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The study of meson pairs produced with quantum correlations gives direct access to parameters that are
challenging to measure in other systems. In this Letter, the existence of quantum correlations due to charge-
conjugation symmetry C are demonstrated in DD pairs produced through the processes ete™ — DD,
ete” — D*D, and eTe™ — D*D*, where the lack of charge superscripts refers to an admixture of neutral-
charm-meson particle and antiparticle states, using 7.13 fb~! of e™e~ collision data collected by the BESIII
experiment between center-of-mass energies of 4.13—4.23 GeV. Processes with either C-even or C-odd
constraints are identified and separated. A procedure is presented that harnesses the entangled production
process to enable measurements of D°-meson hadronic parameters. This Letter provides the first
confirmation of quantum correlations in e*e~™ — XDD processes and the first observation of a C-even
constrained DD system. The procedure is applied to measure 6%, the strong phase between the D0 —
K-z* and D° — K~z decay amplitudes, which results in the determination of 5¢_ = (192.8711:9+]19y°,
The potential for measurements of other hadronic decay parameters and charm mixing with these and

future datasets is also discussed.

DOI: 10.1103/dkgg-9twj

Quantum correlations induced by charge-conjugation
symmetry C in the production of pairs of neutral D mesons
from electron-positron collisions have been well-demon-
strated with data collected near energy threshold by the
CLEO and BESIII Collaborations [1-4]. The production
through a virtual photon and the intermediate vector y(3770)
resonance both enforce the DD final state to be C-odd, where
the lack of charge superscripts on the D mesons refers to an
admixture of the neutral-charm-meson particle and antipar-
ticle states. This constraint induces interference between the
mass and charge-parity (CP) eigenstates of the cu system.
The interference has been harnessed to determine hadronic
parameters such as the strong-phase difference between
decays of D° and D° mesons to the same final state.
These hadronic parameters are critical inputs to the inter-
pretation of mixing and CP-violation measurements in the
decays of charm and beauty quarks [5,6].

The presence of such correlations for DD pairs produced
in higher energy e*e™ collisions, where additional particles
may be produced, has been previously proposed [7-12] but
never examined experimentally. In these collisions, the DD
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system can be produced as flavor-definite, or with either
C-odd or C-even constraints, depending on the additional
particles produced during the collision. When the accom-
panying particle system X is composed of only a combina-
tion of photons and z° mesons, the expected C eigenvalue of
the DD pair is simply (—1)"*!, where n is the number of
additional photons produced in the collision. Final states that
are suppressed in a C-odd initial state are enhanced in the C-
even case and vice versa. Additionally, the interference of
DD final states depends on the D°~D° mixing parameters
[5] x and y at first order for a C-even constrained system,
where x and y are enhanced relative to a flavor-definite state
[8,10]. In comparison, the dependence is quadratic in the C-
odd case. This dependence introduces the opportunity for
measurements of charm mixing from e*e™ collision data
using a time-integrated method.

This Letter presents the study of quantum correlations in
DD pairs produced in the processes ete™ — DD, ete™ —
D*D [13], and eTe~ — D*D*, and the first observation of
C-even constrained DD pairs with 7.13 b~ of ete™
collision data collected by the BESIII experiment between
center-of-mass energies of 4.13—4.23 GeV. The correlations
are exploited to measure the strong phase 5%, between
D’ — K=7* and D — K~z decays, which is described
in detail in Ref. [14]. The potential for future measurements
is also discussed.

The BESII detector [15] records the data from sym-
metric e e~ collisions provided by the BEPCII storage ring
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[16]. The cylindrical core of the BESIII detector covers
93% of the full solid angle and consists of a helium-based
multilayer drift chamber, a plastic scintillator time-of-flight
system, and a CsI(Tl) electromagnetic calorimeter. All
these detectors are enclosed in a superconducting solenoi-
dal 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 end-cap time-of-flight system was upgraded in
2015 using multigap resistive plate chamber technology.
This upgrade occurred after the 1.1 fb~' of data was
collected at the center-of-mass energy of 4.16 GeV, but
benefits all other data samples in this analysis.

Simulated samples produced with a Geant4-based [17]
(MC) package, which includes the geometric description of
the BESIII detector and the detector response, are used to
determine detection efficiencies and estimate backgrounds.
The simulation models the beam-energy spread and initial-
state radiation in the e e~ annihilations with the generator
KKMC [18]. The production of open-charm pairs, radiative
production of charmonia, and continuum processes are also
generated with KkMC. All particle decays are modeled with
EvtGen [19,20], using branching fractions either taken from
the Particle Data Group [21] when available, or otherwise
estimated with Lundcharm [22,23]. Final-state radiation from
charged final-state particles is incorporated using the
PHOTOS package [24]. The simulation is produced without
quantum correlations, allowing for a null-test comparison
to the data. Simulation samples for the ete™ — D'DO,
ete” —» DD, and ete” — D**D* processes are pro-
duced with 40 times the luminosity of the data sample and
scaled down for comparison.

