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Outline 

• Introduction

• Studies of the X(3872) lineshape
• JHEP 08 (2020) 123, PRD D102 (2020 092005)

• Multiplicity dependence of X(3872) production
• arXiv: 2009.06619

• Observation of the decay Bs → X(3872)𝜙
• arXiv: 2011.01867
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LHCb

World largest heavy flavour dataset
(9 fb-1) collected during Run1+Run2

• Precision tracking
• Excellent PID using RICH
• Trigger for fully hadronic decays
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The X(3872)and momentum of the B candidate. The signal region is defined as 5.271 GeV < Mbc <
5.289 GeV and |! E| < 0.030 GeV.
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FIG. 1: Distribution of M (! +! ! "+"! ) ! M ("+"! ) for selected events in the! E-M bc signal region
for (a) Belle data and (b) genericB - øB MC events .

Figure 1(a) shows the distribution of ! M " M(π+π! "+"! ) ! M("+"! ) for events in
the ! E-Mbc signal region. Here a large peak corresponding to ψ" # π+π! J/ψ is evident
at 0.589 GeV. In addition there is a significant spike in the distribution at 0.775 GeV.
Figure 1(b) shows the same distribution for a large sample of generic B-B̄ Monte Carlo
(MC) events. Except for the prominent ψ" peak, the distribution is smooth and featureless.
In the rest of this paper we use M(π+π! J/ψ) determined from ! M +MJ/ψ, where MJ/ψ is
the PDG [9] value for the J/ψ mass. The spike at ! M = 0.775 GeV corresponds to a mass
near 3872 MeV.

We make separate fits to the data in the ψ" (3580 MeV < Mπ+π−J/ψ < 3780 MeV) and
the M = 3872 MeV (3770 MeV < Mπ+π−J/ψ < 3970 MeV) regions using a simultaneous
unbinned maximum likelihood fit to the Mbc, ! E, and Mπ+π−J/ψ distributions [10]. For
the fits, the probability density functions (PDFs) for the Mbc and Mπ+π−J/ψ signals are
single Gaussians; the ! E signal PDF is a double Gaussian comprised of a narrow “core”
and a broad “tail” [11]. The background PDFs for ! E and Mπ+π−J/ψ are linear functions,
the Mbc background PDF is the ARGUS threshold function [12]. For the ψ" region fit, the
peak positions and widths of the three signal PDFs, the ! E core fraction, as well as the
parameters of the background PDFs are left as free parameters. The values of the resolution
parameters that are returned by the fit, listed in Table I, are consistent with MC-based
expectations. For the fit to the M = 3872 MeV region, the Mbc peak and width, as well as
the ! E peak, widths and core fraction are fixed at the values determined from the ψ" fit.

The results of the fits are presented in Table II. Figures 2(a), (b) and (c) show the
Mbc, Mπ+π−J/ψ, and ! E signal-band projections for the M = 3872 MeV signal region,
respectively. The superimposed curves indicate the results of the fit. There are clear peaks
with consistent yields in all three quantities. The signal yield of 35.7 ± 6.8 events has a

statistical significance of 10.3σ, determined from
√

! 2 ln(L0/Lmax), where Lmax and L0 are
the likelihood values for the best-fit and for zero-signal-yield, respectively. In the following
we refer to this as the X(3872).

5

PRL 91 (2003) 262001

The discovery by Belle of the X(3872), also called the
𝜒c1(3872), in 2003 kick-started a golden era for 
hadronic spectroscopy

Since then, this state has been studied by many 
experiments: Babar, CDF, D0, ATLAS, CMS,LHCb
and BESIII   

Quantum numbers measured to be 1++
by LHCb using Run 1 data

Belle

PRL 110 (2013) 222001

Question: So what is this state?
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The X(3872)
Striking features of the X(3872): Its very narrow, despite being above 
open charm threshold. Its mass is almost coincident with the DD* 
threshold

Conventional charmonium? 𝜒c1(2P) has 1++ quantum numbers, but predicted
mass and width are larger 

DD* molecule: Explains proximity to DD* threshold but challenge to explain 
prompt production

Compact Tetraquark: where are the partners?

Mixed state: wavefunction with quarkonium 
core  + sizeable DD* component 

ANRV358-NS58-03 ARI 18 September 2008 23:37
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Figure 2
Schematic representations of molecular states, diquark-diantiquark tetraquark mesons, and quark-antiquark-
gluon hybrids.

identify unambiguously a light multiquark state in an environment of many broad and often
overlapping conventional states. The charmonium spectrum is better defined, so new types of states
can potentially be more easily delineated from conventional charmonium states. The observation
of the X(3872), the first of the XYZ particles to be seen, allowed researchers to hope that a
multiquark state had definitively been observed.

Two generic types of multiquark states have been described in the literature. The first is a
molecular state, sometimes referred to as a deuson (41), that comprises two charmed mesons
bound together to form a molecule. These states are by nature loosely bound. Molecular states
bind through two mechanisms: quark/color exchange interactions at short distances and pion
exchange at large distance (5, 41, 42) (see Figure 2), although pion exchange is expected to
dominate (5). Molecular states are generally not isospin eigenstates, resulting in distinctive decay
patterns. Because the mesons inside the molecule are weakly bound, they tend to decay as if they
are free. The details of this process are reviewed by Swanson (5).

The second type of multiquark state is a tightly bound four-quark state, known as a tetraquark,
which is predicted to have properties different from those of a molecular state. In the model of
Maiani et al. (43) the tetraquark is described as a diquark-diantiquark structure in which the quarks
group into color-triplet scalar and vector clusters and in which the interactions are dominated by
a simple spin-spin interaction (see Figure 2). Here, strong decays are expected to proceed via
rearrangement processes, followed by dissociation, that give rise to (for example) decays such
as X → ρJ/ψ → ππJ/ψ or X → DD̄∗ → DD̄γ . A prediction that distinguishes multiquark
states containing a cc̄ pair from conventional charmonia is the possible existence of multiplets that
include members with nonzero charge (e.g., [cuc̄d̄]), strangeness (e.g., [cd cs]), or both (e.g., [cucs])
(44).

