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I.  INTRODUCTION

The pion electromagnetic rédius has been directly measured by
observing electrons scattered from SQ Geﬁ/; pions takgn from an
internal target at the 76 GeV proton‘synchrotron at the Institute
of High Energy Physics, Serquhov.» We find <r;> = (0.61 % 0.15)F2
from the analysis of the.datavcomprising 40;000 events with recoiling
electron energy between 13 GeV and 36 GeV. Because of thelarge statis-
tical sample, the error is dominated by systeﬁatic effects.

The pion form-factor can be measured in both the space-like and
time-like regions. In the space-like region, the only significant

1.0

previous result from a direct measurement was by Cassels et a who '

R 3.3F. The form factor has been indirectly measured
at much larger space-likebfour-momentum transfers than available in the
present experiment in inelastic electron-scattering experiments which

isolate the one-pion exchange diagram. The most.accurate result is by

Brown et at.(z) who find <1'2>1/2 = 0.70F with a very.small statistical
: . b very .

. c < +
error. Time-like measurements have been made using e e
: .

(3)

colliding

beams, -and connected to the space-like region via a dispersion
relation.(4’s) ‘These results can be summarized by the conclusion that

the pion radius must be very near its p domindnt value of 0.63F.

II. 'APPARATUS
Figure 1 shows the magnetostrictive-spark-chamber spectrometer used
for the pion-electron scattering measuremeﬁts.(6) Three blocks of_spark

chambers measured the direction of the incoming 50 GeV beam-particle and
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The magnetostrictive-spark-chamber spectrometer used in the

Fig. 1.

determination of the pion radius.

the momenta and scattering angles of the recoiling pion and e1ect£0n3(7)
Chambers denoted by R were rotated 45° with respect to the rest of .
the block. Angles were typically measured to #0.15 mr, momenta to +0.4%.
The beam momentum spread was either +2% or %1% depending on.the momentum
slit setting. The magnet field was célibratedito a precision of 10;2%.(8)

The second block of chambers (SP6-12) had readouts on each end of the

‘magnetostrictive wand so that the narrow opening-angle pair could. be

accurately identified. Typical beam intensities were 2 x 10° particles
per. 1.2 second spill.  The apparatus could accepi up‘to 120 triggers
every 6-second accelerator cycle. An important feature of the experiment

was that the efficienéy of only four counters (SP, S CE' Cﬂ) entered

E?
into the cross section. CE and Cﬂ were lead glass shower counters whose -
pulse height was measured on each event and whose efficiency could be

s .
measured off-line from these distributions.(g) (We find ﬁoth CE and C1T
to be 100.0 efficient within 0.1%)‘.A,1arge_pulse height in one of these
counters was required for a trigger; during a sma}lvﬁ;rt of the run fhis
requirement was removed providing an a&ditional check on these counters'
efficiency and extendipg the accepted recoil electron energy belbw'17 GeV
to 13 GeV for a sample of the data. The éounters S vand SE placédvin
coincidence were thin sc1nt1llators each viewed by two phototubes, one
on either 51de of the counter. The two signals, 1nd1V1dually latched
but in an electronic OR in the trigger provided a cont1nuous monitor of
the counters{ efficiency; the inefficiency was found to be negligible.
A muon filter éonsisfing of 3m of iron providéd some'off-line infdrma-

tion on muon contamlnatlcn in the beam. Two sets of electronics were

run in parallel in the experiment, and con51stency to about the 1% level



was.obtained. Anti—coincidence,counters Al-4 around the target were
latched but not used in the experiment. = Counter A ‘(downstream from. .-
the target but with a hole suchithat few T-¢ events were rejected) and
AB were placed.in anti-cojncidence. Their accidental rate was carefully
monitored so that the appropriate .correction to the cross section could-
be made. Additional corrections were made for unwanted anti-coincidences
from delta rays accompanying a w-e -event, and radiative gamma rays
striking and converting in the counter.- The 50 cm liquid hydrogen N
taréet’was constructed so that the length and density could be accurately
.known. A special feature was the cylindrical copper shield inside the
hydrogen which channeled bubbles away from the central region.  The
product-of length times density for this target is known with an error

