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Abstract

The resonant substructures of B — D%t 7~ decays are studied with the Dalitz plot
technique. In this study a data sample corresponding to an integrated luminosity
of 3.0 fb~! of pp collisions collected by the LHCb detector is used. The branching
fraction of the BY — D%zt 71~ decay in the region m(D°7*) > 2.1 GeV/c? is measured
to be (8.46 £ 0.14 + 0.29 4 0.40) x 10~*, where the first uncertainty is statistical,
the second is systematic and the last arises from the normalisation channel B —
D*(2010)" 7. The m"n~ S-wave components are modelled with the Isobar and
K-matrix formalisms. Results of the Dalitz plot analyses using both models are
presented. A resonant structure at m(D%r~) ~ 2.8 GeV/c? is confirmed and its
spin-parity is determined for the first time as J¥ = 3. The branching fraction, mass
and width of this structure are determined together with those of the D{(2400)~
and D3(2460)~ resonances. The branching fractions of other B® — D°h® decay
components with % — 77~ are also reported. Many of these branching fraction
measurements are the most precise to date. The first observation of the decays
BY — DYf,(500), B® — D°f,(980), B® — D°p(1450), B® — D3(2760) "« * and the
first evidence of BY — DV f5(2020) are presented.
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1 Introduction

The study of the Cabibbo-Kobayashi-Maskawa (CKM) mechanism , is a central
topic in flavour physics. Accurate measurements of the various CKM matrix parameters
through different processes provide sensitivity to new physics effects, by testing the global
consistency of the Standard Model. Among them, the CKM angle /3 is expressed in terms
of the CKM matrix elements as arg(—V.q4V}/ViaV;;). The most precise measurements have
been obtained with the B® — (ce)K ()0 decays by BaBar , Belle [4] and more recently
by LHCD [5]. The decay [] B® — D77~ through the b — cid transition has sensitivity
to the CKM angle 3 and to new physics effects [11H14].

The Dalitz plot analysis of B — D77~ decays, with the D° — K+7~ mode,
is presented as the first step towards an alternative method to measure the CKM angle
B. Two sets of results are given, where the 77~ S-wave components are modelled
with the Isobar [16H18] and K-matrix formalisms. Dalitz plot analyses of the decay
B® — D7t~ have already been performed by Belle , and BaBar . Similar
studies for the charged B decays B~ — D®"*r~7~ have been published by the B-
factories ,. The LHCb dataset offers a larger and almost pure signal sample. Feynman
diagrams of the dominant tree level amplitudes contributing to the decay B® — Drtn~
are shown in Fig.
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Figure 1: Examples of tree diagrams via b — cud transition to produce (a) 7+ 7~ resonances, (b)
nonresonant three-body decay and (c) D%~ resonances.

In addition to the interest for the CKM parameter measurements, the analysis of the
Dalitz plot of the B® — D77~ decay is motivated by its rich resonant structure. The
decay B® — D7t~ contains information about excited D mesons decaying to D7, with
natural spin and parity J© = 0%, 17, 2%, ... A complementary Dalitz plot analysis of
the decay BY — DK 7" was recently published by LHCb ,, and constrains the

'The inclusion of charge conjugate states is implied throughout the paper.



phenomenology of the D°K~ (D_;) and K~ m* states. The spectrum of excited D mesons
is predicted by theory [27,28] and contains the known states D*(2010), D§(2400), D;(2460),
as well as other unknown states not yet fully explored. An extensive discussion on theory
predictions for the cii, cd and c5 mass spectra is provided in Refs. [26,29]. More recent
measurements performed in inclusive decays by BaBar [30] and LHCDb [29], have led to
the observation of several new states: D*(2650), D*(2760), and D*(3000). However, their
spin and parity are difficult to determine from inclusive studies. Orbitally excited D
mesons have also been studied in semi-leptonic B decays (see a review in Ref. [31]) with
limited precision. These are of prime interest both in the extraction of the CKM parameter
|Vp|, where longstanding differences remain between exclusive and inclusive methods (see
review in Ref. [32]), and in recent studies of B — D™ 7, [33] which have generated much
theoretical discussion (see, e.g., Refs. [34}35]).

A measurement of the branching fraction of the decay B® — D°p° is also presented. This
study helps in understanding the effects of colour-suppression in B decays, which is due to
the requirement that the colour quantum numbers of the quarks produced from the virtual
W boson must match those of the spectator quark to form a p° meson [36-40]. Moreover,
using isospin symmetry to relate the decay amplitudes of B — D%° B° — D~ p*
and BT — D%p*, effects of final state interactions (FSI) can be studied in those decays
(see a review in Refs. [37,41]). The previous measurement for the branching fraction
of B — D%° has limited precision, (3.2 £ 0.5) x 107* [21], and is in agreement with
theoretical predictions that range from 1.7 to 3.4 x 107 [38,42].

Finally, a study of the 77~ system is performed on a broad phase-space range in
B® — Drtr~ from 280 MeV/c? (= 2m,) to 3.4 GeV/c? (=~ mpy — mpo), which is much
larger than that accessible in charmed meson decays such as D° — K37 "n~ [43H45] or in
B decays such as B?S) — J/¢Ymtr [46-49]. The nature of the light scalar 77~ states

below 1 GeV/c? (JFY = 0*F), and in particular the fo(500) and fy(980) states, has been a
longstanding debate (see, e.g., Refs. [50-52]). Popular interpretations include tetraquarks,
meson-meson bound states (molecules), or some other mixtures, where the iso-singlets
fo(500) and f(980) can mix, therefore leading to a non-trivial nature (e.g. pure ss state) of
the fo(980) and complicating the determination of the CKM phase ¢, from B? — J/yntm™
decays [48]53,54]. In the tetraquark picture, the mixing angle, wyix, between the f,(980)
and fp(500) states is predicted to be |wmix| &= 20° [55,56] (recomputed with the latest
average of the mass of the x meson 682 + 29 MeV/c? [32]). Other theory models based on
QCD factorisation and its extensions [57,58] predict that the f5(500) and f(980) mixing
angle i for the ¢ model is 20° < i < 45°. The LHCb experiment, in the study
of B?S) — J/Ypmtn~ decays [47-49], has already set stringent upper bounds on ¢y in
BY (BY) decay: pmi, < 17° (< 7.7°) at 90% CL. For the first time, the fo(500) — fo(980)
mixing in the B — D77~ decay, both in ¢g and tetraquark pictures, is studied.

The analysis of the decay B® — D%rt7n~ presented in this paper is based on a data
sample corresponding to an integrated luminosity of 3.0fb~" of pp collision data collected
with the LHCDb detector. Approximately one third of the data was obtained during 2011
when the collision centre-of-mass energy was /s = 7TeV and the rest during 2012 with
/5 = 8TeV.



The paper is organised as follows. A brief description of the LHCb detector as well
as the reconstruction and simulation software is given in Sec. [2 The selection of signal
candidates and the fit to the B° candidate invariant mass distribution used to separate
and to measure signal and background yields are described in Sec. [3| An overview of the
Dalitz plot analysis formalism is given in Sec. [dl Details and results of the amplitude
analysis fits are presented in Sec. [l In Sec. [6] the measurement of the B® — DOr*7~
branching fraction is documented. The evaluation of systematic uncertainties is described
in Sec. [7] The results are given in Sec. [§| and a summary concludes the paper in Sec. [9}

2 The LHCDb detector

The LHCbD detector [59] is a single-arm forward spectrometer covering the pseudorapidity
range 2 < n < 5, designed for the study of particles containing b or ¢ quarks. The
detector includes a high-precision tracking system consisting of a silicon-strip vertex
detector surrounding the pp interaction region [60], a large-area silicon-strip detector
located upstream of a dipole magnet with a bending power of about 4 Tm, and three
stations of silicon-strip detectors and straw drift tubes [61] placed downstream of the
magnet. The tracking system provides a measurement of momentum, p, with a relative
uncertainty that varies from 0.4% at low momentum to 0.6% at 100 GeV/c. The minimum
distance of a track to a primary vertex, the impact parameter (IP), is measured with a
resolution of (15 4 29/pr) um, where pr is the component of p transverse to the beam,
in GeV/c. Different types of charged hadrons are distinguished using information from
two ring-imaging Cherenkov detectors |62]. Photon, electron and hadron candidates are
identified by a calorimeter system consisting of scintillating-pad and preshower detectors,
an electromagnetic calorimeter and a hadronic calorimeter. Muons are identified by a
system composed of alternating layers of iron and multiwire proportional chambers [63].

The online event selection is performed by a trigger which consists of a hardware stage,
based on information from the calorimeter and muon systems, followed by a software
stage, which applies a full event reconstruction. At the hardware trigger stage, events are
required to have a muon with high pr or a hadron, photon or electron with high transverse
energy in the calorimeters. For hadrons, the transverse energy threshold is 3.5 GeV. The
software trigger requires a two-, three- or four-track secondary vertex with a significant
displacement from the primary pp interaction vertices (PVs). At least one charged particle
must have a transverse momentum pr > 1.7 GeV/c and be inconsistent with originating
from a PV. A multivariate algorithm [64] is used for the identification of secondary vertices
consistent with the decay of a b hadron. The pr of the photon from D}~ decay is too low
to contribute to the trigger decision.

Simulated events are used to characterise the detector response to signal and certain
types of background events. In the simulation, pp collisions are generated using PYTHIA [65]
with a specific LHCb configuration [66]. Decays of hadronic particles are described
by EVTGEN [67], in which final-state radiation is generated using PHOTOS [68]. The
interaction of the generated particles with the detector, and its response, are implemented



using the GEANT4 toolkit [69] as described in Ref. |70].

3 Event selection

Signal B° candidates are formed by combining D° candidates, reconstructed in the decay
channel K*7~, with two additional pion candidates of opposite charge. Reconstructed
tracks are required to be of good quality and to be inconsistent with originating from a PV.
They are also required to have sufficiently high p and pt and to be within kinematic regions
where reasonable particle identification (PID) performance is achieved, as determined
by calibration samples of D** — D%(K~7n")r" decays. The four final state tracks are
required to be positively identified by the PID system. The D° daughters are required to
form a good quality vertex and to have an invariant mass within 100 MeV/c? of the known
D° mass [32]. The D° candidates and the two charged pion candidates are required to
form a good vertex. The reconstructed D° and B° vertices are required to be significantly
displaced from the PV. To improve the BY candidate invariant mass resolution, a kinematic
fit [71] is used, constraining the D° candidate to its known mass [32].

By requiring the reconstructed D° vertex to be displaced downstream from the re-
constructed B vertex, backgrounds from both charmless B decays and direct prompt
charm production coming from the PV are reduced to a negligible level. Background from
D*(2010)~ decays is removed by requiring m(D%*) > 2.1 GeV/c?. Backgrounds from
doubly mis-identified D° — K*7~ or doubly Cabibbo-suppressed D° — K~7F decays are
also removed by this requirement.

To further distinguish signal from combinatorial background, a multivariate analysis
based on a Fisher discriminant [72] is applied. The sPlot technique [73] is used to
statistically separate signal and background events with the B° candidate mass used as the
discriminating variable. Weights obtained from this procedure are applied to the candidates
to obtain signal and background distributions that are used to train the discriminant. The
Fisher discriminant uses information about the event kinematic properties, vertex quality,
IP and pr of the tracks and flight distance from the PV. It is optimised by maximising
the purity of the signal events.

Signal candidates are retained for the Dalitz plot analysis if the invariant mass of the
B° meson lies in the range [5250, 5310] MeV/c? and that of the D° meson in the range
(1840, 1890] MeV/c? (called the signal region). Once all selection requirements are applied,
less than 1% of the events contain multiple candidates, and in those cases one candidate
is chosen randomly.

Background contributions from decays with the same topology, but having one or
two mis-identified particles, are estimated to be less than 1% and are not considered in
the Dalitz analysis. These background contributions include decays like B® — DK +7,
BY — DKt [74], A) — D%n~ [75] and B® — D°rtr~ with D° — 7F7~ or D° —
KTK~.

Partially reconstructed decays of the type B® — D77~ X, where one or more particles
are not reconstructed, have similar efficiencies to the signal channel decays. They are
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Figure 2: Invariant mass distribution of B — D77~ 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.

distributed in the region below the B mass. By requiring the invariant mass of BY
candidates to be larger than 5250 MeV/c?, these backgrounds are reduced to a negligible
level, as determined by simulated samples of B — D**7*7~ and B® — D*°p(770) with
D*0 decaying into D%y or D%7° under different hypotheses for the D*0 helicity.

