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Abstract
An amplitude analysis of the B+! D+

s D
�
s K

+ decay is carried out to study for the
first time its intermediate resonant contributions, using proton-proton collision data
collected with the LHCb detector at centre-of-mass energies of 7, 8 and 13TeV. A
near-threshold peaking structure, referred to as X(3960), is observed in the D+

s D
�
s

invariant-mass spectrum with significance greater than 12 standard deviations.
The mass, width and the quantum numbers of the structure are measured to be
3956± 5± 10MeV, 43± 13± 8MeV and JPC = 0++, respectively, where the first
uncertainties are statistical and the second systematic. The properties of the new
structure are consistent with recent theoretical predictions for a state composed of
ccss quarks. Evidence for an additional structure is found around 4140 MeV in the
D+

s D
�
s invariant mass, which might be caused either by a new resonance with the

0++ assignment or by a J/ �$ D+
s D

�
s coupled-channel e↵ect.
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Exotic hadrons1 play a crucial role in studies of Quantum Chromodynamics (QCD),
and provide a unique window to understand the nature of the strong interaction. Dozens
of charged states with hidden charm or beauty, which imply exotic nature, such as
Zc(4430)+ [1, 2], Zb(10610)+ [3], Zc(3900)+ [4–6], Zc(4020)+ [7, 8], Pc(4450)+ [9, 10],
Zcs(3985)+ [11], Zcs(4000)+ [12], have been recently discovered by various experiments. 2

Over the last two years, the LHCb collaboration reported three new open-charm tetraquark
states, X0,1(2900)0 [13, 14] and Tcc(3875)+ [15, 16], composed of csud and ccud quarks,
respectively. Interestingly, most of these states have masses close to thresholds of hadron
pairs, which may indicate that they are hadronic molecules loosely bound by deuteron-
like meson-exchange forces [17–20]. There are a number of other possible explanations,
including that these particles are compact multi-quark states [21–23], hadroquarkonia
in which a cc̄ core is bound to light quarks and/or gluons via chromo-electric dipole
interactions [24,25], or cusps produced by near-threshold kinematics involving open-charm
hadrons, or other dominant processes [26, 27].

The �c0(3930) state was observed by the LHCb collaboration in the D+D� invariant-
mass spectrum [14]. The mass and width of this state are consistent with those of the
X(3915) resonance observed in the !J/ invariant-mass spectrum [28–31]. Moreover, the
X(3915) has preferred spin (J), parity (P ), and charge-parity (C) quantum numbers
of JPC = 0++ [31, 32], so the two states are treated as a single hadron in the following
discussions unless otherwise specified. However, the �c0(3930) state is not considered
to be consistent with being a candidate for either the �c0(2P ) or �c0(3P ) state [33–37].
Lebed et al. [38] propose that it is the lightest cc̄ss̄ state. Calculations based on QCD
sum rules [39] favour the �c0(3930) state as a 0++ [cq][cq] (where q = u, d) or [cs][cs]
tetraquark. Recent lattice QCD results also indicate that this state is dominated by the cc̄ss̄
constituents [40]. The D+

s D
�
s molecular interpretation is also possible, as suggested by the

quark delocalization color-screening model [41] and other phenomenological studies [42,43].
All these developments point to a potential resonant structure in the vicinity of the
threshold in the D+

s D
�
s invariant-mass spectrum.

Previously, only the Belle experiment studied the D+
s D

�
s invariant-mass spectrum in

processes involving initial-state radiation, where only 1�� charmonium(-like) states can
contribute [44]. The B+! D+

s D
�
s K

+ process, given its large branching fraction measured
in the accompanying paper [45], provides a good opportunity to study resonances in the
D+

s D
�
s final states, both scalars and those of higher spin, such as the 0++ charmonium(-like)

states �c0(4500) and �c0(4700) possibly having an intrinsic ccss component [12], the
well-known 1�� charmonium states, such as  (4040),  (4160),  (4260),  (4415) and
 (4660) [32, 46, 47].

In this Letter, an amplitude analysis of about 360 reconstructed B+! D+
s D

�
s K

+

signal decays is presented, leading to the first observation of a near-threshold peaking
structure in the D+

s D
�
s system, denoted by X(3960). The analysis is based on proton-

proton (pp) collision data collected by the LHCb experiment at centre-of-mass energies
of 7, 8 and 13TeV between 2011 and 2018, corresponding to an integrated luminosity of
9 fb�1. The D+

s candidates are reconstructed via the D+
s ! K�K+⇡+ decay. The details

of the detector, data and simulation, selection criteria, background composition and B+

1Hadrons that are not composed either of a quark-antiquark pair or of three quarks or three antiquarks
are collectively called exotic hadrons.

