
Abstract. A review is presented of experiments performed using
the KEDR detector at the VEPP-4M accelerator complex for
the precise measurement of particle masses. The resonant de-
polarization method, proposed in 1975 at the G I Budker
Institute of Nuclear Physics of the RAS Siberian Branch for

measuring beam energy, has undergone further development in
the experiments described; an unprecedented accuracy of
5� 10ÿ7 has been achieved. Application of this method
together with measurement of the Compton backscattering
energy allowed a series of experiments to be carried out which
have provided the world's most accurate mass values for the
J=w , w�2S�, w(3770), and D� mesons and for the s-lepton.

1. Introduction

Experiments devoted to precisely measuring the parameters
of elementary particles have been and still remain an
important component of modern high-energy physics. Thus,
the urgent necessity can be understood of precise experiments
in quarkonium spectroscopy, the results of which yield
information on the quark±antiquark system, which serves as
a stimulus for further development both of the theory of
strong interactions and of field theory as a whole. And, while
in the case of the quarkonium the measurement of masses
paves the way to a hitherto unexplored region and serves as a
benchmark for the theory, precise knowledge of the t-lepton
mass is necessary for a straightforward test of one of the
principles underlying the Standard Model, namely, of the
mÿt-universality of electroweak interaction theory.

During the past decade, a series of experiments has been
carried out at the Budker Institute of Nuclear Physics of the
RAS Siberian Branch (RAS SB INP) on the precise measure-
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ment of the masses of elementary particles, and, here, the
masses of the narrow J=c and c�2S� resonances have been
determinedwith an unperecedented high precision. A key role
in these experiments is played by the resonant depolarization
(RD)method elaborated and developed atRASSB INP [1, 2].
Experiments carried out with the KEDR detector at the
VEPP-4M accelerator complex1 are a continuation of the
series of measurements of the masses of bound heavy quark
states, initiated 30 years ago with the experiments using the
Olya [3] and MD-1 detectors (MD stands for magnetic
detector) [4].

The greatest success in the studies of e�eÿ-annihilation
processes has been mostly achieved owing to the statistics
collected at B-factories which provide high luminosity. At the
same time, there are questions that can be answered only by
applying the unique experimental techniques advanced in
experiments at VEPP-4M. Joint application of the RD
method for absolute calibration of the accelerator energy
with a precision on record and of the inverse Compton
scattering (ICS) method for continuous control of the
electron beam energy makes it possible to carry out precise
measurements of elementary particle masses at VEPP-4M.

In this article, results are presented of experiments
devoted to measurement of the masses of the J=c-, c�2S�-,
c�3770�-, and D-mesons and of the t-lepton, which were
obtained by theKEDRCollaboration between the years 2002
and 2012.

2. VEPP-4 accelerator-storage facility

Colliding beams serve as one of the main instruments in
studies of elementary particles in modern high-energy
physics. The VEPP-4 accelerator-storage facility [5, 6], with
colliding electron±positron beams of energies from 2 up to
11 GeV in the center-of-mass system, permits resolving a
broad range of problems in high-energy physics and carrying
out studies of nuclear processes with internal targets, as well
as experiments with synchrotron radiation (SR) and an
extracted beam of tagged bremsstrahlung gamma-quanta.
The possibilities provided by the facility are restricted by its
insufficiently high luminosity, which in the case of VEPP-4M
is significantly inferior to the luminosities of many other
colliders. For this reason, the experimental program for the
KEDR detector basically involves precise experiments for
measuring the masses of elementary particles. Moreover,
owing to the unique system for registering scattered elec-
trons, studies of two-photon processes are possible.

VEPP-4 was commissioned in 1979. During the period
between 1981 and 1985, the MD-1 detector [4] was utilized at
VEPP-4 for carrying out numerous studies into the physics of
ypsilon-mesons, onmeasuringRÐthe ratio of the total cross
section of e�eÿ-annihilation into hadrons and the Born cross
section of e�eÿ-annihilation into a muon pairÐand in two-
photon physics [7±17]. In 1986±1994, the ring underwent
modernization for the installation of the KEDR detector
and for enhancement of the accelerator luminosity. Renewal
of the facility has permitted reducing the minimal operational
accelerator energy to 1 GeV and made it possible to perform
experiments onmeasuringRwithin a larger range of energies.

The VEPP-4M facility (Fig. 1) is composed of the
VEPP-4M collider, the VEPP-3 booster-storage ring, and

an injector system consisting of a linear electron accelerator, a
conversion system, the B-4 synchrotron, and beam transpor-
tation channels [18±21]. The main parameters of VEPP-4M
are presented in Table 1.

VEPP-4M has a perimeter 366 m long, and it consists of
two semirings and two rectilinear sections, one of which
accomodates accelerating resonators and the injection sys-
tem, while the other one contains the KEDR detector
together with other experimental equipment. For operation
in the mode of 2� 2 colliding bunches, plates for electrostatic
beam separation are installed in the semirings. Two pairs of
dipole magnets, placed inside the experimental section,
together with quadrupole lenses of the final focus represent
a strong-focusing spectrometer in the system for scattered
electrons within the KEDR detector. Two dipole and two
gradient wigglers permit controling the size of the beam and
the damping decrements

For VEPP-4M operation in the 2� 2 bunch mode at a
beam energy of 2 GeV, the peak luminosity amounts to
3� 1030 cmÿ2 sÿ1. When the beam energy exceeds 4 GeV,
the luminosity amounts to about 2� 1031 cmÿ2 sÿ1 with the
existing injection system. Putting the new injection system [22]
into operation at a beam energy of 5 GeV will permit
achieving a peak luminosity of up to 8� 1031 cmÿ2 sÿ1. As

1 VEPP is the Russian abbreviation for `vstrechnye electron-positronnye

puchki' (`colliding electron±positron beams').
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Figure 1. Layout of VEPP-4 accelerator-storage facility: ROKK is the

abbreviation for `backscattered Compton quanta' (in Russian), and LA is

the linear accelerator.

Table 1. Parameters of VEPP-4M.

