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1. INTRODUCTION 

The electromagnetic pion form factor (ff) F,(t) is in principle measu- 
rable for all values of four-momentum transfer squared t = -Q2. In the time- 
like region, numerous electron-positron a~ ih i la t ion  experiments have ac- 
cumulated a large amount of accurate data. The cross section is in this case 
directly proportional to ( F, 1 much like for the elastic pion scattering 
on atomic electrons - a reaction which gave the precise information on 
pion ff in the space-like region up to -0.253 G ~ v ~ .  On the other hand, the 
only process which can yieid the pion ff data in the deeper space-like region 
is the electroproduction of pions from nucleons 
e-p + e-n'n 

e-n + e - K p .  
(1) 

These reactions have been measured in a series of experiments at  the Cam- 
bridge Electron Accelerator ( C E A ) ~  and at the Cornell University Syn- 
c h r o t r ~ n / ~ * ~ @ ~ !  Though the measurements have been performed more 
than ten years ago, they remain up to now to be the only source of valuable 
experimental information on the F,(Q 2, behaviour in the region 0.29 G ~ V ~  5 
< Q 59.77 GeV 2. However, the presence of a nucleon and its structure - 
complicates the analysis of measured cross sections. None of the used theo- 
retical models is sufficiently refined to give total confidence in the deter- 
mined 22 values of F,(Q 2, which become modeldependent. 

More precisely, the reactions (1) were analysed '4 in terms of the 
virtual photoproduction 

the differential cross section of which has the general form 

Terms A, B, C and D are functions of CMS variables W (total energy), 8 
(angle between photon and pion) and Q (photon four-momentum squa- 
red). A and C represent the cross sections for transverse and longitudinal 
photons, respectively. The interference terms B and D vanish as 8 -. 0 while 
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terms C and D vanish as Q 2  -t 0. The parameter 6 describes the virtual 
photon polarization and + is the azimuth. 

In the final analysis/4 /of the measured cross sections, where five 
new data points on F, (Q 3 were determined and all previous results were 
reanalyzed, the following procedure was applied: 

i) The use of data with 6' < 3Oto eliminate the interference terms B 
and D in (3). 

ii) The assumption that the amplitude due to  longitudinal photons 
is given by the t-channel one-pionexchange Born term. 

iii) The assumption that for 6' = 0 the Q 2dependence of the transverse 
cross section A is the same as that for the total virtual photoproduction 
cross section. 

The purpose of the first assumption is evident. The second assump- 
tion is based on the results of theoretical models for the electroproduction 
cross section of pions emitted along the virtual-photon direction. However, 
the assumed dominance of t-channel pionexchange term in the longitudi- 
nal cross section had not been confirmed by previous measurements / l /of 
the authors. 

While the longitudinal amplitude is directly proportional to the pion 
ff, the transverse amplitude is the absolute prediction of the models and 
is subject to large theoretical uncertainties. The dispersion-theory model / 5 /  

used by the authors before the final analysis' / predicts the 6' -behaviour 
of the transverse cross section in conflict with the measured curves and the 
discrepancy grows with the enhancement of Q 2. The assumption (iii) is 
therefore an attempt to avoid this problem by using the previously disco- 
vered experimental fact of approximately equal Q2dependence of the for- 
ward transverse cross section and the total one at low Q ~ .  However, for 
values of Q 2  greater than 4 G ~ V ~  the transverse cross section was deter- 
mined from extrapolation of the relatively low-precision measurements of 
only three (W, Q 3 points. 

Taking into account the uncertainties connected with the assumptions 
(ii) and (iii), the authors conclude that the reliability of their data on F,(Q 2, 
above 4 GeV decreases with the enhancement of Q ? 

In this paper, we propose a direct compatibility check of the electro- 
production pion ff data I4/with the most reliable ones obtained from efe-- - R + ~ T  We have not revealed increased unreliability of space-like F,(Q2) 
data with the increased values of Q 2  and our result is that they are globally 
correct. However, some doubtful isolated data points (see partial X 2  in 
Table 11) are almost uniformly spread over the whole measured region of 

I 
inomenta 0.18 G ~ V  5 Q 5 9.77 GeV 2. 

11. THE RELIABILITY TEST 
OF THE ELECTROPRODU.CTION DATA 

The idea of the compatibility check consists in the transfer of the 
reliable experimental information on the pion f f  obtained from the reaction 
e'e-+ ~+r-into the space-like region by means of the integral representation 

The next step is the comparison of the predicted values with the electro- 
production pion f f  data by calculating partial x 2at each point. 

In order to evaluate the contribution of the first integral in (4) to 
F,(Q2) for 0 GeV 5 Q2 I 9.77 GeV 2, we describe a method of extrac- 
ting Im E ~ , ( t )  in the elastic region 4m2 < t I (mno  + from the mea- 

+ -! - 
sured cross section of the reaction e e + n)r ,  The latter can be written as 

4m 2, 
where a is the fine structure constant, p, = (1 - -)% is the velocity 

t 

of an outgoing pion in CMS and m,, r, are the mass and total width 
of the o-meson. The second term in (5) represents the contribution of 
the w-meson to the two-pion final state. This effect is induced by the well- 
known p - w mixing due to G-parity nonconserving interactions with the 
strength of electromagnetism 7 * 8 ! The parameter f can be related to  
the ratio of the differences of light quark or is equivalently 
given in terms of measured widths according to 

6 2 3/2 11 2 
m , 

f = -  ( ) i I-(, + e'e-) l'(o, + n ' n 3  1 -. 
a m ,  m: - 4 m E  

The angle 9 is the p - w interference phase 

m I- + = arc tg 
2 m P - m; 



