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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 annihilation experiments have ac-
cumulated a large amount of accurate data. The cross section is in this case
directly proportional to | Fﬂl2 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 GeVZ2. 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
_ o (1)
en -+ e np. :
These reactions have been measured in a series of experiments at the Cam-
bridge Electron Accelerator (CEA)’ 1/ and at the Cornell University Syn-
chrotron’ 2 3:4/ Though the measurements have been performed more
than ten years ago, they remain up to now to be the only source of valuable
expenmental mformatlon on the F,(Q 2) behaviour in the region 0.29 GeV? <
< Q <9.77 GeV 2 However, the presence of a nucleon and its structure
comphcates 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 ?) which become model-dependent.

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

y*p — n'n, y*n — »7p, (2)

the differential cross section of which has the general form

do ‘(‘—2*1—)1"’<cos¢)n . (3)

=A +¢C + ¢(cos2¢4)B + {
a0
Terms A, B, C and D are functions of CMS variables W (total energy), 6
(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 6 » 0 while
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terms C and D vanish as Q2 > 0. The parameter ¢ describes the virtual
photon polarization and ¢ is the azimuth.

In the final analys1s/ 4/of the measured cross sections, where five
new data points on F, (Qz) were determined and all previous results were
reanalyzed, the fo]lowmg procedure was applied:

i) The use of data with 8 < 3°to 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-pion-exchange Born term.

iii) The assumption that for 6 = 0 the Q2-dependence 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 pion-exchange term in the longitudi-
nal cross section had not been confirmed by previous measurements ’ 1/ 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 dlspersmn-theory model /3’
used by the authors before the final analysis 4/ predicts the 6 -behaviour
of the transverse cross section in conflict with the measured curves and the
discrepancy grows with the enhancement of Q2 The assumption (iii) is
therefore an attempt to avoid this problem by using the previously disco-
vered experimental fact of approximately equal Qz-dependence of the for-
ward transverse cross section and the total one at low Q However, for
values of Q greater than 4 GeV® the transverse cross section was deter-
mined from extrapolation of the relatively low-precision measurements of
only three (W, Q 9 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 2 decreases with the enhancement of Q 2

In this paper, we propose a direct compatibility check of the electro-
production pion ff data’ 4/ with the most reliable ones obtained from e* e —
— n*n7 We have not revealed mcreased unreliability of space-like F,_(Q )
data with the increased values of Q2 and our result is that they are globally
correct. However, some doubtful isolated data points (see partial X2 in
Table II) are almost umformly spread over the whole measured region of
momenta 0,18 GeV® < Q2 < 9.77 GeV 2,
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II. THE RELIABILITY TEST
OF THE ELECTROPRODUCTION DATA

The idea of the compatibility check consists in the transfer of the
rellable experimental information on the pion ff obtained from the reaction
ete - n*rinto the space-like region by means of the integral representation

on L ‘f}% In % 0dt 1 RLRFIOL I (4)
F, Q% =— J Qe 7 Ct+ Q2
4m=m t 7%

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

In order to evaluate the contribution of the first integral in (4) to
F_(Q?) for 0 GeV?2 < Q2 <9.77 GeV 2 we describe a method of extrac-

tlng Im EF ,(t) in the elastic region 4m2 St <(m o+ mw)2 from the mea-
sured cross section of the reaction ete™ > 77 The latter can be written as

2,8 2

m

« 2
- . 1% (5)
m, -t~ 1mwr‘nJ

ma

o(t) = T fr |F_(t) + geld
3t

2
—_™ 3% i the velocity

where o is the fine structure constant, g = (1-
of an outgoing pion in CMS and m,, I', are the mass and total width
of the w-meson. The second term in (5) represents the contribution of
the o-meson to the two-pion final state. This effect is induced by the well-
known p - o mixing due to G-parity nonconserving interactions with the
strength of electromagnetism /6:7-8/ The parameter ¢ can be related to
the ratio of the differences of light quark masses’8:?/ or is equivalently
given in terms of measured widths according to

3/2 172
) (T(w » e+e—) F(a » ﬂ+ﬂ—)] . (6)

- 2
am, ™M, 4m?

