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Dear Sir/Madam,  
 
It is my pleasure to recommend Andrew Morris as an excellent candidate for the postdoctoral 
researcher position in the LHCb Group at the Centre de Physique des Particules de 
Marseille (CPPM) and Aix-Marseille University (AMU). Based on my ten years of 
postdoctoral experience working with, and supervising, PhD students across Europe, I suggest 
that you seriously consider his application.  
 
I have been working closely with Andrew on his data analysis topic during the course of his 
PhD, the study of time-dependent CP-violation using B0->Dpipi decays at LHCb. The analysis 
team consists of six members, where Andrew should be considered as the lead analyst and 
future contact author for the forthcoming publication. The analysis is currently under internal 
review and we are pushing to reach publication by the end of the summer. This measurement 
is a complex and ambitious analysis that would have posed a significant learning curve and 
challenge for any student or postdoc, Andrew has faced this admirably. He is involved in most 
parts of the analysis, leading the data processing and selection studies, performing the 
invariant mass fits to select signal candidates, making contributions to the C++ based fitting 
framework Laura++ that are required to perform the multi-dimensional time-dependent 
analysis, and studying the variation of the signal efficiency and the impact of background 
processes.  
 
Andrew has made excellent progress during the course of his PhD such that for the last six to 
twelve months he is showing that he is ready to make the step to become a successful 
postdoctoral researcher. His attention to detail and ability to critique both his own work, and 
that of others, have improved significantly so that he is now able to work independently as 
efficiently as he is within a team. He is a strong communicator and has developed his 
presentation skills through numerous talks in LHCb meetings and at a conference (virtually, 
due to Covid-19). His programming skills in both C++ and python are strong and it is an area 
in which he is interested to continue learning and improving. In general, Andrew is a pleasure 
to work with as part of the analysis team. He has a strong work ethic and is self-motivated, 
with a willingness and interest to learn and understand new things. He presents his work at 
almost every biweekly analysis meeting, and is now happy to ask questions and make 
suggestions to other members of the group.  
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The LHCb experiment
• Designed to study weak decays of heavy hadrons

• Excellent track and vertex  

resolution provides high  
purity samples (>90%) easily  
for fully reconstructed decays


• Heavy hadrons decay into  
almost infinite final states

• Study those decay products  

in a quasi-background free 
environment

5

2008 JINST 3 S08005

Chapter 2

The LHCb Detector

2.1 Detector layout

LHCb is a single-arm spectrometer with a forward angular coverage from approximately 10 mrad
to 300 (250) mrad in the bending (non-bending) plane. The choice of the detector geometry is
justified by the fact that at high energies both the b- and b-hadrons are predominantly produced in
the same forward or backward cone.

The layout of the LHCb spectrometer is shown in figure 2.1. The right-handed coordinate
system adopted has the z axis along the beam, and the y axis along the vertical.

Intersection Point 8 of the LHC, previously used by the DELPHI experiment during the LEP

Figure 2.1: View of the LHCb detector.
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Amplitude analysis of                       and                        decays
• Decays of B mesons to double charm final states now very popular 

• Following the discovery of new particles in                            decays 


• Isospin partner decays analysed together

• Expect standard excited charm mesons in the           and            channels

• Anything else would likely be an exotic candidate 

7

B0 → D0D+
s π− B+ → D−D+

s π+

B+ → D+D−K+

D0π− D−π+

1 Introduction

The decays of b hadrons into final states involving two open-charm hadrons form a large
family of topologically similar processes that include many intermediate states such as
charmonia, highly excited D(s) states, and possible exotic hadrons. The Dalitz plot
distributions of B0 ! D0D�K+, B+ ! D0D0K+ and B+ ! D+D�K+ decays1 have
already been explored by the Belle [1], BaBar [2] and LHCb collaborations [3, 4]. In these
studies, the discovery of the charm-strange meson Ds1(2700)+, the charmonium-like state
�c0(3930), and the open-charm tetraquark state X0,1(2900), were reported, prompting
many theoretical investigations into the internal structure of these states [5].

The decays B+ ! D�D+

s ⇡
+ and B0 ! D0D+

s ⇡
� are yet to be explored. They are

ideal to study excited D mesons (D⇤⇤) with natural spin-parity, to test isospin symmetry
in the charged and neutral D⇡ resonances, and to test quantum chromodynamics (QCD)
predictions [6]. The D⇤(2007)0, D⇤(2010)+, D⇤

0
(2300), and D⇤

2
(2460) mesons are already

well-established. The D⇤
1
(2600)0 and D⇤

J(3000)
0 mesons were recently discovered in the

inclusive proton-proton (pp) collisions and in B decays [7], while their charged isospin
partners have not been observed, although some measurements suggest their existence [8].
These states could also be explored in B ! DD+

s ⇡ decays. Figure 1 shows the Feynman
diagrams of the dominant tree-level amplitudes contributing to the two decays.

Studies of B ! DD+

s ⇡ decays also provide an excellent opportunity to search for
exotic hadrons decaying into the D+

s ⇡ and DD+

s final states. The discoveries of the
D⇤

s0(2317)
+ [9] and Ds1(2460)+ [10] states prompted speculation that they may have

a tetraquark component [6, 7]. No evidence for isospin partners has been found in
explicit searches [11, 12], but if they exist they should contribute to the B ! DD+

s ⇡
decays. The D0 collaboration claimed evidence for an X(5568) state [13, 14], which
however was not confirmed by other experiments [15–18]. An open-charm tetraquark
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Figure 1: Feynman diagrams for the dominant tree-level amplitudes contributing to (a)
B0 ! D0D+

s ⇡
� and (b) B+ ! D�D+

s ⇡
+ decays with intermediate D⇡ resonances; and nonres-

onant three body decays of (c) B0 ! D0D+
s ⇡

� and (d) B+ ! D�D+
s ⇡

+ decays.

1Charge conjugation is implied throughout this paper.
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Amplitude analysis of                       and                        decays
• Decays of B mesons to double charm final states now very popular 

• Following the discovery of new particles in                            decays 


• Isospin partner decays analysed together

• Expect standard excited charm mesons in the           and            channels

• Anything else would likely be an exotic candidate

• E.g.       tetraquark candidates seen to decay to   

• Motivation to search in the            and            from theory side in analogy to 

                       candidates in the            system   
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s and J/ψK
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Phys. Rev. D108 (2023) 012017, Phys. Rev. Lett. 131 (2023) 041902
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Amplitude analysis of                       and                        decays
• Three data samples initially

•                         with  

•                         with  

•                         with  


• Analysis uses the full Run 1 + Run 2 data sample of 


• Standard selections

• Combinatorial background suppressed using a BDT (boosted decision tree)

• Non-charm background surpassed with flight distance cuts

9

B0 → D0D+
s π− B+ → D−D+

s π+

B0 → D0D+
s π− D0 → K+π−

B0 → D0D+
s π− D0 → K+π−π+π−

B+ → D−D+
s π+

9fb−1

D− → K+π−π−
D+

s → K+K−π+

Phys. Rev. D108 (2023) 012017, Phys. Rev. Lett. 131 (2023) 041902
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Amplitude analysis of                       and                        decays
• Firstly need to measure the yields before doing the amplitude fit

• Separate fits for the three decay modes and split between Run 1 and Run 2

• Double Crystal Ball functions for the signal (Gaussian core + tails)

• Exponential function for the combinatorial background
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Figure 2: Invariant mass spectrum of the signal candidates, split by decay mode and run period.
The data are overlaid with the results of the fit.

5.1 Amplitude model

The amplitude of the three-body B ! DDs⇡ decays is constructed following the isobar
formalism [52–54], which is a coherent sum of quasi two-body amplitudes, either resonant
or nonresonant,

A(x;⇥) =
X

ci · Ai(x;⇥i), (2)

where ci is a complex parameter for the i-th contribution that is determined from data, x
denotes variables calculated from the four-momenta of the final-state particles and ⇥i is a
set of parameters used to describe the i-th lineshape. The amplitude of the i-th quasi
two-body decay to a and b (a, b represent any pair of D, Ds, ⇡ mesons) is

Ai(x;⇥i) = T (✓ab) · f(m2

ab;⇥i), (3)
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Figure 2: Invariant mass spectrum of the signal candidates, split by decay mode and run period.
The data are overlaid with the results of the fit.

5.1 Amplitude model

The amplitude of the three-body B ! DDs⇡ decays is constructed following the isobar
formalism [52–54], which is a coherent sum of quasi two-body amplitudes, either resonant
or nonresonant,

A(x;⇥) =
X

ci · Ai(x;⇥i), (2)

where ci is a complex parameter for the i-th contribution that is determined from data, x
denotes variables calculated from the four-momenta of the final-state particles and ⇥i is a
set of parameters used to describe the i-th lineshape. The amplitude of the i-th quasi
two-body decay to a and b (a, b represent any pair of D, Ds, ⇡ mesons) is

Ai(x;⇥i) = T (✓ab) · f(m2

ab;⇥i), (3)
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Figure 2: Invariant mass spectrum of the signal candidates, split by decay mode and run period.
The data are overlaid with the results of the fit.

5.1 Amplitude model

The amplitude of the three-body B ! DDs⇡ decays is constructed following the isobar
formalism [52–54], which is a coherent sum of quasi two-body amplitudes, either resonant
or nonresonant,

A(x;⇥) =
X

ci · Ai(x;⇥i), (2)

where ci is a complex parameter for the i-th contribution that is determined from data, x
denotes variables calculated from the four-momenta of the final-state particles and ⇥i is a
set of parameters used to describe the i-th lineshape. The amplitude of the i-th quasi
two-body decay to a and b (a, b represent any pair of D, Ds, ⇡ mesons) is

Ai(x;⇥i) = T (✓ab) · f(m2

ab;⇥i), (3)
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• Firstly need to measure the yields before doing the amplitude fit

• Separate fits for the three decay modes and split between Run 1 and Run 2

• Double Crystal Ball functions for the signal (Gaussian core + tails)

• Exponential function for the combinatorial background

Amplitude analysis of                       and                        decays

11

B0 → D0D+
s π− B+ → D−D+

s π+

5300 5400 5500 5600

) (MeV)-π+
sD

0D(M

0

50

100

150

C
an

di
da

te
s /

 (5
.0

 M
eV

)

-π+
sDπK

0D →0B
Data

Total PDF

Signal PDF
 signal0
sB

Background

LHCb
-13 fb

Run 1

5300 5400 5500 5600

) (MeV)-π+
sD

0D(M

0

200

400

600

C
an

di
da

te
s /

 (5
.0

 M
eV

)

-π+
sDπK

0D →0B
Data

Total PDF

Signal PDF
 signal0
sB

Background

LHCb
-16 fb

Run 2

5300 5400 5500 5600

) (MeV)-π+
sD

0D(M

0

20

40

C
an

di
da

te
s /

 (5
.0

 M
eV

)

-π+
sDπ3K

0D →0B
Data

Total PDF

Signal PDF
 signal0
sB

Background

LHCb
-13 fb

Run 1

5300 5400 5500 5600

) (MeV)-π+
sD

0D(M

0

50

100

150

200

C
an

di
da

te
s /

 (5
.0

 M
eV

)

-π+
sDπ3K

0D →0B
Data

Total PDF

Signal PDF
 signal0
sB

Background

LHCb
-16 fb

Run 2

5300 5400 5500 5600
) (MeV)+π+

sD
-D(M

0

50

100

150

200

C
an

di
da

te
s /

 (5
.0

 M
eV

)

+π+
sD

-D →+B

Data

Total PDF

Signal PDF

Background

LHCb
-13 fb

Run 1

5300 5400 5500 5600
) (MeV)+π+

sD
-D(M

0

200

400

600

800

C
an

di
da

te
s /

 (5
.0

 M
eV

)

+π+
sD

-D →+B

Data

Total PDF

Signal PDF

Background

LHCb
-16 fb

Run 2

Figure 2: Invariant mass spectrum of the signal candidates, split by decay mode and run period.
The data are overlaid with the results of the fit.

