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Summary.

The virtual-proton Compton effeet is studied in the approx-
imation of a single virtual proton and a 3-3 resonance. The computation
of the latter intermediate state is carried out in the framework of iso-
baric formalism. The contribution to the measurements of the wide-angle
bremsstrahlung, arising from the virtual-proton Compton terms, is given
explicitly. It is shown that these contributions depend strongly on the
kinematieal confignration of the experiments and may change appreciably
the results of pure QED in the eritical region where the intermediate
electron or muon is far off its mass shell. The numerical results suggest
that the exponential form factor is a more reasonable one, to describe
the behaviour of the YN N* vertex form factor. In addition it is pointed
out that proton-polarization measurements in the wide-angle brems-
strahlung and large-angle pair-production experiments, provide one with
a new important source of information about the contribution of the

virtual-proton Compton effect to these processes. Polarized cross-sections
are explicitly calculated.

1. — Introduction.

Ag is well known there are two complementary classes of experiments for
studying the limts of validity of QED. These are the low-energy, high-accuracy

(*) On leave formi NRC « Democritos », Athens.
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atomic measurements (hydrogen hyperfine structure; Lamb shifs, ete.) and
high-energy, lower-accuracy measurements, large-angle pair production, wide-
angle bremsstrahlung, etc.). The former class has been well studied in the past,
while only recently, with the improvement of the cxperimental techniques,
the latter has begun to be explored.

In fact in the last five years several high-energy experiments have been
performed (*) or are now under way, which are designed to study the behaviour
of amplitudes, in which an intermediate electron or muon is far off the mass
shell.

Often the theoretical interpretation of these experiments goes as follows.
First it is supposed that contributions to the measurements that are not inte-
resting from the standpoint of testing QED, are known exactly. Secondly one
calculates the amplitude of the QED process in conventional perturbation
theory. Then one compares the ratio of the experimetal results to theoretical
predictions, seeing to what extent various conjectured changes in the Green’s
function, in particular the electron (muon) propagator (%), are limited, or pos-
sibly required, by experiment.

In the case of the electron (muon)-proton wide-angle bremsstrahlung (WAB)

(L.1) ew) +p—>e(w) +pr+v,

the first-order Feynman diagrams are shown in Fig. 1: a) and b) are the so-call-
ed Bethe-Heitler (BH) diagrams and ¢) is the virtual-proton Compton (VPC)
diagram. The contribution to the measurements arising from diagram ¢) is

k,t k&

P,

P, P, //f//

a) .b) c)

Fig. 1. — First-order Feynman diagrams for wide-angle bremsstrahlung: a), b) electron
bremsstrahlung; ¢) proton bremsstrahlung. -

() Bee A review of recent work in experimenial quantum electrodynamics, by R. WEIN-
STEIN, 1967 International Symposium on Electron and Proton Interactions at High Energies,
(Stanford, Cal., 1967); D. QuiNny and D. Rirson: Phys. Rev. Leit., 20, 890 (1968).

() J. A. McCrLurEe and 8. D. DemiL: Nuove Cimento, 37, 1638 (1965).
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the uninteresting one for testing QED. However, it is desirable to know exactly
this contribution, in order to avoid as far as possible the introduction of
uncertainties into the interpretation of the experimental data. In principle
the interference of diagram ¢) with the BH terms can be eliminated by using
as probe particles both et and e~ (u* and p.~) under exactly symmetrical kinema-
tical configurations (¥), but what always remains is the modulus of the ampli-
tude of this diagram.

So far only the contributions arising from the single-nucleon intermediate
state of the diagrain 1 ¢) have been evaluated (*). Previous attempts to estimate
the contribution of the N*(1238) resonance intermediate state suffered from
many poorly justified approximations (5).

We have tried to improve the accuracy to which the contribution of the
VPC amplitude to the WAB is known, by approximating the blob of the dia-
gram of Fig. 1¢) by the contributions of a single virtual proton and a 3-3
resonance. The coniputation of the latter intermediate-state contribution has
been carried out in the framework of isobaric formalism, under the assumption
that the 3-3 resonance is an elementary particle described by a Rarita-Schwinger
spin-§ field. In a previous paper (*) we have reported explicit results showing
that the importance of the VPC contribution to the WAB depends on the kine-
matical configuration of the experiment, and may change appreciably the results
expected from pure QED, at critical points at which the intermediate electron
or muon is far off its mass shell. Also we have suggested that the study of polar-
ization phenomensa in the WAB and large-angle pair-production experiments,
provides us with a new source of information and helps us to gain a better
understanding of the VPC effects, offering a test of the reliability of our cal-
culations.

In view of the fact that in designing future experiments concerning the pro-
cess (1), either for testing QED or for studing the VPC effect, more informa-
tion will be needed, we report here an extensive description of the VPC ampli-
tude as well as of various measurable quantities related to the WAB process.
Direct application of the results given below is found also in the =%-electro-
production experiments, in various sum rules, etc. On the other hand by making

(*) An analogous situation is found in the photoproduction of large-angle pairs
in which the interference between the BH and VPC amplitude can be avoided in a sym-
metrical arrangement, where eharges and polarizations of the final leptons are not
observed (3).

(®) J. BoyorkeN, S. DrELL and 8. Fravrscui: Phys. Bev., 112, 1409 (1958).

() R. A. BerG and C. N. LINDNER: Phys. Rev., 112, 2072 (1958); P. S. Isarv
and I. 8. ZLATEV: Nucl. Phys., 16, 608 (1960); A. Costescu and T. VEscaN: Nuovo
Cimento, 48, 1041 (1967).

(®) R. A. Bera and C. N. LINDNER: Nucl. Phys., 26, 259 (1961).

(®) M. Greco, A. TENORE and A. VERGANELAKIS: Phys. Lett, 27 B, 317 (1968).
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use of the substitution rule it is easy to extend these results to the photo-
production .of large-angle pairs.

The program of the present paper is as follows. In Sect. 2 the form of the
-matrix element of the WAB process is given. Section 8 deals with the diffe-
rential cross-section, unpolarized target; differential cross-section, polarized
target; and polarization of the recoil proton. In Sect. 4 the VPC amplitude in
the approximation of a single nucleon and 3-3 resonance intermediate state
is given explicitly. In Sect. 5 our numerical caleulations and results are reported
and in Sect. 6 a discussion of our results is presented. In the Appendix we give
the notation used and useful formulae.

