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1 Introduction

Neutral and charged D mesons are the ground states in the family of open charm mesons.
Measurement of their masses provides a mass scale for the heavier excited states. In addition,
a precise measurement of the D0 meson mass can help to understand the nature of the narrow
X(3872) state, which, according to some models, is a bound state of D0 and D∗0 mesons and
has a mass very close to the sum of the D0 and D∗0 meson masses [1].

Currently, as quoted by the Review of Particle Physics (PDG) [2], the world average D0

mass is MD0 = 1864.84 ± 0.05 MeV. The most precise measurement was made using CLEO
data (2014), which reported MD0 = 1864.845±0.025stat±0.057syst MeV [3]. The another less
precise measurements were made by the BABAR(2013) [4], LHCb(2013) [5], CLEO(2007) [6]
and KEDR(2010) [7] collaborations. The world average D+ mass is MD+ = 1869.50±0.40 MeV
and the most precise determination of the D+ mass made by the KEDR collaboration
MD+ = 1869.53 ± 0.49stat ± 0.20syst MeV [7].

The goal of our present measurement is to determine the masses of neutral and charged
D mesons with a precision better than that of our result published in [7]. After a long
shutdown from April 2011 to May 2014 a further 4 pb−1 of data has been collected. During
this shutdown a second layer of aerogel Cherenkov counters was installed.

2 VEPP-4M collider and KEDR detector

The experiment was performed with the KEDR detector [8, 9] at the electron-positron
collider VEPP-4M [10]. It operates in the wide range of beam energy from 1 to 6 GeV.
The circumference of the VEPP-4M ring is 366 m. The peak luminosity of the collider at
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Figure 1. The central part of the KEDR detector: (1) vacuum chamber of the collider; (2) vertex
detector; (3) drift chamber; (4) aerogel threshold Cherenkov counters; (5) time of flight counters; (6)
liquid krypton barrel calorimeter; (7) superconductive solenoid; (8) magnet yoke; (9) muon chambers;
(10) endcap CsI calorimeter; (11) compensating coil.

energy 1.85 GeV in operation mode with 2 × 2 bunch at a beam current of 3.0 mA reaches
2 × 1030 cm−2 s−1. One of the main features of the VEPP-4M is its capability to precisely
measure the beam energy using the resonant depolarization method [11]. The resonant
depolarization method is based on the measurement of the spin precession frequency of the
polarized beam and has a precision 10−6.

A schematic diagram of the KEDR detector is shown in figure 1. The KEDR detector
includes a tracking system consisting of a vertex detector and a drift chamber, a particle
identification (PID) system of aerogel threshold Cherenkov counters and time of flight
scintillation counters, and electromagnetic calorimeter based on liquid krypton in barrel part
and CsI crystals in endcap, and muon system based on streamer tubes. The longitudinal
magnetic field of 0.6 T in the detector is provided by a superconducting solenoid. The
iron core of the magnet is used by the muon system as an absorber. For investigation
of two-photon processes, the detector includes the modules of a system for detecting the
scattered electrons and positrons. The online luminosity measurement is provided by two
independent single bremsstrahlung monitors.

Charged tracks are reconstructed in the drift chamber (DC) and vertex detector (VD).
The DC [12] has a cylindrical shape of 1100 mm length, an outer radius of 535 mm and
is filled with pure dimethyl ether. The VD [13] is installed between the vacuum chamber
and DC and increases the solid angle accessible to the tracking system to 98%. The VD
consists of 312 cylindrical drift tubes aligned in 6 layers. It is filled with an Ar + 30%CO2
gas mixture. The entire volume of the DC is divided into 7 cylindrical superlayers: 4
axial layers and 3 stereo-layers to measure track coordinates along the beam axis. Each
superlayer consists of cells with 6 signal anode wires. A particle that crosses all the DC
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superlayers gives 42 coordinate measurements. There are also additional 6 coordinate
measurements in the VD. The degradation of the momentum resolution of the tracking
system is observed during the experiment on the KEDR detector. For data collected
in 2004 it is σ2

p/p
2 = 2.9%2 + (4.5% × p[GeV ])2, while for data collected in 2016 it is

σ2
p/p

2 = 3.5%2 + (5.5% × p[GeV ])2. This degradation influence the efficiency of D-mesons
reconstruction.

Scintillation counters of the time-of-flight system (TOF) are used in a fast charged trigger
and for identification of the charged particles by their flight time. The TOF system consists
of 32 plastic scintillation counters in the barrel part and in each of the endcaps. The flight
time resolution is about 350 ps, which corresponds to π/K separation at the level of more
than two standard deviations for momenta up to 650 MeV/c.

