
Recent LHCb  spectroscopy results
T. Ovsiannikova for the seminar at PNPI

11.05.2021



32/2

Exotic charmonium-like states in beauty decays

• Plethora conventional and exotic charmonium states observed in b-decays


• Charmonium-like states, beyond the  and  scheme


• Multiquark states are predicted by Gell-Mann and Zweig in 1964


• Theoretical explanation: molecules, hybrids, tetraquarks, etc


• First observed state —  in 2003 


qq̄ qqq

X(3872)
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 stateχc1(3872)
What’ve we already know:


• Narrow   (Breit - Wigner width)


•  close to  threshold ( )


• 

•  (PDG 2019)

ΓLHCb ∼ 1.13 MeV
mχc1(3872) D0D̄*0 3871.59 ± 0.06 ± 0.01 MeV/c2

δELHCb = 0.07 ± 0.12MeV
JPC = 1++

PRL 91 (2003) 262001

First observation by Belle in 
2003 Latest results

JHEP 09 (2019) 028

First observation in baryonic decay
—  Λ0

b → χc1(3872)pK−
0 1 2 3 4 5

[MeV]��c1(3872)

LHCb B+! �c1(3872)K+

LHCb b! �c1(3872)X

Belle

BES III

BaBar

BaBar

First observation of 
the non-zero width PRD 102 (2020) 092005

JHEP 08 (2020) 123
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Figure 2: Mass distributions for J/ ⇡+⇡� candidates in the �c1(3872) region for (top) the low,
(middle)mid and (bottom) high p⇡+⇡� bins. The left (right)-hand plot is for 2011 (2012) data.
The projection of the fit described in the text is superimposed.

and calculating the �2 probability of consistency with the fit model gives values much
larger than 5% for all bins apart from the high-momentum bin in the 2012 data where
the probability is 2%. The values of �m and �BW are consistent between the bins giving
confidence in the results.

A simultaneous fit is made to the six data samples with �m and �BW as shared
parameters. This gives �m = 185.588± 0.067MeV and �BW = 1.39± 0.24MeV, where

7

Signal:  events35.7 ± 6.8

Signal:  events4230 ± 70

Chanel:   B+ → J/ψπ+π−K+

Chanel:   B+ → J/ψπ+π−K+

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.91.262001
https://link.springer.com/article/10.1007/JHEP09(2019)028
http://dx.doi.org/10.1103/PhysRevD.102.092005
https://link.springer.com/article/10.1007/JHEP08(2020)123
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 stateχc1(3872)

The Flatte pole analysis denotes a high 
possibility for  state  being 
the quasi-bound state 

χc1(3872)

4

in data for y(2S) ! J/y p+p�, with one floating parameter responsible for the resolution scal-
ing. The X(3872) mass is left free in the fit and the returned value is in agreement with the
known mass [4]. The threshold value y0 is changed to m

PDG
J/y + 0.7 GeV to account for the dif-

ferent requirement on the dipion invariant mass applied in the X(3872) channel. The invariant
mass distributions and the projections of the 2D fit are shown in Fig. 2. Additional projections
of the 2D fit in different ranges of m(J/y p+p�) and m(K+K�) are presented in Appendix A.
The measured signal yield is N(B0

s ! X(3872)f) = 299 ± 39.

The statistical significance of the B0
s ! X(3872)f signal has been evaluated with the likelihood

ratio technique by applying the background-only and signal-plus-background hypotheses. Us-
ing the standard asymptotic approximation [32] for the likelihood, since the conditions of the
Wilks’ theorem [33] are satisfied, the statistical significance of the B0

s ! X(3872)f signal is over
6 standard deviations (s) after accounting for the systematic uncertainties discussed later.
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Figure 2: The observed J/y p+p� (left) and K+K� (right) invariant mass distributions for the
B0

s ! X(3872)f candidates are shown by the points, with the vertical bars representing the
statistical uncertainties. The projections of the 2D fit and its various components are shown by
the lines.

To evaluate the background contribution related to the non-B0
s production of y(2S)f in the

mass range 5.32 < m(y(2S)f) < 5.42 GeV, the mass distribution of y(2S)f is studied, as
shown in Fig 3 (left). The background-subtraction technique sP lot [34] is used, together with
the 2D fit described above, to subtract backgrounds from the nonresonant K+K� and J/y p+p�

combinations. The observed m(y(2S)f) distribution is fitted with a DG function for the sig-
nal and an exponential for the background, as shown in Fig. 3 (left). The fit returns a non-B0

s
background contribution of 0.5%. The same procedure is repeated in the X(3872)f channel,
shown in Fig. 3 (right), and the measured contribution of the non-B0

s background is 1.7%.
Thus, the ratio of the event yields X(3872)/y(2S) changes by 1.2% after accounting for this
background from the non-B0

s production of y(2S)f and X(3872)f combinations. The signifi-
cance of the B0

s ! X(3872)f signal extracted from the binned fit to the background-subtracted
m(X(3872)f) distribution exceeds 10s.

The efficiencies for the signal and normalization channels are calculated using the simulated
event samples. The total efficiency includes the detector acceptance, trigger, and candidate
reconstruction efficiencies. Only the ratio of the efficiencies for the y(2S) and X(3872) decay
modes is needed to calculate the ratio R, which eliminates the systematic uncertainties related
to the track and muon reconstruction. The obtained efficiency ratio is eB0

s!y(2S)f
/eB0

s!X(3872)f
=

1.136± 0.026. It is larger than unity due to a tighter requirement on the dipion mass m(p+p�) >
0.7 GeV, applied in the X(3872) channel. The reported uncertainty is related to the size of the
simulated samples. The simulated event samples are validated by comparing distributions of
variables used in the candidate selection between the background-subtracted data and simula-

Br(B0
s → χc1(3872)ϕ)

Br(B+ → χc1(3872)K+)
∼

1
2

Br(B0
s → ψ (2S)ϕ)

Br(B+ → ψ (2S)K+)

The BR comparison with conventional charmonium could 
help understood production mechanism

Could be a compact tetraquark?

Could be a molecule disintegrated at high multiplicity?
No rigorous theoretical treatment

PRL 125 (2020) 152001

PRD 102 (2020) 092005 

Still unclear nature:

PRD 102 (2020) 092005

The tetraquark (diquark-based) scenario Maiani et al: 
PRD 129 (2020) 034017

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.152001
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.91.262001
http://dx.doi.org/10.1103/PhysRevD.102.092005
https://link.aps.org/doi/10.1103/PhysRevD.102.034017
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Exotic states in  spectrumJ/ψϕ

• First observation in  spectrum by CDF (2009):

• Above   threshold

• M = 

• 

• Hint of a second structure —X(4247)


• Above   threshold


• Not confined by LHCb with 0.37

J/ψϕ
D*+

s D*−
s

4143.4 ± 3.0 ± 0.6 MeV/c2

Γ = 15.3+10.4
−6.1 ± 2.5 MeV

D+
s0D−

s
fb−1

History of  observations:X → J/ψϕ
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FIG. 1: (a) The mass distribution of J/ψφK+; the solid line
is a fit to the data with a Gaussian signal function and flat
background function. (b) The B+ sideband-subtracted mass
distribution of K+K− without the φ mass window require-
ment. The solid curve is a P -wave relativistic Breit-Wigner
fit to the data.

to other hadrons [19]. In addition, we require a mini-
mum Lxy(B+) for the B+ → J/ψφK+ candidate, where
Lxy(B+) is the projection onto p⃗T (B+) of the vector con-
necting the primary vertex to the B+ decay vertex. The
primary vertex is determined for each event using prompt
tracks.
The Lxy(B+) and LLR requirements for B+ →

J/ψφK+ are then chosen to maximize S/
√
S + B , where

S is the number of B+ → J/ψφK+ signal events and
B is the number of background events in the J/ψφK+

mass range of 5.0 to 5.6 GeV/c2 in the data. The val-
ues of S and B are determined from an unbinned log-
likelihood fit to the mass spectrum of J/ψφK+, for a
given set of values of Lxy(B+) and LLR. A Gaussian
function is used to represent the B+ → J/ψφK+ signal,
where the mean value of the Gaussian is fixed to the B+

world-average mass value [17]. The B+ mass resolution
is fixed to the value 5.9 MeV/c2 obtained from Monte
Carlo (MC) simulation [20]. A linear function is used to
model the background in the fit. The requirements ob-
tained by maximizing S/

√
S + B are Lxy(B+) > 500 µm

and LLR > 0.2. In order to study the efficiency of
the Lxy(B+) and LLR selections, we also reconstruct
B+ → J/ψK+ and B0

s → J/ψφ as control channels. We
select approximately 50 000 B+ → J/ψK+ and 3000
B0

s → J/ψφ events by applying similar requirements
as for the J/ψφK+ channel but without the Lxy(B+)
and LLR requirements. The efficiency for PID with the
LLR > 0.2 requirement is approximately 80% per kaon
and is reasonably flat as a function of kaon pT ; the ef-
ficiency for Lxy(B+) > 500 µm is approximately 60%,
based on the B+ → J/ψK+ control sample.
The invariant mass of J/ψφK+ after the Lxy(B+) and

LLR requirements and J/ψ and φ mass window require-
ments is shown in Fig. 1(a). A fit with a Gaussian signal
function and a flat background function to the mass spec-
trum of J/ψφK+ returns a B+ signal of 75 ± 10(stat)
events. We select B+ signal candidates with a mass

)4/c2)  (GeVφψ(J/2m
16 18 20 22 24

)4
/c2

)  
(G

eV
+

 Kφ(2
m

2

2.5

3

3.5

4

4.5

5

a)

)2M  (GeV/cΔ
1 1.1 1.2 1.3 1.4 1.5

2
C

an
di

da
te

s/
10

 M
eV

/c

0
1
2
3
4
5
6
7
8
9

b)

FIG. 2: (a) The Dalitz plot of m2(φK+) versus m2(J/ψφ)
in the B+ mass window. The boundary shows the kine-
matic allowed region. (b) The mass difference, ∆M , between
µ+µ−K+K− and µ+µ−, in the B+ mass window. The dash-
dotted curve is the background contribution and the red solid
curve is the total unbinned fit.

within 3σ (17.7 MeV/c2) of the nominal B+ mass; the
purity of the B+ signal in that mass window is approxi-
mately 80%.
The combinatorial background under the B+ peak

includes B hadron decays such as B0
s → ψ(2S)φ →

J/ψπ+π−φ, in which the pions are misidentified as kaons.
However, background events with misidentified kaons
cannot yield a Gaussian peak at the B+ mass consistent
with the 5.9 MeV/c2mass resolution. The kinematics are
such that for the hypothesis B+ → J/ψK+K−K+, only
events with real kaons can produce the observed Gaus-
sian signal. Thus, with the B+ mass window selection
the sample consists of real B+ → J/ψK+K−K+ decays
over a small combinatorial background.
Figure 1(b) shows the invariant mass distribution of

K+K− pairs from µ+µ−K+K−K+ candidates within
±3σ of the nominal B+ mass. The spectrum shown in
this figure has had the sidebands subtracted, but the φ
mass window selection has not been applied. By fitting
the K+K− mass spectrum to a P -wave relativistic Breit-
Wigner (BW) function [21] convoluted with a Gaussian
resolution function with the rms fixed to 1.3 MeV/c2 ob-
tained from simulation, we obtain a mass of 1019.6± 0.3
MeV/c2 and a width of 3.84 ± 0.65 MeV/c2with χ2

probability of 28%, consistent with the world-average
values for the φ meson [17]. The good fit indicates
that after the ±7 MeV/c2 selection on the φ mass win-
dow, the B+ → J/ψK+K−K+ final state is well de-
scribed as J/ψφK+, with negligible contributions from
J/ψf0(980)K+ or J/ψK+K−K+ phase space.
We examine the effects of detector acceptance and se-

lection requirements using B+ → J/ψφK+ MC events
simulated by phase space distributions. The MC events
are smoothly distributed in the Dalitz plot and in the
J/ψφ mass spectrum. Figure 2(a) shows the Dalitz plot
of m2(φK+) versus m2(J/ψφ), and Fig. 2(b) shows the
mass difference, ∆M = m(µ+µ−K+K−) − m(µ+µ−),
for events in the B+ mass window in our data sample.

• X(4140) confirmed  by CMS and D0 (2014):

• CMS X(4140) (> )


• M =  

• 


• CMS X(4247-)X(4351) (> )

• M =  

• 


• Also confirmed by CDF with large statistic:

5σ
4148.4 ± 2.4 ± 6.3 MeV/c2

Γ = 28+15
−11 ± 19 MeV

3σ
4313.8 ± 5.3 ± 7.3 MeV/c2

Γ = 38+30
−15 ± 16 MeV

PRL 102 (2009) 242002
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Figure 3: The number of B+ ! J/yfK+ candidates as a function of Dm = m(µ+µ�K+K�)�
m(µ+µ�). The solid curve is the global unbinned maximum-likelihood fit of the data, and the
dotted curve is the background contribution assuming three-body PS. The band is the ±1s un-
certainty range for the background obtained from the global fit. The dashed and dash-dotted
curves are background curves obtained from two different event-mixing procedures, as de-
scribed in the text, and normalized to the number of three-body PS background events. The
short dashed curve is the 1D fit to the data.

The J/y and f vector meson decays are simulated using their known angular distributions ac-
cording to the VLL and VSS model in EVTGEN, while we assume there is no polarization for the
two vectors. The PS MC simulation is reweighted assuming either transverse or longitudinal
J/y and f polarization. The effect of either polarization is found to be negligible. The measured
efficiency is fairly uniform, varying by less than 25% over the entire allowed three-body PS. As-
suming a uniform PS distribution, the efficiency for each Dm bin is taken to be the average of
the efficiencies over the full kinematically allowed m(fK+) range. To estimate the systematic
uncertainty in the efficiency caused by its dependence on the unknown quantum numbers of
the structures, and hence on their unknown decay angular distributions, the efficiency is evalu-
ated under the assumption of both a cos2 q and sin2 q dependence, where q is the helicity angle,
defined as the angle in the J/yf rest frame between the direction of the boost from the labora-
tory frame and the J/y direction. Since the efficiency tends to be lower towards the edge of the
Dalitz plot, the cos2 q dependence gives a lower average efficiency than the default efficiency,
while the sin2 q dependence gives a slightly higher average efficiency. This variation (10%) is
taken as the systematic uncertainty in the efficiency from our lack of knowledge of the quantum

PLB 734 (2014) 261

MPLA 32-26 (2017) 1750139

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.102.242002
https://www.sciencedirect.com/science/article/pii/S0370269314003657?via=ihub
https://dx.doi.org/10.1142/S0217732317501395
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Exotic states in  spectrumJ/ψϕ
• Observation of four resonances at LHCb using Run 1 data PRD 95 (2017) 012002

Citation: P.A. Zyla et al. (Particle Data Group), Prog. Theor. Exp. Phys. 2020, 083C01 (2020)

χc1(4140) IG (JPC ) = 0+(1 + +)

was X (4140)
This state shows properties different from a conventional qq state.
A candidate for an exotic structure. See the review on non-qq states.

Seen by AALTONEN 09AH, ABAZOV 14A, CHATRCHYAN 14M,

AAIJ 17C in B+ → χc1K
+, χc1 → J/ψφ, and by ABAZOV 15M

separately in both prompt (4.7 σ) and non-prompt (5.6 σ) produc-
tion in pp → J/ψφ + anything. Not seen by SHEN 10 in γ γ →

J/ψφ and ABLIKIM 15 in e+ e− → γ J/ψφ at
√
s = 4.23, 4.26,

4.36 GeV.

χc1(4140) MASSχc1(4140) MASSχc1(4140) MASSχc1(4140) MASS

VALUE (MeV) EVTS DOCUMENT ID TECN COMMENT

4146.8±2.4 OUR AVERAGE4146.8±2.4 OUR AVERAGE4146.8±2.4 OUR AVERAGE4146.8±2.4 OUR AVERAGE Error includes scale factor of 1.1.

4146.5±4.5+4.6
−2.8 4289 1 AAIJ 17C LHCB B+ → J/ψφK+

4143.4+2.9
−3.0±0.6 19 2 AALTONEN 17 CDF B+ → J/ψφK+

4152.5±1.7+6.2
−5.4 616 3 ABAZOV 15M D0 pp → J/ψφ + anything

4159.0±4.3±6.6 52 4 ABAZOV 14A D0 B+ → J/ψφK+

4148.0±2.4±6.3 0.3k 5 CHATRCHYAN14M CMS B+ → J/ψφK+

• • • We do not use the following data for averages, fits, limits, etc. • • •

4143.0±2.9±1.2 14 6,7 AALTONEN 09AH CDF B+ → J/ψφK+

1From an amplitude analysis of the decay B+ → J/ψφK+ with a significance of 8.4 σ.
2 Statistical significance of more than 5 σ.
3 Statistical significance of more than 6 σ.
4 Statistical significance of 3.1 σ.
5 From a fit assuming an S-wave relativistic Breit-Wigner shape above a three-body phase-
space non-resonant component with statistical significance of more than 5 σ.

6 Statistical significance of 3.8 σ.
7 Superseded by AALTONEN 17.

χc1(4140) WIDTHχc1(4140) WIDTHχc1(4140) WIDTHχc1(4140) WIDTH

VALUE (MeV) EVTS DOCUMENT ID TECN COMMENT

22 + 8
− 7 OUR AVERAGE22 + 8
− 7 OUR AVERAGE22 + 8
− 7 OUR AVERAGE22 + 8
− 7 OUR AVERAGE Error includes scale factor of 1.3. See the ideogram below.

83 ±21 +21
−14 4289 1 AAIJ 17C LHCB B+ → J/ψφK+

15.3+10.4
− 6.1± 2.5 19 2 AALTONEN 17 CDF B+ → J/ψφK+

16.3± 5.6±11.4 616 3 ABAZOV 15M D0 pp → J/ψφ + anything

20 ±13 + 3
− 8 52 4 ABAZOV 14A D0 B+ → J/ψφK+

28 +15
−11 ±19 0.3k 5 CHATRCHYAN14M CMS B+ → J/ψφK+

• • • We do not use the following data for averages, fits, limits, etc. • • •

HTTP://PDG.LBL.GOV Page 1 Created: 6/1/2020 08:32

Table 3: Results for significances, masses, widths and fit fractions of the components included in
the default amplitude model. The first (second) errors are statistical (systematic). Errors on fL
and f? are statistical only. Possible interpretations in terms of kaon excitation levels are given,
with notation n2S+1LJ , together with the masses predicted in the Godfrey-Isgur model [53].
Comparisons with the previously experimentally observed kaon excitations [37] and X ! J/ �
structures are also given.