5.1 Amplitude model

The amplitude of the three-body B ! DDs⇡ decays is constructed following the isobar
formalism [52–54], which is a coherent sum of quasi two-body amplitudes, either resonant
or nonresonant,

A(x;⇥) =
X

ci · Ai(x;⇥i), (2)

where ci is a complex parameter for the i-th contribution that is determined from data, x
denotes variables calculated from the four-momenta of the final-state particles and ⇥i is a
set of parameters used to describe the i-th lineshape. The amplitude of the i-th quasi
two-body decay to a and b (a, b represent any pair of D, Ds, ⇡ mesons) is

Ai(x;⇥i) = T (✓ab) · f(m2

ab;⇥i), (3)
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Figure 2: Invariant mass spectrum of the signal candidates, split by decay mode and run period.
The data are overlaid with the results of the fit.

5.1 Amplitude model

The amplitude of the three-body B ! DDs⇡ decays is constructed following the isobar
formalism [52–54], which is a coherent sum of quasi two-body amplitudes, either resonant
or nonresonant,

A(x;⇥) =
X

ci · Ai(x;⇥i), (2)

where ci is a complex parameter for the i-th contribution that is determined from data, x
denotes variables calculated from the four-momenta of the final-state particles and ⇥i is a
set of parameters used to describe the i-th lineshape. The amplitude of the i-th quasi
two-body decay to a and b (a, b represent any pair of D, Ds, ⇡ mesons) is

Ai(x;⇥i) = T (✓ab) · f(m2
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Figure 2: Invariant mass spectrum of the signal candidates, split by decay mode and run period.
The data are overlaid with the results of the fit.

5.1 Amplitude model

The amplitude of the three-body B ! DDs⇡ decays is constructed following the isobar
formalism [52–54], which is a coherent sum of quasi two-body amplitudes, either resonant
or nonresonant,

A(x;⇥) =
X

ci · Ai(x;⇥i), (2)

where ci is a complex parameter for the i-th contribution that is determined from data, x
denotes variables calculated from the four-momenta of the final-state particles and ⇥i is a
set of parameters used to describe the i-th lineshape. The amplitude of the i-th quasi
two-body decay to a and b (a, b represent any pair of D, Ds, ⇡ mesons) is

Ai(x;⇥i) = T (✓ab) · f(m2

ab;⇥i), (3)
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Amplitude analysis of                       and                        decays
• Fit results

• Full results in the backup slides

• Focus here on the yields in the signal region of                      around the B mass

• Corresponds to about 2.5-3 times the mass resolution
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B0 → D0D+
s π− B+ → D−D+

s π+

Table 1: Results of the fit parameters of invariant mass fit to the data samples. The uncertainties
shown are statistical.

Decay Parameter Run 1 Run 2
Signal yield 587± 27 2641± 57

B0 ! D0

K⇡D
+

s ⇡
� B0

s signal 25.3± 8.3 77± 15
Background yield 421± 26 1440± 49
Mean (MeV) 5279.12± 0.38 5279.16± 0.18
Width (MeV) 7.89± 0.35 7.73± 0.17
Exponential slope �(3.08± 0.52)⇥ 10�3 �(2.98± 0.29)⇥ 10�3

Signal yield 185± 15 759± 32
B0 ! D0

K3⇡D
+

s ⇡
� B0

s signal 4.9± 4.6 38± 11
Background yield 136± 14 692± 33
Mean (MeV) 5277.98± 0.70 5278.79± 0.34
Width (MeV) 8.01± 0.59 7.72± 0.33
Exponential slope �(2.56± 0.90)⇥ 10�3 �(3.03± 0.41)⇥ 10�3

Signal yield 798± 30 3123± 59
B+ ! D�D+

s ⇡
+ Background yield 311± 21 1201± 40

Mean (MeV) 5278.88± 0.33 5278.74± 0.16
Width (MeV) 8.08± 0.30 8.05± 0.14
Exponential slope �(0.82± 0.61)⇥ 10�3 �(0.90± 0.31)⇥ 10�3

Table 2: Signal and background yields inside the B mass signal window, together with the signal
purity, split by run period and decay mode. The uncertainties shown are statistical.

Decay Parameter Run 1 Run 2
Signal yield 564± 26 2534± 55

B0 ! D0

K⇡D
+

s ⇡
� Total candidates 633 2753

Purity 89.1% 92.1%
Signal yields 177± 14 734± 31

B0 ! D0

K3⇡D
+

s ⇡
� Total candidates 199 835

Purity 88.9% 87.9%
Signal yield 766± 29 2984± 57

B+ ! D�D+

s ⇡
+ Total candidates 797 3143

Purity 96.1% 94.9%

where T (✓ab) describes the angular distribution which depends on the spin J of the
intermediate resonant state R(ab). The helicity angle, ✓ab, is defined as the angle between
the R(ab) momentum direction in the B rest frame, and the momentum direction of a as

7

±20 MeV/c2
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Amplitude analysis of                       and                        decays
• Now need to perform an amplitude analysis

• Take just the candidates from the signal regions and fix the yields

• Include amplitudes for every sub-process that may contribute, starting with 

known/standard resonances
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B0 → D0D+
s π− B+ → D−D+

s π+

Table 3: Resonances expected in B0 ! D0D+
s ⇡

� and B+ ! D�D+
s ⇡

+ decays [7]. The masses
and widths of resonances marked with # are shared for both the charged and neutral isospin
partners.

Resonance JP Mass (GeV) Width (GeV) Comments

D⇤(2007)0 1� 2.00685± 0.00005 < 2.1⇥ 10�3 Width set to be 0.1MeV
D⇤(2010)� 1� 2.01026± 0.00005 (8.34± 0.18)⇥ 10�5

D⇤
0
(2300) 0+ 2.343± 0.010 0.229± 0.016 #

D⇤
2
(2460) 2+ 2.4611± 0.0007 0.0473± 0.0008 #

D⇤
1
(2600)0 1� 2.627± 0.010 0.141± 0.023 #

D⇤
3
(2750) 3� 2.7631± 0.0032 0.066± 0.005 #

D⇤
1
(2760)0 1� 2.781± 0.022 0.177± 0.040 #

D⇤
J(3000)

0 ?? 3.214± 0.060 0.186± 0.080 # JP = 4+ is assumed

(a) (b)

(c)

Figure 5: Invariant mass distributions (a) M(D0⇡�), (b) M(D+
s ⇡

�) and (c) M(D0D+
s ) for the

B0 ! D0D+
s ⇡

� candidates compared with the fit results with only D⇡ resonances.

and 75.2/35 for B+ ! D�D+

s ⇡
+, which also indicates the existence of a new resonance.

13

Phys. Rev. D108 (2023) 012017, Phys. Rev. Lett. 131 (2023) 041902



03/07/2024

Amplitude analysis of                       and                        decays
• Projections from the fit with the list of known excited charm mesons

• Full                          dataset combining D decays and run periods

• Good fit to data in the           projection (left)

• Some possible deficiencies in the            projection (centre)

14

B0 → D0D+
s π− B+ → D−D+
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B0 → D0D+
s π−

D0π−

D+
s π−
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• Projections from the fit with the list of known excited charm mesons

• Full                          dataset combining D decays and run periods

• Good fit to data in the           projection (left)

• Some possible deficiencies in the            projection (centre)

Amplitude analysis of                       and                        decays
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B0 → D0D+
s π− B+ → D−D+

s π+

(a) (b)

(c)

Figure 6: Invariant mass distributions of the (a) M(D�⇡+), (b) M(D+
s ⇡

+) and (c) M(D�D+
s )

for the B+ ! D�D+
s ⇡

+ candidates compared with the fit results with only D⇡ resonances.

Figure 7: Two-dimensional pull plots of the fits to the (a) B0 ! D0D+
s ⇡

� and (b) B+ !
D�D+

s ⇡
+ samples.

7.2 Model including D+
s ⇡ resonances

To improve the description of the M(D+

s ⇡) distributions for the two decays, an additional
D+

s ⇡ state is added to each decay, whose mass and width are free parameters, and di↵erent
JP assignments are tested. No relationship is assumed for the two D+

s ⇡ states. Both states
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D−π+

D+
s π+

B+ → D−D+
s π+
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Amplitude analysis of                       and                        decays
• Since the problem seems to be  

in the         projections

• Try adding one state per decay  

mode

• No relation between them  

assumed

• Float mass, width and spin


• Both data sets prefer a spin-0 
resonance at 
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B0 → D0D+
s π− B+ → D−D+

s π+

D0π− D−π+

(a) (b)

(c) (d)

Figure 8: Projection of the fit result on (a) M(D⇡) and (b) M(D+
s ⇡) of B

0 ! D0D+
s ⇡

� decays
after including the T a

cs̄0(2900)
0 state, and on (c) M(D⇡) and (d) M(D+

s ⇡) of B
+ ! D�D+

s ⇡
+

decays after including the T a
cs̄0(2900)

++ state.

with JP = 0+ give the best description of the data, while the D+

s ⇡ states with the other
spin-parity are disfavored compared to the 0+ hypothesis (see Sec. 7.3). The distributions
of M(D+

s ⇡
�) in B0 ! D0D+

s ⇡
� and M(D+

s ⇡
+) in B+ ! D�D+

s ⇡
+ are shown in Fig. 8,

where the two new D+

s ⇡ resonances, which are named as T a
cs̄0(2900)

0 and T a
cs̄0(2900)

++

following the convention in Ref. [59], are evident.
In the M(D+

s ⇡
�) and M(D+

s ⇡
+) distributions, both the peaks near 2.9GeV and

the dips near 3.0GeV are better described by the presence of the new states and their
interference with the existing D⇤ states. The masses and widths of the T a

cs̄0(2900)
0 and

T a
cs̄0(2900)

++ states are listed in Table 4. Fit fractions are given in Tables 5 and 6
for B0 ! D0D+

s ⇡
� and B+ ! D�D+

s ⇡
+ decays, respectively. These results include the

systematic uncertainties and corrections of fit bias, which are described in Sec. 9. The
amplitudes and phases of the complex coe�cients of the resonant contributions, relative
to those of D⇤

2
(2460), are also displayed in Tables 5 and 6. The two-dimensional pull

plots are given in Fig. 9. The �2/ndf is 43.2/31 and 63.0/31 for B0 ! D0D+

s ⇡
� and

B+ ! D�D+

s ⇡
+ decays, respectively. The distributions of Legendre polynomial weighted

moments, together with the fit results with and without T a
cs̄0(2900)

0 and T a
cs̄0(2900)

++

states, are shown in Appendix A; these also suggest the existence of the new exotic states.
The above model with a new 0+ T a

cs̄0(2900) is set as the default fit model.
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D+
s π

2900 MeV/c2
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Amplitude analysis of                       and                        decays
• Perform a simultaneous fit 

• Assuming isospin symmetry to  

relate the two states
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B0 → D0D+
s π− B+ → D−D+

s π+

B+ → D+D−K+

D0π− D−π+

(a) (b)

(c) (d)

Figure 16: Fit result of simultaneous D⇡ fit model, the (a) M(D⇡) and (b) M(D+
s ⇡) distributions

of B0 ! D0D+
s ⇡

� decays after including the T a
cs̄0(2900)

0 state; the (c) M(D⇡) and (d) M(D+
s ⇡)

distributions of B+ ! D�D+
s ⇡

+ decays after including the T a
cs̄0(2900)

++ state.

9 Systematic uncertainties

The sources of systematic uncertainty fall into two categories: experimental and those
related to the amplitude model. In the first category there are e↵ects related to the fixed
signal yields of B candidates, the models of the background distributions, and the signal
e�ciency computation. Those arising from the amplitude model are mainly due to the
fixed parameters of the model. The total systematic uncertainty is found by summing
these in quadrature.

The signal yields in the amplitude analysis are taken from the results of the fits to the
invariant mass distributions of B candidates. To determine the systematic uncertainty,
the signal yield of each dataset is varied according to a Gaussian distribution whose width
corresponds to a signal-yield uncertainty that includes uncertainties due to the modelling
of the invariant mass distribution. The amplitude fit is repeated with the new signal
yields and the RMS value of each fit parameter is taken as the systematic uncertainty.

