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Abstract We established a method on measuring the D°-DO mixing parameter y for BESIII experiment at
the BEPCII ete™ collider. In this method, the doubly tagged 1(3770) — D°DO events, with one D decays
to C P-eigenstates and the other D decays semileptonically, are used to reconstruct the signals. Since this
analysis requires good e/7 separation, a likelihood approach, which combines the dE/dx, time of flight and the
electromagnetic shower detectors information, is used for particle identification. We estimate the sensitivity of
the measurement of y to be 0.007 based on a 20 fb~! fully simulated MC sample.
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1 Introduction

The mixing between a particle and its antiparti-
cle has been observed experimentally in neutral K,
B4 and By system. In the Standard Model, however,
the mixing rate of the neutral D system is expected
in general to be small and long-distance contributions
make it difficult to be calculated™ . Recently, sev-
eral measurements® % present evidences for D°-D®
mixing with the significance ranging from 3 to 4 stan-
dard deviations. This highlights the need for indepen-
dent measurements of the mixing parameters. Here,
we present a study on measuring the mixing parame-
ter y at BESIII experiment, which takes advantage of
the correlated threshold production of D°-DO pairs in
ete™ collisions.

For the neutral D meson system, two mass eigen-
states and flavor eigenstates are not equivalent and
can be expressed as the following form of the two
quantum states:

|Da,e) =p[D") £¢|D°), (1)

with eigenvalues of masses and widths to be m, 5 and
Iy 5. Conventionally, the D°-D° mixing is described
by two small dimensionless parameters:

Am AT’
=— =— 2
=7 Y=o (2)
where Am = may —mp, AI' = [y — I and ' =
(I'a+1%)/2. The mixing rate Ry is approximately
xQ + 2
Ry ~ 2y. (3)

In the limit of C'P conservation, the |D,) and |Dg)
denote the C'P eigenstates.
The mixing parameters can be measured in several

ways. The B-factories measured Ry; with semilep-
tonic D decay samples!'™ ') Refs. [12, 13] also gave
an estimation on the sensitivities of Ry; measurement
at BESIIL. Other attempts® ° are based on the
proper-time measurements of the neutral D meason
decays. However, the time-dependent analyse are not
possible at symmetric charm factory, which operates
at the P (3770) resonance. In this analysis, we utilize
the quantum-coherent threshold production of D°-D°
pairs in a state of definite C' = —1. Applying the kine-
matics of the process of etfe™ — (3770) — D°D?,
we can reconstruct both neutral D mesons (double
tagging (DT) technique) to obtain clean samples to
measure the mixing parameters, the strong phase dif-
ference and the C'P violation. For the single D° me-
son decays into a C'P eigenstate, the time-integrated
decay rate can be written as!"* *°:

Iope =I'(D° = fopy) =242, [1Fy], (4

where fcopi is a C'P eigenstate with eigenvalue £1,

and Acpy =|{feps|H|D®)| is the magnitude of decay
amplitude. If we consider the coherent D-pair de-
cays, in which one D decays into C'P eigenstates and
the other D decays semileptonically, the decay rate of
(D°DO) T L (15X) (feps) s described as!'®®):

Liep =T [(1FX) (fop)] & Alx AL, (5)

where Aj+x = |[(I¥X]||D°)|. Here, we neglect terms to
order 32 or higher since y is much smaller than unit.
We, thus, can derive:

l DepyI'op-
4

y— Fl;CPFCP+) '

Tior Tor:  Tiopilor (6)

To measure y at BESIII, only the electron chan-
nels are used to reconstruct the semileptonic D° de-
cays. In the muon channels, the transverse momen-
tum of muon is too low to be efficiently identified by
the BESIII muon detector. Thus, the e/7t separation
plays an essential role to suppress the backgrounds.
Fig. 1 shows the momentum distribution of the elec-
trons from the semileptonic D decays. The momen-
tum distribution of the pions from s quark decays is
similar to Fig. 1. As a result, the performance of elec-
tron identification (e-ID) will determine the precision
of the measurement of y parameter.
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Fig. 1. Momentum of the electron from D°

semileptonic decays.

