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1, Introduction 

As is well known electron nucleon scattering experiments measure the elec

tromagnetic form factors of the nucleon for spacelike momentum transfers, The form 

factors in this region of momentum transfer are real and to determine them it is 

sufficient to know the differential scattering cross section. 

'!'he experiments on the study of the annihilation processes 

+ 
p+p-.e+e, 

P + P -+ IL+ + IL-

( 1) 

are being presently made <~.t CER~, '!'hey yield the information about the proton 

electrom<~.gnetic form f<~.ctors for timelike momentum transfers, It is easily seen 

from the unitarily of the S -matrix and the time reversal invariance th<~.t the 

form f<~.ctors are complex in this region, 

Measurement of the differential cross section for reaction ( 1) with unpola.

rized initiru particles permits one to determine only the squares of the modules of 

the charge and magnetic form factors of the proton
2

•
3

• To determine their relative 

phase the experiments with polarized protons and antiprotons are necessary, It 

appe<~.rs that such experiments become presently possible due to construction and 

successful application of <1. polarized proton target 4-
6

• 

In the present paper we consider reactions ( 1) with polarized initial partic

les.x). The expressions for the cross sections will be obtained in the one-photon 

exchange approximation. We sh<l.ll see that the measurements of the totru cross 

sections for process (.1) with polarized particles could provide information on the 

validity of this <~.pproximation, 

2, Main Results 

The diagram of processes ( ,1) in the one- photon exchange approxim<l.tion 

is given in Fig, 1 

Here p and p' denote the four- momenta of the antiproton and the proK>n, q 

and q' are the momenta of the positron ( IL+ -meson) and the electron ( 1-'--,mesor'l) 

'IJTle GrO&S seGtiGns of preeesses ( .1) when one of the initiru p<~.rticles is pol<~.

rized have been obtained in refs.
2

•
3

• 

3 
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Fig. 1 

Ttne matrix element corresponding to this diagram is of the form 

2 ~ 
M(qq';pp') •-2171 a (q+q'-p-p'·)(_m_) 

'\, q~ ( 2) 

(·le) ;;;, (q'·) y u.(·q) _ 1 _ < 0 I i (0) I P p'·> 
L f.l t 1(2 f.l 

Here m is the mass of the electron ,.. -meson), 

q - -i q , q'. =- j q'. , 
0 4 0 4 

K= p+ p') and i,.. (0) 

is the current operator in the Heisenberg representation. The matrix element of 

this operator is 
- 1 M

2 ~ 
< 0 I j (0) I p p'· > = i e u ( ·p) [ F (x 

2
) Y. + L F (K 

2
) u ~<J 11 (p'l -( --) -1 ( --,- ) 

fL 1 1.1 2M 2 f.ll' 2 17 P
0 

P0 

I e 
(217 )S: II (•p) r,.. II (p'·)' 

(3) 

where M and ,.. are the mass and the anomalous magnetic moment of the 

proton, F
1 

and 

'I'I1e form factors 

factors G and • 

F are the Dirac and Pauli form factors ( V (0) = F (0) = 1 ). 
2 I 2 

F
1 

and F 
2 

are connedted with charge and magnetic form 

G., by7,8 

2 2 2 
G (K 2 ) = F ( K ) - -"- ,.. F ( K ) • 

• I 4M2 2 

( 4) 
2 2 

G (K ) = F ( K 
2) +,.. F. ( K ) 

m I • 

Using ( 2) and ( 3) we get the following expression for the cross section of 

processes ( 1) in the general case of arbitrarily polarized initial particles: 

du= 4a2m2M2 

y'(p.p'·)2- Mi 
K 4 

Sp y [ -A(-q) ).y A (q'·) 
f.l II 

4 

• 

·-

' 

~ 

Sp ~p'(p'·) \,P (·p) a (q+q'-p-p'·) ~ dy 
qo ~ 

ln· this expression A ( q') = '4 '. + i m 
2 I m 

and A(·q)=·f+imare the p: 
2im 

a is the fine structure constant, and p'( p '.) is the covariant 

of the proton: 

