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Abstract:

This paper reviews physical results obtained at the ete™ collider VEPP-4 with the MD-1 detector.
The results of experiments on the ¥ meson physics and study of the hadron production in continuum in
the energy region 7.2+10.3 GeV as well as the results of study of the two photon reactions are presented.
Among results obtained in the upsilon physics: the precise measurement of the T(15), T(2S), T(39)
masses and the precise determination of the T(1S) and Y(2S) electronic widths. In the experiments on
study of the hadron production in continuum the precise measurement of the R was carried out. The
peculiarity of the detector is the magnetic field transverse to the orbit plane which provided the possibility
to study two photon reactions with tagging one or both scattered electrons even at zero emission angle.
Among results on the v reactions is the measurement of the two photon total hadronic cross section
performed in the double-tag mode. In the QED experiments a new QED effect — the impact parameter
cut-off in single bremsstrahlung was discovered.
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1.Introduction

With the discovery of the T(15) and Y(25) mesons at FNAL (USA) in 1977 [1] studies of
the T meson family occupied an important place in programs of high energy physics laboratories.
Though T-mesons were discovered in experiments with a proton beam, the dominant contribution
to their study came from ete~ -colliders: DORIS-II in Germany, CESR in the USA and VEPP-4
in Russia.

About a dozen of detectors worked at these colliders: PLUTO, LENA, DESY-Heidelberg,
DASP-II, ARGUS, Crystal Ball at DORIS-1I; CLEO, CUSB, CUSB-II, CLEO-II at CESR; MD-
1 at VEPP-4. In the large number of experiments performed the bound states T(15), T(25),
T(35), and T(45) were investigated. The most fruitful experiments appeared to be those at the
T(4S5) state decaying to B°B° or B* B~ meson pairs. Reviews on Y- and B- mesons studies can
be found elsewhere {2, 3].

Rich physics in the T meson energy region, and particularly an opportunity to observe CP
violation in decays of neutral B mesons, generated plans to build high luminosity e*e~ -machines
(B-factories) in several countries and two of these machines, in SLAC (USA) and in KEK (Japan),
are now under construction.

Since the beginning of eighties experiments with the MD-1 detector at the ete~ collider
VEPP-4 began in Novosibirsk. The project of the MD-1 detector was developed in the middle
of seventies and the detector was optimized for 4+ physics. Since in v+ reactions the scattered
electrons as well as reaction products are emitted predominantly in the beam direction, the
detector was constructed with the magnetic field transverse to the orbit plane, and at both sides
of the MD-1 additional deflecting magnets were installed in front of quadrupoles. Compared to
other detectors these features gave us a possibility to study tagged v reactions with quasi real
photons and to have a high detection efficiency of the scattered electrons combined with the best
accuracy of their energy measurement,

However, a large distance between the lenses appeared to be an essential drawback of the
detector for experiments on T physics, since it did not allow to have a small beta-function
necessary to obtain a high luminosity at the VEPP-4. The luminosity (~ 3 -10% cm~2sec™! at
T(1S5)) was about one order lower than that of DORIS-II or CESR. Such luminosity could not
provide a possibility to collect sufficient statistics at the T(45) which has small production cross
section, so that the MD-1 concentrated on the precise studies of lower bound states as well as
on the e*e~ annihilation in nearby continuum. Concurrently a series of experiments on the yv
physics was performed.

2. MD-1 detector and VEPP-4 collider

2.1. VEPP-4 collider

Schematic drawing of the VEPP-4 [4] (VEPP is acronym of the Russian name for the colliding
electron positron beains) is shown in Fig.2.1. The circumference of the storage ring is 366 m.
The ring is composed of the two semi-rings filled with FODO-type cells and two straight sections
matched by magnetic optics. One of the 40 meter straight sections serves for the injection
system and contains cavities of the RI" system. The collision point of beams with small  §-
function (A) is organized for the MD-1 detector in the other straight section. At the first stage
of operation additional collision point C was used where experiments with the OLYA detector on
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Fig. 2.1: The VEPP-4 collider. 1 - VEPP-4 ring, 2 - intermediate storage ring VEPP-3, 3 - synchrotron
B-4, 4 - linear accelerator, 5 - pulse microwave frequency generator of the gyrocon type, 6 — accelerating
cavities of the VEPP-4. A - interaction area in MD-1, B and C - additional collision points of beams.

the measurement of 1 and ¢’-meson masses were carried out [5]. The length of the experimental
straight section A was increased up to 55 meters after removal of the last cells of the semi-rings.
The 18° rotation deficit was provided by the MD-1 detector with the magnetic field transverse to
the orbit plane. The VEPP-4 collider has the system of electrostatic beam separation installed
in the injection and experimental straight sections which gives the possibility of separation of the
electron and positron beam orbits independently of each other.

Table 2.1: Main parameters of the VEPP-4 collider.

Maximum beam energy (E) 5.8 GeV

Luminosity (em™* - sec™!) 3-10% at E=4.75 GeV
1-10%0 at E=3 GeV

Mode of operation One bunch

Beam currents 2 x 10 mA

Vertical g-function at the collision point 12 cm

Length of bunch o, 5 cm

Transverse beam sizes o,, o, 0.07 cm, 0.002 cm

Life time (currents 2 x 10 mA) 6 hours

Rate of positron accumulation 0.5 mA/min

The injection system includes the linac supplied by the gyrocon RF-source developed according
to idea of G.I.Budker, the synchrotron with an energy of 350 MeV, and the intermediate storage
ring VEPP-3 with the ejection energy of 1.8 GeV. Positrons with the energy of 7 MeV are produced
by conversion of 50 MeV electrons at the exit of the linac. The linac and the synchrotron operate
with 1 Hz frequency.



Main parameters of the storage ring VEPP-4 are listed in Table 2.1.
The standard experimental run took 2-3 hours. The time required for injection to the VEPP-
4, acceleration from the injection energy of 1.8 GeV to the energy of the experiment, and the

readjustment of the focusing system for the operation with the maximum luminosity was no
longer than 6 minutes.

2.9, MD-1 detector

The MD-1 (Magnetic Detector) (Fig.2.2) is an universal detector designed for investigation of
the two-photon processes and the ete annihilation [6].
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Fig. 2.2: Layout of the MD-1 detector. 1 - magnet yoke, 2 — copper coil, 3 - beam pipe, 4,8,10 -

shower-range chambers, 5 - scintillation counters, 6 — coordinate chambers, 7 — gas Cherenkov counters, 9
— muon chambers.

The magnetic field transverse to the orbit plane allows to detect particles produced at small
angles to the beam axis. The tagging system of the MD-1 detects electrons coming even at zero
angle. These features arc especially important for study of two-photon processes.

The MD-1 detector includes the following systems: the magnet, the beam-pipe, the coordinate
chambers, the shower-range chambers, the muon chambers, the scintillation counters, the gas
Cherenkov counters, the tagging system of scattered electrons, and the luminosity monitor.

The main magnet is the solenoid with the outer sizes of 2.9 X 5.7 x 4.4 m3, the inner sizes
of 2.3 x 2.3 m? and the gap of 1.8 m. The weight of the copper coil is 40 tons and its thickness
is 32 cm. The 400 tons steel yoke provides the magnetic flux return. The magnetic field in the



detector is equal to 12 kG at the beam energy of 5 GeV. The large aperture additional bending
magnets are placed at both sides of the main magnet (see Fig.2.3). These magnets allow to
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Fig. 2.3: The interaction region: 1 - detector MD-1, 2 - additional bending magnet, 3,4 — system of
tagging of scattered electrons and luminosity monitor, 5 ~ lens.

detect scattering of electrons with a smaller energy loss and improves the accuracy of their energy
measurement.

The design of the beam pipe is optimized for reduction of the background from synchrotron
radiation. The interaction region is surrounded with the cylindrical part of the beam pipe of 40
cm diameter and 1 m length. The thickness of beam pipe walls is 3 mm of Al. It has special
windows with 0.17 mm thickness of Fe for passing of scattered electrons. The ends of the vacuum
chamber are equipped with the special probes with outlets for synchrotron radiation. The special
collimators protect the detector from synchrotron radiation reflected from the probes.

The charged particles are detected and their momenta are measured by the system of 38
coordinate chambers covering the solid angle of 0.8 x 4v. The maximum size of the chamber
is 0.86 x 0.9m2. Anode planes are made of tungsten wires of 28 um diameter stretched with
the step of 2 mm in the chambers for momentum measurements and 4 mm in other chambers.
Electronics of the coordinate chambers consists of 64 channels modules. The total number of
electronic channels is 12000. The output signal of 0.4 V is transmitted by 30 m long twisted
pairs to logic electronics in the control room. This electronics includes the univibrators of 500



ns delay, the coincidence circuits, and the memory triggers. The chambers are placed inside two

-containers filled with the Ar + 20%CO,; + 0.15%CF3Br gas mixture. The width of the inlet
windows is 0.5 mm of Al. The momentum is measured in the solid angle of 0.4 X 47 sr with the
resolution of o,/p = 10% X p(GeV/c). For multiparticle events, when the vertex of event can be
used for reconstruction, the momentum resolution is o,/p = (4 — 12)% X p(GeV/c) in the solid
angle of 0.6 X 4« sr.

The coordinate chambers are surrounded by 24 scintillation counters placed at the surface of
the cube of 1.2 m long edge. The counters are made of the NE-110 scintillator of 0.6 x 0.6 x 0.01m3
size and employ 56 DVP photomultipliers. The system covers the solid angle of 0.9 x 47 sr. The
pulse height resolution is 20 % for the minimum ionization particles. The time of flight resolution
for cosmic particles is 0.6 ns.

The eight gas Cherenkov threshold counters are installed behind the scintillation counters.
They cover the solid angle of 0.6 X 47. The counters are filled with the ethylene at the pressure of
25 atm. The refraction index is 1.02, 7,4, = 5. The thickness of the counter vessel is 2 cm of Al.
This system provides electron-muon separation up to momentum of 0.5 GeV/c and electron-pion
separation up to 0.7 GeV/c. Pions and kaons are separated in momentum region from 0.7 to
2.5 GeV/c. In each counter the light is collected via quartz windows and mirror light guides on
four 58DVP photomultipliers. The detection efficiency for relativistic particles is 95 % (Fig.2.4).
The pre-threshold efficiency depends on the particle velocity and is less than 12 %, if one PM is
required. After requirement of two PM’s, the pre-threshold efficiency is less than 0.5 % with the
detection efficiency for relativistic particles of 70 %.
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Fig. 2.4: Calculated dependence of the trigger probability of at least one (a) and at least two (b) PM of
a Cherenkov counter versus the particle momenta for orthogonal incidence of pions and kaons

The shower-range system consists of 14 separate units each containing 10 layers of proportional
chambers alternating with the 13 mm thick stainless steel plates. Gas mixture is Ar + 20%CO,.
Each layer has 16 electronics channels for coordinate measurements. One linear output signal
is taken from each chamber for pulse height analysis. The covered solid angle is 0.8 X 47 sr.
The maximum size of the unit is 1.75 x 0.81m2. The energy resolution is o/E? = (12.6) +
(20.5)2/E(GeV) while the angular resolution is 1 — 2°. The measurement of ionization losses and
ranges allows to separate electrons, muons, and hadrons.

The muon system consists of 50 units with active area of 2.3 m? and 10 units with active
area of 0.9 m?2. Each unit contains two proportional chambers which measure two orthogonal
coordinates with the accuracy of 25 mm (rms). The muon chambers are placed behind the coil
(t ~ 420g/cm?), inside the yoke (¢ &~ 750 g/cm?), and behind the yoke (¢t = 1000 g/cm?). The
muon system covers the solid angle of 0.6 x 47 sr.



The system for detecting of scattered electrons or the tagging system (TS) (Fig.2.3) contains
two blocks with 7 proportional chambers and 3 scintillation counters at each side of the interaction
region. The blocks are placed 3.5 m downstream from the interaction point at the distance 50
mm from the beam. Three chambers in each block measure the radial (Y) coordinate, three —
the vertical (Z) one, and one serves for measurement of the oblique (T) coordinate. The chambers
have a C -like shape and envelope the beam pipe from three sides. The sensitive radial size of
the chambers is 500 mm, the vertical - 200 mm. For the Z- and T-coordinate measurements
the usual proportional chambers were used. For the Y-coordinate measurements the induction
chambers with cathode delay line read-out were chosen [7]. The anode wires of all chambers
have 28 pum diameter and are made of the gold plated tungsten, its spacing is 4 mm. The
50 pm diameter cathode wires are made of bronze, its spacing is 1 mm. The gas mixture is
Ar + 25%C4H;o + 0.25%CFsBr + 3%C3Hz0,. Behind the TS there is the system of four
scintillation counters for luminosity measurement by elastic scattering at the small angles and
sandwich (5X,) used both for luminosity measurement and triggering. The system provides the
resolution oz ~1 mm and oy ~ 0.25 mm.

The TS detects electrons emitted at zero angle with the energy loss (E — E')/E = 0.1 — 0.5.
Electrons with beam energy E are detected for angles between 12 and 100 mrad. The momentum
resolution of the TS is determined by multiple scattering in the entrance window of 0.035 X,
thickness, chamber space resolution, the radial and longitudinal beam sizes. At the beam energy
of 5 GeV the momentum resolution is 1.75% [8]. Fig.2.5 shows the TS invariant mass resolution
of the double-tagged events versus the invariant mass. Fig.2.6 shows its efficiency for detection
of one and both scattered electrons versus the invariant mass.

i I T T ]

80F & v .

70 - N

2oo§— 60 |- ) ]
175 | 50:— ]
0 | a0 - ta ]
s wf
= 100 F 20 |- 2 -
bi75%— 10&‘ 7

g 0 .

3 1 e 3 4

B Myy, GeV

R RN Y- ey Fig. 2.6: Calculated efficiency for detec-
M,,, GeV tion of scattered electrons vs invariant mass.

Curves 1 and la: efficiency for the single-
tagged events without and with 9z > 0.5
mrad cut on emission angle of scattered elec-
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Fig. 2.5: Calculated dependence of o(M,,)
on M,. for double-tagged events.



During experiments with the MD-1 the luminosity integral about 30 pb=! was collected in the
energy region 2E=7.2-10.4 GeV including about 23 pb~! with detection of scattered electrons.

2.3. Trigger

As compared to detectors with the axial magnetic field, the background conditions in the
MD-1 is considerably worse since all low-energy particles emitted mainly at small angle to the
beam axis and swept by magnetic field go into the detector. At the luminosity of 103° cm=2?sec—!
this background was about 50 kHz (~ 6% of beam collision rate).

The trigger of MD-1 [9] included three levels; this permitted to suppress the background
effectively without loss of the efficiency for the processes of interest.

For the first level trigger at least one scintillation counter and one unit of shower-range cham-
bers (that is > one layer in each projection) with switched off area + 11 c¢m near the orbit plane
was required. This trigger generated strobing pulses in 0.4 us, during which ”yes-no” information
from wires was stored in memory modules and operation of ADCs and TDCs started.

For the second level trigger special sets of information from different parts of the detector
were used and 32 "yes-no” arguments were formed. Then logical sum (having no more than 24
terms) of products of several arguments (preselected in advance) was obtained and in the case of
positive decision all information was written to the memory of the M-6000 (HP-2116) computer.
Operation time of the secondary trigger was 5 1S,

After event read out into M-6000, some additional on-line analysis based on the geometrical
features of the effect and background events was performed which additionally suppressed the
beam background and cosmic rays events (we call it as the third level trigger). The criteria for
the first, second, and third level triggers could be flexibly changed with the help of the on-line
program on M-6000. In the first approximation the trigger of MD-1 selected events with at least
one scintillation counter and 2 units of shower-range chambers.

At the luminosity of 3 - 103 cm~2sec™! the typical rate after the first level trigger was 1.5
kHz, after the second level trigger — 8 Hz, after the third level trigger — 3 Hz.

In the experiments on study of QED processes ve — eete” and ete” — ete~ete” nearby
threshold a special trigger conditions were used (see subsection 3.2).

2.4. Background conditions

Our measurements have shown the following nature of the beam-gas background in the de-
tector.

Firstly, there are particles leaving the equilibrium orbit and performing many turns before
their ruin. The spatial density distribution of these particles (halo) is fairly broad and has sharp
edges. The cut-off of the halo occurs at the point where the effective storage ring aperture is the
smallest. If this point is near the detector, it causes an increase in the background counting rate.
The cut-off of the halo was performed in radial direction in the VEPP-4 injection section.

Secondly, the beam electrons lose their energy by the bremsstrahlung on the residual gas in
the straight section in front of the detector and hit the detector after deflection by the magnetic
field.

To decrease the background trigger rate due to the bremsstrahlung of electrons in the straight
section we used behind the detector special scintillation sandwiches detecting the bremsstrahlung
photons. The vacuum chamber has thin windows in these directions. The angular distribution



of these photons is fairly sharp, therefore the sizes of the sandwiches are small (10 x 10 cm?).
These sandwiches were included in the trigger as veto counters that resulted in the reduction of
the trigger counting rate by a factor of 2 + 3.

Thus in the case of separated beams the counting rate of the first level trigger via the charged
particles channel (at least one particle was needed in the unit of three coordinate chambers and
firing of at least one scintillation counter) was about 0.2 kHz/mA and via the neutral channel
(two of ten chambers in the shower-range module were required) it was about 0.5 kHz/mA.

In the case of the beams collision the background rate was determined by the process ete™ —
ete"y. All electrons and positrons lost large fraction of their energy (E.x <0.8 GeV) were
deflected by the transverse magnetic field into the detector. This leads to 30 kHz background
rate in the detector at L = 3 - 10%° em~%sec™!. Most of these events have one particle with
very small transverse momentum which hits the detector in the orbit plane. To suppress this
background we switched off from the trigger the area of shower-range chambers adjacent to the
orbit plane (£11 cm). As a result thé total rate of the first level trigger was reduced up to 1.5
kHz.

The second and third level triggers allowed to reduce the rate of the tape recorded events up
to 3 Hz at the luminosity of 3 - 103°cm~2sec™! and 10 mA beam currents.

A special study was devoted to solve the background problem caused by synchrotron radiation
in the MD-1 detector [10]. The special vacuum chamber allowing synchrotron radiation to pass
the detector without touching the beam pipe walls was created. Radiation receivers were placed
at a rather long distance from the detector center, so that only backward scattered photons hit
the detector. This allowed to reduce the photon flux on the central part of the vacuum chamber
considerably especially in the hard part of the spectrum The movable collimators allowed to
choose an optimal size of the vertical aperture. The radiation receivers are made of copper and
were water cooled.

Such construction of the vacuum chamber has reduced the photon flux at the central part of
the detector by a factor of 10°. An additional attenuation was achieved by placing a thin foil
on the cylindrical part of the vacaum chamber and in front of the TS. The cylindrical part was
covered by the 3 mm thick Al and 0.1 mm Ta foils (0.08 X,) while the tagging system window
was covered by the 0.17 mm thick Fe and 0.3 mm Sn foils (0.03 X).

The background due to synchrotron radiation was essential only for the coordinate chambers
and for the tagging system. The remaining elements of the detector were selfprotected by a thick
layer of material.

The measurement at the beam energy of 4.7 GeV showed that the number of fired wires during
one beam passage at the current of 1 mA was 0.1 for the coordinate chamber nearest to the beam
and 0.03 for the most distant one. For the chamber of the tagging system the *corresponding
value was 0.01. The experimental data agree with calculations within a factor of two. These
background conditions allowed to operate at the T-meson energy with the currents up to 10 X 10

mA?,
2.5. Data acquisition and processing
2.5.1. Data acquisition

The mode of the detector operation, data readout and recording to magnetic tape was con-
trolled by the single program on the M-6000 computer. This progtam gave possibility to set
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up selection criteria for the first and second level triggers, to start and to stop runs, to monitor
background conditions, to display events and so on. The mean time of event readout via CAMAC
crates was equal to 8 ms, total time of event processing was about 60 ms.

Events with average length equal to 500 byte could be written on magnetic tape with rate up
to 5 Hz. During the experiment losses of luminosity due to the dead time of the data acquisition
system did not exceed several percent.

2.5.2. The detector simulation

The MD-1 simulation was based on the UNIMOD1 code [11] developed in our Laboratory,
which is a general-purpose detector simulation code for the complicated detector geometry in-
cluding a detailed simulation of electromagnetic and hadronic particle interactions. Nuclear
interactions were simulated by the NUCRIN code [16] slightly improved for low energy particles.
The program UNIMODI1 and a new version UNIMOD?2 {12] were written at the same time as
GEANT [13] at CERN which is now the most widely used code. Results of simulation are similar
for both codes [14]. The main difference lies in organization of data input. In the UNIMOD codes
the detector description is written on separate numerical files on disk. This is more convenient
for simulation of large detectors. Besides the MD-1, the UNIMOD1 was used for the simulation
of the ND (Neutral Detector) experiments [15] as well as for methodical calculations.

2.5.8. Data processing

The most hard point of our data processing work was that we could not afford to keep the
sufficient amount of data on magnetic disks. Our experimental and simulated data were written
onto magnetic tapes with 800 bpi density. There were about 3000 tapes used for all experiments
with the MD-1 detector.

In order to make the operations with this number of tapes convenient and reliable we developed
a specialized data management system allowing to request the data with the help of catalogue
names and run numbers {17].

This system combined with the special event selection and histogramming package [18] pro-
vided good conditions for cooperating of efforts of all physicists involved in data processing.

The detector simulation and data processing were carried out with ES-1061 computers (of
IBM-360 type).

2.6. Luminosity measurement

The elastic e*e~ scattering at small angles (~ 1°) was used in MD-1 at VEPP-4 for operative
luminosity measurements in most experiments [19]. Special studies showed that this monitor (SA
monitor) provides good accuracy, results of these studies are presented below. For the large cross
section experiments (ete~ — ete~e*te™ nearby threshold [20] and ye — ee*e™ [21]) the single
and double bremsstrahlung (DB) were employed.

The SA monitor provided good relative accuracy (better than 1.5 %) of the luminosity mea-
surement. But calculation of the visible cross section for the Bhabha scattering could not be
performed with high accuracy in our case because of the complicated geometry of the SA monitor.
The absolute calibration of the SA monitor was done during two runs by three independent meth-
ods: using double bremsstrahlung in a special experiment [19], the large angle ete~-scattering
(LA) at © > 45° and the process ete™ — ptu~ (MM) [22]. In Table 2.2 the results of this
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calibration are presented. It contains also the results of the relative calibration using elastic
ete~-scattering at medium angles (MA, 12° < © < 45°).

Table 2.2: The results of the SA monitor calibration. 2E=9.46 GeV

Method Run osa x 10%°cm?® o) /aa — 1,[%)
DB 1 3.58+0.06£0.11
1 3.754+0.07+ 0.04
LA +0.06 6.8+3.3
2 3.514+0.084+0.04
1 3.88+0.13
MM +0.06 89+3.6
2 3.56+0.05
MA - - 60+18

The cross section og4 of the SA monitor is different for the first and second runs. This
difference is associated with the modification in the SA monitor during the shutdown between
the rurs. Using the results of the relative calibration by MA, weighted value of T4 for the second
run was obtained (at 2E = 9.4 GeV): 54 = (3.52 £ 0.05) - 10~*°cm”.

