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Novel measurement of the strong-phase difference between D* — K~ z* and
D’ — K~ z* decays using C-even and C-odd quantum-correlated DD pairs
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A novel measurement technique of strong-phase differences between the decay amplitudes of D® and D°
mesons is introduced which exploits quantum-correlated DD pairs produced by e e~ collisions at energies
above the y(3770) production threshold, where DD pairs are produced in both even and odd eigenstates of
the charge-conjugation symmetry. Employing this technique, the first determination of a D°-D° relative
strong phase is reported with such data samples. The strong-phase difference between D° — Kzt and
D° — K~ n" decays, 6%, is measured to be 52, = (192.871)91)7)°, using a dataset corresponding to an
integrated luminosity of 7.13 fb~! collected at center-of-mass energies between 4.13-4.23 GeV by the

BESIII experiment.
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I. INTRODUCTION

It has long been recognized that quantum-correlated DD
pairs produced in eTe™ collisions at the charm threshold
can be exploited to determine decay properties that are
necessary inputs for measurements of CP violation and
charm mixing [1,2] (here a D denotes a neutral charm
meson that is not necessarily in a flavor eigenstate). The
CLEO and BESIII Collaborations have reported measure-
ments exploiting quantum-correlated DD pairs produced at
the w(3770) resonance in many decay modes, for example
in the D — K~z* decay [3-5]. The DD pairs are produced
through the annihilation process, e*e™ — y* — cc, and
thus are in an odd eigenstate of the charge-conjugation
operator, with eigenvalue C = —1, due to the intermediate
virtual photon. To satisfy C quantum-number conservation,
the amplitude of the DD pair is

ID)[D) + CID)|D), (1)

and hence the decays of the two D mesons are correlated. In
DD — Y,vs Y, decays, where Y, and Y, are modes
accessible to both the D° and D° mesons, interference
occurs between the two final state paths D° — Y, D —
Y, and D° — Y,, D" — Y,. The effects on the interference
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can be exploited to determine the hadronic parameters
associated with the decay amplitudes of Y, and Y,.

The presence of quantum correlations in DD pairs
produced at energies above the charm threshold, where
additional particles may be produced, has been previ-
ously proposed [6—10]. However, until now, correlations
in this regime have never been studied experimentally. In
this paper, the DD pairs produced in the ete~™ — DD,
ete” - D*D, and ete” — D*D* processes, where
each D* meson decays into a D meson and a photon
or neutral pion, are demonstrated to be quantum corre-
lated using a dataset corresponding to an integrated
luminosity of 7.13 fb=! collected at center-of-mass
energies between 4.13 and 4.23 GeV by the BESIII
experiment. Charged conjugation is implied here and
throughout the paper.

At higher energies the C-eigenvalues of the additional
particles produced in the D* decays dictate that of the DD
pair. It naturally follows that the DD pair can be in a C-even
or odd eigenstate. Table I displays the six possible DD
production mechanisms for the processes examined in
this paper. The y and #° particles possess the eigenvalues
C, = —land C,» = +1, respectively, and so that of the DD
pair produced in the process, e*e™ — DD + ny + mza°, is
given by

C=(C)" I x (Cp) = (=1)". (2)

The quantum-correlated DD pairs reconstructed in the
dataset are exploited to measure the strong-phase difference
between D° — K~z" and D° — K~z decays, denoted

Published by the American Physical Society


https://crossmark.crossref.org/dialog/?doi=10.1103/q6qr-8csr&domain=pdf&date_stamp=2025-10-20
https://doi.org/10.1103/q6qr-8csr
https://doi.org/10.1103/q6qr-8csr
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

M. ABLIKIM et al.

PHYS. REV. D 112, 072006 (2025)

TABLE L. Mechanisms by which quantum-correlated DD pairs
with eigenvalue C are produced through the e* e~ — DD, D*D,
and D*D* processes.

Production mechanism C
ete” - DD -1
ete” - D*D — DDy +1
ete - D*D — DD’ -1
ete” — D*D* — DDyy -1
ete” - D*D* — DD’ +1
ete” - D*D* — DDa°x° -1

52”, and defined through the amplitude ratio,

oAD" - Kzt

D it W, (3)
where 2 is the magnitude of that ratio. The strong-phase
difference 5%, is of particular interest, as it is an auxiliary
parameter both in measurements of charm mixing and CP
violation [11,12], and measurements of CP violation in
B* — DK* decays where the D subsequently decays to
the Kr final state [13]. The deviation of 5%[ from 7 also
provides information on the breaking of U-spin symmetry
in the decays of charmed hadrons [14—17]. The most
precise single measurement of this parameter with quan-
tum-correlated DD pairs is 62, = (187.6755%2:)°, where
the first uncertainty is statistical and the second is system-
atic, performed by BESIII at the y(3770) resonance using a
dataset corresponding to an integrated luminosity of
2.93 fb~! [5]. This measurement, however, is less precise
than the indirect determination of 6%, = (190.2 +2.8)°,
obtained by the LHCb Collaboration from a fit to an
ensemble of charm mixing and b-hadron decay data [18].
Improved measurements with quantum-correlated DD
pairs are desirable to test the consistency of both determi-
nations, and to maximize the precision with which CP-
violating and mixing parameters can be determined from
external measurements of beauty and charm decays.

The decay rate for the process DD — Y, vs Y, is central
to the discussion throughout the paper, and it is given by

I(DD - Y, vsY,)
A2A2
= [r} + 13 +2CR Ry 1y c08(6) = 6,)]
— (14 C)y[R, 7 cos 8, (1 +13) + Ryry cos 65(1 4 17)]
— (14 C)x[Ryrysind; (1 = 13) 4 Ryry sin (1 — r7)]
+ O(x%,y?), @)

where x and y are the charm-mixing parameters defined in
Ref. [18], and A;, r;, R;, and 6; are defined as

A= / A(DO = ¥,)dp. (5)

o / A(D = ¥,)dp. (6)
22

r; = 2 (7)

NYE ’

and dp is an element of the phase space of the decay. One
important difference between the decay rates of C-even and
-odd DD pairs is that the former are affected by charm
mixing at first order, whilst the dependence is quadratic for
those in a C-odd eigenstate.

The remainder of the paper is organized as follows. First,
the BESIII detector is described in Sec. II. Then, the
selection requirements are outlined in Sec. III, with a focus
on those which are used to isolate the DD pairs produced
through each production mechanism in Table I. Following
this, Sec. IV presents a demonstration of the quantum
correlations in each process using final states which are
forbidden when C = 1 and enhanced when C = —1, and
vice versa. Finally, the strong-phase difference &%, is
measured in Secs. V=VII, before a combination with the
results of Ref. [5] is detailed in Sec. VIII.

Rieiéi

(8)

I1. BESIII DETECTOR, SIMULATION, AND
DATA SAMPLES

The BESIII detector [19] records symmetric e*e™
collisions provided by the BEPCII storage ring [20] in
the center-of-mass energy range from 1.84 to 4.95 GeV,
with a peak luminosity of 1.1 x 10°* cm™s~! achieved at
\/s = 3.773 GeV. BESIII has collected large data samples
in this energy region [21]. The cylindrical core of the
BESII detector covers 93% of the full solid angle and
consists of a helium-based multilayer drift chamber
(MDC), a time-of-flight system (TOF), and a CsI(TI)
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 identi-
fication modules interleaved with steel. The charged-
particle momentum resolution at 1 GeV/c is 0.5%, and
the dE/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 plastic scintillator TOF
barrel region is 68 ps, while that in the end-cap region was
110 ps. The end cap TOF system was upgraded in 2015
using multigap resistive plate chamber technology,
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providing a time resolution of 60 ps, which benefits ~85%
of the data used in this analysis [22-24].