The designed peak luminosity of BEPCII (Beijing
Electron Position Collider) is 10** cm™2-s7* at beam
energy Fye.m = 1.89 GeV, which is the highest in the
tau-charm region ever planned and an unprecedented
large number of P (3770) events is expected.

This paper is organized as follows: an improved
electron identification technique for BESIII is de-
scribed in Section 2. In Section 3, we describe the
method on reconstructing the signals with Mente
Carlo(MC) simulation samples. Section 4 presents
the estimated sensitivity of y measurement. The sum-
mary is presented in Section 5.

2 Electron identification

The BESIII detector operates at BEPCII and
consists of a beryllium beam pipe, a helium-based
small-celled drift chamber, Time-Of-Flight (TOF)
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counters for particle identification, a CsI(T1) crys-
tal electromagnetic calorimeter (EMC), a super-
conducting solenoidal magnet with the field of 1
Tesla, and a muon identifier of Resistive Plate Coun-
ters (RPC) interleaved with the magnet yoke plates.
The BESIII Offiline Software System (BOSS)! of
version 6.1.0 is used for this analysis. The detector
simulation” is based on GEANT4[Y,

The BESIII detector has four subsystems for par-
ticle identification: the dFE/dx of the main drift
chamber (MDC), TOF, EMC and the muon counter.
Among them, the dF/dx and the TOF systems are
mainly used for hadron separation, the EMC pro-
vides information for electron and photon identifi-
cation, the MUC has good performance on muon
identification!®? .

For electron identification, Refs. [23, 24] illustrate
the use of dE/dz of MDC and TOF information.
Here, an improved e/7t separation technique is intro-
duced in the following sections.

2.1 Electromagnetic calorimeter

The BESIII electromagnetic calorimeter®* 2! is

composed of one barrel and two endcap sections, cov-
ering 93% of 4. There are a total of 44 rings of
crystals along the z direction in the barrel, each with
120 crystals. And there are 6 layers in the endcap,
with different number of crystals in each layer. The
entire calorimeter has 6240 CsI(T1) crystals with a
total weight of about 24 tons. The energy resolution
is expected to be 2.5% and the spatial resolution is
expected to be 0.6 cm for 1 GeV/c photon.

The primary function of the EMC is to precisely
measure the energies and positions of electron and
photon. In order to distinguish electron from hadron,
we make use of significant differences in energy depo-
sition and the shower shape of different type of the
particles.

2.2 Variables used in e-ID

The following variables are used to identify the
electron from pion:

1) Ratio of the energy measured by the EMC and
the momentum of the charged track by the MDC
(E/p)

When an electron passes through the calorime-
ter, the electron produces electromagnetic shower and
loses its energy by pair-production, Bremsstrahlung
and ionizing/exciting atomic electrons. Since the
mass of electron is negligible in the energy range of
interest, we expect to have the ratio E/p =1 within
the measurement errors. For hadrons, the F/p is typ-
ically smaller than one.

2) Lateral shower shape at the EMC

In order to enhance the separation between the

electrons and the interacting hadrons, the lateral
shower shape can also be utilized. These vari-
ables include: Eieeq/Esx3, Esx3/FEsxs and the second-
moment. Here the E,.q is the energy deposited in
the central crystal, the F3.3 and Ej.5 represent the
energy deposit in the 3 x 3 and 5 x 5 crystal array,
respectively. The second-moment S is defined as

SR g

where F; is the energy deposit in the i-th crystal,
and d; is the distance between the i-th crystal and
the center position of reconstructed shower. Detailed
description of F/p and the lateral shower shape can
be found in Ref. [23].