The comparison between the calibration by the central part of the detector (LA,MM) and by
the DB gives x? = 1.8 for 1 degree of frcedom. Applying the scale factor of /1.8 we obtained an
1.9% accuracy for the absolute calibration of the SA monitor.

The final value of the visible cross section Ts, is:

9.46

2
) 210" *°cm®.

3. QED experiments
3.1. Process ete™ — ete™7

The process of single bremsstrahlung (SB) ¢*e™ — e*e™y was the first process observed
with colliding beams [23]. The SB cross section was measured with an accuracy of 30% at the
VEP-1 storage ring [24]. Before this experiment [25] (excluding the studies of large-angle photon
production), there were no other publications devoted to the experimental investigation of SB.
The SB cross section was calculated in Refs. [26, 27].

In 1953 Landau and Pomeranchuk noticed that the bremsstrahlung of relativistic electrons
on nuclei is formed at a large length (the coherent length) [28}:

l.~v(E-w)/mw (h=c=1),

where ¥ = E/m,, w is the photon energy, m, is the electron mass, and E is the electron energy.
H an electron undergoes any external influence at this length then radiation fails. For example,
multiple scattering appears to be such an influence [28]. This phenomenon was observed in [29)].
The influence of an external magnetic field on the bremsstrahlung of electrons on the nucleus was
considered in Ref. [30] where this effect was shown to be small for the practically used fields. In
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experiments with colliding ¢*e~ beams as it was shown by Nikishov [31} and Baier and Katkov
[32] the influence of the magnetic field should be much stronger than in the radiation on the
nucleus.

The first results obtained by us in 1980 showed that the SB cross section is less than that
given by the standard QED calculation. We have suggested that the effect is due to the large im-
pact parameter cut-off since the characteristic impact parameters in the process are considerably
larger as compared to the transverse sizes of the colliding beams. The results of this experiment
stimulated the theoretical research (see Refs. [33]-[35]). In 1981 we carried out the second cycle
of experiments for the more detailed investigation of this eflect.

In the standard QED the SB cross section has the form (26, 27]:

1

_2'], (3.1)

where v = (E —w)/E + E/(E — ), ¢nin = m.w/4y*(E — w), a is the fine structure constant,
and 7q is the classical electron radius.

The main contribution to the photon emission with energy w is given by virtual photons with
energy w, = m.w/4y(E — w), which are formed at the length [32]:

do/dw = 4ariw™[(E - w)/E)(v - g)[ln(me/qmi,.) -

I, ~ 49*(E — w)/mew.

In our experiment at E=1840 MeV for the minimal photon energy w ~ 0.5 MeV, I, ~ 1 km!

For the applicability of the formula (3.1) in experiments the following macroscopic effects
impose restrictions:

(1) The length L of the straight section of the storage ring must be larger than I, [33, 36]:
L>1,.

(2) The transverse beam sizes oy must be larger than the characteristic impact parameter p :
1 > p~ 1 gmin = 47(E - w)/mew.

The finiteness of the transverse sizes of the beam results in a decrease of the virtual photon
forming length to the value:

I, ~odw/vyE
In our experiment [, = 0.5 mm.
(3) The magnetic field must be less than /7. (Refs.[32], [35]-[38]):
H< H, ~ (Ho/4v ) /(E ~ w), Hy = 4.41-10" G.

At E=1840 MeV and w=0.5 MeV, H, ~ 0.064 G.

In Table 3.1 the criteria of applicability of the standard QED cross section are listed for our
conditions. One can see that in our experiment formula (3.1) could be valid only for the hard
component of the spectrum at w > 1000 MeV. The most essential effect is that associated with

the finite transverse sizes of the beams. It is predominant for the other operating storage rings
as well.
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Table 3.1: Values of parameters necessary for applicability standard QED bremsstrahlung cross section.
Energy of experiment E=1840 MeV

Effect Valid (3.1) Typical value At w=0.5 MeV At w=1000 MeV
Straight section L>1, L=1+-10 m 1, ~1000 m l, ~1m
length (L)
Transverse bean oL >p 01 ~3-107% cm p~5Hcm p~10"3 cm
size (o)
Magnetic field H< H, H=0+5 kG H,~0.06 G H, ~280 G
(H)

After the first cycle of our experiment a formula which takes into account the beam transverse
sizes has been derived [34, 35]. For the gaussian distribution of the beam density the cross section
takes the form:

do fdw = dartw[(E - w)/w](v g) X {1n[020. [Ac(0s + 0.)] + In2 (3.2)
1, 5o 2.
st =)=y,

where C=0.577, 0, and o, are the vertical and radial beam sizes respectively, and Ac is the
Compton wavelength of the electron. The formula holds when ¢i,0,0./v(0, + 0,) < 1.

The other possible macroscopic effects in the process e¥e~ — ete™y were analyzed in Refs.
[33, 35].

The experiment was carried out at the energy of 2 x 1840 MeV in the interaction region
intended for the detector MD-1, with the magnetic field perpendicular to the orbit plane of a
storage ring. During the first series of measurements three magnets were installed instead of the
MD-1. The presence of these magnets made it possible to have any field within the range £6 kG
at the interaction region. The second series of measurements was carried out with the magnet of
the MD-1 detector.

The scheme of the last measurement in 1981 is shown in Fig.3.1. The arrangement of the inter-
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Fig. 3.1: Schematic view of the experimental layout: 1,2 - NaI(Tl) counters for SB and DB detection; 3
- Nal(T1) counter for control of background.

action region in the transverse magnetic field provides a low background from the bremsstrahlung
on the residual gas, since the radiation from only a small part of the orbit gets to the counter.
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The photon spectrum in the range of 0.4 — 1840 MeV was measured. To detect the photons
a Nal(T1) crystal with a size of 47 X 12 x 12 cm® was used (counter 1 in Fig.3.1).

Normalization was performed by the double bremsstrahlung (DB) process ete~ — ete=yy.
This process [39] occurs at distances ~ A¢ and macroscopic effects do not affect it. To detect the
DB, counter 1 was switched on in coincidence with counter 2.

In 1980 three measurement series were performed at three values of the magnetic field at the
interaction point: 0,43 kG and —3 kG. In 1981 several series of measurements were performed,
in which the vertical and azimuthal sizes of the beams and the electron current were varied as
well as the measurement with the beams separated in the vertical direction by 30,. The magnetic
field in the 1981 experiment was not changed and was equal to 5 kG.

The background due to the bremsstrahlung on the residual gas was measured when beams
were separated in the vertical direction by 150,. The background magnitude was controlled by
the counter 3.

The other source of background is due to the Compton scattering of the synchrotron radia-
tion produced in magnetic field by a colliding beam. This phenomenon was not earlier studied
experimentally. In the paper [35] it was noted that there is no sharp boundary between real
intermediate photons and virtual photons in the bremsstrahlung process in a magnetic field. In
our computation of this background we assumed all the photons to be real. Some estimates,
according to Ref. [35], show that this can lead to crrors in the measured spectrum which do not
exceed 3% in the whole range of the spectrum.

Fig.3.2 presents the results of the measurements of the spectrum carried out in 1980 and 1981.
In both cases the calculated background from the scattering of the synchrotron radiation by a

160
Mfw N2 F
\A\w / v { 3 N"/sz

- -

1004
LT 77 ~ r
ULLLT IR TEEEE LT heend

Rl

T T YT T T

0 03 0° ot 1

140 1 1 aad IS |
Q 10 20 30 40 50 60

0, . um
Fig. 3.3: The dependence of the ratio Ny/Nay
on the vertical beam sizes. N, is the number of

Fig. 3.2: A spectrum of SB photons: dark circles
~ the experiment in 1980, ¢, = 23+ 3 pn; open

triangles - the experiment in 1981, ¢, = 24 + 3
pm; 1 ~ the standard QED calculation: 2 - the
calculation taking into account the effect of the
large impact parameter cut-off [34, 35).

SB photons in the range 0.5-3.0 MeV, Ny, is the
number of DB photons. 1 - calculation taking
into account the effect of the large impact pa-
rameter cut-off [34, 35].

.

colliding beam has been subtracted. Curve 1 is the standard QED calculation. Curve 2 is the
calculation when the large impact parameter cut-off was taken into account. The width of the
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shaded area corresponds to two mean-square errors. The error of 6% is due mainly to systematic
errors. The results of the 1980 and 1981 experiments agree with each other and are in agreement
with the theoretical calculation.

Fig.3.3 demonstrates the dependence of the ratio N, /Ny, on vertical beam sizes, where N,
is the number of SB events in the range 0.5 — 3.0 MeV, N, is the number of DB events. Curve
1 is the calculation by the formula (3.2). The experiment is in agreement with the calculation:
p(x?) = 0.45.

Since in the process ete~ — e*e™ 7 the large impact parameters are essential, the probability
of the occurrence of SB is noticeable, even in the case when the beams are separated by distances
larger than their sizes. The corresponding calculations for the gaussian distribution of the particles
density in the beams were performed in Ref.[34]. In the experiment the ratio B = N, /N2, has
been measured at the beam separation Az = 30, and at Az = 0. The experimental result
R(Az = 30,)/R(Az = 0) = 1.20 £ 0.05 is in agreement with the calculated ratio of 1.24.

In conclusion we point out that the effects associated with the cut-off of the large impact
parameters are expected for the single photon bremsstrahlung and ete~ pair production at ex-
isting and planned high energy ee, ep and ey colliders [40]. At the HERA collider the luminosity
measurement by the process ep — epy is being carried out with account of this effect [41].

3.2. Process ye — eete”

Production of ete~ -pairs by high-energy photons in the field of an electron [42] belongs to
the reactions studied by Bethe and Heitler as early as the beginning of 30’s [43]. The transverse
magnetic field of MD-1 gave a possibility of experimental study of this process with the detector
[21]. In our case the Bethe-Heitler process

ve — eete” (3.3)

is caused by synchrotron radiation (SR) photons produced in the detector, which collide with the
second beam electrons in the interaction region (see Fig.3.4).

Unlike previous experiments on atomic electrons [44, 45] in this case photons interact with
free electrons.

However another problem arises in such an experiment: a considerable part of SR photons
is formed inside the "target” - a colliding electron bunch. In this case the photon can cause the
Bethe-Heitler process (or the Compton scattering process [46]) when its formation has not been
finished. As far as we know, the problem of cross section calculation in this situation has not yet
been solved. Naturally, the difference from the case of real photons depends on the relationship
between the photon formation length I. [47) and the effective distance to the colliding bunch
electron. In our experiment we had /. < 0.4 cm, and the cffective distance which the photon
flights before collision with an electron was {10]

lo ~ vV 2R0’r, (34)

where R is the orbit radius, o, is the rms radial beam size. For our experiment lo =~ 14 . Hence,
for the 10 % accuracy of this experiment one should not see a contribution of interactions with
distance ~ [.
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It is convenient to introduce an "effective” cross section connected with the luminosity of
electron-positron beams by the usual relationship N = o, - L:

Wmax

dN lej(w)
dwdt

Wmin

Oey = o(E,w)dw. (3.5)

Here dN/dwdt is the SR spectrum, wy,;, and w,,,, are the limits on the SR energy determined
by detection conditions, l,;(w) is the eflective length of the beam orbit from which SR photons
contribute to the counting rate, o(F,w) is the cross section of the process under consideration,
E, w are the beam and SR photon energy, and c is the velocity of l}gllt.

The result of the calculation of I ;(w) for several values of the vertical distance between beams
Az and typical experimental conditions is shown in Fig.3.5. The calculation was carried out using
formula for I,; obtained for gaussian beams [21]. One can see that the vertical displacement of
the beams increases [.;, causing an increase of the "effective” cross section (but not the counting
rate).

For the Monte Carlo generator of events we used the differential cross section calculated for
main diagrams and unpolarized particles. We checked that in this case cross section (3.5) differs
less than by 1% from the calculation taking into account all diagrams of the third order in a [42].
The contribution of radiative corrections must be small also [44].

The main physical background, kinematically indistinguishable from the effect, comes from
the process first calculated by Landau and Lifshitz {48]

ete” —eteete” (Landau — Lifshitz process) (3.6)

This process was for the first time observed.at the VEPP-2 collider [49]. It was well studied
theoretically [50, 51, 52] and was measured by many detectors [53, 54], as well as by the MD-1
[20, 214] (see Section 11).
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The "effective” cross section of the process ye — eete™ and the cross section of ete™ —
ete—ete as a function of the beam energy E are shown in Fig.3.6. One can see that at the
energy about 5 GeV these cross sections are comparable. The cross section calculation of the
process ete~ — ete~e*e~ was performed using the main diagrams with the code [55].

The calculation of cross sections for Bethe-Heitler and Landau-Lifshitz processes at E = 5.14
GeV for the effective mass of e*e~ -pair greater than a certain value showed that the "effective”
cross section for ye — eete~ quickly decreases due to exponential decrease of the SR intensity
at-the energy above the critical energy w. (which is & 22 keV in our case) [21]. The calculation
of the distribution in SR photon energy under the detection conditions showed that SR photon
energy lies in region w & 1 — 20 keV, the distribution is peaked at w ~ 2 keV and has average
< w > 4 keV. The distribution of detected events in the invariant mass of e*e™ -pair is peaked
at low masses and has average < W >x 2 MeV.
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E. Gev Fig. 3.7: View of an event in the MD-1 detector
from above: 1, 2 — a detected ete™ -pair; 3 -
coordinate chamber; 4 — scintillation counters; 5
- shower-range chambers.
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Fig. 3.6: Cross sections of the processes ye —
eete~ and ete~ — ete~ete~ vs beam energy.
H, o,, 0, change with the beam energy.

The experiment was carried out at the energy 2E=2x5.14 GeV, the magnetic field during the
experiment was 12.5 kG. Data from the coordinate chambers and scintillation counters were used
in the trigger and for the analysis of events. For trigger the firing of one or more scintillation
counter and several coordinate chambers from both sides of the beam were required.

For the luminosity measurement two processes were used: single bremsstrahlung and small
angle Bhabha scattering. In the former the effect of impact parameters cut-off by transverse beam
sizes as well as the Compton scattering of SR on the colliding beam were taken into account [56].
Systematic errors of the luminosity measurements in this experiment was about 10%. Typical
luminosity in this experiment was 3 - 10% cm™2sec™!.

Events were recorded in three runs. In total 74000 events were recorded for head-on beam
collisions ("effect Az=0"), 151000 events for beams, separated at several o, (Peffect Az # 0
") and 15000 events for large displacement in vertical direction ("background”). The ratio of
the recording time for the "effect” to that of the "background” was about 7. The integrated
luminosity of 46 ub~! was collected.

The radial beam size was 0.07 cm with error about 10%. The size o, was varied in different
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runs in the range of 12 - 16 um. The measurement of o, was performed by the dependence of the
luminosity on the vertical displacement of the beams. In the experiment the currents of beams
were chosen small (< 3 x 3 mA?) in order to avoid the collision effects. The absence of these
effects was checked by the luminosity dependence on the vertical displacement of beams that was
close to Gaussian.

Selection of the effect events was performed using criteria based mainly on the geometrical
characteristics of the event (Fig.3.7). A a result, in the "effect Az=0" measurements 324 events
remained, 206 events were found in "effect Az # 0” measurements, and no events were found in
the "background” measurements,

The measured and calculated distributions of events in the particle momenta are shown in
Fig.3.8. These distributions are in good agreement with each other. The distributions are nor-
malized to the number of MC events. For the experimental points the statistical errors are
shown.

The distribution in the effective mass of produced ete~ -pair obtained in experiment is also
in agreement with the calculated one. But it is broader than the distribution in the original mass
of pair in simulation because of the multiple scattering of the particles in the beam pipe.

" The probability of firing scintillation counters (the inefficiency is due to 1.5 X, Fe in front
of the counters) was 5542 % in experiment, in good agreement with 56.7+1.6 % in simulation.
This confirms that the detected particles are electrons.
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Fig. 3.8: Distribution in particle momenta.

The effect of increase of “effective” cross section of the Bethe-Heitler process with the vertical
displacement of the beams was measured in all experimental runs. The measured and calculated
dependence of visible cross section o¥**(Az) = oy_y(Az)+ or_r on the displacement Az in one

19



of the runs is shown in Fig.3.9. In the MC cross section the measured correction factor due to
the inefficiencies of the coordinate chambers is taken into account. In the error bars we have
included the statistical errors, the uncertainty of the luminosity measurements, and the errors
due to uncertainties in the vertical beam size. The dashed area is the result of the calculation,
the width of the shaded band equals two rms errors.

Calculations for Az=0 showed that the cross section of the Bethe-Heitler process depends
weakly on the vertical beam size. This allowed us to sum statistics of all runs. The obtained
experimental cross section for Az=0, corrected for the chamber inefficiencies, is equal to

0" =9.1% 1.0 ub,

where the error includes the statistical error (5.5%), the uncertainty of the luminosity measure-
ment (10%) and the error in determination of the chamber efficiencies (2.6%). The errors are
added in quadrature.

The calculated cross sections of the Bethe-Ileitler and Landau-Lifshitz processes are equal to
oM = 7.1+ 0.7 pb and o9 = 2.5+ 0.4 pub respectively. The total Monte Carlo cross section
is equal to

oMC =9.6+0.8 ub

Thus, the measured cross section is in agreement with the standard QED calculation, and
we have not seen an influence of the photon formation length on the cross section. However a
situation can arise, as for example at VLEPP [57], when coherent length of low energy synchrotron
photons becomes of the order of the bunch length. In this case the discussed effect would play a
noticeable role in interactions of such photons with colliding beam electrons and with each other.

4. Precise measurement of T masses
4.1. Storage ring energy calibration

In this subsection the calibration of the storage ring energy by the method of resonance beam
depolarization is described, which is a basis of a series of precise experiments performed with
MD-1. This method developed in our Institute [58, 59] was used at VEPP-2M storage ring for
measurements of the ¢ -meson [60], charged [61] and neutral [62] kaon masses, and also at the
VEPP-4 storage ring for the measurement of the ¥, ¥’ [5], T [56, 63, 73, 74], Y’ [63, 64], and
T -meson [63, 64] masses. This method was used also for the energy calibration of CESR and
DORIS storage rings in the mass measurenient of Y [65] and Y’ -mesons [66].

The energy calibration by the resonance beam depolarization method is based on the mea-
surement of the electron spin precession frequency Q around the guiding magnetic field of the
storage ring. ’

The precession frequency equals [67}:

Q=w,(1+ L), (4.1)
Ho

where w, is the beam revolution frequency, p' /o is the ratio of the anomalous and normal parts
of the electron magnetic moment, v is the relativistic factor of electrons. The resonant influence
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of a weak high frequency electric field on the polarized beam is used for the measurement of the
spin precession frequency. The beam becomes depolarized when the frequency of the external
field coincides with that of the spin precession. Fixing the fact of depolarization and measuring
the corresponding depolarizer frequency, one can thereby perform the absolute energy calibration
of the storage ring.

The method allows to measure the average clectron energy with an accuracy ~ 10~%, much
better than the beam energy spread. It is provided by the fact that particles undergo many
energy oscillations during the depolarization time, i.e. the depolarization time should be much
longer than the period of the synchrotron oscillations. ‘

In the electron storage rings there exists the mechanism of the spontaneous beam polarization
connected with the synchrotron radiation [68]. For a homogeneous magnetic field, the time
dependence of the polarization degree P(t) was calculated in the paper [69]:

P(t) = Pyll ~ exp(~ =), (4.2)
8
P() = —57_5 = —0924, (43)

where a is the fine structure constant, A, is the Compton wavelength of the electron, p is the
orbit radius, v is the relativistic factor, 7p is the polarization time. For the VEPP-4 storage ring
the polarization time 7, is about 50 minutes in the T meson energy region,

Inhomogeneous storage ring fields have the depolarization influence on the beams. The degree
of the equilibrium polarization P depends on the relative powers of the depolarizing and polarizing
mechanisms 7,/74 and is reached for the characteristic time [70]:

t
P(t)= P[1 - exp(—;)], (4.5)
Td
= 4.
P=P o (4.6)
Td
= . 4.7
s (1)

The main influence on the equilibrium beam polarization degree appears to be of the vertical
orbit distortions and proximity of the spin precession frequency € to the resonance frequencies

Qres [71]’
KQeo = Ky, + K0, + K,w, + Kyw,, (4.8)

where w, is the revolution frequency, w, and w, are the radial and vertical betatron oscillations
frequencies, w, is the synchrotron oscillation frequency, Ii'; are the integer numbers.

In the T(15) energy region the spin precession frequency for the electrons in VEPP-4 storage
ring is far from the resonance frequencies, and the degree of the equilibrium beam polarization
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depends only on the vertical orbit distortions. Using orbit corrections the mean square deviation
of the orbit from the plane in VEPP-4 was decreased to the value of 1.3+ 0.5 mm , that provides
the degree of the equilibrium beam polarization 0.4 — 0.6.

The resonance beam depolarization was performed by the alternating electric field of 10 V/cm
amplitude, created between the pair of the vertically spaced plates of 1.3 m length. The external
field changes the spectrum of the resonance frequencies,

KQ ., = Kaw, + Kyw, + K,w, + Now, + Kgwq, (4.9)
where wy is the external field frequency (the field of depolarizer). The following resonance con-
ditions were chosen for the measurements: K = 1, K, = —-11, K, = K, = K, =0, K4 =1,
i.e. ‘

Qs = —1lw, + wy. (4.10)

At the frequency w, = 818.78 kllz the frequency of the depolarizer field is about wy ~ 18.6
MHz.

In our experiments the depolarizing resonance width was determined by the frequency band
of the generator creating the depolarizing licld and was about 0.3 kHz. At the chosen value of the
field the calculated depolarization time was about 0.5 second. The search for the depolarization
frequency was performed by the slow variation of the external generator frequency (4 Hz for 1
second).

The beam polarization in the storage ring was measured by the value of asymmetry in the
angular distribution of the back-scattered circular-polarized photons. The cross section of the
Compton scattering is [72]:

do doy (101

56 E ﬂClsm( (4.11)

where dog/dS2 is the cross section on the unpolarized clectrons, € is the degree of the photon
circular polarization, C is the vector of electron transverse poldumtxon @ is the angle between
the scattering plane and the * plane, pupcndxculax to the vector C The sign of do, /dS) is opposite
- to the one of the value E(Ag) where £ is a momentum of the scattered photon. This value has
maximum at ¢ = +7/2, i.e. when the vector ¢ lies in the scattering plane. Thus, while the
scattering of the circular polarized photons on the transverse polarized electrons, the "up-down”
asymmetry appears with respect to the orbit plane. The asymmetry value A is given by the
formula [72]:
do, 2An(1 + n?)

7 12
4= T 2A(1 + %) + (1 + n* + 20)(1 4 nt)’ (4.12)

where A = 2wE/m2, n = 46, 0 is the cmission angle of the photon relative to the electron
momentum pF, w is the initial photon energy, I is the clectron energy.

