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Abstract Using a data sample of
√
s = 13 TeV proton-

proton collisions collected by the CMS experiment at
the LHC in 2017 and 2018 with an integrated lumi-
nosity of 103 fb−1, the B0

s → ψ(2S)K0
S and B0 →

ψ(2S)K0
Sπ

+
π

− decays are observed with significances
exceeding 5 standard deviations. The resulting branch-
ing fraction ratios, measured for the first time, corre-
spond to B(B0

s → ψ(2S)K 0
S)/B(B0 → ψ(2S)K 0

S) =
(3.33 ± 0.69(stat) ± 0.11 (syst) ± 0.34 ( fs/ fd)) × 10−2

and B(B0 → ψ(2S)K0
Sπ

+
π

−
)/B(B0 → ψ(2S)K0

S) =
0.480 ± 0.013 (stat) ± 0.032 (syst), where the last uncer-
tainty in the first ratio is related to the uncertainty in the ratio
of production cross sections of B0

s and B0 mesons, fs/ fd.

1 Introduction

Decays of neutral B mesons into charmonium resonances
(J/ψ, ψ(2S), etc.) are well suited to study the flavour sector of
the standard model (SM) and to search for indications of new
physics beyond the SM. In the last decade, interest in b hadron
decays to final states containing a charmonium resonance has
increased after several exotic hadrons have been observed as
intermediate resonances in multibody decays. Starting from
the observation of X (3872) [1], many new charmonium-like
states have been observed, such as X (4140) [2–5], Y (4260)

[6,7], and others, with properties (mass, width and decay pat-
tern) not fitting into the landscape of traditional charmonium
states. The first charged tetraquark candidate, Z(4430)

+ was
discovered in the B → ψ(2S)Kπ+ decay as a peak in the
ψ(2S)π+ mass spectrum [8–11]. Many other exotic hadrons
have been observed in the last 15 years [12,13], and the nature
of most of them is still unclear. Moreover, channels whose
final state is accessible both from B and B can be used to
measure time-dependent CP asymmetry [14–27] as well.

This paper presents the first measurement of the B0
s →

ψ(2S)K0
S and B0 → ψ(2S)K0

Sπ+π− decays, using a data
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sample of proton-proton collisions at
√
s = 13 TeV col-

lected by the CMS experiment at the CERN LHC in 2017
and 2018 with an integrated luminosity of 103 fb−1 [28,29].
Both decays can potentially be used for CP asymmetry mea-
surements, and, in addition, the second one can also be used
to search for intermediate exotic resonances. The ψ(2S) and
K0

S mesons are reconstructed using their decays into μ+μ−

and π+π−, respectively. The B0 → ψ(2S)K0
S decay is cho-

sen as the normalization channel for the measurement of the
branching fractions, since its probability is precisely known
[13], and its topology and kinematic properties are similar
to those of the B0

s → ψ(2S)K0
S or B0 → ψ(2S)K0

Sπ+π−

decays. Therefore, using this normalization reduces the sys-
tematic uncertainties related to muon and track reconstruc-
tion. The relative branching fractions are measured using the
relations

Rs ≡ B(B0
s → ψ(2S)K0

S)

B(B0 → ψ(2S)K0
S)

= fd
fs

ε(B0 → ψ(2S)K0
S)

ε(B0
s → ψ(2S)K0

S)

N (B0
s → ψ(2S)K0

S)

N (B0 → ψ(2S)K0
S)

,

R
π+π− ≡ B(B0 → ψ(2S)K0

Sπ+π−
)

B(B0 → ψ(2S)K0
S)

= ε(B0 → ψ(2S)K0
S)

ε(B0 → ψ(2S)K0
Sπ+π−

)

×N (B0 → ψ(2S)K0
Sπ+π−

)

N (B0 → ψ(2S)K0
S)

, (1)

where B is the branching fraction, N is the number of recon-
structed events in data, ε is the total reconstruction efficiency,
and fd/ fs is the ratio of production cross sections of B0 and
B0

s mesons (also called fragmentation fraction ratio). Charge-
conjugate states are implied to be included throughout the
paper.

