

























































































9 The Proof of The Standard Model (1983-
1996

To the beginning of the eighties the successful development of the parti-
cle physics theory including QED, QCD, electro-weak interaction etc. has
formed finally so called ” Standard Model” (Table 1) which corresponds in
the particle physics to the Periodic Mendeleev Table of chemical elements
in atomic physics and chemistry. One needed ”only” to fill in two windows
— of the top—quark (t) and of the carriers of the weak interaction, so
called intermrediate vector bosons. One believed also that existence
of gluon was proved by many experimental facts from strong interaction
reactions. The problem was, as often, very high energy of particles to be
used for generation of these ”members” of the table. The only candidate
for such a high collision energy level, of order of 200 GeV, could be at that
time a proton—antiproton collider. This idea was under discussion since
Budker propcsal of the electron cooling method in 1966 and its realiza-
tion at INP ia 1974.Then the first project of pp—collider was developed
in Novosibirsk. Later the idea of pp—collider based on SPS (CERN) as a
storage ring was suggested by D.Cline, P.McIntyre and C.Rubbia. It was
accepted officially and realized in 1983. The critical point of the project
was the use cf stochastic cooling for storing of antiprotons. Two groups
leaded by C. ubbia and Dariuallat provided the detector part. The first
group succeeded in discovery of long awaited W* and Z°—bosons (see Ta-
ble 2).

During 1976-1986 years a significant progress was achieved in studies

of particle physics at ete™— colliders. Among them one can point out the
precise medsurements of masses of so called ” quarkoniums” — ¢, j and
Y-mesons, performed at Novosibirsk INP at VEPP2M and VEPP4 using
a special technique of resonant depolarization of the circulating beams.
1989 — the second pp—collider, named ”Tevatron”, 2x0.9 TeV energy, was
set in operation at Fermilab. And again the stochastic cooling was a key
point of the groject.
1992 — the oroject of the Large Electron—Positron collider (LEP) was
realized at CERN (see Fig.1). Having particle energy upto 50 GeV the
LEP collider was dedicated to precise studies of physics related to Z°-
boson (the mass of 91.2 GeV).

In 1996 the particle energy in the LEP collider was almost doubled,
2x85 GeV. Thus, the LEP2 collider became able to generate in e*e™ — col-
lisions the W* pairs. Correspondingly, the physics related to the charged
carriers of electroweak interaction became accessible.

And the last step in the proof of the Standard Model was made also
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respectively), the H® atoms lost the positron, which was stopped in one
of the counters, producing a 7 pair. The third counter recorded dE/dz
from the remaining antiproton. The annihilation v pair was recorded by
a cylindrical Nal calorimeter (with energy resolution 14%), which covered
91% of the entire solid angle, thereby ensuring a total efficiency of 82%.

~sl
D
3

Figure 1: Graph of two-proton e*te™ production pair in the interaction of an
antiproton with a nucleus and production of an antihydrogen atcm.

The antiprotons appearing after the stripping of the H°® atom passed
through three start scintillators Sc (each 4 mm thick) and a hodoscope H
of 16 fibers (2 x 2 x 32 mm), and then a group of four stop scintillators Sc
(Fig. 2). The three drift chambers D with corresponding readout delays
recorded the passage of antiprotons deflected in the dipole ragnetic field
B. The needed calibrations were performed using cosmic rays.

21m 32m

Figure 2: Scheme for antihydrogen generation: Si-three silicon counters;
Sc-silicon counter-trigger and scintillators; D—proportional chamr bers; Nal- 6-
section calorimeter; H—scintillation hodoscope; B—dipole magnet.

The experiment recorded 11 H° atoms for a background contribution
of no more than 2 + 1 with 95% probability.
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AD will accumulate and decelerate antiprotons generated on existing
targer system: the proton beam from Proton Synchrotron at 26 GeV/c
proton momentum produces on the target p-bunch, and 5 107p's with
momentum 3.57 GeV/c are collected by pulsed lense (so called ”magnetic
horn”) and injected into AD. After deceleration (in several steps) up to
100 MeV/c momentum (about 5.9 MeV kinetic energy) and cooling 7's
are extracted in one or several bursts with a length ranging from 200 to
500 ns. Such a pulsed beam will be used in several experiments,, and among
them the ATHENA project (AnTiHydrogEN Apparatus) [9] is dedicated
to antihydrogen generation and study.

ATHENA (Fig. 4) consists of several traps, where §s and e* are to
be stored, cooled down and recombined to form H®-atoms. Antiprotons
and positrons meet and recombine in the Central (Recombination) Trap
(Fig. 4), but before they pass a long way and preparation procedure.

ATHENA
Schematic Overview

Recombination Trap
Artiydrogen Detactor

Antiprotan
Capture and Caaling
Trap

Aty oora
(106 devic)

Figure 4: Athena Schematic Overview

Antiprotons extracted from AD at kinetic energy 5.88 MeV, enter
the Antiproton Trap, decelerating in the Degrader due to icnization en-
ergy losses (Fig. 5, stage 1). The Trap has longitudinal magaetic field of
3 T. After bunch passing of degrader a negative potential is applied to it
and 7's are trapped in the potential well, oscillating in space tetween Ring
Electrodes of negative potential and Degrader (Fig. 5, stages 2, 3). Pre-
limenary an electron cloud is injected from an electron gun in the central
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part of the Trap, catched in another potential well formed by additional
rings, and cooled via emission of synchrotron radiation due to rotation in
longitudinal magnetic field applied in parallel to the trap axis. This radi-
ation (which actually is classic dipole radiation, or ”cyclotron radiation”
at low electrcn energy) cools electrons for characterictic time about 0.1 s
at B=6 T. Penetrating the cloud of cold electrons the trapped antiprotons
reduce their kinetic energy until it equilizes with the electron one. Then p-
bunch is transfered (by pulsing of ring potentials) into the Recombination
Trap.

Antiproton Capture and Cooling

Cold electron cloud
(Cooled by Synchrotron Radiation, T = 0.1 =3 at 6 T)

Trapping
Potential

Trapping

o \_— j

. .,
Trapping

° \ J

Cooling w

Figure 5: Antiproton Capture and Cooling

Positrons are generated by Na?* radioactive source and collected in
the Positron Accumulation Trap (Fig. 4), loosing their energy in collisions
with Buffer (Gus molecules. Such a cooling method provides low positron
temperature and accumulation. After storing and cooling positron bunch
is transfered through the channel with differential vacuum pumping to
Positron Ult-a High Vacuum Trap where several positron bunches are to
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be stored to get a necessary number of positrons. Both bunches — e*
and p ones — merge in the Recombination Trap, where antihydrogen atoms
bear in et — P recombination. Some ways of intensification nf this process
are under studying, for instance, stimulation of recombination by laser
radiation.

The Recombination Trap has a system of current coils, waich form spe-
cial nonhomogenious magnetic field with minimum in the central point of
the Trap — so called "loffe-trap”. It consists of pair of ring coils, gener-
ating magnetic field of opposite direction,, and the windings of transverse
quadrupole field. Antiproton atoms experience the focusing action of the
field gradient and can not leave free the Trap. Thus, some cartain number
of H-atoms can be stored and kept in the Trap.

The Trap walls are cryogenically cooled below 4.2 K, so ultrahigh vac-
uum, of the order of 10~!? Torr or better, is expected in central zone.
Being thermoequilibrium with walls (via a thermoradiation) H°-atoms get
the same low temperature, which brings significant gain in tae precision of
spectroscopic measurements.

The final goal of the experiment is ”Doppler free spectroscopy” of two-
photon 1S-2S transition in antihydrogen (see description in Sec. 4.4) with
expected precision better than

Av g
w

3.3 Generation of antihydrogen in-flight

The idea of producing beams (fluxes) of antihydrogen at>ms is closely
related to the technique of electron cooling [1]. For antilydrogen (H°)
generation, the antiproton source, one like the antiproton installations at
CERN or Fermilab, must be provided with two storage riags. The first
is used to store low-energy antiprotons (p) and has a traditional system
with strong focusing. The second is a positron (e*)storage ring of the
racetrack type with four straight sections. The storage rings are combined
such that in one of the straight sections the beams pass through each
other (Fig. 6). This is where the p and e* particles reconibine, forming
HP atoms. Each storage ring has its own electron cooling system, allowing
dense, cold beams of recombining particles to be obtained. Positronium
(Ps) production also occurs on the section of electron cooling of positron.
Its long-lived component, orthopositronium, can be extracted from the
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order of hundreds of eV (accordingly, antiproton energies >f hundreds of
keV) at rather high beam intensity. Such a storage ring is equivalent to a
ring with very strong focusing, because the role of the betatron function
in it is played by the Larmor helix, the period of which is >f the order of
several centimeters for the highest energy planned.

The electron cooling of the two beams of recombining particles, an-
tiprotons and positrons, ensures low temperatures of each (small spread
and velocity), thereby leading to a high recombination rate. Therefore,
the low temperature of cooled beams makes it possible to obtain rather
intense flures of H° and Ps atoms with small angular and velosity spreads.

Positron production and storing is a special problem, and the proposed
schematics allows to resolve it effectively (see Ref. 5, 10).

Table 1I lists the design values of the parameters of stocage rings and
estimates of the intensities of antihydrogen and orthoposi;ronium fluxes
made in the radiative recombination approximation.

Yet another extremely important advantage of systems with electron
cooling, which follows from the quality of the average velocities of the
cooling and cooled particles, is the possibility of absolute caibration of the
HOatom velosity (using the voltage at the cathode of the electron gun)
and the possibility of smooth, controlled tuning of this velocity within a
broad range (using the same voltage or the potential of i ”suspended”
cooling segment).

To obtain very slow H°-atoms the proposed scheme does not fit because,
when the positrons energy is of the order of hundred eV, the life time of
circulating positrons is too short (or, in other words, the vaci.um conditions
are nonrealistic) —about 1 s, when vacuum pressure is of order of 100 pTorr.
As a result, the lowest energy of antihydrogen atoms available in such a
scheme is of the order of a few hundred keV. One can avoil this problem
and produce very slow antihydrogen atoms using electrostatic deceleration
of the antiprotons and positrons in the recombination se:tion [5], [10].
Several limitations do not allow to get an intense H® flux with this scheme.
However, one can hope to generate several atoms per secord at energy of
the order of 10 eV (see details in Ref. 6).
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2-107°.

For positronium the value of B, is limited owing to interference between
its ortho- and para-states accompanied by rapid annihilation of the p-
Ps component. Nevertheless, even in fields of order 1 T 'we can count
on (de/e)p, ~ 1-1078. Of course, this value decreases the present limit
4-107% only insignificantly. Nevertheless, by performing an experiment of
this design with antihydrogen and positronium and using the 1igh accuracy
with which the charges e, and e~ coincide, it is possible t¢ "close” (via
positronium!) the chain of charges of all four particles with an accuracy of
at least 1078, i.e., to improve the inequality of e, and e, by tiiree orders of
magnitude (see Table III below). Further improvement is dstermined by
the limit on the inequality of et and e~.

We should stress the fact that the proposed experiment gives the dif-
ference of the electric charges of the particles, and so it differs from the
experiment of Ref. 12, where e/m is measured. The resul's of the two
experiments allow the upper limit on the inequality of m, ¢nd m, to be
improved.

4.2. Microwave spectroscopy of the 2S-2P states of antihydrogen. The
methods of radiospectroscopy and atomic interferometry deve oped in mea-
surements of the hyperfine structure and the Lamb shift of :he hydrogen
spectrum [11}-{17] can be used in these experiments [6], [11]. These meth-
ods are based on the interference of two nearby states of an atom in an
external electromagnetic field.

The first method developed in precision measurements of the hyprefine
structure of the hydrogen atom [13],[14] can also be used in experiments
involving an antihydrogen flux. The idea of the method is that an external
perturbation can be used to excite transitions between hyperfine levels
of the metastable 225/, state (whose lifetime is 1/7 sec), and then the
resonance frequency of the transition can be measured. The atoms which
have undergone this transition are detected by exciting the next transition
from the 25 state to one of the short-lived 22P;,2 states (whose lifetime
is about 1.5 nsec) with the decay of this state detected usirg the 2P —
1S transition (Fig. 7). The frequencies of 25 — 2P transitions lie in the
centimeter wavelength region, and those of 2P — 1§ tramnsitions lie in the
vacuum ultraviolet (10.2 eV).

The main difference between the experiment discussed lere and the
pioneering one of Ref. 12 is the relativey high velocity of tle atoms, vg.
This affects the resolution of the method, and also makes it necessary to
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Figure 7: Structure of the low-lying levels of the hydrogen atom. Ay =
355.1014 MHz, Av; = Aun/8, Avs = Avy/10, Avy = (13/30)Auvs,,
vy, =1057.8514(19) MHz is the Lamb shift.

take into account the Doppler frequency shift:

W' 2\ —1/2
wLw—m, 7—(1—5) , B=uw/c (1)
Here w' is the :requency in the atomic rest frame and 6 is the angle between
the directions of the atomic velocity and the cavity axis.

The accurecy (resolution) can be improved by many orders of magni-
tude by using the technique of the atomic interferometer [13}-[15], [17].

The operasing principle of such an interferometer, which was appar-
ently first proposed in Ref. 11, is the following. Two short electromagnetic
field pulses, separated in space and time by a relatively long interval L,
are applied, where the atom moves in free space. In the radiospectroscopic
version of this interferometer these pulses are generated by the electromag-
netic field of two cavities P and A (Fig. 8) excited at the same frequency
w. The first cavity P induces, as before, transitions between initial ”lower”
22812 (F = 0) states and final ”"upper” 225/, (F = 1) states. The phase
of the wave function at the output of C) depends on the cavity length [
and the frequency. After passing through the free segment L, the atom
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enters the second cavity A, where it again undergoes transitions between
the same states. The atoms leaving the interferometer in the "upper” state
undergo transitions to the 2P state in the cavity C, and deexcite to the
1S state with some probability P(w). The photons of the UV radiation
are recorded by the detectors DET.

T T
"

Figure 8: Scheme for an atomic interferometer: H®, H*, H* are antihydrogen
atoms in the ground and excited states; T is a thin target; C; and (', are cavities
for purification and analysis. The interferometer:! is the length of cavities P and
A; L is the length of free space (D); Det are UV-radiation detectors; DA are
annihilation detectors.

The accuracy of determining the transition frequency wo can be raised
considerably if the dependence P(w) is measured. By fitting the experi-
mental data to the theoretical function (see Ref. 8), it is postible to raise
the accuracy to nearly v/N, where N is the total number of experimental
points.

The best accuracy is achieved in this manner in Ref. 12. The authors of
that study obtained a resolution of order 50 Hz, which allows rmeasurement
of the hyperfine structure of the 25/, state with an accuracy of order
bw/w ~ 3-1077. Zeeman splitting and double fitting were used for this.

Determination of the values of the hyperfine splitting of the 25, level
of hydrogen and antihydrogen allows comparison of the proton and an-
tiproton magnetic moments at a level 1076 — 3 x 10~".

A variant of the atomic interferometer with static electric fields (the
vsp transition, Fig. 7) was succesfully used in experiments [15] involving
hydrogen atoms of low energy of order 20 keV. The first mzasurements
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of the Lamb shift with a flux of fast (ve/c ~ 0.35) hydrogen atoms were
performed at a proton storage ring with electron cooling, NAP-M [16].

4.8. The atomic interferometer and the Stern-Gerlach method. Spec-
troscopy of tie 1S state. The use of the atomic interferometer in the
classical Stern-Gerlach method made it possible to perform high-precition
measurement;; of the hyperfine structure of the ground 125;, state of the
hydrogen atom [17]. This scheme can be applied nearly without change
in experimen:s involving antihydrogen fluxes. For this the polarizer and
analyzer of tae atomic interferometer must be realised as ordinary EPR
spectrometer:: each must consist of a dipole magnet with a uniform field
B, directed across the beam, and a cavity in which an electromagnetic field
is produced. Its magnetic component B,(t) = B, sinwt excites EPR tran-
sitions. In acdition, a sorting system composed of two gradient magnets,
one before ard one after the analyzer, is provided. The magnets separate
atoms with clifferent polarization (the Stern-Gerlach method), and guide
atoms in a given state to the detector. The transition from one state to an-
other is accornpanied by change of the polarization, as a result of which the
atom is sent to the detector by the second sorting magnet. In the current
version, the jpradient sorting magnets are made in the form of sextupoles
as, for example, in the hydrogen maser — the time standard.

It can be hoped that this method will allow the Doppler-broadening
limit (see Table III) to be exceeded by an order of magnitude, giving
dwjwe < 31078 Knowledge of the frequency of transitions between
hyperfine levels of the ground state makes it possible to determine the
value of the antiproton magnetic moment which for this accuracy gives
Apa/pta ~ 2 x 1075, Higher accuracy can be obtained by comparing the
values of the hyperfine splitting A for H® and H°. It allows the difference
between p, eénd p, to be found with an accuracy of at least 1 x 107".

4.4. The laser spectroscopy of fast antihydrogen atoms, in spite of the
low intensity of the atomic fluxes, does not seem hopeless, and is of great
interest. In working with a directed flux of fast atoms, by using a laser
opposing the flux it is possible to raise the proton energy in the frame of
the atom by way of the Doppler shift (1):

W' =7 (14 8)wra. (2)

This means helps to compensate for the limitations in the choice of avail-
able lasers, and, as noted in Sec. 3.3, it also ensures smooth tuning of
the proton energy in the frame of the atom, by changing the energy of
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the cooling electrons and, accordingly, the atomic velocity. 'This method,
fairly simple and routine in the electron cooling, eliminates the necessity
of using low-power dye lasers, which are commonly used in spectroscopy
to vary the wavelength of the radiation.

The 15-2S two-proton transition is interesting because th> small width
of the metastable 25, level (a lifetime of 1/7 sec), which makes it possible,
in principle, to measure the transition frequency with an accuracy

0w < Lo
w T w

The possibility of a 1S-25 two-photon transition in the scattering of
an opposing laser beam on a flux of hydrogen atoms has been discussed
since first proposals on antihydrogen [2]. However, only in the version
discussed in the present study it actually becomes feasible to perform such
an experiment [6], {11]. As estimations show, the count rate at the length
of the bombardment segment of 5 m, laser power density d?P/dSdf ~
100W - em~2 - sec, atomic flux of order of 3 x 10%s™!, B = ).64 is about
30 per sec. . .

