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ABSTRACT: The angular distribution of pions for photoproduction and
electroproduction of pions in polarized proton targets is given. Using
explicit wvalues for the miltipoles we have calculated this angular
distribution in the case where the energy of the =N system in their
center of mass is 1236 MeV and for momentum traﬁsfers equal to gero

{photoproduction) and =3, =6 and ~l0e™2 (electroproduction).
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I. INTRODUCTION

As was pointed out by Christ and Lee 1, inelastic electron
scattering in polarized targets may be used as a possible test
of invariance of the electromagnetic curirent under time
reversal. In this test one has to detect an asymmetry of the
total cross-section, for fixed electron energy  and momentum
transfer, with respect to_the plane of the incident and final
electrons. This asymmetry 1 comes from an interference between

2 of the T matrix and one

the longitudinal and transverse parts
would not expect a large contribution of this term in the
region of the first resonance, since experimental results's’ 4
indicate that thg longitudinal part of the cross section is

much smaller than the transverse part,.

According teo the results of Christ and Lee 1 for detecting
a time-violating term in the cross section one has to sum over
all final states. In this paper, we will assume that the time
reversal in this process, if any, is small and analyse the
angular distribution of pions produced by inelastic electron
scattering and by polarized photons in polgrized proton
targets, ln the region of the first nucleon resonance for both

+ .
T and 7° production.

Photoproduction Sy 29 and electroproduction of pions 27436
in the region of the first resonance have been analysed using
dispersion relations technique, with relative success,y by

several authors. It is found that the main experimental results
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can be explained by the Born terms and the resonant amplitude
in the 3-3 state. Here we will use the results for the
amplitudes obtained by one of us 285 36 (NeZ.)o

The cross—-section can be decomposed in a part that does
not depend on the nucleon polarization.?rand another which is
linear in.i{ The unpolarized cross=section has been already
studied by one of the authors in II, and we shall concentrate
our attention in the term linear in P. This term can be writ-
ten as a linear combination of functions that depend only on
the electron momentum transfer AZ, energy W and the nucleon
scattering polar angle in the =N center of mass system.
These functions can be separated out by varying the azymuthal
nucleon 5cattering angle and the electron scattering angle,
for fixed A° and W. Assuming that the Fermi-Watson ~/ theorem
is valid in this region one can show that the term proportional
toc P is a linear combination of sin (§jp = Gjiﬂng) where §gqp
is the phase shift for pion-nucleon scattering in a given total
angular momentum J, orbital angular momentum A and isotopic
spin T. Therefore, one should look at regions where this dif-
ference in phase shifts is large. In particular, in the
region néar the first resonance one should expect a large ef=
fect. Of course, these effects will be atenuated by the ef-
fective 1ow‘polarization‘which_is available presently_38 but
we hope that this paper will help in showinglup which terms
of the ahgular'distribution are sufficienﬁly large in order to

be detectable with the present techniques.
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In Section II we state some general results on photoproduc=-
tion and electroproduction of pions. In Section III we write
down the cross section and in Section IV we present results for
the cross=section in the case where the total energy o the plon
nucleon system in theilr center of mass 1s 1236 MeV and for

several momentum transferss

II. GENERAL RESULTS

Let k k and be the 4~momenta of the
’ 2!_'? pl}'l’ Paﬂ qH

1
initial andpfinal electrons of the initial and final nucleon
and of the pilon, respectively. m and m, are the nucleon and
electron masses, respectively. The square of the 4=-momentum
transfer given uwp by the electron is Aa = (ky =~ kz)z. In the
case of electroproduction the B mabtrix is given by

= 4, 4 .
Spy T 8pg +(2r)7L §7 (k +p; =Dy - q) X

(2.1)
2
n + g %
T
' fi?
24g P10 P20 k10 K20
where kp ='klp' kZp is the eleptron 4=momentum transfer and Tfi

is the invariant T matrix. For photoproduction kF is the
inclident 4-momentum and the second parenthesis should be
substituted by (Zko)-%. To first order in the electromagnetic
coupling electroproduction is described by the diagram of Fig}
1l and we can write