0.1%. (10 ' L

III. DATA ANALYSIS ’
Approxxmately 2.5 x 106 triggers were taken in this exper1ment

The data were passed through a trackf1nd1ng program espec1ally ta1lored
to find plon-electron scatter1ng events us1ng the redundancy provided
"by many chambers. Although elaétic scattering is, in principle, a four
constraxnt process, only three ‘of these are useful at h1gh energy. The
three constralnts app11ed were long1tud1nal momentum balance, transverse
momentum balance, and co-planarity. Each of these d1str1but1ons sepa-
rately shovs: a Strong T-e signal, application of any one constraint
identlfles events with'only a‘small Background permitting each constraint
to be applied by a relatively loose cut. Redundancy is further provided

by a large pulse height for the electron in a shower counter. Pions and

electrons were identified by theirnscattering‘angles and the-shoyer
counter information. Two separate.trackf1nd1ng programs, written at
least part1ally 1ndependent1y, serve as one check that the fract1on
of ‘m-e events found 1s known, although the m-e event f1nd1ng
eff1c1ency for the programs differed. Many other checks were also

made, and some of them are d1scussed below.

IV.. CORRECTIONS - .-~ . "'

The determination of the absolute ement-findingfefficiency of'the'
analysis orograms is the'mOSt dlfficult correction. This correctionn
was calculated by two separate,nbut'apparently equivalent methods, “each
method used a Monte'Carlo'program based on the T-e 'events;found in -~
our data..» In:one, the real pion and electron sparks:were removed from

the event and'sparks from'a fake- m-e event generated with the'experi-

‘mental errors were superimposed on the backgroundfsparks:ﬁ These fake

events were then”analyzed by the trackfinding’ﬁrogram'to determine the
event-finding efficiencYL The ‘model included statistica1~inefficiencles'
from chamber gaps and wand failures,as well-as losses from spark-merging’:
and wand deadtimes.--As an example of the power of the method, comparison:
of the-Monte Carlo and real data revealedlan‘unexpected inefficiency for -
sparks ‘located at separations less than Smn in projection. ;.This ineffi-
ciency was.subsequently included in the analysis."In the ;econd, fake
events were analyzed~hy the trackfinding program-to determine the ‘track= -
finding efficiency using Monte Carlo generated background tracks in ‘the ;

chambers. “The gap and-x- and y-wand efficiencies were found to be“

dependent on-the number of background tracks-in the spectrometer and |



this calculation and’ gave confidence that all exper1menta1 effects had

also on the dlstance between two tracks 1f it was less than 6mm. Beam
. V

1ntenslty was’ reconstructed from approprlate counter data, “and- the beam

proflle was taken from spec1a1 bean - runs. Other parameters whlch
1nf1uence the chamber eff1c1ency to a lesser degree, such as the "age"

of the background track the number of events in the sp111, etc., were
taken into account very accuratet& by a phenomenolog1ca1 procedure S0

that the characterlstlcs of the real and fake events should be 1n max1ma1“
agreement. The Monte-Carlo program also included the wand deadtlme,
experimental‘accuracles, multlple scatterlng, e1ectron energy‘losses, v,f;

and the operatlng conditions of the-lead glass Cerenkov counters.

Agreement of - the relat1ve eff1c1enc1es of d1fferent trackf1nd1ng

hprograms for the real and. fake data was a very~r1g1d criterion for

been taken into account

These programs did not lead to completely consistent results. -~
disagreelng ma1n1y on the absolute event-finding effrc1ency of the. two
final: trackfinding orograms.',This disagreement, of about 2.5% for the
more ‘efficient program; contributes>substantially to the overali
systematic'uncertainty in‘our-result; - Pi-e event-finding efficiencies
for different data samples and for the two final programs used in our.
analysis" var1ed from a low of 80% to a high of 98%, dependent upon
exper1menta1'cond1t1ons for a particular sample and also upon:the
program used'to‘estimate'this efficiency. . . “d o 3 e