2. — Form of .the matrix element.

We begin by starting our notational conventions. We adopt the Lorentz
signature' (4, —, —, —) for ¢**, the alternating tensor o WILH £g1p3 = — £9123 =
= -+ 1 and the four-vector p with components p*= (&, p), u=0,1, 2, 3. We
use the notation 7 = p*y,- For Dirac matrices and spinor normalization we
use the same conventions as BJORKEN and DRBLL (7).

Let us adopt the particle labels indicated in Fig. 1 where ¢ is the polar-
ization four-vector of the real photon. The amplitude ¥ is defined by

. m2 \E M2\ 1\
(2.1) §=1 + @(275)464(271 +p2 — Pg— Pa— It’)) (m) (m) (é?{;—o) F,

We are using natural units (f=¢=1). F may be written as the sum of two
amplitudes:

(2.2) F=F™™ + F™°,
where in F** and F"*°are included the amplitudes of BH diagrams and of VPC

diagrams respectively.
In conventional perturbation theory the F™F has the form

2.3) F™% — 0, (p,) & M, e u(p,)

where ¢ is the i’ea‘l—photon polarization, ¢, is a constant, and
: 1 N
(2.4) %= w(pa) Lyu(ps)
(2.5) | re=o|r <W G p (g?)o%g
. i SR Tkl vy

(") J. BJORKENand:-,St DrELL: Relatipilétic_@uantum Mechanics (New York, 1964).
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with F,(q?) and F,(¢?) the Dirac and Pauli proton form factors respectively,
normalized to F,(0)= F,(0)=1, p is the anomalous magnetic moment. in
units of the nuclear magneton, and finally

r | Paa Pia }}‘(97;)11 Vllzye
(2.6) Q“‘(p?.-k k)y +(2plk'+2p3~k

is the matrix element of the virtual-electron Comptoh- amplitude.
Similarly the F'° may be written

(2.7) FVPC_CZ (194)3 M & W(Dg) 5

where now the index » refers to the real photon,
: n 1 i ' ‘
(2.8) =5 U(Pa) Vuth(P1)

and M, denotes the virtual-proton Compton amplitude. Now pure QED can-
not descmbe entirely the amplitude M ,. However requiring Lorentz, parity
and charge-conjugation invariance M, can be written (°) in terms of twelve
manifestly gauge-invariant amplitudes f;, (i=1, ...,12). By keeping the same
notation as in ref. (°), one hag in our conventions

oy M=o i Bn] el 4

Mc,D,+ D,C,)T. 1 = M(c,D,— C,D,)|. 1 =~
+ G D;I_ - )[sts“‘ﬁg-pfs]+ (”Dz : )Iiwsfv‘l*ﬂ_spfs]‘}‘

MA,C, M3*A,D, . 1 ~
+ e [ gt + + A [t Dl

where 4 ,, B,, 0, and D, are four orthogonal four-vectors, -chosen as basic
vectors, defined as follows:

A, =K, =40r+h,, Q,=31r—k,, B,=3(P:t Py

QK R-K._ R-B
By=Qu— 57 Ku Op=Ry— =7 BEu— 33 Bus
D, = &,,5A*B "

and A:‘ = A, + B, with © déﬁned in the App'enilix. As beeﬂ'{sﬁbwn in ref(5)
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the twelve amplitudes f, are functions of three invariants choosen to be the
71, ¥ and v; defined in the Appendix. In the case that both photons are real
the twelve f, are reduced to the following six f, (=1, 2, 8, 4, 6, 7)

3. - Wide-angle bremsstrahlung eross-seetions.

The differential cross-section for the process (1.1), in terms of the matrix
element F defined in (2.1) is given by

1 m2 M2

3.1) do= S
B4) do (27 24/ (py -pa)* — m2 M2

' dsp, d®p, d3k
[E1204(p1 + pa— p3— pa— k) Ep3 Pa

s By ky
where, due to eq. (2.2)

(3.2) [P = [FPR - |FV™OF + 2 Re (FP%)* . T,

We give the explicit expression of (3.1) in the following particular cases.

38'1. Differential oross-section, unpolarized target. — If the polarizations are
not observed, we must average over initial, and sum over final, spins.
Then eq. (3.1) becomes

M2
222V (p1 pa) — m H®

d*py d®p, d°k
AL A Ty - LY 64(p, 4 po— Dy — py— =
I+ I 4 L} 6%y + pa— py— 14 A W

(3.3) do =

where o= ¢*/4n, and I, I, and I, are given by

1 y) y) miq? meqe ,,'zqz]
A4 I == Fgy|-2_22_"T1 4 F(g2)-
I 1 25 2hn) T D)

_[~ m? (H1+M4_,uz+ﬂ3)2_ (ot p)®+ (uer/%)ﬁ")+ mzq“’(l_qhz)]
2M: A Ay 4 M2 Mg M\ 4M2)

s (5-5)-3(-27)

R - 1 . q2 quﬁﬂ qg 9
(8.30)  FA(q) =Pt W AT+ ) g + 52 (5

+

with

3

2 42
(3.80)  FH)=F-ELp )= (7, 4 up)

q2
YT K



(3.6)

with

(3.7)

(3.8) I =

with

(3.9)
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4 1

1—2:'—* e
Q%+ 4vy— v}

[t s+ s ot s+ (B ) 25 5 2R

(For £) = Fo(g®) Ro (ot nafs) + o o(g) Re (fo);

4
-3 [ ”jf‘3 (49— 98) T+ (g + o) Ja+ (9 + ) Sy — (8v3v4a1oe3/v§>J4] ,

2

J1=[9,10, 11, 12] = |fo + v f1o]2 -+ (¥2 + s {lflzlz_ [fo]2— 'szlfnlz} +
+ B0 e (22) ],

Vs
J,=[1,2,5+7,6-+8], Jy=1[3,4,5—17,6—8],
J4:Re{ f1+v1f2 (75 + v1fio) + (va -+ vs)-
[ﬁz fe + fs)‘“ flfs - 7’52][;(1 fs -+ fv)] -+

’V1('Vz + ;)2

+ T f6+78 712 Vz\:fzf'lko‘i‘ (112

- ”3)206 4 wz]} .

In other words I, is the BH term, I, the interference between BH and VPC
amplitudes and I, is the VPC term. The notation used is given in the Appen-
dix and it is the same as that of BERe and LINDER (°) to make easier the com-
parison of the formulae. The above results are in agreement with those obtained
previously by these authors.