Aerogel Cherenkov counters (ACC) [14] are used for particle identification in the mo-
mentum region not covered by the TOF system and ionizations measurements in DC. ACC
uses aerogel with the refractive index of 1.05 and wavelength shifters for light collection. The
system design includes 160 counters in the endcap and barrel parts, each arranged in two
layers. The system permits π/K separation in momentum range from 0.6 to 1.5 GeV/c.

The muon system [15] is used to reject cosmic muons. It consists of three layers of
streamer tubes with 74% solid angle coverage, the total number of channels is 544.

During the long shutdown from April 2011 to May 2014, repairs were carried out on
the detector equipment. A second layer of the aerogel Cherenkov counters was installed.
This allowed the use identification system for the π/K separation in the D meson masses
analysis for data collected after 2014.

3 Data samples

The analysis is based on two experimental data samples collected at the peak of the ψ(3770)
resonance with total integral luminosity of 4.9 pb−1. The first data sample of 0.9 pb−1

was collected in 2004. That data were used to obtain the result published in [7], which is
presented in the PDG tables [2]. For this result, the systematic uncertainty due to initial
state radiation corrections (ISR) dominates the total systematic uncertainty. It is determined
by the accuracy of the energy dependence of the cross section σ(e+e− → DD̄). Since then
BES-III has published new results [16, 17] and consequently as well as studying the new
data the data from [7] is reanalysed. The second data sample of 4.0 pb−1 was collected in
2016–2017 after the long shutdown of the KEDR detector.

4 Measurement method

The measurement of D meson masses is performed using e+e− → DD̄ production near the
threshold with full reconstruction of one of the D mesons. Neutral D mesons are reconstructed
in the K−π+ (and charge conjugates) final state (B(D0 → K−π+) = (3.95 ± 0.03)%),
charged D mesons are reconstructed in the K−π+π+ (and charge conjugates) final state
(B(D+ → K−π+π+) = (9.38 ± 0.16)%). To increase the data sample, the collider is operated
at the peak of the ψ(3770) resonance. The production cross sections at ψ(3770) energy are
σ(D0D̄0) = 3.61 ± 0.01 ± 0.04 nb and σ(D+D−) = 2.83 ± 0.01 ± 0.03 nb [16, 17].
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The invariant mass of the D meson can be calculated as

Mbc =

√√√√E2
beam −

(∑
i

p⃗i

)2

, (4.1)

(so-called beam-constrained mass), where Ebeam is the beam energy, p⃗i are the momenta of
the D decay products. The use of the beam-constrained approach for the mass determination
causes the mass shift due to the difference of the beam energy and the mean energy of the
meson produced. This difference appears because of ISR and, additionally, because of the
energy spread when the data are collected aside of the cross section maximum. Besides, final
state radiation (FSR) causes the difference between the meson momentum and the momentum
of its decay products. All these effects are accounted in simulation of the Mbc line shape.

The uncertainty associated with imprecise knowledge of the beam energy is not significant
in the case of VEPP-4M. The beam constrained mass calculated this way is determined
more precisely than in the case when the D energy is obtained from the energies of the decay
products. The precision of the Mbc measurement in one event is

σ2(Mbc) = σ2
W

4 +
(
pD

MD

)2
σ2

pD
= σ2

W

4 + 0.02σ2
pD
, (4.2)

where σW is the center-of-mass (CM) energy spread. The contribution of the momentum
resolution is suppressed significantly due to small D momentum (pD ≃260 MeV).

In addition to Mbc, D mesons are effectively selected by the CM energy difference

∆E =
∑

i

√
(m2

i + p2
i ) − Ebeam, (4.3)

where mi and pi are the masses and momenta of the D decay products. For a signal event
∆E is close to zero. In our analysis, we select a relatively wide region of Mbc and ∆E:
Mbc > 1700 MeV, |∆E| < 300 MeV. Then a fit of the event density is performed with the D
mass as one of the parameters, with the background contribution taken into account. The
background in our analysis comes from the random combinations of tracks of the continuum
process e+e− → qq̄(q = u, d, s) and from other decays of D mesons.

While calculating Mbc, we employ a kinematic fit with the ∆E = 0 constraint. It is done
by minimizing the χ2 function formed by the momenta of the daughter particles

χ2 =
∑

i

(p′i − pi)2

σ2
pi

(4.4)

where pi and σpi are the measured momenta of the daughter particles and their errors obtained
from the track fit, respectively, which are corrected by contributions described in more detail
below, and p′i are the fitted momenta which satisfy the ∆E(p′i) = 0 constraint.