The asymmetry value reaches its maximuin A,,,, ~ —1/3 at A ~ 1 and n ~ 1, i.e. at the
initial photon energy w ~ m?/2E that gives 25 eV at the electron energy E=5 GeV.

In the experiments with MD-1 the synchrotron radiation generated in the magnetic field of the
detector by oppositely moving beam was used as a source of the circular polarized photons [46].
In the interaction region the eclectrons collide with the synchrotron radiation photons generated

22



by another beam. The polarization of the svuchrotron radiation depends on the photon direction.
In the orbit plane the photons are linearly polarized and out of it they have circular polarization
with the opposite signs above and under the orbit. The degree of the circular polarization
increases with increasing of the photon emission angle relative to the orbit plane. When the
beams are separated in the vertical direction, the collision of the circular polarized photons with
the transversely polarized electrons and positrons is provided in the interaction region. The
method allows to measure the polarization of both beams simultaneously. The asymmetry value
in the synchrotron radiation scattering on the colliding beam is considerably greater than that in
the laser photons scattering. It is due to higher energies of the initial photons.

The equipment for the beam polarization measurement is shown in Fig.4.1. Two identical
systems were located from the both sides of the interaction region and were intended for the
polarization measurement of both ‘beams. Each system for backscattered photons detection in-
cluded two scintillation counters with the 13 mm lead plate installed in front of it. One counter
was placed above the orbit plane and another one was under that plane. There was a gap of 1
mm between the counters. The asymmetry value was determined by the ratio:

_ Nu - */Vd
Ny+Ni— Ny

A (4.13)
where N, and N, are the counting rates of the upper and lower counters correspondingly, N4
is the coincidence counting rate. The photon energy (higher than 0.5 GeV) was measured using
the total absorption counter made of Nal(Tl) crystals.

For the stabilization of the vertical orbit position and the orbit angle in the vertical plane,
the ionization chambers were installed from the botl sides of the interaction region for measuring
the 7up-down” asymmetry of the straight synchrotron radiation of the beams. The results of the
measurements were used for the continuous orbit correction in the interaction region that was
carried out with the help of a computer controlling VEP P-4 storage ring.

During the polarization measurement the beams were separated vertically by 60 micrometers
(~ 40,, where o, is the vertical size of the beam). For this separation the relative error of the
asymmetry measurement is minimal.

For the beam polarization degree of 0.8 the asymmetry value is 5%. The statistical error in
the asymmetry value equals 0.4% for the currents of 6 x 6mA? and exposition time of 100 seconds.

The result of one of the beams polarization measurement is shown in Fig.4.2. The electron
and positron depolarization frequencies were obtained by the maximum likelihood method. The
dependence of the beam polarization degree on time (and lence on the depolarization field fre-
quency) was approximated by three straight line segments. The accuracy of the measurement
of the beam depolarization frequency is determined by the accuracy in the asymmetry measure-
ment and by the size of asymmetry jump, i.c. depends on the beam currents and on the beam
polarization degree.

The results of the energy calibration in our experiment on precise T(15) mass measurement
(73, 74] described in subscction 4.2 were the following. The typical statistical accuracy of the
electron and positron energy measurements in this experiment was about 60 keV. The measured
energy value is shifted. The shift depends on the depolarizer bandwidth, the rate of its frequency
variation and on the depolarization time. The shift value of 63 + 9 keV was obtained from 11
measurements done by opposite scanning direction with invariable conditions of the VEPP-4. It
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was also obtained that in the VEPP- storage ring the average electron energy is greater than
that of the positrons by 24 + 6 keV.

In the experiment [73, 74] the data taking time with the same beams was about 3 hours. The
energy calibrations were done ecither before or after data taking. Tor the determination of the
storage ring energy instability, the special measurements were performed in which several energy
calibrations with the same currents were done with the time interval of about 40 minutes. Ten
calibrations for three currents were done. The VEEPP-4 energy instability obtained is o ~ 40 keV.
This value was added in quadrature to the energy measurcment error. No systematic variations
of the storage ring encrgy during the data taking were found.

4.2. Measurement of the T(15), T(25) and T(35) masscs

The masses of the YT-mesons were determined from the dependence of the measured hadronic
cross section vs the beam energy. The calibration of the storage ring energy was carried out by
the method of the resonance beam depolarization using backscattering of synchrotron photons.

4.2.1. Mcasurement of the Y(15) mass

Three independent measurements of the T(15) mass have been done with the MD-1 [56], [63],
and [73, 74]. The most precise one [73, 74] is described in more detail below.

In this experiment 4 scans of the T(1.5) meson region were carried out. The sequence of the
energy values in each scan was chosen accidentally. The integrated luminosity of 2.0 pb~! was
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collected. The energy calibrations took about 15% of time, and were accompanied by the simul-
taneous detection of background events, since during the calibrations the beams are separated
in the vertical direction in the interaction point. During the data taking beams were kept un-
polarized, in order to exclude the possible dependence of the detection efficiency upon the beam
polarization.

The energy calibration procedure was described before. More than 80 energy calibrations
were done during this experiment. The accuracy of the beam energy measurement was about
60 keV for runs with the energy calibration (65% of the statistics) and about 180 keV for runs
between two calibrations.

The procedure of determination of the hadronic cross section and fitting of its dependence on
the beam energy is described in the Section 5.1. The observed hadronic cross section is shown in
Fig.5.1. The value of the T(LS) mass obtained in this fitting is M = 9460.60 £ 0.09(stat.) MeV.

Only statistical errors of the number of detected hadronic events were taken into account in the
fit, the energy W (sum of the electron and positron energies) was fixed. The energy measurement
errors were accounted in the following way: the encrgies in every experimental point were shifted
independently near the average value according to the gaussian law with the standard deviation
equal to the error in the value W at this point. For every set of the energy values the resonance
mass was determined. The mean square spread of obtained mass values of 0.03 MeV was accepted
as an error of the resonance mass value due to the energy measurement errors. This value was
added in quadrature to the statistical error of the T(1.5)-meson mass.

Different effects that could contribute to the additional error in the T-meson mass value were
considered. Below we list the most essential of them {73].

1. The spin precession frequency depends on y = £/ m.c?. The measured T mass is propor-
tional to the electron mass. The uncertainty in the electron mass [75] results in an error of about
426 keV in the Y(15) mass.

2. The v factor was determined by the ratio of the depolarization and beam revolution
frequencies, their uncertaintics lead to the error in the T-meson mass value of about +14 keV.

3. Vertical orbit distortions perturb the value of the spin precession frequency because rota-
tions about different axes do not commute. This effect increases quadratically with the size of the
distortions, and we estimate the correction to the T mass to be about ~94+ 7 keV fora1.3+0.5
mm vertical rms distortion.

4. Actually, the c.m. energy is not equal to the sum of electron and positron energies due to
the motion of produced system. For energy spread in VEPP-4 this fact leads to the shift of the
mass value by —4.1 £ 0.2 keV. Similar effect duc to the beam angular spread is negligible.

5. The electron and positron energies at the interaction point differ from the average energy
in the storage ring due to some effects: a) the interaction point is situated asymmetrically relative
to the R.F. cavities (the shift value is 0.4 - 107* of the circumference), b) since the synchrotron
radiation intensity depends on the particle energy, the energy loss at the first half of the circum-
ference is greater than that at the second one. The mass shift value associated with these effects
appeared to be negligible.

6. There is some chromaticity of the VEPP-1 at the interaction point. This means that the
vertical beta-function 3, and the transverse heam size depend on the particle energy and its
radial coordinate. The effects has been studied experimentally, the data obtained agree with the



calculations and give the following form for the luminosity distribution:
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where a = —12 + 5. This effect leads to the shift of the T mass value by —25 + 10 keV.

7. From the check-up of the detector elements during the experiment the possible instability
of the detection efficiency did not exceed +1%. The instability of the luminosity measurement
was less than +£2%. The variation of the background level in the detector did not exceed +20%.
These instabilities resulted in the error of about +15 keV in the T(15) mass.

8. Beam energy spread can be influenced by the phase instabilities, beam currents and collision
effects. During the experiment special attention was paid to provide the absence of the phase
instabilities. Separate fits of the data collected at small and large beam currents as well as at
small and large specific luminosity showed that the beam energy spread was constant within +5%
at the operating current range. This uncertainty gives the error of £25 keV in the T mass.

9. The formula used for fitting of the observed hadronic cross section contained some approx-
imations. The error in the T mass due to them is about +10 keV.

Different criteria were used to divide the experimental data on subsamples: different scans of
the T region, small and large beam currents, small and large specific luminosity, small specific
luminosity at the energy less than the resonance peak plus large specific luminosity at the energy
greater than the peak and vice versa, presence and absence of the energy calibration, etc. Separate
fits of the data subsamples agreed within statistical errors.

We conclude that the total shift of the mass value due to all effects mentioned above is
about —0.04 MeV and the systematic uncertainty is about £0.05 MeV. So the final T mass value
obtained in this experiment [74] is:

M(Y(15)) = 9460.60 £ 0.09 £ 0.05 McV (1992).

This value agrees well with our previous results of 1982 [56] and of 1984 [63]. Averaging of these
three independent results gives the Y(1.5) mass:

M(T(15)) = 9460.59 % 0.09 + 0.05 MeV.

Our value of the T(15) mass differs form the result of CUSB [65] by 3.80. We applied our
algorithm to the data of CUSB [65]. In this case the difference is 2.30 [73].

4.2.2. Measurement of the T(25) mass

The integrated luminosity of 0.6 pb~! was collected during 4 scans of the T(25) energy region
(W=9980+10075 MeV) in this experiment [63, 64]. About 180 energy calibrations were done.

In this experiment the energy calibration procedure had some peculiarities. In the energy
region of T(25) the polarization degree of the beams in the VEPP-4 is small due to the coincidence
of the frequency of spin precession with that of betatron oscillations. Therefore the calibrations
were carried out at the point differed from the resonance one by 60 MeV (in the W scale) and
the energy at the point of measurement was determined by extrapolation using the magnetic field
value. The extrapolation curve has been obtained by the energy calibration below and above
the resonance where the degree of polarization was sufficient for the energy calibration. The
calibration curve was obtained several times during the experiment.
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During the whole experiment the alteration of the magnetic field in the storage ring was
carried out by one standard cycle. After injection, the energy was increased up to the point
where the calibration was performed, then the energy was raised up to the point where the data
were taken. After that, the energy was raised up to the fixed point much above the resonance and
then lowered down to the injection energy. In some cycles two calibrations have been performed
during the energy increase at the points placed below the resonance by 120 and 60 MeV. It was
estimated that the error in the T(25)-meson mass due to the extrapolation procedure does not
exceed 0.05 MeV. _

Using the way described above, a half of the statistics has been taken. The remaining half
of the statistics has been taken under somewhat different conditions of storage ring operation.
Just after injection the energy was raised up to a maximum fixed point and then lowered to the
point where the data were taken. After that, the energy was lowered by 60 MeV and the energy
calibration was carried out. The calibration curve of the energy dependence on the magnetic field
measured in this regime of the storage ring operation did not coincide with the first one. The
mass error due to extrapolation in these series did not exceed 0.2 MeV.

The integrated luminosity of 0.6 pb=! was collected during four scans of the Y(25) energy
region (W=9980-+10075 MeV). About 180 energy calibrations were done. The observed hadronic
cross section versus the center of mass energy is presented in Fig.4.3.
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Fig. 4.3: Observed hadronic cross section in Fig. 4.4: Observed hadronic cross section in
the T(2S) energy region the T(3S) energy region

The fitting of the data gives the T(25) mass
M(TY(25)) = 10023.6 £+ 0.5 MeV

and the energy spread ow = 4.9+ 0.5 MeV. The last value is in agreement with the estimated
value of 4.5 MeV for the VEPP-4 at this cnergy. The systematic error in the T(2S5) mass is less
than 0.2 MeV according to our estimation. It’s quadratic addition to the statistic error gives only
small contribution to the total error. The T(25) mass measured by ARGUS and Crystal Ball at
DESY [66] agrees with ours.

4.2.3. Measurement of the T(3S) mass

The measurement of the Y(3.5) mass [63, 64] was similar to that of the T(1S). The integrated
luminosity of 1.25 pb~! was collected during 5 scans of the T(35) energy region (W = 10310 +

27



10410 MeV). About 370 energy calibrations were done by the resonance beam depolarization
method. The accuracy of the energy measurement depended on the beam polarization degree
and was in the range 0.05+0.2 MeV (in the W scale). The selection criteria for multihadronic
events have been chosen using Monte Carlo simulation and background measurements. The result
of the data processing is presented in Fig.4.4, where the detection cross section is plotted versus
the center of mass energy.

The fitting formula and the fitting procedure were the same as in the T(1.5) mass measurement
and gave the T(35) mass

M(T(35)) = 10355.3 £ 0.5 MeV.

The obtained value of the VEPP-4 energy spread in the T(35) region oy = 5.4 £ 0.6 MeV was
in agreement with the estimated value of 4.8 MeV. The systematic error in the obtained T(35)
mass is less than 0.2 MeV according to our estimation. The total error obtained by quadratic
addition of the statistical error and the systematic one is determined by the statistics and equals
0.5 MeV.

In conclusion note that in our experiments the mass of T(15) meson was measured 100 times
more precise and the masses of T(25) and T(395) were measured 20 times more precise than
before [75].

5. Study of leptonic decays of T mesons
5.1. Measurement of the I',.(T(15))

For the measurement of the T(15) leptonic width [74], as well as for the mass measurement
(subsection 4.2), we used the same statistics of 2.0 pb~! collected during 4 scans of the T(15)
region (E = 471054745 MeV). Additional 0.4 pb~! continuum data collected with the same trigger
and luminosity monitor conditions were employed for the data analysis. Energy calibration of
the VEPP-4 was performed by the method of resonance depolarization.

The electronic width of a resonance can not be measured directly in an e*e™-experiment.
Fitting the resonance curve one can only extract the product ', - By, where Bj is the branching
ratio for the final modes selected in the experiment. In our work we did not suppress 7+~
decays: T — 77— decays were taken into account with hadrons in calculation of the detection
efficiency. Assuming e — u universality one has By =1 —2- B, in this case.

Two different sets of criteria were chosen to select the multihadronic and 77~ events. The
first set of criteria ("T-criterion”) is based, mainly, on the information from the tracking system.
The second one (”S-criterion”) employs the information from the shower-range system. The
number of charged particles and photons detected in the event had to be more than 3 and the
number of background particles was required to be less than 4. Some additional cuts were used
to suppress radiated Bhabha events and the cosmic background [74).

Detection efficiencies for hadronic events were about 90% (Table 5.1). The machine back-
ground contribution into the observed cross section in the continuum was about 2% for both
selection criteria. The physical background (radiated Bhabha and two-photon processes) was
about 20%. Both the machine and physical backgrounds were almost constant in the narrow
region of the resonance and were automatically subtracted during the fitting procedure.

The numbers of events passed through T.and.S, T.and..not.S and S.and..not.T criteria are
statistically independent and can be used in a joint fit. For the simulation of the T(15) decays the
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Table 5.1: Detection efficiencies (%) of the T(15) decay modes for different selection criteria according
to LUND 6.3

Decay mode T S T.or.S

T(15) — 39,297 881 875 91.8+04
T(1S) — ¢q,qqy 76.7 778 826+ 1.0
T(1S) — 77 219 205 2424 2.0

T(15) — hadrons,rr 85.2 847 89.04+ 0.4

following branching ratios were used: B(T — 3g,2¢7) = 1-(R+3)-B,,, B(T — qq,999) = R-B,,,
and B(Y — 77) = B,, with R = 3.55, B,,, = 0.0257.

The hadronic and 7% 7~ decays were generated with the LUND program version 6.3 [90].

Two main corrections were taken into account in the simulation of this experiment [74]. The
first one is due to the probability of the true track reconstruction which depends on the chambers
efficiencies. The second one corrected the hadron ranges in the shower-range system since ranges
simulated in UNIMOD with the standard NUCRIN [16] were sornewhat greater than in the
experiment.

The systematic error in the detection efficiency due to uncertainty of the detector response
were estimated to be about 0.5% for T.or.5 sclection criterion and about 1% for T.and.S criterion.

Comparison of the observed and simulated distributions in most important parameters has
shown that LUND 6.3 satisfactory reproduces T(15) decays though the observed charged particle
momentum spectrum is somewhat harder than the simulated one. We tried to adjust the LUND
6.3 program parameters to generate harder momentum spectrum with the smallest possible vari-
ation of the mean multiplicity and sphericity. The agrecment of the momentum spectra could be
improved but at the price of disagreement in the sphericity distributions.

Having many sets of events simulated with the modified LUND 6.3 and LUND 4.3 parameters
we have concluded that the systematic error due to model dependence of the detection efficiency
does not exceed 1%.

The observed dependencies of the cross sections on the beam energy for events which passed
the T.and.S (Fig.5.1), T.and..not.S, S.and..not. T sclection criteria were fitted to the formula ac-
counting radiative correction according to Kuraev and Fadin [85] with some small terms omitted.

Here one should note that before 1985 most of experiments in this field used the erroneous
formula for the radiative corrections and used the definition of the I'.. inconsistent with the
Pee = Tyor - B relation which is employed for the total width T',,, determination (BgzP is an
experimentally measured muonic branching ratio) [76]-[81). The situation was clarified by Kuraev
and Fadin [85]. The new formula for the radiative correction was used in our works [73, 74, 84, 86],
and then was employed in the Crystal Ball work [82]. Now it is generally accepted approach [87].
The results of all experiments on T, and Iy, of ¥ and T meson have been recalculated according
to this formula [88, 89], it is the following:

0% = Yeeq - 672 /M* - G(W = M) - (14 68)+a2% (2 EyJW)?, (5.1)

e,3
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Here a is the fine structure constant, I' is the gamma-function, D_gz is the Weber parabolic
cylinder function, m, is the electron mass and W = 2F.

In the fitting there were 8 free parameters: M, o, and agf’i’ and 7y..; (i=1,2,3), where

M is the T(15) mass,

ow is the machine energy spread,

7ee,i = Fec 'Bj c €, Bj =1-2- 13““,

¢; is the detection efliciency of the selection i,

1=1,2,3: T.and.S, T.and..not.S, S.and..not. T,

o2% is the nonresonant cross section at energy Iy = 4.7 GeV for the selection .

The accuracy of the approximation (5.1) is better than 0.1%. The 3? terms, 0.0053 numeri-
cally, was not taken into account in the works [82, 88, 89].

The vacuum polarization is included in the definition of the I',,, so that I',, = 'y, - Bir.

The experimental data and the fit for T.and.S selection criterion are shown in Fig.5.1.

The three values of v..; with the known detection efficiencies and the B, value from the
PDG Tables [87] were used to calculate leptonic widths correspounding to T, S and T.or.S selection
criteria. The last value was chosen as a resultant value of I',, as having the smallest systematic
error:
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Lee - Bhaa = 1.187 £ 0.023 £ 0.031 keV.

The full list of systematic errors is given in Table 5.2.

Table 5.2: Summary of systematic errors for the Y(15) electronic width measurement.

Contribution from Value of error
luminosity absolute calibration 2.2%
luminosity monitor stability 0.5%
model dependence of detection efficiency 1.0%
uncertainty in the detector response 0.5%
Monte Carlo statistics 0.5%
background contribution 0.5%
beam energy uncertainty 0.5%

The published results of the experiments on the T(15) leptonic width measurements {74])-[83)
are shown in Fig. 5.2.

Our measurement is in a good agreement with others.

5.2. Measurement of the I'..(T(25))

The same technique was employed for determination of the Y(25) leptonic width [92].

The data collected during the experiment [91] on the R-ratio measurement were used for the
analysis. Three one-day scans of the T(2S5) region were performed in two months period. The
luminosity integral of 0.4 pb~! was recorded for E = 5005 - 5020 MeV. No energy calibrations by
resonance depolarization method were done. The uncertainty in the beam energy turned out to
be the main difficulty of the analysis.

From the previous experiments [73, 86, 56, 63] it was known that the VEPP-4 collider has two
kinds of beam energy uncertainty: the fluctuations around the average level with the standard
deviation of about 0.2 MeV and the sudden shifts of this level up to 2-3 MeV which occurred
every few weeks. The probability of such shift during the short scan of the resonance region is
small but it is very probable between the scans.

To take this into account, we considered the three scans of the T(2S) region as the three
independent experiments. With each scan independent continuum data were used, 0.2 pb~! per
the scan. The three values of the Y(25) leptonic width obtained were weighted to produce the
final result.

The multihadronic events (including 7-pairs) were selected with the T.or.S criterion. The
T(25) decay ratios used for the detection efficiency calculation are shown in the Table 5.3.

The simulation procedure was the same as for the T(15). The additional decay modes were
generated in the LUND 6.3 frame.

The observed dependencies of the visible cross sections on the beam energy for the three scans
were fitted by the formula 5.1 with 3 free parameters: v,., 0% and M. The machine energy spread
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Table 5.3: Branching ratios and detection efliciencies (%) for the T(2S) decay modes

Decay mode Biiode €mode

T(2S) — 3g,297 46.6 +£2.2 94.9 +£0.5
T(2S) — Y(1s)nn 27.3+14 913+ 14
T(2S) — x,v 176 +16 895+ 1.4
T(2S) — ¢q, 99y 4.7+£07 914+14
T2S) — rr 1.3£02 294420

T(2S) — hadrons,rr 9744+ 04 91.94 0.5

ow,2s Was fixed: 5.25+ 0.11 MeV. This value was calculated according to the formula:
Owz2s = Ow,15 * (AIZS/MIS)ga

with the value oyw,; 5 and its error taken from the T(15) experiment. The fit with all parameters
free gives ow 25 = 5.30 £ 0.38 MeV.
The experimental data and the fit are shown in Fig.5.3 (the scans are merged).
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Fig. 5.3: The visible cross section for ete™ —
hadrons with T.or.S selection criterion in the

T(2S) region.

Fig. 5.4: Compilation of T, - Braa values for
T(2S). The full error bars represent total errors,
the small ones show statistical errors separately.
The vertical lines illustrate the world average and
its error (without this and ARGUS experiments).

The I',. values obtained for all three scans are in a good agreement, the x> = 1.68 for 2
degrees of freedom. Averaging of them gives

I'ee s Buoa = 0.552 £ 0.031 £ 0.017 keV.
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The resonance mass for the second scan is shifted by about 3 MeV relative to the masses of the
other two scans. If energy shift between scans is ignored, the resulting I'.. value decreases by
2.4%.

The factors contributing to the systematic errors are given in Table 5.4.

Table 5.4: Summary of systematic errors for the T(2S5) leptonic width measurement.

Contribution from Value of error
luminosity absolute calibration 1.9%
luminosity monitor stability 1.5%
model dependence of detection efficiency 1.0%
uncertainty in the detector response 0.5%
Monte Carlo statistics 0.5%
background contribution 0.5%
beam energy uncertainty 0.9%
uncertainty in the ow 0.8%

The results of experiments on T(25) leptonic width measurement {77, 93, 78],(80}-[83] and
this one are shown in Fig.5.4.
All measurements are in agreement.

