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Introduction
• Meson spectroscopy at LHCb

• Two main methods, prompt studies and Dalitz plot analyses
• Overview of results for beauty and charm mesons
• (Some) personal bias towards DP analyses

• Both methods have (dis)advantages
• Prompt studies

• High statistics, larger backgrounds, no* spin information
• Dalitz plot analyses

• High purity, spin/parity information, lower yields, need a parent 
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Dalitz plots
• One slide reminder…

• Plot squares of invariant masses again each other
• System is fully constrained -> access to spin information
• Very power tool for spectroscopy (charm, light mesons)
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What are we looking for?
• Excited beauty/charm (strange) mesons

• Spectra predicted by e.g. LQCD and HQET
• Look for new states and compare 
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Figure 2.7: Expected mass spectrum for cū states. Braces indicate the states sharing
the same orbital angular momentum, L. Excited states are shown up to ‘2S’ (radially
excited S-wave states). States are grouped into columns by their spin parity, JP . Figure
taken from Ref. [37], created using information in Ref. [38].

mesons there are two j
q

= 1
2 states (with J

P = 0+, 1+) and two j
q

= 3
2 states (with J

P =

1+, 2+) [39]. In the heavy quark limit all states with the same orbital angular momentum

have the same mass, but this degeneracy is broken by applying corrections (1/m
Q

) due

to the finite mass of the heavy quark. This leads to the predictions illustrated in Fig. 2.7;

states with the same orbital angular momentum are expected to have similar masses,

with the di↵erent L multiplets separated by larger mass di↵erences.

The conservation of angular momentum and parity impose constraints on the strong

decays of the D

⇤⇤ states. Only D

⇤⇤ states with natural spin parity may decay to two

pseudoscalars in processes such as D

⇤⇤0 ! D

+
⇡

� or D

⇤⇤+ ! D

0
⇡

+. In contrast,

unnatural spin parity D

⇤⇤ states can decay to a vector and pseudoscalar, e.g. D⇤⇤0 !
D

⇤+
⇡

�.

HQET can also be used to predict the decay widths of the excited charmed states. Using

the assumption of an infinitely heavy c-quark, the two j

q

= 1
2 1P states should decay

through an S-wave, while the two 1P states with j

q

= 3
2 are expected to decay exclusively

through a D-wave, as shown in Fig. 2.8. The states which decay via S-wave are expected

to be broad whilst the states decaying through a D-wave are expected to be narrow due

to the larger angular momentum barrier which must be overcome. The true, finite,

c-quark mass means that the two J

P = 1+ 1P states can be a mixture of the j

q

= 1
2

and 3
2 states, but the j

q

= 1
2 and 3

2 states still favour S-wave and D-wave transitions,

respectively, as shown by the measured widths of the four 1P D

⇤⇤ states in Tab. 2.5. The

D

⇤
0(2400)

0 and D

0
1(2430)

0 appear to be the j

q

= 1
2 states which decay quickly through

For example:
Predicted spectrum of 
excited neutral charm states



Beauty
• Study of excited     meson states with

• Fit the mass distribution

5

)2 c
C

an
di

da
te

s /
 (1

 M
eV

/

0

200

400

600

800

1000
LHCb

-K*+ B→ *
s2B

-K*+ B→ s1B

-K+ B→ *
s2B

]2c) [MeV/-) - m(K+ - m(B)-K+ m(B
0 20 40 60 80 100 120 140 160 180 200

Pu
ll 2

-2

0 5 10 15 20 25 30 350
100
200
300
400
500

0

Figure 2: Mass difference distribution m(B+K−) − m(B+) − m(K−). The three peaks
are identified as (left) Bs1 → B∗+K−, (middle) B∗

s2 → B∗+K−, and (right) B∗
s2 → B+K−.

The total fit function is shown as a solid blue line, while the shaded red region is the
spectrum of like-charge B+K+ combinations. The inset shows an expanded view of the
Bs1/B∗

s2 → B∗+K− signals. The bottom plot shows the fit pulls.

function that accounts for the detector resolution. Its width is fixed to the value obtained
from simulated events. The lineshapes of the Bs1/B∗

s2 → B∗+K− signals, expected to be
Breit-Wigner functions in the B∗+K− mass spectrum, are affected by the phase space and
the angular distribution of the decays as the photon is not reconstructed. The resulting
shapes can not be properly simulated due to the lack of knowledge of the Bs1/B∗

s2 proper-
ties. Therefore a Gaussian function is used for each Bs1/B∗

s2 → B∗+K− signals as effective
parameterization. The background is modelled by a threshold function, f(Q) = QαeβQ+δ,
where α, β and δ are free parameters in the fit. Its analytical form is verified by fitting
the like charge B+K+ combinations where no signal is expected.

The parameters allowed to vary in the fit are: the yield NB∗

s2→B+K−, the yield
ratios NBs1→B∗+K−/NB∗

s2→B+K− and NB∗

s2→B∗+K−/NB∗

s2→B+K−, the Q values of the
Bs1 → B∗+K− and B∗

s2 → B+K− signals, the mass difference between the B∗
s2 → B+K−

and B∗
s2 → B∗+K− peaks, the natural width of the B∗

s2 state, the Gaussian widths of
Bs1/B∗

s2 → B∗+K− signals and the parameters of the threshold function. From the yield
ratios, the relative branching fraction

B(B∗
s2 → B∗+K−)

B(B∗
s2 → B+K−)

=
NB∗

s2→B∗+K−

NB∗

s2
→B+K−

× ϵrel2,2 = RB∗

s2 (1)
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Beauty
• Study of excited     meson states with

• Measure the following parameters

• First measurement of the width for the        state  
• Mass measurements significantly more precise than before
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B0
s B+K�

Table 3: Absolute systematic uncertainties for each measurement, which are assumed to
be independent and are added in quadrature.

Source Q(Bs1) Q(B∗
s2) m(B∗+)−m(B+) Γ(B∗

s2) RB∗

s2 σBs1/B∗

s2RBs1/B∗

s2

(MeV/c2) (MeV/c2) (MeV/c2) (MeV/c2) (%) (%)
Fit model 0.00 0.02 0.03 0.01 0.2 0.5
B+ decay mode 0.01 0.01 0.02 0.01 0.1 0.1
Selection 0.03 0.02 0.19 0.05 1.1 0.6
B+ signal region 0.01 0.03 0.11 0.07 0.2 0.4
Mass resolution 0.00 0.01 0.02 0.46 0.2 0.9
Momentum scale 0.02 0.10 0.03 - - -
Efficiency ratios - - - - 0.2 0.2
Missing photon 0.01 - 0.01 - - -
Total 0.04 0.11 0.23 0.47 1.2 1.3

the measured masses is assigned as a systematic uncertainty. The uncertainty on the
determination of the selection efficiency ratios caused by finite samples of simulated events
is taken as a systematic uncertainty for the branching fractions. Finally simulated events
are used to estimate the mass shifts of the Bs1/B∗

s2 → B∗+K− signals from the nominal
values when the radiated photon is excluded from their reconstructed decays. The absolute
systematic uncertainties are given in Table 3. The B∗

s2 → B∗+K− signal is observed with
the expected frequency in each of the four resconstructed decay modes and the systematic

error for the B(B∗

s2→B∗+K−)
B(B∗

s2
→B+K−) branching fraction ratio, related to the different B+ decay

modes, is small. The final results are shown in Table 2. The measured mass differences
are more precise than the previous best measurements of a factor two at least. The

measured B(B∗

s2→B∗+K−)
B(B∗

s2→B+K−) branching fraction ratio and B∗
s2 width are in good agreement

with theoretical predictions [12–14].
The mass differences given in Table 2 are translated into absolute masses by adding

the masses of the B+ and kaon [8] and, in the case of the Bs1 meson, the B∗+ −B+ mass
difference measured in this Letter. The results are

m(B∗+) = 5324.26± 0.30± 0.23± 0.17 MeV/c2,
m(Bs1) = 5828.40± 0.04± 0.04± 0.41 MeV/c2,
m(B∗

s2) = 5839.99± 0.05± 0.11± 0.17 MeV/c2,

where the first uncertainty is statistical and the second is systematic. The third uncer-
tainty corresponds to the uncertainty on the B+ mass [8] and, in the case of the Bs1 mass
measurement, the uncertainty on the B∗+−B+ mass difference measured in this analysis.