Parameter Value

Circumference
Revolution radius
Maximum energy
Orbit compression factor
Number of bunches
Betatron tunes,
horizontal/vertical
Frequency of high-frequency (HF) system
HF harmonic
Maximum HF voltage

366 m
34.5 m
5.5 GeV
0.017
2� 2

8.54=7.58
181.8 MHz

222
5 MV

Structure functions at interaction point

Vertical beta-function
Horizontal beta-function
Horizontal dispersion at interaction point

0.05 m
0.75 m
0.80 m
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has been shown experimentally, the transverse and long-
itudinal feedback systems installed at VEPP-4M in this case
permit obtaining a current of up to 40 mA in a single bunch.
The existing injector complex intended for the injection of e�

and eÿ beams into the VEPP-3 storage ring operates at a
repetition rate of 1.5 Hz and includes a two-section linear
accelerator (LA) (energy up to 50 MeV) and the B-4
synchrotron (energy up to 350 MeV). In the injection mode
of electrons, they are accelerated in the first LA section, then
decelerated to an energy of 7 MeV in the second section, and
then transported to the B-4 synchrotron for further accel-
eration and release. In the positron injection mode, the
electrons accelerated in the LA up to a maximum energy of
50 MeV impinge upon the tungsten target-converter that
produces electron±positron pairs. The positrons with an
energy of 7 MeV are directed, with the aid of a focusing
solenoid lens, toward B-4, where they are accelerated up to
an energy of 350 MeV. Upon extraction from the synchro-
tron, the beam is injected into the VEPP-3 booster storage
ring with the following parameters: maximum energy 2 GeV,
electron current up to 150 mA, positron current up to 50 mA,
and perimeter of 75 m. The characteristic accumulation rate
of electrons in VEPP-3 amounts to 2±3 mA sÿ1, and the
positron accumulation rate ranges 30±50 mA sÿ1. Since the
electron and positron beams travel in the same direction in
VEPP-3, alternation of the electron and positron accumula-
tion modes is achieved by changing the polarity of the
magnetic system.

3. KEDR detector

The KEDR universal detector [23±25] with a longitudinal
magnetic field was developed at RAS SB INP for experiments
at the VEPP-4M e�eÿ collider. The layout of the detector is
presented in Fig. 2.

The detector is composed of a coordinate system, a time-
of-flight system based on scintillation counters, an electro-
magnetic calorimeter, a set of aerogel threshold counters, and
a muon system based on streamer tubes. A longitudinal
magnetic field of up to 0.6 T, necessary for determining the
signs of charges and the momenta of charged particles, is
produced by a superconducting solenoid. The coordinate
system includes a vertex detector and a drift chamber. The
momentum resolution of the tracking system in a field of 0.6 T
amounts to sp?=p? � �0:032 � �0:02p?�2�1=2, where the trans-
verse momentum p? is expressed in GeV/c units. The
electromagnetic calorimeter consists of a cylindrical LKr
calorimeter (of thickness 14.8X0, where X0 is the radiation
unit of length) of mass 27 t and of an endcap CsI calorimeter
(16.1X0 thick). The electrode structure of the first layer of the
cylindrical electromagnetic calorimeter, used for determining
the coordinates of photons and of charged particles, is
composed of alternating longitudinal and transverse strips.
The energy resolution of the krypton calorimeter at an energy
of 1.8 GeV comprises 3.0%, while the characteristic spatial
resolution in this case reaches 1 mm. Systems for registering
electrons and positrons scattered at angles within the range
from 0 up to 0.01 rad with energies between 45% and 98% of
the beam energy are included in the detector composition for
studies of two-photon processes.

A more detailed description of the KEDR detector is
given in Ref. [25].

4. Measurement of VEPP-4M collider energy

The accuracy with which the collider energy is specified and
then measured is a key issue, when precision measurements
are performed of the masses of elementary particles. In the
course of setting the energy of the experiment, the currents of
the power supplies necessary for themagnets and lenses of the
accelerator are calculated by the control system. The
calculation procedure is rendered complicated by most of
the VEPP-4M magnets executing overlapping functions, i.e.,
their magnetic fields contain dipole, quadrupole, and sexto-
pole components. A change in the current of a magnet may
result in changes to the beam orbit, the betatron frequencies,
and chromatism; therefore, the algorithm for calculating the
current by the specified so-called setting energy is based on
the results of magnetic measurements and investigation of
beam behavior in the case of variation of the currents of the
magnetic elements. Nevertheless, deviation of the setting
energy from the true one may amount to 2±5 MeV for beam
energies within the 1±5 GeV range. The reproducibility of the
VEPP-4M energy in the course of hysteretic magnetization
reversal cycles of the magnetic system does not exceed
0.2 MeV in the J=c region; in the case of a fixed setting
energy, the stability of the beam energy with time remains at a
level of 0.1 MeV if no significant changes occur in other
collider parameters; otherwise, energy `jumps' are observed
that amount to 2 MeV. The precision values presented are
clearly insufficient for studying narrow resonances, such as
J=c and c�2S�, or for measuring the masses of the particles
produced, including c�3770� with a total width of about
27 MeV. To make such experiments possible, precise
calibration of the beam energy by the RD method [1, 2, 26],
as well as energy monitoring based on the inverse Compton
scattering (ICS) method [27±29], which is less accurate but
more practical and requires no preliminary beam polariza-
tion, have been realized at VEPP-4M.
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Figure 2. Layout of KEDR detector (longitudinal section): 1Ðvacuum

chamber, 2Ðvertex detector, 3Ðdrift chamber, 4Ð time-of-flight sys-

tem, 5Ðcylindrical liquid krypton (LKr)-based calorimeter, 6Ðelectro-

magnet coil, 7Ðmuon system, 8Ðmagnet yoke, 9ÐendcapCsI crystals-

based calorimeter, and 10Ðaerogel Cherenkov counters.
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4.1 Measurement of energy and of energy spread
by the resonant depolarization method
The RD method, proposed at INP in 1975 [1], was applied in
precise measurements of the masses of mesons: F [30], K�,
Kÿ [31], K0 [32],o [33], J=c,c 0 [34, 35],U,U 0,U 00 [36±40], and
of the Z-boson [41]. The relative measurement accuracy of
masses in these experiments amounted to 10ÿ4ÿ10ÿ5 [42].
Issues of the development of the RD method and the
experience of its application in experiments with the KEDR
detector at the VEPP-4M collider are considered in papers
[43±45].

The phenomenon of resonant depolarization is akin to
that of electron and nuclear magnetic resonances. Electrons
and positrons in storage rings may be spontaneously polar-
ized owing to the action of synchrotron radiation (the
Sokolov±Ternov effect) [46]; here, the polarization vector
will be perpendicular to the orbital plane. The spin of an
electron moving in a magnetic field undergoes precession
around the magnetic field direction. In the approximation of
a plane orbit, the spin precession frequency O only depends
on the particle's Larmor revolution frequency o and on the
relativistic factor g:

O � o
�
1� g

m 0

m

�
; �1�

where m 0=m is the ratio of the anomalous and normal
components of the electron magnetic moment, known with
an accuracy of 2:7� 10ÿ13 [47]. The revolution frequencyo of
particles in storage rings is determined by the frequency of the
accelerating voltage, and it can be set andmeasured with high
precision. Therefore, determination of the particle energy
reduces to measurement of the spin precession frequency O.
To this end, the polarized beam is subjected to the action of an
external high-frequency electromagnetic field of frequency
Odep, which varies slowly with time. When the condition

O� Odep � on �2�

is fulfilled with any integer n, depolarization of the beam takes
place. By measuring the frequency Odep at the instant of
depolarization, it is possible to determine the spin precession
frequency and thus to absolutely calibrate the storage energy.
The disappearance of polarization is registered by a polari-
meterÐ a device whose readout depends on the beam
polarization. For this purpose, at VEPP-4M, the dependence
of the frequency of intrabunch scattering in the beam [48±50]
on the degree of beam polarization is used.