Backgrounds are modelled using a Gaussian process extrapolation method [58] ac-
cording to sideband distributions. To evaluate the associated systematic uncertainty, the
background model is replaced by the result of a kernel density estimation [44] applied to
the Dalitz-plot distributions of the sideband samples. The deviations of the fit parameters
from the default result are taken as the associated systematic uncertainties.
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used to correct the mean value of the parameter, while the width of the pull distribution
is used to scale the statistical uncertainty. The results are summarized in Tables 4, 5, and
6. The systematic uncertainties of the simultaneous D⇡ fit are also evaluated in the same
way, and summarized in Tables 10 and 11.

10 Conclusion

Amplitude analyses of B0 ! D0D+

s ⇡
� and B+ ! D�D+

s ⇡
+ decays are performed for

the first time, using LHCb pp collision data taken at center-of-mass energies of 7, 8
and 13 TeV, corresponding to a total integrated luminosity of 9 fb�1. In total, signal
yields of 4009± 70 and 3750± 64 candidates are obtained from the B0 ! D0D+

s ⇡
� and

B+ ! D�D+

s ⇡
+ decays, respectively.

When all known D⇡ resonances with spin-parities of 1�, 2+, 3� and 4+ [7] are included,
along with a qMI spline model to describe the 0+ D⇡ distributions, the results show
that the D+

s ⇡ invariant-mass distributions are not well described. To improve the model
description, a 0+ D+

s ⇡ resonance is added to each decay mode. The masses and widths of
the two resonances are determined to be

T a
cs̄0(2900)

0 : M = (2.879± 0.017± 0.018)GeV,

� = (0.153± 0.028± 0.020)GeV,

T a
cs̄0(2900)

++ : M = (2.935± 0.021± 0.013)GeV,

� = (0.143± 0.038± 0.025)GeV,

where the first uncertainty is statistical and the second systematic. The significances, ac-
counting for the look-elsewhere e↵ect and systematic uncertainties, of the exotic T a

cs̄0(2900)
0

and T a
cs̄0(2900)

++ states are 6.6 � and 4.8 �, respectively.
A simultaneous D⇡ amplitude fit assuming isospin symmetry in the B0 ! D0D+

s ⇡
�

and B+ ! D�D+

s ⇡
+ decays is also performed to provide better control on the contributions

from D⇡ resonances, especially the 0+ D⇡ spline model, and to improve the precision of
the measured parameters of exotic states. The masses and widths of the two resonances
in the simultaneous D⇡ fit are measured to be

T a
cs̄0(2900)

0 : M = (2.892± 0.014± 0.015)GeV,

� = (0.119± 0.026± 0.013)GeV,

T a
cs̄0(2900)

++ : M = (2.921± 0.017± 0.020)GeV,

� = (0.137± 0.032± 0.017)GeV,

with the significances evaluated to be 8.0 � and 6.5 � for the T a
cs̄0(2900)

0 and T a
cs̄0(2900)

++

states, including systematic uncertainties. The mass and width di↵erences between
T a
cs̄0(2900)

++ and T a
cs̄0(2900)

0 are evaluated to be

�M = (28± 20± 12)MeV,

�� = (15± 39± 16)MeV,

based on simultaneous D⇡ amplitude fit, and consistent with zero. A simultaneous fit
with the parameters of the D+

s ⇡ exotic states shared is also performed, and described in a
separate Letter [31]. All the results of the di↵erent fit scenarios show good agreement.
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used to correct the mean value of the parameter, while the width of the pull distribution
is used to scale the statistical uncertainty. The results are summarized in Tables 4, 5, and
6. The systematic uncertainties of the simultaneous D⇡ fit are also evaluated in the same
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from D⇡ resonances, especially the 0+ D⇡ spline model, and to improve the precision of
the measured parameters of exotic states. The masses and widths of the two resonances
in the simultaneous D⇡ fit are measured to be

T a
cs̄0(2900)

0 : M = (2.892± 0.014± 0.015)GeV,

� = (0.119± 0.026± 0.013)GeV,

T a
cs̄0(2900)

++ : M = (2.921± 0.017± 0.020)GeV,

� = (0.137± 0.032± 0.017)GeV,

with the significances evaluated to be 8.0 � and 6.5 � for the T a
cs̄0(2900)

0 and T a
cs̄0(2900)

++

states, including systematic uncertainties. The mass and width di↵erences between
T a
cs̄0(2900)

++ and T a
cs̄0(2900)

0 are evaluated to be

�M = (28± 20± 12)MeV,

�� = (15± 39± 16)MeV,

based on simultaneous D⇡ amplitude fit, and consistent with zero. A simultaneous fit
with the parameters of the D+

s ⇡ exotic states shared is also performed, and described in a
separate Letter [31]. All the results of the di↵erent fit scenarios show good agreement.
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Observed with       significance

Observed with          significance

8σ

6.5σ

Phys. Rev. D108 (2023) 012017, Phys. Rev. Lett. 131 (2023) 041902

B0 → D0D+
s π−

B+ → D−D+
s π+
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Amplitude analysis of                         decays
• Very recent paper from LHCb

• Do we see the                      state?

• About 850 events in the signal region, analysis strategy ~as before
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B+ → D*−D+
s π+

arXiv:2405.00098 [hep-ex]

Tcs̄0(2900)++

the rectangular function of a width equal to the D+
s invariant mass range of ±20 MeV. In

the fit to the data, the peak positions (shared between the Gaussian and DCB functions),
width, and relative magnitude of the Gaussian peak are allowed to float. The parameters
describing the tails of the DCB function are fixed to the values obtained from fits to the
simulation samples. The D⇤�D+

s invariant-mass spectrum includes a small contribution
from the B0

s decays [16], with the distribution fixed to be the same as for the B0 decays,
but shifted by the known B0

s–B
0 mass di↵erence [39].

The invariant-mass range below the B meson mass is populated with candidates
from B meson decays with D⇤+

s subsequently decaying as D⇤+
s ! D+

s �/⇡0, where the
photon or the ⇡0 from the decay is not reconstructed. This structure is referred to
as the partially reconstructed B meson decay component. The distribution for the
B0

! D⇤�D⇤+
s decays is obtained from the corresponding simulated sample and is

described by a non-parametric kernel density estimator [45]. The shape of the partially
reconstructed B+

! D⇤�D⇤+
s ⇡+ decays depends on the unmeasured structure of the

decay amplitude and is thus parametrised by an empirical shape, the sum of two Gaussian
peaks.

The combinatorial background is parametrised by an exponential distribution. Its
slope is floated in the fit to data.

The invariant-mass distributions of the D⇤�D+
s and D⇤�D+

s ⇡+ combinations in data
and the results of the fits are shown in Fig. 2 for all categories combined. The yields
of various fit components are given in Table 3 for the D⇤�D+

s and in Table 4 for the
D⇤�D+

s ⇡+ combinations. The reported yields are extracted by performing independent
fits to the four di↵erent categories. For the B+

! D⇤�D+
s ⇡+ mode, the signal and

background yields in the range |m(D⇤�D+
s ⇡+) � mB+ | < 30 MeV (“signal box”) are also

reported. This range is used to select the candidates for the amplitude fit.
Two-dimensional projections of the Dalitz-plot and angular variables for the
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Figure 2: Invariant-mass distributions of (a) D⇤�D+
s and (b) D⇤�D+

s ⇡+ combinations and
the results of the fits used to obtain the yields of the B0

! D⇤�D+
s , B+

! D⇤�D+
s ⇡+ and

B+
! D⇤�D⇤+

s ⇡+ decays. The inset in the plot (a) shows a zoomed region with the contribution
of the B0

s ! D⇤�D+
s decay component.

9

Table 3: Yields of signal and background components for the D⇤�D+
s invariant-mass fit in range

5.15–5.60 GeV.

Run 1 Run 2

TOS NotTOS TOS NotTOS

Fully rec. B0 2 512 ± 53 1 017 ± 33 9 720 ± 102 4 151 ± 67
Part. rec. B0 1 101 ± 48 500 ± 24 4 071 ± 83 1 762 ± 63
B0

s 27 ± 7 14 ± 4 117 ± 14 48 ± 9
Comb. backgr. 211 ± 54 37 ± 16 994 ± 82 374 ± 66

Table 4: Yields of signal and background components for the D⇤�D+
s ⇡+ invariant-mass fit in

range 4.80–5.60 GeV and in the signal box |m(D⇤�D+
s ⇡+) � mB+ | < 30 MeV.

Run 1 Run 2

TOS NotTOS TOS NotTOS

Fully rec. B+ 139 ± 14 52 ± 8 598 ± 26 252 ± 17
Part. rec. B+ 146 ± 16 60 ± 10 707 ± 37 247 ± 21
Comb. backgr. 227 ± 20 103 ± 12 1 129 ± 44 521 ± 28

Fully rec. B+ in signal box 132 ± 13 50 ± 8 588 ± 26 249 ± 17
Backgrounds in signal box 13.5 ± 1.2 6.4 ± 0.8 63.4 ± 2.5 31.1 ± 1.7

B+
! D⇤�D+

s ⇡+ candidates in the signal box are shown in Fig. 3. The distributions are
not background-subtracted or e�ciency-corrected.
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Figure 3: Distribution of B+
! D⇤�D+

s ⇡+ candidates in data: (a) projection onto the Dalitz
plot variables m2(D⇤�⇡+) and m2(D+

s ⇡+), (b) projection onto angular variables cos ✓D and �D.
The solid red line indicates the phase-space boundaries.
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Amplitude analysis of                         decays
• Very recent paper from LHCb

• Do we see the                      state?

• Region of interest dominated by reflections from                            states

• No evidence for the tetraquark with this limited data set

• Fit fraction for 
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B+ → D*−D+
s π+

arXiv:2405.00098 [hep-ex]

Tcs̄0(2900)++
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Figure 7: Results of the fit of the B+
! D⇤�D+

s ⇡+ distribution with the baseline model. Figures
(a) and (b) show the m(D⇤�⇡+) projection, with (a) zoomed in to illustrate the contributions from
all the resonances while (b) shows the projection near the D1(2420) resonance. The m(D+

s ⇡+),
m(D⇤�D+

s ), cos ✓D and �D projections are shown in (c), (d), (e) and (f), respectively.
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Figure 7: Results of the fit of the B+
! D⇤�D+

s ⇡+ distribution with the baseline model. Figures
(a) and (b) show the m(D⇤�⇡+) projection, with (a) zoomed in to illustrate the contributions from
all the resonances while (b) shows the projection near the D1(2420) resonance. The m(D+

s ⇡+),
m(D⇤�D+

s ), cos ✓D and �D projections are shown in (c), (d), (e) and (f), respectively.
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Figure 7: Results of the fit of the B+
! D⇤�D+

s ⇡+ distribution with the baseline model. Figures
(a) and (b) show the m(D⇤�⇡+) projection, with (a) zoomed in to illustrate the contributions from
all the resonances while (b) shows the projection near the D1(2420) resonance. The m(D+

s ⇡+),
m(D⇤�D+

s ), cos ✓D and �D projections are shown in (c), (d), (e) and (f), respectively.
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D1(2420), D1(2430)

Tcs̄0(2900)++ < 2.3 % (90 % CL)

https://arxiv.org/abs/2405.00098
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• Brief introduction

• Reminder of the LHCb experiment

• Recent results from LHCb

• Amplitude analysis of                        and                         decays

• Quick look at a new result from  


• Study of                           decays

• Radiative decays of 


• Future prospects

20

B0 → D0D+
s π− B+ → D−D+

s π+

B+ → D*−D+
s π+

B+ → D*±D∓K+

χc1(3872)
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Study of the                            decays
• Study resonant structures in                                                decays 

• Again motivated by tetraquark observations in                           decays 

• Interest to study this family of tetraquarks further!


• Simultaneous analysis of the two final states

• Expect charmonium(-like) contributions to be equal in both (C conservation)


• Use the full Run 1 + Run 2 data sample from LHCb

• Find                 decays in                             sample

• Find                 decays in                             sample

• Purity in both modes around 95%

21arXiv:2406.03156 [hep-ex]

B+ → D*±D∓K+

B+ → D*+D−K+, B+ → D*−D+K+

B+ → D+D−K+

1636 ± 43
1772 ± 44

B+ → D*+D−K+

B+ → D*−D+K+
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Study of the                            decays
• Study resonant structures in                                                decays 

• Baseline model

• Lots to discuss!

