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Introduction 

The property of scal ing i n  inclusive electron-nucleon sca t te r ing  d i s -  

covered by the  SLAC-MIT collaboration quickly led t o  the acceptance of the  

1 notion tha t  the nucleons a r e  composed of point-l ike objects  cal led partons . 
In an attempt t o  learn more about the elementary processes taking place 

i n  deep-inelastic e lectron sca t te r ing ,  a large number of electroproduction 

experiments have been undertaken i n  which one o r  more of the  f ina l  s t a t e  

hadrons were observed. In t h i s  report  I would l i k e  t o  describe the  r e s u l t s  

from a se r i e s  of electroproduction experiments performed during the  l a s t  

several years a t  the  Wilson Synchrotron Laboratory of Cornell University 

i n  which the scat tered electron and a s ingle  charged hadron a re  detected 

i n  the f ina l  s t a t e .  Professor Frank Pipkin and his group from Harvard 

University have been involved i n  t h i s  whole se r i e s  of experiments on a 

continuing basis. A group of us from Cornell became involved only i n  the 

l a s t  round of experiments. The part ic ipants  from Harvard were Chris Bebek, 

Chuck Brown, Phil Bucksbaum, Martin Herzlinger, Steve Holmes, Bob Kline, 

Carl Lichtenstein, Frank P i p k i n ,  Siegbert Raither, and Keith Sis terson.  

Those from Cornell included Andy Browman, Dave Larson, A1 Silverman, and 

myself. 

When one i s  t rying t o  character ize the f ina l  hadronic s t a t e  of an 

electroproduction process, i t  i s  convenient t o  think i n  terms of the cor- 

responding v i r tua l  photoproduction process a s  shown i n  F~ig. 1. The sca t -  

ter ing of the electron from the  hadronic s ide of the diagram i s  mediated 

by a vir tual  photon. From the  knowledge of the  incident and f ina l  e lec-  

2 tron momenta, one can define the  mass, -Q , energy, v ,  and d i rec t ion  of 

the vir tual  photon. In our experiments, then, we regard the incident  elec- 

tron beam and the detected f ina l  electron as  defining a beam of v i r tua l  

photons w i t h  f lux  T. The transverse and longitudinal polarization s t a t e  



of the  vir tual  photons is given by the  parameter E. 

The apparatus used in the  experiments I am describing consis t  basical ly  

of two spectrometers: one t o  detect  the  scat tered electron and the  other 

t o  detect  an outgoing charged hadron. The momentum resolution of the spec- 

trometers is typical ly  on the  order of 1%. The electron is  ident i f ied by 

means of a Cherenkov and shower counter. The hadron ident i f ica t ion  is 

accomplished through a combination of a time-of-flight measurement and a 

Cherenkov counter. I t  should be noted t h a t  the  use of such a spectrometer 

system allows us t o  cleanly ident i fy  t h e  process under consideration both 

i n  terms of pa r t i c l e  ident i f ica t ion  and i n  terms of the  kinematical quan- 

t i t i e s .  

W i t h  t he  two spectrometer system used, i t  is possible t o  study the 

following v i r tua l  photoproduction processes 

When the  measured cross sect ions a r e  plot ted versus the missing mass squared, 

2 Mx, a limited number of exclusive two-body f ina l  s t a t e s  a r e  observed i n  

a l l  of the above reactions. The bulk of the  data,  however, cannot be so 

ident i f ied  and is  t reated i n  terms of inclusive reactions.  The data a r e  

analyzed i n  terms of the invariant  s t ruc tu re  function 



Here x and x '  a r e  defined a s  

* 
where p// (pL) is the  component of the  detected hadron's momentum para l le l  

(perpendicular) t o  the  v i r tua l  photon d i rec t ion  in  t h e  center  of mass (CM) 

of the  f i n a l  hadronic system (which i s  the  same a s  the  v i r tua l  photon-proton 
* 

CM) and pmax i s  the  hadron's maximum possible CM momentum. qot, the t o t a l  

v i r tua l  photoproduction cross sect ion,  is divided out  t o  remove the gross 

Q2 and W dependence of the  cross  sections.  This allows us t o  concentrate on 

changes in  the  form of invariant  cross  sect ion t h a t  might exhib i t  themselves 

a s  a function of Q~ and W .  

Fig. 2 schematically shows the  regions i n  CM phase space covered by our 

recent experiments. x L i s  defined a s  

The data obtained i n  previous two-spectrometer experiments have pr incipal ly  

been r e s t r i c t e d  t o  region A (along v i r tua l  photon d i rec t ion)  and furthermore 

2 2 have been r e s t r i c t e d  t o  Q l e s s  than 2 GeV and E c lose  t o  1.  Data now have 

been obtained i n  region A u p  t o  Q2 = 4 G~v ' .  Our most recent experiments have 

pushed the  measurements t o  the  kinematic limit i n  pl in  t h e  "cent ra l"  region 

f o r  pions and i n  the  backward hemisphere f o r  protons (region 8 ) .  