Contri- sign. Fit results
bution or Ref. M0 [MeV ] �0 [MeV ] FF % fL f?

All K(1+) 8.0� 42± 8 + 5
� 9

NR�K 16±13 +35
� 6 0.52± 0.29 0.21± 0.16

K(1+) 7.6� 1793±59 +153
�101 365±157 +138

�215 12±10 +17
� 6 0.24± 0.21 0.37± 0.17

21P1 [53] 1900
K1(1650) [37] 1650±50 150± 50
K

0
(1+) 1.9� 1968±65 + 70

�172 396±170 +174
�178 23±20 +31

�29 0.04± 0.08 0.49± 0.10
23P1 [53] 1930

All K(2�) 5.6� 11± 3 + 2
� 5

K(2�) 5.0� 1777±35 +122
� 77 217±116 +221

�154 0.64± 0.11 0.13± 0.13
11D2 [53] 1780

K2(1770) [37] 1773± 8 188± 14
K

0
(2�) 3.0� 1853±27 + 18

� 35 167± 58 + 83
� 72 0.53± 0.14 0.04± 0.08

13D2 [53] 1810
K2(1820) [37] 1816±13 276± 35
K⇤(1�) 8.5� 1722±20 + 33

�109 354± 75 +140
�181 6.7±1.9 +3.2

�3.9 0.82± 0.04 0.03± 0.03
13D1 [53] 1780

K⇤(1680) [37] 1717±27 322±110
K⇤(2+) 5.4� 2073±94 +245

�240 678±311 +1153
� 559 2.9±0.8 +1.7

�0.7 0.15± 0.06 0.79± 0.08
23P2 [53] 1940

K⇤
2(1980) [37] 1973±26 373± 69

K(0�) 3.5� 1874±43 + 59
�115 168± 90 +280

�104 2.6±1.1 +2.3
�1.8 1.0

31S0 [53] 2020
K(1830) [37] ⇠ 1830 ⇠ 250

All X(1+) 16±3 + 6
� 2

X(4140) 8.4� 4146.5±4.5 +4.6
�2.8 83±21 +21

�14 13.0±3.2 +4.8
�2.0

ave. Table 1 4147.1±2.4 15.7±6.3
X(4274) 6.0� 4273.3±8.3 +17.2

� 3.6 56±11 + 8
�11 7.1±2.5 +3.5

�2.4

CDF [29] 4274.4 +8.4
�6.7 ± 1.9 32 +22

�15 ± 8
CMS [25] 4313.8±5.3±7.3 38 +30

�15 ± 16
All X(0+) 28± 5± 7
NRJ/ � 6.4� 46±11 +11

�21

X(4500) 6.1� 4506±11 +12
�15 92±21 +21

�20 6.6±2.4 +3.5
�2.3

X(4700) 5.6� 4704±10 +14
�24 120±31 +42

�33 12± 5 + 9
� 5
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Table 3: Results for significances, masses, widths and fit fractions of the components included in
the default amplitude model. The first (second) errors are statistical (systematic). Errors on fL
and f? are statistical only. Possible interpretations in terms of kaon excitation levels are given,
with notation n2S+1LJ , together with the masses predicted in the Godfrey-Isgur model [53].
Comparisons with the previously experimentally observed kaon excitations [37] and X ! J/ �
structures are also given.

Contri- sign. Fit results
bution or Ref. M0 [MeV ] �0 [MeV ] FF % fL f?

All K(1+) 8.0� 42± 8 + 5
� 9

NR�K 16±13 +35
� 6 0.52± 0.29 0.21± 0.16

K(1+) 7.6� 1793±59 +153
�101 365±157 +138

�215 12±10 +17
� 6 0.24± 0.21 0.37± 0.17

21P1 [53] 1900
K1(1650) [37] 1650±50 150± 50
K

0
(1+) 1.9� 1968±65 + 70

�172 396±170 +174
�178 23±20 +31

�29 0.04± 0.08 0.49± 0.10
23P1 [53] 1930

All K(2�) 5.6� 11± 3 + 2
� 5

K(2�) 5.0� 1777±35 +122
� 77 217±116 +221

�154 0.64± 0.11 0.13± 0.13
11D2 [53] 1780

K2(1770) [37] 1773± 8 188± 14
K

0
(2�) 3.0� 1853±27 + 18

� 35 167± 58 + 83
� 72 0.53± 0.14 0.04± 0.08

13D2 [53] 1810
K2(1820) [37] 1816±13 276± 35
K⇤(1�) 8.5� 1722±20 + 33

�109 354± 75 +140
�181 6.7±1.9 +3.2

�3.9 0.82± 0.04 0.03± 0.03
13D1 [53] 1780

K⇤(1680) [37] 1717±27 322±110
K⇤(2+) 5.4� 2073±94 +245

�240 678±311 +1153
� 559 2.9±0.8 +1.7

�0.7 0.15± 0.06 0.79± 0.08
23P2 [53] 1940

K⇤
2(1980) [37] 1973±26 373± 69

K(0�) 3.5� 1874±43 + 59
�115 168± 90 +280

�104 2.6±1.1 +2.3
�1.8 1.0

31S0 [53] 2020
K(1830) [37] ⇠ 1830 ⇠ 250

All X(1+) 16±3 + 6
� 2

X(4140) 8.4� 4146.5±4.5 +4.6
�2.8 83±21 +21

�14 13.0±3.2 +4.8
�2.0

ave. Table 1 4147.1±2.4 15.7±6.3
X(4274) 6.0� 4273.3±8.3 +17.2

� 3.6 56±11 + 8
�11 7.1±2.5 +3.5

�2.4

CDF [29] 4274.4 +8.4
�6.7 ± 1.9 32 +22

�15 ± 8
CMS [25] 4313.8±5.3±7.3 38 +30

�15 ± 16
All X(0+) 28± 5± 7
NRJ/ � 6.4� 46±11 +11

�21

X(4500) 6.1� 4506±11 +12
�15 92±21 +21

�20 6.6±2.4 +3.5
�2.3

X(4700) 5.6� 4704±10 +14
�24 120±31 +42

�33 12± 5 + 9
� 5
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• The measured width of  is larger that value obtained from other experimentsX(4140)

https://dx.doi.org/10.1103/PhysRevD.95.012002
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The amplitude analysis of  B+ → J/ψϕK+

• Use full statistic of Run 1+2

•    candidates                                               

• Low background ~ 4% (a factor of 6 smaller)

• Signal is  in 6 times larger than in previous analysis

24200 ± 170 B+

Clear structures In   J/ψϕ

Possible contribution , B+ → J/ψK* B+ → XK+

arXiv:2103.01803

6 Background-subtracted and e�ciency-corrected

distributions

The background-subtracted and e�ciency-corrected Dalitz plots are shown in Figs. 8–
10 and the mass projections are shown in Figs. 11–13. The latter indicates that the
e�ciency corrections are rather minor. The background is eliminated by subtracting the
scaled B+ sideband distributions. The e�ciency corrections are achieved by weighting
events according to the inverse of the parameterized 6D e�ciency given by Eq. (22). The
e�ciency-corrected signal yield remains similar to the signal candidate count, because we
normalize the e�ciency to unity when averaged over the phase space.
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Figure 8: Background-subtracted and e�ciency-corrected data yield in the Dalitz plane of
(m2

�K ,m2
J/ �). Yield values corresponding to the color encoding are given on the right.

While the m�K distribution (Fig. 11) does not contain any obvious resonance peaks, it
would be premature to conclude that there are none since all K⇤+ resonances expected
in this mass range belong to higher excitations, and therefore should be broad. In fact
the narrowest known K⇤+ resonance in this mass range has a width of approximately
150MeV [37]. Scattering experiments sensitive to K⇤ ! �K decays also showed a
smooth mass distribution, which revealed some resonant activity only after partial-wave
analysis [50–52]. Therefore, studies of angular distributions in correlation with m�K are
necessary. Using full 6D correlations results in the best sensitivity.

The mJ/ � distribution (Fig. 12) contains several peaking structures, which could be

17

3 fb−1

PRD 95 (2017) 012002

https://arxiv.org/abs/2103.01803
https://dx.doi.org/10.1103/PhysRevD.95.012002
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The amplitude analysis of  B+ → J/ψϕK+

Hint to the presence of   contributionB+ → Zcsϕ

X

X
X

X

?Zcs

arXiv:2103.01803

https://arxiv.org/abs/2103.01803
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Helicity amplitude fit

Figure 3: Definition of the ✓K⇤ , ✓J/ , ✓�, ��K⇤,J/ and ��K⇤,� angles describing angular
correlations in B+ ! J/ K⇤+, J/ ! µ+µ�, K⇤+ ! �K+, �! K+K� decays (J/ is denoted
as  in the figure).

The full six-dimensional (6D) matrix element for the K⇤ decay chain is given by

MK⇤

��µ ⌘
X

j

Rj(m�K)
X

�J/ =�1,0,1

X

��=�1,0,1

AB!J/ K⇤ j
�J/ 

AK⇤!�K j
��

⇥

dJK⇤ j
�J/ ,��

(✓K⇤) d1��,0(✓�) e
i����K⇤,� d1�J/ ,��µ(✓J/ ) e

i�J/ ��K⇤,J/ ,

|MK⇤ |2 =
X

��µ=±1

���MK⇤

��µ

���
2

,

(1)

where the index j enumerates the di↵erent K⇤+ resonances. The symbol JK⇤ denotes the
spin of theK⇤ resonance, � is the helicity (projection of the particle spin onto its momentum
in the rest frame of its parent) and ��µ ⌘ �µ+ � �µ� . The terms dJ�1,�2(✓) are the Wigner
d-functions, Rj(m�K) is the mass dependence of the contribution and will be discussed
in more detail later (usually a complex Breit–Wigner amplitude depending on resonance

pole mass M0K⇤ j and width �0K⇤ j). The coe�cients AB!J/ K⇤

�J/ 
and AK⇤!�K

��
are complex

helicity couplings describing the (weak) B+ and (strong) K⇤+ decay dynamics, respectively.

There are three independent complex AB!J/ K⇤

�J/ 
couplings to be fitted (�J/ = �1, 0, 1)

per K⇤ resonance, unless JK⇤ = 0 in which case there is only one since �J/ = �K⇤ due to
JB = 0. Parity conservation in the K⇤ decay limits the number of independent helicity
couplings AK⇤!�K

��
. More generally parity conservation requires

AA!BC
��B ,��C = PA PB PC (�1)JB+JC�JA AA!BC

�B ,�C
, (2)

which, for the decay K⇤+ ! �K+, leads to

A�� = PK⇤(�1)JK⇤+1 A��� . (3)

This reduces the number of independent couplings in the K⇤ decay to one or two. Since the
overall magnitude and phase of these couplings can be absorbed in AB!J/ K⇤

�J/ 
, in practice

the K⇤ decay contributes zero or one complex parameter to be fitted per K⇤ resonance.

7

• Components for each decays described by 6 parameters:

• Mass , helicity angles , angles between two decay chains 

•  

• Other invariant masses in the chain depend of  and 

• First fit with model from previous analysis

mϕK θ Δϕ

Ω = (θK*, θJ/ψ, θϕ, ΔϕK*,J/ψ, ΔϕK*,ϕ)

mϕK Ω

couplings, and masses and widths of resonances. The two other invariant masses, m�K

and mJ/ K , and the angular variables describing the X and Z+ decay chains depend on
m�K and ⌦, therefore they do not represent independent dimensions. The signal PDF is
given by:

dP
dm�K d⌦

⌘ Psig(m�K ,⌦|~!) =
1

I(�!w )

��M(m�K ,⌦|~!)
��2�(m�K)✏(m�K ,⌦), (17)

where M(m�K ,⌦|~!) is the matrix element given by Eq. (5). �(m�K) = p q is the phase
space function, where p is the momentum of the �K+ (i.e. K⇤) system in the B+ rest
frame, and q is the K+ momentum in the K⇤+ rest frame. The function ✏(m�K ,⌦) is the
signal e�ciency, and I(~!) is the normalization integral,

I(~!) ⌘
Z

Psig(m�K ,⌦) dm�K d⌦ /
P

j w
MC
j

��M(mKp j,⌦j|~!)
��2

P
j w

MC
j

, (18)

where the sum is over simulated events, which are generated uniformly in B+ decay phase
space and passed through the detector simulation [47] and data selection. In the simulation,
pp collisions producing B+ mesons are generated using Pythia [48] with a specific LHCb
configuration [49]. The weights wMC

j introduced in Eq. (18) contain corrections to the
B+ production kinematics in the generation and to the detector response to bring the
simulations into better agreement with the data. Setting wMC

j = 1 is one of the variations
considered when evaluating systematic uncertainties. The simulation sample contains
132 000 events, approximately 30 times the signal size in data. This procedure folds the
detector response into the model and allows a direct determination of the parameters of
interest from the uncorrected data. The resulting log-likelihood sums over the data events
(here for illustration, P = Psig),

lnL(~!) =
X

i

lnPsig(mKp i,⌦i|~!)

=
X

i

ln
��M(mKp i,⌦i|~!)

��2 �N ln I(~!) +
X

i

ln[�(mKp i)✏(mKp i,⌦i)],
(19)

where the last term does not depend on ~! and can be dropped (N is the total number of
the events in the fit).

In addition to the signal PDF, Psig(m�K ,⌦|~!), the background PDF, Pbkg(m�K ,⌦)
determined from the B+ mass peak sidebands, is included. We minimize the negative
log-likelihood defined as

� lnL(~!) = �
X

i

ln [(1� �)Psig(m�K i,⌦i|~!) + � Pbkg(m�K i,⌦i)]

= �
X

i

ln

"
(1� �)

��M(m�K i,⌦i|~!)
��2�(m�K i)✏(m�K i,⌦i)

I(~!)
+ �

Pu
bkg(m�K i,⌦i)

Ibkg

#

= �
X

i

ln

��M(m�K i,⌦i|~!)
��2 + � I(~!)

(1� �)Ibkg

Pu
bkg(m�K i,⌦i)

�(m�K i)✏(m�K i,⌦i)

�
+N ln I(~!) + const.,

(20)

11

determinated from 
MC

Fraction of comb. bkg., 
determinate from fit to mJ/ψϕK

Normalization integrals
phase space function

6D matrix element, resonance

lineshapes - RBW with 

Blatt-Waiskopff barrier-factor 

arXiv:2103.01803
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Results with Run 1 model 

• The fitting was optimized using Run1 data

• The fit cannot describe properly   and 

 


• Improvement of  model: (include tails of 
 and poles 

below  threshold)

mJ/ψK+

mJ/ψϕ
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Figure 3: Distributions of �K+ (left), J/ � (middle) and J/ K+ (right) invariant masses for
the B+ ! J/ �K+ candidates (black data points) compared with the fit results (red solid lines)
of the default model (top row) and the Run 1 model (bottom row).
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Figure 4: Fit projections onto mJ/ K+ in two slices of mJ/ � for the default model with and
without the 1+ Z+

cs states. The narrow Z+
cs state at 4 GeV is evident.

Fig. 3 shows the invariant mass distributions for all pairs of final state particles of
the B+ ! J/ �K+ decay with fit projections from the amplitude analysis overlaid, for
both the default model and the Run 1 model. The fit results are summarised in Table 1,
including mass, width, fit fraction (FF), and significance of each component. The masses
and widths of the four X states studied using the LHCb Run 1 sample only are consistent
with the previous measurements [14, 15]. The significance of each component is evaluated
by assuming that the change of twice the log-likelihood between the default fit and the fit
without this component follows a �2 distribution. The corresponding number of degrees of
freedom is equal to the reduction in the number of free parameters multiplied by a factor
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Fig. 3 shows the invariant mass distributions for all pairs of final state particles of
the B+ ! J/ �K+ decay with fit projections from the amplitude analysis overlaid, for
both the default model and the Run 1 model. The fit results are summarised in Table 1,
including mass, width, fit fraction (FF), and significance of each component. The masses
and widths of the four X states studied using the LHCb Run 1 sample only are consistent
with the previous measurements [14, 15]. The significance of each component is evaluated
by assuming that the change of twice the log-likelihood between the default fit and the fit
without this component follows a �2 distribution. The corresponding number of degrees of
freedom is equal to the reduction in the number of free parameters multiplied by a factor
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with the previous measurements [14, 15]. The significance of each component is evaluated
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Figure 3: Distributions of �K+ (left), J/ � (middle) and J/ K+ (right) invariant masses for
the B+ ! J/ �K+ candidates (black data points) compared with the fit results (red solid lines)
of the default model (top row) and the Run 1 model (bottom row).