The significance of the non-zero B∗
s2 width is determined by comparing the likelihood

for the nominal fit with a fit in which the width is fixed to zero. To account for systematic
effects, the minimum

√
2∆logL among all systematic variations is taken; the significance

including systematic uncertainties is 9σ.
In conclusion, using 1.0 fb−1 of data collected with the LHCb detector at

√
s = 7TeV,

the decay mode B∗
s2 → B∗+K− is observed for the first time and its branching fraction

7
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s2) = 1.56± 0.13± 0.47MeV/c2
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Charm spectroscopy
• Prompt production

• LHCb-PAPER-2015-052

• Dalitz plot analyses
• LHCb-PAPER-2016-026
• LHCb-PAPER-2014-070
• LHCb-PAPER-2015-007
• LHCb-PAPER-2014-035(6)
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B+ ! D�K+⇡+
B0 ! D̄0⇡+⇡�

B0
s ! D̄0K�⇡+

D⇤+K0
S , D⇤0K+



Charm spectroscopy (I)
• Study excited charm mesons with 

• Perform a fit to the invariant mass distribution(s)
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Figure 3: Distribution of the D⇤+K0
S invariant mass for D0! K�⇡+ decay. The full (red) line

describes the fitting function. The dashed line displays the fitted background and the dotted
lines the Ds1(2536)+, D⇤

s2(2573)
+, D⇤

s1(2700)
+, D⇤

sJ (2860)
+ and DsJ (3040)+ contributions. The

inset displays the D⇤+K0
S mass spectrum after subtracting the fitted background.

obtained if a broad resonance in the 3000 MeV mass region is included. We find strong
correlation between the parameters of this structure and the background and therefore we
add the DsJ(3040)+ resonance in the fit with parameters fixed to the values obtained by
BaBar [7].5

We also study the D⇤+K0
S in the D⇤+ sideband region, defined as 2014.0 < m(D0⇡+) <

2018.1 MeV. A smooth mass spectrum is obtained, well fitted by the above background
model with no evidence for additional structures.

Table 1(a) gives the resulting D⇤
s1(2700)

+ and D⇤
sJ(2860)

+ fitted parameters. Statistical
significances are computed as S =

p
��2, where ��2 is the di↵erence in �2 between fits

with the resonance included and excluded from the fitting model. Large significances for
D⇤

s1(2700)
+ and D⇤

sJ(2860)
+ are obtained, especially for the D0 ! K�⇡+ decay mode.

The significance of the DsJ(3040)+ enhancement is 2.4 �.
A search is performed for the D⇤

s1(2860)
+ resonance previously observed in the B0

s !
D0K�⇡+ Dalitz plot analysis [11, 12]. We first introduce in the fit an incoherent BW
function with parameters free to vary within their statistical uncertainties around the
reported values in Ref. [11], but the fit returns a negligible contribution for this state. Since

5m(D
sJ

(3040)+) = 3044± 8 (stat)+30
�5 (syst) MeV, �(D

sJ

(3040)+) = 239± 35 (stat)+46
�42 (syst) MeV.
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obtained if a broad resonance in the 3000 MeV mass region is included. We find strong
correlation between the parameters of this structure and the background and therefore we
add the DsJ(3040)+ resonance in the fit with parameters fixed to the values obtained by
BaBar [7].5

We also study the D⇤+K0
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A search is performed for the D⇤
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+ resonance previously observed in the B0
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D0K�⇡+ Dalitz plot analysis [11, 12]. We first introduce in the fit an incoherent BW
function with parameters free to vary within their statistical uncertainties around the
reported values in Ref. [11], but the fit returns a negligible contribution for this state. Since
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�5 (syst) MeV, �(D
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Charm spectroscopy (I)
• Study excited charm mesons with 

• Measure the following parameters

• Several other interesting results in the paper!
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D⇤+K0
S , D⇤0K+

are measured to be

m(D⇤
s1(2700)

+) = 2732.3± 4.3 (stat)± 5.8 (syst) MeV,

�(D⇤
s1(2700)

+) = 136± 19 (stat)± 24 (syst) MeV,

and

m(D⇤
sJ(2860)

+) = 2867.1± 4.3 (stat)± 1.9 (syst) MeV,

�(D⇤
sJ(2860)

+) = 50± 11 (stat)± 13 (syst) MeV.

Study of the angular distributions supports natural parity assignments for both res-
onances, although the presence of an additional unnatural parity contribution in the
2860 MeV mass range cannot be excluded. The data are not sensitive to the presence of
an additional D⇤

s1(2860)
+ resonance.

The D⇤
s2(2573)

+ decay to D⇤+K0
S is also observed for the first time, at a significance of
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Figure 9: Distributions of the measured signal yields for (a) D⇤
s1(2700)

+, (b) D⇤
sJ (2860)

+ and (c)
DsJ(3040)+ as a function of the helicity angle cos ✓H. The distributions are fitted with NP (a,b)
and UP (c) functions.
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• Dalitz plot analysis of 

• Study excited charm-strange mesons
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Table 4: Contributions to the fit model. Resonances labelled with subscript v are virtual.
Parameters and uncertainties are taken from Ref. [3] except where indicated otherwise. Details
of these models are given in Sec. 5.

Resonance Spin Dalitz plot axis Model Parameters (MeV/c2)

K

⇤(892)0 1 m

2(K�
⇡

+) RBW m

0

= 895.81± 0.19, �
0

= 47.4± 0.6
K

⇤(1410)0 1 m

2(K�
⇡

+) RBW m

0

= 1414± 15, �
0

= 232± 21
K

⇤
0

(1430)0 0 m

2(K�
⇡

+) LASS See text
K

⇤
2

(1430)0 2 m

2(K�
⇡

+) RBW m

0

= 1432.4± 1.3, �
0

= 109± 5
K

⇤(1680)0 1 m

2(K�
⇡

+) RBW m

0

= 1717± 27, �
0

= 322± 110
K

⇤
0

(1950)0 0 m

2(K�
⇡

+) RBW m

0

= 1945± 22, �
0

= 201± 90
D

⇤
s2

(2573)� 2 m

2(D0

K

�) RBW See text
D

⇤
s1

(2700)� 1 m

2(D0

K

�) RBW m

0

= 2709± 4, �
0

= 117± 13
D

⇤
sJ

(2860)� 1 m

2(D0

K

�) RBW See text
D

⇤
sJ

(2860)� 3 m

2(D0

K

�) RBW See text

Nonresonant m

2(D0

K

�) EFF See text

D

⇤�
s v

1 m

2(D0

K

�) RBW m

0

= 2112.3± 0.5, �
0

= 1.9
D

⇤
s0 v

(2317)� 0 m

2(D0

K

�) RBW m

0

= 2317.8± 0.6, �
0

= 3.8
B

⇤+
v

1 m

2(D0

⇡

+) RBW m

0

= 5325.2± 0.4, �
0

= 0

where the indices i and k run over the N
c

selected candidates and the signal and background
categories, respectively. The signal and background yields N

k

are given in Table 3. The
signal probability density function P

sig

is a modified version of Eq. (18), where factors of
|A

�
m

2(D0

K

�),m2(K�
⇡

+)
�
|2 in both numerator and in the integral in the denominator

are multiplied by the e�ciency function described in Sec. 6.2. The mass resolution is below
2MeV/c2, much less than the width of the narrowest structures on the Dalitz plot, and
therefore has negligible e↵ect on the likelihood. The background SDP distributions are
discussed in Sec. 6.1 and shown in Fig. 4.

The free parameters of the fit are the real and imaginary parts of the complex coe�cients,
c

j

in Eq. (2), for each amplitude included in the fit model, except for the D

⇤
s2

(2573)�

component for which the real and imaginary parts of the amplitude are fixed to 1 and
0, respectively, as a reference. Several parameters of the lineshapes are also determined
from the fit, as described below. Results for the complex amplitudes are also presented in
terms of their magnitudes and phases, and in addition the fit fractions and interference fit
fractions are determined. Uncertainties on these derived quantities are determined using
large samples of simulated pseudoexperiments to correctly account for correlations between
the fit parameters. This approach allows e↵ects of non-trivial correlations between fit
parameters to be appropriately treated.

It is possible for the minimisation procedure to find a local minimum of the negative
logarithm of the likelihood (NLL) function. Therefore to find the true global minimum
the fit is repeated many times with randomised initial values of the complex amplitude.

The baseline amplitude model for B

0

s

! D

0

K

�
⇡

+ decays is defined by considering
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are not shown).
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Table 4: Contributions to the fit model. Resonances labelled with subscript v are virtual.
Parameters and uncertainties are taken from Ref. [3] except where indicated otherwise. Details
of these models are given in Sec. 5.