The fundamental restriction imposed on themeasurement
accuracy of absolute energy by theRDmethod is significantly
smaller than the energy spread in the beam. The theoretically
achievable limit in accuracy, determined by the width of the
frequency distribution of spin oscillations, is at a level below
1 keV. In practice, the limit of 1±2 keV on the measurement
accuracy is related to distortion of the closed beam orbit, to
the existence of a longitudinal magnetic field in the region of
the detector, and to other factors considered in detail in
Ref. [51].

In the case of work in the charmonium energy range, the
characteristic time of spontaneous polarization is significantly
longer than the beam lifetime in the VEPP-4M accelerator;
therefore, the beam is polarized inside the VEPP-3 storage ring,
after which it is injected into VEPP-4M with no significant loss
of the degree of polarization.

The lifetime of such radiative polarization, which depends
on the cubic mean radius of the storage ring, is very long in
VEPP-4M: on the order of 100 hours at an energy of 1.8 GeV;
however, the presence in the complex of the VEPP-3 booster
storage ring with a significantly smaller radius permits
obtaining beams with a high degree of polarization in a time
of less than 1 hour. The depolarizer and polarimeter are
placed in the technical section of VEPP-4M; a transverse
high-frequency electromagnetic field is applied for depolar-
ization. Particles leaving the beam as a result of intrabunch
scattering are registered by a polarimeter consisting of two
pairs of scintillation counters inserted in the median plane
into the vacuum chamber of the storage ring. Energy
calibration is performed utilizing two bunches moving in
sequence: one of which is polarized, while the other one is
not. The ratio d � f1=f2 ÿ 1, where f1 and f2 are the counting
rates of losses of the polarized and nonpolarized bunches,
respectively, undergoes a jump increase at the instant of
depolarization. The counting rate of scattered particles
amounts to 100±400 kHz for a beam current of 2±4 mA. In
the course of energy measurement, scanning is done over the
depolarizer frequency in steps of 0.06 Hz with the aid of a
computer-controlled synthesizer, its linewidth proper being
about 10ÿ4 . The rate of frequency variation equals 0.6Hz sÿ1.

The characteristic jump in the relative counting rate of
scattered electrons at the instant of resonant depolarization at
an energy equal to the mass of c�2S�, with a degree of beam
polarization superior to about 70±80%, amounts to approxi-
mately 1.5%, for a statistical confidence exceeding 10 stan-
dard deviations.

A typical dependence of the counting rate ratio (`depo-
larization jump') is plotted in Fig. 3. The observed linear
increase preceding the RD is due to the cross sections of
intrabunch scattering (and, consequently, of the particle loss)
for the polarized and nonpolarized bunches differing from
each other.

The RD process is slow relative to the period of
synchrotron oscillations of the particle energy, which permits
determining the mean spin precession frequency and, respec-
tively, the average particle energy hE i, or more correctly, the
beam energy spread �� 10ÿ3�. Averaging is performed both
over the beam particles and over the revolution time.

The initial registration scheme of Tuschek electron pairs,
usually applied in such experiments, required the coincidence
of signals from scintillation counter pairs. In 2004, the direct
countingmodewas realized, for which such coincidences were
not required, thus significantly increasing the registration
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efficiency of intrabunch scattering events. In this mode, the
counting rate of Tuschek electrons increased by more than an
order of magnitude over the initial value, which reduced the
time required for energy calibration to an acceptable level.
Moreover, in spite of an increase in the background
compared to the one in the previously applied scheme, the
new technique permitted performing two, and even three,
energy measurements with the same beams implementing
upward and downward scanning in the depolarizer fre-
quency. To this end, the amplitude of the depolarizer was
chosen so as to provide only partial beam depolarization in
the course of each scanning procedure (Fig. 4). Such a
technique excludes the origination of a dangerous source of
energy measurement uncertainty due to possible beam
depolarization at side harmonics owing to small pulsations
of the magnet currents with a frequency of 50 Hz. Pulsations
may result in the energy being determined with an error,
which is a multiple of approximately 25 keV.

The contribution of the masses of narrow resonances to
the uncertainty, which is related to the precision of onefold
calibration, does not exceed 2 keV, since energy determina-
tion is based on several RD calibrations involving opposite
directions in the change of depolarizer frequency.

Partial depolarization permits performing twofold mea-
surements of energy with the very same bunches. The first
measurement involves downward scanning in energy, while
the second involves upward scanning.

4.2 Measurement of energy and of energy spread
by the inverse Compton scattering method
An advantage of the RD method consists in its record high
precision of energy determination �� 10ÿ6�, while its dis-
advantages lie in the long and complicated procedure for
obtaining polarized beams and in the necessity of interrupting
data taking in order to perform energy calibration. A method
based on inverse Compton scattering (ICS) has been realized
for continuous energy control. This method permits, albeit
with low precision (7±10%), measuring the beam energy
spread, which is also important for studying narrow reso-
nances.

The ICS method was proposed for application at the
synchrotron radiation sources BESSY-I (E � 600 MeV) and

BESSY-II 2 (E � 1:7 GeV) [27, 28]. In these experiments,
several joint measurements of energy were performed apply-
ing the ICS and RD techniques, and they demonstrated the
possibility of determining energy, using the ICS technique,
with an accuracy of 4� 10ÿ5. In measurements with the
KEDR detector at VEPP-4M, the ICS technique was applied
for the first time in measuring the beam energy and the energy
spread in elementary particle physics experiments with
colliding beams [43±45]. Subsequently, INP specialists
installed equipment that permits implementing the ICS
technique for energy calibration at the BEPC-II electron±
positron collider 3 in China [52]. At present, ICS is also tapped
for monitoring the beam energy at the second INP colliderÐ
VEPP-2000 [53]

The energy omax of gamma-quanta measured at the edge
of the ICS spectrum permits us to determine the electron
energy in accordance with the formula

e � omax

2

 
1�

������������������������
1� m 2

o0omax

s !
: �3�

The device employed for measuring the beam energy by
the ICS method consists of two main parts: a single-
frequency industrially constructed CO2 laser of wavelength
l � 10:6 mm and photon energy o0 � 0:117 eV, and a
photon detector made of high-purity germanium 120 ml in
volume (CANBERRA Analytical Instruments), cooled to
the liquid-nitrogen temperature, with an energy resolution
of 0.04% at an energy of � 5 MeV. For energy calibration
of the germanium detector, the following radioactive
sources were used: 60Co, 137Cs, and 24Na. The energies of
the calibration peaks, lying within the interval from 0.6 up
to 2.7 MeV, are known with an accuracy of better than
4� 10ÿ6.

