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A B S T R A C T  

T h e  p r o to n  elast ic electr ic a n d  m a g n e tic fo r m  factors, G E M  a n d  G ’b fP ( Q 2 ) , 

h a v e  b e e n  s e p a r a te ly m e a s u r e d  in  th e  r a n g e  Q ” = 1 .7 5  to  8 .8 3  ( G e V /c)2, m o r e  

th a n  doub l i ng  th e  Q 3  r a n g e  o f p rev ious  d a ta . Sca led  by  th e  d ipo le  fit, G o ( Q 2 ) , 

th e  resul ts fo r  G n lp(Q 2 ) //+ G ~ ( Q 2 )  d  ec rease  s m o o thly f rom 1 .0 5  to  0 .9 1 , wh i le  

G ~ p ( Q ~ ) lcdQ ~ )  is consistent  wi th unity. Compar i sons  a r e  m a d e  to  Q C D  S u m  

L -eRu le , d iquark ,  const i tuent qua rk , a n d  V M D  m o d e ls, n o n e  o f whic ,h a g r e e  with 

al l  o f th e  n e w  d a ta . T h e  ra tio  Q 2 F 2 /Fl a p p r o a c h e s  a  constant  va lue  fo r  Q 2  >  3  

(  G e V /c)2. 

..- --p; -- 

2  



I : 

- 
- _. s--c 

The structure of the proton has long been of fundamental interest. One pro- 

cess that probes this structure is elastic electron-proton scattering, which leaves 

the internal constituents in their ground-state after the absorption of an exchanged 

virtual photon. The cross section can be written in terms of two form factors, 

GE~( Q2) and Ghlp( Q2), that depend only on the four-momentum transfer squared, 

Q” = -q2 > 0. The electric form factor, GEM, is sensitive to the charge distri- 

bution, while the magnetic form factor, Gdfp, probes the magnetization current 
L c- 

distribution. Both form factors have been found ,o be fairly well approximated by 

a dipole fit, Go(Q2) = (1 + Q”/0.71)-” x Gnrp(Q2)/pp e GE,(Q~), where Q2 is 

in (GeV/c)’ and pp x 2.793 nin is the proton magnetic moment. 

Vector Meson Dominance (VMD) models [ 1,2] have traditionally been used 

to fit form factor data in the low Q2 region. For Q2 >> M”, where M is 

the proton mass, dimensional scaling and the use of perturbative QCD (pQCD) 

predict [3] that G,J~~ 0: 1/Q4, with the ma.gnitude being sensitive to the valence 

quark distribution amplitudes. Several techniques have been developed to describe 

the intermediate Q’ region. The empirical fit of Jari and Iiriimpelmann (GK) [43 

uses the VRID form at low Q2 and the dimensional scaling form at high Q”. Other 

approaches include the relativistic constituent quark model [5], the use of QCD 

Sum Rules to make absolute predictions [6], and a diquark model which fit [7] data 

for Q” > 3 (GeV/c)‘. 

Previous cross section mea.suremcnts [S] ( sensitive to a linear combination of 

G&p and G&) extend to Q2=31 (GeV/c)‘, b t u se ,ara ions of the two form factors 1 t 

have only been reliably made [9] up to Q’=3 (GeV/c)‘. The present experiment, 

SLAC-NEll, improves the precision of previous experiments and extends the Q” 

range by more than a factor of two. The experiment consisted of mea.suring the 
..- 

%lifferential cross sections for scattering electrons from a proton target at several 

scattering angles and beam energies. The Nuclear Physics Injector at the Stanford 

Linea,r Accelera.tor provided beams [lo] with energies, E, from 1.5 to 9.S GeV 
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and average currents from 0.5 to 10 pA. The intcgrated charge was independently 

measured by two toroid monitors with a run-to-run precision of 0.2% and an overall 

normalization of better than 1%. Most data were taken using a 15 cm long liquid 

hydrogen cell with 0.1 mm thick aluminum endcaps and sidewalls. The average 

density was determined from the target temperature and pressure with a run-to-run 

precision of 0.2% a.nd an overall normalization of better than 1%. The local density 

change near the beam was found to be the same as the average density change, as 
L c- 

expected from the high 2 m/set liquid hydrogen flow rate through the target, using 

cross sections measured at different repetition rates a.nd beam currents. Small 

(< 2%) contributions from the liquid target endl*a.ps were measured using empty 

cells with 0.9 mm thick aluminum endcaps. 