In this repor t  I wi l l  discuss  the react ions observed taking each par- 

t i c l e  type i n  t u r n .  I wil l  make comparisons between regions A and B as  

I go along. I wil l  a l so  make a few coments  about some calculat ions we have 

made concerning the rad ia t ive  correct ions t o  inclusive cross  s e h i o n s .  



2. Exclusive Pion Reactions 

When a s ing le  pion i s  observed, the  dominant exclusive reaction i s  

the one with a pion and a nucleon i n  the  f ina l  s t a t e .  In this discussion 

I wil l  confine myself t o  this reaction. 

2.1 Forward Direction 

In the forward d i rec t ion ,  new data have been taken by the Harvard group 

f o r  the  following reactions:  

+ 
Yv + p + r  + n  

Yv + d + n + + n + n s  

Yv + d + s - + p + p  
S 

The f i r s t  reaction had been studied extensively2-6 u p  t o  Q~ = 2 G ~ v ' .  The 

measured cross sect ions have been well accounted f o r  by dispersion theory 

7 calculat ions,  f o r  example t h a t  done by $ecenc$ts . The dominance of the  cross  

section by the pion pole term has been used to  determine the  p i o n  form fac to r ,  

Fr . Berend's makes the  assumptions t h a t  1 )  The amplitude i s  imaginary only 

i n  the  resonance region, and 2) the only multipole contribution i s  from the  

~f of the A(1236). The calculat ion uses the  generalized Born approximation 

f o r  the s ing le  nucleon and pion poles. One deficiency of t h i s  calculat ion 

i s  t h a t  there i s  no allowance f o r  a possible i sosca la r  contribution t o  the 

amplitude. Measurements now have been made using a D2 t a r g e t  which allow the  

determination of the i sosca la r  contribution through the  r a t i o  - * 
U(Y, + d + a  + p + p S )  - - 1 ~ ~ 1 '  + - 2 Re As AV 

= +d - * r++  n + ns) 2 * (6) yv 1 ~ ~ 1 '  + IA,l + 2 Re As Av 

where A and Av a r e  the  i sosca la r  and isovector amplitudes. The new ex- 
S 

2 2 periments a l so  extend the measurements of the  pion form fac to r  up t o  Q =4  GeV . 



Fig. 3 shows the measured missing mass squared spectra obtained on 

both H2 and D2. The above reactions can be cleanly ident i f ied .  In Fig. 4 

2 the r a t i o  R fo r  several d i f f e r e n t  Q and W values i s  plotted against  t ,  the 

2 square of the  four  momentum t r ans fe r  t o  the nucleon. The lowest Q data come 

from e a r l i e r  CEA experiments. R appears t o  be a  universal function of t. 

The form 

1  - Am (7) 

f i t s  t h e  data qu i t e  well with a  value f o r  A of 0.817 + 0.058 G ~ V - l .  Photo- . 

production measurements 8-12 show a  s imi la r  dependence on t b u t  with a  some- 

what la rger  value f o r  A. The major par t  of the  i sosca la r  contribution t o  the  

1  H2 cross  sect ions can be removed by multiplying them by - (1 + R ) .  The re- 2  

su l t ing  cross sect ions a r e  rad ia t ive ly  corrected13 and analyzed using Berend's 

theory t o  obtain F . I f  t h i s  procedure i s  cor rec t ,  the value of Fn obtained 
- I!. 
2 a t  f ixed Q should be independent of W .  Fig. 5 demonstrates t h i s ,  where the  

dependence upon W i s  represented in  terms of the m i n i m u m  momentum t r ans fe r .  

2 The Q dependence of Fn i s  shown in Fig. 6  both w i t h  and without the cor- 

rec t ion  fo r  the  i sosca la r  contr ibut ion.  The e f f e c t  on Fn of subtracting 

2 
the i sosca la r  contribution i s  l e s s  t h a n  10% fo r  a l l  but the highest Q data 

point.  With the i sosca la r  subtract ion,  the data tend t o  favor F;, the  

Dirac isovector form fac to r  of the nucleon, over the rho form fac to r ,  

2 F , par t i cu la r ly  a t  low Q . A f i t  of the  form 
P 

2 2  gives a  X of 20.4 fo r  16 degrees of freedom with M: = 0.471 + 0.010 GeV . 



2.2 Large CM Angles 

The parton interchange model of Brodsky and ~ a r r a r l ~  prompted us t o  

invest igate  the reaction 
t y V + p + r r  + n  

a t  large momentum t ransfers .  This model predicts  for any reaction a + b . 
+ c + d an s ( t o t a l  CM energy squared) dependence of the  cross  section f o r  

k fixed CM angle: 

when s and t a r e  large.  N is the  t o t a l  number of elementary f i e l d s  contained 

i n  the  i n i t i a l  and f i n a l  s t a t e s .  This model has met w i t h  good success i n  

a var ie ty  of react ions when quarks a r e  counted a s  the elementary f i e l d s  

15 of the hadrons . In par t icu lar ,  i n  the  above reaction the  model predicts  

an s - ~  dependence. This has been ve r i f i ed  i n  photoproduction16 where the  

exponent i s  measured t o  be 7.3 + 0.4. 