The experiment can be set up as follows (Fig. 9). By means of a
refracting cone, an axicon, laser light is directed counter to ¢ beam of H®
atoms. The axicon has a hole at its center. Atoms excited by the radiation
arrive at the cavities C tuned to the frequencies of 25-2P transitions. After
undergoing a transition to a short-lived 2P state, the atoms deexcite, and
the rest of the procedure for detecting them is, in principle, analogous to
that described in Sec. 4.2: the photons of 2P — 1S transitions are recorded
in coincidence (with time-of-flight selection) with signals from the detectors
of the annihilation and ionization chambers. Therefore, the integrated flux
of UV photons is recorded as a function of the velocity of the H® atoms.
The background of scattered laser radiation can be lowered significantly
owing to the same Doppler shift (1): the photon wavelengti and flux of
UV photons depend on the direction of the emission in the laboratory
frame ( the angle # on Fig. 9 and in Formula (1)). Theiefore, in the
laboratory frame the wavelength of the atomic radiation is shorter that of
the laser radiation; they are comparable only for photons scattered strictly
backward. The atomic radiation is primarily directed forward. The photon
flux N* in the forward hemisphere is

- AN
dw  42(1 -~ Bcosh)’ 7 2

aw, ik (=B i e<ap
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allows this limit to be exceeded by at least an order of magnit.ude, to reach
of accuracy of 3-1078.

The Doppler-free scheme can be used in this experiment if it is somehow
possible to solve the laser problem. Unfortunately, its application inhibits
to use the Doppler shift (2) as suggested above, because the Doppler-free
scheme presupposes the excitation of a two-photon transiticn in an atom
bombarded by two colliding beams of the same laser, one team directed
along the atomic flux, and the other opposite to it. Therefore, the Doppler
shifts have different signs for each beam. This is actually the main idea of
this scheme: the total energy (frequency) of two colliding photons in the
frame of the atom (see Eq. (1)) is independent, in a first approximation, of
the angular spread of the beam and of the velocity spread aad direction:

A

~
wl

, A
W+ Wl = 2YWigser + AW, gz—vﬁ +B- A0 (6 + 56).

Thus, the resolution dependence on experiment parameters significantly
differs from the preceding case (3): the angular spread of the laser beam
06 does not play any role when 6, > 60. At the same parameters, as
above, one obtains now Aw'/w' ~ 1-1078. Reduction of H" velocity and
velocity and angular spreads (which is possible using special electron guns
in electron cooling system, see Ref. 6), allows reach the resolution

Ad [ ~ 1071,

One should underline the basic advantage of experiments with H° in-
flight compared to the experiments with H° in traps: using a directed
flux of atoms and coincidence schematics of detection one can clearly dis-
tinguish the transitions in H° from those in hydrogen atomns of residual
gas.

The 1S-2P one-photon transition and the 25-4S two-phcton transition
are also of great importance for the studies of antihydrogen physics. Per-
formence of experiments on laser spectroscopy of these transitions looks
realizable [6]-[11] with modern laser technique, and schemasics of the ex-
periments is similar to one discussed above.

5 Experiments using positronium fluxes

The use of positron storage ring described in Sec. 2 as & generator of
directed flux of orthopositronium (o-Ps) opens new possibilities of exper-
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imental studies of this physics object [8]. First of them is the comparison
of ete™ charges, considered in Sec. 3.1.

5.1. Positronium spectroscopy. When the o-Ps fluxes of high intensity
and small velc city spread are used, a level of precision of at least 107° can
be expected. Both radiospectroscopic and laser-spectroscopic realization of
these experiments are possible. The latter may also allow measurements
on two-photon transitions with cancellation of the Doppler broadening.
Among such :pecrtoscopic experiments one can point out the measure-
ments of the fine structure of the ground state, o-Ps — p-Ps transitions in
magnetic fielo, transition energy of different states, fine structure of ex-
cited states. Al these experimental data are of great importance for QED,
where positronium is used as a test particle for theory.

The knowledge of Ps spectrum parameters with high precision allows
also to obtain the limit of the difference of masses ém and charges de
of electron ard positron. So, modern experimental value of the 1S-2S
transition energy in positronium is known with the precision of 1 - 1078,
Even a naive conclusion, based on well known formula for Bohr atom
energy levels leads to the estimation

(é‘f) :25—e+§—m—§ (§§> ~1-107%,
€ theor € m € ezp

which gives
; "defe ~dm/m < 1-1075.

This is 4 times smaller then modern ” official” level.

5.2. ete™ ~recombinaton is another experiment of similar significance
if the high precision in measurement of the parameters of electron-positron
recombinatior process with forming of Ps atoms can be reached. Pure and
well controllec. conditions are provided, when this process occurs in electron
cooling section of the positron storage ring.

5.3. Searches for exotic decay channels of positronium is the way of
experimental :est of the fundamental physics law of momentum conserva-
tion. The forhidden decay modes

0-Ps— 4y, p-Ps— 3v

can be detected with a probability of the order of 1078 using pure condi-
tions of 0-Ps in-flight and 0-Ps — p-Ps transition in magnetic field at well
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controlled conditions (see details in Ref. 8). The same level >f experiment
resolution can be obtained for allowed decay modes

p-Ps— 4y, n>2

5.4. The lifetime of positronium. The search for ”Mirror Universe.
The use of the method of p-Ps generation allows also to perform high
precision measurements of p-Ps life time at pure vacuum coaditions [8].

The problem of o-Ps life time has already some history, when discrep-
ancy between its theoretical and experimental value (Fig. 10) gave rise
to the hypothesis of short-lived neutral bosons (see details in Ref. 8 and
18). Another fascinating idea related to this problem is the hypothesis of
so called "Mirror Universe”, proposed by I.Yu.Kobzarev, L.B.Okun’ and
I.Ya.Pomeranchuk [19]. They showed that " usual” world, which consists of
"left” (L) particles, can interact with the "mirror” world of -ight (R) par-
ticles only by exchange with photons or gravitons. In more recent times
S.Glashow proposed [20] to use positronium as a test system, consider-
ing the process of exchange of L- and R-positrodium aton.s by photons
(Fig. 11 a). Such an interaction gives a ”coupling” of 0-Ps and o-Ps’ (R)
with spliting of the coupled state in 2 ones (Fig. 11 b).
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1421 1 Tthenr ﬁ_;_!
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1417
1986 1087 1988 1980 1960 1991 1902 1990 1994 1995 1996

Year

Figure 10: Theoretical and experimental values of orthopositronium life time.
1987-1990: studies by the Michigan group, 1994-1995: studies by the Tokyo
group (see Ref. 18).

What can be observed? By definition, in our L-world on¢ can detect o-
Ps ("L-system” ), however one can NOT detect 0-Ps’ ("R-system”). Then,
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the experiment resolution, which allows to measure N (z) with a precision

s SO (2w

The analysis of the systematic errors, related to o-Ps velociy spread and
the dependence of the decay rate I on the velocity (via Lorentz-factor),
the accuracy of measurement of the decaying positronium position etc.,
shows, that the level of the resolution

Aczp ~ 107°

is achievable. This allows to obtain the upper limit of the parameter ¢ (see
Formulae (4), (6)):
A —8
€= "5r f -I'<1-10

One should underline the crucial advantage of the performance of this
experiment with o-Ps in-flight in vacuum. It dlffers fundamentally this
approach from the traditional one, when positronium is g«lnerated in a
target (gaseous or solid one). In the latter case an interaction of 0-Ps with
media destroys coupling of L and R positroniums, resulting in violation of
the decay law (5) [22]. Therefore, the negative result on detection of the
”invisible decay” obtained by authors of Ref. 23 at the level e < 1-1078
does not exclude in principle the existence of this phenomenon.

Conclusions

Experiments on directed monochromatic atoms of antihydrogen and positro-
nium reveal new possibilities for the experimental testing of the CPT the-
orem and quantum electrodynamics. In Table IIT we give the accuracies
of measuring the parameters of the fundamental particles and the simplest
atoms which have been attained at present and which can be expected in
the future on the basis of the estimates made above.

The author takes this opportunity to thank the colleagues joined him in
researches used as the basis for this report — A.O. Sidorin, A.N. Skrinsky,
E.A. Kuraev.

This work is supported by the Russian Foundation for Basic Research,
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TABLE III. Accuracies of the experimental values of the fundamental
particle parameters.

Parameter Accuracy
Attained Expected

Difference of antiproton and

positron electric charges, de/e 2-1073 2.107°

The same for the electron, positron,

proton, and antiproton, de/e 2.107° 2-1078

Antirpoton agnetic moment, dua/p, 31073 2-107°

Difference of the proton and antiproton

magnetic moments, §u/py 3-1073 1-1077

Hyperfine stracture of the ground state

of antihydrogen, de/e . 2-105-1-10"°

Hyperfine stracture of the 25,2 level
and Lamb sh'ft of the 2P, level,

of antihydrogen, d¢/e . 2.107°—-1-10°°

Energy of 15 — 2§ transition

in antihydrogen, de/e ‘ e 3-1007—-1.10"1
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Wire Chambers. Some Problems and Limits of
Gasous Detectors.
Walter Bartl
Vienna Austria

Summary

Electronics high energy physics experiments have been made feasible

mainly due to the invention of gasous detectors, in particular wire chambers.

The ingenious development by G.Charpak in 1968 opened up various new
possibilities for diverse detectors usable in particle physics experiments.

In this talk first some of the basic principles of wire chamber physics
are described in order to make the operation of this device understandable.
Green'’s theory for the description of the induced charge is presented as well
as the main contributions to the charge on the anode. Due to the longer
drifting path of the positive ions their contribution is the dominant one.
Compared to the semi - proportional amplification mode, the streamer
mode, requiring a bigger field volume, is faster (about 5 ns production
time) and prcduces around 10 times more charge due to its development
mechanism.

All the response of a drifting ion is compared with that of an electron
under the influence of an electric field. While the velocity of the first
one mainly depends linearly on the applied field, the velocity of electrons
has a more ccmplicated dependence on the electric field due to an energy
dependent crcss section. It rises up to about 500kV /cm and then is more or
less flat deperding on the gas composition. It is mentioned that electrons
under the influence of an electric field of 400kV /cm will drift with about
20 ns/mm bu ions drift at least two orders of magnitude slower.

The theorstical part is followed by various examples of wire chamber
conceptions. IFirst of all the application of MWPC (multiwire proportional
chambers) in 1 spectrometer called SFM (split field magnet) at the CERN
- ISR in 1973 is shown. Chambers with a total of nearly 100.000 anode
wires have been an enormous amount at that time for this new technique.
By exploiting the drift time of the electron an improved space resolution of
about 200 - 300 micron could be reached. This type of MWDC (multiwire
drift chamber) has been constructed i.e. for the EHS (european hybrid
spectrometer) with dimensions of about 2 *x 4m?. Also drift tubes take
advantage of drift time measurements to get a space point. This is
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demonstrated with the forward chamber A - working in the s:reamer mode
- at the DELPHI/LEP/CERN experiment.

Cylindrical chambers for the use in colliders are also feasible and
illustrated in a few examples. A segmented drift chamber is not only
cylindrical, but improves also the space resolution by the evaluation of
several anode wires of a track and reaches a ¢ of about 6Jum. This is
demonstrated in the KEDR/Novosibirsk and SLD/ Stanford experiment.
The JET - drift chamber is a big barrel of anode and cathode wires and
is used i.e. at JADE/Petra, MARCII/SLAC or OPAL/CERN/LEP. The
selection is concluded with the TPC (time projection chamber). It is a gas
filled barrel having on each end plate a set of wire chambe:s. By means
of an electric field parallel to the axis of barrel the track of the ionizing
particle is measured by the projection to the wire chamber on the end
plates and its drift time.

An example for improving the space resolution is represented by the
TEC (time expansion chamber) which reaches a ¢ ~ 35um and has been
used i.e. for MARC - J/DESY or L3/CERN/LEP.

The report ends with the recent development of gasous detectors, the
MSGC (microstrip gas counter). It is a method of putting an anode and
cathode electrode arrangement on a substrate of insulating material like
glass with a surface resistivity of about 10 exp 13 ohm/square. A high rate
capability in the MHz range and a reasonable space resolution of about
40pm satisfy the requirements of the new collider experimer ts.

Fundamental Steps
¢ G. Charpak Nucl. Inst. and Meth. 62 (1968) 235 Nobel price 1992
e E. Jarocci Nucl. Inst. and Meth. 152 (1978) 423

e A. Oed Nucl. Inst. and Meth. A263 (1988) 351

Wirechambers

e What are they for?

o What can they do?
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(Mostly) Detection of
- Charged (ionizing) particles
- Interaction with gas necessary

Main domains

e Tracking devices

e Particle identification
e Detectors (receiptors)

With / for otaer devices

A few Chambers for Illustration!
What can we do?

o Planar ‘any shape)
e Cylindric

~ jet Chamber
— Radial Chamber

— Vertex Detector
e TPC
e RICH
o MSGC

Construction
e Solid Frames
¢ Self Supporting

— Tubes

» any cross section

s« straw Tubes
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Some BASIC PRINCIPLES
Ionisation

e clastic interaction

o inelastic interaction

Bethe. Blochi differential energy loss

dFE zZ 2m.c?y?3? § ¢
—— =47 N, 1 CLamp——
dr ’meAJQ{n( I Ty

3 . ~ 1
g = lr’/(, Y = \/_ﬁ

% depends on particle velocity v = 3¢

(dE/dx)/(AE/dx )
l

I « i |
1 10 100 1000
m/p

Drift of ions in electric field
vhlion] = ptER. po = T60. mobility pt... 0.6 — 16.
ie. AJA.. 17, A.fisob....1.56

Drift of electrons in electric field

249 A A
vpleT] = ==—E— ~ E—,
3m u u
¢ . .
© = {/— thermic velocity,
™m
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vp lcm /us)

A means free path
cross secticn o dependent

1o ] Argon
O (mm?)
10" _|
10"
I(I)" ! [

EeV)

Collision cross section ¢ Ramsaner

Drift velocity of electrons
in gases at rormal conditions

£ (kV/cm)

mm s

Drift velocity of electrons

in argon-isobutane mixtures
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Charges

How one gets the charge onto the electrodes — Induced charge (current)
Based ... Reciprocity Theorem (Green’s Theorem)

"Relation of potentials and charges”

¢ General multielectrode system
Z Q:Vi = Z Q:'Vi
Q.V:. Q. 'V - initial value and value after change
o 2 electrodes
Q1

Vi—= Q2,01 « V', Qv = Q2V2, W = —‘7] =C_,

e in WC

Qm, Vin - charge imaginar electrode, 1, Vi — anode,

Vi
vam = Ql‘/lmeV = Cl—2
1

induced current 7, = %—‘, motion of @, v = '37137
mVm ¥Ym
i :d(va )=Q d(“//l)ﬂ
' dt ™odldt

charge @),, moves away from 1, @, — constant as (fj_, decreases,

%':1_ = Vw - normalized potential,

dal

il = _Qm * EWU

a( &
( : ) — grad (¥») = —Ew - normalized field "weighting field”
A &

Total induced charge Q;; (@ moves, m; — my).
Qi = [irdt ==Qu [ Ewdl = Qum [Viv(m1) = Viy(m2)]

Induced charge is difference of weighting potentials between two positions
of the moving charge.



GAIN-MODES

Equipotential curves

Equipotential and field lines due to V, are shown.

correspond to //Vg

Region of Gas-Gain

0/05,0.10,0.15...

~ 20ps/mm,ion ~ 200us/mm

Drift time: e

limited

sated uot "ON

10

7.5

U (Volt)
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1000 —| III

/

Streamer

100 — I

a (pe)

Proportional (Townsend)

o T T 1 l |

3.0 33 4.0 4.3 5.0

U (kV)

Propotional-Limmited Prop.-Mode

E
E.
a I,
a.... wire radius, 7. ..... critical distance, a ~ 10um.

at r.
lonization:

e inelastic
e elastic

¢ photoionization
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vp ~ 30mm/us

than avalanch: ~ 1ms, dn = madr m = mee®® o~! means free path
Multiplication M = & = e%*
mo

r

a=qa(z), z=a—>r, M=ezp [/ ca(’")dr]

Induced charge ¢ on electrode moving @ by dr
dzr dv
d = —_— —_—
1= QT = o

but for the wie V = V(r), Q = Q(r)
_Qav

dog = 2=
Tvdar Y
assumptior : all charges MQ produced at d < r,
electron MQ patd dv +d
] aste a
T — — ~ M
TR, g M@
ton MQ 1 dV
ol — ~ MQl
1 Vo Jo+d dr MQ1n g+d
2790

neglecting ¢ = ¢

Result: most of the charge (signal) comes from q_ ~ 50% of ¢* produced
at last o .
T_ <107

Self-Quenching-Streamer (SQS)

conditions:
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At critica concentration — peng.
Necessity: high field volume, wire —~ 100um

;: os / / /1;—//;/
N s

% 0.4 r~

5 o3 W™

3 =

E‘ 0z ‘\.)E\ffj’

“10 0 10 20 30 40 50 60 70 60 90 1001101201010
Time {ns)

Experimental anode pulse shapes recorded with a 350 MHz bandwidth
digitizing system in single-short mode. The risetime of the signal is faster than
it is usually in‘erred from pictures taken for multiple super imposed pulses with
limited bandwidth systems. The three distinct regions of the pulse are clearly
seen.

1. development 3ps
2. electrons 15us
3. ion fulling

Advantaze

e ~ 10 times charge
o fast
Disadvaritage

o dead tiine

e higher voltage

e fast amplitudes
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MWDC EHS/CERN

Drift distance > 10mm(15mm)

1 chamber. | planes £6° from hor. £17° from hor.
field wires

+ Anode wire:

distance 2 = Vpt = Vp(t; — to), Vp ~ 20ms/mm

FCA DELP 1I/CERN
e streamer mode
e conductive PVC tubes

e cathode read out °
3 planes. 120°. res. o ~ 120pum

Wire and cathode strip configuration of a chamber disk (two modules): 1.
Wires. 2. Catho le strip. front side. 3. Cathode strip, back side. 4. Test strip
to pulse the chariber. 5. Connections (gas, HV, LV). 6. Connections for signal
cables. 7. Stainless steel ring to support the chamber.
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Casode resolution

% 100 — 10 8

rrrrrerr ettt

2 4 6 8 10 12 14 16

CASCADE muon-detector FZK 1000 drifttubes, 16000 channels, 4m
length. tube 9 x 9mm?