2The inclusion of charge-conjugate processes is always implied and natural units with ~ = c = 1 are used
throughout the Letter.
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Figure 1: Dalitz-plot distribution for the B+! D+
s D

�
s K

+ decay after background subtraction.

invariant-mass fit can be found in the accompanying paper [45].
To improve the resolution on the masses of the two-body combinations that are used in

the amplitude analysis, the four momentum of each final-state particle is determined from
a kinematic fit [48] where the B+ mass is constrained to its known value [32]. Figure 1
shows the resulting Dalitz-plot distribution for the B+! D+

s D
�
s K

+ signal decays, where
the non-B+ background is subtracted by the sPlot technique [49] with the reconstructed
B+ mass as the discriminating variable. The most evident feature is the band near the
D+

s D
�
s threshold. To validate that this peaking structure is not due to the combinatorial

background, the D+
s D

�
s invariant-mass distribution of candidates in the B+ mass region

from 5360 to 5600MeV is investigated and no peak is observed.
Employing an unbinned maximum-likelihood method, an amplitude fit with the sFit

technique [50] is performed to investigate the intermediate states and determine the
quantum numbers JPC of any new particle. Two known 1�� charmonium states,  (4260)
and  (4660) [32, 46, 47], and two new 0++ X states are needed to fit the structures in
the D+

s D
�
s spectrum. One of these scalars, X(3960), describes the D+

s D
�
s threshold

enhancement and the other, designated X0(4140), is necessary to model the dip around
4140MeV, as shown in Fig. 2. The subscript 0 is used to distinguish the latter from the
1++ X(4140) state seen in the J/ � final state [32]. Additionally, an S-wave three-body
phase-space function [32] is employed to model the nonresonant (NR) B+! D+

s D
�
s K

+

component. Since no significant contribution of any state is observed in either the D�
s K

+

or D+
s K

+ systems, these five contributions constitute the baseline model.
The helicity formalism [51] is used to construct the amplitude model of the

B+! D+
s D

�
s K

+ decay, with a similar approach applied to previous LHCb analyses
of B+ and B0

s decays to three pseudoscalar particles [14,52–54]. The resonant structure
near the D+

s D
�
s mass threshold is parameterised by a Flatté-like function [19, 32, 55]

depending on the invariant mass m

R (m | M0, gj) =
1

M2
0 �m2 � iM0

P
j gj⇢j(m)

, (1)

where M0 is the mass of the resonance, gj denotes the coupling of this resonance to the
j-th channel, ⇢j(m) is the phase-space factor [32] for the j-th two-body decay. When the
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Figure 2: Background-subtracted invariant-mass distributions (top left) m(D+
s D

�
s ), (top right)

m(D+
s K

+) and (bottom) m(D�
s K

+) for the B+! D+
s D

�
s K

+ signal. The projections of the fit
with the baseline amplitude model are also shown.

value of m is below the threshold of the channel j, i.e. q2j < 0, an analytic continuation

is applied for qj = i
q
�q2j [55, 56]. The total width of the resonance is calculated as

�0 =
P

j gj⇢j(M0). In the baseline model, only the D+
s D

�
s channel (j = 1) is included in

the Flatté-like parameterisation.
Other resonances are modelled by a relativistic Breit–Wigner function BW(m | M0,�0)

with a mass-dependent width [32]. The radius of each resonance entering the Blatt–
Weisskopf barrier factor [57–59] is set to 3GeV�1, corresponding to about 0.6 fm.

The total probability density function is the squared modulus of the total decay
amplitude multiplied by the e�ciency, normalised to ensure that the integral over the
Dalitz plot is unity. The fit fraction Fi expresses the fraction of the total rate due to
the component i, and the interference fraction Iij describes the interference between
components i and j. They are defined in Eqs. (18) and (19) of Ref. [53], such thatP

i Fi +
P

i<j Iij = 1.
As shown in Fig. 2, the two-body mass distributions are well modelled by the baseline

amplitude fit. The corresponding numerical results are summarised in Table 1, including
the mass, width, fit fraction, and significance (S) of each component. The significance
of a given component is evaluated by assuming that the change of twice the negative
log-likelihood (�2 lnL) between the baseline fit and the fit without that component
obeys a �2 distribution, where the number of degrees of freedom (n.d.f.) is given by the

3



Table 1: Summary of the main results obtained with the baseline model, where the first
uncertainty is statistical and the second systematic. The last column shows the signal significance
with (without) the systematic uncertainty included.