22arXiv:2406.03156 [hep-ex]

B+ → D*±D∓K+

B+ → D*+D−K+, B+ → D*−D+K+

Table 1: Resonant and nonresonant components included in the baseline fit and their spin
parities, fit fractions and product branching fractions (B (B+ ! RC) ⇥ B (R ! AB)), where
A,B,C are the three final-state particles. To obtain the branching fractions including both
R ! D⇤+D� and R ! D⇤�D+, the values in the table should be multiplied by a factor of
two. The first uncertainties are statistical, estimated with a bootstrap method [32], the second
are systematic and and the third are from the uncertainty of the B+ ! D⇤+D�K+ branching
fraction. The masses and widths of the resonances marked with the † symbol are fixed to their
PDG values [6].

Component JP (C) Fit fraction [%]
B+ ! D⇤+D�K+

Fit fraction [%]
B+ ! D⇤�D+K+

Branching fraction
[10�4]

EFF1++ 1++ 10.9 +2.3
�1.2

+1.6
�2.1 9.9 +2.1

�1.0
+1.4
�1.9 0.74 +0.16

�0.08
+0.11
�0.14 ± 0.07

⌘c(3945) 0�+ 3.4 +0.5
�1.0

+1.9
�0.7 3.1 +0.5

�0.9
+1.7
�0.6 0.23 +0.04

�0.07
+0.13
�0.05 ± 0.02

�c2(3930) † 2++ 1.8 +0.5
�0.4

+0.6
�1.2 1.7 +0.5

�0.4
+0.6
�1.1 0.12 +0.03

�0.03
+0.04
�0.08 ± 0.01

hc(4000) 1+� 5.1 +1.0
�0.8

+1.5
�0.8 4.6 +0.9

�0.7
+1.4
�0.7 0.35 +0.07

�0.05
+0.10
�0.05 ± 0.03

�c1(4010) 1++ 10.1 +1.6
�0.9

+1.3
�1.6 9.1 +1.4

�0.8
+1.2
�1.4 0.69 +0.11

�0.06
+0.09
�0.11 ± 0.06

 (4040) † 1�� 2.8 +0.5
�0.4

+0.5
�0.5 2.6 +0.5

�0.4
+0.4
�0.5 0.19 +0.04

�0.03
+0.03
�0.03 ± 0.02

hc(4300) 1+� 1.2 +0.2
�0.5

+0.2
�0.2 1.1 +0.2

�0.5
+0.2
�0.2 0.08 +0.01

�0.03
+0.02
�0.01 ± 0.01

T ⇤
c̄s̄0(2870)

0 † 0+ 6.5 +0.9
�1.2

+1.3
�1.6 – 0.45 +0.06

�0.08
+0.09
�0.10 ± 0.04

T ⇤
c̄s̄1(2900)

0 † 1� 5.5 +1.1
�1.5

+2.4
�1.6 – 0.38 +0.07

�0.10
+0.16
�0.11 ± 0.03

NR1��(D⇤⌥D±) 1�� 20.4 +2.3
�0.6

+2.1
�2.6 18.5 +2.1

�0.5
+1.9
�2.3 1.39 +0.16

�0.04
+0.14
�0.17 ± 0.12

NR0��(D⇤⌥D±) 0�� 1.2 +0.6
�0.1

+0.7
�0.6 1.1 +0.6

�0.1
+0.6
�0.5 0.08 +0.04

�0.01
+0.05
�0.04 ± 0.01

NR1++(D⇤⌥D±) 1++ 17.8 +1.9
�1.4

+3.6
�2.6 16.1 +1.7

�1.3
+3.3
�2.3 1.21 +0.13

�0.10
+0.24
�0.17 ± 0.11

NR0�+(D⇤⌥D±) 0�+ 15.9 +3.3
�1.2

+3.3
�3.3 14.5 +3.0

�1.1
+3.0
�3.0 1.09 +0.23

�0.08
+0.22
�0.23 ± 0.09

Table 2: Comparison of the T ⇤0
c̄s̄0,1 properties obtained in this work to those found previously

in B+ ! D+D�K+ decays [2]. In the branching fractions determined in this work, the T ⇤0
c̄s̄0,1

masses and widths are fixed to the previously measured values [2].

Property This work Previous work

T ⇤
c̄s̄0(2870)

0 mass [MeV] 2914± 11± 15 2866± 7

T ⇤
c̄s̄0(2870)

0 width [MeV] 128± 22± 23 57± 13

T ⇤
c̄s̄1(2900)

0 mass [MeV] 2887± 8± 6 2904± 5

T ⇤
c̄s̄1(2900)

0 width [MeV] 92± 16± 16 110± 12

B(B+ ! T ⇤
c̄s̄0(2870)

0D(⇤)+) (4.5 +0.6
�0.8

+0.9
�1.0 ± 0.4)⇥ 10�5 (1.2± 0.5)⇥ 10�5

B(B+ ! T ⇤
c̄s̄1(2900)

0D(⇤)+) (3.8 +0.7
�1.0

+1.6
�1.1 ± 0.3)⇥ 10�5 (6.7± 2.3)⇥ 10�5

B(B+!T ⇤
c̄s̄0(2870)

0D(⇤)+)
B(B+!T ⇤

c̄s̄1(2900)
0D(⇤)+)

1.17± 0.31± 0.48 0.18± 0.05

in the T ⇤0
c̄s̄0,1 properties between B+ ! T ⇤0

c̄s̄0,1D
+ and B+ ! T ⇤0

c̄s̄0,1D
⇤+ decays may give

further hints on the T ⇤0
c̄s̄0,1 production mechanism.

The decay T ⇤
c̄s̄0(2870)

0 ! D⇤�K+ is forbidden by spin-parity conservation, while
no clear contribution from T ⇤

c̄s̄1(2900)
0 is seen in Fig. 1(c). An upper limit on

5
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Study of the                            decays
• Study resonant structures in                                                decays 

• Baseline model

• Lots to discuss!

• New charmonium(-like) 

states
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B+ → D*±D∓K+

B+ → D*+D−K+, B+ → D*−D+K+

Table 1: Resonant and nonresonant components included in the baseline fit and their spin
parities, fit fractions and product branching fractions (B (B+ ! RC) ⇥ B (R ! AB)), where
A,B,C are the three final-state particles. To obtain the branching fractions including both
R ! D⇤+D� and R ! D⇤�D+, the values in the table should be multiplied by a factor of
two. The first uncertainties are statistical, estimated with a bootstrap method [32], the second
are systematic and and the third are from the uncertainty of the B+ ! D⇤+D�K+ branching
fraction. The masses and widths of the resonances marked with the † symbol are fixed to their
PDG values [6].

Component JP (C) Fit fraction [%]
B+ ! D⇤+D�K+

Fit fraction [%]
B+ ! D⇤�D+K+

Branching fraction
[10�4]

EFF1++ 1++ 10.9 +2.3
�1.2

+1.6
�2.1 9.9 +2.1

�1.0
+1.4
�1.9 0.74 +0.16

�0.08
+0.11
�0.14 ± 0.07

⌘c(3945) 0�+ 3.4 +0.5
�1.0

+1.9
�0.7 3.1 +0.5

�0.9
+1.7
�0.6 0.23 +0.04

�0.07
+0.13
�0.05 ± 0.02

�c2(3930) † 2++ 1.8 +0.5
�0.4

+0.6
�1.2 1.7 +0.5

�0.4
+0.6
�1.1 0.12 +0.03

�0.03
+0.04
�0.08 ± 0.01

hc(4000) 1+� 5.1 +1.0
�0.8

+1.5
�0.8 4.6 +0.9

�0.7
+1.4
�0.7 0.35 +0.07

�0.05
+0.10
�0.05 ± 0.03

�c1(4010) 1++ 10.1 +1.6
�0.9

+1.3
�1.6 9.1 +1.4

�0.8
+1.2
�1.4 0.69 +0.11

�0.06
+0.09
�0.11 ± 0.06

 (4040) † 1�� 2.8 +0.5
�0.4

+0.5
�0.5 2.6 +0.5

�0.4
+0.4
�0.5 0.19 +0.04

�0.03
+0.03
�0.03 ± 0.02

hc(4300) 1+� 1.2 +0.2
�0.5

+0.2
�0.2 1.1 +0.2

�0.5
+0.2
�0.2 0.08 +0.01

�0.03
+0.02
�0.01 ± 0.01

T ⇤
c̄s̄0(2870)

0 † 0+ 6.5 +0.9
�1.2

+1.3
�1.6 – 0.45 +0.06

�0.08
+0.09
�0.10 ± 0.04

T ⇤
c̄s̄1(2900)

0 † 1� 5.5 +1.1
�1.5

+2.4
�1.6 – 0.38 +0.07

�0.10
+0.16
�0.11 ± 0.03

NR1��(D⇤⌥D±) 1�� 20.4 +2.3
�0.6

+2.1
�2.6 18.5 +2.1

�0.5
+1.9
�2.3 1.39 +0.16

�0.04
+0.14
�0.17 ± 0.12

NR0��(D⇤⌥D±) 0�� 1.2 +0.6
�0.1

+0.7
�0.6 1.1 +0.6

�0.1
+0.6
�0.5 0.08 +0.04

�0.01
+0.05
�0.04 ± 0.01

NR1++(D⇤⌥D±) 1++ 17.8 +1.9
�1.4

+3.6
�2.6 16.1 +1.7

�1.3
+3.3
�2.3 1.21 +0.13

�0.10
+0.24
�0.17 ± 0.11

NR0�+(D⇤⌥D±) 0�+ 15.9 +3.3
�1.2

+3.3
�3.3 14.5 +3.0

�1.1
+3.0
�3.0 1.09 +0.23

�0.08
+0.22
�0.23 ± 0.09

Table 2: Comparison of the T ⇤0
c̄s̄0,1 properties obtained in this work to those found previously

in B+ ! D+D�K+ decays [2]. In the branching fractions determined in this work, the T ⇤0
c̄s̄0,1

masses and widths are fixed to the previously measured values [2].

Property This work Previous work

T ⇤
c̄s̄0(2870)

0 mass [MeV] 2914± 11± 15 2866± 7

T ⇤
c̄s̄0(2870)

0 width [MeV] 128± 22± 23 57± 13

T ⇤
c̄s̄1(2900)

0 mass [MeV] 2887± 8± 6 2904± 5

T ⇤
c̄s̄1(2900)

0 width [MeV] 92± 16± 16 110± 12

B(B+ ! T ⇤
c̄s̄0(2870)

0D(⇤)+) (4.5 +0.6
�0.8

+0.9
�1.0 ± 0.4)⇥ 10�5 (1.2± 0.5)⇥ 10�5

B(B+ ! T ⇤
c̄s̄1(2900)

0D(⇤)+) (3.8 +0.7
�1.0

+1.6
�1.1 ± 0.3)⇥ 10�5 (6.7± 2.3)⇥ 10�5

B(B+!T ⇤
c̄s̄0(2870)

0D(⇤)+)
B(B+!T ⇤

c̄s̄1(2900)
0D(⇤)+)

1.17± 0.31± 0.48 0.18± 0.05

in the T ⇤0
c̄s̄0,1 properties between B+ ! T ⇤0

c̄s̄0,1D
+ and B+ ! T ⇤0

c̄s̄0,1D
⇤+ decays may give

further hints on the T ⇤0
c̄s̄0,1 production mechanism.

The decay T ⇤
c̄s̄0(2870)

0 ! D⇤�K+ is forbidden by spin-parity conservation, while
no clear contribution from T ⇤

c̄s̄1(2900)
0 is seen in Fig. 1(c). An upper limit on

5
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B+ → D*±D∓K+

B+ → D*+D−K+, B+ → D*−D+K+

Table 1: Resonant and nonresonant components included in the baseline fit and their spin
parities, fit fractions and product branching fractions (B (B+ ! RC) ⇥ B (R ! AB)), where
A,B,C are the three final-state particles. To obtain the branching fractions including both
R ! D⇤+D� and R ! D⇤�D+, the values in the table should be multiplied by a factor of
two. The first uncertainties are statistical, estimated with a bootstrap method [32], the second
are systematic and and the third are from the uncertainty of the B+ ! D⇤+D�K+ branching
fraction. The masses and widths of the resonances marked with the † symbol are fixed to their
PDG values [6].