2.3. Charmonium Hybrids
Hybrid mesons are states characterized by an excited gluonic degree of freedom (see Figure 2),
which have been described by many different models and calculational schemes (45). A compelling
description, supported by lattice QCD (46, 47), views the quarks as moving in adiabatic potentials
produced by gluons by analogy to the atomic nuclei in molecules moving in the adiabatic potentials
produced by electrons. The lowest adiabatic surface leads to the conventional quarkonium spec-
trum, whereas the excited adiabatic surfaces result from putting the gluons into more complicated
color configurations. In the flux-tube model (48), the lowest excited adiabatic surface corresponds

56 Godfrey · Olsen
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X(3872) lineshape @ LHCb
Two complementary studies published last year of X(3872) lineshape in 
the decay J/𝜓𝜋+𝜋-

Exclusive B+→ X(3872) K+

• Full Run 1+ 2 dataset, 9 fb-1
• Very clean but statistically limited (4230 signal candidates)
• Can leverage constraints from B+ mass and pointing of B+ to primary 

vertex to have best mass resolution

Inclusive sample of detached X(3872) from b-hadron decays

• Analysis uses Run 1 dataset only (3 fb-1)
• More background but larger signal (~14000  signal candidates)
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Study of B+ → X(3872) K+

X(3872) mass region: 
4230 ± 70  
signal candidates

Fit model Breit-Wigner
convolved with detector
resolution

𝜓(3823) mass
region: 137 ± 26 
signal candidates
Significance 5.1𝜎

First observation of 
J/𝜓𝜋+𝜋- decay mode

Very clear signals for X(3872) and 𝜓(3823) decays to J/𝜓𝜋+𝜋-
allowing to measure resonance parameters 

JH
EP

 0
8 

(2
02

0)
 1

23
5.2 5.25 5.3 5.35

5

10

15

20
310×

3.67 3.68 3.69 3.7

5

10

15

20

25
310×

5.2 5.25 5.3 5.35

50

100

150

200

250

3.8 3.81 3.82 3.83 3.84 3.85

50

100

150

5.2 5.25 5.3 5.35

0.2

0.4

0.6

0.8

1

1.2
310×

3.85 3.86 3.87 3.88 3.89 3.9

0.2

0.4

0.6

0.8

1

1.2
310×

C
an

d
id
at
es
/(
3
M
eV
/c

2
)

C
an

d
id
at
es
/(
3
M
eV
/c

2
)

C
an

d
id
at
es
/(
3
M
eV
/c

2
)

C
an

d
id
at
es
/(
1.
25

M
eV
/c

2
)

C
an

d
id
at
es
/(
1.
25

M
eV
/c

2
)

C
an

d
id
at
es
/(
1.
25

M
eV
/c

2
)

mJ/ ⇡+⇡�K+

mJ/ ⇡+⇡�K+

mJ/ ⇡+⇡�K+

mJ/ ⇡+⇡�

mJ/ ⇡+⇡�

mJ/ ⇡+⇡�

[GeV/c2]

[GeV/c2]

[GeV/c2]

[GeV/c2]

[GeV/c2]

[GeV/c2]

3.68 < mJ/ ⇡+⇡� < 3.69GeV/c2 5.26 < mJ/ ⇡+⇡�K+ < 5.30GeV/c2

3.82 < mJ/ ⇡+⇡� < 3.83GeV/c2 5.26 < mJ/ ⇡+⇡�K+ < 5.30GeV/c2

3.86 < mJ/ ⇡+⇡� < 3.88GeV/c2 5.26 < mJ/ ⇡+⇡�K+ < 5.30GeV/c2

LHCb

LHCb

LHCb

LHCb

LHCb

LHCb

B
+! Xcc̄K

+

B
+!

�
J/ ⇡+⇡�

�
NR

K
+

comb. Xcc̄K
+

comb. bkg.

total

Figure 2: Distributions of the (left) J/ ⇡+⇡�K+ and (right) J/ ⇡+⇡� mass for selected
(top)B+!  (2S)K+, (middle) B+!  2(3823)K+ and (bottom)B+! �c1(3872)K+ candidates
shown as points with error bars. A fit, described in the text, is overlaid.

5 Ratios of branching fractions

Ratios of branching fractions, RX

Y
, are defined as

RX

Y
⌘

BB+!XK+ ⇥ BX!J/ ⇡+⇡�

BB+!YK+ ⇥ BY!J/ ⇡+⇡�
, (2)

6
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Study of B+ → X(3872) K+

• Measure mass splitting with respect to the 𝜓(2S) to minimize systematics

intermediate scenarios with the phase! 0 close to ⇡
2
. The latter reßects a high symmetry

of the observed" c1(3872) lineshape. For all scenarios, variations of the mass and width
parameters are limited to 50 keV/c2 and 150 keV, respectively.

7 Results and summary

The decay of B+! (# 2(3823)! J/#$ +$�) K+ is observed for the Þrst time with
a signiÞcance of 5.1 standard deviations. The signal yield of137± 26 candi-
dates, together with4230± 70 B+! (" c1(3872)! J/#$ +$�) K+ and (81.14± 0.29)⇥ 103

B+! (# (2S)! J/#$ +$�) K+ signal candidates, allows for a precise determination of
the ratios of the branching fractions

R# 2(3823)

" c1(3872)
=

BB+!# 2(3823)K
+ ⇥ B# 2(3823)!J/#$ +$�

BB+!" c1(3872)K
+ ⇥ B" c1(3872)!J/#$ +$�

= (3 .56± 0.67± 0.11)⇥ 10�2 ,

R# 2(3823)

# (2S)
=

BB+!# 2(3823)K
+ ⇥ B# 2(3823)!J/#$ +$�

BB+!# (2S)K+ ⇥ B# (2S)!J/#$ +$�
= (1 .31± 0.25± 0.04)⇥ 10�3 ,

R" c1(3872)

# (2S)
=

BB+!" c1(3872)K
+ ⇥ B" c1(3872)!J/#$ +$�

BB+!# (2S)K+ ⇥ B# (2S)!J/#$ +$�
= (3 .69± 0.07± 0.06)⇥ 10�2 ,

where the Þrst uncertainty is statistical and the second is systematic. The last ratio is in
good agreement with, but signiÞcantly more precise than the value of(4.0± 0.4) ⇥ 10�2,
derived from Ref. [2]. Only two ratiosRX

Y
are statistically independent. The non-zero

correlation coe�cients are +97% forR# 2(3823)

" c1(3872)
and R# 2(3823)

# (2S)
, and �7% for R# 2(3823)

" c1(3872)

and R" c1(3872)