In coincidence experiments, in which the quantity

_ b
d.Q;; d.Q4 dE4 lab

is measured, eq. (3.3) becomes

(3.10)

dsc _ o M pi|pi 1

OO = 25 T T ol (o) 30 I, -1,
dQ3dQ4dE4 lab 22 ]{30 E3 ]Pl] (lP%I/E ) { + 2 }

In the case that only one final particle is observed this formula has to be inte-
grated properly.
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3'2. Differential cross-section, polarized target. — We describe the two pos-
sible spin states of a fermion of momentum p by the covariant projection
operators (7)

(3.11) P(Ls)=31L Ly 5,
where s is the spin of the proton
sp=0, §2=—1.

We consider a WAB process in which the initial proton (target) is polarized
long s, and we define the quantity

__do(+s) — do(—s)

(3-12) = do(+5) F do(—s)’

where do (4 s) is the differential cross-section of WAB with the two possible
spin states. With this definition we find that R is written

M2
. 2“2\/(271 Pa)t— mE M *

{IIz + IIa} O0HPs + Pa—Ps— Pa— k)

(3.13) R

@op, dip,
Ea, E4 ko

dgunnol

where I, and II; are given by

2 s,
IIz Z*ZIm anNk ’
7 E=1

with
o [ dvsy
Nl:v—:[ :2 : (11,3,5—17,9) +o,(1,5— 17, 3, 5—!—7)] )
2 2
Eoty [4v59,
Ny =220 (4,12,10, 6 — 8) + (6 —8, 2,6 4 8, 4) | ,
2 2
50{3 47131}4
N:s:vz 2 (3712,9’6_8)+051(6_87176+873) ’
2 2
Eo, 4y, ‘
N,=—+ o (4,11,10,5 —7) +ay(b—17,2,8+17,4)]|,
(3.14) a L %2
) ‘ 4v2e 4v}
Ny = ofd el 4 o) el 90— 22 (1) ol —
2 2
4y, v, 00y 0 B 4y, v, ot;00
- 3—:2l—3 (2,9,10,1) = {17 2,3,4, 9710}_3—,‘2L§' (2,9,10,1),
2

1
NG:;—Z{6+8,5+7,6——8,5~7, 12,11} —
2

4
A 712,11, 6 + 8) .

Va

’
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(hy Ky Ty m) Eﬁ; fe t+ ﬁfm§

11 2 , 2
11, zjﬁ ? m{h Plloyns + [oa05 — dotiot (7’4/”2) (va+ va)] sl +

+ fallorma— oans] + Fal@®) wnsyal +

+ 15 $loans + [0505 — 4otz (vafva) (¥2 T vs)Nsll

+ fal@loama— asns] -+ Falq®) pmsyal +

+ folpol— s (07 + 4ot [va) + 7105 — Na01a] — Faq?) poemll +
+ fo[Fa(q?) poshs — Pota (1505 + 7200l +

(3.15) ‘
+ froual— EFa(q?) iy + o[ orms £ E(71— osma) ]l +
+ [0 [EFo(q2) s — Poca[7s + 037s]] +
+ fa Plloso0 — (4(22 + v5)[v2) Zs) s — 0wt
+ Frol Fa(q?) s — L0675 + 17l +
+ f1ulFa(q?) uo10m + P[72002— (4ot vy) Zsns— o1amall +
{ + fral— Falq®) uo10ms + G120+ 0’13773]]]} )
with
o= 8154 ’
3 . 2 2
e = ’J’T[{[l —- ”,,;3] (5-70) + g () -r} :
1
Ny = — M{23 vy + v)(va+ vy — 1) +
s pa (e +vs) + (1 —va— v3)(29; + 7’2)]} y
(3.16) 1
Ny = ﬂ{"‘ 2w+ v3)8 7 -+ (205 + vo— ¥1)$ '?4} y
_ 25-D
=
2
nsz—ﬂg(72+vs)3’p§

L @ = F1(¢?) + pFa(q®);

£ and o; (i =1, ...,14) are defined in the Appendix. II, and II; result re-
spectively from the VPC amplitude and its interference with the BH one.
Tn the numerator of (3.13) the pure BH term vanishes identically.
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From the knowledge of B the ratio

do(+s) 1-+R

(8.17) do(—s) 1—R’

cen be found, which is 2 more convenient quantity to be measured.
In the laboratory frame and in coincidence measurements R is given by

e psMip) L {11,411
(3.18) g = 2 P R Pl (1) B,) — R :
s Ko - / ae s 02 4 E, lab
where
d‘5g\mpol
d0,d0,dE,

has been defined in (3.10).

8'3. Polurization of the recoil proton. — In the previous Subsection we wrote
down the expression of R, (eq. (3.12)), when the initial proton (target) is polar-
ized and the polarizations of the final particles are not observed. We consider
now the case of unpolarized targets and the recoil-proton polarization observed.

Likewise we define the quantity

,__do(+8) — do(— s)
T do(+8) +do(—s)’

(3.19)

where now the spin s is referred to the final proton.
E' is obtained from R by redefining the quantites 5, (i=1, ..., 6), appear-
ing in (3.14) and (3.15) as follows:

—_ 5P
= Ak
3 v, 2w, 2 |
Ny = jﬂa{[l_i_v_z - ) s}s-pz—k 72—1 (v, -+ vs)sw'j ,
1
Ny = — W {28 TV ) (vt vy — 1) —
(3.20) —spf(1—w,— V3)(295 + va) — vy (v, + 1’3,)]} ’

2 1
s =3y (e + v3)s 7 + Wi (293 + v+ 91)sDa

2
775:]7[—38'1)7

2
He = e (vatv3)s-D

and all the rest unchanged.
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4. — Virtual-proton Compton contribution to the WAB.

In Sect. 2 the VPC amplitude M, has been written in terms of the twelve
amplitudes f;(4 =1, ..., 12). We now proceed to find their explicit expressions.
To achieve this we approximate the blob of Fig. 1 ¢) by the contributions of
a single virtual proton and a 3-3 resonance. This approximation limits our
predictions to the experimental configuration in which only these states are
relevant. We dismiss also n’- and 7n’-exchange contributions since it is known
that they are almost negligible at and below the first resonance (58).

41. Single-nucleon intermediate state. — The contribution of the single-
nucleon intermediate state to the f;* may be found by using unitarity in the man-
ner described by HEARN and LEADER but this procedure does not gnarantee
the correct low-energy limit (°).