ARTH SH%J DING

DETECTIR MODULE

1
g Flzh TELESCPE

0 1 2 3 4 o

Cross section of the muon detector tunnel of 11 m length located between
array detector stations
tubes

e PVC coathed
e mass conducting

e reliable working
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e good suiface

biggest qantity - Adon, Mont Blane, Delphi
CyL DC. KEDR/Novosibirsk. SLD/ Stanford
shaped drift field

better space resolution
2mé*2m. ell ~ 60mm widex30mm high, 6x4lmrad stereo layers,
Tmin ~ 60,um hit resolution (alone one cell) ~ 1.5mm — electronics

1. Wire layout of a signal cell of the CDC.

2. Global and .ocal drift distance resolution.

3. The numbe- of 2d hits on a wire vs the separation between the 1st and 2d
hits.

LU T T T
« Sense L
* Guard 300} 1994 Data 4
o Inner Field 4 . .
« Outer Field _ Globat R!SO“{(IOH
= € r - Local Resolution
= =
....... NI 5 200 e — 68 Yd{cm) 5
oo - 2 t
.. 500 oo F4
z olo 2
z o0 c
=~ oo 4 s
> 489 olo H
! 0,0 <
-
PP PRI T L S q
~ 0 ] . 1 ]
1 [} 10 20 0
= Orift Cistance (mm)
280 L . e 2ot e e wwe,
v 33 . * o
t_._ Lol ix 800 (B S B ST
8 20 0 20, 40 60
x (mm) u 1 T
e00 IIgE‘ Irqfﬂ I
1 A LTS
- !l 15 1 i
H - 4. -1
3 i
g - 4
S I
270 - i B
L ¥ -
5 . .
Q i 2 3 &

i Secarauon (mm)

Jet DC Jide/Petra March/SLAC OPAL/CERN/LEP
~4dmo x4mn

gravitatior al sag ~ 200um

gas, 4 bar (Ar/Meth/Jsob)

e 3 coordinates: R.... wire position, ¢..... drift time, Z ..... charge
division
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TPC
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o coating glass, bovsilicate (Sibott D263, R > 10'%/Q)

over-under-coating:

— lead silicate

- \i

— DLC (diamond-like-carbon) on D263, 10'% — 10"

e ion implantation

— boron

- argon
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ance is robust, even in the case that a single system does not perform
to its full specification. The full momentum resolution, combining the
information from the discrete precision points and the large number
of drift-time measurements of the TRT in a global fit through the re-
alistic solenoid field map, is shown in Figure 5.

=20 = F
E A With B-layer Ef I A With B-laver
= A Without B-layer ~ - A Without B-layer
¥ ~ 300
2 m}<0.25 P mi<0.25
¥ 150 5
200
100
0 a 100
0 T R L] 0 i
i 10 10° 1 10 10°
p (GeV) p(GeV)

Figure 6: The: impact parameter resolution: transverse (left), longitudinal {right).

The inner most silicon layer at about 4 ¢cm from the IP, also
called the b-layer, of the pixel detector has a substantial contribution
to the secondary vertex measurement performance, during the initial
lower luminosity running of LHC, in particular for the B physics sec-
tor. Due to the hostile environment at this position in terms of radi-
ation, this layer is designed to be removable for the later high
luminosity running of LHC. Recent physics studies have demonstrat-
ed the value of good b-tagging performance during all phases of the
LHC, for example in Higgs and supersymmetry searches. The impact
parameter resolution shown in Figure 6, can be parameterized in R,
as 6(dg)=1160/(pp-Vsind) and in z as o(z)=70®100/pp-Vsin3d (in pm)
when the dedicated B-physics layer is present.

Every effort has been made to keep the material in the track-
ing volume to a minimum, by careful design of the active detectors
and by the use of low-Z materials (such as aluminium for the power
cables, and carbon-fibre reinforced plastic for the support struc-
tures). The listribution of material, in radiation lengths, as a func-
tion of Il is shown in Figure 7. The level corresponds to an average
of 43% X, with a peak at ~60%. The effect of material, studied in
many physics processes (such as H — vy, H — e*e-ete-), can be clear-
ly identified in the ATLAS performance, but it does not create unac-
ceptable prcblems for physics studies.
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However less material
would clearly be of great benefit
in many areas, if this can be
achieved without compromising
the inner detector in other ways.
Work is in progress to attempt to
reduce the material budget still
further, by detailed optimization
of the active detectors, and by ...
further integration of the over- Cr ey
all support structure.

More details on each sub-
system of the inner detector are
given below.

2.1.1 The Pixel detector

The pixel detector system provides critical trackiag informa-
tion for pattern recognition near the collision point and largely deter-
mines the ability of the Inner Detector to find secondary vertices. The
ATLAS pixel detector system is composed of modular units. Read out
integrated circuits are mounted on a detector substrate o form bar-
rel and disk modules. The detector substrate is silicon, :nd the cur-
rent baseline is an n+n-bulk sensor. The read out integrzted circuits
are mounted on the silicon sensor using bonding technigues. An ad-
ditional integrated circuit for control and clock distribution and data
compression is mounted on each module, and flexible cables connect
each module to data transmission/control circuitry located within the
detector volume.

The modules are overlapped on the support structure in order
to give hermetic coverage. There are about 1,500 iden:ical barrel
modules and about 1,000 disk modules in the system. Bot1 the barrel
and disk modules are mounted on special supporting structures and
the resulting mechanical structure is very stable and provides the
cooling capability to maintain the silicon temperature at <6 °C even
with the large heat load from the electronics. Special ¢ ttention is
made to the radiation hardness of the detectors, since they have to
withstand over 300kGy of ionising radiation and over £x1014 neu-
trons per cm? in ten years of operation.

Radiation length

Figure 7: The total material budget in the
Inner Detector.
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2.1.2 The Seriiconductor Tracker (SCT}

The system is an order of magnitude larger in surface area
than previous generations of silicon microstrip detectors, and in ad-
dition, it mus; face radiation levels which will alter the fundamental
characteristics of the silicon wafers themselves. The barrel SCT uses
four layers of silicon microstrip detectors to provide precision points
in the Ry and z coordinates, using small angle stereo to obtain the 2
measurement. Each silicon detector is 6.36 x 6.40~cm? with 768 read
out strips each with 80 um pitch. The spatial resolution is 16 pum in
Ry and 580 prain z. Tracks can be distinguished if separated by more
than ~200 prm.. _

Solutios have been found to the critical issues in the system,
and prototype modules have been successfully tested in beams in a
magnetic field, showing the required performance in resolution, sig-
nal-to-noise and speed. Modules containing both front-end electron-
ics and detectors, irradiated to the level expected for 10 years of LHC
operation, have also been shown to function within specifications.

2.1.3 Transition Radiation Tracker (TRT)

The TRT is based on the use of straw detectors, which can op-
erate at the vary high rates needed by virtue of their small diameter
and the isolation of the sense wires within individual gas envelopes.
Electron identification capability is added by employing xenon gas to
detect transition-radiation photons created in a radiator between the
straws.

Each siraw is 4 mm in diameter, giving a fast response and
good mechan cal properties for a maximum straw length of 150 cm.
The barrel contains about 50,000 straws, each divided in two at the
centre in order to reduce the occupancy and read out at each end. The
end-caps contain 320,000 radial straws, with the read out at the out-
er radius. Th2 total number of electronic channels is 420,000. Each
channel provides a drift-time measurement, giving a spatial resolu-
tion of 170 ur1 per straw, and two independent thresholds. These al-
low the detector to discriminate between tracking hits, which pass
the lower threshold, and transition-radiation hits, which pass the
higher.

A primary concern in the design of this sub-system has been to
obtain good performance at high occupancy and high counting rate.
In the barrel, the rate of hits above the lower threshold varies with
radius from € to 18 MHz, while in the end-caps the rate varies with
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forward calo:-imeters covering 3.1<mi<4.9. The em calorimeter sys-
tem is contained in a cylinder of outer radius 2.25 m and total length
spanning 6.65 m along the beam axis. The barrel hadronic calorime-
ter system has an outer radius of 4.23 m and a total length spanning
~12 m. The :otal weight of the calorimeter system is about 4,000
tons. The rayidity coverage, granularity and longitudinal segmenta-
tion of the AT"LAS calorimetry is summarized in Table 3.

Table 3: Rapidty coverage, granularity and longitudinai segmentation of the ATLAS

calorimetry.
EM calorimeter barrel end-cap
Coverage m[<1.475 1.375<M[<3.2
Longitudinal segmentation 3 samplings 3 samplings 1.5<In{<2.5
2 samplings 1.375<In|<1.5
2.5<n|<3.2
Granularity(A1 X Ad)
Sampling I  0.003 x 0.1 0.025x0.1  1.375<Ink1.5
0.003 x0.1 1.5<in|<1.8
0.004 x 0.1 1.8<n|<2.0
0.006 x 0.1 2.0<In|<2.5
0.1x0.1 2.5<inj<3.2
Sampling 2 0.025x0.025 | 0.025x0.025 1.375<In|<2.5
0.1x0.1 2.5<In|<3.2
Sampling 3|  0.05x0.025 0.05 x 0.025 1.5<m|<2.5
Presampler barrel end-cap
soverage | . mj<1.52 1.5<n|<1.8
Longitudinal segmentation 1 sampling 1 sampling
Granularity(AT] X Ad) 0.025x 0.1 0.025x0.1
Hadronic Tile barrel extended barrel
Coverage mi<1.0 0.8<[<1.7
Longitudinal segmentation 3 samplings 3 samplings
Granularity (A1 X Ad)
Samplings 1 and 2 0.1x0.1 0.1x0.1
. Sampling 3 0.2x0.1 0.2x0.1
Hadronic LAr . end cap
overage 1.5<m|<3.2
Longitudinal segmentation 3 samplings
Granularity (A"} X A() 0.1x0.1 L5<Ini<2.5
0.2x0.2 2.5<In|<3.2
Forward calorimeter end-cap
overage
Longitudinal segmentation 3 samplings
~02x0.2

Granularity (A1} X Ad)
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at high momenta, whereas the multiple scattering effect is approxi-

mately momentum-independent.

The momentum resolu-
tion is typically 2-3% over most
of the kinematic range apart
from very high momenta, where
it increases to ~10% at pr=1
TeV. The momentum resolution
is shown in Figure 19 as a func-
tion of pseudorapidity for
pr=100 GeV muons. The resolu-
tion is largely constant over the
n range of the spectrometer,
with the exception of some

P = 100 Gov

1 1
? 25

Fosoktion (%)

C-NwaArANDLD

[
n

Figure 19:  Momentum resolution for
pr =100 GeV as a function of n, averaged
over all azimuth angles. The solid curve
applies to a standard secor; the dotted
curve corresponds to one of the bottom
sectors, where barrel toroic coils are cap-

tured inside the support structure for the in-

spikes at pseudorapidities ob-
ner parts of the detector.

structed by barrel magnet ele-
ments, and of an enhancement
around N=1.5 owing to a degraded bending power in the transition
region between barrel and end-cap magnets.

2.3.1 Monitored Drift Tubes (MDT)

Over most of the pseudorapidity range, a precisicn measure-
ment of the track coordinates in the principal bending direction of
the magnetic field is provided by Monitored Drift Tubes (MDTs). The
basic detection elements are aluminium tubes of 30 um diameter and
400 pm wall thickness, with a 50 um diameter central W-Re wire. The
tubes are operated with a non-flammable Ar-CH4-Ny mixture at 3
bar absolute pressure. The envisaged working point pravides for a
highly linear space-time relation with a maximum drift time of ~500
ns, a small Lorentz angle, and good aging properties due :0 small gas
amplification. The single-wire resolution is typically 80 um. To im-
prove the resolution of a chamber beyond the single-wire limit and to
achieve adequate redundancy for pattern recognitior,, the MDT
chambers are constructed from 2x4 mono-layers of drift tubes for the
inner and 2x3 mono-layers for the middle and outer stations. The
tubes are arranged in multi-layers of three or four monn-layers, re-
spectively, on either side of a rigid support structure. The construc-
tion of prototypes has demonstrated that they can be built to the
required mechanical accuracy of ~30 pm. Table 4 suminarises the
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too early at tais stage to freeze the technological implementation of
the DAQ system. The architecture of technology-independent imple-
mentations o’ DAQ models is being investigated with detailed sys-
tem performence simulations using front-line software tools.[13]
Pre-pratotype hardware for the LVL1 and LVLZ2 trigger proc-
essors and clcck distribution system has been developed. The proces-
sors have been successfully tested in connection with subdetector
test beam daa-taking. Trigger and DAQ prototyping and testing is
an integral part of the test beam activities with complete prototype
detector systems of ATLAS.
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Abstract

Physics at the LHC requires extremely high performance detectors. The 1”MS elec-
tromagnetic calorimeter (‘ECAL’) has been designed to facilitate the discoyery of
the Higgs boson, thought to be responsible for the spontaneous symme try break-
ing observed in the electroweak sector of the Standard Model. This repert outlines
the particular physics requirements that govern the choice and design o “the CMS
ECAL and describes in some detail the properties of the Lead Tungstale crystals
used in the ECAL, the readout system and the Preshower detectors. Te stbeam re-
sults are presented which illustrate the progress that has been made during the past
few years and which highlight the features of the CMS ECAL.
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1 Introduaction

This report is intended to be a pedagogical introduction to the design features of the CMS
ECAL. The targ et audience was a group of theoretical particle physics students from the Com-
monwealth of Independent States. With a view to this audience, an introduction (section 2) to
the basics of el:ctromagnetic calorimetry is first given, which introduces the physical quanti-
ties important for the choice of a good calorimeter medium. Section 3 then outlines the physics
goals of CMS, in particular the discovery of the Higgs boson. Attention is paid to the possibil-
ity of an ‘intermediate mass’ Higgs (between about 80 GeV and 135 GeV) as its ‘gold-plated’
discovery channel is the decay to two photons; this decay imposes strict criteria on the design
of the ECAL. Section 4 describes the physical and optical characteristics of the lead tungstate
(PbWO,) crystils, whilst section 5 briefly overviews the photodetectors and readout electron-
ics. There are two Preshower detectors in CMS, one in the barrel and one in the endcaps,
although only the endcap preshower is a baseline item; they have similar structures but perform
different functions: photon angular measurement in the barrel; neutral pion rejection in the
endcaps. These detectors are described in section 6. Finally, testbeam results showing progress
during the past ‘ew years are given in section 7.

The majority of the information found in this report can also be found, in more detail, in the
CMS ECAL Te :hnical Design Report [1].

2 Introduction to Electromagnetic Calorimeters

Each sub-detector in a high encrgy physics experiment is optimized for the detection and mea-
surement of a specific type of particle. Electromagnetic calorimeters measure the energy of
electrons and piotons. They also aid in particle identification (specifically electron/charged-
pion separation in conjunction with the tracker) and help to measure the energy of high energy
hadrons (in ¢on unction with the hadron calorimeter - HCAL).

2.1 Detection Mechanism

When a high encrgy photon or electron is incident upon a dense medium it may initiate an ‘elec-
tromagnetic shower’, via the processes of bremsstrahlung, pair-production and, at low energies,
Compton scattering. The clectrons/positrons in the shower may produce either ionization or
‘light’ (or both}, depending on the material in which the shower occurs. Calorimeters based
upon ionization detection are not discussed in this report.

Light may be produced in three different ways:
1. Separate shower media and scintillators - e.g. lead+scintillator ‘sandwich’ [2]. The

shower dtvelops in the lead and the produced electrons/positrons create scintillation in
layers of : cintillator.

2. Cerenkov light [3] inside a dense medium such as lead glass [4] or lead fluoride (PbFs).
3. Scintillati>n light [5] inside the shower medium - e.g. caesium iodide or lead tungstate.
The produced light is then passed, perhaps via light-guides, to photodetectors such as photo-
multiplier tubes (PMTs) or silicon photo-diodes.
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Figure 8: The natural width of the Standard Model Higgs as a function of its r ass. Also shown
are Feynman diagrams depicting the decays to two photons and four leptons.
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Figure 9: Branching ratios for the main decay channels of the Standard Model Higgs as a
function of its mass.

123









The mean photon 2nergy in the central barrel region (jn| < 0.5) would thus be around 50 GeV.
If we require the ECAL constant term to be 0.5% then the stochastic and noise terms in the
barrel should be around 2%/ v'E and 150 MeV respectively.

In the outer part of the endcaps (1.5 < |n| < 2.0) the mean photon energy is around 140 GeV,
whilst the minimum photon energy is around 80 GeV. This means that, keeping the same noise
and constant terms;, a higher stochastic term is acceptable (around 5%/ E).

3.4.2 Angular Fesolution

In order to not dominate the mass resolution, the angular resolution should be around 50mrad/v'E.
The angular measirement requires the photon incidence positions on the ECAL to be measured
accurately, and for the primary vertex position to be known. The photon incidence positions
can be measured t y the ECAL itself to a good accuracy (see section 7). The largest uncertainty
is in the measurement of the primary vertex position along the beam axis (‘Z’): the bunches of
protons have very small lateral dimensions but have a longitudinal rms spread of about 5.3cm.

In the low luminority phase of CMS the hard tracks associated with the production of the Higgs
allows the primar:’ vertex position (along ‘Z’) to be measured.

However, in the tigh luminosity running there will be around 17 events per bunch crossing,
which may make the measurement of the primary vertex position virtually impossible. If the
primary vertex position is not known, the contribution to the mass resolution could be around
1.5 GeV for a 100 GeV/c? Higgs, a factor of about 3 higher than the mass resolution at low
luminosity. In this case it may be necessary to install a barrel preshower for the angle measure-
ment at high luminosity - see section 6.

3.4.3 Backgroundsto H — vy

As shown in section 3.3.1, H —» v is a relatively rare decay (branching ratio ~ 1073
for my < 150 GzV/c?) and has some large backgrounds. Diagrams depicting the four most
important backgrcunds are shown in figure 11.

Irreducible:
\r‘ﬂ’ o

quark annihilation gluon fusien

S =,

Reducible :

higher orders tots - 1,
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[
2

Figure 1(: The principle backgrounds to the two-photon decay of the Higgs
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4 The CMS PbWQ, Crystal Calorimeter

This section describes the physical and optical properties of lead tungstate - >bWOy - crystals,
which have been chosen as the active medium for the CMS electromagnetic ¢:alorimeter. Some
recent measurements concerning light yield, radiation tolerence and energy re solution are given.
A brief description of the current mechanical construction is also presented.

4.1 Shower Media Physical Quantities Revisited - with Reference to PbWQ,

Section 2.2 described how the physical properties of a shower medium affect the performance
of an electromagnetic calorimeter. The following is a summary of the attractive properties of
PbWO;.

e X, - this should be as short as possible to allow a compact calorim:ter. For PboWQ,
the radiation length is 0.89cm which means only 23cm of crystal are needed for ‘full’
longitudinal shower containment. This results in:

— lower cost per unit area (c.f. CeF3‘ which would need 42cm long crystals and which
costs approximately the same as PbWOy per unit volume)

— ability to place the whole calorimetry (including the hadron calorimeter) inside the
superconducting solenoid of CMS

e R,/ - a small Moliere radius allows a high granularity detector to b made at a small
radius. For PboWOQy this is about 2.2cm.

- less crystals needed to laterally contain a shower - improves isolaiion efficiency and
reduces pileup

~ excellent spatial precision - useful for angular resolution

Figure 14 shows a view of the CMS detector. The compact design is a dire :t consequence of
the short length of the PbWOy crystals.

¢ Light emission time - should be as short as possible. Most of the light from PbWOy is
emitted within 25ns, as demonstrated in figure 15. This is advantageou s since we require
that as few time samples are used as possible to reduce noise.

¢ Amount of light output - as much as possible. This is relatively low for PbWQO4

- amplification can introduce noise

~ standard amplifying photodetectors (e.g. PM tubes) cannot operzte satisfactorily in
a magnetic field of 4T

These problems have been largely overcome with the progress made or silicon avalanche
photodiodes (APDs) - see section 5.