# (2S)
. The product of branching fractions for the decay via the intermediate

# 2(3823) state is calculated to be

BB+!# 2(3823)K
+ ⇥ B# 2(3823)!J/#$ +$� = (2 .82± 0.54± 0.09± 0.10)⇥ 10�7 ,

where the last uncertainty is due to the knowledge of the branching fractions for
B+! # (2S)K+ and # (2S)! J/#$ +$� decays [2]. Combined with the calculated value
of B# 2(3823)!J/#$$ [60] this yieldsBB+!# 2(3823)K

+ = (1 .24± 0.25)⇥ 10�6. This is smaller
but more precise than the value of (2.1± 0.7) ⇥ 10�5 derived from the measurement of
BB+!# 2(3823)K

+⇥B# 2(3823)!" c1% = (9 .7±2.8±1.1)⇥10�6 by the Belle collaboration [55] and
the estimate forB# 2(3823)!" c1% [60]. Within a factorization approach the branching fraction
for the decayB+! # 2(3823)K+ vanishes, and a large value for this branching fraction
requires a large contribution of the D(⇤)+s D(⇤)0 rescattering amplitudes in theB+! ccK+ de-
cays [60]. This measurement of the branching fraction for theB+! # 2(3823)K+ decay
allows for a more precise estimation of the role of the D(⇤)+s D(⇤)0 rescattering mecha-
nism [60].

Using a Breit�Wigner parameterisation, the mass di↵erences between the# 2(3823),
" c1(3872) and# (2S) states are found to be

m" c1(3872) �m# 2(3823) = 47.50± 0.53± 0.13 MeV/c2 ,

m# 2(3823) �m# (2S) = 137.98± 0.53± 0.14 MeV/c2 ,

m" c1(3872) �m# (2S) = 185.49± 0.06± 0.03 MeV/c2 .

Only two from three mass di↵erences are independent. Two non-zero correlation coe�cients
are�93% form" c1(3872)�m# 2(3823) andm# 2(3823)�m# (2S) and +10% form" c1(3872)�m# 2(3823)

and m" c1(3872) �m# (2S).
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Dominant systematic for X(3872)
mass measurement from B+ mass 

• B+ → 𝜓(2S)K+ with 𝜓(2S) → J/𝜓𝜋+𝜋- for data driven calibration of the 
resolution scale between data and MC 

Table 3: Systematic uncertainties (in MeV/c2) for the mass splitting between the  2(3823),
�c1(3872) and  (2S) states.

Source m 2(3823) �m (2S) m�c1(3872) �m (2S) m�c1(3872) �m 2(3823)

Signal and background shapes
B+ signal template 0.023 0.002 0.023
Xcc signal template 0.115 0.005 0.110
Polynomial components 0.070 0.001 0.070

Momentum scale 0.004 0.009 0.005
B+ mass uncertainty 0.021 0.029 0.008

Sum in quadrature 0.138 0.031 0.133

��c1(3872) is due to the signal and background shapes. The maximal ��c1(3872) deviation of
0.21MeV is taken as the systematic uncertainty. For all the fits, the � 2(3823) parameter
is found to be consistent with zero, and an upper limit is obtained from analysis of
the likelihood profile curve. The maximal value of the upper limits is conservatively
taken as the estimate that accounts for the systematic uncertainty

� 2(3823) < 5.2 (6.6)MeVat 90 (95)% CL. (5)

The systematic uncertainty due to the mismodelling of the experimental resolution in
simulation is accounted for with the resolution scale factors fB+ and fXcc and therefore is
included as a part of the statistical uncertainty. A small dependency of the scale factor
fXcc on the dipion momentum for the  (2S)! J/ ⇡+⇡� decay is reported in Ref. [61].
Such e↵ect causes a bias in the e↵ective scale factor for di↵erent decays due to slightly
di↵erent dipion spectra. Such bias is found to be negligible with respect to the statistical
uncertainty for the factor fXcc .

The analysis is carried out by neglecting any interference e↵ects between the Xcc reso-
nances and other components. Such an assumption can bias the measurement of the mass
and width-parameters associated to the Xcc states. To account for such interference
e↵ects a full amplitude analysis is required, which is beyond the scope of this study.
However, to estimate the possible e↵ect of this assumption on the �c1(3872) mass and
width-parameters, the background-subtracted J/ ⇡+⇡� mass distribution in the �c1(3872)
region is studied with the sPlot technique used for background subtraction [125] using
the J/ ⇡+⇡�K+ mass as the discriminative variable. The distribution is fit with a model
that accounts for the signal, coherent and incoherent backgrounds

F(m) = N
⇣��ABW(m) + bc(m) ei�(m)

��2 ~R
⌘
+ b2

i
(m) , (6)

where ABW(m) is a Breit–Wigner amplitude, convolved with the mass resolution function
R, and N stands for a normalisation constant. The coherent and incoherent background
components bc(m) and b2

i
(m) are parameterised with polynomial functions. The relative in-

terference phase �(m) is taken to be constant for the narrow 3.85  mJ/ ⇡+⇡! < 3.90GeV/c2

region, �(m) ⌘ �0. An equally good description of data is achieved for totally inco-
herent (bc(m) ⌘ 0) and coherent (b2

i
(m) ⌘ 0) background hypotheses, as well as for any
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Figure 3: Likelihood profiles for the Breit–Wigner width of (left) 2(3823) and (right)�c1(3872)
states.

where X, Y stand for either the 2(3823),�c1(3872) or (2S) states. They are estimated
as

RX

Y
=

NB+ ! XK+

NB+ ! YK+
⇥ "B+ ! YK+

"B+ ! XK+
, (3)

whereN is the signal yield reported in Table 1 and! denotes the e�ciency of the cor-
responding decay. The e�ciency is deÞned as the product of geometric acceptance,
reconstruction, selection, hadron identiÞcation and trigger e�ciencies, where each sub-
sequent e�ciency is deÞned with respect to the previous one. All of the contributions,
except that of the hadron-identiÞcation e�ciency, are determined using simulated sam-
ples. The hadron-identiÞcation e�ciency is determined using large calibration samples of
D"+! (D0! K# ⇡+) ⇡+, K0

S
! ⇡+⇡# and D+

s
! (�! K+K# ) ⇡+ decays selected in data

Table 1: Parameters of interest and derived quantities from the simultaneous unbinned extended
maximum-likelihood two-dimensional fit. Results and statistical uncertainties are shown for
the three fit regions.