The signal and combinatorial background yields are determined using an unbinned
extended maximum likelihood fit to the invariant mass distribution of B° candidates. The
invariant mass distribution is shown in Fig. [2| with the fit result superimposed. The fit
uses a Crystal Ball (CB) function [76] convoluted with a Gaussian function for the signal
distribution and a linear function for the combinatorial background distribution in the
mass range of [5250, 5500] MeV/c?. Simulated studies validate this choice of signal shape
and the tail parameters of the CB function are fixed to those determined from simulation.
Table [1] summarises the fit results on the free parameters, where ppo is the mean peak
position and og is the width of the Gaussian function. The parameter ocp is the width of
the Gaussian core of the CB function. The parameters fcp and p; give the fit fraction
of the CB function and the slope of the linear function that describes the background
distribution. The yields of signal (¢?) and background (1) events given in Table [1| are
calculated within the signal region. The purity is (97.8 £ 0.2) %.

4 Dalitz plot analysis formalism

The analysis of the distribution of decays across the Dalitz plot [15] allows a determination
of the amplitudes contributing to the three-body B — D7 T~ decay. Two of the three



Table 1: Results of the fit to the invariant mass distribution of BY — D%t 7~ candidates.
Uncertainties are statistical only.

Parameter Value

g0 5282.1 + 0.2 MeV/c?

lofe 33.6 + 5.4 MeV/c?

oCB 13.4 4+ 0.3 MeV/c?

fcB 0.908 + 0.025

P —0.152 + 0.035 (GeV/c?) !
Y 9565 =+ 116

vy 215 £ 19

possible two-body invariant mass-squared combinations, which are connected by
m*(D°7) + m*(D°n ) + mA(nt7m™) = m%o + mho + 2m2, (1)

are sufficient to describe the kinematics of the system. The two observables m?(D%r™)
and m?(7"7~), where resonances are expected to appear, are chosen in this paper. These
observables are calculated with the masses of the B® and D° mesons constrained to their
known values [32]. The invariant mass resolution has negligible effect and therefore it is
not modeled in the Dalitz plot analysis.

The total decay amplitude is described by a coherent sum of amplitudes from resonant
or nonresonant intermediate processes as

M(@) =Y (@), (2)

The complex coefficient ¢; and amplitude A;(% ) describe the relative contribution and
dynamics of the i-th intermediate state, where # represents the (m?(D°r~), m?(nt 7))
coordinates in the Dalitz plot. The Dalitz plot analysis determines the coefficients ¢;. In
addition, fit fractions and interference fit fractions are also calculated to give a convention-
independent representation of the population of the Dalitz plot. The fit fractions are

defined as
f le; Ay (Z) | dE

TS e AP 47 ®)

and the interference fit fractions between the resonances i and j (i < j) are defined as

E_

F J 2Re[cics Ai(Z )A*( r)|dz
1y T f | Z C@ 1 |2 dﬁC )
where the integration is performed over the full Dalitz plot with m(D%7%) > 2.1 GeV/c?.

Due to these interferences between different contributions, the sum of the fit fractions is
not necessarily equal to unity.

(4)



The amplitude A;(Z) for a specific resonance r with spin L is written as
Ai(@) = Fi(a.q0) x FP (p.po) x To(@) x R(@). (5)

The functions F' éL)(q, qo) and £ (p,po) are the Blatt-Weisskopf barrier factors [77] for
the production, B — rhs, and the decay, » — hihs, of the resonance, respectively. The
parameters p and ¢ are the momenta of one of the resonance daughters (h; or hy) and of
the bachelor particle (hs), respectively, both evaluated in the rest frame of the resonance.
The value py (qo) represents the value of p (¢) when the invariant mass of the resonance is
equal to its pole mass. The spin-dependent Fp and F, functions are defined as

L=0 : FO(z z)

/1
L=1 F(l)zzo + %0
1+2’

(z0 — 3)2 + 929
(z 3 +9z 7

L=2 F()zzo

2—15 +9(2z—5) ’

L=4 : FW(z z) = — 4520 + 105)2 + 2529(229 — 21)2
o ’ (z2 — 452+ 105)2 + 252(2z — 21)2

where z() is equal to (rpw X q())? or (rgw X p))?®. The value for the radius of the
resonance, rgw, is taken to be 1.6 GeV ™' x Ac (= 0.3 fm) [78].

The function T (%) represents the angular distribution for the decay of a spin L
resonance. It is defined as

L=0 : Ty=1,
L=1 : le\/Ty?cosﬁxqp,
L=2 : Ty=(y*+3/2)(cos’ 0 — 1/3) x ¢°p* (7)
L=3 : Ty=+/1+152(1+42y%/5)(cos®d — 3cos(0)/5) x ¢*p°,
L=4 : T,=(8y"*/35 4 40y*/35 + 1)(cos* & — 30 cos®(6) /35 + 3/35) x ¢*p*.
The helicity angle, @, of the resonance is defined as the angle between the direction of the

momenta p and ¢q. The y dependence accounts for relativistic transformations between the
B and the resonance rest frames [79,80|, where

1 4 y2 — mQBO + m2(h1h2) - m%m ) (8)
Qm(h1h2>m30

Finally, R(Z) is the resonant lineshape and is described by the relativistic Breit-Wigner
(RBW) function unless specified otherwise,

1

RBW(s) = m2 — s —im,[(E)(s)’ )

7



where s = m?(hyhy) and m, is the pole mass of the resonance; ') (s), the mass-dependent
width, is defined as

ﬂ%@——m(ﬁf“K%QFW@ww, (10)

where Iy is the partial width of the resonance, i.e., the width at the peak mass s = m,..
The lineshapes of p(770), p(1450) and p(1700) are described by the Gounaris-Sakurai

(GS) function [81],

m2(1 + Tog/m,)

GS(s) = 11
(5) m2— s+ f(s) —im,I,(s)’ (11)
where
m? dh
f(s) = To— [(h(s) — h(m}))p* + (m? — s)p§—- ] ,
Po ds|,_ 2
2 p Vs +2p
h = ——1 AAEEEEL S
) = 20 (V1)
3m?2 m, + 2po m,  mim,
g = T o + - 3
T P§ 2my, 27pg TDh
» 3 m2 1/2
dT = Iy |— L . 12
md 1) = 1| 2] 2] (12)

The p — w interference is taken into account by
Rp_w(S) = Gsp(770) (S) X (1 + CLGMRBWWng) (S)), (13)

where T is used, instead of the mass-dependent width T'%)(s), for w(782) [82].
The D*(2010)~ contribution is vetoed as described in Sec. . Possible remaining
contributions from the D*(2010)~ RBW tail or general D7~ P-waves are modelled as

RD*(2010) (m2(507r+)) _ e—(51+i52)m2(507r+)’ (14)

where (5, and (3, are free parameters.

The ntn~ S-wave contribution is modelled using two alternative approaches, the
Isobar model [16/118] or the K-matrix model [19]. Contributions from the f,(500), f,(980),
f0(2020) resonances and a nonresonant component are parametrised separately in the
Isobar model and globally by one amplitude in the K-matrix model.

In the Isobar model, the f3(2020) resonance is modelled by a RBW function and the
modelling of the f;(500), fo(980) resonances and the nonresonant contribution are described
as follows. The Bugg resonant lineshape [83] is employed for the f;(500) contribution,

S —S4
Ryyoon) (5) = 1/ [m? =5 — gi——

— 2(s) —im,Diot(s) |, (15)
T SA



where

. 2 S —S4
- gl m% . SAIOl(S)’

= my (b1 + bas) exp(—(s — m;) /A),
= Ji(s) = nn(my),

(s)
(s)
(s)
Jis) = %[24‘/)110{-’2(1;2)]7
%
(s)
(s)

= 0.69{(s)(s/m7) exp(—als — 4mi|)pa(s),
— 0.263(s)(s/m?) exp(—als — 4m?|)ps(s),
= mrg47rp47r<8)/p4ﬂ'(m72")7

= 1/[1 + exp(7.082 — 2.845s)] ,

and Tyoi(s) = Zri(s). (16)

The parameters are fixed to m, = 0.953 GeV/c?, s4 = 0.41 m2, by = 1.302GeV?/c?,
by = 0.340, A = 2.426 GeV¥/¢* and g4, = 0.011 GeV/c? [83]. The phase-space factors of the
decay channels 77, KK and nn correspond to p; 2 3(s), respectively and are defined as

2
m
— 4123 12 and 3=m, K and 7. (17)

=14/1
P1,2,3(S) S

The Flatté formula [84] is used to describe the f(980) lineshape,

1
. oo | : 18
100(980)< ) m?n -5 = Zmr<pﬂ'7r(8)gl + pKK(S)'QQ) ( )
where
9 4m2i 1\/ 4m20
i - 9 1_ - 3 1 B ’ ’
P (S) 3\/ s + 3 S

1 Ami. 1 \/ 4mieo

and prx(s) 9 s + 2 S e

The parameters g2y and m, [46] are m, = 939.9 £ 6.3 MeV/c?, g; = 199 & 30 MeV and

The nonresonant contribution is described by
Ryp(m?(xta™),m*(Dxt)) = grom’(rrn), (20)

Its modulus equals unity, and a slowly varying phase over m?(7*7~) accounts for rescat-
tering effects of the 777~ final state and « is a free parameter of the model.



The K-matrix formalism [19] describes the production, rescattering and decay of the
7Tm~ S-wave in a coherent way. The scattering matrix S, from an initial state to a final
state, is

S=1+2i(p)*Tp', (21)

where [ is the identity matrix, p is a diagonal phase-space matrix and 7" is the transition
matrix. The unitarity requirement SST = I gives

(T +ip)t =T +ip. (22)

The K-matrix is a Lorentz-invariant Hermitian matrix, defined as K=t = T~! +ip. The
amplitude for a decay process,

A= (1= iKp);' P, (23)

is computed by combining the K-matrix obtained from scattering experiment with a
production vector to describe process-dependent contributions. The K-matrix is modelled
as a five-pole structure,

_ glagja scattl B Sgcatt 1 - SA0 SAmgr
Kij(s) - <Z m2 — s + ij s — Sgcatt s = 2 ) <24>

S — SA0

where the indexes 4,j = 1,2,3,4,5 correspond to five decay channels: 7w, KK, nn, n'
and multi-meson (mainly 47 states) respectively. The coupling constant of the bare state
a to the decay channel 7, ¢gf*, is obtained from a global fit of scattering data and is listed in
Table 2 The mass m,, is the bare pole mass and is in general different from the resonant
mass of the RBW function. The parameters f3*" and si"* are used to describe smooth

scattering processes. The last factor of the K—matrlx, s_xg (s — %), regulates the

singularities near the 77~ threshold, the so-called “Adler zero” [85,86]. The Hermitian
property of the K-matrix imposes the relation f*" = f57" and since only 77~ decays
are considered, if i # 1 and j # 1, f¥*" is set to 0. The production vector is modelled
with

2 _
; ms — s

1— Sprod ﬂ gq
rod «
fp Sprod + Z ’ ) (25>

where fpmd and 3, are free parameters. The singularities in the K-matrix and the
productlon vector cancel when calculating the amplitude matrix element.

5 Dalitz plot fit

An unbinned extended maximum likelihood fit is performed to the Dalitz plot distribution.
The likelihood function is defined by

exp (—(”S — ”2>2> « — L exp (—M) , (26)

L=L x
20'2 \/27'('0'1) 20b

1
V2o

10



Table 2: The K-matrix parameters used in this paper are taken from a global analysis of 777~
scattering data [22]. Masses and coupling constants are in units of GeV/c?.

a o a o a
Mo, In+n- gK[? Yar grm gnr]’

0.65100  0.22889 —0.55377  0.00000 —0.39899 —0.34639
1.20360  0.94128 0.55095 0.00000 0.39065 0.31503
1.55817  0.36856 0.23888  0.55639 0.18340 0.18681
1.21000  0.33650 0.40907  0.85679 0.19906 —0.00984
1.82206  0.18171 —0.17558 —0.79658 —0.00355 0.22358

scatt scatt scatt scatt fscatt
11 12 13 14 15
0.23399 0.15044 —0.20545 0.32825 0.35412
S%catt SSFOd S0 sS4
—3.92637 —-3.0 —0.15 1
where v
L/ = u ® s _‘i' 98 _’i' 0 . 27
M H[szf@:, e A (27)

The background probability density function (PDF) is given by f,(;6,) and is described
in Sec. 5.1} The signal PDF, f(Z;;0;), is described by

M(fz, 08)5<fz)
[ M(&0,)2(7)di

(28)

where the decay amplitude, M (Z;6;), is described in Sec. 4] and the efficiency variation
over the Dalitz plot, e(Z), is described in Sec. . The fit parameters, 0, and 6,, include
complex coefficients and resonant parameters like masses and widths. The value N is
the total number of reconstructed candidates in the signal region. The number of signal
and background events, v, and v, are floated and constrained by the yields, v? and 1,
determined by the D°r*7~ mass fit and shown with their statistical uncertainties in
Table [

5.1 Background modelling

The only significant source of candidates in the signal region, other than B — D%t r~
decays, is from combinatorial background. It is modelled using candidates in the upper
m(Dnt7~) sideband ([5350, 5450] MeV/c?) with a looser requirement on the Fisher
discriminant, and is shown in Fig. 3] The looser requirement gives a similar distribution in
the Dalitz plane but with lower statistical fluctuations. The Dalitz plot distribution of the
combinatorial background events lying in the upper-mass sideband is considered to provide
a reliable description of that in the signal region, as no dependence on m(D°r*77) is
found by studying the Dalitz distribution in a different upper-mass sideband region. The
combinatorial background is modelled with an interpolated non-parametric PDF [87] 88|
using an adaptive kernel-estimation algorithm [89].
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Figure 3: Density profile of the combinatorial background events in the Dalitz plane obtained
from the upper m(D%r+7~) sideband with a looser selection applied on the Fisher discriminant.