The 30-W laser emits photons whose energy is stable at a
level of Do0=o0 ' 10ÿ8. The laser radiation is introduced
with the aid of a system of mirrors and lenses into the vacuum
chamber of VEPP-4M through the entrance window made of
a ZnSe crystal. At an electron beam energy of 1.5±2.0 GeV,
the edge of the Compton spectrum lies in the range of 4±
7 MeV. The average counting rate of Compton photons
during the experiment was at the level of 10 kHz, while the
rate due to the calibration isotopes amounted to 1 kHz. The
characteristic spectrum of inversely scattered Compton
photons and of the calibration lines from isotopes collected
during energy measurement is displayed in Fig. 5. The edge of
the spectrum, which provides information on the beam
energy and the energy spread, is shown in Fig. 6.

The systematic error of the method applied, found by
comparing the results of energy measurements with the RD
technique, amounted to 60±70 keV. About 40 min is required
for collecting the spectrum and achieving a statistical
accuracy of 100 keV in measuring energy during normal
operation of the collider.

One of the parameters affecting the observed cross section
is the beam energy spread. In calculating themasses of narrow
resonances, this parameter was found directly by fitting the
shape of a resonance, while in other experiments the stability
of the beam energy spread was controlled by applying the ICS
technique. Thus, in the experiment for measuring the mass of
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2 BESSY (German) Berliner Elecktronenspeicherring-Gesellschaft fuÈ r

SynchrotronstrahlungÐBerlin Community of the Electron Storage

Ring for Synchrotron Radiation.
3 BEPCÐ Beijing Electron-Positron Collider.
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the t-lepton in 2004±2006, three scans were made of the
c�2S�-meson and one of the J=c-meson. The stability of the
beam energy spread was controlled during the experiment
with the aid of the ICS technique with an accuracy of about
7%.

5. Precise measurement of the masses
of narrow resonances

We shall deal with the issue of measuring the masses of the
narrow J=c and c�2S� resonances in a separate section, since,
in this case, when the best possible precision has been
achieved, systematic uncertainties related to the operation of
the accelerator facility acquire first priority in analyzing the
results of measurements.

5.1 Cross section of annihilation into hadrons
in experiments devoted to measuring
the masses of narrow resonances
According to Ref. [54], the one-photon annihilation cross
section of an e�eÿ-pair into a given final state taking into
account radiative corrections can be represented as

s�s� �
�
dx

s0
ÿ�1ÿ x�s���1ÿP
ÿ�1ÿ x�s���2 F�s; x� ; �4�

where the invariant s corresponds to the energy squaredW of
the e�eÿ-pair in the center-of-mass system, P�s� is the total
vacuum polarization operator, and s0�s� is the cross section
of the process in the Born approximation. The kernel of
radiative corrections F�s; x� was calculated in Ref. [54] with
an accuracy of about 0.1%, and the variable x determines a
part of s lost owing to photons and soft e�eÿ-pairs emitted by
the initial particles.

In the soft-photon approximation, taking into account
interference of the resonance process with nonresonance
hadron production in the one-photon channel, expression
(4) can be reduced to the form [55]

s�W � � 12p
W 2
�1� d�

�
GeeGh

GM
Im f �W �

ÿ 2a
����������������
RGeeGh

p
3W

lRe
f ��W �
1ÿP0

�
: �5�

Here, G, Gee, and Gh are the total, electron, and hadron
widths, respectively; M is the resonance mass; a is the fine-
structure constant; R � s h=s mm; the parameter l charac-
terizes the strength of interference in the hadron cross section
(l � 1 in the case of muon pair production); in the parton
model l � 0:38 for J=c and l � 0:13 for c�2S�; function
f �W � is defined below, and f ��W � is the complex conjugate
function of f.

Formula (5) can be traced back to Ref. [56], in which
interference in the hadron cross section in the energy region of
the narrow resonance was considered for the first time. The
correction d was obtained in Ref. [54] within the approach of
the structure functions:

d � 3

4
b� a

p

�
p2

3
ÿ 1

2

�
� b 2

�
37

96
ÿ p2

12
ÿ 1

36
ln

W

me

�
; �6�

b � 4a
p

�
ln

W

me
ÿ 1

2

�
; �7�

whereme is the electronmass, and function f is defined as [57,
58]

f �W � � pb
sin pb

�
W 2

M 2 ÿW 2 ÿ iMG

�1ÿb
: �8�

To fit the resonance, the convolution product of the cross
section and the quasi-Gaussian distribution of the total
collision energy is applied, which has an energy spread of sW
in the beam:

G�W;W 0� � g�WÿW 0�������
2p
p

sW
exp

�
ÿ�WÿW 0�2

2s 2
W

�
: �9�

The pre-exponential factor g�WÿW 0�, depending on the
collision energy, can be written out approximately as

g�WÿW 0� � 1� a�WÿW 0� � b�WÿW 0�2
1� bs 2

W

: �10�

The parameters a and b depend on the chromatism of the
betatron and disperison functions at the interaction point of
the beams. The second derivatives of the betatron and
dispersion functions cannot be determined accurately and
reliably; therefore, the coefficient b in formula (10) becomes
free in the course of fitting. It is impossible to free the
coefficient a owing to a subsequent drastic increase in the
statistical error. The uncertainty in the measurement of mass,
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caused by the difference between the pre-expontial factor and
unity, is discussed in Section 5.2.

5.2 Determination of mean colliding energy of beams
The yield of resonances of massM at the given collider energy
E is determined by the probability of e�eÿ-collisions with an
invariant mass W close to M. Without assuming the electron
and positron energies to be equal to each other, taking into
account the respective radial angular and vertical dispersions,
yx and yy, as well as the energy spread sE, we obtain upon
averaging over the particle momenta [51]:

hW ip � hE� � Eÿi ÿ 1

2
�y 2

x � y 2
y �Eÿ

s 2
E

2E
ÿ
ÿhE�i ÿ hEÿi�2

4E
;

�11�

where E� and Eÿ are the respective positron and electron
energies. During VEPP-4M operation, in the energy region
of c-mesons, one can assume that W � E� � Eÿ; the
systematic uncertainty of such an approximation does not
exceed 0.3 keV [51].

Since calibration of the electron energy during the
experiment was performed by the RD technique and the
electron and positron energies were assumed to be equal to
each other in the analysis, E� � Eÿ, one of the essential
systematic uncertainties in the measurement of the c�2S�
mass is the possible difference between the electron and
positron energies.