Component JPC M0 (MeV) �0 (MeV) F (%) S (�)

X(3960) 0++ 3956± 5± 10 43± 13± 8 25.4± 7.7± 5.0 12.6 (14.6)

X0(4140) 0++ 4133± 6± 6 67± 17± 7 16.7± 4.7± 3.9 3.8 (4.1)

 (4260) 1�� 4230 [60] 55 [60] 3.6± 0.4± 3.2 3.2 (3.6)

 (4660) 1�� 4633 [32] 64 [32] 2.2± 0.2± 0.8 3.0 (3.2)

NR 0++ - - 46.1± 13.2± 11.3 3.1 (3.4)

change in the number of free parameters. All the components included in the baseline
model have a statistical significance greater than three standard deviations (�), where
the X(3960) and X0(4140) states are found to be 14.6� and 4.1� significant, respectively.
The obtained significances for the X(3960) and X0(4140) resonances are also validated
using pseudoexperiments.

The JPC assignment for the system of a pair of oppositely-charged pseudoscalar
mesons must be in the series 0++, 1��, 2++, etc. States with higher intrinsic spin
are not expected to contribute significantly in the current dataset. To determine the
X(3960) quantum numbers, fits with the baseline model are performed under alternative
JPC hypotheses, 1��, 2++, instead of 0++. The significance to reject a JPC hypothesis
is computed as

p
�(�2 lnL), where �(�2 lnL) = �(2 lnL(0++) � 2 lnL(JPC)), and

indicates the likelihood di↵erence between the fits for the preferred 0++ assignment and
for each alternative JPC hypothesis. To ensure that for di↵erent JPC hypotheses this
resonance corresponds to the same particle, the mass and the width are limited to be
within a ±3 � range of the baseline fit results. The 0++ assignment is preferred over 1��

and 2++ hypotheses by 9.3 � and 12.3 �, respectively. Similarly, replacing the baseline
0++ assignment by 1�� or 2++ for the X0(4140) state deteriorates the fit quality. The
0++ assignment is favoured over 1�� (2++) hypothesis at a 3.5 � (4.2 �) level. Within
the baseline model this 0++ state produces the dip around 4140 MeV via destructive
interference with the 0++ NR and X(3960) components, with the interference fractions of,
respectively, (�22.4± 6.4)% and (�5.2± 3.9)%, where the uncertainties are statistical
only.

Systematic uncertainties on the measured resonance properties are evaluated, and
are summarised in Table S1 in the supplemental material [61]. Corrections, derived
from calibration samples, are applied to account for possible discrepancies between
data and simulation in the hardware trigger and particle-identification responses. The
uncertainty due to the limited size of the simulation samples is evaluated using the
bootstrap method [62]. Additional resonances, not included in the baseline model (states
in the D+

s D
�
s system: 0++ �c0(4500) and �c0(4700) [12], 1��  (4040),  (4160) and

 (4415) [32], and 2++ �c2(3930) [14]; and in the D�
s K

+ system: 0+ D
⇤
0(2300)

0 [32], 1�

D
⇤
1(2600)

0 [32, 63] and D
⇤
1(2760)

0 [64], and 2+ D
⇤
2(2460)

0 [32]) are utilised to estimate
the uncertainty due to insu�cient consideration of possible amplitude components. None
of these states significantly improve the baseline model. The ccss candidates �c0(4500)
and �c0(4700) have statistical significances of 0.8 � and 1.3 �, respectively, and their fit
fractions are (0.6 ± 1.0)% (< 3.5% at 90% confidence level) and (2.4 ± 1.8)% (< 6.7%
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at 90% confidence level), where the uncertainties are statistical. The Blatt–Weisskopf
hadron size is varied between 1.5 and 4.5 GeV�1. The fixed masses and widths of
two baseline  states are varied by their corresponding uncertainties. The Flatté-like
parameterisation for the X(3960) state is replaced by a constant-width relativistic Breit–
Wigner function. The uncertainty due to the possible bias of the sFit method is evaluated
using pseudoexperiments. The total systematic uncertainties on mass, width, and fit
fraction are obtained by adding all contributions in quadrature, assuming that each source
is independent. Regarding the total significance for each component in the baseline model,
the smallest significance among these systematic tests is selected.

The measured mass and width of the X(3960) state are consistent with those of the
�c0(3930) meson [14] within 3 �. Assuming that the X(3960) in the D+

s D
�
s system and

the �c0(3930) in the D+D� system are the same state, the baseline model is extended by
adding a second channel (D+D�) in the Flatté-like parameterisation. The corresponding
fit projections and numerical results can be found in the supplemental material [61]. The
likelihood is essentially unchanged while the n.d.f. is increased by one compared to the
baseline fit. The coupling strength of the X(3960) state to D+

s D
�
s (D+D�) is found to

be 0.33 ± 1.18 (0.15 ± 0.33)GeV. The masses and fit fractions of all components are
consistent with those in the baseline one-channel Flatté-like model.