Monte Carlo (MC) simulated data samples produced
with a GEANT4-based [25] software package, which
includes the geometric description of the BESIII detector
and the detector response, are used to determine detection
efficiencies and to estimate backgrounds. The simulation
models the beam-energy spread and initial-state radiation
(ISR) in the e™e™ annihilations with the generator KKMC
[26]. The generator does not include the quantum corre-
lations. Corrections are applied for this where required for
background estimates. The inclusive MC sample includes
the production of open-charm processes, the ISR produc-
tion of vector charmonium(-like) states, and the continuum
processes incorporated in KKMC [26]. All particle decays
are modeled with EVTGEN [27] using branching fractions
either taken from the Particle Data Group (PDG) [28],
when available, or otherwise estimated with LUNDCHARM
[29,30]. Final-state radiation from charged final-state par-
ticles is incorporated using the PHOTOS package [31].

III. SELECTION REQUIREMENTS

The selection of candidates is divided into two stages.
First, the D-meson decays are reconstructed in six final
states, K*zT, K*K=, nta~, zta= 2% K3x° and Kzt 7.
The D-decay candidates are combined to form DD pairs,
from which a single best candidate is selected per event
through the criteria described later in this section. Then,
requirements are placed on the pairs to distinguish between
the various DD production mechanisms.

Charged tracks detected in the MDC are required to be
within a polar angle (6) range of |cos 0] < 0.93, where 0 is
defined with respect to the z axis, which is the symmetry
axis of the MDC. Furthermore, the distance of closest
approach to the interaction point (IP) must be less than
10 cm along the z axis, |V,|, and less than 1 cm in the
transverse plane, |V,,|. Particle identification (PID) for
charged tracks combines measurements of the energy
deposited in the MDC (dE/dx) and the flight time in the
TOF to form likelihoods L(h)(h = p,K,n) for each
hadron & hypothesis. Tracks are identified as kaons and
pions by comparing the likelihoods for the kaon and pion
hypotheses, £(K) > L(z) and L(z) > L(K), respectively.

The 7° mesons are reconstructed through the 7° — yy
decay. Photon candidates are identified using isolated
showers in the EMC. The deposited energy of each shower
must be more than 25 MeV in the barrel region
(|cos | < 0.80) and more than 50 MeV in the end cap
region (0.86 < |cos@| < 0.92). To exclude showers that
originate from charged tracks, the angle subtended by the
EMC shower and the position of the closest charged track at
the EMC must be greater than ten degrees as measured
from the IP. To suppress electronic noise and showers
unrelated to the event, the difference between the EMC

time and the event start time is required to be within
[0, 700] ns. The z¥ candidates are reconstructed from two
photons, where at least one produces a shower in the barrel
of the EMC to provide the necessary energy resolution. The
reconstructed invariant mass of the yy pair must be
M,, €[115,150] MeV/c?. Finally, a kinematic fit con-
straining the two photons to the known z° mass [28] is
performed which is required to converge with a loose
requirement on the y? of the fit.

Each K g candidate is reconstructed from two oppositely
charged tracks satisfying |V.| < 20 cm. The two charged
tracks are assigned as 7z 7~ without imposing further PID
criteria. They are constrained to originate from a common
vertex and are required to have an invariant mass M-
satisfying [M .- — myo| < 12 MeV/c?, where myq is the
known K9 mass [28]. A secondary-vertex fit is performed
to the K3 children tracks which must converge with a loose
requirement on the y* of the fit.

The K mesons used to form D — K3z° candidates are
subject to flight-distance significance requirements to reject
background from D — ntz~ % decays. Specifically, the
decay length of the K? candidate from the IP is required to
be greater than twice the vertex resolution. The opposite
requirement is placed on the 7z z~ pair in the selection of
D — ntn 7" candidates.

In each event the D-decay candidates are reconstructed
using the above criteria. From these, a single best DD
candidate is chosen to be that with an average reconstructed
invariant mass closest to the known D° mass [28], which is
subsequently used to discriminate between the different
production mechanisms. The strategy is first to isolate the
ete” - DD,ete” — D*D, and e"e~ — D*D* processes,
and then the possible D* decays.

The isolation begins by applying a requirement on the
missing energy, E ., defined as the difference between the
center-of-mass energy and that of the DD pair,

Emiss = Ecm - EDEv (9)

where E_, is the collision energy in the center-of-mass
frame and E,5 is the energy of the DD pair calculated
using the four-momentum, p, of each particle determined in
an event-wide kinematic fit where all the hypothesized
intermediate particles (K2, 7, D°, D*), are constrained to
their known masses, m, from the PDG [28]. Figure 1(a)
shows the E,; distribution of DD — K~z" vs K*n~ can-
didates in simulation. This final state is used throughout the
paper as a control channel due to the large branching fraction
and reconstruction efficiency of the D° — K~ z* decay.
Furthermore, both decays in the D° — K*7~, D% — K=z ™
path to the final state are doubly Cabibbo suppressed
compared to the alternative, D° - K~z",D° - K*z~,
so the quantum correlations have little impact on the decay
rate. In Fig. 1(a), the missing energy peaks at zero for
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FIG. 1. The (a) Eysss (b) Meep, (C) Miliss.DB’ ()] Mrznmﬂ)5 distributions of DD — K~ztvs K™z~ candidates in MC simulation
samples. The AM - vs M. p- distribution of simulated DD — K~z vs K™z~ decays which originate from the (¢) D*D* — yyDD and
D*D* — ya°DD and (f) D*D* — 72°2°DD processes are also shown. The vertical dashed lines are used to distinguish between
production mechanisms and correspond to the requirements in Table II.

candidates that originate from the ee~ — DD process, but
is larger for the e e~ — D*D and eTe~ — D*D* processes
due to the missing light neutral particles from the D* decays.

The minimum difference between the recoil mass of each
D meson and the known mass of the D** meson,

AZMrec,D = min (erCC.Dl — Mpwo Mrec.D2 — Mpo )7 (10)

’

is used to distinguish between the e"e™ — D*D and
ete” — D*D* processes. The simulated AM,, p distribu-
tion for DD — K-zt vs K*7~ candidates that pass the
E iss > 70 MeV requirement, to remove the contribution
from the ete~ — DD process, can be seen in Fig. 1(b). The
recoil mass, M. p, is the invariant mass of the other
particles in the event after one of the D meson decays is
reconstructed with momentum pj,,
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1

[ = 2 o]z
CzMreCVD:|:<Egm_ 62|pD|2+m2D0> _|62pD|2:| . (11)

It is possible to use E, to separate the D*D processes
from D*D*, however, M, p displays a better resolution
because it only relies on the kinematic information of a
single D meson from each event.

It is evident from Fig. 1 that the requirements placed do
not perfectly isolate each production mechanism. The
primary cause is events with a reduced center-of-mass
energy due to ISR, which produce the long tails that are
clearly visible in the E;; and M. p distributions. The
cross feed between production mechanisms is accounted
for in the later steps of the analysis as discussed in Sec. IV.

Two sources of backgrounds pass the E; and M. p
requirements. Firstly, there are contributions from incor-
rectly reconstructed D decays, which peak underneath the
signal due to the D-meson mass constraints applied when
calculating E, ;i and M .. p. These are subtracted from the
samples through fits to the reconstructed invariant masses
of both D-decays as discussed in Sec. IV. Secondly, D°D°
pairs which decay to the correct final state and are produced
in the et e~ — D*TD*~ process, where D** — 7 D, pass
the selection requirements to isolate the DD pairs from
D*D* production with large rates. These are indistinguish-
able from signal in the aforementioned fits. However, they
are significantly suppressed by requiring no charged tracks
be found in addition to those used to reconstruct the DD
pair and by requiring all pion candidates in the event have a
tracked momentum greater than 100 MeV/c.