5.2 Efficiency modelling

The efficiency function (&) accounts for effects of reconstruction, triggering and selection
of the B® — D%r*r~ signal events, and varies across the Dalitz plane. Two simulated
samples are generated to describe its variation with several data-driven corrections. One
is uniformly distributed over the phase space of the Dalitz plot and the other is uniformly
distributed over the square Dalitz plot, which models efficiencies more precisely at the
kinematic boundaries. The square Dalitz plot is parametrised by two variables m’ and ¢’
that each varies between 0 and 1 and are defined as

m = ! arccos (2 m(m
T m(TH T ) max — M7 ) min

) = (T T min 1> and g = 19( 1), (29)

™

where m(7T 7 )max = mpo — mpo, M(TTT ™ )min = 2m, and O(7"77) is the helicity angle
of the 77~ system.

The two samples are fitted simultaneously with common fit parameters. A 4th-order
polynomial function is used to describe the efficiency variation over the Dalitz plot. As the
efficiency in the simulation is approximately symmetric over m?(D°r+) and m?(D°x~),
the polynomial function is defined as

e(z,y) o« 1.0+ ao(x +5) +ai(z+y)* + as(ay) + as(z +y)*

+as(x + y)zy + as(x +y)* + ag(z + y)zy + aza®y?, (30)
where
2( DOt — 2 2(D0r—) — m2
T = m (D7) m02 and y= m (D) mOQ, (31)
(mpo —my)? —m§ (mpo —mz)* —mg

with mZ defined as [(mpo +my,)? + (mpo — m,)?]/2. The fitted efficiency distribution over
the Dalitz plane is shown in Fig. [
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Figure 4: Efficiency function for the Dalitz variables obtained in a fit to the LHCb simulated
samples.

The efficiency is corrected using dedicated control samples with data-driven methods.
The corrections applied to the simulated samples include known differences between
simulation and data that originate from the trigger, PID and tracking.

5.3 Results of the Dalitz plot fit

The Dalitz plot distribution from data in the signal region is shown in Fig. [5l The analysis
is performed using the Isobar model and the K-matrix model. The nominal fit model in
each case is defined by considering many possible resonances and removing those that do
not significantly contribute to the Dalitz plot analysis. The resulting resonant contributions
are given in Table [ while the projections of the fit results are shown in Fig. [6] (Fig. [7]) for
the Isobar (K-matrix) model.

The comparisons of the S-wave results for the Isobar model and the K-matrix model are
shown in Fig.[8] The results from the two models agree reasonably well for the amplitudes
and phases. In the 7%7~ mass-squared region of [1.5,4.0] GeV?/c*, small structures are
seen in the K-matrix model, indicating possible contributions from f,(1370) and f(1500)
states. These contributions are not significant in the Isobar model and are thus not
included in the nominal fit: adding them results in marginal changes and shows similar
qualitative behaviour to the K-matrix model as displayed on Fig.[§] The measured S-waves
from both models qualitatively agree with predictions given in Ref. [91].

To see more clearly the resonant contributions in the region of the p(770) resonance,
the data are plotted in the 777~ invariant mass-squared region [0.0,2.1] GeV?/c? in Fig. @
In the region around 0.6 GeV?/c!, interference between the p(770) and w(782) resonances
is evident. In the 7*7~ S-wave distributions of both the Isobar model and the K-matrix
model, a peaking structure is seen in the region [0.9,1.0] GeV?/c*, which corresponds to
the f(980) resonance. The structure in the region [1.3,1.8] GeV?/c* corresponds to the
spin-2 f5(1270) resonance.
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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 p(770), w(782), p(1450) and p(1700) come from Ref. [90], and those of f2(1270)
and fp(2020) come from Ref. [32]. Parameters of fp(500), fo(980) and K-matrix formalism are
described in Sec. [

Resonance Spin  Model — m, (MeV/c?) Ty (MeV)

D7~ P-wave 1 Eq. Floated
D{§(2400)~ 0 RBW Floated
D3(2460)~ 2 RBW Floated
D*%(2760)~ 3 RBW Floated

p(770) 1 GS 775.02£0.35 149.59 + 0.67
w(782) 1 Eq 781.914+0.24  8.13+0.45
p(1450) 1 GS 1493+ 15 427+ 31
p(1700) 1 GS 1861 + 17 316 + 26
f2(1270) 2 RBW 12751+ 12 1851+ 29
T S-wave 0  K-matrix See Sec. {4

fo(500) 0 Eq. [15] See Sec. 1

f0(980) 0 Eq. See Sec. [4]

f0(2020) 0 RBW 1992+ 16 442+ 60
Nonresonant 0 Eq. See Sec.

Distributions in the invariant mass-squared region [6.4,10.4] GeV?/c* of m?(D%r~)
are shown in Fig. [10} There is a significant contribution from the D%(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%(2760) is provided in Sec. [8.2]

The fit quality is evaluated by determining a y? value by comparing the data and the
fit model in Ny;,s = 256 bins that are defined adaptively to ensure approximately equal

14
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Figure 6: Projections of the data and Isobar fit onto (a) m?(7+t7~) and (c) m?(D°r~) with a
linear scale. Same projections shown in (b) and (d) with a logarithmic scale. Components are
described in the legend. The lines denoted D7~ and 77~ include the coherent sums of all
D71~ resonances, 77~ resonances, and 77~ S-wave resonances. The various contributions do
not add linearly due to interference effects.

population with a minimum bin content of 37 entries. A value of 287 (296) is found for the
Isobar (K-Matrix) model based on statistical uncertainties only. The effective number of
degrees of freedom (nDoF) of the x? is bounded by Nppms — 1 and Nyjns — Npars — 1, where
Npars is the number of parameters determined by the data. Pseudo experiments give an
effective number of 234 (235) nDoF.

Further checks of the consistency between the fitted models and the data are performed
with the unnormalised Legendre polynomial weighted moments as a function of m?(D%r~)
and m?(r7Tn~). The corresponding distributions are shown in Appendix .
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Figure 7: Projections of the data and K-matrix fit onto (a) m?(r "7 =) and (c) m?(D"r~) with a
linear scale. Same projections shown in (b) and (d) with a logarithmic scale. Components are
described in the legend. The lines denoted D7~ and 77~ include the coherent sums of all
D71~ resonances, 77~ resonances, and 77~ S-wave resonances. The various contributions do
not add linearly due to interference effects.

6 Measurement of the B® — D%rtx~ branching frac-
tion

Measuring the branching fractions of the different resonant contributions requires knowledge
of the B® — D°r 7~ branching fraction. This branching fraction is normalised relative to
the B® — D*(2010)~ 7" decay that has the same final state, so systematic uncertainties are
reduced. Identical selections are applied to select B® — D*(2010)~ 7+ and B® — D +r~
candidates, the only difference being that m(D°r~) < 2.1 GeV/c? is used to select
D*(2010)~ candidates. The kinematic constraints remove backgrounds from doubly
mis-identified D° — K*7~ or doubly Cabibbo-suppressed D° — K-t decays and no
requirement is applied on m(D%).

The invariant mass distributions of m(D°7r~) and m(D°x*7~) for the B® —
D*(2010) 7" candidates are shown in Fig. and are fitted simultaneously to deter-
mine the signal and background contributions. The D*(2010)~ signal distribution is
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Figure 9: Distributions of m?(7*7~) in the p(770) mass region. The different fit components
are described in the legend. Results from (a) the Isobar model and (b) the K-matrix model are
shown.

modelled by three Gaussian functions to account for resolution effects while its background
is modelled by a phase-space factor. The modelling of the signal and background shapes
in the m (D7) distribution are described in Sec. . The BY — D*(2010)" 7" yield in
the signal region is 7327 4 85.

The efficiencies for selecting B® — D*(2010)~" 7+ and B° — D°r*7~ decays are
obtained from simulated samples. To take into account the resonant distributions in the
Dalitz plot, the B® — D°r*7~ simulated sample is weighted using the model described in
the previous sections. The average efficiencies are (1.7240.05) x 10~* and (4.96+0.05) x 10~*
for the B® — D*(2010)~ 7+ and B® — D77~ decays.

Using the branching fractions of B(B? — D*(2010)"7") = (2.76 + 0.13) x 107
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and B(D*(2010)~ — D°r~) = (67.7 £ 0.5)% [32], the derived branching fraction of
B° — D77~ in the kinematic region m(D°7%) > 2.1 GeV/c? is (8.4640.1440.40) x 1074,
where the first uncertainty is statistical and the second uncertainty comes from the
branching fraction of the normalisation channel.

7 Systematic uncertainties

7.1 Common systematic uncertainties and checks

Two categories of systematic uncertainties are considered, each of which is quoted separately.
They originate from the imperfect knowledge of the experimental conditions and from the
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assumptions made in the Dalitz plot fit model. The Dalitz model-dependent uncertainties
also account for the precision on the external parameters. The various sources are assumed
to be independent and summed in quadrature to give the total.

Experimental systematic uncertainties arise from the efficiency and background mod-
elling and from the veto on the D*(2010)~ resonance. Those corresponding to the signal
efficiency are due to imperfect estimations of PID, trigger, tracking reconstruction effects,
and to the finite size of the simulated samples. Each of these effects is evaluated by the
differences between the results using efficiencies computed from the simulation and from
the data-driven methods. The systematic uncertainties corresponding to the modelling of
the small residual background are estimated by using different sub-samples of backgrounds.
The systematic uncertainty due to the veto on the D*(2010)~ resonance is assigned by
changing the selection requirement from m?(D°7*) > 2.10 GeV/c? to 2.05 GeV/c?.

The systematic uncertainties related to the Dalitz models considered (see Sec. [4)) include
effects from other possible resonant contributions that are not included in the nominal fit,
from the modelling of resonant lineshapes and from imperfect knowledge of the parameters
of the modelling, i.e., the masses and widths of the 777~ resonances considered, and the
resonant radius.

The non-significant resonances added to the model for systematic studies are the
f0(1300), fo(1500), f5(1525), and D*(2650)~ (f5(1525) and D*(2650)~) mesons for the
Isobar (K-matrix) model [29,32,48,|49]. The spin of the D*(2650)~ resonance is set to 1.
The differences between each alternative model and the nominal model are conservatively
assigned as systematic uncertainties.

The radius of the resonances (rgw) is set to a unique value of 1.6 GeV ™' x fc in the
nominal fit. In the systematic studies, it is floated as a free parameter and its best fit
value is 1.84 £+ 0.05 GeV ™! x hic (1.924+0.31 GeV~! x hic) for the Isobar (K-matrix) model.
The value 1.85 GeV~! x hc is chosen to estimate the systematic uncertainties due to the
imperfect knowledge of this parameter.

The masses and widths of the 777~ resonances considered are treated as free parameters
with Gaussian constraints according to the inputs listed in Table [3] The differences
between the results from those fits and those of the nominal fits are assigned as systematic
uncertainties.

For the Isobar model, additional systematic uncertainties due to the modelling of
the fo(500) and f,(980) resonances are considered. The Bugg model [83] for the f,(500)
resonance and the Flatté model [84] for the f,(980) resonance, used in the nominal fit,
are replaced by more conventional RBW functions. The masses and widths, left as
free parameters, give 553 £+ 15MeV/c? and 562 4+ 39 MeV, for the f;(500) meson and
981 + 13 MeV/c? and 191 + 39 MeV, for the f5(980) meson. The resulting differences to
the nominal fit are assigned as systematic uncertainties.