For the D0 meson mass measurement in addition to variables Mbc and ∆E we include
the variable ∆|p| which also allows one to efficiently separate the signal from the background,
thus improving the overall statistical accuracy of the measurement. ∆|p| is the difference of
the absolute values of momenta for D0 decay products in the CM frame. We use the fact that
Mbc resolution depends strongly on decay kinematics — it can be up to three times better for
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Figure 2. The deviation of reconstructed momentum from the true one in simulation of pions (blue
rectangles) and kaons (magenta circles).

events where the daughter particles from D0 decay move transversely to the direction of the
D0 (∆|p| is around zero for these events), than for events where they move along this direction.

The precision of the momentum measurement has direct influence on the D mass
measurement. The following corrections are applied to values of reconstructed momenta:

1. First the correction of track momenta due to ionization loss for data is applied based on
simulation. We simulated monochromatic particles (pions and kaons) from the center
of the detector that traverse the vacuum chamber. The deviation of reconstructed
momentum from the true ∆pc one in simulation of pions and kaons is shown in figure 2.
To compensate for this effect, a momentum correction was taken into account:

pc = p+ ∆pc,

∆pc = D/β3 + κp,
(4.5)

where β = p/
√
m2 + p2, and D, m, κ are free parameters obtained by the fit.

2. Then momentum scale coefficient α is applied (absolute momentum calibration), where
α is determined to give average ∆E of the selected D sample for this analysis to be
close to zero (i.e. ⟨∆E⟩ ∼ 0). The scale coefficient α relates the true track momentum
ptrue and the measured momentum pc:

ptrue = αpc. (4.6)

Then

Mbc =

√√√√E2
beam − α2

(∑
i

p⃗ci

)2

,

∆E =
∑

i

√
(m2

i + α2pc
2
i ) − Ebeam.

(4.7)
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The most probable α value was determined by several repeated processings of the data
sample. As a result the dependence of |⟨∆E⟩| from α is obtained, the minimum of which
is closest to zero. The value of α at the minimum is used for further data processing.
Since the distribution of ∆E includes the ISR effect ⟨∆E⟩ is not necessarily zero. For
the first and second data samples, as well as for samples D0 and D+ in the fit, different
values of α are used, which are determined independently.

For each reconstructed D candidate, the corrections (1) and (2) are applied to track
momenta and kinematic fit is done to give ∆E = 0. Mbc and ∆|p| are calculated using
resulting momenta of kinematic fit. For ∆E, the value, before kinematic fit but with the
corrections (1) and (2) are applied, is used.

The description of the momentum resolution in the simulation is adjusted using cosmic
tracks. We select cosmic tracks that traverse the vacuum chamber and fit their upper and
lower parts separately.

In order to measure the D mass most efficiently, the unbinned maximum likelihood fit
procedure is used. The likelihood function has the form:

−2 lnL(ϵ) = −2
N∑

i=1
lnP(vi|ϵ) + 2N log

∫
P(v|ϵ)dv, (4.8)

where N is number of events, v = (Mbc,∆E,∆|p|) includes the variables that characterize
one event, P(v|ϵ) is the probability distribution function (PDF) of these variables depending
on the fit parameters ϵ = (M̃D, ⟨∆E⟩, buds, bDD):

P(v|ϵ) = Psig(v|M̃D, ⟨∆E⟩) + budsPuds(v) + bDDPDD(v). (4.9)

Here Psig is the PDF of the signal events which depends on M̃D (D mass) and ⟨∆E⟩ (the
central value of the ∆E distribution), Puds is the PDF for the background process e+e− → qq

(q = u, d, s), and PDD is the PDF for the background from e+e− → DD decays with D

decaying to all modes other than the signal one, buds and bDD are their relative magnitudes.
The Psig, Puds and PDD PDFs are obtained using parameterization of MC distributions.

5 Analysis of D0 → K−π+

Multihadron candidates which contain at least three tracks close to the interaction region
(transverse distance from the beam R <5 mm, and longitudinal distance |z| <120 mm) forming
a common vertex are selected at the first stage of the analysis. The pairs of oppositely charged
tracks are taken as D0 decay candidates with the following requirements:

• Number of track hits Nhits ≥24,

• Track fit quality χ2 <100,

• Transverse momentum: 100< pT <2000 MeV,

• Energy of the associated cluster in the calorimeter E <1000 MeV.
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For a proper calculation of ∆E = Eπ + EK − Ebeam, π/K identification is needed. The
tracks from D0 → K−π+ decay have mean momentum near 800MeV/c. During data taking
of the first data sample in 2004 only one layer of ACC was installed in the KEDR detector.
It did not provide the sufficient efficiency and was not used. Fortunately, since the D meson
momentum is small, the difference between K and π momenta is not large thus the error in
the D-meson energy due to the incorrect mass assignment does not exceed 30 MeV. Thus,
we take the following combination as a D meson energy:

E′ = (EK−π+ + EK+π−)/2, (5.1)

where

EK−π+ =
√
M2

K + p2
− +

√
M2

π + p2
+,

EK+π− =
√
M2

K + p2
+ +

√
M2

π + p2
−.