 [GeV]+KψJ/m 
3.8 4 4.2

C
an

di
da

te
s /

 (1
0 

M
eV

)

50

100

150

200

250

300

-1Data 9 fb
Total fit

 fitcsZNo 
(4000)csZ 

 ( 4.25, 4.35) GeV∈ φψJ/ m

LHCb

 [GeV]+KψJ/m 
3.8 4 4.2

50

100

150

200

250

300  ( 4.35, 4.45) GeV∈ φψJ/ m

Figure 4: Fit projections onto mJ/ K+ in two slices of mJ/ � for the default model with and
without the 1+ Z+

cs states. The narrow Z+
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Fig. 3 shows the invariant mass distributions for all pairs of final state particles of
the B+ ! J/ �K+ decay with fit projections from the amplitude analysis overlaid, for
both the default model and the Run 1 model. The fit results are summarised in Table 1,
including mass, width, fit fraction (FF), and significance of each component. The masses
and widths of the four X states studied using the LHCb Run 1 sample only are consistent
with the previous measurements [14, 15]. The significance of each component is evaluated
by assuming that the change of twice the log-likelihood between the default fit and the fit
without this component follows a �2 distribution. The corresponding number of degrees of
freedom is equal to the reduction in the number of free parameters multiplied by a factor
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the B+ ! J/ �K+ candidates (black data points) compared with the fit results (red solid lines)
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Fig. 3 shows the invariant mass distributions for all pairs of final state particles of
the B+ ! J/ �K+ decay with fit projections from the amplitude analysis overlaid, for
both the default model and the Run 1 model. The fit results are summarised in Table 1,
including mass, width, fit fraction (FF), and significance of each component. The masses
and widths of the four X states studied using the LHCb Run 1 sample only are consistent
with the previous measurements [14, 15]. The significance of each component is evaluated
by assuming that the change of twice the log-likelihood between the default fit and the fit
without this component follows a �2 distribution. The corresponding number of degrees of
freedom is equal to the reduction in the number of free parameters multiplied by a factor
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Fig. 3 shows the invariant mass distributions for all pairs of final state particles of
the B+ ! J/ �K+ decay with fit projections from the amplitude analysis overlaid, for
both the default model and the Run 1 model. The fit results are summarised in Table 1,
including mass, width, fit fraction (FF), and significance of each component. The masses
and widths of the four X states studied using the LHCb Run 1 sample only are consistent
with the previous measurements [14, 15]. The significance of each component is evaluated
by assuming that the change of twice the log-likelihood between the default fit and the fit
without this component follows a �2 distribution. The corresponding number of degrees of
freedom is equal to the reduction in the number of free parameters multiplied by a factor
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Fig. 3 shows the invariant mass distributions for all pairs of final state particles of
the B+ ! J/ �K+ decay with fit projections from the amplitude analysis overlaid, for
both the default model and the Run 1 model. The fit results are summarised in Table 1,
including mass, width, fit fraction (FF), and significance of each component. The masses
and widths of the four X states studied using the LHCb Run 1 sample only are consistent
with the previous measurements [14, 15]. The significance of each component is evaluated
by assuming that the change of twice the log-likelihood between the default fit and the fit
without this component follows a �2 distribution. The corresponding number of degrees of
freedom is equal to the reduction in the number of free parameters multiplied by a factor
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Fig. 3 shows the invariant mass distributions for all pairs of final state particles of
the B+ ! J/ �K+ decay with fit projections from the amplitude analysis overlaid, for
both the default model and the Run 1 model. The fit results are summarised in Table 1,
including mass, width, fit fraction (FF), and significance of each component. The masses
and widths of the four X states studied using the LHCb Run 1 sample only are consistent
with the previous measurements [14, 15]. The significance of each component is evaluated
by assuming that the change of twice the log-likelihood between the default fit and the fit
without this component follows a �2 distribution. The corresponding number of degrees of
freedom is equal to the reduction in the number of free parameters multiplied by a factor
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Fig. 3 shows the invariant mass distributions for all pairs of final state particles of
the B+ ! J/ �K+ decay with fit projections from the amplitude analysis overlaid, for
both the default model and the Run 1 model. The fit results are summarised in Table 1,
including mass, width, fit fraction (FF), and significance of each component. The masses
and widths of the four X states studied using the LHCb Run 1 sample only are consistent
with the previous measurements [14, 15]. The significance of each component is evaluated
by assuming that the change of twice the log-likelihood between the default fit and the fit
without this component follows a �2 distribution. The corresponding number of degrees of
freedom is equal to the reduction in the number of free parameters multiplied by a factor
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• The expansion of  model by including new 
predicted resonance in  spectrum doesn’t  
improve data description


• Test new exotic states (X and ) of different 

• Well described data

• The final nominal model contains 

K*
ϕK+

Zcs JP

9K* + 7X + 1X(NR) + 2Zcs
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Table 1: Fit results from the default amplitude model. The significances are evaluated accounting
for total (statistical) uncertainties. The listed masses and widths without uncertainties are taken
from PDG [2] and are fixed in the fit. The listed world averages of the two K2 and K⇤(1680)
resonances do not contain the contributions from the previous LHCb Run 1 results.

Contribution Significance [⇥�] M0 [MeV] �0 [MeV] FF [%]

All K(1+) 25± 4 + 6
� 15

21P1 K(1+) 4.5 (4.5) 1861± 10 +16
� 46 149± 41 +231

� 23

23P1 K 0(1+) 4.5 (4.5) 1911± 37 +124
� 48 276± 50 +319

� 159

13P1 K1(1400) 9.2 (11) 1403 174 15± 3 + 3
� 11

All K(2�) 2.1± 0.4 +2.0
� 1.1

11D2 K2(1770) 7.9 (8.0) 1773 186

13D2 K2(1820) 5.8 (5.8) 1816 276

All K(1�) 50± 4 +10
� 19

13D1 K⇤(1680) 4.7 (13) 1717 322 14± 2 +35
� 8

23S1 K⇤(1410) 7.7 (15) 1414 232 38± 5 +11
� 17

K(2+)

23P2 K⇤
2(1980) 1.6 (7.4) 1988± 22 +194

� 31 318± 82 +481
� 101 2.3± 0.5± 0.7

K(0�)

21S0 K(1460) 12 (13) 1483 336 10.2± 1.2 +1.0
� 3.8

X(2�)

X(4150) 4.8 (8.7) 4146± 18± 33 135± 28 +59
� 30 2.0± 0.5 +0.8

� 1.0

X(1�)

X(4630) 5.5 (5.7) 4626± 16 + 18
� 110 174± 27 +134

� 73 2.6± 0.5 +2.9
� 1.5

All X(0+) 20± 5 +14
� 7

X(4500) 20 (20) 4474± 3± 3 77± 6 +10
� 8 5.6± 0.7 +2.4

� 0.6

X(4700) 17 (18) 4694± 4 +16
� 3 87± 8 +16

� 6 8.9± 1.2 +4.9
� 1.4

NRJ/ � 4.8 (5.7) 28± 8 +19
� 11

All X(1+) 26± 3 + 8
� 10

X(4140) 13 (16) 4118± 11 +19
� 36 162± 21 +24

� 49 17± 3 +19
� 6

X(4274) 18 (18) 4294± 4 +3
� 6 53± 5± 5 2.8± 0.5 +0.8

� 0.4

X(4685) 15 (15) 4684± 7 +13
� 16 126± 15 +37

� 41 7.2± 1.0 +4.0
� 2.0

All Zcs(1+) 25± 5 +11
� 12

Zcs(4000) 15 (16) 4003± 6 + 4
� 14 131± 15± 26 9.4± 2.1± 3.4

Zcs(4220) 5.9 (8.4) 4216± 24 +43
� 30 233± 52 +97

� 73 10± 4 +10
� 7

4

Table 1: Fit results from the default amplitude model. The significances are evaluated accounting
for total (statistical) uncertainties. The listed masses and widths without uncertainties are taken
from PDG [2] and are fixed in the fit. The listed world averages of the two K2 and K⇤(1680)
resonances do not contain the contributions from the previous LHCb Run 1 results.

Contribution Significance [⇥�] M0 [MeV] �0 [MeV] FF [%]

All K(1+) 25± 4 + 6
� 15

21P1 K(1+) 4.5 (4.5) 1861± 10 +16
� 46 149± 41 +231

� 23

23P1 K 0(1+) 4.5 (4.5) 1911± 37 +124
� 48 276± 50 +319

� 159

13P1 K1(1400) 9.2 (11) 1403 174 15± 3 + 3
� 11

All K(2�) 2.1± 0.4 +2.0
� 1.1

11D2 K2(1770) 7.9 (8.0) 1773 186

13D2 K2(1820) 5.8 (5.8) 1816 276

All K(1�) 50± 4 +10
� 19

13D1 K⇤(1680) 4.7 (13) 1717 322 14± 2 +35
� 8

23S1 K⇤(1410) 7.7 (15) 1414 232 38± 5 +11
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X(4150) 4.8 (8.7) 4146± 18± 33 135± 28 +59
� 30 2.0± 0.5 +0.8

� 1.0

X(1�)

X(4630) 5.5 (5.7) 4626± 16 + 18
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� 6 53± 5± 5 2.8± 0.5 +0.8

� 0.4

X(4685) 15 (15) 4684± 7 +13
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� 41 7.2± 1.0 +4.0
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All Zcs(1+) 25± 5 +11
� 12
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4

• Two new   and several  are observed with significance more 5 

• Results of Run 1 data are confirmed with large significance

Z+
cs → J/ψK+ X → J/ψϕ σ
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 hypothesis and dominated systematicsJP

• The different hypothesis for  of observed resonance are testes:


•  confirmed for previous reported states  with high significance


•  favored for X(4685) and  


• X(4150) and X(4630) are not very determined,  and  is preferred for X(4630) (3 ) 

and  is preferred for X(4150) (4 )


•   and  cannot be distinguished for   


• Various alternative models are investigated for systematics studies:


• Simplified K-matrix for , Flatte for X and Z states etc…


• The difference between   and  for   state assigned as systematics and 

gives major contribution for the   parameters

JP

JP

1+ Zcs(4000)+

1− 2− σ

2− σ

1− 1+ Zcs(4220)+

K*

1− 1+ Zcs(4220)+

Zcs(4000)+

Table 1: Fit results from the default amplitude model. The significances are evaluated accounting
for total (statistical) uncertainties. The listed masses and widths without uncertainties are taken
from PDG [2] and are fixed in the fit. The listed world averages of the two K2 and K⇤(1680)
resonances do not contain the contributions from the previous LHCb Run 1 results.
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X(4500) 20 (20) 4474± 3± 3 77± 6 +10
� 8 5.6± 0.7 +2.4

� 0.6

X(4700) 17 (18) 4694± 4 +16
� 3 87± 8 +16

� 6 8.9± 1.2 +4.9
� 1.4

NRJ/ � 4.8 (5.7) 28± 8 +19
� 11

All X(1+) 26± 3 + 8
� 10

X(4140) 13 (16) 4118± 11 +19
� 36 162± 21 +24

� 49 17± 3 +19
� 6

X(4274) 18 (18) 4294± 4 +3
� 6 53± 5± 5 2.8± 0.5 +0.8

� 0.4

X(4685) 15 (15) 4684± 7 +13
� 16 126± 15 +37

� 41 7.2± 1.0 +4.0
� 2.0

All Zcs(1+) 25± 5 +11
� 12

Zcs(4000) 15 (16) 4003± 6 + 4
� 14 131± 15± 26 9.4± 2.1± 3.4

Zcs(4220) 5.9 (8.4) 4216± 24 +43
� 30 233± 52 +97

� 73 10± 4 +10
� 7

4
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 hypothesisJP

The difference between the preferred one and the alternative hypothesis


(σ ∼ Δ(−2lnL))

arXiv:2103.01803

4/8/21

JP analysis

Zehua.XU

The lnℒ difference between the prefer one and alternative hypothesis:
(U~ ∆(−2lnℒ))

Ø &$ assignments to the previous 4- states are confirmed to be correct, with 
improved significance

Ø $!"(4000) and -(4685) &$ are determined to be 1# > 15, .
Ø &$ of the other two new - states not well determined (difference <5,).
Ø $!"(4220) 1+ and 1- cannot be distinguished. 

o 1+ is taken as nominal, 1- is taken as systematic uncertainty. 
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Figure 5: Fitted values of the Zcs(4000)+ amplitude in eight mJ/ K+ intervals, shown on an
Argand diagram (black points). The red curve represents the expected Breit-Wigner behaviour
between �1.4�0 to 1.4�0 around the Zcs(4000)+ mass.

due to the JP hypotheses of the Zcs(4220)+ state. The summary of fit results, including
the systematic uncertainties, is listed in Table 1. The smallest significance found when
varying each of sources is taken as the significance accounting for systematic uncertainty.

Further evidence for the resonant character of Zcs(4000)+ is observed in Fig. 5, showing
the evolution of the complex amplitude on the Argand diagram, obtained with the same
method as previously reported for the Zc(4430)� state [7]. The magnitude and phase
have approximately circular evolution with mJ/ K+ in the counter-clockwise direction, as
expected for a resonance.

The BESIII experiment reported observation of the threshold structure in the D�
s D

⇤0+
D⇤�

s D0 mass distribution [13]. When interpreted as a resonance, called Zcs(3985)�, its
mass 3982.5 +1.8

� 2.6 (stat)±2.1 (syst)MeV is consistent with the 1+ Zcs(4000)+ state observed
in this analysis, but with significantly narrower width 12.8 +5.3

� 4.4 (stat) ± 3.0 (syst)MeV.
When fixing the mass and width of this state to the nominal BESIII result in the amplitude
fit to our data, the twice the log-likelihood is worse by 160 units. The narrower width is
also not supported by an alternative Flatté model with parameters obtained from our
data. Therefore, there is no evidence that the Zcs(4000)+ state observed here is as same
as the Zcs(3985)� state observed by BESIII.

In conclusion, an improved full amplitude analysis of the B+ ! J/ �K+ decay is
performed using 6 times larger signal yield than previously analyzed [14]. A relatively
narrow Zcs(4000)+ state decaying to J/ K+ with mass 4003± 6 (stat) + 4

� 14 (syst)MeV and
width 131± 15 (stat)± 26 (syst)MeV is observed with large significance. Its spin-parity is
determined to be 1+ also with high significance. A quasi-model-independent representation
of the Zcs(4000)+ contribution in the fit shows a phase change in the amplitude consistent
with that of a resonance. A broader 1+ or 1� Zcs(4220)+ state is also required at 5.9�.
This is the first observation of states with hidden charm and strangeness that decay to the
J/ K+ final state. The four X states decaying to J/ � observed in the Run 1 analysis [14]
are confirmed with higher significance, together with their quantum number assignments.
An additional 1+ X(4685) state is observed with relatively narrow width (about 125MeV)
with high significance. A new X(4630) state is observed with a 5.5� significance, with
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Fig. 3 shows the invariant mass distributions for all pairs of final state particles of
the B+ ! J/ �K+ decay with fit projections from the amplitude analysis overlaid, for
both the default model and the Run 1 model. The fit results are summarised in Table 1,
including mass, width, fit fraction (FF), and significance of each component. The masses
and widths of the four X states studied using the LHCb Run 1 sample only are consistent
with the previous measurements [14, 15]. The significance of each component is evaluated
by assuming that the change of twice the log-likelihood between the default fit and the fit
without this component follows a �2 distribution. The corresponding number of degrees of
freedom is equal to the reduction in the number of free parameters multiplied by a factor
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• Argand plot from independent fitting shows 
resonance character of 


• Including of this state significantly improves fit quality


• Fit with fixed to BESII’s results of   state  

for  parameters shows worse log-
likelihood  w.r.t nominal model


Zcs(4000)+

Zcs(3985)−

Zcs(4000)+

7

mass thresholds in the K+ recoil-mass spectrum for
events collected at

√
s = 4.681GeV. While the known

charmed mesons cannot explain the excess, it matches
a hypothesis of a D−

s D
∗0 and D∗−

s D0 resonant struc-
ture Zcs(3985)− with a mass-dependent-width Breit-
Wigner line shape well; a fit gives the resonance mass
of (3985.2+2.1

−2.0 ± 1.7)MeV/c2 and width of (13.8+8.1
−5.2 ±

4.9)MeV. This corresponds to a pole position mpole −
iΓpole

2 of

mpole[Zcs(3985)
−] = (3982.5+1.8

−2.6 ± 2.1)MeV/c2,

Γpole[Zcs(3985)
−] = (12.8+5.3

−4.4 ± 3.0)MeV.

The first uncertainties are statistical and the second are
systematic. The significance of this resonance hypothe-
sis is estimated to be 5.3 σ over the pure contributions
from the conventional charmed mesons. The Zcs(3985)−

candidate reported here would couple to at least one of
D−

s D
∗0 and D∗−

s D0, and has unit charge, the quark com-
position is most likely cc̄sū. Hence, it would become the
first Zcs tetraquark candidate observed. The measured
mass is close to the mass threshold of DsD̄∗ and D∗

sD̄,
which is consistent with the theoretical calculations in
Ref. [18, 20–22]. In addition, the Born cross sections
σB [e+e− → K+Zcs(3985)− + c.c.] times the sum of the
branching fractions for Zcs(3985)− → D−

s D
∗0 +D∗−

s D0

decays are measured at the five energy points. Because of
the limited size of the statistics, only a one-dimensional
fit is implemented and the potential interference effects
are neglected. As shown in Figs. 5 and 6 of Ref. [28],
we find no evidence for enhancements due to interfer-
ence below 4 GeV/c2. Even so, the properties of the
observed excess might not be fully explored and there
exist other possibilities of explaining the near-threshold

enhancement. To further improve studies of the excess,
more statistics are necessary in order to carry out an
amplitude analysis.
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 states interpretationZcs
Several theoretical interpretation already appeared:

3

Direct production in e+e� favours the association of Zcs(3985) with the nonet of X(3872) and X(4140). However non
strange tetraquarks are more favourably produced by Y resonances and, if this applies to Zcs as well, there would be
no preference. A determination of the energy dependence of Zcs(3985) by BES III is crucial, for a comparison with
LHCb results.

An indication may come from the decay in (13) observed by LHCb. In the exact SU(3)f limit, with J/ a SU(3)
singlet,

M = � µ  Tr
⇣
[Z,M ]

⌘
= 0, (JPC = 1++) (17)

M = � µ  Tr{Z,M} = � µ  (Z+
csK

� + c.c.)(JPC = 1+�) (18)

� is a dimensionless coupling, µ has dimensions of a mass. However, for the JPC = 1++ nonet, the decay would occur
to first order in SU(3)f symmetry breaking. Denoting by ✏8 = Diag(mu, md, ms) the symmetry breaking quark mass
matrix 2

M = � i Tr(✏8[X,M ]) ⇠ � (ms �mu) i (Z
+
csK

� � c.c.), (JPC = 1++) (19)

The exact SU(3) limit favours Zsc(4003) in the Zc(3900) nonet, but the other possibility cannot be excluded.
Finally, the D⇤D̄ decay, (13), is always allowed, and so is the B+ decay in (2) (a weak process that requires

extending (9) to CP invariance).
In conclusion, lacking information about the energy dependence of (1), we consider both alternatives. t

X(3872) Zc(3900)

Zcs(3985)

Xss̄, M = 4076X(4140)

Zcs(4003)

X
(4
14
0)
+
X
(3
87
2)

2

=
40
09

1++ 1+�

I3

#s or s̄

FIG. 1: Solution 1. In the boxes the hidden charm-strange resonances and the missing Xss̄ tetraquark with its predicted mass. The
SU(3)f prediction for the mass of the strange state of the X(3872) � X(4140) nonet is M= 4009 MeV to be compared with the Zcs of
Solution1 at 4003 MeV. The upper state on the right panel has not yet been observed. By C = ±1 nonets we refer to the sign of charge
conjugation of the neutral-non-strange members, see (9).

