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Dalitz plot analysis of B - D’zz~ decays
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The resonant substructures of B® — D%z 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 B® — D%z*z~ decay in the region m(D%z*) >
2.1 GeV/c? is measured to be (8.46 £ 0.14 4 0.29 4-0.40) x 10~*, where the first uncertainty is
statistical, the second is systematic and the last arises from the normalization channel
BY — D*(2010)~z". The #* z~ S-wave components are modeled with the isobar and K-matrix formalisms.
Results of the Dalitz plot analyses using both models are presented. A resonant structure at m(D%z~) ~
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(j(2400)~ and
D}(2460)~ resonances. The branching fractions of other B® — D°h° decay components with 1% — 7z~
are also reported. Many of these branching fraction measurements are the most precise to date. The first
observation of the decays B — DYf,(500), B - D°£,(980), B® — D°»(1450), B® — D3}(2760) =+

and the first evidence of B® — D°f;(2020) are presented.

DOI: 10.1103/PhysRevD.92.032002

I. INTRODUCTION

The study of the Cabibbo-Kobayashi-Maskawa (CKM)
mechanism [1,2] is a central topic in flavor physics.
Accurate measurements of the various CKM matrix param-
eters through different processes provide sensitivity to
new physics effects, by testing the global consistency
of the Standard Model. Among them, the CKM angle j
is expressed in terms of the CKM matrix elements as
arg(—V.4V:,/V.aV35,). The most precise measurements
have been obtained with the B’ — (c¢)K*)0 decays by
BABAR [3], Belle [4] and more recently by LHCb [5]. The
decay' B® — Dz* 7~ through the b — ciid transition has
sensitivity to the CKM angle f [6-10] and to new physics
effects [11-14].

The Dalitz plot analysis [15] of B® — D%z* 7z~ decays,
with the D° — K*7~ mode, is presented as the first step
towards an alternative method to measure the CKM angle
. Two sets of results are given, where the z7z~ S-wave
components are modeled with the isobar [16-18] and
K-matrix [19] formalisms. Dalitz plot analyses of the decay
BY —» D%z~ have already been performed by Belle
[20,21] and BABAR [22]. Similar studies for the charged
B decays B~ — D"z~ 7z~ have been published by the
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B-factories [23,24]. The LHCb data set offers a larger and
almost pure signal sample. Feynman diagrams of the
dominant tree level amplitudes contributing to the decay
B - Dz z~ are shown in Fig. 1.

In addition to the interest for the CKM parameter
measurements, the analysis of the Dalitz plot of the B® —
Dz 7z~ decay is motivated by its rich resonant structure.
The decay B’ — D°z*z~ contains information about
excited D mesons decaying to Dz, with natural spin and
parity J® =0%,17,2%,... A complementary Dalitz plot
analysis of the decay BY — D°K~z" was recently pub-
lished by LHCb [25,26], and constrains the phenomenol-
ogy of the D°K~ (D;;) and K~z* states. The spectrum
of excited D mesons is predicted by theory [27,28]
and contains the known states D*(2010), D{(2400),
D3(2460), as well as other unknown states not yet fully
explored. An extensive discussion on theory predictions for
the cit, cd and ¢5 mass spectra is provided in Refs. [26,29].
More recent measurements performed in inclusive decays
by BABAR [30] and LHCD [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 semileptonic B decays (see a review
in Ref. [31]) with limited precision. These are of prime
interest both in the extraction of the CKM parameter
|V.,|, where longstanding differences remain between
exclusive and inclusive methods (see review in Ref. [32]),
and in recent studies of B — D(*)n?f [33] which have
generated much theoretical discussion (see, e.g.,
Refs. [34,35]).

© 2015 CERN, for the LHCb Collaboration
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FIG. 1 (color online).
decay and (c) D%z~ resonances.

A measurement of the branching fraction of the decay
BY — D% is also presented. This study helps in under-
standing the effects of color suppression in B decays, which
is due to the requirement that the color 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%,
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 10~* [21], and is in agree-
ment with theoretical predictions that range from 1.7 to
3.4 x 107 [38,42].

Finally, a study of the n"z~ system is performed
on a broad phase-space range in B® - DzFz~ from
280 MeV/c? (~2m,,) to 3.4 GeV/c? (mmpo — mpy), which
1s much larger than that accessible in charmed meson
decays such as D° — K3z 7~ [43-45] or in B decays such
as B‘()S) — J/wrt ™ [46-49]. The nature of the light scalar

atn states below 1 GeV/c? (JP€ = 0**), and in particu-
lar the f((500) and f,,(980) states, has been a longstanding
debate (see, e.g., Refs. [50-52]). Popular interpretations
include tetraquarks, meson-meson bound states (mole-
cules), or some other mixtures, where the isosinglets
f0(500) and f,(980) can mix, therefore leading to a
nontrivial nature (e.g. pure s3 state) of the f,(980) and
complicating the determination of the CKM phase ¢, from
BY — J/yntn~ decays [48,53,54]. In the tetraquark pic-
ture, the mixing angle, w,,;,, between the f,(980) and
f0(500) states is predicted to be |wpi| =~ 20° [55,56]
(recomputed with the latest average of the mass of the «
meson 682 429 MeV/c? [32]). Other theory models
based on QCD factorization and its extensions [57,58]

) } D}(2460)

Examples of tree diagrams via b — ¢ud transition to produce (a) 7z~ resonances, (b) nonresonant three-body

predict that the f,(500) and f,(980) mixing angle ¢,y for
the ¢gg model is 20° < @pix < 45°. The LHCb experiment,
in the study of B(()S) — J/wyrtrn~ decays [47-49], has

already set stringent upper bounds on ¢, in B° (BY)
decay: @iy < 17° (< 7.7°) at 90% C.L. For the first time,
the £(500) — £, (980) mixing in the B® — D%z 7~ decay,
both in ¢gg and tetraquark pictures, is studied.

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

The paper is organized as follows. A brief description of
the LHCb detector as well as the reconstruction and
simulation software is given in Sec. II. 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. III. An
overview of the Dalitz plot analysis formalism is given
in Sec. IV. Details and results of the amplitude analysis
fits are presented in Sec. V. In Sec. VI the measurement of
the B® — D°z*z~ branching fraction is documented. The
evaluation of systematic uncertainties is described in
Sec. VII. The results are given in Sec. VIII, and a summary
concludes the paper in Sec. IX.

II. THE LHCB DETECTOR

The LHCb detector [59] is a single-arm forward spec-
trometer 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
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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 + 29/py) um, where py is the compo-
nent 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 calo-
rimeter system consisting of scintillating-pad and pre-
shower 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 p > 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 pt of
the photon from D}~ decay is too low to contribute to the
trigger decision.

Simulated events are used to characterize 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].

III. EVENT SELECTION

Signal B’ candidates are formed by combining D°
candidates, reconstructed in the decay channel K*z~, 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
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also required to have sufficiently high p and pt and to be
within kinematic regions where reasonable particle iden-
tification (PID) performance is achieved, as determined by
calibration samples of D** — D°(K~z")z" 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° candi-
dates 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 B 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 reconstructed 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°z*) > 2.1 GeV/c. Backgrounds from
doubly misidentified D° — K*z~ or doubly Cabibbo-
suppressed D — K~z decays are also removed by this
requirement.

To further distinguish signal from combinatorial back-
ground, a multivariate analysis based on a Fisher discrimi-
nant [72] is applied. The sPlot technique [73] is used to
statistically separate signal and background events with the
BY 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 discrimi-
nant uses information about the event kinematic properties,
vertex quality, IP and pr of the tracks and flight distance
from the PV. It is optimized by maximizing 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 misidentified particles,
are estimated to be less than 1% and are not considered
in the Dalitz analysis. These background contributions
include decays like B - D°K+z~, BY — DYK—z*t [74],
A - Dpz= [75] and B® - Dzt~ with D° —» ztz~
or D° - KTK~.
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FIG. 2 (color online). Invariant mass distribution of B® —
D7z~ 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.

Partially reconstructed decays of the type B® —
Dzt 7z~ X, where one or more particles are not recon-
structed, have similar efficiencies to the signal channel
decays. They are distributed in the region below the B°
mass. By requiring the invariant mass of B candidates
to be larger than 5250 MeV/c?, these backgrounds are
reduced to a negligible level, as determined by simulated
samples of B — D*%z" 7~ and B — D*°p(770) with D*°
decaying into D% or D°z° under different hypotheses for
the D*0 helicity.