Parameter B+!  (2S)K+ B+!  2(3823)K+ B+! �c1(3872)K+

NB+ ! XccK
+ (81.14± 0.29)⇥ 103 137± 26 4230± 70

"mXcc [MeV/ c2] Ñ 137.98± 0.53 185.49± 0.06
�Xcc [MeV] 0.29 (Þxed) 0+ 0.68

# 0.00 0.96 + 0.19
# 0.18

f B+ 1.052± 0.003
f Xcc 1.048± 0.004

7

EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH (CERN)

CERN-EP-2020-071
LHCb-PAPER-2020-009

May 27, 2020

Study of the ! 2(3823)
and " c1(3872) states

in B + !
!
J/ !# + #" "

K + decays

LHCb collaboration 

Abstract
The decaysB+ ! J/! " + " ! K+ are studied using a data set corresponding to an in-
tegrated luminosity of 9 fb! 1 collected with the LHCb detector in proton-proton
collisions between 2011 and 2018. Precise measurements of the ratios of branching
fractions with the intermediate ! 2(3823), #c1(3872) and ! (2S) states are reported.
The values are

BB+ " ! 2(3823)K + " B! 2(3823)" J/ ! " + " !

BB+ " #c1 (3872)K + " B#c1 (3872)" J/ ! " + " !
= (3 .56± 0.67± 0.11) " 10! 2 ,

BB+ " ! 2(3823)K + " B! 2(3823)" J/ ! " + " !

BB+ " ! (2S)K + " B! (2S)" J/ ! " + " !
= (1 .31± 0.25± 0.04) " 10! 3 ,

BB+ " #c1 (3872)K + " B#c1 (3872)" J/ ! " + " !

BB+ " ! (2S)K + " B! (2S)" J/ ! " + " !
= (3 .69± 0.07± 0.06) " 10! 2 ,

where the Þrst uncertainty is statistical and the second is systematic. The decay
of B+ ! ! 2(3823)K+ with ! 2(3823)! J/! " + " ! is observed for the Þrst time with
a signiÞcance of 5.1 standard deviations. The mass di! erences between the! 2(3823),
#c1(3872) and ! (2S) states are measured to be

m#c1 (3872) # m! 2 (3823) = 47.50± 0.53± 0.13 MeV/ c2 ,

m! 2 (3823) # m! (2S) = 137.98± 0.53± 0.14 MeV/ c2 ,

m#c1 (3872) # m! (2S) = 185.49± 0.06± 0.03 MeV/ c2 ,

resulting in the most precise determination of the #c1(3872) mass. The width
of the ! 2(3823) state is found to be below 5.2MeV at 90% conÞdence level.
The BreitÐWigner width of the #c1(3872) state is measured to be

" BW
#c1 (3872) = 0 .96+ 0 .19

! 0.18 ± 0.21 MeV ,

which is inconsistent with zero by 5.5 standard deviations.

Published in JHEP 08 (2020) 123

© 2020 CERN for the beneÞt of the LHCb collaboration. CC BY 4.0 licence.

  Authors are listed at the end of this paper.
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Detached X(3872) → J/! 𝜋! 𝜋"

Simultaneous fit to data 
separated into 2011 and 2012

Also divide data into 3 bins
of P(𝜋+𝜋-): highly correlated
with mass resolution

Initial fits assume a
Breit-Wigner lineshape for 
signal which is convolved
with detector resolution

𝜓(2S) used to provide data 
driven calibration of mass
resolution  
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Detached X(3872) → J/! 𝜋! 𝜋"

3868 3870 3872 3874
!
MeV/c2

"
m! c1(3872)

LHCb B+ ! ! c1(3872)K+

LHCb b ! ! c1(3872)X

mD0 + mD! 0

PDG 2018
CDF pp! ! c1(3872)X

Belle B! ! c1(3872)K

LHCb pp! ! c1(3872)X
BES III e+ e! ! ! c1(3872)"

BaBar B+ ! ! c1(3872)K+

BaBar B0 ! ! c1(3872)K0

BaBar B! (! c1(3872)! J/#$ ) K
D0 pp! ! c1(3872)X

Table 2: Results for ! m and " BW and ! c1(3872) signal yields. The quoted uncertainties are
statistical.

Year p! + ! ! [GeV] ! m [MeV] " BW [MeV] Nsig [103]

2011 p! + ! ! < 12 185.32 ± 0.20 1.88± 0.74 1.78± 0.13
2011 12! p! + ! ! < 20 185.78 ± 0.21 1.53± 0.74 1.79± 0.13
2011 20! p! + ! ! < 50 185.46 ± 0.21 1.03± 0.82 1.68± 0.13
2012 p! + ! ! < 12 185.63 ± 0.13 1.23± 0.47 3.24± 0.18
2012 12! p! + ! ! < 20 185.47 ± 0.14 1.48± 0.48 3.70± 0.18
2012 20! p! + ! ! < 50 185.81 ± 0.15 1.15± 0.57 3.26± 0.17

Total 185.588± 0.067 1.39± 0.24 15.63± 0.38

the uncertainties are statistical. Consistent values are found when these parameters are
determined through a weighted average of the six individual bins, or by summing the
likelihood proÞles returned by the Þt.

The dominant systematic uncertainty on the mass di#erence! m arises from the
3 " 10! 4 relative uncertainty on the momentum scale. Its e#ect is evaluated by adjusting
the four-vectors of the pions by this amount and repeating the analysis. The bias on! m
from QED radiative corrections is determined to be (# 10± 14)keV using the simulation,
which usesPhotos [28] to model this e#ect. The measured value of! m is corrected by
this value and the uncertainty considered as a systematic error. The small uncertainty on
the Þtted values of the! (2S) mass is also propagated to the! m value. Biases arising from
the modelling of the resolution and the treatment of the background shape are evaluated
to be 2keV using the discrete proÞling method described in Ref. [40]. The uncertainties
on the ! m measurement are summarised in Table 3. Combining all uncertainties, the
mass splitting between the" c1(3832) and! (2S) mesons is determined as

! m = 185.598± 0.067± 0.068 MeV,

where the Þrst uncertainty is statistical and the second is systematic. The value
of ! m can be translated into an absolute measurement of the" c1(3872) mass using
m" (2S) = 3686.097± 0.010 MeV from Ref. [31], yielding

m#c1(3872) = 3871.695± 0.067± 0.068± 0.010 MeV,

where the third uncertainty is due to the knowledge of the! (2S) mass. For these
measurements it is assumed that interference e#ects with other partially reconstructed
b-hadron decays do not a#ect the lineshape. This assumption is reasonable since many
exclusiveb-hadron decays contribute to the Þnal sample, and the" c1(3872) state is narrow.
This assumption has been explored in pseudoexperiments varying the composition and
phases of the possible decay amplitudes that are likely to contribute to the observed data
set. These studies conservatively limit the size of any possible e#ect on m#c1(3872) to be
less than 40 keV.