5.3. Measurement of the B,,(Y(15))

In this experiment {22] the collinear and multihadronic events were selected from the statistics
collected in the Y(1S5) and nearby continuum.

Experimental data were taken during two runs. The total integrated luminosity is 20.4 pb~1.
During the first run 3.4 pb™! in the continuum and 5.1 pb~! on the resonance were collected. At
the second run the energy was scanned in the mass region /s = 7.6 — 10 GeV. The data collected
in the nonresonant region have been used for the continuum subtraction.

For B,,, assuming the e — p — 7 universality, we have

B,, = _Bmz/(l + 3Fuu)a . (5'2)

h

h o# and o are the total resonance cross sections for muons and hadrons

where B, = o¥/o
respectively.

The calibrations of the storage ring energy were carried out by the method of resonance
depolarization (subsection 4.1).

Two types of the trigger logic (T,, T,) were used during the experiment which correspond
to two data sets. In the trigger firing of at least one scintillation counter and two proportional
chambers (T;) or two shower-range units (T3) situated on both sides from the beam axis were
required. The trigger efficiency for the QED process ete™ — ptpu~ is 35.7 % and 44.9 % for T,
and T, respectively.

The collinear events were selected from the low multiplicity events with some additional cuts
[22]. Contributions of the main background processes are shown in Table 3.5. They are given
compared to the QED process ete™ — ptp~ at /s=9.46 GeV.

33



The hadronic events were sclected using the multiplicity and the momenta of the particles
[22].

The detection efficiencies ¢, ¢*, ¢* were determined by the Monte Carlo simulation for the
reactions ete~ — ptp~, ete™ — YT — ptp~, T — hadrons respectively.

For the QED process ete™ — p*y~ the simulation with the radiative corrections up to order
o3 [99, 100] was used. The total cross section for this process was calculated using the formula
from the paper of E.Kuraev and V.Fadin [85] where the radiative corrections up to order a* have
been accounted.

Table 5.5: Summary of background and systematic errors in the experiment on determination By,.

The source of background Background (%) Systematic error (%)
Cosmic rays (CR) 4.9 0.5
ete™ —ete” 2.1 0.4
CR and e* of single brems. coincidence [22] 0.7 0.3
ete” — hadrons (simul.) 0.6 6.2
ete™ — 7t~ (simul)) 0.4 0.4
ete — eTe ptpu™ (simul) 3.2 0.7
Sum 11.9 1.1

For the reaction ete~ — T — ptu~ the photon emission by the initial state particles is

suppressed. Therefore the detection efficiency € was obtained from the same simulation as for
ete~ — ptp~ but with the photon emission in the final state only. The obtained detection
efficiencies for the two data sets T; and Ty are 32.940.9% and 41.440.8% respectively.

The simulation of the hadronic decays of the T was carried out with the LUND 6.3 computer
code [90]. The detection cfficiency ¢! was detcrmined to be (87 2)%. The contamination of the
decays T — Tt~ was estimated to be 0.3 %.

The visible cross section ¢,(s) is shown in Fig.5.5.

The experimental data in the continuum were fitted to the 1 /s dependence with one free
parameter: the visible continuum cross section g, at Vs = 9.46 GeV. After correction for the
detection efficiency (23.2 + 0.4)% for T, and (29.2 + 0.4)% for T} the total cross section for the
reaction ete~ — putp in the continuum at /s = 9.46 GeV was obtained:

0. = 1.372 4+ 0.0018 £+ 0.035 nb.

The systematic error includes uncertainties in the detection efficiency (1.2%), background
subtraction (Table 5.5), and absolute luminosity calibration (2.1%). The measured cross section
is in a good agreement with the theoretical calculation (1.404 nb).

The cross section for the reaction ete™ — p*y~ in the Born approximation is [101]:

4ra’
3s

ou(s) = (1+ 2 Re{B{s)} + | B(s)I*): | (5.3)

_ /B"S ) ,_3']‘86
B(S)'s—zuﬁ+z%1’-w,.;\1‘ ’3_a~M’
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Fig. 5.6: The calculated cross sections o, (solid
line), o; (dashed line) and the ratio o; /e, (dotted
line).

Fig. 5.5: The visible cross section for ete™ —
ptu=.

where M is mass of resonance, I'y, is the total, and T,, is the leptonic width of T(15) meson.
The three terms in (5.3) give the QED (0,), the interference (o;) and the resonance (o,) cross
section. The experimental cross section is quite different from the cross section o, because the
machine energy has certain width oy and also the energy of the initial state electrons is degraded
by the bremsstrahlung emission [102, 103].

The visible muon cross section (Fig.5.5) was approximated by the following formula:
M
w
where W is the center of mass energy. Two parameters were free: the observed cross section at

the continuum o,. and the resonance’s excess above the continuum o#. The ratio o,(W)/o,(M)
gives the shape of the resonance curve. o,(W) was calculated by the formulae:

ot W) = 0uo(37) + bt (W)/o, (), | (5.4)

o (W) = / dW" F(W, W")a,(W") + a:(W"))(1 + 6,) = 0,.(W) + a:(W), (5.5)

t 2
F(W,W”):%(%W) I(1+1)

) T X er=T)D=2),
z—(W_W”)- ar® 1. 3

2a w
H t = ?(2111(;‘:) - 1), 50 = ;(— — —) + —t,

Ow 3 2 4

where m, is the electron mass, « is the fine structure constant, I'(1 + ) is a gamma-function,
D_,(—z) is a Weber’s parabolic cylinder function.

The hadronic cross section was approximated by the same way as the muonic cross section
(5.4) The continuum and resonance interference for multihadronic events is negligible and the
shape of the hadronic resonance curve was calculated without the interference term in (5.5).
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The results of the data analysis are summarized in Table 5.6, where the cross sections o and
b the measured number of y-pairs from the resonance decays (N,,), and B, are shown. The
errors are statistical and were obtained by fitting with the fixed value of the continuum o%.

Table 5.6: The resonance cross sections for muons and hadrons, N,, and B, for two different
data sets T} and T

o# nb ok, nb Nuu B, %
T, 0.34840.045 15.840.13 276+36 2.2040.28
Ty 0.35740.042 15.4+0.14 339£40 2.32+0.27

Using (5.2) and adding the statistical error due to the continuum subtraction we obtain the
branching ratio: B, = 2.12% + 0.20% (stat.).

The following contributions were taken into account in the systematic error of the branching
ratio B,,: the accuracy of detection efficiencics € (2.2%), ¢! (2.0%), the luminosity uncertainty
(3.2%), the background from the T decays into hadrons (1. 2%:}:0.7%), and the storage ring energy
instability (0.8%). The last effect for the first time was taken into account in our experiment. It
is described below.

Table 5.7: Compilation of results for the branching ratio of the decay T(1S) — pp.

Buu, % Experiment Reaction

2.2 +£2.0 PLUTO [76] Y(1S) — putp~

PR DESY-IID [17] Y(1S) — ptu~

3.8 £1.5 £0.2  LENA [79] Y(1S) — ptp~

32+13+03  DASP [78] Y(18) — ptp-

2.7 403 403  CLEO [80] T(1S) — ptp

2.7040.2840.14 CUSB [94] Y(1S) — ptp~

2.8440.184£0.20 CLEO [95] Y(25) - TUS)rta=; YT — ptyu~
9.3040.2540.13 ARGUS [96]  T(25) — T(1S)ata=; T — ptp~
2.614+0.094£0.11 CUSB [97] T(15) — /L+[l—

2.5240.074£0.07 CLEO [98§] X(1S) — u* u

2.1240.2040.10 MD-1 [22] T(1S) — ut

S

The ratio of the muon and hadron yields in the T decays gives the branching ratio B, when
the center-of-mass energy W is equal to the resonance mass M (without radiative correction).
If W is not equal to M, the interference between resonance and continuum should be taken
into account. The calculated cross sections o;, o, and their ratio are shown in Fig.5.6. In the
calculation the leptonic width I',,=1.34 eV [87] and the VEPP-4 energy spread ow =4.62 MeV
were used. The ratio o;/0, gives the alteration of the By, valuc dependent on the center-of-mass
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energy if the interference is omitted:

1 dB,, d

. — Q. e
B,, dW dW("*/"r) 3.2%/McV.

Therefore the absolute energy calibration of the storage ring is necessary to measure the B,,.
The energy calibration with the resonance depolarization technique was carried out during all
the experiment. The accuracy of this calibration gives contribution to the systematic error of the
By, equal to 0.8 %.

Finally, the probability of the rcaction T(15) — utp~ is

B,, = (2.12+ 0.20 £ 0.10)%.

In Table 5.7 the result obtained with the MD-1 detector for the branching ratio of the decay
T(1S) — ptu~ as well as results of other measurements are presented. Our measurement agrees
with the results of the previous experiments.

6. Search for rare decays of Y(15) meson
6.1. Upper limit on B(YT — nt7~), B(Y — K+ L)

For these upper limits determination [22] we used the same data sample as for the measurement
of B,,. The collinear events with angle of track to the beam axis § > 45° were selected. The 7
-pairs rejection have been performed using the muon chambers. The particles were classified as
muons if at least one chamber inside the yoke (5.5 nucl. int. lengths) or behind the yoke (7.5
nucl. int. lengths) was fired. Events where muons were not revealed were selected as candidates
for the decays under study. To reduce the background from the reaction ete= — ete~utyu~ the
additional cuts were used.

Finally, we have obtained 5 events in the resonance region (interval toy, J Ldt=5.1 pb~1)
and 21 events at the continuum (f L.dt=15.0 pb='). The measured number of events is in a good
agreement with expected background from the reactions ete™ — p*p~, ete~ — ete~pty~,
ete” — ete~. From MC simulation the background was estimated to be 2.5£1.0, 3.0£3.0,
2.3%1.5 events respectively for integrated luminosity 5.1 pb~!. The contamination of the multi-
hadronic events is negligible. The data fitting was carried out for two different energy dependen-
cies of the continuum cross section: const and ~ 1/s. Less than 4.3 (90 % CL) two-hadron decays
of the T have been obtained and the result doesn’t depend on the fitting method.

The detection efficiencies for T — 7#¥7~ and T — K+~ were obtained from the MC simu-
lation and were estimated to be 114£2%. The angular distribution of the collinear pseudoscalar
mesons was simulated as sin”(6).

The obtained upper limit on branching ratio for the decays ¥ — 7+~ or K+ K- is:

B(T —»atr” or KTK ™) <5107 (90% CL).

The calculation with QCD sum rules gives: By, ~ 51073, Brg ~ 1077 [104].
In this experiment upper limit on the branching ratio for the decays ¥ — 7*tx~, K* K~ have
been obtained for the first time.

6.2. Upper limit on B(T — pp)
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In the same manner as for the decay T — 7+tn~, Kt K~ the upper limit was obtained for
the decay Y — pp. For this process the calculated detection efficiency equals 6 + 1%. The limit
obtained is B(T — pp) < 9-10* at 90% CI. [22].

For more effective search for T(1S) — pp decay we used particle identification in the MD-1 by
the gas Cherenkov counters with threshold value of Lorentz factor of 7, = 5 [105]. The y-factor
of p and p from the Y(15) decay is less than 4,;, and therefor the Cherenkov counters were very
effective in background suppression.

The integrated luminosity of 5.7 pb~! collected at the Y(15) resonance was used in this
analysis. This sample of data contained 80800 T mesons.

The events with two collinear charged particles were selected. The cuts on the momenta and
time of flight of particles were used to suppress the cosmic background. The selected sample of
events consisted mainly of muon pairs and Bhabha events.

The information from Cherenkov counters was employed to search for pp events. For this aim
we selected the events where each of two particles crossed only one Cherenkov counter and had
the path in the radiator more than 17 cm. So, both particles crossed two Cherenkov counters
with 8 photomultipliers (PM). The events with fired PM number Npjy < 2 were considered as the
pp candidates. There was no events with Np;; = 0, and only 18 events with Npp, = 1 remained.
Using the information from muon chambers we found that all of these 18 remained events had
-the sum of ranges of particles larger than 8 nuclear absorption lengths, and we concluded that
these events are the muon pairs. So we did not find any events satisfied to our selection criteria
for pp.

The detection efficiency of pp selection criteria was determined by the Monte Carlo simulation.
In the simulation the angular distribution of pji was proportional to (1 + cos? 9) and could differ
from the real one estimated in [106]. The relative error in the efficiency due to this reason did
not exceed 1.5%.

The apparatus parameters used in the simulation were determined experimentally. For this
aim the selected cosmic muons, muon pairs, and Bhabha events were used. The apparatus
parameters that were important in this experiment are listed below. The dependence of the
photoelectron number in Cherenkov counters versus the inverse square of the cosmic muons
velocity and the fitted curve are shown in Fig.6.1. The probability distributions on number of
the fired PMs in Cherenkov counters for Bhabha events, muon pairs, and simulated p§ events are
presented in Fig. 6.2. The probability of PM firing in the uncrossed counters was less than 2.3%.
The average muon chamber efficiency was equal to 97.0 + 0.5%, but two chambers were installed
in each layer. The firing of muon chambers determined by Bhabha events did not exceed 0.9%.

The pp detection efficiency found by the simulation was equal to 6.74+1.4% and was determined
mainly by the chosen acceptance.

The estimated upper limit is

B(Y(18) — pp) < 5-107* at 90% CL.
The theoretical estimation [104] gives about 4 orders smaller branching ratio: By ~ 1077,

6.3. Upper limit on B(Y — v£(2.2)) x B(§ — KT K ™)

Investigation of the radiative decays of the lieavy vector mesons (J/9, T etc.) is one of the
most promising ways to search for new particles. Radiative decays produce a system of two
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Fig. 6.1: The dependence of the photoelectron Number of PM fired

number in Cherenkov counters versus the inverse
square of the cosmic muons velocity and the fit-
ted curve

Fig. 6.2: The distributions of probability versus
the fired PM number in Cherenkov counters for
Bhabha events, muon pairs, and simulated pp
events. The lines are drown to guide eye.

gluons with a positive charge parity. These gluons can form ordinary mesons as well as new
states. Another interesting task is a search for possible light Higgs bosons.

In 1983 the MARK III detector discovered the resonance £(2.2) in the spectrum of K+ K-
in the decay J/¢ — vt K~ [107]. Later this resonance was observed also in other experiments
[108]-[113]. The discovery of £(2.2) by MARK III in J/4 radiative decays stimulated its search
in radiative decays of the T meson. The interpretation of £(2.2) as a Higgs boson was the
most popular and it was important to check this hypothesis [114]. The £(2.2) can only have the
quantum numbers JPC = 0++, 2++, . Analysis of decay £ — K, K, [109] assigned to £(2.2) a
minimum spin of 2.

At the present time the nature of £(2.2) still remains unclear. For an explanation of this
resonance, various hypotheses have been suggested: Higgs boson [114], gluonium and hybrid
state [115], meson with high spin [116], and others [117]. Since the zero spin of £(2.2) seems to
be excluded, the hypothesis that this particle is a Higgs boson is probably ruled out.

In this experiment [118] the integrated luminosity of 6.5 pb~! at the T resonance and 2.7 pb~!
off the peak of the resonance was used. For study the decay T — YK tK~ we selected events
with at least one photon reconstructed in the shower-range system and only two charged particles
found in the coordinate system. Besides, information from the Cherenkov counters was used. In
the vicinity of £(2.2) no events were found, that yields an upper limit for the product branching
ratio:

B(T = 1£(22))x B(§ —» K*K~) <2107 (90%CL)

The cited upper limit on the branching ratio is obtained under the assumption that the spin of
€(2.2) equals zero. In this case the decay Y — v£ — y K+ K~ is described by one amplitude. For
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Table 6.1: Upper limits on B(T — 7£(2.2)) x B(§ — KT K~) and B(Y — 7£(2.2)) obtained in different
experiments.

Detector Upper limit (90% CL) Experiment
Cr.Ball [123] ~5.1074 incl.
CUSB {121, 122] ~2-107% incl.
CLEO [119] 21074 excl.
CUSB [121] ~1-1073 excl.
MD-1 [118§] 21074 excl.
ARGUS [124] 2.9-10°3 excl.
CLEO [120) ~15.107° excl.

J # 0 the detection efficiency depends on the decay dynamics. For example, for J = 2 when the
amplitude with A, = 0 or 2 is dominant (here A¢ is the helicity of £(2.2)), the difference of the
upper limit from the case of J = 0 is less than 10%; when the amplitude with A¢ = 1 is dominant,
the upper limit is 20% smaller.

Upper limits for the decay T — v6 — vt '~ obtained with different detectors as well as
results of search for £(2.2) in inclusive channel ¥ — £ are given in Table 6.1.

6.4. Upper limit on B(T — vX(2.2)) X B(X — ¢¢)

At the DM2 detector in the decay J/¢ — y¢¢ a narrow state in the ¢¢ system was discovered
with a mass 2.2 GeV/c* and probable J® = 07, though J¥ = 2% is not excluded [125]. Later
MARK III also reported results on the observation of a pseudoscalar structure X(2.2) in radiative
decays of J/v with a mass 2.2 GeV/c? decaying to ¢¢. The resonance width is I' = 132+ 46 +
35MeV [126]. It seems that the resonance observed by DM2 is narrower than that in the MARK
IIT observation.

We have searched for the decay T — v X — y¢¢ — yK T K~ at the MD-1 [118]. The same
statistics as in the search for the decay T — 7£(2.2) — v At '~ was used. In this experiment the
main selection criteria were: at least one reconstructed photon in shower-range system and four
particles reconstructed in the coordinate system. After these criteria some others (based mainly
on Cherenkov counters) were applied to suppress the hadron background. No events were found
in the vicinity of the X(2.2). The upper limit is

B(Y = yX)B(X — ¢¢) < 3-107° (90% CL).

Since the number of remaining events is zero, our upper limit for this decay does not depend
on the assumption about the resonance width.

This result was obtained under the assumption that the spin of X(2.2) equals 0. The variations
of the upper limit due to uncertaintics in the dynamics of the X — ¢¢ decay are less than 10%.
For J = 2 the detection efficiency depends strongly both on the dynamics of the decays T — vX
and X — ¢¢. Depending on the assumption of the dominance of various amplitudes the upper
limit varies in the range 2- 1073 to 4 - 1073,

We are not aware of other experiments on the search for this decay.
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Table 6.2: The numbers of the experimental cvents and the events of the simulated processes ete — pOy
and e¥e” — ptpuy.

Resonance Continuum
experiment 19+44 7184
ete™ — ply 52407 18621
etem —putp~y 113+12 37.2+2.2

6.5. Upper limit on B(Y — p°n°)

One of the interesting questions of the T physics is the search for the T meson decays with low
multiplicity. The theoretical estimate gives the value B(Y — pm)/B(J/¢ — p7) (Msy [My)® ~
10-3 [104, 127]. Using the known experimental value of B(J/¢ — pr) = 1.28 - 10~2 [128] one
obtains B(T — p7) ~ 1075, The experimental limit for B(T — p°7°) < 6.9- 10~* (90% CL) was
obtained with LENA detector {129].

In this experiment [130] the same statistics as in our scarch for the decay T — v€(2.2) —
vyK+ K~ was used.

The energy of 7° in the decay T — p° is equal 10 4.5 GeV. The resolution of our detector did
not allow to reconstruct both plotons in this decay, so the events were detected as two charged
particles and one photon.

The same final state can be produced in the following processes: ete™ — p%y,ete” — ptp~y,
ete~ — ete~7,and ete~ — 7 (with conversion of one 4 quantum to the ete™ pair at the beam
pipe). These are the main background processes for the decay under investigation.

For the simulation of the decay T — p°r® we used the following dependence of the decay
probability on the final particles momenta:

dw o e e e A2
Tg ~ [ Fr (e PI0 010 ) = G- (7 ) (6.1)

where R is the phase space of three particles (7%,77,7%), ¢4, ¢ are xt and 7~ momenta, i is
the direction along the beam line, my+,- is the invariant mass of the 7t7~ system. Fy is the 7
meson form factor, the expression for which could be found in [131].

The cross section of the process ete™ — p’y (p° — n¥m~) was derived, using the formulae
for the photon emission from the initial state obtained in [132]. For a simulation of the process
ete~ — ptpu~v the computer code [100] was used, and for ete™ — ete™ 7y — the computer code
[133]. The process ete™ — y7 was simulated according to the known cross section [134]. For all
these processes we took into account the radiative corrections [135]. The value of these corrections
is about 20% for our experimental conditions.

For the search of decay T — p°7° we used the same selection criteria as in the search for
decay T — 7£(2.2) — yK* K. The only difference is the assumption about the charged particles
masses. The charged particles were assumed to be pions.

The number of events having passed these selection criteria and having ma+.- < 4 GeV/c?
is given in Table 6.2. The resolution on the invariant mass of charged particles in this region of
Ma+x- is equal to 35 McV/c?. In this Table the number of events obtained by the simulation of
the background processes e*e” — p'y and ete” — ptpuTyis also given.
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Fig. 6.3: Distribution of experimental events in m,+,- and fitted curves. (a) Events outside the resonance
region are shown. (b) Events in the resonance region are shown. The dashed line displays the fitted curve

including the decay T — p°x° with probability B(T — p°#° = 3.3.10~* in addition to the background
processes.

Other background processes contribute less than the processes mentioned above. We estimated
the number of background events of the processes ete™ — ete™v to be about 30% of that due
to the process ete™ — u*tu~v. The process ete~ — 47 with the conversion of one photon at the
beam pipe of the detector into an e*e~ pair is also one of the possible background sources. The
number of events of this process is about 20% of that due to the process ete” — py.

As one can see in Table 6.2, the background processes ete™ — py, ete~

— ptp~v do not
describe entirely the experiment.

Thercfore we tried to fit the experimental events with the
sum of the contributions from the decay T — p°rY two background processes, e*e™ — p%y,

ete” — ptp~7, and an unknown background.

We assumed that the cross section of the unknown background is o ~ s~!. The validity of this
assumption was checked on the statistics collected outside the resonance region. The dependence
of 0g on Mmy+,- was approximated in two ways: independent of m,-,+ with op; = a/s or
quadratic on My+,- With ogs = b(me+,- — ¢)?/s, where a, b, ¢ are free parameters fitted to the
experimental data. Using this parametrization we obtained for the fitted events of the continuum
a value of P(x?) equal to 2.5% and 30% for the uniform and quadratic dependence on the my+,-

background, respectively. In Fig. 6.3 the continuum and resonance events are shown with the
quadratig parametrization og of M +,.-.
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We obtained the following upper limit for the decay probability T — po7Y:
B(Y — p°7%) < 3.3-1071 (90% CL).

We checked the dependence of this result on a shape of the unknown background and on the
range of beam encrgics used in the experiment. The difference from the cited result does not
exceed 20%.

At the same time as ours. the upper it for the B(T — p2%) < 6.6 - 10~ was obtained by
detector CLEO [120] on larger statistics.