The signal and combinatorial background yields are
determined using an unbinned extended maximum like-
lihood fit to the invariant mass distribution of B® candi-
dates. 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 I summarizes the fit results on the free parameters,

TABLEI. Results of the fit to the invariant mass distribution of
BY — D%z 7~ candidates. Uncertainties are statistical only.
Parameter Value

o 5282.1 £ 0.2 MeV/c?
oG 33.6 £5.4 MeV/c?

ocB 13.44+0.3 MeV/c?

fcB 0.908 + 0.025

P1 —0.152 +0.035 (GeV/c)™!
0 9565 + 116

) 215+ 19

PHYSICAL REVIEW D 92, 032002 (2015)

where ppo is the mean peak position and o is the width of
the Gaussian function. The parameter ocg 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 (2Y) and background
(1/2) events given in Table I are calculated within the signal
region. The purity is (97.8 +0.2)%.

IV. 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 — D%z 7z~ decay. Two
of the three possible two-body invariant mass-squared
combinations, which are connected by

m*(D°z") + m?*(D°z~) +m*(z' ™) = my, + m2, +2mz,
(1)

are sufficient to describe the kinematics of the system. The
two observables m?(D°z~) and m?(z*x~), where reso-
nances are expected to appear, are chosen in this paper.
These observables are calculated with the masses of the B°
and DY 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(x) = ZCiAi(;C)‘ (2)

The complex coefficient ¢; and amplitude A;(x) describe
the relative contribution and dynamics of the ith inter-
mediate state, where X represents the (m?(D°z7),
m*(z* 7)) coordinates in the Dalitz plot. The Dalitz plot
analysis determines the coefficients c¢;. 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

[ leAi(¥)Pax
XA (x) Pdx’

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

Fi (3)

F f2Re[cich,-(?c)A;(?c)]d?c
v f|ZiCiAi(;C)|2d;C ’

where the integration is performed over the full Dalitz plot
with m(D°z*) > 2.1 GeV/c. Due to these interferences

(4)
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between different contributions, the sum of the fit fractions
is not necessarily equal to unity.

The amplitude A;(X) for a specific resonance r with spin
L is written as
Ai®) = F5(q.90) x F} (p.po) x TL(R) x RE). (5)
The functions F %L)(q,qo) and F" (p, po) are the Blatt-
Weisskopf barrier factors [77] for the production,
BY - rhs, and the decay, r — hjh,, of the resonance,
respectively. The parameters p and ¢ are the momenta of
one of the resonance daughters (h; or h,) and of the
bachelor particle (43), respectively, both evaluated in the
rest frame of the resonance. The value p (g,) 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: F(>(z 720)=1,

1+Z()
L=1: zz
0) 1+z’
-3)249z
L—2- F()ZZ (ZO 0
(z.20)= (z-3)2 49z

+9(2Z0—5)
2(z— 15 2+9(2z-5)

L=3:FC (z,20) = \/
L—a: FO(z.) = 5—4520+105)% +25z4(22p—21)?
©%0 (z 4574 105)2 1 252(2z—21)%

(6)

where z(g) is equal to (rgw X ¢(p))* or (rgw X p(o))>. The
value for the radius of the resonance, rgyw, is taken to be
1.6 GeV~! x fic (= 0.3 fm) [78].

The function 7 (X) represents the angular distribution
for the decay of a spin L resonance. It is defined as

L - O TO - 1,

L=1:T,=1/1+y*cosfx gp,

L=2:T,=*+3/2)(cos’d —1/3) x ¢*p?,

L=3:T3=1/1+y*1+2y?/5)(cos’d —3cos(0)/5)
< q’p,

L=4 = (8y*/35 +40y*/35 + 1)

x (cos*@ — 30cos?(0)/35 + 3/35) x ¢*p*.
()

The helicity angle, 8, of the resonance is defined as the
angle between the direction of the momenta p and ¢. The y

PHYSICAL REVIEW D 92, 032002 (2015)

dependence accounts for relativistic transformations
between the B® and the resonance rest frames [79,80],
where

mz, + m*(hyhy) — mh3
2m(hyhy)mpgo

I+y? = (3)

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

1

RBW(s) = m? — s —im, (L) (s)

; ©)

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

r®)(s) = T, (;%) o (%) F (p.po)* (10)

where ' is the partial width of the resonance, i.e., the width
at the peak mass s = m,.

The line shapes of p(770), p(1450) and p(1700) are
described by the Gounaris-Sakurai (GS) function [81],

GS(s) = , 11
(s) m? — s+ f(s) —im,I,(s) (1)
where
m;
765 = To 2% | () = (2
Py
dh
+ (- )1} },
ds|s—m
2 p Vs +2p
h(s) =——+¢= ,
(5) b AVES g< 2m, >
3m2 m, +2pg m, mim,
9= 71 R P
T p; 2m, 2xpy  7wpy
347,271/2
and T,(s) =Ty [ﬁ] {m—] . (12)
Po s
The p — w interference is taken into account by
R/)—a)(s) = GS/)(770)(S) X (1 + aeieRBwa)USZ) (S)), (13)

where Iy is used, instead of the mass-dependent width
' (s), for w(782) [82].

The D*(2010)~ contribution is vetoed as described in
Sec. III. Possible remaining contributions from the
D*(2010)~ RBW tail or general Dz~ P-waves are mod-
eled as
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RD*(ZOIO)(m2(DOﬂ+)) — e—(ﬁ|+iﬂ2)m2(D0n—+)’ (14)

where f; and f3, are free parameters.

The ztz~ S-wave contribution is modeled using two
alternative approaches, the isobar model [16—18] or the
K-matrix model [19]. Contributions from the f,(500),
f0(980), f¢(2020) resonances and a nonresonant compo-
nent are parametrized separately in the isobar model and
globally by one amplitude in the K-matrix model.

In the isobar model, the f,(2020) resonance is modeled
by a RBW function and the modeling of the f((500),
f0(980) resonances and the nonresonant contribution are
described as follows. The Bugg resonant line shape [83] is
employed for the f,(500) contribution,

RfO(SOO)(s) =m,I'(s)/ {m% i g% njz__s?A z(s)
- imrrtot(s):| ’ (15)
where
mLi(s) = 7 p ()
r A
gi(s) = m,(by + bys) exp(—(s — m7)/A),
2(s) = ji(s) = ja(m?),
Ji(s) = % [2 + P IOgG _T_':)] ;
m,Ts(s) = 0.6g; (s)(s/m7) exp(—als — 4mi|)p(s).
m,T3(s) = 0.2¢2(s)(s/m?) exp(—als — 4m2|)ps(s),
mrr4(s) = mr94m04n(s)/P4n(m%)v
Par(s) = 1/[1 + exp(7.082 — 2.8455)],
and T (s) = i:ri(s)' (16)

i=1

The parameters are fixed to m, = 0.953 GeV/c?,
sy =041m2, b, =1.302 GeV?/c*, by, =0.340, A=
2.426 GeV?/c* and g4, = 0.011 GeV/c* [83]. The
phase-space factors of the decay channels zz, KK and
nn correspond to py 5 5(s), respectively, and are defined as

2

m

| —gMi23 1.2,
s

/’1,2,3(3) =

and 3=z K and 7. (17)

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

PHYSICAL REVIEW D 92, 032002 (2015)

1
R s) = , 18
fU(gSO)( ) m% -85 = imr(pmr(s)gl +pKK(S)92) ( )
where

2 4mii 1 4m72Z0

pﬂﬂ(s)_g I - P +§ 1- s ’

1 4m? 1 4m?
and  pix(s) = 5|/ 1~ SK* S\ 1= SK". (19)

The parameters g;) and m, [46] are m, =939.9+

6.3 MeV/c2, g; = 199 + 30 MeV and ¢,/g; = 3.0 £ 0.3.
The nonresonant contribution is described by

Ry (m2 (71'+71'_), m2(D0”+>) _ eiamz(nﬂz’)‘ (20)

Its modulus equals unity, and a slowly varying phase over
m?(z*x~) accounts for rescattering effects of the z+z~
final state and a is a free parameter of the model.