Figure 16 shows the light yield in photoelectrons per MeV (p.e./MeV) deposited for 20
crystals produced in Bogoroditsk in 1997. The mean value of 12.5 p.c./MeV (measured
with a PM tube which covers the whole of the rear surface of a cryst:1) is equivalent to
about 2.5 p.e./MeV into a 5x5mm? APD and about 5 p.e./MeV into a pair of APDs - as
planned for the final CMS barrel ECAL.
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4.3 Radiation Tolerance

As mentioned previously, the radiation environment in CMS is extremely c1allenging. Lead
tungstate crystals have been shown to be radiation hard to high (Mrads) lzvels, due to the
fact that the scintillation mechanism is intrinsically radiation hard. Howev:r, some damage
has been seen at surprisingly low levels in test beam experiments (few hundred rads, after
which it saturates). The effect of radiation damage is to induce colour centres which reduce
the transmission, and thus the amount of collected light; the scintillation mechanism remains
unaffected. Recent progress has been made with doping and also with the crystal stoechiometry
(the ratio between the two principle raw materials - lead oxide and tungsten trioxide). Figure
25 shows the induced absorption at 500nm after 50krad as a function of the stoechiometry. It is
clear that there arc minima in the induced absorption for certain mixtures.
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Figure 25: The variation of induced absorption length with stoechiometry for 29 full size Rus-
sian PbWOQy crystals

Figure 26 then shows some recent results of low-dose radiation damage on various types of
crystal. The light yield of each crystal is also given. The worst crystal is the one with non-
optimized stoechiometry and also no doping. Optimizing the stoechiometry increases the radi-
ation hardness and also increases the light yield. Doping with different elements then increases
the radiation hardness further, whilst at the same time increasing the light yield.

To summarize, recent progress has shown that optimizing both the doping and stoechiometry
not only increases the radiation tolerance but also the light yield of the crystals.

However, even with the best crystals there is still some small amount of lo ~-level radiation
damage. This necessitates an accurate in-situ monitoring system using eitt er LED or laser
light. This monitoring system can then be used to ‘follow’ the radiation damaye (and recovery)
to enable a correction to be applied to the measured energy deposits. Figure 27 shows the
correspondance between signals due to an LED calibration pulse and to signals from electrons
during test beam irradiation to 650 rads. The inset histogram is of the vertica: distances of the
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have been corrected using the LED signal. The change in the measured encrgy resolution is
within the experimental uncertainty which suggests that the scintillation me chanism has not
been damaged. See [8] for more details.

4.4 ECAL Mechanical Structure

The CMS ECAL will contain approximately 120000 units; each unit consists ¢ f a lead tungstate
crystal, readout device (see section 5) and associated readout electronics and optical/electronic
calibration systems. In the ECAL barrel an array of 6 x 2 crystals is assemble 1 inside a hollow
‘alveolar’ submodule. The alveolar is constructed from a low density two-layer composite
material. The first layer (closest to the crystals) is a 25 pm aluminium foil which acts as a
reflector for the light produced in the crystal and also aids mechanical rigiclity. The second
layer is a glass fibre epoxy resin 75pm thick. Although the walls of the alveolar are very thin
- 100pm - the composite structure is extremely strong and enables a small in er-crystal gap of
0.4mm to be achieved within a submodule (including tolerances). The gap between crystals in
adjacent submodules is a maximum of 0.6mm. Figure 29 shows the mechanical pieces which
form a submodule. The alveolar unit is ‘closed’ by a foam bottom plate, intc which fibres for
the optical calibration system are mounted, and an aluminium top plate. Plastic cylinders inside
the aluminium top plate freeze the crystal positions and allow accurate placerr ent of the APDs.

2x6_sub-module at eta=0

« Readoul PCB__

AT

\__Ogtical Glue

Xal Xeal

Figure 29: The mechanical structure of abar-  Figure 30: A detailed view cf the placement
rel ECAL submodule of the APDs on the back of tae crystals

Figure 30 shows a detailed view of the back of the crystals showing the placerient of the APDs
together with the supporting ‘capsule’ and very-front-end readout electronics.
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Figure 32: The dimensions of an endcap  Figure 33: The endcap sufercrystal layout
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Figure 34: The overall layout of the CMS ECAL. The ‘step’ in basket 3 o ' the barrel ECAL
enables the barrel preshower to be present if necessary at high luminosity. [t should be noted
that this design is now obselete: the step is no longer present - it is envisaged that if the barrel
preshower is necessary, the final layer of MSGCs in the CMS tracker will be removed to make
space (see section 8).

139









anode mesh. The electrons can pass through the mesh towards a dynode, where multiplication
occurs. The resulting electrons are attracted towards the anode, where they are ‘detected’. A
schematic diagrain of a VPT is shown in figure 37 below. This configuration of electrodes
results in the possibility of operation in a high magnetic field, as also demonstrated by the plot
in figure 37 which shows the relative output of two phototriodes and one type of phototetrode
as a function of mr agnetic field strength.
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Figure 37: Scheniatic diagram of a VPT together with a diagram showing their gain response
in a magnetic field

These devices are currently under study in Japan, Russia and the UK.

5.3 Readout Chain

The requirement for the readout chain is that signals must be output at 40 MHz without degrad-
ing the energy reslution. This means that a large dynamic range must be allowed (25 MeV —
2TeV) and that tt e digitization precision must be better than 0.1%. A schematic representation

of the readout chzin is given in figure 38.

The readout elect onics consist of three principle parts as described briefly below.

VFE - Very Frort End This shapes and amplifies the analogue signal from APD or VPT. It
will be base d on either a charge-sensitive or transimpedence low-noise amplifier with the

required large dynamic range.

FE - Front End This includes a floating-point unit (FPU) for pedestal adjustment and zero
suppresstor . An 11-bit 80 MHz ADC will be incorporated for compression and digitiza-
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In the low luminosity phase of the LHC there are, on average, one or two interactions per bunch
crossing. Consequently, charged tracks which also come from the interact on vertex can be
used to measure the vertex position along the Z axis. In high luminosity rur ning there are on
average 17 interactions per bunch crossing. Finding the correct primary vertex (associated to the
Higgs) is thus more difficult. It is thought that some high p, charged tracks will be associated
with the Higgs production, and if this is the case then these may be used to locate the vertex.
However, if this is not the case then the vertex must be located by the use of a barrel preshower:
a photon position measurement in the preshower, together with a measurement in the crystals,
will allow the photon direction, and thus the primary vertex, to be measured. Figure 40 shows
the contribution to the Higgs mass resolution which would arise as a function of the coverage
in n of a barrel preshower, assuming that the vertex could not be located in any other way. The
angular resolution of the preshower-crystal system is assumed to scale as either 40 or 50 mrad
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Figure 40: Contribution to the Higgs mass resolution at high luminosity as a function of the n
coverage of the barrel preshower. ‘

Itis apparent that there is no appreciable advantage in having the barrel preshcwer cover an area
greater than about || < 1. At present it is unclear as to the necessity of the barrel preshower -
it is retained as an option for high luminosity running.

6.1.2 Endcap Preshower

One of the major reducible backgrounds to the H— ~+ channel is from neutral pions in jets
which fake single isolated photons. In the barrel the mean separation betwee 1 the two photons
from the decay of a #° is around 1cm at the radius of the ECAL. Consequentiy the crystals can
be used to distinguish between single incident photons and pairs of photons fom 7% to a great
extent. However, in the endcaps the energy of the pions and photons is greate " so the separation
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7.6 Position and Angular Resolution

The quantity used to define the shower position in the ECAL is the centre of gravity, defined as:

E;x; ,
Xeog = EE = (10)

with the sums running over a 3 x 3 array of crystals. Since the lateral shower shape is not
triangular this :stimator is biased and must be corrected. The correction function is derived
from the data. 'The corrected position resotution is shown in figure 55 as a function of incident
electron energy.
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Figure 5:5: Position résolution of crystals as a function of incident electron energy

The results can be parameterized as:

oX.(mm) = ?\7%% ®0.29 (1D

The position resolution for particles incident at an angle relative to the crystal axis is worse
than for norma ly incident particles because fluctuations in the depth of the shower are given a
transverse comonent. This effect is more pronounced for photons than for electrons.

The position measurement in the crystals can be used in conjunction with a position measure-
ment made by :he preshower to enable the particle angle of incidence to be estimated. Figure
56 shows the zngular resolution measured in the testbeam as a function of incident electron
energy. The an jular resolution can be parameterized as:

ob(mrad) = ?\/_E @ 4.1 (12)

Recent simulat.on results have confirmed that this order of precision should be obtainable for
photons in the “arrel of CMS if the barrel preshower is included.
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fix (0) is the tensor part of the zero-angle amplitude of elasic coherent
scattering of a photon by an atom (molecule) f(0) = fix (0)e ex. Here
€ and €  are the polarization vectors of initial and scattered photons.
Indices i=1,2,3 are refered to coordinates x, y, z, respective y, repeated
indices imply summations. At zero external electric and magnetic fields,
the amplitude fi (0) can be written as

2

Ja(0) = JE O+ FZT(0) = £ (0) + FliBlewr  (1.2)
-8 (<j> ﬁ) bik + +18F €imi <ka> n
+%5¢T (<Q1m> Emikny + <ka> Emlinl)]a

where f is the P, T even (invariant) part of fix (0), ff,:’T ts the P,T-
violating part of fi (0), ﬁfvT, is the scalar (vector, tensor) P.T violating

polarizability of an atom (molecule), £,4; is the total antisymn:etrical unit

k -
tensor of the rank three, n = e <j> = SppsJ , ps is the spin density

matrix of an atom Qmolecule) with the spin j, (Qim) = S'ppJQ,-m. The
second rank tensor Q;, is given by

. - )
Qi = [2J (2 — )] {J,-Jm +dndi = S+ 1) 6, }

In view of (1.1,1.2), the T-violating processes affect upon the dielectric
permittivity €, and, as a result, upon the refraction index only in media
with polarized atoms (molecules) of the spin equaled or larser than 1.
This part of ¢; is proportional to ﬁtT . If the atoms’ (molecules’)

2
. . S PR
spins are nonpolarized, only the P-violating term fi (0) = T?ﬁs[ EikiT
c

exists. The term proportional to BSP describes the P-violating rotation of a
light polarization plane in metallic vapours (Barkov and Zolotariov 1978,
Bouchiat and Pottier 1986, Khriplovich 1991).

As it has been shown in (Baryshevsky 1993, 1994), when an atom
interacts with two coherent electromagnetic waves, the energy of this
interaction depends on the T-violating scalar polarizability 87 . Interaction
of an atom (molecule) with two waves can be considered as ¢ process of
rescattering of one wave into another and vice versa. Then, es it follows
from an expression for the effective interaction energy, the amplitude
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f (E’, E) of ~he photon scattering by an unpolarized atom (molecule) at
a non-zero angle is given by (Baryshevsky 1994):

-

f(FE) = fuel e = ‘:—,j (asé"€+ i%ﬂf (7 +7) [é’é‘] (1.3)

w7 (7 -7) ')

7
=, ! .
where k is the wave vector of a scattered photon, i = — | a; is the scalar

P,T-invariant polarizability of an atom (molecule). Expression (1.3) holds
true in the absence of external electric and magnetic fields. '
It should be emphasized that expression (1.3) for the elastic scattering
amplitude cen be derived from the general principles of symmetry. Indeed,
E+k . K-k
= 57y V2 = /=7,
|E' + & |6 — k|
¢ and €, which completely describe geometry of the elastic scattering
process. Tie elastic scattering amplitude f (1?, E) depends on these

vectors and therewith is a scalar. Obviously, one can compose three

there are four independent unit vectors: ¥} =

-/ -

. =15 - . - LA
independent scalars from these vectors: € € , i [e 5] , Va [e e] . As

a result, the scattering amplitude can be written as:

7 (F Ry =g, (FRye e wis? (FR)a e + o7 (F.6) |7 d],
(1.4)
where f, is the P-,T- invariant scalar amplitude, fSP is the P-violating
scalar amplitude, and f7 is the P-,T- violating scalar amplitude.
It can eesily be found from (1.3,1.4) that the term proportional to

BT (f;r) van shes in the case of forward scattering (ﬁl — fi). Vice versa,

in the case of back scattering (fi' — —fi) the term proportional to 87 (fsP)
gets equal tc zero.

Thus, ore can conclude that the T-violating interactions manifest
themselves in the processes of scattering by atoms (molecules). However,
the scatterirg processes are usually incoherent and their cross sections
are too small to hope for observation of the T-violating effect. Another
situation takes place for diffraction gratings in the vicinity of the Bragg
resonance where the scattering process is coherent. As a result, the
intensities of scattered waves strongly increase: for instance, in the Bragg
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3]

where ko = --
Assuming the interaction to be P, T invariant (Xf = XST = 0), equations
(1.14) reduce to the conventional set of equations of dynamic diffraction

theory (Shih-Lin Chang (1984)).

The phenomenon of T-violating rotation of the photon
polarization plane by a diffraction grating

_ Let us suspose, first of all, the photon w frequency and the wave vector
k to be such that the Bragg diffraction conditions k = k & 7 and ’kll = lk‘
: k% (R R - 7))
are not fulfilled exactly, and the inequality —— 5 < 1 holds
. k—7) — ki
true. In this case, the diffracted wave amplitude is much less comparing
with the traasmitted one: IE (k — F)l < LE (k)‘ , and the perturbation
theory can be applied for the further analysis. As a result in the first
approximation of the perturbation theory one can derive from (1.10) that
- k2 - -
E] (k—'r) :q—_"f—-_———Xj! (k—T,k) Ej (k) (115)
(F—7) - k3

7 (7 - 2ko) .
where a, = __g_z_o_) y ko = i s X
kg c
Substitution (1.15) into (1.10) results in the diffraction equations as
follows ’

< 1.

(k? — K) E: (k,w) — B[%,, (k.k) (1.16)
k-7

Yo%, (B E-7)x%,, (k-7 F)E(Fw) =0

$17

which can be rewritten in more simple form
(k? — k2, (F,w)) By (F,w) =0 (1.17)
by introducing the effective permittivity tensor

Eif (l_c‘,w) = b5+ X,, (E, l_c‘,w)-i-gz;a;l)z” (E,E— 7_") X;s (E— 7, E) (1.18)
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holds true.
It follows from (1.13) that the susceptibilities x2*” (7) can be presented

xPT(E) = b (F) = ey (F) =
<Z fA PT)( )COSTRA> (1.26)
<Z fAPT)( )SIHTRA>
where .
xie (F)=xu (=) xar () = —xas (=7) (1.27)

In view of (1.26,1.27) we can rewrite (1.25) as

9 = —koRex? (0) L +2k0a7" Re [x1s (7) x5, (7) = xas (7) 2 (9] L (1.28)

So, the T-violating rotation arises in the case of nonzero odd part of
the suscetibility: x2 (7) # 0. Such a situation is possible if an elementary
cell of the diffraction grating does not posses the center of symmetry.

In accordance with (1.28), the angle of the T-violating rotation grows
at a, — 0. However, the condition a, |x,(7)| < 1 violates a: o'
where the amplitude of diffracted and transmitted waves are comparable:
E (E— f') ~ F (k) and, consequently, the perturbation theo-y gets un-
applicable. A rigorous dynamical diffraction theory must be applied in
this case.

— 0,

The T-violating polarization plane rotation in the Bragg
diffraction scheme

Let the Bragg condition is fulfilled for the only diffracted wave and is
violated for all other possible ones. It allows us to restrict curselves to
the two-wave approximation of the dynamical diffraction theory (Shih-Lin
Chang (1984)). In that case, set of equations (1.14) reduces to two coupled
equations, which for the back-scattering diffraction scheme (/;0 I F) take
the form as follows:

2 1. T -
(% - 1) E; (F) = xs (0) B (F) + ixZ (0) €jms Em (K) s +
+X: (7) E; (E - F) + X7 () €jmy Em (E - F) v, (1.29)
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Based on the above consideration, we can conclude that set of equations
(1.29) can »e diogonalized for the photon of a given circular polarization.
Let the rigt t-circularly polarized photon (€;) be incident on the diffraction

grating. The diffraction process, as it follows from (29), results in the

appearance of a back-scattered photon with the left circular polarlzatlon
( ) This is because the momentum of the back-scattered photon E =k-

7 is antiparallel to the momentum k of the incident one. It is obvious that
the left-circularly polarized photon will produce a right-circularly polarized
back-scattered one.

Thus, fcr circularly polarized photons set of vector equations (1.29) can
be split int> two independent sets of scalar equations:

(’,ji >Ci(k) (x: () F X7 (@) €

4 + (xa (1) Fix? (7)) Cx (k-
(Q:Q_ )C;(E—F):(xs(o)ixf(o))c (F-7)+

+ (xs (=7) 2 ixd (=) C (F)

() +

) (1.30)

Note that equations (1.30) are identical in form to conventional equations

of the two-wvave dynamical diffraction (Shih-Lin Chang (1984)):

k2
('];—2' — 1) Cy = XOCO + X‘rc‘r (131)
0
k2
(E% - 1) ¢ = XoCr + X-rCo
0

It allows us to write down a solution immediately, without deriving
(see, for example, (Shih-Lin Chang (1984))). As a result, the amplitude of
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It should be pointed out that the resonance transmission condition is
satisfied at & given m for two different values of a. This is because there
is a possibility to approach to the Brilluan (the total Bragg reflection)
bandgap both from high and low frequencies. The T-violating parts of the
rotation angle are opposite in sign for a; and for a,. It gives the addition
opportunity to distinguish the T-violating rotation from the P-violating
T-invariant rotation. Indeed, the P-violating rotation does not depend
on the back Bragg diffraction in the general case because the P-violating
scattering araplitude equals zero for back scattering (see (1.32-1.35).

In accorcance with (1.47,1.48) the T-violating rotation and dichroism
grow sharply in the vicinity of the resonance Bragg transmission. At the
first glance, one could expect for 97 the dependence 97 ~ kURexsTL2 (1)L
(see (1.25)). However, in the vicinity of resonance, the rotation angle 97
turns out to be multiplied by the factor

4

2
A= (87r2m2)_1k0\/4 (X%s + Xi) + <_k Zl) LkoxslygL
0

which provides the above mentioned growth (for example, A ~ 10° at
Xs 1071 5o ~10* = 10°em™ | L=1ecm ,m=1).