7. Measurement of inclusive production of hadrons
7.1. Inclusive production of the N in Y{(1S) dccays and continuum

One of the interesting experi nental facts of T plysics is that a baryon yield in direct T decays
is enhanced by a factor of inore thun 2.5 1w omparison with the continuum. The study of inclusive
baryon production is important for investigating the difference between the fragmentation of
quarks and gluons.

We measured the inclusive A production in direct Y(15) decays and in the continuum [136].
The event sample used corresponds to the integrated Timinosity of 5.6 pb~=! on the T(18) reso-
nance and 16.6 pb ' in the outinnum

The suppressicon ol backgrou) a dosar Fed rrsec 5000 Detection etlicienvies of 92 % and 83
% were achieved for the mult’h ro e T8 decavs auc the continuum events respectively.

Our A selection used the fact that ~ 55 4 ol 1l events from the deray A — pr~ (in this
Section references to specific states also nnply the charge conjugate state) contain a proton and a
pion with the momenta larger and smaller than 100 MeV /e respectively. Besides this, we required
the distance from the secondary A-vertex to the beam axis in the plane transverse to the orbit to
be larger than 3 cm, the minnmun half=distance between trachs in the A candidate decay vertex
to be smaller than 0.6 cm [137]. and some othar cuts ou the geometry of the decay.

The detection efficiency was calculated using the LUND Monte Carlo [90. 138] and determined
as a function of scaled momentum &, (2, — 1\ /puaxs P = VE7 — my). After application of
the above mentioned cuts it is equal 1o 2.5 % for the &, range 0.2-0.6. In the continuum the
dependence of the detection efficicncy on beam energy was taken into account.

The total number of events in our T(15) sample was 98200. It decrcased by 28 % after
continuum subtraction. In this analysis the data with cms continuum energies of 8.8+10.0 GeV
were used. The corresponding integrated luminosities and the s-dependence of the continuum
cross section were taken into account. Afterwards the number of YT-nesons was decreased by
(8.8 £ 0.5)% that is the fraction of obser abl Y(18) ecctrvanagnei’c decivs thr ugh g vairs.

The integrated luminosities at different ¢ins energies and th orresponding numbers of pro-

duced multihadronic events i the continuun o roTabl 7.1 The oo wgrouwnd from
two-photon (1%), tau- tau (2%). beam-gas (1%). radiative Bhabha ( _ ent (21%) was
subtracted.

Fig.7.1 shows the pr~ mass spectruin for the T(15) data after the above mentioned cuts.
The contribution of the continuun was subtracted. For the data fit we used the resonance shape
taken from the Monte Carlo model. The background was described by a second order polynomial
with three free paramecters. The results of the fit for the T(1S) data are:

My = 11162+ 0.1 MV, Ny = 228 + 21,
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Table 7.1: The luminosity integrals and the number of produced multihadronic events in the continuum.

Cms energy (GeV) Luminosity int. {(pb~!) Number of events

7.2-8.0 1.02 6172
8.0-8.8 4.06 19022
8.8 - 9.42 4.42 19095
9.42 - 9.44 1.66 8237
947 - 10.0 4.89 22531
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Fig. 7.1: pr~ invariant mass distribution for o ) .
the T(1S) data (the continuum contribution is ig. 7.2: pr™ invariant mass distribution for

Subtracted). the continuum.

Fig.7.2 shows the pr~ mass distribution for the continuum. In this case both the resonance
and the background shapes were taken {rom the Monte Carlo model. The results of the fit are :

My = 1116+ 2 MeV, Ny =774 18,

The fit with free background parameters gives almost the same values [136].

The A spectrum (1/N)dn/dz, in direct T(15) decays is shown in Table . (N is total number
of multihadronic events). It agrees with other measurements [139, 140].

The estimation of the different sources of systematic errors is given in Table 7.3.

Our estimation of the error due to the uncertainty in the A momentum distribution in the
continuum is based on known experimental information on the A momentum spectrum [139, 140].

Taking into account systematic errors we have obtained the following A yield per multihadronic
event in direct T decays and in the continuum

< nA(T(18)g,) >= 0.194 £ 0.018 £ 0.017,
< np(cont) >=0.076 £ 0.018 £ 0.015.

Our results on the A yield in the direct Y(1.5) decays and in the continuum (for two different
cms energy intervals) are presented in Table 7.4, Our measurements agree with the data of
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Table 7.2: A spectrumn in direct Y(15) decays.

r, interval (1/N)dn/dz,
0.1-0.2 0.82+0.14 £ 0.09
0.2-0.3 0.57 +0.09 £ 0.06

0.3-0.4 0.294+0.07 £ 0.04
0.4-0.6 0.053 + 0.016 £+ 0.011

Table 7.3: Summary of systematic errors (in %) in the measurement of inclusive production of the A.

Source of systematic error T(1S) Continuum
Efficiency of the tracking system 5 5
Background subtraction and efficiency calculation 3 7
A momentum distribution 3 7
A decay length distribution 2 2
Monte Carlo statistics 5 5
Resonance and background shapes 3 16
Total systematic error 9 20

detectors CLEO and ARGUS. In the range of cms energies 7.2+9.4 GeV the A yield was measured
for the first time.

7.2. Inclusive production of =~ in T(15) decays

Using data sample for the A production measurement we studied the Ax~ combinations to
extract the =~ signal. For this purpose we restricted the A-mass to be in the range of 1108 to 1124
MeV and imposed some cuts on the geometry of decay. Iig.7.3 shows the Ax~ mass distribution
for the T(15) data after these cuts.

The continuum was subtracted analogously to the A case. For the fit we have used the
resonance shape from the Monte Carlo and a linear cnergy dependence for the background. The

Table 7.4: The results of the inclusive production of the A in direct T(1S) decays and continuum

Experiment . < na(Yair) > Vs, GeV < np(cont) >

CLEO (85) [139] 0.19£0.02 10.4-10.6 0.06620.010

ARGUS (88) [140] 0.228£0.003+0.021 9.4 -10.6 0.09240.003 + 0.008

MD-1 (94) [136]  0.194+0.018£0.017 7.2-10.0 0.076:£0.018 =+ 0.015
- 7.2-94  0.07040.027 £ 0.020
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Fig. 7.3: Az~ invariant mass distribution for the T(15) data (the continuum contribution is subtracted).

fit results are :
M= = 1323+ 5 MeV, Nz =994 4.0.

The sources of systematic errors are the same as in the A analysis. But the uncertainty in the

£~ momentum distribution gives larger error (16%). As a result we have obtained the =~ yield
per multihadronic event at the T(15) decay:

The result of MD-1 on =~ yield and results of other measurements are presented in Table 7.5

Table 7.5: The results of the inclusive production of the =~ in direct T(1S) decays

Experiment < nz >

CLEO (85) [139] 0.016 £ 0.04
ARGUS (88) [140] 0.0206 4 0.0017 £ 0.0023
MD-1 (94) [136] 0.038 4 0.015 + 0.009

8. Measurement of Bose-Einstein correlations

An enhancement in the production of pairs of pions of the same charge and similar momenta
was first observed in pp annihilation and attributed to Bose-Einstein statistics appropriate to
identical pion pairs [141]. Later this phenomenon has been proposed in Refs. [142]-[144] as a tool
to study the space-time structure of particle sources in high-energy reactions. Since then Bose-
Einstein (BE) correlations have been extensively studied in various reactions. A comprehensive
review has been given in [145].

Description of the theoretical basis for BE correlations can be found in a number of sources
[142)-[147]. The BE correlation function is usually determined as

r(ky, k2) = P(ky, ka)/ Po(ky, k), (8.1)
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where ki, k; are particle four-momenta, P(k;, k.) is the measured two-particle density for a like-
charged pairs, and Py(k;, ks) denotes the two-particle density for a ”reference sample”, which,
ideally, resembles the data in all respects except for the BE correlations.

Assuming gaussian distribution of the pion source density in the pair rest frame, the BE
correlation function can be parametrized as

r(Q?) =1+ A-exp(—12-Q?) | (8.2)

where Q? = —(k; — k2)?, 7y is the radius of the pion source and the parameter A measures the
strength of the correlations between pions. For chaotic source of identical bosons A = 1. Taking
both particles as pions Q% = M2, —4-m2, where M,, is the invariant mass of the pair.

An expression often used to analyze the experimental data is:

r(@)=N-(1+6-Q)-(1+A-exp(-r5-Q%), ' (8.3)

where the factor (1 + § - Q) is introduced to take into account possible long-scale differences
between P(Q?) and P,(Q?), and N is a normalization factor. Although this expression is purely
empirical, it has been shown to describe ete™ annihilation data well over a wide range of energies
[148)-[155].

The event sample used in our experiment [156] corresponds to an integrated luminosity of
6.6 pb=! on the T(15) resonance and 19.1 pb~! in the continuum in the energy region 7.2-
10.3 GeV. Multihadronic final states in the continuum are produced via quark and antiquark
fragmentation, those from the direct T(15) decays originate from the hadronization of 3¢ and
799 states. Therefore studying these processes allows us to compare space-time properties of
quark and gluon fragmentation.

The event selection procedure is described in subsection 9.1. The total number of selected
continuum events is 39200. The total number of selected events in the T(15) sample is 59300. It
transforms to 48700 after background and continuum subtraction. After accounting for electro-
magnetic ¢g-decays of the T(15) the number of direct decays is 44600.

The like-sign pairs from these events are used for calculation of two-particle probability den-
sities P(Q?), supposing all particles are pions.

One of the simplest ways to obtain a reference density Py(Q?) is to use the unlike-sign pairs in
the events. Their distribution contains much of the same physics as the like-signed distribution
(i.e. phase space, momentum and angular distributions), but does not contain BE correlations.
However, differences exist due to resonance decays, detector effects, and some other phenomena.

To the extent that the failings of the reference sample are correctly simulated by the Monte

Carlo, one can overcome them by dividing the data by the Monte Carlo, i.e. studying the double
ratio:

R= rdata/TMC (84)

The direct T(15) decays and ¢ events were generated by the LUND 6.3 Monte Carlo code [157]
which does not contain the BE correlations. Several corrections have been applied to remove
residual differences between the data and simulation. A most substantial of them is correction of
the resonance multiplicities in LUND 6.3, which are higher than give the recent measurements of

ARGUS [158]-[160].



The correlation functions R as a function of M;, are shown for the direct T(15) decays and
continuum in Figs. 8.1, 8.2. I'its to these spectra by parametrization (8.3) yields the following
parameters for Y(1.5) and continuum respectively:

A=0.52+0.10, 7o = 0.69 £ 0.10 fm, § = 0.07 £ 0.07 GeV ™.
A=03740.13, 70 = 0.82+£0.22 fin, 6§ = 0.03+ 0.07 GeV™".

The region of 0.46 < M,, < 0.535 GeV/c*? was excluded from the fits to remove sensitivity to
the production rate of K',.

Ras [

1.3

1.2
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: M,.(GeV/c?)
Fig. 8.1: Y(15)air: Paata/rarc, corrected. Fig. 8.2: Continuum: rgg:4/rasc, corrected.

The following sources of systematic errors have been studied: 1) the finite momentum resolu-
tion of the detector, 2) ¢g¢-contamination of the T-sample, 3) errors of the resonance multiplicities,
4) parametrization of long-range correlations. Combining these errors in quadrature we obtain
the systematic errors of A and ry 0.06 and 0.0 fm for direct T(15) decays and 0.06 and 0.05 fm
for continuum.

Our values of A as well as results of most previous ete™ experiments [148]-[155] are below of
unity which is expected for chaotic source of identical bosons. Some factors responsible for it and
related modifications of the correlation parameters are discussed below.

The first factor is admixture of unidentical (e.g., Kx-) pairs in our like-sign sample. Assuming
absence of BE correlations for these pairs parameters of correlations for identical pions can be
derived by fitting to R(Q?) with a slightly modified version of (8.3) [152]:

RQH=N-(146-Q) (1 + Q) A-exp(—r2-QY), (8.5)

where P, (Q) is a fraction of identical pions among all like-sign pairs obtained using the LUND
6.3. This yields parameters given below

T(15)ar: A=0.681+0.14, vy = 0.69 £ 0.09 [m,

continuum : A = 0.8+ 0.17, r, = 0.80 £ 0.22 {in.
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Another A-decreasing factor is the final-state pions originated from decays of long-lived parti-
cles (e.g., I, A, c-hadrons). BE enhancement, for pairs separated by the decay-lengths of weakly
decaying particles, is unobservably narrow. Thereflore parameters of BE correlations for remain-
ing pairs can be derived similarly to previous case replacing in (8.5) Pr(Q) by Pre*’(Q), which
is a fraction of such pairs among all like-sign pairs obtained using the LUND 6.3 MC simulation.
Fits to R(Q?) by this modification of (8.5) yield the following parameters

T(18)air: A=0.7740.16, ro = 0.69 £ 0.09 fm,
continuum : A = 0.79+ 0.28, r; = 0.80 £ 0.22 fm.

Thus, if A-decreasing contributions of unidentical pairs and weakly decaying particles are ac-
counted, A for remaining pairs becomes close to the theoretical expectation of unity.

However analysis [161] shows that contribution of the final state pions originated from decays
of resonances to the observed BE enhancement is also suppressed. Accurate description of this
effect is absent up to now. A rough estimate is obtained from analysis of the string fragmentation
in LUND 6.3, assuming pions are effectively interfering only if distance between their production
points don’t exceed a decay-lengths of p-mesons. It is motivated by the fact that p-mesons are the
only resonances included in the LUND 6.3 whose decay-length in the rest frame of the daughter
pion (yer =~ 3 fm) is comparable with the measured size of the pion source. Similarly to previous
cases A = 2.6 for direct T(15) decays and A =~ 2.8 for continuum arc obtained for such pairs.
Although it’s not a quantitative estimate we can see, that contribution of resonances is big and
its account can move A far above unity. Similar conclusions were obtained in Refs.[151, 153].

The correlation function is distorted also by the final-state interactions which are ignored by
simulation. While hadronic final-state interaction is poorly known, the Coulomb correction can
be applied through modification of R(Q?) as:

R(Q%) = R(Q*) - (1 = P™(Q%) + P™YQ*) - exp(2ram. /Q)), (8.6)

where P°¥! js a fraction of pairs of the same type particles produced closely enough for substantial
modification of their wave function by Coulomb interaction. Since Coulomb correction is relatively
small, P**! can be estimated as average between A and PPeer. It gives P = (.58 4+ 0.07 for
the direct Y(15) decays and P! = 0.41 £ 0.05 for continuum. Related correction to A is equal
to +(8 £ 1)%, while 7o remains almost unchanged. In previous analyses Coulomb correction has
been applied with P**! = 1 [146], which leads to overcompensation of this effect.

There are several measurements of BE correlations in ete™ experiments in the continuum
between /s=4 and 91 GeV, J/¥(3.1)- and T(9.16)- decays [148]-[155].

Different experiments use different sets of corrections. Most papers contain corrections for
non-pion track contamination and Coulomb effect but don’t take into account contribution of
long-lived particles. Therefore we shall take for comparison MD-1’s as well as other results,
corrected only for these two effects, with Coulomb correction recalculated according to (8.6). A
summary of results is shown in Table 8.1.

There is no evidence of variation of the BE correlation parameters in the continuum in the
energy range of Table 8.1. The constancy of 7, confirms statement of the color string model
[162]-[164], that ro represents the size of the local region responsible for production of pions of
similar momenta rather than the size of the entire source. Taking into account cé-contamination
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Table 8.1: Compilation of BE correlation measurements corrected for non-pion tracks and Coulumb
interaction only.

Experiment V/s(GeV) Reference sample A ro (fm)
MARK-2 [151] 4.1-6.7 unlike-signed 0.59+0.06 0.71+0.05
event mixing 0.68 £ 0.07 0.78 % 0.06
CLEO [149] 10.5 unlike-signed 046+ 0.07 0.86%0.15
10.8 unlike-signed 0.44+0.04 0.86+0.08
MARK-2 [15]] 29 unlike-signed 0.47£0.05 0.84+0.08
event mixing 0.434+0.00 1.0140.11
TPC [148] 29 event mixing 0.57£0.07 0.65+0.07
TASSO [150] 34 unlike-signed 0.57+0.09 0.80£0.06
AMY [152] 57.2 unlike-signed 056012 1.18+0.17
OPAL [153] 91 unlike-signed 0844014 0.93+0.15
ALEPII [154) 91 unlike-signed 0.58+0.04 0.81+0.04
event mixing 0.38+0.02 0.49+0.02
DELPHI [155] 91 unlike-signed 0.41+0.03 0.82+0.03
event mixing 0.33+0.03 0.4210.04
MD-1 [156] 7.2-10.3  unlike-signed 0.52+0.19 0.80+0.22
MARK-2 [151] J/¥(3.1) unlike signed 0.98£0.09 0.81£0.05
event mixing 0.95+0.09 0.79+0.05
CLEO [149] T(9.46)  uulike-signed 0544+ 0.10 0.99+0.14
MD-1 [156] T(9.46)  unlike-signed 0.73+0.16 0.69+0.10

of the continuum sample, we don’t see any difference between parameters of BE correlations in
the direct T(1.5) decays and in the continuum nearby. Results of our experiment are in agreement
with previous measurements.

9. Study of the reaction e*e” — hadrons
9.1 Search for narrow resonances

The encrgy region 2E =7.23-10.34 GeV (excluding T-mesons) in ete~ collisions has not been
studied much before our experiment [165]. The region helow 7.5 GeV has been investigated with
MARK-1 at SPEAR [166]. Scanning has also been done using the detector LENA at DORIS in
the regions 7.4-7.48 GeV and 8.47-9.43 GeV [79].

To some extent our interest in this region was connected with experiments on search of the
(8.3) performed by Crystal Ball and ARGUS [167, 168]. According to some models, if scalar
quarks exist the new bound states can be predicted [169, 170]. Some of these states can be
observed as narrow resonances in e*e™ annihilation.

In this experiment the scan was performed in the range of cms energies 7.23 + 10.34. An
integrated luminosity of 16 pb~! was taken. The luminosity integral distribution over the energy
is given in Table 9.1.

The energy region scan was done in steps of A(217) =4-5 MeV (this value is close to the
c.m.s. energy spread in VEPP-4). The data in cach energy point were taken in several runs. The
different energy regions were scanned 2 to 4 times. The regions 8.67-8.88 GeV and 9.420-9.445



GeV were scanned with increased luminosity per point in order to search for the {(P) predicted
in the Tye and Rosenfeld model [169].

In selecting the multihadronic events the information from coordinate and shower-range cham-
bers was used. The criterion more than 1 charged particle and some cuts on geometrical param-
eters of tracks and particle momenta reduced contamination from the processes ete~ — ete~,
ete - ptpu~,ete” — 77 and ete™ — ete™ + hadrons to about 6%. The beam-gas background
was about 0.3%, as determined by visual scan. The total number of selected multihadronic events
was 4.8 - 10%. The observed multihadronic cross-section is presented in Ref.[165].

The parameters of possible resonances were determined using the procedure described in
subsection 5.1. The fitting of the experimental data were carried out with two parameters:
Ocon * Econ aNd Opey * Epes, Where o,,, and o,., are the production cross-sections of the hadronic
events for the continuum and resonance, and £.,,,€,., are the corresponding efficiencies. The

visible width of a narrow resonance is determined by the c.m.s. energy spread of the collidiug
beam. For the VEPP-4 it is

2F\?
o2 = (448 £ 0.12)(—) (MeV),
My
where My is the T(1S) meson mass, the value 4.48+0.12 MeV was determined in our experiment
on precise measurement of the T(1S) mass (subsection 4.2.).

The efficiency ¢,., was calculated using the Lund 6.3 code [90]. We proposed that resonances
decay like T mesons. The efficiency equals 0.72 for T(1S) meson decays and 0.62 for a resonarce
with a mass of 7.3 GeV. (A calculation using version 4.3 of the code differs by less than 2%). The
energy dependence of the efficiency was approximated by alinear fit ¢,., = 0.24+40.051-2E(GeV).

No new resonances were observed in the energy region 7.23-10.34 GeV. The upper limits on
leptonic width T'.. at a 90% confidence level are presented in Table 9.1 and Fig.9.1. The energy
range 7.23-10.34 GeV is divided into several regions, for cach region the maximum T, is taken.

Table 9.1: Upper limits on I, (at 90% CL) in the region 7.23-10.34 GeV

2E (GeV)  A(2E) (MeV) [ Ldtpb=!  Upper limit (eV)

7.23-7.99 5 1.15 98
7.99-8.67 5 1.4 123
8.67-8.88 4 3.87 27
8.88-9.23 5 2.28 54
9.23-9.42 5 1.19 58
9.42-9.445 5 0.65 15
9.50-10.00 5 4.3 51
10.00-10.34 i} 1.12 120

The experimental upper limit of 27 ¢V on T, in the region 8.67-8.88 GeV is close to the
predicted value I, from Tye and Rosenfeld model [169]. The upper limit of 15 eV in the region
9.420-9.445 GeV is lower than the predicted value of 30 eV.

9.2. Measurement of the R
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the ratio R is defined as o(ete™ — hadrons)/a(ete” — p*pu~), where non-resonant hadronic
ross section does not include QED corrections and 7 -pair decays, for p -pair the Born cross
:seiion is taken. In the quark-parton modecl the process e*e™ — hadrons proceeds via quark-pair
which fragments into hadrons. In Born approximation R is a sum of the squares of the quark
charges. The high order QC D corrections increase the It value calculated in Born approximation.
n the third order of @QC D [171] the I value is given by :

ny
R=33QF 12 {1+ f' - la/m)+ - lag/m) + vy (a7}, (9.1)
i=1

where (; is the quark charge, n; is the number of active quark flavours, the factor 3 is due to
the number of quark colors. The factors f? and f} are connected with the threshold dependence
of the cross section [172]:

52 = 8-l 50— 8

where §; = v;/c, v; is the quark velocity, ¢ is velocity of light. The coeflicients 7, and 7 obtained
in the M S renormalization scheme are given in Ref.[171]:

r = 1.9857 — 0.1153 - ny,

ry = —6.639 — 1.2001 - m; — 0.0052- n? ~1.2395- (3 Q:)*/(3)_Q7)-
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The expression (9.1) for R is valid at center-of-mass energies far below Z° -mass where electroweak
effects are negligible.

After the pioneering experiments in Frascatti [173, 174] and in Novosibirsk [175], the process
€~ — hadrons was investigated in many experiments at different energies [176]. The interest
to this process is connected with possibility of the test of QCD calculations and determination
of the strong coupling constant in the way independent of fragmentation models.

In our experiment [91] we'performned a measurement of R at the center-of-mass energy region
7.25 + 10.34 which was not studied much before.

