arXiv:2212.09048v1 [hep-ex] 18 Dec 2022

PREPARED FOR SUBMISSION TO JHEP

Determination of U-spin breaking parameters with
an amplitude analysis of the decay D* — K}ntn~
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ABSTRACT: We present a study of the resonant structure of the decay D° — KETF+7['_,
using quantum-correlated D°D° data produced at /s = 3.773 GeV. The data sample
was collected by the BESIII experiment and corresponds to an integrated luminosity of
2.93 fb~!. This study is the first amplitude analysis of a decay mode involving a KE,
which also results in the first measurement of the complex U-spin breaking parameters
(p) related to various CP-eigenstate resonant modes through which the three-body decay
proceeds. The moduli of the p parameters have central values in a wide range from 0.4
to 12.1, which indicates substantial U-spin symmetry breaking. We present the fractional
resonant contributions and average strong-phase parameters over regions of phase space for
both K§ﬂ+7r_ and KEW+7T_ modes. We also report the ratio of the branching fractions
between KPrntm~ and K{rTn~ decay modes and the CP-even fraction of the K{rn~
state calculated using the U-spin breaking parameters.
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1 Introduction

The phenomenon of CP violation in the standard model (SM) is parametrized by a sin-
gle irreducible phase in the complex Cabibbo-Kobayashi-Maskawa (CKM) quark-mixing
matrix [1, 2|, which describes the weak interaction of quarks. Exploiting the unitary
nature of the CKM matrix, this C'P-violating phase can be represented on the complex
plane as the argument of a particular combination of the CKM elements V,,. The phase
—arg [(V, Vus)/ (V3 Ves)] is denoted by v and can be measured by studying interference be-
tween decays with identical final states where one proceeds via a b — w transition [3-5]. The
decay B* — Dh*, where h* denotes a K* or 7* and D a superposition of the flavor states
of neutral D meson, proceeds almost purely at tree-level; electroweak box and loop cor-
rections are below O(10~7) [6], thereby excluding the possibility of loop-level contributions
from beyond-the-SM physics |7]. The absence of theoretical uncertainties makes this chan-
nel ideal to determine 7. The v determination method put forward in Refs. [8, 9] requires
the D meson to decay into self-conjugate multi-body final states such as Kg7r+7r_. Such
multi-body D-meson decays provide regions of phase space where interference between C P-
eigenstates of the D meson [3|, and Cabibbo-favoured (CF) and doubly Cabibbo-suppressed
(DCS) [4] decays take place, which allows 7 and the strong-dynamics of the B decay to be
extracted from a single decay mode.

Although the current world average of v is still statistically limited, the statistical
uncertainty has reduced by approximately a factor eight over the last decade, and the
ultimate data samples of LHCb and Belle II should result in a statistical uncertainty in
~ close to 1°. The primary source of systematic uncertainty is inputs from the D-decay
parameters [10, 11]. These inputs are the strong-phase differences Adp, between D? and
DY decays which are measured in quantum-correlated D decay [12, 13]. The strong-phase
difference arising from the interference of D° and DY decaying into a common final state
K gﬂﬂr* is a critical input not only to the 4 measurement using B* — DK decay channels
but also to other important flavor studies: the time-dependent measurement of the CKM
angle S through B — D™O40 decays [14, 15] and the measurement of CP violation and
mixing in neutral D meson system [16].

Quantum-correlated DD events at 1(3770) recorded at BESIII give access to the
strong-phase difference when D decays are reconstructed by means of flavor tagging [17].
The pairs of D mesons are quantum-correlated because they are produced in a JF¢ =1~
state with an anti-symmetric wavefunction,

1
V2

which constrains the decay product of one D meson given the other, discussed more specif-

[4(3770)) = [DD) = — (|D")|D°) — [D°)|D%) , (1.1)

ically in section 2. A model-independent BESIII analysis measured the average sine and
cosine of Adp for K3rTn~ (ci, s;) and KPntow™ (¢}, sb) [18, 19]. Inclusion of the K{rn~
mode provides a three-times-larger data sample at BESIII due to higher KE reconstruction
efficiency and combinatorics of DD — (K3nTn™)% versus DD — (Kdntr—, KPntn™) de-

cays. However, including these KEW+7r_decays introduces a systematic uncertainty related



to assumptions about the values of complex U-spin breaking parameters (p) that separate
the decay amplitudes of D — K{rTr~ and DY — KnTn~ modes. In previous analy-
ses [18-20], the nominal value of the parameters was unity; and a systematic uncertainty on
this assumption was derived by assuming || had an uncertainty of 50% and arg (p) could
have any value in the interval (—180°,180°). These U-spin breaking parameters, which are
discussed in greater detail in section 2, have never been experimentally determined and the
only way to measure them is through an amplitude analysis of the D? — K87r+7r_ decay.
This paper presents the first experimental measurements of p in this decay.

The remainder of this paper is organized as follows. A brief discussion about the
model-independent measurement of strong-phase parameters and a review of amplitude
parametrizations for a three-body decay are given in section 2. An overview of the BESIII
detector and the simulations performed for this analysis is given in section 3, while section 4
lists various event selection criteria adopted to select the data samples. The amplitude
analysis implementation and validation are presented in section 5. Results are given in
section 6, while section 7 presents a study of systematic uncertainties. Section 8 provides
additional model predictions in the form of C'P content of K[S)W+7T_ and KE7r+7r_ modes
and the ratio of their branching fractions in D decays. Section 9 reports the conclusions.

2 Strong-phase and amplitude-analysis formalism

In this section we first define the strong-phase parameters and how those for D — K (S)7T+7T_
and D — KE7T+7T_ are related together. Then we discuss the amplitude-analysis technique
employed to determine the p parameters.

The D-decay parameters that appear in these studies are cosines and sines of the
strong-phase difference averaged over regions of phase space. The two-dimensional phase
space of ngﬂr* and KEW*W* decay modes is described in terms of pairwise invariant
masses of the final-state particles. Of the three possible permutations, only two will be
independent, forming a Dalitz plot (DP) for which the phase space is uniform within its
boundaries. In this paper we use invariant squared masses of Kg(L)W+ and K(S](L)ﬂ'_, which

are written as s Kyt and s K9 respectively. The DP is divided into bins to gain

™’
sensitivity to the large variations in the strong-phase difference Adp across the DP. One
common binning scheme is the equal-Adp binning that minimizes the variation in the values
of Adp in each bin; this scheme is shown in figure 1. The DP is divided into sixteen bins,

which are symmetric about the line s Ky, = SKy m The weighted averages of cosines

and sines of the strong-phase difference in the i*" bin of the DP are given by

= 1 [1400lAp (0 os(Bs)ax, (21)
\/fz |Ap(x)[2dx fz |Ap(x)|2dx /i

and an analogous expression with sine of the strong-phase difference, where Ap(x) and

Ap(x) are the decay amplitudes of D and D?, respectively, at point x = (SKgn+» S KO-
in the same bin on the DP of the final state Kg7r+7r_. A similar definition of strong-phase
parameters ¢; and s; can be written for the KE7T+7T_ decay mode. The primed parameters
henceforth correspond to the K£)7r+7r_ mode.



% r 8
o~ C

%2.5_— 7
U L

— r 6
Il: 2__

R 5
w i

15 F 4

C 3
1

i 2

0.5 F 1

L L L | L L L L | L

SKgﬂ"+ [Gev2/c4]

Figure 1: Equal-Aép bins on the Dalitz plot of D% — Kg7r+7r* decay.

O]
i
events, the observables are yields of events for which the decays of both the D meson

In a model-independent measurement of c¢;’ and 31(/) with quantum-correlated DD
states are reconstructed, known as double-tagged (DT) yields. More precisely, the first set
of observables are the expected yields of K(S)W+7r* or KEW*W* in the i*" DP bin that are
+ 0

reconstructed against an exact or approximate CP eigenstate such as K™K~ or nt7w 7°.