T =gy 3t , (2.2)
where
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1 _
£, =~ u (k) 7, ulk,) (263)
I 2 27 °H 1
A
is the leptonie current times the photon propagator and j is

p

the hadronic current. For photoproduction we can also write the
expression (2.2) for T. In this case E}l is the photon polarizg

tion vector. Current conservation implies

k et =0 (2.4)
M
and
x i =o0. (2.5)
H
The T matrix can be written in terms of the w~N center of
' 28

mass amplitudes ¥'s as

A +

_ — A — - aA =
Tfi--—-—m X (1%, 0. E+% ©.4 ov.kxea-ii#a ok g-g +
+1% 4 4T+1Y =k £.E +

+ i :fé g R.E - ijﬂ? o.q g, - 195 ok g }xi ,  (2.6)

where the X's are the nucleon Pauli spinbrs, a and £ are unit
vectors in the direcfions of the pion momentum'aband of the
electron momentum transfer Er(electroproéuction) or of the photon
direction E’(photoproduction)f W is the total energy of the

7 =N system in their center.of mass. For phofoproduction the
last four terms do not contribute since the physical photon has
only two independent components, both spatial and transverse to
. o . o

Conservation of the hadronic current (2.5) implies
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k(?l-!-cos 6?3-“}5)-}{0‘3’8:0 and

(2.7)
k(¥ + cos ©%,) -k0°397 =0,
where cos 8 = a-ﬁ, Defining
fp =€ - (£-©) £ (2.8)
and using (2.4) and (2.7) we can write (2.6) as
anW
_ _ + g e — A — -; A -
Tfi = —;— £ i ‘3!1 {:r-ET + }fa oeq o-ﬁxeT +5_3¢3 G‘ﬁ q.ET+
| 12
- Py A -
+ijé= o q q_'-;? +"'"2"'E° (1?7 g:q'l'i?}'g U‘E}xi . (209)
¥

In the case of photoproduction (;\2 = 0) the last two terms

do not contribute.

In I and II one of the authors :has calculated the ¥'s as

the sum of four contributions:

= 3/24 3/2 3/2, 3/2
E L\J{Bc:::r*n +9 ’ o "j'Born + gcor (2.10)
where“:fBorn corresponds to the contribution of the full Born

terms in Pig. 2, “}3/2’ 3/2 is the resonant contribution in the
J =3/2, T =3%/2 state,‘éﬁgéla,ﬁ 3/2 is the 3%/2, 3/2 contribution
of the Born term which should be subtracted off the full ¥5orn
and 9‘-’001, is the: --¢orrecti0n_-',§0 the Eg, and Ml_ multipoles z8

due to the dispersion integrals. All these terms were evaluated
in T and we shall refer to those values in the calculations that

we will perform in this paper.



523

III. CROSS-SECTION

Let us assume that the nucleon target has a mean polariza-
tion {¥). Starting from (2.y) and after some 1engthy but
straightforward calculation we obtain the expression for the

eross=section. In the case of electroproduction we have

do '
— =r{v +<F>. 7} (3.1)
dka dﬂka dﬁﬂ.
with '
e2 kg Wk 1 .
r = (302)

(2r)? mkY (=49 1-€

where the subscript L means laboratory system. < is given by

22. mZ

20° %2

.1‘2’ m2

ccrl;2 (oc.I‘/ 2)

o

(3.3)

1 - cot® (al/2)

2W° 1°
where ch is the electron scattering angle in the Lab. system.

The unpolarized term V was given in II:

V= wi(e) + £ sin“® cos 2¢ wa(e.) +

| (3.4)

+ VE(E41)/2 s5in® cosd Wx(8) + Eu(e)
where 6 and ¢ are the polar andazymuthal .p-ib_n' momentum angle in
the 7 =N center of mass (see Fig. 3)3 Wj_, Wa, ‘Wz and W4 are func-

. 2 : :
tions of ©,W and A onlye.. Wi_and Wércontain only transverse

; b

contributions, w4 only longitudinal contributions and W3 contains the
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contribution: . from the interference between the longitudinal

2

and transverse terms. At A~ = 0, W% and w4 vanish and Wi +

+ £ sinae cos 2% Wé becomes the photoproduction eross-section
by a ¥=ray beam with a degree € of linear polarization along
the i, axis (see Fig. 3).