Tabulated results are provided in the HEPData record for
this analysis [30].
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2 The CMS detector and simulated event samples

The central feature of the CMS apparatus [31] is a super-
conducting solenoid of 6 m internal diameter, providing a
magnetic field of 3.8 T. Within the solenoid volume are a
silicon pixel and strip tracker, a lead tungstate crystal elec-
tromagnetic calorimeter, and a brass and scintillator hadron
calorimeter. Muons are measured in gas-ionization detectors
embedded in the steel flux-return yoke outside the solenoid.

Events of interest are selected using a two-tiered trigger
system [32]. The first level, composed of custom hardware
processors, uses information from the calorimeters and muon
detectors to select events at a rate of around 100 kHz within
a time interval of less than 4 μs [33]. The first-level trig-
ger used in this analysis requires at least two muons. The
second level, known as the high-level trigger, consists of
a farm of processors running a version of the full event
reconstruction software optimized for fast processing that
reduces the event rate to around 1 kHz before data storage.
The high-level trigger algorithm used in the analysis requires
two opposite-sign muons compatible with the dimuon decay
of a ψ(2S) meson with transverse momentum (pT) larger
than 18 GeV.

Simulated Monte Carlo samples for the decays of interest
are generated for the analysis. The pythia 8.230 package
[34] with the CP5 tune [35] is used to simulate the produc-
tion of the B0 and B0

s mesons, whose subsequent decays are
performed by evtgen 1.6.0 [36], where final-state photon
radiation is included using photos 3.61 [37,38]. The life-
times of B0 and B0

s mesons used in the generation are 1.52
and 1.47 ps, respectively. The generated events are passed
to a detailed GEANT4-based simulation [39] of the CMS
detector, and are then processed using the same trigger and
reconstruction as used for the collision data. The simulation
includes effects from multiple proton-proton interactions in
the same or nearby bunch crossings (pileup) with the multi-
plicity distribution tuned to match those of the data.

3 Event reconstruction and selection

The reconstruction procedure starts with finding two muons
of opposite charges, that must match those that triggered the
event readout. The muon candidates are required to have
pT(μ±

) > 3 GeV, a pseudorapidity |η(μ±
)| < 2.4, and

to satisfy general identification (soft-muon) criteria [40].
The two muons with a two-prong vertex fit probability
Pvtx(μ+μ−

) > 1% are paired to form the ψ(2S) candidate,
which must have pT(ψ(2S)) > 18 GeV and an invariant mass
3500 < m(μ+μ−

) < 3950 MeV (the world average ψ(2S)

meson mass is mPDG
ψ(2S) = 3686.10 MeV [13]).

The K0
S → π+π− candidates are formed from displaced

two-prong vertices, as described in Ref. [41]. The π+π−

invariant mass is required to be within ±20 MeV of the
world average value mPDG

K0 = 497.611 MeV [13], which cor-

responds to approximately three times the mass resolution.
Selected π+ and π− tracks are then refitted with their invari-
ant mass constrained tomPDG

K0 , and the obtained K0
S candidate

is required to have Pvtx(π+π−
) > 1%.

The B → ψ(2S)K0
S candidates are obtained through a

kinematic vertex fit on the μ+μ−K0
S system which constrains

the dimuon mass tomPDG
ψ(2S) . The K0

S candidates are required to

have pT(K0
S) > 1 GeV, a 3D pointing angle between �D(K0

S)

and �p(K0
S) to satisfy cos( �D(K0

S), �p(K0
S)) > 0.99, and a

transverse displacement significance for K0
S of Dxy > 5σDxy

.

Here �D(K0
S) denotes the vector from the K0

S production ver-
tex to the K0

S decay vertex, while Dxy and σDxy
correspond

to the length of �Dxy , the transverse component of �D, and
its uncertainty. To suppress the combinatorial background,
additional requirements are applied: Pvtx(μ+μ−K0

S) > 5%,
cos( �Dxy(B), �pT(B)) > 0.99, and Dxy(B) > 5σDxy(B),
where the B meson transverse displacement Dxy(B) is cal-
culated with respect to the primary vertex (PV). From all
reconstructed proton-proton collision points, the PV is cho-
sen as the one with the smallest B pointing angle, as in Refs.
[42–44]. The pointing angle is the angle formed by the B can-
didate momentum and the vector from the PV to the recon-
structed B candidate vertex. Furthermore, if in this procedure
any of the tracks used in the B candidate reconstruction is
included in the fit of the chosen PV, the track is removed, and
the PV is refitted.