Our data cover the  following kinematic ranges: 
2 2 1.2<Q ~ 4 . 4  GeV , 1.2<W<3.0 GeV, 55O<e*<95'. Fig. 7 shows the CM angular 

d i s t r ibu t ion  of the  measured cross sect ions a t  W = 2.65 GeV. The cross  

sect ions have been rad ia t ive ly  corrected using the formalism of Bart1 and 

13 Urban . T h e  cross  sect ions a r e  observed t o  drop three orders of magni- 

tude i n  going from the forward d i rec t ion  t o  90°. The W var ia t ion of the  

2 cross  sect ions a r e  shown i n  Fig. 8 f o r  several d i f f e ren t  CM angles a t  Q = 

2 1.2 GeV . I t  i s  found t h a t  the data above W = 2.0 GeV a r e  f i t  well by the  

form 

do = - al 

ds2* ( ~ ' ) ~ 2  wa3 (10) 

The values of a3 obtained f o r  the four CM angles,  8* = 60°, 70°, 80°, 90'. 

a r e  7.521.1, 10.4-+0.7, 11.6k0.5, 12.920.7, respectively.. These f i t s  a r e  d is -  

played i n  Fig. 8. The W dependence becomes weaker a s  0* decreases, which 
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i t  must, since i n  the forward direct ion,  a* do f a l l s  of f  roughly a s  W.  The 

parton interchange model prediction, when transcribed in to  the  above repre- 

sentation of the  c ross  sect ion i s  t ha t  a3 should be 12. T h i s  is i n  agree- 

ment w i t h  our r e s u l t s  a t  8* = 80° and 90". Our r e s u l t  i s  cons is ten t  w i t h  

the photoproduction measurements (a3 = 12.6r0.8, i n  our notat ion) .  Further- . 
2 . .  more, we see no observable dependence of a3upon Q w i t h i n  our data  s e t .  

Thus, Q~ seems t o  have no e f f e c t  upon the s (or W )  dependence of the  cross 

section f o r  this react ion.  

2 do Fig. 9 shows the  Q dependence of Te for  two W regions. We notice , 

2 2 there i s  very l i t t l e  change a s  Q goes between 0 and 1 GeV . B u t  above 

Q~ = 1 there i s  a rapid f a l l o f f  of the cross section, perhaps a s  f a s t  as  

2 
(q2)-'. There i s  a s t r ik ing  s imi l a r i ty  between the  Q var ia t ion  a t  large 

O* and tha t  i n  t he  forward direct ion.  In the forward d i rec t ion  the  i n i t i a l  

2 r i s e  w i t h  Q is due t o  an increasing longitudinal contribution from the  

one pion exchange diagram. One wonders whether t h i s  s i m i l a r i t y  means there 

is a large longitudinal contribution t o  the cross sect ion a t  90°. This 

would beecontrary t o  the  simple quark model prediction t h a t  only transverse 

photons contribute.  The simple quark model suggests t h a t  the  dominant 

processes a t  8* = 90" is the  interact ion of the v i r tua l  photon w i t h  a s ingle  

quark. Since the  quarks a r e  thought t o  be point-l ike,  this  would imply 

2 a slow Q dependence of the  cross sections a t  90°, i n  con t ra s t  with the  

2 rather  rapid var ia t ion  we observe above = 1 GeV . 



3. Inclusive Reactions 

3.1 Forward Direction 

The forward d i rec t ion  i s  the  v i r tua l  photon fragmentation region. 

Naively, i t  i s  h'ere t h a t  we would expect t o  f i r s t  observe a dependence upon 

2 the v i r tua l  photon's cha rac te r i s t i c s ,  Q and v. To understand the inclusive 

v i r tua l  photoproduction of pions i n  terms of the quark-parton model, Feynman 

[I81 and Gronau, Ravndal and Zarmi [19] assume t h a t  t he  process can be broken 

u p  in to  two independent s teps  - 1)  eject ion of a s ingle  quark by the  v i r tua l  

photon, and 2) the  fragmentation of the quark in to  hadrons. I t  is  fu r the r  

assumed t h a t  the  fragmentation processes of the  ejected quark and the  lef t -over  

quarks a re  independent. The inclusive cross sect ions a r e  then given by a sum 

over a l l  possible quark contributions of the product of a parton d is t r ibut ion  
+ 

function times a parton fragmentation function, e .g . ,  u(w) Du (x) ,  where w i s  

2Mv * * the scal ing variable  7 , and x i s  P,, /Pmax. As a m i n i m u m  consequence of t h i s  
Q 

fac tor iza t ion ,  a t  a f ixed value of x, the  inclusive cross sect ions should sca le  

w i t h  w. Much of t h i s  section will  be devoted t o  the  question of whether the  

data show such a sca l ing  with w. 