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

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

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

(T' +ip)" =T + ip. (22)

The K-matrix is a Lorentz-invariant Hermitian matrix,
defined as K=! = T=! 4 ip. The amplitude for a decay
process,

A; = (1= iKp);} Py, (23)
is computed by combining the K-matrix obtained from a
scattering experiment with a production vector to describe

process-dependent contributions. The K-matrix is modeled
as a five-pole structure,

g{lgof 1 _ sts)catt
K;;(s) = E 17) 4 fscatt
Y m2 —s Yoo — st
a

1-= 2
> — A0 (s - SA;”), (24)

S — Sa0

where the indexes i,j=1,2,3,4,5 correspond to five
decay channels: 7z, KK, nn, n’ and multimeson (mainly
47 states) respectively. The coupling constant of the bare
state « to the decay channel i, ¢, is obtained from a global
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TABLE II. The K-matrix parameters used in this paper are
taken from a global analysis of # 7~ scattering data [22]. Masses
and coupling constants are in units of MeV/c?.

my S [er G Gy
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
f?clatt f?(}zal[ f?%ﬂ[[ f?(j{ll[ f?%alt
0.23399  0.15044 —0.20545 0.32825 0.35412
5ot sgmd 540 SA
-3.92637 3.0 —-0.15 1

fit of scattering data and is listed in Table II. The mass m, is
the bare pole mass and is in general different from the
resonant mass of the RBW function. The parameters f?ja“

and s{™" are used to describe smooth scattering processes.

The last factor of the K-matrix, =40 (s — 47 regulates
S—S40 2

the singularities near the zz~ threshold, the so-called
“Adler zero” [85,86]. The Hermitian property of the
K-matrix imposes the relation f3;** = f3*", and since only
m* 7~ decays are considered, if i # 1 and j # 1, £} is set
to 0. The production vector is modeled with

1— Sprod ,B gq
o prod 0 adj
PJ - |:f1j 5 — Sprod + Z 2 :| ’ (25)

; — My — S

il . .
where f17 and f3, are free parameters. The singularities in

the K-matrix and the production vector cancel when
calculating the amplitude matrix element.

V. DALITZ PLOT FIT

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

1 (v, —19)?
L= _ W o u)”
X Sro. exp ( 207
1 (v —1p)?
A 26
« e ( = (26)

where

e‘(”ﬁ’l’b) (US —+ Db)N
N!

N
U .
T G +

1

=

Vp

n@ﬁ4.<n>

Vgt
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The background probability density function (PDF) is
given by f,(X;6,) and is described in Sec. VA. The signal
PDF, f(X;;0,), is described by

M()_éi; Hs)é'(;Ci)
M(x;0,)e(x)dx’

(28)

where the decay amplitude, M(X;6;), is described in
Sec. IV and the efficiency variation over the Dalitz plot,
£(X), is described in Sec. V B. The fit parameters, 6, 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, 1 and 19, determined by the
DPz* 7~ mass fit and shown with their statistical uncer-
tainties in Table L.

A. Background modeling

The only significant source of candidates in the signal
region, other than B® — D%z 7z~ decays, is from com-
binatorial background. It is modeled using candidates in
the upper m(D°z*z~) 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 depend-
ence on m(D%z*z~) is found by studying the Dalitz
distribution in a different upper-mass sideband region.
The combinatorial background is modeled with an
interpolated nonparametric PDF [87,88] using an adap-
tive kernel-estimation algorithm [89].

P T I S S A SIS N | 0

10 |- LHCb 30
= I
= 8 40
% - 8
© (L 30 ‘B
S o
+§ B
(E 4= 20

2 & 10

O I~

5

10 15 20 25
mD'n) [GeVc]

FIG. 3 (color online). Density profile of the combinatorial
background events in the Dalitz plane obtained from the upper
m(D°z*7~) sideband with a looser selection applied on the
Fisher discriminant.
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B. Efficiency modeling

The efficiency function &(x) accounts for effects of recon-
struction, triggering and selection of the B® — Dz* 7~
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 parametrized by two
variables m’ and @' that each varies between 0 and 1 and are
defined as

o\ N
m/:larccos (2 maa”) = mE ) —1>

T m(”+7[_)max - m(”+”_)min
1

and 0 =—-0(z"n"), (29)
T

where m(ﬂ+ﬂ_)max = mpo — mpo, m(ﬂJr”_)min = 2m7l

and O(z"z) is the helicity angle of the z*z~ system.

The two samples are fitted simultaneously with common
fit parameters. A fourth-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°z") and m?*(D°z~), the polynomial function is
defined as

e(x,y) x 1.0+ ag(x +y) + a;(x + y)> + ay(xy)

+az(x+y)* 4+ ag(x + y)xy + as(x + y)*
+ ag(x 4 y)2xy + a;x*y?, (30)

where

X = m*(D0xt) = mg and y=
(mBO - mzr)z - m(zJ

m*(D°z~) — mj
(mBO - mﬂ)z - m(z) ’

(31)

with m} defined as [(mpo + m,)* + (mg — m,)?]/2. The
fitted efficiency distribution over the Dalitz plane is shown
in Fig. 4.

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.

C. Results of the Dalitz plot fit

The Dalitz plot distribution from data in the signal region
is shown in Fig. 5. 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

PHYSICAL REVIEW D 92, 032002 (2015)
0.005
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FIG. 4 (color online). Efficiency function for the Dalitz
variables obtained in a fit to the LHCb simulated samples.

contributions are given in Table III 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 z"z~ mass-squared region
of [1.5,4.0] GeV?/c*, small structures are seen in the
K-matrix model, indicating possible contributions from
f0(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 behavior to the K-matrix
model as displayed in Fig. 8. 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
7"z~ invariant mass-squared region [0.0,2.1] GeV?/c* in

m() [Ge Vet
Entries

5 10 B 15 B O ] 25
m(D'1) [GeV/c*]
FIG. 5 (color online). Dalitz plot distribution of candidates in

the signal region, including background contributions. The red
line shows the Dalitz plot kinematic boundary.
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TABLE IIl. Resonant contributions to the nominal fit models
and their properties. Parameters and uncertainties of p(770),
(782), p(1450) and p(1700) come from Ref. [90], and those of
f2(1270) and f((2020) come from Ref. [32]. Parameters of
f0(500), f¢(980) and K-matrix formalism are described in
Sec. IV.

Resonance Spin  Model m, MeV/c?) Ty (MeV)
DOz~ P-wave 1  Eq. (14) Floated
D} (2400)~ 0 RBW Floated
D3(2460)~ 2 RBW Floated
D3%(2760)~ 3 RBW Floated
p(770) 1 GS 775.02 +£0.35 149.59 £+ 0.67
(782) 1 Eq. (13) 78191 4+0.24 8.13+£045
p(1450) 1 GS 1493 £ 15 427 + 31
p(1700) 1 GS 1861 £ 17 316 £ 26
f2(1270) 2 RBW 12751 +1.2 185,1j22:2
am S-wave 0  K-matrix See Sec. IV
f0(500) 0 Eq. (15) See Sec. IV
f0(980) 0 Eq.(18) See Sec. IV
f0(2020) 0 RBW 1992 + 16 442 + 60
Nonresonant 0 Eq. (20) See Sec. IV
[ UL L L B B A R
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FIG. 6 (color online).
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Fig. 9. In the region around 0.6 GeV?/c*, interference
between the p(770) and @(782) resonances is evident.
In the ztz~ 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 f,(1270)
resonance.

Distributions in the invariant mass-squared region
[6.4,10.4] GeV?/c* of m*(D°z~) 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. VIII B.

The fit quality is evaluated by determining a y* value
by comparing the data and the fit model in Ny;,, = 256
bins that are defined adaptively to ensure approximately
equal 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.
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T »
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= ;
I 10F =
[75) | =
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>
[8a] 1E

C T T ST N PN IR ST RN TR P

2 4 6 8 10 12
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£ 10E
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> E
@ F
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Projections of the data and isobar fit onto (a) m?(zz~) and (c) m?(D°z~) with a linear scale. Same projections

shown in (b) and (d) with a logarithmic scale. Components are described in the legend. The lines denoted Dz~ and z* 7~ include the
coherent sums of all D%z~ resonances, z+ 7z~ resonances, and 7z~ S-wave resonances. The various contributions do not add linearly

due to interference effects.
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FIG. 7 (color online).
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include the coherent sums of all Dz~ resonances, z 7z~ resonances, and z+z~ S-wave resonances. The various contributions do not

add linearly due to interference effects.

The effective number of degrees of freedom (nDoF)
of the ¥ is bounded by Ny, — 1 and Npjpg — Npurs — 1,
where N, is the number of parameters determined by
the data. Pseudoexperiments give an effective number of

234 (235) nDoF.
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FIG. 8 (color online).

Further checks of the consistency between the fitted
models and the data are performed with the unnormalized
Legendre polynomial weighted moments as a function of
m*(D°z~) and m?(z* z~). The corresponding distributions
are shown in Appendix A.

200

100

Phase [°]

I — K-matrix e
- %,

----- Isobar, nominal “"a.,__“
— - Isobar with £,(1370), f (1500) .
L T T S S RN

1eq
T IR

2 4 6 8 10
m() [GeV/c?]