" 
p'(p'}=A(p'} ~(1 +iy ~; )., • 

" 
where A(p'-) = p'+lM, 

2iM 
e'· ,.. 

is the 4- component pseudovector of the proton polarization ( the 

the operator i y y • ) • 'The matrix p ( • p ) is connected with th• 
I 1.1 

of the antiproton p ( P ) by: . 
p(-p)--c p (p)C-

1 . 
where c is the charge conjugation matrix satisfying the condlti 

~ r,.. c·l 
- - y • ,.. 

c -- c • c+ c = 1 

where denotes the transpesition, If the four- vector of the ani 

ion is denoted by ( ,.. then 

p• (p) =A(p) ~ (1+i y 1 ~). 

Fl!om (•8) land (.9) iwe get: 

p ( - P > =-A ( -p > ~ < 1 + i r. { l 

'l;'lne d.ifferential annihilation cross section in the c,m, system 

(•5), (·6), ( 10) lis 

du 

dO 

a 2J:l 2 2 . 2 2 2 2 . 2 
-- I ( 2 - {:l sin 0 ) I G , I + (1 - {:l cos 0 ) (..!.) I G .I - sit 

16 E I pI E 

Ji' ~ 2 ~ ..... ~ ....... 
X[(if:r)+(it!hl+2{:l cosO(~ReG.G:,-IG I )[(!Pk)(!i''-k 

E m 

... ... . .... 
+ 2 f:l 2 1G.,I

2 (9' k')(!l"'lt')+ 2 [-2{:l
2

cos 
2
0 ~ReG G* .. 

5 
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Fig. 1 

ment corresponding to this diagram is of the form 

--21Ti [) (q+q'-p-p'·)(~ )% 
\ q~ 

·) y u.(-q) - 1 - <01 i (0) I P p'·> 
p. r. K2 f.! 

ss of the electron 

-iq , 
• 

q'·=-iq'·, 
0 • 

,.. -meson), 

K= p+ p'J and i,_. (0) 

(2) 

the Heisenberg representAtion. The matrix element of 

- 2 1 11
1 

" 
u (-p) [ F (K ) Y. + ..!:.__ F (K 1) u KJ u (p'l --- ( --,-) = i e 

I f.! 2M 2 fLJ1 ( 2 IT ) a P
0 

P
0 

I e 
( 2 IT )S ; U ( • p ) r,.. U ( p, ·) I 

(3) 

are the mass and the anomalou!? magnetic moment of the 

F are the Dirac and Pauli form factors ( F (0) = F (0) • 1 ). 
2 I 2 

F and F are connected with charge and magnetic fohn 
I 2 
Gm by7,8 

2 2 2 G (K 2) = F (K ) __ K_ .,.. F (K ), 
• I 4M2 2 

( 4) 
2 2 

Gm (K ) = F 
1 

( K 
2) + p. F

2 
( K ) 

we get the following expression for the cross section of 

e general case of arbitrarily polarized initial particles: 

4a 2 m2M 2 

Sp y [ -A (-q) ]. y A ( q'·) 
,.. v K. v' (p. p '·)2 ..:-Pi' 

4 

. :. 11.1_ .. 
"!'f!' 
t,: -

r , , dB dB, 
Sp ,_.p·(P·) \,P (·p) [) (q+q'-p-p'.) _q _ __.;!-

qo qo 
(5) 

In this expression A ( q'~ = ·~ '. + i m 
2 i m 

and A (- q) = - ~~ + im .:ire the projection operator$, 
2im . 9 

a is the fine structure constAnt, and p'( p ') is the covariant density matrix 

of the proton: 

p' ( p' l = A ( p 'l % ( 1 + i y
5 

f.' ) · • 

" 
where A(p'·) = p'+iM, f.,. ,.. 