Pipkin's group from Harvard has made measurements a t  the  Cornell synchro- 
2 2 tron which thoroughly explore the  forward region over a range of 0.6<Q <3.9 GeV . 

and 2.2< W< 3.1 GeV. Measurements were made on both Hz and D2. Fig. 10 shows 
+ 

the  invariant  s t ruc tu re  functions measured on H 2  f o r  both a and a-. Since i t  

i s  d i f f i c u l t  t o  see any b u t  the most gross fea ture  of the  data from plots  such 

as  t h i s ,  t he  procedure i s  adopted of taking the  r a t i o  of the  measured cross 

sect ions t o  a comnon function. The function used f o r  data which have not been 

rad ia t ive ly  con~ec ted  i s  

f = exp (0.656 - 3.26 x '  - 3.00 x12 + 4.35 x n 3 )  (11) 



where the  coef f ic ien ts  a re  determined by f i t t i n g  t o  the  data a t  W= 3.1 GeV 

(both Q~ values).  When radia t ive  corrections a r e  made t o  the  data (see 

Section 4) the  function used is 

3 f  = exi  (0.555 - 1.85 x '  - 5.98 x12 + 6.26 x' ) (12) 

Figure 11 shows the  r e s u l t s  of applying this procedure t o  the  a+ data from 
+ 

proton. Figure 12 shows the  corresponding r e su l t s  f o r  both a and a- data from 

neutrons (as  deduced from a subtraction of the  Hz data from the  D2 da t a ) .  One 

sees i n  these graphs anomalous contributions a t  la rge  x' par t icu lar ly  a t  small 

2  W or  small Q a r i s ing  from the  a  A f inal  s t a t e s .  Aside from these e f f ec t s ,  the  

d is t r ibut ions  have a  discernable dependence on W but apparently no variat ion 

w i t h  02. That is t o  say, t he  invariant  s t ruc ture  function f o r  a ' s  does not seem 

t o  sca le  w i t h  w! 

Dakin and Feldman have shown [20] the  parton model predicts  a  strong depen- 

dence on w of the a+/ a- r a t i o  i n  the  forward d i rec t ion .  T h i s  r a t i o  i s  re la -  

t i ve ly  f r e e  of normalization uncertaint ies  and t h u s  might be thought t o  be 

d i r e c t l y  comparable from experiment to  experiment. Unfortunately, many previous - 

experiments did not d is t inguish  between a+ and K+ and p. T h i s  has a  s izeable  

e f f e c t  on a+/ .ir (about 30-401). The new data [21] improve on the  s t a t i s t i c a l  

+ - 
accuracy of the  a /a r a t i o s  using cleanly ident i f ied  pion samples. Figs. 13 

+ - 
and 14 show the x '  dependence of the  a  / a  r a t i o  f o r  proton and neutron ta rge ts .  

There i s  very l i t t l e  s t ruc tu re  v i s ib l e  i n  the  region x '  < 0.7. There i s  no 

2 observable dependence of a+/*- upon pL , as  demonstrated f o r  the  proton t a rge t  

data i n  in te rva l ,  0.5 < x'< 0.7 i n  Fig. 15. In order t o  look a t  the overall  

2  2 Q and/or W dependence of these data,  the  data up t o  p: = 0.2 GeV have been 

combined fo r  x' l e s s  than 0.7 ( t o  avoid a  A region) and x' g rea ter  than 0.3 

( t o  avoid "central"  region).  Fig. 16 shows the r e s u l t s  plot ted separately 
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against  l/w and aga ins t  W. As has been the case i n  the past ,  these data  

s t i l l  do not allow one t o  unequivically choose between the  two p o s s i b i l i t i e s  
+ - + - 

1 )  a /n i s  a function only of w, i . e . ,  scales  i n  w or  2) a / a  is a function 
+ 

only of W.  The var ia t ion  of a /a- w i t h  W or  T/w i s  j u s t  too small over the 

measured range OY the  parameters t o  see a s igni f icant  difference between these 

two choices. 

The invariant  s t ruc tu re  functions f o r  protons produced close t o  the $ 

direct ion a r e  shown i n  Fig. 17 f o r  a few of the  (Q', W) points 1221. One ob- 

2 serves very l i t t l e  Q dependence a t  fixed x '  . In the forward d i rec t ion  (xl>OT, 

however, the number of protons drops off  rapidly as  W increases. The d is t r ibu-  

t ions c l ea r ly  do not sca le  w i t h  w. An in te res t ing  feature of the  data seen i n  

Fig. 17 i s  t h a t  t he  number of protons produced in the  forward d i rec t ion  i s  

roughly the same f o r  a neutron t a rge t  as  fo r  a proton ta rge t .  More quantatively,  

the r a t i a s  of the  number o f  protons from a neutron t a rge t  t o  t h a t  f o r  a proton 

2 2 t a rge t  in  the region 0.1< x l <  1 .O and pl <0.02 GeV f o r  (Q', W)  values of 

(1.2 G ~ v ' ,  3.1 GeV), (1.2, 2.2) and (4.0, 2.2) a re  0.822 0.19, 0.85+ 0.13 and 

0.822 0.44, respectively.  