These observables, conventionally denoted by MZ.(/) for the Kg(L)W+7T_ mode, are only sen-
)

sitive to ¢;” but not sz(-/). The second set of observables are yields of the signal Kg(L)F+7T_

mode in the i** DP bin reconstructed against another Kg7r+7r* mode in the j bin of its
DP. These are denoted by Mi(;) and are sensitive to both cgl) and sgl). Furthermore, the
measured parameter differences between Ko tm~ and KP7mtn~ modes, AcP®® = (¢; — ¢})
and As"®* = (s; — s}) are constrained to their model-predicted values Acfred and Asfred,

respectively. The constraint is implemented via a x? penalty term:

W= 30 [(Aere - ad) sad)] g D [(asrem = askret) sa(asy)] * 22

7

where 5(Ac§red) and (5(As$red) are the associated uncertainties on the model-predicted
")

i -

differences. Including the KE7T+7T_ final state improves sensitivity, particularly to s
The uncertainties on the model-predicted values of the differences, §(Ac! red) and
5(Asfred) are dominated by assumptions associated with the U-spin breaking parame-
ters [18, 19]. This uncertainty motivates an amplitude analysis of D — KE?T+7T_, which
will test these assumptions and determine a well defined data-driven uncertainty.
With the motivation for an amplitude analysis of DY — KEW*W* described, we now
provide the formalism for such an analysis. Any three-body decay D — abc can proceed

via multiple quasi-independent two-body intermediate channels:

D — re, v — ab, (2.3)
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where r is an intermediate resonance. The total effective amplitude of this decay topology
is given by a coherent sum of all the contributing resonant channels. This approximation is
called the isobar model, where the contributing intermediate amplitudes are referred to as
the isobars. Isobars can be modeled with various complex dynamical functions, the choice
of which depends on the spin and width of the resonance. In addition to the resonant
modes, the total decay amplitude may also include a three-body non-resonant channel:

‘A<X) = Aresonant + ANR = Z areid)rAT (X) + a0€i¢07 (24)

where A(x) is the final decay amplitude at position x in the DP. Here the complex coupling
parameters a,e'" correspond to resonant contributions denoted by r and provide relative
magnitudes and phases to each of these resonant amplitudes. As the DP phase space is
uniform, only the dynamical part A, (x) of the total decay rate results in variations of event
density over the DP. Nominally, the dynamics of the modes associated with well isolated
and narrow resonant structures with spin one or two are described by relativistic Breit-
Wigner functions. In contrast, dynamics of broad overlapping resonant structures, which
usually is the case with scalars, are parametrized using the K-matrix formulation borrowed
from scattering theory. For the subsequent discussions on various parametrizations in the
rest of this section, a generic decay chain will be referred to, as in eq. 2.3, with an angular-
momentum transfer Jp — j. + L, where Jp and j, denote the intrinsic spins of D and 7,
and L is the relative orbital angular momentum between r and c.
Relativistic Breit- Wigner functions are phenomenological descriptions of non-overlapping

intermediate transitions that are away from threshold. Their dynamical structure takes the
form

T(s)= —5 (2.5)

- m2 —s—imel(s)’
where my is the resonance mass and /s is the resonance two-particle invariant mass. The
momentum-dependent resonance width I'(s) relates to the pole width (T'y) as

mo [ g (2L+1) .
I'(s) =Tg—= () B (q,q0). 2.6
() =102 (& Ha.0) (2.6
Pole masses and widths in this analysis are fixed to the PDG values |21]. The function
BE(q, qo) is the centrifugal-barrier factor [22] in the decay 7 — ab, where ¢ is the momentum
transfer in the r decay in its rest frame and ¢q is ¢ evaluated at mg. The full Breit-Wigner
amplitude description includes, in addition to the dynamical part 7T).(s), barrier factors
corresponding to P- and D-wave decays of the initial state D meson and resonance r
decays, B and BE respectively, and an explicit spin-dependent factor (Z):

AEW = TT(S) X Bf(q, qo) X Bg(p7p0) X ZL(JD7jT'7p7q)' (27)

Here p denotes momentum of the spectator particle ¢ in the resonance rest frame and pg
is the corresponding on-shell value. Scaling of the Breit-Wigner lineshape by the barrier
factors optimizes the enhancement or dampening of the total amplitude depending upon
the relative orbital angular momentum (or the spin of the resonance) of the decay and the
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’ L ‘ Form factor BE(q, qo) ‘

0 1
1 1+q2d?
1+q2 d2
9 9+3q2d?+(g2d?)?
9+3q2d2+(q2d2)2

Table 1: Normalized Blatt-Weisskopf barrier factors [23] for resonance decay exhibiting
spin and momentum-dependent effects.

linear momenta of the particles involved. For resonances with spin greater than or equal
to one and small decay interaction radius (or impact parameter) of the order 1 fm, large
momentum transfer in the a,b system is disfavoured because of limited orbital angular
momentum between r and c. Blatt- Weisskopf form factors |23], normalized to unity at
q = qo, are used to parametrize the barrier factors whose functional forms are given in
table 1, where d denotes the interaction radius of the parent particle. Similar expressions
for D-decay barrier factors can be written in terms of momentum of the spectator particle
evaluated in the D rest frame.

The spin-dependence of the decay amplitudes are derived using covariant spin-tensor
or Rarita-Schwinger formalism [24-27]. The pure spin-tensors for spin 1 and 2 from spin-
projection operators © and the break-up four-momentum k* = a* — b* in the resonance
rest frame (so that three-momentum k = 2q) are given by

Sy = Ok, (2.8)
T,uu = @/u/pcrkpka- (29)

Using the above defined spin-tensors together with the orthogonality and spacelike condi-
tions on Lorentz invariant functions of rank one and two for P and D wave, respectively,
when summed over all the polarization states, it is possible to arrive at the following defi-
nitions of the angular decay amplitude:

AO—=141): Zpq = QMVSWCV, (2.10)
A(O — 2+ 2) 1 Zp—9 = OHPOY7 TpuMpm (2.11)

where £ and M are normalized tensors describing the states of relative orbital angular
momenta L = 1 and L = 2. Simplified expressions for the angular amplitudes in terms of
four-momenta of the states involved and their invariant masses are given in appendix A.
Overlapping S—wave pole production with multiple channels in two-body scattering
processes are best described by the K-matrix formulation [28-30]. A sum of Breit-Wigner
functions to describe such broad resonant structures violate the unitarity of the transition
matrix 7. The idea is to write the total effective 7 matrix in terms of the K matrix

T=(1-iKw) 'K. (2.12)
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The K-matrix contains contributions from all the poles, intermediate channels and all pos-
sible couplings. Here the parameter w is a diagonal matrix with the phase-space densities of
various channels involved as its elements. As an example, in low energy nmm — 7w scatter-
ing, the total amplitude carries a contribution from coupling between the resonance f;(980)
and a K K channel, which is partly responsible for the sharp dip observed in the scattering
amplitude near 1 GeV. A simple Breit-Wigner function cannot explain this variation in the
amplitude.

This recipe can be translated to decay processes involving broad overlapping resonance
structures produced in an S—wave. An initial state first couples to K-matrix poles with
strength parametrized by (. for pole «a, and these poles in turn couple to various inter-
mediate channels 7 in the K-matrix with strengths characterized by g¢§*. Direct coupling
between initial state and these K-matrix channels is also a possibility and the correspond-
ing strength is denoted by ffimd, scaling a slowly varying polynomial term in s and an
arbitrary parameter sgrOd, which are fixed from a global analysis of 77 scattering data [29].
Summing these contributions together results in the production vector P

B g J prod
Z a9; Jrfpro Spmd’ (2.13)
0

where m,, are the pole masses and s is the kinematic variable, in this case the invariant
squared-mass of the two pions from the three-body decay. The structure of the K matrix
in a decay process with poles a and decay channels denoted by ¢ and j is given by

g?g? scatt 1- S(S)Catt
Ki(s) =D =5+ i —2 | fao(s). (2.14)

The intermediate channels considered in the present case are 7w, KK, nwrnwm, nn and nn'.
In addition to the pole terms, direct scatterings between channels are also considered with
strengths fsCatt in a polynomial term in s and parameter s§** [29]. An arbitrary kinematic
singularity appears below the 77 production threshold at /s ~ my/v/2. The so-called
Adler-zero term, fao(s) [15] is multiplied to the entire K-matrix to suppress it. Finally,
the total production amplitude for a final decay channel j can be written in terms of the
P vector as .

AL (s); = (1= iK(s)i(s))  Pi(s). (2.15)

7

In the present case of D® — K%(n7)g, five poles of K matrix are considered, which
are summarized in table 2. These may be associated with 7 poles as physical resonances:
f0(980), fo(1370), fo(1500), fo(1710), and a broad spectrum fy(1200 — 1600). Moreover,
K matrix couplings associated with only w7 final states, i.e., j = 1 or first row of the
(I —iK&)~! matrix, are considered.

The K scalar contribution is described by a parametrization developed by the LASS
collaboration, again originally designed for scattering processes [31]. The first scalar exci-
tation of the K7 state is K5(1430), so the CF non-resonant process carries a considerably
larger contribution and is described by the empirical LASS formulation. The total LASS
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a | my [GeV/c?

0.65100
1.20360
1.55817
1.21000
1.82206

QL = W N =

Table 2: Poles and couplings in K-matrix [15, 29]. The intermediate channels include 7,
KK, mrnw, nn and nn/

amplitude is a sum of a Breit-Wigner resonant term and a non-resonant scattering term,
scaled by an overall complex coupling parameter as

A%:O)(s) = a,e"’" (Rsin 0re'R e’ 4+ S sin ges), (2.16)

where

mor()],

_ —1
0r = ¢ + tan [m2

0_5
1 .
55 = ¢s + cot ™! [ + T‘“tq} .
aq 2

The parameters Re’®® and Se'®s are relative complex amplitudes of the resonant and non-
resonant (direct scattering) terms, respectively. The parameter a is the scattering length
and ripyt is the effective interaction length in the case of direct scattering. More details can
be found in Ref. [31]. The same parametrization is used for the DCS K (1430)" resonant
process for which a, and ¢, are again nominally to be determined from the fit.