3) Longitudinal shower shape at the EMC

The longitudinal shower shape provides additional
information for electron identification. The variable
Ag, between the polar angles where the track inter-
sects the EMC and the shower center, can be used.
The distributions of A¢ for electron and pion are
drawn in Fig. 2. The center of electron showers is
closer to the impact point of track on EMC since the
electron showers reach their maximum earlier than
hadrons.
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Fig. 2. A¢ of (a) electron (b) pion.

2.3 The correlation between variables

The E/p ratio, lateral shower shape and longitu-
dinal shower shape are all depending on the deposited
energy in the crystals. Thus, these variables may be
correlated. We calculate the correlation coefficients
pi; between the E/p, FEsus/FEs«s and A¢ using the
function:

M.
M; ;= T — ;) (x5 — ), i‘zila
»J ;( ) ( J J) p J \/W
(8)
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where i, j are the indices of the variable names. Fig. 3
shows the correlation between any two of the variables
of electron and pion, respectively, with the momen-
tum ranging from 0.2 GeV/c to 2.0 GeV/c. Here,

the x-axis represents the particle momentum and the
y-axis represents the correlation coefficient p;;. The
distribution indicates strong correlation between the
variables.
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Fig. 3. Correlations between (a) E/p and Fgseea/E3x3 of electron; (b) E/p and Fsxs/Esxs of electron;

(¢) Fseea/E3x3 and Esx3/FEsxs of electron; (d) E/p and Fseeda/FE3x3 of pion; (e) E/p and Fsxs/Esxs

of pion; (f) Esced/E3x3 and Esx3/FEsxs of pion.

2.4 PID algorithm

Considering the correlations between the vari-
ables, the traditional method for particle identifica-
tion may be underperforming. In the e-ID, we imple-
ment the artificial neural network (ANN)2% to pro-
vide a general framework for estimating non-linear
functional mapping between the input variables and
the output variable. For the neural network (NN)
training, we use the momentum, traverse momentum
and other six discriminants (total deposit energy, Es-
eed, Fsy3, Esys, second moment and A¢) as the in-
put variables. The network we choose has one hidden
layer with 16 neurons and one output value. Fig. 4
shows the two-dimension distributions of the out-
put value versus the momentum of the electrons and

number of events (X 10?)

25 20 15 10 05

ANN output
Fig. 4. The NN outputs of (a) pion (b) electron

samples with the momentum ranging from
0.2 GeV/c to 1.6 GeV/ec.

| pions. It is obvious that the distribution of the out-

put value depends on the momentum, especially at
low momentum region. Thus, it is unsuitable to ap-
ply a single cut on the output value to separate the
electrons from the pions. In practice, we construct
probability density function (PDF) of the NN output
value at every 0.1 GeV/c momentum bin. The PDF
is obtained from fitting the nearest 4 bins of the NN
output value, with the third-order polynomial func-
tion. Then, the PDF value of the NN output can be
extracted from the fit. Finally, we make the PID de-
cision by comparing the likelihood values of electron
and pion hypothesis.

2.5 The performance check

To combine the dF/dz, TOF and EMC informa-
tion, the likelihood approach®” is adopted. Firstly,
the likelihood value of each subsystem is calculated.
Then, the total likelihood value of each hypothesis is
calculated by the following formula:

9)

where Lyg /4, and Lror represent the likelihood value
of dE/dx and TOF subsystems respectively. Finally,
the likelihood ratio of electron hypothesis is defined
as:

Lot = LdE/dac * Lo * Lenvc,

L.

Ihf,=—2"—,
Je=T3L.

(10)

where L. and L, are the total likelihood value of elec-
tron and 7 hypothesis. To check the performance of
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the e/t separation, both the electron and pion sam-
ples are generated with the momentum ranging from
0.2 Gev/c to 1.6 GeV/c, by using single particle gen-
Fig. 5(a) shows the electron likelihood ra-
tio distributions of these samples. For a particle to
be identified as an electron, we require lhf, > 0.5.
Fig. 5(b) shows the combined e/ separation perfor-
mance using the dF/dz, TOF and EMC systems.
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3 @ |
% H
5
B
o
5}
e}
]
E E
10" &
0 0.1 02 03 04 05 06 0.7 0.8 09 1.0
Inf.
1.0 T
09 - ™ e )
0.8
0.7
206 -
5 0
% 04
03
02
0.1 - = T
0 [t ! TP T PPN -l .l L
02 04 06 08 10 12 14
P/(GeV/c)
Fig. 5. (a) lhfe of electron and 7 samples; (b)

performance of e/ seperation.