The selection efficiency of the neutral particle from the
D* decay is low. Therefore, to maximize the signal yields,
the DD production mechanisms that originate from the
D*D and D*D* processes are distinguished by partial
reconstruction. For example, to discriminate between the
D*® — yD° and D** — 7°D° decays that originate from the
ete™ — D*D process, a missing mass variable, defined as

C4MI2niSS,DB = Erzniss - 02|I_5D1 + ﬁDz |21 (12)

is used. Figure 1(c) shows the MiiSS.DB distribution in
simulation.

Up to this point, separation between the DD,
D*D — yDD, and D*D — 7°DD production mechanisms
has been achieved using three discriminating variables
which only require reconstruction of the DD pair.
However, the same strategy is much less effective in
isolating the three production mechanisms that arise from
D*D* decays due to the two additional neutral particles.
Again, to maintain a high efficiency a partial reconstruction
technique is employed. A single D* — yD candidate from
each event, chosen to be that which has a reconstructed

invariant mass closest to the D*0 from all combinations of

the two selected D mesons and all photon candidates, is
used to distinguish the D*D* — yyDD and D*D* —
72%yDD production mechanisms from D*D* — 7z°z°DD.
This is achieved by selecting a region in the two-dimen-
sional phase space defined by the difference between the
reconstructed invariant mass of the D* candidate and the
PDG value [28], denoted AM -, and the recoil mass of the
D* candidate, M.p-, which is defined similarly
to Eq. (11).

For DD pairs produced in D*D* — yyDD and D*D* —
#%yDD decays, the corresponding distributions will peak
around AM . ~0 GeV/c? and M e p- =~ mp-, as shown in
Fig. 1(e). The long tail at AMp- ~0 and high M. p-
occurs due to ISR, whilst the other, shorter tails are caused
by the detector resolution. For the D*D* — 7°2°DD
production mechanism, the D* meson is reconstructed
by combining a D meson with a random photon, and thus
the corresponding distribution will peak in a displaced
region dictated by the momentum distribution of the
photon, as can be seen in Fig. 1(f). Due to the correlation
of the AMp- and M, - variables for D*D* — 7°2°DD
events, nonrectangular selections are applied to remove
misidentified D*D* — 7°2°DD events. The D°D° pairs
produced in the D**D*~ process show the same displace-
ment, and therefore they are effectively removed by the
same selections from the yyDD and yz°DD samples.

The D*D* — yyDD production mechanism is distin-
guished from D*D* — 7%y DD using the missing mass after
reconstructing the D and D* mesons,

412 =(E
miss,yDD _( cm

2 (13)

- Epp)? —c*|pp + Ppr

Finally, two techniques can be applied to reconstruct DD
pairs produced in D*D* — 7°2°DD decays. The first
proceeds by reconstructing a single D* — z°D° candidate.
However, due to the low momenta of the photons
produced in the 7° — yy decay, the reconstruction effi-
ciency is too low. The second attempt examines the
candidates that do not pass the requirements placed to
reconstruct the other production mechanisms originating
from the D*D* process. However, the irreducible back-
ground from the D**D*~ process is deemed to be too
large. Therefore, in this analysis, the ete™ — 7%2°DD
production mechanism is not explicitly reconstructed. The
small amount that remains in the sample are incorporated
as signal alongside the e*e™ — yyDD process where the
DD pair has the same C-eigenvalue. Together they are
referred to as D*D* — yy/2°2°DD.

Table II summarizes the selection requirements applied
to isolate the DD pairs. As mentioned above, and shown in
Fig. 1, the criteria imposed do not isolate pure samples, and
there is non-negligible cross feed between the production
mechanisms. Table III displays the efficiencies determined
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TABLE II.

The DD pair production mechanisms of interest, their expected C eigenvalues, and the criteria applied to isolate each

sample. A ‘v’ in the AMp- vs M. p- column means that candidates are required to be in the red-dashed region displayed in Fig. 1(e).

2

Production mechanism [C] E\iss AM e p Mlzniss b AMp- vs Mo p- M. 5 Dr.slow
(GeV) (GeV/c?) (GeV/c?)? region (GeV/e c%)2 (MeV/c)

DD [-1] [-0.030, 0.060] X .

D*D — yDD [+1] > 0.070 [-0.050, 0.050] < 0.008 X

D*D — 7°DD [-1] > 0.070 [-0.050, 0.050] > 0.011 X

D*D* - yz°DD [+1] > 0.070 > 0.070 v < 0.01 > 100

D*D* = yy/x°z°DD[-1] > 0.070 > 0.070 4 > 0.01 > 100

TABLE III.

Efficiency, in percent, of reconstructing the DD — K~z vs K*z~ final state in simulation. An element with row i and

column j gives the efficiency of reconstructing the production mechanism, i, after applying the selection requirements devised to isolate

DD pairs produced by process j.

Identified as

DD D*D — yDD D*D — z2°DD D*D* —» yi°DD D*D* = yy/n°z°DD
True DD 32.45 2.98 0 0 0.07
D*D — yDD 0 25.44 1.57 0 1.94
D*D — 2°DD 0 0.40 30.06 0.55 0.50
D*D* — yn°DD 0 0 0 25.23 1.04
D*D* = yy/n°z°DD 0 0 0 0.25 8.83

in simulation of reconstructing a particular production
mechanism given the selection requirements applied to
isolate another. It should be noted that the efficiency of
correctly reconstructing DD pairs from the eTe™ — yyDD
production mechanism with the designed selection require-
ments is relatively high (~25%), but it is reduced in
Table III because the definition of the D*D* —
yy/n°z°DD production mechanism includes the ete™ —
72°72°D*D* process.

Good agreement is found between the distributions of
the selection variables in data and MC simulation samples,
as shown in Fig. 2. Minor differences are observed due to
the imperfect modeling of the resolution and the limited
knowledge of the input cross sections and branching
fractions. The consequences of these differences are probed
as systematic uncertainties, as discussed in Sec. VI, but are
found to be small because the choice of observables leads to
weak sensitivity to the related assumptions.

IV. DEMONSTRATION OF QUANTUM
COHERENCE

To demonstrate the quantum correlations in DD pairs for
the different production mechanisms, final states that are
expected to be enhanced or forbidden are analyzed.
Specifically, a coherence parameter, k, is determined for
each production mechanism of interest by comparing the
observed signal yields, after applying the relevant selection
requirements, with the predictions assuming the decays of
the D and D mesons are independent. If the observed yields

are consistent with containing contributions solely from
quantum-correlated D meson pairs, then k = 1, and x =
0.5 if the DD pairs are completely uncorrelated.
Expressing the amplitude of the quantum-correlated DD
pair from Eq. (1) in terms of the D meson CP-even and
-odd eigenstates, denoted Dy and D, respectively, gives
|Do)|Dg) — |Dg)|Do)

when C = —1, (14)

|Dg)|Dg) = |Do)|Do)  when C=+1,  (15)
from which it is evident that the decay into two final states
with the same CP is forbidden (enhanced) when C = —1
(+1). The opposite is true for decays into a mixed CP
final state.