—-100

Comparison of the 7z~ S-wave obtained from the isobar model and the K-matrix model, for (a) amplitudes and

(b) phases. The K-matrix model is shown by the red solid line; two scenarios for the isobar model with (black long dashed line) and

without (blue dashed line) f,(1370) and f(1500) are shown.
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FIG. 9 (color online).
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Distributions of m?(z*z7) 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.
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Distributions of m?(D%z~) in the D’(2760)~ mass region. The different fit components are described in the

legend. Both results from (a) the isobar model and (b) the K-matrix model are shown.

VI. MEASUREMENT OF THE B - Dz*n~
BRANCHING FRACTION

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

The invariant mass distributions of m(D%z~) and
m(D°z* =) for the B® — D*(2010)~z" candidates are
shown in Fig. 11 and are fitted simultaneously to determine
the signal and background contributions. The D*(2010)~
signal distribution is modeled by three Gaussian functions
to account for resolution effects while its background is

modeled by a phase-space factor. The modeling of the
signal and background shapes in the m(D°z*z~) distri-
bution are described in Sec. III. The B — D*(2010)~z "
yield in the signal region is 7327 =+ 85.

The efficiencies for selecting B° — D*(2010)"z*
and B° — D°z*7~ decays are obtained from simulated
samples. To take into account the resonant distributions in
the Dalitz plot, the B — D%z* 7z~ 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)"z" and
B - D%zt~ decays.

Using the branching fractions of B(B'—
D*(2010)"z)=(2.7640.13) x 1073 and B(D*(2010)~ —
D7) = (67.7+£0.5)% [32], the derived branching
fraction of B — Dz*z~ in the kinematic region
m(D°z%) > 2.1 GeV/c? is (8.46 4+ 0.14 +0.40) x 1074,
where the first uncertainty is statistical and the second
uncertainty comes from the branching fraction of the
normalization channel.
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VII. SYSTEMATIC UNCERTAINTIES

A. Common systematic uncertainties and checks

Two categories of systematic uncertainties are consid-
ered, each of which is quoted separately. They originate
from the imperfect knowledge of the experimental con-
ditions and from the 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 modeling 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
modeling of the small residual background are estimated by
using different subsamples of backgrounds. The systematic
uncertainty due to the veto on the D*(2010)~ resonance is
assigned by changing the selection requirement from
m?(D°z*) > 2.10 GeV/c? to 2.05 GeV/c>.

The systematic uncertainties related to the Dalitz models
considered (see Sec. I'V) include effects from other possible
resonant contributions that are not included in the nominal
fit, from the modeling of resonant line shapes and from
imperfect knowledge of the parameters of the modeling,
i.e., the masses and widths of the #"z~ resonances
considered, and the resonant radius.

The nonsignificant resonances added to the model for
systematic studies are the f(1300), f,(1500), f%5(1525),
and D*(2650)~ [f%(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 con-
servatively assigned as systematic uncertainties.

The radius of the resonances (rgyw ) is set to a unique value
of 1.6 GeV~! x fic 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 aic (1.92 +0.31 GeV~! x #c) for
the isobar (K-matrix) model. The value 1.85 GeV~! x Ac s
chosen to estimate the systematic uncertainties due to the
imperfect knowledge of this parameter.

The masses and widths of the z 7z~ resonances consid-
ered are treated as free parameters with Gaussian con-
straints according to the inputs listed in Table IIl. 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 modeling of the f,(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 & 15 MeV/c? and 562 + 39 MeV
for the f,(500) meson and 981 + 13 MeV/c? and 191 +
39 MeV for the f(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 D’z resonances. The current
world average value for the B® meson mass is 5279.58 =+
0.17 MeV/c?> and for the DY meson is 1864.84 &+
0.07 MeV/c? [32]. A conservative and direct estimation
of the systematic uncertainties on the masses and widths of
the Dz~ 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 summarized 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
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Tables XIV—XVII, while those for the K-matrix formalism
are given in Tables XVIII-XXI. In most 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 modeling of the f,(500) and f((980)
resonances also has 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 subsamples, correspond-
ing to the two data-taking periods and to the two half-parts
of the D%z*z~ 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.

B. Systematic uncertainties on the B® — Dz 7~
branching fraction

The systematic uncertainties related to the measurement
of the B® — D°z*z~ branching fraction are listed in
Table I'V. The systematic uncertainties on the PID, trigger,
reconstruction 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 modeling of the D%z~
and D*(2010)~z™ 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)~z™ is more than 99%.

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 calcu-
lated in a model-independent way as

Eave = & (32)
>iNi/ei
where N; is the number of events in bin i and ¢; is the

average efficiency in bin i calculated from the efficiency
model. The difference between this model-independent

PHYSICAL REVIEW D 92, 032002 (2015)

TABLE IV. Systematic uncertainties on B(B — D%z*z™).

Source Uncertainty (x107#)
PID 0.02
Trigger 0.13
Reconstruction < 0.01

Size of simulated sample 0.26

B°, D*(2010)~ mass model <0.01
Dalitz structure 0.04

Total 0.29

method and the nominal is assigned as a systematic
uncertainty.

VIII. RESULTS

A. Significance of resonances

The isobar and K-matrix models employed to describe
the Dalitz plot of the B — D%z" 7z~ decay include all of the
resonances listed in Table III. The statistical significances
of well-established 7"z~ 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'z~
resonances listed in Table III, the significances of the
f0(1370), fo(1500) and f%(1525) are also given. The
results, expressed as multiples of Gaussian standard devia-
tions (o), are summarized in Table V. All of the other 777z~
resonances not listed in this Table have large statistical
significances, well above five standard deviations.

To test the significance of the D%(2760)~ state, where
J = 3 (see Sec. VIII B), an ensemble of pseudoexperiments
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 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

TABLE V. Statistical significance (¢) of z* 7z~ 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)  fo(980)  fo(1370)  p(1450)  fo(1500)  f5(1525)  p(1700)  £¢(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 22 n/a
With systematic uncertainties 7.7 7.0 n/a 8.7 n/a n/a n/a 4.3
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Cosine of the helicity angle distributions in the m?(D°z~) 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.

this analysis. Finally, an extra Dz~ resonance, with
different spin hypotheses (J/ =0,1,2,3,4) and with its
mass and 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),
f0(980), p(1450), f((2020) and D7(2760) states is
checked while including the dominant systematic uncer-
tainties (see Sec. VI A), namely, the modeling of the
f0(500) and f((980) resonances, the addition of other
resonant contributions and the modification of the
D*(2010)~ veto criteria. In all configurations, the signifi-
cances of the w(782), f(980), p(1450) and D}(2760)~
resonances are greater than 7.70, 7.00, 8.70, and 10.80,
respectively. The significance of the f,(2020) drops to 4.3¢
when using a RBW line shape for the f,(500) resonance.
The abundant f,(500) contribution is highly significant
under all of the applied changes.

B. Spin of resonances

As described in Sec. V C, a spin-3 D75(2760)~ contri-
bution 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.
Pseudoexperiments are generated using the fit parameters
obtained using the other spin hypotheses. Significances
are calculated according to the distributions obtained from
the pseudoexperiments of the test statistic and its values
from data. These studies indicate that data are inconsistent
with other spin hypotheses by more than 10s. Following
the discovery of the D?,(2860)~ meson, which is inter-
preted as the superposition of two particles with spin 1
and spin 3 [25,26], a similar configuration for the
D3(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°z~) 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

TABLE VI. Measured masses (m in MeV/c?) and widths (I' in MeV) of the Dj;(2400)~, D;(2460)~ and
D;3 (2760)~ resonances, where the first uncertainty is statistical, the second and the third are experimental and

model-dependent systematic uncertainties, respectively.

Isobar

K-matrix

D;(2400) m
r
D3(2460) m
r
D3(2760) m
r

2349+ 6+ 1+4
217+ 13£5£12
2468.6 £0.6 £0.0£0.3
473+15+03+0.6
2798+ 717
105+ 18+ 6+£23

2354 £7£11£2
230+ 15 £ 18+ 11
2468.1+£0.6+04+£0.3
460+ 14+17+£04
2802+ 11103
154 £27+£13+9
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TABLE VII. 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 (|c;|) K-matrix (|¢;])
Nonresonance 3.43£0.22 +£0.04 £0.51 n/a

f0(500) 18.7£0.70 £ 0.29 £ 0.80 n/a

f0(980) 2.62 +0.25 4+ 0.09 £ 0.46 n/a

f0(2020) 4414+0.51+£021+1.78 n/a

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

(782) 0.30 £ 0.04 £ 0.00 £ 0.01 0.31 £0.04 £0.01 £ 0.01
p(1450) 0.23 £0.03 £ 0.01 £ 0.02 0.28 £0.03 £ 0.08 £ 0.01
p(1700) 0.078 4 0.016 % 0.006 = 0.008 0.136 £ 0.020 £+ 0.077 £ 0.011
f2(1270) 0.072 £ 0.002 + 0.000 =+ 0.005 0.073 £ 0.002 £ 0.006 + 0.003
D%z~ P-wave 18.8+0.7+03+19 19.6 £0.7+ 0.7+ 0.6
D{(2400)~ 121 +08+03£0.6 131+1.0£08=£0.5
Dj3(2460)~ 1.31 £0.04 £0.02 £ 0.02 1.31 £ 0.04 4 0.04 = 0.00
D3(2760)" 0.05310:941 £ 0.003 + 0.008 0.0750%08 = 0.005 £ 0.003

[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.