The angle ¢ isthe p - « interference phase

m I”
¢ - arctg — L P, (7)

m? - m
p w



Making use of the elastic unitarity condition, which guarantees the 1dentity
between the pion ff phase and the P-wave isovector phase shift 5 (t) in
. the region 4m2 Sttt

F (t) = [F_(t)] exp [isi(t)] . (8)

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

‘ &%t 3t 0
|F”an2+2zu)uyan+4(mz_t)2fmirg—[ 75 a(t)1%}=0.(9)

[5) ma 4

Its physical solution is

3t £%m? v
- 2 - 2_ o 10
By )] =20+ 1220+ (g e 01— (0)
where
Z(t) = fzmi {(m2 -t) cos(¢—81(t))-m I“sin(¢—81(t))l.
mi t)2 " mzl—\i (5} 1 [AXA) 1

The data on Im F; (t) (see Table I) for 4m ',27 St<t oo, are determined from
(10) and (8) by utilizing the expenmenta.l information on ¢, ¢, m,, I, o(t)
and suitable parametrization of 51 1) 711/

The values of the first 1ntegra.l in (4) for the momentum transfer squa-
red 0 GeV? < Q2 <9.77 GeV? were evaluated numerically by the trape-
zoidal rule usmg the program TRAPER from the CERN computer program
library. For Q 2 = 0 we have

1 %0 InFF, (t) dt

— = 0.9302 , (11)
w 2 t

4m
1

i.e. more than 90% contribution to F,(0) =1. In fact, not too much is known
about the behaviour of Im AF »(t) under the second integral of (4). However,
from the general QCD restriction obtained recently / 12/ for the second integ-
ral of (4) it follows that Im AF"(t) has at least one zero (generally odd num-
ber of zeros) and it vanishes from negative values ast - +o . Really, the pion

ff behaviour predicted by QCD to leading logarithmic accuracy is” 1314 15/
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The data on Im EF (t) fordm 2 <t <t o

Table I

t[Gev?3 ImFF_(t) AImEF_(t) t{Gev® ImEF (1) AImEF ()
0.0800 0.00010 0,00002 0.4390 1.81960 0.19750
0,0880 0.00200 0.,00010 0.4591 2,26070 0.22240
0.0900 0.00250 0.00020 0.4728 2.73170 0.28710
0.1010 0.00720 0.00030 0.4866 3.13680 0.32500
0.,1060 0.00930 0,00080 0.4900 3.29680 0.37980
0.1160 0.01680 0.00100 0.4900 3.19260 0.45740
0.1220 0.02020 0,00140 044970 3.38640 0.38850
0.1270 0.02280 0,00100 0.5007 3.56010 0.36780
0.1296 0,02760 0.00140 0.5149 4.10270 0.41660
0.1414 0.03970 0.00220 0.5294  4.73480  0.46620
0.1520 0.04540 0.00190 0.5441 5.36690 0.46290
0.1600 0.05640 0.00390 0.5476 5.96520 0.55340
0.1600 0.05190 0.00550 0.5589 5.88150 0.40910
0.1681 0.06960 0.00330 0.5628 5457060 0.40100
0.1764 0.07280 0.00570 0.5740 6.19290 0.30150
0.1780 0.07530 0.00340 045746 5.87010 0.41000
0.1849 0.09060 0.00540 0.5776 6.10300 0.33170
0.1918 0.10570 0.00570 0.5892 6.34580 0.17320
0.1936 0.12780 0.01660 0.5929 6.35270 0.16350
0.2116 0.12400 0.01040 0.5951 6.00940 0.30640
0.2209 0.14800 0.00740 0.5978 6.31910 0.22940
0.2333 0.17590 0.01470 0.5985 6.35140 0.19710
0.2340 0.18580 0.01510 0.5991 6.26240 0.156 00
0.2916 0.35270 0.02080 0.6016 6431990 0.15790
0.3364 0.55370 0,03710 0.6047 6.19300 0.17810
0.3629 0.79860 0.06350 0.6048 6.,20400 0.32320
0.3844 0.95650 0.07320 0.6053 6.48870 0.18710
0,4096 1.21380 0.10150 0.6056 6.29920 0.26460
0.4130 1.38320 0.13090 0.6078 6.04810 0.23640
0.4356 1.63220 0.15410 0.6084 6.41170 0.31310




