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1. Introduction

Decays of b-hadrons to three-body final states including an open-charmed meson provide
a rich laboratory to constrain the unitarity triangle. The Dalitz plot analysis of B0 → D̄0K+π−

can be used to constrain the CKM angle γ [1] while a time-dependent Dalitz plot analysis of the
B0→ D̄0π+π− (B0

s → D̄0K+K−) decay gives sensitivity to the CKM angle β(s) (and γ for the B0
s

decay) [2]. The large amount of data collected by the LHCb experiment offers an ideal place to
study excited D(s) meson spectroscopy and structures of light mesons decaying to π+π− and K+K−

final states [3]. The B→ Dhh decays have been extensively studied by the LHCb experiment us-
ing the 3 fb−1 data collected during 2011 and 2012. The latest Dalitz plot analysis results are
described in these proceedings, including those from the B0→ D̄0π+π− [4], B0→ D̄0K+π− [5],
B−→ D+K−π− [6] and B0

s → D̄0K−π+ [7] decays.

2. Dalitz plot analysis

Similar Dalitz plot analysis strategies are applied on all the decay channels considered. An
unbinned extended maximum likelihood fit is performed to the Dalitz plot distribution.

The signal probability density function (PDF) on Dalitz plot (~x), fs(~x;θs), is described by

M(~x;θs)ε(~x)∫
M(~x;θs)ε(~x)d~x

. (2.1)

The decay amplitude, M(~x;θ), is modeled by the isobar formalism where contributions from quasi-
two-body decays are summed coherently. For the π+π− S-wave, the K-matrix formalism is also
used. The fit parameters, θs, include complex coefficients and resonant parameters like masses
and widths. The efficiency variation over the Dalitz plot, ε(~x), is obtained from Monte Carlo with
data-driven method to correct for the difference between data and Monte Carlo. It is either modeled
explicitly using polynomial functions or described by the spline technique.

The background PDF, fb(~x), includes contributions from combinatorial background, mis-
identified background and partially reconstructed background. Mis-identified and partially recon-
structed background contributions are either suppressed to negligible level or modeled explicitly
using Dalitz models obtained from previous analyses. The combinatorial background contribution
is modeled using that of the sideband.

The unbinned likelihood function is then defined by

L =
e−(νs+νb)(νs +νb)

N

N!

N

∏
i=1

[
νs

νs +νb
fs(~xi;θs)+

νb

νs +νb
fb(~xi)

]
, (2.2)

where the value N is the total number of reconstructed candidates in the signal region. The number
of signal and background events, νs and νb, are floated and constrained by the yields determined
from invariant mass fit of b-hadron candidates.

To improve sensitivity and reduce systematic uncertainties due to background, optimized se-
lection criteria are applied to achieve clean environment for Dalitz plot analysis. The invariant mass
distribution of B0→ D̄0π+π− candidates is shown in Fig. 1 as an example to indicate the purity of
data sample used for Dalitz plot analysis in the LHCb experiment.
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Figure 1: Invariant mass distribution of B0→ D̄0π+π− candidates. Data points are shown in black. The fit
is shown as a solid (red) line with the background component displayed as dashed (green) line.

3. Excited D(s) spectroscopy

The D(s) system includes a heavy charm quark and a light satellite quark. In the heavy quark
limits, the two parts can be decoupled. The spin of the charm quark is 1/2, D(s) states thus appear
in doublet with similar widths, but one with natural spin-parity (0+, 1−, 2+, ...) and the other
with unnatural spin-parity (0−, 1+, 2−,...). Dalitz plot analyses discussed in these proceedings only
contain information about excited D(s) mesons with natural spin-parity.

Inclusive studies on D(s) spectroscopy have been performed previously by both the LHCb ex-
periment [8, 9] and the Babar experiment [10]. Excited states of D∗(2650), D∗(2760) and D∗(3000)
with natural spin-parity have been observed for D∗ spectrum. Similarly, excited states of D∗s (2700),
D∗s (2860) and D∗s (3040) with natural spin-parity have been observed for D∗s spectrum. These new
excited states have not been confirmed by any other experiments and their spins are not determined.