(5.2)

The energy E′ calculated this way is practically unbiased from the true energy E. For
analysis of the second data sample π/K identification with two layers of aerogel Cherenkov
counters was employed. The technique of π/K identification is described in detail in [18, 19].
For the second data sample the mean π/K separation quality is 2.8σ for a threshold of
1 ph.e. The use π/K identification allows to increase the signal-to-background ratio by
approximately 2 times. The main contribution of PID is the suppression of combinatorial
background. The π/K identification requirements are quite loose. If the track passes through
the area of geometric inefficiency of ACC system, then we leave both hypothesis (π or K)
this track for D0 meson reconstruction.

Simulation of signal events is performed with the MC generator for e+e− → DD decays
where D-meson decays are simulated with the JETSET 7.4 package [20], and the radiative
corrections are taken into account in both initial (ISR, using the RADCOR package [21]
based on Kuraev-Fadin work [22]), and final states (FSR, the PHOTOS package [23]). ISR
corrections use the e+e− → DD cross section energy dependence measured by the BESIII
collaboration [16, 17].

The full width of the beam energy distribution was about 1.3 MeV due to variations of the
VEPP-4M operation regime. To model the corrections due to ISR to account for the position
on the curve describing the dependence of the cross-section on energy, the beam energy
distribution in the experimental runs was divided into 10 bins. For each bin the simulation
was performed with the appropriate beam energy value and accounted with a weighting factor
proportional to the integrated luminosity. In calculating Mbc and ∆E the luminosity-weighted
average beam energy is used in the simulation, while for the data beam energy is taken for
each experimental run. The beam energy in simulation is determined independently and have
different values for first and second data sample. The energy spread σW about 1.15 MeV for
the first and up to 1.59 MeV for the second data samples respectively was taken into account.

The full simulation of the KEDR detector is performed using the GEANT 3.21 package [24].
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The PDF of the signal events Psig depending on three variables Mbc, ∆E and ∆|p| was
obtained by fitting of the 3D Monte Carlo distribution obtained for given D-meson mass
MD and beam energy. It was parameterized with

Psig(Mbc,∆E,∆|p|) = |1 + k1∆|p|2|

×

exp
(
−(∆E − ⟨∆E⟩)2

2σ12
∆E

)
×

exp
(
−(Mbc−⟨Mbc⟩−cor1×(∆E−⟨∆E⟩))2

2σ12
Mbc

)
(σL(Mbc) + σR(Mbc))

+ |k2| exp
(
−(∆E − ⟨∆E⟩)2

2σ22
∆E

)
×

exp
(
−(Mbc−⟨Mbc⟩−cor2×(∆E−⟨∆E⟩)−Mbcshift)2

2σ22
Mbc

)
σ2Mbc


+ |k3|PDD(Mbc,∆E,∆p,DDbkg_par), (5.3)

where

σL(Mbc) =
√
σ0l

2
Mbc

+ (∆p× σ3Mbc)2 + (∆p2 × σ4Mbc)2,

σR(Mbc) =
√
σ0r

2
Mbc

+ (∆p× σ3Mbc)2 + (∆p2 × σ4Mbc)2,

∆Mbc = Mbc − ⟨Mbc⟩ − cor1 × (∆E − ⟨∆E⟩),
∆Mbc < 0 : σ1Mbc = σL(Mbc),
∆Mbc > 0 : σ1Mbc = σR(Mbc),

and ki, ⟨∆E⟩, ⟨Mbc⟩, cor1, cor2, σ1∆E , σ2∆E , Mbcshift, σ2Mbc , σ0lMbc , σ0rMbc , σ3Mbc , σ4Mbc

were fit parameters, DDbkg_par is a list of parameters of the PDF form for DD background.
It is parameterized with the sum of two two-dimensional Gaussian distributions in Mbc and
∆E (representing the core and the tails of the distribution) with a correlation and with the
quadratic dependence of the Mbc resolution on ∆|p|. The core distribution is asymmetric in
Mbc (with the resolutions σL(Mbc) and σR(Mbc) for the left and right slopes, respectively).
The ∆|p| distribution is uniform with a small quadratic correction and with the kinematic
constraint (∆|p|)2 < E2

beam −M2
bc. The parameters of the signal distribution are obtained

from the fit to the simulated signal sample (figure 3).
The background from the continuum e+e− → qq̄ process (where q = u, d, s) is simulated