Resonance Spin Dalitz plot axis Model Parameters (MeV/c2)

K

⇤(892)0 1 m

2(K�
⇡

+) RBW m

0

= 895.81± 0.19, �
0

= 47.4± 0.6
K

⇤(1410)0 1 m

2(K�
⇡

+) RBW m

0

= 1414± 15, �
0

= 232± 21
K

⇤
0

(1430)0 0 m

2(K�
⇡

+) LASS See text
K

⇤
2

(1430)0 2 m

2(K�
⇡

+) RBW m

0

= 1432.4± 1.3, �
0

= 109± 5
K

⇤(1680)0 1 m

2(K�
⇡

+) RBW m

0

= 1717± 27, �
0

= 322± 110
K

⇤
0

(1950)0 0 m

2(K�
⇡

+) RBW m

0

= 1945± 22, �
0

= 201± 90
D

⇤
s2

(2573)� 2 m

2(D0

K

�) RBW See text
D

⇤
s1

(2700)� 1 m

2(D0

K

�) RBW m

0

= 2709± 4, �
0

= 117± 13
D

⇤
sJ

(2860)� 1 m

2(D0

K

�) RBW See text
D

⇤
sJ

(2860)� 3 m

2(D0

K

�) RBW See text

Nonresonant m

2(D0

K

�) EFF See text

D

⇤�
s v

1 m

2(D0

K

�) RBW m

0

= 2112.3± 0.5, �
0

= 1.9
D

⇤
s0 v

(2317)� 0 m

2(D0

K

�) RBW m

0

= 2317.8± 0.6, �
0

= 3.8
B

⇤+
v

1 m

2(D0

⇡

+) RBW m

0

= 5325.2± 0.4, �
0

= 0

where the indices i and k run over the N
c

selected candidates and the signal and background
categories, respectively. The signal and background yields N

k

are given in Table 3. The
signal probability density function P

sig

is a modified version of Eq. (18), where factors of
|A

�
m

2(D0

K

�),m2(K�
⇡

+)
�
|2 in both numerator and in the integral in the denominator

are multiplied by the e�ciency function described in Sec. 6.2. The mass resolution is below
2MeV/c2, much less than the width of the narrowest structures on the Dalitz plot, and
therefore has negligible e↵ect on the likelihood. The background SDP distributions are
discussed in Sec. 6.1 and shown in Fig. 4.

The free parameters of the fit are the real and imaginary parts of the complex coe�cients,
c

j

in Eq. (2), for each amplitude included in the fit model, except for the D

⇤
s2

(2573)�

component for which the real and imaginary parts of the amplitude are fixed to 1 and
0, respectively, as a reference. Several parameters of the lineshapes are also determined
from the fit, as described below. Results for the complex amplitudes are also presented in
terms of their magnitudes and phases, and in addition the fit fractions and interference fit
fractions are determined. Uncertainties on these derived quantities are determined using
large samples of simulated pseudoexperiments to correctly account for correlations between
the fit parameters. This approach allows e↵ects of non-trivial correlations between fit
parameters to be appropriately treated.

It is possible for the minimisation procedure to find a local minimum of the negative
logarithm of the likelihood (NLL) function. Therefore to find the true global minimum
the fit is repeated many times with randomised initial values of the complex amplitude.

The baseline amplitude model for B

0

s

! D

0

K

�
⇡

+ decays is defined by considering
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Figure 7: Projections of the data and the Dalitz plot fit result onto (a) m(K�⇡+), (c) m(D0K�)
and (e) m(D0⇡+), with the same projections shown with a logarithmic y-axis scale in (b), (d) and
(f), respectively. The components are as described in the legend (small background components
are not shown).
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• First observations of the and  mesons
• With spins of 1 and 3, masses and widths below 

• Many theory papers discussing these states
• In generally favour idenfiying them as members of the 1D family
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B0
s ! D̄0K�⇡+

Table 14: Results for the complex amplitudes and their uncertainties. The three quoted errors are
statistical, experimental systematic and model uncertainties, respectively. The central values and
statistical uncertainties are as reported in Table 5, while the experimental and model systematic
uncertainties are as reported in Tables 8 and 11.

Resonance Real part Imaginary part Magnitude Phase (radians)

K

⇤(892)0 �0.75±0.08±0.16±0.72 0.74±0.08±0.13±0.33 1.06±0.02±0.03±0.03 2.36±0.13±0.20±0.76
K

⇤(1410)0 �0.25±0.03±0.02±0.15 �0.04±0.05±0.12±0.22 0.25±0.04±0.02±0.14 �2.96±0.21±0.50±1.09
LASS nonresonant �0.43±0.09±0.16±0.14 0.59±0.06±0.06±0.18 0.73±0.06±0.05±0.11 2.19±0.16±0.26±0.26
K

⇤
0

(1430)0 �0.49±0.10±0.22±0.14 0.73±0.07±0.07±0.08 0.88±0.04±0.03±0.07 2.16±0.20±0.25±0.16
K

⇤
2

(1430)0 0.09±0.05±0.08±0.26 �0.37±0.03±0.02±0.03 0.38±0.03±0.02±0.05 �1.34±0.10±0.20±0.65
K

⇤(1680)0 �0.08±0.04±0.06±0.14 0.12±0.04±0.02±0.20 0.14±0.06±0.04±0.11 2.16±0.26±0.32±2.66
K

⇤
0

(1950)0 0.11±0.03±0.03±0.21 �0.01±0.04±0.04±0.23 0.11±0.04±0.03±0.22 �0.09±0.41±0.32±1.71
D

⇤
s2

(2573)� 1.00 0.00 1.00 0.00
D

⇤
s1

(2700)� �0.22±0.04±0.02±0.06 �0.13±0.04±0.06±0.13 0.25±0.04±0.03±0.04 �2.61±0.17±0.18±0.53
D

⇤
s1

(2860)� �0.41±0.05±0.05±0.24 0.16±0.06±0.05±0.09 0.44±0.05±0.03±0.17 2.78±0.20±0.12±0.52
D

⇤
s3

(2860)� 0.27±0.02±0.03±0.05 �0.12±0.03±0.02±0.04 0.29±0.02±0.02±0.03 �0.42±0.07±0.10±0.18
Nonresonant 0.58±0.07±0.25±0.28 �0.39±0.06±0.04±0.28 0.70±0.08±0.15±0.19 �0.59±0.10±0.36±0.48
D

⇤�
s v

0.36±0.04±0.04±0.18 0.23±0.05±0.05±0.17 0.43±0.05±0.05±0.16 0.57±0.12±0.08±0.43
D

⇤
s0 v

(2317)� 0.18±0.08±0.22±0.18 0.24±0.04±0.05±0.09 0.30±0.06±0.16±0.13 0.91±0.21±0.72±0.43
B

⇤+
v

�0.09±0.10±0.08±0.25 �0.26±0.05±0.11±0.31 0.27±0.09±0.06±0.13 �1.90±0.40±0.34±1.53

The masses and widths of these three states are determined to be

m(D⇤
s2

(2573)�) = 2568.39± 0.29± 0.19± 0.18MeV/c2 ,

�(D⇤
s2

(2573)�) = 16.9± 0.5± 0.4± 0.4MeV/c2 ,

m(D⇤
s1

(2860)�) = 2859± 12± 6± 23MeV/c2 ,

�(D⇤
s1

(2860)�) = 159± 23± 27± 72MeV/c2 ,

m(D⇤
s3

(2860)�) = 2860.5± 2.6± 2.5± 6.0MeV/c2 ,

�(D⇤
s3

(2860)�) = 53± 7± 4± 6MeV/c2 ,

where the first uncertainty is statistical, the second is due to experimental systematic
e↵ects and the third due to model variations. The phase di↵erence between the D⇤

s1

(2860)�

and D

⇤
s3

(2860)� amplitudes is consistent with ⇡ within a large model uncertainty. The
results for the complex amplitudes, expressed both as real and imaginary parts and as
magnitudes and phases, are given in Table 14. The results for the fit fractions are given in
Table 15, while results for the interference fit fractions are given in App. A.