Since the electrons and positrons travel in the same
accelerator ring, the difference between their energies is
determined mainly by the weak radial electric field induced
in the accelerating resonators owing to the displacement of
the beam orbit with respect to the axis of the resonator.
Another source of difference between the electron and
positron energies that has to be taken into account is the
skew sextupole lense,4 mounted at the azimuth of the vertical
beam separation in the vicinity of the parasitic interaction
point, so the magnetic field turns out to be distinct for
electrons and positrons. Direct measurements (over
20 experiments), in which the energies of electrons and
positrons were measured either simultaneously or alterna-
tively by the RD technique [59], permitted the conclusion that
the difference between the energies of the two beams does not
exceed 2±3 keV.

A number of effects lead to the mean energy value W,
obtained by averaging over the luminosity distribution,
differing from the sum of the mean electron and positron
energies. The main such effect is the existence of a small
(0.8 mm) vertical dispersion function cy at the interaction
point, caused by electrostatic separation of the beams in the
opposite section and by the inaccuracy Dy in convergence of
the beams.

The differential luminosity can be represented as

dL�E;W �
dW

� frN�Nÿ
4psx�W=2� sy�W=2�

1������
2p
p

sW

� exp

�
ÿ 1

2

�
Wÿ 2E

sW
ÿ sWcyDy

2Es 2
y

�2

ÿ D 2
y

4s 2
y

�
; �12�

where fr is the revolution frequency, N� and Nÿ are the
particle numbers in the bunches, Dy is the beam impact
parameter, and sx and sy are the effective transverse
dimensions of the beam at the interaction point. As can be
seen from formula (12), the vertical displacement Dy of the
beams at the interaction point, caused by residual perturba-
tion of the orbit related to separation of the beams, leads to
the inequality hW iL �

�
W dL�E;W� 6� 2E. At the same

time, inaccuracy in the aiming reduces the luminosity. Until
2006, beams weremade to converge manually by the operator
in such a manner that the deviation of luminosity from the
maximum value was estimated to be � 3%, which corre-
sponds to Dy � 2:5 mm for the size sy � 7 mm and results in a
change in the collision energy of approximately 20 keV. The
error in mass introduced by the effect considered is statisti-
cally suppressed by the large number of independent injec-
tions and in the experiments performed did not exceed 5 keV.
A further reduction in this error was achieved in 2006 owing
to installation of an automatic tuning system for making the
beams converge on the base of the maximum luminosity.

As has already been noted, the pre-exponential factor in
formula (12) depends on the collision energy owing to the
chromatism of the betatron and dispersion functions at the
interaction point of the beams. The logarithmic derivatives in
energy of the betatron functions bx and by are determined
experimentally. The derivative of the c-function is estimated
by simulation of the optical functions of the accelerator.
Expansion of the pre-exponential factor leads to formula (10).
Coefficient a is determined by the formula

a � 1

2

b 0y
by
� 1

2

b 0x
bx

s 2
x; b

s 2
x;b � s 2

x; s

� c 0

c

s 2
x; s

s 2
x;b � s 2

x; s

: �13�

The change in mass due to the influence of the quadratic
addition determined by formula (10) does not exceed 0.5 keV,
if the parameter b is free.

Such effects as a change in the energy spread, accounting
for the potential of the oncoming bunch, and vertical
distortion of the orbit, leading to violation of relationship
(1), are dealt with in detail in Ref. [51]. The systematic
uncertainty introduced by them is estimated at the level
between 1 and 2 keV.

5.3 Determination of beam energy during data taking
Since the KEDR detector operated at a lower energy, the
sequence of performing energy calibration and data taking in
experiments with the KEDR detector differed from the
respective sequence in experiments with MD-1 in the energy
region of U-mesons, where energy calibration was performed
with the `operative beams' immediately before or after data
taking. In the KEDR experiment, the energy in the course of
data taking was calculated by interpolation of the results of
calibrations.

The interpolation procedure for data obtained by the RD
method takes into account variations in the accelerator
parameters, such as the field of the turning magnets,
measured by a nuclear magnetic resonance transducer, the
temperature of the magnets, etc. Since variation of the energy
of bunches is to a significant degree related to temperature
variations of the collider perimeter, a significant role in the
interpolation accuracy is played by the temperature stability
of the whole accelerator. At the beginning of the experiment,
in 2002, an aerial system was tapped for cooling the
accelerator ring. Characteristic energy variations recorded

4 A skew sextupole lens is a sextupole lens rotated with respect to its axis

through a certain angle, which results in the appearance of additional

multipole moments and which permits more precise tuning of the betatron

electron and positron frequencies.
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during data taking for a given energy setting are presented in
Figs 7 and 8. Figure 7 depicts the regular variation of the
accelerator energy related to diurnal temperature fluctua-
tions. The amplitude of fluctuations increases from 4 keV in
March up to 45 keV in May. Figure 8 demonstrates the
irregular change in the beam energy at switch-on and during
reversal magnetization of elements of the accelerator ring.

In 2004, a system operating in a thermostabilizing mode
was installed for water-cooling of the collider, which
permitted substantially simplifying the procedure of deter-
mining the accelerator energy.

The energy interpolation error was estimated by the
difference between energies in various interpolation versions
making use of different sets of parameters. The interpolation
procedure and parameters describing the state of VEPP-4 are
discussed in detail in Refs [51, 59]. The accuracy in determin-
ing the energy by interpolation amounts to about 7±20 keV
[26], depending on the operating mode of the facility. In most
of the scans of J=c- and c�2S�-mesons, the systematic
interpolation uncertainty did not exceed 5 keV. An examina-
tion of several experiments performed at different times under
dissimilar conditions reveals the error related to interpolation
decreases.

5.4 Systematic uncertainties in cross section calculations
The uncertainties in the masses of narrow resonances due to
the error in cross section calculations by formula (5) for a
given value of l do not exceed 1 keV [55]. However, as can be
noted, a significant role in calculating the cross section is
played by the uncertainty of the actual interference parameter
l, which specifies the strength of interference between decays
of the resonance and electromagnetic nonresonant hadron
productions.

Estimates of systematic uncertainties in the masses of
narrow resonances, related to the value of l, are based on
variations in the value of the mass, when fits are performed

considering parameter l to be free. An alternative estimation
method consists of comparing the apparentmass values in the
hadron and muon channels.

5.5 Results of measurements
of the masses of narrow resonances
In the course of scanning, data were collected at several points
on the excitation curve of the resonance. The cross section in
the region of the c�2S�-resonance is shown in Fig. 9, where
the results are presented for three scans performed in 2006.