In the case that the X(3960) and �c0(3930) states are the same particle, the partial
width ratio of such an X resonance decaying to D+

s D
�
s and D+D� final states is calculated

as

�(X ! D+D�)

�(X ! D+
s D

�
s )

=
B(1) F (1)

X

B(2) F (2)
X

= 0.29± 0.09± 0.10± 0.08, (2)

where the superscripts (1) and (2) indicate the B+! D+D�K+ and B+! D+
s D

�
s K

+

channels, respectively, F (1)
X = (3.70 ± 0.92)% is the fit fraction of the �c0(3930) state

in the B+! D+D�K+ decay [14], F (2)
X is the fit fraction of the X(3960) resonance

presented in this Letter, and the branching fraction ratio B(1)/B(2) is taken from the
accompanying paper [45]. The first uncertainty is statistical, the second systematic, and
the third is due to uncertainties in the measured branching fractions, B(D+ !K�⇡+⇡+)

and B(D+
s !K�K+⇡+) [32], and the uncertainty on F (1)

X [14]. This ratio is compatible
with that of the couplings mentioned above.

It is well known that the creation of an ss quark pair from the vacuum is suppressed
relative to uu or dd pairs. Moreover, the X ! D+

s D
�
s decay, occurring near the threshold,

has a rather smaller phase-space factor than that of X ! D+D�. These two features
indicate that �(X ! D+D�) should be considerably larger than �(X ! D+

s D
�
s ) if X

does not have any intrinsic ss content. However, the value measured in Eq. (2) contradicts
this expectation. This implies that the X(3960) and �c0(3930) are either not the same
resonance, or they are the same non-conventional charmonium-like state, for instance,
a candidate containing the dominant ccss constituents predicted in recent theoretical
models [38–43, 65]. Further studies are needed to gain insights into the nature of the
D+

s D
�
s threshold enhancement, in particular the measurement of the relative branching

fraction for the D(s)D(s) and !J/ channels, produced in a di↵erent environment, such as
from two-photon fusion processes by the Belle II experiment.

There is no obvious candidate within conventional charmonium multiplets for X(3960)
or �c0(3930) assignment. First of all, the mass of the �c0(3930) state is far from pre-
dictions for the �c0(3P ), which lies within the range 4131–4292MeV [33, 35]. For the
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�c0(2P ) state, most potential models predict a mass in the range 3842–3868MeV [34–36],
except the Godfrey-Isgur model which gives 3916MeV [33]. Second, the �c0(3930) state
interpreted as �c0(2P ) would give too small a mass splitting with respect to the �c2(3930)
state [14] identified as �c2(2P ) [33–36]. In addition, interpreting the �c0(3930) state as
the �c0(2P ) charmonium would result in inconsistent decay widths, as the Okubo-Zweig-
Iizuka (OZI) [66, 67] suppressed channel �c0(3930) ! !J/ has a decay width larger than
theoretical expectations, whereas the S-wave OZI-allowed �c0(3930) ! DD mode has
smaller decay width than the expectations [36,37]. As a consequence, neither the X(3960)
nor the �c0(3930) is likely to be a pure �c0(2P ) or �c0(3P ) charmonium state.

To test the possibility that the dip in the D+
s D

�
s invariant mass around 4140MeV

can be produced by the opening of the nearby J/ � threshold, without introducing
an additional resonance, we employ a simple K-matrix model that contains the single
resonance X(3960) and two coupled channels, D+

s D
�
s and J/ �. The K-matrix reads

✓
KD+

s D�
s !D+

s D�
s

KD+
s D�

s !J/ �

KJ/ �!D+
s D�

s
KJ/ �!J/ �

◆
⌘

✓
K11 K12

K21 K22

◆
, (3)

where K12 = K21, and the subscripts 1 and 2 represent D+
s D

�
s and J/ � final states,

respectively. One possible choice for the 2⇥ 2 K-matrix parameterisation [32] is

Kba(m) =
X

R

gRb g
R
a

M2
R �m2

+ fba, (4)

where MR refers to the bare mass of the resonance R, m is the D+
s D

�
s invariant mass,

gRa denotes the bare coupling of the resonance R to the channel a, and the fba is a real
matrix parameterising the non-pole part of the K-matrix. As the X(3960) mass is about
160MeV lower than the J/ � threshold and its width is less than 50MeV, the coupling
of the X(3960) state to J/ � should be negligible, giving gR2 = 0. This results in the
X(3960) resonance entering the K11 element only. The production amplitude is expressed
in the P -vector formalism [32, 68, 69], which gives

Pb(m) =
X

R

�RgRb
M2

R �m2
+ �b, (5)

where �R and �b are complex free parameters due to rescattering e↵ects or missing
channels [60]. The amplitude M is

Ma =
X

b

(I � i⇢K)�1
ab Pb, (6)

where ⇢ = diag{⇢11, ⇢22} is the diagonal matrix composed of phase-space factors, I
represents the identity matrix, and a = 1 for the D+

s D
�
s channel under consideration.