Systematic uncertainties on" BW largely arise from the modelling of the resolution
function. The uncertainties onsf and n are propagated to" BW via Gaussian constraints
and hence are included in the statistical uncertainty, to which they contribute 0.05 MeV.

8

Mass splitting to 𝜓(2S):

Dominant systematic
momentum scale

Averaging LHCb
measurements:

The BreitÐWigner width of the ! c1(3872) state is found to be

! ! c1 (3872) = 0.96+ 0 .19
! 0.18 ± 0.21 MeV,

which is inconsistent with zero by 5.5 standard deviations. The width of the" 2(3823) state
is found to be consistent with zero and an upper limit at 90% (95%) conÞdence level is
set at

! " 2(3823) < 5.2 (6.6) MeV .

The value of the BreitÐWigner width! ! c1 (3872) agrees well with the value from the analysis
of a large sample of! c1(3872)! J/"# + #! decays from the inclusive decays of beauty
hadrons [61]. Using the known value of the" (2S) mass [2], the Breit" Wigner masses for
the " 2(3823) and! c1(3872) states are computed to be

m" 2(3823) = 3824.08± 0.53± 0.14± 0.01 MeV/c2 ,

m! c1 (3872) = 3871.59± 0.06± 0.03± 0.01 MeV/c2 ,

where the last uncertainty is due to the knowledge of the" (2S) mass. These are the most
precise measurements of these masses.

The mass di" erence between! c1(3872) and" (2S)states is more precise than the average
reported in Ref. [2]. It also agrees well with the measurement from Ref. [61]. Taking into
account a partial overlap of the data sets and correlated part of systematic uncertainty,
the LHCb average mass di" erence and the mass of the! c1(3872) state are

m! c1 (3872) " m" (2S)

!
!
LHCb

= 185.54± 0.06 MeV/c2 ,

m! c1 (3872)

!
!
LHCb

= 3871.64± 0.06± 0.01 MeV/c2 ,

where the second uncertainty is due to the knowledge of the" (2S) mass. The di" erence be-
tween them! c1 (3872) mass, determined from the BreitÐWigner Þt, and theD0D" 0 threshold
! E # ( mD0 + mD! 0 ) c2 " m! c1 (3872)c2 is computed to be

! E = 0.12± 0.13 MeV,

! E |LHCb = 0.07± 0.12 MeV,

where the Þrst value corresponds to the measurement performed in this analysis, while
the second one is an average with results from Ref. [61]. A value of3871.70± 0.11 MeV/c2

is taken for the threshold mD0 + mD! 0 , calculated from Ref. [2,61], accounting for the cor-
relation due to the knowledge of the charged and neutral kaon masses between the mea-
surements. The uncertainty on! E is now dominated by the knowledge of kaon masses.
These are the most precise measurements of the! c1(3872) mass and! E parameter.
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m(D0) +m(D⇤0) =

<latexit sha1_base64="tGcacS6lzAb5liZO+gU/BMX/x5E=">AAAB/nicbZDLSgMxFIYz9VbrbVRcuQkWoVUoM1JQF0JRFy4r2Au0Y8mkmTY0yQxJRihDwVdx40IRtz6HO9/GTDsLrf4Q+PjPOZyT348YVdpxvqzcwuLS8kp+tbC2vrG5ZW/vNFUYS0waOGShbPtIEUYFaWiqGWlHkiDuM9LyR1dpvfVApKKhuNPjiHgcDQQNKEbaWD17j5eu750yPIYpJEfOpAwvYM8uOhVnKvgX3AyKIFO9Z392+yGOOREaM6RUx3Ui7SVIaooZmRS6sSIRwiM0IB2DAnGivGR6/gQeGqcPg1CaJzScuj8nEsSVGnPfdHKkh2q+lpr/1TqxDs68hIoo1kTg2aIgZlCHMM0C9qkkWLOxAYQlNbdCPEQSYW0SK5gQ3Pkv/4XmScWtVs5vq8XaZRZHHuyDA1ACLjgFNXAD6qABMEjAE3gBr9aj9Wy9We+z1pyVzeyCX7I+vgGZYZKz</latexit>

3871.70± 0.11MeV/c2

<latexit sha1_base64="iECxB2JQYiRxwOt7eebeGe8Pijk=">AAACDnicbVA9SwNBEN3zM8avqKXNYhAs5LyLgcQuaGMjRDBRyMWwt5nokt27Y3dODEd+gY1/xcZCEVtrO/+Nm5jCrwcDj/dmmJkXJlIY9LwPZ2p6ZnZuPreQX1xaXlktrK03TZxqDg0ey1hfhMyAFBE0UKCEi0QDU6GE87B/NPLPb0AbEUdnOEigrdhVJHqCM7RSp7C9X634bsWjQaKo5/o+DXZpgHCLWmUn0Bzu8csS7RSKnuuNQf8Sf0KKZIJ6p/AedGOeKoiQS2ZMy/cSbGdMo+AShvkgNZAw3mdX0LI0YgpMOxu/M6TbVunSXqxtRUjH6veJjCljBiq0nYrhtfntjcT/vFaKvWo7E1GSIkT8a1EvlRRjOsqGdoUGjnJgCeNa2Fspv2aacbQJ5m0I/u+X/5JmyfXL7sFpuVg7nMSRI5tki+wQn1RIjRyTOmkQTu7IA3kiz8698+i8OK9frVPOZGaD/IDz9gm9KZjU</latexit>
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Detached X(3872) → J/! 𝜋! 𝜋"

0 1 2 3 4 5

[MeV]! �c1(3872)

LHCb B+ ! �c1(3872)K+

LHCb b! �c1(3872)X

Belle

BES III

BaBar

BaBar

Table 3: Systematic uncertainties on the measurement of the mass di! erence" m.

Source Uncertainty [MeV]

Momentum scale 0.066
Radiative corrections 0.014
Fitted ! (2S) mass uncertainty 0.007
Signal + background model 0.002

Sum in quadrature 0.068

The uncertainty due to the choice of the signal and background models is evaluated using
the discrete proÞling method with the alternative models described in Sec. 4. Based upon
these studies an uncertainty of 0.10MeV is assigned. The uncertainty due to possible
di! erences in thepT distribution between data and simulation is evaluated by weighting
the simulation to achieve better agreement and lead to a 0.01MeV uncertainty. Summing
these values in quadrature gives a total uncertainty of 0.1 MeV.