Two different sets of criteria ("S” and "1™, see subsection 5.1) were used to select hadronic
events and to suppress backgrounds. The detection efficiencies of about 70% were obtained both
with T' and §-criterion for hadronic events in the continuum with the background level about
25%. For further suppression of the two-photon, Bhabha, and ete~ — rt+7- background we
required T" and §-criteria simultaneously and applied some additional cuts on number of particles
in the tracking and shower-range systems, and on energy deposition in the shower-range system.
As a result the detection efficiency of 52% was obtained at 2F = 9.46 GeV for the continuum
events with the background at the level of 5%.

The following processes were considered as the sources of background: 1) Beam-wall and beam-
gas interactions, 2) ete™ — ptp=y, 3) etem — ete"y,4) ete” — ete + ete=(utp=,7*r"), 5)
ete™ — ete™ + hadrons, 6)ete” — r¥r= T)etem — T(1S), T(25). The processing of the runs
with the separated beams has shown that aflter the event selection procedure the contribution
from the process 1 is negligible. The contaminations from the processes 2 - 6 were estimated
using the Monte Carlo simulation. The contribution from the processes 2,3,4 was found to be
negligible. The background from the process ete~ — ete- + hadrons was estimated to be 1.5%
at 2F = 9.4 GeV and 1% at 2F = 7.4 GeV. The contamination from the process ete~ — r+r-
was 3.5% and it does not depend on the heam energy. The total background in the nonresonant
region was estimated to be 5% at 2F = 9.4 GeV and it slightly depends on the c.m.s. energy. The
background from the Y(15) and T(25) mesons was determined by fitting of the experimental
data using procedure described in subscction 5.1 with 4 parameters: the masses and the cross
section of the T mesons, the energy spread in the machine and the cross section in the continuum.
The visible cross section after background subtraction is shown in Fig.9.2.

From the visible cross section after background subtraction the R value is obtained using the
expression:

et

Oyis 1

R ——— . | 9.2
e(1+6) o, (9.2)

where ¢ is the detection efficiency for the multihadronic events with radiative effects included and
(14 6) is the radiative correction factor due to QED processes up to order o?.

To determine the radiative corrections to the hadronic cross section and the detection effi-
ciency, events in continuum were gencrated using the LUND 6.3 code [90]. In this version the
radiative corrections are included according to [L77]. The value obtained is (1 + &) = 1.234 at
2E = 9.4 GeV. It depends on cut-off for hard photons, but product €-(148) is insensitive to these
cuts since the detection efficiency for events with hard photons emitted is small. The systematic
error in product ¢ - (14 §) due to uncertainty in the multihadronic cross section at low energies
and low lying resonances is about 0.1%.
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The calculated efficiencies of the detector were corrected by both the measured efficiencies
of chambers and the inadequate simulation of hadron ranges in NUCRIN. These corrections
are equal to 10.5% and 1.2% respectively. After these corrections the simulated and observed
distributions in such important parameters as the multiplicity, the sphericity, and the momentum
distribution are in a good agreement.

The R value was determined using eq.(9.2). Its dependence on the c.m.s. energy is shown
in Fig.9.3. The errors shown are statistical only (the systematic errors are given in Table 9.2).
The data are presented in Table 9.3. There is no evidence for resonances (except T mesons).

The data are fitted very well by constant (x* = 28 for 30 degrees of freedom) and we have found
R = 3.578 £+ 0.021.

Table 9.2: Summary ol systemaltic errors to R

Source of systematic error Error (%)
luminosity measurement 1.9
detector response 1.7
model dependence of efficiency 2.5
Monte Carlo statistics 0.5
ete” — ete™ + hadrons 0.4
ete” — rtr- 0.5
ete” —etcy 0.6
radiative corrections 1.0

The systematic error in R is determined by several factors which are described below.

The error due to the detector response (1.7%) was estimated from the variation of chamber
efficiencies and nuclear interaction parameters within acceptable limits.
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The error arising from hadronization model was estimated by the following way. The compar-
ison of the data and simulated observed multiplicities shows that they are in agreement within
the error of 2.0 = 3.0%. We adjusted the LUND 6.3 program parameters so that the observed
multiplicity was changed by 2.7% and found the efficiency variation of 2.5%. This value was taken
as an estimate of the error due to hadronization model.

The error due to the gamma-gamma background subtraction (0.4%) was estimated using our
measurement of the total cross section of gamma-gamma into hadrons (subsection 10.2), where
the total cross section was measured with error about 25%.

The errors due to subtraction of ete~ — 7+7~ (0.5%) and ete™ — ete™y (0.6%) processes
were determined by Monte Carlo statistics.

We varied most significant cuts to check the stability of the R value. When the detection
efficiency was increased by a factor of 1.12 and background by a factor of 2.5, the value of R was
shifted only by -0.5 £ 0.7%.

The error due neglecting higher order QED contribution to the radiative corrections was
estimated to be 1%.

The full list of systematic errors is given in Table 9.2.

Combining these errors in quadrature we obtained the systematic error of 3.9% for the mea-
sured R value. Our result for the average value in the energy region 7.25 + 10.34 GeV is

R =3.578 +0.021 £ 0.140

This value is in a good agreement with QC D prediction Roep = 3.602+0.014 at average scaling
parameter A = 260152 MeV [176].

The data (Table 9.3 and Fig.9.3) are also fitted very well by linear fit ( x? = 25 for 29 degrees
of freedom). This fit gives the value of slope

K =[R(7.2GeV) — R(10.34 GeV)]/R = 0.039 £+ 0.025 (stat).

The systematic uncertainty in this value due to Monte Carlo statistics of efficiency calculation is
0.026. We summed the statistical and systematic errors in quadrature and obtained K < 0.08 at
90% CL.

We divided the energy region 7.25 + 10.34 GeV in 6 parts. In the Table 9.4 and Fig.9.4 our
data on R are compared to the previous experiments in the region between 7.0 and 10.5 GeV.

The averaging of results collected in the Table 9.4 gives the value for R in the energy region
7.0+ 10.5 GeV:

R = 3.579 4 0.066
(all errors were summed in quadrature). Using the formula (9.1) we obtain:
a, =0.174 £ 0.039 (2F =~ 8.9GeV, n; =4, B4 = 0.908).

Although the average R value has a good accuracy (1.8%), the corresponding error on a;, is about
factor 2 + 3 worse than it was obtained from study of the direct QCD effects [176).
Our results are the most precise ones (only ARGUS mecasurement at 9.36 GeV has the same

systematic error). The R value was not measured before in the energy intervals of 7.8 < 8.7 GeV
and 9.5 + 10.34 GeV.



Table 9.3: The value of R in the region 7.25 = 10.34 GeV. ‘The presented errors are statistical only.
Systematic point-to-point crror is 1.5%. The total systematic error in each point and for the average value

of R is about 4%.

2F, GeV R AR (stat) 2E, GeV R AR (stat)

7.25+7.35 3.57 0.175 8.75 = 8.85 3.53 0.080
735+745 3.86 0.178 8.85 +8.95 3.71 0.081
745+755 3.89 0.181 8.95 + 9.05 3.67 0.109
7.95+7.65 3.57 0.184 9.05+9.15 3.63 0.110
7T65+7.75 3.9 0.187 9.15+9.25 3.57 0.112
775 =785 3.59 0.184 9.25+9.35 3.60 0.113
7.85+7.95 3.66 0.192 9.35+9.45 3.41 0.079
7.95=8.05 3.67 0.195 9.45 + 9.55 3.63 0.080
8.05=8.15 3.73 0.158 9.55 + 9.65 3.55 0.092
8.15+8.25 3.64 0.161 9.65 +9.75 3.52 0.093
8.25+8.35 3.40 0.163 9.75 + 9.85 3.58 0.094
8.35 =845 3.63 0.165 0.85+9.95 3.49 0.095
8.45+8.556 3.54 0.1068 9.95+10.05 3.68 0.130
8.55 +8.60 3.66 0.170 10.05 + 10.15 3.56 0.131
8.65+8.75 3.44 0.079 10.15 = 10.25 3.49 0.133

1025+ 10.34 3.48 0.239

725+ 1034 3.578 0.021

Average

10. Study of tagged v~ reactions

The two photon reaction
ete” —ete  + X (10.1)

is described by the diagram shown in Fig.10.1 where X is a system produced by two photons.
The kinematics of 7y system Y is determined by the four-monienta of the incoming and scattered
electron and positron (usually below for brevity  scattered clectrons). In Tig.10.1 p; » and Pl
are four-momenta of incoming and scattered electrons respectively, 1, 4 are angles of scattering of
electrons, ¢; 5 are four-momenta of the virtual photons, and k. ..., k,- four-momenta of produced
particles. In the v reaction {10.1) photons are predominantly emitted at small angles to the axis
of beam. Therefore they are alinost real (¢ & 0). The scattered clectrons also emerge very close
to the beam axis. As far as the momentum transfers ¢; and ¢, in this reaction are small, the
system X has a very sinall transverse momentum. This feature of the reaction is usually used to
extract two photon events from the data. especially in experiments without tagging of scattered
electrons.

The vy experiments can be defined depending on detection conditions of scattered electrons:
1) double-tag — the detection of both scattered clectrons is required; 2) single-tag ~ one of the
scattered electrons is detected, another escapes at zero angle; 3) anti-tag - both scattered electrons
escape at zero angles; 4) no-tag - the experiment without detection of scattered electrons.

Our studies of yy-reactions in double-. single-, and no-tag modes performed with MD-1 are
described in this Section and Section 11,
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Table 9.4: Compilation of [¢ imeasurement at center-of-mass energies between 7.0 + 10.5 GeV.

Experiment 217 (GeV) R
PLUTO, 1979 [178] 7.7 3.92+0.28

DESY -Midelberg, 1980 [77] 94 3.80+0.27+0.42
PLUTO, 1982 [17Y] 9.4 3.67+0.23+0.29
MARK-1, 1982 [166] 7.0+7.5 4.31+0.04=0.43
7.8 4.47 - 0.53 + 0.45
DASP 11,1982 (78] 9.5 3.73+-0.16 = 0.28
LENA, 1982 [79] 740748 3.37+-0.13+0.23

CUSB, 1982 [180]
CLEO, 1984 [51]
Crystal Ball, 1988 [82]
ARGUS, 1991 [151]
MD-1, 1993 [91]

8.67+9.15
9.15+9.43

10.4
10.4
9.4
9.36
T.25+7.75
7.75+8.25
8.25+8.75
8.75+9.25
0.25+9.75
9.75 +10.341

342 +0.10+0.23
3.34+-0.09+0.23
3.54 +0.05=0.40
3.77+0.06+0.24
3.48+0.04+0.16
3.46 + 0.03 = 0.13
3.76 -0.10+0.15
3.66-0.10+-0.14
3.49+0.08 =0.14
3.62--0.07+0.14
3.54+0.07+0.14
3.54+0.07=0.14

Average

10.1. Study of the rcaction vy — p*
Study of the reaction

ete” —ete Ty

IR
e

3.579 & 0.066

{10.2)

allows to check the calculation for a* order QED processes. During last 10 years this reaction
was measured in many experiments [182]. The measurcments were carried out in no-, single- and
double-tag modes. Iu all experiments the number of the double-tagged events was small (less
than 100) because the scattered electrons were detected at large emission angles (usually more

than 20 mrad).

p=(E. )

Fig. 10.1: The diagran lor the two-photon reaction ete~

Ut

-

hand €+€_ + 1Y.



The reaction (10.2) in single- and double-tag modes was studied with the MD-1 detector [8].
With the aim of the tagging system (TS) calibration this process was also studied in the central
detector (CD) without tagging of scattered electrons (no-tag mode). The data sample used for
this analysis corresponds to the integrated ¢+ e- luminosity of 23.6 pb=! collected at 2E=7.2+10.6
GeV. Results of our measurements are given below.

10.1.1. The no-tag mode

The total cross section of the process (10.2) calculated with the code [52], where the radiative
corrections are taken into account, is equal to 61.840.2 nb at the beam energy £E=4.73 GeV. The
main physical background comes from the two-plioton recactions:

+

ete” —»ete mtr, (10.3)

+ +

eTe” — ete"ete . (10.4)
The cross section of the process (10.4) is by a factor of 105 larger than that of (10.2), but most
of the e*e~-pairs are not detected in the detector,

We used the same selection criteria in the central part of the detector for the reaction yy —2
charged, as described in subsection 11.2, with exception cuts based on the Cherenkov counters.
The additional suppression of the processes with electrons in the final state (ete~ — ete™,
7Y — ete”, beam-gas interaction) was done using the pulse height information from both the
scintillation counters and the shower-range chambers. Final sample contained Ny=12334 events.

The contributions of the background processes in the final event sample were estimated using
the experimental data as well as the MC simulation. The events of the process (10.2) were
generated with the code described in Ref. [52]. The processes (10.3) and (10.4) were simulated as
it is described in subsection 11.2. Due to the lack of computing time the Monte Carlo statistics
was about the same as the experimental one. The systematic error due to simulation of the

detector is about 3%. The contributions of the background processes in the final sample of events
are listed in Table 10.1.

Table 10.1: Process vy — u* i~ in the no-tag mode. Background contributions in central detector.

Source of background N, /Ny (%)

vy — 71 (MC) 1494 2.2
¥y — ee (MC, exp) 33+£1.2
¥y — NN, 77 (MC) 0.540.1
ee — ee, jiu (MC) 05+04
costic muons (exp) 0.5£0.2
ee — hadrons (cxp) 05+£0.3
beam-gas (exp) 25+1.0

The invariant mass distribution for the selected ¥ pairs is shown in Fig.10.2a. All particles
are considered as muons. The spectrum shown is obtained after subtraction of contamination
from vy — 7*n~, ete™ and otler backgrounds (Table 10.1). 1t agrees with the calculated one
within 5% error.
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The number of the yy — p*p~ events in the no-tag mode after the background subtraction
is given in Table 10.2. The visible cross section of the e*e~ — ete~utpu~ in the no-tag mode is

oui¥(ee — eepp) = 0.404 £ 0.005 + 0.018 nb.

In the simulation the number of selected events equals 7028 +844120 for the integrated luminosity
of 17.9 (£0.3%) pb~!. The ratio of the measured cross section to the calculated one is

oni?[oMC = 1.021 £ 0.013(stat) £ 0.055(syst)

where the statistical error of the MC simulation is included into the systematic error of the ratio.
The systematic error for the experiment is determined by the background subtraction procedure
and simulation of detector response.

So, we have obtained a sample of 12334 events, mainly vy — 2 charged. This sample is clean
enough and was used for selection of the single- and double-tagged events yy — u*tpu-.
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Fig. 10.2: Invariant mass spectra of selected pairs after subtraction of backgrounds. Particles are
considered as muons. a) All events. b) Single-tag, anti-Nal cut. ¢) Double-tag, anti-Nal cut.

10.1.2. The single-tag mode

Each block of TS of the MD-1 detector measures emission angles of scattered electrons in
radial and vertical directions (Jy, 9), that allows to determine the energy ETS with resolution
of 1.75%. For selection of the tagged yy-events one should take into account the background in
the TS. For one block of TS the probability of faked tagging is about 20%.

59



Main background comes from the single bremsstrahlung process (SB) where secondary electron
is detected in TS. It can be effectively suppressed with the veto signal from the Nal detector,
which detects the photons of the SB (anti-Nal cat).

Using the momenta of muons measured in the central detector one can calculate the energies
(EEP) of both scattered e* with additional assumption that at undetected electron was emitted
with zero angle. This assumption is reasonable for our TS, The resolution on E€P is about 1.5%.
This allows to check the tagged electrons and to reject the background ones. The misidentification
of the events vy — ete~ and VY — 7T as yy — ptps gives small effect on the calculated
ESP.

To determine the number of the single-tagged two-photon events we used the parameter
A=(E7S — ECP)/E. The distributions in A for all cvents with tagged e~ and that after the
SB background suppression are presented in Fig.10.3a,b. Fitting the distributions in A gives
the number of real single-tagged yy-events (where all particles are properly reconstructed). The
signal was approximated by the Gaussian with a tail. The width of the Gaussian was a free
parameter. The tail ~ 1/A for A < —20 was taken from the MC calculation. The background
in the TS was described with the third degree polynomial. The results of the fitting are shown
in Fig.10.3 too. The efficiency of the anti-Nal cut for the yy-events was about 0.85, whereas the
background events were suppressed by a factor of about 7. The peak position and its width are
close to the MC calculation. The efficiency of single-tagging is about 40%.

The distribution in the gt invariant mass for the single-tagged yy-events is shown in
Fig.10.2b. The distribution is obtained after the anti-Nal cut and subtraction of the known
backgrounds including anti-tagged events yy — putp- (plus background electron). The latter
contribution was estimated directly by fitting the data (curve 3 in Fig.10.3b).

The detailed results are presented in Table 10.2. After the anti-Nal cut and backgrounds
subtraction the visible cross section of the single-tagged ¢te™ — ete~pu*u~ process is equal to

ayi*(ee — eepp) = 0.162 + 0.004 + 0.007 nb
and its ratio to the calculated one s
o5 /o€ = 0.988 £ 0.026 + 0.061.

The systematic error is increased as compared to the no-tag case due to the background in the

TS.

10.1.3. The double-tag mode

The background situation in this case is essentially worse compared to that for the single-
tagged events. The reason is a small double-tag efficiency which is about 2% for the detected
region of M,,,,. Whereas the probability of the accidental coincidence of electron from the single-
tagged yy-event with electron from the SB in the opposite block of TS is about 6% and that for
the no-tagged yy-event with clectrons from the SB in both blocks of TS is about 4%.

In the case of double-tagging we can determine the paramecters of the g~ ut system from
the TS information independently from the central part of MD-1. We used the distributions in
AMy, = MSP - MT? to obtain the number of the real double-tagged yv-events. The u*pu-
invariant mass MSP is calculated using the central detector data whereas MT5 — using the TS
information. '
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Table 10.2: The results on the v — g~ process with and without tagging. Errors are statistical and
systematic respectively.

No-tag mode Single-tag mode Double-tag mode
Observed events 12334 5203 385
Background in TS - 337+ 87 177+£23
Background in CD 2791 £ 53 £ 366 1052 & 44 4 144 42+ 9+£6
Nezp(vy — 111t) 9543 + 123 + 366 3813 + 100 & 169 166 £ 23 + 12
Nayre(yy — pp) 9347 + 163 £+ 348 3857 £ 86 £ 143 13616+ 6
o¢%P [oMC 1.021 4 0.013 £ 0.055 0.988 4+ 0.026 + 0.061 1.23+0.18+0.16

For the background suppression the anti-Nal cut was employed too. Additional suppression of
the background electrons from SB can be done exploiting the fact that angular distribution of the
SB electrons is more narrow than that for electrons fromn yv-processes. Rejecting the electrons
with 97 < 5-107* rad (Jz cut) we can increase the effect/background ratio.

The distribution in AA,, after anti-Nal cut is shown in Fig.10.4a. This distribution was used
to find the number of double-tagged events for comparison with the Monte Carlo calculation. The
shape of the signal was approximated by the sum of two Gaussians. The fraction, location, and
width of the broad Gaussian were taken from the simulation (fraction is about 0.20, width is
about 1.2 GeV). Other parameters of the signal were free. The presence of the background events
below the peak greatly increases the errors of the signal parameters. To decrease these errors
the following fitting procedure was used. The sample of double-tagged events (Fig. 10.4a ) was
divided to two independent parts: the first - obtained after ¥z cut (Fig. 10.4b) and the second
which contained all the rest events. Both histograms were fitted simultaneously. In this case the
second histogram having good signal/background ratio determines the shape of the signal. The
shape of the signal was assuined to be the same for both samples. The background in the TS was
described with the polynomial.

The parametcrs of the signal are A,,,,=-30£50 MeV/c® and FWHM/2.36=280430 MeV/c2.
The width is determined equally by the central detector and the TS. The number of the double-
tagged events equals 208 + 23 at M, around 1.0 GeV/c?. This gives 166+23 £ 12 vy — ptp~
events after the CD background (of 12£946 events) subtraction. The detailed information about
the double-tagged events is given in Table 10.2. The distribution in M, for the double-tagged
yv-events after anti-Nal cut with subtracted background is shown in Fig.10.2¢c. The visible cross
section of the double-tagged ete™ — e¢te it ™ process is equal to

obi*(ee — eeppt) = 7.3+ 1.0 £ 0.5 pb,
its ratio to expected one is
oS [oMC = 1.234+0.18 4 0.16.

The systematic error is mostly determined by the limited statistics of the MC simulation.

In summary, in the energy region of T-mesons we compared the measured cross section of the
ete™ — ete putpu~ process with the QED expectation in the no-, single- and double-tag modes.
An order a* QED calculation (plus radiative corrections for the multiperipheral diagrams) shows
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no discrepancy with the experimental results at the level of (5 +6)% for the no-tag and single-tag
modes. We observed 166 events (the largest value among all experiments) for the double-tag
mode at average M,, ~1.0 GeV/c®. This measurement has an accuracy of 23% and agrees with
the expectation.

10.2. Measurement of the total cross section vy — hadrons

The information on the two photon reaction yy — hadrons is extracted from the data on the
reaction

ete” — e*e™ + hadrons (10.5)

Using the energy-momentum conservation laws at small scattering angles and omitting the
terms of the order m?/E?, one can find the invariant mass W of the produced system and the
photon masses squared ¢}:

W? = 4(E — E\)(E - EJ), (10.6)
¢} = ~EE9}, (10.7)

where variables are shown in Fig.10.1.
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In y7 experiments at e*e~ colliders the double-tag mode with the detection of both scattered
electrons is the most attractive due to the possibility of the direct measurement of the invariant
mass of the produced systemn. Usually tagging systems can detect scattered electrons with emis-
sion angles greater than 20 - 30 mrad. Iowever in this case the extrapolation of cross section to
zero g2 is required that results in some model dependence of the cross section data.

The first experiments on the total cross section measurement were performed in 1979 — 1981
by PLUTO [183] and TASSO [184] collaborations both in the single-tag mode. It was shown that
these results can be well described by GVDM extrapolation to zero ¢? [185]. But further TASSO
analysis with the larger data sample has shown that determination of the total cross section was
impossible without assuming some a priori knowledge of the model parameters ([54], page 117).

The last results of PLUTO [186] obtained in a single-tag mode appeared in 1984, in 1984 ~
1986 the results of the TPC/2y double-tag experiment [187] and PLUTO [188] anti-tag data were
published. Several years ago TPC/2y published the results of their single-tag analysis [189]. The
preliminary results of the MD-1 double-tag experiment were reported in 1985-1990 [190]. Final
results of this experiment were published in 1992 [191].

The first theoretical calculation of the W dependence of the total cross section was performed
by J.L.Rosner [192] in 1972 and slightly corrected by LF.Ginzburg and V.G.Serbo in the paper
[185] mentioned above. During the next few years some new calculations of the total cross section
have been published [193]-[195].

The main advantage of the MD-1 detector for the study of two photon reactions gives the
magnetic field transverse to the orbit plane of the colliding beams. The tagging system of the
MD-1 provides a possibility to detect scattered electrons in a wide energy region with extremely
small emission angles including 9,=0. It makes possible a measurement of the invariant mass in
the double-tag mode for practically real intermediate photons.