In the remainder of this section we discuss the application of the isobar model to

DY — Ké)’Lerw_ decays. Non-trivial effects on the rate of hadronic decays involving
pions and neutral kaons as a result of DCS transitions interfering with CF transitions
are expected [32]. A manifestation of this interference effect is a small difference in the

. cos O S —sin 6 4
d 5

cos O u sin 0, "

d d

<. <

u > 7} u > u

Figure 2: CF D° — K%t 7~ (left) and DCS D° — K9 tn~ (right) decay diagrams.
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decay rates of processes involving a Kg versus a KE in the final state. Consider the decay
process D° — K37 Tr~, which can proceed both via the CF DY — K977~ and the DCS
D - KOntn—

In addition to the pure CF and DCS sub-transitions, as shown in figure 2, a mixture
of these, where the two pions are produced in a C'P eigenstate resonance, is also a viable
transition process to the Kg7r+7r_ final state. Note that the two amplitudes would be
identical under the interchange of the s and d quarks involved in the weak interaction,
which is referred to as U-spin symmetry. Using the phase convention CP|K°) = —|K?), the
partial amplitude of intermediate processes involving only neutral C' P eigenstate resonances
kcp, i.e. DY — KQ(m™m )kop, can be written as a superposition of D — K% 7~ and
DY — K% *7~ as follows

1
A(D° = K(rT)kep) = 7 (AD° — K°(nt77)) — A(D° — K(ntn7))) (2.17a)
1 AD? — KO (nt77))
=AD" - K%n 1— _ . (2.17b
Vo ) (1- G oy ) @17
Defining A(D° — K%(nt77))/A(D® — K°(ntn~)) = —tan®0c p, where p may be un-
derstood as a U-spin breakmg parameter, the KO Tr~ CP transition amplitude can be
written as
1 _
AD° = K(nm)kep) = —=A(D® = K%wtn7)) (1 + prep tan®6c) . (2.17¢)

V2

The U-spin breaking parameter, p (= rei‘s) is a complex and purely empirical quantity. For
a three-body decay with multiple exclusive C'P eigenstate resonant contributions (kcp), p
factors for each are denoted by py,. The p parameters carry the phase-shifts generated as
a result of DCS interference and naively, the magnitudes |p| are expected to be ~ O(1) in
the absence of any interference between CF and DCS transitions. However, the magnitudes
should be empirically measured to consider the possibility of deviation from the nominal
tan?fc Cabibbo factor. A similar treatment for the decay process D — KE7T+7T_ yields

1 _
A(D® — K (n7)ep) = EA(DO = K%rtn7)) (1 = prep tan®dc) . (2.18a)
It is then straightforward to show that the C'P—resonant amplitudes of D — ngﬂr_

decay process can be related to the D? — Kg(w+7r_) amplitudes as

kcp
A(D° — KE(Ww)kCP) 11— tan?0c pPrep

= ~ 1 — 2tan®*0c p O(tand
A(DY = KY(7m)kep) 1+ tan20c prop an“fc prep + O(tan™dc),

which results in the relation
AD° — KD (77)kep) = (1 — 2tan®0c prop) X AD? — KQ(77)kep), (2.19)

where terms higher than second order in tanfc are neglected. An amplitude model descrip-
tion of the D — KEW+W_ decay mode is required for a constrained strong-phase measure-
ment. The KEW+7T_ amplitude model can be obtained via the DCS interference motivated
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modifications to the well studied Kgﬂﬂf model, such as the one stated in eq. 2.19. An-
other departure is expected in the DCS resonant modes such as D% — (KE7S7T+)K*7T_,
with a relative minus sign between K377~ and KPm 7~ amplitudes, again because of the
phase structure in the definition of KEVST('—FT['_ in terms of the flavor states. We insert this
minus sign in the DCS amplitudes of KETr“‘Tr_ instead of ng+7r_ to maintain consistency
with the standalone K(S)W+7T_ amplitude model that has no minus sign in the DCS parts.
Doing so merely introduces an extra 180° phase added to the nominal DCS phases and does
not affect any physics. The total amplitudes are

A(D° — K¢nn™ Z AR e+ D AR+ D AR ey, (2.20)
! kcp
AD® = Kmtam) =y JARE = D ARG+ ) (1= 2tan®0c prep) AR iy, -
r r/ kCP
(2.21)

The only way to determine the p parameters associated with each of the two-body interme-

T~ decay process, is to fit an amplitude

diate resonant structure contributions in K[S) LT
model for DY — KPntn~, where the DY — K27~ decay may be used as a constraint in

a simultaneous fit.

3 BESIII detector and simulated sample

The BESIII detector [17] records symmetric e™e™ collisions provided by the BEPCII storage
ring [33], which operates with a peak luminosity of 1 x 1033 cm™2s7! in the center-of-mass
energy range from 2.0 to 4.99 GeV. BESIII has collected large data samples in this energy
region [34]. The cylindrical core of the BESIII detector covers 93% of the full solid angle
and consists of a helium-based multilayer drift chamber (MDC), a plastic scintillator time-
of-flight system (TOF), and a CsI(Tl) electromagnetic calorimeter (EMC), which are all
enclosed in a superconducting solenoidal magnet providing a 1.0 T magnetic field. The
solenoid is supported by an octagonal flux-return yoke with resistive plate counter muon
identification modules interleaved with steel. The charged-particle momentum resolution
at 1 GeV/cis 0.5%, and the dF/dx resolution is 6% for electrons from Bhabha scattering.
The EMC measures photon energies with a resolution of 2.5% (5%) at 1 GeV in the barrel
(end cap) region. The time resolution in the TOF barrel region is 68 ps, while that in the
end cap region is 110 ps.

The experimental data used were collected with a centre-of-mass energy corresponding
the mass of the 1(3770) resonance. The sample size corresponds to an integrated luminosity
of 2.93 fb~ 1.

We also use simulated events to optimize our selection, identify background contribu-
tions and validate the amplitude analysis. In the BESIII software framework, starting from
eTe™ annihilation upto the charmonium resonance production part of the processes, includ-
ing the initial-state radiation (ISR) effects and the beam energy spread of 0.97 MeV, are
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simulated using the KKMC generator [35] and for the resonance decay, elaborate BESEvT-
GEN models [36] are used for they also contain dynamical information of the decay. The
resonances supported by KKMC include J/1, ¥(25), ¢(3770), 1(4040), ¢ (4160), 1(4415)
and other low lying resonances like p, ¢, w and their excitations.

Both inclusive and signal samples of simulated events are produced using the above
mentioned generator packages, as well as a GEANT4 [37] - based detector geometry and
response simulation package. The inclusive simulation sample in this analysis is prepared
by adding together various simulated physics processes in proportion to their branching
ratios. These physics processes include D°D° and D™D~ from 1(3770), J/v and (2S)
charmonium production along with ISR, lepton pair production and ¢¢ continuum. The size
of the inclusive simulation sample used for background estimation is roughly ten times that
of the experimental data. Simulated samples of Kg7r+7r_ and KE?T+7T_ decays, with a size
one hundred times that of experimental data, are produced to normalize the probability
density in the amplitude fit. Simulated signal decays including resonant structures are
produced to validate the amplitude fit.

4 FEvent selection

We use a sample of quantum-correlated eTe™ — D?DP events, which are produced close to
the kinematic threshold for this process. No other particles accompany the D mesons, which
results in a low-background environment to reconstruct the D candidates. We identify the
flavor of the neutral D meson decaying into the signal modes K(S)7L7r+7r_ by reconstructing
the other D meson state in a flavor-specific mode, which is also commonly known as the tag
mode, and this full-reconstruction technique is referred to as the double-tag method. The
ng+7r_ signal mode is reconstructed with the KE candidate treated as a missing particle,
which makes using the semi-leptonic exact flavor-tag modes with high branching fraction
such as K+e 7, infeasible. Therefore, K*7n~, K*n~nT7~ and K+t7n~ 7 hadronic flavor
tag modes are utilized in this analysis to select the signal decay modes D° — ngLW+7T7.
We account for the small DCS contamination of these hadronic flavor tags as part of the
analysis. Note that inclusion of charge-conjugate processes is implied throughout unless
stated otherwise.

Charged particles are reconstructed in the tracking system within the MDC acceptance
|cosf| < 0.93, where 6 is the polar angle of the track with respect to the axis of the MDC
(z-axis). For the charged particles that are direct products of the the D mesons, we require
the distance of closest approach to the interaction point (IP) to be less that 1 cm in the
x — y plane and less than 10 cm along the z-axis. Whereas for the pion candidates used
to reconstruct Kg — T~ decays, the only condition is on their distance to the IP along
the z-axis, which is required to be less than 20 cm. We identify charged particles (PID)
using combined probabilities from both time-of-flight information from the TOF and dE/dx
measurements from the MDC under the pion and kaon hypotheses. The hypothesis with
the greater combined probability is chosen and the charged particle is identified as a pion
or a kaon accordingly.
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To select photon candidates from showers in the EMC, we require energy deposits
of at least 25 MeV in the barrel region of the EMC (|cosf| < 0.8) and at least 50 MeV
in the end-cap region (0.86 < |cosf#| < 0.92). Photon candidates must also be isolated
from every charged track in an event by more than 10° to suppress the hadron interaction
induced clusters in the EMC. Furthermore, to suppress clusters associated with either beam
background or electronic noise, we require the time elapsed between the bunch crossing and
the cluster’s detection in the EMC is less than 700 ns. To reconstruct 7% candidates, it
is required that the invariant mass of a pair of photons lies within (0.110, 0.155) GeV/c2.
For better resolution, a kinematic fit is performed to constraint the di-photon mass to the
nominal 7% mass and the corresponding output four-momentum is utilized in the analysis.