There are different types of diffraction gratings destined for use in
optical and more longwave ranges. However, it should be noted that
the successfil observation of the P-violating rotation has been performed
by means of studying of light transmission through gas targets . There
are a lot of theoretical calculations for atoms of such gases: see, for
example, (Khriplovich (1991)) for B: , Tl , Pb, Dy. From that point
of view, it would be preferable to use gases for studying of the T-violating
phenomena of polarization plane rotation and dichroism applying the
experience accumulated earlier. At the first glance, there is a serious
problem how to create such a diffraction grating in a gas. Nevertheless,
the problem can be solved if we make use some well-known results of
the electromagnetic theory of waveguides (Jackson (1962), Tamir (1988),
Maksimenko and Slepyan (1997)). According to this theory, there is a
corresponder.ce between wave processes in waveguides with periodically
modulated boundaries and homogeneous filling and such processes in
regular wave suides filled by a periodic and, generally, anisotropic medium.
Let us consider a regular waveguide constituted by two plane-parallel
surfaces; for example, two metallic or dielectric mirrors. Let us then place a
plane diffraction grating on the surface of the mirror and fill the waveguide
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by the studied gas (Figure 1). Because of the above stated correspondence,
such a system is equivalent to a regular plane waveguide filled by a gas
with a spatially periodic permittivity tensor. The permittivity modulation
period is therewith equal to the grating period. As the chosen plane
grating has an asymmetric profile (Figure 1), the correspoiding virtual
volume grating of the permittivity turns out to be noncentrosymmetrical
and, thus, satisfies to the above imposed requirements for displaying of the
T-violating phenomena.

Let &;; (r,w) = 1+ Xij (z, 2) be the permittivity of the waveguide being
considered with as a periodic function with respect to z. As it has been
stated above , such a waveguide can be modeled by the wavegaide with the
effective permittivity €.55 (z,w) = 1+ X5y (2) which is a periadic function
of z and is independent on z. We can show it mathematically starting
with the Maxwell equations

2

curleurlE (7,w) — %é (r,w)E (7F,w) =0 (1.49)

Let an electromagnetic wave propagate in the plane regular waveguide.
In this case, the motion along the z-axis is free and, thus, it can be
described by a plane wave e'*?. Tt results in a set of equations for
determining of the stationary states of the waveguide:

d*E,, (z)
dz?

+ niEnai (z) =0

2rn ..
where &, = @ notes the polarization state of the wave.

Then, the field E (Fyw) in the‘waveguide with the diffraction grating
can be presented by the expansion as follows

= cha (2) Em (z)

Substitution of this expansion into (1.50) yields
82 w2 ANn —1TZ
przens (4 (5 = ) e () + S T e g () =0 (150

A nl 1 iTZ
where §™ , = /(Em, (@) Ix, @) Byor(@)) do, x, = - [ x(2) ez, o
0
is the period of the plane grating.
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2. Neutron spin rotation and spin dichroism in media.

Neutron spin rotation and spin dichroism in media caused by parity (P)
violation and possible time (T) noninvariance under neutron interaction
with nuclei are being actively explored recently (Alfimenkov (1983), Su-
shkov,Flambaum (1982), Stodolsky (1982), Koster et al (1991), Baryshev-
sky (1983), Bowman et al (1990), Franke et al (1991)). The mentioned
effects are dz=scribed by the refractive index of neutrons in media

T

N=1+ gpﬁ (0), (2.1)
where k is t1e neutron wave number, p is the scatters density, f(O) is the

coherent elastic forward scattering amplitude of neutrons on a nucleus.
M.Forte shows (Forte (1983), Forte, Zayen (1989)) that the T-noninva-
riant effect of spin rotation arises under neutron diffraction by crystals
with nonpolarized nuclei. This effect is determined by coherent elastic
scattering amnplitude at a non-zero angle f (k k) (k - k) , where

& is the Pauili matrix describing neutron spin, k' is the wave vector of
scattered neutron.

In (Forte (1983), Forte, Zayen (1989), Fedorov, Voronin, Lapin (1992))
the possibility of experimental measurements of this spin rotation effect
was consideed. One of the main difficulties of the diffraction methods
suggested in (Forte (1983), Forte, Zayen (1989), Fedorov, Voronin, Lapin
(1992)) is that even for thermal neutrons the beams with very low angular

Ak A

divergence rad and very high degree of monochromaticity =~ 200
vB

107° + 107® are needed, where vp is the angle of Bragg diffraction. Only

very small part A® of a neutron flow ® can be used to carry out the
experiment: A® ~ ‘DTA’U. The situation is still worse for the range of

epithermal rieutrons in which Av ~ 1077 rad and even lower.

In (Baryshevsky (1995)) we have shown that there are new effects:
the effects of T-noninvariant spin rotation and spin dichroism in the
nonpolarized crystals even in case when diffraction conditions are not
fulfilled. As a consequence, not only flow A® increases, but the possibility
of investigation of in f (k k) the range of epithermal neutrons arises.

So, let the neutrons move through a crystal. According to (Baryshevsky
(1995), Barvshevsky (1976), Baryshevsky, Cherepitsa (1985)) the Schro-

dinger equation describing propagation of a coherent neutron wave ¥ in a

192



crystal with polarized nuclei in the impulse representation has the view

(K~ k2) w (K )+Z Uess (7) W (K - 207) = 0, (2.2)

where ko is the neutron wave number in vacuum, k is the neutron wave
number in a crystal. The Fourie transform of neutron effective potential
energy in a crystal is

o 2mh P —wi(7) —i2n
Ueff(T)=—mVOF(T);F(T)=ij(T)€ )(7)g=iznih, (2.3)

j

F(*) is the amplitude of neutron coherent scattering on crystal unit cell
in the direction k = &+ 277 |, where 277 is the vector of crystal reciprocal
lattice, f; (7) is the amphtude of coherent elastic scattering f; (k k) on

the nuclei of j-type in the direction k =k+2r7 , Rj is the coordinate of
the j nucleus in the unit cell, e™*/(7) is the Debay-Waller factor.

The system of homogeneous equations (2.2) permits to determine the
dependence of k on ko, i.e. to determine the neutron refractive index in a
crystal.

It is well-known that the area Av of neutron incidence angle on a
crystal in which strong diffraction is observed (when the difiracted wave
amplitude is comparable with the amplitude of incident wave) is very small
Av ~ 107° = 107° rad even for thermal neutrons.

Outside this narrow angle area the diffracted wave amplitude is small
and the system of equations (2.2) can be analyzed accordling to the
perturbation theory. As a result, we have

ok 1, Jg(=7)g(7)
N=—~ — .
Tl 50(0)+ B0 (24)
where ( )
.o 2m . 2r 7 (27T + 2kg
§(7) = —35Uess (7) 0B = 3
h*k? k2

As we see, the correction to the neutron refractive indey in crystals
contains the scattering amplitude at the non-zero angle f(‘l"')

According to (Baryshevsky (1995)) the expression for ¢ () can be
written as a sum

g (7:‘) = §s (F) + §so (7-:) + guw (‘F) ’ (25)



where §, (71 is proportional to the scattering amplitude on the nucleus
fo (7) due to strong interactions minus spin-orbital scattering interactions;
Ju (T) is proportional to the P and T-violating amplitude; gs, = Gson + Gshuw,
Gson is proportional to the amplitude of spin-orbital neutron scattering
on the nucleus due to nuclear forces f,on (T) = fson0 [k X 27r'r] s Gshw 18
proportional to the amplitude of spin orbital neutron scattering on the
nucleus due to neutron magnetic momentum interaction with the nucleus
electric fielc. (the so-called Schwinger scattering):

om  uk o -
Gk = i L2 S @, (7) DG [F x 207 77, (2.6)

"Voh?RE me 4

4 is the magnetic neutron momentum, ®; (7) is the Fourie component of
electrostatic potential induced by nucleus j.

In case of the target with nonpolarized nuclei g, (7) = g, (7) does not
depend on neutron spin. Besides, for slow neutrons g,, < g, . It allows to
write the contribution to caused by diffraction in the following way

5 =4 —2725(7) =% (_27253 @ Z;Bgs (=7) [ds0 (F) + §u (D] +
(2.7)

g (7)o (=) + G (7).

Let the target be nonpolarized. In this case T-noninvariant part of

§(7) is (Baryshevsky (1995))

AT () = Z (7) —w,(f)e—nﬁﬁ,’ (2.8)

7, (7) = C}(7) 3=, C; (7) = ReC| + ImC;.

;From (2.7,2.8) we see that the T-noninvariant contribution to the
refractive iadex in a nonpolarized crystals may occur only in a noncen-
trosymmetric crystals.

We see also that we have the two effects: the difference of the absorption
coefficient of the neutrons with spin parallel and antiparallel to the vector
7 (spin dichroism) and the spin rotation around of the direction of 7.

Difference a1 — &yt = k(IméNyy — IméN 1)

Spin rotation angle v = kRe (6 N1 — 6N 1) L
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Difference of the neutrons number Jy; with spin parallel to 7 and the
neutrons number J|; with spin antiparallel to 7 which passed tirough the
crystal is

Ju—Ju
Jri = Ju
where L is the length of the neutron way in the crystal.

(From (2.7) it follows that at the constant ap the angle v decreases
proportionally to k™% and absorption ~ k™' So, at first slance the
transfer to the epithermal range only makes worse the situation However,
it should be taken into account that in the range of resonances the
amplitudes f, (7¥)sharply increase due to amplification mechanisms, being
analogous to the well-known ones for the scattering amplitudes (Forte
(1983), Baryshevsky (1995)). According to (Alfimenkov (1983)) there are
two amplification mechanisms: dynamical and kinematic. They lead to the

: . . . [AE [T., s
increase of the scattering amplitude near resonance in V= 10°+

np
10°, where AFE is the averaged distance between the single par:icle nuclei
states, D is the averaged distance between the levels of the compound
nucleus, I'y,;) are the neutron widths of s(p) the neutron state in the
incident wave. As a result, for the neutrons with the energies 1 — 10ev
we can expect the effect increase in 10° + 10% times and as a consequence
the decrease in limitation for the detection of T- noninvariant effect. It is
very important that neutron part A® even increases as the magnitude

Ak Av 2wt

—_— ~ B and for Avg = 107" | vg = =— ~ 107" we have ten
k UB k

time increase of A®. At the same time investigation methcds of spin
rotation in the field of strong diffraction for the neutrons with such an
energy are practically unrealized, since angular range of strong diffraction
becomes Avg ~ 1077 rad. Two reasons simultaneously spoil the effect:
angular spread of crystal mosaic structure (Ae,, > 107° rad) and sharp

suppression of flux A® in such a small angular and energetic interval

Ak Av?
Avg— ~ b = 10713,
k UB

It is very important to say that the difference of absorption coeflicient
changes with the neutron energy increasing more slowly (~ k') than v
and sharply increases in the range of resonances also. As a result the
study of the effect of spin dichroism may give the essential advantage in
epithermal energy range.

= kIm (6Ny; — §Nyp) L (2.9)
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Electron Spin Precession in a Circularly
Polarized Electromagnetic Wave and the
Basic Principles of Electron Spin
Interaction with Classical
Electromagnetic Fields

Victor V. Tikhomirov !

Institule of Nuclear Problems, the Belorussian State University
220080, Minsk, Belarus’

It is shown that the recently predicted phenomenon of drastic increase of fre-
quency of the electron spin precession in the field of a circularly polarized elec-
tromagnetic vave (CPW) indicates the necessity to modify both the Bargmann-
Michel-Telegdi (BMT) and Dirac-Pauli (DP) equations as well as the Lagran-
gians of classical electrodynamics and relativistic quantum mechanics in order
to take into consideration both a seagull interaction and off-shell effects accom-
panying the electron-photon scattering in the low photon energy limit. A patent
inadequacy o] the most well known derivation of the Low-Gell-Mann-Goldberger
limit of the «pin dependent part of the Compton scattering amplitude is also
demonstrated

1 Introduction

The phenomenon [1] of the electron spin precession in the field of a
CPW can, i1 particular, be readily observed in the region of electron to
photon conversion being widely designed at present for measuring a high
energy electron beam polarization, investigation of QED effects in strong
fields or production of 4-beams for future y-v colliders.

The nature of ey interaction is determined by the photon frequency w

!Electronic mail address: tikh@inp.belpak.minsk.by
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Figure 1: A4 drastic increase of frequency of the clectron spin precession in
a CPW [1] can be observed in the electron-to-photon conversion region.

in the electron rest frame or the parameter?
v = 2pk/m? = 2w/m, (1)

where k = (wg,wohyp) and p = (&, ev) are the photon and electrcn 4-momen-
ta, respectively. Let us consider a head-on ey collision for which (1) takes
the form of & > dwee/m? ~ 0.0153(GeV )wo(eV) ~ 0.019(C'eV)/A(pum)
indicating that the typical energies wp ~ leV” and ¢ ~ 100G eVe allow to
reach the quantum region @ ~ 1 of maximum increase of angle of the elec-
tron spin rotation about the photon wave vector direction in the electron
rest frame [1].

In this talk we, however, will consider the classical (neaily Tomson)
region @ « 1, in which the phenomenon. (1] gives birth to a new view
on the basic concepts of electrodynamics of electron spin inte-action with
classical electromagnetic fields. Indeed, let us analyze the expression (1]

o @ Sf0, 1 37
0z <1) = 4y Tl [E - ;pz(g In— - %” 2)
for the electron spin precession frequency in a CPW at @ <« which will
be reproduced below. The positive spin rotation direction is chasen to look
as an anticlockwise from the end of the electron velocity vector. Here £ =
le|F'/muwg is the normalized strength of the CPW field I = 4 = E and
Az = %1 is the Stokes parameter measuring the degree of its yolarization.
All the statements discussed below spring from the qualitative change of
behaviour of the frequency (2) which occurs in the depth of the classical
region, instead of its border.
Indeed, at @ « 0.01 eq. (2) corresponds both to the predictions of the
BMT equation and the widely used expression for the low euergy limit of

2 . . .
“We use the system of units in which h = ¢ = 1.
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the spin dependent part of the Compton scattering amplitude f3(0)w =
—2u'*w obtaited by Low [2] and Gell-Mann and Goldberger [3]. Note
that both (s <« 1) and the LGMG amplitude contain the particle AMM
u' which plays a key role both in the BMT and DP equations as well
as in all the electrodynamics of electron spin interaction with classical
electromagnetic fields. However at z ~ 0.01 the frequency (2) changes its
sign and at £ = 0.1 its value exceeds the BMT equation predictions as
much as 56 times what indicates that the latter as well as the concept of
AMM itself can not describe the electron spin evolution at z ~ 0.01 — 0.1
despite a wide-spread opinion [4, §41] that the BMT equation remains
adequate in the entire classical region z <« 1 in which a typical length
of the electroinagnetic field strength variation greatly exceeds the electron
Compton wavelength.

As far as the reliability of the predictions of eq. (2) is concerned, it
should be not=d that the phenomenon [1] is described by the same helicity
amplitude as that of increase of an angle of the gamma-ray polarization
rotation in a polarized electron target [5] which was observed in [6,7].

The paper is organized as follows. In Sec. 2 the application of the BMT
equation to the case of electron spin precession in a CPW is considered.
In Sec. 3 we remind the principal role AMM plays in spin interaction
with classical electromagnetic fields. The idea of early BMT violation is
illustrated in Sec. 4 using a dispersion relation for the scattering amplitude.
In Sec. 5.the AMM ocontribution to the Feynman diagrams describing
the phenomenon [1] is separated. In Sec. 6 we find out the nature of
other contributions, making necessary to speak about the modification
of the BMT «nd DP equations as well as of the Lagrangians of classical
electrodynam cs and relativistic quantum mechanics in the region 0.01 <
z & 1. The necessity to revise the well-known LGMG amplitude derivation
is also discussed in Sec. 6. In Sec. 7 we summarize the results.

2 Why does the BMT equation predict so
small spin precession frequency in a CPW?

A number of reasons exists that make an electromagnetic wave, and, in
particular, a CPW, used in combination with an ultrarelativistic electron
beam, the best tool to investigate the violation of predictions of the BMT
equation. First, it can provide very high field nonuniformity and intensity
in the electror. rest frame. Second, on the contrary to the case of a linearly
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polarized wave, a CPW itself causes an electron spin rotation which allows

to study the peculiarities of its evolution in the absence of an additional

test field which strength would necessarily be very high [8]. In addition,

there is one more fundamental advantage of a CPW use. .
Indeed, let us consider the BMT equation [9,4]

dCfat =2+ £ ) (C) + ’_‘j (v + 2+ B BV

which describes the evolution of the spin vector ( of an electron (positron)
moving with the energy ¢ = ym and velocity v in slowly varying elec-
tric E and magnetic H fields. Here m and e = =£|e| are the electron
(positron) mass and charge, po = €/2m and p’ are the norma. and anoma-
lous parts of their magnetic momenta, respectively (Juo| is equal to the
Bohr magnetron). Remind, that if the effects in strong fields 8,10] are not
important, than p’' ~ pg, where py = (e/27)uo is the celebrated AMM
value calculated by Schwinger in 1948.

Substituting the electron velocity induced by the CPW into (3) one
obtains [1] for the precession frequency of transverse spin cornponent

2
OBMT _ 4, Ll [(p’ + ’2> - f‘—°(2p' + "—°>]
Wo v v v

H2 2 (4)
= 4/\2 —_ = /\2( > woﬁg.
wo
Two pairs of parenthesis in (4) separate the contributions which have a
different origin. To describe the latter we will proceed from :he fact that
the BMT equation is only a generalization to the relativistiz case of the
equation d(/dt = 2;1[(H] of the Larmor precess1on of a spin of a particle
at rest which has a magnetic moment ¢ = po + ¢/. We will consider here
the weak CPW field limit ¢2 <« 1 (the opposite one is analyzed in [1]).
Let us choose the reference frame in which the electron is on average at
rest moving with the Lorenz factor v = (1 + €2)!/? ~ 1 in a circle under
the action of a CPW. In this "average rest frame” the first contribution
to (4) corresponds to 7 = u( interaction with a rotating magnetic field
described by the first term in (3). The contribution in the second pair of
parenthesis corresponds to the third term in (3) (the second one vanishes
upon the time averaging in the chosen reference frame) and arises due to
the magnetic field induced by the electric one in the instantancous electron
rest frame of rotating electron.
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Note that the noninertiality of this reference frame leads to the dif-
ference of the numeric coefficients standing by po and g’ in the first and
third terms ir. the right hand side of (3). It is this difference, known since
the time of "Thomas half” prediction, which provides a cancellation of
contributions of two orders in a = 1/137. As a result, the frequency (4)
acquires the third order in « (in a/27, in fact) and becomes at v = 1
about six ordzrs lower than each of the two contributions to (4). A nearly
complete can cellation of these (and some others, see below) contributions
to the frequency (4) constitutes the mentioned above advantage of a CPW
use for the p1rpose of investigation of possible deviations from predictions
of the BMT equation. Even a small violation of this cancellation will cause
a spin precession frequency increase by several orders of magnitude.

However, one can also easily see from (4) that on the contrary to o, the
modification of i’ can not cause so significant variation of the spin preces-
sion frequency. Indeed, even such a considerable modification as u’ ~ p'
can cause orly the frequency (4) variation by 0 o~ 8Au'Sp'H?Jwy ~
QBMT  WWhereas the same modification 8o ~ ' of po will case three order

cpw

larger variation 6 =~ 8Aapobp H? fwo ~ 2(po/p' )QAIMT ~ 10°Q5MT. The

aforesaid allows us to conjecture that the AMM modification does not play
such an important role in a CPW as it does in strong fields [8,10].