To demonstrate the quantum correlations, the DD pairs
are reconstructed in combinations of decays into the two
CP-even final states, D - KTK~ and D — n* 7z, the CP-

odd D — K7° decay, and D — "z~ z°. The last mode is

not a CP eigenstate but has a CP-even fraction of F T”O =
0.9406 + 0.0042 [32], and can therefore be used as a quasi
CP-even eigenstate after including a small correction to
account for the CP-odd content. Five final states consisting
of two CP eigenstates are examined, as displayed in
Table IV. The other combinations of D decays are not
used, either because the purity of the sample is deemed to
be too low or it provides limited additional sensitivity.
The effects of the quantum correlations in each double
CP-eigenstate final state are already apparent from Fig. 3
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DD — Kzt vs Kt~ candidates in data and MC simulation samples that contain signal and background contributions.

without a quantitative analysis. The plots compare the =~ TABLEIV. The double CP-eigenstate decays used throughout
M? 5 distributions of the candidates in data with the  the measurement.

miss,D
prediction from simulation assuming the decays of the Dand 55 _, CP cigenvalue
D mesons are independent. For the CP-even final states, — . !
such as Kin”vs K2z the data are clearly suppressed ”+”—ﬂo vs Kfr” B -
relative to the prediction from simulation in the region 7 7 7 VSK'K +l

2 2/ 4 T o K37% vs K370 +1
M=, _ > 0.01 GeV-/c* where the C-odd DD pairs S S

miss,DD K(S)ﬂo vs KT K~ —1

* Ty (13 aY)) : _

produced through the D*D — z°DD production mecha KOx® vs 7t - ~1

nism lie. The inverse behavior, where the data are enhanced
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FIG. 3. Comparisons between the M>.
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_ distributions in data and MC simulation samples for each of the final states used to

___miss, K .
demonstrate the C-coherence of the DD pairs. The data are enhanced or suppressed relative to the MC samples, which does not account
for quantum correlations, depending on the final state and the expected C-eigenvalue of the DD pairs that can be found in a particular

region.

relative to the simulation, is seen in the region M fniss B

0.01 GeV?/c* where the C-even DD pairs originating from
the D*D — yDD process are found. The opposite regions
are enhanced and suppressed in data for the CP-odd
final states, such as K3z°vs K*K~. Further examples of
enhancement and suppression in the data can be seen in the

2 distributions used to distinguish between the
miss,yDD

D*D* - ya°DD and D*D* — yy/n°z°DD processes,
which are displayed in Fig. 4.

The DD — K*z¥ vs K*zT decay channel also provides
a test of the coherence of each production mechanism. For
this final state, ry=r,=r2 , §,=6,=6%_,and R, =R,=1.
Therefore with C = +1 Eq. (4) becomes,

xsin 8, + ycos 5L,
R (e e N
Kn

whilst it is suppressed to O(x?,y?) when C = —1, and
hence it has never been observed in quantum-correlated
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FIG. 4. Comparisons between the M>

5 distributions in data and MC simulation samples for each of the final states used to

__miss,y K .
demonstrate the C-coherence of the DD pairs. The data are enhanced or suppressed relative to the MC samples, which does not account
for quantum correlations, depending on the final state and the expected C-eigenvalue of the DD pairs that can be found in a particular

region.

DD pairs at the charm threshold. The enhancement
from the mixing terms in the above equation is O(10%)
making the DD — K¥z% vs K*z 7 decays from C-even
DD pairs a promising channel for future measurements of x
and y [33].

The signal yields for each final state are determined after
applying the selection requirements for each production
mechanism through a two-dimensional fit to the recon-
structed invariant mass distributions of both D candidates.

Each mass distribution contains contributions from cor-
rectly reconstructed D decays and combinatorial back-
ground. Therefore, each fit has at least four components
given by the various combinations of contributions to the
mass distributions for the D decays. In the fit, the yield of
each of these components is a floating parameter.
Furthermore, correctly reconstructed D decays are modeled
by a kernel density estimation (KDE) [34] of the distribu-
tion in simulation, convolved with a Gaussian with floating
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Projections of the fits to the DD — K~x* vs K™z~ decays passing the requirements which isolate the (top) D*D — yDD,

(center) D*D — 7DD, and (bottom) D*D* — yz°DD production mechanisms.

mean and width parameters. Combinatorial background
components are modeled by linear polynomials with
floating slope parameters.

Some fit categories include backgrounds from e*e~
scattering to identical final states without proceeding
through an intermediate e"e~™ — XDD process which
primarily arise from continuum production of light
hadrons. These are modeled by a Gaussian function in
the difference of the reconstructed invariant masses with
floating mean and width parameters, as the reconstructed
invariant masses of these backgrounds are anticorrelated

due to conservation of energy. As shorthand, this back-
ground source is referred to as “correlated ¢ggq”.

Figure 5 displays the fits to DD — K~z" vs Kz~
candidates that pass the selection requirements to isolate
the D*D — yDD, D*D — z°DD, and D*D* — ya°DD
production mechanisms. The latter two display the largest
yields, whilst the first is chosen to show the small back-
ground contributions.

Finally, for the final states which include a D — 77~ 7°
decay, there is a small contribution from D — K3z° decays
which peak around the known D° mass. They are not
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FIG. 6. Projections of the fits to various final states used to demonstrate the quantum coherence of each production mechanism. The fits to the
(top) DD — K32°%vs K32° candidates passing the requirements for the D*D* — ya°DD decays, (second from top) DD —
ntn~n°vs K*K~ candidates passing the requirements for the D*D* —yy/z°z°DD decays, (second from bottom) DD — K3z°vs KT K~
candidates passing the requirements for the D*D — yDD decays, and (bottom) DD — K~z vs K~z candidates passing the requirements
for the D*D* — yz°DD decays are shown. In each case, the left and right plots correspond to the projections of the two D decays.

explicitly modeled in the fit and are therefore absorbed into the
signal component. The fractional contribution to the signal

yield from this background, R K0 is determined in simulation
to be around Ryo =~ 3%. Given the D — K97° decay is CP

odd and the D — zt 7~ 7° decay is mostly CP even, it is

important to account for this contamination, as discussed
below. The rate of the inverse scenario, where D — 7t 7~z
decays pass the selection criteria for the D — K g 7¥ decays, is
reduced to a negligible rate by the K9 invariant mass and
flight-distance significance requirements. Figure 6 displays a
sample of the fits to various final states.
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TABLE V. Summary of the observed yields and statistical uncertainties for all double CP-eigenstate decays in each production

mechanism.

Final state DD D*D — yDD D*D — z°DD D*D* = yi°DD D*D* = yy/n°2°DD
K" vs  Ktno 681.5+288  1198.04+38.8  2477.0 +50.6 2316.7 £51.5 1146.6 4 37.4
oo vs K30 80.21139 23.0780 272.61 192 29.6132 9291104
rtra® vs  KTK- 15.4123 85.1113% 21.9%77 177.55)88 8.97%3

K27° vs K3z 10570 30.0782 48136 57.7°84 6.239

K3n® vs  KYK™ 28.7189 2.953 100.9%03 17539 325183

K2 vs  ata 10.0133 -1.6133 54.017% 0.3+ 17.6747

K*n¥ vs  K*zF —0.2+2] 18+£6 2+3 35+] 5+3

The cross feed discussed in Sec. III means each fitted
signal yield contains contributions from DD pairs produced
through multiple processes. Corrections for the cross feed
and selection efficiencies are simultaneously applied
through the matrix equation,

i=A"'N, (17)

where 7 gives the efficiency corrected yields for each

process, N contains the observed yields after applying the
selection requirements to isolate each process, as deter-
mined by the fits, and the entries of the matrix A;; give the
probabilities of a DD event from production mechanism i
being identified with production mechanism j, as deter-
mined in simulation. An example of such a matrix can be
found in Table III.

The aforementioned coherence parameters describing
each production mechanism are determined in a fit which
compares the observed signal yields, summarized in
Table V, with the predictions assuming the D and D decays
are independent. The predicted yields of the DD decays to
two CP eigenstates, denoted DD — Y, vs Y, are found by
comparing to those measured in the DD — K~ z* vs Kt~
decay control channel,

Z3D0—>Y BDO—>Y — Y
Pt Wty § KA 1 N

Bz Y. Y, Krn,Kn'Y Kn,Kn»
DY-K-zt

NYI,YQ = (2 - 5;?)
(18)

where (2 — 62) is a combinatoric correction in terms of the

Kronecker delta function and Bpo_y is the D° branching
fraction to a final state Y. The matrix « is defined as

iis C-enhanced,
iis C-forbidden,

K; when i = j and

K:: =

ij 1_Ki

when i = j and
0 when i # j,

(19)

such that it is diagonal with a single coherence parameter to
describe each process. For final states with a D — 77~ 7°
decay the coherence parameters are corrected by a factor,
F 1””0/ (I+R K(SJ), to account for the CP-odd contribution

and background from D — K(S)zzo decays.