The large amount of exclusive decay samples of B→Dhh decays are ideal places for the study
of these newly observed states. Indeed, a D∗+ resonance with spin 3 and mass around 2.79 GeV/c2

has been observed in the Dalitz plot analysis of the B0 → D̄0π+π− decay and a D∗0 resonance
with spin 1 and mass also around 2.79 GeV/c2 has been observed in the Dalitz plot analysis of the
B−→D+K−π− decay. In the Dalitz plot analysis of the B0

s → D̄0K−π+ decay, a mixture of spin-1
and spin-3 D∗s resonances has been found in mass around 2.86 GeV/c2. The spin assignments of
the D(s) excited states are determined using hypothesis test by assuming different spin hypotheses.
The measured masses and widths of these newly observed excited states are summarised in Table 1.
The observed states are consistent with the predictions of D-wave excited states.

4. Light meson structure

Significant contributions from both B0→ D̄0 f0(500) and B0→ D̄0 f0(980) decays are observed
in the Dalitz plot analysis of B0→ D̄0π+π− and can be used to obtain information on the substruc-
ture of the f0(980) and f0(500) resonances within the factorisation approximation. Two models
for the quark structure of those states are considered: qq̄ or [qq′][q̄q̄′] (tetraquarks). In both models,
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Table 1: Summary of measured masses and widths of newly observed excited D(s) states. The mass and
width of D∗+3 (2760) are presented in the two models used for the Dalitz plot analysis.

D∗(s) mass (MeV) width (MeV)

D∗+3 (2760) (isobar) 2798±7±1±7 105±18±6±23

D∗+3 (2760) (K-matrix) 2802±11±10±3 154±27±13±9
D∗01 (2760) 2791±18±11±6 177±32±20±7
D∗s1(2860) 2859±12±6±23 159±23±27±72
D∗s3(2860) 2860.5±2.6±2.5±6.0 53±7±4±6

mixing angles between different quark states are determined using our measurements. In the qq̄
model, the mixing between ss̄ and uū or dd̄ can be written as

| f0(980)〉 = cosϕmix|ss̄〉+ sinϕmix|nn̄〉, (4.1)

| f0(500)〉 = −sinϕmix|ss̄〉+ cosϕmix|nn̄〉, (4.2)

where |nn̄〉 ≡ (|uū〉+ |dd̄〉)/
√

2 and ϕmix is the mixing angle. In the [qq′][q̄q̄′] model, the mixing
angle, ωmix, is introduced and the mixing becomes

| f0(980)〉 = cosωmix|nn̄ss̄〉+ sinωmix|uūdd̄〉, (4.3)

| f0(500)〉 = −sinωmix|nn̄ss̄〉+ cosωmix|uūdd̄〉. (4.4)

In both cases, the following experimentally measured variable is defined

r f =
Br(B0→ D̄0 f0(980))
Br(B0→ D̄0 f0(500))

× Φ(500)
Φ(980)

, (4.5)

where Φ(500) and Φ(980) are the integrals of the phase-space factors. The parameter r f is related
to the mixing angle by the equation

r f = tan2
ϕmix×

∣∣∣∣F(B0→ f0(980))
F(B0→ f0(500))

∣∣∣∣2 (4.6)

in the qq̄ model and by

r f =

∣∣∣∣∣1−
√

2tanωmix
tanωmix+

√
2

∣∣∣∣∣
2

×
∣∣∣∣F(B0→ f0(980))
F(B0→ f0(500))

∣∣∣∣2 (4.7)

in the [qq′][q̄q̄′] tetraquark model. The form factors F(B0 → f0(980)) and F(B0 → f0(500)) are
evaluated at the four-momentum transfer squared equal to the square of the D̄0 mass. Values of
the mixing angles as a function of form factor ratio are obtained in Fig. 2 for the qq̄ model and the
[qq′][q̄q̄′] tetraquark model using measured value of r f = 0.177+0.066