3 Simulation and reconstruction

3.1 The reconstruction of CP tags

For the neutral D meson decays, the main decay
modes of C' P+ eigenstate are KTK—, ntni—, Kgmn®,
1%, KsKg and p°7n®. The CP— eigenstates decay
through the modes Kg (7%, p°,m,1’, ¢, w). Considering
the branching ratio and the reconstruction efficiency,
we only simulated the KTK~, tt7wt~ for C P+ tagging,
and the Kg(n°,n,n’) for CP— tagging.

For selecting the charged tracks, the following se-
lection criteria are adopted:

1) All charged tracks must have a good helix fit,
and are required to be measured in the fiducial region
of MDC;

2) Their parameters must be corrected for energy
loss and multiple scattering according to the assigned
mass hypotheses;

3) The tracks not associated with K§ reconstruc-
tion are required to be originated from the interaction
point (IP).

For reconstructing the CP+ eigenstates, two
opposite-charged tracks of K or 7 are selected with
the requirements that they are from IP and to pass
a common vertex constraint. To identify a track as a

7t or K, we use the likelihood method to combine the
information of dE/dx and TOF with the likelihood
fraction of 7 or K greater than 0.5. Then the beam
constrained mass (M) of the D meson is used to dis-
tinguish the signal and background, and it is defined
as:

2
Moo= \/E‘tz)eam o (sz) - Egeam - (pD>27 (11)

where the Fy.n is the beam energy, the p; is the mo-
mentum of the i-th track and the pp = Zpi is the
momentum of the reconstructed D meson.

For tagging the CP— eigenstates, we need to re-
construct the neutral mesons Kg, 71°, 1 and n'. The
Kg candidates are reconstructed through the decay of
Kgs — mttrt~. The decay vertex formed by wtnt™ pair
is required to be away from the interaction point, and
the momentum vector of Tr7t~ pair must be aligned
with the position vector of the decay vertex to the
IP. Here we set L, /04, to be greater than 2, where
L., and o, are the measured decay length and the
error of the decay length of the Kg. The w7t~ in-
variant mass is required to be consistent with the Kg
nominal mass within +10 MeV. To identify the neu-
tral tracks, one has to address a number of processes
which can produce both real and spurious showers
in EMC. The major source of these “fake photons”
arises from hadronic interaction, which can create a
“split-oft” shower. This shower does not associate
with the main shower and may be recognized as a
photon. Other sources of fake photons include parti-
cle decays, back splash, beam associated background
and electronic noise. To reject “fake photons”, the
selection criteria for “good photon” include a de-
posit energy cut, and a spatial cut, which requires
that the cluster is isolated from the nearest charged
tracks. These “cuts” are set to be E, > 40 MeV
and A., > 18°, where E, and A, represent the de-
posited energy and the crossing angle of the cluster
to the nearest charged track, respectively. The neu-
tral pions are reconstructed from 7® — yy decays
using the photons observed in the barrel and endcap
regions of EMC. At the energies of interest, a 71° de-
cays into two isolated photons. In addition, we also
reconstruct 1/n’ candidates in the modes of n — vy,
n—ntnn’ n — vyp® and n’ — N, For these
modes, 30 consistency with the 7°/n/n’ mass is re-
quired, followed by a kinematic mass constraint. For
CP— eigenstates, the beam constrained mass is also
used to select the signal.