Solution 1. The value in (8) supports the assignment of Zcs(4003) to the JPC = 1++ nonet, see Fig. 1. In this
case, the Zcs from BESIII belongs to the JPC = 1+� nonet and the equal spacing rule predicts its ss̄ component to
the mass

Xss̄(J
P = 1+�) = 4076 MeV (20)

In this solution, we find a spacing of 275 MeV in the C = +1 nonet, similar to the ⇢ � � spacing (244 MeV) and
a spacing of 188 MeV for the C = �1 nonet, comparable to the spacing of the tensor mesons a2(1320), f 0

2(1525)
(200 MeV), still in the range of the strange to light quark mass di↵erence.

Solution 2. Zcs(3985) is associated to the JPC = 1++ nonet, with a disagreement of ⇠ 27 MeV with respect
to the equal spacing rule (8). This is larger than the violation of the rule in the vector meson nonet, (6), but still
acceptable. Associating Zcs(4003) to the JPC = 1+� nonet, we predict

Xss̄(J
PC = 1+�) = 4121 MeV. (21)

In both solutions, one can anticipate that:

2 Eqs. (17) to (19) have the same structure as the equations for the mixing of two strange particles in di↵erent octets studied in [25].
With due account of the charge conjugation of J/ , we obtain the same results, for exact or first order broken SU(3)f .

6

BESIII data LHCb data

Parameters Model a Model b Model a Model b

�2/d.o.f. 1.00 1.02 2.65 2.04

ln
�
NDsD⇤+DD⇤

s

�
25.4(5) 24.6(6) - -

ln
�
NJ/ K

�
- - 25.22(6) 25.43(8)

AJ/ K 0.71(4) 1.0(9) 0.026(1) 0.028(2)

A⌘cK⇤ 0.31(3) 0.33(2) 0.39(2) 0.35(3)

ADsD⇤ 0.028(2) 0.052(5) 0.140(4) 0.02(1)

ADD⇤
s

0.030(2) 0.04(1) 0.00(2) 0.10(1)

AJ/ K⇤ 0.01(1) 0.01(2) 0.9(1) 0.52(7)

AD⇤D⇤
s

0.17(5) 0.29(2) 0.143(4) 0.15(1)

✓J/ K -1.42(3) -2.65(8) -2.43(2) -0.39(13)

✓⌘cK⇤ -0.53(5) -1.8(2) 1.43(4) -3.19(6)

✓DsD⇤ -2.33(7) 3.2(4) -3.19(3) -1.25(3)

✓DD⇤
s

-2.39(7) 2.4(2) 1(6) -0.96(11)

✓J/ K⇤ -1.1(9) -3(5) -0.4(1) 1.15(13)

✓D⇤D⇤
s

-2.5(3) -2.7(2) 0.67(2) 2.80(11)

TABLE I. Normalization and amplitude factors for the
D�

s D⇤0+D⇤�
s D0 (left) and J/ K� (right) line shapes, which

are fitted using Eq. (19). The minimum value of the �2/d.o.f.,
calculated in the [3.9, 4.2] GeV energy range, is also given.
The 68% uncertainty in the parameters, in parenthesis, is
obtained from the fit.

accuracy, but model b gives a slightly better �2/d.o.f.,
shown in Table I. It is worth noticing that, besides the
di↵erent production weights involved in both reactions,
which can be di↵erent, it is the pole structure of the S-
matrix that gives the corresponding peaks that appear
in the experimental data. Thus, our results support the
hypothesis that the Zcs(3985)� and the Zcs(4000)+ are
the same state, and that the Zcs(4220)+ is an e↵ect of an
event dip around the D⇤0D⇤�

s threshold, which emerges
as a second peak in the D�

s D
⇤0 + D⇤�

s D0 line shape,
around the same energy.

In addition, we can exploit the same framework to
predict states in the hidden bottom strange sector within
the same procedure we have used in this calculation,
except the obvious change of the charm quark mass
for the bottom quark mass. The main channels
involved in the calculation are B⇤�B0

s , B�B⇤0
s and

B⇤�B⇤0
s

2. This time we obtain two poles in the
second Riemann sheet below the B⇤�B0

s and B⇤�B⇤ 0
s

thresholds, corresponding to two virtual Zbs states at
10691 MeV/c2 and 10739 MeV/c2, respectively. These
states should be identified as the SU(3)F partners of the
Zb(10610)± and the Zb(10650)±, heavy partners of the
Zcs(3985)� and Zcs(4110)�, and could be detected in the
⌥(1S)K� and B⇤�B0

s +B�B⇤0
s channels.

2 The analogous hidden-bottom channels ⌥(1S)K(⇤�) and
⌘b(1S)K⇤� are too far away to a↵ect the pole determination,
though they are relevant to describe the lineshapes and decays

FIG. 3. Theoretical description (solid) of the experimental
J/ K� invariant mass spectrum (black dots) measured by
LHCb [21]. Same legend as in Fig. 2.

IV. SUMMARY

The Zcs(3985)� is a new signal which confirms that
we need to go beyond the naive qq̄ structures to describe
meson states and consider more complex structures. The

proximity of the D(⇤)
s D(⇤) thresholds suggest that this

state may be the corresponding partner of the Zc(3900)±

in a SU(3)F scheme.
To explore its structure, we have performed a coupled-

channels calculation for the I(JP ) = 1

2
(1+) four-

quark sector in the framework of the chiral constituent
quark model. We included the most relevant meson-
meson channels with mass thresholds close to the
experimental Zcs(3985)� mass. The calculation is
done using the standard set of parameters of Ref. [27],
which also reproduced the Zc(3900)± and Zc(4020)± line
shapes [23]. In that sense, the calculation of the poles is
parameter-free.
The experimental K+ recoil-mass spectra is well

reproduced whether the full coupling with D(⇤)
s D(⇤)

• Etc….

• Coupled channel model, are  

and  states same?

Zcs(4000)+

Zcs(3985)+
4

currents. We consider the following type of currents, as
illustrated in Fig. 2:

ξ(x, y) = [q̄a(x)Γ
ξ
1cb(x)] [q̄c(y)Γ

ξ
2sd(y)] , (25)

where Γξ1/2 are Dirac matrices. We shall use the Fierz
rearrangement to study this configuration in Sec. VB.

q

s

q

c

_

_

FIG. 2: Open-charm tetraquark currents ξ(x, y).

There can exist altogether six D(∗)K̄(∗) hadronic
molecular states:

|DK̄; 0+⟩ = |DK̄⟩J=0 , (26)

|DK̄∗; 1+⟩ = |DK̄∗⟩J=1 , (27)

|D∗K̄; 1+⟩ = |D∗K̄⟩J=1 , (28)

|D∗K̄∗; 0+⟩ = |D∗K̄∗⟩J=0 , (29)

|D∗K̄∗; 1+⟩ = |D∗K̄∗⟩J=1 , (30)

|D∗K̄∗; 2+⟩ = |D∗K̄∗⟩J=2 . (31)

Their corresponding currents are:

ξ1(x, y) = q̄a(x)γ5ca(x) q̄b(y)γ5sb(y) , (32)

ξα2 (x, y) = q̄a(x)γ5ca(x) q̄b(y)γ
αsb(y) , (33)

ξα3 (x, y) = q̄a(x)γ
αca(x) q̄b(y)γ5sb(y) , (34)

ξ4(x, y) = q̄a(x)γ
µca(x) q̄b(y)γµsb(y) , (35)

ξα5 (x, y) = q̄a(x)γµca(x) q̄b(y)σ
αµγ5sb(y)

− {γµ ↔ σαµγ5} , (36)

ξαβ6 (x, y) = Pαβ,µν q̄a(x)γµca(x)q̄b(y)γνsb(y) . (37)

C. D(∗)D̄(∗)
s currents

In this subsection we use the c, c̄, s, and q̄ (q = u/d)
quarks to construct strange hidden-charm tetraquark in-
terpolating currents. We consider the following type of
currents:

ζ(x, y) = [q̄a(x)Γ
ζ
1cb(x)] [c̄c(y)Γ

ζ
2sd(y)] , (38)

where Γζ1/2 are Dirac matrices. Their Fierz rearrange-

ments are quite similar to those for η(x, y), just with one
light up/down quark replaced by another strange quark.

There can exist altogether six D(∗)D̄(∗)
s hadronic

molecular states:

|DD̄s; 0
+⟩ = |DD−

s ⟩J=0 , (39)
√
2|DD̄∗

s ; 1
++⟩ = |DD∗−

s ⟩J=1 + |D∗D−
s ⟩J=1 , (40)

√
2|DD̄∗

s ; 1
+−⟩ = |DD∗−

s ⟩J=1 − |D∗D−
s ⟩J=1 , (41)

|D∗D̄∗
s ; 0

+⟩ = |D∗D∗−
s ⟩J=0 , (42)

|D∗D̄∗
s ; 1

+⟩ = |D∗D∗−
s ⟩J=1 , (43)

|D∗D̄∗
s ; 2

+⟩ = |D∗D∗−
s ⟩J=2 . (44)

Their corresponding currents are:

ζ1(x, y) = q̄a(x)γ5ca(x) c̄b(y)γ5sb(y) , (45)

ζα2 (x, y) = q̄a(x)γ5ca(x) c̄b(y)γ
αsb(y)

− {γ5 ↔ γα} , (46)

ζα3 (x, y) = q̄a(x)γ5ca(x) c̄b(y)γ
αsb(y)

+ {γ5 ↔ γα} , (47)

ζ4(x, y) = q̄a(x)γ
µca(x) c̄b(y)γµsb(y) , (48)

ζα5 (x, y) = q̄a(x)γµca(x) c̄b(y)σ
αµγ5sb(y)

− {γµ ↔ σαµγ5} , (49)

ζαβ6 (x, y) = Pαβ,µν q̄a(x)γµca(x)c̄b(y)γνsb(y) . (50)

In the above expressions we have considered the mix-
ing between the DD∗−

s and D∗D−
s components, because

their thresholds are very close to each other. After doing
this, |DD̄∗

s ; 1
++⟩ is the strange partner of |DD̄∗; 1++⟩,

so we denote its quantum number as JPC = 1++;
|DD̄∗

s ; 1
+−⟩ is the strange partner of |DD̄∗; 1+−⟩, so we

denote its quantum number as JPC = 1+−.

III. MASSES AND DECAY CONSTANTS
THROUGH QCD SUM RULES

In this section we apply the method of QCD sum
rules [147, 148] to study D(∗)D̄(∗), D(∗)K̄(∗), and

D(∗)D̄(∗)
s hadronic molecular states through the currents

η1···6, ξ1···6, and ζ1···6. We shall calculate their masses
and decay constants separately in Sec. III B, Sec. III C,
and Sec. III D. We refer to Refs. [149–171] for relevant
QCD sum rule studies.

A. Correlation functions

We use Jα1···αJ to denote the currents
η1···6/ξ1···6/ζ1···6 of spin-J , and use X to denote

the D(∗)D̄(∗)/D(∗)K̄(∗)/D(∗)D̄(∗)
s molecular states. We

assume that the current Jα1···αJ couples to the state X
through

⟨0|Jα1···αJ |X⟩ = fXϵ
α1···αJ , (51)

•  molecules?DD̄*s

• Threshold cups?
2

B+
K⇤⇤

J/ 

K⇤+

�

J/ 

K+(b)

B+
X

K⇤+

J/ 

�

J/ 

K+(a)

FIG. 1: B+ ! J/ �K+ decay via the (a) XK⇤ and (b) K⇤⇤ K⇤ rescattering diagrams. Kinematic conventions for the intermediate states
are (a) K⇤+(q1), X(q2), J/ (q3) and (b) J/ (q1), K⇤⇤(q2), K⇤+(q3).

TABLE I: TS kinematic region corresponding to the rescattering diagrams in Fig. 1, in unit of MeV.

Diagram MX/MK⇤⇤ MJ/ K+

Fig. 1(a) MX : 4372⇠4388 3989⇠4005
Fig. 1(b) MK⇤⇤ : 2068⇠2182 3989⇠4099

II. THRESHOLD EFFECTS AND RESONANCE-LIKE STRUCTURES

A. Zcs(4000)

The bottom meson decaying into a charmonium and a kaon meson is a Cabibbo-favored process. Therefore it is expected
that the rescattering processes illustrated in Figs. 1(a) and (b) may play a role in the decay B+ ! J/ �K+. The intermediate
state X in Fig. 1(a) represents any charmonia that can decay into J/ �. From the LHCb experiments one can see that there are
many such states. The intermediate state K⇤⇤ in Fig. 1(b) represents a kaon meson that can couple to �K(⇤)+. The threshold
of J/ K⇤+ is about 3989 MeV, which is very close to MZcs(4000). It is therefore natural to expect that the rescattering process
J/ K⇤+ ! J/ K+ and the resulting threshold cusp may account for the observation of Zcs(4000).

Another intriguing character of the rescattering processes illustrated in Fig. 1(a) is that the K⇤+X threshold could be very
close to MB+ . Therefore a TS of the rescattering amplitude is expected to appear in the vicinity of the physical boundary.
The TS may enhance the two-body threshold cusp or itself may generate a resonance-like peak in the J/ K+ spectrum. The
kinematic region where the TS can be present on the physical boundary for various rescattering diagrams is displayed in Table I,
see Ref. [18] for some detailed derivations. From Table I, it can be seen that the mass of X(4274) is close to the TS kinematic
region for Fig. 1(a). For Fig. 1(b), the mass of K(1911) is relatively close to the TS region.

Considering the X states with JP = 1+, the general invariant amplitude for B+ ! XK⇤+ can be written as:

A(B+ ! XK⇤+) = a ✏⇤(X) · ✏⇤(K⇤) +
b

(MB +MK⇤)2
pB · ✏⇤(X) pB · ✏⇤(K⇤)

+
c

(MB +MK⇤)2
i"µ⌫↵�p

µ
Bp

⌫
K⇤✏⇤↵(X)✏⇤�(K⇤). (2)

For B+ decaying into the higher charmonium state X and K⇤+, the X and K⇤+ will nearly stay at rest in the rest frame of B+.
Therefore in the above formula, only the first term on the right hand side will contribute significantly. As an approximation, we
only keep the fist term in the calculation, and set the form factor a as a constant. For the X state with JP = 1+ decaying into
J/ �, the amplitude takes the form

A(X ! J/ �) = gX"µ⌫↵�p
µ
�✏
⌫(X)✏⇤↵(J/ )✏⇤�(�), (3)

where gX is the coupling constant. To simplify the model, we construct an S-wave contact interaction for the scattering
J/ K⇤+ ! J/ K+, which means the quantum numbers of the J/ K+ (J/ K⇤+) system are JP = 1+. The pertinent
amplitude reads

A(J/ K⇤+ ! J/ K+) = g K "µ⌫↵�(p
µ
J/ + pµK)✏⌫(J/ )✏↵(K⇤)✏⇤�(J/ ). (4)

• Are  and   tetraquarks?Zcs(4000)+ Zcs(3985)+
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Prospect of observed states investigation

• Expect a significant increase in data after upgrade (7x in 2029) :


• The  for  could be determined with large data sample


• As well as  for other new  X  states


• Make a solid conclusion about the same nature of  and 


• Search for same resonance decays in  other channels:


• In  decays the  spectrum could be probed up to approximately 

Jp Z+
cs(4220)

Jp

Z+
cs(4000) Z−

cs(3985)

B0
s J/ψϕ

300 MeV/c2



Study of the   decays B0
s → J/ψπ+π−K+K−
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Study of the  decaysB0
s → J/ψπ+π−K+K−

• Use full statistic of Run 1+2

•    candidates

• A lot of possible contributions due to 5 particles in final  state

• Clear visible signals after the background suppressions

           …

26500 ± 200 B0
s

ψ(2S), χc1(3872), K*0(892), ϕ

5.3 5.35 5.4 5.45
0

5
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15
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C
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n
d
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a
t
e
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M
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/
c2
)
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B0

s
! J/ K+K�⇡+⇡�

background

total

mJ/ K+K�⇡+⇡�
⇥
GeV/c2

⇤

Figure 1: Distribution of the J/ K+K�⇡+⇡� mass of selected B0
s candidates shown as points

with error bars. A fit, described in the text, is overlaid.