C. Results of the Dalitz plot analysis

The shape parameters of the zz~ resonances are fixed
from previous measurements except for the nonresonant
contribution in the isobar model. The fitted value of the
parameter « defined in Eq. (20) is —0.363 £ 0.027, which
corresponds to a 10c statistical significance compared to
the case where there is no varying phase. An expansion of
the model by including a varying phase in the D%z~ axis is
also investigated but no significantly varying phase in that
system is seen. The results indicate a weak, but non-
negligible, rescattering effect in the ="z~ states, while
the rescattering in the Dz~ states is not significant. The
masses, widths and other shape parameters of the D°z~

contributions are allowed to vary in the analysis. The values
of the shape parameters of the Dz~ P-wave component,
defined in Eq. (14), are f; = 0.95 £ 0.05 (0.90 £ 0.04)
and f, =051+£0.06 (0.43+0.05) for the isobar
(K-matrix) model.

The measurements of the masses and widths of the three
resonances D{(2400)~, D3(2460)~ and D%(2760)~ are
listed in Table VI. 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
D’(2460)~ meson is consistent with previous measure-
ments, whereas the result for the mass is above the world
average which is dominated by the measurement using
inclusive production by LHCb [29]. In the previous LHCb
inclusive analysis, the broad D{;(2400)~ component was
excluded from the fit model due to a high correlation with
the background line shape parameters, while here it is

TABLE VIII. The phase 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 [arg(c;)°] K-matrix [arg(c;)°]
Nonresonance 771 +£45+23+£54 n/a

f0(500) 384+£27+13+£3.7 n/a

f0(980) 1389 +46+1.5+10.9 n/a

f0(2020) 258.5+£50+1.14+26.8 n/a

p(770) 0.0 (fixed) 0.0 (fixed)
(782) 176.8 £ 7.8 £ 0.6 0.5 1748 £80+15+0.5
p(1450) 1490+£75+48+45 1329+ 78 +85+5.5
p(1700) 1035+ 13.1+45+24 77.6 £9.9+£23.1+45
f2(1270) 158.1 3.0+ 1.6 +3.8 1478 +£2.5+85+2.6
D%z~ P-wave 266.7 £3.7+£03+7.1 261.0£40+£33+6.7
D{;(2400)~ 83.6t44+28+46 784 +£41+115+£1.7
D3(2460)~ 2629 +29+08+3.0 2574+34+£07+£19
D3(2760)~ 91.1 £6.7+14+£5.1 92.7+73£152+£23
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TABLE IX. The fit fractions of the resonant contributions

for the isobar and K-matrix models with

m(D%z*) > 2.1 GeV/c2. The first uncertainty is statistical, the second and the third are experimental and

model-dependent systematic uncertainties, respectively.

PHYSICAL REVIEW D 92, 032002 (2015)

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

f0(500) 13.2+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 - 0.43 + 1.46 16.51 £0.70 = 1.68 &= 1.10
p(770) 37.54 +1.00 £ 0.61 +=0.98 36.15 £ 1.00 +2.13 +0.79
(782) 0.49 +0.13 £ 0.01 = 0.03 0.50 +0.13 £ 0.01 £ 0.02
p(1450) 1.54 +0.32 £ 0.08 £ 0.22 2.16 £0.42 £0.82 £0.21
p(1700) 0.3870% £ 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
D%z~ P-wave 9.21 £0.56 £ 0.24 +1.73 9.22 +£0.58 £0.67 £0.75
D{(2400)~ 9.00 + 0.60 £+ 0.20 £ 0.35 9.27 £0.60 £ 0.86 £+ 0.52
D;(2460)~ 28.83 +0.69 +0.74 + 0.50 28.13 £0.72 + 1.06 4+ 0.54
D3(2760) 1.22 +0.19 +0.07 = 0.09 1.58 £0.22 +£0.18 £ 0.07

included. The present result supersedes the former meas-
urement. The Dalitz plot analysis used in this paper ensures
that the background under the Dj(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. (2), are displayed
in Tables VII and VIII. Compatible results are obtained
using both the isobar and K-matrix models. The results
for the fit fractions are given in Table IX, while results
for the interference fit fractions are given in Appendix C.
Pseudoexperiments are used to validate the fitting pro-
cedure and no biases are found in the determination of
parameter values.

D. Branching fractions

The measured branching fraction of the B® - Dz" 7~
decay in the phase-space region m(D%z*%) > 2.1 GeV/c? is

TABLE X. Correction factors due to the D*(2010)~ veto.

Resonance € %
f0(500) 99.52 £0.10
£0(980) 98.74 £ 0.09
£0(2020) 99.29 £0.05
S-wave 98.55 £ 0.04
p(770) 98.95 +0.03
(782) 99.39 £0.02
p(1450) 95.66 = 0.06
p(1700) 96.73 £0.06
f2(1270) 91.91 £0.09
D{(2400)~ 98.60 £ 0.10
D3(2460)~ 100.

D3 (2760)~ 100.

B(B® = Dz n~) = (8.46 +0.14 + 0.29 + 0.40) x 107,

(33)
taking into account the systematic uncertainties reported
in Table IV. The first uncertainty is statistical, the second
systematic, and the third the uncertainty from the branching
fraction of the B® — D*(2010)"z" normalization decay
channel. The result agrees with the previous Belle meas-
urement (8.4 +0.440.8) 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.

The branching fraction of each quasi-two-body decay,
BY — r;hs, with r; — hyh,, is given by

_ F
B(B = rihs) x B(r; = hyhy) = B(B® — D’ 2™) x .
o

(34)

where the resonant states (h h,) = (D°z~), (z"z~). The
fit fractions F;, defined in Eq. (3), are obtained from
the Dalitz plot analysis and are listed in Table IX. The
correction factors, &/°", account for the cutoff due to
the D*(2010)~ veto. They are obtained by generating
pseudoexperiment samples for each resonance over the
Dalitz plot and applying the same requirement
[m(D°z*) > 2.1 GeV/c?]. They are summarized in
Table X. 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 — Dz 7z~ decay branching frac-
tion, the fit fractions (F;) and the correction factors (&),
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TABLE XI. Measured branching fractions of B(B® — rh3) x B(r — hyh,) 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 normalization B — D*(2010)~z" channel.

Resonance Isobar (x1072) K-matrix (x1072)
f0(500) 11.2+08+05+£21+05 n/a

f0(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+054+06+13+0.7 142+06+1.5+09+0.7
p(770) 321 +£1.0+12+£09£15 310£1.0+21+£07£15
w(782) 0.42 +0.11 +0.02 = 0.03 £ 0.02 0.43 +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
f»(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+07+10+04+1.2 23.8+07+12+£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

the branching fractions of quasi-two-body decays are
calculated in Table XI. The first observation of the decays
BY — D°£,(500), B° — D°f,(980), BY — D°p(1450),
as well as B - D3(2760)"z", and the first evidence of
BY — DY£,(2020) are reported. The present world aver-
ages [32] of the branching fractions B(B® — D%(770))x
B(p(770) —» z*n~), B(B*—D°f,(1270)) x B(f,(1270) —
ztn7), B(B® - Dj(2400)~z") x B(D}(2400)~ — D°z~),
and B(B® — D3(2460)~z) x B(D5(2460)~ — D°z~) are
improved considerably. When accounting for the branching
fractions of the w(782) and f,(1270) to z*z~, one obtains
the following results for the isobar model:
B(B° - D’w(782))
=(2.75£0.72£0.13 £0.20 £ 0.13195)) x 10~
(35)
and
B(B° — D°f,(1270))
= (168 +£1.1+£0.7+ 1.8+ 0.7703) x 107>, (36)
For the K-matrix model, one obtains
B(B° — D°w(782))
=(2.814£0.72+0.13+£0.13£0.13792) x 107+ (37)

and

B(B° — D°f,(1270))
= (16.1 £ 1.1 £1.44+094+0.7703) x 107>, (38)

In both models, the fifth uncertainty is due to knowledge of
the 7z~ decay rates [32]. The results are consistent with
the measurement of the decay B® — D%w(782), using the
dominant @(782) — 2"z~ 2" decay [32,40].