The value of" BW , including systematic uncertainties,

" BW = 1.39± 0.24± 0.10 MeV,

di! ers from zero by more than 5 standard deviations. Fits were also made Þxing" BW to
zero and allowingsf to ßoat in each bin without constraint. The value ofsf obtained is
between 1.2 and 1.25 depending on the bin, much larger than can be reasonably explained
by di! erences in the mass resolution between data and simulation after the calibration
using the ! (2S) data described in Sec. 5.

Care is needed in the interpretation of the measured" BW and m! c1(3872) parameters
since

!
!mD 0 + mD ! 0 ! m! c1(3872)

!
! < " BW . The BreitÐWigner parameterisation may not be

valid since it neglects the opening of theD 0D ! 0 channel.

7 Flatt«e model

7.1 The Flatt«e lineshape model

The proximity of the " c1(3872) mass to theD 0D ! 0 threshold distorts the lineshape from
the simple BreitÐWigner form. This has to be taken into account explicitly. The general
solution to this problem requires a full understanding of the analytic structure of the
coupled-channel scattering amplitude. However, if the relevant threshold is close to the
resonance, simpliÞed parametrisations are available and have been used to describe the
" c1(3872) lineshape [15,16].

In the J/ ! # + #" channel the" c1(3872) lineshape as a function of the energy with
respect to theD 0D ! 0 threshold, E " mJ/ " # + #" ! (mD 0 + mD ! 0 ), can be written as

dR(J/ ! # + #" )
dE

#
" $(E)

|D(E)|2
, (1)

where" $(E) is the contribution of the J/ ! # + #" channel to the width of the" c1(3872)
state. The complex-valued denominator function, taking into account theD 0D ! 0 and

9

Breit-Wigner
width

LHCb average: 

First measurement
of non-zero width
for X(3872)

! BW = 1 .19± 0.19 MeV

<latexit sha1_base64="nY0xx5bHkqSORjMPfosuIjYUVjM=">AAACHXicbZBNSwMxEIazflu/qh69BIvgQcquFLQHoehBL0IF2wrdUrLptAaT3SWZFcuyf8SLf8WLB0U8eBH/jemHoNWBwMP7zjCZN4ilMOi6n87U9Mzs3PzCYm5peWV1Lb++UTdRojnUeCQjfRUwA1KEUEOBEq5iDUwFEhrBzcnAb9yCNiIKL7EfQ0uxXii6gjO0Ujtf8k+ZUqyd+gh3qFV63MgyekS9olemfqyoO4Q9+u2fQz1r5wtu0R0W/QveGApkXNV2/t3vRDxRECKXzJim58bYSplGwSVkOT8xEDN+w3rQtBgyBaaVDq/L6I5VOrQbaftCpEP150TKlDF9FdhOxfDaTHoD8T+vmWD3sJWKME4QQj5a1E0kxYgOoqIdoYGj7FtgXAv7V8qvmWYcbaA5G4I3efJfqO8XvVKxfFEqVI7HcSyQLbJNdolHDkiFnJEqqRFO7skjeSYvzoPz5Lw6b6PWKWc8s0l+lfPxBVRLoDU=</latexit>

PRD D102 (2020 092005)



12

Flatte fits to X(3872) " #$! %! %"
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Figure 3: The coupling to the DD
⇤
channels g as a function of Flatté energy parameter Ef

(black points with error bars). The corresponding change in negative log likelihood, ! LL is
shown as well (red dots).

parameterisations are evaluated in the same way as for the BreitÐWigner analysis, using
discrete proÞling. The impact of the momentum scale uncertainty is investigated by
shifting the data points by 66keV and repeating the Þt. Further systematic uncertainties
are particular to the Flatt«e parameterisation. The location of theD 0D ⇤0 threshold is
known to a precision of 0.11MeV [31]. Varying the threshold by this amount and repeating
the Þt leads to an uncertainty on the parameters which is similar to that introduced by
the momentum scale. Finally, theD ⇤0 meson has a Þnite natural width, for which an
upper limit of �D⇤0 < 2.1MeV [31] has been measured. However, theoretical predictions
estimate�D⇤ = 65.5 ± 15.4 keV [37], based on the measured width of theD ⇤+ meson.
ModiÞed lineshape models taking into account the Þnite width of theD ⇤0 are available.
In particular, Refs. [37,44] suggest replacingk1(E) in Eq. (3) with

k0
1(E) =

!
! 2µ (E ! ER + i�D⇤0/ 2) , (9)

where ER " mD⇤0 ! mD0 ! m! 0. The reduced mass,µ, is calculated asmD 0 (mD 0+ m! 0 )
(2mD 0+ m! 0 ) .

With this modiÞcation there is always a contribution to both the imaginary and real part
of the denominator function in Eq.(2). Repeating the Þt results in a similar but worse Þt

Table 4: Results from the constrained Flatté fit. The uncertainties are statistical.

g f " # 103 �0 [MeV] m0 [MeV]

0.108± 0.003 1.8 ± 0.6 1.4 ± 0.4 3864.5 (Þxed)
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Best fit Flatte parameters
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Figure 5: Distribution of the FWHM obtained for simulated experiments generated from the
result of the Flatt«e model and Þtted with the BreitÐWigner model (Þlled histogram). Both
models account for the experimental resolution. The dashed red line shows the FWHM of the
Flatt«e lineshape, while the solid blue line indicates the value of the BreitÐWigner width observed
in data.

Figure 5 shows the resulting distribution of the BreitÐWigner width determined from
the pseudoexperiments, which is in good agreement with the value observed in the data.
This demonstrates that the value obtained for the BreitÐWigner width, after taking into
account the experimental resolution, is consistent with the expectation of the Flatt«e
model. The result highlights the importance of a proper lineshape parameterisation for a
measurement of the location of the pole.

7.4 Pole search

The amplitude as a function of the energy deÞned by Eq.(2) can be continued analytically
to complex values of the energyE. This continuation is valid up to singularities of
the amplitude. There are two types of singularities, which are relevant here: poles and

Table 6: Results of the Þt with the Flatt«e lineshape including statistical and systematic
uncertainties. The Flatt«e mass parameterm0 = 3864.5 MeV is used.