Geometric efficiencies were aiso calculated by a Monte Carlo
program.- The geometric efficiency was dependent on the phase space

of the incident beam, but these systematics effects were minimized

by using the appropriate average of experimentally measured beam distri-

butions as input to the Monte Carlo. Positions and apertures in the’

.spectrometer were carefully measured by surveylng, the hlgh statistics

of this experiment permltted a close comparison of the data with many
of these measurements to find, for example, counter edges. The‘yonte
Carlo faithfully reproduces all of these distributions. Multiple
scattering and bremsstrahlung were shown to have only a minor‘effect
on the total geometric efficiency. SinceAthe efficiency does»uary with
recoil electron energy; a valuable consistencyfcheck,can be made{by the ,
fact that |F |? vs q2 is nearly a straight 1ine. ]

. Radiative corrections have been calculated( D tak1ng full account
of our experimental conditions and our cuts on the kinematdc{constra1nts.
The results are sensitive to these experimenta}~effects only at a level
of ~1% since the cuts can be so loosely applied. Hihe'correction‘varies
slightly from run to run in the experiment since itddependsvon the
incoming beam momentum distribution whtch was used as input to the
calculation. The geometric efficiency_and;the radrativeﬁcorrection as,
a function of recoil electron energy are shown in Figure 2, Bremsstrah-
lung in the target is not included as a part of this correctionm, but
instead it is included in the calculation of the ekpected cross section.

All of the corrections to the data are shown in Iabkes'l and 1.
Table I contains corrections which are q2 dependent:in‘principle.
In practice, corrections 8 through 11 were treated as q2 independent.
The assigned errors are systematic. The corrections for geometrical
efficiency, trackfinding efficiency, and the radiative correction-also

have statistical errors from the Monte Carlo calculation which varied



TABLE I: q2 Dependent Corrections

Average Cox..'rect;:ion Assigned-
Effect in % - - Error
1. Geometric efficiéncr o ’ See Fig. 2~ ' 0'.05('.1—'5)?
2.  Event finding . variable, see text 0.1 6
3. Radialtive correction . See Fig. 2 \- 0.0568 .
4, Brémﬁétrahiur_l_g in target ‘10.0 : ‘ 0.056
S. Bremsstrahlung in spectrometer - 9.0 . ' "0.056
6. decay in flight SRR 1.0° 0.1%
« 7. . Target empty I (measured) » ’ 3.9 © - . 0.4% (statistical)
8. Target:empiy I S : 1.0~ . 0.1% v
N 9. " Background : / © 0.0 ¢ ©0.5%
10. 7 attenuation in spec‘trémetér : ) 1.1 - 0.3%
11." .'n attenuéf_ion in hydrogen B . S;O‘ ” .0'29‘
12. Target 'Z"'f)ositiof; cut losses ' 0.65 0.1%
"13. u-e scatters ’ o _‘ 0.7 - 0.2%
14, Spect'rt;m;ter energy calibration’ 0.0 0.5% i
\ *c s ‘fhé geometrical effiéien_cy'
*s is the correction =~ :+ Tt
3 ~ : - £ L e
| "