The W's are expressed in functionsof the w-N center of

mass amplitudes Y's by 57

w,(8) = o/k [1 }’1124- I?Zgzeaa coso Re(?fl?ea*) + sinZe w>(8) (3.5)
Wx(8) =(/2)(a/k) {14517 + 13,41 + 2Re(¥) 4, * +

+ 9, % * + cos® }’3 %, *)} 5 (3.6)
W5(0) = -2(a/i) (A%K2)T Re {(4) +cose I + 4,0, * 4

+(F, + 45 + cos0 ¥)) Yy *} and (3.7)
W,(0) = (a/k)(~A%/k2) {1«;7:% %317+ 2cose Re(Y, ‘}’8*5)} . (3.8)

# o Y o
The term Z, which is proportional to the nucleon polariza=

tion, can be written as



7 = il sin ¢ {Zl(e) + E[ZZ(B} + cos2 ¢ 23(8)] +

+ JE(e+1)/2 elo-s fb 24('8)} +

fa {e- cos Zl(e)-i-ELc’zostﬁ 25(8) = > cos 3¢ ZB(OS_-] +

1
+ VE(E+L)/2 E’i6(8) - *2* cos 2¢ zé(eﬂ} +

53 sin¢ {Ecosé Z(8) + J/E(E+L)/2 ZB(G)} 3
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(3.9)

il’ iag 53 are unit vectors along the directions (QEXT:E) X f{;

Ky x

e

ko

and 1_:’; respectively. The Z;_'s are fﬁnctiohs of &, W and

AZ only and they are given by

zl(e)

-

-4, o>

= (a/k) sin® Im {w ‘3’1 33* + 9, Fr -

= “fz “’:%*) cos® + “393 “f4* sinze} )

Z,(8) = = (a/k) sin® m{a IR N T A

+ (‘fl ‘}4;*_

Z5(0)
2,(8)

2:(6)

)

1l

- (}2 %ps*) cosB = Z(wl?/kz')"g_7 ?'8’?} 3
- (¢/k) sin’® In {‘?3 %*} ,' :
=2(q/k) s-inae (‘mlz/-k‘:a)z In {‘394 ‘378?" .w_'f‘l% “}7*} ’

- (o/k) sin® Im {a _?135}2;* +4 “;5% - ¥, 4+

(%.10)

(3.11)

(3.12)

(3.13)
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+((3ﬂl ‘“ff -‘32 23*) cos@ - 2“4'3 ?4 sin%e + 2(~2%/%° )‘)?7 8*} ,
- (3.14)

24(8) = 2(a/x)(~2%/k2)? 1In {(?‘rl cos8 -, - 3 F5 sin"e) I ¥ +

+ (‘3’1 ---“3'2 cosO + % }'4 sin%e) ‘?8*} s (%.15)
z,(e) = 2(q/k) sin“e Im {?1 34* + 95 *!3*} and (3.16)
23(8) = -2(4/k) sin® (<22/K%)* 1m {3’1 Tox + 2 ‘!8*} . (3.17)

Ir %= 0 ( photoproduction) Z,y B¢ and Zg venish and Zg =
=25 - /2 2.5. Therefore, 4 reduces to

—r

7 = i‘l sin $ [zl +E(2, + cos 2¢ 2.3)_] +
iZ cos @[- Zy +€(2, = cos 2% 23)] +

§3 £ Siné COSé Z.7 ] (3018)

which is the linear term in <{P)> of the cross-section for photo-
production by a Y-ray beam with a degree & of linear polarization

along the il axis.

If one integrates (3.9) on $, only the term proportional to

Z;(0) survives. That is |
j‘z‘ (e, ) ad = ia 2m Je(e+ 1)/2 Zs(8) . (3.19)

In I we have expressed the ¥'s in function of the multipole
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amplitudes 40, Using these relations and integrating (3.19) on

the polar angle we obtain

Jf(e, $) ad a(cose) = 1, ar Ala/kza/E(E +1)2 (g/k) x

Im 2, {(HDE My, + (L+2) E£+]S£Z + P,EJaml) Ep. = (£+1)M£@js}vi

) = 30)
where M, ,, B,, and 5y, are the magnetic, electric and sca ar
ko -

amplitudes leading to a final state with J = |+ 1/2.

In the region of energies around the first resonance,
production of two pions is quite low. Therefore, we can use the
Fermi=-Watson theorem to show that the multipoles amplitudes for
a given total angular momentum J, orbital angular momentum { and
isctopic spin T have .the same phase as the w=N scattering

amplitudes of the same J, lana T.