−0.062.
The ratio of form factors is expected to be close to unity. However, the limit set on the branch-

ing fraction measurement of B0
s → D̄0 f0(980) [13] is below the value expected in a simple model

based on our measured value of Br(B0 → D̄0 f0(500)) and assuming equal form factors. More
complicated models may be needed in order to explain all results.
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Figure 2: Mixing angle as a function of form factor ratio for the (a) qq̄ model and (b) [qq′][q̄q̄′] tetraquark
model. Green band gives 1σ interval around central values (black solid line).

Table 2: Results of RDρ and cosδDρ .

Model RDρ cosδDρ

Isobar 0.69±0.15 0.984+0.113
−0.048

K-matrix 0.69±0.15 0.987+0.114
−0.048

5. Isospin analysis of the B→ Dρ system

The measured branching fraction of the B0→ D̄0ρ(770)0 decay is used to perform an isospin
analysis, together with those of the B+→ D̄0ρ(770)+, B0→ D−ρ(770)+ decays. The amplitudes
of the decays can be written as linear combinations of the isospin eigenstates AI with I = 1/2 and
3/2 [14, 15] assuming isospin symmetry

A(D̄0
ρ
+) =

√
3A3/2, (5.1)

A(D−ρ
+) =

√
1/3A3/2 +

√
2/3A1/2,

A(D̄0
ρ

0) =
√

2/3A3/2−
√

1/3A1/2,

In the heavy-quark limit, the factorisation model predicts [16, 17] δDρ , the strong phase difference

between the amplitudes A1/2 and A3/2, to be O(ΛQCD/mb) and the amplitude ratio, RDρ ≡
|A1/2|√
2|A3/2|

,

to be 1+O(ΛQCD/mb), where mb represents the b quark mass and ΛQCD the QCD scale.

Using our measurement of Br(B0 → D̄0ρ0), the world average values of Br(B0 → D−ρ+),
Br(B+ → D̄0ρ+), and the ratio of lifetimes τ(B+)/τ(B0) [18], RDρ and cosδDρ are calculated
for the isobar and K-matrix models used for the Dalitz plot analysis of the B0→ D̄0π+π− decay
and summarised in Table 2. These results are not significantly different from the predictions of
factorisation models. Non-factorisable final-state interaction effects do not introduce a sizeable
phase difference between the isospin amplitudes in the B→ Dρ system. The precision on RDρ

and cosδDρ is dominated by that of the branching fractions of the decays B+→ D̄0ρ(770)+ and
B0→ D−ρ(770)+.
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6. Conclusion

Decays of b-hadrons to three-body final states including an open-charmed meson provide rich
physics results using Dalitz plot analysis technique. The LHCb experiment has performed Dalitz
plot analyses for the B0→ D̄0π+π−, B0→ D̄0K+π−, B−→D+K−π− and B0

s → D̄0K−π+ decays,
Using B0/B+ decays, a spin-1 D∗0 meson and a spin-3 D∗+ meson have been observed at mass
around 2.79 GeV/c2. Similarly, a spin-1 and a spin-3 D∗s mesons have been observed at mass
around 2.86 GeV/c2 in the B0

s decay. Studies have also been performed to constrain the mixing
angle between the f0(500) and f0(980) resonances using the measured branching fraction of the
B0→ D̄0 f0(980) and B0→ D̄0 f0(500) decays. An isospin analysis in the B→Dρ decays using our
improved measurement of the branching fraction of the decay B0→ D̄0ρ0 is performed, indicating
that non-factorisable effects from final-state interactions are limited in the Dρ system.

The Dalitz plot analyses shown in the proceedings are performed using the Cabbibo-favored
decay D0→ K−π+ and the CP violation effect is negligible. With D0 decaying to CP eigenstates,
(time-dependent) Dalitz plot measurement could be performed and will give sensitivities to the
CKM angles using the current LHCb data.
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