The fit demonstrates that the dip around the J/ � threshold can also be modelled
by the J/ � ! D+

s D
�
s rescattering, and results in a �2 lnL that is worse by 6.0, while

the n.d.f. is increased by one, compared to the baseline fit. The fit projections and
numerical results can be found in the supplemental material [61]. Since the fit quality of
the K-matrix parameterisation is close to that of the baseline model, a strong conclusion
cannot be drawn whether the dip is due to destructive interference with the X0(4140)
resonance or caused by the J/ �! D+

s D
�
s rescattering.

6



In addition, it is found that the fits with the two-channel Flatté-like and K-matrix
parameterisations are unstable, due to having too many free parameters for the limited
data sample size. Consequently, the statistical uncertainties for some parameters are large.
Therefore, neither of these parameterisations are taken as the baseline model.

In conclusion, the first amplitude analysis of the B+! D+
s D

�
s K

+ decay is performed
using pp collision data with an integrated luminosity of 9 fb�1 collected by the LHCb
experiment between 2011 and 2018. A peaking structure near the D+

s D
�
s mass threshold,

denoted as X(3960), is observed with a significance larger than 12 �. Its quantum numbers
are determined to be JPC = 0++, favoured over 1�� or 2++ with a significance greater than
9 �. As argued above, the X(3960) and �c0(3930) states are unlikely to be the same pure
conventional charmonium state. The X(3960) resonance presented in this Letter could be
a candidate for an exotic state predominantly consisting of ccss constituents, as suggested
in recent theoretical literature [38–43,65]. If predominant ccss content is confirmed, this
state should be labelled T f

 �(3960) in the new naming scheme for exotic hadrons [70]. In
addition, a dip around 4140MeV can be described either by a 0++ X0(4140) resonance
having a significance of 3.5�, or the coupled-channel e↵ect of the J/ �$ D+

s D
�
s reaction.

The data from the forthcoming Run 3 of the LHCb experiment and from the Belle II
experiment will be critical to clarify the nature of these phenomena.
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Supplemental material

Table S1: Summary of the systematic uncertainties on the parameters measured in the amplitude
analysis. Mass (M0) and width (�0) are in units of MeV, while fit fraction (F) is in %.

X(3960) X0(4140)  (4260)  (4660) NR

Source M0 �0 F M0 �0 F F F F
Trigger 0 0 0.6 0 0 0.1 0.0 0.0 0.7

Simulation sample size 2 1 0.7 1 1 0.5 0.0 0.0 1.7

Particle identification 0 0 0.5 0 2 0.0 0.0 0.0 0.7

Additional fit components 1 3 3.4 3 5 2.5 3.2 0.7 10.1

Hadron size 0 1 0.0 1 1 0.1 0.0 0.0 0.1

Fixed parameters 1 2 2.8 4 4 2.9 0.1 0.1 3.7

X(3960) model 10 7 1.6 0 1 0.7 0.0 0.0 2.1

sFit bias 1.9 1.5 1.5 2.6 1.1 0.4 0.3 0.3 2.1

Total 10 8 5.0 6 7 3.9 3.2 0.8 11.3

Table S2: Main results found in two-channel Flatté-like parameterisation, where the coupling
strength of the X(3960) state to D+

s D
�
s (D+D�) is obtained to be 0.33± 1.18 (0.15± 0.33)GeV.

Uncertainties are statistical only. The large uncertainty on �0 for the X(3960) state is due to
the large uncertainty on the coupling strengths.

Contribution JPC M0 (MeV) �0 (MeV) F (%)

X(3960) 0++ 3951± 14 38± 104 25.0± 7.6

X0(4140) 0++ 4133± 7 67± 16 16.7± 4.6

 (4260) 1�� 4230 [60] 55 [60] 3.6± 0.4

 (4660) 1�� 4633 [32] 64 [32] 2.2± 0.2

NR 0++ - - 45.9± 10.9

Table S3: Main results found from the K-matrix fit. Uncertainties are statistical only.