Component JP (C) Fit fraction [%]
B+ ! D⇤+D�K+

Fit fraction [%]
B+ ! D⇤�D+K+

Branching fraction
[10�4]

EFF1++ 1++ 10.9 +2.3
�1.2

+1.6
�2.1 9.9 +2.1

�1.0
+1.4
�1.9 0.74 +0.16

�0.08
+0.11
�0.14 ± 0.07

⌘c(3945) 0�+ 3.4 +0.5
�1.0

+1.9
�0.7 3.1 +0.5

�0.9
+1.7
�0.6 0.23 +0.04

�0.07
+0.13
�0.05 ± 0.02

�c2(3930) † 2++ 1.8 +0.5
�0.4

+0.6
�1.2 1.7 +0.5

�0.4
+0.6
�1.1 0.12 +0.03

�0.03
+0.04
�0.08 ± 0.01

hc(4000) 1+� 5.1 +1.0
�0.8

+1.5
�0.8 4.6 +0.9

�0.7
+1.4
�0.7 0.35 +0.07

�0.05
+0.10
�0.05 ± 0.03

�c1(4010) 1++ 10.1 +1.6
�0.9

+1.3
�1.6 9.1 +1.4

�0.8
+1.2
�1.4 0.69 +0.11

�0.06
+0.09
�0.11 ± 0.06

 (4040) † 1�� 2.8 +0.5
�0.4

+0.5
�0.5 2.6 +0.5

�0.4
+0.4
�0.5 0.19 +0.04

�0.03
+0.03
�0.03 ± 0.02

hc(4300) 1+� 1.2 +0.2
�0.5

+0.2
�0.2 1.1 +0.2

�0.5
+0.2
�0.2 0.08 +0.01

�0.03
+0.02
�0.01 ± 0.01

T ⇤
c̄s̄0(2870)

0 † 0+ 6.5 +0.9
�1.2

+1.3
�1.6 – 0.45 +0.06

�0.08
+0.09
�0.10 ± 0.04

T ⇤
c̄s̄1(2900)

0 † 1� 5.5 +1.1
�1.5

+2.4
�1.6 – 0.38 +0.07

�0.10
+0.16
�0.11 ± 0.03

NR1��(D⇤⌥D±) 1�� 20.4 +2.3
�0.6

+2.1
�2.6 18.5 +2.1

�0.5
+1.9
�2.3 1.39 +0.16

�0.04
+0.14
�0.17 ± 0.12

NR0��(D⇤⌥D±) 0�� 1.2 +0.6
�0.1

+0.7
�0.6 1.1 +0.6

�0.1
+0.6
�0.5 0.08 +0.04

�0.01
+0.05
�0.04 ± 0.01

NR1++(D⇤⌥D±) 1++ 17.8 +1.9
�1.4

+3.6
�2.6 16.1 +1.7

�1.3
+3.3
�2.3 1.21 +0.13

�0.10
+0.24
�0.17 ± 0.11

NR0�+(D⇤⌥D±) 0�+ 15.9 +3.3
�1.2

+3.3
�3.3 14.5 +3.0

�1.1
+3.0
�3.0 1.09 +0.23

�0.08
+0.22
�0.23 ± 0.09

Table 2: Comparison of the T ⇤0
c̄s̄0,1 properties obtained in this work to those found previously

in B+ ! D+D�K+ decays [2]. In the branching fractions determined in this work, the T ⇤0
c̄s̄0,1

masses and widths are fixed to the previously measured values [2].

Property This work Previous work

T ⇤
c̄s̄0(2870)

0 mass [MeV] 2914± 11± 15 2866± 7

T ⇤
c̄s̄0(2870)

0 width [MeV] 128± 22± 23 57± 13

T ⇤
c̄s̄1(2900)

0 mass [MeV] 2887± 8± 6 2904± 5

T ⇤
c̄s̄1(2900)

0 width [MeV] 92± 16± 16 110± 12

B(B+ ! T ⇤
c̄s̄0(2870)

0D(⇤)+) (4.5 +0.6
�0.8

+0.9
�1.0 ± 0.4)⇥ 10�5 (1.2± 0.5)⇥ 10�5

B(B+ ! T ⇤
c̄s̄1(2900)

0D(⇤)+) (3.8 +0.7
�1.0

+1.6
�1.1 ± 0.3)⇥ 10�5 (6.7± 2.3)⇥ 10�5

B(B+!T ⇤
c̄s̄0(2870)

0D(⇤)+)
B(B+!T ⇤

c̄s̄1(2900)
0D(⇤)+)

1.17± 0.31± 0.48 0.18± 0.05

in the T ⇤0
c̄s̄0,1 properties between B+ ! T ⇤0

c̄s̄0,1D
+ and B+ ! T ⇤0

c̄s̄0,1D
⇤+ decays may give

further hints on the T ⇤0
c̄s̄0,1 production mechanism.

The decay T ⇤
c̄s̄0(2870)

0 ! D⇤�K+ is forbidden by spin-parity conservation, while
no clear contribution from T ⇤

c̄s̄1(2900)
0 is seen in Fig. 1(c). An upper limit on

5

Tcs̄0(2870)0

B+ → D*−D+K+
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B+ → D*±D∓K+

B+ → D*+D−K+, B+ → D*−D+K+

Figure 1: Distributions of two-body invariant masses: (a) M(D⇤�D+), (c) M(D+K+) and
(e) M(D⇤�K+) in the B+ ! D⇤�D+K+ sample; (b) M(D+D�), (d) M(D�K+) and
(e) M(D⇤+K+) in the B+ ! D⇤+D�K+ sample. The fit results (red-solid lines) are over-
laid on the data distributions. Contributions from di↵erent components are also shown in
di↵erent line styles as indicated in the legend. The result of fitting the data using a model with-
out the hc(4000), �c1(4010) and hc(4300) components (reference fit) is shown with green-dotted
lines for comparison.

with m0 = 4.35GeV. The parameters ↵ and � are determined from the fit to be
0.11± 0.03GeV�2 and �0.34± 0.05GeV�2, respectively, where the uncertainty is statisti-
cal only. For the NR1++ contribution, only the S-wave component is considered. The NR
contributions amount to about 50% of the total fit fraction.

The two resonant contributions, T ⇤
c̄s̄0(2870)

0 and T ⇤
c̄s̄1(2900)

0, found in B+ ! D+D�K+

decays, are included in the B+ ! D⇤+D�K+ model to describe the enhancement seen
in Fig. 1(e). The statistical significances of the T ⇤

c̄s̄0(2870)
0 and T ⇤

c̄s̄1(2900)
0 states are

found to be 11� and 9.2�, respectively, thus confirming their existence in a new decay
channel. If their parameters are left free in the fit, their values show some tension with
the previous measurements, at the level of about 2� when accounting for correlations,
as seen in Table 2. In addition, the ratio of the T ⇤

c̄s̄0(2870)
0 and T ⇤

c̄s̄1(2900)
0 branching

fractions in this analysis is considerably larger than in the previous work. These tensions

4
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(e) M(D⇤+K+) in the B+ ! D⇤+D�K+ sample. The fit results (red-solid lines) are over-
laid on the data distributions. Contributions from di↵erent components are also shown in
di↵erent line styles as indicated in the legend. The result of fitting the data using a model with-
out the hc(4000), �c1(4010) and hc(4300) components (reference fit) is shown with green-dotted
lines for comparison.

with m0 = 4.35GeV. The parameters ↵ and � are determined from the fit to be
0.11± 0.03GeV�2 and �0.34± 0.05GeV�2, respectively, where the uncertainty is statisti-
cal only. For the NR1++ contribution, only the S-wave component is considered. The NR
contributions amount to about 50% of the total fit fraction.

The two resonant contributions, T ⇤
c̄s̄0(2870)

0 and T ⇤
c̄s̄1(2900)

0, found in B+ ! D+D�K+

decays, are included in the B+ ! D⇤+D�K+ model to describe the enhancement seen
in Fig. 1(e). The statistical significances of the T ⇤

c̄s̄0(2870)
0 and T ⇤

c̄s̄1(2900)
0 states are

found to be 11� and 9.2�, respectively, thus confirming their existence in a new decay
channel. If their parameters are left free in the fit, their values show some tension with
the previous measurements, at the level of about 2� when accounting for correlations,
as seen in Table 2. In addition, the ratio of the T ⇤

c̄s̄0(2870)
0 and T ⇤

c̄s̄1(2900)
0 branching

fractions in this analysis is considerably larger than in the previous work. These tensions
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B+ → D*+D−K+B+ → D*−D+K+

Discrepancies covered by model systematics



03/07/2024

Study of the                            decays
• Study resonant structures in                                                decays 

26arXiv:2406.03156 [hep-ex]

B+ → D*±D∓K+

B+ → D*+D−K+, B+ → D*−D+K+

Figure 1: Distributions of two-body invariant masses: (a) M(D⇤�D+), (c) M(D+K+) and
(e) M(D⇤�K+) in the B+ ! D⇤�D+K+ sample; (b) M(D+D�), (d) M(D�K+) and
(e) M(D⇤+K+) in the B+ ! D⇤+D�K+ sample. The fit results (red-solid lines) are over-
laid on the data distributions. Contributions from di↵erent components are also shown in
di↵erent line styles as indicated in the legend. The result of fitting the data using a model with-
out the hc(4000), �c1(4010) and hc(4300) components (reference fit) is shown with green-dotted
lines for comparison.

with m0 = 4.35GeV. The parameters ↵ and � are determined from the fit to be
0.11± 0.03GeV�2 and �0.34± 0.05GeV�2, respectively, where the uncertainty is statisti-
cal only. For the NR1++ contribution, only the S-wave component is considered. The NR
contributions amount to about 50% of the total fit fraction.
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lines for comparison.

with m0 = 4.35GeV. The parameters ↵ and � are determined from the fit to be
0.11± 0.03GeV�2 and �0.34± 0.05GeV�2, respectively, where the uncertainty is statisti-
cal only. For the NR1++ contribution, only the S-wave component is considered. The NR
contributions amount to about 50% of the total fit fraction.

The two resonant contributions, T ⇤
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0 and T ⇤
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0, found in B+ ! D+D�K+

decays, are included in the B+ ! D⇤+D�K+ model to describe the enhancement seen
in Fig. 1(e). The statistical significances of the T ⇤
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0 and T ⇤
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0 states are

found to be 11� and 9.2�, respectively, thus confirming their existence in a new decay
channel. If their parameters are left free in the fit, their values show some tension with
the previous measurements, at the level of about 2� when accounting for correlations,
as seen in Table 2. In addition, the ratio of the T ⇤
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0 and T ⇤
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4

B+ → D*+D−K+B+ → D*−D+K+

Discrepancies covered by model systematics



03/07/2024

Study of the                            decays
• Study resonant structures in                                                decays 

27arXiv:2406.03156 [hep-ex]
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B+ → D*+D−K+, B+ → D*−D+K+

Figure 1: Distributions of two-body invariant masses: (a) M(D⇤�D+), (c) M(D+K+) and
(e) M(D⇤�K+) in the B+ ! D⇤�D+K+ sample; (b) M(D+D�), (d) M(D�K+) and
(e) M(D⇤+K+) in the B+ ! D⇤+D�K+ sample. The fit results (red-solid lines) are over-
laid on the data distributions. Contributions from di↵erent components are also shown in
di↵erent line styles as indicated in the legend. The result of fitting the data using a model with-
out the hc(4000), �c1(4010) and hc(4300) components (reference fit) is shown with green-dotted
lines for comparison.

with m0 = 4.35GeV. The parameters ↵ and � are determined from the fit to be
0.11± 0.03GeV�2 and �0.34± 0.05GeV�2, respectively, where the uncertainty is statisti-
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B+ → D*±D∓K+

B+ → D*+D−K+, B+ → D*−D+K+

Table 1: Resonant and nonresonant components included in the baseline fit and their spin
parities, fit fractions and product branching fractions (B (B+ ! RC) ⇥ B (R ! AB)), where
A,B,C are the three final-state particles. To obtain the branching fractions including both
R ! D⇤+D� and R ! D⇤�D+, the values in the table should be multiplied by a factor of
two. The first uncertainties are statistical, estimated with a bootstrap method [32], the second
are systematic and and the third are from the uncertainty of the B+ ! D⇤+D�K+ branching
fraction. The masses and widths of the resonances marked with the † symbol are fixed to their
PDG values [6].

