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The production m-mesons at angles ~ 180° in the c.m.s. of the high energy colliding elec-
trons and the nucleons is considered. The longitudinal components of the virtual photon
polarization vector do not contribute to the asymptotic quantity under consideration.
Asymptotic formulas are derived for the differential cross sections and for the polari-
zation of the recoil nucleons. The correlation quantities are oscillating functions of

energy and angle.

l' According to present day thought the asympto-
tic behavior of the scattering amplitude for
strongly interacting particles is determined for
backward scattering in the center-of-mass system
(c.m.s.) by the fermion Regge poles if the initial
and the final states contain each a single fermion.
The opposite-parity partial amplitudes have poles
at complex conjugate points for the case that the
square of the energy in the u-channel is negative.

The process of m-meson production associated
with high-energy electron-nucleon scattering, for
m-meson emission angles of ~ 180° in the c.m.s.
of the m meson and the outgoing nucleon, is of
both theoretical and experimental interest. The
process of virtual photoproduction of m mesons
differs somewhat from the process of m-meson
production by real photons and nucleons. First,

a virtual photon has a longitudinal polarization in
addition to the transverse polarization; second,
the square of the four-momentum of a virtual
photon differs from zero; third, the m-meson
electroproduction cross section averaged over
the polarizations of all particles participating in
the reaction contains a contribution correspond-
ing to linear photon polarization. Therefore the
study of the production of m mesons by unpolar-
ized electrons can give the same information as
that obtainable by a study of the m-meson photo-
production by polarized real photons.

In the present paper the process of m-meson
electroproduction on nucleons will be investigated
on the basis of the concept of moving fermion
Regge poles.

2. We define the amplitude for the electro-
production of T mesons on nucleons, A, as
follows:

(1]

Sy = 0y — i (2m)* 8 (ry + p1 — s — P2 — q)

X —L— A
V 2wesesErEq ! (1)

where Sjf is an element of the S-matrix, ry, m,
€, are the four-momentum, the mass, and the
energy of the incoming electron respectively; r,,
&, are the four-momentum and the energy of the
scattered electron, py, M, E, are the four-momen-
tum, the mass, and the energy of the target nu-
cleon, p,, E, are the four-momentum and the en-
ergy of the recoiling nucleon, and q, w are the
four-momentum and the energy of the m meson.

We shall consider the electromagnetic inter-
action in lowest order. Then one can write A as
follows:

A = ek_iep <p2ql"p.'.pl>1 (2)
g, =u (r2) Tu¥ (ry), (3)
where k® = —-(ry— r2)2, Iy is the electromag-

netic current operator for the meson-nucleon
system.

The quantity EMJ u can be expanded in terms
of the independent invariants Mi:m

6
sp.-,p = ElAi (Sy u) jVIi (81 P1> P2 q); (4)

M, = ivs (ek),
M, = 1s¢,

M, = 2iy; (eP), M; = iv; (eq),
My = 15k (eP), Mg = vk (eg), (5)

where P =(p;+ py)/2, s=—(k+p;)?, u=—(k

- pz)2 are the independent kinematic variables of

the process of m-meson virtual photoproduction.
3. We consider this process in the u-channel.

In order to obtain the amplitude in the u-channel

one must replace in (4) and (5) k — -k and
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q — —q. We now change in (4) and (5) to two-
component nucleon spinors, using the explicit
form of the four-component nucleon spinors. We
further eliminate the time-like component of the
vector g, using the charge conservation of the
electric current

ke = kye, = 0. (6)
This way we obtain
Fy=igeFy, + i (ak) (s¢) (o) Frut i (oK) (eq) Fyu
+ i (aq) (@) Fyut i (3K) (K) Fsut i (39) (K) Fou, (7)

where the amplitudes Fy, except for kinematic
factors are equal to £,J, in the c.m.s. in the u-
channel; k and q are unit vectors in the direction
of the momentum of the recoiling and the target
nucleon, respectively, and € are the space-like
components of €yt