The presence of quantum correlations is studied
in five ete™ - XDD production mechanisms expected
to be C-definite: DD[C = —1], D*D — yDD|C = +1],
D*D — z°DD[C = —1], D*D* — yz°DD|C = +1], and
D*D* — yy/n°z°DD[C = —1]. Quantum correlations are
demonstrated in the production mechanisms of interest
through the examination of the rates of DD pairs decaying
to final states expected to be forbidden or enhanced under C
constraints with negligible dependence on poorly known
external parameters. The examined final states are either
composed of two individual CP-eigenstate D decays [25],
or subject to exchange symmetries of the two D mesons
imposed on the overall DD wave function. These rates are
measured relative to the DD — Kz~ vs K~z final state,
which has a rate that is affected negligibly by C correla-
tions. The measured rates of both forbidden and enhanced
processes are interpreted together to confirm the presence
of correlations in each production mechanism with
expected eigenvalue C.,,. The presence of the correlations
is quantified through a coherence factor «, defined by

C|D5> = KCexp|D5> - (1 - K)Cexp‘D5>' (1)

A sample that is completely coherent will have x = 1, and
0.5 if exactly incoherent.

The DD pairs decaying to the final states listed in Table I
are reconstructed and assigned production-mechanism
hypotheses using kinematic variables. Three kinematic
variables of the reconstructed DD pair are used to isolate
DD and D*D events,

= — — 4ag2 — F2 _ 2512
Emiss = Ec.m. EDDv c Mmiss,DE = Emiss c pDE’
and AM.p = min (’Mm‘D —mpo|, |M .5 —mpo ),

(2)

where E., is the eTe™ collision energy in the center-of-
mass frame, p,; (E,7) is the three-momentum (energy) of
the DD pair calculated under kinematic constraints to
optimize resolution, mp-0 corresponds to the known D*°
mass [21], and the recoil mass M. p is defined as

1

2 3
CzMrec,D = |:<E%m — 4/ czpzp + c4m%)0> - CzpzD:| . (3)

. . + —_ I~
Eiss 1s used to isolate eTe™ — DD events, AM..p
separates eTe” — D*D from ete” — D*D* events,

2 . . . *7 I~
and Mmiss,DB distinguishes between D*D — yDD and

D*D — z°DD hypotheses. For events that are not catego-
rized as ete™ — DD or ete™ — D*D, a D* — yD candi-
date is searched for from the combination of each D
candidate and additional photon candidates. Selections
are applied on the reconstructed invariant mass and the
recoil mass of the D* candidate, defined similarly to
Eq. (3), to suppress backgrounds. D*D* — yz°DD events
are isolated from the other D*D* decay hypotheses with the

variable M2 ~ _, defined similarly to the variable in
miss,yDD

Eq. (2). Flavor-definite D°D° pairs produced from
D**D*~ — at2~D°D° are suppressed with vetoes on
low-momentum charged pions. It should be noted that
the isolation selection requirements rely only on partial
reconstruction of the final state to maximize selection
efficiencies: D* D events are identified by only reconstruct-
ing the DD pair, and only a single D* — yD candidate is
reconstructed to identify D*D* events. Because of the low
efficiency and resolution with which the slow neutral pions
from D* — 7°D decays are reconstructed, this decay mode
is not pursued and D*D* — z°z°DD events are incorpo-
rated with low efficiency. Further details of the selection
criteria are presented in Ref. [14].

The discriminating power of the selection procedure
and evidence of quantum correlations are exemplified in
Fig. 1 for DD — K92° vs K%z° decays identified with
ete™ — D*D* production, where an enhancement in the
data is apparent in the D*D* — yz°DD [C = +1] region
of the distribution and a suppression is seen in the
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. . miss,yD . = .
candidates identified with an eTe™ — D*D* hypothesis in data,
compared to histograms from simulation samples produced
without quantum correlations.

D*D* — yyDDI[C = —1] region of the distribution, relative
to the correlation-free simulation.