Further selection is performed to suppress combinatorial backgrounds. We use two
kinematic variables to identify tag and signal D mesons: the energy difference AE =
V/'s/2 — Ep and the beam-energy-constrained mass,

M = \/<¢5/2>2 - (@)

where Ep is the measured D meson energy and p; denotes the momentum vector of the i*®
final state particle of the D meson under study. Signal decays peak at zero and the known
D mass in the AE and Mpc distributions, respectively, whereas combinatorial background
does not peak at all. The signal peak in the AE and Mpc distributions for the three tag-
modes, KTn~, Ktn~ntr~ and KT7 7% are modeled with double-Gaussian functions.
Background distributions are described with polynomial and Argus functions [38| in the
AFE and Mpc distributions, respectively. Candidate D mesons are required to fall within
intervals that are +£30 about the signal peaks of both AE and Mpc distributions. For
events containing multiple tag-side D candidates satisfying all the conditions mentioned
thus far, the combination with minimum |AF| is selected. To suppress the cosmic ray,
Bhabha and di-muon background events in the K7~ tag mode, two charged tracks, neither
identified as an electron nor muon, with TOF time difference less than 5 ns are required.
The K*n~7m 7~ tag-mode decays contain a peaking background from KJK *7~ candidates
with about 2% contamination rate, as estimated from the inclusive simulation sample. To
suppress this background, a KQ mass veto within the range [0.479, 0.518] GeV /c? is applied
on both permutations of oppositely charged pions selected in the KTn~ 7 7~ final state,
reducing the K§K+7T_ background to a negligible level of 0.09%.

For the ng+7r_ signal mode, the number of charged particles passing all the condi-
tions, apart from those used to reconstruct the tag decay, is required to be greater than or
equal to four in an event. Candidate K. g selection is performed in three steps while examin-
ing all possible combinations of the four selected charged tracks. Firstly, successive vertex
fits are performed on the primary pions from D meson and the pair of pions being tested
as final state particles coming from K (S)decays. The second step entails enforcing a K. (S) mass
window condition with 3¢ bounds [0.485, 0.510] GeV/c? on the the invariant mass of a pair
of oppositely charged pions. Finally, a flight-significance criterion is placed wherein the
decay length of the Kg candidate is required to be greater than twice its uncertainty. Pion
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tracks that are used to reconstruct Kg candidates are not required to satisfy the particle
identification criteria. Furthermore, events with multiple K(S) candidates are rejected to
remove D —>K§K(S]X decays.

To improve the momentum resolution, kinematic fits with all the final state particle
momenta from both tag and signal sides are performed and the events for which the fit
does not converge are discarded. Constraints related to the total four-momentum, D and
Kg masses are put in place. The signal efficiencies of the kinematic fit selection criteria
for KTn~, K*n~7Tn~ and K*n 70 tagged K{n"n~ mode are 97.2%, 95.2% and 93.7%
respectively.

In the KEW*W* signal selection, to suppress the Kg7r+7r* peaking background, we
require the number of charged particle tracks, that are not used to reconstruct the tag,
to be exactly two, both of which must satisfy the above mentioned conditions of track
selection. The residual four-momentum in the detector, called missing-momentum, after
reconstructing all the charged tracks on the tag side and both the pion tracks on the
signal side, is identified as a KE candidate; this method is referred to as the missing-

9 or n candidate are

mass technique. For both the signal modes, events containing a 7
vetoed for which the invariant mass of any permutation of pairs of photons falls in the
respective mass range of [0.095,0.165] GeV/c? and [0.48,0.58] GeV/c?. For the KPm '~
mode, the ¥ veto removes a significant fraction of the D° — K{n™ 7~ background, where
Kg — 1979, To determine the selection criteria on Mpc and AFE for the D — ngﬂr*
decays, we model both the distributions by performing maximum likelihood fits as shown
in figure 3. The signal part in both AE and Mpc distributions is described by double
Gaussian functions. The combinatorial background in the AE and Mpc distributions is
modeled with polynomial and Argus functions, respectively. For the KE7T+7T_ signal mode,

a distribution of missing-mass squared defined as

M12niss = (\/5/2 - Eﬂ'+ - Eﬂ’—)Q - |ptag + Prt + Pr- |2a (4'2)

is analysed, where (E,+, py+) is the four-momentum of 7% candidates on the signal side
2

and Ppiag is the total momentum of the single-tag D meson. The Mz, - distribution is
modeled with double Gaussian functions for signal and peaking background, and a straight
line for the combinatorial background. Candidates beyond a 30 coverage about the mean,
the bounds of which are given in table 3, are rejected in all the three kinematic variables.
The total yields obtained after full reconstruction and selection are 16490 for the ng+7r_
mode and 39085 for the KY7 7~ mode.

Using signal simulation samples for Kg71'+71'_ and KE7T+7T_ modes, average double-tag
efficiencies over the DP for each tag mode are calculated and are given in table 4. Figure 4
shows the efficiency profile over the KE7T+7['_ DP for the K*7~ tag mode as an example.
The low momentum of pions at the edges of the DP cause these regions to have reduced
efficiency.

Inclusive simulation samples from physics processes mentioned in section 3 are sub-
jected to the same event-selection criteria as in data. Negligible background is retained
with the Kg7r+7r_ sample due to the requirement that the six-constraint kinematic fit is

successful. However, the K77~ selection criteria allow for about (10 — 12)% background
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Figure 3: The AE, Mpc distributions for K{nt7~ signal candidates (top) and AE, M2,
distributions for K 77~ signal candidates (bottom) in data. The red arrows indicate the

allowed signal regions.

Variable Kg7r+7r_ Kt

AE [GeV] [—0.027,0.030] | [—0.031,0.038]
Mgc [GeV/c?] | [1.860,1.874] —
M2 [GeV?/cl] — [0.203, 0.293]

Table 3: Signal AE, Mpc and M2, selection bounds in data.

miss

contamination for the three tag modes as summarized in table 4, of which approximately 5%
is K gw+7r_, which peaks in the M?niss distribution. The remaining non-peaking background
constitutes a number of hadronic and semi-leptonic modes. Modeling of these background

events in the amplitude analysis is described in section 5.
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DL %] K7t~ vs. tag contamination rates [%]
Tag Kintm~ KPntr~ | Non-peaking background | K{n 7~ background
Kr 25.85+0.02 | 35.89 4+ 0.02 5.96 + 0.08 4.79 £0.07
Krrnm | 12.254+0.02 | 14.31 £0.01 5.84 +0.10 4.07 +0.07
Knn® | 13.02+£0.01 | 17.77 £0.01 6.48 + 0.06 4.86 + 0.05

Table 4: Average double-tag efficiencies for K37~ and K{7 "7~ signal modes.
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Figure 4: The DT efficiency profile for KE7T+7T_ signal mode tagged with the K7 candi-
date.

5 Amplitude analysis

The strategy adopted is to fit the Kg7r+7r_ sample alone to validate the fitter, then this
sample is used as a constraint in a simultaneous fit with the KETF+7T_ sample to determine
Prep- The signal probability distribution function (PDF) at a phase-space point x is ex-
pressed in terms of the total amplitude Ay, (x) obtained from the isobar model discussed
in section 2 and the detector efficiency e(x):

) Asig(®)* ()| Asig(x)?

P = A X~ Nag (5-1)

where the normalization integral Mg is over the DP and is calculated using Monte Carlo
(MC) integration |39], wherein the integral can be approximated as a discrete summation of
the signal PDF over a large number of phase-space points N called the integration sample:

N~ 309 4 (5.2)
sig N = Q(Xj) SIZ\*] . .

The integration sample is distributed as the PDF ¢(x) at the end of sample generation,
reconstruction and selection and therefore can be related to the generator level PDF Q(x)
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as: ¢(x) = €(x)Q(x). This allows cancellation of the explicit dependence on the efficiency
of the normalization factor which can be written as,

.ASI (x;
Neig = Z' g ” (5.3)

The total PDF accounting for signal and background incoherently with appropriate
weights is

P(X) = (1 — WKg — wnp)psig(x) + WKsPKg (X) + wnppnp(x)a (5'4)
where pgy and ppn, are the PDFs describing ng+7r_ peaking background and the non-

peaking background with weights wgy and wyp respectively. A negative log-likelihood
function is constructed as

— 2logL’ = —2log H P(x;) = -2 Z log P(x;). (5.5)
icdata i€data

Since the reconstruction efficiencies are independent of the parameters to be estimated,
they can be factored out and an effective likelihood function £ can be defined as

— 2logl = -2 Z log P(x;) + 2 Z loge(x;); (5.6)
i€data i€data
Asig (%) 2 A )2 A 2
— 2logl = —2 Z log [(1 — Wi — wnp)| sig(Xi) | + Wi | Ak (%) n wnp| np(Xi)| :
i€data A/Sig NKS an
(5.7)

which can be minimized, without any efficiency function as an input, to obtain the param-
eters of interest (ar, ¢,) introduced in section 2. Here, Nk, and Ny, are the normalization
factors calculated using the ng+7r_ and non-peaking background model descriptions on
events generated with Kgﬂ'—'_ﬂ'_ reconstruction and selection efficiency effects.