Mode [MeV] Mean [MeV] FWHM [MeV]

3871.69+ 0 .00 + 0 .05
! 0.04 ! 0.13 3871.66+ 0 .07 + 0 .11

! 0.06 ! 0.13 0.22+ 0 .06 + 0 .25
! 0.08 ! 0.17

14
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Flatte fits to X(3872) " #$! %! %"

Poles found
on the unphysical 
sheet II and III 
with respect to the 
J/𝜓𝜋+𝜋- channel

With respect to the DD* channel, one channel on the physical sheet 
corresponding to a quasi-bound DD*, with binding energy < 100 keV 
(at 90 % CL)
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Fit mass and time to 
separate prompt and 
from b componentsa simultaneous Þt to theJ/ !" + " ! invariant-mass spectrum and the pseudo decay-time

spectrum. The pseudo decay-timetz is deÞned as

tz !
(zdecay " zPV ) # M

pz
, (1)

wherezdecay " zPV is the di! erence between the positions of the reconstructed vertex of the
J/ !" + " ! and the collision vertex along the beam axis,M is the known mass [53] of the
reconstructed! (2S) or #c1(3872) candidate, andpz is the candidateÕs momentum along
the beam axis. The signal in thetz spectrum is Þt with a delta function representing
the prompt component and an exponential decay function representing the component
from b decays, which are convolved with a double Gaussian resolution function. Two
di! erent parameterizations of thetz background components using mass sidebands above
and below the mass peak of interest are employed. The Þrst is an empirically determined
analytical function as was done in Ref. [54] and the second directly uses thetz shape
templates taken from the mass sidebands in the data.

In the Þt to the invariant-mass spectrum, the! (2S) peak is represented by a sum of
two Crystal Ball functions, as in a previous LHCb analysis at 7TeV [55]. The measured
#c1(3872) peak is well described by a Gaussian function. The background contribution is
studied by examining the invariant-mass spectrum constructed by like-sign pion pairs,
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X(3872) production versus 
multiplicity
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X(3872) production versus 
multiplicity

Also extract the ratio of cross-sections * BF versus multiplicity and compare
to predictions of Comover model in arXiv:2006.15044. See also 
arxiv:2012.13499 for a discussion of this paper. 
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as corresponding systematic uncertainties. The contributions fromB0
s ! ! (2S)K+ K!

and B0
s ! " c1(3872)K+ K! decays are explicitly suppressed in the analysis by excluding

the mass regions3.672< m J/ !# + #� < 3.700 GeV/c2 and 3.864< m J/ !# + #� < 3.880 GeV/c2

around the known masses of the! (2S) and " c1(3872) states [16, 22, 58, 65]. Repeating
the analysis using wider exclusion ranges, causes changes of 4.6MeV/ c2 and 5.1MeV in
the mass and width of the X(4740) structure, respectively. These changes are taken as
systematic uncertainties due to possible remaining contributions fromB0

s ! ! (2S)K+ K!

and B0
s ! " c1(3872)K+ K! decays. Large interference e! ects between the signal and co-

herent part of the background can also distort the visible shape of the resonance. To probe
the importance of this e! ect, the signal Þt componentFS is modelled with a coherent sum
of an S-wave Breit-Wigner amplitudeA

!
mJ/ !$

"
and a coherent background

FS
!
mJ/ !$

"
"

#
#A

!
mJ/ !$

"
+ b

!
mJ/ !$

"
ei'

#
#2

" 2,4
!
mJ/ !$

"
, (11)

where the positive linear polynomialb(mJ/ !$ ) stands for the magnitude of the coherent
background amplitude and! denotes the phase of the coherent background, chosen to be
independent of theJ/ !$ mass. The deviations of the mass and width of the X(4740) struc-
ture obtained from this Þt are taken as systematic uncertainties related to neglecting
possible interference e! ects between the signal and the coherent part of the background.
The complicated interference pattern for theB0

s ! J/ !$ " decays via di! erent $ " states
also can distort theJ/ !$ mass spectrum. However, to quantify this e! ect a full ampli-
tude analysis, similar to Refs. [2, 9, 11, 12] is needed, that is beyond the scope of this
paper, and no systematic uncertainty is assigned. Other sources of systematic uncer-
tainties on the mass and width of the X(4740) structure, namely the momentum scale
and the background-subtraction procedure are found to be negligible with respect to
the leading systematic uncertainties related to the Þt model. For each choice of the Þt
model, the statistical signiÞcance of the observed X(4740) structure is calculated from
data using WilksÕ theorem [60]. The smallest signiÞcance found is 5.3 standard deviations,
taken as its signiÞcance including systematic uncertainties.

10 Summary

A study of B0
s ! J/ !# + #! K+ K! decays is made using pp collision data corresponding

to an integrated luminosity of 1, 2 and 6fb! 1, collected with the LHCb detector at
centre-of-mass energies of 7, 8 and 13TeV, respectively. The ratios of the branching
fractions via intermediate resonances, deÞned via Eqs. (1), are measured to be

R " c1 (3872)$
! (2S)$ = (2 .42± 0.23± 0.07)# 10! 2 ,

R K + K� = 1.57± 0.32± 0.12,

R J/ ! K ⇤0K ⇤0

! (2S)$ = 1.22± 0.03± 0.04,

where the Þrst uncertainty is statistical and the second systematic. The ratioR " c1 (3872)$
! (2S)$ is

consistent with but more precise than the value of(2.21± 0.29± 0.17)# 10! 2 re-
cently reported by the CMS collaboration [21]. The decaysB0

s ! J/ ! K" 0K" 0 and
B0

s ! " c1(3872)K+ K! , where the K+ K! pair does not originate from a$ meson, are
observed for the Þrst time. A full amplitude analysis, similar to Refs. [63, 64], is

20

Consistent with CMS value (2.21± 0.29± 0.17)⇥ 10�2
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presents measurements of the following ratios of branching fractions (B),

R ! c1 (3872)"
# (2S)" !