The isolation selection requirements sort correctly recon-
structed DD pairs into production-mechanism hypotheses
with high efficiency and purity, but still introduce non-
negligible rates of production-mechanism misidentifica-
tion. This means that the observed yield from a given
production-mechanism hypothesis may contain contribu-
tions from DD pairs constrained to a C eigenvalue opposite
to what is assumed. Production mechanism cross feed
of this sort and selection and reconstruction efficiencies
are simultaneously accounted for through an unfolding
equation,

i=A"xN, (4)

where, for a given DD final state, 7 gives the efficiency-
corrected number of events from each production mecha-

nism, N contains the observed yields from each production-
mechanism hypothesis, and the entries of the matrix A;;
give the probabilities of an event produced from production
mechanism i being identified with production-mechanism
hypothesis j.

Table I lists the six examined DD final states whose rates
are expected to be maximally affected by the C constraints.
Additional combinations of the examined CP-eigenstate
decays are not considered due to limited sample sizes or
large backgrounds. The six final states, the DD — K~z vs
Kt 7~ final state considered for normalization, and the five
production-mechanism hypotheses for each final state leave
35 observed yields that must be determined. This is
achieved with fits to the two-dimensional distribution of
the reconstructed invariant mass of the D candidates, which
determines the observed yields of correctly reconstructed

TABLE L.  List of examined DD final states and their expected
CP eigenvalues. The rates of the first six listed final states are
expected to be significantly affected by quantum correlations.

DD — CP eigenvalue”
Vg av Vs K9n° -1
atan° Vs KtK~ +1
K970 Vs K90 +1
Kx° \& KTK~ -1
K9n° Vs xtn -1
K*nF vS$ K*n¥ Not applicable
K nt vs Ktn™ Not applicable

*The decay D — ztzz° is not exactly CP-definite, but is

treated as such with a correction factor based on the measured
CP-even fraction [26].

DD pairs and subtracts the small contributions from
backgrounds that mimic the DD final state.

The efficiency and cross-feed corrected yields for each of
the six final states in Table I are determined based on
Eq. (4) and expected to be significantly affected by the C
constraints. The impact of the quantum correlations in each
of these final states is studied as a ratio to the number of
observed DD — Kzt vs KTn~ decays, which has a rate
expected to be modified by less than 1% from the C
constraints. For simplicity of comparison, the ratios are
additionally scaled by measured branching fractions and
efficiencies such that the expected ratios in the absence of C
correlations and mixing effects are exactly unity. For a
production mechanism constrained to an eigenvalue C, the
ratios for CP-eigenstate DD pairs are expected to be 0 if
C # CP and 2 otherwise [27], to linear order in mixing
terms. While the D — K*z7F decay is not CP-definite, the
decay DD — K*zF vs K*zT is forbidden due to the
requirement of antisymmetric exchange of the D and D
mesons in a C-odd constrained system, while the C-even
ratio is predicted to be 2.2 due to additional enhancement
from mixing effects. The measured ratios are compared to
the quantum-correlated predictions in Fig. 2, which clearly
demonstrate the presence of quantum correlations in all
examined production mechanisms.

The information on the correlations from both enhanced
and forbidden final states is combined by introducing
independent coherence factors for each production mecha-
nism, as defined in Eq. (1). The quantum-correlated
predictions are reformulated to incorporate the coherence
factors, and the coherence factors are then determined by a
simultaneous y? fit to the 30 observed yields expected to be
forbidden or enhanced. Systematic uncertainties due to
imperfect knowledge of reconstruction efficiencies and
input branching fractions are accounted for through
Gaussian constraints in the fit, but contribute very little
to the determined uncertainties. The fit is of good quality,
with a y? per degree of freedom of 19.9/25. The fitted
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FIG. 2. The ratios of efficiency-corrected yields observed in data to those expected in the absence of correlations and mixing for each
DD final state originating from each production mechanism. The displayed errors include systematic uncertainties.

coherence factors and their uncertainties are shown in
Table II. The results all show good agreement with the
assumption of exact coherence in each of the studied
production mechanisms and are all incompatible with the
absence of quantum correlations, which validates
the procedure for analyzing the interference effects in
ete™ — XDD processes.

Given the demonstrated coherence, these samples can be
leveraged to measure hadronic parameters. The procedure
and results of Ref. [14] are summarized here, which employs
the mixture of C-even and C-odd correlations in a novel
measurement technique of 5% _, the strong-phase difference
between D° — K~z* and D° — K~ z*+ decay amplitudes.

The measurement of 6%, with these data proceeds
similarly to what is presented in the demonstration of
the correlations. Decays of DD — KT z* vs Y are recon-
structed, where Y is one of the following recoil D decay
modes: {z*7~ 2%, KY K=, n"n", ngro, K%ntz~}. The DD
pairs are then sorted into production-mechanism hypoth-
eses using the same selection requirements described in the
demonstration of quantum correlations, and observed
yields are determined through fits to the reconstructed
invariant masses of the two D candidates.