3 On the role of AMM

In fact, tais role is illustrated by the expression (4), in which all the
contributions of po cancel out making u' completely responsible for the
effect of electron spin precession in a CPW. The same situation takes
place in a uniform magnetic field H [4, §41]. Indeed, comparing the BMT
equation d(/dt = 2(y’ + po/v)[CH) = (24’ + e/e)[CH] with that of electron
motion dv/d: = (e/e)[H] in this case one can easily see that 2uy/v gives
the same contribution to the precession frequency of particle spin as e/e
to that of its velocity. As a result, the frequency 2u'H of spin rotation
in respect w th the parti¢le velocity, naturally manifested in the case of
moving particles, is again completely determined by u'. This statement
remains valid even in the case of a very strong field [8,10] in which all
the specifics of its action can be described by introduction of the AMM
depending on the field strength into the BMT equation [11].

As is known, both the BMT equation and that of the Larmor precession
describe the phenomena of both Nuclear Magnetic and FElectron Paramag-
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netic Resonance as well as the electron spin evolution in various devices
used in accelerators with a very high accuracy. More general description of
the spin evolution taking into consideration the quantum features of elec-
tron motion in a bound state can be developed [8] using the Dirac-Pauli
(DP) equation

[“(i—ieA)—im——l— "o F* Y =0 (5)

7 Oz, e gH Tmw v=r
Like (3) the last does not implement other specific physical ccncepts than
that of AMM. No wonder that in the case of classical motion the DP
equation predictions do not differ from that of the BMT equation. In
particular, it was shown independently by S.Cherkas and P.Zarzhitsky that
the frequency (4) also follows from (5). As a consequence. the discussed
violation of the BMT equation in a CPW also indicates tha: of the DP
equation as well.

Up to now there were no doubt that the concept of AMM embodied in
equations (3) and (5) describes well the electron spin evolution in a classi-
cal field. As far as the AMM of electron is calculated in QED, :he classical
electrodynamics of electron spin evolution can, in general, be considered
as a low energy effective theory with respect to QED. We are going to
prove that the drastic increase of frequency (2) indicates that ~his conven-
tional theory is valid only in the region @ <« 0.01 whereas there is a reason
to develop some another effective theory of electron spin interaction with
classical electromagnetic field in the region 0.0l < @ <« 1. In addition to
AMM, this effective theory has to include some other new characteristics
of electron. In addition, since the most refined way to obtain the BMT and
DP equations is to use, respectively, the Lagrangians of class cal electro-
dynamics and relativistic quantum mechanics, their modification can also
be forecasted.

4 Dispersion relation and the spin
precession

Going to the quantum theory of the phenomenon [1] we wculd remind
that the subtracted dispersion relation {12]

In 2
Refi(w) = fi0) + 20 p [7 M)y (6)

w/l . wz)
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for the spin dependent part f(w) of the forward ~e scattering amplitude
flw) = fi(w) -- A2(¢n) f2(w) was used to predict the phenomenon [4-6] of
gamma-ray pclarization rotation in a polarized electron target. In fact,
the electron spin precession in a CPW can be considered [13] in the same
way using the amplitude f(e) = fi(e) — /\g(fn)fg(c‘) of the forward ey
scattering in a moving "photon target” with photon density (a number of
photons in a cubic centimeter) p, = H?/4mwq.

When the electron is in rest or moves with the velocity v = - vn (v > 0)
antiparallel to the photon with a frequency wo, the amplitudes of ve and
ev scattering «re connected via simple equation [13,1]

fle) = =f(w), (")
w
where w = wg(1 + v)e/m = zm/2 (see eq. (1)) is the photon frequency
in the electron rest frame. Following the theory of Faraday effect one can
introduce the refraction tensor n = 1+ 27 f(¢)p,(1+v)/p*v containing the
refraction indexes for electrons with opposite helicities allowing to calculate
the angle of elzctron spin rotation and its precession frequency

Q= —E/\zfz(s)u (8)

Even a brief analysis of eqs. (6)-(8) allows one to predict the phenomenon
[1]. First, in the soft photon energy limit® one may neglect the integral
term in (6) and get as a result the LGMG amplitude {2,3]

o’z

(3) _ g1 - 72 _
s = fo(0)w = —2u5°w = ~Tonim

(9)
Substituting t1e latter into (7) and (8) one obtains the spin rotation fre-
quency (4) following from the BMT equation.

However the disregard of the integral term in (6) turnes out to be valid
only at such small values of parameter (1) as = 2w/m < 0.01. Indeed,
the LGMG am plitude (9) is of order o®, whereas, according to the optical
theorem, both I f; and the integral term in (6) are, in general, of order ol
As a result, w th the increase of parameter z the integral contribution to

3The unsubtracted dispersion relation taken in the same limit is called the
Gerasimov-Drell- Hearn sum rule. It contains the widely discussed below LGMG ampli-
tude and represents a considerable fundamental interest.
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Figure 2: Feynman diagrams contributing to the lowest order radiative
correction to Compton scattering and describing both the plenomena [1]

and [5].

(6) begins to exceed (9) as soon as z reaches 0.01, providing the sign change
and drastic increase of the frequency (2). Since this increase manifests itself
already in the depth of the classical region, the question arises why it is not
described by the BMT and DP equations widely used to describe with a
great precision the electron spin interaction with classical electromagnetic
fields characterized by z < 1. Since both (3) and (5) are based on the
concept of AMM, in order to answer this question we should first analyze
the role which AMM plays in the Compton scattering.

5 The AMM contribution to the
amplitude of Compton scattering

The most conventional way to introduce the electron AMM! is based on
the Feynman diagrams. It has just been pointed out that the phenomenon
[1] is described by the contribution of order o? to the Comptcn scattering
amplitude which corresponds to the fourth-order Feynman diagrams shown
in Fig.2. It should also be mentioned that the amplitude /4 evaluated
according to the Feynman rules is connected with the amplitude f(w),
determining the refraction index, by the relation (1]

M

flw)=g—. (10)

Since the time of Schwinger it is well-known that the AMM of electron
and, more general, its magnetic form factor is described by the vertex
diagrams of the third and higher orders. This statement, however, is valid
only when both electron lines connected to the vertex diagram are external
while the photon one is internal. If, on the contrary, at list, one electron
line connected to the vertex diagram is internal, as in the case of the real
photon Compton scattering, a relation of this vertex diagram to the AMM
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Figure 3: The ‘hird order effective vertex operator which allows to introduce
the concept of AMM in the case of a real photon.

is not so direc:.. Indeed, let us consider the third-order vertex operator of
absorption of « real photon by an electron

a

T =, = AD(p,p) = 5(147“—3%—0%—0%> (11)
evaluated [14] ‘n the Feynman gauge. Here § = v¢ = v"q, = Yqo—7G, 1 =
0,1,2,3, v, ate the Dirac matrices, p and p’ = p + ¢ are the electron 4-
momenta befoe and after absorption of a real photon with 4-momentum g
(p* = m? ¢* = 0). The coefficients A, B,C and D are functions of electron
virtuality p =1 — pﬂ/m2 = —2pq/m?, p = —z for the photon absorption
and p = z for its emission.

In order to introduce the concept of AMM in the case of electron transi-
tions between the states on a mass shell, the amplitude —eul’ ,uA* should
be considered [4]. However, if, say, the final electron is not on the mass
shell, this amplitude will contain the term proportional to In |p| [14] which
has no finite limit at p — 0. To introduce the magnetic form factor which
has the limit :orresponding to the Schwinger’s value pg of AMM in the
case of a static uniform magnetic field, the external virtual electron line
should be described by the multiplier [4, §110]

U(p') = u(p’) + S(p")M(p")u(p') (12)

instead of the usual wave function amplitude u. S(p') in (12) is the precise
electron propagator and M(p') = p' — m — S™'(p') is the mass operator.
We will show that the amplitude U(p")T,u(p) = @(1 + MS)T',u has the
same limit at ¢ — 0 as the well-known Schwinger’s amplitude of virtual
photon absorption accompanying the electron transition between the states
on the mass shell. This amplitude allows to determine the effective vertex
operator of thz electron interaction with a real photon (see Fig.3)
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(7o) = (L M8, & (14 Mo ), + A7)

X aﬁ(lj— m (13)
= 3 f(p) + 5 29(p) = 5= "5 Dip)
where N o
flo)=1=pD(p),  glp) = o= |Clo)=2Bp)].  (14)

Though these functions of the electron virtuality p have no such inter-
pretation as the more usual form factors f(g*) and g(¢*) do in the Breit
system [4], we will also call them the electric and magnetic form factors,
respectively, leaving the argument p = +x to mark their specifics. Since,
according to eq. (14) and the expressions [14] for the coefficients B, (" and
D, one has f(0) = 1, ¢g(0) = a/27 = py/pe and D(0) = 0. the effec-
tive vertex operator (13) indeed transforms at p — 0 to th= well known

expression
a 1

P (p—=0) =5, - 350wl (15)
describing the interaction of a particle with charge ¢ and AMM gy =
(a/2m)po with a weak static uniform electromagnetic field [4.8.14].

The vertex operator (13) will allow us below both to siow that the
magnetic form factor variation does not play any significart role in the
spin precession frequency (2) increase and to establish the factors really
causing this phenomenon. Namely, the regular contribution "o the Copm-
ton scattering amplitude described mainly by the box diagran. d from Fig.2
and the contribution of the off-shell effects described by the electric form
factor f(p). As far as the phenomenon [1] is closely connected with the
LGMG amplitude (9), it has also to appear in our consideration. Further-
more, we will show that the well known evaluation of this ariplitude [2.4]
is oversimplified and must be substantially revised.

6 The nature of the BMT equation
violation
In fact, the LGMG amplitude (9) represents a really fundamental in-
terest in application to the Compton scattering on a nucleon. In its turn a

much more transparent considered case of ey scattering, allowing to eval-
uate both the vertex operator (13) and the regular contril ution to the
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I

Figure 4: The diagrams representing to the pole (I,1I) and regular (III)
contributions io the Compton scattering amplitude.

WG Cract
X = = = A )

Figure 5: A connection of the diagrams I and Il describing the pole and
regular contrivutions to the Compton scattering amplitude, respectively,
with the diagrams a — d describing the first correction to the Compton
scattering. The similar connection for the diagram II discribing the re-
maining part ¢ f the pole contribution is obtained from that for the diagram
I above by changing the order of photon emission and absorption.

/\

Compton scat ering amplitude, will allow us to verify the validity of sev-
eral principal assumptions made in the most traditional approach [2,4] to
the derivation of the LGMG amplitude.

Indeed, let us follow the simplest way of [4] and represent the Compton
scattering amylitude as a sum of pole and regular contributions described,
respectively, by the diagrams I,II and III given in Fig. 4. Since the
fourth-order F2ynman diagrams describe the essence of the phenomenon
(1], it will be sufficient to use the third-order effective vertex operator
(13) (see Fig. 3) for the vertexes of the diagrams I and II in order to
express in accordance with Fig.5 the contributions of diagrams I, Il and
HI from Fig. 4 through that of diagrams a — d from Fig.2. As far as
p = —z for emission and p = z for absorption of the photon, we will
express the surnmary contribution of the diagrams with the opposite order
of these processes through the single positive parameter z = |p|. In order
to follow the dstails of the LGMG amplitude derivation in [2,4] let us first
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substitute the low energy limit (15) of the vertex operator (13) to the
forward scattering amplitudes, corresponding to the pole diagrams I and
II. As a result we deceptively easy (see below) obtain the expression

, Pw
Miame = 2razg?(0)Az(Cn) = 16mwmpul*Xy(¢n) = —

;\Z(Cn)7 (16)

which, according to (10), exactly corresponds to the LGMG amplitude (9).
However, if we use a precise expression (13) for the vertex or erator instead
of its on-shell limit (15), we obtain

ReMyy = ma{ 4] f(=2) - 1@)] + 2g(—0) + #(@)]} aem) - (17)

for the real part of the Feynman amplitude (it is the real part which de-
scribes spin rotation). From the low energy expansion of (17)

~ 402 (14 T2 ( 2) j"_]
ReMpyn(e <« 1) = 4 m[1+4x + 4+ 7z lnx+4ﬂ_ A2(¢n)  (18)

one can easily see that, in addition to the latter term in the brackets which
corresponds to the amplitude (16), eq. (18) contains the cotribution

4a2%<1 +4In x) Xa(Cn) (19)

which was, in fact, overlooked in [2,4] though it exceeds the LGMG ampli-
tude (16) more than 47 /a ~ 10° times in the low energy limit. We should
stress that this contribution takes its origin from the completely neglected
in [2,4] off-shell effects described mainly by the electric form factor f(p),
whereas the role of the magnetic form factor g(p) is much smaller. This cir-
cumstance makes the phenomenon [1] principally different from that of the
BMT equation modification in the strong uniform [8] and wave [10] fields
since both of them completely reduce to the AMM modification which can,
in fact, be quite naturally incorporated to the BMT equaticn.

Equations (7)-(10) and (19) show that the pole contribution to the
Compton scattering amplitude leads to the spin precession frequency thou-
sands times exceeding that of (4) following from the BMT equation. If this
prediction was true, both the BMT equation and all the cor.cept of AMM
would be completely inapplicable in any field which Fourier ¢ xpansion con-
tains even a small component with circularly polarization.
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Since this i5 not the case, the problem of compensation of the combina-
tion (19) arises which can be resolved applying to the regular contribution

7T'2

ReMpy = 202{(% - 1) [F(:I: -1+ —

6
z 2zlnz

_ (% ' 1> [F(z) “hein(ts :”)] Ti-e T (1-e)p }Ag(cn) =

described by ~he diagram III (see Figs. 4 and 5) and contributing to
the total spin dependent part of the Compton scattering amplitude M =
My + My vihich through the eqs. (10), (7) and (8) leads to the basic
formulae (2) of this paper. A low energy expansion of (20)

ReMp(z < 1) = —4a2£[1 + E:ﬁ + (4 + E:v2) In :v] A2(¢n)  (21)
m 18 3
indeed contains the combination (19) with the minus sign. In other words,
one can state that it is the compensation of (19) in (18) and (21) which
leads to the L'GMG amplitude (9).

It should be mentioned that both the off-shell effects and their can-
cellation with the regular part of the scattering amplitude, restored with
the help of Ward identity, were, in principle, taken into account in [3].
However the complex case of the Compton scattering by a nucleon made
it impossible t> realize that the combination pln p appearing in (13) in the
soft limit can not be treated in such a way on the contrary to the term
proportional to p which, in fact, was implied in [3].

The reguler contribution to the Compton scattering amplitude de-
scribed by the diagram III reduces to the purely spin dependent effective
seagull ex interaction in the classical limit. As is well-known, such type
of interaction s completely absent in the spinor QED. The situation with
this interaction as well as with the effective Lagrangian which can be intro-
duced to take :his interaction into account, reminds that with the effective
v-v interaction corresponding to the Heisenberg-Euler theory [15].

In fact, the regular contribution will be really important only if it is
unremovable by the gauge transformation. The simple straightforward cal-
culations being; possible in the case of ey scattering show that the virtual
photon gauge transformation does not change neither pole I+ II nor regular
IIT contributicn. On the other hand the real photon gauge transformation
will change the contributions of both I+ and III by terms proportional to
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the combination @y“qu[f(x)g(x) — f(—z)g(—z)]. The latter coes not van-
ish if the off-shell effects are taken into consideration by mear s of electron
magnetic form factor g(z) completely refuting by this the demonstration
of possibility to neglect the allegedly gauge invariant regular contribution
Il in [4]. However, despite the latter is changed under this gaige transfor-
mation, this change can not, in fact, remove the combination (19) which
cancellation in (18) and (21) leads to the LGMG amplitude.

On the other hand the evident absence of cancellation of the terms
proportional both to o?r? and o®x*Inx in (18) and (21) provides the fast
exceeding of the spin dependent part M = Mpyy + My of the forward
Compton scattering amplitude over the LGMG limit descrit ing .through
eqs. (7)-(10) the fast increase of the spin precession frequenc:’ (2) leading
to the complete violation of the BMT equation predictions at ¢ iite classical
photon frequencies w ~ lkeV.

All the aforesaid allows to argue that to describe the electron spin
interaction with a CPW in the classical photon energy region 0.01 < @ « 1
the ey seagull interaction as well as the off-shell effects have to he taken into
consideration in order to modify all the known methods usec tq describe
the electron spin evolution in an arbitrary classical electromaguetic field.

7 Conclusions

In conclusion, our investigation have shown that the BMT equation
as well as the obtained by Low [2] and Gell-Mann and Gcldberger [3]
low energy limit of the spin dependent part of the Compton scattering
amplitude adequately describe the electron spin precession in “he field of a
CPW only in the depth of the classical photon frequency regio w & 1kel’
or = 2w/m < 0.01.

To describe the electron spin precession in a CPW in the upper part
0.01 < z <« 1 of the classical region @ < 1 some purely spin dependent
ey seagull interaction as well as the off-shell effects described mainly by
the electric form factor have to be taken into consideration in order to
modify the BMT and DP equations as well as the Lagrangian:. of classical
electrodynamics and relativistic quantum mechanics.

In addition, the transparent QED consideration made it possible to
revile the drawbacks of the LGMG amplitude derivation based on the
disregard of both the off-shell effects and the regular part of the Compton
scattering amplitude in the low photon energy limit. Namely, i. was shown
that particularly the cancellation of the contributions of these two features,
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each of which exceed the LGMG amplitude a thousand times and more,
constitute a basic foundation of the LGMG theorem which, thus, can not
be considered as well-grounded in the most interesting case of y-nucleon
scattering.

The author is indebted to Prof. V.G.Baryshevsky and Prof. I.B.Khrip-
lovich for valuable discussions as well as to D.N.Matsukewich for the help
in calculations.
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Nonorthogonality Of Refraction Operator
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Polarized Target And The Possibility Of Extraction

Of Information About Real Part Of Forward
Coherent pp, np and pp Scattering Amplitude

V.G.Baryshevsky!, A.V.Raspereza?

1 Research Institute For Nuclear Problems,
Bobruiskaya str. 11, 220050 Minsk, Belarus

2 National Scientific and Educational Center of Particle and
High Energy Physics attached to Byelorussian State University,
Bogdanovich str. 153, 220040 Minsk, Belarus

It is shown that refraction operator eigenstates are not orthogonal for nu-
cleons and antiprotons moving in polarized target. It leads to :he appearence
of a specific interference term in the expression describing beam intensity evo-
lution. This effect can be used for extraction of information about real part of
amplitude of forward coherent pp, np and pp scattering.

1 Introduction

It is known that for relativistic nucleons travelling in polarized media the
effect of spin rotation takes place [1],[2]. This effect is the consequence of the
fact that nucleon wave is characterized by two refractive indicies corresponding
to two different spin states of nucleon, and can be interpreted as the result of
interference of such states [3]. Measuring angle of spin rotation one can find
real part of forward coherent NN scattering amplitude f(0). Th: description of
such experiment can be found in [2]. Pronounced effect opens the possibility for -
investigation of wide spectrum of phenomena arising in np and pp scattering.
For example, information on both real and imaginary parts of f(0) may clarify
the question concerning the existence of dibaryon resonances [t] - [6]. So far
the dispersion analysis has been the only indication of existence of such exotic
baryon states [5], [6]. However theoretical results presented i1 these papers
need detailed experimental verification. Knowledge of real part of f(0) is also
necessary for investigation of inelastic channels of pp and pn scattering.