using the JETSET 7.4 e+e− → qq̄ generator. The PDF is parameterized as

Puds(Mbc,∆E,∆|p|) = exp
(
−k1

(
M2

bc
E2

beam
− 1

)
− k2∆E

)
× (1 + k3∆|p|2) (5.4)

where ki are fit parameters. The threshould behavior at kinematic limit at Mbc = Ebeam is
provided by the vernishing phase space with the constraint ∆|p|2 < E2

beam −M2
bc. The result

of the fit to the simulated continuum e+e− → qq̄ background is shown in figure 4.
The effect of difference in fit functions and MC distributions (seen in figure 3 and 4)

is taken into account by systematic uncertainty of signal and background PDF, where an
alternative forms is used.
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Figure 3. The distributions of Mbc, ∆E, ∆|p| and correlation Mbc–∆E from MC simulated signal
sample. The blue dots with error bars are from MC simulation, the solid red line is the fitting result.

Figure 4. The distributions of Mbc, ∆E and correlation Mbc–∆E from MC simulated continuum
e+e− → qq̄ (where q = u, d, s) background sample. The blue dots with error bars are from MC
simulation, the solid red line is the fitting result.

The background from e+e− → DD decays is simulated using the JETSET 7.4 generator,
where the signal process D0 → K−π+ is suppressed in the decay table. The PDF for
DD background is parameterized with the function PDDbkg of the same form as for Puds,
with the addition of three two-dimensional Gaussian distributions in Mbc and ∆E. Two
of them describe the background from D0 → π+π− and D0 → K+K−, while the third one
is responsible for the decays of D mesons to three and more particles. The PDF form for
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Figure 5. The distributions of Mbc, ∆E and correlation Mbc–∆E from MC simulated DD background
sample. The blue dots with error bars are from MC simulation, the solid red line is the fitting result.

DD background is presented below

PDDbkg(Mbc,∆E,∆|p|) =
(

exp
(
k1

(
M2

bc

E2
beam

− 1
)
− k2∆E

)

+ |k3| exp
(
−(Mbc − ⟨Mbc0⟩)2

2σ02
Mbc

− (∆E − ⟨∆E0⟩)2

2σ02
∆E)

)

+ |k4| exp
(
−(Mbc − ⟨Mbc1⟩ −Mbcshift)2

2σ12
Mbc

− (∆E − ⟨∆E1⟩)2

2σ12
∆E

)

+ |k5| exp
(
−(Mbc − ⟨Mbc1⟩ +Mbcshift)2

2σ22
Mbc

− (∆E + ⟨∆E1⟩)2

2σ22
∆E

))
× |1 + k6∆|p|2|, (5.5)

where ki, ⟨Mbc0⟩, ⟨∆E0⟩, σ0Mbc
, σ0∆E , ⟨Mbc1⟩, ⟨∆E1⟩, Mbcshift, σ1Mbc

, σ1∆E , σ2Mbc
, σ2∆E

are fit parameters. The result of the fit to the simulated DD background is shown in figure 5.
The result of the fit to the experimental data is shown in figure 6. The fitting function

was written in the form (4.9) with the free parameters M̃D, ⟨∆E⟩, buds and bDD described
above. The momentum correction coefficient α is chosen to keep the value of ⟨∆E⟩ close to
zero. Event selection is performed with α=1.030±0.004 for the first and with α=1.013±0.003
for the second data samples respectively. To obtain the D0 mass, one has to take into account
a possible deviation of the fit parameters M̃D and ⟨∆E⟩ from the true D0 mass and energy. In
particular, the central value of M̃D can be shifted due to the asymmetric resolution function
and radiative corrections. For the second dataset the shift value is 70 keV. This deviation is
corrected using the MC simulation. The absolute value of the fitting parameter M̃D should
be considered as a shift relative to the parameter obtained in the simulation with known
initial data. For this purpose, the following correction is made:

MD = MD(PDG) + (M̃D − ⟨Mbc⟩), (5.6)

where MD(PDG) is the D-meson mass from PDG included in the MC simulation, M̃D is the
fit parameter from (4.9) and ⟨Mbc⟩ is the fit parameter from (5.3). The results after corrections
are shown in table 1. The numbers of events are presented for the region Mbc > 1700 MeV,
|∆E| < 300 MeV. As can be seen from table 1, the ratio of the number of signal events of the
two data samples is 1.83 and does not correspond to the ratio of the integrated luminosities.
Since the first data sample (2004) does not use the ACC identification system, for a correct
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Figure 6. Experimental data (points with the error bars) and the results of the fit (histogram) for
the D0 → K−π+ decay. Mbc distribution for events with |∆E| <100 MeV (left), ∆E distribution
for events with 1855 MeV< Mbc <1875 MeV (middle), and the experimental (Mbc, ∆E) scatter plot
(right). The top pictures correspond to the first data sample (2004), the bottom pictures correspond
to the second data sample (2016–2017).