The measurement of the inclusive spectra f o r  kaons i s  experimentally some- 

what more d i f f i c u l t  than f o r  pions or  protons owing t o  t h e i r  r e l a t i v e  infrequency 

and the substant ial  correct ions f o r  their decay before reaching the end of the 
+ spectrometer. The invar ian t  s t ruc ture  functions f o r  K mesons obtained a t  a 

var iety of (Q', W) points a r e  shown i n  Fig. 18. The i r r e g u l a r i t i e s  seen above 

x' = 0.6 a r e  due t o  the exclusive reactions i n  which X is  a A,  A '  o r  C. For 

2 x l <  0.6 the  K+ data show l i t t l e  var iat ion w i t h  Q or  W (within the  r a the r  

large e r ro r  bars) .  Comparison of the  data with the  l i n e  drawn i n  Fig. 18 shows 

tha t  the  invariant  s t ruc tu re  function f o r  K+ is roughly 20% of t h a t  f o r  8'. 



I 
I 

3.2 Central (or  Backward) Reqion 
! 
I 

The success of  the  parton interchange model i n  describing the W depen- 
+ * 

dence of our exclusive n n cross  sect ions a t  0 = 90' leads us t o  t r y  i t  f o r  

our inclusive react ion r e su l t s .  The parton interchange model of Bl ankenbecl er ,  j 
- 

j 
Brodsky, and Gunion [23] predicts  t h a t ,  f o r  large s and l a rge  t, the inclusive 

invariant  cross sec t ion  should sca l e  according t o  
A 

where N i s  the number of cons t i tuent  f i e l d s  par t ic ipat ing i n  the spec i f i c  i n -  
* * 

elusive reaction. Note t h a t  t /s  i s  simply a function of 0 . A t  x =  0 (0  = 90'1, 

t h i s  becomes 

E - -  1 do = F = -  f ( x L )  
o t o t  d3p wn 

(W = 5 ) [ 2 4 ] .  This type of sca l ing  has been observe& a t  the  FNAL and the 

ISR [25] f o r  inclusive pion d i s t r ibu t ions  resul t ing from p-p in te rac t ions  a t  high 

energies. For x > 0.4 and W > 19 GeV, n is found t o  be independent of xl. 

Inclusive pion v i r tua l  photoproduction data near x= 0 have been obtained 

i n  the most recent Harvard-Cornell measurements. Fig. 19 shows the a+ invar iant  

s t ruc ture  functions displayed a s  a function of xL. The curves drawn i n  Fig. 19 

2 represent a f i t  t o  the  data which has no Q dependence. By comparing the data 

2 w i t h  the curves, one observes t h a t  the data possess no dependence upon Q . There 

is ,  however, a subs tan t ia l  dependence upon W. We have made a f i t  t o  the  data 

of the form given by eq. 14. n ,  the exponent of W ,  is found t o  be a function 

of xlas shown i n  Fig. 20. This i s  contrary t o  the  parton interchange model 

prediction t h a t  n should be independent of x ~ .  The s t r a i g h t  l i n e  drawn i n  

Fig. 20 is the r e s u l t  o f  a f i t  t o  the data with the parameterizatidn: 



+ 
I t  i s  interest ing t o  note t h a t  when the W dependence f o r  the  a n exclusive 

* 
reaction a t  tl = 90' (Sec. 2.2) i s  converted t o  the  form of the  s t ruc tu re  

function, i t  is found t o  behave a s  W -I3" + O e 7 ,  whereas the in te rpre ta t ion  

of the inclusive reaction r e s u l t  t o  x, = 1 gives w - ~ ~ ' ~  ' 0'4. Thus the ex- 

c lusive r eac t ion  appears t o  represent a continuous extension of the  inclusive 

reaction (or visa  versa!). 

In the search f o r  a simpler representat ion of the  W dependence of the 
+ 

i n c l u s i v e n  da ta ,  we found the cross  sec t ions  * when plot ted versus 
dQ dMx 

2 .  Mx d ~ s p l a y  a type of sca l ing  a s  shown i n  Fig. 21. The curves drawn represent 

2 a f i t  t o  the cross  sect ions of the form w-"~(M,).  I t  is in t e re s t ing  t o  note 

2 - t h a t  our data below Q~ = 2.4 GeV give a value n = 12.6 + 0.3 which i s  consis- 
+ 

t e n t  with the exclusive a n reaction r e s u l t  of 12.9 + 0.7. This means t h a t  

do has t h e  same W-n dependence f o r  a l l  Mx i r respec t ive  of whether the  
dQ*dM2 

X 

cohtributing react ions a r e  inclusive o r  exclusive. 
+ 

Another way of presenting the  inc lus ive  a r e su l t s  i s  t o  p lo t  the invariant  