The examined CP-eigenstate recoil D decays are ana-
lyzed to measure r%_cos&?,, where £ is the magnitude

TABLE 1II. The coherence factors determined by fit to the
observed yields of the processes in Table I.

Production mechanism

K
DD 1.015 £ 0.066
D*D — yDD 1.044 +0.044
D*D — z°DD 1.028 £ 0.024
D*D* = yi°DD 1.027 £ 0.017
D*D* — yy/n°z°DD 0.963 4+ 0.060

of the ratio of the D - K=z and D° — K~z" decay
amplitudes. For each of the DD — KT z* vs CP-eigenstate
samples, a y* fit is performed to the ratio of observed yields
from the two C-even production mechanisms to the
observed yields in the three C-odd production mechanisms.
The production-mechanism cross-feed corrections are para-
metrized in the fit, and the corrected yields relate to
R cos 8% through the expected ratio,

R (1=22y)(1 + (rR)* + 24rR_cos 6% )
CP (1+ (rRe)? = 24rg, cosdg,) 7

(5)

where 4 = %1 corresponds to the CP eigenvalue [28] of the
recoil D decay. The parameters y and (r%,)? are fixed to the
values from Ref. [29] in the fit, and contribute negligible
uncertainty. Averaging the results of the four CP-eigenstate
decays determines r2 cos&? = —0.070 &+ 0.008, where
the reported uncertainty is statistical.

Samples of DD — KFz* vs Kyz*n~ decays allow an
additional determination of r% _cos 6%, and are also sensitive
to r_sin 82 due to the nontrivial strong phases of the D —
ngr*;r‘ decay amplitude. This sample is analyzed in bins of
the D — K(S)ﬂ+n‘ phase space defined by the “equal-Adp”
binning scheme from Ref. [3]. The parameters r2_ cos 52 and
rR sin?_ are determined by a simultaneous fit to the
reconstructed invariant-mass distributions in each phase-
space bin from each production-mechanism hypothesis,
which partitions the total sample into 80 subsamples. Cross
feed between phase-space bins and production mechanisms is
accounted for in the fit. The D — Kgﬂﬁr‘ parameters are
fixed to the values determined in Refs. [2,3], and the charm-
mixing parameters x and y to the values determined in
Ref. [29]. The fit determines r2 cos&? = —0.044 +

0.014 and r2_siné? = —0.022+£0.017, where both
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uncertainties are only statistical, with a y* per degree of
freedom of 85.1/73.

The results of the CP-eigenstate and K3z'z~
recoil decays in this Letter are combined accounting
for correlated systematic uncertainties [30] to determine
Skr = (192.8710900)°, with the value of 2, taken from
Ref. [29]. The result agrees well with the most precise
measurement from BESIII, performed at the w/(3770)
resonance, &%, = (187.6757%24)° [31], and a recent
indirect determination from the LHCb experiment
SR, = (190.2 £ 2.8)° from Ref. [29].

The presence of both C-even and C-odd correlated
samples allows for robust control of systematic uncertain-
ties. This is highlighted in comparison to Refs. [31,32],
which determined 6%, from e*e™ — DD events collected
near the production threshold. The examination of the
ratios of CP-eigenstate yields between C-even and C-odd
correlated samples provides cancellation in all systematic
uncertainties associated with reconstructing the DD final
state. For reference, such systematics contributed an
uncertainty roughly two-thirds of the statistical component
on the determination of rf coss?, from CP-eigenstate
decays in Ref. [31]. The mixed C constraints also benefit
the analysis of DD — K¥z% vs K(S)ﬂﬂr‘ decays, where the
leading uncertainties arise from the measurements of
hadronic parameters of the D — Kgﬂ+ﬂ'_ decay deter-
mined in Ref. [3]. The total systematic uncertainty on
the determination of 6%, in this Letter is reduced by roughly
a factor of 3 compared to Ref. [31], and arises from
production-mechanism cross-feed corrections and model-
ing small background contributions.

The total precision of this measurement with 7.13 fb~! of
data collected between E.,, = 4.13-4.23 GeV is roughly
equivalent to the previous measurement with 2.93 fb=! of
BESIII data collected at E.,, = 3.77 GeV presented in
Ref. [31]. The analysis presented in this Letter determines
6% with a larger statistical uncertainty despite a larger
integrated luminosity and comparable inclusive cross section
of ete™ — DD. The larger statistical uncertainty arises from
the challenge of D decays with missing particles in the final
state, such as D° — K9zt 7, as the production mechanisms
are partially reconstructed to optimize the yields of fully
reconstructed DD final states, and from the low efficiency
with which D*D* — 7°2°DD decays are reconstructed.
Despite this, the analysis presented in this Letter demonstrates
that D meson strong-phase measurements with e™e™ data
collected at higher energy ranges would complement the
established approach of studying D strong phases with data
collected near the y(3770) energy threshold.