Component JP (C) Fit fraction [%]
B+ ! D⇤+D�K+

Fit fraction [%]
B+ ! D⇤�D+K+

Branching fraction
[10�4]

EFF1++ 1++ 10.9 +2.3
�1.2

+1.6
�2.1 9.9 +2.1

�1.0
+1.4
�1.9 0.74 +0.16

�0.08
+0.11
�0.14 ± 0.07

⌘c(3945) 0�+ 3.4 +0.5
�1.0

+1.9
�0.7 3.1 +0.5

�0.9
+1.7
�0.6 0.23 +0.04

�0.07
+0.13
�0.05 ± 0.02

�c2(3930) † 2++ 1.8 +0.5
�0.4

+0.6
�1.2 1.7 +0.5

�0.4
+0.6
�1.1 0.12 +0.03

�0.03
+0.04
�0.08 ± 0.01

hc(4000) 1+� 5.1 +1.0
�0.8

+1.5
�0.8 4.6 +0.9

�0.7
+1.4
�0.7 0.35 +0.07

�0.05
+0.10
�0.05 ± 0.03

�c1(4010) 1++ 10.1 +1.6
�0.9

+1.3
�1.6 9.1 +1.4

�0.8
+1.2
�1.4 0.69 +0.11

�0.06
+0.09
�0.11 ± 0.06

 (4040) † 1�� 2.8 +0.5
�0.4

+0.5
�0.5 2.6 +0.5

�0.4
+0.4
�0.5 0.19 +0.04

�0.03
+0.03
�0.03 ± 0.02

hc(4300) 1+� 1.2 +0.2
�0.5

+0.2
�0.2 1.1 +0.2

�0.5
+0.2
�0.2 0.08 +0.01

�0.03
+0.02
�0.01 ± 0.01

T ⇤
c̄s̄0(2870)

0 † 0+ 6.5 +0.9
�1.2

+1.3
�1.6 – 0.45 +0.06

�0.08
+0.09
�0.10 ± 0.04

T ⇤
c̄s̄1(2900)

0 † 1� 5.5 +1.1
�1.5

+2.4
�1.6 – 0.38 +0.07

�0.10
+0.16
�0.11 ± 0.03

NR1��(D⇤⌥D±) 1�� 20.4 +2.3
�0.6

+2.1
�2.6 18.5 +2.1

�0.5
+1.9
�2.3 1.39 +0.16

�0.04
+0.14
�0.17 ± 0.12

NR0��(D⇤⌥D±) 0�� 1.2 +0.6
�0.1

+0.7
�0.6 1.1 +0.6

�0.1
+0.6
�0.5 0.08 +0.04

�0.01
+0.05
�0.04 ± 0.01

NR1++(D⇤⌥D±) 1++ 17.8 +1.9
�1.4

+3.6
�2.6 16.1 +1.7

�1.3
+3.3
�2.3 1.21 +0.13

�0.10
+0.24
�0.17 ± 0.11

NR0�+(D⇤⌥D±) 0�+ 15.9 +3.3
�1.2

+3.3
�3.3 14.5 +3.0

�1.1
+3.0
�3.0 1.09 +0.23

�0.08
+0.22
�0.23 ± 0.09

Table 2: Comparison of the T ⇤0
c̄s̄0,1 properties obtained in this work to those found previously

in B+ ! D+D�K+ decays [2]. In the branching fractions determined in this work, the T ⇤0
c̄s̄0,1

masses and widths are fixed to the previously measured values [2].

Property This work Previous work

T ⇤
c̄s̄0(2870)

0 mass [MeV] 2914± 11± 15 2866± 7

T ⇤
c̄s̄0(2870)

0 width [MeV] 128± 22± 23 57± 13

T ⇤
c̄s̄1(2900)

0 mass [MeV] 2887± 8± 6 2904± 5

T ⇤
c̄s̄1(2900)

0 width [MeV] 92± 16± 16 110± 12

B(B+ ! T ⇤
c̄s̄0(2870)

0D(⇤)+) (4.5 +0.6
�0.8

+0.9
�1.0 ± 0.4)⇥ 10�5 (1.2± 0.5)⇥ 10�5

B(B+ ! T ⇤
c̄s̄1(2900)

0D(⇤)+) (3.8 +0.7
�1.0

+1.6
�1.1 ± 0.3)⇥ 10�5 (6.7± 2.3)⇥ 10�5

B(B+!T ⇤
c̄s̄0(2870)

0D(⇤)+)
B(B+!T ⇤

c̄s̄1(2900)
0D(⇤)+)

1.17± 0.31± 0.48 0.18± 0.05

in the T ⇤0
c̄s̄0,1 properties between B+ ! T ⇤0

c̄s̄0,1D
+ and B+ ! T ⇤0

c̄s̄0,1D
⇤+ decays may give

further hints on the T ⇤0
c̄s̄0,1 production mechanism.

The decay T ⇤
c̄s̄0(2870)

0 ! D⇤�K+ is forbidden by spin-parity conservation, while
no clear contribution from T ⇤

c̄s̄1(2900)
0 is seen in Fig. 1(c). An upper limit on

5

Table 3: Comparison of the charmonium(-like) states found in this analysis with previously
known states and the expected cc̄ charmonium states with relevant JPC quantum numbers as
predicted in Ref. [34]. Units of MeV for masses and widths are implied.

This work Known states [6] cc̄ prediction [34]

⌘c(3945) JPC = 0�+ X(3940) [9, 10] JPC = ??? ⌘c(3S) JPC = 0�+

m0 = 3945 +28
�17

+37
�28 �0 = 130 +92

�49
+101
�70 m0 = 3942± 9 �0 = 37 +27

�17 m0 = 4064 �0 = 80

hc(4000) JPC = 1+� Tcc̄(4020)0 [35] JPC =??� hc(2P ) JPC = 1+�

m0 = 4000 +17
�14

+29
�22 �0 = 184 +71

�45
+97
�61 m0 = 4025.5 +2.0

�4.7 ± 3.1 �0 = 23.0± 6.0± 1.0 m0 = 3956 �0 = 87

�c1(4010) JPC = 1++ �c1(2P ) JPC = 1++

m0 = 4012.5 +3.6
�3.9

+4.1
�3.7 �0 = 62.7 +7.0

�6.4
+6.4
�6.6 m0 = 3953 �0 = 165

hc(4300) JPC = 1+� hc(3P ) JPC = 1+�

m0 = 4307.3 +6.4
�6.6

+3.3
�4.1 �0 = 58 +28

�16
+28
�25 m0 = 4318 �0 = 75

�c(4274) [36] JPC = 1++ �c1(3P ) JPC = 1++

m0 = 4294± 4 +6
�3 �0 = 53± 5± 5 m0 = 4317 �0 = 39

the fit fraction of B+ ! T ⇤
c̄s̄1(2900)

0D+, T ⇤
c̄s̄1(2900)

0 ! D⇤�K+ of 1.5% is set at
95% confidence level with statistical uncertainty only. This corresponds to an up-
per limit on B(T ⇤

c̄s̄1(2900)
0 ! D⇤�K+)/B(T ⇤

c̄s̄1(2900)
0 ! D�K+) of 0.21 at 95% con-

fidence level, using known values of the B+ ! D+D�K+ and B+ ! D⇤�D+K+

branching fractions [6, 20]. Similarly, an upper limit on the fit fraction of
B+ ! T ⇤

cs̄0(2900)
++D⇤�, T ⇤

cs̄0(2900)
++ ! D+K+ of 3.3% is set at 95% confidence level.

In addition to the contributions discussed above, four extra charmonium(-like) reso-
nances are needed to describe the spectrum: ⌘c(3945), hc(4000), �c1(4010) and hc(4300),
with statistical significances found to be 10�, 9.1�, 16� and 6.4�, respectively. When
considering systematic uncertainties, the significance for the least significant, hc(4300),
is 6.1�. Their quantum numbers JPC are determined to be 0�+, 1+�, 1++ and 1+�,
respectively, with alternative JPC values rejected with statistical significances of more
than 5.7�, while other measured properties are summarized in Table 3. The assigned
symbols are those for I = 0 states [3], as expected for charmonium resonances produced
in B+ ! D⇤±D⌥K+ decays, but the isospin quantum number is not measured and exotic
contributions are possible. The mass and width of the ⌘c(3945) resonance agree reasonably
well with those of the previously reported X(3940) state [9, 10]. Given the measured
quantum numbers, the state could be the ⌘c(3S) state predicted in Ref. [34].

The fit results without the hc(4000), �c1(4010) and hc(4300) components are shown in
Fig. 1 as green dashed lines. The hc(4000) and �c1(4010) states are required to describe
the discrepancy in M(D⇤D) around 4.0GeV while the hc(4300) component is needed for
the discrepancy around 4.3GeV. The hc(4000) state has C = �1, which generates a
distinctive interference pattern with the 1++ contributions, while the �c1(4010) component
is required to describe the remaining discrepancy in this region (see Figs. 3 and 4 in
supplemental material). The hc(4000) and hc(4300) resonances are potential candidates
for the hc(2P ) and hc(3P ) states, respectively, and are the first reported candidates for
these two charmonium states. The hc(4000) width is much larger than that of the charged
Tcc̄(4020)0 state found by the BESIII collaboration [35]. The �c(4274) state reported in
Ref. [36], has mass and width close to those of the hc(4300) resonance but with di↵erent
C-parity. These are therefore likely to correspond to di↵erent charmonium states.

The �c1(4010) resonance has the expected JPC quantum numbers of a �c1 state. Its
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χc1(3872)

ℛψγ =
Γ(χc1(3872) → ψ(2S)γ)
Γ(χc1(3872) → J/ψγ)

arXiv:2406.17006 [hep-ex]

χc1(3872)

χc1(3872) → ψ(2S)γ

ℛψγ = 3.4 ± 1.4
ℛψγ = 2.46 ± 0.64 ± 0.29
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ℛψγ =
Γ(B+ → [χc1(3872) → ψ(2S)γ]K+)
Γ(B+ → [χc1(3872) → J/ψγ]K+)

arXiv:2406.17006 [hep-ex]
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Figure 1: Distributions of the (left)  �K+ and (right)  � mass of selected B+ candidates
summed over Run 1 and Run 2 data-taking periods. Top and bottom rows correspond to
the B+! (�c1(3872)!  (2S)�)K+ and B+! (�c1(3872)! J/ �)K+ candidates, respectively.
The  �K+ mass spectra are shown for candidates within the narrow  � mass regions around
the �c1(3872) mass, and vice versa, the  � mass spectra are shown for candidates within
the narrow  �K+ mass regions around the B+ mass. Projections of the fit, described in the text,
are overlaid.

�c1(3872) mass, 3.842 < m (2S)� < 3.902GeV/c2 and 3.782 < mJ/ � < 3.962GeV/c2. Simi-
larly, the  � mass spectra are shown for candidates within the narrow  �K+ mass regions
around the known mass of the B+ meson, 5.258 < m �K+ < 5.300GeV/c2. To improve
the mass resolutions the  �K+ and  � masses are calculated using the kinematic fit de-
scribed above [128]. In addition, to calculate the  �K+ mass, the  � mass is constrained
to the known value of the �c1(3872) state [50,51,120]. Clear signals corresponding to both
B+ and �c1(3872) states are seen in data for both channels.