Parameter 2004 2016–2017
MD 1865.305 ± 0.300 MeV 1864.910 ± 0.294 MeV
⟨∆E⟩ −1.8 ± 7.5 MeV 1.0 ± 5.8 MeV
Number of signal events 118.85 ± 12.64 217.08 ± 17.18
Number of qq̄ events 840.02 ± 89.35 841.80 ± 66.63
Number of DD events 290.13 ± 30.86 470.12 ± 37.21

Table 1. Results of the fit for the D0 → K−π+.

comparison we performed a test when the second data sample (2016–17) is processed without
the ACC. For example in [19] shows comparisons of the Mbc distributions for the second
data sample with and without the ACC system. Then the signal ratio between the two
data samples becomes 2.98. The remaining inconsistency is explained by the lower track
reconstruction efficiency for the second data sample (2016–17), which leads to a decrease
in the D0-meson reconstruction efficiency for the second data sample (2016–17) compared
to the first data sample (2004) up to 25%. The degradation is due to the change in the
state of the drift chamber and the vertex detector between the data taking periods. This
effect is taken into account in the simulation.
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6 Analysis of D+ → K−π+π+

The three-body decay D+ → K−π+π+ has more kinematic parameters and there is no simple
variable (such as ∆|p| in the D0 → K−π+ case), which determines the precision of the Mbc
reconstruction. Therefore, we use only two variables, Mbc and ∆E, in a fit of this mode.

The mode D+ → K−π+π+ does not have a problem with π/K identification for the
∆E calculation, since the sign of the kaon charge is opposite to the pion charges and thus
energies of all the particles can be obtained unambiguously. The triplets of tracks with
the charge of one of the tracks (“kaon”) opposite to the charges of the two other tracks
(“pions”) are taken as D± decay candidates.

The requirements for the track selection are the same as in the D0 → K−π+ case.
Since the significant part of the kaon tracks in the three-body decay have relatively low
momentum (less than 600 MeV/c), suppression of the background from pions is possible using
the TOF system and measurement of ionization losses (dE/dx) in the DC. The selection
uses the following requirement on the flight time for a kaon candidate, which hits to the
TOF system: ∆TOF = TTOF − TK(PK) >-0.8 ns (or ∼2.3 times the flight time resolution),
where TK(PK) is the expected flight time for a kaon with the momentum pK and TTOF is the
measured flight time. In identification by measurement of ionization losses (dE/dx) up to
five hypotheses per particle are considered (can be an electron, muon, pion, kaon or proton).
The structure containing information with the probability of the particle hypothesis to be
a kaon is filled. To select a kaon candidate we required that a probability hypothesis of
being a kaon P (K) >0.50, suppressing events located in the tail. In the second data sample
analysis the Cherenkov counters were used for additional suppression of the background tracks
with momentum from 450 to 1500 MeV/c. The use π/K identification allows to increase
the signal-to-background ratio by approximately 1.5 times. The main contribution of PID
is the suppression of combinatorial background. The π/K identification requirements are
quite loose. If the track is not identified by any PID system, then we leave both hypothesis
(π or K) this track for the reconstruction of the D+-meson.

The Mbc variable uses the momenta of the daughter particles after the kinematic fit
with the ∆E=0 constraint. The variable ∆E is calculated using uncorrected momenta.
We select combinations that satisfy the following requirements for the further analysis:
Mbc >1700 MeV, |∆E| <300 MeV.

As in the case of D0 → K−π+ decay, simulation is performed using the e+e− → DD̄

generator taking into account ISR and FSR effects. The signal PDF psig is parameterized in
the same way as for the D0 → K−π+ mode, but without the ∆|p| dependence.

To parameterize the continuum e+e− → qq̄ background, we use the empirical function of
Mbc proposed in the Argus experiment [25] and the exponent of the quadratic form in ∆E:

Puds(Mbc,∆E) = y exp
(
k1y

2 − [k2 + k3y
2]∆E + k4∆E2

)
, (6.1)

where y =
√
Mbc/Ebeam − 1. The coefficients ki were found by fitting of the MC distributions

as in the D0 case. The coefficient k3 is responsible for the Mbc dependence of the ∆E
slope, which appears after the kinematic fit to ∆E=0. The PDF for the e+e− → DD̄

background PDDbkg is parameterized with the distribution of the same form as for Puds, with
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Figure 7. Experimental data (points with the error bars) and the results of the fit (histogram) for
the D+ → K−π+π+ decay. Mbc distribution for events with |∆E| <70 MeV (left), ∆E distribution
for events with 1860 MeV< Mbc <1880 MeV (middle), and the experimental (Mbc, ∆E) scatter plot
(right). The top pictures correspond to the first data sample, the bottom pictures correspond to the
second data sample.

the addition of two two-dimensional Gaussian distributions in Mbc and ∆E. They describe
the contributions of D+ → K+K−π+, D+ → 3π and D decays to four and more particles.