This experiment was performed at the VEPP-4 collider during 1984 - 1985. The center-of-
mass energy of the colliding beains was varied in the region 7.7 - 9.7 GeV, and the integrated
luminosity was 19.7 pb~'.

The scattered electrons emitted at zero angles are detected by the tagging system in the range
0.5 — 0.85 of the beam energy. The clastically scattered electrons are detected if the emission
angles are 12 - 100 mrad. The energy resolution measured with the Bhabha events is 1.75% and
slightly depends on the energy. It results in an invariant mass resolution o = 200 - 100 MeV at
invariant masses W = 1.25 - 4.0 GeV (sce I'ig.2.5).

To suppress the single bremsstrahlung background in the tagging system each detected scat-
tered electron was required to have the angle to the orbit plane greater than 0.5 mrad. This
leads to the averaged < ¢* > -value —5 - 107% GeV?. Besides that it was required to have not
more than one detected bremsstrahlung photon in the event. The tagging efficiency is shown
in Fig.2.6. versus the invariant mass of the produced system. In order to select multihadronic
events we required 1o less than 3 particles detected in the central part of the detector. Also some
cuts on topology of events and hits in the shower system were used [191].

Finally 448 events in the W region 1.25 - 1.25 GeV ‘were selected. The efficiency in the central
part of the detector is shown in Fig.10.5. The main elficiency loss in comparison to the trigger
efficiency is connected with the requirement to liave not less than three detected particles.

The residual background contains beam-gas events, wulti-hadron annihilation, two photon
production of et e~ and ptp~ pairs, 77 - pair production (including f2(1270) meson contribution)
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as well as the C-even resonances as(1320) and f5(1525). The beam - gas background was estimated
using special background runs with vertically separated beams with a proper normalization as
well as by visual scanning of selected events and was about 3%. The other background sources
were determined by the Monte Carlo simulation. The total background level is 12% and was
subtracted statistically.

As it was shown in [50] the cross section of the reaction (10.5) in the general case contains 6
invariant quantities corresponding to the various helicities of the virtual photons. But when the
photons are close to the mass shell (small ¢* ) and the detector is symmetric with respect to the
orbit plane the general formula can be considerably simplified and the differential cross section
takes the following form:

do 4“2(((11(12)2 - (Il‘lfl"")”:‘ ~
El E, = l, 2 o ]‘7 10-
! 2d3p’1d3p’2 32#41473(11?(15’ P1P204 (W), ( 8)

where p;,, are elements of the photons density matrix:
2p1 = (2prg2 - ‘11'12)2/X +1+ "17”5/11.137 p2=pi(l —2), (10.9)
X=(W?*-q - ¢)/1- g,
04,(W) - cross section for real photons.

This differential cross section was used for the simulation of the scattered electrons.

The produced hadronic system was sampled under the assumption that all produced particles
are pions and the distribution in the transverse momenta of the produced pions is described by
isotropic phase space (more details are in Ref.[191]).

The requirement of at least 3 particles in the central part of the detector leads to the loss of
the experimental information about two pion production. Thus the cross section reported here
excludes final states of two hadrons and we prefer to make no assumptions concerning them.

In order to determine the W-dependence of the cross section all statistics was divided into 6
bins on the W with a width of 0.5 GeV, as it is shown in the first line of the Table 10.3.
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Table 10.3: Data on the charged multiplicity and the total cross section

W,GeV 1.5 2.0 2.5 3.0 3.5 4.0
X*/no 7.0/11 105/13  16.2/13  23.8/12  G.#/11 43/5
<nc> 2.67+.26 2594 .21 295+ .42 430+ .40 390+ .40 4.25+% .85
fit 2364 .21 289+ .14 3.30+.15 3.63+.20 391%x.26 4.16%+.31
o,nb 606 352 356 260 352 214

stat. er., nb 100 19 42 37 59 64

syst. er., nb 61 35 33 22 42 28

total er., nb 117 59 53 43 72 70

The mean charged multiplicity < n, > and the estimation of its accuracy were found by the
maximum likelihood method in the following way. The distributions of the number of charged
particles and photons as well as the mean squared momentum of the charged particles were
built for the experimental and Monte Carlo samples for each W-bin. All these histograms gave
contribution to the y2-value which was minimized as a function of < n. >.

To vary the < n. >-value for the simulated sample the statistical weight was ascribed to each
event. The weight was defined as a ratio of the desired and the initial probability to have the
given number of the charged particles in the event. The charged multiplicity distribution was
chosen of the KNO [196] shape that seems to be proper for the hadronic reactions [54], p.112.
The ratio of the mean value and dispersion was fixed at the value 2.8 similar to that for the ete”
annihilation [197].

The results of the optimization are shown in the second line of the Table 10.3 in terms of
x2-values for np degrees of freedom. the optimal < n, > values and estimated errors are shown
in the third line. The W-dependence of the mean charged multiplicity was fitted by the function:

<ne>=a+bln(1V/Gel). (10.10)
The optimal values of parameters are:
a=1.62+037, b=1.83+0.15.

Correlation coefficient is r=-0.93 and \*/n, = 6.9/1. The results of this fit are shown in the
fourth line of the Table 10.3 and in I'ig.10.6.

The radiative corrections connected to the photon emission by electrons and positrons were
estimated in accordance with the radiation probabilities calculated in [85]. These corrections are
2 — 10% and were taken into account. -

The obtained values of the cross section and their statistical and systematic errors as well as
these errors added in quadrature arc shown in the last four lines of the Table 10.3.

The systematic errors caused by the < n, > dependence of the efficiency, the uncertainties
of the radiative corrections, simulation of nuclear interactions, acceptance of the tagging system,
beam orbit instability, and the luminosity monitoring are about 10% in each W Dbin.

As it was mentioned above, we have excluded [rom our data the processes of two pion pro-
duction (including f.(1270) meson) as well as «,(1320) and f5(1525) mesons. Their calculated
total contribution to the bin 1.25 - 1.75 GeV is 190 nb and does not exceed 5 nb for the others.

Fitting our cross section by the function

o=A+ B/W, (10.11)



we found
A=63+96nb, B =0670%246nb-GeV.

The correlation coeflicient is r=-0.97, p(\*) = 44%. IHowever, because of the almost complete
negative correlation, the values of A and B are very sensitive to the variations of the experimental
points. The comparison of A and B values tends to exaggerate the differences between various
experiments. The similar conclusion was made also in the work [189]. Therefore we prefer to
compare the values of the cross section themselves rather than the obtained values of A and B.
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Fig. 10.7: Total cross section of the reaction [ig. 10.8: Data of various experiments on the
7y — hadrons versus the invariant mass. Points total cross section. Systematic errors are added in
- experimental data, vertical bars — statistical quadrature. PLUTO 1984 - single-tag data [186],
and systematic errors added in quadrature, hori- PLUTO 1986 - anti-tag data [188], TPC/2~y 1985
zontal — intervals of the cross section averaging. - double-tag data [187], TPC/2v 1990 - single-tag
Lines — A+B/W - fit t10. data [139], MD-1 1991 - this double-tag experi-

ment. Line — 0=2404270/W(GeV).

The results on the total cross section measurement presented in the Table 10.3 and Fig.10.7
are in a good agreement with the carly prediction [192] - a(nb)=A+B/W(GeV) with A=240 nb,
B=270 nb-GeV (p(x?)=29%), and apparently do not contradict to the calculation [185] A=255
=300 nb, B=315£55 nb- GeV, p(y?) = 1.1% for average values of A and B.

The other theorctical expectations [193]-[195] predict a larger cross section for small W and
do not agree with our results (the values of p(\*) are below 107%).

Our data on the charged multiplicity are in a good agreement with PLUTO [183], [186]
approximation and are slightly higher than TPC/2v [I87]. The total cross section data of the
experiments [186]-[189] and our results are shown in I"ig.10.8. Our results are in a reasonable
agreement with the other four experiments if the systematic errors are taken into account.

For a more detailed comparison of the data on the cross section we have averaged our data
over W intervals as it is shown in Table 10.4. One can sce that our data are in a good agreement
with the PLUTO anti-tag [188] and TPC/2y double-tag data [187], the differences are inside one
standard deviation. The single tag data of PLUTO [186] and TP C/2~v [189] give the cross section
values larger by 100 — 200 nb, the maximal difference is 2.5 standard deviations.

In conclusion, we outline the following. The total cross section of 4y — hadrons in the
invariant mass range 1.25 — 1.25 GeV was measured for the first time in the double-tag mode for
almost real photons (< —¢* >=5-107% GeV?) with a good W resolution (oy =100 - 200 MeV).
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Table 10.4: Comparison of the experimental data on the total cross section. Cross sections are in nb.

Experiment. W intervals, GeV

1.5-2 2-3 3-4
PLUTO 1084, single-tag [180] 627 £ 163 180 £ 54 360 £ 55
PLUTO 1986, anti-tag [188] 408 + 104 247 £ 53
TPC/2v 1985, double-tag [187] 353+ 91 305 + 82
TPC/2y 1990, single-tag [189) 452 + 104 476 + 102
MD-1 1992, double-tag, zero angles [191] | 448 £ 56 334429 257 + 34

It allowed us to avoid any model dependence of the results due to the ¢* -extrapolation of the
cross section and to keep the summary systematic error from other sources at the level of 10%.
In the same W region the data on the charged multiplicity are obtained.

Our cross section data are compatible with the calculation of J.L.Rosner [192], do not con-
tradict to the calculation of 1L.F.Ginzburg and V.G.Serbo [185], but disagree with the predictions
[193]-[195]). .

10.3. Measurement of the I',. (1)) and 'y, (a,)

In this subsection results of studies of the two-photon production of the 7(958) and a,(1320)
with MD-1 in the reactions

ete” —ete y —ete rtny (10.12)

and

+ +

ete” > ete a, — ete nt

T Yy (10.13)

are presented [198].

In this experiment integrated luminosity of 20.8 pb~! collected at energy 2E=7.2-10.4 GeV
was used. In the analysis events with two oppositely charged particles with momenta between
0.1 and 2.5 GeV/c, one or two photons and at least one tagged electron were selected. As a
background in this experiment were processes of the type ee — eclly, ee — lly (I = e, p,m),
and ee — eell, eec — I, which are accompanied by a fake photon or photon produced on the
vacuum chamber, as well as non-resonant lhadron continuum. To suppress these backgrounds
some cuts in the main on geometrical features of events were used [198].

Then the events were kinematically reconstructed under the assumptions that the final state
is ete~7+71 -7 and undetected scattered electron has zero transverse momentum [198]. By recon-
struction the photon cnergy was determined with an accuracy of 40 MeV, whereas the shower
range system gives 100 MeV.

When two photons are present in an event (as in the decay of the a,) the photon which is
more coplanar to the system of charged particles was taken. The second photon is ignored in the
analysis. That leads to some broadening of the a, mass spectrum and shift to lower masses, but
the resonance structure subsists.

The method of equivalent photons (subsection 11.2) was used in calculation of the detection
efficiency. About 11 % of scattered clectrons emit photons with the energy greater than 50 MeV
[199). We took into account this process in calculations, since it decreases the energy of the
tagged electron and shifts the reconstructed resonance mass.
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For the process (10.13) we assume that it goes via ¢, — pm and the interference between
the ptx~ and p~rt+ decay modes was taken into consideration. The a, can be produced with
helicities 0 and £2. The simulation was performed for both cases, since the difference in angular
distributions has an influence on the detection efficiency.

The results of the analysis are shown in Fig.10.9, where the invariant mass spectrum of 7¥7~y
system is presented after all cuts.
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For the fit we have used the shapes of the a» and 7 resonance curves taken from the Monte
Carlo and parametrized by Gaussians with power-law tails. The background was described by
a third degree polynomial with four free parameters. The 7 and a, masses were also free. The
fitting gave practically linear shape of the background, therefore the final results were obtained
for linear background. The results of the fit for the data of Fig.10.9 are :

M,, = 1311 £ 29 MeV, M, =974 4+ 15 MeV,
N,, = 38.8+£ 7.5, N, =23.345.6,
x*/Np = 7.2/10.

Contributions of the following background two-photon processes were calculated:

ete” —»ete n— ete ntn n’, (10.14)
ete” — ete™ f1(1285) — ete ntn vy, (10.15)
ete” —wete n — efeprtaT, (10.16)
ete” — ete my(1670) — ete ntn~n". (10.17)

68



Only 9 £ 4 events of the reaction (10.17) passed selection criteria (we used Ty (7)) = 1.4 £ 0.4
keV [200]). The fit with this process taken into account gives :

Ny, =363+£75, Ny =233+£56, N,, =713,
x*/Np = 8.8/10.
By comparing these results with the simulation we obtained :

Iy (az) = 1.26 £ 0.26 keV, '\, (77') = 4.6 £ 1.1 keV.

The known in 1990 experimental result on the helicity of the a; in two photon production [202]
was used :

o(J, = 2) = (0.81 £ 0.22) - 0,,,.

Using the assumption of pure £2 helicity of the a, , our result on its two-photon width should
be increased by 8 %.

The corrections connected with non-zero masses of colliding photons are negligible (less than
1 %) as soon as in our case < —¢* > is less than 0.001 GeV?2.

The detection efficiencies for the reactions under study are 0.8 % for the a, and 0.5 % for the
7' where the efficiency of the detection of scattered clectrons (55%) is included.

The estimation of systematic errors is presented in Table 10.5.

Table 10.5: Summary of systematic errors (in %) in the measurement of the two photon widths of the as
and
Source of systematic Contribution  Contribution
error to I'yy(as) to I'yy (1)
Trigger efficiency 3 3
Luminosity [19] 2.5 2.5
Branching [128) 4 5
Detection efficiency of coordinate chambers 3 3
Detection eflicicucy of tagging system 4 4
Uncertainty in resonance shape 4 3
Uncertainty in helicity of a» 10 -
Statistical error of simulation 5.5 8
Total systematic error 14 12

Finally our measurements give the following two-photon widths of the a; and 7’ :

I,y (az)=1.2640.26 %+ 0.18 keV,
T, (7) = 4.6 £ 1.1 £ 0.6 keV.

These results are in good agreement other experiments [201].
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10.4. Measurement of the I'\,(n)

The two-photon production of the 7(549) was studied in the reaction

+,- +

ete” — e +

en—ete Y. (10.18)
The same collected statistics was used as in the above experiment. The events without charged
particles with two photons of cnergy less than 2 GeV cach and at least one tagged electron
were selected. To reject the cosmic rays background a time coincidence between the signals
of scintillation counters and the beams collision moment (RF phase) within 6 ns was required.
Background events from reactions of the type ee — eell, ec — (1 = e, p, m detected by the shower
range system) and from the beam gas interactions were rejected by some cuts on the geometrical
features of events [198).

Then the events were kinematically reconstructed under the assumption that the final state is
eeyy [198]. The measurement of the scattered electron momentum and the photon angles allowed
us to reconstruct the 7 mass with an accuracy about 60 MeV.

The detection efliciency for the process (10.18) is equal to 0.8%. It was determined by the
Monte Carlo simulation of the two plioton production of the % using the same approach as in the
case of the a, and 7’ production.

The resulting spectrum of 77 invariant masses is presented in I'ig.10.10.

For the fit we have used the shape of the resonance curve from the Monte Carlo model
parametrized by a Gaussian with power-law tails and a third degree polynomial with 4 free
parameters for the background. The mass of the 1 was [ree parameter.

The result of the fit is:

N, =36.5% 88, M, =588+ 17 MV,
x*/Np = 7.8/13.

The comparison with the simulation gives
I,,(n) = 0.51£0.12 keV.

For the estimation of contributions of otlier two-photon reactions the following reactions were
simulated (two-photon widths were taken from [128]):

ete” = ete ) — ete vy, (10.19)

et

e~ —eten’ (10.20)
Only 2+ 1 events from the process (10.19) passed our cuts. Duc to the difference in masses they
do not contribute to the measurement of two photon width of the 7.

The sources of systematic errors in our measurement of I',,(n) are the trigger efficiency (3
%), the luminosity measurement (2.5 %), the uncertainty in the branching of (10.18) (1 %) [128],
the detection efficiency of the tagging system (4 %), the uncertainty in the resonance shape (6
%), the statistical error of the simulation (5 %). The total systematic error is 10 %.
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Our final result is
[yy(n) = 0.514£0.12 £ 0.05 keV.

It is in a good agreement with other experiments [201].

10.5. Search for narrow resonances

During last 10 years many groups studied the two-photon production of C-even mesons at
ete™ colliders [203]. Most of the results was obtained in the no-tag mode when the resonances
were completely reconstructed in the detector. This requirement greatly reduces the efficiency
and allows to study only resonances with the known decay modes.

For the double-tag measurement the invariant mass of the produced system W.,, can be
calculated as a missing mass from the parameters of scattered e*. The narrow resonances would
be presented as peaks in the spectrum of W,,. The TPC/2y collaboration has presented the
result of such analysis [204]. Using the tagged electrons (emission angles 26 + 90 mrad) the
missing mass resolution o(1) = 0.45 + 0.20 GeV/¢* was obtained for W,., = 4.0 + 20.0 GeV/c2.
The double-tag efficiency €z was about 1%. The upper limits for (2J + 1)I',, of the possible
resonances were established at the level of 30 keV+10 MeV. This result seems to be preliminary
but we are not aware of other publications.

In our double-tag experiment [205] the integrated luminosity of about 23 pb~! collected in
the energy region 2L = 7.2 + 10.6 GeV was used. The TS of the MD-1 detector was described
in Section 2. The invariant mass resolution vs 1V, for the double-tag mode is shown in Fig.2.5.
It is o(W) = 0.2+ 0.1 GeV/c? for W,, = 1.0 + 4.5 GeV/c*. The double-tag efficiency €4 vs
W, is shown in Fig.2.6. For the 100% efficiency in the central detector (CD) it reaches 20% at
W,, = 2.5 GeV/c?. The real efficiency was 2-5 times sialler due to background in the TS and
CD.

The selection criteria for the central detector were chosen to be relatively simple to provide
a high efficiency for all hadronic events. It was required no less than 3 particles with at least 1
charged originating from the interaction region. Some additional cuts were applied to suppress
the background from the two-prong events, cosmic muons, beam-gas and beam-wall events. Using
these criteria about 3 - 10* events with two scattered clectrons were selected, while the expected
number of yy—-events was about 2 - 103,

The events with one or two scattered electrons of non-yy origin were considered as the back-
ground ones. The main background in the T'S comes from the single bremsstrahlung process. Two
independent methods were used for the background suppression: the anti-Nal cut and the 9z cut
(see subsection 10.1). The efficiency of both cuts was measured directly with the yy — p*tp-
events for the effect and with the ete™ — hadrons events for the background. The efficiency of
the anti-Nal cut is 0.78 £ 0.02 for the true event and 0.03 £ 0.005 for the fake event with two
background electrons. For the 9, cut these values are 0.37 4 0.015 and 0.02 £ 0.005 respectively.
After the anti-Nal cut we had 2120 events with estimated background of 12004 170 events. After
applying both cuts we obtained 470 double-tagged events with residual background of 130 % 45
events.

The resulting distributions in W, are shown in Fig. 10.11a,b. For the case of anti-Nal cut
we have high efficiency for the effect with the large level of background. In the case of combined
cut we have good signal to background ratio for the price of the essential loss of the efficiency.
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Fig. 10.11: The spectrum in 77 invariant mass of the selected events. a) Events passing anti-Nal cut,
b) events after additional ¥z cut. 1 - fitting curve, 2 — estimated background, 3,4,5 - expected signals of
resonances corresponding to I'y, = 20 keV.

To estimate the selection efliciency for the unknown resonance the MC events vy — hadrons
were used. The resulting total efficiencies for the anti-Nal and for both cuts are shown in Fig.
10.12. For the resonance with I'y,y < 50 MeV/¢? its width is determined by the resolution of
the TS only. The resolution function of the TS was approximated by the sum of two Gaussians:
about 20% with ¢ = 500 M ¢V/c* and 80% with o = 90 =+ 160 MeV/¢*. The influence of the
radiative corrections on the value of the total cross section calculated according to Ref. [206]
is small. The emission of hard photons gives the tail in the region W., > M,.,. In the case of
small angle tagging there is destructive interference between the electron radiation from initial
and final lines [182]c. This cffect essentially decreases the radiation tail for resonances.
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Fig. 10.12: The total selection efficiency in the
double-tag mode for narrow resonances vs reso- Fig. 10.13: The result of the upper limit analysis
nance invariant mass. 1- anti-Nal cut, 2- anti- of search for narrow two-photon resonances.

Nal cut and 9z cut.

To search for the resonance structure the spectrum in W, was fitted as follows. The shape
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was described by the sum of two parts:

1) resonance in the form of Breit-Wigner convoluted with the resolution function of the TS;

2) smooth line in a form ") where p(1V) is a polynomial up to 4-th degree.

For the fitting we can use any of two spectra shown in Fig. 10.11. To achieve the best accuracy
the following procedure was applied. The events selected after anti-Nal cut were divided into two
independent parts: the first with events which passed ¥z cut (Fig.10.11b) and the second with
all the rest events (difference between the histograms in Fig.10.11a and Fig.10.11b). These two
histograms were fitted simultaneously using the function described above. The coefficients of the
polynomials p(W) were free in both cases while the number of resonances was ¢- N,,, for the first
histogram and (1 — €) - N,., for the second one where ¢ is the efficiency for the 9z cut.

The results of the fit are shown in Fig. 10.11. There is no significant signal of a narrow
resonance for M,., = 1.0 = 4.3 GeV/c*. The obtained upper limits (at 90% CL, corresponding
to fitted N,., +1.64 standard deviation ) for the value of (2J + 1)I',, are presented in Fig.10.13
and in Table 10.6. In the Table 10.6 the yy-mass range 1.0 + 4.3 GeV/c? was divided into several
regions and for each region the maximum value of the upper limit was taken.

For the resonance with J > 2 the detection efliciency depends on the helicity of the produced
resonance. In the case of pure helicity-2 state the upper limit for the (2J + 1)I',, increases about
2 times.

Table 10.6: Upper limit on (2J 4 1), of narrow C-even resonances in the mass region 1.0 +-4.3 GeV/c2.

Moo (GeV/) (2 ¥ 1Ty (keV), [ Myws (GoV/T) (20 + 1)1 (keV),

upper limit (90% CL) upper limit (90% CL)
1.0-1.25 92.0 2.75-3.0 . 13.0
1.25-1.5 9.5 3.0-3.25 24.2
1.5-1.75 124 3.25-3.5 34.0
1.75-2.0 39.0 3.5-3.75 329
2.0-2.25 45.2 3.754.0 383
2.25-2.5 44.2 4.0-4.3 191
2.5-2.75 46.4

In summary, using the 23 pb~—! sample of ete~ collisions in the energy region 2E = 7.2+ 10.4
GeV we looked for the reaction ee — eel? in the double-tag mode, were R is any narrow C-even
resonance. No new resonances were observed with a mass within the interval M,., = (1.0 +4.3)

GeV/ct.
11. Study of 77 reactions in no-tag mode

11.1. Process ete~ — ete™ +ete”

The main contribution to this reaction gives the two photon (Landau-Lifshitz) process de-
scribed by the diagram shown in Fig.11.1A.
The calculation of the total cross section, taking into account the main diagrams with power
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Fig. 11.1: Diagrams for the reaction ete~ — ete= +ete™: A - the multiperipheral two photon graph;
B - the bremsstrahlung graph.

accuracy on the energy, was done in Refs.[207, 208]
o’rg 3 2
o= S0(103L° — 6.617 ~ 1171+ 104), (11.1)

where « is fine structure constant, ro is the classical electron radius, L = In(s/m?), s = (2E)%.
This cross-section grows with increasing of the beam energy. At the energy E = 1.8 GeV it is
equal to 5-10727 cm™? (see Fig.3.6).

