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; - -  A B S T R A C T  

W e  d iscuss th e  space - t ime  st ructure o f d e e p  ine last ic scat te r ing i n  th e  ta r g e t 

rest f rame.  A t sma l l  zbj, th e  p r ocess  is d o m ina t ed  by  q u a r k  pa i r  p r o d u c tio n , a n d  

th e  “Io ffe  tim e ” b e tween  th e  p r o d u c tio n  o f th e  pa i r  a n d  its in te rac t ion  i n  th e  ta r g e t 

is l o n g . W e  c o m p u te  th e  l e a d i n g  l oga r i t hm ic  co r rec t ions  to  th e  p a r to n  m o d e l p r e -  

d ic t ions fo r  th e  v i r tua l  p h o to - a b s o r p tio n  c ross sect ion,  a n d  ana l yze  th e  t ransve rse  

s ize o f th e  pa i r  a n d  th e  Io ffe  tim e  as  a  fu n c tio n  o f th e  dynam ica l  va r i ab l es  o f th e  

pa i r  const i tuents.  B o th  th e  t ransve rse  s ize a n d  th e  Io ffe  tim e  d e p e n d  s ign i f icant ly 

o n  th e  po la r i za t i on  ( l ong i t ud i na l  o r  t r ansve rse )  o f th e  v i r tua l  p h o to n . H e n c e  o n e  

m a y  expec t th a t n uc l e a r  scat te r ing cor rect ions,  i nc l ud i ng  s h a d o w i n g , m a y  a l so  b e  

po la r i za t i on  d e p e n d e n t. 
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1 . In tro d u c tio n  

Desp i te  2 0  yea rs  o f p r og r ess  i n  tes t i ng  q u a n tu m  ch r omodynam i cs , a  fu n d a m e n -  

ta l  u n d e r s ta n d i n g  o f th e  phys ica l  mechan i sms  th a t c o n nec t th e  unde r l y i n g  q u a r k  

a n d  g l u o n  scat te r ing subp r ocesses  o f Q C D  to  th e  o b se r v e d  fin a l  sta te  h a d r o n s  r e -  

m a ins e lus ive.  It is n o w  r e cogn i z ed  th a t e x p e r i m e n ts us i n g  nuc l e a r  ta r g e ts a n d  
; - -  

b e a m s  p r ov i d e  a  u n i q u e  to o l  fo r  p r o b i n g  h a d r o n i z a tio n , s ince  th e  nuc l e a r  m e d i um  

itself c a n  phys ica l ly  m o d ify th e  h a d r o n i z a tio n  p rocess.  Fo r  e x a m p l e , i n  d e e p  i ne l as -  

tic l ep t o - p r oduc t i on  !p  +  lHX,  th e  p r e s e nce  o f a  nuc l eus  i n  th e  fin a l  sta te  wi l l  l e a d  

to  t r ansve rse  m o m e n tu m  smea r i n g  a n d  i n d u c e d  e last ic a n d  ine last ic e n e r g y  loss o f 

th e  p r o d u c e d  h a d r o n s , as  we l l  as  i n f l uence  th e  co lo r  fie l ds  a n d  co lo r  s c r een i n g  o f 

th e  o u tg o i n g  qua rk - j e t  system. T h e  p o s tu l a te  th a t th e  p r ocess  o f h a d r o n  c rea t i on  

h a s - a n  intr ins ic fo r m a tio n  tim e  TH  imp l i es  th a t a t h i g h  e ne r g i e s  v >  M N R A /TH th e  

. . 

q u a r k  a n d  g l u o n  p recu rso rs ,  r a th e r  th a n  th e  fin a l  sta te  h a d r o n s , scatter i n  th e  n u -  

c leus.  Fu r th e r m o r e , s ince  th e  nuc l eus  is t r anspa ren t  to  sma l l  co lo r -s ing le t  sta tes, it 

c a n  act as  a  co lo r  filte r , d i f fe rent ia t ing p r o d u c tio n  mechan i sms  fo r  p r ocesses  such  as  

l a r g e  m o m e n tu m  quas i -e las t ic  scat te r ing a n d  h eavy  q u a r k o n i u m  p r o d u c tio n . T h e  

nuc l eus  is th u s  a n  e ssen tia l  i ns t rument  fo r  r eso l v i ng  th e  space - t ime  st ructure o f 

fu n d a m e n ta l  Q C D  p rocesses  a t fe rm i -s ize  scales. 