Contribution JPC MR (MeV) gR1 (MeV) �0 (MeV) F (%)

|M1|2 0++ 3957± 14 1350± 344 94.7± 0.4

 (4260) 1�� 4230 [60] 55 [60] 3.2± 0.5

 (4660) 1�� 4633 [32] 64 [32] 2.1± 0.2

�R (1, 0i) �1 (�1.2, 2.5i)± (4.5, 3.1i)

�2 (�137.2,�1.5i)± (2.7, 218.6i) f11 0.8± 1.2

f12 = f21 0.1± 0.1 f22 8.0± 5.1

8



Figure S1: Background-subtracted distributions of the D+
s D

�
s invariant mass of B+ ! D+

s D
�
s K

+

decays with fit results obtained from (left) two-channel Flatté-like and (right) K-matrix param-
eterisations. The fit projections for the D�

s K
+ and D+

s K
+ invariant-mass spectra look very

similar to the baseline model.
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D. Golubkov38 , A. Golutvin55,38 , A. Gomes1,a , S. Gomez Fernandez39 ,
F. Goncalves Abrantes57 , M. Goncerz35 , G. Gong3 , I.V. Gorelov38 , C. Gotti26 ,
J.P. Grabowski17 , T. Grammatico13 , L.A. Granado Cardoso42 , E. Graugés39 ,
E. Graverini43 , G. Graziani , A. T. Grecu37 , L.M. Greeven32 , N.A. Grieser4 ,
L. Grillo53 , S. Gromov38 , B.R. Gruberg Cazon57 , C. Gu3 , M. Guarise21,i ,
M. Guittiere11 , P. A. Günther17 , E. Gushchin38 , A. Guth14, Y. Guz38 , T. Gys42 ,
T. Hadavizadeh63 , G. Haefeli43 , C. Haen42 , J. Haimberger42 , S.C. Haines49 ,
T. Halewood-leagas54 , M.M. Halvorsen42 , P.M. Hamilton60 , J. Hammerich54 ,
Q. Han7 , X. Han17 , E.B. Hansen56 , S. Hansmann-Menzemer17,42 , L. Hao6 ,
N. Harnew57 , T. Harrison54 , C. Hasse42 , M. Hatch42 , J. He6,c , K. Heijho↵32 ,
K. Heinicke15 , C. Henderson59 , R.D.L. Henderson63,50 , A.M. Hennequin58 ,
K. Hennessy54 , L. Henry42 , J.H Herd55 , J. Heuel14 , A. Hicheur2 , D. Hill43 ,
M. Hilton56 , S.E. Hollitt15 , J. Horswill56 , R. Hou7 , Y. Hou8 , J. Hu17, J. Hu66 ,
W. Hu5 , X. Hu3 , W. Huang6 , X. Huang68, W. Hulsbergen32 , R.J. Hunter50 ,
M. Hushchyn38 , D. Hutchcroft54 , P. Ibis15 , M. Idzik34 , D. Ilin38 , P. Ilten59 ,
A. Inglessi38 , A. Iniukhin38 , A. Ishteev38 , K. Ivshin38 , R. Jacobsson42 , H. Jage14 ,
S.J. Jaimes Elles41 , S. Jakobsen42 , E. Jans32 , B.K. Jashal41 , A. Jawahery60 ,
V. Jevtic15 , E. Jiang60 , X. Jiang4,6 , Y. Jiang6 , M. John57 , D. Johnson58 ,
C.R. Jones49 , T.P. Jones50 , B. Jost42 , N. Jurik42 , I. Juszczak35 , S. Kandybei45 ,
Y. Kang3 , M. Karacson42 , D. Karpenkov38 , M. Karpov38 , J.W. Kautz59 ,
F. Keizer42 , D.M. Keller62 , M. Kenzie50 , T. Ketel32 , B. Khanji15 , A. Kharisova38 ,
S. Kholodenko38 , G. Khreich11 , T. Kirn14 , V.S. Kirsebom43 , O. Kitouni58 ,
S. Klaver33 , N. Kleijne29,q , K. Klimaszewski36 , M.R. Kmiec36 , S. Koliiev46 ,
A. Kondybayeva38 , A. Konoplyannikov38 , P. Kopciewicz34 , R. Kopecna17,
P. Koppenburg32 , M. Korolev38 , I. Kostiuk32,46 , O. Kot46, S. Kotriakhova ,
A. Kozachuk38 , P. Kravchenko38 , L. Kravchuk38 , R.D. Krawczyk42 , M. Kreps50 ,
S. Kretzschmar14 , P. Krokovny38 , W. Krupa34 , W. Krzemien36 , J. Kubat17,
W. Kucewicz35,34 , M. Kucharczyk35 , V. Kudryavtsev38 , G.J. Kunde61, A. Kupsc76 ,