E. Structure of the f,(980) and f,(500) resonances

In the isobar model, significant contributions from
both B® — DYf,(500) and B° — D°f,(980) decays are
observed. The related branching fraction measurements can
be used to obtain information on the substructure of the
f0(980) and f(500) resonances within the factorization
approximation. As discussed in Sec. I, two models for the
quark structure of those states are considered: gg or

[44'1[G ¢'] (tetraquarks). In both models, mixing angles
between different quark states are determined using our
measurements. In the gg model, the mixing between s§
and uit or dd can be written as

|f0(980)> = Ccos (pmix|S§> + sin wmix|nﬁ>7 (39)
|f0(500)> = —sin (pmix‘sg> + cos (pmixlnﬁ>’ (40)
where |nit) = (Juit) + |dd))//2 and @ is the mixing

angle. In the [gq'][7 ¢'] model, the mixing angle, @y, is
introduced and the mixing becomes

1£0(980)) = cOS Wy |N71S5) + Sin i |uitdd), — (41)
|£0(500)) = — sin @y |niis5) + cos oy |uitdd).  (42)
In both cases, the following variable is defined:

B(B® — D°£(980))

d(500)
B(B" = D°f,(500)) -

f —
" $(980)

(43)

where ®(500) and ®(980) are the integrals of the phase-
space factors computed over the resonant line shapes 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 + 0.05.
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TABLE XII. 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
Additional resonances 0.007
RBW parameters 0.008
zzw resonant mass, width 0.011
f0(500) model 0.033
f0(980) model 0.028
Total 0.048

The value of the branching fraction B(f,(500)—
ntx~)=2/3 is obtained from the isospin Clebsch-Gordan
coefficients and assumes that there are only contributions
from zz final states. The ratio B(fy(980) — KTK™)/
B(f(980) — z*z~) = 0.35%17, obtained from an average
of the measurements by the BABAR [93] and BES [94]
collaborations, is used to estimate the branching fraction
B(f,(980) — n"z~). Assuming that the zzz and KK decays
are dominant in the f(980) decays, B(f(980) —» zz~) =
0.46 + 0.06 is obtained. This gives

0.066
r = 0177733,

taking into account the systematic uncertainties, as listed in
Table XII.

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

F(B° — £,(980))[?
F(B® — f,(500))

= tan’gi X (44)

in the gg model and by
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FIG. 13 (color online).
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1 —V2tan o, |* o 'F(BO — f0(980))
tan wix + V2 F(BO = f0(500))

in the [¢¢'][7 ¢'] tetraquark model [57,58]. The form factors
F(BY > £,(980)) and F(B® — £,(500)) are evaluated at
the four-momentum transfer squared equal to the square of
the D° mass. Finally, values of the mixing angles as a
function of form factor ratio are obtained in Fig. 13 for
the ¢g model and the [g¢][ ¢'] tetraquark model. Such
angles have also been computed by LHCb for the decays
B?X) — J/wrtx [47-49).

The expectation is that the ratio of form factors should be
close to unity. However, LHCb has recently performed a
search for the decay BY — 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°f(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 possible mechanism [91,96] involves
the generation of pseudoscalar resonances through the
interactions of 7z 7z~ mesons.

rf = (45)

F. Isospin analysis of the B — Dp system

The measured branching fraction of the B — D%p(770)°
decay, presented in Table XI, 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°»(770)°, which can be
written as linear combinations of the isospin eigenstates
A; with I = 1/2 and 3/2 [37,41]

A(D0P+) = \/§A3/2,
A(D™p") = \/1/3A3, + \/2/3A, 2,

A(D%°) = \/2/3A3, = \/1/3A; . (46)

leading to
80 1 ]
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Mixing angle as a function of form factor ratio for the (a) gg model and (b) [¢¢'][g ¢'] tetraquark model. The

green band gives the 1o interval around central values (black solid line).
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TABLE XIII.  Results of Rp, and cos 6p,.

Model Rp, cosdp,

Isobar 0.69 +0.15 0.9847 003

K-matrix 0.69 +0.15 0.9870048
A(D%") = A(D=p™) + V2A(D°p). (47)

The strong phase difference between the amplitudes A/,
and A3, is denoted by &), Final-state interactions between
the states D°p° and D~p™ may lead to a value of § 5, different
from zero and through constructive interference, to a
larger value of B(B° — D°p°) than the prediction obtained
within the factorization approximation. In the heavy-quark
limit, the factorization model predicts [97,98] 5[),) =

O(Agep/mp) and the amplitude ratio R, = \)%Xz‘ =
32

1 + O(Agcp/my), where my, represents the b quark mass
and Agcp the QCD scale.

Using our measurement of B(B® — DY) together
with the world average values of B(B° — D p*),
B(BT — D%™), and the ratio of lifetimes 7(B*)/z(B°)
[32], we obtain

_ J1(3(B(Dp") + B(D%")) 15 V2
Rp, = 2( B(D%) x T 1 (48)
and
1 e 3(B(D"p*) —2B(D°"))
o=y (G

(49)

With a frequentist statistical approach [99], R, and cos 6,
are calculated for the isobar and K-matrix models in
Table XIII. These results are not significantly different
from the predictions of factorization models. As opposed to
the theoretical expectations [37,41] and in contrast to the
B > DWx system [40], nonfactorizable final-state inter-
action effects do not introduce a sizable phase difference
between the isospin amplitudes in the B — Dp system. The
precision on R, and cos ép, is dominated by that of the
branching fractions of the decays B* — D% (770)" (14%)
and B® — D=p(770)* (17%) [32]. The precision of the
branching fraction of the B® — D%(770)° decay is 7.3%
(9.2%) for the isobar (K-matrix) model (see Table XI).

IX. CONCLUSION

A Dalitz plot analysis of the B® — D%z 7z~ decay is
presented. The decay model contains four components
from D%z~ resonances, four P-wave 717z~ resonances and
one D-wave n"z~ resonance. Two models are used to

PHYSICAL REVIEW D 92, 032002 (2015)

describe the S-wave 7z~ resonances. The isobar model
uses four components, including the f,(500), f((980),
f0(2020) resonances and a nonresonant contribution. The
K-matrix approach describes the z*z~ S-wave using a
5 x5 scattering matrix with a production vector. The
overall branching fraction of B® — D%z*z~ and quasi-
two-body decays are measured. Significant contributions
from the f((500), f((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 J¥ = 3~. This suggests a
spectroscopic assignment of 3Ds, and shows that the 1D
family of charm resonances can be explored in the 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 Dz~ 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 D}(2460)~ meson, the broad D{(2400)~
component was excluded from the fit model in the former
LHCDb inclusive analysis [29], due to a high correlation
with the background line shape parameters, while here it
is included. The present result therefore supersedes the
former measurement.

The significant contributions found for both the
f0(500) and f,(980) allow us to constrain the mixing
angle between the f((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%p? is performed, indicating that nonfactor-
izable effects from final-state interactions are limited in
the Dp system.
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APPENDIX A: UNNORMALIZED LEGENDRE
POLYNOMIAL WEIGHTED MOMENTS

Figures 14 and 15 show the distributions of the unnor-
malized Legendre polynomial weighted moments (pV¥)
which display the contributions of resonances with spin
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larger than L/2. The p(770) resonance can clearly be seen  display an expanded version in low mass regions. The
in the distributions with L <2 and the D}(2460)~ reso-  distributions from the isobar and the K-matrix models are
nance in the distributions with L < 4. Figures 16 and 17  compatible with those from data.
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APPENDIX B: SYSTEMATIC UNCERTAINTIES ON THE PARAMETERS
IN THE DALITZ PLOT ANALYSIS

1. Systematic uncertainties for the isobar model

TABLE XIV. Systematic uncertainties on the Dz~ resonant masses (MeV/c?) and widths (MeV) for the isobar

model.
Dj(2400)~ D3(2460)~ D3(2760)~

Source Ty mg Iy mg Iy mgy
PID 1.9 0.5 <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 0.4
D*(2010)~ veto 4.4 0.8 <0.1 <0.1 4.6 0.4
Total (experiment) 5.1 1.1 0.3 <0.1 6.2 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
i resonant mass, width 3.4 0.1 0.1 0.1 29 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 XV. Systematic uncertainties on the moduli of the complex coefficients of the resonant contributions for the isobar model. The
moduli are normalized to that of p(770).