The kinematic variables are calculated with the masses of the D° and B° mesons
constrained to their known values [32]. These kinematic constraints affect the extraction of
the masses and widths of the D7~ resonances. The current world average value for the B°
meson mass is 5279.58 4= 0.17 MeV/c? and for the D° meson is 1864.84 + 0.07 MeV/c? [32].
A conservative and direct estimation of the systematic uncertainties on the masses and
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Table 4: Systematic uncertainties on B(B? — D% t77).

Source Uncertainty (x107%)
PID 0.02
Trigger 0.13
Reconstruction < 0.01
Size of simulated sample 0.26
BY, D*(2010)~ mass model < 0.01
Dalitz structure 0.04
Total 0.29

widths of the D7~ resonances is provided by the sum in quadrature of the B and D°
mass uncertainties. The effects of mass constraints are found to be negligible for the fit
fractions, moduli and phases of the complex coefficients.

The systematic uncertainties are summarised for the Isobar (K-matrix) model Dalitz
analysis in Appendix [B] Systematic uncertainties related to the measurements performed
with the Isobar formalism are listed in Tables [I4] to [I7], while those for the K-matrix
formalism are given in Tables [I§ to 2I] In most of cases, the dominant systematic
uncertainties are due to the D*(2010)~ veto and the model uncertainties related to other
resonances not considered in the nominal fit. In the Isobar model, the modelling of the
fo(500) and f,(980) resonances also have non-negligible systematic effects.

Several cross-checks have been performed to study the stability of the results. The
analysis was repeated for different Fisher discriminant selection criteria, different trigger
requirements and different sub-samples, corresponding to the two data-taking periods and
to the two half-parts of the D77~ invariant mass signal region, above and below the B°
mass [32]. Results from those checks demonstrate good consistency with respect to the
nominal fit results. No bias is seen, therefore no correction is applied, nor is any related
uncertainty assigned.

7.2 Systematic uncertainties on the B® — D°r+x~ branching
fraction

The systematic uncertainties related to the measurement of the B® — D% 7~ branching
fraction are listed in Table [l The systematic uncertainties on the PID, trigger, reconstruc-
tion and statistics of the simulated samples are calculated in a similar way to those of the
Dalitz plot analysis. Other systematic uncertainties are discussed below.

The systematic uncertainty on the modelling of the D7~ and D*(2010)~ 7+ invariant
mass distributions is estimated by counting the number of signal events in the B signal
region assuming a flat background contribution. The D*(2010)~ mass region is restricted
to the range [2007, 2013] MeV/c? for this estimate. The calculated branching fraction is
nearly identical to that from the mass fit and thus has a negligible contribution to the
systematic uncertainty. The signal purity of B — D*(2010)"7*" is more than 99%.
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Table 5: Statistical significance (o) of 777~ resonances in the Dalitz plot analysis. For the
statistically significant resonances, the effect of adding dominant systematic uncertainties is
shown (see text).

Resonances  w(782)  fp(980)  fo(1370) p(1450)  fo(1500)  f5(1525) p(1700)  fo(2020)

Isobar 8.0 10.7 1.1 8.7 1.1 3.6 4.5 10.2
K-matrix 8.1 n/a n/a 8.6 n/a 2.6 2.2 n/a
With syst. 7.7 7.0 n/a 8.7 n/a n/a n/a 4.3

To account for the effect of resonant structures on the signal efficiency, the data sample
is divided using an adaptive binning scheme. The average efficiency is calculated in a
model independent way as
Zi Ni

Eave = =
ave ZZ NZ/E,l?

where NV; is the number of events in bin ¢ and ¢; is the average efficiency in bin ¢ calculated
from the efficiency model. The difference between this model-independent method and
the nominal is assigned as a systematic uncertainty.

(32)

8 Results

8.1 Significance of resonances

The Isobar and K-matrix models employed to describe the Dalitz plot of the B — D%t~
decay include all of the resonances listed in Table [3] The statistical significances of well-
established 717~ resonances are calculated directly with their masses and widths fixed
to the world averages. They are computed as the relative change of the minimum of the
negative logarithm of the likelihood (NLL) function with and without a given resonance.
Besides the "7~ resonances listed in Table [3] the significances of the f,(1370), fo(1500)
and f1(1525) are also given. The results, expressed as multiples of Gaussian standard
deviations (), are summarised in Table |5 All of the other 777~ resonances not listed in
this Table have large statistical significances, well above fivestandard deviations.

To test the significance of the D%(2760)~ state, where J = 3 (see Sec.[8.2)), an ensemble
of pseudo experiments is generated with the same number of events as in the data sample,
using parameters obtained from the fit with the D%(2760)~ resonance excluded. The
difference of the minima of the NLL when fitting with and without D%(2760)~ is used as
a test statistic. It corresponds to 11.40 (11.50) for the for the Isobar (K-matrix) model
and confirms the observation of D%(2760)~ reported in Ref. [29]. The two other orbitally
excited D resonances, D%(2650)" and D%(3000)~, whose observations are presented in
the same paper, are added into the nominal fit model with different spin hypotheses and
tiny improvements are found. They also do not describe the data in the absence of the
D% (2760)~. Those resonances are thus not confirmed by this analysis. Finally, an extra
D7~ resonance, with different spin hypotheses (J=0,1,2,3,4) and with its mass and

21



width allowed to vary, is added to the nominal fit model and no significant contribution is
found.

The significance of each of the significant w(782), f,(980), p(1450), f,(2020) and
D*%(2760)~ states is checked while including the dominant systematic uncertainties (see
Sec. [7.1]), namely, the modelling of the fo(500) and fo(980) resonances, the addition of
other resonant contributions and the modification of the D*(2010)~ veto criteria. In all
configurations, the significances of the w(782), f5(980), p(1450) and D*%(2760)~ resonances
are greater than 7.70, 7.00, 8.7, and 10.8 0, respectively. The significance of the f,(2020)
drops to 4.3 ¢ when using a RBW lineshape for the f;(500) resonance. The abundant
fo(500) contribution is highly significant under all of the applied changes.

8.2 Spin of resonances

As described in Sec. , a spin-3 D*%(2760)~ contribution gives the best description of
the data. To obtain the significance of the spin-3 hypothesis with respect to other spin
hypotheses (J = 0, 1, 2, 4), test statistics are built. Their computations are based on
the shift of the minimum of the NLL with respect to the nominal fit model when using
different spin hypotheses. The mass and width of the D%(2760)~ resonance are floated
in all the cases. Pseudo experiments are generated using the fit parameters obtained
using the other spin hypotheses. Significances are calculated according to the distributions
obtained from the pseudo experiments of the test statistic and its values from data. These
studies indicate that data are inconsistent with other spin hypotheses by more than 100.
Following the discovery of the D?;(2860)~ meson, which is interpreted as the superposition
of two particles with spin 1 and spin 3 [25126], a similar configuration for the D% (2760)~
has been tested and is found to give no significant improvement in the description of the
data. To illustrate the preference of the spin-3 hypothesis, the cosine of the helicity angle
distributions in the mass-squared region of [7.4, 8.2] GeV?/c* for m?(D°x~) are shown in
Fig. |12/ under the various scenarios. Based on our result, D%(2760)~ is interpreted as the
D3;(2760)~ meson. Recently, LHCb observed a neutral spin-1 D*(2760)° state [92]. The
current analysis does not preclude a charged spin-1 D* state at around the same mass,
but it is not sensitive to it with the current data sample size.

Studies have also been performed to validate the spin-0 hypothesis of the D§(2400)~
resonance, as the spin of this state has never previously been confirmed in experiment [32].
When moving to other spin hypotheses, the minimum of the NLL increases by more than
250 units in all cases, which confirms the expectation of spin 0 unambiguously.

8.3 Results of the Dalitz plot analysis

The shape parameters of the 77~ resonances are fixed from previous measurements except
for the nonresonant contribution in the Isobar model. The fitted value of the parameter «
defined in Eq. is —0.363 £ 0.027, which corresponds to a 10 ¢ statistical significance
compared to the case where there is no varying phase. An expansion of the model by
including a varying phase in the D7~ axis is also investigated but no significantly varying

22



\—! 40 - T T T T T T T T T T T T T T T T T ] H 40 F T T T T T T T T T T T T T T ]

S 35F —— Data | sobar model LHCb J S 3xE —e— Daa K-matrix model LHCb 7

%) Fo_ * . ] P c " i 1

g 20b Nq D,(2760) Spln 2 @) E £ 30f NO, D,(2760) Spln 2 (b) E

2 B Spin 0 — Spin3 ] 4 B Spin 0 — Spin3 ]

w25 ... Spin1 - Spin4 E L] Spin1 - Spin4 g

20F = 20t q

151 15F

1o0p 10F +

-0.5 0 0.5 0 1 -05 0 0.5 0 1

cosB(D ) cosB(D )

Figure 12: Cosine of the helicity angle distributions in the m?(D%r~) range [7.4, 8.2] GeV?/c*
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% (2760)~ and with the
different spin hypotheses of D% (2760)~, are superimposed.

phase in that system is seen. The results indicate a weak, but non-negligible, rescattering
effect in the 77~ states, while the rescattering in the D7~ states is not significant. The
masses, widths and other shape parameters of the D7~ contributions are allowed to
vary in the analysis. The values of the shape parameters of the D%~ P-wave component,
defined in Eq. (14), are 8; = 0.95 £ 0.05 (0.90 £ 0.04) and B, = 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 Dg(2400)~,
D3(2460)~ and Dj(2760)~ are listed in Table[6] The present precision on the mass and
width of the D(2400)~ resonance is improved with respect to Refs. [29,32]. The result for
the width of the D3(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 LHCD inclusive analysis, the broad
D{(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 D3(2460)~ peak and the effect on the efficiency are under control,
resulting in much lower systematic uncertainties compared to the inclusive approach.

The moduli and the phases of the complex coefficients of the resonant contributions,
defined in Eq. , are displayed in Tables m and . 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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Table 6: Measured masses (m in MeV/c?) and widths (I' in MeV) of the Dg(2400)~, D3(2460)~
and D3(2760)~ resonances, where the first uncertainty is statistical, the second and the third are
experimental and model-dependent systematic uncertainties, respectively.

Isobar K-matrix
m 2349+ 6+ 1+ 4 23564+ 7+ 11+ 2
r 217+ 13+ 54 12 230+ 15+ 18 £ 11
D%(2460) m 2468.6+0.6 £0.0£0.3 2468.1+0.6£0.4+0.3
r
m
r

D7 (2400)

473+15+0.3+£0.6 460+14+1.7+04
2798+ 7T+ 14+ 7 2802+ 11+ 10£ 3
105+ 18+ 6+ 23 154+ 27+ 13+ 9

D3(2760)

Table 7: The moduli of the complex coefficients 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 (|¢;]) K-matrix (|c;])
Nonresonance 343+ 0.22+ 0.04=£ 0.51 n/a

fo(500) 1874+ 0.70+ 0.29+ 0.80 n/a

£0(980) 2.62+ 025+ 0.09+ 0.46 n/a

£0(2020) 441+ 051+ 021+ 1.78 n/a

p(770) 1.0 (fixed) 1.0 (fixed)

w(782) 0.30+ 0.04+ 0.004 0.01 031+ 0.04+ 0.01+ 0.01
p(1450) 0.23+ 0.03+ 0.014+ 0.02 028+ 0.03+ 0.08+ 0.01
p(1700) 0.078 £ 0.016 4 0.006 + 0.008  0.136 & 0.020 + 0.077 £ 0.011
f2(1270) 0.072 £ 0.002 4 0.000 + 0.005  0.073 & 0.002 + 0.006 + 0.003
D7~ P-wave 188+ 0.7+ 03+ 1.9 196+ 07+ 07+ 0.6
D;(2400)~ 1214+ 08+ 03+ 06 1314+ 10+ 08+ 0.5
D3(2460)~ 1314+ 0.04+ 0.02+ 0.02 1.314+ 0.04+ 0.04+ 0.00
D3(2760)~ 0.053 7 0006 £0.003 £0.008 0.075 F 0038 +0.005 + 0.003

8.4 Branching fractions

The measured branching fraction of the B — D%t 7~ decay in the phase-space region
m(D7%) > 2.1 GeV/c? is

B(B® — D7) = (8.46 £ 0.14 4+ 0.29 £ 0.40) x 107*, (33)

taking into account the systematic uncertainties reported in Table 4l The first uncertainty
is statistical, the second systematic, and the third the uncertainty from the branching
fraction of the B® — D*(2010) 7" normalisation decay channel. The result agrees with
the previous Belle measurement (8.4 + 0.4 4+ 0.8) x 107* [21] and the BaBar measurement
(8.81 +0.18 £ 0.76 £ 0.78 + 0.11)x 10~ [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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Table 8: The phase of the complex coeflicients 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 (arg(c;)°) K-matrix (arg(c;)°)
Nonresonance 77.1+ 45+ 23+ 54 n/a

£o(500) 384+ 27+ 1.3+ 3.7 n/a

£0(980) 1389+ 4.6+ 1.5+10.9 n/a

5(2020) 2585+ 5.0+ 1.1+26.8 n/a

p(770) 0.0 (fixed) 0.0 (fixed)

w(782) 176.8+ 7.8+ 0.6+ 0.5 1748+ 80+ 1.5+ 0.5
p(1450) 149.0+ 75+ 48+ 45 1329+ 7.8+ 85+ 5.5
p(1700) 103.5£13.1+ 45+ 24 776+ 99+23.1+ 4.5
f2(1270) 15814+ 3.0£ 1.6+ 3.8 1478+ 25+ 85+ 2.6
D%~ P-wave 266.74+ 3.7+ 03+ 7.1 261.0+ 4.0+ 3.3+ 6.7
D§(2400)~ 83.6+ 44+ 2.8+ 4.6 784+ 41+1154+ 1.7
D§(2460)_ 2629+ 294+ 08+ 3.0 2574+ 34+ 0.7+ 1.9
D3(2760)~ 91.1+ 6.7+ 14+ 5.1 92.7+ 7.3+15.24+ 2.3

Table 9: The fit fractions of the resonant contributions for the Isobar and K-matrix models
with m(D%%) > 2.1 GeV/c?. The first uncertainty is statistical, the second and the third are
experimental and model-dependent systematic uncertainties, respectively.