Scattered electrons were simultaneously detected in two magnetic spectrome- 

ters, one on each side of the beam line. The SLAC S GeV/c spectrometer [ll] was 

set at central electron scattering angles, 0, between 15’ and 90” and central mo- 

menta, E’, between 0.5 and 7.5 GeV/c. A ca.reful floating wire study and survey 

of this spectrometer [12] permitted cross sections to be measured with high accu- 

racy. The 1.6 GeV/c spectrometer [13] detected electrons with momenta between 

0.5 and 0.S GeV/ c and was fixed at 90°, permitting the use of tungsten slits for 

shielding from the target endcaps. Two 1OQlS quadrupole ma.gnets were inserted 

between the target and the dipole magnet to inc:rease the nominal solid angle by 

about a factor of four. This use of a dedicated spectrometer to measure the low- 

rate cross sections at backward angles was the most important improvement over 

previous experiments. 

Similar detector packa.ges were used in each spectrometer to measure particle 

trajectories and to distinguish electrons from pions and other backgrounds. The 
--p;:-- 

S Ge’li/c packa.ge included a 99.9% efficient ga.s Cerenkov counter filled with 0.6 

atmospheres of nitrogen and a 99.7% efficient lead glass shower counter array with a. 

resolution of is%/@‘. Ten planes of multi-wire proportional chambers were used 
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to  m e a s u r e  p a r ticle track coo rd ina tes  with a n  e fficiency  o f 9 9 .9 % . T h e  tra jector ies 

w e r e  u s e d  to  d e te r m i n e  E ’ to  1 tO .1 5 Y o  a n d  0  to  f0 .5  m r . T h e  1 .6  G e V /c d e tectors 

i nc luded  a  9 9 .9 %  e fficie n t gas  Cerenkov  c o u n te r  fille d  wi th a tmospher i c  C O 2  a n d  

a  9 S .S Y o  e fficie n t l ead  g lass shower  c o u n te r  a r ray  with a  reso lu t ion  o f fS Y o /@ . _  

Twe lve  p lanes  o f drift c h a m b e r s  a n d  fo u r  p l anes  o f scint i l lators m e a s u r e d  p a r ticle 

track coo rd ina tes  with a n  e fficiency  o f 9 9 .0 %  a n d  reso lu t ions co r respond ing  to  

& 0 .2 Y o  in  E ’ a n d  f3  m r  in  0 . 
L  c- 

Ivfo n te  Car lo  sim u lat ions w e r e  u s e d  to  d e te r m i n e  th e  accep ta n c e  fo r  e a c h  

spec t rometer  as  a  func tio n  o f re lat ive m o m e n tu m  S , re lat ive hor izonta l  scatter- 

i ng  a n g l e  d O , a n d  vert ical  a .ng l e  4 . T h e  8  G e V /c M o n te  Car lo  was  b a s e d  o n  a  

T R A N S P O R T  [1 4 ] m o d e l de r i ved  f rom th e  flo a .tin g  w i re  [1 2 ] o p tica l  coe fficie n t 

m e a s u r e m e n ts. T h e  a n g u l a r  d e p e n d e n c e  o f th e  accep ta n c e  func tio n  was  checked  

by  ver i fy ing th a t elast ic cross sect ions w e r e  i n d e p e n d e n t o f 4  a n d  fo l l owed  th e  ex-  

pec te d  d ipo le  fit d e p e n d e n c e  o n  d o . T h e  b - d e p e n d e n c e  was  checked  by  c o m p a r i n g  

cross sect ions fo r  inelast ic scat ter ing f rom d e u te r i um  m e a s u r e d  with th e  s a m e  b e a m  