For resonances without a significant signal, it is possible to set upper limits on their
fit fractions, and therefore on their branching fractions. This is done for the K

⇤(1680)0,
K

⇤
0

(1950)0, D⇤
s0 v

(2317)� and B

⇤+
v

components of the default model, as well as for the
K

⇤
3

(1780)0 and K

⇤
4

(2045)0 states. The values of 2NLL as functions of the fit fractions are
obtained, and converted into likelihood functions. The e↵ect of systematic uncertainties
is included by convolving the likelihood function with a Gaussian of width given by the
systematic uncertainty. These are then used to set 90% and 95% confidence level (CL)
upper limits by integrating the likelihood. The upper limits obtained with this procedure
are included in Table 15.

The fit fractions of the resonant components are converted into quasi-two-body branch-
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of the helicity angle of the D0K� system, cos ✓(D0K�), for 2.77 < m(D0K�) < 2.91GeV/c2.
The data are shown as black points, the result of the baseline fit with both spin-1 and spin-3
resonances is given as a solid blue curve, and results of fits from the best models with only either
a spin-1 or a spin-3 resonance are shown as dashed red and dotted green lines, respectively. The
dip at cos ✓(D0K�) ⇡ �0.6 is due to the D0 veto. Comparison of the data and the di↵erent fit
results in the 50 bins of this projection gives �2 values of 47.3, 214.0 and 150.0 for the default,
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Figure 15: Fits of �2 functions to the 2�NLL distributions obtained from fits to pseudoex-
periments generated with (left) no D⇤

s1

(2860)� and (right) no D⇤
s3

(2860)� component. The
corresponding 2�NLL values observed in data are 273 and 314, respectively (see Table 7).

of the K

�
⇡

+ S-wave, the addition of the K

⇤
4

(2045)0 state and the variation of the D

0

mass are considered. The conclusion is that two states are required in this region with
significance of at least 10 standard deviations.
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Figure 5: Dalitz plot distribution of candidates in the signal region, including background
contributions. The red line shows the Dalitz plot kinematic boundary.

Table 3: Resonant contributions to the nominal fit models and their properties. Parameters and
uncertainties of ⇢(770), !(782), ⇢(1450) and ⇢(1700) come from Ref. [90], and those of f

2

(1270)
and f

0

(2020) come from Ref. [32]. Parameters of f
0

(500), f
0

(980) and K-matrix formalism are
described in Sec. 4.

Resonance Spin Model m

r

(MeV/c2) �
0

(MeV)
D

0

⇡

� P-wave 1 Eq. 14 Floated
D

⇤
0

(2400)� 0 RBW Floated
D

⇤
2

(2460)� 2 RBW Floated
D

⇤
J

(2760)� 3 RBW Floated
⇢(770) 1 GS 775.02± 0.35 149.59± 0.67
!(782) 1 Eq. 13 781.91± 0.24 8.13± 0.45
⇢(1450) 1 GS 1493± 15 427± 31
⇢(1700) 1 GS 1861± 17 316± 26
f

2

(1270) 2 RBW 1275.1± 1.2 185.1 + 2.9

� 2.4

⇡⇡ S-wave 0 K-matrix See Sec. 4
f

0

(500) 0 Eq. 15 See Sec. 4
f

0

(980) 0 Eq. 18 See Sec. 4
f

0

(2020) 0 RBW 1992± 16 442± 60
Nonresonant 0 Eq. 20 See Sec. 4

Distributions in the invariant mass-squared region [6.4, 10.4] GeV2

/c

4 of m2(D0

⇡

�)
are shown in Fig. 10. There is a significant contribution from the D

⇤
J

(2760)� resonance
observed in Ref. [29] and a spin-3 assignment gives the best description. A detailed
discussion on the determination of the spin of D⇤

J

(2760) is provided in Sec. 8.2.
The fit quality is evaluated by determining a �

2 value by comparing the data and the
fit model in N

bins

= 256 bins that are defined adaptively to ensure approximately equal
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Figure 7: Projections of the data and K-matrix fit onto (a) m2(⇡+⇡�) and (c) m2(D0⇡�) with a
linear scale. Same projections shown in (b) and (d) with a logarithmic scale. Components are
described in the legend. The lines denoted D0⇡� and ⇡+⇡� include the coherent sums of all
D0⇡� resonances, ⇡+⇡� resonances, and ⇡+⇡� S-wave resonances. The various contributions do
not add linearly due to interference e↵ects.

6 Measurement of the B0 ! D0⇡+⇡� branching frac-

tion

Measuring the branching fractions of the di↵erent resonant contributions requires knowledge
of the B0 ! D

0

⇡

+

⇡

� branching fraction. This branching fraction is normalised relative to
the B0 ! D

⇤(2010)�⇡+ decay that has the same final state, so systematic uncertainties are
reduced. Identical selections are applied to select B0 ! D

⇤(2010)�⇡+ and B

0 ! D

0

⇡

+

⇡

�

candidates, the only di↵erence being that m(D0

⇡

�) < 2.1 GeV/c2 is used to select
D

⇤(2010)� candidates. The kinematic constraints remove backgrounds from doubly
mis-identified D

0 ! K

+

⇡

� or doubly Cabibbo-suppressed D

0 ! K

�
⇡

+ decays and no
requirement is applied on m(D0

⇡

+).
The invariant mass distributions of m(D0

⇡

�) and m(D0

⇡

+

⇡

�) for the B

0 !
D

⇤(2010)�⇡+ candidates are shown in Fig. 11 and are fitted simultaneously to deter-
mine the signal and background contributions. The D

⇤(2010)� signal distribution is
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Figure 5: Dalitz plot distribution of candidates in the signal region, including background
contributions. The red line shows the Dalitz plot kinematic boundary.

Table 3: Resonant contributions to the nominal fit models and their properties. Parameters and
uncertainties of ⇢(770), !(782), ⇢(1450) and ⇢(1700) come from Ref. [90], and those of f

2

(1270)
and f

0

(2020) come from Ref. [32]. Parameters of f
0

(500), f
0

(980) and K-matrix formalism are
described in Sec. 4.

Resonance Spin Model m

r

(MeV/c2) �
0

(MeV)
D

0

⇡

� P-wave 1 Eq. 14 Floated
D

⇤
0

(2400)� 0 RBW Floated
D

⇤
2

(2460)� 2 RBW Floated
D

⇤
J

(2760)� 3 RBW Floated
⇢(770) 1 GS 775.02± 0.35 149.59± 0.67
!(782) 1 Eq. 13 781.91± 0.24 8.13± 0.45
⇢(1450) 1 GS 1493± 15 427± 31
⇢(1700) 1 GS 1861± 17 316± 26
f

2

(1270) 2 RBW 1275.1± 1.2 185.1 + 2.9

� 2.4

⇡⇡ S-wave 0 K-matrix See Sec. 4
f

0

(500) 0 Eq. 15 See Sec. 4
f

0

(980) 0 Eq. 18 See Sec. 4
f

0

(2020) 0 RBW 1992± 16 442± 60
Nonresonant 0 Eq. 20 See Sec. 4

Distributions in the invariant mass-squared region [6.4, 10.4] GeV2

/c

4 of m2(D0

⇡

�)
are shown in Fig. 10. There is a significant contribution from the D

⇤
J

(2760)� resonance
observed in Ref. [29] and a spin-3 assignment gives the best description. A detailed
discussion on the determination of the spin of D⇤

J

(2760) is provided in Sec. 8.2.
The fit quality is evaluated by determining a �

2 value by comparing the data and the
fit model in N

bins

= 256 bins that are defined adaptively to ensure approximately equal
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Figure 7: Projections of the data and K-matrix fit onto (a) m2(⇡+⇡�) and (c) m2(D0⇡�) with a
linear scale. Same projections shown in (b) and (d) with a logarithmic scale. Components are
described in the legend. The lines denoted D0⇡� and ⇡+⇡� include the coherent sums of all
D0⇡� resonances, ⇡+⇡� resonances, and ⇡+⇡� S-wave resonances. The various contributions do
not add linearly due to interference e↵ects.