For the B0 → ψ(2S)K0
Sπ+π− candidates, two additional,

oppositely charged, high-purity [45] tracks, assumed to be
pions and having pT > 0.9 GeV, are included in the B meson
vertex fit, while the rest of the selection criteria are the same.

4 Observation of the B0
s → ψ(2S)K0

S decay

The measured ψ(2S)K0
S invariant mass distribution is pre-

sented in Fig. 1 (upper). The B0 signal (left peak) is
described with a double Gaussian function with common
mean, whose parameters are free to vary in an unbinned
maximum-likelihood fit. It is found in simulation that the
B0

s → ψ(2S)K0
S signal (right peak) has the same shape as

the B0 → ψ(2S)K0
S signal, but it is about 10% wider, because

of the larger energy release in the decay. Therefore, the B0
s

signal is modelled with a double Gaussian function of the
same shape as the B0 signal, with the resolution parameters
scaled by the ratio of the widths found in the simulation.
The background is modelled with an exponential function.
The good quality of the fit is verified by calculating the χ

2

between the binned distribution and the fit function, resulting
in χ

2 = 83 for 91 degrees of freedom.
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Fig. 1 Measured invariant mass distributions of ψ(2S)K0
S (upper) and

ψ(2S)K0
Sπ+π− (lower) candidates. The overlaid results from the fit are

described in the text

The ratio of signal yields N (B0
s → ψ(2S)K0

S)/ N (B0 →
ψ(2S)K0

S) = (6.8 ± 1.4)× 10−3 is extracted from the fit. Its
uncertainty is calculated by taking into account the correla-
tion between the uncertainties in B0

s and B0 yields, which are
found to be 113 ± 23 and 16660 ± 140, respectively, where
the uncertainties are statistical only.

The statistical significance of the B0
s → ψ(2S)K0

S signal
is evaluated with the likelihood ratio technique, comparing
the background-only and signal-plus-background hypothe-
ses, with the standard asymptotic formula [46], assuming that
the conditions to apply Wilks’ theorem [47] are satisfied. For
a significance estimation, the mass difference between the
B0

s and B0 signals is fixed to the known value of 83.78 MeV
[13]. The obtained significance is 5.2 standard deviations and
varies in the range 5.1–5.4 standard deviations when account-
ing for the systematic uncertainties due to the choice of the
fit model, discussed in Sect. 7.

5 Observation of the B0 → ψ(2S)K0
Sπ

+
π

− decay

As shown in Fig. 1 (lower), the measured
ψ(2S)K0

Sπ+π− mass distribution presents a clear B0 →
ψ(2S)K0

Sπ+π− signal peak on top of a relatively small back-
ground. The B0 signal is modelled with a double Gaussian
function with common mean with all parameters free to vary,
and the combinatorial background is described by an expo-
nential function.

Studies of simulated events show that the
B0

s → ψ(2S)K0
SK∓

π
± decay contributes to the recon-

structed ψ(2S)K0
Sπ+π− mass distribution when the charged

kaon is reconstructed as a pion. This relevant background
contribution is accounted for in the fit to data by including
a dedicated component with a freely varying normalization
and a fixed shape that is obtained from simulation (Fig. 1,
lower).

The signal yield N (B0 → ψ(2S)K0
Sπ+π−

) is found to
be 3498 ± 87, where the uncertainty is statistical only. The
χ

2 between the binned distribution and the fit function is 75
for 92 degrees of freedom, demonstrating the good quality
of the fit. The significance of the B0 → ψ(2S)K0

Sπ+π−

signal, evaluated as described in Sect. 4, exceeds 30 standard
deviations.