Under the environment of BOSS 6.1.0, we sim-
ulated D°-D° pairs production at the (3770) peak
with one D decayed into C' P eigenstates and the other
D decayed semileptonically. The C' P+ eigenstates are
decayed through mt7t~ and KTK™ according to their
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branching ratios. For C'P— eigenstates, the decay
modes Kg7t°, Kgn and Kgn/ are included. In the Kg,
7%, 1 and 1’ decays, the decay modes are listed as
follows: Kg —nttn~, n® —=vyy, n—vyy,n—nrn n,
1 —vp®, and i’ —nmtn~. For the CP+ and CP—
eigenstates, we generated 30 000 events for each MC
sample. The distributions of the beam constrained
mass of D meson are shown in Fig. 6.
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Fig. 6. The My of (a) the CP— tags; (b) the
C P+ tags.

(®)

3.2 The reconstruction of semileptonic tags

For tagging the semileptonic decays, we use the
decay mode D° — K~eTv,. To reconstruct the neutral
D meson, good tracks for one electron and one kaon
candidate are required. The good track selection cri-
teria are the same as the C'P tagging discussed in Sec-
tion 3.1. The electron and kaon candidates are also
required to be from the IP, and the likelihood ratio of
the electron and kaon must both be greater than 0.5.
Moreover, the two tracks need to pass a common ver-
tex constraint. After the electron and pion selections,
a standard partial reconstruction technique is applied
to this semileptonic decay channel with one neutrino
associated. Here, we use the “missing mass” (Up;ss) Of
neutrino to select the signal candidates. The “missing
mass” is defined as follows:

Umiss = Limiss — Pmi557 (12)

where Eo = Ep,,, — Ex — E. and Py = |Pp,., —
Pk — Po| are the missing energy and momentum of
the neutrino. Here, Ex . and px,. are the measured
energy and momentum of the selected kaon and elec-
tron track. Ep,,, is the energy of the D meson, which
is equal to the beam energy. pp,,, = —Pp.p is the
3-momentum of the D meson, which can be obtained

from the reconstructed momentum of the C' P tagged
D meson. For neutrino, the energy and momentum
are equal. Thus, the distribution of U,,;,s must have
a mean value at zero. The distribution of U, i8S
shown in Fig. 7. We apply a 30 cut on the U, to
select the semileptonic D decays.

N w BN W
T T T T

number of events (X 10%)

60 (b)
50
40

30

number of events

O ;|_|'|_|I|_|;L"|_H 1 1 1 1

—0.04 —0.02 0 0.02 0.04
Umiss/Gev

Fig. 7. Umiss of ve for (a) CP+ tags and (b)
CP— tags.

4 The sensitivity of y

Table 1 shows the reconstruction efficiency and
the number of estimated doubly-tagged events for dif-
ferent simulated decay channels. For ~ 20 fb~! lumi-
nosity at P(3770) peak, which approximately corre-
sponds to four years data taking at BESIII, about
8.0 x 107 D°-DO pairs can be produced. According to
the full simulation, about 11000 doubly tagged C P+
decays and 9000 doubly tagged C'P— decays can be
reconstructed.

Table 1. The efficiency and expected events for
8.0x107 D°-DO decays for different decay chan-
nels.

decay mode efficiency event estimation
K- etve
KK+, n—nt 40% 11701
K- etwve
Ksm® 16.8% 7345

K etve
Ken 7.7% 715

K- etve

Ko/ 4.7% 953

For a small y, to calculate the o, of Eq. (6), we
ignore the statistical error from single tagged events.
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Hence, the statistical error of y parameter can be ob-
tained from the following equation:

Y L. (13)
Ty VN, TN,

where N; and N, represent the reconstructed doubly-
tagged C P+ and C'P— events. As a result, the o, is
estimated to be 0.007 with ~ 20 fb™" data at {(3770)
peak in this analysis. Since the double tagging tech-
nique is adopted here, the background effect can be
ignored comparing to the statistical sensitivity esti-
mated above.

5 Summary

In this paper, we presented a MC study on mea-
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