16

https://orcid.org/0000-0002-5946-581X
https://orcid.org/0000-0001-9004-3255
https://orcid.org/0000-0003-3259-6323
https://orcid.org/0000-0002-4438-3950
https://orcid.org/0000-0002-2571-5067
https://orcid.org/0000-0001-7517-8418
https://orcid.org/0000-0003-0217-762X
https://orcid.org/0000-0003-3939-3262
https://orcid.org/0000-0002-3924-2774
https://orcid.org/0000-0001-6440-0087
https://orcid.org/0000-0002-1204-2270
https://orcid.org/0000-0002-5831-3398
https://orcid.org/0000-0002-1191-3978
https://orcid.org/0000-0003-4338-7156
https://orcid.org/0000-0003-3612-3195
https://orcid.org/0000-0002-4027-7333
https://orcid.org/0000-0001-5493-0762
https://orcid.org/0000-0002-2539-673X
https://orcid.org/0000-0002-4860-6779
https://orcid.org/0000-0003-3711-7547
https://orcid.org/0000-0002-2232-6760
https://orcid.org/0000-0002-2014-3864
https://orcid.org/0000-0003-1618-3617
https://orcid.org/0000-0001-5513-0927
https://orcid.org/0000-0002-6312-3740
https://orcid.org/0009-0007-2540-4203
https://orcid.org/0000-0002-7312-3699
https://orcid.org/0000-0003-2437-8078
https://orcid.org/0000-0003-3016-1879
https://orcid.org/0000-0001-6915-9923
https://orcid.org/0000-0003-3441-583X
https://orcid.org/0000-0002-3153-430X
https://orcid.org/0000-0003-0030-3813
https://orcid.org/0000-0001-5119-9740
https://orcid.org/0000-0002-5938-4286
https://orcid.org/0000-0001-5266-2442
https://orcid.org/0000-0003-1984-4759
https://orcid.org/0000-0001-9900-6514
https://orcid.org/0000-0002-3721-4585
https://orcid.org/0009-0003-5290-823X
https://orcid.org/0000-0002-4274-5583
https://orcid.org/0000-0003-3571-7741
https://orcid.org/0000-0003-1052-2198
https://orcid.org/0009-0008-1868-2165
https://orcid.org/0000-0003-3900-3914
https://orcid.org/0000-0002-3821-3998
https://orcid.org/0000-0001-6559-2084
https://orcid.org/0000-0002-1084-0084
https://orcid.org/0009-0000-8700-9910
https://orcid.org/0000-0001-6862-6876
https://orcid.org/0000-0003-3674-0812
https://orcid.org/0000-0003-2342-8854
https://orcid.org/0000-0002-2430-782X
https://orcid.org/0000-0003-4727-831X
https://orcid.org/0000-0001-7029-7178
https://orcid.org/0000-0003-2103-7577
https://orcid.org/0000-0001-9921-687X
https://orcid.org/0000-0002-3761-209X
https://orcid.org/0000-0002-5250-2948
https://orcid.org/0000-0002-4625-559X
https://orcid.org/0000-0003-2130-1593
https://orcid.org/0000-0003-3160-482X
https://orcid.org/0000-0001-5501-5611
https://orcid.org/0000-0001-9400-3322
https://orcid.org/0000-0003-3177-2700
https://orcid.org/0000-0003-3179-2525
https://orcid.org/0000-0001-9391-8619
https://orcid.org/0000-0001-8300-5939
https://orcid.org/0000-0001-7348-3312
https://orcid.org/0000-0002-8716-4440
https://orcid.org/0000-0002-2745-7954
https://orcid.org/0000-0003-2375-6030
https://orcid.org/0000-0003-2420-0501
https://orcid.org/0009-0006-6576-9293
https://orcid.org/0000-0001-8192-8377
https://orcid.org/0000-0001-7267-6008
https://orcid.org/0000-0003-1484-0943
https://orcid.org/0000-0002-0505-9584
https://orcid.org/0000-0003-0714-8991
https://orcid.org/0000-0002-3612-1651
https://orcid.org/0000-0003-2316-8829
https://orcid.org/0000-0003-4395-0244
https://orcid.org/0000-0001-8883-6539
https://orcid.org/0000-0002-8009-1509
https://orcid.org/0000-0001-6829-7777
https://orcid.org/0000-0002-6769-3679
https://orcid.org/0000-0002-2860-6528
https://orcid.org/0000-0002-0075-8669
https://orcid.org/0000-0002-3183-5065
https://orcid.org/0000-0002-5170-0635
https://orcid.org/0000-0002-6661-1192
https://orcid.org/0000-0003-2597-8796
https://orcid.org/0000-0001-5934-7541
https://orcid.org/0000-0003-2135-9568
https://orcid.org/0000-0001-5399-326X
https://orcid.org/0000-0001-5603-4750
https://orcid.org/0000-0002-6159-4557