e n e r g y  a n d  spec t rometer  a n g l e , b u t cen tral m o m e n tu m  sett ings th a t d i f fered by  a  

fe w  p e r c e n t. Th is  d e u te r i um  d a ta  was  pr inc ipa l ly  u s e d  to  m e a s u r e  th e  fo r m  factors 

o f th e  n e u tron, a n d  wil l  b e  r e p o r te d  in  a  s u b s e q u e n t publ icat ion.  T h e  M o n te  Car lo  

p r o g r a m  was  u s e d  to  d e te r m i n e  th e  d e p e n d e n c e  o f th e  accep ta n c e  func tio n  o n  cen-  

tral a n g l e  sett ing d u e  to  th e  1 5  cm  ta r g e t l eng th , a n d  o n  cen tral m o m e n tu m  sett ing 

d u e  to  th e  e ffects o f m u ltip l e  scat ter ing o n  p a r tic.le  trajectory reconstruct ion.  

T h e  M o n te  Car lo  p r o g r a m  fo r  th e  1 .6  G e V /c spec t rometer  ray- t raced p a .rticles 

us ing  m e a s u r e d  fie ld  g r a d i e n ts o f th e  q u a d r u p o l e s  a n d  a  th ree -d imens iona l  ca lcu-  

la t ion o f th e  d ipo le  m a g n e tic fie l d  th a t was  checked  aga ins t a  lim ite d  set o f m e a -  

s u r e m e n ts. M a g n e t a n d  a p e r tu r e  pos i t ions w e r e  d e te r m i n e d  f rom carefu l  surveys. 
..- 

& A c c e p ta n c e  checks sim i lar to  th o s e  fo r  th e  S  G e \‘/c spec t rometer  w e r e  p e r fo r m e d . 

S p e c t.ra  a t e a c h  k i nema tic po i n t w e r e  o b ta i n e d  as  a . func tio n  o f m iss ing m a .ss 

s q u a r e d , W 3  =  A l’ +  2 M ( E  -  E ’) -  Q 2 , a t fixe d  8  by  d iv id ing th e  m e a .su r e d  

5  
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c o u n ts by  th e  accep ta n c e  a n d  us ing  th e  d ipo le  fit to  correct  fo r  th e  cross-sect ion 

va.r iat ion wi th in th e  smal l  d e - r a n g e  o f e a c h  spect rometer .  Correc t ions w e r e  m a d e  

fo r  typical ly ‘2 %  ta r g e t e n d c a p  con tr ibut ions to  th e  S  G e V /c spect ra  a n d  fo r  a  

smal l  con ta m inat ion ( <  0 .3 7 0 )  o f p ions  m is ident i f ied as  e lectrons.  T h e  con tr ibu- 

tio n  o f e lec t rons f rom pa i r -p roduc tio n  in  th e  ta r g e t was  m e a s u r e d  to  b e  <  0 .1 %  by  

revers ing  th e  polar i ty  o f th e  spectrometers.  T h e  resu l t ing elast ic spect ra  s h o w e d  

g o o d  a g r e e m e n t wi th th e  h l on te -Car lo  p red ic ted  shapes . T h e  spect ra  in  th e  k ine-  
; *- 

m a tical ly fo r b i d d e n  reg ion  T V 3  <  M 2  w e r e  fo u n d  to  b e  consistent  wi th zero,  

as  expec te d . E x p e r i m e n ta l  cross sect ions w e r e  o b ta i n e d  by  in tegrat ing th e  spect ra  

u p  to  a  cutoff va lue  W m a x  a n d  app ly ing  a  correct ion fo r  rad ia tive  processes.  W h e n  

sta n d a r d  rad ia tive  correct ion fo rmu las  [1 5 ] w e r e  u s e d , th e  resul ts w e r e  fo u n d  to  d e -  

p e n d  o n  W m ,L X . Th is  p r o b l e m  was  r e m e d i e d  by  inc lud ing  u p  to  2 %  correct ions [1 6 ] 

to  accoun t fo r  th e  Q 2  d e p e n d e n c e  o f th e  cross sect ion a n d  th e  add i tio n  o f qua rk  

a n d  heavy  lep ton  v a c u u m  loops.  