The amplitudes Fj, are connected with the
invariant amplitudes:

F V (E1+ M) (Es + M) [—
= Snw

(w— M)A, — A}],

. VBT
Foy= - Snw [w+ M)A, — A4,],

F (B -+ M)V (£1— M) (Bs— M)
U= 8nw

X Ay -+ A3 — (w + M) (45 + 44)],

Fo _(F1— M) V (BL + M) (E; + M)
w Snw

X [—A,—A;— w— M) (45 + 4],

Fopee B M VS M) et M) [0 4 1) 4, — A,

8’1111/‘30
+ W+ E) (Ay— W+ M) 45) — o (A;— (w+ M) Ay)],
Fou= _(Ba+ M) V(Silw'/‘t; M) (fig — M) [—(w— M)A, — 4,

+ W+ E) A,— @ — M) A4y)
+ 0 Ay + (W — M) Ay)], (8)

where w is the total energy, k, is the energy of
the virtual photon, and w is the energy of the =
meson in the u-channel. Then from the equations
(8) follow the crossing relations:

Fru (W) = — Fou(—w), Fau) = — Fu(—w),
— Feu(—w). (9)

These relations will be important later.
We further introduce helicity amplitudes in the
u-channel:®

Feou(w) =

A= (g 1Rl 5 0) = 2 (@ + ) A @) d ()

- — 2Sin %Z fi [P;p/z + P;-I/,],
fo=(—5 = 1Pl 5.0 =3 @ + DA ()
J
;‘*‘l/z - P;"/zl’

— 2cos D AP
j

fo= (o = P 0) = B @+ DA dhr, 2

2] + 3
J+ A + V J—‘/, J B

= 2sin —- 2]‘3 [
— g A Ful 5, 0) = 3 2/ + 1) £ (@) dl 0, 2)
7

0 ; U —1 YF3 o,
= —2c0s L2/ [V AT S P~V EE2 P
9 ]_j-l 2.,+3 i+, 27 —1 =2
1
fsz(—T,O|Fu|—‘1—,O)

2
= — ZSin%Z

J

1
:OlFu!T’

]—1
2 F3

20+ 1) A w) di), -, (2)

j

£ [P, + Piosy),

fo= (4 0) =2 &+ DR ()

e : ’ ’
= 208 - 2\ fa (Pjsy, — Py,

5 2 (10)
i

where z = cos 6 and @ is the photon emission
angle in the reaction m + N — N + vy *,

The helicity amplitudes can be expressed in
terms of the amplitudes Fjy as follows:

fo = 2% sin (0/2) [— 2 (Frut Fy)
— (1 + cos ) (Fyu + Fu)l,
fo = 2% cos (0/2) [— 2 (Fru — Fyu)
+ (1 — cos 0) (Fou — Fyu)l,
fo = 27 sin (0/2) (1 + cos 8) (Fau + Fy),
fa
fs = — sin (8/2) [(Fyu + cos 0 Fy, + Fy)

— 272 ¢cos (8/2) (1 — cos 8) (Fyu -~ Fuu),

— (Fou + cos 0F ,, + Feu)l,
fo = — cos (6/2) [(Fiu + cos 6 Fay + Fiu)

+ (Fyu + cos 0F,, + Fgu)l. (11)

The partial helicity amplitudes f];y(w) are
connected with the partial amplitudes with defi-
nite parity by the relations

=L+ hd), fi=2LnH+H), fi=1 i+ H),
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fo = % (W — 1)), f=1 (hi—H)).
(12)

The partial amplitudes hJi’ h; , hJ5 have the same

fi= L (i —Hhj),

parity, opposite to that of the amplitudes
b, hl, nl.