B (B0
s " ! c1(3872)" ) # B (! c1(3872)" J/#$ + $! )

B (B0
s " # (2S)" ) # B (# (2S)" J/#$ + $! )

, (1a)

R J/# K ! 0K ! 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 K + K " !
B(B0

s " ! c1(3872) (K+ K! )non-" )

B (B0
s " ! c1(3872)" ) # B (" " K+ K! )

. (1c)

The J/#" mass spectrum fromB0
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 inB0

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 ofJ/# " 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/p T ) µm, wherepT 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
identiÞed by a calorimeter system consisting of scintillating-pad and preshower detectors,
an electromagnetic and a hadronic calorimeter [32]. Muons are identiÞed 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 signiÞcantly displaced from every PV,
with a dimuon mass exceeding 2.7 GeV/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 usingPythia [35] with a speciÞcLHCb conÞguration [36]. Decays of unstable
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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.

distribution for mK+K� > 1.1GeV/c2 cannot be described by phase-space, and possibly con-
tains contributions from the f0(980), f2(1270), f0(1370) and f 02(1525) resonances decaying
to a pair of kaons, as has been observed in B0

s ! J/ K+ K� decays [63, 64]. An amplitude
analysis of a larger data sample would be required to properly disentangle individual
contributions. However, a narrow � component can be separated from the non-� com-
ponents using an unbinned maximum-likelihood fit to the background-subtracted and
e�ciency-corrected K+ K� mass distribution. The fit function comprises two components

1. a component corresponding to B0
s ! �c1(3872) (�! K+ K�) decays, modelled by

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

10

Also see significant signal with KK mass above the 𝜙 resonance  

as corresponding systematic uncertainties. The contributions fromB0
s ! ! (2S)K+ K!

and B0
s ! " c1(3872)K+ K! decays are explicitly suppressed in the analysis by excluding

the mass regions3.672< m J/ !# + #! < 3.700 GeV/c2 and 3.864< m J/ !# + #! < 3.880 GeV/c2

around the known masses of the! (2S) and " c1(3872) states [16, 22, 58, 65]. Repeating
the analysis using wider exclusion ranges, causes changes of 4.6MeV/ c2 and 5.1MeV in
the mass and width of the X(4740) structure, respectively. These changes are taken as
systematic uncertainties due to possible remaining contributions fromB0

s ! ! (2S)K+ K!

and B0
s ! " c1(3872)K+ K! decays. Large interference e↵ects between the signal and co-

herent part of the background can also distort the visible shape of the resonance. To probe
the importance of this e↵ect, the signal Þt componentFS is modelled with a coherent sum
of an S-wave Breit-Wigner amplitudeA

!
mJ/ !$

"
and a coherent background

FS
!
mJ/ !$

"
"

#
#A

!
mJ/ !$

"
+ b

!
mJ/ !$

"
ei !

#
#2
�2,4

!
mJ/ !$

"
, (11)

where the positive linear polynomialb(mJ/ !$ ) stands for the magnitude of the coherent
background amplitude and! denotes the phase of the coherent background, chosen to be
independent of theJ/ !$ mass. The deviations of the mass and width of the X(4740) struc-
ture obtained from this Þt are taken as systematic uncertainties related to neglecting
possible interference e↵ects between the signal and the coherent part of the background.
The complicated interference pattern for theB0

s ! J/ !$ " decays via di↵erent $ " states
also can distort theJ/ !$ mass spectrum. However, to quantify this e↵ect a full ampli-
tude analysis, similar to Refs. [2, 9, 11, 12] is needed, that is beyond the scope of this
paper, and no systematic uncertainty is assigned. Other sources of systematic uncer-
tainties on the mass and width of the X(4740) structure, namely the momentum scale
and the background-subtraction procedure are found to be negligible with respect to
the leading systematic uncertainties related to the Þt model. For each choice of the Þt
model, the statistical signiÞcance of the observed X(4740) structure is calculated from
data using WilksÕ theorem [60]. The smallest signiÞcance found is 5.3 standard deviations,
taken as its signiÞcance including systematic uncertainties.

10 Summary

A study of B0
s ! J/ !# + #! K+ K! decays is made using pp collision data corresponding

to an integrated luminosity of 1, 2 and 6fb! 1, collected with the LHCb detector at
centre-of-mass energies of 7, 8 and 13TeV, respectively. The ratios of the branching
fractions via intermediate resonances, deÞned via Eqs. (1), are measured to be

R " c1 (3872)$
! (2S)$ = (2 .42± 0.23± 0.07)# 10! 2 ,

R K + K ! = 1.57± 0.32± 0.12,

R J/ ! K " 0K " 0

! (2S)$ = 1.22± 0.03± 0.04,

where the Þrst uncertainty is statistical and the second systematic. The ratioR " c1 (3872)$
! (2S)$ is

consistent with but more precise than the value of(2.21± 0.29± 0.17)# 10! 2 re-
cently reported by the CMS collaboration [21]. The decaysB0

s ! J/ ! K" 0K" 0 and
B0

s ! " c1(3872)K+ K! , where the K+ K! pair does not originate from a$ meson, are
observed for the Þrst time. A full amplitude analysis, similar to Refs. [63, 64], is
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presents measurements of the following ratios of branching fractions (B),

R �c1(3872)�
 (2S)� !

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

B (B0
s "  (2S)�) # B ( (2S)" J/ ⇡+ ⇡! )

, (1a)

R J/ K ! 0K ! 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 K +K " !
B(B0

s " �c1(3872) (K+ K! )non-�)

B (B0
s " �c1(3872)�) # B (� " K+ K! )

. (1c)

The J/ � mass spectrum fromB0
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 inB0

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 ofJ/ " 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/p T ) µm, wherepT 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
identiÞed by a calorimeter system consisting of scintillating-pad and preshower detectors,
an electromagnetic and a hadronic calorimeter [32]. Muons are identiÞed 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 signiÞcantly displaced from every PV,
with a dimuon mass exceeding 2.7 GeV/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 usingPythia [35] with a speciÞcLHCb conÞguration [36]. Decays of unstable
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Summary 
• The nature of the X(3872) still continues to puzzle us

• Further progress on the location of the resonance with respect to DD* 
threshold requires better knowledge of D0 and kaon mass

• Closeness of peak to threshold means fits with Breit-Wigner lineshape
do not tell the whole story

• Still more to come on the X(3872) with Run 1+ 2 data from LHCb

• LHCb upgrade running from 2022 will give larger datasets and has 
different systematics

Upgrade II
[LHCC-2018-027]

!!!"#$%#&'()*'#$ +,&&-(.*./*#0

! Upgrade II to be installed during LS4 and aim atcollecting 300fb ! 1

! FTDR for Upgrade II in preparation .
! Detector planned for consolidation more advanced.
! Test-beam for ECAL and Mighty tracker @ DESY these weeks.

Victor Coco (CERN) LHCb Status November 18th, 2020 11 / 20
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