4 B
0

s
! �c1(3872)� and B

0

s
!  (2S)� decays118

The yields of the B0

s
! Xcc� decays, where Xcc denotes either the  (2S) or119

the �c1(3872) state, are determined using a three-dimensional unbinned ex-120

tended maximum-likelihood fit to the J/ K+K�⇡+⇡� mass (mJ/ K+K�⇡+⇡�)121

the J/ ⇡+⇡� mass (mJ/ ⇡+⇡�) and the K+K� mass (mK+K�) distributions. The fit is122

performed simultaneously in two non-overlapping regions 3.67 < mJ/ ⇡+⇡� < 3.70GeV/c2123

and 3.85 < mJ/ ⇡+⇡� < 3.90GeV/c2, corresponding to the B0

s
!  (2S)� and124

B0

s
! �c1(3872)� signals, respectively, with 0.995 < mK+K� < 1.060GeV/c2 and125

5.30 < mJ/ K+K�⇡+⇡� < 5.48GeV/c2. To improve the resolution on the J/ ⇡+⇡� mass126

and to eliminate a small correlation between the mJ/ K+K�⇡+⇡� and mJ/ ⇡+⇡� variables,127

the mJ/ ⇡+⇡� variable is computed using a kinematic fit [53] that constrains the mass of128

the B0

s
candidate to its known value [22]. In each region, the three-dimensional fit model129

is defined as a sum of eight components. Four of these components correspond to decays130

of B0

s
mesons:131

1. a signal B0

s
! Xcc� component, described by the product of the B0

s
, Xcc and � signal132

templates, described in detail in the next paragraph;133

4

Measure a branching ratio:

R�c1(3872)
 (2S) =

N�c1(3872)�
N (2S)�

⇥ " (2S)�

"�c1(3872)�
; (1.2)

where the branching fraction ratios are given by:45

RK⇤0

 (2S) ⌘
B(B0

s!J/ K⇤0K⇤0)⇥B(K⇤0!K+⇡�)2

B(B0
s! (2S)�)⇥B( (2S)!J/ ⇡+⇡�) ; (1.3)

46

R�c1(3872)
 (2S) ⌘ B(B0

s!�c1(3872)�)⇥B(�c1(3872)!J/ ⇡+⇡�)
B(B0

s! (2S)�)⇥B( (2S)!J/ ⇡+⇡�) ; (1.4)

In addition, the ratio of branching fractions for B0

s
! �c1(3872) (K+K�)

NR
decays,47

where K+K� pair does not come from the � mesons, and the B0

s
! �c1(3872)� decays is48

measured49

R�c1(3872)NR

�c1(3872)�
⌘

BB0
s!�c1(3872)(K+K�)NR

BB0
s!�c1(3872)�

(1.5)

A measurement of the B0

s
mass is also presented. The analysis is based on data sample50

of integrated luminosity of 9 fb�1 collected by the LHCb detector in pp-collisions at a51

centre-of-mass energy of 7 TeV in 2011, 8 TeV in 2012 and 13 TeV in 2015 - 2018.52

2

R�c1(3872)
 (2S) =

N�c1(3872)�
N (2S)�

⇥ " (2S)�

"�c1(3872)�
; (1.2)

where the branching fraction ratios are given by:45

RK⇤0

 (2S) ⌘
B(B0

s!J/ K⇤0K⇤0)⇥B(K⇤0!K+⇡�)2

B(B0
s! (2S)�)⇥B( (2S)!J/ ⇡+⇡�) ; (1.3)

46

R�c1(3872)
 (2S) ⌘ B(B0

s!�c1(3872)�)⇥B(�c1(3872)!J/ ⇡+⇡�)
B(B0

s! (2S)�)⇥B( (2S)!J/ ⇡+⇡�) ; (1.4)

In addition, the ratio of branching fractions for B0

s
! �c1(3872) (K+K�)

NR
decays,47

where K+K� pair does not come from the � mesons, and the B0

s
! �c1(3872)� decays is48

measured49

R�c1(3872)NR

�c1(3872)�
⌘

BB0
s!�c1(3872)(K+K�)NR

BB0
s!�c1(3872)�

(1.5)

A measurement of the B0

s
mass is also presented. The analysis is based on data sample50

of integrated luminosity of 9 fb�1 collected by the LHCb detector in pp-collisions at a51

centre-of-mass energy of 7 TeV in 2011, 8 TeV in 2012 and 13 TeV in 2015 - 2018.52

2

Derived from MC and calib samplesDerived from the data

• The signal yields are obtained from the 

simultaneous fit  to three dimensional  distribution 

of  ,  и  masses

• Two regions around of   

states

• Allow fixing resolution from the channel with 

high statistics

J/ψπ+π−K+K− K+K− J/ψπ+π−

ψ(2S), χc1(3872)

JHEP 04 (2021) 170

https://link.springer.com/article/10.1007/JHEP02(2021)024
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Observation of the  decaysB0
s → χc1(3872)ϕ
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Figure 2: Distributions of the (top left) J/ ⇡+⇡�K+K�, (top right) K+K� and (bottom
left) J/ ⇡+⇡� mass of selected B0

s ! �c1(3872)� candidates shown as points with error bars.
A fit, described in the text, is overlaid.

the B0

s
! �c1(3872)� and B0

s
!  (2S)� decays, respectively. The e�ciencies are de-

fined as the product of the detector geometric acceptance and the reconstruction, se-
lection, hadron identification and trigger e�ciencies. All of the e�ciency contribu-
tions, except the hadron-identification e�ciency, are determined using simulated sam-
ples. The hadron-identification e�ciency is determined using large calibration samples
of D⇤+

! (D0
! K�⇡+)⇡+, K0

S
! ⇡+⇡� and D+

s
! (�! K+K�)⇡+ decays selected in

data [31,62]. The e�ciency ratio is found to be 0.66± 0.01, where the uncertainty is only
that due to the size of the simulated samples. The e�ciency ratio di↵ers from unity due
to the harder pT spectrum of pions in the B0

s
! �c1(3872)� decays. The resulting value

of R�c1(3872)�
 (2S)� is

R
�c1(3872)�
 (2S)� = (2.42± 0.23)⇥ 10�2 , (4)

where the uncertainty is statistical. Systematic uncertanties are discussed in Sec. 9.
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Figure 3: Distributions of the (top left) J/ ⇡+⇡�K+K�, (top right) K+K� and (bottom
left) J/ ⇡+⇡� mass of selected B0

s !  (2S)� candidates shown as points with error bars. A fit,
described in the text, is overlaid.

5 B
0

s
! �c1(3872)K

+
K

�
decays

The decay B0

s
! �c1(3872)K+K�, where the K+K� pair does not originate from

a � meson, is studied using a sample of selected B0

s
! J/ ⇡+⇡�K+K� candidates with

the J/ ⇡+⇡� and J/ ⇡+⇡�K+K� masses in the ranges 3.85 < mJ/ ⇡+⇡� < 3.90GeV/c2

and 5.30 < mJ/ ⇡+⇡�K+K� < 5.48GeV/c2. A two-dimensional unbinned extended maxi-
mum-likelihood fit is performed to the J/ K+K�⇡+⇡� and J/ ⇡+⇡� mass distributions.
The fit function comprises the sum of four components:

1. a component corresponding to B0

s
! �c1(3872)K+K� decays, parameterised as a prod-

uct of the B0

s
and �c1(3872) signal templates described in Sec. 4;

2. a component corresponding to B0

s
! J/ ⇡+⇡�K+K� decays, parameterised as a prod-

uct of the B0

s
signal template and the non-resonant J/ ⇡+⇡� function;

3. a component corresponding to random combinations of �c1(3872) particles with
a K+K� pair, parameterised as a product of the �c1(3872) signal template and
the FB0

s
function;

8

• Observation of the  decays:

•  events

• Significance more then ~ 12 

• Seen the non-  contribution

• Normalization channel:  events

B0
s → χc1(3872)ϕ

154 ± 15
σ

ϕ
4180 ± 66

The  parameters in the fit are 

constrained with recent measurements 

(JHEP 08 (2020) 123)

χc1(3872)
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4. a component corresponding to random J/ K+K�⇡+⇡+ combinations and param-230

eterised as a product of the three-body phase-space function �3,5
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�
and231

two-dimensional non-factorisable bilinear function.232
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decays

for (left) the full range and (right) zoomed for better visualization of the high mass region. A fit,

described in the text, is superimposed on the right plot. An expectation for the phase-space

simulated decays is shown as green solid line. The e�ciency is normalized to unity at the known

mass of the � meson.

The J/ K+K�⇡+⇡� and J/ ⇡+⇡� mass distributions together with projections of233

the fit are shown in Fig. 4. The fit gives the yield of the B0

s
! �c1(3872)K+K� signal234

decays of235

NB0
s!�c1(3872)K+K� = 378± 33 , (4)

that significantly exceeds the values of NB0
s!�c1(3782)� from Table 1, pointing to236

a sizeable contribution from the B0

s
! �c1(3872) (K+K�)
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decays. The fraction of237
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3. a component corresponding to random combinations of �c1(3872) particles with225

a K+K� pair, parameterised as a product of the �c1(3872) signal template and226

the FB0
s
function;227

4. a component corresponding to random J/ K+K�⇡+⇡+ combinations, parame-228

terised as a product of the three-body phase-space function �3,5

�
mJ/ ⇡+⇡�

�
and229

a two-dimensional non-factorisable bilinear function.230

‘231

The J/ K+K�⇡+⇡� and J/ ⇡+⇡� mass distributions together with projections of232

the fit are shown in Fig. 4. The fit gives the yield of the B0

s
! �c1(3872)K+K� signal233

decays as234

NB0
s!�c1(3872)K+K� = 378± 33 , (4)

which significantly exceeds the result for NB0
s!�c1(3782)� shown in Table 1, pointing to235

a sizeable contribution from the B0

s
! �c1(3872)K+K� decays, where a K+K� pair doe236

not originate from a � meson. The fraction of B0

s
! �c1(3872) (�! K+K�) decays237

is estimated using an unbinned maximum-likelihood fit to the background-subtracted238

K+K� mass distribution from signal B0

s
! �c1(3872)K+K� decays. The back-239

ground-subtracted K+K� mass distribution is obtained by applying the sPlot technique [61]240

to the results of the two-dimensional fit to the B0

s
! �c1(3872)K+K� decays described241

above. The background-subtracted K+K� mass distribution is further corrected for242

the K+K� mass-dependent e�ciency by applying a weight,243

w" (mK+K�) ⌘
"B0

s!�c1(3872)�

"B0
s!�c1(3872)K+K� (mK+K�)

, (5)

to each candidate. The e�ciencies "B0
s!�c1(3872)� and "B0

s!�c1(3872)K+K� are cal-244

culated using simulated samples, where a phase-space decay model is used for245

the three-body B0

s
! �c1(3872)K+K� decays. The background-subtracted and e�cien-246

cy-corrected K+K� mass distribution of the B0

s
! �c1(3872)K+K� candidates is shown in247
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for (left) the full range and (right) zoomed for better visualization of the high mass region. A fit,

described in the text, is superimposed on the right plot. An expectation for the phase-space

simulated decays is shown as green solid line. The e�ciency is normalized to unity at the known

mass of the � meson.

The J/ K+K�⇡+⇡� and J/ ⇡+⇡� mass distributions together with projections of233

the fit are shown in Fig. 4. The fit gives the yield of the B0

s
! �c1(3872)K+K� signal234

decays of235

NB0
s!�c1(3872)K+K� = 378± 33 , (4)

that significantly exceeds the values of NB0
s!�c1(3782)� from Table 1, pointing to236

a sizeable contribution from the B0

s
! �c1(3872) (K+K�)

��
decays. The fraction of237
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> 154 ± 15

Significant contribution from the 

decays not associated with : ϕ

-mesonϕ

Distribution after background 

subtraction
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 spectrum for  decaysK+K− B0
s → χc1(3872)(K+K−)non−ϕ
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Figure 17: Dalitz fit projection of m(K+K�). The points represent the data, the dotted
(black) curve shows the combinatorial background, and the dashed (red) curve indicates the
reflection from misidentified B0 ! J/ K�⇡+ decays. The largest three resonances �(1020),
f 0
2(1525) and f0(980) are shown by magenta, brown and green long-dashed curves, respectively;
all other resonances are shown by thin black curves. The dashed (cyan) curve is the non-resonant
contribution. The dot-dashed (black) curve is the contribution from the interferences, and the
solid (blue) curve represents the total fit result.

Note that the sum of the fit fractions is not necessarily unity due to the potential presence
of interference between two resonances. Interference term fractions are given by

FRR0

� = Re

 R
aR� aR

0
� ei(�

R
���R0

� )AR
� (s12, s23, ✓J/ )AR0

�
⇤
(s12, s23, ✓J/ )ds12 ds23 d cos ✓J/ R

S(s12, s23, ✓J/ ) ds12 ds23 d cos ✓J/ 

!
,

(32)
and

X

�

 
X

R

FR
� +

R 6=R0X

RR0

FRR0

�

!
= 1. (33)

If the Dalitz plot has more destructive interference than constructive interference, the
sum of the fit fractions will be greater than unity. Conversely, the sum will be less than
one if the Dalitz plot exhibits constructive interference. Note that interference between
di↵erent spin-J states vanishes because the dJ�0 angular functions in AR

� are orthogonal.
The determination of the statistical uncertainties of the fit fractions is di�cult because

they depend on the statistical uncertainty of every fitted magnitude and phase. Therefore

19

5.3 5.35 5.4 5.45
0

100

200

300

400

500

600

700

800

3.85 3.86 3.87 3.88 3.89 3.9
0

50

100

150

C
an

d
id
at
es
/(
1
M
eV
/c

2
)

C
an

d
id
at
es
/(
5
M
eV
/c

2
)

mJ/ ⇡+⇡� [GeV/c2]mJ/ K+K�⇡+⇡� [GeV/c2]

LHCbLHCb

B0
s ! �c1(3872)K

�K+

B0
s !

⇣
J/ ⇡+⇡�K+K�

⌘

NR

comb.�c1(3872)K
�K+

comb.J/ ⇡+⇡�K+K�

total

Figure 4: Distributions of the (left) J/ K+
K

�⇡+⇡� and (right) J/ ⇡+⇡� mass for selected

B
0
s ! �c1(3872)K

+
K

�
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overlaid.
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Figure 5: Background-subtracted and corrected for the K
+
K

�
mass-dependent e�ciency

K
+
K

�
mass distribution (points with error bars) from the B

0
s ! �c1(3872)K

+
K

�
decays

for (left) the full range and (right) zoomed for better visualization of the high mass region. A fit,

described in the text, is superimposed on the right plot. An expectation for the phase-space

simulated decays is shown as green solid line. The e�ciency is normalized to unity at the known

mass of the � meson.

The J/ K+K�⇡+⇡� and J/ ⇡+⇡� mass distributions together with projections of233

the fit are shown in Fig. 4. The fit gives the yield of the B0

s
! �c1(3872)K+K� signal234

decays of235

NB0
s!�c1(3872)K+K� = 378± 33 , (4)

that significantly exceeds the values of NB0
s!�c1(3782)� from Table 1, pointing to236

a sizeable contribution from the B0

s
! �c1(3872) (K+K�)

��
decays. The fraction of237

9

Table 6: Comparison of the fit fractions (%) with the LHCb, BES and BaBar f0(980)
parameterizations described in the text. For P- and D-waves, � represents the helicity.

Component LHCb BES BaBar
�(1020), � = 0 32.1± 0.5 32.1±0.5 32.0± 0.5
�(1020), |�| = 1 34.6± 0.5 34.6± 0.5 34.5± 0.5
f0(980) 12.0± 1.8 9.2± 1.4 4.8± 1.0
f0(1370) 1.2± 0.3 1.2± 0.3 1.3± 0.3
f 0
2(1525), � = 0 9.9± 0.7 9.8± 0.7 9.5± 0.7
f 0
2(1525), |�| = 1 5.1± 0.9 5.1± 0.9 4.9± 0.9
f2(1640), |�| = 1 1.5± 0.7 1.5± 0.7 1.5± 0.7
�(1680), |�| = 1 3.4± 0.3 3.4± 0.3 3.4± 0.3
f2(1750), � = 0 2.6± 0.5 2.5± 0.5 2.2± 0.5
f2(1750), |�| = 1 1.8± 1.0 1.8± 1.0 1.9± 1.0
f2(1950), � = 0 0.4± 0.2 0.4± 0.2 0.4± 0.2
f2(1950), |�| = 1 1.7± 0.5 1.8± 0.5 1.8± 0.5
Non-resonant S-wave 6.0± 1.4 4.7± 1.2 8.6± 1.7
Interference between S-waves �5.5 �1.7 �1.1
Total S-wave 13.7 13.4 13.6
-lnL 29,275 29,275 29,281
�2/ndf 649/545 653/545 646/545

the second largest contribution is the f 0
2(1525), and the third the f0(980) resonance. There

are also significant contributions from the f0(1370), f2(1640), �(1680), f2(1750), f2(1950)
resonances, and non-resonant final states. The amount of f0(980) is strongly parametriza-
tion dependent, so we treat these three models separately and do not assign any systematic
uncertainty based on the use of these di↵erent f0(980) shapes. Therefore we refrain from
quoting a branching fraction measurement for the decay B0

s ! J/ f0(980).
The determination of the parameters of the f 0

2(1525) resonance are not dependent on
the f0(980) parametrization. The parameters of the f 0

2(1525) are determined to be:

mf 0
2(1525)

= 1522.2± 2.8+5.3
�2.0 MeV,

�f 0
2(1525)

= 84± 6+10
� 5 MeV.

Whenever two or more uncertainties are quoted, the first is the statistical and the second
systematic. The latter will be discussed in Section 5.6. These values are the most accurate
determinations of the f 0

2(1525) resonant parameters [9]. Note that our determination of
the mass has the same uncertainty as the current PDG average.

22

f2(1270)? f ′ �
2(1525)?ϕ

Dominated yields cased by  and   f ′�
2(1525) f 0(980)

PRD 87 (2013) 072004

Non phase-space  activity seen in region 

Possible contribution from the  and 

K+K− > 1.1 GeV
f2(1270) f ′�

2(1525)

B0
s → J/ψK+K−

Similar topology that for  B0
s → J/ψK+K−
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Figure 5: Background-subtracted and e�ciency-corrected K+K� mass distribution (points
with error bars) of the B0

s ! �c1(3872)K+K� decays. For a better visualisation, the high-mass
region the plot is shown with a reduced vertical scale. A fit, described in the text, is overlaid.
The expectation for phase-space simulated decays is shown as a green solid line. A distribution
with extended vertical scale is shown inset.

the � signal template (see Sec. 4) multiplied by the phase-space function �2,3(mK+K�)
for the three-body B0

s
! �c1(3872)K+K� decay;

2. a component that accounts for non-resonant B0

s
! �c1(3872)K+K� decays and de-

cays via broad high-mass K+K� intermediate states, modelled by a product of
a phase-space function �2,3(mK+K�) for three-body B0

s
! �c1(3872)K+K� decays

and a third-order polynomial function.