Given the similar sensitivities, the result from this
measurement is combined with the result from Ref. [31]
accounting for correlated uncertainties due to the assumed
hadronic parameters of the D — K%z"z~ decay. The
combined analysis gives 6%, = (189.2783134)°.

Measurements of C-even constrained DD pairs similar to
those presented in this Letter with future datasets of e e~
collisions collected by BESIII and the proposed super z-
charm facility (STCF) [33] could also constrain the values
of parameters related to charm-mixing and indirect CP
violation, as discussed in Refs. [7-9,11,34]. Based on the
procedure presented in this Letter, the sensitivity of STCF
to the charm-mixing parameters x and y and the parameters
corresponding to CP violation in mixing [5], |¢/p| and ¢,
is examined. The sensitivities at several center-of-mass
energies primarily proposed for other physics goals are
analyzed: E., =4.01 GeV, E., =4.18 GeV, and
E.., =4.26 GeV. However, center-of-mass energies near
the y(4040) resonance are expected to be optimal for
collection of quantum-correlated DD pairs due to large
cross sections of both the ete™ — D*D and eTe™ — D*D*
processes, so the sensitivity from data collected at E, ,, =
4.03 GeV is also considered. Assumed cross sections are
taken from the measurements in Ref. [35], and
reconstruction efficiencies are estimated based on current
BESIII results. All combinations of the decay modes
considered in this Letter, the D —» K¥ 77 decay, and
the D — K¥zt 7zt 2~ decay using the binned results from
Ref. [4] are included in the sensitivity studies. The best
known values for branching fractions [21] and hadronic
parameters [3,4,29] are assumed, and the uncertainty on
these parameters is neglected as sufficient future precision
can be achieved with the C-odd samples produced from the
same data. The possibility of direct CP violation is
neglected, although it should be noted that the correlated
C-odd production mechanisms could be used to probe such
effects due to their quadratic dependence on mixing
parameters [8,36]. The precision with the considered
decays modes assuming 1 ab~! at each energy point is
shown in Table III, which allows for comparison in
sensitivity at these energy points. The final distribution
of luminosity at STCF should be informed by more detailed
studies of the e*e™ — D*D and D*D* production cross
sections near the y(4040) resonance and will need to be
optimized against competing physics goals. It should be

TABLE 1II. Projected statistical sensitivity to charm-mixing
parameters with 1 ab™! at various ete~ collision energies
using the D decay modes considered in this Letter and the
D — K¥7t7z° and D — K¥z*z*7z~ decays. The combined
sensitivity with 1 ab™! samples at each energy is also shown.

Ecm. (GeV) x (107 y 0™ q/pl(%) ¢ )
4.01 8.3 2.4 4.4 32
4.03 6.9 2.0 34 2.5
4.18 7.9 23 4.1 3.0
4.26 11.4 32 6.7 4.8
Combined (4 ab™") 5.6 L5 2.1 1.6
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noted that the stated sensitivities depend strongly on the
assumed hadronic parameters of the included modes.

The results of the sensitivity studies suggest that meas-
urement techniques similar to those presented in this Letter
at a high-intensity charm factory such as STCF would
provide roughly equivalent sensitivity to the current global
averages [29,37] dominated by results from the LHCb
Collaboration: 4.4 x 10~ on x, 2.1 x 10™* on y, 1.8% on
lg/p|, and 1.2° on ¢. This would provide the first
confirmation of a nonzero mass difference between neu-
tral-D-meson mass eigenstates outside of the LHCb
Collaboration and independent confirmation of other
parameters to current precision from a vastly different
measurement technique. The inclusion of additional decay
modes such as D — K¥e*v,, considered in Ref. [10], and
D — K"z~ 7", whose strong phases are not currently
well-known, would additionally improve the expected
precision on charm-mixing parameters.

In this Letter, the first demonstration of quantum
correlations of DD pairs produced in e e~ — XDD decays
has been presented, including the first observation
of C-even correlated DD pairs. These processes
have been employed to measure the strong phase between
D’ - Kzt and D°— K-zt decays, finding
Sxr = (192.871)9719)°. This opens up new prospects for
the measurement of D-meson hadronic parameters and
paves the way toward time-integrated measurements of
D°-DP mixing from e*e~ colliders.
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