6 Measurement of the B0 ! D0⇡+⇡� branching frac-

tion

Measuring the branching fractions of the di↵erent resonant contributions requires knowledge
of the B0 ! D

0

⇡

+

⇡

� branching fraction. This branching fraction is normalised relative to
the B0 ! D

⇤(2010)�⇡+ decay that has the same final state, so systematic uncertainties are
reduced. Identical selections are applied to select B0 ! D

⇤(2010)�⇡+ and B

0 ! D

0

⇡

+

⇡

�

candidates, the only di↵erence being that m(D0

⇡

�) < 2.1 GeV/c2 is used to select
D

⇤(2010)� candidates. The kinematic constraints remove backgrounds from doubly
mis-identified D

0 ! K

+

⇡

� or doubly Cabibbo-suppressed D

0 ! K

�
⇡

+ decays and no
requirement is applied on m(D0

⇡

+).
The invariant mass distributions of m(D0

⇡

�) and m(D0

⇡

+

⇡

�) for the B

0 !
D

⇤(2010)�⇡+ candidates are shown in Fig. 11 and are fitted simultaneously to deter-
mine the signal and background contributions. The D

⇤(2010)� signal distribution is
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Table 6: Measured masses (m in MeV/c2) and widths (� in MeV) of the D⇤
0

(2400)�, D⇤
2

(2460)�

and D⇤
3

(2760)� resonances, where the first uncertainty is statistical, the second and the third are
experimental and model-dependent systematic uncertainties, respectively.

Isobar K-matrix
D⇤

0

(2400) m 2349± 6± 1± 4 2354± 7± 11± 2
� 217± 13± 5± 12 230± 15± 18± 11

D⇤
2

(2460) m 2468.6± 0.6± 0.0± 0.3 2468.1± 0.6± 0.4± 0.3
� 47.3± 1.5± 0.3± 0.6 46.0± 1.4± 1.7± 0.4

D⇤
3

(2760) m 2798± 7± 1± 7 2802± 11± 10± 3
� 105± 18± 6± 23 154± 27± 13± 9

Table 7: The moduli of the complex coe�cients of the resonant contributions for the Isobar
model and the K-matrix model. The first uncertainty is statistical, the second and the third are
experimental and model-dependent systematic uncertainties, respectively.

Resonance Isobar (|c
i

|) K-matrix (|c
i

|)
Nonresonance 3.43± 0.22± 0.04± 0.51 n/a
f
0

(500) 18.7± 0.70± 0.29± 0.80 n/a
f
0

(980) 2.62± 0.25± 0.09± 0.46 n/a
f
0

(2020) 4.41± 0.51± 0.21± 1.78 n/a
⇢(770) 1.0 (fixed) 1.0 (fixed)
!(782) 0.30± 0.04± 0.00± 0.01 0.31± 0.04± 0.01± 0.01
⇢(1450) 0.23± 0.03± 0.01± 0.02 0.28± 0.03± 0.08± 0.01
⇢(1700) 0.078± 0.016± 0.006± 0.008 0.136± 0.020± 0.077± 0.011
f
2

(1270) 0.072± 0.002± 0.000± 0.005 0.073± 0.002± 0.006± 0.003
D0⇡� P-wave 18.8± 0.7± 0.3± 1.9 19.6± 0.7± 0.7± 0.6
D⇤

0

(2400)� 12.1± 0.8± 0.3± 0.6 13.1± 1.0± 0.8± 0.5
D⇤

2

(2460)� 1.31± 0.04± 0.02± 0.02 1.31± 0.04± 0.04± 0.00
D⇤

3

(2760)� 0.053 + 0.011

� 0.006

± 0.003± 0.008 0.075 + 0.016

� 0.008

± 0.005± 0.003

8.4 Branching fractions

The measured branching fraction of the B

0 ! D

0

⇡

+

⇡

� decay in the phase-space region
m(D0

⇡

±) > 2.1 GeV/c2 is

B(B0 ! D

0

⇡

+

⇡

�) = (8.46± 0.14± 0.29± 0.40)⇥ 10�4

, (33)

taking into account the systematic uncertainties reported in Table 4. The first uncertainty
is statistical, the second systematic, and the third the uncertainty from the branching
fraction of the B

0 ! D

⇤(2010)�⇡+ normalisation decay channel. The result agrees with
the previous Belle measurement (8.4± 0.4± 0.8)⇥ 10�4 [21] and the BaBar measurement
(8.81 ± 0.18 ± 0.76 ± 0.78 ± 0.11)⇥10�4 [22], obtained in a slightly larger phase-space
region. A multiplicative factor of 94.5% (96.2%) is required to scale the Belle (BaBar)
results to the same phase-space region as in this analysis.
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Figure 12: Cosine of the helicity angle distributions in the m2(D0⇡�) range [7.4, 8.2] GeV2/c4

for (a) the Isobar model and (b) the K-matrix model. The data are shown as black points. The
helicity angle distributions of the Dalitz plot fit results, without the D⇤

J

(2760)� and with the
di↵erent spin hypotheses of D⇤

J

(2760)�, are superimposed.

phase in that system is seen. The results indicate a weak, but non-negligible, rescattering
e↵ect in the ⇡

+

⇡

� states, while the rescattering in the D0

⇡

� states is not significant. The
masses, widths and other shape parameters of the D

0

⇡

� contributions are allowed to
vary in the analysis. The values of the shape parameters of the D

0

⇡

� P-wave component,
defined in Eq. (14), are �

1

= 0.95± 0.05 (0.90± 0.04) and �

2

= 0.51± 0.06 (0.43± 0.05)
for the Isobar (K-matrix) model.

The measurements of the masses and widths of the three resonances D

⇤
0

(2400)�,
D

⇤
2

(2460)� and D

⇤
3

(2760)� are listed in Table 6. The present precision on the mass and
width of the D⇤

0

(2400)� resonance is improved with respect to Refs. [29,32]. The result for
the width of the D

⇤
2

(2460)� meson is consistent with previous measurements, whereas the
result for the mass is above the world average which is dominated by the measurement using
inclusive production by LHCb [29]. In the previous LHCb inclusive analysis, the broad
D

⇤
0

(2400)� component was excluded from the fit model due to a high correlation with the
background lineshape parameters, while here it is included. The present result supersedes
the former measurement. The Dalitz plot analysis used in this paper ensures that the
background under the D

⇤
2

(2460)� peak and the e↵ect on the e�ciency are under control,
resulting in much lower systematic uncertainties compared to the inclusive approach.

The moduli and the phases of the complex coe�cients of the resonant contributions,
defined in Eq. (2), are displayed in Tables 7 and 8. Compatible results are obtained using
both the Isobar and K-matrix models. The results for the fit fractions are given in Table 9,
while results for the interference fit fractions are given in Appendix C. Pseudo experiments
are used to validate the fitting procedure and no biases are found in the determination of
parameter values.
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3(2760)
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B+ ! D�K+⇡+

Table 5: Signal contributions to the fit model, where parameters and uncertainties are taken
from Ref. [9]. States labelled with subscript v are virtual contributions.

Resonance Spin DP axis Model Parameters

D

⇤
0

(2400)0 0 m

2(D⇡) RBW m = 2318± 29MeV, � = 267± 40MeV
D

⇤
2

(2460)0 2 m

2(D⇡) RBW
Determined from data (see Table 6)

D

⇤
J

(2760)0 1 m

2(D⇡) RBW
Nonresonant 0 m

2(D⇡) EFF
Determined from data (see text)

Nonresonant 1 m

2(D⇡) EFF

D

⇤
v

(2007)0 1 m

2(D⇡) RBW m = 2006.98± 0.15MeV, � = 2.1MeV
B

⇤0
v

1 m

2(DK) RBW m = 5325.2± 0.4MeV, � = 0.0MeV

nonresonant and virtual amplitudes. Those that do not contribute significantly and that
do not aid the stability of the fit are removed. Only natural spin-parity intermediate
states are considered, as unnatural spin-parity states do not decay to two pseudoscalars.
The resulting signal model, referred to below as the nominal DP model, consists of the
seven amplitudes shown in Table 5: three resonances, two virtual resonances and two
nonresonant terms. Parts of the model are known to be approximations. In particular both
S- and P-waves in the D⇡ system are modelled with overlapping broad structures. The
nominal model gives a better description of the data than any of the alternative models
considered; alternative models are used to assign systematic uncertainties as discussed in
Sec. 8.

The free parameters in the fit are the c

j

terms introduced in Eq. (8), with the real
and imaginary parts of these complex coe�cients determined for each amplitude in the
fit model. The D

⇤
2

(2460)0 component, as the reference amplitude, is the exception with
real and imaginary parts fixed to 1 and 0, respectively. Fit fractions and interference fit
fractions are derived from these free parameters, as are the magnitudes and phases of the
complex coe�cients. Statistical uncertainties for the derived parameters are calculated
using large samples of simulated pseudoexperiments to ensure that non-trivial correlations
are accounted for. Several other parameters are also determined from the fit as described
below.