The shape of the second component is flexible enough to accommodate contributions from
wide K+K� resonances. The projection of the fit is overlaid in Fig. 5. The fraction of
the �! K+K� signal component is found to be

f� = (38.9± 4.9)% . (7)

This fraction is converted into the ratio of branching fractions RK+K� , defined in Eq. (1c),

RK+K� =
1

f�
� 1 = 1.57± 0.32 , (8)

10

Non-extended fit to efficiency corrected background subtracted distribution

• signal multiplied to right part of phase space function

• Two-body phase space function from three body decay modified by 

polynomial (flexible to account for presence of broad resonances ) 

ϕ−

Approximately 40% decays comes from 
 meson:ϕ

2. a component that accounts for non-resonant B0

s
! �c1(3872)K+K� decays and de-264

cays via broad high-mass K+K� intermediate states, modelled by a product of265

the phase-space function �2,3(mK+K�) for three-body B0

s
! �c1(3872)K+K� decays266

and a third-order polynomial function.267

The shape of the second component is flexible enough to accommodate contributions from268

wide K+K� resonances, e.g. from the f2(1270) and f 0
2
(1525) states. The projection of269

the fit is overlaid in Fig. 5(right). The fraction of the �! K+K� signal component is270

found to be271

f� = (38.9± 4.9)% . (6)

This fraction is converted into the ratio of branching fractions R
�c1(3872)��
�c1(3872)�

, defined in272

Eq. (1c),273

R
�c1(3872)��
�c1(3872)�

= B�!K+K�

✓
1

f�
� 1

◆
= 0.77± 0.16 , (7)

where the uncertainty is statistical and B�!K+K� = (49.2± 0.5)% [22] is the branch-274

ing fraction for the �! K+K� decay. This is the first observation of275

the B0

s
! �c1(3872) (K+K�)

��
decay.276

6 B
0

s
! J/ K⇤0

K
⇤0

decays277

The yield of B0

s
! J/ K⇤0K⇤0 decays is determined using a three-dimensional unbinned278

extended maximum-likelihood fit to the J/ K+K�⇡+⇡�, K+⇡� and K�⇡+ mass distri-279

butions in the region defined by mK+⇡� < 1.2GeV/c2 and mK�⇡+ < 1.2GeV/c2. To elim-280

inate overlap with the samples used in Sec. 4, only J/ K+K�⇡+⇡� combinations with281

mK+K� > 1.06GeV/c2 and that do not fall into the narrow regions around the  (2S) and282

�c1(3872) masses, 3.678 < mJ/ ⇡+⇡� < 3.693GeV/c2 and 3.863 < mJ/ ⇡+⇡� < 3.881GeV/c2,283

are used in the fit.284

The structure of the fit model is similar to those used in Sec. 4 but with some mod-285

ifications. First, the model is symmetric with respect to an interchange of the K+⇡�
286

and K�⇡+ pairs. Second, for the fit components that account for the K⇤0K⇤0, K⇤0K�⇡+
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where the positive linear polynomial b(mJ/ �) stands for the magnitude of the coherent473
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ture obtained from this fit are taken as systematic uncertainties related to neglecting476
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also can distort the J/ � mass spectrum. However, to quantify this e↵ect a full ampli-479
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and the background-subtraction procedure are found to be negligible with respect to483

the leading systematic uncertainties related to the fit model. For each choice of the fit484

model, the statistical significance of the observed X(4740) structure is calculated from485

data using Wilks’ theorem [60]. The smallest significance found is 5.3 standard deviations,486

taken as its significance including systematic uncertainties.487
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Рисунок 29 � Сравнение отношения парциальных ширин, измеренного в
данном анализе, с аналогичными результатами, полученными для распадов

частиц, содержащих b - кварки, в конечное состояние с  (2S) - и
�c1(3872) - мезонами [4]. Символ Xcc в цепочках распадов обозначает

�c1(3872) - или  (2S) - мезон. Красная точка показывает результат текущего
анализа

неопределенностями измерений, было получено значение:

m
LHCb

B0
s

= 5366,94 ± 0,08 ± 0,09МэВ/c2 ,

где первая ошибка статистическая, а вторая систематическая. Данное измере�
ние является наиболее точным на сегодняшний день. Сравнение результатов
измерения массы B0

s
- мезона с предыдущими измерениями показано на ри�

сунке 30.

In agreement with CMS, but more precisely

CMS: (2.21 ± 0.29 ± 0.17) × 10−2
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The J/ � mass spectrum from B0

s
! J/ ⇡+⇡�� decays is investigated to search for

resonant contributions. The large size of the analysed sample and the low level of
background also allows for a precise determination of the mass of the B0

s
meson. The mass

is measured using a subsample enriched in B0

s
!  (2S)� decays, which have a small

energy release.

2 Detector and simulation

The LHCb detector [24, 25] is a single-arm forward spectrometer covering the pseudo-
rapidity range 2 < ⌘ < 5, designed for the study of particles containing b or c quarks.
The detector includes a high-precision tracking system consisting of a silicon-strip vertex
detector surrounding the pp interaction region [26], a large-area silicon-strip detector lo-
cated upstream of a dipole magnet with a bending power of about 4Tm, and three stations
of silicon-strip detectors and straw drift tubes [27, 28] placed downstream of the magnet.
The tracking system provides a measurement of the momentum of charged particles with
a relative uncertainty that varies from 0.5% at low momentum to 1.0% at 200GeV/c.
The momentum scale is calibrated using samples of J/ ! µ+µ� and B+

! J/ K+ decays
collected concurrently with the data sample used for this analysis [29,30]. The relative
accuracy of this procedure is estimated to be 3⇥ 10�4 using samples of other fully recon-
structed b hadrons, ⌥ and K0

S
mesons. The minimum distance of a track to a primary

pp-collision vertex (PV), the impact parameter (IP), is measured with a resolution of
(15 + 29/pT)µm, where pT is the component of the momentum transverse to the beam,
in GeV/c. Di↵erent types of charged hadrons are distinguished using information from
two ring-imaging Cherenkov detectors (RICH) [31]. Photons, electrons and hadrons are
identified by a calorimeter system consisting of scintillating-pad and preshower detectors,
an electromagnetic and a hadronic calorimeter [32]. Muons are identified by a system
composed of alternating layers of iron and multiwire proportional chambers [33].

The online event selection is performed by a trigger [34], which consists of a hardware
stage, based on information from the calorimeter and muon systems, followed by a software
stage, which applies a full event reconstruction. The hardware trigger selects muon
candidates with high transverse momentum or dimuon candidates with a high value of
the product of the pT of the muons. In the software trigger two oppositely charged muons
are required to form a good-quality vertex that is significantly displaced from every PV,
with a dimuon mass exceeding 2.7GeV/c2.

Simulated events are used to describe signal shapes and to compute the e�ciencies
needed to determine the branching fraction ratios. In the simulation, pp collisions are
generated using Pythia [35] with a specific LHCb configuration [36]. Decays of unstable
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Quite large branching fraction ratio for limited phase space  

compare  with BR for  and 

→
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s → J/ψη′�ϕ B0
s → J/ψη′�η′ �

Agreement with CMS result but more precisely 
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s
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A measurement of the B0

s
mass is also presented. The analysis is based on data sample50

of integrated luminosity of 9 fb�1 collected by the LHCb detector in pp-collisions at a51

centre-of-mass energy of 7 TeV in 2011, 8 TeV in 2012 and 13 TeV in 2015 - 2018.52
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1 Introduction1

The number of B0

s
meson decays observed is rather small in comparison to the B meson2

decays, hence any new measurements may bring new information on the properties of3

this state. In this analysis the B0

s
! J/ K+K�⇡+⇡� decays are studied. Since it may be4

formed from the di↵erent combination of the intermediate resonances this final state is5

also of interest in searches for exotic particles in B0

s
decay chain. It is di�cult to predict6

a branching fraction of decays of scalar particles with three vector mesons in FS and7

measuring of new B0

s
decays will improve understanding of B0

s
state properties. This8

motivates measuring of B0

s
! J/ K⇤0K⇤0 decay branching fraction. In recent years, many9

new charmonium or charmonium-like states have been discovered which are not easily10

accommodated in the quark model of hadrons. One of them is �c1(3872) meson. Despite11

the fact that the properties of the �c1(3872) particle are mostly investigated by the CDF,12

D0 and LHCb experiments [2–4], the nature of the �c1(3872) is still unclear. There are13

several theoretical models which are trying to describe the �c1(3872) state: charmonium14

state [5,6], the molecular model [7–9], the tetraquark [10,11], ccg hybrid meson [12], vector15

glueball model [13], and hadro-charmonium [14–16], none of the outlined models can16

explain all the experimental results. More experimental information on the production17

and decays of the �c1(3872) meson will shed additional light on its nature. Therefore in18

this analysis B0

s
! �c1(3872)� decay is studied.19

Furthermore in a study of B+! J/ �K+ decays, several collaborations reported an20

evidence for a new states in the J/ � invariant mass spectrum [17]. The X(4140) ! J/ �21

state was observed by CDF [17], D0 [18] and CMS [19] collaborations, but wasn’t observed22

by Belle and BaBar collaboration, later on the Belle collaboration reported an evidence for23

a narrow J/ � peak near 4350.6 MeV/c2 mass [20]. The CDF collaboration presented an24

evidence for a relatively narrow peak near 4274 MeV/c2 and it was also observed by CMS25

collaboration [19]. In the end the LHCb published the result of an amplitude analysis26

of B+ ! J/ �K+ decay, where four resonances decaying to the J/ � final state were27

observed [21]. Given the considerable theoretical interest in possible exotic hadronic states28

decaying to J/ �, it is important to clarify the rather inconclusive experimental situation29

concerning J/ � mass structures.30

Another reason to investigate B0

s
! J/ K+K�⇡+⇡� decay is that it includes low-Q31

decay modes such as B0

s
!  (2S)�, which allows precise measurement of the B0

s
meson32

mass. The current experimental knowledge of the B0

s
mass, as summarized in Ref. [22],33

is dominated by results from the LHCb experiment [23], which were obtained with the34

B0

s
! J/ � decay using a small fraction of the integrated luminosity collected in the35

Run1. The B0

s
mass measurement using this decay is limited by the precision of the36

momentum scale. The measurements of the B0

s
mass with quite low systematic uncertainty37

arising from the precision of the momentum scale in low-Q B0

s
! J/ �� channel has been38

also performed [24], but in that channel the statistics are limited in comparison with the39

B0

s
! J/ K+K�⇡+⇡� decay. Since LHCb Run 1&2 full statistics are available now it’s40

possible to measure the B0

s
mass with better precision in B0

s
!  (2S)� channel.41

In this study the first observation of the B0

s
! J/ K⇤0K⇤0 and B0

s
! �c1(3872)� decays42

is performed. The branching fraction of the observed decays are measured with respect to43

the normalization decay B0

s
!  (2S)� using the following formulae:44
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R
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⇤0

 (2S)� ⌘
B
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s
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⇥ (B (K⇤0
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s
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R
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s
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��
)

B (B0
s
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The J/ � mass spectrum from B0

s
! J/ ⇡+⇡� (�! K+K�) decays is investigated to43

search for resonant contributions. The large size of the analysed sample and the low level44

of background also allows for a precise determination of the mass of the B0

s
meson to45

be made. The mass is measured using a subsample enriched with B0

s
!  (2S)� decays,46

which have a smaller energy release.47

2 Detector and simulation48

The LHCb detector [24, 25] is a single-arm forward spectrometer covering the pseudo-49

rapidity range 2 < ⌘ < 5, designed for the study of particles containing b or c quarks.50

The detector includes a high-precision tracking system consisting of a silicon-strip vertex51

detector surrounding the pp interaction region [26], a large-area silicon-strip detector lo-52

cated upstream of a dipole magnet with a bending power of about 4Tm, and three stations53

of silicon-strip detectors and straw drift tubes [27, 28] placed downstream of the magnet.54

The tracking system provides a measurement of the momentum of charged particles with55

a relative uncertainty that varies from 0.5% at low momentum to 1.0% at 200GeV/c.56

The momentum scale is calibrated using samples of J/ ! µ+µ� and B+
! J/ K+ decays57

collected concurrently with the data sample used for this analysis [29,30]. The relative58

accuracy of this procedure is estimated to be 3⇥ 10�4 using samples of other fully recon-59

structed b hadrons, ⌥ and K0

S
mesons. The minimum distance of a track to a primary60

pp-collision vertex (PV), the impact parameter (IP), is measured with a resolution of61

(15 + 29/pT)µm, where pT is the component of the momentum transverse to the beam,62

in GeV/c. Di↵erent types of charged hadrons are distinguished using information from63

two ring-imaging Cherenkov detectors (RICH) [31]. Photons, electrons and hadrons are64

identified by a calorimeter system consisting of scintillating-pad and preshower detectors,65

an electromagnetic and a hadronic calorimeter [32]. Muons are identified by a system66

composed of alternating layers of iron and multiwire proportional chambers [33].67

The online event selection is performed by a trigger [34], which consists of a hardware68

stage, based on information from the calorimeter and muon systems, followed by a software69

stage, which applies a full event reconstruction. The hardware trigger selects muon70

candidates with high transverse momentum or dimuon candidates with a high value of71

the product of the pT of the muons. In the software trigger two oppositely charged muons72

are required to form a good-quality vertex that is significantly displaced from every PV,73

with a dimuon mass exceeding 2.7GeV/c2.74

Simulated events are used to describe the signal shapes and to compute the e�ciencies75

needed to determine the branching fractions ratios. In the simulation, pp collisions are76

generated using Pythia [35] with a specific LHCb configuration [36]. Decays of unstable77

2

a phase-space function �2,3(mK+K�) for three-body B0

s
! �c1(3872)K+K� decays262

and a third-order polynomial function.263

The shape of the second component is flexible enough to accommodate contributions from264

wide K+K� resonances. The projection of the fit is overlaid in Fig. 5(right). The fraction265

of the �! K+K� signal component is found to be266

f� = (38.9± 4.9)% . (6)

This fraction is converted into the ratio of branching fractions R
�c1(3872)��
�c1(3872)�

, defined in267

Eq. (1c),268

R
�c1(3872)��
�c1(3872)�

=
1

f�
� 1 = 1.57± 0.32 , (7)

where the uncertainty is statistical. This is the first observation of the decay269

B0

s
! �c1(3872)K+K�, where K+K� pair does not originate from a � meson.270

6 B
0

s
! J/ K⇤0

K
⇤0

decays271

The yield of B0

s
! J/ K⇤0K⇤0 decays is determined using a three-dimensional unbinned272

extended maximum-likelihood fit to the J/ K+K�⇡+⇡�, K+⇡� and K�⇡+ mass distri-273

butions in the region defined by mK+⇡� < 1.2GeV/c2 and mK�⇡+ < 1.2GeV/c2. To elim-274

inate overlap with the samples used in Sec. 4, only J/ K+K�⇡+⇡� combinations with275

mK+K� > 1.06GeV/c2 that do not fall into the narrow regions around the  (2S) and276

�c1(3872) masses, 3.678 < mJ/ ⇡+⇡� < 3.693GeV/c2 and 3.863 < mJ/ ⇡+⇡� < 3.881GeV/c2,277

are used here.278

The fit model is similar to that used in Sec. 4 but with some modifications. First,279

the model is symmetric with respect to an interchange of K+⇡� and K�⇡+ pairs. Second,280

for components that account for K⇤0K⇤0, K⇤0K�⇡+ or K+⇡�K⇤0 combinations, corrections281

are applied due to the limited phase space available in the decays. These shapes are282

derived from fits to simulated samples and comprise symmetric products of phase-space283

functions and linear polynomials. The K⇤0(K⇤0) signal is parameterised by a relativistic284

P-wave Breit–Wigner function. The width of the K⇤0 meson, 47.3± 0.5MeV/c, is not285

small [22] and the fit ranges are wide, hence the correct determination of all components286

would require a full amplitude analysis that properly accounts for interference e↵ects.287

Such an analysis is beyond the scope of this paper. However, fits to simulated samples of288

B0

s
! J/ K+K�⇡+⇡� decays with di↵erent compositions of intermediate states show that289

the simple model described here allows for a reliable determination of the B0

s
! J/ K⇤0K⇤0

290

component. The J/ K+K�⇡+⇡�, K+⇡� and K�⇡+ mass distributions together with291

projections of the fit are shown in Fig. 6 and the parameters of interest are summarized292

in Table 2. A study of a large sample of pseudoexperiments generated and fitted with293

the nominal model, indicates a small bias of O(1%)on the signal yield. This quoted yield294

is corrected for this bias.295

The ratio of branching fractions RJ/ K⇤0
K

⇤0

 (2S)� , defined in Eq. (1b), is calculated from296
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K
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N
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two ring-imaging Cherenkov detectors (RICH) [31]. Photons, electrons and hadrons are66

identified by a calorimeter system consisting of scintillating-pad and preshower detectors,67

an electromagnetic and a hadronic calorimeter [32]. Muons are identified by a system68

composed of alternating layers of iron and multiwire proportional chambers [33].69

The online event selection is performed by a trigger [34], which consists of a hardware70

stage, based on information from the calorimeter and muon systems, followed by a software71

stage, which applies a full event reconstruction. The hardware trigger selects muon72

candidates with high transverse momentum or dimuon candidates with a high value of73

the product of the pT of the muons. In the software trigger two oppositely charged muons74

are required to form a good-quality vertex that is significantly displaced from every PV,75

with a dimuon mass exceeding 2.7GeV/c2.76

Simulated events are used to describe the signal shapes and to compute the e�ciencies77

needed to determine the branching fractions ratios. In the simulation, pp collisions are78

generated using Pythia [35] with a specific LHCb configuration [36]. Decays of unstable79
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the mass and width of the X(4740) structure, respectively. These changes are taken as467

systematic uncertainties due to possible remaining contributions from B0

s
!  (2S)K+K�

468

and B0

s
! �c1(3872)K+K� decays. Large interference e↵ects between the signal and co-469

herent part of the background can also distort the visible shape of the resonance. To probe470

the importance of this e↵ect, the signal fit component FS is modelled with a coherent sum471

of an S-wave Breit-Wigner amplitude A
�
mJ/ �

�
and a coherent background472

FS

�
mJ/ �

�
/

��A
�
mJ/ �

�
+ b

�
mJ/ �

�
ei'

��2 �2,4

�
mJ/ �

�
, (11)

where the positive linear polynomial b(mJ/ �) stands for the magnitude of the coherent473

background amplitude and ' denotes the phase of the coherent background, chosen to be474

independent of the J/ � mass. The deviations of the mass and width of the X(4740) struc-475

ture obtained from this fit are taken as systematic uncertainties related to neglected476

possible interference e↵ects between the signal and the coherent part of the background.477