2iM 

( 6) 

is the 4- component pseudovector of the proton polarization ( the mean value of 

the operator i y y • ). ·The matrix p ( • p ) is connected with the density matrix 
a f.! 

of the antiproton p ( p ) by: 
a 

p(-p)=-c p (p)C-
1 

a (7) 

where C is the charge conjugation matrix satisfying the conditions: 

•I 
CyC •-y, ,.. ,.. (a) 

c--c, c+c=1 

where denotes the transpesition. It: the four- vector of the antiproton polariza'-

ion is denoted by 1: .. ,.. tben 

pa(p) ~A(p)% (l+iy
5
f.). ( 9) 

Flrom (.a) land (.9) iwe get: 

~ 

p(-P)=-A(-p)%(1+iy
5
(). (10) 

'l;'lne d.ifferential annihilation cross section in the c.m. system from ( 3), ( 4), 
(•5), (•6), (10) lis 

du 

d n 
2J:3 22 2 2 2 ll. 

_a_ ((2-fl sin O)IGml+(1-fl
2
cos

2
0)(.!) IG l-sln2ll_!_fllmG.G~X 

16 E I ill E • E . 

( 11) 
11 ;: :a 2 M 2 .... ... -+ ... ~- ... ., 

x [(if :r) + ( if:r') ] + 2 fl cos 8 ( - Re G. G:,- I G I ) [ (!I' k) (!I'' lc '.) + (!P' k )( !Pk'}] 
E m 

... ... ... ... 
+ 2 fl

2
1G.,I

2 (9' k')(9"1<'}+ 2 [-2fl
2

cos 
2
0--} ReG_ G! 

'•') 
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2 2 2 2 !a M 2 2 ~• ... ... ... 

+ < 1 + (:3 cos e ) 1 G .. 1 - < 1 - f3 cos e ) ( _ ) 1 G 1 1 cs> k >< P'k) E • 

( 11) 

2 2 2 2 
+ [ (1- {3 cos 2 e ) ( .lL ) I G I - {3 

2 
sin 

2 e I G I 1 . ( p p' ) l 
' E e m 

.. 
Here k· and k' are the unit vectors in the directions of the antiproton and 

~ ~ 

electron ( 11.- -meson) momenta, 0 Js .• the angle between k' and k ,(3 is the 

( 
- ) ""'· [k k']. electron 11. -meson velocity, n= -;a---,o- is the normal to the reaction plane, 

[l k'] ~ 
E and p are the energy and the momentum of the antiproton, and P and 

P' are the antiproton and proton polarizations in their rest systems with the 

same orientation of the axes as the orientation of the axes of c.m. system. If , e.g. 1 

( ~ c 
1 

i f. c ) is the value of the polarization four- vector in the c.m. system, then 
0 

~. 

" = •, P+(;;)kE-M 
-M-• 

~o=<iPl. 
0 ~~ 

( 12) 

The differential erOS$ 10ection ( 11) in the case of the unpolarized particle annihi-

lation ( if • 1/•. 0 ) coincides with that obtained in ref.
2

• 

From ( 11) it is also seen that the a10ynunetry in the angular distribution of 

electrons, arising .. in the annihilation of polarized antiproton~> with u~polarized _era

ton~> ( 1 -1 0 , P '• 0 ) is equal to a10ymmetry of electron~> when P = 0 1 P '-1 0 

1n ref~>. 2•3 it is 10tated that the asymmetrie~> in these case~> are equal in magnitude 

and opposite in sign. Notice that this difference is due to various definition~> of the 

antiparticle polarization. 

Integrating ( 11) over the directions of the electron ( 11. 
-meson) mom en-

tum we get the following expression for the tot~tl annihilatoin cross section: 

rra 2 {3 2 2 2 

u= 12E\PI (3- {3 ) I 2 I Gm12+ ( :) \G.\ 

2 ? ... ... 

+(_!_ l \G I (P!i'')+ 
E • 

2 2 2 .... ... - .. 
2 [ \ G m I - (.~) I Gel ], ( P k) (!i''k) I 

E 

( 13) 

Finally, we give the expression for the differential annihilation cross section 

in lab, system: 

• 

du 

dw 

1 
a -

- -r.::-:-- I ... I 2 g (0~ • P A 

2 .2 2 2 2 

IIGml + 
2810 0

A d!.l (\G.I- ~\Gm\) 
g 2 ( OA) ' 2M 

( 14) 

6 

~~ 
~. 