In Dalitz plot fits it is common for the minimisation procedure to find local minima of
the likelihood function. To find the global minimum, the fit is performed many times using
randomised starting values for the complex coe�cients. In addition to the global minimum
of the likelihood, corresponding to the results reported below, several additional minima
are found. Two of these have negative log-likelihood (NLL) values close to that of global
minimum. The main di↵erences between secondary minima and the global minimum are
the interference patterns in the D⇡ S- and P-waves, as shown in App. A.

The shape parameters, defined in Eq. (15), for the nonresonant components are
determined from the fit to data to be 0.36 ± 0.03GeV�2 and 0.36 ± 0.04GeV�2 for the
S-wave and P-wave, respectively, where the uncertainties are statistical only. The mass and
width of the D

⇤
2

(2460)0 resonance are determined from the fit to improve the fit quality.
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are described in the legend.
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Table 5: Signal contributions to the fit model, where parameters and uncertainties are taken
from Ref. [9]. States labelled with subscript v are virtual contributions.

Resonance Spin DP axis Model Parameters

D

⇤
0

(2400)0 0 m

2(D⇡) RBW m = 2318± 29MeV, � = 267± 40MeV
D

⇤
2

(2460)0 2 m

2(D⇡) RBW
Determined from data (see Table 6)

D

⇤
J

(2760)0 1 m

2(D⇡) RBW
Nonresonant 0 m

2(D⇡) EFF
Determined from data (see text)

Nonresonant 1 m

2(D⇡) EFF

D

⇤
v

(2007)0 1 m

2(D⇡) RBW m = 2006.98± 0.15MeV, � = 2.1MeV
B

⇤0
v

1 m

2(DK) RBW m = 5325.2± 0.4MeV, � = 0.0MeV

nonresonant and virtual amplitudes. Those that do not contribute significantly and that
do not aid the stability of the fit are removed. Only natural spin-parity intermediate
states are considered, as unnatural spin-parity states do not decay to two pseudoscalars.
The resulting signal model, referred to below as the nominal DP model, consists of the
seven amplitudes shown in Table 5: three resonances, two virtual resonances and two
nonresonant terms. Parts of the model are known to be approximations. In particular both
S- and P-waves in the D⇡ system are modelled with overlapping broad structures. The
nominal model gives a better description of the data than any of the alternative models
considered; alternative models are used to assign systematic uncertainties as discussed in
Sec. 8.

The free parameters in the fit are the c

j

terms introduced in Eq. (8), with the real
and imaginary parts of these complex coe�cients determined for each amplitude in the
fit model. The D

⇤
2

(2460)0 component, as the reference amplitude, is the exception with
real and imaginary parts fixed to 1 and 0, respectively. Fit fractions and interference fit
fractions are derived from these free parameters, as are the magnitudes and phases of the
complex coe�cients. Statistical uncertainties for the derived parameters are calculated
using large samples of simulated pseudoexperiments to ensure that non-trivial correlations
are accounted for. Several other parameters are also determined from the fit as described
below.

In Dalitz plot fits it is common for the minimisation procedure to find local minima of
the likelihood function. To find the global minimum, the fit is performed many times using
randomised starting values for the complex coe�cients. In addition to the global minimum
of the likelihood, corresponding to the results reported below, several additional minima
are found. Two of these have negative log-likelihood (NLL) values close to that of global
minimum. The main di↵erences between secondary minima and the global minimum are
the interference patterns in the D⇡ S- and P-waves, as shown in App. A.

The shape parameters, defined in Eq. (15), for the nonresonant components are
determined from the fit to data to be 0.36 ± 0.03GeV�2 and 0.36 ± 0.04GeV�2 for the
S-wave and P-wave, respectively, where the uncertainties are statistical only. The mass and
width of the D

⇤
2

(2460)0 resonance are determined from the fit to improve the fit quality.
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with the same projections shown in (b), (d) and (f) with a logarithmic y-axis scale. Components
are described in the legend.
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B+ ! D�K+⇡+

Table 15: Results for the product branching fractions B(B� ! RK�)⇥ B(R ! D+⇡�) (10�6).
The four quoted errors are statistical, experimental systematic, model and inclusive branching
fraction uncertainties, respectively.

Resonance Branching fraction

D

⇤
0

(2400)0 6.1± 1.9± 0.5± 1.4± 0.4
D

⇤
2

(2460)0 23.2± 1.1± 0.6± 1.0± 1.6
D

⇤
1

(2760)0 3.6± 0.9± 0.3± 0.7± 0.2
S-wave nonresonant 27.8± 5.4± 1.1± 7.9± 1.9
P-wave nonresonant 17.4± 4.1± 1.5± 2.7± 1.2

D

⇤
v

(2007)0 5.6± 1.7± 1.0± 1.1± 0.4
B

⇤
v

2.6± 1.4± 0.6± 1.2± 0.2

The masses and widths of the D

⇤
2

(2460)0 and D

⇤
1

(2760)0 are determined to be

m(D⇤
2

(2460)0) = (2464.0± 1.4± 0.5± 0.2)MeV ,

�(D⇤
2

(2460)0) = (43.8± 2.9± 1.7± 0.6)MeV ,

m(D⇤
1

(2760)0) = (2781± 18± 11± 6)MeV ,

�(D⇤
1

(2760)0) = (177± 32± 20± 7)MeV ,

where the three quoted errors are statistical, experimental systematic and model uncer-
tainties, respectively. The results for the D

⇤
2

(2460)0 are within 2 � of the world average
values [9]. The mass of the D

⇤
1

(2760)0 resonance is similarly consistent with previous
measurements. The measured width of this state is larger than previous measurements by
2 to 3 times the uncertainties. Future studies based on much larger data samples will be
required to better understand these states.

The measurement of B(B� ! D

+

K

�
⇡

�) corresponds to the first observation of this
decay mode. Therefore, the resonant contributions to the decay are also first observations.
The significance of the B

� ! D

⇤
1

(2760)0K� observation is investigated by removing the
corresponding resonance from the DP model. A fit without the D

⇤
1

(2760)0 component
increases the value of 2�NLL by 75.0 units, corresponding to a high statistical significance.
Only the systematic e↵ects due to uncertainties in the DP model could in principle
significantly change the conclusion regarding the need for this resonance. However, in
alternative DP models where a D⇡ resonance with spin 3 is added and where the B

⇤
v

contribution is removed, the shift in 2�NLL remains above 50 units. The alternative models
also do not significantly impact the level at which the D

⇤
1

(2760)0 state is preferred to be
spin 1. Therefore, these results represent the first observation of the B� ! D

⇤
1

(2760)0K�

and the measurement of the spin of the D

⇤
1

(2760)0 resonance.
In summary, the B

� ! D

+

K

�
⇡

� decay has been observed in a data sample corre-
sponding to 3.0 fb�1 of pp collision data recorded by the LHCb experiment. An amplitude
analysis of its Dalitz plot distribution has been performed, in which a model containing
resonant contributions from the D

⇤
0

(2400)0, D⇤
2

(2460)0 and D

⇤
1

(2760)0 states in addition
to both S-wave and P-wave nonresonant amplitudes and components due to virtual
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Figure 4: The first seven Legendre-polynomial weighted moments for background-subtracted
and e�ciency-corrected B� ! D+K�⇡� data (black points) as a function of m(D+⇡�) in the
range 2.0–3.0GeV. Candidates from both TOS and TIS-only subsamples are included. The blue
line shows the result of the DP fit described in Sec. 7.
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Charm spectroscopy (V)
• Dalitz plot analysis of 

• Study excited charm mesons
• Study the same resonances as the  analysis

• Cabibbo favoured -> higher statistics
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Table 3: Signal contributions to the fit model, where parameters and uncertainties are taken
from Ref. [19]. States labelled with subscript v are virtual contributions. The model “MIPW”
refers to the quasi-model-independent partial wave approach.