The contribution of the bremsstrahlung diagrams to the total cross section was calculated in
Ref.[209]. At the beam energy of 1.8 GeV this contribution is 0.3%. Numerically small (-0.1%)
contribution at this energy comes from the account of an identity in the final state [51].

The differential cross section in the invariant mass of produced pair W is given by the following
approximate expression [207, 208]:

do 16a%r2 m? 4 s W
W e W -In ("‘/,2)[2111 o 1. (11.2)

One can see that the main contribution to the cross-section comes from the low invariant mass
region. In this experiment [20] the tagging system of MD-1 was not used, and the invariant mass
of produced pair (Fig.10.1) was determined in the central part of the detector: W? = (ki + ky)2.

Due to magnetic field of MD-1 transverse to the orbit plane, we could measure momenta of
particles emerging even at zero angle to the axis of beams and could study 7y production of ete~
pairs with low invariant masses, nearby the threshold of this reaction. In previous experiments
process 7y — ete™ was studied at considerably higher invariant masses [54]. For example,
minimal invariant mass of pair was 80 MeV in the experiment with the DM-1 detector [210] and
800 MeV in the experiment with the PLUTO detector [211].

As a generator of events under study we used the code [55].

The main background process in this experiment is the production of ete™ pair by the syn-
chrotron radiation photons on the clectrons of the colliding beam (subsection 3.2). The counting
rate of this process grows more rapidly with the increase of the beam energy than for the process
under study. At the beam energy of 5 GeV both counting rates are equal. For this experiment
the beam energy was chosen equal to 1.8 GeV where the contribution of background process is
about 10%.



The ete~ pairs in main and background processes are kinematically identical, so the sum of the
main and background processes was used for comparison of the calculation with the experimental
data.

During the experiment the parameters of the storage ring VEPP-4 were the following: the
energy E = 1.8 GeV, currents I¥ = 0.4 mA, the average luminosity L = 4 - 1027em~2sec-1.
The luminosity was limited by the collisions effects, which did not permit to have electron and
positron currents greater than 0.5 mA. The integrated luminosity of 440 pub~! was collected.
227000 events were recorded on the magnetic tape for head-on collisions ("effect”) and 41000
events with separated beams ("background”). The ratio of recording time of "effect” to that of
"background” was about 5.5.

Pairs of particles with opposite charges were selected using their spatial characteristics mea-
sured in the coordinate system. A picture of the typical event of effect looks like in Fig.3.7.

Along the particle path before the scintillation counters there are 30 mm thick stainless
steel walls of the container of coordinate chambers. The probability for the particle detected
in the coordinate system to hit a scintillation counter is (12.1+1.3)% for the experiment and
(11.8£2.4)% for the simulation. A good agreement between these values gives a good evidence,
that the detected particles are the electrons.

The measured and expected distributions in the particle emission angle with respect to the
beam direction are shown in Figure 11.2. The experimental distribution is in agreement with the
simulated one.
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Fig. 11.3: The distribution in the visible

Fig. 11.2: The distribution in particle emis-
sion angle in vy — ete~. Background from

invariant mass of ete™ pair in yy — ete~.
Background from ye — eete™ is ~15%. The
dashed histogram shows the expected distri-

te~ is ~1 .
e —ceTe” s ~15%. bution without interaction of the particles

with the beam pipe.

The distributions in the visible invariant mass for experimental and simulated events are shown
in Fig.11.3. The average reconstructed masses in the experiment and simulation are respectively:
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Wi, = 57+03 MeV and Wfif = 5.71 0.2 MeV. By the dashed histogram the distribution
of the same simulated events without interaction of the particles with the beam pipe is shown.
The mean value for this distribution is equal to 2.1 MeV. One can see that the width of the
distributions for experiment and Monte Carlo simulation is due to particle interactions with the
beam pipe (i.e., multiple scattering, bremsstrahlung).

To compare the experimental and Monte Carlo values of the visible cross sections, we used
the correction factor due to the chambers inefficiency. It was obtained experimentally and equals
1.19+ 0.02. As a result, the experimental visible cross section equal to 0., = 1.61% 0.12 pb was
obtained. The error comes from: luminosity measurement (5%), statistics (4%), and correction
for the chamber inefficiencies (2%).

The calculated visible cross-section for the process ete™ — ete™ +ete™ is equal to 1.5840.15
pb. According to Ref.[51] the radiative corrections for this process are less than 0.5%. The
contribution from the background process of e*e~ pair production by the synchrotron radiation
on colliding beam equals 0.2440.06 ub. Thus, the calculated visible cross section for ete™-pair
production is op¢c = 1.8240.16 pb in good agreement with the measured one.

Based upon the results of this experiment we obtained an upper limit for the two photon
width of particle with mass of 1.8 MeV [212]. Some hints on a structure with mass of about 2
MeV decaying to ete~ pair were obtained in collisions of heavy ions [213] some time ago. From
our experiment the upper limit for such particle is the following:

T.,,B.. <2eV (90% CL).

11.2. Measurement of vy — 7tn~ and U, (f2(1270}))

The process of two-photon 7#¥ 7~ -pair production was studied already in many experiments
[211], [215]-[222] in the reaction

ete” wete  +ntn (11.3)

It was found that the dominant contribution to the cross section is given by f,(1270)-meson,
interfering with a non-resonant background. Usually to obtain the two-photon width of the f,
meson it is assumed that f, meson is produced in a helicity-2 state and its amplitude interferes
with Born term.

The important experimental problem in the analysis of the 7t 7~ final state is a large back-
ground from the two-photon reactions:

ete” —ete +ete, (11.4)

+ +

ete” —efe™ + utu™, (11.5)
especially in the low mass region. Almost in all experiments the contributions of these reactions
were calculated and subtracted (at least ptp™).
In this experiment [214] the processes (11.3), (11.4), (11.5) were separated in the whole region
above detection threshold (M,, > 0.45 GeV/c?). )
The luminosity integral used is 20 pb~! at c.m. energy range 2E=7.2-10 GeV. Scattered

electrons are not used in the analysis.
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To reject the background from bremsstrahlung and other processes with small transverse
momenta a strip in shower-range chamber (SRC) of £11 cm width, lying in the orbit plane,
was excluded from the trigger. Cosmic background was suppressed using time coincidence of
scintillation counters with the becam phase.

To study the reactions (11.3) - (11.5) events with two unlike-charged particles with momenta,
270 - 2500 MeV /c were selected. To reject high rate processes (mainly single bremsstrahlung),
transverse momentum P; > 30 MeV /¢ was required for each selected particle. Cuts on the geom-
etry of event (small difference of P, of particles, small acoplanarity and some others [214]) were
imposed to reduce the background from cosmic rays, e¥e~ — ete~(putp™), and multihadronic
events. After these cuts predominantly ete™, u¥p~, 7+ 7~ -pairs of two photon nature remain in
the proportion 1:2:0.4, as it follows from simulation.

For the particle identification, the trajectory of the particle is traced through the detector
taking into account ionization losses for cach possible type of the particle (g, 7, K, p). When
the particle crosses any system of detector, the expected average parameters are calculated,
i.e. ionization losses in the scintillation counter (§C), average number of photoelectrons in the
Cherenkov counter (C'C), coordinates and range (due to ionization losses only) in the SRC. The
result obtained with M C simulated events of the processes (11.3)-(11.5) are presented below.

The scintillation counters provide good identification of electrons due to 1.7X,Fe in front of
the counters. Requiring the ratio R = A,, [A,. (where A is a pulse height measured in a counter
and 4,, is the calculated average pulse height for 7-meson hypothesis) to be in the range 0.2-2.2
for each crossed counter, the number of events of the process (11.4) decreases by a factor of 10
at €xr = 90% for the process (11.3). To sclect ¢te™ pairs it is sufficient to require B > 3 for each
counter and the remaining 77, yiu background will not exceed 1%.

The Cherenkov counters are used in the following way. The probability p is calculated for
the 7-meson to give the same or larger number of photomultiplies as the measured number. The
event is assigned to m-u class, if p < 0.04 for at least onc particle. On average the Cherenkov
counters suppress electron pairs by a factor of 10 at ¢,, ~93%.

For electron rejection one additional “soft cut”, based on SRC, is also used: hits in the first
two chambers are required (if the particle passed farther). This gives an additional suppression
of ete~ pairs by a factor of 2.

The described cuts suppress the process (11.4) by a factor ~250 at 75% efficiency for ¥z~
pairs.

For the /7 separation the ranges of particles in the SRC were used. For analysis we take
particles which stop inside SRC. At equal momenta 7-mesons have, as a rule, smaller ranges
than muons due to both ionization losses and nuclear interactions. Pions are stopped in the SRC
due to ionization losses up to momentum of 350-420 MeV/c, so that in f,-meson region pions
are stopped in SRC only duc to nuclear interactions. Comparing the measured and calculated
range for a particle assumed to be muon and applying some reasonable cuts [214], we reduced
the number of pp-pairs by a factor of 60 at ¢,, ~50%. As a result of p/m separation we have
obtained N,,/N,, ~G6:1.

Before comparison of the experimental data with A/C simulation the corrections have been
done of all detector efficiencies [214]. The estimated overall systematic error of detection efficiency
after corrections is +2%
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Two-photon processes were simulated iu the equivalent photon approximation [50]:

do = o,y (M)dn,dn,, (11.6)
where
dn; = ?% [1 - % + % + ’Zz %%d(— cos(ﬂ,.)] dw, (11.7)
miw? |
¢ = EE, +2ELE;(1 - cos(9;)), (11.8)
w; = E— E;, M* = 4w w,. (11.9)

The variables are shown in Fig.10.1. With our restrictions on ¢? this approximation provides
percent level accuracy. Radiative corrections were not taken into account, because they do not
exceed 1-2% [199]. The cross sections of two-photon QED processes are well known and can be
found elsewhere [228]-[229).

The cross section of yy — 7+ 7~ was described by Born term (see, e.g., [229)) interfering with
Breit-Wigner (B-W) amplitude of f5(1270)-meson. It was assumed, that f,-meson is produced in
the helicity-2 state and, therefore, interferes only with Born term of the same helicity. The cross
section is defined as

dU -0 2 -0 ~ 2
rriteind At R I R (11.10)

where the sign of B-W amplitude was chosen such that below the f(1270) mass (M) the inter-
ference is constructive (as it follows from previous experiments).
The B-W amplitude of f, meson is given by

5  g(s)sin’(¥)
V2s M} — s —iM,T"

Fp= (11.11)

Here s = M2,, g(s) = M, - [T% (8)T2a(8)]*/? + ilm(g), I'rr = 0.86 - T(ss), T'(s) is the full width of
f2 meson, and T3, is the two-photon width of a direct f, — y7 transition, 9 is polar angle of the
particles, defined with respect to the beam direction in the y7 center of mass.

The imaginary part of g(s) arises as a result of unitarization of D-wave amplitude {230, 231).
Unitarization is necessary because a sum of Born and B-W amplitudes does not satisfy unitarity.
Numerically {231},

Im(g) = 0.0002 £ 0.00007 GeV>.

The two-photon width I, is defined by the expression
g [F = MIT, Lo (M),

Then
T,y = T3, 4+ 0.257(keV).
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This corresponds to definition by Lyth {230}, however it is not generally accepted. The s depen-
dence of the total width I'(s) was parameterized according to [230, 231]:

5 2 2
I(s) = Ff(ﬂ) (ig) (so R “) : (11.12)
Po S s+ a
where I'y = 0.18 £ 0.02 GeV, p = 0.5\/s — dm2, po = 0.5\/sp — 4mZ, 8o = M}, s = M2,
a=0.5 GeV2,

The Ty, (s) was parameterized using the same equation with m, replaced by m, = 0 [231].
The cross section with such parameterization (but without unitarization) is close to that used in
other works [231, 217, 218, 221]. It should be noted that in publications on vy — 7+r~, K+ K~
there is no agreement on a power of s in the B-W formula. Moreover, there is no generally
accepted I'y,(s) dependence. Due to varicty of opinions we included in our result the systematic
error, corresponding to change of power by 1.

To select 7y — ete™ only one cut was imposed besides the common requirements: the pulse
height in each scintillation counter must exceed the calculated one for 7-meson by at least a factor
3.5. The invariant mass distribution for selected events is shown in Fig.11.4 together with the
expected spectrum for vy — e*e™ (w-meson mass is assigned to all particles). The distributions
are in a good agreement ((P(x?) = 10%). The calculated fraction of u*p~ and 7+~ is less than
1%.

To suppress electrons we used cuts based on SC, C'C and SRC explained before. As a result
the number of electrons was reduced by a factor of ~ 250 at 70-75% efficiency for #*+7~ and
ptp~. The resulting pair mass distribution is shown in Fig.11.5.
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Fig. 11.4: The invariant mass spectrum of pairs M o= (Gevse®

when pulse heights in both scintillation counters

A; > 3Ax(calc.) are required. Errors of siimula- I'ig. 11.5: The invariant mass spectrum of pairs
tion ~ 1.5 times larger than ones of data. after rejection of electrons.

From these sample a small contribution (~ 2%) of processes other than vy — w+r—,utu-
was subtracted. The multihadronic background (~ 1.5%) was determined by comparison of
acoplanarity angle (A¢) distributions in the experiment and simulation [214]. Backgrounds of
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the processes with narrow A distributions were found by modelling and equal: 7y — K tK-
-0.3%, 77 — e*e” -0.15%, ee — pu*p~ -0.15%, ee — 77~ <0.15%. Cosmic rays background was
determined from the time difference distribution between scintillation counters and beam phase
and accounts for less than 0.5%. Contribution of the Bhabha scattering, as follows from pulse
height distribution in the shower-range chambers, is negligible. Polar angle and collinearity angle
distributions show good agreement between experiment and simulation as well.

The ratio Nep/Narc(ppr + 7m) for the obtained data equals 1.015+0.016 £ 0.03. The sys-
tematic error is connected with uncertainty in the expected number of 7*7~ (in the simulation
T, (f2(1270)) = 3 keV was assumed). In fact, these results confirm our understanding of the
detector, precision of corrections, luminosity measurements, and MC simulation.

As shown before, after electron suppression only u*p~ and 7+ 7~ pairs remain in a ratio ~ 5:1
on average and about (15-20):1 in the 500-600 MeV /c® mass region (see Fig.11.5). Muon/pion
separation was done by using their ranges in the shower-range chambers as was described before.

Multihadronic background was found, as before, by comparison of acoplanarity angle distribu-
tions in the experiment and MC simulation for each mass bin. The contributions of the processes
vy — ete, utu~ and Kt K~ were obtained by MC simulation. The yy — K+ K~ cross section
was taken from [232].

The mass spectrum of 7-pairs after background subtraction is plotted in Fig.11.6.
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Fig. 11.6: The invariant mass spectruni of a1~ -pairs together with the optimum fit.

The data were fitted according to unitarized model of Lyth, considering Born amplitude
interfering with f,(1270)-meson. Iistogram is the optimum fit with the only free parameter
T,,(f2). The f,-meson peak is strongly widened due to detector resolution. Histograms for
different T, were obtained from one sct of simulated cvents (at I'yy = 3 keV) by changing
the weight of each event according to dependence of the differential cross sections on I',,. The
optimum two-photon width is

T.,(f2) = 3.1£0.35+0.35 keV.

All histogram channels were included in the fit. The result changes negligibly when only fo-
meson region is taken. The systematic crror is determined mainly by the following factors (in
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% to T',,): the luminosity - 3.5%, €x» — 3.5%, multihadronic background - 6%, uncertainty in
parameterization of I'(s) (1 power of M,,) - 6%; pu*u~ background - 3.5%, unitary corrections
-6%.

The fit without unitarization gives I'y,( f,)=2.6£0.351£ 0.3 keV. Unitarization increases direct
coupling width I'J. by 0.25 keV. Our final result contains also an additional supplement of 0.257
keV arising in the model of Lyth.

The overall average value is ', (f2) = 2.76 £ 0.14 keV [232]. The averaged experiments used
various parameterizations, mostly without unitarization and none of them used Lyth’s model.
The latest Mark-II analysis{222, 226] gives T',,(f:) = 3.15 + 0.04 £ 0.28 with parameterization
of Lyth. With the given comments our two-photon width of f»(1270) is in agreement with other
results [87).

12. Conclusions

The main physical results obtained by the MD-1 detector at the VEPP-4 collider are listed
below:
1. The following QED processes were studied:

+

ete™ — ete . Effect of impact parameter cut-off was discovered [25].

ve — eet

e”. Process was observed on free clectron [21].
ete”™ — efe™ + utp~. Measurements in no (8, 214]-, single [8]- and double [8]-tag modes.

ete” — ete™ +ete™ [14, 214]. In [14] the process was measured nearby a threshold.
2. Precise measurements of T(15), T(25), T(35) meson masses were performed:

M(Y(18)) = 9460.59 £ 0.09 £ 0.05 MeV 56, 63, 73, 74].

M(Y(25)) = 10023.6 £ 0.5 MeV (63, 64].

M(T(35)) = 10355.3 £ 0.5 MeV (63, 64].

3. The electron widths of Y(15) and T(25) mesons and muon branching ratio of T(15) meson
were measured:

Tee(T(15)) - Brog = 1.187 £ 0.023 £ 0.031 keV  [74],
T..(T(25)) Bhoa = 0.552 £ 0.031 £ 0.017 keV 92,
B,,(Y(15)) = 2.12+ 0.20 + 0.10% 22).
4. The following upper limits at 90% CL were established for rare decays of T(15):
B(YT(18) = v£(22))x B(6 — Kt*KN~)<2-107* [118].

B(T(15) — 7X(2.2)) x B(X — ¢¢) < 3-107%  [118].
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B(T(18) — pn°) < 3.3-107* [130].
B(Y(18) —» n*n7) < 5-107* [22].
B(T(18) - K*K~)<5-107* [22].
B(T(18) — pp) < 4-107* [105].

5. The following inclusive rates for T(15) decays and continuum were measured:
a) A production [136]:

< na(T(18)g;,) >= 0194 £ 0.018 + 0.017,

< np >=0.070 £ 0.027 £ 0.020 at 2F = 7.2+ 9.4 GeV

< np >=0.098 £ 0.027 £ 0.014 at 2 = 9.4 + 10.0 GeV .
b) E production [136]:

< n=(T(15)g;,) >= 0.038 £ 0.015 + 0.009.

6. The following parameters of Bose-Einstein correlations were obtained [156]:

At the direct T(15) decays: A = 0.73+ 0.16, 7o = 0.69 £ 0.19 fm.
In the continuum at 2 = 7.2 + 10.3 GeV: A = 0.52 £ 0.19, 7o = 0.80 £ 0.22 fm.

7. In the study of reaction ete~ — hadrons the following results were obtained:
a) In search for narrow resonances the upper limits on T'.. at 90% CL are [165]:

2F = 7.23+ 7.99 GeV [ee <98 ¢V,
2FE = 7.99 = 8.67 GeV T,. < 123 eV,
2F = 8.67 + 8.88 GeV T < 27 eV,
2E = 8.88 = 9.23 GeV I.. <54 eV,
2F = 9.23 = 9.42 GeV .. < 58 eV,
2F = 9.42 =+ 9.445 GeV .. <15eV,
2F = 9.50 + 10.00 GeV .. <51eV,
2F = 10.00 + 10.34 GeV I'.e <100 eV.

b) The value of R is [91]:
2FE = 7.25 + 10.34 GeV Tt = 3.578 £ 0.021 £ 0.140.
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8. In study of v7 reactions the following results were obtained:
a) Total hadronic cross section 7y — hadrons was measured in double-tag mode [191]:

W,y =15+2.0GeV 0y, =448 + 56 ub,
W,y =2.0+3.0 GeV Oior = 334+ 29 nb,
Wiy = 3.0 - 4.0 GeV O = 257 + 34 nb.

b) Cross section 7y — 7+7~ was measured at M,, = 0.5+ 1.5 GeV/c? in no-tag mode [214].
¢) The yy-widths of resonances measured by MD-1 are the following:

T,,(a) = 126 £ 026+ 0.18 keV  [198].
Fy(7) =46 +£1.140.6 keV [198].
T,p(n) = 0.51£0.124£0.05 keV  [198].
Tyy(f2) =31£035£035keV  [201].

d) The following upper limit at 90% CL was established for decays of particle X of mass
1.8 MeV:

T, (X)X B(X = cte")<2eV [212).

e) In search for narrow C-even resonances the upper limits on (2J 4+ 1)I',, at 90% CL are

[205]:

M, =1.0+1.25 GeV/c’ (2J + DI, < 92.0 keV,
M,,, =1.25+ 1.5 GeV/<’ (2J + 1)1y, < 9.5 keV,

M., = 1.5+ 1.75 GeV/¢’ (2J + D'y, < 12.4 keV,
M,., = 1.75 %+ 2.0 GeV/¢? (2J + )T, < 39.0 keV,
M,., =2.0+225GeV/c’ (2J + )Ty < 45.2 keV,
Mo, = 2.25+ 2.5 GeV/c? (27 + 1T, < 44.2 keV,
Mo = 2.5+ 2.75 GeV /¢ (2J + 1)1, < 46.4 keV,
M,., = 2.75 + 3.0 GeV/¢* (2J + I, < 13.0 keV,
M,., = 3.0+ 3.25 GeV/c* (2J + Iy, < 24.2 keV,
M,,, =3.25+3.5GeV/’ (2J + )Ty < 3.0 keV,

M, =3.5+3.75 GeV/c’ (2J + 1)I',, < 329 keV,
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Mo, = 3.75 + 4.0 GeV/c* (2J + )T, < 383 keV,
M., = 4.0 + 4.3 GeV/¢? (2J + 1)I'y, < 191 keV.

Using experience of the MD-1 detector performance, the KEDR detector [233] was designed.
Construction of the KEDR is being completed in Novosibirsk now. The experimental program
will be focused on the study of b physics and 77 reactions also. The luminosity of the upgraded

VEPP-4 will be more than 10 times larger than the luminosity during the experiments with the
MD-1.

Study of the b physics gives opportunity to find answers on the important questions in the
particle physics. Progress in this field, especially due to the experiments of ARGUS and CLEO,
is the basis of the B factory projects. The SLAC and KEK asymmetric B factories will come
into operation after 1998. These machines will give the best opportunity to study CP violation
in neutral B decays.
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