Instead we appeal to the low-energy Compton-scattering theorem (*°) which
states that the low-energy limit is correctly given by the lowest-order pertur-
bation theory, if anomalous Pauli moments are included. Accordingly the
single-nucleon contribution is given by

s (o #7\ Pat M
(£.1) Mﬂ”“(7”+2M””k)(pa+¢)2—M“

‘ [Fl(f”z) Vu+ ﬁ;[ Fo(r?)(ry,— Vﬂ)] -+ crossed term .
Now taking into account that 4, B, ¢ and D form an orthogonal basis and that

M,, operates between two free proton Dirac spinors, and using the identity
D =iy, ABT, we find that

[ 7= 2w, ¥, (r?) . 2, Fg(r?)
R P v, ’
= v 1y (r?) + 27’11’3(17’1(”'2) + MFz(rz))
(4.2) Poi—n Vo (1 — ¥3) '

& = plFy(r®) + (L4 p) Fa(r)]

b= — s (14 @)[Fa(r?) — uFo(r9)],

v] — 93

(8) A. P. ConrocoUurts and A. VERGANELAKIS: Phys. Rev., 6, 103 (1963).

(®) A. C. HEarN and E. LEADER: Phys. Eev., 126, 789 (1962).

(1) F. E. Low: Phys. Rev., 96, 1428 (1954); M, GELL-MaNN and M, L., GOLDBERGER:
Phys. Rev,, 96, 1433 (1954),
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(¥1— 93)(va + v5) + 92
(v -+ v5) (¥ — v8) ’

2F,(r*) + p[Fo(r®) + Fao(r*)] i

2(¥2 — 93)

fi =—LIF0%— By

fg =%

vavop[ Fa(r®) — Fy(r)] 1

2 F
T Ty 2

y _ VL2F3(r) + p(Fu(r?) + Fo(r®))] wrs g
= 2(v, -+ 73) (9} — 95) P G Ty T 2
[Fy(r?) + Fa(r?) + uFy(r?)],
B __ /f_‘f Vs v .
(4.2) fo ==5 I:%) vy + v - 2(v1— v3) (¥, -+ v5)
[0 -+ (i) + Fy(re)] - ) LRI,
17 Ve
B __ 2 J_L Vs V3
B == (3 o+ 2 ),

2 3 1 ‘F 2
fo — (Fl(,nz) + MFz(Vg)) r’ jv + Vo ] o ($y 2 2(72)
2

] vi—9i| 205 —93)’
2
5o Vi%s P2
R e =L
s _ A o 2
. fla = — p(L + p) Fyfr?) 2(¥s 1+ 9) (42 — 93) prEy(r?) g

Apart from f7, these results agree with those of ref. (5).

42, Meson-nucleon intermediate state. — We now have to find the contri-
butions of the meson-nucleon intermediate states. To face this problem the
usual analysis using dispersion techniques is not suitable because it leads to
excessively complicated calculations. Instead we use an isobaric model for
the 3-3 resonance. This resonance can be excited electromagnetically by the
magnetic dipole M1, transverse electric-quadrupole E2 and scalar-quadru-
pole Q2 transitions. The first alone is well known to give a fairly adequate
fit to scattering data and so we have neglected the F2 and @2 excitations.
The magnetic-dipole isobaric formation can be described by making use of
the well-known spin-§ partial-wave amplitude in the so-called nonrelativistic
form, and by transforming it into a covariant analytic amplitude, as has been
done in ref. (**). However, since up to now we have used the familiar Dirac
4-gpinor formalism, in order to maintain uniformity of our work, we ‘shall

(1) A, VERGANELAKIS and D. ZWANZIGER: Nuovo Otmento, 39, 613 (1965).
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employ the Rarita-Schwinger spin-§ propagator and vertex function. As
interaction for the ypJN™ vertex we choose (%)

(4.3) H = 2,@)y9,$(@) F o+ e,

where ¢(x) is the proton field, F, is the electromagnetic-field tensor and
y, (@) is the spin-§ field of Rarita and Schwinger; and as spin-§ propagator

p+4 , 1 2
(4-4’) Sllv(p) = pE— A2 L]w{g;w_ '}’,zg/ - gZ (7ﬂpv_ Z?u%)— gA’;pﬂPV} ’

where A and p are the mass and the four-momentum of the isobar respectively
and g is a dimensionless quantity, the numerical value of which must be ob-
tained from experiment. I” provides the finite width of the 3-3 resonance; it
is chosen such that the half-width at half-maximum I'jA == (0.125 4 0.015) GeV.
In the case that the photon is off the mass shell g is replaced by gG(r*) with
G(0) = 1, where G(r?) plays the role of the form factor for the yNN* vertex.
The choice of this propagator avoids the presence of an undesirable pole in the
crossed diagram but it has the limitation that cutside the resonance region it
no longer represents a pure angular-momentum 2 propagator.
In analogy with the equation (4.1) we have now for the amplitude M zﬁ

2
(4.5) M?j’; = (%) G(W’z){(gw Iy — kggvl)'}’fwyﬁsev(pAI + k)'}’s'}’n(g,uﬂ'rn_ gmﬂ'd)} +
-+ crossed term.

By using the same technique as in the single-nucleon case we obtain

2 4 Vs
P = T(s) {% (Vl—"’z)[g (1_%)+ (vi—72) (2—§ %)] -+

2 4
- [§ i (v, + 29,) — 2111]} R

2 = T(s) {% il]l';: [(vo— vi— L)[1 + (v 2) (72 + ¥5)/¥a]
(4.6) + Ly — 95) (295 Vi — a) + va0sve + (A[ M5+ v — )] +
2 (24 293) (v, + 29y) 4
+"§[3+27’3‘* Ve _]_W_]}7

P =370 [ oum et 57 00|+

+ (1 + %) (r 27’2)} ’

(12) M., GourpiN and PH. SauiN: Nuove Cimento, 27, 309 (1963).
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M2 A
: ——T( ){A2 vz)[ 5 (2v3—f—v1—v2)—l—2ﬂv1j}_v2]+

A
+ (2”3+7’1+27’2)_(1+M)}7

33_iL M [ v 5 2]
=g 1) 5 0|+ 01—

s 4 M= 2 V3
fit =< 1(s) {E [(vl— 2a)(1+ 5y — 9y) ;”—”v] —(nt 21’1)} :