The result of the fit to the data is shown in figure 7. The momentum correction factor α
is chosen such that ⟨∆E⟩ is close to zero. Event selection is performed with α=1.023±0.003
for first and with α=1.014±0.003 for second data samples respectively. The results after
corrections as for D0-meson are shown in table 2. The numbers of events are presented for the
region Mbc > 1700 MeV, |∆E| < 300 MeV. Same as for the D0-meson we can be seen from
table 2 for D+-meson that the ratio of the number of signal events of the two data samples
is 1.96 and does not correspond to the ratio of the integrated luminosities. Since the first
data sample (2004) does not use the ACC identification system, for a correct comparison we
performed a test when the second data sample (2016–17) is processed without the ACC. For
example in [19] shows comparisons of the Mbc distributions for the second data sample with
and without the ACC system. Then the signal ratio between the two data samples becomes
3.15. The remaining inconsistency is explained by the lower track reconstruction efficiency for
the second data sample (2016–17), which leads to a decrease in the D+-meson reconstruction
efficiency for the second data sample (2016–17) compared to the first data sample (2004) up
to 25%. The degradation is due to the change in the state of the drift chamber and the vertex
detector between the data taking periods. This effect is taken into account in the simulation.
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Parameter 2004 2016–2017
MD 1869.472 ± 0.488 MeV 1869.60 ± 0.357 MeV
⟨∆E⟩ 0.4 ± 5.4 MeV −0.3 ± 4.5 MeV
Number of signal events 178.75 ± 19.65 349.98 ± 29.04
Number of qq̄ events 2752.27 ± 302.65 4653.36 ± 386.11
Number of DD events 633.98 ± 69.71 1624.65 ± 134.80

Table 2. Results of the fit for the D+ → K−π+π+.

Source uncertainty ∆MD0 , MeV ∆MD0 , MeV ∆MD+ , MeV ∆MD+ , MeV
2004 2016–2017 2004 2016–2017

Absolute momentum calibration 0.005 0.005 0.005 0.014
Ionization loss in material 0.010 0.005 0.032 0.028
Momentum resolution 0.022 0.010 0.079 0.031
Uncertainty of meson energy 0.020 0.011 0.018 0.023
Signal PDF 0.018 0.025 0.059 0.066
Continuum background PDF 0.030 0.033 0.075 0.065
DD̄ background PDF 0.018 0.023 0.041 0.040
PID — 0.004 0.009 0.009
Beam energy calibration 0.007 0.005 0.005 0.003
Sum in quadrature 0.051 0.051 0.136 0.113

Table 3. Systematic uncertainties in the D0 and D+ mass measurements.

2004 2016–2017
The bias of the ⟨∆E⟩ value, D0 → K−π+ 1.030±0.004 1.013±0.003
The bias of the ⟨∆E⟩ value, D+ → K−π+π+ 1.023±0.003 1.014±0.003
MK0

S
, K0

S → π+π− 1.022±0.002 1.015±0.002

Table 4. Results of calibration of the scale coefficient α.

7 Study of systematic uncertainties

The estimates of systematic uncertainties in the D mass measurements are shown in table 3.
The contribution of absolute momentum calibration is determined by the precision of the

scale coefficient α. For base result we performed calibration by measuring the average bias
of the ∆E value. To estimate the systematic uncertainty, a reconstruction of the K0

S mass
in the π+π− channel was performed. Comparison of the mass K0

S found in the experiment
with the PDG value one allows us to obtain a scale coefficient α to momentum. The scale
coefficient obtained in various ways are presented in table 4.

As can be seen from the figure 2 the difference between the reconstructed and the
true momentum due to ionization losses in the detector material can reach several MeV, so
a correction to the momentum is introduced that takes it into account. The uncertainty
of the simulation ionization losses in the detector material is estimated by changing the
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corresponding correction coefficient to the momentum. The parameters of the function (4.5)
for the momentum correction were varied randomly in accordance with a Gaussian distribution
with a standard deviation equal to the error of the function parameter. The effect of possible
dependence of the D and κ parameters on the polar angle is taken into account in the
systematic uncertainty.