Table I. Continuation

t[Gev?] ImEF (1) AImEF_(t) t(Gev?] ImEF_(t) AImEF_(t)
0.6109 6.078%0 0.28110 0,6685 4.,36630 0.3573¢C
0.6115 ©  5.,64360 0.30310 0.6724 3.97440 0.3€33C
0.,613¢4 5.78140 0.34550 0.672¢ 4,06450 0.4172C
0.6140 5.88560 0.33060 0.684¢ 3.88250 0.3559¢C
0.6147 6.14360 0.35820 0.698¢ 3.12540 0.3€01C
0.6172 5.,T6€50 0.318£0 0.7016 3.45360 0,3357¢
C.6178 564150 0,31950 0,705¢€ 3.01480 0,3z48C
0.62C3 5.85430 0.31130 0.,7110 3.14640 0.3444C
0.,6213 Se7703C 0.,33660 0,7184 3.,02890 0.,3141¢C
6.6235 5.,67510 0,25120 0.7355 2.70360 0,2€31¢
0,6241 %.83060 0.30030 0.7396 2,43940 0,2€21C
0.6246 5.3259C 0.30240 0.7527 2.41730 0.2546C
0,6266 5.,76847¢C 0.30310. 0.7702 2.13430 0.,2241C
0.6292 5.20240 0.32089 0.7744 2,00690 0.2391C
0.6304 5.53690 0.303€0 0.7878 1.89400 0,2015¢C
0.6347 5.01460 0.42520 0.797€ 1.83150 0.2090C
0.6362 5.3376C 0,29700 0.8057 1.69530 0.1767¢C
0.6400 5. 19200 0.37300 0.8100 1.55010 0.1694C
0.6522 4.90340 0.34360 0.8237 1.57340 0.1€25¢C
0.6559 4.45%0 0.41280 0.8372 1,48330 0.15142
64212
Fp(@% ;- , (12)

2
(11 - ?nf)Q2ln Q2 /A®

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

Let Q% 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 for Q °> Q% eq.(4) can be rewritten
in the following forra: )

t,0
64m2r? 1 7% ImPrp, a1 ; I F,_(t)dt 13)
-— _— _— .,
1-5n)QAm@¥A27 . t.Q2 o« t+Q2
amy 'Oy
2 2
Q"> Qgep-

6

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 2> Q QQCD. As a result, one
gets the relation

64n12 1 7% . 1 = ImfF,()ad

55— | WPRma-— [ — a4
(11-—-n,)Q%InQ / A 7Q 2 4 t+Q

3 4m > 1,0,

from which one sees that there is such Q% 2 Q 2QCD that for all Q >Q g

t_o
1 %0 ImEF_(t)dt 64212 15
— 1 > - 5= (15)
LA t+Q? (11-2n,)Q%In Q 2/ A
n

since the QCD term has steeper falling and consequently

1 = mtF,)dt
— PE—— P 16
m f t + Q2 ( )

t
TTO(JJ

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

1 '7% ImEF,(t)dt 1" ImPF. )t
1-— - .= -,
i fz t ” r t (17)
4m" th%,

which together with the relation (11) gives

1 7 ImfF (1) at
— f —T—-006%8 >0, (18)
"0

” t
t

@

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

(t - to)
ImAF,(t) = a L (19)



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

(t - tg) (20)
t = a—
ImEF”()\t=t”0m (t - b)M‘t=tﬂ0w
d d (t - ty) 21)
—Im T, (1) LI L
dt =t ar - M
t o oo
1 1 an Im %F,(t)at 1 / a(t — to)dt 22)
m t m t(t - b)M
4m?2 : tn® o
o o (1 - t)dt
[ mEF,t)d = -a f —(t_—g")—r- (23)
4m% ' %
The latter condition represents the superconvergence sum rule
[ ImF_(t)dt = 0, (24)
2
4m"

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

In order to evaluate the left-hand sides of (20) and (21), one must
know the analytic expression instead of discrete d,ata on Im EF17(t) .in the
vicinity of t o -For this purpose we use a Pade-tyPe zitpproxmatlon of
the pion ff/1 1/? respecting analyticity, reality, normalization and threshold
conditions, the imaginary part of which has the form

N 2+ 1
3 agge1 9
k=1
m ®F_(t) = . (25)
N 2%
1 + E anq
k=1

where q-[ (t-4mZ2)/41% and all the coefficients are real. Indeed, this func-

tional form gives an excellent fit to our extracted data on Im EF,(t) with
N=3 (X2/ndf = 0.44). The values of the first integral in (4) using eq.(25)
agree with the TRAPER-integration for all values of Q 2 within one per cent.