The DD — K*#¥ vs K* T decays are included in the fit
by examining the ratio of efficiency-corrected yields with
respect to those determined in DD — K-zt vsKtn~
decays. The predicted ratio is given by

xsindR, + ycos 5y,
A e

D
T'kn

where f, = k; for processes that result in C-even DD pairs
and (1 — ;) in the C-odd scenario.

Two sources of systematic uncertainty are included in the
fit. First, the knowledge of the D decay branching fractions
is accounted for by a Gaussian constraining each to the
measured value from the PDG [28]. The second systematic
uncertainty is due to efficiency differences between
data and MC simulation samples in the charged-track
PID, K9, and 7° reconstruction. In the fit, the selection
efficiencies for each final state are multiplied by a
factor which accounts for differences from data due to
the three aforementioned effects. For example, in DD —
K37°vs KT K~ decays the efficiencies are multiplied by
(1 + Aepp)*(1 + Aego)(1 + Aey), since there are two
charged tracks subject to PID, one Kg meson, and one
7Y meson in the final state. The PID and z° reconstruction
efficiency differences, denoted by Aeprp and Ae,o respec-
tively, are Gaussian constrained to (0 & 1)% in the fit. The
K(S) reconstruction efficiency difference, denoted by Ang,
is Gaussian constrained to (0 4 2)% in the fit. The external
parameters x, y, r2, 62, and F7** are precisely known
and hence they are fixed to the values determined in
Refs. [18,32]. The measured coherence parameters, which
are displayed in Table VI, are all found to be consistent with
one with y>/n.d.f. = 19.9/25, confirming the expectations.
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TABLE VI. Measured coherence parameters for each produc-
tion mechanism.

Production mechanism [C] K

DD [-1] 1.015 £ 0.066
D*D — yDD [+1] 1.044 £+ 0.044
D*D — n°DD [-1] 1.028 £ 0.024
D*D* — ya°DD [+1] 1.027 £0.017
D*D* — yy/n°z°DD [-1] 0.963 + 0.060

The systematic uncertainties are around 35% of the total
uncertainties shown in Table VI

The effects of the quantum correlations are further evident
in Fig. 7, which shows the ratio of the efficiency-corrected
yield to the prediction assuming the DD pair is not quantum
correlated for each final state and production mechanism.
Once again the uncorrelated predictions are determined
using the DD — K~z* vs K*n~ decay yields. The mea-
sured ratios are found to be in good agreement with the
predictions assuming each production mechanism is in a
pure C eigenstate as computed using Eq. (4), which are zero
for all suppressed decays and 2 + O(x?, y?) for enhanced
decays from C-odd DD pairs. Charm-mixing corrections
are considered in the predictions for the enhanced
decays of C-even DD pairs. In the decays to two CP
eigenstates the predicted ratio is 2(1 +4y) where the
preceding sign on y is negative (positive) for two CP-even
(odd) decays, and it is 2(1 — (ycos 62, + xsindQ,)/r.)
for the DD — KT 7% vs KT 7% decays. For the final states
that include a D — z* 72~ z° decay, a small correction is

applied to the predictions to account for the CP-odd content
and the background from D — K3z° decays.

The results obtained constitute the first observation of C-
even DD pairs. Moreover, they are the first demonstration
of the quantum correlations in DD pairs produced above
the charm threshold, and opens the way for data collected at
these energies to be used for measurements of the strong
phases of D mesons.

V. MEASUREMENT OF 62

A. Overview

A measurement of the strong-phase difference between
D° - K=z" and D° —» K=" decays, 62, is performed.
This determination assumes the expected quantum-corre-
lated behavior of the DD pairs from each production
mechanism that is validated in Sec. IV. The strong-phase
difference &%, is measured using DD — K zn"vsY
decays, where Y is one of the four CP eigenstates presented
in Table IV or Kdz"z~, and is referred to as the ‘tag’
throughout.

From Eq. (4), it can be shown that for the CP tags, the
quantum correlations enhance or suppress the decay rate
relative to the scenario where the decays of the D and D
mesons are independent of each other by the factor

2CArR cossR — (1+C)y
L+ (rka)? ’

1+ (1)

where terms smaller than O(r%_y) are neglected, and the
parameter A = +1,—1, and 2FT”O — 1 for the CP-even,

\ \ \ \
=== Quantum-correlated prediction Y DD [C=+]] 8 DD [C = +1]
; 1 DDC=-1] ¢ DD[C=-1] ¥ y/2%7°DD [C = —1]
2
E } I 1
= |F o ——d=-L. s | == -E
For | F
2|8
FE
5% 1
Oz
§ i
- ¢
S Fa -li—{- _I_i_ oo e
0qs T KK 0 s Kgﬁo o ys K§T KK Ty K=
Kim Y K%“O v K Y T © 7(+TY/“O \IS G

FIG. 7. The ratios of efficiency-corrected yields observed in data to those expected in the absence of correlations for each DD final
state originating from each production mechanism. The combined statistical and systematic uncertainties are shown.
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-odd, 7ztz~ 7" modes, respectively. The relative enhance-
ment is predicted to be around +12%, where the preceding
sign depends on the values of C and A.

The CP tags are used to measure the observable
rR.cos5%,. However, this alone does not allow for a
single solution of 62 . Input is required from DD —
K ztvs K(S’nﬂr‘ decays, which provide sensitivity to
the observables 2 cosé? and r2 sins®  through the
variation of the D — K3z "z~ decay strong-phase differ-
ence across phase space. In the previous measurement of
6%, performed at the w(3770) resonance [5], DD —
K=" vs K{n"n~ decays were also used. However, K}
mesons are rarely reconstructed in the BESIII detector due
to their long lifetime, and so the final state was partially
reconstructed. They are not used in this analysis because
the strategy employed to isolate the production mechanism
in Sec. III also relies on partial reconstruction.

In the measurement of r% cosé?, and rf sind%,
described in Sec. VC, the D — Kgﬂ'+ﬂ_ decay phase
space is divided into regions according to the “equal-
Adp” binning scheme described in Ref. [35]. The phase
space is characterized by the squared reconstructed invari-
ant masses m2 = m*(Kz~) and m% =m?(Kdz"). It is
divided into 16 regions which are symmetric around the
line m2 = m?. A region with index j (—j) has m3 > m?>
(mi < m?) and therefore the indices range from —8 to 8,
excluding 0.

Inputs for the hadronic parameters of the D — K(S)ﬂﬂr‘
decay are necessary to extract the observables. They are the

|

fraction of DY — K3z~ decays that are in region i,
denoted K;, and the amplitude weighted averaged cosine
(sine) difference of the strong-phase difference between
D° - K%zta~ and D° — K3ztz~ decays, denoted c; (s).
They are defined as

_ / AD® - Krta ) Pdm2dn?,  (22)

= / |A(D® - Kozt

/|A(D0—>K07z+ IAD® — Koxt 7o)

) Pdm2dm?,  (23)

‘= ,/K K
x cos(Adp)dm2dm?., (24)

§; = e /|A - K3n"77)||A(D° - Kdntz™)|

x sin(ASp)dm*dm?, (25)

where Ad), is the strong-phase difference between DY and
DY decays to the K3z "~ final state. The values used in this
measurement for each are taken from Ref. [35]. With these
definitions, the parameters in Eq. (4) become r; — rﬁ,r,
5 >R R —>Rg,=1,A2>K,, r3A} — K_;, R, cos 6, —
¢;, and R,sind, — s;, such that the fraction of DD —
K=z vs Kz z~ decays in a region, i, is given by

Yi = [(rg.)*K; + K_; + 2Cr@,/K;K_;(c;cos 6, + s;sin 62, )]
— (1 4+ C)y[rR, cos 6, (K; + K_;) + ¢;/KiK_(1 + (r2,)*)]

— (14 O)x[rR, sins2 (K; — K_;) + sV K;K_i(1 -

In the above equation, the region with index i combines
D — K*zn~ decays in region j and D — K~z decays in
region —j, where j = i.