Here, we present the mass values for the J=c- and c�2S�-
mesons obtained by the KEDR Collaboration [51, 55]:

MJ=c � 3096:917� 0:010� 0:007 MeV;

Mc�2S� � 3686:114� 0:007� 0:011�0:002ÿ0:012 MeV:

The indicated model-dependent uncertainty in the mass of
c�2S�, related to the assumptions of interference and dealt
with in Section 5.4, was obtained in Ref. [55]. Before
implementation of the KEDR experiment, the measurement
accuracy in the case of narrow resonances was no better than
30 and 90 keV for the J=c- and c�2S�-mesons, respectively.

6. Measurement of the s-lepton mass

If the mass of the t-lepton, its lifetime, and the probability of
its decay into an electron, neutrino, and antineutrino are
known exactly, then a check can be made of the lepton
universality principle, i.e., of one of the postulates of the
Standard Model, according to which the interaction con-
stants are all equal to each other: ge � gm � gt. The relation-
ships involving the parameters mentioned can be represented
as follows:�

gm
ge

�2

� 1:028
G�t! m�nmnt�
G�t! �nent� ; �14��

gt
gm

�2

� 0:9996
tm
tt
B�t! e�nent� m

5
t

m 5
m
; �15�

where G and B are the decay probabilities.
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At the time when the experiment with the KEDR
detector for the precise measurement of the t-lepton mass
was being planned, the value of the t-lepton mass was,
according to data of the Particle Data Group (PDG), Mt �
1776:99�0:29ÿ0:26 MeV [60]. Of the five results selected for
calculation of the PDG-value of the t-lepton mass, twoÐ
performed with the detectors DELCO (Direct ELectron
COunter) and BES (BEijing Spectrometer)Ðwere based
on scans of the production threshold region of t�t-pairs,
while the other three were based on application of the
pseudomass method, first applied in the Argus experiment
[61]. In spite of the quite large number of measurements, the
PDG-value of the t-lepton mass practically depended on a
single measurement made in 1992 with the BES detector
(Mt � 1776:9�0:18ÿ0:21

�0:25
ÿ0:17 MeV) [62], since the other measure-

ments were significantly inferior to it in accuracy. Here,
analysis of the published data from the BES detector
revealed that the announced measurement error in the
t-lepton mass could be lowered by a factor of 1.5±2.0 [63].

Independent measurements of the t-lepton mass, carried
out by the KEDR, Belle, and BaBar collaborations over
the past ten years have completely resolved the aforemen-
tioned acute issues. In this article, we shall deal with
peculiarities of the KEDR experiment, which seem to be
interesting from the point of view of the new experiment on
measuring the t-lepton mass, started in 2012 by the BES-III
Collaboration [64].

6.1 Cross section of e�eÿ ! s�sÿ process
The cross section of the e�eÿ ! t�tÿ process at energy W in
the center-of-mass system can be written out in the form

sth�W� � 1������
2p
p

sW

�
dW 0 exp

�
ÿ�WÿW 0�2

2s 2
W

�

�
�
dxF�x;W 0� s�W 0 �����������1ÿ x

p
� : �16�

Here, the first integral takes the energy spread sW in the
center-of-mass system into account, and the second one
accounts for energy losses due to emission in the initial state
[54], where

s�W � � 4pa 2

3W 2

b�3ÿ b 2�
2

F�b�Ffsr�b���1ÿP�W ���2 : �17�

The quantity s�W� includes the correction due to Coulomb
interaction, which has the form

F�b� � pa=b
1ÿ exp �ÿpa=b� ; �18�

as well as the correction due to emission in the final state,
Ffsr�b� [65] and the effect of vacuum polarization
j1ÿP�W �j2. The quantity

b �
���������������������������
1ÿ

�
2Mt

W

�2
s

�19�

is equal to the velocity of the t-lepton. Owing to the Coulomb
interaction of t-leptons in the final state, the cross section of
the e�eÿ ! t�tÿ process (17) exhibits a step at W � 2Mt

(Fig. 10).

6.2 Formulation of experimental conditions required
for measurement of the s-lepton mass
Unlike the systematic error in measurements of the masses of
narrow resonances, which to a significant degree is related to
the measurement accuracy of the accelerator energy, the
systematic error in experiments aimed at measurement of
the t-lepton mass is mainly due to the inaccuracy in
determining the registration efficiency and in measuring the
luminosity and the contribution from background events. To
reduce the systematic error in the indentification of
e�eÿ ! t�tÿ events, the softest possible selection rules were
adopted in the KEDR experiment, although the background
was required to be negligibly small. In this case, the following
function can be used for fitting the cross section sth in the
threshold region of the t-lepton production:

sfit�W � � sbg � esth�W;Mt� ; �20�

where e is the registration efficiency of t-lepton decay events,
and sbg is the cross section of background processes.

To ensure fulfilment of the aforementioned requirements,
two-prong events were selected of the processes

e�eÿ ! �t! ent�ne� �t! mnt�nm; pnt;Knt� � c:c:;

where c.c. denotes the charge conjugate decay channels. As is
shown in Ref. [66], when the indicated selection rules are
imposed, the remaining background, which is mainly due to
two-photon events, depends weakly on energy.

At the t-lepton production threshold, the derivative in
energy of the cross section has a maximum and, as a
consequence, the statistics collected in this region determines
the measurement error of the t-lepton mass. The following
scenario of data taking was chosen in the course of planning
the experiment: 70% of the integral luminosity L was to be
collected at three energy points: Ebeam �Mt ÿ 0:5 MeV,Mt,
and Mt � 0:5 MeV. Here, Mt was chosen equal to the PDG-
value of the t-lepton mass. The choice of the interval equal to
0.5MeV between the threshold points with a high probability
led to the mass being measured to be found within this range,
given the uncertainty in the t-lepton mass existing at the time.
In order to measure the background level sbg, 15% of the
integral luminosity was collected below the t-lepton produc-
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Figure 10.Cross section stt of the e�eÿ ! t�tÿ process near the threshold
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tion level, and the remaining 15% was collected above this
threshold with the aim of measuring the registration effi-
ciency e. The statistics collected above the production thresh-
old was distributed over several points in order to enhance the
fitting stability.

The experiment on measuring the t-lepton mass consisted
of two scans of the threshold region involving collection of the
luminosity integral up to 15.2 pbÿ1 at nine beam energy points
within the range of 1772±1889 MeV. The luminosity integral
collected in the first scan amounted to 6.7 pbÿ1, and in the
second to 8.5 pbÿ1. The distribution of the luminosity integral
over the points in each scan approximately corresponded to
the previously described scheme. The dependence of the
measured e�eÿ ! t�tÿ cross section upon energy is shown
in Fig. 11.