- 21m G G* cos 0S 8 (_! f sin 0 A [ (: ; ) + ( ; A;. ) 1 + 2 ( ~ ) 2____,,.:::1 __ [ • .. '2 <eN • A • ' • < e A> -- .... .... ...... ~--- ... _ 
-cos e A\ G,. rH ( p kA)(!i''kA_)+ (!i'' kA)( !I' kA) 1 + -;-\"G .. \2 (!I' ~H !i''·kA)+ Bin 

f Z"l 2 2 2 2 ... 
+[(_) (g(OA)-~ sin OA)IG \ -2sin OAIG \-2cos() (cos()A-a)_'-ReG.G*](~ 

M m • A M "' 
\PI .,.. 

Here g(IJA)=1·acos1JA and a=-f>.. •=EA+ M, EAand ,!A are the Iat 

and the momentum of the antiproton, (A and k A are the · w 

directions of the antiproton and electron ( 11. - - meson) momer .. - . 
an.gle between k A and k A , ln the above expression we hav 

ma&l$ m 

3. Discussion~> 

As is seen from the given formulas, the measurement of tt 

cross section for the unpolarized particle annihilation makes it p 

mine only the modules of the charge and magnetic formfactors 

The sine of the relative phase of form factors Ge and Gm a 

left- right electron asynunetry when one from measurements of the 

particles is polarized, To determine the relative phase cosine ( 

determine the phase unambiguously) a study of antiproton- p-oton 

both particles polarized is needed, 

The expression!> for the cross sections have been obtainec 

one-photon exchange approximation. It is intere~>ting to note that 

13f the total cross sections wi1h p"Oiarized particles allow one to 

Gf this assumption. ln• fact, as is easily seen from the considera1 

under space rotations and reflections the total cross section of < 

the reaction with two polarized particles of spin 1/ 2 in the initia 

where 

u=u· +u ( P P'·l:+u ( P k lcP'k-.,·), 
0 I 2 

a= 
0 

I' ( u +u ) + ~ " t,l t,o 

"I= ~' (ut.o" .> , "2 = ~ ( "t.l "t.o ) • 

and at,o , o t,l and u·. are the total cross sections for the gh 

reaction from the triplet state with the projections 0 and 1 ar 

respectively, In· the general case u 0 , u 1 and u 
2 

are inde 

ever, in the one- photon exchange approximation the annihilation 
s s 
s 

1 
and D 

1 
states of the proton- antiproton system, ~ 

in the one- photon approximation u 0 , u 1 and u 2. are conne· 

7 



2 2 

2 ~ M' ,-·~~ ... 
s e ) I G m I - ( 1 - f3 cos e ) ( E ) I G. I 1 ($' k )( .P'k ) 

( 11) 

2 2 2 2 
cos 2 0 ) ( _lL ) I G I - f3 sin 

2 
0 I G I 1-( P P'.) I 

E e m 

~ ~ 
the unit vectors in the directions of the antiproton and 

momenta, 0 is the angle between k' and k , {3 is the 

.. [k k'] velocity, n= ~- is the normal to the reaction plane, 
(l K') ~ 

the energy and the momentum of the antiproton, and P and 

and proton polarizations in their rest systems with the 

es as the orientation of the axes of c.m. system. If , e.g. , 

lue of the polarization four- vector in the c.m. system, then 

.. , 
~ -
·~ --

P+(;;)kE-M -M-• 

.~o = (§ p) • 
>0 -~-,-

( 12) 

section ( 11) in the case of the unpolarized particle annihi

coincides with that obtained in ref,
2

• 

also seen that the asymmetry in the angular distribution of 

e annihilation of polarized antiprotons with u~polarized _ero-

) is equal to asymmetry of electrons when P a 0 , P'.f 0 

d that the asymmetries in these cases are equal in magnitude 

that this difference is due to various definitions of the 

) over the directions of the electron ( I' 
-meson) momen-

ing expression for the total annihilatoin cross section: 

2 rra (:3 2 M 2 2 

o=12EIPI_(3-f3 )l21Gm12+(E) IG.I 

( 13) 
?...,...,. 2 2 2 ...... - ... 