B. Measuring r?_ cos 6%, using D decays
to CP-eigenstates

The signal yields are determined for each CP-eigenstate
tag and production mechanism using fits similar to those
performed in the previous section. Alongside the five
components first described in Sec. IV, additional back-
grounds from DD decays are present, which can leak into
the signal regions. Therefore, fit ranges wider than those in
Sec. IV are used. Consequently, an exponential function,
instead of a linear polynomial, is used to describe the
combinatorial background in the majority of fits, where
it is found to peak towards lower masses. In the fits to

(rke))]- (26)

|

DD — K=zt vsztn~z° candidates which pass the selec-
tion requirements for the D*D — z°DD and D*D* —
yy/7°z°DD production mechanisms, it is found that an
exponential is not a good model for the combinatorial
background in the reconstructed D — Kz invariant mass,
and therefore a second-order polynomial is used. The
choice of background shape is considered as a systematic
uncertainty.

The aforementioned backgrounds from DD decays, the
specific details of which follow, are modeled by a KDE of
the distribution in simulation. Firstly, D — K~ z*z° decays
can be wrongly reconstructed as D — K+ K™, where the 7+
is misidentified as a K™ and the #° is missed in the
reconstruction. In the fits to candidates passing the selec-
tions to isolate DD pairs from the eTe~™ — DD,
D*D — yDD, and D*D* — yy/2°2°DD processes the
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yield of this background is a floating parameter. In the
others, the number passing the selections is significantly
lower and therefore the yield is fixed relative to signal using
the rate in simulation with a small correction factor to
account for the effects of quantum correlations. In both
cases the contamination is less than 10% of the signal yield.

Background from D — K~ z"7° decays is also present in
the fits to candidates reconstructed as the D — 7z~ z°
decay, where the K~ is misidentified as a z~. In each fit the
yield of this contamination is a floating parameter.

Finally, an additional background is present from D —
K*n~ + 29, decays, where the K™ is misidentified as a 7"
and the 7° originates from the D* — Dz decay, in the fits
to the D — nt72 2" candidates passing the selection
criteria to isolate the D*D — 2°DD and D*D* —
ya°DD production mechanisms. Again, in each fit the
yield of this background is a floating parameter.

Figures 8 and 9 display the fits for each CP tag of the
candidates that pass the selection criteria to isolate the
D*D — 2°DD and D*D* — yz°DD production mecha-
nisms, which have the largest yields. The fitted signal
yields are corrected for residual backgrounds from DD
decays to the correct final state, where the DD pair
originates from the e*e™ — D*"D*~ process, by sub-
tracting the yield in simulation. The corrections are only
applied to DD pairs originating from the e"e~ — D*D*
processes and in all cases are less than 7% of the fitted
yields. The signal yields after the corrections are displayed
in Table VII.

The parameter r2_cos 82, is extracted in a y? fit which
compares the ratios of observed and predicted signal yields
in the C-even and -odd processes,

RObS _ Rpred 2
2 _ Y Y 27
X Z ( S R‘)’,bs ) ’ ( )

Y

where the sum runs over the CP-eigenstate tags. The
observed ratios are determined summing over the yields
measured in the fits which isolate DD pairs with C-even,
denoted E, and C-odd, denoted O, eigenvalues,

Nobs
- SN -
[O2aN6]

The ratio observables are chosen to cancel all systematic
uncertainties associated with the reconstruction of the final
state and the total number of produced DD pairs. The
predicted yields are determined by comparing to those
measured in DD — K-zt vs Kt n~ decays,

- B 0_, -zt _ -
NKﬂ,Y = g OK AKﬂ,Yf}é‘AK}z,KﬂNKﬂ,Km (29)
DY-Y

where f’é is a diagonal matrix with elements given by

1+2C,(2(rR, cos 8%,)* = (1R,)*)

(30)

for a row and column of index a. The matrix gives the
predicted enhancement or suppression for each production
mechanism. Each diagonal element is similar to Eq. (21),
but the denominator differs to account for the small effect
of quantum correlations on the DD — K~z*vs K*z~
decay rate. It should be noted that in practice the branching
fractions are not required because they cancel in the ratio.

Each efficiency matrix can be approximately
divided into the contributions from the reconstruction
of the final state and the isolation of each production
mechanism. Hence, the predicted yields are approxi-
mately @Ak, xAxrx, =@ Where a is a constant.
Therefore, using DD — K~ ztvs K* 7~ decays as a con-
trol channel is particularly beneficial because it results in
the partial cancellation of systematic uncertainties asso-
ciated with the efficiency of isolating each production
mechanism. The cancellation is not exact due to final-state
differences, for example, the resolution may vary between
the CP eigenstates with and without a z°.

In the fit, the observable r? coss? is a floating
parameter, and the DD — Kzt vsK¥zn~ yields are

Gaussian constrained to those in Table V. The remaining

parameters (2 )2, y and F™™ are fixed to the values in

Refs. [18,32]. The fit determines %, cos 52, = —0.070 £+
0.008 with y?/n.d.f. = 2.06/3 which corresponds to a p-
value of 56%.

A comparison between the observed and fitted ratios can
be found in Fig. 10. The prediction in the scenario where
the D and D mesons decay independently is also shown,
which is calculated using Eq. (29) without the enhancement
matrix f/-. The differences in the cross-feed efficiencies are
small between the final states, and therefore the uncorre-
lated prediction is approximately independent of the CP
tag. From Eq. (21), the final states with CP-even tags are
suppressed (enhanced) by around 12% when they originate
from DD pairs which are C-odd (even). This leads to the
naive expectation that the ratios for the CP-even tags will
be reduced by a factor of (1 —0.12)/(1+0.12) ~0.79
relative to the uncorrelated prediction, which is consistent
with the observations. The inverse is true for the CP-odd
D — K3n° tag, hence the enhancement in the ratio relative
to the uncorrelated prediction.

; D (o SD
C. Measuring r2, cos 6%, and r2, sin 62,
using D —> K3z * 7~ decays

The parameters r2_cos?  and r2 sins®  are deter-
mined by simultaneously fitting the reconstructed invari-
ant-mass distribution of both D mesons in 80 categories
given by the region of the D — K3z+z~ phase space and
the hypothesized production mechanism. In addition to the
five core components discussed previously, two additional
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FIG. 8. Projections of the fits to (top two) DD — K~ zx* vs K* K~ (bottom two) DD — K~ n" vsztz~ candidates passing the
selection requirements which isolated the D*D — z°DD and D*D* — yz°DD production mechanisms. The left and right columns
display the invariant-mass projections for the K~z and CP tag final states, respectively.
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FIG. 9. Projections of the fits to (top two) DD — K~ z" vsa "z~ z° (bottom two) DD — K~z vs K3z° candidates passing the
selection requirements which isolated the D*D — z°DD and D*D* — yz°DD production mechanisms. The left and right columns
display the invariant-mass projections for the K~z and CP tag final states, respectively.

background components are included in the fit. The first is
from DD~ — [K= 7], [K32~7°]p- decays, where the
DD~ pair originates from ete™ — D**D~ — Dz D~
production. These decays are only present in the categories
which isolate DD pairs originating from the e*e™ — D*D

process. The selection requirements effectively remove
this background in the other categories. The shape
and yield of this component are fixed to those determined
in simulation. The second background is from DD —
K7t vs Kdz*n~ decays, where the DD pair originates
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TABLE VIL

Observed signal yields and statistical uncertainties in DD — K~ 7t vs Y decays, where Y is a CP eigenstate, after

applying the selection requirements to isolate each production mechanism.