The peaking background PDF pg can be described by the same amplitude model as
would be applied to the Kg7r+7r* signal acting as a constraint in the KEW*W* fit. The
non-peaking background PDF is described using the side-bands, i.e. regions dominated by
distribution. The width and position of the
side-bands are optimized using the inclusive MC simulation sample with a x? statistic for

background away from the signal, of the Mmlss
maximum compatibility with the non-peaking background distribution in the signal region.
The upper and lower side-band regions are defined by the limits [0.107, 0.173] GeV?/c?
and [0.323, 0.350] GeV?2/c?, respectively. A two-dimensional Gaussian kernel estimator [40]
is used to model the background distribution in the side-bands. The projections of the
resultant PDF are shown in figure 5. Any difference between the distribution of background
over the DP in the sideband and the signal region is considered as a source of systematic
uncertainty.

We account for two additional effects in the fit. Firstly, we correct for the fact that
hadronic decays of the D° — K~X, where X are combinations of pions on the tag side,
are not an exact flavour tag. This effect comes from a contamination by tag-side DCS
decays of type D* — K+X, DV — KO/LTI' m~. An event tagged by a DCS decay will
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incorrectly place the signal Kg/LF+7T_ at (SKEF,SKEﬁ) rather than SKEWMSKEW*)-
These DCS-tagged events can be accounted for by adding their amplitudes to the nominal
CF pure-flavor-tag amplitude coherently as

A=ApAs — ApAg, (5.8)

where Ap(Ap) is the amplitude of the signal decay D°(DY) — KQnt7r~ and Ag(Ag) is
the amplitude of the tag mode D(D®) — K*n~. The decay probabilities integrated over
the allowed tag mode phase-space, at position x on the KSn "7~ and KPn*n~ DPs, are
given by

A e = (M) + (6 Ap(0 = 2§ ReRele ™ A () Ap()] ), (5.9)
A o = (ARG 2+ (1) AR () + 25 RoRele ™6 A (x) Ap(x)] ), (5.10)

where the parameter rg is the DCS to CF amplitude ratio and Rge "% measures the
coherence between them for the tag mode GG. The last terms in egs. 5.9 and 5.10 contain
the interference between CF and DCS amplitudes, which dominates the tag-side DCS effects
in the total-decay probability. The values used for the hadronic parameters for the three
tag modes involved in this analysis are from the Refs. [41] and [42] and are listed in table 5.

Secondly, we account for differences in the acceptance between the experimental data
and the simulated events used to normalize the PDFs. Any difference is accounted for in
the total PDF by scaling the normalization factor by ratios of reconstruction efficiencies
data and simulated events €™, obtained by studying BESIII control samples, for
each of the final state particles in the signal mode. These scale factors denoted by . are

in data €
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G 5 %] dc |°] Ra

Kr | 5.867+0.015 | 190.07%2 1
Krrm | 55040.07 | 161158 | 0.44705

Knr® | 4.4140.11 196 £11 | 0.79£0.04

Table 5: DCS to CF amplitude ratios and coherence parameters [41, 42].

defined as
€2 (p;)

=)

i o (5.11)

where p; is momentum of the decay particle ¢ € {Kg L 7,7~ }. The contributions to the
correction for pions arise from both PID and tracking efficiency differences. The -, factor
variations with momentum are parametrized using various polynomial and exponential
functions and the net correction in the normalisation factor defined in eq. 5.3 appears as,

N
1 _
N =23 el 70 ) JAR))1% (5.12)
7=0

where, 110][-(0,]9;r+ and p;r_ are the momenta of Ky, 7T and 7~ at point x on the DP,
respectively.

Previous Kg7r+7r_ amplitude-model analysis based on Belle and BABAR data suggests
eleven Breit-Wigner P and D wave resonances, two Km S-wave and a broad mm S-wave
contribution to the three-body decay [15|. However, the BESIII data sample is two orders
of magnitude smaller than the combined Belle and BABAR data set, which means there is
no sensitivity to some of the components. We assign significance to each of the contributions
as p-values from y? distributions, approximated using Wilk’s theorem [43], from the ratios
of generalized log-likelihood values, calculated with and without the resonant contribution
under test. The significance values for both the scenarios against each of the test resonance
are given in table 6. The resonance p(770) is considered as the reference relative to which
all other resonance amplitudes are measured. In a standalone Kg7r+7r_ amplitude fit, the
resonances K*(1680)~, K*(892)", K;(1430)", K*(1410)" and K3(1430)" are observed
to be statistically insignificant, whereas upon including the KEF+7T_ mode in the fit, only
the DCS K;(1430)" has a significance below 30.

The first validation of the fitter is carried out by generating an ensemble of 350 sim-
ulated K(S]WJFW* and KBW*W* event samples based on a fitted model as is described in
section 6 ahead, which are fit to compare the measured and generated model parameters.
Each generated sample has the same size as the data sample. The K Eﬂ'*rr* samples contain
DCS as well as background contamination in the same proportion as data for all the three
tag modes. The K-matrix parameters are global parameters and their values are known
from the large Belle-BABAR data sample [15]. Therefore, the K-matrix description is kept
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Resonance | [Kdn ™| | [KinTn—, KinTn™|
K(770) - -
K%(782) 5.1 8.8
KO f5(1270) 7.3 11.9
K%p(1450) 4.2 12.1
K*(892)~ 7t 86.3 168.9
K3(1430)~ 7t 12.4 19.1
K*(1680)~ 7t 1.7 5.7
K*(1410)~ 7t 4.2 3.7
K*(892)Tn~ 0.5 17.0
K3(1430) Y7~ 2.0 4.3
K*(1410)t7~ 1.1 2.9
K;(1430) 7" 20.1 37.1
K;(1430) T~ 1.1 2.0
77~ S-wave 32.1 52.8

Table 6: Significance values of resonant components for standalone Kg7r+7r_ and simulta-
neous KE7T+7T_, Kg7T+7T_ model fits.

fixed in all the fits. Distributions of the difference between input and output model param-
eters divided by their uncertainty are produced and found to be consistent with a normal
distribution.

The second validation is to compare to the results of Ref. [15]. Therefore, we perform
the analysis on a ng+7r_ candidates only. The fit model is compared against data as the
DP projections and is shown in figure 6. The goodness of fit is measured with a reduced
x? statistic and is observed to be equal to 0.97 for the toy model fit. To further validate
the fit, we determine the fit fractions of our model. In contrast to the amplitude formalism
dependent fit parameters a, and ¢,, the fractional contribution of each component to the
total decay probability, called fit fraction, is expected to be a consistent global physics
parameter for a particular multibody decay. The functional form of the fit fraction for a
resonant contribution R is given by,

 Jdx AP
P = T s, AP

An aggregate of the fit fractions away from 100% suggests interference effects. The predicted

(5.13)

fit fractions of various components show reasonable agreement with the Belle-BABAR values
as also shown in table 7.
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Figure 6: DP projections of Kg7r+7r* data event distribution and model prediction from
a standalone Kr 7~ fit.

Resonance | Belle-BABAR FFg [%] | Predicted FFg [%)]
K2p(770)° 20.4 17.271%
K2w(782) 0.5 0.315%
K3 f>(1270) 0.8 0.715:%
K2p(1450)° 0.6 0.8712
K*(892)~ 7+ 59.9 589757
K3(1430) 7 1.3 2.1192
K*(1680) "7+ 0.5 0.52 4 0.02
K*(1410)~ 7+ 0.1 0.020 + 0.001
K*(892)*n~ 0.6 0.54 4+ 0.01
K3(1430)tm~ <0.1 0.011 #+ 0.001
K*(1410) 7~ <0.1 0.0304 =+ 0.0001
mtn~ S-wave 10.0 8.2:%2
K (1430) 7 * 7.0 8.2150
K (1430) v~ <0.1 0.0084 =+ 0.0002
Total 101.6 100.2+128

Table 7: Comparison of predicted fit fractions from the standalone K§W+7r_ model with
Belle-BABAR results.
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Resonance ar or |°]
p(770) 1.0 0.0
w(782) 0.0388 +0.0031 | 105.1+5.3

f2(1270) 1.304£0.13 | —41.24+44

p(1450) 1.69 + 0.40 109.9 + 8.2
K*(892)~ | 1.8440.03 138.3 +1.2
K3(1430)~ | 1.504+0.05 | —48.0+2.1
K*(1680)~ | 2324028 | —191.5+9.4
K*(1410)~ | 0.48+0.07 | —143.0+7.6
K*(892)* | 0.16+0.01 | —36.2+3.6
K3(1430)T | 0.2540.05 | —86.6 +10.9

K*(1410)* 0.23 £0.05 68.5 £12.9
K (1430)~ 2.39 + 0.06 97.7+14

Table 8: Amplitude parameters (a,, ¢,) predicted from the simultaneous fit.