The intermediate invariant mass distributions, correspond-
ing to the four-body B0 → ψ(2S)K0

Sπ+π− decay, are pro-
duced using the sPlot [48] technique to subtract the non-
B0 background, using the m(ψ(2S)K0

Sπ+π−
) distribution

fit described above. The correlations between the interme-
diate invariant masses and m(ψ(2S)K0

Sπ+π−
) have been

checked to be below 10%. Figures 2 and 3 show the 2- and
3-body invariant mass distributions. Overlaid are the pre-
dictions of the 4-body phase space simulations, which pro-
vide poor description of the data since the simulations do not
account for the intermediate resonance structure. The simula-
tion after application of the reweighting procedure described
in Sect. 7 is also shown. The mass distributions of ψ(2S) and
one or two light mesons (ψ(2S)K0

S, ψ(2S)π±, ψ(2S)K0
Sπ±,

ψ(2S)π+π−) do not present any significant narrow peak that
could indicate a contribution from an exotic charmonium
state. The small excess at about 4.3 GeV in the m(ψ(2S)π+

)

distribution (Fig. 2, bottom left) is not significant, and there
is no similar excess in the m(ψ(2S)π−

) distribution (Fig. 2,
middle left). Moreover, exotic states previously found in this
mass range are known to have large natural widths [12,13].
Signs of the K∗

(892)
±

(Fig. 2, middle and bottom right),
ρ(770)

0 (Fig. 2, top left), and K1(1270)
0 (Fig. 3, top right)

resonances are seen in the mass distributions of K0
Sπ±, π+π−,

and K0
Sπ+π−, respectively.
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Fig. 2 Distributions of 2-body intermediate invariant masses from the
B0 → ψ(2S)K0

Sπ+π− decay. The data distributions (black dots) are
background subtracted. Overlaid are the predictions of phase space

simulations (red triangles), as well as the predictions after applying the
reweighting procedure described in Sect. 7 (grey squares)

6 Efficiencies

The total reconstruction efficiency for each decay channel is
evaluated using samples of simulated events. It is calculated
as the number of reconstructed events divided by the number
of generated events, and includes the detector acceptance,
trigger, and candidate reconstruction efficiencies. Only the
ratios of such efficiencies are needed to measure the ratios
Rs and R

π+π− , thus reducing the systematic uncertainties

associated with muon and track reconstruction.

The obtained efficiency ratios are found to be

ε(B0 → ψ(2S)K0
S)

ε(B0
s → ψ(2S)K0

S)
= 1.019 ± 0.013 and

ε(B0 → ψ(2S)K0
S)

ε(B0 → ψ(2S)K0
Sπ+π−

)
= 2.288 ± 0.026,

where the uncertainties are statistical only and are related to
the size of the simulated event samples. The first ratio is close
to unity, as expected, while the second ratio is significantly
greater than unity because of the presence of two additional
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tracks in the denominator. The lifetimes of heavy and light
B0

s meson eigenstates differ by about 0.2 ps [13], which can
have an impact on the efficiency ε(B0

s → ψ(2S)K0
S). It was

verified that the corresponding variations of B0
s lifetime result

in negligible changes in the efficiency.
The validation of Monte Carlo samples is performed by

comparing distributions of variables used in the event selec-
tion between simulation and background-subtracted data. No
significant deviation is found, and thus no systematic uncer-
tainties in the efficiency ratio are assigned related to data-
simulation discrepancies in those variables.

7 Systematic uncertainties

Many systematic uncertainties, related to the efficiency of
the trigger as well as the reconstruction and identification of
the muons, cancel out in the measured ratios Rs and R

π+π− .

Since the B0
s → ψ(2S)K0

S and B0 → ψ(2S)K0
S decays

have the same number of tracks in the final state, uncertain-

ties related to the track reconstruction are of the same size
and correlated, and therefore cancel out when propagated to
the measured ratio Rs. For the ratio R

π+π− , we consider an

additional uncertainty of 4.2% from the uncertainty in the
tracking efficiency of two additional pions [49].