Resonance Isobar (F; %) K-matrix (F; %)
Nonresonance  2.82 4 0.34 £0.07 £ 0.80 n/a

fo(500) 13.24+0.89 + 0.31 + 2.45 n/a

f0(980) 1.56 £0.29 £0.11 £0.54 n/a

f0(2020) 1.58 £0.36 £ 0.15 £ 1.00 n/a

S-wave 16.39 £0.58+£ 043 +£1.46 16.51+£0.70£1.68£1.10
p(770) 37.544+1.00+0.61£0.98 36.154+1.00+2.13 £0.79
w(782) 0.49+0.13£0.01£0.03 0.50£0.13+0.01 £0.02
p(1450) 1.54+£0.32£0.084+0.22 216 £0.42+0.824+0.21
p(1700) 0.38 7 535 +£0.07+£0.06 0.83+0.21 & 0.61 £ 0.12
f2(1270) 10.28+0.49+£0.31 +£1.10 9.88+0.58 £0.83 + 0.58
D7~ P-wave  9.214£0.56 £0.24 +£1.73  9.22 + 0.58 £ 0.67 & 0.75
Dg(2400)~ 9.00+0.60+0.204+0.35  9.27 £ 0.60 £ 0.86 £ 0.52
D3(2460)~ 28.83 £0.69+0.74+£0.50 28.13 £0.724+1.06 £ 0.54
D3(2760)~ 1.22+£0.194+0.07£0.09 1.58+£0.22+0.18 £0.07

The branching fraction of each quasi-two-body decay, B® — r;hs, with 7; — hyho, is

given by

B(BO — Tihg) X B(Tz — hth) = B(BO — 5071'+7T7) X

]I'Z,

corr’
&

(34)

where the resonant states (hihy) = (D7), (777~). The fit fractions F;, defined in Eq. ,
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Table 10: Correction factors due to the D*(2010)~ veto.

Resonance e %
7o(500) 9952+ 0.10
£5(980)  98.74+ 0.09
f0(2020) 99.29 + 0.05
S-wave 98.55 £ 0.04
p(770) 08.95 + 0.03
W(782) 9939 4 0.02
p(1450)  95.66 = 0.06
p(1700)  96.73 = 0.06
£(1270)  91.91 % 0.09
D;(2400)  98.60 = 0.10
D5 (2460) 100,

D5 (2760) 100.

are obtained from the Dalitz plot analysis and are listed in Table [0} The correction factors,
g account for the cut-off due to the D*(2010)~ veto. They are obtained by generating
pseudo experiment samples for each resonance over the Dalitz plot and applying the same
requirement (m(D°7*) > 2.1 GeV/c?). They are summarised in Table [I0l The correction
factors are the same for the Isobar model and the K-matrix model. The effects due to the
uncertainties of the masses and widths of the resonances are included in the uncertainties
given in the table.

Using the overall B — D°r*7~ decay branching fraction, the fit fractions (F;)

and the correction factors (£§°"), the branching fractions of quasi two-body decays are

calculated in Table The first observation of the decays B® — D°fy(500), B® —
D°f£5(980), B® — D°p(1450), as well as B® — D3(2760)" 7", and the first evidence
of B® — D"f,(2020) are reported. The present world averages [32] of the branching
fractions B(B® — D°p(770)) x B(p(770) — nF7~), B(B® — D°f,(1270)) x B(f2(1270) —
7)), B(B® — D(2400)~7) x B(D;(2400)~ — D°r~), and B(B° — Dj(2460)~7*) x
B(D3(2460)~ — D°7~) are improved considerably. When accounting for the branching
fractions of the w(782) and f5(1270) to 77—, one obtains the following results for the
Isobar model

B(B® — D°w(782)) = (2.75 4+ 0.72 £ 0.13 £ 0.20 + 0.13732%) x 10~* (35)
and B
B(B® — D°f,(1270)) = (16.8 £1.1+ 0.7 £ 1.8 £ 0.7195) x 107, 36
0.2
For the K-matrix model, one obtains
B(B® — D°w(782)) = (2.81 £ 0.72 £ 0.13 £ 0.13 + 0.13702%) x 10~* (37)
and B
B(B® — D°£,(1270)) = (16.1+ 1.1 £ 1.4 £ 0.9 £ 0.7705) x 107°. (38)

26



Table 11: Measured branching fractions of B(BY — rh3) x B(r — hihsg) for the Isobar and
K-matrix models. The first uncertainty is statistical, the second the experimental systematic, the
third the model-dependent systematic, and the fourth the uncertainty from the normalisation

B — D*(2010)" 7" channel.

Resonance Isobar (x107°) K-matrix (x107°)
fo(500) 112+ 08+ 05+ 21+ 05 n/a

10(980) 1.34 £0.25+0.10 £ 0.46 = 0.06 n/a

f0(2020) 1.35+0.31 £0.14 £ 0.85 £ 0.06 n/a

S-wave 141+ 05+ 06+ 1.3+ 0.7 142+ 064+ 1.5+ 09+ 0.7
p(770) 321+ 1.0+ 124+ 09+ 15 310+ 1.0£ 21+ 0.7+ 1.5
w(782) 0.42+0.11 £0.024+0.03 £0.02 0.434+0.11 £ 0.02 £0.02 + 0.02
p(1450) 1.36 £0.28 £0.08£0.19£0.06 1.91+£0.37+0.73 £0.19 £0.09
p(1700) 0.33£0.11 £0.06 £ 0.05 £0.02 0.73+£0.18 £0.53 £0.10 £ 0.03
f2(1270) 95+ 05+ 04+ 1.0£ 04 91+ 06+ 08+ 05£ 04
D§(2400)~ 77+ 05+ 03£ 03+ 04 80+ 05+ 08+ 04+ 04
D%(2460)~ 244+ 0.7+ 1.0+ 04+ 1.2 238+ 0.7+ 1.2+ 05+ 1.1
D3(2760)~ 1.03+0.16 £0.07£0.08 £ 0.05 1.34 £0.19+0.16 & 0.06 £ 0.06

In both models, the fifth uncertainty is due to knowledge of the 7*7~ decay rates [32].
The results are consistent with the measurement of the decay B® — D%(782), using the
dominant w(782) — 77~ 7" decay [32,40].

8.5 Structure of the fy(980) and f,(500) resonances

In the Isobar model, significant contributions from both B® — D°fy(500) and B® —
D £,(980) decays are observed. The related branching fraction measurements can be used
to obtain information on the substructure of the f,(980) and f;(500) resonances within the
factorisation approximation. As discussed in Sec. [I], two models for the quark structure of
those states are considered: ¢ or [¢q'][qq'] (tetraquarks). In both models, mixing angles
between different quark states are determined using our measurements. In the ¢g model,
the mixing between s5 and ui or dd can be written as

/0(980)) =
|£0(500)) =

where [nn) = (|uti) + |dd))/v/2 and @y is the mixing angle. In the [gq'][gq'] model, the
mixing angle, wyiy, is introduced and the mixing becomes

(39)
(40)

COS Pmix|S5) + sin @mix|nn),

— SIN Ppix|$5) + €OS Pmix|nn),

| /0(980)) COS Wnix|NNSS) + SIN Winix|utidd), (41)
|f0(500)) = — Sinwpyix|nMs3) + cOS Winix|utidd). (42)
In both cases, the following variable is defined
o B(B® — 1?0;’0(980)) y @(500)’ (43)
B(B° — D°f,(500))  ®(980)
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Table 12: Systematic uncertainties on /. The sum in quadrature of the uncertainties is also
reported.

Source r/
PID 0.001
Trigger 0.001
Reconstruction < 0.001
Simulation statistic 0.001
Background model 0.001
D*(2010)~ veto 0.012
Other res. 0.007
RBW parameters 0.008
77 res. mass, width 0.011
f0(500) model 0.033
f0(980) model 0.028
Total 0.048

where ®(500) and ®(980) are the integrals of the phase-space factors computed over
the resonant lineshapes and the phase-space factors are proportional to the momentum
computed in the B° rest frame. The value of their ratio is ®(500)/®(980) = 1.02 4 0.05.

The value of the branching fraction B(fy(500) — 7#77~) = 2/3 is obtained from the
isospin Clebsch-Gordan coefficients and assumes that there are only contributions from 7w
final states. The ratio B(fy(980) — K+K~)/B(f5(980) — n+a~) = 0.3575015, obtained
from an average of the measurements by the BaBar [93] and BES [94] collaborations, is
used to estimate the branching fraction B(fy(980) — 7"7~). Assuming that the 77 and
KK decays are dominant in the f5(980) decays, B(f,(980) — 7ntn~) = 0.46 £ 0.06 is
obtained. This gives

o — 01770088

taking into account the systematic uncertainties, as listed in Table [T2]

The parameter rf is related to the mixing angle by the equation

2

F(B® — £,(980))
f— tanZ o 44
TR P X B0 (500)) (4)
in the gqg model and by
2
g |1 V2 tan ‘F<BO — fo(980)) (45)
tan Wiy + V2 F(BY — fy(500))

in the [¢q'][qq’] tetraquark model [57,[58]. The form factors F'(B® — f,(980)) and F(B° —
f0(5(p)) are evaluated at the four-momentum transfer squared equal to the square of
the DY mass. Finally, values of the mixing angles as a function of form factor ratio are
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Figure 13: Mixing angle as a function of form factor ratio for the (a) ¢g model and (b) [q¢'][7¢]
tetraquark model. Green band gives 1o interval around central values (black solid line).

obtained in Fig. (13| for the g7 model and the [qq'][7q'] tetraquark model. Such angles have
also been computed by LHCb for the decays By, — J/¢m*n~ | .

The expectation is that the ratio of form factors should be close to unity. However,
LHCD has recently performed a search for the decay B? — D°f,(980) [95]. The limit set
on this decay is below the value expected in a simple model based on our measured value
of B(B® — D°fy(500)) and assuming equal form factors. More complicated models may
be needed in order to explain all results.

The above discussion is one possible interpretation of the results. Another possi-
ble mechanism , involves the generation of pseudo-scalar resonances through the
interactions of 777~ mesons.

8.6 Isospin analysis of the B — Dp system

The measured branching fraction of the B® — D°p(770)° decay, presented in Table (11} can
be used to perform an isospin analysis of the B — Dp system. Isospin symmetry relates
the amplitudes of the decays B* — D%p(770)*, B® — D~ p(770)*, and B® — D°p(770)°,
which can be written as linear combinations of the isospin eigenstates A; with I = 1/2

and 3/2 [37,/41]
A(50P+) = \/§A3/2, (46)
AD™p) = /1/3A3), + \/%AI/Q;
A(EOPO) = \/%A:a/z - \/1/_3141/2,
leading to
A(D") = A(D~p*) + VZA(D"). (47)

The strong phase difference between the amplitudes A;/, and As/, is denoted by dp,.
Final-state interactions between the states D°p” and D~ p" may lead to a value of dp,
different from zero and through constructive interference, to a larger value of B(B® — D°p")

29



Table 13: Results of Rp, and cosdp,.