Source Nonresonance f0(500) (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
7w resonant 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%z~ 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
i resonant 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 XVI. 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 Nonresonance f0(500) (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
7w resonant 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%z~ P-wave D};(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 03
D*(2010)~ veto 44 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 34 5.7 1.8 1.2 3.9
RBW parameters 1.0 1.1 0.6 1.6 0.7 1.8
7w resonant 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 24 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 54 3.1 5.3
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TABLE XVII. Systematic uncertainties on the fit fractions (%) of the resonant contributions for the isobar model.

Source Nonresonance  f(500) p(770) (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
i resonant 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) f0(2020)  S-wave DUz~ P-wave  Dj(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
i resonant 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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2. Systematic uncertainties for the K-matrix model

TABLE XVIII. Systematic uncertainties on the Dz~ resonant masses (MeV/c?) and widths (MeV) for the
K-matrix model.

D{(2400)~ D;(2460)~ Dj3(2760)~
Source Iy my Iy my Iy my
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 04
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 23
iz resonant 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

TABLE XIX. Systematic uncertainties on the moduli of the complex coefficients of the resonant contributions for
the K-matrix model. The moduli are normalized to that of p(770).

Source (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
iz resonant 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 D%z~ P-wave D;;(2400)~ D3(2460)~ D;(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
iz resonant 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

032002-28



DALITZ PLOT ANALYSIS OF ... PHYSICAL REVIEW D 92, 032002 (2015)

TABLE XX. 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 (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 04 1.3 0.4 0.6
i resonant 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 DOz~ P-wave D} (2400)~ D;(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 22
7z resonant 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

TABLE XXI. Systematic uncertainties on the fit fractions (%) of the resonant contributions for the K-matrix model.

Source p(770) (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
zzr resonant 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 Dz~ P-wave Dj;(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
oz resonant 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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APPENDIX 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 XXII (Table XXIII).
The statistical, experimental systematic and model-dependent uncertainties on these quantities are given in Tables XXIV,
XXV and XXVI (Tables XXVII, XXVIII and XXIX).

TABLE XXII. Interference fit fractions (%) of the resonant contributions for the isobar model with m(D°z%) > 2.1 GeV/c?. The
resonances are (Ag) nonresonant S-wave, (A;) f(500), (4,) f4(980), (A3) f0(2020), (A4) p(770), (As) w(782), (Ag) p(1450), (A7)
p(1700), (Ag) f,(1270), (Ag) Dz~ P-wave, (A}g) D}(2400)~, (A;;) D5(2460)~, (A},) D3(2760)~. The diagonal elements correspond
to the fit fractions given in Table IX.

Ay A Ay Az Ay As Ag Aq Ag Ag Ao A Ap
Ay 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
Ay — 13.23 —-1.02 —-4.53 0.00 0.00 0.00 0.00 0.14 3.37 0.97 3.81 0.57
A, — — 1.56 0.79 0.00 0.00 0.00 0.00 -0.21 -0.60 0.63 -0.90 -0.14
Az — — — 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 -326 -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
Ay — — — —_ — — — 0.38 0.00 -0.89 -0.66 -0.58 -0.13
Ag — — — — — — — — 10.28 -2.29 -0.89 —-143 -0.27
Ag — — — — — — — — — 9.21 0.00 -0.01 0.00
Ay  — = _ _ _ _ _ _ _ — 900 001 000
Ay = — — — — — — — — — — 288 000
Ay = — — — — — — — — — — — 122

TABLE XXIII. Interference fit fractions (%) of the resonant contributions for the K-matrix model with m(D°z*) > 2.1 GeV/c?. The
resonances are (A) K-matrix S-wave, (A,) p(770), (A,) @(782), (A3) p(1450), (A,) p(1700), (As) f,(1270), (A¢) Dz~ P-wave, (A;)
D{(2400)~, (Ag) D3(2460)~, (Ag) D3(2760)~. The diagonal elements correspond to the fit fractions given in Table IX.

Ao A A, A, Ay As Ag A, Ag Ay
Ao 16.51 0.00 0.00 0.00 0.00 —0.06 2.37 ~1.45 —0.10 0.01
A — 36.15 —0.84 4.20 2.10 0.00 -5.39 ~1.88 —2.81 —0.90
Ay — — 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 ~1.49 —0.99 ~1.12 —0.24
As — — — — — 9.88 -2.03 -0.73 ~1.50 -0.35
Ag — — — — — — 9.22 0.00 —0.01 0.00
A, — — — — — — — 9.27 0.01 0.00
Ag — — — — — — — — 28.13 0.00
Ay — — — — — — — — — 1.58
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TABLE XXIV. Statistical uncertainties on the interference fit fractions (%) of the resonant contributions for the isobar model with
m(D°z*) > 2.1 GeV/c?. The resonances are (A,) nonresonant S-wave, (A,) f4(500), (A,) fo(980), (A3) f0(2020), (A4) p(770), (As)
(782), (Ag) p(1450), (A7) p(1700), (Ag) £2(1270), (Ag) Dz~ P-wave, (A o) D;(2400)~, (A;;) D5(2460)~, (A},) D3(2760)~. The
diagonal elements correspond to the statistical uncertainties on the fit fractions given in Table IX.

Ap Ay Ay Az Ay As Ag Ay Ag Ag Ao Ap Ap
Ay 0.34 0.29 0.11 0.07 0.00 0.00 0.00 0.00 0.02 0.13 0.36 0.26 0.03
Ay — 0.89 0.54 0.64 0.00 0.00 0.00 0.00 0.04 0.22 0.45 0.20 0.08
A, — — 0.29 0.15 0.00 0.00 0.00 0.00 0.03 0.09 0.09 0.11 0.04
Az — — — 0.36 0.00 0.00 0.00 0.00 0.02 0.18 0.20 0.22 0.05
Ay — — — — 1.00 0.33 0.65 0.32 0.00 0.35 0.21 0.22 0.12
As — — — — — 0.13 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ag — — — — — — 0.32 0.24 0.00 0.24 0.18 0.19 0.04
A — — — — — — — fg%; 0.00 0.23 0.15 0.20 0.03
Ag _ — _ _ _ _ — —" 049 020 014 007 004
Ao — — — _ _ _ — — — 056 000 000 000
Ay — — — — — — — — — — 060 000 000
Ay — — — _ _ — — — — — — 069 000
Ay = = = — - — - - — = o

TABLE XXV. Experimental systematic uncertainties on the interference fit fractions (%) of the resonant contributions for the isobar
model with m(D°z%) > 2.1 GeV/c?. The resonances are (A,) nonresonant S-wave, (A,) f,(500), (A,) fo(980), (A3) £¢(2020), (A4)
p(770), (As) @(782), (Ag) p(1450), (A7) p(1700), (Ag) f»(1270), (Ag) D°z~ P-wave, (Ayy) Dj(2400)~, (A;;) D5(2460)7, (A},)
D3(2760)~. The diagonal elements correspond to the statistical uncertainties on the fit fractions given in Table IX.

Ay A Ay Az Ay As Ag Ay Ag Ag Ao Ay A
Ap 0.07 0.06 0.03 0.03 0.00 0.00 0.00 0.00 0.07 0.02 0.11 0.09 0.01
A — 0.31 0.22 0.20 0.00 0.00 0.00 0.00 0.07 0.06 0.26 0.04 0.01
A, — — 0.11 0.05 0.00 0.00 0.00 0.00 0.14 0.02 0.04 0.04 0.02
As — — — 0.15 0.00 0.00 0.00 0.00 0.11 0.08 0.06 0.11 0.02
Ay — — — — 0.61 0.05 0.31 0.16 0.00 0.18 0.05 0.03 0.02
As — — — — — 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ag — — — — — — 0.08 0.03 0.00 0.11 0.12 0.06 0.01
A, — — — — — — — 0.07 0.00 0.10 0.07 0.03 0.01
Ag — — — — — — — — 0.31 0.16 0.11 0.07 0.02
Ay — — — — — — — — — 0.24 0.00 0.00 0.00
Ay — — — — — — — — — — 020 000  0.00
Ay — _ _ _ — _ — _ _ _ — 074 000
P _ _ _ _ _ _ _ _ _ _ — 007
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TABLE XXVI. Model-dependent systematic uncertainties on the interference fit fractions (%) of the resonant contributions for the
isobar model with m(D%z*) > 2.1 GeV/c?. The resonances are (A,) nonresonant S-wave, (A,) £,(500), (A,) £,(980), (A3) f0(2020),
(A9) p(770), (As) @(782). (Aq) p(1450), (A7) p(1700), (As) f2(1270), (Ag) D°n~ P-wave, (A9) D;(2400)", (A1) D5(2460)", (A1)
D3(2760)~. The diagonal elements correspond to the statistical uncertainties on the fit fractions given in Table IX.