2 s t ruc ture  function a s  a function of p, , a s  in  Fig. 22. When plotted t h i s  way, 

i t  i s  seen t h a t  the  data show a much slower dependence upon W then when plot ted 
+ 2 

versus x, . The a s t ruc tu re  function behaves a s  e - b p ~  b u t  w i t h  a break i n  

2 2 slope occurring around p, = 0.15 GeV . The value of b found f o r  p: <0.15 GeV 2 

2 2 is about 10 G ~ v - ~  throughout the range covered: 2 . 2 ~  o < 3.2 GeV, 1.2<Q <3.6 GeV . 
2 2 The value of b f o r  p L >  0.15 GeV is about 6 G ~ v - ' ,  w i t h  only a s l i g h t  W depen- 

dence observed. 

2 Fig. 23 demonstrates t h e  lack of a Q dependence of the  a- s t ruc tu re  

2 function i n  the  central  region when W i s  fixed. Our measurements a t  Q = 1.2 GeV 2 

agree very well w i t h  the  S-B-T col laborat ion photoproduction r e s u l t s  [26]! 



+ - 
The r /g r a t i o  near x= 0 i s  plotted i n  Fig. 24 as  a function of Xl f o r  

a number of (Q', W) points. The data show no X, dependence. The r a t i o s  in te -  

grated over a l l  x L a r e  shown i n  Fig. 24 separately as  a function of l/w and W. 

I t  i s  c l ea r  tha t - in  the  central  region the a+/a- r a t io s  do no6 sca le  w i t h  w. 

They seem t o  be a function only of W,  however. When the =+/a- r a t i o s  plot ted 

versus W a r e  compared w i t h  the  same r a t i o s  obtained i n  the forward d i rec t ion ,  
* * 

Fig. 16, one observes t h a t  the  13 = 0' and 8 = 90' r e su l t s  a re  very s imi lar  

w i t h  the exception of the  Q ~ =  1.2 G ~ v ' ,  W =  2.2 GeV forward point. T h i s  suggests  

2 + - t h a t  f o r  large Q and W the  a /s r a t i o  is isotropic ,  t h a t  i s ,  independent of 

both xLand x. 

The proton data obtained simultaneously w i t h  central  region pion data ,  l i e  

i n  t he  backward hemisphere i n  t he  CM (region B of Fig. 2) .  T h i s  i s  the  t a r g e t  

fragmentation region and the  expectation i s  t h a t  as  x approaches -1 the  inclusive 

cross sect ions should become independent of the (photon) p r o j e c t i l e ' s  charac- 

t e r i s t i c s .  The in terpre ta t ion  of the  measured cross sect ions i n  terms of i n -  

c lus ive  react ions becomes complicated by the  presence of a number of exclusive 

react ions a s  shown i n  Fig. 26. One observes mass peaks f o r  the forward pro- 

duction of the  aO, no and p'. When we want t o  exclude these processes i n  t he  

2 present discussion we wil l  simply exclude the  region M: < 0.75 GeV . 
Fig. 27 shows the  proton invariant  s t ruc tu re  function plotted as  a function 

of xlfor an x in te rva l  roughly i n  t he  middle of the experimental acceptance. 

2 To guide the eye the  same curves a r e  drawn f o r  each Q in te rva l .  I t  i s  seen 

2 t h a t  t he  data show only a modest dependence upon Q . In order t o  describe the  

W dependence we have parametrized the cross  sections i n  a manner s imi lar  t o  the  

inclusive pion data ,  namely according t o  eq. 14. The value of n obtained by 



f i t t i n g  the  data t o  this form i s  a function of x, q u i t e  s imilar  t o  t h a t  ob- 

tained fo r  the pion data a t  x = 0. The f i t  t o  the  data above xL = 0.35 f o r  
2 2 Mx > 0.75 GeV shown i n  the f igu re  has the  parametrization n= (14.6 + 0.8) 

(2.06' O''). I t  is in teres t ing  tha t  the  intercept  a t  x l  = I is consis tent  XI 
w i t h  being the  same as  f o r  the  inclusive pion data.  The exclusive reaction 

a t  this kinematic l i m i t  is yv+ p -+ no+ p which, according t o  the  parton in t e r -  
+ change model, should have the same W dependence a s  the  yv+ p + IT + n. 
2 The proton invariant  s t ruc ture  function is plotted versus pL i n  Fig. 29. 

The s t ruc tu re  function has a much weaker dependence upon W when presented i n  

t h i s  way. In par t icu lar ,  f o r  p2 < 0.5 G ~ V '  the  data show essent ia l ly  no W 
1. 