Model Rp, €os dp,
Isobar  0.69+0.15 0.98477113

K-matrix 0.69 £ 0.15 0.987+0:114

than the prediction obtained within the factorisation approximation. In the heavy-quark
limit, the factorisation model predicts [97,98| 0p, = O(Aqcp/mp) and the amplitude ratio

_ Ayl
Rp, = \/5‘114/32/2' =1+ O(Aqep/mw), where my, represents the b quark mass and Aqgep the

QCD scale. B
Using our measurement of B(B® — D°p’) together with the world average values of
B(B® — D~ p™), B(BT™ — D), and the ratio of lifetimes 7(B™)/7(B°) [32], we obtain

-+ 70 0 1/2
Rpy — 1 /3(B(D pl+B(Dp))XTB+_1 (48)
2 B(D%t) TRO
and
1 8+ 3(B(D™pT) —2B(D""))
cosdp, = Ihp, X <TBO X B0 +1). (49)

With a frequentist statistical approach [99], Rp, and cosdp, are calculated for the Isobar
and K-matrix models in Table These results are not significantly different from the
predictions of factorisation models. As opposed to the theoretical expectations [37,/41] and
in contrast to the B — D™ 7 system [40], non-factorisable final-state interaction effects do
not introduce a sizeable phase difference between the isospin amplitudes in the B — Dp
system . The precision on Rp, and cosdp, is dominated by that of the branching fractions
of the decays Bt — D°p(770)* (14%) and B° — D~ p(770)* (17%) [32]. The precision
of the branching fraction of the B® — D%p(770)° decay is 7.3% (9.2%) for the Isobar
(K-matrix) model (see Table [11)).

9 Conclusion

A Dalitz plot analysis of the B® — D%t~ decay is presented. The decay model contains
four components from D7~ resonances, four P-wave 77~ resonances and one D-wave
77~ resonance. Two models are used to describe the S-wave 77~ resonances. The
Isobar model uses four components, including the f5(500), f5(980), fo(2020) resonances
and a nonresonant contribution. The K-matrix approach describes the 77~ S-wave using
a b x b scattering matrix with a production vector. The overall branching fraction of
B — Dt~ and quasi-two-body decays are measured. Significant contributions from
the fp(500), f0(980), p(1450) and D3(2760)~ mesons are observed for the first time. For
the latter, this is a confirmation of the observation from previous inclusive measurements,
and the spin-parity of this resonance is determined for the first time to be JZ = 3.
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This suggests a spectroscopic assignment of Ds, and shows that the 1D family of charm
resonances can be explored in Dalitz plot analysis of B-meson decays in the same way as
recently seen for the charm-strange resonances |25,26]. Evidence for the f,(2020) meson
is also seen for the first time. The measured branching fractions of two-body decays are
more precise than the existing world averages and there is good agreement between values
from the Isobar and K-matrix models.

The masses and widths of the D7~ resonances are also determined. The measured
masses and widths of the D§(2400)~ and D% (2760) states are consistent with the previous
measurements. The precision on the D{(2400)~ meson is much improved. For the
measurement on the mass and width of the D3(2460)~ meson, the broad D{(2400)~
component was excluded from the fit model in the former LHCb inclusive analysis [29], due
to a high correlation with the background lineshape parameters, while here it is included.
The present result therefore supersedes the former measurement.

The significant contributions found for both the f;(500) and f,(980) allow us to
constrain on the mixing angle between the fy(500) and f,(980) resonances. An isospin
analysis in the B — Dp decays using our improved measurement of the branching fraction
of the decay B® — D% is performed, indicating that non-factorisable effects from
final-state interactions are limited in the Dp system.
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Appendices

A Unnormalised Legendre polynomial weighted mo-
ments

Figures|14|and [15|show the distributions of the unnormalised Legendre polynomial weighted
moments < p¥ > which display the contributions of resonances with spin larger than
L/2. The p(770) resonance can clearly be seen in the distributions with L < 2 and the
D3(2460)~ resonance in the distributions with L < 4. Figures [16| and (17| display an
expanded version in low mass regions. The distributions from the Isobar and the K-matrix
models are compatible with those from data.
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to (a) to (h)) for background-subtracted and efficiency-corrected BY — D77~ data and the
Dalitz plot fit results as a function of m?(D%r ™).



%, 16000 - -
”% 14000 —— Data LHCb
O 12000F —— Isobar model (®)
DDO 10000 f ===+ K-matrix model

m3(TTe) [GeVZc’]

9000
8000
7000
6000

p” O Gev/c?

4000
3000
2000
1000

(=)
TTTTTT

5 10
m3( T [GeVZc’]

<

2

T 1500
3
& 1000
[m]
o _<
&

500

-500
-1000
-1500

10
m2(re ) [Gev e

5 10
m2(re ) [Gevc?

—

1

o’ O Gev3/c?

5 10
m2(Te ) [GeV et

1500
1000
500

Ep; 0 GevZ/ct

-500
—-1000
-1500
-2000
-2500

—-3000 L L
5 10

m2(Te ) [GeV et

1000
500

[pg O Gev?/c

-500
-1000

-1500

10
m2(re 1) [GeV e

2000
1500
1000

500

[p;’ O Gev?/c

-500
-1000
-1500

5 10
m2(reTt) [GevZc?

—

Figure 15: The first eight unnormalised Legendre polynomial weighted moments (0 to 7 correspond
to (a) to (h)) for background-subtracted and efficiency-corrected BY — D77~ data and the
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Figure 16: The first eight unnormalised Legendre polynomial weighted moments (0 to 7 correspond
to (a) to (h)) for background-subtracted and efficiency-corrected BY — D77~ data and the
Dalitz plot fit results as a function of m?(D% ). Only results in the region m?(D%r~) < 10

GeV?/c* are shown.
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B Systematic uncertainties on the parameters in the
Dalitz plot analysis

B.1 Systematic uncertainties for the Isobar model

Table 14: Systematic uncertainties on the D7~ resonant masses (MeV/c?) and widths (MeV)
for the Isobar model.

Source Dg(2400) D3(2460)~ D3(2760)~

Fo mo FO mo FO mo
PID 1.9 05 <0.1 <0.1 1.2 0.3
Trigger 0.5 0.2 0.2 < 0.1 1.9 0.7
Reconstruction 0.2 0.1 <0.1 < 0.1 0.5 0.1
Simulation statistic 0.6 0.1 0.1 < 0.1 0.6 0.1
Background model 1.5 0.6 0.1 <0.1 34 04
D*(2010)~ veto 44 08 <0.1 <0.1 46 04
Total (experiment) 51 1.1 0.3 < 0.1 62 1.0
Additional resonances 10.7 0.4 0.1 0.1 21.0 5.1
RBW parameters 0.1 1.9 0.1 < 0.1 1.0 1.5
w7 res. mass, width 34 0.1 0.1 0.1 2.9 1.3
B D° mass 0.2 0.2 0.2 0.2 0.2 0.2
f0(500) model 2.3 3.6 0.5 < 0.1 9.0 3.5
f0(980) model 2.8 0.7 0.2 0.1 3.5 1.2
Total (model) 11.8 4.2 0.6 0.3 233 6.6
Total (all) 12.9 4.3 0.7 0.3 24.1 6.7
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Table 15: Systematic uncertainties on the moduli of the complex coefficients of the resonant
contributions for the Isobar model. The moduli are normalised to that of p(770).

Source Nonres.  fo(500) w(782) f0(980) f2(1270) p(1450)
PID 0.02 0.15 < 0.01 0.03 < 0.001 0.01
Trigger 0.02 0.03 < 0.01 0.01 < 0.001 < 0.01
Reconstruction < 0.01 0.01 < 0.01 < 0.01 < 0.001 < 0.01
Simulation statistic < 0.01 0.11 < 0.01 0.01 < 0.001 < 0.01
Background model < 0.01 0.07 < 0.01 0.02 < 0.001 < 0.01
D*(2010)~ veto 0.03 0.20 < 0.01 0.08 0.002 0.01
Total (experiment) 0.04 0.29 < 0.01 0.09 < 0.001 0.01
Additional resonances 0.34 0.61 < 0.01 0.03 0.003 < 0.01
RBW parameters 0.11 0.10 0.01 0.04 0.001 0.01
7 res. mass, width 0.06 0.41 < 0.01 0.03 0.001 < 0.01
f0(500) model 0.36 n/a < 0.01 0.46 0.004 0.01
f0(980) model 0.01 0.30 < 0.01 n/a < 0.001 0.01
Total (model) 0.51 0.80 0.01 0.46 0.005 0.02
Total 0.51 0.85 0.01 0.47 0.006 0.02
Source p(1700)  f0(2020) D%~ P-wave D(2400)~ D3(2460)~  D3(2760)~
PID < 0.001 0.06 0.14 0.21 < 0.01 < 0.001
Trigger 0.001 0.02 0.17 0.08 0.02 < 0.001
Reconstruction < 0.001 <0.01 0.01 0.02 < 0.01 < 0.001
Simulation statistic 0.001 0.02 0.10 0.03 0.01 < 0.001
Background model 0.002 0.01 0.03 0.06 < 0.01 0.002
D*(2010)~ veto 0.006 0.20 n/a 0.20 < 0.01 0.002
Total (experiment) 0.006 0.21 0.25 0.31 0.02 0.003
Additional resonances 0.005 0.37 1.74 0.47 0.01 0.007
RBW parameters 0.002 0.27 0.05 0.12 0.01 < 0.001
w7 res. mass, width 0.002 0.73 0.16 0.19 < 0.01 0.001
f0(500) model 0.004 1.56 0.62 0.20 0.01 0.003
f0(980) model 0.003 0.06 0.06 0.18 0.01 0.002
Total (model) 0.008 1.78 1.86 0.59 0.02 0.008
Total (all) 0.010 1.80 1.87 0.66 0.03 0.008
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Table 16: Systematic uncertainties on the phases (°) of the complex coefficients of the resonant
contributions for the Isobar model. The phase of p(700) is set to 0° as the reference.

Source Nonres.  f5(500) w(782) f0(980) f2(1270) p(1450)
PID 0.2 0.1 0.4 0.1 0.1 0.1
Trigger 1.1 0.3 0.1 0.1 0.6 0.2
Reconstruction < 0.1 < 0.1 < 0.1 <0.1 0.1 0.1
Simulation statistic 0.3 0.1 0.3 0.2 0.3 0.3
Background model 0.7 0.1 < 0.1 0.4 0.4 0.4
D*(2010)~ veto 1.8 1.2 0.2 1.4 1.4 4.8
Total (experiment) 2.3 1.3 0.6 1.5 1.6 4.8
Additional resonances 3.0 2.8 < 0.1 2.7 1.6 1.1
RBW parameters 0.3 1.1 0.1 1.3 <0.1 0.3
7 res. mass, width 2.3 0.1 0.3 0.4 1.2 2.2
f0(500) model 3.7 n/a 0.3 10.5 3.0 3.6
f0(980) model 1.0 2.1 0.2 n/a 1.1 1.1
Total (model) 5.4 3.7 0.5 10.9 3.8 4.5
Total (all) 5.8 3.9 0.7 11.0 4.1 6.6
Source p(1700)  f0(2020) D%~ P-wave Dy(2400)~ D3(2460)~  D3(2760)
PID 0.4 < 0.1 0.2 0.3 0.1 0.2
Trigger 0.5 0.2 0.2 0.7 < 0.1 0.6
Reconstruction <0.1 0.1 0.1 0.1 0.1 0.1
Simulation statistic 0.7 0.2 0.1 0.2 0.1 0.1
Background model 0.6 0.9 0.1 < 0.1 0.2 0.3
D*(2010)~ veto 4.4 0.6 n/a 2.7 0.8 1.2
Total (experiment) 4.5 1.1 0.3 2.8 0.8 1.4
Additional resonances 0.3 3.4 5.7 1.8 1.2 3.9
RBW parameters 1.0 1.1 0.6 1.6 0.7 1.8
w7 res. mass, width 0.5 1.3 0.5 0.3 0.7 2.0
f0(500) model 0.3 26.5 4.2 3.9 2.4 1.9
f0(980) model 2.1 1.8 0.4 0.1 0.9 0.2
Total (model) 2.4 26.8 7.1 4.6 3.0 5.1
Total (all) 5.1 26.9 7.1 5.4 3.1 5.3
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Table 17: Systematic uncertainties on the fit fractions (%) of the resonant contributions for the
Isobar model.