4. The crossing relations (9) for the ampli-
tudes Fj, together with (10), (11), and (12) show
that the partial amplitudes hJa (w) obey the fol-
lowing relations:

B (W) = —h (—w), hw)=—h(—w),

hi (W) =k} (— w). (13)
These equations show that for u < 0 (w purely
imaginary) the amplitudes with opposite parity
are related so that if hll(w) as a function of j
has poles then h%(w) has poles at complex con-
jugate points. This is similarly the case for the
pairs hJ3 and h{l, and hg and h%.

5. We now consider the asymptotic behavior
for s — », u < 0, i.e., we go to the physical
region of the s-channel corresponding to high
energies and m-meson emission angles ~ 180°
(this corresponds in (10) and (11) to cos § — «).
To this end we rewrite the sum in (10) as an in-
tegral by means of the Sommerfeld-Watson
transformation, and then we deform the integra-
tion contour. Assuming that the extreme-right
singularity of the amplitudes hJa is a pole, and
retaining asymptotically for large s only the
contribution from this pole we obtain

f1 f2 2u*

TSm0 T Teos 07) — wosmr 1S (=),

2 sinf @ "3 cosfz(e/Q) =— coi“ﬂ}. [s 7 (— )],

2ein (00) T e @) = ~ eoarge 1 F (= ),

2 Sinfa(ﬁ/Z) 2 cos'{‘l(e/Z) = coian [Sj-l/z F (— s)i-7],

2 sh{ﬂw'z) B Cof(w) - cziiz_;— [s77F (—s)* A1,
s fe 2r

(s (— )], (14)

2sin (0,2)  2cos (6/2)  cosm

where a, 8, and y are the residues of the ampli-
tudes hjl, h%, and hg, and the signs + denote the
different signatures.

Utilizing (14) one can obtain from (11) asympto-
tic expressions for the amplitudes Fj,. From
these equations it follows immediately that for
large s, i.e., for large cos 6, the amplitude Fy,
and Fy, are asymptotically smaller than Fy,

Fou, F5y, or Fg,. With these asymptotic expres-
sions for the amplitudes Fj,; one can determine
from (8) the asymptotic expressions for the in-
variant amplitudes:
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Ay :.]Tu_l/z (F, — Fy),
Ay=Fu 't IF (Vu+ M)+ Fy(Vu— M),
Ay=Tut[(Fy— Fy+ oFy) (Vu — M)

— (Fg—F,+ oF,) (Vu-+ M)]I,
Ag=—put[(Fs— Fy+ (Vu+E) F)) (Vu— M)
— (Fy—Fy + (Vu + E) F) (Vu + M),
A= —qullFy—F,+ Fy—F, + o (F; + F)],
Ag=1 ut[Fy —F,+ Fg— F, — (Yu + E) (F; — F)l,
(15)

where, in turn, the quantities F; have the follow-
ing structure:

a* Sk _1 j%_1
=~  [gi*-') — 7*=1Y,
F, o5 [s F (— s)i*7],
a . .
= — = = (— =
Fy=—o 770 F (= )],
% b* [ Ry — Q) 7¥=1/,
37 7 Scosmy* SR F (= )7,
Fy= Tscosmj [s7="2 7 (— s)i='k],
c* sk _1/ % _1),
F5 = W [s]* s (_ S)] /.'],
4 51 51
o=~ [~ (— s)i-Y: (16)
F cos i/ (577 F (= sy

Here a, b, ¢ are certain combinations of the
residues «, B, and y multiplied by known kine-
matic factors which depend only on u.