2 dependence. For la rger  pL the  r e s u l t s  from the  l a rges t  two W in te rva ls  tend 

to  be closely s imilar  although they a re  decidedly d i f f e ren t .  When the data 

2 2 
w i t h  ME >0.75 GeV a r e  f i t  t o  a form e'bPL , the  values of b obtained a re  about 

2 4.0, independent of both Q and W. 
+ 

We have looked i n  a preliminary fashion f o r  K mesons i n  t h i s  same data 

sample. So f a r  we have not seen any. A t  present the  upper we can place on K+ 

2 production near X= 0 f o r  Q' = 1.2 GeV is !$- < Orl. 
T 

4. Radiative Corrections t o  Inclusive Cross Sections 

In the  past,  rad ia t ive  corrections have not normally been applied t o  i n -  

c lus ive  v i r tua l  photoproduction cross sect ions pr incipal ly  because these cor- 

rec t ions  a r e  not easy t o  ca lcu la te  and i t  was f e l t  t h a t  the  corrections would not 

be very s igni f icant  anyway. The experimental geometry used i n  the measurement 
* 

of the  cross sect ions a t  large 0 reported i n  Section 3 was such t h a t  i t  led t o  

the poss ib i l i t y  of a s ign i f i can t  contribution a r i s ing  from hadrons produced a t  
* 

small 8 i n  rad ia t ive  events. We developed a technique f o r  calculat ing the  



r ad ia t ive  correct ions t o  inclusive cross  sec t ions  t o  answer the  question of 

how s ign i f i can t  these correct ions are .  

The three major ingredients i n  the  ca lcu la t ion  a r e  

. Equivalent rad ia tor  method 

2. Peaking approximation 

3. Assumed v i r tua l  photoproduction cross  sections.  

The equivalent radiator  method was taken from Mo and Tsai 1271. I t  allows one 

t o  separate  the  rad ia t ive  processes in to  those events in  which a hard photon is 

radiated before the electron s c a t t e r s  and those i n  which the  photon i s  radiated 

a f t e r  sca t te r ing .  The peaking approximation here r e f e r s  t o  the  assumption t h a t  

the photon i s  emitted along the  rad ia t ing  e lec t ron  direct ion.  This allows one 

t o  e a s i l y  ca lcu la te  the propert ies  of t h e  v i r tua l  photon (v,  Q2,  d i rec t ion)  i n  

the sca t t e r ing  process. I t  has been assumed t h a t  the  v i r tua l  photoproduction 

invar ian t  s t ruc tu re  function can be adequately represented a s  a simple funct ion 

2 of x' and plwhich has no Q o r  W dependence. I t  has been found t h a t  the  

calculated r ad ia t ive  correct ions do not depend s ign i f i can t ly  on the d e t a i l s  of  
- - -- - 

the funct ion used. The present calculat ions ignore radiat ion by the  hadrons and 

may well have a systematic uncertainty a s  l a rge  a s  10%. 

The r e s u l t s  of our calculat ions a r e  shown i n  Fig. 30 and 31 f o r  pions i n  the 

forward and central  regions. I t  is observed t h a t  the  rad ia t ive  correct ions a r e  

small (about 10%) in  our (Q2, W) range except near the  kinematic boundaries. 

The r ad ia t ive  correct ions a t  d i f f e r e n t  (Q2, W) points have e s sen t i a l ly  the  same 

x' o r  xL dependence. Hence between d i f f e r e n t  (Q2, W )  points the basic e f f e c t  

of t h e  correct ions i s  t o  change the  overal l  normalizations. Most of the  c ross  

sect ions presented i n  this report  do not include rad ia t ive  correctfons pa r t ly  

because the rad ia t ive  correct ion ca lcu la t ions  have been completed only recent ly  



and par t ly  because their e f f e c t  i s  not much la rger  than the systematic 

uncer ta in t ies  i n  t h e  measurements. In t o t a l ,  the  r ad ia t ive  correct ions do 

not change the conclusions made on the basis  of the data without the cor- 

rect ions.  

5. Conclusion - 
+ The cross  sect ion f o r  the  vir tual  photoproduction of the  IT n f i na l  

s t a t e  where the 2 i s  produced along the 5 di rec t ion  i s  found t o  contain 

a s ign i f i can t  contr ibut ion from the  i sosca la r  amplitude. When the  cross 

sect ions a r e  corrected f o r  this i sosca la r  contr ibut ion,  FIT is reduced s l i g h t l y  

and roughly follows F,'. The inclusive reactions i n  the forward direct ion 

do not appear t o  sca l e  w i t h  w, a s  predicted by the parton model, but tend 

t o  sca le  w i t h  W. The values of W fo r  which the measurements were taken, 

2.2 < W < 3.2 GeV, may be too low for  the  assumptions made about parton 
* 

fragmentation t o  hold. Near 8 =90° jt i s  found t h a t  f o r  the r+n exclusive 

v i r tua l  photoproduction reaction $* behaves a s  W -12-9'0.7 down t o  an as- 

tonishing low value of W of 1.7 GeV in  agreement w i t h  t h e  prediction of 
2 the  parton interchange model. However, the Q dependence of the cross 

sect ion is hard t o  understand w i t h i n  the  context of t h i s  model. The in ;  

c lus ive  cross  sec t ions  near x=O (8*=90°) a l so  sca le  a s  wn a t  f ixed xL b u t  

n i s  not independent of  xias the parton interchange model suggests. Again, 

W may be too low f o r  t h i s  model t o  be val id  here. Radiative correct ions 

t o  the inclusive cross  sect ions a r e  small and do not a l t e r  s ign i f i can t ly  

the conclusions drawn from the measurements. 
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Figure Captions 

Correspondence between Electroproduction and Virtual Photoproduction. 