21 V3

2+ 3
+ (v, — )1+ 205+ v, — 9,)] + (295 + By, — 20.)] +

=+ % (v, — 7’2)2[7’2 (1 - “21%4) - 1/3] + ¥ (1 + %) (v, — 41)2)} y

w__ 4 <s){ [ AL -+ 24/ 3) +

-{i,”%: |31+ 31— 39— 1+ )|+ e 2v;)} ,

33 2 e Y|
v =3 T(s)(vy— v,) {é]—z— (ri— vz)[l + v (1 — 2) ~ (v -+ v5)— i

vy - 2v2)] — (va+ 29) + (1 + ]AT[) e ; ”2} ,

ff;’ :Z_?S T(S) {%{:‘ [(v,— 7’2)[(7’3“‘ 1)—2(v,— V) — (14 7’3/1’2)(”1‘— 7’2)2] -+
+ (4] M)y + (v, — Ya)(¥1+ va 4 v3)]] + (v1—va)+

P 1 A
.[2—v1—2v2~%(;Z—Z)]—gvl(l—!— ﬁ)}’

e ) (22 )
2M? Yi| 1 A4
{% (y;— vz)(—:a—/fvz—- v3) -+ —3-1)2(1 -+ ﬂ)} y
2 M 4 \1
=7 T( ){Az (n— )[W1‘|‘ (Vl_vz)z—vzjfv3(vz‘]‘ J—V[%)J -

A s —
- (] + ﬂ) 2_—-(1}2 T w) — (11— ) (29, + 7’2)} ’
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¥

where

(4.7 T(s) — G(r%) (%)2 E’:Z]‘%“ﬁ

and () s = M>(1 + 2 (», — »,)). The crossed terms are obtained as follows:

crossed

fa(vy 2y v5) —fl—=1y ¥2,%5) 4 (t=2,4,9,11,12)

crogsed,

flviy vay 93) o fol—w1, vey 1), (¢ = 1,3,5,6,7,8,10).

Correct p-wave threshold behaviour implies also that [' should be multiplied
by a suitable kinematical factor which we choose to be (¢/g,)?, where ¢ is the
momentum of the decaying pion N*— w-- N in the rest system of the N*
and g, is the value of ¢ at the resonance ().

In order to specify completely the expression of 7'(s), the values of g2 and G(r?)
are needed. To evaluate g2 we make use of the existing experimental data on
the nonpolarized differential cross-section for Compton scattering at 90°. From
the amplitudes (4.6) we take the six which contribute to the real Compton
effect f,(1=1, 2, 3, 4, 6, 7), and we consider the contribution of the 3-3 reso-
nance at r?= 0.

We thus calculate the (do/d. Q)4 of the real Compton scattering at the first
resonance (s = A42). If in this expression the experimental value (**)

do
— — 2) —31 2
(dQ)g,,o_ (1.6 £ 0.2)-1073! cm?,

is inserted, we obtain

g==2.15 4+ 0.07 .

As can be seen from eq. (4.3), the constant g has the same meaning as C,(0)
of ref. (*?), but it is differently normalized. In common normalization (used
by previous authors) this value becomes g= 0.298 4- 0.009; which should be
compared with the values of

Co(0) == 0.37 (%),  C4(0)=0.298 (%), g=0.29 (11) and C,(0)= 0.3 (**)

(*) This s should not be confused with the s of the Sect. 3 which refers to the
spin.

(*¥) A. J. Durner and Y. 8. Tsar: Phys. Eev., 168, 1801 (1968).

(14 R. F. SmexinG, E. Lor and M. DeurscH: Phys. Rev. Lett., 10, 536 (1963).

(15) J. MaTeREWS : Phys. Rev., 187, B 444 (1965); J.D. BJoRKEN and J. D. WALECKA:
Ann. of Phys., 38, 35 (1966).

(*) R. H. Darrrz and D. G. SUTHERLAND: Phys. Rev., 146, 1180 (1960).

(%) 8. D. DrELL: Proc. XIIT Intern. Conf. on High-Energy Physics, Berkeley, 1966.
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This agreement provides a check cn our calculations. To complete the deter-
mination of the covariant isobaric contribution to the virtual Compton scat-
tering amplitude, we have to know the explicit expression of G(r?). We
have used two expressions for it. The first (choice 1)is that given by DUFNER
and TsAT (13)

(4.8) G2(r2) = exp [— 6.3V — r#](1 + 9.0V —72) .

The second (choice 2) is the empirical nucleon isovector magnetic form factor (7).
This seemed reasonable since the resonance is excited by an isovector magnetic-
dipole transition.

5. — Numerical calculations and results.

With the formulation described in Sect. 8 and 4 we are ready to proceed-to
the numerical caleulations. Since no approximations have been made about
the mass of the probe particle, the formalism described in the previous
Sections is applicable for electrons as well as for muons. As examples we
have specifically calculated first the quantity (%)

(@° Oy /2, A2, A By ),
and second the quantities B and R’ for the coincidence experiments in WAB,
for two initial electron energies 0.9 and 5 GeV, in various experimental config-
urations.

The kinematics are fixed by the following five parameters: E,, B, k, and
uy; and w4y, where u,— — (p;—k)? and u, = — (p, -+ k)* are the square of the
masses of the two virtnal electron states in the Bethe-Heitler graphs.

In Fig. 2a), 2b) and 2¢) we show d%c/df2, dQ,dH,|,, as a function of
u, for fixed ;= 0.90 GeV and for various Fy, k, and u,. In Fig. 3a), 3b)
3¢) we show the same quantity but with H,= 5.0 GeV. Tigures 24) and 3a)
2b) and 3b), 2¢) and 3e¢) correspond to the case in which the invariant mass of
the intermediate proton is 1.150 GeV, 1.236 GeV and 1.350 GeV respectively.
If ingtead of using electrons as a probe we had used muons the results shown
in Fig. 2a), 2b) and 2¢) are changed slightly while those shown in Fig. 3a), 3b)
3¢) remain practically the same. For comparison see Table I. From these
figures we can make the following observations:

(18) This quantity has been measured recently in two kinematical configurations
by a Frascati-Napoli-Roma group at Frascati (to be published).



759

VIRTUAL-PROTON . COMPTON EFFECT ETC.