The complicated interference pattern for the B0

s
! J/ �⇤ decays via di↵erent �⇤ states478

also can distort the J/ � mass spectrum. However, to quantify this e↵ect a full amplitude479

analysis, similar to Refs. [2, 9, 11, 12] is needed, that is beyond the scope of this paper,480

and no systematic uncertainty is assigned. Other sources of systematic uncertainties481

on the mass and width of the X(4740) structure, namely the momentum scale and the482

background-subtraction procedure are found to be negligible with respect to the lead-483

ing systematic uncertainties related to the fit model. For each choice of the fit model,484

the statistical significance of the observed X(4740) structure is calculated from data using485

Wilks’ theorem [59]. The smallest significance found is 5.2 standard deviations, taken as486

its significance including systematic uncertainties.487

10 Summary488

A study of B0

s
! J/ K+K�⇡+⇡� decays is made using pp collision data corresponding489

to an integrated luminosity of 1, 2 and 6 fb�1, collected with the LHCb detector at490

centre-of-mass energies of 7, 8 and 13TeV, respectively. The ratios of the branching491

fractions via intermediate resonances, defined via Eqs. (1), are measured to be492

R
�c1(3872)�
 (2S)� = (2.39± 0.23± 0.07)⇥ 10�2 ,

RK+K� = 1.57± 0.32± 0.12 ,

R
J/ K⇤0

K
⇤0

 (2S)� = 1.21± 0.04± 0.04 ,

where the first uncertainty is statistical and the second systematic. The ratio R
�c1(3872)�
 (2S)� is493

consistent with but more precise than the value of (2.21± 0.29± 0.17)⇥ 10�2 re-494

cently reported by the CMS collaboration [21]. The decays B0

s
! J/ K⇤0K⇤0 and495

B0

s
! �c1(3872)K+K�, where the K+K� pair does not originate from a � meson, are496

observed for the first time. A full amplitude analysis, similar to Refs. [62, 63], is497

needed to resolve possible contributions from two-body decays via K+K� resonances,498

like B0

s
! �c1(3872)f0(980) and B0

s
! �c1(3872)f 02(1525), that in turn could be useful for499

a better understanding of the nature of the �c1(3872) state.500

A precise measurement of the B0

s
mass is performed using a sample of selected501

B0

s
! J/ K+K�⇡+⇡� candidates enriched in B0

s
!  (2S)� decays. The mass of the B0

s
me-502

20
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Figure 9: Background-subtracted (left) J/ � and (right) �⇡+⇡� mass distributions
from B0

s ! J/ ⇡+⇡�� decays (points with error bars). The expectation from simulated
B0
s ! J/ ⇡+⇡�� decays is overlaid (green solid line). In the right figure, the background-

subtracted �⇡+⇡� mass distribution in the region 4.68 < mJ/ � < 4.78GeV/c2 is shown (red
open circles with error bars) together with the corresponding expectation from simulated
B0
s ! J/ ⇡+⇡�� decays (blue dashed line).

Table 4: Signal yield NX(4740), mass mX(4740) and width �X(4740) of the X(4740) structure,
obtained from the fit to the background-subtracted J/ � mass distribution. The uncertainties
are statistical only.

X(4740) structure

NX(4740) 175± 39
mX(4740) [MeV/c2] 4740.6± 6.0
�X(4740) [MeV] 52.8± 15.1

is validated using a large number of pseudoexperiments comprising no X(4740) sig-
nal component. The mass and width of the X(4740) structure qualitatively
agree with those of the �c0(4700) state observed by the LHCb collaboration in
an amplitude analysis of B+

! J/ �K+ decays of m�c0(4700) = 4704± 10+14

� 24
MeV/c2

and ��c0(4700) = 120± 31+42

� 33
MeV [11, 12]. Interpreting the observed structure as

the �c0(4700) state and repeating the fit using the measurements from Refs. [11, 12]
as Gaussian constraints, the resulting mass and width di↵er only slightly from those listed
in Table 4. A p-value of the hypothesis that the X(4740) state is the �c0(4700) state is es-
timated neglecting correlations for the systematic uncertainties, discussed in Sec. 9, and it
corresponds to 6%. The measured mass is close to the value expected for a cscs tetraquark
with quantum numbers JPC = 2++ [69].

9 Systematic uncertainties

Due to the similar decay topologies, systematic uncertainties largely cancel in the ratios R.
The remaining contributions to systematic uncertainties are summarized in Table 5 and
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agree with those of the �c0(4700) state observed by the LHCb collaboration in
an amplitude analysis of B+
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� 24
MeV/c2
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MeV [11, 12]. Interpreting the observed structure as

the �c0(4700) state and repeating the fit using the measurements from Refs. [11, 12]
as Gaussian constraints, the resulting mass and width di↵er only slightly from those listed
in Table 4. A p-value of the hypothesis that the X(4740) state is the �c0(4700) state is es-
timated neglecting correlations for the systematic uncertainties, discussed in Sec. 9, and it
corresponds to 6%. The measured mass is close to the value expected for a cscs tetraquark
with quantum numbers JPC = 2++ [69].

9 Systematic uncertainties

Due to the similar decay topologies, systematic uncertainties largely cancel in the ratios R.
The remaining contributions to systematic uncertainties are summarized in Table 5 and
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Could be new resonance?
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X(4740) state?
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Figure 10: Background-subtracted J/ � mass distribution from B0
s ! J/ ⇡+⇡�� decays (points

with error bars). A fit, described in the text, is overlaid.

discussed below.
The largest source of systematic uncertainty on the ratios arise from imperfect knowl-

edge of the shapes of signal and background components used in the fits. To estimate this
uncertainty, several alternative models for the signal, non-resonant signal and background
components are tested. For the B0

s
signal shape and the detector resolution functions in

the Xcc signal templates, the bifurcated Student’s t-distribution is tested as an alternative
model. For the Breit-Wigner functions describing the � and K⇤0 signal shapes, the me-
son radii in the Blatt-Weisskopf barrier factors [70] are varied between 1.5 and 5GeV�1.
The mass and width of the K⇤0 meson are varied within their uncertainties [22]. The degree
of the polynomials used in the non-resonant J/ ⇡+⇡� and K+K� functions, the FB0

s
and

Pbkg functions and all other polynomial functions used in the fits are increased by one.
The largest systematic uncertainty for the ratio RK+K� is associated with the parameteri-
sation of the fit component for the B0

s
! �c1(3872)K+K� decays, where the K+K� pair

does not originate from a � meson. The explicit inclusion of a B0

s
! �c1(3872)f0(980) com-

ponent is considered, where the f0(980) state decays into a K+K� pair. The f0(980) line
shape is modelled by a Flatté function [71], with parameters taken from Refs. [72, 73].

The systematic uncertainty on the ratio R
J/ K⇤0

K
⇤0

 (2S)� due to the fit range for K±⇡⌥ masses

is studied by increasing this range to 0.63 < mK±⇡⌥ < 1.25GeV/c2. For each alternative
model the ratio of event yields is remeasured, and the maximum deviation with respect to

17

son is determined to be495

mB0
s
= 5367.18± 0.07± 0.14MeV/c2 ,

which is the most precise single measurement of this observable. This result is com-496

bined with other precise measurements by the LHCb collaboration using B0

s
! J/ � [23],497

B0

s
! J/ �� [75], B0

s
! �c2K+K� [76] and B0

s
! J/ pp [77] decays. The combined mass498

is calculated using the best linear unbiased estimator [78], accounting for correlations of499

systematic uncertainties between the measurements. The LHCb average for the mass of500

the B0

s
meson is found to be501

mLHCb

B0
s

= 5367.08± 0.09± 0.09MeV/c2 .

A structure with significance exceeding 5.2 standard deviations, denoted as X(4740), is502

also seen in the J/ � mass spectrum from B0

s
! J/ ⇡+⇡� (�! K+K�) decays. The mass503

and width of the structure are determined to be504

mX(4740) = 4741± 6 ± 6 MeV/c2 ,

�X(4740) = 53± 15± 11MeV .

A dedicated analysis using a larger data set is needed to resolve if this state is di↵erent505

from the �c0(4700) state, observed in the B+
! J/ �K+ decays [13, 14].506
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Mass and width:

Observation of   
decays:

B0
s → X(4740)π+π−

•  
• Significance 

175 ± 39
5.3σ

ϕ−

Fit to background-subtracted distribution

• S-wave RBW multiplied to phase space function

• Monotonic decreasing three-order polynomial function
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X(4740) state?

ϕ− mχc1(4700) = 4694 ± 4+15
−3 MeV/c2

Γχc1(4700) = 87 ± 8+16
−6 MeV

mχc1(4685) = 4684 ± 7+13
−16 MeV/c2

Γχc1(4685) = 126 ± 15+37
−41 MeV

Mass and width are close to  and  states parameters:χc1(4700) χc1(4684)

Mass is close to the expected  value for predicted   states ( )csc̄s̄ JPC = 2++

mcsc̄s̄ = 4748 MeV/c2

The full amplitude analysis is needed to account for interference effects 

arXiv:2103.01803

D. Ebert, R. N. Faustov, V. O. Galkin 

EPJ C 58 (2008) 399

JHEP 04 (2021) 170

son is determined to be495

mB0
s
= 5367.18± 0.07± 0.14MeV/c2 ,

which is the most precise single measurement of this observable. This result is com-496

bined with other precise measurements by the LHCb collaboration using B0

s
! J/ � [23],497

B0

s
! J/ �� [75], B0

s
! �c2K+K� [76] and B0

s
! J/ pp [77] decays. The combined mass498

is calculated using the best linear unbiased estimator [78], accounting for correlations of499

systematic uncertainties between the measurements. The LHCb average for the mass of500

the B0

s
meson is found to be501

mLHCb

B0
s

= 5367.08± 0.09± 0.09MeV/c2 .

A structure with significance exceeding 5.2 standard deviations, denoted as X(4740), is502

also seen in the J/ � mass spectrum from B0

s
! J/ ⇡+⇡� (�! K+K�) decays. The mass503

and width of the structure are determined to be504

mX(4740) = 4741± 6 ± 6 MeV/c2 ,

�X(4740) = 53± 15± 11MeV .

A dedicated analysis using a larger data set is needed to resolve if this state is di↵erent505

from the �c0(4700) state, observed in the B+
! J/ �K+ decays [13, 14].506

Acknowledgements507

We express our gratitude to our colleagues in the CERN accelerator departments508

for the excellent performance of the LHC. We thank the technical and admin-509

istrative sta↵ at the LHCb institutes. We acknowledge support from CERN510

and from the national agencies: CAPES, CNPq, FAPERJ and FINEP (Brazil);511

MOST and NSFC (China); CNRS/IN2P3 (France); BMBF, DFG and MPG(Germany);512

INFN (Italy); NWO(Netherlands); MNiSW and NCN(Poland); MEN/IFA (Romania);513

MSHE(Russia); MinECo (Spain); SNSF and SER (Switzerland); NASU (Ukraine);514

STFC (United Kingdom); DOE NP and NSF (USA). We acknowledge the computing515

resources that are provided by CERN, IN2P3 (France), KIT and DESY (Germany),516

INFN (Italy), SURF (Netherlands), PIC (Spain), GridPP (United Kingdom), RRCKI517

and Yandex LLC (Russia), CSCS (Switzerland), IFIN-HH (Romania), CBPF (Brazil),518

PL-GRID (Poland) and OSC (USA). We are indebted to the communities behind the mul-519

tiple open-source software packages on which we depend. Individual groups or mem-520

bers have received support from AvH Foundation (Germany); EPLANET, Marie521

Sk lodowska-Curie Actions and ERC (European Union); ANR, Labex P2IO and OCEVU,522
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Mass and width:

psyst = 0.012 X(4700) − 2.3σ

P-value:

psyst = 0.0009 X(4684) − 3.1σ

pw/o syst = 8.07 × 10−11 X(4700) − 6.3σ

pw/o syst = 1.34 × 10−11 X(4684) − 6.6σ

Systematics is quite large for 
 and  
states  

χc1(4700) χc1(4684)

Needs to improve systematic
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More results in  decaysB0
s → J/ψπ+π−K+K− JHEP 04 (2021) 170
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Figure 6: Distributions of the (top left) J/ ⇡+⇡�K+K�, (top right) K+⇡� and (bottom
left) K�⇡+ mass of selected B0

s ! J/ K⇤0K⇤0 candidates shown as points with error bars.
A fit, described in the text, is overlaid.

Table 2: Signal yield, N
B0

s!J/ K⇤0K⇤0 , and mass of the B0
s meson, mB0

s
, from the fit described in

the text. The uncertainties are statistical only.

Parameter B0

s
! J/ K⇤0K⇤0

N
B0

s!J/ K⇤0K⇤0 5447± 125
mB0

s
[MeV/c2] 5366.79± 0.06

where the uncertainty is only that due to the size of the simulated samples. Systematic
uncertanties are discussed in Sec. 9.

7 B
0

s
mass measurement

The precision on the B0

s
mass value, reported in Table 1, is improved by imposing

a constraint on the reconstructed mass of the  (2S) state [53]. Applying this constraint

12

Observation of the  decaysB0
s → J/ψK*0K̄*0

presents measurements of the ratios of branching fractions (B),42

R
�c1(3872)�
 (2S)� ⌘

B (B0

s
! �c1(3872)�)⇥ B (�c1(3872)! J/ ⇡+⇡�)

B (B0
s
!  (2S)�)⇥ B ( (2S)! J/ ⇡+⇡�)

, (1a)

R
J/ K⇤0

K
⇤0

 (2S)� ⌘
B
�
B0

s
! J/ K⇤0K⇤0�

⇥ (B (K⇤0
! K+⇡�))2

B (B0
s
!  (2S)�)⇥ B ( (2S)! J/ ⇡+⇡�)⇥ B (�! K+K�)

, (1b)

R
�c1(3872)��
�c1(3872)�

⌘
B(B0

s
! �c1(3872) (K+K�)

��
)

B (B0
s
! �c1(3872)�)⇥ B (�! K+K�)

. (1c)

The J/ � mass spectrum from B0

s
! J/ ⇡+⇡� (�! K+K�) decays is investigated to43

search for resonant contributions. The large size of the analysed sample and the low level44

of background also allows for a precise determination of the mass of the B0

s
meson to45

be made. The mass is measured using a subsample enriched with B0

s
!  (2S)� decays,46

which have a smaller energy release.47

2 Detector and simulation48

The LHCb detector [24, 25] is a single-arm forward spectrometer covering the pseudo-49

rapidity range 2 < ⌘ < 5, designed for the study of particles containing b or c quarks.50

The detector includes a high-precision tracking system consisting of a silicon-strip vertex51

detector surrounding the pp interaction region [26], a large-area silicon-strip detector lo-52

cated upstream of a dipole magnet with a bending power of about 4Tm, and three stations53

of silicon-strip detectors and straw drift tubes [27, 28] placed downstream of the magnet.54

The tracking system provides a measurement of the momentum of charged particles with55

a relative uncertainty that varies from 0.5% at low momentum to 1.0% at 200GeV/c.56

The momentum scale is calibrated using samples of J/ ! µ+µ� and B+
! J/ K+ decays57

collected concurrently with the data sample used for this analysis [29,30]. The relative58

accuracy of this procedure is estimated to be 3⇥ 10�4 using samples of other fully recon-59

structed b hadrons, ⌥ and K0

S
mesons. The minimum distance of a track to a primary60

pp-collision vertex (PV), the impact parameter (IP), is measured with a resolution of61

(15 + 29/pT)µm, where pT is the component of the momentum transverse to the beam,62

in GeV/c. Di↵erent types of charged hadrons are distinguished using information from63

two ring-imaging Cherenkov detectors (RICH) [31]. Photons, electrons and hadrons are64

identified by a calorimeter system consisting of scintillating-pad and preshower detectors,65

an electromagnetic and a hadronic calorimeter [32]. Muons are identified by a system66

composed of alternating layers of iron and multiwire proportional chambers [33].67

The online event selection is performed by a trigger [34], which consists of a hardware68

stage, based on information from the calorimeter and muon systems, followed by a software69

stage, which applies a full event reconstruction. The hardware trigger selects muon70

candidates with high transverse momentum or dimuon candidates with a high value of71

the product of the pT of the muons. In the software trigger two oppositely charged muons72

are required to form a good-quality vertex that is significantly displaced from every PV,73

with a dimuon mass exceeding 2.7GeV/c2.74

Simulated events are used to describe the signal shapes and to compute the e�ciencies75

needed to determine the branching fractions ratios. In the simulation, pp collisions are76

generated using Pythia [35] with a specific LHCb configuration [36]. Decays of unstable77

2

systematic uncertainties due to possible remaining contributions from B0

s
!  (2S)K+K�

468

and B0

s
! �c1(3872)K+K� decays. Large interference e↵ects between the signal and co-469

herent part of the background can also distort the visible shape of the resonance. To probe470

the importance of this e↵ect, the signal fit component FS is modelled with a coherent sum471

of an S-wave Breit-Wigner amplitude A
�
mJ/ �

�
and a coherent background472

FS

�
mJ/ �

�
/

��A
�
mJ/ �

�
+ b

�
mJ/ �

�
ei'

��2 �2,4

�
mJ/ �

�
, (11)

where the positive linear polynomial b(mJ/ �) stands for the magnitude of the coherent473

background amplitude and ' denotes the phase of the coherent background, chosen to be474

independent of the J/ � mass. The deviations of the mass and width of the X(4740) struc-475

ture obtained from this fit are taken as systematic uncertainties related to neglecting476

possible interference e↵ects between the signal and the coherent part of the background.477

