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Abstract The decay of D0
→ K−π+ is a golden channel in the study of D0-D0 mixing at ψ(3770). The

requirements of excellent K/π separation will play an essential role in the mixing search. A technique was

developed to precisely extract event start time (t0) with TOF measurements in multiple charged tracks event

at BES0. After the t0 extracting algorithm, the time resolution of double-layer TOF reduced from ∼78ps to

∼64ps, the upper limit of D0-D0 mixing rate at 95% CL can be improved by a factor of 7% in 20fb−1 ψ(3770)

data.

Key words D0-D0 mixing, D0
→K−π+, particle identification, TOF, event start time

1 Introduction

In the Standard Model(SM), D0-D0 mixing is gen-

erated by short distance diagrams including the one

shown in Fig. 1. The heaviest off-shell intermediate

quark is the b. The mixing rate goes as the square

of the mass of the intermediate quark, we can see D0

mixing is highly suppressed relative to K0 mixing or

B0 mixing, since the top quark is active in these sys-

tems. Mixing due to natural causes in the Standard

Model can be enhanced by the so-called /long dis-

tance effects0, which are more-or-less the transition

of a D0 into an on-shell meson pair, such as K+K−

Fig. 1. A diagram for D0-D0 mixing in the

Standard Model.

with the mass mK+K− = mD0 and then transition back

to a D0. Mixing is characterized by the mass def-
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erence, ∆m, and the width difference ∆Γ , between

CP+ and CP− eigenstates.

x =
∆m

Γ
,

y =
∆Γ

Γ
,

(1)

where the width Γ is related to the lifetime, τD0 , as

Γ •τD0 = ~. The mixing rate RM is approximately

RM =
x2 +y2

2
. (2)

The prediction of x and y in the Standard Model,

varies by several orders of magnitudes (10−7—

10−2)
[1—7]

. Several non-standard models predict |x|>
0.01. Contributions to x at this level could result from

the new physics effects in loops, for example new par-

ticles with masses as high as 10—100 TeV
[8, 9]

.

The parameters x and y can be measured in va-

riety of ways. The most popular measurements in

recent years, are obtained by exploiting the time-

dependence of D decays, including: the measure-

ment of the wrong-sign semileptonic branching ratio

D0 → K+l−νl, which is sensitive to RM; decay rates

to CP eigenstates D0 →K+K− and π+π−, which are

sensitive to y; the wrong sign D0 → K+π− hadronic

branching ratio, which is sensitive to x′2 = (y sinδKπ+

xcosδKπ)2 and y′ = y cosδKπ − xsinδKπ, where δKπ

is the relative strong phase between D0 and D0 de-

cay to K+π−; and the decay rate of D0 → K0
sπ

+π−,

which determines the strong phase δK0
s π

+
π
− from a

Dalitz analysis and measures x and y. The most pre-

cise constraints
[10]

on x′ and y′ are drawn in Fig. 2,

|x| ∼ |y| are of order 10−3—10−2. By the limits of

current experimental sensitivity, D0 mixing has not

been observed.

The upgraded Beijing Electron Positron col-

lider(BEPC/) will run in Ecm=2—4.2GeV energy re-

gion, with a designed luminosity of 1×1033cm−2·s−1

at a beam energy of 1.89GeV, for the precision τ-

charm physics studies. Running at Charm thresh-

old can provide extremely clean and pure charm

events. Time-dependent analyse are not feasible

at BESIII; However, the quantum cohenrence of

the two initial state D mesons for ψ(3770) allows

both simple and sophisticated methods to measure

D0-D0 mixing paramters, strong phase, CP eigenstate

branching fractions and CP violation
[11, 12]

. For in-

stance, any observation of (K∓π±)(K∓π±) double tag

event at ψ(3770) means an unambiguous evidence of

D0-D0 mixing. In this paper, we present a Monte

Carlo study for searching (K∓π±)(K∓π±) events us-

ing double-layer TOF at BES0.

Fig. 2. Allowed region in x′y′ plane. The al-

lowed region for y is the average of the results

from several experiments.

2 The BES000 detector

The BES0 detector
[13, 14]

consists of a berylium

beam pipe, a helium-based small cell drift cham-

ber, Time-of-Flight (TOF) counters for particle iden-

tification, a CsI(Tl) crystal calorimeter, a super-

conducting solenoidal magnet with a field of 1T, and

a muon identifier using the magnet yoke interleaved

with Resistive Plate Counters (RPC).