Since refraction operator isn’t hermitian, eigenstates of refruction operator
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may not be orthogonal. In this case the specific interference term arises in the
expression describing the evolution of beam intensity, which becomes sensitive
to the real pa:t of f(0). It allows us (it is shown below) to extract additional
information about real part of £(0) by direct measurement of intensity of nucleon
(antiproton) team propagating through polarized target.

The pape: is organized as follows. In second section we give theoretical
background for the effect of interference of refraction operator eigenstates, and
consider conditions upon which this effect arises. Moreover, the expression for
intensity evolution of nucleon beam in mixed state for arbitrary geometry of
scattering is cleduced. Third section is devoted to numerical analysis carried
out on the basis of theoretical background. Brief description of the proposed
experiment is presented in this section. The expected statistical accuracy of
measurement is estimated.

Though experiment, proposed in present paper, doesn’t imply complete de-
termination of real part of forward scattering amplitude, it’s simpler in compari-
son with the exxperiment described in [2], because it doesn’t require measurement
of polarization of particles passed through polarized target. Such experiment
can be considered as the first step to research programme, aimed at complete
measurement of forward coherent pp pn Pp scattering amplitude, and can be
used as independent test for further generation of related experiments.

2 Theoretical background

2.1 Nonorthogonality of refraction operator eigen-
states

Let us counsider the beam of nucleons (antiprotons) propagating through
polarized target. Wave function of nucleons propagating in medium is described
by plane wave: A

| ¥(2)) = exp (ikNz) | ¥(0)), (1)

where k - .wave number, | ¥(0)) - initial wave function, N - refraction operator.
The latter car. be expressed using amplitude of forward scattering of nucleons

on polarized nuclei [7):

o 27rp o

N=1+ —k-z-' (0), (2)
where p is density of polarized nuclei in the target. In its turn P- and T-
invariant amp. itude of coherent forward scattering of particles with spin 1/2 on

polarized target can be written as follows:

£(0) = A+ B(P.5) + C(B#i)(#d), (3)
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where 13t - vector qf target polarization, 7 - unit vector in the direction of
beam propagation, & - vector composed of Pauli matricies, A, B. C - complex
constants. Let us represent refraction operator in the following form:

N =G +(Ga),

2mp

G = 21rp

- (BP, + C(@iP)7) = G| +iGs,

where G, and G5 are real and imaginary parts of vector G. Let us introduce
refraction operator eigenfunctions | n;) and | ng), normalized tc the unit. It
should be noted that normalized eigenfunctions of linear operatcr are defined
with the accuracy of phase factor exp (ia). Therefore we can chcose | n;) and
| n2) in such a way that their product is real value:

{n1 | n2) = (n2 | m1). (5)

In this case the product of | n;) and | ny) can be expressed in terms of vectors
Gy, G2 and value G as follows:

d
= = R 6
(nl ‘ n2) (n2 ' nl) \/‘n_lm ( )
where
d= sign(élég)\/Z (é% + G_"% - \/(G’? - 63)2 + 4(6152:5) (7)
and
iz =G+ VG =G+ /G2 - G3+2i(G\Gy). (8)

n; and ny are refractive indicies of nucleons moving in target. Froin expressions
(4 - 8) It directly follows from expressions (4 - 8), that vector G is representable
in the form: " —n

5 1— "2,

G="12", )
where § - unit complex vector : §2 = 1. Analysis of relations (6 - 3) shows that
orthogonality of refraction operator eigenstates is possible in thre: cases:

1) when vector P; is parallel to vector 7i;
2) when vector P; is perpendicular to vector 7;
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3) when the following relation is satisfied:

A=

' R(B) ®(C) ‘ _o, (10)

3(B) $(C)
where R(Z) anid (Z) are real and imaginary parts of complex number Z re-

spectively. In all other cases refraction operator eigenstates are not orthogonal.

2.2 Interference of refraction operator eigenstates

Initial wave function can be written as superposition of | ;) and | ;) states:
| ¥(0)) = C1 | n1) + C2 | na) (11)

Wave function of nucleon at the depth z in the target can be written in the
following way:

| (z)) = C1exp (tkn12) | n1) + Coexp (ikngz) | na). o (12)
Expression for heam intensity I(z) = (¥(z) | ¥(z)) has the following form:
I(2) =| C1 |? exp (—2S(n1)kz)+ | C2 |2 exp (=23 (na2)k2)+

(13)
+2R(C3C 1 (ny | ny) exp (i(n1 — n3)kz))
Introducing the definitions:
| C; >= I,
C5C = VL Lexp(ia), (14)

—2kS(n;) = aip,

where o; has the sense of cross section of absorbtion for particle in state | n;),
we finally obtaia:

I(z) = I, exp (—o1p2) + L exp (—o2p2)+
. (15)
+2v 11 Lh{na | ny) exp (—5(01 + 02)pz) cos (R(n; — n2)kz + )
The latter term in expression (15) describes the interference of refraction op-
erator eigenstates | n;) and | ng). One should note that in the case of the

orthogonality of these states interference term is equal to zero. Interference is
also absent when initial state of nucleon is | n1) or | na).
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2.3 Intensity evolution in the case of arbitrary geom-
etry of scattering

Let us consider the beam of nucleons in mixed state. In such a case beam
is described by density matrix:

% = ;(1+ﬁé’), (16)

where I, P. intensity of beam and vector of beam polarization respectively.
Kinematic equation for density matrix has the form:

%(2) = exp (iNkz)%(0) exp (—iN kz) -an
Using the relation directly following from (9):
exp (iGGkz) = cos ("‘ = e kz) +i(§5) sin ("‘ — 2 k;»), (18)
and well known relation for Pauli matricies:
Gi0; = 05 + i€;k0% . . (19)

one obtain the following expression for intensity I(z) = Tr(jx(z)) of nucleon
beam, propagating through polarized medium:

I(2) = I1(2) + Ix(2), (20)

where

Ii(z) = %exp (oonmz) (cosh (o,pz)(l + M - (mﬁo)) —sinh (ospz)(q'ﬁo)),

4
I(z) = -Izgexp (o0nmz) (cos (nkz)(l - @f%l_ﬂf_ + (r'r'z}-"o)) — sin (nk2)(§P))

(21)
are noninterference and interference terms respectively. Ip and 130 are initial
intensity and polarization vector of nucleon beam, n,, - molecu ar density of
target substance. Values o¢ and o, have the sense of absorbtion cross section and
spin-dependent part of total cross section of nucleons (antiprotons) scattering
on polarized nuclei respectively:

k1
o0 = 8‘(’"-1 +n2) — _(0_1 +0_2),
n 2
5 . (22)
gy Stmm)k Lo .
p 2
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Value 7 and wctors @, l_: m can be expressed in terms of refractive indicies and
vector §'
n= §R(Tl1 - 'I’lz),

(23)
Q’=§+§",l=z(§—§"),'rﬁ=z[_¢'}‘,§']
Note that vectors §, [, 77 are orthogonal to each other. In the case when inter-
ference arises, real part of forward coherent pp, np or Pp scattering amplitude
affects the evclution of beam intensity. It gives us tool for extraction of infor-
mation about real part of f(0).

3 Onpossibility to extract information about

real part of forward coherent pp, np and
pp scattering amplitude
Let us introduce parameter

— z(1_3‘0) _ Z‘(—.F:o), (24)

i(Fo) + i(—Fo)
where 7 = I/1; - normalized intensity. This parameter characterizes assymetry
of pp, pn and jip scattering for opposite orientations of spin of scattered particles.
The value 2m2z(0)/k (f(0) is expected to be sufficiently less than 1 ((~ 10~2+
10~!)-z[m]), therefore we can neglect terms of order greater than 2 in expansion
of I(z) on this parameter, and obtain the following approximated expression for
A,

A, = -2(kz(13‘0c32) + k2z2([c31c':‘2]130)>. (25)

In the case when polarization vector of primary beam is orthogonal to vector 7
and vector P, first term in (25) disappeares, and parameter A, is expressed in
the following ‘way :

A = (27201) Py P, A sin 20, - (26)

where A is defined in accordance with (10), 6 - angle, constituted by vectors
P oand 7, I - target length, Py and P; - polarizations of target and primary
beam respectively. It can be seen from (26) that absolute value of A, reaches
maximum at ¢! = 7/4. Measuring parameter A, one can found parameter A and
therefore extract information about real part of pp, np and pp forward coherent
scattering amlitude.

218



Precise measurement of parameter A requires long target with high density
of polarized nuclei. Moreover target polarization should be measuread with
good accuracy so that to decrease possible systematic error of measurement.
Solid state targets fabricated at CERN and used in SMC experiment [8], [9]
seem to suit these requirments. They all consist of two cell secticns (60-65 cm)
polarized in opposite directions. These two sections can be unifed in order to
increase effective length of polarized target. Thus total length of 120-130 cm can
be achieved. Our goal is to estimate possible statistical and systematic errors
of parameter A measured in proposed experiment with pronoun:ed targets for
pp pn and Pp scattering Let us roughly estimate the value of parameter A,
which can be observed in real experiment. Of course, we can’t forecast value
of parameter A. It should be determined experimentally. But ve can suggest
that A ~y2f% (fp - amplitude of NN scattering in Born approximation, fg ~
107'3 + 1072 cm, 7 - Lorentz-factor). Density of polarized nuclei in target can
be found from the relation :

pgNPD
=t (21)
where p, - mass density of target substance,; N, - Avogadro number, P - packing
factor (targets under comsideration have granular structure), I' - dilution of
polarized nuclei, M - mass of one mole of target substance. Using data from
table 1 we obtain the following rough estimation for parameter 4i,:

7% [m?)

-1 . 10-3) .
Ay~ (07 107) oy

(28)
where p - momentum of incident beam. Necessary statistics S (rumber of pro-
tons, neutrons or antiprotons entered the target) which provides the relative
statistical accuracy ¢(A,) of measured value A, can be found unier suggestion
that number of particles passed through the target has Poisson distribution.
Then for S we obtain:

S = 2(Aye(A,)) "2 exp (o(p)nml), (29)

where o(p) - absorbtion cross section of incident particles with womentum p in
target substance. The latter can be roughly estimated as follows :

Ua(p) = Npo'ap(p) + Nna'an(P), (30)

where a - type of incident particles (a = p, n,p), Ny and Ny, - nurrber of protons
and neutrons in the molecule of target substance respectively, 74, and og, -
total cross section of incident particle on proton and neutron resoectively.
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Material NH; C;HyOH

(chemical formula) (solid) (solid)
Density, g/cm? 0.853 0.985
Dilution 3/17 10/74
Packing factor 0.58 0.63

Target length, cin 65(130) 60(120)
Target polarization | 90%+2.5% | 84%+2.5%

Table 1: Characteristics of targets used in SMC experiment (CERN). [8],[9]

Let us briefly describe the proposed experiment. Schematic layout of ex-
perimental setup is presented in figure 1. Polarimeter placed in front of target
provides us with information about initial polarization of beam. Monitors are
used for measw:ing flux of nucleons or antiprotons in front of and behind polar-
ized target. M:asurements shoul be done for the following cases of scattering
geometry :

1) Vector of primary polarization of bea.m is orthogonal to plane constituted
by vectors i and P. Angle between 7t and P, is 45°.

2) Geometry is the same except for the circumstance that vector of beam
polarization has: the opposite orientation with respect to previous case.

Measuring ~he flux of nucleons (antiprotons) in front of and behind target
in these two cases one can found parameter 4, and calculate A.

Figure 2 suinmarizes our calculation of A, to A ratio as function of momen-
tum of inciden; particles (two targets - NH3 and C4HgOH - are considered).
Parameter S(A,e(4,))? (see eq. (29)) dependence on beam momentum is pre-
sented in figure: 3. Data on pp, np and pp total cross sections are taken from
Review of Particle Properties {10]. Calculations were made for beam momentum
ranging from 1 GeV/c up to 10 GeV/c for this range of energies is the matter
of interest in tke light of dibaryon resonance problem.

Inaccuracies in measuring of beam and target polarization are expected to
be main sources of systematic error in determination of parameter A,. Table 1
indicates lower imit of systematic error connected with inaccuracy in measuring
of target polari:ation.

4 Conclusions

Let us briefly summarize the obtained results:
1) It is shown that real part of spin-dependent term of forward coherent
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pp, np and Pp scattering amplitude affects the evolution of beara intensity in
polarized target. It allows us to extract information about real purt of forward
coherent scattering amplitude.

2) The experiment on measurement of parameter A = R(B)SI(C)—(B)R(C)
is proposed. Necessary statistics providing desirable accuracy is estimated.

3) Targets used in SMC experiments are shown to suit the proposed exper-
iment.
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Manifestation of nonnucleon degrees of freedom in
nuclei in reaction of the cumulative part cle
production.

A.Litvinenko
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Introduction

It is well known that the many properties of nuclei are described in the
framework of the nucleon models. These models are used at low energy
(for description static properties of nuclei and nuclear reactior.) as well as
at high energy (different variants of cascade models). However the lim-
ited region of validity of nucleon models is evident even from tae fact that
a nucleon is a composite particle. From this fact it is natureal to expect
the manifestation of non—nucleon degree of freedom for configu ration with
short internucleon distances. The situation looks the same, as in molecu-
lar or solid state when the overlapping electron levels are reorganized. But
at present time it is impossible to say what has happened when the dis-
tance between nucleon became smaller, than nucleon size. It is natural to
expect the deviation from nucleon models predictions for reactions where
high internal momentum (k;;. > 0.2GeV/c) is essential (short internucleon
distances correspond to the high internal momentum). In deep inelastic
scattering of leptons this internal momentum corresponds to tae region of
the Bjorken variable z, > 1, where the cross sections are too small [1].
In this article the possibility to use the reactions of cumulative particles
production for studying non—nucleon degree of freedom is discussed.

Cumulative particle production
Definition
The particle (¢) produced in reaction

Ar+Ap=c+X (1)

is called cumulative if the following two conditions is implemented [2]:
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1. the particle (c) is produced in kinematic region forbidden for free
nucleor. collision;

2. the particle (c) is produced in fragmentation region one of the col-
liding particle (for example I)

Yy = Ye| < Y7 — Y (2)
Where Y7 is rapidity.

For description of cumulative particle spectrum the scale cumulative vari-
able (cumuletive number) X, is often used [2],[3]. In the rest frame of
particle A; i; means the minimum necessary from kinematic target mass
in nucleon mass units and for pions is equal to:

(P”Pc) - mfr/2 (3)
(PiPi1) — (PiP) —m% '

X.=

where P;, Py;, P, are four-momentum of colliding and detected particles
respectively, m, and my are masses of pion and nucleon. In the first
approximation the differential cross-section for cumulative particle is pro-
portional to the exponent of cumulative number:

do
EE ~exp(—X./ < Xc.>) . (4)

The slope parameter < X, > is the same for all kinds of cumulative parti-
cles and wealkly depends on sort of particle IT and collision energy starting
from 3 - 4 G:V/nucleon [4, 5, 6] (see Fig.1).

Models

A lot of niodels have been proposed for description of cumulative parti-
cle producticn [7]. In the simplest models the cumulative particles appear
as a result of rescattering of primary or secondary particle on target nu-
cleon. However, it was shown that this mechanism can’t describe the cross
section for cumulative particle production even for small cumulative num-
ber (X. > 1.2) [9]. The other models can be divided in two classes [7].
In the mode. with so called hot flucton a cumulative particle emitted by
object arising; from during collision (very hot fireball). It is very difficult in
this approac1 to describe the cumulative particle production in collisions
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of lepton with nuclei or cumulative particle production in collisions of pro-
ton with deuteron. At present moment the more persuasive is the models
with cold flucton. In this model cumulative particle produced by high mo-
mentum tail in nuclei wave function. On the other hand this model can
be divided on models based on nucleon component and models based on
non-nucleon component. Two kinds of these models are discussed below.

Experiments with non-polarized particles

Because the hadron probe is not so simple in interpreta;ion then lep-
tomnic it is natural to compare the data obtained using thes:z two probes.
This comparison is presented in Fig.2 where the square of ceuteron wave
function obtained from electron scattering on deuteron and de uteron break-
up reaction D + p = p(0°) + X is presented. One can see tl.at agreement
between this set of data is rather well. In impulse approximation the cross
section for the reaction (1) is given by integral of square of wave function
with elementary cross-section g(c)) :

S L CLICE G

Were ¥(k) is one particle wave function, k is the constituent (nucleon,
quarks) momentum, and G(k) is some smooth function depending on con-
crete variant model. For nucleon models the o4 (c) is equal to cross section
of particle ¢ production in NN collision. In Fig.3 the expe-imental data
on the ratio of particles yield for cumulative (X > 1) and roncumulative
(X < 1) is presented. These data clear indicate that mechanism of par-
ticle production is different for cumulative and noncumulative region. It
is very difficulty in the framework of nucleon models to explain this data.
It is necessary to assume that cross section ratio for differen particle pro-
duction changes in order of magnitude for cumulative and roncumulative
region. These data clearly show that mechanism of particle production is
different for cumulative and noncumulative region.

Experiments with polarized deuteron

It is obvious, that the study of the spin degree of freedom in cumulative
particle production can give more detailed information aboutl nuclear mat-
ter at short distances and about reaction mechanisms. Firs; experiments
of such kind were the measurements of cumulative proton polarization for
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fragmentatior. of unpolarized nuclei [10]. The most precise experiments
have shown that this value is small (5-10 %) [11] and can be explained by
produced pro;on rescattering [11, 12). However, for the nuclear structure
investigation experiments on nuclear fragmentation in a definite spin state
i.e. experimer:its on studying spin effects on polarized nuclei fragmentation
into cumulatie hadrons seem more adequate. Experiments with polarized
deuterons allcw us to separate contribution from the S and D components
in the deuteron wave function. In particular, it is clearly seen from the
expressions (valid for the nucleon model via an impulse approximation) for
the tensor anilyzing power (T3) and polarization transfer coefficient (x)
for tensor anc vector polarized deuteron fragmentation into proton (at an
angle of 0°):

: 2u(k)w(k) — w(k)?/v2
Ty = 5 5 (6)
u?(k) + w?(k)
w2 (k) — w?(k) — u(k)w(k)/V3 .
u?(k) + w?(k) M
In these ec uations, u and w denotes S and D waves in the deuteron and
k is its internal momentum
The values of Ty, and « for protons as a secondary particle have been
studied at Saclay and at Dubna. The data obtained is shown in Fig.4
and Fig.5. A simple correlation between Ty and « following from (2) and
(3) is not confirmed by the these data [13]. The final state interaction was
taken into account to describe these data [14], but a full agreement with the
experimental data was not achieved. In the region £ > 0.8 GeV/c the value
of T is more close to the asymptotic predicted by the model [15] taking
into account non-nucleon degree of freedom in deuteron wave function.
The more evilent deviation from nucleon model prediction follows from
the experimental value of T5y for tensor polarized deuteron fragmentation
into pion (at angle of 0°) Fig.6 {16].