AO Al A2 A3 A4 AS A6 A7 AS A9 AlO Al 1 A 12
Ay 080 061 031 017 000 000 000 000 003 028 056 045 001
A — 245 200 303 000 000 000 000 016 072 079 098  0.08
A, — — 054 067 000 000 000 000 002 015 013 028  0.08
As — — — 100 000 000 000 000 008 051 034 069 006
Ay — — — — 098 003 047 012 000 054 033 027  0.09
As — — — — — 003 000 000 000 000 000 000  0.00
Ag — — — — — — 022 008 000 031 018 014 003
A, — — — — — — — 006 000 012 007 004  0.02
Ag — — — — — — — — 110 049 033 009 005
Ay — — — — — — — — — 173 000 000  0.00
Ao — — — — — — — — — — 035 000 0.0
Ay — — — — — — — — — — — 0.50  0.00
Aps — — — — — — — — — — — — 0.09

TABLE XXVII.  Statistical uncertainties on the interference fit fractions (%) of the resonant contributions for the K-matrix model with
m(D°z%) > 2.1 GeV/c?. The resonances are (A,) K-matrix S-wave, (A4;) p(770), (A,) @(782), (A3) p(1450), (A4) p(1700), (As)
£2(1270), (Ag) D°z~ P-wave, (A;) D;(2400)", (Ag) D3(2460)~, (Ag) D3(2760)~. The diagonal elements correspond to the statistical
uncertainties on the fit fractions shown in Table IX.

Ao A A, A, Ay As Ag A, Ag Ay
Ay 0.70 0.00 0.00 0.00 0.00 0.04 0.28 0.49 0.43 0.16
A — 1.00 0.34 0.71 0.31 0.00 0.41 0.22 0.25 0.14
A, — — 0.13 0.00 0.00 0.00 0.01 0.00 0.00 0.00
A, — — — 0.42 0.29 0.00 0.29 0.23 0.20 0.07
Ay — — — — 0.21 0.00 0.23 0.16 0.19 0.04
As — — — — — 0.58 0.22 0.16 0.08 0.05
Ag — — — — — — 0.58 0.00 0.00 0.00
A, — — — — — — — 0.60 0.00 0.00
Ag — — — — — — — — 0.72 0.00
Ay — — — — — — — — — 0.22

TABLE XXVIII. Experimental systematic uncertainties on the interference fit fractions (%) of the resonant contributions for the K-
matrix model with m(D%z*) > 2.1 GeV/c?. The resonances are (A,) K-matrix S-wave, (4,) p(770), (4,) ©(782), (A3) p(1450), (A4)
p(1700), (As) f,(1270), (Ag) Dz~ P-wave, (A;) D}(2400)~, (Ag) D5(2460)~, (Ag) D%(2760)~. The diagonal elements correspond to
the statistical uncertainties on the fit fractions shown in Table IX.

Ao A A, A, Ay As Ag A, Ag Ay
Ay 1.68 0.00 0.00 0.00 0.00 0.10 0.84 1.88 121 0.36
A — 2.13 0.06 1.42 1.02 0.00 0.87 0.37 0.14 0.29
A, — — 0.01 0.00 0.00 0.00 0.01 0.00 0.00 0.00
Ay — — — 0.82 0.73 0.00 0.13 0.30 0.10 0.15
Ay — — — — 0.61 0.00 0.88 0.51 0.89 0.14
As — — — — — 0.83 0.27 0.16 0.18 0.16
Ag — — — — — — 0.67 0.00 0.00 0.00
A, — — — — — — — 0.86 0.00 0.00
Ag — — — — — — — — 1.06 0.00
Ay — — — — — — — — — 0.18
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TABLE XXIX. Model-dependent systematic uncertainties on the interference fit fractions (%) of the resonant contributions for the K-
matrix model with m(D%z*) > 2.1 GeV/c?. The resonances are (A,) K-matrix S-wave, (A,) p(770), (A,) ©(782), (A3) p(1450), (A,)
p(1700), (As) f,(1270), (Ag) Dz~ P-wave, (A;) D}(2400)~, (Ag) D5(2460)~, (Ag) D%(2760)~. The diagonal elements correspond to
the statistical uncertainties on the fit fractions shown in Table IX.

Ao A A, A, Ay As Ag A, Ag Ay
A 1.10 0.00 0.00 0.00 0.00 0.02 0.24 0.25 0.40 0.15
A — 0.79 0.02 0.41 0.25 0.00 0.26 0.29 0.19 0.05
A, — — 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ay — — — 0.21 0.08 0.00 0.20 0.09 0.12 0.03
Ay — — — — 0.12 0.00 0.14 0.12 0.08 0.02
As — — — — — 0.58 0.14 0.19 0.08 0.08
Ag — — — — — — 0.75 0.00 0.00 0.00
A, — — — — — — — 0.52 0.00 0.00
Ag — — — — — — — — 0.54 0.00
Ay — — — — — — — — — 0.07

APPENDIX D: RESULTS OF THE K-MATRIX PARAMETERS

The moduli and phases of the K-matrix parameters in Eq. (25) are listed in Table XXX. The breakdown of systematic
uncertainties is shown in Tables XXXI and XXXII.

TABLE XXX. 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 normalized to that of the
p(770) contribution and the phase of p(770) is set to 0°.

Parameter Modulus Phase (°)

fio 17.0 £3.34+9.5+3.7 3473 4+13.7+18.7+3.2
fu 149 +17.1 +£20.3 £ 8.0 160.0 +70.1 + 39.6 £+ 26.2
f12 111.3 4+£23.1 £23.8 +12.8 226.1 £120+11.2+49
f13 2874+142+81+53 186.5 +30.0 &= 30.4 & 8.6
fia 31.0£12.8 2134+ 8.8 10.61 259 £ 15.24+2.9
Bo 95+1.8+29+1.1 20.7 £152+13.5+10.4
I 172+ 64+62+48 19.6 £19.4+144+3.7
P 349+7.6+143+3.1 12834+ 12.1 +2.1+1.9
B 53.5+143+£9.24+42 1387 £1554+72+39
N 525+102+£224+59 305.0+£105+13.5+22

TABLE XXXI. Systematic uncertainties on the moduli of the K-matrix parameters. The moduli are normalized to that of p(770).

Source Sio S Ji2 Si3 Sia Bo b B B3 N

PID 8.1 5.5 22.5 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 0.4 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 0.2 0.1 0.7 1.7 2.4 2.7
D*(2010)~ veto 4.9 18.9 1.9 6.8 0.6 1.4 4.6 9.2 3.7 13.1
Total (experiment) 9.5 20.3 23.8 8.1 13.4 2.9 6.2 14.3 9.2 22.4
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 04 23 33 4.0 0.2 1.1 0.5 22 1.9
i resonant 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 8.0 12.8 53 8.8 1.1 4.8 3.1 4.2 5.9
Total (all) 10.2 21.8 27.0 9.6 16.0 3.1 7.8 14.6 10.1 23.2
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TABLE XXXII. Systematic uncertainties on the phases (°) of the K-matrix parameters. The phase of p(700) is set to 0° as the
reference.

Source Sio S Si2 Si3 Sia Bo B )2 B3 B

PID 18.0 35.0 9.6 25.9 5.8 10.4 10.4 1.7 1.4 4.3
Trigger 0.5 0.2 0.3 0.2 <0.1 0.5 0.3 0.1 0.5 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 2.5 0.1 0.3 0.4
D*(2010)~ veto 0.3 16.4 5.8 15.2 12.1 6.5 8.5 1.0 6.7 12.7
Total (experiment) 18.7 39.6 11.2 30.4 15.2 13.5 14.4 2.1 7.2 13.5
Additional resonances 0.4 5.0 4.1 2.1 1.0 3.6 1.9 0.2 3.7 1.9
RBW parameters 32 25.2 2.6 8.3 0.6 9.2 32 1.9 1.0 1.1
i resonant mass, width 0.3 5.0 0.5 1.0 2.6 3.2 0.4 0.2 0.7 0.3
Total (model) 3.2 26.2 4.9 8.6 2.9 10.4 3.7 1.9 3.9 2.2
Total (all) 19.0 47.5 12.3 31.6 15.5 17.0 14.9 2.9 8.1 13.7
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