0.12 0.20 0.28

0.04

0.28

e Z 72070
R -0
e /e

0.20

0.12

004

032 0.20 0.28

0.04

pst —

[r09- (usyjar] ‘70 5P gPlOP

y, [( GeV )2]

jon d%0/(dQ,dR,dH,) in units of 10-% cm?/GeV -

Fig. 2. ~ a) Unpolarized WAB cross-secti

1.08 GeV and k,= 0.31 GeV.

connect the points with the same value of u,.

-(sr)? as a function of w, for H;=0.90 GeV, B,

Dashed lines

The curves I), IT), III)

, BH+-pole--3-3

BH +pole terms

>

form factor G(r?) given by

and IV) are calculated respectively with: BH terms

resonance terms with the y NN

BH+pole3-3 resonance terms

DurNeER and Tsal, and

with G(#?) as the nucleon isovector magnetic form

=0.41 GeV. ¢) The

0==

1.05 GeV and &
E,= 1.03 GeV and k,= 0.54 GeV.

h H,=0.90 GeV, H,

factor. b) The same as a) Wit

H

same as a) with F,= 0.90 GeV

(oo~ (4s)jar] 'T’sR P[0 P

20 2.8

1.2

0.60 1.00 1.40 0.4 1.2 20 0.4
y, [(GeV)Z]

0.20

G)
%0
S
s
koG
[ar)
=T
59
Mko
S
46
S
-
X
3
04
S
|
S
[an)
N

I

Fig. 3. — a) The same as Fig. 2a) with
b) The same as Fig. 2a) with B

2.84 GeV and k, = 0.7 GeV.

> E4=

5.0 GeV

Fig. 2a) with B,

same as



760 M. GRECO, A. TENORE and A. VERGANELAKIS

a) the contributions of the VPC effect depends strongly on the kinematical
configuration of the experiments and may change appreciably the results of
pure QED in the critical region where the intermediate electron or muon is
far off its mass shell;

TABLE 1. — Comparison between e-p and pp bremsstrahlung cross-sections: Iy, II) and I11)
denote respectively the quantities shown in curves I), II) and III) of Fig. 2a).

Ey= 0.9 GeV, B,= 1.05 GeV,
Foo= 0.413 GeV

B,=10.0 GeV, E, = 5.54 GeV,
ko= 0.358 GeV

= 0.28 GeV? U= 0.26GeV2 | u, = 2.35GeV? Uy = 2.34GeV?2

Uy =—0.40 GeV?2

Uy = — 0.41 GeV?

Uy = — 2.38 GeV?

Wy = —2.39 GeV?

(#7), ub/(sr)? GeV

(67), ub/(sr)? GeV

(u7)s ub/(sr)® GeV

(67), ub/(sr)2 GeV

I 0.10584-10-3 0.10264-10-3 0.15188-10-¢ 0.15188-10~¢
II ' 0.26262-10-3 0.24978-10-3 0.49779-10-3 ’ 0.49848-10-3
0.23777-10~2 0.10825

0.10828 ‘

III’ 0.25596-10-2

b) at small momentum transfers to the proton the results obtained with
the two form factors (choice 1) and (choice 2) used above substantially differ
(see Fig. 3).

These results suggest that the exponential form factor is a more reasonable
one, to describe the behaviour of the YN N* vertex form factor, in agreement
with the conclusions of the analysis of the electroproduction of pions (*3).
A coincidence measurement of the WAB in the kinematical configuration of
Fig. 3b), for example, in which the BH contribution is negligible by comparison
to the VPC term, may decide for this suggestion.

It should be noticed from our calculations that the crossed graph is negligi-
bly small at the resonance peak, while its relative magnitude is increasing as
one goes outside the resonance, and there are kinematical regions where the
two graphs give comparable contributions.

Let us deal now with the polarized cross-sections. To define the kinema-
tical configurations for the gquantitites R and R, in addition to the five inva-
riants chosen for the unpolarized cross-section the orientation of the spin is
needed. From now on we denote by s, and s, the spin four-directions of the
target and recoil proton respectively. We have choosen our co-ordinates as
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follows:
pi= (B4, |p:; 0,0),  p=(M,0,0,0),
51 Ps= (L, |y cos0,, | py] sinb, cos g, |ps| sin b, sin @) ,
P1= (Ha, |ps| 0080, |pa] sinG,, 0),
7 = (By— H;, |p:| — |ps| cos0,, — | ps| sin b, cos ¢, — | p;| sin b, sin )
and x
8 =1(0,1,0,0),
(5.2) s5=1(0,0,1,0),
S5 =1(0,0,0,1),
sy = (|pa|, Byc086,, B, sinb,, 0)/M ,
(5.3) sy = (0, 8in0, —cos 6,, 0) ,
s =(0,0,0,1), g

Fig. 4. — Frame of ref-

: erence used to calculate
where the angles §,, 0, and ¢ are shown in Fig. 4. the Tables II and III.

The expressions for the products occurring in the
(2.16) and (3.21) can now be obtained in terms of the angles 0,, 0, and
@ and initial and final energies. In Tables IT and III we show the results.
In the above co-ordinate system & is given by

_ |p1l sl pal sin b, sin 6, sin ¢
2Ms :

1
(5.4) £=mp4'(p1><pa) =

TaBLE II. — The invariants s, Py, 8y°r and s,-D ewpressed in terms of momentum and
angles for various choices of the polarization s,. Quantities evaluated in the laboratory
frame (Fig. 4).

85Dy = —|py| cos 6,

Sy Py = —|p,) 8in 6,

s pp= 0

sgr = |py| cos 0,—|p,]
sgrr = |py|sin 0, cos @

I

[ps| sin 6, sin ¢

= — (M/2)|ps||ps] sin 6, sin 6, sin ¢

”
D

sy D= (M/2)|ps||ps| cos 6,sin 6, sin ¢
D

= (M[2){|ps||pal(cos b, sin 6, — cos 6, sin 6, cos @) — [p, || p,| sin 6,}
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TaBLE III. — The same as Table II with s, replaced by s,.

sipe= [P
sfpy= 0
s1py= 0

si-r = (|p/M)(B,—Ey) +
+ (By M)(|ps| cos 6, cos 6, + |py] sin 6, sin 0, cos ¢ — | p,| cos 6,)

sitor = (1) M)(]ps| cos 6, sin 6,— | p,| sin 6, cos 6, cos ¢ — | p,| sin 6,)
r | 3] 8in 6, sin @
-D 0
st D = — (M/2)|p;|| p,| sin 6, sin ¢
-D

PA (M/2)[| ps||psl(eos B, sin 6,— cos 6, 8in 6, cos p) — | p, || p,| sin 6]
Let us choose now as orientation of the spin target and of spin of the observed
recoil proton the s} and s respectively. For these particular choices we report

in Fig. 5a) and 5b) K as a function of 4, and the rest of the kinematics is as in
Fig. 2b) and 3b) respectively.

