid.org/0000-0002-2739-7453
https://orcid.org/0000-0001-6767-7698
https://orcid.org/0000-0002-6020-2304
https://orcid.org/0000-0002-0034-2567
https://orcid.org/0000-0003-4933-5058
https://orcid.org/0000-0002-5147-3698
https://orcid.org/0000-0003-2751-8515
https://orcid.org/0009-0006-0672-7771
https://orcid.org/0000-0002-6604-2938
https://orcid.org/0000-0002-2562-7163
https://orcid.org/0000-0003-3860-6545
https://orcid.org/0000-0002-6866-7085
https://orcid.org/0000-0003-2574-8560
https://orcid.org/0000-0002-9717-225X
https://orcid.org/0000-0003-3277-5268
https://orcid.org/0000-0003-0984-7593
https://orcid.org/0000-0003-1196-5943
https://orcid.org/0000-0003-4735-2014
https://orcid.org/0000-0003-4916-0446
https://orcid.org/0000-0003-4249-6641
https://orcid.org/0000-0002-2047-7020
https://orcid.org/0000-0003-4184-1335
https://orcid.org/0000-0001-7477-1148
https://orcid.org/0000-0002-5278-1203
https://orcid.org/0000-0001-7030-6468
https://orcid.org/0009-0007-5613-6520
https://orcid.org/0000-0002-4732-2408
https://orcid.org/0000-0003-3664-1240
https://orcid.org/0000-0002-0364-5758
https://orcid.org/0000-0003-2611-7840
https://orcid.org/0000-0003-3255-9514
https://orcid.org/0000-0003-0480-4850
https://orcid.org/0000-0002-1484-2546
https://orcid.org/0000-0002-6519-4526
https://orcid.org/0000-0002-5829-6284
https://orcid.org/0000-0001-7865-2357
https://orcid.org/0000-0002-8514-3777
https://orcid.org/0000-0003-2206-311X
https://orcid.org/0009-0006-3241-8964
https://orcid.org/0000-0002-6119-7535
https://orcid.org/0000-0001-8748-8448
https://orcid.org/0000-0001-7961-7190
https://orcid.org/0000-0001-8807-8811
https://orcid.org/0000-0002-5397-6782
https://orcid.org/0000-0002-7738-6066
https://orcid.org/0000-0001-6178-6623
https://orcid.org/0000-0002-3285-7004
https://orcid.org/0000-0001-5319-1128
https://orcid.org/0000-0002-0767-9736
https://orcid.org/0000-0002-5865-0677
https://orcid.org/0000-0002-4311-3166
https://orcid.org/0000-0002-4649-3221
https://orcid.org/0000-0001-7917-9661
https://orcid.org/0000-0001-6950-1477
https://orcid.org/0000-0001-7717-2765
https://orcid.org/0009-0009-3494-2825
https://orcid.org/0000-0002-0944-4340
https://orcid.org/0000-0002-1915-9543
https://orcid.org/0000-0002-7865-2856
https://orcid.org/0000-0002-9392-6157
https://orcid.org/0000-0002-9283-4541
https://orcid.org/0000-0003-1828-3881
https://orcid.org/0000-0001-9905-8031
https://orcid.org/0000-0002-2100-0726
https://orcid.org/0000-0002-4258-4062
https://orcid.org/0009-0008-3292-2209
https://orcid.org/0000-0001-6104-1496
https://orcid.org/0000-0002-9783-5957
https://orcid.org/0000-0002-7235-6976
https://orcid.org/0000-0001-6759-2504
https://orcid.org/0000-0003-0133-1664
https://orcid.org/0000-0002-5909-1379
https://orcid.org/0000-0001-6041-115X
https://orcid.org/0000-0002-3281-8136
https://orcid.org/0000-0001-7542-3073
https://orcid.org/0000-0002-6391-2205
https://orcid.org/0000-0001-6711-4465
https://orcid.org/0000-0003-4062-710X
https://orcid.org/0000-0002-6915-6607
https://orcid.org/0000-0002-2629-4735
https://orcid.org/0000-0002-2399-7646
https://orcid.org/0000-0001-9565-8312
https://orcid.org/0009-0003-2254-7162
https://orcid.org/0000-0003-4410-6889
https://orcid.org/0000-0002-5041-7651
https://orcid.org/0000-0003-0597-4878
https://orcid.org/0000-0003-4160-9333
https://orcid.org/0000-0002-8142-4678
https://orcid.org/0000-0002-4113-1539
https://orcid.org/0000-0001-6116-3944
https://orcid.org/0000-0003-0652-721X
https://orcid.org/0000-0002-4589-2626
https://orcid.org/0009-0002-6794-9547
https://orcid.org/0000-0002-2142-3673
https://orcid.org/0009-0003-3902-8123
https://orcid.org/0000-0002-1023-1086
https://orcid.org/0000-0002-4149-4137
https://orcid.org/0000-0001-5255-0619
https://orcid.org/0000-0001-6561-2145
https://orcid.org/0000-0001-8285-3346
https://orcid.org/0000-0001-5448-4213
https://orcid.org/0000-0002-2675-3567
https://orcid.org/0009-0009-9224-4160
https://orcid.org/0000-0002-5552-0842
https://orcid.org/0000-0001-5765-6308
https://orcid.org/0000-0002-8317-385X
https://orcid.org/0000-0001-9178-9921
https://orcid.org/0000-0002-9839-4065
https://orcid.org/0000-0003-4077-6295
https://orcid.org/0000-0003-4543-8121
https://orcid.org/0000-0002-9337-3476
https://orcid.org/0000-0002-4282-0977
https://orcid.org/0000-0003-3192-0486
https://orcid.org/0000-0001-6756-9021
https://orcid.org/0000-0002-2699-2189
https://orcid.org/0000-0002-9700-3448
https://orcid.org/0000-0001-5012-4069
https://orcid.org/0000-0002-8521-1688
https://orcid.org/0000-0001-6950-5865
https://orcid.org/0000-0003-2800-1438
https://orcid.org/0000-0002-0241-5184
https://orcid.org/0000-0001-8885-565X
https://orcid.org/0000-0002-7531-6873
https://orcid.org/0000-0001-9602-4901
https://orcid.org/0000-0001-9558-1079
https://orcid.org/0009-0002-2675-4022
https://orcid.org/0000-0001-5146-7311
https://orcid.org/0000-0003-2505-0365
https://orcid.org/0000-0002-7481-3149
https://orcid.org/0000-0002-8917-2620
https://orcid.org/0000-0003-2937-9782
https://orcid.org/0000-0003-0572-2021
https://orcid.org/0000-0002-8771-0579
https://orcid.org/0000-0001-9869-5290