Source Nonres.  fo(500)  p(770) w(782) f0(980) f2(1270) p(1450)
PID 0.02 0.23 0.37 0.01 0.04 0.07 0.06
Trigger 0.01 0.03 0.09 < 0.01 < 0.01 0.05 0.03
Reconstruction 0.01 0.09 0.39 0.01 0.01 0.01 < 0.01
Simulation statistic < 0.01 0.09 0.26 < 0.01 0.01 0.04 < 0.01
Background model 0.01 0.08 0.07 < 0.01 0.01 0.05 0.04
D*(2010)~ veto 0.06 0.15 0.01 < 0.01 0.10 0.29 0.03
Total (experiment) 0.07 0.31 0.61 0.01 0.11 0.31 0.08
Additional resonances 0.51 0.57 0.81 0.02 < 0.01 0.53 0.01
RBW parameters 0.21 0.03 0.50 0.01 0.07 0.10 0.15
w7 res. mass, width 0.09 0.60 0.08 < 0.01 0.03 0.16 < 0.01
f0(500) model 0.57 2.25 0.04 0.01 0.50 0.94 0.14
f0(980) model 0.03 0.48 0.19 0.01 0.20 0.11 0.09
Total (model) 0.80 2.45 0.98 0.03 0.54 1.10 0.22
Total (all) 0.80 2.47 1.15 0.03 0.56 1.14 0.24
Source p(1700)  fo(2020) S-wave DOz~ P-wave Dg(2400)~  D3(2460)~  D3(2760)~
PID 0.01 0.01 0.31 0.19 0.12 0.43 0.02
Trigger < 0.01 0.03 0.04 0.02 0.06 0.28 0.01
Reconstruction < 0.01 0.01 0.12 0.13 0.14 0.18 0.02
Simulation statistic < 0.01 0.01 0.05 0.06 0.04 0.09 0.01
Background model 0.02 0.01 0.04 0.05 0.03 0.01 0.02
D*(2010)~ veto 0.07 0.14 0.26 n/a 0.01 0.50 0.06
Total (experiment) 0.07 0.15 0.43 0.24 0.20 0.74 0.07
Additional resonances 0.04 0.24 1.43 1.60 0.01 0.01 0.07
RBW parameters 0.02 0.21 0.07 0.17 0.28 0.44 0.02
7w res. mass, width 0.02 0.22 0.05 0.17 0.13 0.02 0.02
f0(500) model 0.03 0.92 0.25 0.60 0.13 0.22 0.03
f0(980) model 0.02 0.04 0.14 0.01 0.10 0.09 0.03
Total (model) 0.06 1.00 1.46 1.73 0.35 0.50 0.09
Total (all) 0.10 1.01 1.52 1.74 0.40 0.90 0.11
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B.2 Systematic uncertainties for the K-matrix model

Table 18: Systematic uncertainties on the D7~ resonant masses (MeV/c?) and widths (MeV)
for the K-matrix model.

Source D§(2400)~ D3(2460)~ D3(2760)~
FO mo Fo mo Fo mo
PID 8.9 5.9 1.0 0.3 1.1 8.6
Trigger 1.1 0.6 0.1 < 0.1 0.1 0.1
Reconstruction < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1
Simulation statistic 4.6 0.5 0.2 0.1 2.4 0.4
Background model 2.3 0.9 0.1 <0.1 2.7 0.8
D*(2010)~ veto 14.9 9.0 1.4 0.3 12.1 5.4
Total (experiment) 18.1 10.8 1.7 0.4 12.7 10.2
Additional resonances 8.5 1.0 0.3 0.2 1.4 1.1
RBW parameters 6.0 1.5 <0.1 0.1 8.9 2.3
7 res. mass, width 1.4 0.9 0.1 0.1 1.3 0.1
B D° mass 0.2 0.2 0.2 0.2 0.2 0.2
Total (model) 10.5 2.0 0.4 0.3 9.1 2.6
Total (all) 21.0 11.0 1.8 0.5 15.6 10.5
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Table 19: Systematic uncertainties on the moduli of the complex coefficients of the resonant
contributions for the K-matrix model. The moduli are normalised to that of p(770).

Source w(782) f2(1270) p(1450) p(1700)
PID < 0.01 0.001 0.04 0.037
Trigger < 0.01 < 0.001 < 0.01 0.002
Reconstruction < 0.01 < 0.001 < 0.01 < 0.001
Simulation statistic < 0.01 0.003 0.02 0.004
Background model < 0.01 < 0.001 < 0.01 0.001
D*(2010)~ veto 0.01 0.005 0.07 0.067
Total (experiment) 0.01 0.006 0.08 0.077
Additional resonances < 0.01 0.003 < 0.01 0.003
RBW parameters 0.01 < 0.001 0.01 0.003
7w res. mass, width < 0.01 < 0.001 < 0.01 0.010
Total (model) 0.01 0.003 0.01 0.011
Total (all) 0.01 0.007 0.08 0.077
Source D7~ P-wave Dp(2400)~ D3(2460)~ D3(2760)~
PID 0.21 0.10 < 0.01 0.003
Trigger 0.12 0.01 0.02 < 0.001
Reconstruction < 0.01 < 0.01 < 0.01 0.001
Simulation statistic 0.62 0.72 0.03 0.003
Background model 0.13 0.13 < 0.01 0.002
D*(2010)~ veto < 0.01 0.39 < 0.01 0.001
Total (experiment) 0.68 0.84 0.04 0.005
Additional resonances 0.52 0.22 < 0.01 0.002
RBW parameters 0.30 0.46 < 0.01 0.002
7 res. mass, width 0.05 0.04 < 0.01 0.001
Total (model) 0.60 0.51 < 0.01 0.003
Total (all) 0.91 0.98 0.04 0.006
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Table 20: Systematic uncertainties on the phases (°) of the complex coefficients of the resonant
contributions for the K-matrix model. The phase of p(700) is set to 0° as reference.

Source w(782) f2(1270) p(1450) p(1700)
PID 0.8 5.6 4.1 12.8
Trigger <0.1 0.2 <0.1 0.3
Reconstruction 0.1 < 0.1 <0.1 0.0
Simulation statistic 0.5 1.1 1.6 1.5
Background model 0.2 1.3 0.3 0.1
D*(2010)~ veto 1.1 6.2 7.1 19.2
Total (experiment) 1.5 8.5 8.4 23.1
Additional resonances 0.2 1.9 2.3 3.3
RBW parameters 0.4 1.3 0.4 0.6
7w res. mass, width 0.1 1.1 5.0 3.0
Total (model) 0.5 2.6 5.5 4.5
Total (all) 1.5 8.9 10.0 23.6
Source D7~ P-wave Dp(2400)~ D3(2460)~ D3(2760)~
PID 3.2 7.0 0.2 11.8
Trigger 0.4 0.9 0.3 0.1
Reconstruction < 0.1 < 0.1 < 0.1 0.1
Simulation statistic 0.1 0.8 0.1 1.3
Background model 0.7 0.3 0.4 0.1
D*(2010)~ veto n/a 9.1 0.4 9.5
Total (experiment) 3.3 11.5 0.7 15.2
Additional resonances 6.6 0.2 1.8 0.4
RBW parameters 1.0 1.5 0.4 2.2
w7 res. mass, width 0.4 0.7 0.2 0.3
Total (model) 6.7 1.7 1.9 2.3
Total (all) 7.5 11.7 2.0 154
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Table 21: Systematic uncertainties on the fit fractions (%) of the resonant contributions for the
K-matrix model.

Source p(770) w(782) f2(1270) p(1450) p(1700)
PID 1.36 < 0.01 0.06 0.50 0.37
Trigger 0.33 0.01 0.04 0.01 0.01
Reconstruction 0.02 < 0.01 < 0.01 < 0.01 < 0.01
Simulation statistic 1.17 0.01 0.45 0.22 0.02
Background model 0.07 < 0.01 0.15 0.04 0.01
D*(2010)~ veto 1.09 < 0.01 0.68 0.61 0.48
Total (experiment) 2.13 0.01 0.83 0.82 0.61
Additional resonances 0.61 0.02 0.56 0.01 0.05
RBW parameters 0.49 0.01 0.15 0.21 0.04
7w res. mass, width 0.12 0.01 0.04 0.04 0.10
Total (model) 0.79 0.02 0.58 0.21 0.12
Total (all) 2.28 0.03 1.02 0.85 0.62
Source S-wave D7~ P-wave Dg(2400)- D3(2460)~ D3(2760)~
PID 0.77 0.59 0.13 0.28 0.13
Trigger 0.09 0.03 0.01 0.39 0.03
Reconstruction 0.01 < 0.01 < 0.01 < 0.01 < 0.01
Simulation statistic 0.31 0.28 0.49 0.38 0.01
Background model 0.23 0.13 0.08 0.03 0.04
D*(2010)~ veto 1.44 n/a 0.69 0.86 0.12
Total (experiment) 1.68 0.67 0.86 1.06 0.18
Additional resonances 1.08 0.63 0.23 0.28 0.03
RBW parameters 0.18 0.40 0.47 0.46 0.06
w7 res. mass, width 0.07 0.07 0.02 0.01 0.01
Total (model) 1.10 0.75 0.52 0.54 0.07
Total (all) 2.01 1.00 1.01 1.19 0.20
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C Results for the interference fit fractions

The central values of the interference fit fractions for the Isobar (K-matrix) model are given
in Table (Table . The statistical, experimental systematic and model-dependent
uncertainties on these quantities are given in Tables [24] 25| and [26] (Tables 27, [28] and [29).

Table 22: Interference fit fractions (%) of the resonant contributions for the Isobar model with
m(D%7%) > 2.1 GeV/c?. The resonances are: (Ag) nonresonant S-wave, (A1) fo(500), (As)
f0(980)’ (A3> f0(2020>7 (A4) p(770)7 (A5) w(782)a (Aﬁ) P<1450), (A7) 10(1700)7 (AS) f2(1270)’ (AQ)
D7~ P-wave, (A1g) D§(2400)~, (A11) D5(2460), (A12) D3(2760)". The diagonal elements
correspond to the fit fractions given in Table @

Ao A Az Az Ay As Ag A7 Asg Ag A1o A1l A1z
Ao 2.82 2.70 —0.37 —0.25 0.00 0.00 0.00 0.00 0.13 0.79 —1.70 —2.12 0.06
Aq - 13.23 —1.02 —4.53 0.00 0.00 0.00 0.00 0.14 3.37 0.97 3.81 0.57
Ao — — 1.56 0.79 0.00 0.00 0.00 0.00 —0.21 —0.60 0.63 —0.90 —0.14
As — — — 1.58 0.00 0.00 0.00 0.00 —-0.17 -1.39 —-1.27 —1.76 —0.16
Ay - — — — 37.54 —0.78 2.43 1.53 0.00 —5.71 —1.54 —3.26 —0.78
As — - — - — 0.49 —0.01 0.00 0.00 0.00 0.01 —0.01 0.00
Ag - — — — — — 1.54 —0.06 0.00 0.26 —0.74 0.94 0.04
Az — - - - - — — 0.38 0.00 —0.89 —0.66 —0.58 —0.13
Ag — — — — — — — — 10.28 —2.29 —0.89 —1.43 —0.27
Ag — — — — — — — — — 9.21 0.00 —0.01 0.00
A1o — — — — — — — — — — 9.00 0.01 0.00
A1 - — — — — — — — — — — 28.83 0.00
A — - - - - - - - - - - 1.22

Table 23: Interference fit fractions (%) of the resonant contributions for the K-matrix model with
m(D%%) > 2.1 GeV/c?. The resonances are: (Ag) K-matrix S-wave, (A1) p(770), (A2) w(782),
(As3) p(1450), (Ay) p(1700), (As5) f2(1270), (Ag) DOr~ P-wave, (A7) Dj;(2400)~, (As) D3(2460),
(Ag) D5(2760)~ The diagonal elements correspond to the fit fractions given in Table @

Ao Ay As As Ay As Ag Az Asg Ag
Ao 16.51  0.00 0.00 0.00 0.00 —0.06 237 —-145 -0.10 0.01

Ay — 36.15 —0.84 4.20 2.10 0.00 -539 —-188 —281 —-0.90
Ao — - 0.50 -0.01 0.00 0.00 0.00 0.01 -0.01 0.00
As — — — 2.16 —-0.43 0.00 -0.15 -—1.14 0.73 —0.04
Ay - - - - 0.83 0.00 -149 -0.99 -1.12 —0.24
As — — — - — 988 —-2.03 -0.73 -—-1.50 —-0.35
Asg - — — — — — 9.22 0.00 —0.01 0.00
Az — — — — — — — 9.27 0.01 0.00
Asg — — — — — — — — 28.13 0.00
Ag — — — — — — — — — 1.58

45



Table 24: Statistical uncertainties on the interference fit fractions (%) of the resonant contribu-
tions for the Isobar model with m(D%7*) > 2.1 GeV/c?. The resonances are: (Ag) nonresonant
S-wave, (Al) f0(500)7 (A2) f0(980)L(A3) f0(2020)3 (A4) P(770), (AS) w(782)7 (Afi) 0(1450),
(A7) p(1700), (As) f2(1270), (Ag) DO~ P-wave, (Al[)) D8(2400)7, (An) D§(2460)7, (Alg)
D3(2760)~. The diagonal elements correspond to the statistical uncertainties on the fit fractions
given in Table [9]