8

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

M(t, - t,o,)

b= tyo, + p———— , (26)
1

—(t, -t o) + 1

D o] 7T @

a = — . (27)

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

M= 2129, t = 98.350m?2 (28)

o
and from (26) and (27) we have

a = -2.5%5m0 2

, b= 16.417m?, (29)
Now it is straightforward to calculate the integrals in (4) at all space-like
region points Q2 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 o,
is transformed into the finite limits by substituting t= t,o/x as follows:
1 a(t — tg)dt at,0, 1 (tho, - toX)X
— J -——J . (30)
T 400 t + Qz)(t - b)M m o (tgo, + QQX)(t”ow - bX)M

M- 2dx

The final results and their comparison with 22 CEA and Cornell space-like
region pion ff data are presented in Table II. Discarding the experimental
point at Q =3.99 GeV2, which due to its small value and big error contains
no information, all other electroproduction data are globally consistent
with the data on efe™ — #*s” We have not revealed any enhanced unre-
liability of the electroproduction pion ff data with increased values of Q<
as conjectured in/ 4/, 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 ® <Q® < 9.77GeV 2

9



Table IT
The result of the gnalysis of CEA and Comell electroproduction pion Jf data
2 ex ex i
[QGeV 2] Ref. F2*(Q 2y AF - p(Qg) Iy Ip Fgredict(g% X;?artial
(1e 18 1 0,85GC 0.,0440 0.09c2  C,0575  C.7537 4.93
0e29 1 06634C 0,0290 0,6C53 0,0513 045506 Oeba
0,40 1 0.570C 0.0160 0.5359 0,0461 045820 0.3C
0.62 2 0.4450 0,0160 0.4363 0,0380 0.4743 2,63
0.79 1 C.3840 0,0140 0.3818 0,0331 0.4149 3692
1,07 2 0.3090 0,0190 0.3167 0.0270 0.3437 2495
1,18 4 0.256C 0,0200 0e297C 04025C Ce3220 6,05
1.19 1 0,2380 0,0170 0.2952 0.0249 0,3201 21,62
1.20 2 0,2690 0,0120 0.2935 0.0247 0.3183 16,88
1,20 2 0.2620 0.0140 02935 0.0247 C.3183 16,17
1420 3 042940 C.019C 0.2935 0.0247 C,3183 1.64
leld 3 0,2900 0.,0300 0,2903 00,0244 0.3147 0,60
1,31 2 0.2420 0.0150 0.,2765 040230 0.2995 13,37
1.71 3 0.,23EQ 0,0200 0,2282 0.,0180 0.24€2 0,12
1.94 4 0.1930 0,0250 0,2073 0.,0158 0,2231 1435
.99 3 0.1790 0,0210  0,2034 0,0153 0.2187 3.36
2,01 2 0.1540 0,0140 0,2017 0,0152 0.2163 19,05
3.30 3 0.1020 0,0230 0.1347 0,0080 041427 3.02
3633 4 0.0860 0,0330 0,1338 0,0078 0.1416 2477
3499 3 0.0040 0,6780 0.1145 0,0058 0,1203 0,02
6430 4 0.,0590 0,0300 0.0761 0,0020 0,0761 0439
9.77 4 0.0700 0.0190 0,0506 =,0002 00,0504 1,09
REFERENCES
1. Brown CN. etal. - Phys.Rev., 1973, D8, p.92.
2. Bebek C.J. etal. — Phys.Rer.. 1974. D9, p.1229.
3. Bebek CJ. etal. — Phys.Rev. 1976, D13, p.25.
4. Bebek CJ. etal. — Phys.Rev., 1978, D17, p.1693.
5. Berends F.A. — Phys.Rev., 1970, DI, p.2590.
6. Renard FM. — Springer Tracts in Modem Physics, 1972, 63, p.98.
7. Coon S.A. etal. — Nucl.Phys., 1977, A287, p.381.
8. Gasser J., Leurwyler H. — Phys Reports, 1982, 87. p.79.
9. Langacker P. — Phys.Rev., 1979, D20, p.2983.

ey
-~

[
=

. Dubnicka S., Meshcheryakov V. A., Milko J. ~ J Phys., 1981, 67, p.605.
. Dubnitka S., Martinovid L. — Czech.J Phys., 1979, B29, p.1354.

R

12. Dubnicka S., Mojzis M. Proc. of VI Warsaw Symp. on ELlementary Particle Physics
in Kazimierz, Warszawa 1983, p.243,

13 ljepage G.P., Brodsky S.J. — Phys.Lett., 1979, B87, p.359.

14. Farrar G., Jackson D. — Phys.Rev.Lett., 1979, 43, p.246.

15, Efremov A.V,, Radyushkin A.V, - Phys.Lett., 1980, 94B, p.245.

13

Received by Publishing Department
on April 13, 1988.

11