4 Signal yield determination

Signal yields of both B+ ! (�c1(3872) !  �)K+ decay channels are determined using
extended unbinned maximum-likelihood fits to two-dimensional distributions of m �

and m �K+ . The fit model for the B+ ! (�c1(3872) !  (2S)�)K+ decay channel consists
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5.1 5.2 5.3 5.4
0

0.4

0.8

1.2

1.6

2

2.4
310×

3.7 3.8 3.9 4 4.1
0

0.2

0.4

0.6

0.8

1

1.2
310×

5 5.1 5.2 5.3 5.4
0

20

40

60

80

100

120

3.75 3.84 3.93 4.02
0

20

40

60

80

100

120

mJ/ �K+

[GeV/c2]

mJ/ �

[GeV/c2]m (2S)�K+

[GeV/c2]

m (2S)�

[GeV/c2]

C
an

d
id
at
es
/(
5
M
eV
/c

2
)

C
an

d
id
at
es
/(
10

M
eV
/c

2
)

C
an

d
id
at
es
/(
10

M
eV
/c

2
)

C
an

d
id
at
es
/(
10

M
eV
/c

2
)

LHCb
9 fb�1

LHCb
9 fb�1

LHCb
9 fb�1

LHCb
9 fb�1

+• Data
B+! �c1(3872)K+

B! J/ X
�c1(3872)K+

Combinatorial
Total

+• Data
B+! �c1(3872)K+

B! J/ X
�c1(3872)K+

Combinatorial
Total

+• Data
B+! �c1(3872)K+

B!  (2S)K+X
Combinatorial
Total

+• Data
B+! �c1(3872)K+

B!  (2S)K+X
Combinatorial
Total

Figure 1: Distributions of the (left)  �K+ and (right)  � mass of selected B+ candidates
summed over Run 1 and Run 2 data-taking periods. Top and bottom rows correspond to
the B+! (�c1(3872)!  (2S)�)K+ and B+! (�c1(3872)! J/ �)K+ candidates, respectively.
The  �K+ mass spectra are shown for candidates within the narrow  � mass regions around
the �c1(3872) mass, and vice versa, the  � mass spectra are shown for candidates within
the narrow  �K+ mass regions around the B+ mass. Projections of the fit, described in the text,
are overlaid.

�c1(3872) mass, 3.842 < m (2S)� < 3.902GeV/c2 and 3.782 < mJ/ � < 3.962GeV/c2. Simi-
larly, the  � mass spectra are shown for candidates within the narrow  �K+ mass regions
around the known mass of the B+ meson, 5.258 < m �K+ < 5.300GeV/c2. To improve
the mass resolutions the  �K+ and  � masses are calculated using the kinematic fit de-
scribed above [128]. In addition, to calculate the  �K+ mass, the  � mass is constrained
to the known value of the �c1(3872) state [50,51,120]. Clear signals corresponding to both
B+ and �c1(3872) states are seen in data for both channels.

4 Signal yield determination

Signal yields of both B+ ! (�c1(3872) !  �)K+ decay channels are determined using
extended unbinned maximum-likelihood fits to two-dimensional distributions of m �

and m �K+ . The fit model for the B+ ! (�c1(3872) !  (2S)�)K+ decay channel consists
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Table 2: Yields for the fit components determined from the simultaneous extended unbinned
maximum-likelihood fit. Uncertainties are statistical only. The last row shows the statistical
significance of the B+! (�c1(3872)!  (2S)�)K+ signal.

Parameter
Data-taking period

Run 1 Run 2

 (2S)�K+

NB+!(�c1(3872)! (2S)�)K+ 40± 8 63± 10
NB! (2S)K+X 567± 24 885± 29
Ncomb 55± 17 132± 19

J/ �K+

NB+!(�c1(3872)!J/ �)K+ [103] 0.43± 0.03 1.69± 0.05
NB!J/ X [103] 3.61± 0.11 18.72± 0.26
N�c1(3872)K+ [103] 1.18± 0.06 5.53± 0.23
Ncomb [103] 4.05± 0.11 17.46± 0.21

S�c1(3872)! (2S)� 5.3� 6.7�

4. a combinatorial background described with a nonfactorisable positive polynomial
function similar to Eq. (4) with n = 3.

The tail and resolution parameters of the signal shapes are fixed to the values de-
termined from simulation. The resolution parameters are further corrected by scale
factors, sB+ and s �, which account for a small discrepancy between data and sim-
ulation [11,51,55, 138–141]. These factors are constrained in the fit using Gaussian
constraints with values of sB+ = 1.102± 0.004 and s � = 1.027± 0.004, obtained from
the analysis of a large sample of B+! (�c1! J/ �)K+ decays [140].

The fit is performed simultaneously over the four samples corresponding to
the B+ ! (�c1(3872) !  (2S)�)K+ and B+ ! (�c1(3872) ! J/ �)K+ decays and
the two data-taking periods. The peak position parameters of the signal shapes and
the sB+ and s � scale factors are shared between the samples.

The results of the fit are overlaid in Fig. 1 and the yields of each fit component are sum-
marised in Table 2. The statistical significance for the B+! (�c1(3872)!  (2S)�)K+ sig-
nal, S�c1(3872)! (2S)�, is calculated using Wilks’ theorem [142] separately for the Run 1
and Run 2 data-taking periods and is also listed in Table 2.

To validate the observation of the B+! (�c1(3872)!  (2S)�)K+ decay, several
cross-checks are performed. The data are categorised into data-taking periods with
di↵erent polarity of the LHCb dipole magnet [143] and charge of the B± candidate.
The results are found to be consistent among all samples. Further, alternative techniques
are tried for the signal determination. Namely, instead of using fits to the two-dimensional
mass distributions, fits to the one-dimensional  �K+ mass distributions are performed
for events within the narrow region around the known �c1(3872) mass. The results are
found to be in agreement with the baseline results. Similarly, consistent results have
been obtained also from the fits to the one-dimensional  � mass distributions for events
within the narrow  �K+ mass region around the known B+ mass, when the  � mass is

8
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• Summary of results by year


• Averaged (BLUE method) to give


• Inconsistent with an upper limit from BESIII

• Inconsistent with many predictions using DD* molecular models 

Radiative decays of the                  state 
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the limited size of both the simulation and calibration samples, and the modelling of
the particle identification variable. The limitations due to the size of the simulation and
calibration samples are evaluated by using bootstrapping techniques [150,151] to create
multiple samples and repeating the procedure for each sample. The impact of potential
mismodelling of the kaon identification variable is evaluated by describing the correspond-
ing distributions using density estimates with di↵erent kernel widths [112, 152]. For each
of these cases, alternative e�ciency maps are produced to determine the associated un-
certainties. Systematic uncertainties of 1.0% for Run 1 and 1.3% for Run 2 are assigned
from the observed di↵erences obtained with the alternative maps.

A systematic uncertainty related to the knowledge of the trigger e�cien-
cies was previously studied using large samples of B+! (J/ ! µ+µ�)K+ and
B+! ( (2S)! µ+µ�)K+ decays by comparing the ratios of the trigger e�ciencies in
data and simulation [153]. Based on this comparison, a relative uncertainty of 1.1% is
assigned for both data-taking periods.

The remaining discrepancy between data and simulation, not explicitly covered
above, is estimated using a large sample of the B+! (�c1! J/ �)K+ decays [140].
The same preselection and MLP classifier are applied to the control channel as for
the B+! (�c1(3872)!  (2S)�)K+ channel. The systematic uncertainty is estimated by
varying the requirement on the response of the MLP classifier in the full range. The re-
sulting di↵erence in the data-simulation e�ciency ratio is found to be 1.0% in Run 1 and
+1.0
� 1.5 % in Run 2.

The finite size of the simulation samples leads to an uncertainty on the ratios of total
e�ciencies, which translates to an uncertainty in the e�ciency ratios of 2.3% for Run 1
and 1.4% for Run 2. The total relative systematic uncertainties on the ratio of branching
fractions R � are calculated as the sum in quadrature of all the values described above
and are found to be +8.0

� 9.2 % for Run 1 and +8.7
� 7.9 % for Run 2.

The statistical significance of the �c1(3872)!  (2S)� decay is recalculated using Wilks’
theorem for each alternative fit model, and the smallest values of 4.8 and 6.0 standard
deviations for the Run 1 and Run 2 samples, respectively, are taken as the significance
including the systematic uncertainty.

7 Results and summary

The decay B+! �c1(3872)K+ is exploited to study the radiative decays of
the �c1(3872) state into  (2S)� and J/ � final states using data collected by
the LHCb experiment in pp collisions at centre-of-mass energies of 7, 8 and
13TeV and corresponding to an integrated luminosity of 9 fb�1. The significance
of the B+! (�c1(3872)!  (2S)�)K+ signal is found to be 4.8 and 6.0 standard
deviations for the Run 1 and Run 2 data-taking periods, which is the first ob-
servation of the �c1(3872)!  (2S)� decay. The ratio of branching fractions for
the B+! (�c1(3872)!  (2S)�)K+ and B+! (�c1(3872)! J/ �)K+ decays is measured
separately for the Run 1 and Run 2 data-taking periods. This ratio is interpreted as the ra-
tio of the partial decay widths for the �c1(3872)!  � decays from Eq. (1)

RRun 1
 � = 2.50± 0.52+0.20

� 0.23 ± 0.06 ,

RRun 2
 � = 1.49± 0.23+0.13

� 0.12 ± 0.03 ,
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where the first uncertainty is statistical, the second systematic and the third due to
the uncertainties on the ratio of branching fractions of  (2S) and J/ mesons into
the dilepton final state. The ratio RRun 1

 � is in good agreement with (and supersedes)
the value of R � = 2.46± 0.70, obtained in the previous study [46]. The results for
the Run 1 and Run 2 data-taking periods are combined using the best linear unbiased
estimator [154] accounting for the correlated systematic uncertainties. The obtained value
for the ratio R � is found to be

R � = 1.67± 0.21± 0.12± 0.04 .

A summary of experimental results for the ratio of branching fractions of
the �c1(3872)!  (2S)� and �c1(3872)! J/ � decays is presented in Fig. 2. The combined
ratio of partial radiative widths from this study is below the upper limit set by the Belle [26]
collaboration and consistent with the previous measurements by the BaBar [20] and
LHCb [46] collaborations. However, it is notably in tension with the upper limit set by
the BESIII collaboration [32].

The large measured value of the R � ratio is generally inconsistent with the calculations
based on the pure DD⇤ molecular hypothesis for the �c1(3872) state [59, 86, 91–93] unless
some special assumptions are made [82,83]. On the contrary, it agrees with a broad range
of predictions based on other hypotheses of the �c1(3872) structure, including conventional
cc charmonium [67,69,71,84–90], ccqq tetraquark [93], and molecules mixed with a sizeable
compact component [82, 83, 94, 95]. This measurement provides a strong argument in
favour of a compact component in the �c1(3872) structure.
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Summary
• Exciting time in spectroscopy (again)

• Huge number of recent observations

• Challenge remains to understand them


• Looking forward to cracking open the Run 3 data sample!

• Expecting to collect roughly the Run 1 + Run 2 sample per year

• Early indications show the factor of two gain in hadronic final states from the 

new software only trigger seems realistic
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B0 → D0D+
s π− B+ → D−D+

s π+
Table 1: Results of the fit parameters of invariant mass fit to the data samples. The uncertainties
shown are statistical.

Decay Parameter Run 1 Run 2
Signal yield 587± 27 2641± 57

B0 ! D0

K⇡D
+

s ⇡
� B0

s signal 25.3± 8.3 77± 15
Background yield 421± 26 1440± 49
Mean (MeV) 5279.12± 0.38 5279.16± 0.18
Width (MeV) 7.89± 0.35 7.73± 0.17
Exponential slope �(3.08± 0.52)⇥ 10�3 �(2.98± 0.29)⇥ 10�3

Signal yield 185± 15 759± 32
B0 ! D0

K3⇡D
+

s ⇡
� B0

s signal 4.9± 4.6 38± 11
Background yield 136± 14 692± 33
Mean (MeV) 5277.98± 0.70 5278.79± 0.34
Width (MeV) 8.01± 0.59 7.72± 0.33
Exponential slope �(2.56± 0.90)⇥ 10�3 �(3.03± 0.41)⇥ 10�3

Signal yield 798± 30 3123± 59
B+ ! D�D+

s ⇡
+ Background yield 311± 21 1201± 40

Mean (MeV) 5278.88± 0.33 5278.74± 0.16
Width (MeV) 8.08± 0.30 8.05± 0.14
Exponential slope �(0.82± 0.61)⇥ 10�3 �(0.90± 0.31)⇥ 10�3

Table 2: Signal and background yields inside the B mass signal window, together with the signal
purity, split by run period and decay mode. The uncertainties shown are statistical.