Then one can easily show that if we have, for instance, a
proton target and add the contributions of (3.20) for both m*
and m° production, that iss add over the final isotopic spin
states, the net result will be zero. This is a particular case
of the elegant proof stated in Section II of the Christ and Leelt
paper. In the case that we consider the production of only one
kind of pions, (%.20) will be; in general different from zero.
However, we should expect that the #alues in (3.20) be approxima-

tely zero, in this case, since the T matrix is dominated by only

one isotopic spin state (T = 3/2).



328

IV. RESULTS AND COMMENTS
As shown in I, the multipoles amplitudes are linear func-

tions of the electromagnetic form factors. For the nucleon

41

form factor we have used Harvard 4-pole fit s while we set

the pion form factor equal to the isovector nucleon form factor,

42

as some experimental results indicate.

1236 MeV and

2 _ =2 =g =7 -

25 =0y =3 £ —y =6 and «10 £ ©. We set 633 = w/2 and neglect
all the other phase shifts.

We have computed the cross-section for W

In FPigs. 4 =11. we have plot the calculated values for the

angular distributions Z's for both w+ and 7° productions.

In the case of photoproduction by unpolarized (&€ = 0)
photons,; {3.18) reduces to

Z = z,(e) i (4.1)

where n is the unit vector along the Efx ¥ direction. It is
interesting to compare Zl with the unpolarized photoproduc-
ticn cross-section wle The result is shown in Fig. 12. One
can see that Zl is quite large and probably it can be

detectable even for a low mean polarization <-f’)>.

For m° production only the low multipoles contribute. As-
suming that only the multipoles with J¢ 3/2 are present, we

can write zl(e) as

Z,(8) 2 3 (g/k) sin® Im EH—B cos® +C cosaej ; (4.2)

keeping in mind that we are neglecting all the phase shifts but
633, Wwe have
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& *
A= (B  =2E5m) By, = (B + 2, )M,
= (¥ * ) (4.3)
B = (M, =-4E )M, ~-M_ E, and .3
#* *
C =6 (B Ej, +M, M) .

Experimental results *° indicate that for J =3/2 T = 3/2 Ep KM ..
Neglecting also the D=wave multipoles in A, we get
X s
A%-—Eo_'_ﬁl_'_ and

* (404)
Bu(My - 4B, ) M, .

Therefore measurementé of the coefficients A and B can give valuable
additional information for estimating the low multipoles at the
resonance. In particular, if our prediction for Zl(ﬁ) is correcty

the coefficient B would have a large value (see Fig. 12).

For 12 £ 0 each one of the Z's may be separated experimentally.
However, it will be a-very difficult task to obtain each one of
those terms, first due to the low polarization available and second
due to the difficulties in vary € in a wide range. As one of the
goals of this paper is to showwhere it would be easier to look at
experimentally, it is interesting to compére the results obtained
for Z with those that one would get with an unpolarized target. We
will consider, for instance that the proton is polarized along the
12 axis (i.e. in a direction perpendicular to the electron scatter
ing plane). We will also take &£ X1 as an example, and write
down the cross—section 3.1 as

do

— =r{(A+pA=)+(B+PB=)cos§>+
dk; koa ae. (4.5)
(C + PC') cos2d + PDr 003349}
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where
A=W, + W, A =Zg
= W; sin@ , B' == 2y + 2 (4.6)
= W, sinfe , ¢ = =(1/2) 2, eand

D' = =(1/2) 23 .

The term in cos 3¢ 1is peculiar of the polarized part. It is rather
small for vomproductiong However in w+=production it is quite large
due to the presence of high multipoles. This term is proportional
to Z3 which has already been shown in Fig. 6. In Pigs. 13 =~ 15 we
compare the other terms in (4.5) for both 77 and 7C=production, in

the cases where A? = =3f=2 and <10£7Z,

Perhaps a more realistic approach from the experimental point
of view is to consider only the angular distribution in 6 without

regard to the azymuthal angle ée As was shown in Section III, we

get in this case

do

L

dk; dﬁia d{cos@)

= aqr],"{wﬁewé +{P>. 1, JeE+)/2 26} (4.7)
N

where 32 is a unit vector in direction ﬁz X EE. For & =1, this
reduces to
do

dkg dﬁi d(cosB)

2

= 2 f‘ A +(§‘>§iga“] . (4.8)

The distribution A and A' have already been shown in Fig. 13.