6 Results

The results are obtained from a simultaneous fit to the combined sample of Kg7T+7T_ and
KE?T+7T_ data candidates. The fit minimizes the negative log-likelihood function composed
of the PDFs given in egs. 5.9 and 5.10, which include all the statistically significant (greater
than 30) components listed in table 6, as well as incorporating the multiplicative factors
related to the U-spin breaking parameters for the CP resonances, described in section 2. The
peaking background fraction is fixed to the values obtained from simulated events, whereas
the non-peaking background fractions are constrained with an additional x? term in the
likelihood function, composed of weighted difference between MC simulated values and the
values to be estimated. Uncertainties associated with both assumptions are considered as
systematic uncertainties. The amplitude and U-spin breaking parameters are presented in
tables 8 and 9, respectively. The modulus of the p parameters notably lie in a wide range
of values from 0.4 for the 77 S-wave to 12.1 for the p(1450) resonance and the phases are
in general measured to be away from 0° for all the CP resonances.

DP projections of the predicted model compared to data for K)m*7~ and K{ntm~
modes are given in figures 7 and 8, respectively. The reduced x?, after ensuring statistical
significance in each 2D phase-space bin through combining adjacent bins, is found to be
1969.2/1790 = 1.10 for K77~ and 829.2/966 = 0.86 for Kin™n~ mode, suggesting
that the model describes the data reasonably well. Small deviations are observed in the
p(770) — w(782) interference region. The DCS interference in a K 77~ model has overall
constructive effects as opposed to an overall destructive interference in a Kg7r+7r_ model.
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Resonance 19| arg(p) [°] |1 — 2tan20cp|?
p(770) 1.93 £0.27 £ 0.42 —90.6 £5.8+7.6 1.05£0.04 £ 0.06
w(782) 6.13 £ 0.75 £ 0.53 22£7.0+48 0.12 £ 0.05 £ 0.04

f2(1270) 3.75£0.90 £0.81 —56.5£16.8+£129 | 0.72£0.20£0.15
p(1450) 12.124+2.92 +1.88 78.44+14.4+15.6 2.19+0.95+£0.83
mm S-wave | 0.37+0.21 +0.37 | —164.4+ 15.7+13.4 | 1.08 £0.04 +0.08

Table 9: Measured U-spin breaking parameters. The first uncertainty is statistical and

the second is total systematic.

x10° =x10°

f f —
. F o — Mo
< 08 > o2 KO signal
% I 3 F = Non-peaking
S 06 o % = K
o : o r
= S f Xéndf = 1969.2/1790 = 1.10
> [ A > I
w 02. ) w

s

5
E=o X

Events/0.02 GeV?/c*

x10°
1
ogf
[ b
F N
EN Q
NN AN
0.4 BTN AN
NN\ NN
NN NN
0.2F oD NN
F RN NNy
E AN ERRRRND
ni
e
&OWM“W]—

0 02040608 1 12 14 16 18
Spr [GEVZ Y]

Figure 7: Model and data DP projections of KE?T+7T_ signal mode.

This effect results in the lower total fit fraction and in the partial-fit fractions of some
CF components, such as K*(892)~ and K} (1430)~ for a K)7 7~ model as compared to

K(S]F+7T

~. The C'P-resonance fit fractions are additionally affected by the U-spin breaking

parameter phases, of which the w(782) resonance is a clear example. Fit fraction for both

the modes are given in table 10.
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Figure 8: Model and data DP projections of Kg7'('+71'_ signal mode.

Model-predicted strong-phase parameter values for KPn 7~ and K{nt7r~, in equal-

— 98 —



Resonance | K{ntr~ FFg (%] | Kdntn~ FFr %]
p(770) 18167052 +£2.50 | 18.90 +0.42 +2.12
w(782) 0.067005 +£0.04 | 0.5440.09+0.14

f2(1270) | 0.40 £0.08£0.37 | 0.617072 +0.29
p(1450) | 0.42+£0.08 +£0.53 | 0.21+0.10 % 0.40

K*(892)~ | 56.98705% +3.10 | 62.1870% +2.58

K3(1430)~ | 1.647000 £0.48 | 1.79 4 0.09 £ 0.47

K*(1680)~ | 0.257008 £0.68 | 0.27£0.06 £ 0.63

K*(1410)~ | 0.1940.06 £0.46 | 0.21 4 0.06 +0.19

K*(892)* | 0.4540.05+0.14 | 0.49+0.05+0.35

K3(1430)" | 0.0540.02+0.04 | 0.05+0.02+0.03

K*(1410)* | 0.04 4 0.0240.03 | 0.05 4 0.02 +0.02

K3(1430)~ | 6.847032+£1.84 | 7.4740.26 £ 1.55

mr S-wave | 10.12703240.96 | 10.24 +0.23 4+ 1.62

Total 95597209 + 11.17 | 103.02575 + 10.39

Table 10: D° — KE ¢m T~ fit fractions from the simultaneous amplitude fit.

Adp binning, are presented in figure 9, along with statistical error coverage up to three stan-
dard deviations. Model-independent and Belle-BABAR K{7 "7~ model [15] predicted val-
ues are also shown for comparison. These show good agreement with the model-independent
measurements, with the reduced x? values of 1.12 for (¢;,s;) and 0.21 for (c}, s}), weighted
by both statistical and systematic uncertainties.

As part of robustness tests on the amplitude model, various crosschecks on the ampli-
tude fit are performed. The nominal isobar model for p(770) and w(782) is replaced with a
p —w mixing model with p(770) parametrized by a Gounaris-Sakurai lineshape [44] instead
of the relativistic Breit-Wigner. The fit yields worse agreement with data at the p(770)
peak and in the p(770) —w(782) interference region and therefore the nominal isobar model
is preferred.

Separate fits on data subdivided by tag-mode are performed. The resultant U-spin
breaking parameters from all the three optimizations agree with the main fit results within
uncertainties and are provided in appendix B. An additional test is performed by modeling
the KPm 7~ data independently without using the K37 ™7~ data as a constraint. The
procedure and the results are provided in appendix C.
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Figure 9: (Left) Strong-phase parameters ¢; and s predicted using the K7™~ model
from this analysis, compared against the model-independent BESIII measurements [15].
(Right) Strong-phase parameters ¢; and s; predicted using the K(S)W+7T_ model from this
analysis, compared against the model-independent BESIII measurements and the Belle

model-predicted values.

7 Systematic uncertainty

Several sources of systematic uncertainty are explored. Parameters that are kept fixed in the
fit are the dominant contribution; the next largest contributions come from experimental
effects such as acceptance.

The fixed parameters include masses and widths of the resonant states, the K —matrix
coupling parameters 5, and ffimd for four poles and four channels, LASS resonant and
non-resonant relative magnitudes and phases, the effective radii, and the tag mode DCS to
CF ratios and coherence factors. Uncertainties due to these are calculated by performing
repeated simultaneous ngﬂf and KEW*W* data fits on smeared values of the concerned
fixed parameter within its uncertainty. Fixed central values and uncertainties on masses,
widths and meson radii are taken from the PDG, on K —matrix and LASS parameters from
the results of Belle-BABAR analysis [15], and the latest LHCb [41] and BESIII [42] results
are used for the hadronic decay parameters of the tag modes. As the uncertainties on the
meson radii are actually ignorance on their values, as there have been no experimental
measurements, their smearing is uniform. Central values used for effective radii for the
resonances is 1.5 GeV~! and for the D meson is 5 GeV~!, and the ignorance is valued at
+1 GeV~! for both. Gaussian smearing is employed for the rest of the fixed parameters.

The effects of uncertainty associated with the difference in acceptance of data and
simulated events parametrized by the 7. factor is studied. Binned uncertainties for pion
and kaon PID and tracking efficiency, as well as KgL reconstruction efficiencies are taken
from the control sample studies mentioned in section 5. We perform data fits varying the
values of 7. by one standard deviation and the variations in the fit parameters are used to
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assign uncertainties from this source.

Minor contributions to the systematic uncertainty are associated with the peaking-
background fraction (wg) and the non-peaking background description on the phase-space.
Uncertainty on the peaking background fraction comes from the size of the simulated sam-
ple, which is less than 0.1% absolute and K. g — KE mis-ID rate, calculated by reconstructing
Kg — 779 in data using a .J/1 control sample, is about 4.5% of wg. To calculate the
uncertainty associated with the modeling of the non-peaking background on the phase-

space, pseudo-experiment K87r+7r* data samples are generated wherein the non-peaking
2

background component is modeled from the M2, = signal region in the simulated sample.
Amplitude fits are performed on these pseudo-experiment samples with non-peaking back-
ground descriptions based first on the actual signal region background events and then on
the sideband event distributions. Any departure observed in the output values of these two
cases is assigned as the systematic uncertainty from this source and is of the order of a
percent for the U-spin breaking parameters.