https://orcid.org/0000-0002-0805-1561
https://orcid.org/0000-0002-3543-7451
https://orcid.org/0000-0002-2132-2071
https://orcid.org/0000-0002-8189-8267
https://orcid.org/0000-0003-0523-495X
https://orcid.org/0000-0001-8080-0769
https://orcid.org/0000-0001-6216-1596
https://orcid.org/0000-0003-2500-8247
https://orcid.org/0009-0005-2892-2968
https://orcid.org/0000-0002-3064-9834
https://orcid.org/0000-0002-7318-482X
https://orcid.org/0000-0002-9224-914X
https://orcid.org/0000-0002-7822-3947
https://orcid.org/0000-0001-5570-0133
https://orcid.org/0000-0003-2501-9608
https://orcid.org/0000-0001-8461-8382
https://orcid.org/0000-0002-2818-9744
https://orcid.org/0000-0003-2868-2173
https://orcid.org/0000-0001-6571-4096
https://orcid.org/0000-0003-4647-6429
https://orcid.org/0000-0001-8212-846X
https://orcid.org/0000-0002-7770-1839
https://orcid.org/0000-0001-5813-7972
https://orcid.org/0000-0003-0386-4923
https://orcid.org/0000-0001-5360-0091
https://orcid.org/0000-0002-8967-3644
https://orcid.org/0000-0003-4313-3121
https://orcid.org/0000-0001-5635-6063
https://orcid.org/0000-0001-8829-9681
https://orcid.org/0000-0002-2916-7184
https://orcid.org/0000-0002-4057-4274
https://orcid.org/0000-0001-8857-1665
https://orcid.org/0000-0001-7552-400X
https://orcid.org/0000-0002-6825-6497
https://orcid.org/0000-0001-5730-8434
https://orcid.org/0000-0002-9257-839X
https://orcid.org/0000-0002-4947-2928
https://orcid.org/0000-0002-3363-7783
https://orcid.org/0000-0001-5906-391X
https://orcid.org/0000-0001-9629-7029
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/0000-0002-5019-1648
https://orcid.org/0000-0002-3804-8734
https://orcid.org/0000-0001-8162-4277
https://orcid.org/0000-0001-9616-6651
https://orcid.org/0000-0002-1576-9205
https://orcid.org/0000-0002-9658-8827
https://orcid.org/0009-0004-4850-7465
https://orcid.org/0000-0002-1465-0077
https://orcid.org/0000-0001-5407-7466
https://orcid.org/0009-0003-8781-3425
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/0000-0001-9384-6926
https://orcid.org/0000-0002-3712-7318
https://orcid.org/0000-0003-2613-7315
https://orcid.org/0000-0001-7703-7424
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/0000-0002-2022-6862
https://orcid.org/0000-0001-6349-0033
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/0000-0002-8579-844X
https://orcid.org/0000-0003-3272-6001
https://orcid.org/0000-0003-1699-8816
https://orcid.org/0000-0001-5706-7255
https://orcid.org/0009-0005-4053-1222
https://orcid.org/0000-0002-6066-7232
https://orcid.org/0000-0002-1285-3911
https://orcid.org/0000-0003-3598-0427
https://orcid.org/0000-0002-6528-8178
https://orcid.org/0009-0006-1867-9674
https://orcid.org/0000-0001-8686-2303
https://orcid.org/0000-0003-4503-2682
https://orcid.org/0000-0001-8482-5576
https://orcid.org/0000-0002-1290-6737
https://orcid.org/0000-0002-2608-1270
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/0000-0001-8727-6840
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/0000-0001-8664-4787
https://orcid.org/0000-0002-6133-486X
https://orcid.org/0009-0008-8631-9552
https://orcid.org/0000-0002-1236-4667
https://orcid.org/0000-0002-7947-465X
https://orcid.org/0000-0002-9546-358X
https://orcid.org/0000-0002-2073-711X
https://orcid.org/0000-0003-4688-0050
https://orcid.org/0009-0000-2192-995X
https://orcid.org/0000-0003-4937-2270


D. Lacarrere42 , G. La↵erty56 , A. Lai27 , A. Lampis27,h , D. Lancierini44 ,
C. Landesa Gomez40 , J.J. Lane56 , R. Lane48 , G. Lanfranchi23 , C. Langenbruch14 ,
J. Langer15 , O. Lantwin38 , T. Latham50 , F. Lazzari29,u , M. Lazzaroni25 ,
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†Deceased

21


	References