To obtain the t-lepton mass, the measured number of
events, Nt�tÿ , at 9 beam energy points in the first scan and at
11 points in the second were fitted applying the maximum
likelihood method. An independent fit of the statistics
collected in both scans of the threshold region revealed that
the registration efficiencies in these scans differ from each
other; therefore, to obtain the t-lepton mass on the basis of
the total statistic, an additional parameter corresponding to
the registration efficiency in the second scan was introduced
into the fitting procedure. A joint fit of the statistics of both
scans yielded the value of the t-lepton mass:

Mt � 1776:69�0:17ÿ0:19 MeV:

6.3 Results of measurements of the s-lepton mass
Systematic errors in measurements of the t-lepton mass, due
to different sources, are presented in Table 2. In the
experiment with the KEDR detector, the t-lepton mass was
measured with the best accuracy in the world. The following
value was obtained for the mass:

Mt � 1776:69�0:17ÿ0:19 � 0:15 MeV:

As can be seen fromTable 2, themain contributions to the
systematic error in the mass are associated with determining
the registration efficiency and with measuring the luminosity.
There are reasons to imply that improvement of the analysis
procedure and reprocessing of the experimental data from the
KEDR detector will permit us to significantly reduce the
indicated systematic uncertainties.

A comparison of the results of different experiments,
made use of by the PDG group, may be drawn in Fig. 12.

At present, the main contributions to the tabular value of
the t-lepton mass [47], namely

Mt � 1776:82� 0:16 MeV ;

are due to two threshold experiments performed with the BES
and KEDR detectors, and two measurements made with a
somewhat lower accuracy using the Belle and BaBar detectors
and obtained by the method of pseudomasses. All the results
are in good agreement with each other.

For enhancement of the accuracy of mÿt-universality
tests in future experiments, it is first necessary to improve
the measurement accuracy of the t-lepton lifetime and of the
Bt!ent�ne decay probability, the uncertainties of which at
present make the main contribution to the calculation
accuracy of relationship (15). It should be noted that hopes
for essential enhancement of the t-lepton lifetime measure-
ment accuracy in the Belle and BaBar experiments were not
justified. It is possible that certain progress may be expected
in ATLAS (A Toroidal LHC ApparatuS) and CMS
(Compact Muon Solenoid) experiments at the Large Hadron
Collider (LHC).

7. Measurement of D-meson masses

The measurement of the D-meson masses, carried out by the
team of the KEDR experiment in 2005, was based on an
analysis of events of the c�3770� ! D �D process. Measure-
ments of the mass of D-mesons, like those of the t-lepton
mass, are performed in the vicinity of the production thresh-
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Table 2. Systematic errors in measurements of the t-lepton mass.

Source of systematic error dMt, keV

Stability of registration eféciency
Stability of luminosity measurement
Measurement of beam energy
Calculation of cross section [radiative corrections,
account for interference of c�2S�]
Measurement of energy spread
Energy dependence of background
Instability of energy spread
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old, but the experimental technique used is absolutely
different. In the analysis, it is the invariant mass of registered
particles that is reconstructed, instead of the shape of the
cross section. Owing to accurate measurement of energy by
the RD method, the uncertainty in the beam energy
calibration is negligibly small, which permits analyzing the
data set without particle identification.

7.1 Method applied in measurement of D-meson masses
In the KEDR experiment, the D-meson masses were measured
in the e�eÿ ! D �D process close to the threshold by exclusive
reconstruction of one of the D-mesons. D-mesons were
reconstructed in D0 ! Kÿp� and D� ! Kÿp�p� decays, as
well as in charge conjugate decays.

The D invariant mass may be calculated as

Mbc �
�����������������������������������������
W

2

�2

ÿ
�X

i

pi

�2

vuut �21�

(the so-called beam-constrained mass), where W is the total
energy of the electron and positron in the center-of-mass
system, and pi are the momenta of the D-meson decay
products. Here, advantage is taken of c�3770� decaying into
two D-mesons of the same mass and, consequently, of the
same energy W=2 (with an accuracy up to radiative correc-
tions). Such a change permits significantly improving the
accuracy of the D-meson mass reconstruction over that of the
energy calculation from the momenta of decay products. The
measurement accuracy ofMD in one event is expressed in the
form

s 2
MD
' s 2

W

4
�
�
pD
MD

�2

s 2
p �

s 2
W

4
� 0:02s 2

p : �22�

The contribution from the momentum resolution to the
mass measurement accuracy is essentially suppressed owing
to theD-mesonmomentum being small compared to its mass.
In the vicinity of the maximum of the c�3770� resonance, the
momentum of D-mesons produced in the c�3770� ! D �D
decay amounts to pD ' 260 MeV.

For the reconstruction of D-mesons, it is necessary to
identify events with Mbc in the region of the D mass. An
additional variable also exists, with the aid of which D-decay
events are conveniently identified, namely, the difference
between the D-meson energy and the beam energy:

DE �
X
i

�����������������
m 2

i � p 2
i

q
ÿ Ebeam : �23�

In the case of D-meson decay events, the condition DE � 0
must be fulfilled. In the actual analysis, events are selected
from quite a broad range of the variables Mbc and DE near
Mbc �MD and DE � 0, and then the event density is fitted in
these variables with account of the background; one of the
fitting parameters is the D-meson mass.

7.2 KEDR experiment on measuring D-meson masses
Data taking in the KEDR experiment devoted to measuring
the D-meson mass was carried out in the vicinity of the
c�3770� resonance maximum; in the course of the experi-
ment, a luminosity integral of 0.9 pbÿ1 was collected.

The e�eÿ ! D �D cross section in the region indicated
was measured by the CLEO [67] Collaboration to be

6:57� 0:04� 0:10 nb for E � 3774 MeV. The cross section
of neutral D-meson pair production is s�D0 �D0� �
3:66� 0:03� 0:06 nb, and for a pair of charged D-mesons
the cross section s�D�Dÿ� � 2:91� 0:03� 0:05 nb. About
100 of the sought-after events were reconstructed in the
neutral mode, and 110 events in the charged one.

The accuracy of momentum reconstruction contributes
directly to the D mass measurement accuracy. Absolute
calibration of the momentum scale was performed for the
same set of events that was tapped in the analysis, by
requiring that the mean value of DE be zero. As a check,
alternative methods of momentum calibration were used
that were based on reconstruction of the decays K0

S! p�pÿ

and e�eÿ! c�2S�! J=cp�pÿ.
The systematic uncertainties in the measurement of the

D0- and D�-meson masses are presented in Table 3. The
following values were obtained for the D-meson masses:

MD0 � 1865:30� 0:33� 0:23 MeV; �24�
MD� � 1869:53� 0:49� 0:20 MeV:

In 2007, the CLEO Collaboration measured the D0 mass
in the D0 ! fK0

S decay [68]:

M�D0� � 1864:847� 0:150� 0:095 MeV: �25�

At present, the CLEO measurement determines the
accuracy of the mean world value of the D0 mass [47];
moreover, the charged D-meson mass determined via the D0

mass and the mass difference MD� ÿMD0 is significantly
more accurate than in the case of its direct determination.