0.60
a) b)
ol
0.40F - AT
VN
VAR
3 /0N
* Lol D
1 3 1 1
| I | i | . : 1
0.20 - b T T
Ll e o !
I © 8 NI e N
- s~ T =R )
0 - =
> S I
] 0.
3
0 i 1 1 1 1 1 1 1 i i 1 ] !
0.04 012 0.20 0.28 0.4 1.2 2.0

u, [(GeV)Z]

‘Fig. 5. — a) R(y) defined in the text, as a function of w;, for E,= 0.90 GeV,
1 By=1.05 GeV and k,=0.41 GeV. Dashed lines connect the points with the same
‘value of u,. The curves I) and II) are calculated respectively with v NN* form factor
G(r?) given by DurnNEr and Tsal, and with G(r?) as the nuclear isovector magnetic
‘form factor. b) The same as a) with H,= 5.0 GeV, E,= 2.92 GeV and &, = 0.49 GeV.

In Fig. 6a) and 6b), R’ is plotted under the same circumstances as the
previous Fig ba) and bb) respectively. As we see from these Figures, large polar-
ization effects arise. We observe again that in the large-momentum-transfer
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region, R and R’ are strongly dependent on G(r*) and a measurement of R and

R’ can provide information about this form factor as well as about the VPC
amplitude.

040
a)
— 1 | i ' T \:\LI)
Jool L g on & L Ty
& 8 38 3 g 3 5 1"
s ° ° s 3
I S
2
|
0 1 L 1 1 ! 1
04 012 0.20 0.28
ui(GeVﬂ

Fig. 6. — a) R'(1), defined in the text, in the same kinematical configuration as Fig. 5a).
b) R'(1L), defined in the text, in the same kinematical configuration as Fig. 5b).

In experiments in whith both et and e~ are available, also the interference
between BH and VPC amplitude may be avoided in the numerators of B and &',
provided that respectively the polarization of the target and the polarization
of the recoil proton does remain the same.

Thus the WAB experiments with polarized targets, or in which the polar-
ization of the recoil protons is measured, provide us with a good source of infor-
mation about VPC amplitude.

This aim can be better achieved (1) in the large-angle pair-photoproduction
experiments, if similar polarization measurements are made. In this case it is
easy to see that in a symmetrical arrangement where charges and polarization
of the final leptons are not observed, only the VPC amplitude contributes to
to the numerators of R and R'. A clarification of the importance of the VPC
term in this process would be valuable, because in many current theoretical
interpretations of these measurements, the contribution of the nucleon iso-
bars has been considered, in poorly justified approximations, negligibly small (*°).

(1%) The main experimental difficulty which arises in the WAB experiments is the
problem of how to discriminate the y’s of the WAB from the y’s due to the decay of
the electroproduced m°.

() A. S. Krass: Phys. Rev., 138, B 1268 (1965); 8. D. DrELL: in Proc. Intern.
Symp. on Electron and Photon Interactions at High Energies, Hamburg, 1965, vol. 1
(Berlin, 1966), p. 71; J. Assury, U. Brckrr, W. BERTRAN, P. Joos, M. RoHDE,
A. J. 8. Surra, C. JorpaN and 8. C. C. TiNnag: Phys. Rev. Lett., 19, 869 (1967);,
R. G. Parsons and R. WriNsTEIN: Phys. Rev. Lett., 20, 1314 (1968).
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6. — Discussion.

By using the covariant isobaric formalism we have been able to avoid the
difficulties that arise in the present problem if dispersion relations are ased.
The vesults are of course model dependent. However, other experiments indi-
cate that the model we have assumed should give the bulk of the VPC effect
on the WAB experiments. The approximations that have been made are such
that the predictions are limited to the experimental configurations in which only
the single nucleon and the 3-3 resonance intermediate states are relevant:
that is when the invariant mass of the intermediate proton is not far above the
first resonance. According to these predictions it is legitimate to neglect the
contributions of =°® and v° exchange (8).

In our analysis we have dismissed the possible contributions from E2 and
©2. The former transition is well known from the scattering data to give a
very small contribution in comparison to M1, while from the data of electro-
production one cannot say exactly how much the latter one contributes. Never-
theless there are well based arguments which suggest that 2 cannot be large (13).
So it is believed that the inclusion of B2 and @2 should not change the striking
features of our results. These features as we noted above are the strong de-
pendence of the VPC effect @) on the kinematical configuration of the WAB exper-
iment and b) on the form factor G(r?) appropriate to the vertex v NN*. From
the numerical results we concluded that the G(r?) given by Dufner and Tsai
seems more realistic than the empirical isovector magnetic form factors. It
should be noted that this conclusion is not affected by the approximation
to ignore B2 and §2 because if for example the Q2 transition were significant, the
form factor G(r?) would decrease still faster than that of DUFNER and TsAT (13).

The question of the radiative corrections detected experimentally (1) in
the process (1.1) has not been faced in this paper and it has te be congidered
separately.

From the present calculations we conclude that as smaller distances are
probed (as the off mass shell of the electron (muon) increases) the contribu-
tions arising from the VPC effect are relatively increasing.

& ok sk

We wish to thank Profs. N. CaBIBBo and B. TOUSCHEK for many stimu-
lating discussions. One of us (A.V.) is grateful to the Istituto di Figica del-
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(*) H. D. Scuurz and E. Lurz: Phys. Rev., 167, 1280 (1968).
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APPENDIX

Following ref. (°) we consider the amplitudes f, to be functions of the three
invariants »,, v, and »;, defined as follows:

R K Q:— K2 0-K P2
T T 0 T

M2 4M:’

=

‘We also define

(A-4) -+ 2e _ (k-ps) + (k-ps)

M2 T 4M: 4M2

Vy =

and
(A-R)  (py+ ps)-(pat pa)

’])5: ]

Me 4 M2 ’

where A = §(py -+ ps).