The total systematic uncertainty is obtained by adding all the sources in quadrature
and is found to be of a similar size to the statistical uncertainties for the U-spin breaking
parameters. The fit fractions carry significantly larger systematic uncertainty as compared
to statistical. The systematic uncertainties on U-spin breaking parameters, fit fractions and

strong-phase parameters due to each source are given in appendix D.

8 CP content and BF ratio

Functional form of the decay amplitudes on the phase-space of the K§ﬁ+7r_ and KEWJFW_
final states can be exploited to calculate the C'P even fraction of both the states and
the ratio of their branching fractions. The C'P even fraction of a multi-particle state like
KPntr~ is defined as [45],

Fop = &4 — % — CVFF, (8.1)
where M (_y is the decay probability of D into KY7 7~ in a CP even(odd) state and C
is the weighted average of cosine of the associated strong-phase difference over the entire
phase-space and an unbinned version of eq. 2.1. F and F are the fractions of flavor-tagged
DY — KPnt7r~ and D° — KPn 7~ yields, respectively. A similar treatment can be applied
to K(S)W+7r_ state by adding the CVFF factor to 0.5. The model predicted Fop value for
KPmtn~ state is found to be 35.340.6(stat.) = 1.4(syst.) % and for K§rta™ 55.6 £ 0.6 (sta1.) +
1.2(gyst.) % These results agree with the values 35.2% for KPn 7~ and 55.2% for Kg71'+71'_
calculated from Ref. [18] with measured C'P yields in a model-independent approach. This
suggests that the state KEW+7T_ is significantly C'P odd in contrast to the Kg7r+7r_ state,
which is approximately C'P neutral.

Finally, the ratio of branching fractions of DY — K77~ and D° — Kntn~ decay
modes from a model can be calculated by dividing the respective total decay probabilities on
a common phase-space distribution, and is evaluated as 1.091+0.012444¢,)£0.0324y;.). This
is in good agreement with the corresponding number from a model-independent analysis,
which is estimated to be 1.105 & 0.0124ta¢.) = 0.015(4yt.) using inputs from Refs. [18, 19].
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9 Conclusion

Using quantum-correlated DD pairs, the first data-driven determination of the U-spin
breaking parameters associated with the decay D° — KE7T+7T_1S reported. The mea-
sured values for all the C' P-resonant modes show significant deviations from the nominally
assumed value of unity. For all resonant modes, we place tighter bounds on [|p|, arg(p)]
than the previously assumed values of [0.5, 360°] [18]. Consequently, U-spin breaking ef-
fects manifest themselves as a considerable asymmetry between K§7T+7T_ and KE?T+7T_ fit
fractions of C'P resonant modes like w(782).

Furthermore, model-predicted strong-phase parameter differences between Kg7r+7r*
and K0ntr~ (AP™ and AsP™?) are calculated and are presented in figure 10 with a
comparison with the values used in the model-independent strong-phase measurement from
BESIII [18]. The values are also given in table 25 in appendix E. The uncertainties on the
model-predictions from this analysis include both statistical and systematic uncertainties.
The uncertainties on the assumed values in the model-independent analysis are determined
by smearing the r values in a Gaussian distribution with 0.5 standard deviation about a
mean of unity and § values uniformly in the full range. Additionally, difference between the
BABAR 2005 and Belle 2010 K&T*Tr‘ models are also included, both of which consider the
same C'P intermediate resonances in the decay described with Breit-Wigner functions for
both P and S waves, under SU(3) flavour symmetry assumption. This results in smaller
uncertainties on the assumed values in bins 1 and 3, which contain major contributions
from the p(770) and 77w S-wave intermediate states. The predicted values in these bins
carry uncertainties from the U-spin breaking parameters. The uncertainties in the rest of
the bins are reduced as compared with the assumed values, which will result in reducing
the systematic uncertainty related to the U-spin assumption in future determinations of

(CZ‘, Si).
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Figure 10: Model-predicted strong-phase parameter differences compared with the as-
sumed values in the model-independent analysis from BESIII [18].
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A Angular dependence of Breit-Wigner amplitude in D — PV decays

For reactions of type D — (ab),c and with spin transfer 0 — j 4 [, where [ (= j) is the
three-dimensional orbital angular momentum of the spectator particle, the angular part of
the amplitude reduces to the expressions given in egs. A.1, A.2 and A.3.

Zr—o =1, (A1)
5 o (Mp — MZ)(Mj — M)
Zr=1 = Mbc - Mac - 2 ) (A2)
ab
1
Zp—g=aj— §a§a§7 (A.3)
where,
a1 = Zp—1, and
(M3, — M)
as(z) = Mg, — 2M123(a) - 2M02(b) + (a)Mz O
ab

and M;; denotes invariant mass of the two-particle system 4j.
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B Fits performed on individual tag-mode event samples separately

U-spin breaking parameter results obtained upon fitting each of the three tag-mode events
separately to the corresponding amplitude function are presented along with their residuals,
(ot — Tsep)/(0(Ttot) + (Tsep)), Where o are the fit parameters from the main fit using
all the tag modes and x4, are from the individual fits on the three tag-mode events.

Resonance r Residual 0 (deg.) Residual
p(770) 2.23+£0.63 0.33 —106.20 £ 11.65 0.89
w(782) 7.93 +3.59 0.41 —19.26 £ 25.86 0.65

f2(1270) 4.44 +2.07 0.23 —86.57 = 35.95 0.57
p(1450) 17.77£5.99 0.63 50.32 + 23.41 0.74
m S-wave | 0.29 £ 0.67 0.09 —188.8 £55.12 0.75

Table 11: U-spin breaking parameter values from individual fit on K7 tag mode events.

Resonance r Residual J (deg.) Residual
p(770) 2.49£0.53 0.70 —79.94 +8.36 0.75
w(782) 5.31 £1.27 0.40 —13.61 +14.93 0.72

f2(1270) | 2.30 £1.95 0.51 —44.04 + 21.88 0.32
p(1450) 7.83 +£4.07 0.61 118.5 £ 39.04 0.75
7 S-wave | 0.47 £ 0.56 0.13 —111.8 £ 58.83 0.70

Table 12: U-spin breaking parameter values from individual fit on K7nw tag mode events.

Resonance r Residual 0 (deg.) Residual
p(770) 1.52 +£0.40 0.61 —82.57 £ 10.58 0.49
w(782) 6.86 £ 0.97 0.42 14.38 £ 7.61 0.83

f2(1270) | 4.54 +1.22 0.37 —42.07 £ 16.59 0.43
p(1450) 9.45+2.74 0.47 78.05 £+ 19.45 0.01
m S-wave | 0.72 £ 0.38 0.59 —206.90 £ 35.53 0.83
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C Standalone Kln"7~ fit

An amplitude fit is performed on the KE7T+7T_ data events alone without using any con-
straint related to the K§7r+7r_ amplitude. To avoid redundancy, no U-spin breaking pa-
rameters (7, dx) are multiplied to the CP eigenstate amplitudes as separate fit parameters,
except for the reference p(770) and the wm S-wave since they are as usual kept fixed in
the fit. The fixed and floated U-spin breaking parameters are given in table 14 and the
resultant fit fractions and their comparison with the ones from the main fit are given in
table 15.

Resonance | Simultaneous fit results (r,d) | K77 -only fit results (r,d)

p(770) 1.93 4 0.27, —90.61 + 5.83 1.93+1.10, —99.9 +22.9
w(782) 6.13 £ 0.75, 2.24 + 6.99 1.0,0.0 (fixed)
f2(1270) | 3.75 +0.90, —56.52 + 16.84 1.0,0.0 (fixed)
p(1450) | 12.1242.92, 78.37 4 14.36 1.0,0.0 (fixed)

7w S-wave | 0.37 £0.21, —164.36 £15.69 | 0.91£0.99, —127.6+£61.9

Table 14: U-spin breaking parameter values from a standalone fit.
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Resonance | KYn™n~ FF(%) (Simultaneous fit) | K77~ FF(%) (Standalone K{rn™)
p(770) 18.161052 18.94 + 1.20
w(782) 0.0640.03 0.06 =+ 0.03

f2(1270) 0.40 £ 0.08 0.36 & 0.08
p(1450) 0.42 £ 0.08 0.43 £ 0.10

K*(892)~ 56.9810:28 57.1 £ 1.65

K3(1430)~ 1.647005 1.58 4 0.15

K*(1680)~ 0.2510-68 0.22 £0.11

K*(1410)~ 0.19 £ 0.06 0.11 £ 0.06

K*(892)F 0.45 £ 0.05 0.37 £ 0.06

K3(1430)F 0.05 £ 0.02 0.02 £ 0.02

K*(1410)* 0.04 £ 0.02 0.02 £ 0.02

K(1430)~ 6.8410-2 5.80 & 0.38

7w S-wave 10.12%5:32 10.39 4 1.72

Total FF 95.5915 0% 95.40 £ 5.58

Table 15: DY — K87r+7r_ fit fractions from a standalone fit.
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D Systematic source-wise break up

Source
I Acceptance
II Resonance masses and widths, fixed LASS parameters,
and tag-side strong-phase parameters

11 Radii of resonance and D meson

v Peaking background fraction

A% Non-peaking background shape

VI | K-matrix coupling () and production parameters (fprod)

Table 16: Nomenclature for systematic sources.