T h e  fo r m  factors w e r e  d e te r m i n e d  by  first conver t ing  th e  e x p e r i m e n ta l  cross 

sect ions, a ( E ,8 ) , to  r e d u c e d  cross sect ions, a ~ ( Q ’,c), d e fin e d  as  

Q ( Q ~ ,E )  =  
c(l+  7 )  a ( ~ , 0 )  =  G ;fp  ( Q ') G " E p  ( Q 2 >  

T G %  ( Q 2 )  0 ~ s  G ':, ( Q ') +  (3  7  G f,(Q 2 )  ' 

-  

w h e r e  T  =  Q ’/4 M 2 , c =  [l +  2 ( 1  +  7 )  ta n ”(0 /2 ) ]-l, a n d  O N S  is th e  n o n s tructure 

cross sect ion. L i nea r  fits to  th e  r e d u c e d  cross sect ions a t e a c h  va lue  o f Q ” w e r e  

p e r fo r m e d  to  o b ta in  G ,I+ /G D  f rom th e  s lope  a n d  G n fp //+ G ~  f rom th e  intercept.  

As  s h o w n  in  Fig. 1 , l i near  fits p rov ide  a  g o o d  character izat ion o f th e  d a ta , indicat-  

i ng  n o  l a rge  e x p e r i m e n ta l  p rob lems , o r  s igni f icant dev ia t ions f rom th e  o n e - p h o to n  

e x c h a n g e  a p p r o x i m a tio n . T h e  i nne r  e r ro r  ba rs  s h o w n  in  Fig. 1  a r e  sta tistica l  only,  

wh i le  th e  o u te r  e r ro r  ba rs  inc lude  po i n t-to -po in t systematic e r rors  o f O .S %  f rom 
--kc.-- t -he co inb ina t ion  o f unce r ta int ies in  ta r g e t densi ty,  b e a m  c h a r g e , d e tector  e fficiency,  

accep ta n c e  var iat ion,  rad ia tive  correct ion varia,t ion, a n d  c o m p u te r  a n d  e lec t ron-  

ics d e a d  tim e  correct ions.  T h e  po i n t-to -po in t e r rors  a lso  inc lude  th e  unce r tainty 
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resulting from a 0.05% error in beam energy and scattering angle uncertainties 

of 0.006” and 0.050” for the 8 GeV/c and 1.6 GeV/c spectrometers, respectively. 

The relatively small uncerta.inty in beam energy was obtained using the 0.05% 

uncertainty in E’ for the 8 GeV/c spectrometer and constraining the elastic peak 

positions to be centered at W2 = M2. Because the 8 GeV/c spectrometer absolute 

solid angle is much better known [12] th an that of the 1.6 GeV/c spectrometer, 

the 1.6 GeV/c cross sections were all adjusted by a single normalization factor, 
L c- 

deterrnined at the lowest Q2 point from a fit to the 8 GeV/c data only. The outer 

error bars on the 1.6 GeV/c data include the 0.8% uncertainty in this normaliza- 

tion factor. The overall normalization uncertainty on all the cross sections wa.s 

estimated to be 2%, obtained from combining in quadrature 1% normalization er- 

rors on absolute spectrometer solid angle, target length, charge monitoring, and 

radiative corrections. 

The extracted elastic proton form factors, scaled by the dipole fit, are shown 

in Figs. 2(a,b) and are listed in Table I. The inner errors are statistical only, while 

the outer errors include the point-to-point systematic errors. Not included in the 

error bars is the effect of the overall cross section normalization error of 2%, which 

results in overall normalization errors of about 1% in G,L+/GD and GhfP/pvGo. 

The results at Q2 = S.83 (GeV/c)’ were obtained by combining backward angle 

data from this experiment with previous forward angle data [S] normalized to the 

present experiment at Q’ = 5 (GeV/c)2. 