The variables appearing in the formulae of unpolarized and polarized cross-
sections are expressed in terms of the »’s as follows:

X = (vy— V) (295 vy) ¥} ,

M = (k-py) = M2(2v,— v5),

Ay = (k) = M*(2v,+5)

2 = (pi— ps)® = 4 M,

q? = (Po— Pa)® = £ M3(v; + ;) ,

P = (D1 Pa) = M2[vs+ vy— vy — (2 — )],
pe = (s Pa) = Mvs— va— v3— $(na+ 93)],
ts = (Paps) = M[v5 + vy + 95+ $(ra— v1)],
Mo = (PrPa) = M5 — vi+ v3 + §(va+ 0],
&y == 5+ 119,(29, -+ ¥,) v ,

oy = (—;[%%2 = (%— va) + J_l_)l{_z [— (9995 +vy0,)2+ 49, (v3 —vyg05) — dvgva(va + 95)],

oty == va[¥z + (¥ + v5)(¥i— 1),
D2= M%j/as ,

§ = %Etxﬁeypicpgpg Ps .
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In addition we have

Y1 = 2oLty 00 (vav5 — v17,) + 2?%1 +- ?’27’3] ’
. .
Yo = 200(Va¥s— Vi9,) — Vot

4y . :
Ys =— (;2‘?:) {0‘51053[7’17’2{”’2'”»L V3) — 204(v1¥— ¥2¥5)] + "’4(47}2_'7’2)} ’
2 N : . .

Zy = vv,00 05 ’
Zy = V¥t ,

2 2
Zy = Yo, [295(20t -+ vy + v3) -+ 4v2— 3],

2 2.
Zy = Yo, [4vi— va— 2vyv,] ,

l

Zg=— “1“3"’3(47’2— "’g)/vz y

Zg == — (va¥y[vy)[ 2005 + (4¥i— ”2)/7’2] .

The o¢’s are given explicitly as follows:

o
0y = — (20 0ty — 1,) €,
Ve

293

2
Gy = 200003V (v3 = 0] 0ty _v—)"’
2

Yy
0y =¥+ 75),
Ve
2
o 293
a2,
Va Ve
G5 = 0103Ys(20 — V3) 4
4
g¢ =|0v + 7 %y % (Va¥5 — YY) | &
2

2y, 49}
07 =1+ — + —,
Vo Vo
400,
a3 =[a7+-ﬁ £,
vy |
49  2cde
oy = dvyv,00 [1 — —-;— ! ® y
5 Va
4vy05 | 29,
10 =5 | = (Wa¥s — v1¥y) + v (va + ) | €,
Va Va :
v, 49}
opy=1+———,
Vs V3
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4,00, 49 Q0000v7y
on= 22 b1 5 + TR £
Vs Ya Vo

vy,
2
O3 =3 o003
Va
LA
014 = 0308 — 2 (ra+ )€ .
2

RIASSUNTO

L’effetto Compton virtuale su protone & studiato nell’approssimazione di protone
virtuale singolo e risonanza 3-3 come stati intermedi. Il caleolo del secondo stato inter-
medio & eseguito nell’ambito del formalismo isobarico. Il contributo alla bremsstrahlung
a grande angolo dovuto ai termini di effetto Compton virtuale & dato esplicitamente.
Si mostra che questi contributi dipendono fortemente dalla configurazione einematica
degli esperimenti e possono cambiare sensibilmente i risultati della pura QED nella
regione critica in cui lelettrone o il muone intermedio & molto fuori del mass-shell.
1 risultati numerici suggeriscono che il fattore di forma esponenziale & pil ragionevole
per descrivere I'andamento del vertice v N*. Inoltre si fa notare che misure di pola-
rizzazione del protone in esperimenti di bremsstrahlung a grande angolo e produzione
di coppie a grande angolo forniscono una nuova importante fonte di informazioni sul
contributo dell’effetto Compton virtuale a questi processi. Le sezioni d’urto polarizzate
sono calcolate esplicitamente.

Bupryansuplii nporonnsii 3¢ggext KoMurona u JIeKTPOH (MIOOH-)-NIPOTOHHOE
TOPMO3HOE M3JIyUeHHe KaK NpoBepxa KBAHTOBOH 3JIEKTPOIUHAMMIKH.

Pesiome (¥). — Wzyyaerca BuUpTyanbHBIL sppexr KommToHa B OpuONKeHUN SIHHC-
TBEHHOTO BUPTYAILHOrO INpOTOHA ¥ 3-3 pe3oHaHCa. BolupchaeHne MPOMEXYTOYHOIO
cocTostHms 3-3 pe30HAHCA IMPOHU3BOAMTCS B paMkax W306apHIECKOro  hopManmIMa.
To4Ho MPABOAATCS BKJIAN B H3MEPEHHs MIAPOKOYIIOBOrO TOPMOIHOTO W3JIyYEeHHUsI, BO3EH-
Kaiomuii OT YISHOB BUPTYANBHOTO HPOTOHHOIO sthpexta Kommrona. IToxaswiBaercd,
4TO 5TW BKIANBL CHVIBHO 3aBHCAT OT KHHEMATHYCCKOH KOHGMUIYparmi DKCHEPUMEHT 1
MOTYT 3aMETHO W3MEHHTh Pe3yJbTaThl YMCTON KBAHTOBOM SHEKTPONWHAMUKH B KPUTH-
qeckoll OGIACTH, I/i¢ MPOMEKyTOUHBIH JIEKTPOH W MIOOH HAXOAATCH HANCKO OT Mac-
COBOIl MOBEPXHOCTH. UWCNEHHBIE PE3YNBTATHI MDESATIOIATAOT, YTO BKCIOHCHIMAIILHBIN
dopM-GaxTop sBrseTcss 00nee HPUEMIEMBIM L omucanns TopeaeHAs (dopM-thaxTopa
pepruHEl YN N*. Kpome TOro, 0TMEYaeTCs, U410 ¥3MepeHns MONApU3auu IPOTOHOB B
HIKPOKOYFIOBOM TOPMO3HOM ¥3/1yeHUH W IKCICPUMEHTAX O POXKAEHUIO mAp Ha GOIbIINe
YITIBL TIPE/ICTABIISIOT ONMH M3 HOBBIX HCTOHVKOB vHGOPMAIMY O BKNALS BHPTYAIBLHOTO
nporormoro d¢pderTa KoMuTona B STH NPOLECCHL ToYHO BBHIMKCIAIOTCA NONSAPU3ALH-
OHHBIC TIOHEPEUHBbIC CEUCHU.

(") Hepesedeno pedaxyueil.
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