CM phase space regions covered by the  Harvard-Cornell experiments. 

Missing mass squared spectra obtained in  forward pion production from 

H2 and 02. 
+ 

Ratio of IT-p y ie ld  t o  IT n y i e ld  from deuterium versus momentum t ransfer .  

The pion form fac to r  dependence upon the m i n i m u m  momentum t r ans fe r  a t  

2 f ixed Q . 
2 The pion form f a c t o r  versus Q . 

Center of mass angular d i s t r ibu t ion  f o r  s ing le  pion v i r tua l  photopro- 

duction. 
+ 2 

W dependence of yv + p -+ II. + n f o r  f ixed Q a t  four  CM angles. 
2 

Q dependence of yv + p -+ IT' + n f o r  two W in te rva ls .  The data a t  

9* = O0 a r e  from Ref. 3 while the photoproduction measurements a r e  

from Ref. 16 and 17. 

The invariant  s t r u c t u r e  function f o r  r' vi r tua l  photoproduction from 

2 protons f o r  p2 < 0.02 GeV . 
I 

The IT' structure function from protons divided by the  f i t  equation 12. 

2 2 Data a r e  r e s t r i c t e d  t o  p < 0.02 GeV . Radiative correct ions have been 1 
applied t o  data .  

+ The IT and IT- s t r u c t u r e  functions from neutrons f o r  p i  < 0.02 GeV 2 

divided by the  f i t  equation 11. 
+ , 2 The r a t i o  of the  number of IT t o  IT- from protons versus X f o r  p L <  

0.02 G ~ v ~ .  
'+ - 1 2 2 

IT /IT r a t i o  from neutrons versus x f o r  p a <  0.02 GeV . 
+ - 2 

IT /a r a t i o  from protons versus pL f o r  0.5 < x' < 0.7. 
. 

+ 2 
IT /< r a t i o  from protons and neutrons averaged over i n t e rva l s  P < 0.2 GdV 2 

1 
and 0.3 < x' < 0.7; Ratios a r e  displayed a s  functions of l / w  and W .  



17. The invariant  s t ruc tu re  function fo r  proton v i r tua l  photoproduction from 

proton and neutron ta rge ts .  
+ 2 

18. The invariant  s t ruc tu re  function f o r  K mesons f o r  pt < 0.05 GeV . The 

so l id  curve i s  0.20 times the  f i t  t o  the invariant  s t ruc tu re  functions 
+ - 2 

fo r  a w i t h  p, < 0.02. 
+ 

19. The a invar ian t  s t ruc ture  function near x= 0 versus xL.  The so l id  curves 

represent a f i t  t o  the  data which contains no Q' dependence. 

20. The W dependence of t h e l ~ +  invariant  s t ruc ture  function a t  x= 0 shown as  

a function of xL . 
21. 2 2 versus Mx a t  Q2 = 1.2 GeV for  three W in te rva ls .  The curves * 2 dn dMx 

represent a wn dependence. 
+ 2 

22. The a invariant  s t ruc tu re  function near X= 0 versus p: a t  Q2 = 1.2 GeV . 
23. The a- invar ian t  s t ruc tu re  function near x.= 0 versus p: a t  W =  3.1 GeV 

2 2 f o r  Q = 1.2 GeV compared with the  photoproduction measurements of Ref. 26. 
+ 

24. IT in' r a t i o  versus XI near x =  0 f o r  several (Q2, W) values. The dashed 

l i n e s  a r e  the  average rat70 fo r  each f igure.  
+ 

25. a /a- r a t i o  from protons near &= 0 averaged over a l l  x, displayed a s  
. . 

functions of l/o and W. 

26. The proton missing mass squared spectrum obtained f o r  W= 2.15 GeV and 

Q2= 1.2 G ~ v ~ .  The curves represent a preliminary f i t  t o  the  data.  

27. The proton invar ian t  s t ruc tu re  function a t  x= 0.4 versus x,for various 

2 2 (Q , W) points.  The curves a re  independent of Q . 
28. The W dependence o f  t h e  proton invariant  s t ruc ture  function a t x =  0.4 

plotted as  a function of X I .  

2 29. The proton invar ian t  s t ruc ture  function versus pL . 
30. The r ad ia t ive  correct ion t o  the  invariant  s t ruc ture  funct ions f o r  pions 

produced along the  v i r tua l  photon direct ion.  

31. The rad ia t ive  correct ion t o  the  s t ruc ture  functions f o r  pions produced 

a t  x= 0. 
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