There are 43 layers of sensitive wires in the main

drift chamber (MDC). The polar angle coverage is

|cosθ| = 0.83 for a track passing through all layers,

and |cosθ|= 0.93 for one that passes through 20 lay-

ers. The expected spatial, momentum, and dE/dx

resolution are σs = 130µm, σp/p=0.5% at 1GeV/c,

and σdE/dx/dE/dx ∼ 6%, respectively. Outside the

MDC is the time-of-flight system, which is crucial

for particle identification. It consists of a two-layer

barrel array and one-layer endcap arrays of scintil-

lators. The expected time resolution for kaon and

pion is 100—110ps, giving a 2σ K/π separation up
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to 0.9GeV/c for normal tracks. The CsI(Tl) crys-

tal calorimeter constains 6240 crystals with a length

of 28cm or 15 radiation lengths. The expected en-

ergy and spatial resolutions at 1GeV are 2.5% and

0.6cm, respectively. The super-conducting magnet is

a 3.91m long single layer solenoid with a magnetic

field of 1T. The magnet return iron has 9 layers of

Resistive Plate Chambers (RPC) in the barrel and 8

layers in the endcap to form a muon detector. The

spatial resolution of muon counter is about 16.6mm.

The trigger system is pipelined and uses FPGAs.

The information from the TOF, MDC, and muon

counter will be used. The maximum trigger rate at

the J/ψ will be about 4000Hz with a good event rate

of about 2000Hz. The whole data acquisition system

has been tested to 8kHz for an event size of 12kb. The

expected bandwidth after level one is 48Mbytes/s.

The preliminary version of the BES Offline Software

System(BOSS)
[15]

is complete. A tremendous amount

of work has been accomplished but much remains

to be done. The detector simulation
[16]

is based on

Geant4
[17]

.

3 Determination of the t0 in multiple

charged tracks event

The momentum of final particles in the decay of

D0 → K−π+ at ψ(3770) is shown in Fig. 3, ranging

from 0.7 to 1.05GeV. dE/dx cannot separate K/π

very well in these momentum regions, the require-

ment of excellent K/π separation using TOF counter

will play an essential role in searching for D0-D0 mix-

ing with the decay of D0 →K−π+ at BES0.

Fig. 3. (a) pK and (b) pπ distributions in the

decay of D0
→K−π+.

3.1 Particle identification using TOF counter

The physics target of the TOF system is to mea-

sure the flight time of charged particles for particle

identification (PID) by comparing the measured time

tmea = TDC− t0− tcor

against the predicted time

texp =
L

βc
, β =

p√
p2 +m2

,

where TDC is the time value recorded by TOF elec-

tronics, t0 is the collision time, the so-called /event

start time0, tcor is the correction term from calibra-

tion, c is the velocity of light, m is the mass of charged

particle, β is the flight velocity of charged particle.

L and p are the flight path and the momentum of

charged particle gived by the MDC measurements.

The accurate determination of the tmea requires

that both the beginning and end-time of charged

track flight be determined accurately. The end-time

is measured by the TOF counter. tcor is carefully cal-

ibrated with the known data type, such as Bhabha

events, in offline reconstruction and physics analysis.

The detailed information about TOF calibration and

correction procedure are described elsewhere
[18—20]

.

The precision of beginning time is controlled by the

accuracy of t0. BEPC/ will operate with a bunch

crossing time of 8ns, the Trigger-DAQ system can

identify the bunch cross number within 3 collision pe-

riods. The exact bunch cross number, is obtained
[21]

during the offline tracking and TOF reconstruction.

The PID ability depends on the time resolution

of the TOF system. There are many sources which

affect the BES0 TOF measurement
[13]

: the intrin-

sic time resolution of TOF is related to the scintilla-

tor and the PMT performance; the contribution from

TOF electronics, including the precision of TDC and

the time-walk effects; additional uncertainties caused

by flight path calculation and the precision of hit posi-

tion predicted by MDC track extrapolation; the col-

lision time of electron and positron depends on the

bunch time and bunch length.

The time resolution is expected to be about 100ps

for a single TOF counter. The time resolution for the

double-layer TOF in barrel cannot be simply reduced

by a factor of 1/
√

2 from the one for single layer,

due to the correlation of common factors which con-

tribute to each of the measured time-of-flight, such
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as the event start time(t0). The average resolution of

t0(σt0) could be determined by analyzing the two-end

readout data of barrel TOF counter
[22]

, and will be

applied to the tmea reconstruction
[23]

.