If one neglects in (15) the contributions which
are proportional to F3 and F,, since according
to (16) they asymptotically are smaller than the
other terms, we obtain

Ay =—A4; A;=— A, (17)

Thus it turns out that all six invariant amplitudes
depend on two complex quantities, a and c¢. This
dependence is such that it is possible to write the
complete amplitude for the 7-meson production
by virtual photons in the following form:

enlp = M, - M_,
M, = &, [yua, (Vi) + ivphay (V)]
(if — Vwys(s F(—s)=")/cos 7/,
M_ = e, lya; (V) + ivpha; (V1))
(if + Vu)ys(s?* - (—s)i*")/cos /",

(18)

X

X

(19)

where f=p, — k, and a; and a, are given in
terms of a and c¢ by the relation
a, = (@ —¢) Vu+ Mhu,

a, +a, Vu + M) = a2V u. (20)
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These expressions give the asymptotic ampli-
tude in factorized form. They correspond to
second order Feynman graphs in which a
‘‘reggeon’’ is exchanged between the photon and
the final nucleon on the one hand and the 7 meson
and the initial nucleon on the other hand. The
quantities if + ul/? correspond to propagation of
the ‘‘reggeon’’ between the vertices, and y; cor-
responds to the vertex 7N — ‘‘reggeon’’,

&u'yu[al + ia2f<] to the vertex y*N — ‘‘reggeon’’.

6. In order to evaluate the differential cross
section and the quantities which characterize the
different polarization effects in the m-meson
electroproduction it is useful to employ the
helicity amplitudes in the s-channel. We write
out the final expressions for the asymptotic
helicity amplitudes of the virtual photoproduction
of T mesons:

(4ol 4 1) -
1

wayr Pt Pa (0 + Fo),
(1
2 .

OlFs'l———;—,:Fi‘)
1(.11]/'2 [ Fl_}_1z2:1t(F5—F6)]7

(L i Vs
2 ECED
1 1 Vs

(3 O1F | = 5, 0) = — &% (Fy — F),

OIFSITrO)Z (F3+F4)’

(21)

where F; are given by (16) and Fg is the ampli-
tude in the c.m.s. of the s-channel; it is defined
in an analogous manner like the amplitude Fy is
defined in the u-channel. Inserting (2) and (3) in
(1) we obtain

Sy = — i (2m)*6

m M -

e
X (’1+P1—”2—P2—(1)k—2 Ve ﬁﬁuﬁu

X (o @) Tu | P> = o=V 2kA (" + N — N + ),
Val-‘«‘z
(22)

where A(y* + N— N+ 7) is the S-matrix ele-
ment for the virtual photoproduction, where the
role of the photon polarlzatlon vector is taken by
u'yuu the factor (2k0) results from the nor-
malization of A(vy* + N— N+ m).

Using (22) we obtain for the differential 7-
meson electroproduction cross section the ex-
pression

m? 2ko (r1p1)

ds = e
Bk Y (P —

(2m)?

X V (kp)E —k2MZ

) ds(7*+ N—N-+mn) Lry
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_ & ke (np) ]/ (kpr) — KEM?_
= W aekt (kpy) V. (rip)f —mEE 4
X (7% = N — N 4 ) dPrs. (23)

The quantity [(ryp;)? — m®M?]V%(r,p,) repre-
sents the relative velocity of the incoming elec-
tron and the target nucleon, while [(kp;)?

— k®M?]V¥(kp,) represents the relative velocity
of the virtual photon and the target nucleon which
is introduced so that |A(y*+ N— N+ 7)|?
goes over into do (y* + N— N + 7).

The above introduced amplitude Fj is associ-
ated with the differential cross section by the
relation

ds , . . q
o+ N—>NA4m) =1

After averaging over the initial and summing
over the final electron spins we find for the dif-
ferential virtual photoproduction cross section
the expression

| Fs 2. (24)

Zk sanaﬁv (25)

— eap = 2k, g (R'ry)% — Oap —jz— + 2/}a kg [(kr,) + (kr,)?]

+ (kakp + kaks) (E + 2Kr,), (26)
where k’ is a unit vector which is orthogonal to

k and lies in the plane determined by the vectors
k and q. In these formulae the term kgkpfqyg
corresponds to the production of m-mesons by
hnearly polarized transversal photons, the term
"k kﬁfaﬁ corresponds to m-meson production by
longitudially polarlzed virtual photons, and the
term (k, f{ + kﬁka)f ap describes the interfer-
ence between the m-meson production amplitudes
by transverse and longitudinal photons, and,
finally, the term proportional to 0ap corresponds
to the differential cross section averaged over the
polarizations of the virtual photon.