The complicated interference pattern for the B0

s
! J/ �⇤ decays via di↵erent �⇤ states478

also can distort the J/ � mass spectrum. However, to quantify this e↵ect a full ampli-479

tude analysis, similar to Refs. [2, 9, 11, 12] is needed, that is beyond the scope of this480

paper, and no systematic uncertainty is assigned. Other sources of systematic uncer-481

tainties on the mass and width of the X(4740) structure, namely the momentum scale482

and the background-subtraction procedure are found to be negligible with respect to483

the leading systematic uncertainties related to the fit model. For each choice of the fit484

model, the statistical significance of the observed X(4740) structure is calculated from485

data using Wilks’ theorem [60]. The smallest significance found is 5.3 standard deviations,486

taken as its significance including systematic uncertainties.487

10 Summary488

A study of B0

s
! J/ ⇡+⇡�K+K� decays is made using pp collision data corresponding489

to an integrated luminosity of 1, 2 and 6 fb�1, collected with the LHCb detector at490

centre-of-mass energies of 7, 8 and 13TeV, respectively. The ratios of the branching491

fractions via intermediate resonances, defined via Eqs. (1), are measured to be492

R
�c1(3872)�
 (2S)� = (2.42± 0.23± 0.07)⇥ 10�2 ,

RK+K� = 1.57± 0.32± 0.12 ,

R
J/ K⇤0

K
⇤0

 (2S)� = 1.22± 0.03± 0.04 ,

where the first uncertainty is statistical and the second systematic. The ratio R
�c1(3872)�
 (2S)� is493

consistent with but more precise than the value of (2.21± 0.29± 0.17)⇥ 10�2 re-494

cently reported by the CMS collaboration [21]. The decays B0

s
! J/ K⇤0K⇤0 and495

B0

s
! �c1(3872)K+K�, where the K+K� pair does not originate from a � meson, are496

observed for the first time. A full amplitude analysis, similar to Refs. [63, 64], is497

needed to resolve possible contributions from two-body decays via K+K� resonances,498

like B0

s
! �c1(3872)f0(980) and B0

s
! �c1(3872)f 02(1525), that in turn could be useful for499

a better understanding of the nature of the �c1(3872) state.500

A precise measurement of the B0

s
mass is performed using a sample of selected501

B0

s
! J/ ⇡+⇡�K+K� candidates enriched in B0

s
!  (2S)� decays. The mass of the B0

s
me-502

son is determined to be503

mB0
s
= 5366.98± 0.07± 0.13MeV/c2 ,

20

First measurement:

• Studied channel: 
• Normalization channel: 

• First observation of   decay:
        events

B0
s → J/ψK*0K̄*0

B0
s → ψ(2S)ϕ

B0
s → J/ψK*0K̄*0

5447 ± 125

• Large branding fraction for the limited phase space 
• Compare with BR for  and  (not yet observed)B0

s → J/ψη′ �ϕ B0
s → J/ψη′�η′ �

https://link.springer.com/article/10.1007/JHEP02(2021)024
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son is determined to be495

mB0
s
= 5367.98± 0.07± 0.13MeV/c2 ,

which is the most precise single measurement of this observable. This result is com-496

bined with other precise measurements by the LHCb collaboration using B0

s
! J/ � [23],497

B0

s
! J/ �� [75], B0

s
! �c2K+K� [76] and B0

s
! J/ pp [77] decays. The combined mass498

is calculated using the best linear unbiased estimator [78], accounting for correlations of499

systematic uncertainties between the measurements. The LHCb average for the mass of500

the B0

s
meson is found to be501

mLHCb

B0
s

= 5366.94± 0.08± 0.09MeV/c2 .

A structure with significance exceeding 5.2 standard deviations, denoted as X(4740), is502

also seen in the J/ � mass spectrum from B0

s
! J/ ⇡+⇡� (�! K+K�) decays. The mass503

and width of the structure are determined to be504

mX(4740) = 4741± 6 ± 6 MeV/c2 ,

�X(4740) = 53± 15± 11MeV .

A dedicated analysis using a larger data set is needed to resolve if this state is di↵erent505

from the �c0(4700) state, observed in the B+
! J/ �K+ decays [13, 14].506
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LHCb avarage:

Most precise single measurements :• Fit in the narrow  and  mass region:  ψ(2S) ϕ

• Allow use   mass constraint to    mass
• Improve resolution
• Reduce systematic uncertainty
• Systematic dominated by momentum scaling

ψ(2S) B0
s

Table 3: Parameters of interest, signal yield NB0
s
and mass of the B0

s mesons from an un-
binned extended maximum-likelihood fit, described in the text, to the sample enriched with
the B0

s !  (2S)� decays. The uncertainties are statistical only.

Parameter

NB0
s

4505± 69
mB0

s
[MeV/c2] 5366.95± 0.07

7 B
0

s
mass measurement301

The B0

s
mass measurement, reported in Table 1, is improved by imposing a constraint302

on the reconstructed mass of the  (2S) state [53]. Applying this constraint improves303

the B0

s
mass resolution and it significantly decreases systematic uncertainties on the304

mass measurement, since the mass of the  (2S) meson is known with high precision [65].305

The mass of the B0

s
meson is determined from an unbinned extended maximum-likelihood306

fit to the  (2S)K+K� mass distribution for a sample of B0

s
! J/ K+K�⇡+⇡� decays307

with mK+K� < 1.06GeV/c2 and with the J/ ⇡+⇡� mass within a narrow region around308

the known mass of the  (2S) meson, 3.679 < mJ/ ⇡+⇡� < 3.694GeV/c2.309

The  (2S)K+K� mass distribution is fitted with a two-component function comprising310

a signal component modelled with the B0

s
signal template and a background component311

modelled with a second-order polynomial function. The  (2S)K+K� mass distribution312

together with the fit results is shown in Fig. 7. The fit results are summarized in Table 3.313

Studies of simulated samples show that the selection requirements introduce a small bias314

in the measured mass of long-lived heavy-flavour hadrons [66–68]. The corrected value for315

the B0

s
mass is found to be316

mcorr

B0
s

= 5366.98± 0.07MeV/c2 , (9)

where the uncertainty is statistical only.317

8 J/ � mass spectrum318

The J/ � mass spectrum in B0

s
! J/ ⇡+⇡�� decays is studied using a sample319

of selected B0

s
! J/ K+K�⇡+⇡� candidates with the K+K� mass in the range320

mK+K� < 1.06GeV/c2 after excluding the J/ ⇡+⇡� mass regions around the nar-321

row  (2S) and �c1(3872) states, i.e. 3.672 < mJ/ ⇡+⇡� < 3.700GeV/c2 and322

3.864 < mJ/ ⇡+⇡� < 3.880GeV/c2. A two-dimensional unbinned extended maxi-323

mum-likelihood is performed to the J/ K+K�⇡+⇡� and K+K� mass distributions. The fit324

function comprises a sum of four components:325

1. a component corresponding to B0

s
! J/ ⇡+⇡�� decays, parameterised by the product326

of the B0

s
and � signal templates described in Sec. 4;327

2. a component corresponding to B0

s
! J/ ⇡+⇡�K+K� decays, parameterised by328

the product of the B0

s
signal template and the non-resonant K+K� function;329
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scribed in the text, is overlaid.

3. a component corresponding to random J/ ⇡+⇡�� combinations, parameterised by330

the product of the � signal template and the FB0
s
function;331

4. a component describing random J/ K+K�⇡+⇡� combinations, parameterised by332

the product of the phase-space function �2,5 (mK+K�) and the two-dimensional333

non-factorisable bilinear function described in Sec. 4.334

The J/ K+K�⇡+⇡� and K+K� mass spectra together with the projections of the fit335

are shown in Fig. 8. The sPlot technique is applied to obtain a background-subtracted336

J/ � mass distribution of B0

s
! J/ ⇡+⇡�� decays. The resulting distribution is shown337

in Fig. 9 (left). It shows a prominent structure at a mass around 4.74GeV/c2. No such338

structure is seen if the K+K� mass is restricted to the 1.06 < mK+K� < 1.15GeV/c2 region.339

This structure cannot be explained by B0

s
! Xcc� decays via a narrow intermediate340

Xcc resonance since contributions from B0

s
!  (2S)� and B0

s
! �c1(3872)� decays are341

explicitly vetoed. Studies with simulated samples indicate that the remaining contributions342

from these decays are totally negligible. No sizeable contributions from decays via other343

narrow charmonium states are observed in the background-subtracted J/ ⇡+⇡� mass344

spectrum. The background-subtracted �⇡+⇡� mass spectrum is shown in Fig. 9 (right).345

The spectrum exhibits significant deviations from the phase-space distribution, indicating346
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Figure 11: Measurements of the mass of the B0
s meson. The inner error bars indicate the statistical

uncertainty, and the outer error bars correspond to quadratic sum of statistic and systematic
uncertainties. The colored band represents the value and the uncertainty on the average
LHCb measurements which is calculated using only positive BLUE weights. The PDG fit and
average values are shown with blue circles with error bars.
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Summary

• The Run 1+2 amplitude analysis to  channels are performed:

• Previous result of Run 1 data are confirmed with high statistics

• Four new state in   and   are observed

•  ( ) is observed with high significance and broad   state is 

observed 

• The X(4685)( ) and X(4630) states are also observed for the first time

• The study of the  decays is performed:

• Several new channels are observed and their BR are measured

• , , 


• The new structure X(4740) in the  spectrum are observed with 

significance > 5 


• Precise  mass measurement


B+ → J/ψϕK+

J/ψK+ J/ψϕ
Zcs(4000)+ 1+ Zcs(4220)

1+

B0
s → J/ψπ+π−K+K−

B0
s → χc1(3872)ϕ B0

s → χc1(3872)(K+K−)ϕ B0
s → J/ψK*0K̄*0

J/ψϕ

σ

B0
s



32/32

More LHCb results 
Strange tetraquark in  systemD−K+
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χ
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Nonresonant

Figure 10: Comparisons of the invariant-mass distributions of B+ ! D
+
D

�
K

+ candidates in
data to the fit projection of the baseline model. The total fit function and contributions from
individual components are shown as detailed in the legend.

Table 4: Magnitude and phase of the complex coe�cients in the amplitude model, together
with fit fractions for each component. The quantities are reported after correction for fit biases
(see Sec. 9). The first uncertainty is statistical and the second is the sum in quadrature of all
systematic uncertainties.

Resonance Magnitude Phase (rad) Fit fraction (%)

D
+
D

� resonances

 (3770) 1 (fixed) 0 (fixed) 14.5 ± 1.2 ± 0.8

�c0(3930) 0.51 ± 0.06 ± 0.02 2.16 ± 0.18 ± 0.03 3.7 ± 0.9 ± 0.2

�c2(3930) 0.70 ± 0.06 ± 0.01 0.83 ± 0.17 ± 0.13 7.2 ± 1.2 ± 0.3

 (4040) 0.59 ± 0.08 ± 0.04 1.42 ± 0.18 ± 0.08 5.0 ± 1.3 ± 0.4

 (4160) 0.67 ± 0.08 ± 0.05 0.90 ± 0.23 ± 0.09 6.6 ± 1.5 ± 1.2

 (4415) 0.80 ± 0.08 ± 0.06 �1.46 ± 0.20 ± 0.09 9.2 ± 1.4 ± 1.5

D
�
K

+ resonances

X0(2900) 0.62 ± 0.08 ± 0.03 1.09 ± 0.19 ± 0.10 5.6 ± 1.4 ± 0.5

X1(2900) 1.45 ± 0.09 ± 0.03 0.37 ± 0.10 ± 0.05 30.6 ± 2.4 ± 2.1

Nonresonant 1.29 ± 0.09 ± 0.04 �2.41 ± 0.12 ± 0.51 24.2 ± 2.2 ± 0.5

As described in Sec. 7.1, DD resonant structure has previously been observed in
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Figure 3: Invariant mass spectra of weighted di-J/ candidates with pdi-J/ T > 5.2GeV/c and

overlaid projections of the pdi-J/ T -threshold fit using (a) the NRSPS plus DPS model, (b) model
I, and (c) model II.

around 6.75GeV/c2, where the data shows a dip. In an attempt to describe the dip, model
II allows for interference between the NRSPS component and a resonance for the threshold
enhancement. The coherent sum of the two components is defined as

���Aei�
q
fnr(Mdi-J/ ) + BW(Mdi-J/ )

���
2

, (1)

where A and � are the magnitude and phase of the nonresonant component, relative to the
BW lineshape for the resonance, assumed to be independent of Mdi-J/ , and fnr(Mdi-J/ ) is
an exponential function. The interference term in Eq. (1) is then added incoherently to
the BW function describing the X(6900) structure and the DPS description. The fit to the

pdi-J/ T -threshold sample with this model has a probability of 15.5% (�2/ndf = 104.7/91),
and its projections are illustrated in Fig. 3(c). In this case, the mass, natural width and
yield are determined to be m[X(6900)] = 6886± 11MeV/c2, �[X(6900)] = 168± 33MeV
and Nsig = 784± 148. A larger X(6900) width and yield are preferred in comparison
to model I. Here it is assumed that the whole NRSPS production is involved in the
interference with the lower-mass resonance despite that there may be several components
with di↵erent quantum numbers in the NRSPS and more than one resonance in the
threshold enhancement.

7

Four charm tetraquark in  systemJ/ψJ/ψ

Evidence of structure in  spectrumJ/ψΛ

to describe the nonresonant ⇤K� component, including an exponential function or a
function inversely proportional to m2

⇤K� +m2
NR, where mNR is a free parameter in the fit;

considering the e↵ects of ⌅�
b polarisation, which are found to be consistent with zero in

the analysis and neglected in the default fit; using an extended ⌅⇤� model, which includes
two more ⌅⇤� states, in which the mass and width constraints on the ⌅⇤� states are
removed, and all allowed couplings for all ⌅⇤� states are used. The largest value among all
model variations is taken as systematic uncertainty for this source. The other systematic
sources are estimated by: including the ⇤ ! p⇡� decay angles instead of taking the
⇤ baryon as a stable final-state particle; determining the sWeights by either splitting
⌅⇤� helicity angles into bins or removing partially reconstructed physical background
from the ⌅�

b ! J/ ⌃0(! ⇤�)K� decays in the low J/ ⇤K� mass sideband; and varying
the e�ciency due to imperfect simulation. The significance for the Pcs(4459)0 state is
conservatively taken as the smallest significance found when combining di↵erent sources
of systematic uncertainty together, and is equal to 3.1�. It corresponds to varying the
hadron-size parameter in the extended ⌅⇤� model with full couplings for the considered
Pcs(4459)0 state.

The negative systematic uncertainty for the Pcs(4459)0 fit fraction, �1.3%, is obtained
from an alternative value of JP used for the Pcs(4459)0 state. In such a fit, the significance
of the Pcs(4459)0 state is 4.1�, even though the fit fraction is 1.4%. This is because
the significance has contributions from two sources, the fit fraction and the interference
fraction involving the Pcs(4459)0 state. The interference fraction is about +1.3% in this
alternative JP fit, while it is almost 0 in the default fit. The systematic uncertainty of the
⌅(1950)� fit fraction is +49.9%, most of which originates from an alternative fit where its
mass and width are floated in the extended model, rather than constrained to the known
values [12], while the second largest one, from other sources considered in the estimation
of systematic uncertainty, is +5.9%. Considering this large value, the fit fractions for all
components involved in the extended model and their interference fractions are checked. A
large interference fraction of �60.3% between ⌅(1950)� and NR is found in the extended
model, and a large width of ⌅(1950)� of about 350MeV is found. This could indicate the
NR description in the default model is not perfect. Therefore several other NR models
discussed before, or the NR contribution replaced by a broad Breit-Wigner function are
tested; all of these variations don’t change the conclusion on the Pcs(4459)0 result.
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Figure 6: Projection of mJ/ ⇤ with a m⇤K� > 2.2GeV requirement applied, overlaid by the fit
using two resonances to model the peak region.
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Figure 2: The invariant-mass spectra of (a) the ⌘cp system of the ⇤0
b! ⌘cpK� decays and (b) the

J/ p system of the ⇤0
b! J/ pK� decays. The black points represent the background-subtracted

data and the red points correspond to the expectation from a simulation generated according
to a uniform phase-space model. The blue solid line in (a) shows the fit projection of the
⌘cp mass spectrum including the contribution from a Pc(4312)+ resonance in the mass range
[4000, 4400]MeV/c2.

between the overall e�ciencies of the signal and normalization channels is 0.95 ± 0.02,
where the uncertainty accounts only for the finite yields of the simulated events. The ratio
of branching fractions between the ⇤0

b! ⌘cpK� and ⇤0
b! J/ pK� decays is obtained as

B(⇤0
b! ⌘cpK�)

B(⇤0
b! J/ pK�)

= 0.333± 0.050,

where the quoted uncertainty is statistical only.
A search for a Pc(4312)+ ! ⌘cp contribution to the ⇤0

b! ⌘cpK� decay is performed
by projecting out the background-subtracted ⌘cp mass spectrum using the sPlot technique.
The resulting ⌘cp (and J/ p) mass distributions are shown in Fig. 2. A weighted unbinned
maximum-likelihood fit [49] is applied to the ⌘cp mass spectrum, where the data is
described as the incoherent sum of Pc(4312)+ ! ⌘cp decays and a nonresonant ⌘cp
contribution. The Pc(4312)+ resonance is modeled using a relativistic Breit–Wigner
function [45], with parameters obtained from Ref. [5], and is convolved with the sum of
two Gaussian resolution functions whose shape parameters are determined from simulation.
The contribution from ⇤0

b ! ⌘cpK� decays with a non-resonant ⌘cp system is modeled
using simulated events generated with a uniform phase-space model. The fit projection is
shown in Fig. 2 (a).

The yield of the Pc(4312)+ state is determined to be 16+12
� 9 (stat.) ± 4 (syst.). The

systematic uncertainty on the yield is estimated by using alternative models to describe the
⇤0

b component without ⌘cp resonances, and varying the mass and width of the Pc(4312)+

state based on their uncertainties from Ref. [5]. To consider the potential influence of the
interference between the Pc(4312)+ component and reflections from ⇤⇤ ! pK� resonances,
several ⇤0

b ! J/ pK� samples are generated based on the result of a full amplitude
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Thank you for attention!

A lot of analyses are ongoing with full LHCb data sample  
Search for new exotic states are continuing  

Stay tuned and look forward for new results at LHCb published papers web page!  

Two most important link in this talk: 1,2

http://lhcb-public.web.cern.ch
https://what-if.xkcd.com/140/
https://xkcd.com/2059/