Resonance Spin Model Parameters

D

⇤
2

(2460)0 2 RBW

Determined from data (see Table 4)
D

⇤
1

(2680)0 1 RBW
D

⇤
3

(2760)0 3 RBW
D

⇤
2

(3000)0 2 RBW

D

⇤
v

(2007)0 1 RBW m = 2006.98± 0.15MeV, � = 2.1MeV
B

⇤0
v

1 RBW m = 5325.2± 0.4MeV, � = 0.0MeV

Total S-wave 0 MIPW See text

that do not contribute significantly and cause the fit to become unstable are discarded.
Alternative and additional contributions that have been considered include: an isobar
description of the D

+

⇡

� S-wave including the D

⇤
0

(2400)0 resonance and a nonresonant
amplitude; a nonresonant P-wave component; an isospin-2 ⇡⇡ interaction described by
a unitary model as in Refs. [24, 62] (see also Refs. [63–65]); quasi-model-independent
descriptions of partial waves other than the D

+

⇡

� S-wave.
The resulting baseline signal model consists of the seven components listed in Table 3:

four resonances, two virtual resonances and a quasi-model-independent description of the
D

+

⇡

� S-wave. There are 42 free parameters in this model. The broad P-wave structure
indicated by the angular moments is adequately described by the virtual D⇤(2007)0 and B

⇤0

amplitudes. The peaks seen in various moments are described by the D⇤
2

(2460)0, D⇤
1

(2680)0,
D

⇤
3

(2760)0 and D

⇤
2

(3000)0 resonances. Here, and throughout the paper, these states are
labelled as such since it is not clear if the D

⇤
1

(2680)0 state corresponds to one of the
previously observed peaks (see Table 1), while the parameters of the D

⇤
3

(2760)0 resonance
seem to be consistent with earlier measurements. An excess at m(D+

⇡

�) ⇡ 3000MeV was
reported in Ref. [7], but the parameters of this state were not reported with systematic
uncertainties. The baseline model provides a better quality fit than the alternative models
that are discussed in Sec. 8. The inclusion of all components of the model is necessary to
obtain a good description of the data, as described in Sec. 9.

The real and imaginary parts of the complex coe�cients for each of the components
are free parameters of the fit, except for the D

⇤
2

(2460)0 contribution that is taken to be a
reference amplitude with real and imaginary parts of its complex coe�cient c

k

fixed to 1
and 0, respectively. Parameters such as magnitudes and phases for each amplitude, the fit
fractions and interference fit fractions are calculated from these quantities. The statistical
uncertainties are determined using large samples of pseudoexperiments to ensure that
correlations between parameters are accounted for.
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Figure 10: Projections of the data and amplitude fit onto (top) m(D+⇡�)
min

, (mid-
dle) m(D+⇡�)

max

and (bottom) m(⇡�⇡�), with the same projections shown (right) with a
logarithmic y-axis scale. Components are described in the legend.

central bin in each 3⇥ 3 cluster is varied by its statistical uncertainty and the surrounding
bins in the cluster are varied by interpolation. This procedure accounts for possible
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Table 3: Signal contributions to the fit model, where parameters and uncertainties are taken
from Ref. [19]. States labelled with subscript v are virtual contributions. The model “MIPW”
refers to the quasi-model-independent partial wave approach.

Resonance Spin Model Parameters

D

⇤
2

(2460)0 2 RBW

Determined from data (see Table 4)
D

⇤
1

(2680)0 1 RBW
D

⇤
3

(2760)0 3 RBW
D

⇤
2

(3000)0 2 RBW

D

⇤
v

(2007)0 1 RBW m = 2006.98± 0.15MeV, � = 2.1MeV
B

⇤0
v

1 RBW m = 5325.2± 0.4MeV, � = 0.0MeV

Total S-wave 0 MIPW See text

that do not contribute significantly and cause the fit to become unstable are discarded.
Alternative and additional contributions that have been considered include: an isobar
description of the D

+

⇡

� S-wave including the D

⇤
0

(2400)0 resonance and a nonresonant
amplitude; a nonresonant P-wave component; an isospin-2 ⇡⇡ interaction described by
a unitary model as in Refs. [24, 62] (see also Refs. [63–65]); quasi-model-independent
descriptions of partial waves other than the D

+

⇡

� S-wave.
The resulting baseline signal model consists of the seven components listed in Table 3:

four resonances, two virtual resonances and a quasi-model-independent description of the
D

+

⇡

� S-wave. There are 42 free parameters in this model. The broad P-wave structure
indicated by the angular moments is adequately described by the virtual D⇤(2007)0 and B

⇤0

amplitudes. The peaks seen in various moments are described by the D⇤
2

(2460)0, D⇤
1

(2680)0,
D

⇤
3

(2760)0 and D

⇤
2

(3000)0 resonances. Here, and throughout the paper, these states are
labelled as such since it is not clear if the D

⇤
1

(2680)0 state corresponds to one of the
previously observed peaks (see Table 1), while the parameters of the D

⇤
3

(2760)0 resonance
seem to be consistent with earlier measurements. An excess at m(D+

⇡

�) ⇡ 3000MeV was
reported in Ref. [7], but the parameters of this state were not reported with systematic
uncertainties. The baseline model provides a better quality fit than the alternative models
that are discussed in Sec. 8. The inclusion of all components of the model is necessary to
obtain a good description of the data, as described in Sec. 9.

The real and imaginary parts of the complex coe�cients for each of the components
are free parameters of the fit, except for the D

⇤
2

(2460)0 contribution that is taken to be a
reference amplitude with real and imaginary parts of its complex coe�cient c

k

fixed to 1
and 0, respectively. Parameters such as magnitudes and phases for each amplitude, the fit
fractions and interference fit fractions are calculated from these quantities. The statistical
uncertainties are determined using large samples of pseudoexperiments to ensure that
correlations between parameters are accounted for.
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D⇤
1(2680)

0, D⇤
3(2760)

0, D⇤
2(3000)

0

Charm spectroscopy (V)
• Dalitz plot analysis of 

• First observation of                                                      states
• Spins determined significantly
• No sign of the state in this decay? 
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Table 7: Breakdown of model uncertainties on the fit fractions (%) and masses and widths (MeV).

Nominal Fixed Add Alternative DP veto Total
params. D

⇤
1

(2760)0 models
D

⇤
2

(2460)0 35.7± 0.6 0.9 0.0 0.0 0.1 0.9
D

⇤
1

(2680)0 8.3± 0.6 0.2 0.9 0.0 1.5 1.8
D

⇤
3

(2760)0 1.0± 0.1 0.0 0.0 0.0 0.2 0.2
D

⇤
2

(3000)0 0.2± 0.1 0.0 0.0 0.0 0.1 0.1
D

⇤
v

(2007)0 10.8± 0.7 2.3 0.1 0.0 0.2 2.3
B

⇤
v

2.7± 1.0 1.2 0.2 0.0 1.0 1.6
Total S-wave 57.0± 0.8 0.8 0.4 0.0 0.1 0.9
m (D⇤

2

(2460)0) 2463.7± 0.4 0.4 0.1 0.0 0.4 0.6
� (D⇤

2

(2460)0) 47.0± 0.8 0.2 0.0 0.0 0.1 0.3
m (D⇤

1

(2680)0) 2681.1± 5.6 4.7 11.8 0.1 3.0 13.1
� (D⇤

1

(2680)0) 186.7± 8.5 3.2 4.5 0.3 6.0 8.2
m (D⇤

3

(2760)0) 2775.5± 4.5 3.4 0.4 0.0 3.3 4.7
� (D⇤

3

(2760)0) 95.3± 9.6 2.8 3.2 0.0 32.9 33.1
m (D⇤

2

(3000)0) 3214± 29 25 1 1 26 36
� (D⇤

2

(3000)0) 186± 38 7 19 0 60 63

resonance decays to D

+

⇡

� are unknown.
The masses and widths of the D

⇤
2

(2460)0, D⇤
1

(2680)0, D⇤
3

(2760)0 and D

⇤
2

(3000)0 reso-
nances are determined to be

m(D⇤
2

(2460)0) = 2463.7± 0.4± 0.4± 0.6MeV ,

�(D⇤
2

(2460)0) = 47.0± 0.8± 0.9± 0.3MeV ,

m(D⇤
1

(2680)0) = 2681.1± 5.6± 4.9± 13.1MeV ,

�(D⇤
1

(2680)0) = 186.7± 8.5± 8.6± 8.2MeV ,

m(D⇤
3

(2760)0) = 2775.5± 4.5± 4.5± 4.7MeV ,

�(D⇤
3

(2760)0) = 95.3± 9.6± 7.9± 33.1MeV ,

m(D⇤
2

(3000)0) = 3214± 29± 33± 36MeV ,

�(D⇤
2

(3000)0) = 186± 38± 34± 63MeV ,

where the three quoted errors are statistical, experimental systematic and model uncer-
tainties. The results for the D

⇤
2

(2460)0 are consistent with the PDG averages [19] given in
Table 1. The D

⇤
1

(2680)0 state has parameters close to those measured for the D

⇤(2650)
resonance observed by LHCb in prompt production in pp collisions [7]. As discussed
in Sec. 1, both 2S and 1D states with spin-parity J

P = 1� are expected in this region.
Similarly, the D

⇤
3

(2760)0 state has parameters close to those for the D

⇤(2760) states
reported in Refs. [6, 7] and for the charged D

⇤
3

(2760)+ state [11]. It appears likely to be a
member of the 1D family. The D⇤

2

(3000)0 state has parameters that are not consistent with
any previously observed resonance, although due to the large uncertainties it cannot be
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Summary
• LHCb very active in meson spectroscopy studies

• 6 first observations of excited charm (strange) mesons
• Only natural spin parity states though - need to do D*hh final states

• Many worlds best measurements
• Masses, widths, spins...