The systematic uncertainty related to the choice of the fit
model is evaluated by testing different models. The largest
deviation in the measured ratio from its baseline value is taken
as a systematic uncertainty, separately for the variations of
the signal and background models. Several alternative signal
models were considered. One is a double Gaussian func-
tion for B0 and B0

s signals with the resolution shape fixed to
the expectations taken from simulation with only the reso-
lution scaling parameter being free in the fit. Another signal
model is a Student’s t-distribution [50] with the value of the n
parameter fixed to the one measured in simulation. Alterna-
tive background models include polynomials of the second
and third degrees, an exponential multiplied by a polynomial,
and a power function multiplied by an exponential, where in

Fig. 3 Distributions of 3-body intermediate invariant masses from the
B0 → ψ(2S)K0

Sπ+π− decay. Data distributions (black dots) are back-
ground subtracted. Overlaid are the predictions of phase space sim-

ulations (red triangles), as well as the predictions after applying the
reweighting procedure described in Sect. 7 (grey squares)
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Table 1 Systematic uncertainties (in %) of the measured branching
fraction ratios

Source Rs R
π+π−

Background model 2.5 0.8

Signal model 1.5 0.8

Shape of B0
s → ψ(2S)K0

SK∓
π

± contribution – 0.5

Finite size of simulation samples 1.3 1.1

Intermediate resonances – 5.0

Tracking efficiency – 4.2

Total 3.2 6.7

Fig. 4 Background-subtracted pT(B0
) distribution in data for the

B0 → ψ(2S)K0
S signal. The last bin includes the overflow

all cases the background shape parameters are free to vary in
the fits.

The uncertainty related to the finite size of the simulation
samples (used to measure the efficiencies in Sect. 6) is also
considered as a systematic uncertainty.

The uncertainty associated with the shape of the B0
s →

ψ(2S)K0
SK∓

π
± contribution to the ψ(2S)K0

Sπ+π− invari-
ant mass distribution is estimated by varying the shape
parameters within their uncertainties. The largest deviation
of N (B0 → ψ(2S)K0

Sπ+π−
) from the baseline value is 0.5%

which is taken as a systematic uncertainty.
As discussed in Sect. 5, the simulation for the B0 →

ψ(2S)K0
Sπ+π− decay does not take into account the inter-

mediate resonance structure, leading to a significant disagree-
ment between data and simulation in the 2- and 3-body mass
distributions. This results in a potential bias in the efficiency
reported in Sect. 6. To estimate the corresponding systematic
uncertainty, the simulated sample is reweighted to be consis-
tent with the data, and the difference between the baseline
efficiency and the efficiency obtained on the weighted sam-
ple is taken as a systematic uncertainty. Due to the limited
number of events, it is impossible to assign weights taking the

ratio of data to simulation in bins of multi-dimensional phase
space of the considered 4-body decay. An iterative proce-
dure has been developed that operates with one-dimensional
weights corresponding to each 2- and 3-body invariant mass,
gradually making the mass distributions on weighted simu-
lation sample closer and closer to data, until a satisfactory
agreement in all intermediate invariant mass distributions is
achieved. The distributions of invariant masses obtained with
the weighted simulation sample are presented in Figs. 2 and 3.
The efficiency obtained on the weighted simulation sample
deviates from the baseline value by 5%, which is taken as
a systematic uncertainty due to the intermediate resonance
structure. This efficiency correction procedure with iterative
reweighting is verified using a dedicated simulation sample
instead of data, in which the contributions from K∗

(892)
±

and ρ(770)
0 resonances are included with arbitrary magni-

tudes.
All uncertainties described above, excluding the one

related to fs/ fd for the ratio Rs, are summarized in Table 1
together with a total systematic uncertainty, calculated as a
sum in quadrature of the individual sources.