3.2 The t0 extracting algorithm

In one e+e− collision, all produced particles fly

from the interaction point (IP) toward the outer de-

tector. For TOF measurement, the fact that all tmea’s

of charged tracks have a common t0 in one event can

be used to set up the following constraints equation

H(α,t0) =













α1− t0

α2− t0

. . . . . .

αn− t0













= 0 , (3)

where α is a vector of αi’s, the expected i-th ∆t =

tmea−texp of TOF measurement for charged track; the

event start time t0 is an unknown parameter. The

solution of Eq. (3) is a typical problem of the least

square fit with constraints and unknown parameters.

The fitting technique is straight and is based on the

well-known Lagrange multiplier method
[24]

.

In general case, let α represent the n TOF mea-

surements, t represent the m unknown parameters,

and H(α,t) represent the r constraints equation.

Thus α, t and H have the form of column vectors

α =















α1

α2

...

αn















, H =















H1

H2

...

Hr















, t =















t1

t2
...

tm















. (4)

The constraints equation can be linearized and sum-

marized in three matrices:

D =



























∂H1

∂α1

∂H1

∂α2

. . .
∂H1

∂αn

∂H2

∂α1

∂H2

∂α2

. . .
∂H2

∂αn

...
...

. . .
...

∂Hr

∂α1

∂Hr

∂α2

. . .
∂Hr

∂αn



























, (5)

E =



























∂H1

∂ t1

∂H1

∂ t2
. . .

∂H1

∂ tm

∂H2

∂ t1

∂H2

∂ t2
. . .

∂H2

∂ tm

...
...

. . .
...

∂Hr

∂ t1

∂Hr

∂ t2
. . .

∂Hr

∂tm



























, (6)

and

d =















H1

H2

...

Hr















. (7)

The χ2 can be constructed as a sum of two terms

χ2 = (α−α0)
TV −1

α0
(α−α0)+

2λT(Dδα+Eδt+d) (8)

where α0 and Vα0
are the initial values of α and its co-

variance matrix. δα = α−αA and δt = t−tA, the depar-

tures of the variables from their expansion point A,

the Lagrange multipliers λ is a vector of r unknowns.

Let ∂χ2/∂α = 0, ∂χ2/∂ t = 0 and ∂χ2/∂λ = 0, we get

V −1
α0

(α−α0)+DTλ = 0 ,

ETλ = 0 , (9)

Dδα0 +Eδt0 +d = 0 .

where δα0 = α0−αA, δt0 = t0−tA, t0 is the initial value

of t. The solution of Eq. (9) is straight forward
[25]

δt0 = −Vt0E
Tλ0 ,

Vt0 = (ETVDE)−1 ,

λ0 = VD(Dδα0 +d) ,

VD = (DVα0
DT)−1 ,

(10)

where λ0 is an r-dimension column vector, VD is an

r×r matrix, Vt0 is an m×m matrix. The updated α

and χ2 are given by:

α = α0−Vα0
DTλ ,

λ = λ0 +VDEδt0 ,

χ2 = λT(Dδα0 +d) .

(11)

3.3 Extracting t0 with Toy Monte Carlo data

For BES0 TOF measurements, applying m = 1

and r = n to Eqs. (3)—(7), the related matrices have
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the following forms:

D =















1

1

. . .

1















, E =















−1

−1
...

−1















,

d =















α1− t0

α2− t0
...

αn− t0















, Vα0
=















σ2
t1 σ2

t0
. . . σ2

t0

σ2
t0

σ2
t2

. . . σ2
t0

...
...

. . .
...

σ2
t0

σ2
t0

. . . σ2
tn















,

(12)

where D a n×n unitary matrix, E a 1×n matrix, d

a n-dimension column vector, Vα0
a n×n matrix. σti

and σt0 represent the total time resolution of ith tmea

and the resolution of average t0. The non-diagonal

elements (σt0) which appeared in matrix Vα0
repre-

sent the correlation between TOF measurements due

to the uncertainty of t0.

The t0 extracting algorithm is written in C++

Language using CLHEP
[26]

package. The calculations

are based on Eqs. (3)—(12). To check the algorithm,

Toy Monte Carlo data with four charged tracks (8

TOF measurements) were generated according to the

parameters from the Geant4
[17]

based full BES0 de-

tector simulation
[16]

, e.g., time resolution of ∼ 90ps

for inner layer TOF, ∼ 100ps for outer layer TOF,

and ∼ 35ps for t0 uncertainty. Fig. 4 shows the com-

parison of generated and extracted t0 with Toy Monte

Carlo data. The difference is small enough (within

several ps) and could be ignored. After t0 extracting,

the time resolution was significantly improved which

we’ll show in the next section with the full simulated

D0-D0 mixing events.