The new data for both GEM and Gnfp are in reasonable agreement with previ- 

ous lower Q2 data [9,17]. Tl le new data for Gnrp are in fairly good agreement wit,h 

three commonly-used Vh,ID fits to previous data: Hiihler et al. [l] (long da.shed 

curves), Iachello, Jackson, and Lande [2] (IJL, dotted curves), and the GK fit [4] 
..- --p., 

-(solid*curves). The data for GEM lie above all these fits for Q2 > 3 (GeV/c)2, and 

are in especially poor agreement with the IJL fit. The simple dipole form actually 

shows the best agreement with the GEM da.ta. For Q2 2 4 (GeV/c)‘, both Gnrp 

7 
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and GEM are in fair agreement with the predictiou of Radyushkin [6], (dash-dotted 

curves), which uses QCD Sum Rules to fix the phrameters of the soft quark wave 

functions and incorporates local quark-hadron duality to calculate the form fac- 

tors. One of the diquark model fits of Kroll et al. [7] (short dashed curves) is in . 

better agreement with the GARY data than the GEM data. This model views the 

proton as built up from quarks and diquarks, the latter being treated as quasi- 

elementary particles. The relativistic constituent-quark calculations of Chung et 
L +- 

al. [5] are sensitive to parameters such as the erTective quark mass, quark wave- 

function, and confinement scale. The prediction:. using a representative choice of 

parameters (dash double-dot curves) lie above the GEM data, and underestimate 

Gdlp above Q” = 2 (GeV/c)‘. 

Another way to express the elastic cross section is in terms of the Dirac and 

Pauli form factors, defined by GEM = Fr -7 (~1~ - 1) F2 and Gn4p = Fr + (pp - 1) Fz. 

At large Q”, the helicity-nonconserving term, F2, is expected [18] in pQCD to be 

suppressed by a factor of Q2 compared to the helicity-conserving term, Fl, so the 

ratio Q”F2/Fl should approach a constant. Tht. experimental values do seem to 

flatten out above Q” = 3 (G~V/C)~, as can be seen in Fig. 2c. 

This experiment has extended the range over which Grill, and GEM ha,ve 

been separated by more than a factor of t1v-o compared to previous data, 

and considerably reduced the error bars in the region of overlap. The re- 

sults for GA~~/GD decrease smoothly with increasing Q2, while the values 

for GE~/GD a.re consistent with unity. None of the existing models is in 

good a.greement with both Ghfp and G,J+ at all values of Q”, although it 

is likely for several of the models that this could be remedied by a.djust- 

ing free parameters. The ratio Q”Fz/Fl is found to approach a constant 
..- ---*, 

Value ‘above Q2 = 3 (GeV/c)‘. Tl le new data are sensitive to the short-distance 

structure of the proton and will provide valuable constraints on models presently 

being developed. 
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FIGURE CAPTIONS 

1. Reduced ep elastic cross sections (see text for definition) as a function of 

photon polarization E. The linear fits shown were used to extract GM~ and 

GEM for each Q2. 

-” c- 

2. Results for (a) GM~/,Y~GD, (b) GE~/GD, and (c) Q2F2/F~ as a function of 

Q”. The inner errors are statistical only, while the outer errors include point- 

to-point systematic errors. Not included is an overall 1% normalization error 

on Ghf,/p,G~ and G,L+/GD. Also shown are data from previous experi- 

ments (Refs. [9,17]) d an several theoretical fits and predictions (see text). 
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The errors include point-to-point systematic er- 

rors, but not an overall normalization error of 1%. 

Q2 ( GeV/c)2 GMII,/P,GD GE#D 
1.75 1.049 f 0.009 0.97 f 0.05 
2.50 1.051 f 0.007 0.90 f 0.06 
3.25 1.040 f 0.009 0.95 f 0.10 

L c- 4.00 1.030 f 0.009 0.88 f 0.12 
5.00 1.011 f 0.009 0.93 f 0.17 
6.00 0.985 f 0.011 0.92 f 0.21 
7.00 0.957 f 0.016 1.44 f 0.23 
8.83 0.909 f 0.024 1.07 f 0.50 
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