CP eigenstate DD D*D — yDD D*D = z°DD D*D* - yx°DD D*D* = yy/n°z°DD
KtK- 157 + 14 221+ 17 608 & 27 395 £+ 21 225417
T 76+ 11 66 + 10 198 £+ 16 137+ 13 98 + 11
atra® 377 £25 578 +29 1367 + 41 915 +35 495 4+ 26
K3n° 158 + 16 396 + 21 648 427 711428 270 £ 18

from eTe~ — D*TD*~ production. The background is only
present in the categories which isolate DD pairs produced
by the ete~ — D*D* process. In the fit, this background is
modeled with the same shape as signal and the yield is fixed
to that determined in simulation.

The signal yield in each category is given by the
prediction in Eq. (26) after accounting for cross feed
between the production mechanisms and migration
between the phase-space regions. Therefore, in a category
which isolates process, X, and is in phase-space region, i,
the signal yield is given by

NY = MyARy Y n", (31)

where M;; gives the probability that a decay originally
produced in region i is reconstructed in region j. In
principle, a different migration matrix could be used to
describe the DD pairs produced through each production
mechanism, but they are found to be consistent in simu-
lation so the average is used. In a similar way, the efficiency

| [ Fit
ZO 1.0F . Uncorrelated }
S [ "' prediction
W .+ Data
~ .t T
o 0.8pF 7 S B
Z -
ot
I T
0.6F }
I 1 1 1

FIG. 10. The ratios of the sum of signal yields determined after
applying the requirements to isolate C-even and C-odd DD pairs
for each CP tag. The result of the y? fit is displayed in red. The
predicted ratios in the absence of quantum correlations are also
shown and are labeled as the “uncorrelated prediction.”

matrices in regions j and —j are determined to be
consistent, and hence they are described by a single Al/l.
The c¢;, s;, K;, x, and y parameters which are used to
compute Y; are fixed to the values in Refs. [18,35,36].
Finally, the n? corresponds to a floating normalization
parameter for process Y. The fit determines r%_cos 52, =
—0.044 £ 0.014 and r2_sin 62, = —0.022 4 0.017, where
the uncertainties are statistical and the correlation between
the observables is 3%. The Supplemental Material [37]

contains a scan of all three observables as a function of

the input parameters (r2 )2, y, x, and F7** for use in

combinations.

Figure 11 displays a comparison between the difference
in Y; values in the C-even and C-odd processes determined
with the parametrization in Eq. (31), and an alternative
fit where the fraction of candidates in each phase-space
region is a floating parameter for all processes. The
agreement between the two is clear from the y?/n.d.f. =
10.5/16, which is significantly better than the comparison
between the data and the prediction assuming no
quantum correlations are present, where the Y, values
are the same for C-even and -odd production mechanisms,
and y?/n.d.f. = 26.5/16.
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FIG. 11. Difference between the fraction of DD —

K=zt vs K3zt 7~ decays in each Dalitz region in C-even and
C-odd production mechanisms. The differences for (solid red
line) the default fit, (black points) an alternative fit where the
fractional yield is a floating parameter in each category, and
(dashed blue line) the prediction assuming no quantum correla-
tions are displayed.
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VI. SYSTEMATIC UNCERTAINTIES

A number of systematic uncertainties associated with
assumptions in the various fits are evaluated. Firstly, the
uncertainty due to the knowledge of the ¢; and s; inputs is
determined by repeating the fit many times using an
alternative set of ¢; and s; generated according to their
uncertainties and correlations. The standard deviations of
the subsequent distributions of 2, cos 62 and 2 sin &%,
are assigned as the systematic uncertainties and are
determined to be approximately 8 x 107 and 27 x 107%,
respectively. The uncertainty on r%_sind%, is larger than
that of r? cos &2 because the s; inputs are less precise
than the c;. However, both are similar in magnitude to those
reported in the previous BESIII measurement of 62 [5].
The correlation between the observables due to this
systematic uncertainty is calculated to be 8%.

Similarly, a systematic uncertainty is included to account
for the statistical uncertainties on the K; inputs, which are
fixed in the fit, and it is estimated in a similar way to that of
the c; and s; inputs. The systematic uncertainty is found to
be 11 x 107 for r2_cos 52, and 10 x 107* for r2_sin 62,
with a correlation of 3%. This is significantly reduced
compared to Ref. [5], where this systematic uncertainty
dominated. The decrease is investigated further by repeat-
ing the systematic study using predicted signal yields
assuming that the DD pairs produced through all produc-
tion mechanisms are C-even or C-odd. The values of the
observables determined in the two scenarios are found to be
> 97% anticorrelated. So, varying the K; affects C-even
and -odd DD pairs in opposite ways, which leads to a
partial cancellation and thus a reduction in the systematic
uncertainty.

The cross feed between the production mechanisms is
primarily caused by missing energy due to ISR. In events
with ISR the effective center-of-mass energy of the e*e™
pair is reduced. To model such events the simulation
requires knowledge of the cross sections of the
ete” - DD, ete” — D*D, and eTe™ — D*D* processes
at the reduced center-of-mass energies, where the relative
uncertainties are at most around 20% [38]. The associated
systematic uncertainty is determined by repeating the fits
which determine the observables using alternate efficiency
matrices which are calculated in simulation where the
events with ISR are reweighted by £20%. Despite this
conservative estimate the shifts in the observables are
relatively small, for r2 cosé&?, measured with the CP
tags (D — K(S)zﬁﬂ‘) it is around 10% (4%) of the statistical
uncertainty, whilst for r2_sin62_ it is found to be negli-
gible. This systematic uncertainty is fully correlated across
all observables.

A number of uncertainties are associated with the
probability distribution functions used to model different
processes in the fits to determine the signal yields. As
mentioned above, a choice is made for the model used to

describe combinatorial background based on the fit quality.
For R, cos 8%, measured using the CP tags, the associated
systematic uncertainty is evaluated by performing the y? fit
using signal yields from fits with alternative background
shapes. A similar procedure is employed for the observ-
ables determined using the D — K3z "z~ decay. In par-
ticular, a second-order polynomial is used for fits with
combinatorial backgrounds that peak towards low masses,
and a first-order polynomial is used to describe back-
grounds with a relatively flat distribution. The systematic
uncertainty is found to be around 9% of the statistical
uncertainty for r2 cos 2 measured using the CP tags,
and approximately 2% and 7% for rP coss? —and
2 sins from the K3z tn~ tag, respectively.

The shape used to model the anticorrelated background is
chosen somewhat arbitrarily, but provides a good-quality fit to
the data. To estimate the associated uncertainty with the
choice of shape, a similar procedure to that described in the
previous paragraph is performed using three alternative
models which allow for additional freedom. They are an
asymmetric Gaussian function with different left- and right-
sided widths, a Crystal Ball function with an alternative
description of the tails [39], and a Gaussian multiplied by an
exponential to allow for a nonuniform distribution in
mp, —mp,. The systematic uncertainty is determined to be
less than 5% of the statistical uncertainty for all observables.