H. Yin ,8 C. Y. Yu ,6 J. Yu ,69 X. Yuan ,5 Y Yuan ,5,7 E. Zaffaroni ,48 M. Zavertyaev ,19 M. Zdybal ,39

F. Zenesini ,23,h C. Zeng ,5,7 M. Zeng ,4 C. Zhang ,6 D. Zhang ,8 J. Zhang ,7 L. Zhang ,4 S. Zhang ,69 S. Zhang ,62

Y. Zhang ,6 Y. Z. Zhang ,4 Y. Zhao ,20 A. Zharkova ,42 A. Zhelezov ,20 S. Z. Zheng ,6 X. Z. Zheng ,4 Y. Zheng ,7

T. Zhou ,6 X. Zhou ,8 Y. Zhou ,7 V. Zhovkovska ,55 L. Z. Zhu ,7 X. Zhu ,4 X. Zhu ,8 V. Zhukov ,16 J. Zhuo ,46

Q. Zou ,5,7 D. Zuliani ,31,f and G. Zunica 48

(LHCb Collaboration)

1School of Physics and Astronomy, Monash University, Melbourne, Australia
2Centro Brasileiro de Pesquisas Físicas (CBPF), Rio de Janeiro, Brazil
3Universidade Federal do Rio de Janeiro (UFRJ), Rio de Janeiro, Brazil
4Center for High Energy Physics, Tsinghua University, Beijing, China

5Institute Of High Energy Physics (IHEP), Beijing, China
6School of Physics State Key Laboratory of Nuclear Physics and Technology, Peking University, Beijing, China

7University of Chinese Academy of Sciences, Beijing, China
8Institute of Particle Physics, Central China Normal University, Wuhan, Hubei, China

9Consejo Nacional de Rectores (CONARE), San Jose, Costa Rica
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13Université Paris-Saclay, CNRS/IN2P3, IJCLab, Orsay, France
14Laboratoire Leprince-Ringuet, CNRS/IN2P3, Ecole Polytechnique, Institut Polytechnique de Paris, Palaiseau, France
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