Fig. 4. Comparison of generated t0 and ex-

tracted t0 with 10 000 Toy Monte Carlo data.

The offset of t0 are scanned from −100ps to

100ps.

4 Search for D0-D0 mixing using the

decay of D0 →K−π+

At ψ(3770)(JPC = 1−−), D0D0 pair will be pro-

duced in C = −1 state. There are two paths

for D0 → K+π− in which D0 decays like D0: (1)

through Double Cabbibo Suppressed Decay (DCSD);

(2) through D0-D0 mixing. For the process of e+e− →
ψ(3770) → D0D0 → (K−π+)1(K

−π+)2, (K−π+)1 and

(K−π+)2 systems have the identical final states and

can be regarded as identical particles, their coher-

ent wave function must be symmetric and have a

charged parity C = +1 by the requirement of Bose-

Einstein statistics. Therefor for C = −1 coherent

state ψ(3770) → D0D0, DCSD cannot contribute

to D0 → K−π+. Hence, tagging (K−π+)(K−π+) or

(K+π−)(K+π−) events at ψ(3770) would be an un-

ambiguous evidence for existence of D0-D0 mixing.

The mixing parameter RM can be measured through

RM ≈ Γ (D0 →K+π−)

Γ (D0 →K−π+)
. (13)

4.1 Event selection

Four charged tracks in (Kπ)(Kπ) final states are

required to be from IP and to pass a common ver-

tex constraint. A charged track is identified as ei-

ther kaon or pion, if the measured energy loss in drift

chamber agrees with that predicted for a kaon or pion

within three standard deviations, identification to ei-

ther kaon or pion is allowed. At least one TOF hit is

required for each track, but the TOF information is

not used for particle identification at this step. Ap-

propriate combinations of Kπ pair are constructed as

a D0 →K−π+ tag.

Good background rejection can be achieved with

the requirement of ∆E = Erec − Ebeam, the differ-

ence between reconstructed energy of D tags (Erec)

and the beam energy (Ebeam). As shown in Fig. 5,

a requirement on ∆E can help to remove single

misidentification backgrounds very easily. The domi-

nant background comes from a double interchanges of

(K−π+)(π+K−) events, which cannot be completely

rejected by a stringent ∆E cut(<0.02GeV).
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Fig. 5. ∆E distribution for decay of D0
→

K−π+, single misidentification decay of D0
→

K+K− and D0
→ π+π−, and double misiden-

tification decay of D0
→K+π−.

All (Kπ) pairs are subjected to the kinematic fit

for the hypothesis:

ψ(3770)→D0D0 → (Kπ)1(Kπ)2

with the equal mass constraint M1 = M2 (the mass is

not fixed at MD0). Energy-momentum conservation

for DD production provides five constraints. Combi-

nations are required to have the probability of kine-

matic fit greater than 1%.

The backgrounds’ contamination, e.g. coming

from K−π+π0 and K−l+νl events with a lost π0 or an

escaped neutrino, can be easily removed by ∆E cut

and kinematic fit. Monte Carlo studies show that the

background rates from this kind of events are lower

than 10−6, and could be ignored. To remove the

double-misidentification backgrounds, the remained

(Kπ)(Kπ) combinations are subjected to the t0 ex-

tracting process. The combination with the lowest

χ2 is regarded as the /real0(Kπ)(Kπ) event.

4.2 Results

The resulting t0 distribution is drawn in Fig. 6(a).

Since the correlation with tmea’s, the extracting al-

gorithm will introduce additional uncertainties to t0.

∼47ps were estimated according to Eq. (10), a little

bit smaller than the values obtained from Fig. 6(a),

which was raised by the non-zero offset in tmea’s. The

combined ∆t = (∆t1+∆t2)/2 for the two-layer barrel

TOF counter are shown in Fig. 6(b) and Fig. 6(c). Af-

ter the t0 extracting algorithm, the time resolution of

two-layer TOF has been improved significantly, from

∼78ps to ∼64ps. As shown in Fig. 7
[27]

, the back-

ground contamination rate is reduced to about half

while applying the t0 extracting algorithm in D0-D0

mixing using D0 →K−π+ mode at BES0.