A measurement of the ratio of the B0
s and B0 fragmenta-

tion fractions, fs/ fd, in proton-proton collisions at the LHC
has been recently reported by the LHCb Collaboration [51]:
fs/ fd = (0.263 ± 0.008) − (17.6 ± 2.1) × 10−4 pT(B),
where pT(B) in GeV is the transverse momentum of a B
meson produced in 13 TeV proton-proton collisions. The
ratio was found to be independent of the rapidity of the B
meson, but with a significant dependence on the transverse
momentum of the B candidate. The pT(B) distribution used
in this analysis is shown in Fig. 4, where the background
is subtracted using sPlot. Using the LHCb result and the
average pT(B) in our events of 31.2 GeV, the fs/ fd value
for the kinematic range of this analysis is obtained to be
fs/ fd = 0.208 ± 0.007. The LHCb fs/ fd measurement is
mostly dependent on the events with pT < 20 GeV, while the
majority of the events in this analysis have pT(B) > 20 GeV.
Therefore, we assign an additional systematic uncertainty on
fs/ fd as the difference between 0.208 and the value obtained
under the assumption that fs/ fd becomes constant (0.2278)
in the region pT > 20 GeV. This additional uncertainty is
estimated to be 0.020, and the total uncertainty on fs/ fd is
obtained by summing it in quadrature with the uncertainty of
0.007 obtained above. The resulting fragmentation fraction
ratio used in the Rs measurement is fs/ fd = 0.208 ± 0.021,
with a relative uncertainty of 10%.

8 Measured branching fractions

The branching fraction ratio of the B0
s → ψ(2S)K0

S decay
relative to the B0 → ψ(2S)K0

S one is measured using Eq. (1)
to be
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Rs = B(B0
s → ψ(2S)K0

S)

B(B0 → ψ(2S)K0
S)

= (3.33 ± 0.69 (stat) ± 0.11 (syst)

± 0.34 ( fs/ fd)) × 10−2
,

where the last uncertainty is related to the used value
fs/ fd = 0.208 ± 0.021. Since the knowledge of fs/ fd at
large pT can be updated with future measurements, allowing
to improve the Rs evaluation, we also provide the measure-
ment of the product

Rs

fs
fd

= fs
fd

B(B0
s → ψ(2S)K0

S)

B(B0 → ψ(2S)K0
S)

= (0.69 ± 0.14 (stat) ± 0.02 (syst)) × 10−2
.

In addition, the transverse momentum distribution of the
measured B candidates is presented in Fig. 4 and in the HEP-
Data record for this analysis [30].

The branching fraction ratio of the B0 → ψ(2S)K0
Sπ+π−

decay with respect to the B0 → ψ(2S)K0
S one is measured

to be

R
π+π− = B(B0 → ψ(2S)K0

Sπ+π−
)

B(B0 → ψ(2S)K0
S)

= 0.480 ± 0.013 (stat) ± 0.032 (syst).

This ratio is very close to the similar ratio measured with J/ψ
instead of ψ(2S) [52].

Using the world average value B(B0 → ψ(2S)K0
S) =

(2.90±0.25)×10−4 [13], the branching fractions of the two
newly observed decays are evaluated:

B(B0
s → ψ(2S)K0

S)

= (0.97 ± 0.20 (stat) ± 0.03 (syst)

± 0.22 ( fs/ fd) ± 0.08 (B)) × 10−5
,

B(B0 → ψ(2S)K0
Sπ+π−

)

= (13.9 ± 0.4 (stat) ± 0.9 (syst)

± 1.2 (B)) × 10−5
,

where the last uncertainties are from the uncertainty in
B(B0 → ψ(2S)K0

S).

9 Summary

The B0
s → ψ(2S)K0

S and B0 → ψ(2S)K0
Sπ+π− decays

are observed using proton-proton collision data collected
by the CMS experiment at 13 TeV with an integrated lumi-
nosity of 103 fb−1. Their branching fractions are mea-
sured with respect to the B0 → ψ(2S)K0

S decay to be
B(B0

s → ψ(2S)K0
S)/B(B0 → ψ(2S)K0

S) = (3.33 ±
0.69 (stat)±0.11 (syst)±0.34 ( fs/ fd))×10−2, andB(B0 →

ψ(2S)K0
Sπ+π−

)/B(B0 → ψ(2S)K0
S) = 0.480±0.013 (stat)

±0.032 (syst), where the last uncertainty in the first ratio cor-
responds to the uncertainty in the ratio of production cross
sections of B0

s and B0 mesons. The 2- and 3-body invari-
ant mass distributions of the B0 → ψ(2S)K0

Sπ+π− decay
products do not show significant exotic narrow structures
in addition to the known light meson resonances. Further
studies with more data will be needed to investigate more
precisely the internal dynamics of the B0 → ψ(2S)K0

Sπ+π−

decay, and to perform CP asymmetry measurements in the
two observed decays in the future.
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