The other measurements of the D-mesonmasses made use
of in PDG calculations are significantly less accurate. They
were performed in the Mark-II experiment at the e�eÿ-
collider SPEAR (Stanford Postitron-Electron Asymmetric
Rings) [69] and by the ACCMOR (Amsterdam-CERN-
Cracow-Munich-Oxford-Rutherford) Collaboration in a
fixed-target experiment [70]. In both experiments, the
dominant systematic error is related to the accuracy of beam
energy calibration, particularly in the Mark-II measurement.

At present, our result for the chargedD-mesonmass is the
most precise measurement value. The collected experimental
statistics did not permit the KEDR experiment to compete
with CLEO as far as D0 mass measurement accuracy is
concerned, but the value of the D0 mass obtained in the
KEDR experiment is important for an additional test, since
the measurement was performed by a method differing from
the one applied by CLEO.

Table 3. Systematic errors in the measurement of D0- and D�-meson
masses.

dMD0 , MeV dMD� , MeV

Absolute momentum calibration
Description of energy loss in matter
Momentum resolution
Accounting for radiation in the initial state
Shape of signal distribution
Shape of background continuum
distribution
Shape of dMD� -background distribution
Calibration of beam energy

0.04
0.01
0.13
0.16
0.07

0.04
0.03
0.01

0.04
0.03
0.10
0.11
0.05

0.09
0.06
0.01

Total error 0.23 0.20
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8. Measurement of the w(3770) mass

The KEDR Collaboration's measurement of the parameters
of the c�3770� resonance is interesting, first of all, owing to
the demonstration and analysis of problems related both to
the interpretation of data that are involved in the analysis of
experimentally measured cross sections in the region of
charmonium states and to theoretical substantiation of the
applicability of the Breit±Wigner amplitude for broad
resonances.

In most experimental investigations of the c�3770�
parameters, the interference between the resonance and
nonresonance amplitudes of the D �D-pair production pro-
cess has been ignored; moreover, it is chiefly the simplest form
factor in the process of nonresonantD �D-pair production that
has been considered, which has led to a systematic shift of the
measured resonance mass. Some of thementioned issues were
investigated within the analysis of data from the experiment
dealt with in the present article.

8.1 Experiment on measuring the w(3770) parameters
Three joint scans in the energy region of the c�2S�- and
c�3770�-resonances were performed in the KEDR experi-
ment; the collected luminosity integral amounted to about
2.6 pbÿ1. Measurement of the accelerator energy during the
scans, as in the other aforementioned experiments, was
implemented by applying the RD and ICS techniques.

The c�3770�-resonance parameters were determined by
the joint fitting of three scans. The fitting procedure was
described in detail in Refs [55, 71]. The results for the
contribution associated with c�3770� decays and with
nonresonant D �D-pair production are given in Fig. 13.

Under the assumption of vector dominance, themain part
of the cross section in the c�3770� region is determined by the
sum of the contributions from vector resonances decaying
into D �D-pairs. In the analysis of KEDR data, simplification
of the indicatedmodel was tapped, in which the form factor of
D-meson production is described by the sum of contributions

from c�2S�, c�3770� and of a constant term corresponding to
the contribution of more distant resonances. The following
value was found for the resonance mass:

Mc�3770� � 3779:2�1:8ÿ1:7 MeV:

Themain sources of systematic uncertainty in themass are
collected in Table 4.

To estimate the model dependence of the c�3770�
parameters, fitting was performed using alternative models
for the nonresonance form factor, which were not based on
the assumption of vector dominance. The resultant value of
the c�3770�-resonance mass, obtained in the KEDR experi-
ment, is the following:

M � 3779:2�1:8ÿ1:7
�0:5
ÿ0:7

�0:3
ÿ0:3 MeV:

A comparison of the results of our measurement with the
results of similar experiments [72±76] reveals that ignoring
interference in studies of the e�eÿ ! hadrons process leads to
an underestimation of the actual resonance mass. In experi-
ments at B-factories [77±80], this tendency is less evident, and
the results of c�3770� mass measurements happen to be
within the intermediate region, which is probably explained
both by the characteristic features of the analysis, being less
sensitive to taking into account interference, and by measure-
ment uncertainties.

Interference between c�3770� and nonresonant D �D-pair
production leads to two possible combinations of phase and
lepton width in the case of a constant mass. Dealing with this
interesting resultÐ equivocation of the solutionÐgoes
beyond the scope of the present article. But it must be noted
that for determination of the `true' solution both additional
theoretical studies and new experimental investigations,
involving more precise determination of the probabilities of
the neutral and charged modes of the e�eÿ ! D �D process,
and of possible exclusive decays of c�3770� into an `other-
than-D �D state', are required.

9. Conclusion

During the past decade, a series of experiments has been
performed at the INP of the RAS SB for the precise

0
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Figure 13. Contribution of ds to the e�eÿ ! hadrons cross section,

associated with c�3770� decays and nonresonant D �D-pair production.

The curves correspond to the joint fit of three scans in the vector

dominance model without taking interference into account. Fitting was

performed taking into account radiative corrections.

Table 4. Systematic uncertainty of the main parameters of c�3770� and of
the nonresonance D �D cross section (results for two solutions are
presented).

Source dMc�3770�, MeV

Uncertainties of a theoretical character and of `external' parameters

BnD �D

Characteristic interaction radius R0 in G�W �
GD0 �D0=GD�Dÿ

D, �D masses

D �Dp cross section

�0:0
ÿ0:5
0.30

0.10

0.06

0.15

Detector and accelerator uncertainties

Eféciency instability

Selection criteria

Background

Luminosity measurement

Determination of energy

0.03

0.30

0.06

0.10

0.03

Total error �0:48
ÿ0:69
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measurement of elementary particle masses, in which an
unprecedented high-precision level was achieved. The experi-
ments reported in the present article, which were aimed at
resolving different physical problems, differ from each other
both in formulation of the task and in the technique used for
the analysis. At the same time, the achieved high precision of
the results obtained is, to a large extent, related to the
methods realized for measuring the beam energy, which
permitted implementing control of the absolute accelerator
energy at a new level.

It must be noted that experiments for measuring the
t-lepton and D-meson masses are good prospects for further
precision enhancement in the nearest future. In experiments
for the measurement of the masses of narrow resonances, no
rapid significant progress is to be expected, and, most likely,
the results obtained by the KEDR Collaboration in measure-
ments of the masses of charmonium states will remain for a
long time in the first rows of tabulated characteristics of
elementary particles. Enhancement of the measurement
accuracy of c�3770� parameters is related to the necessity of
enriching the data statistics and of developing theoretical
models for the description of charmonium states above the
D-meson production threshold. Only progress in both areas
will permit us to determine the c�3770� characteristics
reliably.
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