In general, good agreement is found between the
resolution of the selection variables in data and MC
simulation samples, as seen in Fig. 2. Furthermore, any
mismodeling will be reduced because the variables are
calculated with constraints on the masses of the D mesons.
Regardless, the effect is probed using alternative efficiency
matrices which are found by smearing the simulated
distributions of the variables used in the selection of
candidates discussed in Sec. III. For the CP tags, a
Gaussian with a width of 4.5 MeV (4.5 MeV/c?) for
energy (mass) variables, conservatively chosen to show
clear disagreement between the distributions in data and
MC simulation samples, is used for each final state. This
alternative choice of function leads to a negligible sys-
tematic uncertainty on ri, cos2,. For the D — K3x"z~
tag, any efficiency differences between data and MC
simulation samples are absorbed by the floating normali-
zation parameters in the fit, assuming the differences are
constant across the phase space. In general, this
assumption is good. However, it may not hold for
resolution differences between data and MC simulation
samples. The associated systematic uncertainty is con-
servatively estimated by performing the fit to data many
times using alternative efficiency matrices where the
discriminating variables discussed in Sec. III are smeared
by a random number between O and 3.5 MeV in each
phase-space region. The uncertainty is determined to be
around 5% of the statistical uncertainty for r2_ cos 52, and
negligible for r2_sin &%, .
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TABLE VIII. Summary of the systematic uncertainties
(x107™*), on the observables 7 cosd? and rR_sind?  deter-
mined using D decays to the CP eigenstates and K3zt 7~ Entries

TABLE IX. Values of the measured observables. The first
uncertainties are statistical and the second are systematic.

denoted with “—> are negligible or do not apply to the relevant ~ SOUrce Observable Value

observable. D—CP 2 cosd?,  —0.070+0.008 + 0.0015
R ocosdR, 1R cosél, R sindR D - Kdntn~ rP cos R, —0.044 £ 0.014 £ 0.0018

Systematic D—-CP D-Klntnm D—-Kiztzxm D- Kintn R sin ok —0.022 4 0.017 £ 0.0031

Cis §; 8 27

K, 1 10

ISR 8 6

D — [((S) 7° bkg 9 TABLE X. The correlations between the systematic uncertain-

Comb. bkg 7 3 12 ties on the observables. The observable r2_cos 5% with the T (¥)

Anti-corr. bkg 3 6 1 symbol is determined using the CP-eigenstate (K(S)IT+7T_) tags.

MC resolution 7

Bias 4 (R cosR )T (R _cosdR)F 1R sinéR,

S T S T R T

atistica (r2, cos 62 )% 1 0.19
2 sin 62, 1

The ratio of D — K3z° decays passing the D — 7t 7~ z°

selection criteria, R KY» is determined using simulation.
However, the ratio could be affected by mismodeling
and quantum correlations. Therefore, the associated sys-
tematic uncertainty is evaluated by repeating the y? fit
using a ratio determined in data. Specifically, the
number of D — K2z° decays in each sample is estimated
through a two-dimensional fit to the reconstructed invariant
mass of the D - K~z decay and the "z~ pair, using
candidates which satisfy m,+,- €[0.35,0.6] GeV/c* and
My 0 €[1.8,1.92] GeV/c?. The ratios determined for
the five production mechanisms are in good agreement and
the average is determined to be (3.7 £ 0.4)%. Using this
ratio, the parameter ri, cos&?, shifts by 5% of the
statistical uncertainty, which is assigned as the systematic
uncertainty.

A closure check of the y? fit to extract r2_cos 6%, from
the CP tags is performed using signal yields which are
generated using the values of r2_and 52 from Ref. [18].
The fit returns the expected value of 2 cos 82 with a bias
of around 4 x 107*. Given the bias is less than the least
significant figure on the reported value, no correction is
applied to r2 coss® . and it is included as a systematic
uncertainty.

Additional studies are performed to estimate the effects
of the uncertainty in the fixed ratios parametrizing the
DD — K*nF vs K¥n*7° decay background, knowledge
of the ete™ — D**D*~ and ete™ — D**D~ cross sec-
tions, and the uncertainties of the fixed parameters in the
fits to determine the observables, each of which is deter-
mined to be negligible. A summary of the systematic
uncertainties is displayed in Table VIII. The total system-
atic uncertainty on ri, cosé®, from the CP tags is
approximately 19% of the statistical uncertainty, whilst it

is around 13% and 18% for ri, coss%, and r sinsR,
measured using the D — ngr+7r‘ decay, respectively.

VIL. EXTRACTING 62,

The three measured r2_ cos 52, and r2_sin 6% observ-
ables, summarized in Table IX, are combined in a ;(2 fit to
determine &%, which uses a covariance matrix that
combines statistical and systematic uncertainties. The
correlations between the observables due to the latter are
shown in Table X. Those for each individual systematic
uncertainty are assumed to be zero unless explicitly
mentioned in the previous section.

The fit yields 62, = (192.87),3%;)", where the first
uncertainty is statistical and the second is systematic, when
R is fixed to the value determined in Ref. [18]. This result
is in good agreement with the global average &%, =
(190.2 +2.8)° from Ref. [18], and is competitive with
the previous BESIII measurement 6%, = (187.6755 )
[5], made at the y(3770) resonance.

VIII. BESIIT COMBINATION

A maximum likelihood fit is performed to find the
combined value of 62, from BESIII measurements using
the observables presented in this paper and the study
using data collected at the y(3770) resonance [5]. Two of
the observables in Ref. [5] are r_ cos 6% and r2_ sin &%,
determined by examining the phase space of the D —
Kg,Lﬂ'J'_ﬂ_ decays. As such, the systematic uncertainty
due to fixing the c¢; and s; inputs is assumed to be
completely correlated with the equivalent observables in
this analysis. The systematic associated with the K;
inputs is also shared between the analyses. However,
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the uncertainty is found to be significantly lower here,
and the KVz*n~ tags use different K; inputs, so the
correlation is assumed to be zero. All other systematic
uncertainties are uncorrelated. The full correlation matrix
is displayed in the Appendix.

In the fit, the external inputs r%,, y, and FT”O are
Gaussian constrained to the values in Refs. [18,32]. The
result is 62, = (189.21574)°, where the first uncertainty
is statistical and the second is systematic.

IX. OUTLOOK AND SUMMARY

The measurement presented in this paper is the
first to use quantum-correlated DD pairs produced
above the charm threshold, and enables opportunities
for similar studies in the future. The DD pairs are
examined through eTe™ — XDD production, where X
is a combination of photons and neutral pions. These
processes allow for DD pairs in a C-even eigenstate
which, until now, have never been observed. All previous
strong-phase measurements with quantum-correlated
DD pairs have been performed using data collected at
the w(3770) resonance where they are in a C-odd
eigenstate.

The C-even DD pairs have prospects beyond strong-
phase studies. These events can be used for time-integrated
measurements of the charm-mixing parameters, which
impact decay rates at first order compared to a quadratic
dependence in the C-odd scenario. Such studies would
provide important, independent tests of the results obtained
by the LHCb Collaboration using time-dependent tech-
niques. The prospects for future measurements are dis-
cussed further in Ref. [33].

The use of C-even and -odd DD pairs in the measure-
ment has allowed for the deployment of novel techniques
with systematic benefits compared to those used at the
w(3770) resonance. The strong-phase difference 6% is
found to be 6%, = (192.87,9]9)°, which is competitive
with the previous BESIII determination [5]. A combination
is performed with the results of Ref. [5] which finds a value
of 88, = (189.215754)°.

In summary, the quantum coherence in DD pairs
produced above the charm threshold has been demon-
strated. A method to exploit these data without lowering
reconstruction efficiency due to the presence of
neutral particles has been developed. Methods where
the C-even and C-odd states are simultaneously measured
are shown to have significant advantages over corre-
sponding methods using only a single state of quantum-
correlation. These results open up a new avenue of future
studies, making use of DD pairs produced in this energy

regime, that will complement those made at the charm
threshold.
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APPENDIX: BESIII CORRELATION MATRIX

Table XI displays the correlations between the observ-
ables in this analysis and in Ref. [5] due to the systematic
uncertainties.
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TABLE XI.

The correlations between the systematic uncertainties on the observables in this measurement (denoted by an asterisk) and

Ref. [5]. The observables 2 cos &%, with the © (¥) symbol is determined using the CP-eigenstate (K37 77) tags.

0

(rR cos 88 )+ (rR . cos 88 )** (rR sin&? )~ Az o R cos 62, R sin 6%,

(2 cos 68 )+ 1 0.18 0 0 0 0 0
(r2 cos 68 )+ 1 0.19 0 0 0.09 0
(2 sinsP )* 1 0 0 0.34 0
Ag, 1 0.16 0 0

111(7;,”[) 1 O O
2 cos 82, 1 0
R sin 6%, 1
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