The uncertainty due to the momentum resolution is estimated by using two different
procedures matching the resolution in the simulation with the experimental one. The
momentum resolution is adjusted using cosmic events and BhaBha events. In the first
procedure the systematic error x(t) of the DC given for simulation in the axial and stereo
layers is multiplied by the calibration scale factors for tune the momentum resolution. In
the second procedure the spatial resolution obtained by the x(t) determination procedure
in the axial and stereo layers is multiplied by the calibration scale factors for tune the
momentum resolution.

The uncertainty in the meson energy takes into account several contributions. As noted
in section 5, to model the corrections due to ISR, we take into account the energy dependence
of the cross section. ISR correction uncertainty is dominated by the uncertainty of the energy
dependence of the cross section σ(e+e− → DD̄). To estimate the systematic uncertainty
value of the cross section at the measured points by energy varies randomly in accordance
with a Gaussian distribution with a standard deviation equal to the statistical error of the
measured cross section. In addition the difference in the energy scales of the VEPP-4M and
BEPC-II [16] accelerators of about 1 MeV is acounted.

The uncertainty due to signal shape parameterization is estimated by using a single
Gaussian shape instead of two ones with different widths. The continuum background shape
uncertainty is estimated by using the alternative generator for the system of pions with the
varying multiplicity in the simulation, and also by relaxing the background shape parameters
in the experimental fit. The contribution of the DD̄ background shape is estimated by
relaxing the relative magnitude of the Gaussian shape and the non-peaking component in
the experimental fit, and by excluding one of the Gaussian shapes from the background
shape parameterization.

The systematic uncertainty associated with PID is determined by the probability of
misidentification (pion as kaon or vice versa). Its magnitude was determined in works [18, 19,
26]. When identifying kaons or pions in the simulation, a correction was made to reproduce
the misidentification probability.

The error of the beam energy calibration is dominated by the precision of the beam energy
interpolation between successive energy measurements using the resonant depolarization
technique. It does not exceed 60 keV. The uncertainty due to beam energy calibration is
estimated as σEb

= ∆Eb
/
√
Nsig, where ∆Eb

— beam energy calibration error, Nsig — number
of selected signal events.

Compared to the previous analysis [7] for the first data sample some systematics have
been improved. First as mentioned above the systematics associated with ISR corrections has
been significantly reduced by using more accurate measurements of the σ(e+e− → DD̄) cross
section performed by the BESIII collaboration. The systematics associated with the absolute
momentum calibration have been improved by using a different method for its estimation.
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In the current analysis we performed the calibration by measuring the average bias of the
∆E value, while to estimate the systematic uncertainty we reconstructed the K0

S mass in the
π+π− channel. In the previous analysis contribution of absolute momentum calibration is
determined by the precision of the ∆E measurement and is propagated to the uncertainty
of the mass measurement using the dMbc/dα dependence. The systematics associated with
the momentum resolution have also been reduced. In the previous analysis the systematics
were determined in a different way from that described above in this section. The first
procedure of tuning the momentum resolution in the simulation with the experimental one
corresponds to that used in the new analysis. The second procedure is different and consists
of smearing the reconstructed momenta.

8 Conclusion

The masses of the neutral and charged D mesons have been measured with the KEDR
detector at the VEPP-4M e+e− collider operated in the region of the ψ(3770) meson. The
analysis uses a two data samples of 0.9 pb−1 and 4.0 pb−1 with D mesons reconstructed
in the decays D0 → K−π+ and D+ → K−π+π+. To perform averaging of the results on
D0 and D+ masses accounting for the partial correlation of systematic uncertainties we
employed the procedure used in [27]. The systematic error associated with the uncertainty
of the signal and background shapes is considered as the correlated part. The combination
values of the masses are

MD0 = 1865.100 ± 0.210stat ± 0.046syst MeV,

MD+ = 1869.560 ± 0.288stat ± 0.109syst MeV.

The D0 mass value is consistent with the more precise measurements, while that of the D+

mass is presently the most precise direct determination. These results are better than that
our results published in [7] and supersedes the result in [2].

Comparison of the D meson masses obtained in this analysis with the other measurements
is shown in figure 8, where KEDR 2010 — previously published result by the KEDR
collaboration based on 2004 data, KEDR 2025 — weighted average result based on the
collected data from 2004 and 2016–2017.

We have made a measurement of the mass difference between the D+ and the D0 mesons:

MD+ −MD0 = 4.46 ± 0.36stat ± 0.12syst MeV.

The systematic uncertainty is calculated under the assumption that the systematic uncer-
tainties between the measurements of D0 and D+ mesons are uncorrelated. The result is in
agreement with the current world average [2] and the most precise LHCb result [5].
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