K =

Conclusions

The revue of some features of the experimental data of cumulative
particle production has been performed. It was shown that some of these
features can not be explained in the framework of nucleon model.

For obtairing more detail information about manifestation of non-
nucleon degree of freedom in cumulative particle production additional ex-
periments are necessary. For example experiment with extraction hadron
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formation length from A,-dependence of deuteron fragmentation on differ-
ent targets as it was done for pions in [17] and so on.

This work was performed with the support of the Russien Found for
Fundamental Research, Grant 96-02-17207.
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Figure 1:

The cross section for cumulative particles production as a func-
tion of cumulative number [4].
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The square of deuteron wave function extracted from differ-
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3 Mesurement of the K+ — e*7% decay form-
factors

The first result we obtained is a determination of the formfzctors in the
K* = e*n® semileptonic decay [9].

3.1 Introduction

The most general form of the matrix element of Kj; decays is given by
[10, 11]:

M x z@(l —7s)[mx fs
+%(f+pa + f-@)" (1)

-fT a . f
+i oy PP Oaplt

where ¥,, 9 are leptonic spinors, myx - K-meson mass, px and p,
are K and 7 four momenta, p = px + Pr, ¢ = Dk — P» iS Momentum
transfer to dilepton system, f,, f_ are vector formfactors, fs, fr - scalar
and tensor formfactors. If only the V-A interaction exists th: scalar and
tensor formfactors should be zero. The vector formfactors deojend on the
¢* variable only and are usually represented by the linear parametrisation

2
Fld) = £200) (14 2s5 ) @)

m; o
In the case of the K3 decay the f_ - term is negligible due to small lepton
mass. So this decay yields information on the slope parameter A, the
scalar and tensor couplings fs, fr, and their relative phase ®,;r. The K3
decays are relevant in testing the CKM matrix element V,, which one can

calculate knowing the decay probability and the vector formfactor.

Also the interest in the V-A current structure testing increased recently.
The experimentally obtained [12] branching ratio of the 7~ — %~ v decay

B*=P = (1.61+0.23) - 107"
does not agree with the Standart Model prediction

B™ = (2.414+0.07)-107".

241



This fact can be explained in particular by possible existence of tensor
interaction [13]. Inserting of tensor fields in a standart decay amplitude
induces nonzero scalar and tensor formfactors.

3.2 Experiment and data procesing

This experimant was performed before the HYPERON reconstruction with
the part of the spectrometer up to the first electromagnetic calorimeter
EMC1. There was also the decay volume filled with Helium between the
chambers PC4 and PC5 (see figure 1).

The main trigger requirement was registration of at least three showers
in the EMC1. It was done to suppress a main background process — the
K,, decay. To determine the shower number at the trigger level all EMC1
cells were joint into 5 groups. Summed energies in at least three groups of
cells must be above a definite threshold (adjustable). In this experiment
it was about 800MeV .

Events were accepted if the following criteria were satisfied:

1. there a:e one beam track and one secondary track;
2. the reconstructed decay point is in the decay volume;

3. the distance between the charge particle impact point in the EMC1
and the nearest shower axis is less than 60mm;

4. there ae three showers with the energies above 1GeV.

5. the evet is not the Ko decay (they were selected by the kinematical
fit at the confidence level 0.99);

6. the eveat fits the K3 hypothesys at the confidence level 0.95.

After all data processing we obtained about 32000 reconstructed de-
cays. In the f.gure 2 you can see the e*yyv effective mass distribution. The
solid line sho'ws the experimental spectrum, the dashed line - the spectrum
~ simulated by the Monte-Carlo method. They are in good agreement and
the mean values of the distributions coincide with the kaon mass.

To obtain the matrix element we should calculate the acceptance with
the constant matrix element and analyze the ratio of the experimental
distribution and the simulated one. The acceptance was calculated by
the Monte-Carlo method. A sample of 1.5 x 107 decays was simulated
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Figure 2: The distribution of the (etyvyv) effective masses for the K3
decay.

and reconstructed by the same analysis program as the real events. The
simulation took into account the detector performance, the trigger and
reconstruction criteria. The acceptance dependence on the momentum
transfer ¢° is shown in figure 3. The dependence is smooth in all region of
the ¢* variation.

3.3 Results

The resulting vector formfactor dependence on ¢? is shown in figure 4.
It was fitted with the linear function (2) and the result fo: the vector
formfactor slope parameter is:

A; = 0.0284 £ 0.0027 £ 0.002

with % = 27 for 22 degrees of freedom. This is the most precise mea-
surement known by now and as you can see from the figure 5 it is in good
agreement with all previous experiments. The systematic error was esti-
mated from the dependence of the result on selection criteria énd does not
exceed 0.002.

We performed independent analysis of the Dalitz plot density distri-
bution using only the vector term of the matrix element. The obtained
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Figure 3: "The acceptance dependence on the momentum transfer ¢2.

parameter value is:
Ay = 0.0283 + 0.0029.

The effect of radiative corrections to the Dalitz plot increases the value up
to Ay = 0.0296.

Using the matrix element in its general form we fitted again the Dalitz
plot density distribution to obtain the scalar and tensor formfactors and
their relative phase. The results of the approximation are given in table 1
(coloumn 4). The results of the experiment [11] are shown in the column
3 to compare. It was the only experiment before us where nonzero form-
factor values were obtained. In the column 2 the world averages [14] are
presented. T1e obtained values of the scalar and tensor formfactors differ
significantly ‘rom zero. So our result also points to the possible existence
of tensor interaction.

New dete mination of the CKM matrix element |V,,| was also done in
this experiment [15]. Using the obtained A, value, the well known decay
width and tte theoretical value for f,(0) one can obtain the [V,,| value
from the relation for the decay rate:

_ G%
~ 7683
Our result is

M [Vas|*1 £+(0)*(0.579 + 2.140) . + 3.1667% )

[Vis| = 0.2195 + 0.0027.
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Figurz 10: Resulting Dalitz plot for the K* — 7 7°7° decay.

Here the first errors are statistic and the second ones are systematic (see
below). Note that the constant C in (3) and the constant C, in (4) are dif-
ferent. The constant C disappears due to normalizing of the experimental
and simulated distributions.

In most of the previous experiments only the 7t - energy spectrum was
measured. 'To compare we analysed the matrix element dependence on the
X variable (figure 11) fitting it with the expression Fo(X) = C2(1 4+ ¢gX +
hX?). The obtained parameter values

g = 0.703 £ 0.012,
h = 0.106 = 0.013, 2 = 0.91/ndf

agree with (5) and also exceed substantially the world averages.

5.6 Systematic errors

To estimate systematic errors we investigated several independent issues.

1. We separately fitted three sample of events which were taken in dif-
ferent runs. These runs were comparable in statistics but data were !
taken under different trigger conditions with respect to the group
thresholds in the calorimeters and in the third run two hodoscopes
HX and HY (figure 1) were included. :
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Figure 11: Matrix element dependence on the X variable for the K+ —
¥ n%7° decay. Solid curve — fit with the function F3(X) = Co(1 + ¢gX +
hX?)

2. We set one of the variables in the kinematic f';t to be ” unknown”,
for instance n+ or photon energy (5C-fit), and compared with 6C-fit
results (5).

3. We cut exreme bins at the edge of the Dalitz plot (bin siz: is 0.2x0.5
(XxY)) to avoid large uncertanties in this range.

4. We rejected events where y-quanta hit EMC1 near the hole in the
center because of possible leakage of an electromagnetic shower, though
this leakage should be on the average compensated by the calibration
method.

5. We also increased the lower 7 - quantum energy limit from 500MeV
to 1000MeV.

6. A test of systematic errors can be done in the kinematic fi; by check-
ing “pulls” [23] for each variable. If one has no systematic errors and
sets correct experimental uncertainties, these “pulls” should follow
the standardized Gaussian distribution with the mean vilue 0 and
the standard deviation 1. Our “pulls” are in good agreement with
this distribution. As an example, a “pull” for the 7% - raomentum
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Figurz 12: ”Pull“ for n*momentum in K+ — n+7%7° decay.

is presented in figure 12 where the fit by normal distribution is also
shown. :

7. We also took into account the possibility of incorrect y-quantum
pairinz. The influence of this effect was studied by simulation. These
évents amount to about 1 % and practically do not affect the result.

In the abowve cases, the maximum deviations of the slope parameter values
from (5) ar: 0.012, 0:024 and 0.003 for g, h and k respectively. We take
these values as the systematic errors for the slope parameters.

5.7 Discussion of the results

The quadratic parameter k was previously measured only in three exper-
iments [24, 25, 26] where the Dalitz plot was studied. The most precise
value was k = 0.011 £ 0.007 [24]. The world average for this parameter is
not determined. It should be mentioned that all three previous results for
the parame:er k are compatible with zero while our value is more than 3o
larger.

The results of all previous experiments on K* — 7¥7%7% decays [24,
25, 26, 27, 28, 29, 30, 31, 32, 33, 34], our results and the world averages
[14] are presented in figures 13 and 14. One more measurement for the
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Figure 13: Linear slope ¢ for the K* — 7+#%7° decay.

linear slope g = 0.705 £+ 0.018 + 0.016 (fit with h = 0) was regorted at the
ICHEP’96 conference in Warsaw [35] but it is not shown in fig. 13 because
the authors consider it as preliminary. One can see that our data are 5.50
for g and 30 for h larger than their world averages (g = 0.394 £ 0.019,
h = 0.035 £+ 0.015). Compairing with the other experiments one can
see that the most significant difference is between our results and those
given in [24]. There is agreement within one or two errors wit1 the results
[25, 26, 33, 34 for the linear slope g and large values for h which agree with
our result were obtained in [25, 33]. Disagreement with other 1esults is not
too significant. Concerning these discrepancies we would like to make some
observation.

We should emphasize that our experiment is the only el:ctronic one
where all involved particle momenta were measured. In [24] the 7 - mo-
mentum was unmeasured. Two other experiments, where the Dalitz plot
was studied and all kinematics parameters were measured, were carried out
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Figure 14: Quadratic parameter h for the Kt — 7t n%2° decay.

with bubble chambers and our results agree with them within one or two
errors. In the other experiments also with bubble chambers (except [27]
where wire chambers gnd hodoscopes were used), only the 7+ - momen-
tum was measured and neither photon energy nor two pairs of 7y - quanta
were detected. Experiment [27] suffered a large uncertainty in number of
v - quanta dztermination. Thus in these cases one expects more back-
ground sources contrary to our experiment where there was practically no
background.

The prelirainary result [35] for the linear slope ¢ is in very good agree-
ment with our result and stresses the existing discrepancy in the world
data.

As we meitioned in the introduction, the slope parameters cannot be
calculated theoretically due to strong model dependence and large theo-
retical uncertainties. Strictly speaking, we have no theoretical predictions
about the parameter values. Any estimations of the slope parameters
were obtainec from the theoretical fit to the experimental data. Thus the
discrepancy in the experimental results must be clarified in future experi-
ments.
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: o
- 6 Conclusion

To conclude I briefly remind the main results presented in this report.

The K-decay study program is performed with the HYPERON spec-
trometer at the Serpukhov accelerator in close collaboration with belorus-
sian scientists. Some interesting physical results are already obtained in
the framework of this program.

The most precise value of the K3 vector formfactor slope parameter
was obtained.

Nonzero values of the tensor and scalor formfactors were measured in
the K 3 decay, that points to possible existence of tensor interaction.

New measurement of the CKM matrix element V,, was done. The
obtained value agree well with the best known result and has almost the
same precision.

The matrix element coefficients for the K+ — 7+t n%n° deca;y were mea-
sured with the precision higher than in the previous experimen:s. Nonzero
value for the k parameter was obtained. Values obtained for the linear slope
g and the quadratic coefficient h substantially exceed the world-averages
but there is agreement with some of the previous results.

I would like to thank our Belorussian collegues, who collasorate with
us. Their contribution to our job at all stages is really invaluable. And I
am gratefull to all organizers of this school for their hospitalit;y.
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the spectator proton gets a small momentum p, ~ pr < p, with pr = ¢6 MeV/c, the
reaction amplitude is dominated by the neutron-pole diagram la. Corressondingly, the
differential cross section of (3) has a peak at small p, (that is the neutron qaasi-free peak,
NQFP) and, in the peak region, is proportional to the differential cross section of neutron
Compton scattering [6].

Figure 1: Diagrams of the reaction (3). A diagram with a contact YT vertex is not
shown but is taken into account.

To evaluate the diagrams in Fig. 1, we use the following physical input ‘or the yyNN,
dpn, NNNN and yr NN blocks there:

(i) Nucleon Compton scattering amplitudes found from a dispersion th:ory {7, 8] and
reasonably extrapolated off the mass shell. They depend on electric and m.agnetic polar-
izabilities of the nucleons which, in practical calculations, are taken to be

op+06, = 142£0.3, ()
en+PBn = 158£0.5, (5)
ap—fB, = 10.0£3.0. (6)

The difference of the polarizabilities of the neutron, a, — Bn, is assumeil to be a free
parameter which has to be determined from the experiment. A model dependence in thus
determined Compton scattering amplitudes is discussed in {7, 8, 9]. We mention here
that, owing to a very large ¢-channel m%-exchange contribution to the neutron Compton
scattering amplitude, uncertainties in the experimental values of the yy7® and 7= VV¥
coupling constants prevent determining o, better than +2, provided a, ~ 12 [6].

(i) The deuteron wave function and the half-off-shell NN-scattering ainplitude given
by realistic VV potentials. To explore model dependence, we have tried three nonrela-
tivistic versions of the Bonn OBE potential (OBEPR) [10] and a separable ipproximation
(11] to the Paris potential [12].

(iii) Off-shell pion photoproduction amplitudes. They determine the MEC and IC
contributions and are evaluated by using the standard Blomqvist-Laget model [13].
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Figure 6: y-meson-nucleon-nucleon vertices. The symbol N stands for the antiparticle
part of the nucleon propagator.

where ay = %(a,, + a,) and By = %(ﬂ, + ) are isospin-averaged polarizabilities of the
nucleon. In accordance with Eqs. (4)-(5) we adopt

ay + By = 15. (12)

The value of ay — Bn cannot be predicted so precisely, and for the sake of illustration we
have tried a few values between 9 and 15 in the present calculation.

The two-body seagull operator S® is given by diagrams in Fig. 7 wh ch include the
same one-boson exchanges o as stand in the NN potentials V$gg. Lengthy specific details
cannot be given here and will appear elsewhere [18]. At low energies E? < m2 the spin-
independent part of the operator St yields a contribution to the Compton scattering
amplitude described by the enhancement parameter x in the TRK sum ruie [19]. As may
be expected, the largest contribution to S® comes from the pion exchange, whereas the
main effect of other bosons is reduced to a ~8% increase in .

A complete calculation of all terms described above involves diagrams up to 4 loops,
and it is technically not easy to evaluate appropriate integrals. At the present stage we do
not compute directly the ISI diagram in Fig. 4. Instead, we have evaluated it in frames of
a simplified minimal model [20] which agrees quite well with the complete calculation as
for other diagrams are concerned. We believe that such a procedure does not introduce
large errors or inconsistencies because the rescattering contribution itself is not large (cf.
dash-dotted and solid lines in Fig. 8). As an additional check of consistency we have
verified that the found ISI term brings the total vd scattering amplitude to the correct
Thomson limit of —e?/2m at zero energy.

Role of separate diagrams is demonstrated in Fig. 8. To avoid for 3 moment un-
certainties related with unknown polarizabilities of the neutron we disrezard there the
polarizability contribution (11). Generally the resonance amplitude, the one-body seag-
ull, and the two-body seagull are found to be of the same order. The ful seagull gives
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Introduction.

Relativ stic few body problem has attracted a great attention in
hadronic aad nuclear physics. The most complete results are in the case
of two par.icles. Description of the bound system within the relativistic
quantum field theory is founded on the basis of four-dimensional covariant
Bethe-Salpeter equation [1]. However, this equation gives series of difficul-
ties when the practical calculations are made.

There ere various reductions of two-body Bete-Salpeter equation. Dif-
ferent forms of these reductions were discussed by Logunov-Tavkhelidze
[2], Kadysaevsky (3], Todorov (4], Gross [5], Poluzou,Keister,Lev [6]-[7]
and many others.

The relativistic two-body systems were analyzed by Weinberg (8],
Frankfurt - Strikman [9], Kondratyuk-Terent’ev {10] in infinite-momentum
frame. Scme authors use diagram approach, i.e. they select leading
diagrams and project them onto three-dimensional space. Others use
effective Hamiltonians, Fadeev equation.

More general covdriant pertubation theory with spurions was proposed
by Kadyshevsky [11]. Different forms of the quasi-potential equation can
be derived using this approach [11]-[12]. The quasipotential approach and
the method of the contact interaction as the consequences of the Bethe-
Salpeter ecuation are widely recognized in the practical application [13].

Last years accuracy of measurement of the hadron electromagnetic
characteristics improves considerably. This fact permits better to analyze
the field-tk eoretical and model conception of the hadron interaction with
the electrcmagnetic field: that is why we investigate some electroweak
properties of the mesons.

In the paper [14] within the framework of the quasipotential approach
[2], relativistic composite models for computation of the electric pola-
rizability and the mean square radius of charge distribution and radial
excitations of mesons as bound systems of valence quarks are proposed.
The electromagnetic radius and mesons polarizability are obtained with
the use of the effective Lagrangians [15])-[17], which are constructed taking
into accouat on the one hand the general principles of the relativistic
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B we DB :
= 4 —21(1 + coth gr)e'br + '51“(1 — coth gr)elbra (22)
where 2%V
T Vo
B, = : 23
Y7 sinh 26 + 46V, — 127V (2)

By analogy, we obtain the explicit forms for W33 4(r) and in all our cases
there are the following asymptotic formulae

U, (1) o= e 4 Bie_ibr; U (1) o= e’ (1+ By), (24)
where )
_ 4V, .
" sinh 2b + 27V, sinh b + 4bV,, — 147V,
) 2im V¢
By = V0 By = ‘T (25)

sinh b — z'7rV0; * 7 sinh b+ 26V, — 2wV,

From the asymptotic expressions for ¥;(r) (24) we define the reflection and
penetration :oefficients

R;=|Bi|*,P. = |1+ B*. (26)
It is not difficult to see that in all cases there is the relation
Ri+ P =|Bi’+ 1+ B =1

The curves for the reflection coefficients as a function of rapidity b (E =
m cosh b) are given in Fig.2. The reflection coefficient R; as a function of
b when parameter Vg is positive is given in Fig.3, when parameter V4 is
negative 1t is given in Fig.4.
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