Making use of the elastic unitarity condition, which guarantees the identity 
between the pion ff phase and the P-wave isovector phase shift 6 i(t) in 

. theregion4m:5 t~ t ,~ , :  

one can rewrite the relation (5) into the quadratic equation / 10 / 

Its physical solution is 

3t 
1 F, (t) 1 = - ~ ( t )  + I z2 ( t )+[  u(t)]  2- 

5%; 
(rn 2 -  t ) 2  + 

1". (10) 
na B n  

where 

The data on Im F, (t) (see Table I) for 4m 2, .< t . t no, are determined from 
(10) and (8) by utilizing the experimental information on 5, #+ rn,, L, a( t )  

/11/ and suitable parametrization of 6: (t)  . 
The values of the first integral in (4) for the momentum transfer squa- 

red 0 GeV2 5 Q 2  5 9.77 GeV2 were evaluated numerically by the trape- 
zoidal rule using the program TRAPER from the CERN computer program 
library. For Q = 0 we have 

1 tnO, lrnEF,(t)dt 
- I - - = 0.9302 1 (11) 
n t 

4 m  
n 

i.e. more than 90% contribution to F,(O) =l. In fact, not too much is known 
about the behaviour of Im A ~ , ( t )  under the second integral of (4). However, 
from the general QCD restriction obtained recently / 2 /  for the second integ- 
ral of (4) it follows that Im *F,(t) has at least one zero (generally odd num- 
ber of zeros) and it vanishes from negative values as t + +- . Really, the pion 
ff behaviour predicted by QCD to leading logarithmic accuracy is / 13* l4* 15' 

Table I 
The data on Im EFdt) for 4m (t < trio a 

t[ Gev 21 1rn E ~ , ( t )  ~ 1 r n  E ~ , ( t )  t[ C ~ V  lrnEFn(t) AIrnEF (t) n 



Table I. Continuation 

where f ,  = 93 MeV is the pion decay constant, n f  is the number of quark 
flavours and A = 100 MeV is the QCD scale parameter. 

Let Q i d i  be the value of a squared momentum transfer from which 
(12) starts to be dominant in comparison with higher order contributions 
to the pion ff behaviour. Then far Q 2,  Q O c c D  eq.(4) can be rewritten 
in the following form: 

It is transparent to  see that t under the first integral on the right-hand side 
of (13) can be neglected due to the choice Q > Q D. AS a result, one 
gets the relation 

from which one sees that there is such Q 1. Q that for all Q 2>  Q 

since the QCD'tenn has steeper falling and consequently 

1 - A 
Im F,(t)dt 

- 
I , + f a 2  

< 0. 
n 

(16) 

t n O a  

On the other hand, the integral representation (4) for Q = 0 provides the 
sum rule 

00 

1 ' n O a  l m E ~ , ( t ) d t  1 1m (t) d t 
I = -  I + -  r 

2 t n t (17) 
n ' n O a  

which together with the relation (11) gives 

i.e. another restriction on the behaviour of Im A ~ n ( t )  for t,,o, < t  < +-. 
The inequalities (16) and (18) can be fulfilled simultaneously only in the 
case if Im A F,(t) for t > tnoa acquires at least one zero value and vani- 
shes asymptotically from the negative values as t - +-. The simplest para- 
metrization, which reflects the latter property, is 



where the parameters a, to, b and M are determined from the following 
requirements: 

The latter condition represents the superconvergence sum rule 

which follows from (12) and the Cauchy theorem applied to  F,(t) in the 
whole complex cut t-plane. 

In order to evaluate the left-nand sides of (20) and (21), one must 
know the analytic expression instead of discrete data on Im E ~ n ( t )  in the 
vicinity of t o .For this purpose we use a padd-type approximation of 
the pion ff respecting analyticity, reality, normalization and threshold 
conditions, the imaginary part of which has the fonn 

where q=[ (t4rn2,)/4]' and all the coefficients are real. Indeed, this func- 
tional form gives an excellent fit to our extracted data on Im E ~ n ( t )  with 
N = 3 ( X  '/ndf = 0.44). The values of the first integral in (4) using eq.(25) 
agree with the TRAPER-integration for all values of Q within one per cent. 

If we denote the left-hand sides of (20) and (21) by D o  and D l ,  res- 
pectively, then the parameters a and b of (19) can be expressed through t o  
and M as follows: 

The numerical solution of two integral constraints (22) arld (23) with a 
and b given by (26) and (27) yields 

and from (26) and (27) we have 

Now it is straightforward to calculate the integrals in (4) at all space-like 
region points Q at which electroproduction pion ff data were determined. 
The first integral in (4) is computed by trapeziodal rule. The second integ- 
ral in (4) is evaluated by the standard routine GQUAD from the CERN 
computer library using the parametrization (25) with the values of parame- 
ters (28) and (29). However, before that, the integration interval ( t , oG,, -) 
is transformed into the finite limits by substituting t = tnoJx as follows: 

The final results and their comparison with 22 CEA and Cornell space-like 
region pion ff data are presented in Table 11. Discarding the experimental 
point at Q = 3.99 G ~ v ~ ,  which due to  its small value and big error contains 
no information, all other electroproduction data are globally consistent 
with the data on e+e- -+ n+n, We have not revealed any enhanced unre- 
liability of the electroproduction pion ff data with increased values of Q2 
as conjectured in14/. However, some doubtful isolated data (the values of 
x2  indicate that there are seven such points) are spread almost uniformly 
over the whole measured region of momenta 0.18 GeV 5 Q < 9.77 GeV ? - 
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