Resonance r I 11 111 v A% VI
p(770) 1.93+£0.27 | 0.15 098 0.07 0.004 0.04 1.18
w(782) 6.13+£0.75 | 0.13 0.57 0.15 0.006 0.01 0.36
f2(1270) 3.75+£090 | 0.22 0.39 0.07 0.002 0.01 0.78
p(1450) 12.124+2.92 | 0.11 0.52 0.12 0.001 0.004 0.34

mm S-wave | 0.37+0.21 | 0.19 1.02 0.04 0.004 0.00 1.43

Table 17: Systematic uncertainties in units of statistical uncertainties on U-spin breaking

parameters r.

Resonance § (deg.) I I 11 v \% VI
p(770) —-90.61£5.83 | 0.63 0.70 0.23 0.003 0.10 0.87
w(782) 2.24 +6.99 0.01 0.50 0.04 0.003 0.05 0.47

f2(1270) —56.52+£16.84 | 0.05 0.59 0.21 0.001 0.04 0.44
p(1450) 78.37+14.36 | 0.18 0.92 0.13 0.001 0.04 0.53
mm S-wave | —164.36 £15.69 | 0.43 0.62 0.05 0.003 0.03 0.40

Table 18: Systematic uncertainties in units of statistical uncertainties on U-spin breaking

parameters ¢.
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Resonance | K{ntr™ FF(%) | 1 I I Y vV VI
p(770) 18.904+0.42 | 121 0.54 043 0.0003 0.07 2.80
w(782) 0.544+0.09 |0.11 038 034 0001 0.00 0.67
f2(1270) 0.61701% 0.40 0.32 048 0.004 0.00 1.20
p(1450) 0.2140.10 | 0.16 064 0.72 0001 0.08 24
K*(892)~ 62.18%-0%, 0.37 0.02 051 0.001 0.04 3.58
K3(1430)~ 1.794£0.09 | 020 0.01 0.30 0.0001 0.80 3.90
K*(1680)" | 0.2740.06 |2.33 286 217 0.0003 0.17 3.00
K*(1410)~ | 0.2140.06 |0.33 1.86 0.17 0.001 0.17 0.67
K*(892)* 0.49+0.05 | 1.00 2.00 0.50 0.005 0.50 3.00
K3(1430)* | 0.054+0.02 | 0.00 0.22 0.00 0.006 0.50 1.00
K*(1410)* | 0.05+£0.03 | 0.00 0.18 0.00 0.002 0.33 0.33
K3(1430)~ | 7.47+0.26 0.3 0.86 0.46 0.0003 0.04 4.29
T S-wave 10.24 + 0.23 0.58 0.74 0.83 0.0004 0.17 4.71

Table 19: Systematic uncertainties in units of statistical uncertainties on K§w+7r_ fit
fractions.
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Resonance | K{ntn~ FF(%) | 1 I II Y vV VI
p(770) 18.161053 0.38 1.02 0.66 0.0004 0.51 2.53
w(782) 0.06£0.025 | 0.00 0.40 092 0.002 0.00 0.40
f2(1270) 0.40+£0.08 | 053 1.16 040 0006 027 227
p(1450) 0424008 |050 1.93 1.00 0004 0.12 3.12
K*(892)~ 56.9870:2% 0.82 1.68 0.44 0.003 0.93 1.57
K3(1430)~ 1.6470-50 0.00 0.67 0.21 0.0005 0.53 3.68
K*(1680)~ 0.2510:08 2.36 2.67 2.18 0.0001 1.82 3.27
K*(1410)~ |  0.194£0.06 | 0.33 1.93 0.17 0.001 0.17 5.00
K*(892)F 0.45+£0.05 | 040 080 020 0005 0.20 1.20
K3(1430)" | 0.05+£0.02 | 050 021 0.00 0.005 0.50 1.00
K*(1410)" | 0.04£0.02 | 0.00 0.51 0.00 0.004 0.50 0.50
K (1430)~ 6.847023 0.65 1.37 0.49 0.001 0.78 4.20
7w S-wave 10.1279:32 0.37 0.68 025 0.004 0.18 1.46

Table 20: Systematic uncertainties in units of statistical uncertainties on KEW*W* fit
fractions.

Bin ci I IT III v \Y VI

1 0.695+0.007 | 0.00 1.30 0.62 0.003 0.18 1.22
0.614 +£0.010 | 0.39 1.32 0.57 0.002 0.65 1.28
0.038 £0.027 | 0.46 2.66 0.37 0.001 0.46 2.24

—0.542+0.027 | 0.39 0.97 0.24 0.001 041 2.70

—0.947+0.004 | 0.11 1.85 0.51 0.012 0.06 2.92

—-0.494+£0.020 | 1.21 0.98 0.21 0.0005 0.007 1.98
0.114+0.026 | 0.67 1.52 0.40 0.002 0.17 1.90

0 N O Ot = W N

0.453 +£0.015 | 0.48 1.87 0.41 0.003 0.10 2.18

Table 21: Systematic uncertainties in units of statistical uncertainties on ¢;.
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Bin S; I II I1I v A% VI

1 0.021 £0.014 | 0.82 0.75 0.64 0.001 0.15 1.64
0.408£0.013 | 0.75 1.09 0.84 0.002 0.15 1.95
0.831£0.006 | 1.02 1.82 0.08 0.002 0.37 2.55
0.719£0.020 | 0.27 0.57 0.37 0.001 0.40 2.56

—0.052£0.020 | 0.06 0.85 0.24 0.001 0.03 2.08

—0.644 £0.012 | 0.28 0.52 0.51 0.002 0.13 2.29

—0.805£0.014 | 1.51 0.97 0.73 0.001 0.17 1.14

o N O Ut e W N

—0.4414£0.021 | 1.02 037 0.72 0.001 0.04 1.42

Table 22: Systematic uncertainties in units of statistical uncertainties on s;.

Bin ¢ I I I1I v \Y VI

1 0.797 £ 0.006 | 0.69 1.39 0.52 0.002 1.14 1.23
0.812+0.007 | 0.23 1.22 0.42 0.005 0.24 1.51
0.292£0.025 | 0.46 0.84 049 0.002 0.30 1.19

—-0.392£0.027 | 0.34 0.70 0.36 0.001 0.26 1.32

—0.923 £0.005 | 0.13 2.61 0.67 0.002 249 3.72

—0.300£0.020 | 1.21 1.01 0.36 0.002 0.77 2.39
0.541 +£0.020 | 2.50 2,77 0.32 0.003 0.11 2.66

co N O Ot = W N

0.726 £ 0.010 | 2.24 2.14 0.50 0.003 0.26 2.49

Table 23: Systematic uncertainties in units of statistical uncertainties on ¢.
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Bin s; I II I1I v \Y VI

1 0.044 £0.014 | 1.20 0.90 0.40 0.002 0.81 1.55
0.327+£0.014 | 0.60 1.58 0.52 0.004 0.19 1.72
0.806 £0.010 | 0.13 1.88 0.36 0.004 0.08 1.93
0.811£0.015 | 048 0.56 0.43 0.001 0.85 2.02

—0.045£0.040 | 0.03 0.74 0.21 0.001 0.27 1.63

—0.641£0.013 | 0.26 0.84 0.49 0.002 0.18 1.85

—0.663 £0.028 | 0.66 1.58 0.64 0.002 0.83 1.88

o N O Ut e W N

—0.327£0.020 | 1.21 0.38 0.54 0.002 0.27 1.62

Table 24: Systematic uncertainties in units of statistical uncertainties on s.
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E Predicted and assumed Ac;, As;

Bin | Ac; £ 0Ac¢; | As; & 6As; | Ac; = 0Ac; | As; £ 0As;
[predicted] [predicted] [assumed]| [assumed]|
1 0.12 £ 0.02 0.03£0.03 | 0.124+0.02 | —0.02 £ 0.02
2 0.20£0.02 | —0.08 £0.04 | 0.19£0.02 | —0.06 £ 0.07
3 0.26 £0.07 | —0.02+0.04 | 0.28 £0.10 0.01 +£0.02
4 0.154+0.10 0.094+0.05 | 0.154+0.14 0.11 +0.09
) 0.02 £0.01 0.00£0.03 | 0.04+0.05 0.02 £0.06
6 | 0.19+£0.03 0.00£0.03 | 0.27+£0.16 | —0.02£0.05
7 0.42 £0.05 0.14+0.04 | 0.48 £0.07 0.15 £ 0.07
8 | 0.27+£0.03 0.11£+0.03 | 0.29£0.04 0.07+0.04

Table 25: Model-predicted and previously assumed strong-phase parameter differences
(Ac;, As;). Uncertainties on the predicted values include both statistical and systematic.
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