For completeness we reproduce in Pigs. 16-=19 the unpolarized

terms Wy, W, wg and W, for energy W = 1236 MeV and momentum
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transfer Aa = 0, =3, -6 and -10£7%,

* ¥k K
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FIGURE GAPTIONS

Figs 1 - One photon exchange approximation for electroproduction.

Fig. 2 - Born term: a) direct nucleon pole diagram; b) crossed nucleon
pole diagram; c¢) meson pole diagram.

e
Fig, 3 - The pion-nucleon center of mags system: we take k = kl— i; along
the z axis, and E; and ﬁ; in the xz plane. Then 8 and fiare the
polar and azymuthal angles of the pion momentum,

Fig., 4 = Angular distribution 2 (6) The heavy, dashed, broken and dot-
ted lines correspond to momentum transfer A 0, ~3, ~6 and
-10f ?, respectively. a)-w production; b) Tr production.

Fig, 5 = Angular distribution zz(e). The heavy, dashed, broken and dot-
ted lines correspond to momentum transfer A? =0, =3, =6 and
—lOf"z, respectively. a) 7 production; b) 7° production.

Fig. 6 ~ Angular distribution Z (@), The heavy, deehed broken and dot-
ted lines correspond to momentum transfer 1 , -3, =6 and
=10f 2, respectively. a) 7 production; b) 7 production.

Fig., 7 - Angular distribution Z (9) The dashed broken and dotted
lines correspond to momentum transfer 2% = -3, -6 and -10f-2;

respectlvely' Note that 2 (9) reduces to zero when )

a) » production; b) productlon.

Fig. 8 = Angular distribution & (6) The heavy, dashed, broken and dot
ted lines correspond to momentum transfer A% = 0, -3, =6 and
~10f 2, respectively. a) T production; b) np production,

Fig. 9 - Angular distribution 26(9). The dashed, broken and dotted
lines correspond to momentum transfer A2 = 3, -6 and -lOf_
respectlvely. Note that 26(6) reduces to zero when 2~
a) n production; b) 7° production.

Fig. 10 - Angular distribution 27(6) The heavy, dashed, broken and dot
ted lxnes correspond to momentum transfer A =0, -3, -6 and

-lOf » respectively. a) -w production; b) w9 production.
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Angular distribution 28(6) The dashed broken and dotted
lines correspond to momentum transfer 2% = =3, -6 and «-lOf"‘?'
regpectively. Note that 2.8(8) reduces to zero when /1

a) 7 production; b) 7 production.

Photoproduction; comparison between the unpolarized cross-sec-
tion W,(6) and the term Z,(8) linear in {F>. fi. The heavy
lines represent i production and the dashed lines correspond

to »° production.

Comparison between ¢ -independent terms of the cross-section
(4e5). A(S) is the unpolarized part and A'(8) is the term
proportional to {P). 'I'he dashed lines and the dotted lines
correspond to A* = 3£~ and -lOf-z, respectively. a) 7
production; b) 7° production.

Comparison between the terms of the cross-section (4.5) which
are linear in cos ¢ . B{O) is the unpolarized part and B'(6)
is the term proportional to {P>. The dashed lines and the
dotted lines correspond to /’\2 = -3f_2 and = -101'-2, respecti-
vely. a) r production; b) <. production.

Comparison between the terms of the cross-section (4.5) which
are linear in cos 2. C(6) is the unpolarized part and C'(@)
is the term proportional to {Py. The dashed lines and the
dotted lines correspond toA® = =3£" and A = -100™2
respectively. a) " production; b) 7° production.

Angular distribution wl(e). The heavy, dashed, broken and dot
ted lines correspond to momentum transfer A = 0, -3, -6 and
—lOf"z, respectively. a) 7I'+ production; b) 1;9 production.
snguler distribution sin°® W,(8). The heavy, dashed, broken
and dotted lines correspond to momentum transfer A = 0, -3,

=5 and -10f 2 s respectively, " a) 1r+' production; b) n-o'.produc-

tion.
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Fig. 18

Fig. 19

~ Angular distribution sin & w (6). The dashed broken and dot-

ted lines correspond to momentum transfers A = -3, =6 and
=10f 2, respectlvely. Kote that W (8) reduces to zero when
;12 -0, a) 7 production; b) 7 production.

Angular distribution W (8). The dashed s broken and dotted lines
correspond to momentum transfer 2 = =3, -6 and -lOf_z, respect
ively, Note that WA(B) reduces to zero when 32 -»0. a) ﬂt
production; b) 'rro production.
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