, : 2 10

. TABLE II: q2 Independent Corrections
i o i . ’ Correction in %
. Effect i I , II.
_1.. Beam attenuation , - B L 2.1 0.6 . 2.1%0.6
2. 48 Ge! < EBeam < ?2 GeV ) . .4 in 0.2“ . 5.1 % 0.‘2
3. -Accidental anti-coincidences ’ 3.2 0.7 2.2t 0.5
5 L " 4. Beam scaler correction:: 1.0 +.0.2- -~ 1.0 £ 0.1
{ . . i . . :
{ 5. X', p beam contamination . 1.2 # 0.1 1.2 £ 0.1
] .- . . . .
: 6. u (less than 50 GeV) .. = (included in 2 above)
7. W (48 GeV < E, < 52 GeV) 0.52% 0.1  _  0.52%0.1
) ’ " (correction to beam scalers) :
8. - Shower cdunter;efficiency ) o 0.0 * 0.2 . 0.0 % 0.2 '
9. Scintillator counter efficiency 0.0 * 0.2 . 0.0 % 0.2
Ce 10. Target delta rays in ) : 1..’25: 0.25 - 0.5 % 025
B anti-coincidence - '
11.. Radiative photons in 0:34 £ 0.2 .© 0.80 £ 0.2
St anti-coincidence:- s A - oo
12, Liquid;hydrogen target ‘thickness -~ .~ 0.0 % 0.1 P0.0 % 0.2%
f :
I3

SR
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with q”.  The systematic'errors were treated as introducing a maximal

positive correlation between all pairs of data‘points. The exceptions
were the geometrical efficiency where only nearby data points were
taken as cerrelated and the spectrometer energy calibration where a

51gn change occurs in the correlation coefficient between some pa1rs

] of data po1nts.

V. 'RESULTS ™
. The*square of the pion form factor as a functlon of q is obta1ned

by d1v1d1ng the experlmentally determ1ned d1fferent1a1 ~Cross sect1ons

~ after all correct1ons by_the'theoret1ca1 expected d1fferent1a1-cr055":

sectibns'for a peint ‘pion.  These theoretical cross sections have been

adJusted Jto compensate for rea11st1c experlmental cond1t10ns such as the

.
\

1nc1dent momentum spectrum and real bremsstrahlunu in the target and
spectrpmeter.' The resultant pion form‘factors squared‘as a function of’
q2 are presented 1n Table III, The data are plotted w1th their total

errors in Figure 3. Table III also conta1ns the total ‘errors. in the data

wh1ch include the effects of a11 systematic errors, and a matrlx of

: correlat1on coefficients is g1ven in Table IV. N Lt

The data vere fitted to the form [F 1z TT—:—Kazjy- and the mean

square pion radius was extracted us1ng the fact that F = 1 - 1/6 ¢*
<r;> + . .. The fit to the data employs the full: error‘matr1x
including'all systematic errors. The result is <r;> = (0.61 £ 0. 15)F
The error is dominated completely by systematic effects, statistical
errors contributing only i.OSFZ. The effect of the systematic erTors

Tl
basically is to increase the overall normalization uncertainty of the .
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Fig. 3. IFnl vs. momentum transfer squared. The errors shown are fhe

diagonal of the error matrix. Solid curves are shown for a

point pion, and for the best fit to the data.

results. Thi$ systematic normalization error was estimﬁted in Tables 1
and -II to be approximately *2.8%.

We point out that two analyses of this data using somewhat different
techniques do not arrive at completely consistent results. One pfoéram
gives <r;> = 0.47 FZ, the other gives <r;> =-0,72 FZ. The form factors
have been appropriately adjusted and the errors-in the error matrix héve
been appropriately increased to take this effect into accbunt.' Various
other_cheéks of the data have been made, as one such check wg fit the
data to obtain <r,> from the ''slope" of the form factor:alone.: This
method‘suspends the effects of systematic errors which primarily affect

the overall normalization of data such as the trackfinding correction.

This fit is accomplished by-treating the normalization constant N as

. a free parameter and gives <r;> = (1.03 % O.SS)F% and ‘N ='1.10 + 0.08.

An indicatién‘of the effects of systematic errors in the‘data can be
obt&ined by comparing values of <I%?.éxtractéd using only the statistical
errors. Requiring N-to be 1.0 gives <r:> = (0.46 % 0.03)F2 allowing N to
be a free parameter yields <;;> = (0.88 % O.ZIjFZ.‘>

Our result represents the first direct measurement of the pion

radius and can be compared both to the vector dominance prediction

2 2 =
<r;> / <Typw” = 1.54 £ 0.38
and to the size of the proton
2 2 = .
<>/ <rp> = 0793 +0.23
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