• Active theory community interpretting out results
• In total the papers shown have >>100 citations

22



Outlook
• Everything shown here is from Run 1

• Already have more data in our pockets + 2017 + 2018
• Should be able to explore higher mass states
• Confirm and improve the measurements shown here

• Expand the range of analyses 
• E.g. First step for decays
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Figure 1: Fits to B candidate mass distributions for (left) D⇤�K+⇡+ and (right) D⇤�⇡+⇡+

samples with (top) linear and (bottom) logarithmic y-axis scales. The individual components are
(solid blue) total fit function, (dashed green) signal shape, (long-dashed violet) combinatorial
background, (dot dashed red) partially reconstructed background and (double-dot dashed orange)
D⇤�⇡+⇡+ to D⇤�K+⇡+ cross-feed.

represents an additional particle that has not been included in the reconstructed decay
chain. The fit to the B+ ! D⇤�K+⇡+ candidates also includes a component for cross-feed
due to misidentified B+ ! D⇤�⇡+⇡+ decays.

The signal shapes are modelled by the sum of two Crystal Ball (CB) functions [32],
which share a common peak position and have tails on opposite sides. The ratio of
widths of the CB shapes and the fraction of entries in the narrower CB shape are
constrained within their uncertainties to the values found in fits to simulated signal
samples. The tail parameters of the CB shapes are fixed to those found in simulation.
The combinatorial background in both samples is modelled with an exponential function.
Partially reconstructed background is modelled by the convolution of a Gaussian with
an ARGUS function [33], as this shape has been previously found to provide a good
description of the kinematic limit for this component near m

B

�m
⇡

[34, 35]. The cross-
feed background is modelled with a CB function with parameters obtained from a fit to
B+ ! D⇤�⇡+⇡+ data reconstructed with the kaon mass assigned to one of the daughters,
weighted according to the misidentification probability obtained from control samples.

The results of the fits are shown in Fig. 1. The fit to the D⇤�K+⇡+ sample has nine
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Figure 2: Background-subtracted [36] and e�ciency-corrected m(D⇤�⇡+) distribution from
B+ ! D⇤�K+⇡+ decays.

free parameters, which are the signal yield (744± 29), the yields of the three background
components, the peak position and width parameter of the signal shape, the slope of the
combinatorial background and the two shape parameters of the partially reconstructed
background. The fit to the D⇤�⇡+⇡+ sample has one fewer free parameter as no cross-feed
component is included, and gives a signal yield of 17 450 ± 140. The fit procedure is
validated with ensembles of pseudoexperiments; any possible bias on the fitted yields is
found to be negligible.

The ratio of branching fractions for B+ ! D⇤�K+⇡+ and B+ ! D⇤�⇡+⇡+ decays is
calculated by applying event-by-event e�ciency corrections as a function of position in
the B+ decay phase space,

B(B+ ! D⇤�K+⇡+)

B(B+ ! D⇤�⇡+⇡+)
=

N corr(B+ ! D⇤�K+⇡+)

N corr(B+ ! D⇤�⇡+⇡+)
, (1)

where N corr =
P

i

W
i

/✏
i

is the e�ciency-corrected yield. Here the index i runs over
all candidates in the fitted data sample, W

i

is the signal weight for candidate i and is
determined using the sPlot procedure [36] from the fits in Fig. 1, and ✏

i

is the e�ciency
for candidate i. The e�ciencies are evaluated including contributions from the LHCb
detector acceptance, selection and trigger. The acceptance and most selection e�ciencies
are calculated from simulated samples with, where appropriate, data-driven corrections
applied, while the particle identification e�ciency is determined from control samples [31].
The phase space for a P ! V PP decay, where V (P ) indicates a vector (pseudoscalar)
particle, has four degrees of freedom, but for B+ ! D⇤�K+⇡+ it is found that the e�ciency
depends strongly only on the squares of the two-body invariant masses m2(D⇤�⇡+) and
m2(K+⇡+). Similarly for B+ ! D⇤�⇡+⇡+ decays, dependence of the e�ciency on
m2(D⇤�⇡+)

min

and m2(⇡+⇡+) is accounted for, where m2(D⇤�⇡+)
min

indicates that the
smaller of the two possible m2(D⇤�⇡+) combinations is taken. The other two degrees
of freedom in the phase space are related to the orientation of the D⇤� ! D0⇡� decay
relative to the plane defined by the B+ ! D⇤�h+h0+ decay. Possible variation of the
e�ciency with these variables is accounted for as a source of systematic uncertainty.

The background-subtraction and e�ciency-correction procedures used to determine
the values of N corr also allow the phase-space distributions of decays to be examined. The

5

Table 1: Systematic uncertainties on the ratio of branching fractions.

Source Uncertainty
Fit model 3.3%
Simulation sample sizes 5.4%
E�ciency variation with decay angles 0.3%
Particle identification e�ciency 2.2%
Phase space vetoes 3.2%
Total 7.4%

projection of the D⇤�K+⇡+ data onto m(D⇤�⇡+) is shown in Fig. 2. The asymmetric
peak is indicative of the presence of contributions from both the D

1

(2420)0 and D0
1

(2430)0

states [1]. A detailed investigation of the distribution of decays across the phase space is
left for future study.

The statistical uncertainty evaluated from Eq. (1) includes contributions from the
weighting and from the floated shape parameters in the fit [37]. Systematic uncertainties
are assigned due to approximations made in the fit used to determine the yields and
due to uncertainties in the e�ciency. Variations of the fit model are made by modifying
fixed parameters within their uncertainties, replacing the shapes used to describe each
component with alternative functions, and, in the fit to the D⇤�⇡+⇡+ sample, introducing
a component to account for cross-feed from B+ ! D⇤�K+⇡+ decays. Uncertainties on
the e�ciency arise due to the limited size of the simulation samples, possible variation
of the e�ciency with D⇤� decay angles, possible imprecision of the data-driven method
to determine particle identification e�ciencies and due to selection requirements that
remove particular regions of phase space. The magnitudes of each of these contributions
are summarised in Table 1. The total systematic uncertainty on the ratio of branching
fractions is 7.4%.

The ratio of branching fractions is determined from Eq. (1) to be

B(B+ ! D⇤�K+⇡+)

B(B+ ! D⇤�⇡+⇡+)
= (6.39± 0.27± 0.48)⇥ 10�2 ,

where the first uncertainty is statistical and the second is systematic. This constitutes
the first observation of the B+ ! D⇤�K+⇡+ decay. The change in

p
�2 lnL between fits

with and without the signal component included, where L is the fit likelihood modified
to account for systematic uncertainties that a↵ect the yield, gives a value of 24, showing
clearly that the significance is far in excess of the 5� threshold normally used to claim
observation.

In summary, the B+ ! D⇤�K+⇡+ decay has been observed for the first time in a
data sample corresponding to 3 fb�1 of integrated luminosity recorded with the LHCb
detector. The ratio of the B+ ! D⇤�K+⇡+ and B+ ! D⇤�⇡+⇡+ branching fractions has
been measured, and has a value at the level näıvely expected due to the relative Cabibbo
suppression of the former decay, |V

us

/V
ud

|2 ⇡ 5.3⇥10�2. The measurements that comprise
the current world average value B(B+ ! D⇤�⇡+⇡+) = (1.35± 0.22) ⇥ 10�3 [1, 28] all
assume equal production of B+B� and B0B0 at the ⌥ (4S) resonance. Using this value
and correcting it with the latest result on �(⌥ (4S) ! B+B�)/�(⌥ (4S) ! B0B0) [28]
results in

B(B+ ! D⇤�K+⇡+) = (8.2± 0.3± 0.6± 1.3)⇥ 10�5 ,
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