G I ( p p,) + 2[1 G I - (..!.) I G .I 1 ' ( p k) (P'k) I 
e m E 

the expression for the differential annihilation cross section 

2 2 2 2 2 

II Gm\ + ~~~(_!_) (IG I-~~ Gml ) 
g 2 ( OA) ' • 2M 

( 14) 
• I P AI 

6 

... 

... .. - 2 f - 21m G G* cos O~t 8 (_! f sin IJA[ ( n P ) + ( ; A P' ) ] .t- 2 ( ..!_ ) I .!.- {t:oa 0 ,\a) Re G 0 G* 
•"' g 2 (1J/V < A • &'(11A) M "' 

-cos 11 AI G.}H< P kA)(if-'rf,.l+ <;. kA)( P ~>1"" -ir-I"G .. I 2 c"i ~( P~-kf..>+ sin
2 ~<IG.I~iifG}><;~ 

~· 2 2 2 2 .. ,~ . ~ ( ) +[(.!._) (&(IJA)-\<Isin 11A)IG I -2sin IJAIG l-2cos1J (cosO -a)_<_ReG 0 G*1(PkA)(P''k.) I 14 
M m • A II M m " 

Here &(6A)~1·acosi1A and aa~ •-EA+ M, EAand JA are the laboratory energy 

and the momentum of the antiproton, '(A and k A are the ·unit vectors in the 

directions of the antiproton and electron ( I' - - meson) momenta, () A is the ... - . angle between k A and k A , ln the above expression we have neglected the 

mass m 

3. Discussions 

As is seen from the given formulas, the measurement of the differential 

cross section for the unpolarized particle annihilation makes it possible to deter

mine only the modules of the charge and magnetic formfactors I G e I and I Gm I 
'The sine of the relative phase of form factors G8 and G m can be determined 

from measurements of the left- right electron asymmetry when one of the initial 

particles is polarized, To determine the relative phase cosine { and thereby to 

determine the phase unambiguously) a study of antiproton- P"Oton annihilation with 

both particles polarized is needed, 

The expressions for· the cro~s sections have been obtained by us in the 

one-photon exchange approximation. It is interesting to note that the measurements 

of 'the total cross sections wi1h puiarized particles allow one to test the validity 

Glf this assumption. ln• fact, as is easily seen from the considerations of invariance 

under space rotations and reflections the total cross section of any channel of 

the reaction with two polarized particles of spin 1/ 2 in the initial state is/ 
10

/ 
.1, 

uarr·+a (P P'.)+a(Pk lcP'k>·), 
0 1 2 

( 15) 

where 
a•l'(a+a)+l'\a 
0 t,O • t, 1 

a1 ~ I' (a,. 0 a
0
), a 2 =% (a,,( a,.o), 

and a,,o , o '· 
1 

and u·. are the total cross sections for the given channel of the 

reaction from the triplet state with the projections 0 and 1 and the singlet one, 

respectively. ln · the general case a 
0 

, a 1 and a 2 are independent. How-

ever, in the one- photon exchange approximation the annihilation occurs only from 
8 s and 8 D states of the proton- antiproton system, 'This means that 

1 ·~ 1 
in the one- phot4>n ap~roximation a 0 , a 1 and a 11. are connected by 

7 



u = (T· + 3 u • 
0 2 1 

(16) 

The validity of this relation can be immediately verified by eq, ( 13) for the to

tal cross section. The experimental check of eq. ( 16) is one of possible tests 

of applicability of the one- photon exchange approximation. 

The authors are indebted to prof. Ya.A,Smorodinsky for useful discussions 

on this topic, 
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