Decay Parameter Run 1 Run 2
Signal yield 564± 26 2534± 55

B0 ! D0

K⇡D
+

s ⇡
� Total candidates 633 2753

Purity 89.1% 92.1%
Signal yields 177± 14 734± 31

B0 ! D0

K3⇡D
+

s ⇡
� Total candidates 199 835

Purity 88.9% 87.9%
Signal yield 766± 29 2984± 57

B+ ! D�D+

s ⇡
+ Total candidates 797 3143

Purity 96.1% 94.9%

where T (✓ab) describes the angular distribution which depends on the spin J of the
intermediate resonant state R(ab). The helicity angle, ✓ab, is defined as the angle between
the R(ab) momentum direction in the B rest frame, and the momentum direction of a as
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• Have a look at the fit quality
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B0 → D0D+
s π− B+ → D−D+

s π+

(a) (b)

(c)

Figure 6: Invariant mass distributions of the (a) M(D�⇡+), (b) M(D+
s ⇡

+) and (c) M(D�D+
s )

for the B+ ! D�D+
s ⇡

+ candidates compared with the fit results with only D⇡ resonances.

Figure 7: Two-dimensional pull plots of the fits to the (a) B0 ! D0D+
s ⇡

� and (b) B+ !
D�D+

s ⇡
+ samples.

7.2 Model including D+
s ⇡ resonances

To improve the description of the M(D+

s ⇡) distributions for the two decays, an additional
D+

s ⇡ state is added to each decay, whose mass and width are free parameters, and di↵erent
JP assignments are tested. No relationship is assumed for the two D+

s ⇡ states. Both states
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• Have a look at the fit quality

• Quite a bit of strong colour in the area flagged previously
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B0 → D0D+
s π− B+ → D−D+

s π+

(a) (b)

(c)

Figure 6: Invariant mass distributions of the (a) M(D�⇡+), (b) M(D+
s ⇡

+) and (c) M(D�D+
s )

for the B+ ! D�D+
s ⇡

+ candidates compared with the fit results with only D⇡ resonances.

Figure 7: Two-dimensional pull plots of the fits to the (a) B0 ! D0D+
s ⇡

� and (b) B+ !
D�D+

s ⇡
+ samples.

7.2 Model including D+
s ⇡ resonances

To improve the description of the M(D+

s ⇡) distributions for the two decays, an additional
D+

s ⇡ state is added to each decay, whose mass and width are free parameters, and di↵erent
JP assignments are tested. No relationship is assumed for the two D+

s ⇡ states. Both states
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Study of the                            decays
• Study resonant structures in                                                decays 

40arXiv:2406.03156 [hep-ex]

B+ → D*±D∓K+

B+ → D*+D−K+, B+ → D*−D+K+

Table 3: Comparison of the charmonium(-like) states found in this analysis with previously
known states and the expected cc̄ charmonium states with relevant JPC quantum numbers as
predicted in Ref. [34]. Units of MeV for masses and widths are implied.

This work Known states [6] cc̄ prediction [34]

⌘c(3945) JPC = 0�+ X(3940) [9, 10] JPC = ??? ⌘c(3S) JPC = 0�+

m0 = 3945 +28
�17

+37
�28 �0 = 130 +92

�49
+101
�70 m0 = 3942± 9 �0 = 37 +27

�17 m0 = 4064 �0 = 80

hc(4000) JPC = 1+� Tcc̄(4020)0 [35] JPC =??� hc(2P ) JPC = 1+�

m0 = 4000 +17
�14

+29
�22 �0 = 184 +71

�45
+97
�61 m0 = 4025.5 +2.0

�4.7 ± 3.1 �0 = 23.0± 6.0± 1.0 m0 = 3956 �0 = 87

�c1(4010) JPC = 1++ �c1(2P ) JPC = 1++

m0 = 4012.5 +3.6
�3.9

+4.1
�3.7 �0 = 62.7 +7.0

�6.4
+6.4
�6.6 m0 = 3953 �0 = 165

hc(4300) JPC = 1+� hc(3P ) JPC = 1+�

m0 = 4307.3 +6.4
�6.6

+3.3
�4.1 �0 = 58 +28

�16
+28
�25 m0 = 4318 �0 = 75

�c(4274) [36] JPC = 1++ �c1(3P ) JPC = 1++

m0 = 4294± 4 +6
�3 �0 = 53± 5± 5 m0 = 4317 �0 = 39

the fit fraction of B+ ! T ⇤
c̄s̄1(2900)

0D+, T ⇤
c̄s̄1(2900)

0 ! D⇤�K+ of 1.5% is set at
95% confidence level with statistical uncertainty only. This corresponds to an up-
per limit on B(T ⇤

c̄s̄1(2900)
0 ! D⇤�K+)/B(T ⇤

c̄s̄1(2900)
0 ! D�K+) of 0.21 at 95% con-

fidence level, using known values of the B+ ! D+D�K+ and B+ ! D⇤�D+K+

branching fractions [6, 20]. Similarly, an upper limit on the fit fraction of
B+ ! T ⇤

cs̄0(2900)
++D⇤�, T ⇤

cs̄0(2900)
++ ! D+K+ of 3.3% is set at 95% confidence level.

In addition to the contributions discussed above, four extra charmonium(-like) reso-
nances are needed to describe the spectrum: ⌘c(3945), hc(4000), �c1(4010) and hc(4300),
with statistical significances found to be 10�, 9.1�, 16� and 6.4�, respectively. When
considering systematic uncertainties, the significance for the least significant, hc(4300),
is 6.1�. Their quantum numbers JPC are determined to be 0�+, 1+�, 1++ and 1+�,
respectively, with alternative JPC values rejected with statistical significances of more
than 5.7�, while other measured properties are summarized in Table 3. The assigned
symbols are those for I = 0 states [3], as expected for charmonium resonances produced
in B+ ! D⇤±D⌥K+ decays, but the isospin quantum number is not measured and exotic
contributions are possible. The mass and width of the ⌘c(3945) resonance agree reasonably
well with those of the previously reported X(3940) state [9, 10]. Given the measured
quantum numbers, the state could be the ⌘c(3S) state predicted in Ref. [34].

The fit results without the hc(4000), �c1(4010) and hc(4300) components are shown in
Fig. 1 as green dashed lines. The hc(4000) and �c1(4010) states are required to describe
the discrepancy in M(D⇤D) around 4.0GeV while the hc(4300) component is needed for
the discrepancy around 4.3GeV. The hc(4000) state has C = �1, which generates a
distinctive interference pattern with the 1++ contributions, while the �c1(4010) component
is required to describe the remaining discrepancy in this region (see Figs. 3 and 4 in
supplemental material). The hc(4000) and hc(4300) resonances are potential candidates
for the hc(2P ) and hc(3P ) states, respectively, and are the first reported candidates for
these two charmonium states. The hc(4000) width is much larger than that of the charged
Tcc̄(4020)0 state found by the BESIII collaboration [35]. The �c(4274) state reported in
Ref. [36], has mass and width close to those of the hc(4300) resonance but with di↵erent
C-parity. These are therefore likely to correspond to di↵erent charmonium states.

The �c1(4010) resonance has the expected JPC quantum numbers of a �c1 state. Its

6

10σ 9.1σ 16σ 6.4σ
0−+ 1+− 1++ 1+−

Table 3: Comparison of the charmonium(-like) states found in this analysis with previously
known states and the expected cc̄ charmonium states with relevant JPC quantum numbers as
predicted in Ref. [34]. Units of MeV for masses and widths are implied.

This work Known states [6] cc̄ prediction [34]

⌘c(3945) JPC = 0�+ X(3940) [9, 10] JPC = ??? ⌘c(3S) JPC = 0�+

m0 = 3945 +28
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+37
�28 �0 = 130 +92

�49
+101
�70 m0 = 3942± 9 �0 = 37 +27

�17 m0 = 4064 �0 = 80

hc(4000) JPC = 1+� Tcc̄(4020)0 [35] JPC =??� hc(2P ) JPC = 1+�

m0 = 4000 +17
�14

+29
�22 �0 = 184 +71

�45
+97
�61 m0 = 4025.5 +2.0

�4.7 ± 3.1 �0 = 23.0± 6.0± 1.0 m0 = 3956 �0 = 87

�c1(4010) JPC = 1++ �c1(2P ) JPC = 1++

m0 = 4012.5 +3.6
�3.9

+4.1
�3.7 �0 = 62.7 +7.0

�6.4
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�6.6 m0 = 3953 �0 = 165

hc(4300) JPC = 1+� hc(3P ) JPC = 1+�

m0 = 4307.3 +6.4
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+3.3
�4.1 �0 = 58 +28

�16
+28
�25 m0 = 4318 �0 = 75

�c(4274) [36] JPC = 1++ �c1(3P ) JPC = 1++

m0 = 4294± 4 +6
�3 �0 = 53± 5± 5 m0 = 4317 �0 = 39

the fit fraction of B+ ! T ⇤
c̄s̄1(2900)

0D+, T ⇤
c̄s̄1(2900)

0 ! D⇤�K+ of 1.5% is set at
95% confidence level with statistical uncertainty only. This corresponds to an up-
per limit on B(T ⇤

c̄s̄1(2900)
0 ! D⇤�K+)/B(T ⇤

c̄s̄1(2900)
0 ! D�K+) of 0.21 at 95% con-

fidence level, using known values of the B+ ! D+D�K+ and B+ ! D⇤�D+K+

branching fractions [6, 20]. Similarly, an upper limit on the fit fraction of
B+ ! T ⇤

cs̄0(2900)
++D⇤�, T ⇤

cs̄0(2900)
++ ! D+K+ of 3.3% is set at 95% confidence level.

In addition to the contributions discussed above, four extra charmonium(-like) reso-
nances are needed to describe the spectrum: ⌘c(3945), hc(4000), �c1(4010) and hc(4300),
with statistical significances found to be 10�, 9.1�, 16� and 6.4�, respectively. When
considering systematic uncertainties, the significance for the least significant, hc(4300),
is 6.1�. Their quantum numbers JPC are determined to be 0�+, 1+�, 1++ and 1+�,
respectively, with alternative JPC values rejected with statistical significances of more
than 5.7�, while other measured properties are summarized in Table 3. The assigned
symbols are those for I = 0 states [3], as expected for charmonium resonances produced
in B+ ! D⇤±D⌥K+ decays, but the isospin quantum number is not measured and exotic
contributions are possible. The mass and width of the ⌘c(3945) resonance agree reasonably
well with those of the previously reported X(3940) state [9, 10]. Given the measured
quantum numbers, the state could be the ⌘c(3S) state predicted in Ref. [34].

The fit results without the hc(4000), �c1(4010) and hc(4300) components are shown in
Fig. 1 as green dashed lines. The hc(4000) and �c1(4010) states are required to describe
the discrepancy in M(D⇤D) around 4.0GeV while the hc(4300) component is needed for
the discrepancy around 4.3GeV. The hc(4000) state has C = �1, which generates a
distinctive interference pattern with the 1++ contributions, while the �c1(4010) component
is required to describe the remaining discrepancy in this region (see Figs. 3 and 4 in
supplemental material). The hc(4000) and hc(4300) resonances are potential candidates
for the hc(2P ) and hc(3P ) states, respectively, and are the first reported candidates for
these two charmonium states. The hc(4000) width is much larger than that of the charged
Tcc̄(4020)0 state found by the BESIII collaboration [35]. The �c(4274) state reported in
Ref. [36], has mass and width close to those of the hc(4300) resonance but with di↵erent
C-parity. These are therefore likely to correspond to di↵erent charmonium states.

The �c1(4010) resonance has the expected JPC quantum numbers of a �c1 state. Its
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Looking forwards - my two cents
• We need to understand the structure of exotic particles

• With four and five quark states, how are the quarks arranged?


• Discovering them pseudo-randomly is a good start…

• Perhaps it is time for a more focused, systematic, approach

• Focus on related states and look for any more possible partners e.g. 


• Make sure we focus equally on final states they do not decay to

41
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The                  family could be another starting pointTθ
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