Fig. 6. (a) Distribution of extracted t0 in

D0D0
→ (K−π+)(K+π−) events; (b) and (c)

combined ∆t of two-layer TOF measurements

without/with t0 extracting algorithm, respec-

tively. The histograms are fitted with a Gaus-

sian function.

Fig. 7. Double misidentification rate vs the

time resolution of combined two-layer TOF

while searching the D0-D0 mixing using D0
→

K−π+ mode at BES0.

About 2×107 D0D0 pairs will be produced in one

year’s data (∼5fb−1) taking at BES0, corresponding

to ∼ 6.4×103 (K−π+)(K+π−) events (the acceptance

is about 20%), which are expected to be obtained.

The number of observed K∓π± vs K∓π± events can

be expressed as:

n = N(K−
π
+)(K−

π
+) = (RM +η) •N(K−

π
+)(K+

π
−), (14)

where RM the mixing rate, η the background rate due

to double misidentification. Table 1 lists the expected

mixing signal s, background contamination b, and the

Poisson probability P (n) of observed events number

in 20fb−1 ψ(3770) data at BES0 under the assump-

tion of RM = 10−4 and RM = 10−6. The statistics
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of the number of observed events (n) in Table 1 is

not enough to give a clear measurements of mixing

rate if RM is as low as 10−4. The Feldman method
[28]

was used to transfer n to n0.95, the upper limit at

95% confidence level (CL). The average N0.95 is de-

termined by

N0.95 =
∑

n

n0.95
•P (n) . (15)

According to Eq. (14), Eq. (15) and the P (n) listed

in Table 1, the calculated upper limits of RM at 95%

CL with and without t0 correction are listed in the

last row of Table 1.

Table 1. The expected mixing signal s, back-

ground contamination b, and the Poisson

probabilities P (n) of observed events number

in 20fb−1 ψ(3770) data at BES0, where the

rate of D0-D0 mixing RM are assumed to be

10−4 and 10−6. The upper limit of RM at 95%

CL are listed in the last row. In 2nd row, Y/N

mean that the t0 extracting algorithm is/not

applied in the analysis.

RM 10−4 10−6

t0 corr Y N Y N

s 2.56 2.56 0.03 0.03

b 0.32 0.64 0.32 0.64

P (0) 5.6% 4.1% 70.5% 51.2%

P (1) 16.2% 13.0% 24.7% 34.3%

P (2) 23.3% 20.9% 4.3% 11.5%

P (3) 22.3% 22.3% 0.5% 2.6%

P (4) 16.1% 17.8% 0.4%

P (5) 9.3% 11.4%

P (6) 4.4% 6.1%

P (7) 1.8% 2.8%

P (8) 0.7% 1.1%

P (9) 0.2% 0.4%

RM(×10−4)

at 95% CL
3.0 3.1 1.4 1.5

As shown in Table 1, the upper limit of RM at

95% CL is improved (3−7)% in 20fb−1 ψ(3770) data

at BES0 if RM is in the order of 10−4—10−6 while

applying the t0 extracting algorithm in D0 → K−π+

channel. The algorithm can be applied to other

interesting modes: (K∓l±νl)(K
∓l±νl), which deter-

mine the RM as the same order as K−π+ mode;

(K∓π±)(K+K−) and (K∓π±)(π+π−), which measure

the δKπ and determine y in the order of 10−4; Dalitz

analysis of D0 → K−π+π0 and D0 → K0
sπ

+π−, which

can determine RM in K∓ρ± and K∗∓π± modes; the

Quantum Coherent Analysis (TQCA), which can im-

prove the mixing parameters more precisely
[11]

. Com-

bining the above analysis, the sensitivity to RM could

reach to 10−5 level, very hopefully to “confirm” the

D0-D0 mixing at BES0.

5 Summary

The BES0 detector with higher luminosity will

contribute greatly to the precision measurements in

charmonium and flavor physics. To improve the

ability of particle identification will be an essential

task for many important BES0 physics topics, such

as, searching for D0-D0 mixing and CP violation,

strong phase measurements, etc. The t0 extracting

algorithm will make contributions to these physics

topics. It can also be applied in detector calibration,

for example, to precisely determine the t0 offsets run-

by-run with calibration data-sets.

The authors gratefully acknowledge Dr. JIANG

Lin-Li and Dr. HU Ji-Feng for their contributions to

TOF reconstruction and calibration software.
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