According to (21) the contribution to the cross
section of the longitudinal photons is asympto-
tically smaller than that of the transverse pho-
tons. Therefore we shall not consider the longi-
tudinal photons in (26). Inserting in (25) and (26)
the asymptotic expressions for the helicity ampli-

tudes we obtain
B | ds  2risin’s g5
8m?z | dQ k2 ‘X}—t ’

(27)

where o is the angle between the vectors k and
ry.

The quantities do/dQ and do/dQt represent
the differential m-meson photoproduction cross
sections by unpolarized and linearly polarized

dQ( —f—N-—>N+ﬂ)—
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photons, respectively. Asymptotically they are
given by the expressions:

do/dQ = 2 (1 + ab) (p} + p}) s 7,
do/dQ =do/dQ + 4cos 2¢p,p, (1 — a’) cos (@, — @) s21

— 4 sin 2¢p,p,0a sin B sin (@, —@p) s¥1, (28)
where*
2 __ chm” xsinny” _ shay”
Ot = Chay” +sin /"’ tgp = cosmj’
i a—c a-c
e = ———— eie: — —
Py 16 V2’ i 16 V2 '

¢ is the azimuthal angle of the emitted m# meson,
while j’ is the real and j” the imaginary part of
the function j = j(u) which describes the trajec-
tory of the pole.

One sees from (28) that the averaged over
nucleon polarizations differential cross section
does not oscillate at large energies.

7. We now determine the polarization of the
recoil nucleons. It can be represented as follows:

d *
P +N>N+m)=
k2 , ds  2e¥sin’s g
— [P ———P E] .

QT TR
Here P’ is the polarization of the recoil nucleon
corresponding to unpolarized virtual photons and
P” is the polarization of the recoil nucleons for
polarized photons. In the considered asymptotic
region these quantities have the form

P, =P, =0,
Pdo/dQ = 4a, sin B cos (@, — @,) 5291

(29)

Pyds/dQ, = P,dg/dQ— cos gR, — cos 3¢R;,
P, dg/dQ; = sin R, — sin 3R, (30)
where, in turn,

R, = a. sin fpjs?i-1, R, = a4 sin Ppis¥ .

The coordinate system X, y, z is associated with
the recoil nucleon; in it the axis z is parallel to
the nucleon momentum and x is in the plane de-

*tg = tan, sh = sinh, ch = cosh.
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fined by k and q, the axis y is perpendicular to
that plane.

As can be seen from (28) and (30), the differ-
ential cross section and the polarization of the
recoil nucleon are monotonic functions of the
energy and angle, the oscillatory character of the
asymptotic amplitudes notwithstanding. Oscilla-
tions appear only in the quantities which describe
correlations between the polarizations of the
initial and final nucleons. For example, the y
component of the polarization of the recoil nucleon
is given for the case that the initial nucleon is
polarized parallel to the momentum (for unpolar-
ized photons) by the expression

Py,do/dQ, = a.. sin B (o} + p3) 77 cos ¢
+ 3sing{laisin2("E+ ¢ FB) —sin2("E+ @)lpi
+ [0k sin2 ("8 + @ FB) —sin 2 ("5 + go)l o} 87,

E=Ins. (31)

Thus the m-meson production process in the
interaction of high energy electrons and nucleons
for m-meson production angles of ~ 180° is given
by two complex quantities, a and ¢, while the
amplitude of the process has a factorized struc-
ture, see (18) and (19). The oscillatory behavior
which results from the Fermi nature of the Regge
poles exists only in quantities that describe cor-
relations. Their experimental observation is
hardly possible at the present time.

In conclusion I consider it my pleasant duty to
thank A. I. Akhiezer for many important discus-
sions.
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