Ay Ay Ay Az Ay As A Aq Ag Ay A An Ap
Ag 034 0.29 0.11 0.07 0.00 0.00 0.00 0.00 0.02 0.13 0.36 0.26 0.03

A — 089 054 064 000 000 0.00 0.00 0.04 022 045 020 0.08
A, — — 029 015 0.00 000 0.00 0.00 0.03 0.09 0.09 0.11 0.04
A — — — 036 0.00 000 0.00 0.00 0.02 018 020 0.22 0.05
Ay - — — — 100 033 065 032 000 035 021 022 0.12
As - - — — — 013 0.0 0.00 0.00 0.00 0.00 0.0 0.00
Ag - - - - — — 032 024 000 024 018 0.19 0.04
A, — = = — - - — T2 000 023 015 0.20 0.03
e — 049 020 014 0.07 0.04
S - — 056 0.00 0.00 0.00
Ay - - - - - - = — - — 0.0 0.00 0.00
T - - —  — 069 0.0
Ay - - - - - - - - - - - = 019

Table 25: Experimental systematic uncertainties on the interference fit fractions (%) of the
resonant contributions for the Isobar model with m(D%*) > 2.1 GeV/c?. The resonances
are: (Ap) nonresonant S-wave, (A1) fo(500), (A2) f0(980), (As) f0(2020), (As) p(770), (As)
w(782), (Ag) p(1450), (A7) p(1700), (As) f2(1270), (Ag) D7~ P-wave, (A10) Djj(2400)~, (A11)
D3(2460)~, (Ai2) D5(2760). The diagonal elements correspond to the statistical uncertainties
on the fit fractions given in Table 9|

Ay A Ay Ay Ay A5 As Ay Ag Ay A Al A
Ay 0.07 006 0.03 0.03 0.00 0.00 0.00 0.00 0.07 0.02 0.11 0.09 o0.01

Ay - 031 0.22 020 0.00 0.00 0.00 0.00 0.07 0.06 026 0.04 0.01
Ao — - 011 0.05 0.00 0.00 0.00 0.00 0.14 0.02 0.04 0.04 0.02
As — — - 015 0.00 0.00 0.00 0.00 0.11 0.08 0.06 0.11 0.02
Ay - — - - 061 005 031 016 0.00 0.18 0.05 0.03 0.02
As — — - - - 001 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ag — — - — — - 008 0.03 000 0.11 0.12 0.06 0.01
Az — — — — — — - 007 0.00 0.10 0.07 0.03 0.01
Asg — — — — — — — - 031 0.16 0.11 0.07 0.02
Ag — — — — — — — - — 024 0.00 0.00 0.00
Ao — — — — — — - - - - 0.20 0.00 0.00
Ay — — — — — — — — — — - 0.74 0.00
Aqo — — — — - - — — - — - - 0.07
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Table 26: Model-dependent systematic uncertainties on the interference fit fractions (%) of
the resonant contributions for the Isobar model with m(D°r*) > 2.1 GeV/c?. The resonances
are: (Ap) nonresonant S-wave, (A1) fo(500), (A2) f0(980), (As) f0(2020), (As) p(770), (As)
w(782), (Ag) p(1450), (A7) p(1700), (As) f2(1270), (Ag) D7~ P-wave, (A10) Djj(2400)~, (A11)
D3(2460)~, (Ai2) D5(2760). The diagonal elements correspond to the statistical uncertainties
on the fit fractions given in Table 9|

Ay Ay Ay A3 Ay A5 Ag Ar Ay Ay A A A
Ay 080 0.61 0.31 0.17 0.00 0.00 0.00 0.00 0.03 028 056 045 0.01

Ay — 245 2.00 3.03 0.00 0.00 0.00 0.00 0.16 0.72 0.79 0.98 0.08
As — — 054 067 0.00 0.00 0.00 000 0.02 015 0.13 0.28 0.08
Az — — — 1.00 0.00 0.00 0.00 0.00 0.08 051 034 0.69 0.06
Ay - — - - 098 0.03 047 0.12 0.00 054 0.33 027 0.09
As - - - — - 003 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ag — — — - - - 022 0.08 000 031 018 0.14 0.03
Az - — — — — — — 0.06 0.00 0.12 0.07 0.04 0.02
Ag — — — — — — — — 1.10 0.49 0.33 0.09 0.05
Ag — — — — — — — - - 1.73 0.00 0.00 0.00
Aio — — — — — - - - - - 035 0.00 0.00
A — — — - - - - - - - - 050 0.00
Aqo — — — — - — — — — — — - 0.09

Table 27: Statistical uncertainties on the interference fit fractions (%) of the resonant contribu-
tions for the K-matrix model with m(D%*) > 2.1 GeV/c?. The resonances are: (Ag)K-matrix
S-wave, (A1) p(770), (A2) w(782), (A3) p(1450), (A4) p(1700), (As) f2(1270), (Ag) D°m~ P-wave,
(A7) D§(2400)~, (As) D5(2460)~, (Ag) D3(2760)" The diagonal elements correspond to the
statistical uncertainties on the fit fractions shown in Table @

Ay Ay Ay A3 Ay As Ag Ay Ay Ay
Ap 0.70 0.00 0.00 0.00 0.00 0.04 0.28 049 043 0.16

Ay - 1.00 0.34 071 031 0.00 041 0.22 025 0.14
As - - 013 0.00 0.00 0.00 0.01 0.00 0.00 0.00
As — - - 042 029 0.00 029 023 020 0.07
Ay - — — — 021 0.00 023 0.16 0.19 0.04
As — — — — — 058 0.22 0.16 0.08 0.05
As — — — - — — 058 0.00 0.00 0.00
A7 — — — — - - - 0.60 0.00 0.00
Asg — — — — — - — - 0.72 0.00
Ag — — — — — — — — - 0.22
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Table 28: Experimental systematic uncertainties on the interference fit fractions (%) of the
resonant contributions for the K-matrix model with m(D%*) > 2.1 GeV/c?. The resonances
are: (Ap) K-matrix S-wave, (A1) p(770), (A2) w(782), (As) p(1450), (A4) p(1700), (As) f2(1270),
(Ag) D7~ P-wave, (A7) Dg(2400)~, (Ag) D5(2460)~, (Ag) D5(2760)~ The diagonal elements
correspond to the statistical uncertainties on the fit fractions shown in Table @

AO Al AQ A3 A4 A5 Ag A7 Ag Ag
Ay 1.68 0.00 0.00 0.00 0.00 0.10 0.84 1.88 1.21 0.36

Ay - 213 0.06 142 1.02 0.00 087 0.37 0.14 0.29
As — — 001 0.00 0.00 0.00 0.01 0.00 0.00 0.00
As — — - 082 0.73 0.00 013 0.30 0.10 0.15
Ay - — — - 061 0.00 088 0.51 0.89 0.14
As - - - - - 083 027 016 0.18 0.16
Ag — - — - - - 0.67 0.00 0.00 0.00
A — — — — — — — 086 0.00 0.00
As — — — — — — — — 1.06 0.00
Ag — — — — — — — — — 0.18

Table 29: Model-dependent systematic uncertainties on the interference fit fractions (%) of the
resonant contributions for the K-matrix model with m(D%*) > 2.1 GeV/c?. The resonances
are: (Ap) K-matrix S-wave, (A1) p(770), (A2) w(782), (As) p(1450), (A4) p(1700), (As) f2(1270),
(Ag) D7~ P-wave, (A7) Dg(2400)~, (Ag) D5(2460)~, (Ag) D5(2760)~ The diagonal elements
correspond to the statistical uncertainties on the fit fractions shown in Table @

AO A1 A2 A3 A4 As AG A7 Ag Ag
Ao 1.10 0.00 0.00 0.00 0.00 0.02 024 025 040 0.15

Ay - 079 0.02 041 025 0.00 026 0.29 0.19 0.05
Ao — — 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00
As — — - 021 0.08 000 020 0.09 012 0.03
Ay — — — - 012 0.00 014 0.12 0.08 0.02
As — — — — - 058 014 0.19 0.08 0.08
Ag — — — — - — 075 0.00 0.00 0.00
Az — — — — — — — 052 0.00 0.00
As — — — — — — — — 054 0.00
Ag — — — — — — — — - 0.07
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D Results of the K-matrix parameters

The moduli and phases of the K-matrix parameters in Eq. are listed in Table [30] The
break-down of systematic uncertainties are shown in Tables [31] and [32]

Table 30: The moduli and phases of the K-matrix parameters. The first uncertainty is statistical,
the second the experimental systematic, and the third the model-dependent systematic. The
moduli are normalised to that of the p(770) contribution and the phase of p(770) is set to 0°.

Parameter Modulus Phase (°)

fio 170+ 3.3+ 95+ 3.7 3473+13.7+18.7+ 3.2
fi1 149+£171+20.3+ 80 160.0£70.1+39.6+26.2
fi2 111.3£23.1+£23.8+12.8 226.1+£12.0+11.2+ 4.9
f13 28.7£142+ 814+ 53 186.5£30.0+304+ 8.6
f1a 31.0+£128+134+ 88 10.61£259+£152+ 29
Bo 95+ 184+ 29+ 1.1 20.7x£1524+13.5£104
b1 172+ 64+ 62+ 48 19.6+194+144£ 3.7
B2 3494+ 76+£143+ 3.1 1283+12.1+ 21+ 1.9
B3 03.56+143+ 924+ 42 1387+165+ 7.2+ 3.9
B4 52.5£102+2244+ 59 305.0£10.5+£13.5+ 2.2

Table 31: Systematic uncertainties on the moduli of the K-matrix parameters. The moduli are
normalised to that of p(770).

Source fio fu fi2 fi3 fis.  Bo B B2 B3 B4
PID 8.1 55 225 3.2 13.2 2.5 3.6 10.7 8.0 18.0
Trigger 0.4 1.1 2.5 1.0 1.2 0.2 0.7 0.6 1.1 1.0
Reconstruction 0.1 0.9 0.4 0.5 0.7 0.1 04 0.4 0.6 0.5
Simulation statistic 0.3 4.6 2.8 2.7 1.6 0.1 1.8 1.0 0.6 0.7
Background model 0.6 0.5 6.5 <0.1 02 01 07 1.7 2.4 2.7
D*(2010)~ veto 49 18.9 1.9 6.8 0.6 1.4 46 9.2 3.7 13.1
Total (experiment) 9.5 203 238 8.1 134 29 6.2 143 9.2 224
Additional resonances 3.5 8.0 12.6 3.8 7.7 1.1 4.6 3.0 3.5 5.6
RBW parameters 1.2 0.4 2.3 3.3 40 02 1.1 0.5 2.2 1.9
w7 res. mass, width 0.3 0.7 0.1 1.5 1.7 0.2 0.6 0.4 0.7 0.3
Total (model) 3.7 80 128 5.3 88 1.1 48 3.1 4.2 5.9
Total (all) 10.2  21.8 27.0 9.6 16.0 3.1 7.8 146 10.1 23.2
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Table 32: Systematic uncertainties on the phases (°) of the K-matrix parameters. The phase of
p(700) is set to 0° as the reference.

Source fio  fu fi2 fi3 f14 Bo B1 B2 P B4
PID 18.0 35.0 9.6 259 5.8 104 104 1.7 14 43
Trigger 0.5 0.2 0.3 0.2 <0.1 0.5 0.3 0.1 05 0.1
Reconstruction 0.3 2.4 0.6 0.5 0.6 0.6 0.4 0.1 0.6 0.2
Simulation statistic 4.0 1.0 0.2 2.0 7.1 5.2 4.6 0.8 1.9 1.3
Background model 3.1 8.2 0.4 3.9 0.4 1.9 25 01 03 04
D*(2010)~ veto 0.3 16.4 58 15.2 12.1 6.5 8.5 1.0 6.7 127

Total (experiment) 187 396 11.2 304 15.2 13.5 144 21 7.2 135
Additional resonances 0.4 5.0 4.1 2.1 1.0 3.6 1.9 0.2 3.7 1.9

RBW parameters 3.2 25.2 2.6 8.3 0.6 9.2 3.2 1.9 1.0 1.1
77 res. mass, width 0.3 5.0 0.5 1.0 2.6 3.2 04 02 07 03
Total (model) 3.2 26.2 4.9 8.6 2.9 10.4 3.7 19 39 22
Total (all) 19.0 475 123 31.6 15.5 17.0 149 29 81 13.7
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