T h e  sim p lest e x p e r i m e n t fo r  ana l yz i ng  a n d  c o n t ro l l ing th e  e ffects o f a  n uc l e a r  

m e d i um  o n  Q C D  p rocesses  is d e e p  ine last ic l e p t on  scat te r ing (DIS)  o n  a  nuc l e a r  

ta r g e t. It is t rad i t iona l  to  ana l yze  th e  space - t ime  st ructure o f D IS  f r om th e  sta n d -  

p o i n t o f th e  ta r g e t’s inf in i te m o m e n tu m  f r ame  (or ,  e q u i v a l e n tly, a t fixe d  l i gh t -cone  

- & m e ) , s ince  i n  th a t f r ame  th e  cu r ren t  is e ssen tia l ly tr ivial a n d  th e  phys ics o f th e  
-  

D IS  st ructure fu n c tio n s  c a n  b e  i d e n tifie d  wi th th e  q u a r k  d is t r ibut ions o f th e  ta r g e t; 
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e.g., 

(see Fig. 1). However, the simplicity of this description becomes lost when one 

considers nuclear target effects, since the physics of the nucleus is essentially un- 

known in the P, + oo frame. The wealth of knowledge one has from nuclear ; -- 

physics on nucleon wavefunctions, meson exchange currents, etc. strictly pertains 

to the nuclear rest frame; the relativistic boost of a nuclear wavefunction requires 

a fundamental understanding of the internal nuclear dynamics [l] . 

Thus, in order to utilize the nucleus as a probe of QCD processes, rather 

than study the structure of the nucleus itself, it is mandatory that the space-time 

structure of DIS be analyzed in the target rest frame. Unfortunately, much of the 

simplicity of the parton model description of Bjorken-scaling becomes lost in the 

target rest frame, since in general one must consider time-ordered processes where 

the virtual photon creates pairs (as in Fig. 2a) or scatters on vacuum fluctuations 

(as in Fig. 2b), as well as scattering on the quark constituents already present in 

the target wavefunction (Fig. 2~). In the limit of large photon energy v = q-p/MN, 

the dominant time-ordered process in the lab frame is virtual q?j pair production (as 

in.Fig. 2a) where one of the quarks of the pair scatters, annihilates, or is captured 

in the target. Thus at high u in the lab frame, the physics of DIS is dominated 

by the Fock state structure of the virtual photon, rather than that of the target. 

In fact, it is natural to identify sea quark and heavy quark contributions to the 

deep inelastic structure functions at small XBj = Q2/2q . p with Bethe-Heitler 

-$@r production processes such as that shown in Fig. 3. The presence of spin-one 
- 

gluon exchange in the t-channel automatically implies constant photo-absorption 

4 



I 

- 

- .- X-^ 

cross sections at high v and thus non-vanishing structure functions Fz(xbj, Q2) 

at xbj-, 0. Alternatively, one can identify this type of pair production process 

with the photon-gluon fusion mechanism or the evolution of the proton structure 

functions and its related radiative corrections. However, from the standpoint of 

physics in the rest frame, it is most natural to identify pair production at high v 

as the materialization of the photon’s hadronic structure by the proton target.’ 
; -- 

Of course, the frame dependence of DIS does not arise in a strictly Lorentz- 

invariant description of DIS, as in the covariant parton model of Landshoff, Polk- 

inghorne and Short [3] . H owever, a space-time description requires a fixed-time 

Hamiltonian formalism. In the next section we show how a covariant framework 

can be used to relate the physics and kinematics of DIS quantized at fixed time in 

the target rest frame to the kinematics of the light-cone formalism. 

One of the most important concepts in the analysis of the spacetime structure 

of DIS in the target rest frame is the Ioffe time 71 [4] , which is defined as the 

effective distance between the production of the quark pair and its interaction in 

the nucleus. The virtuality of the pair M2 = 0(Q2) in the Bjorken scaling region, 

implies that 

CI 
3-I = - 

xbj MN ’ 
(1.2) 

where Cr = O(1) is a characteristic dimensionless constant. Thus for small Xbj the 

photon converts to a quark pair at a large distance before it interacts in the target; 

for example, at HERA where one can study structure functions at Xbj - lob5 the 

1 For example, by using the target rest frame picture, it is easy to see that the pair production 
process of Fig. 2a on a proton target will generally lead to breaking of isospin symmetry 

;G’c’ of the anti-quark sea z(z) # E(z) b ecause of the stronger Pauli-blocking by the u quarks 
already present in the proton wavefunction. This type of isospin breaking could account for 

the observed violation of the Gottfried sum rule [2] . 
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Io ffe  d i s tance  is as  l a r g e  as  l o 4  fm , m u c h  l a r ge r  th a n  nuc l e a r  rad i i .  A t l owe r  va l ues  

o f Xb j ,  pa i r  p r o d u c tio n  c a n  occu r  w i th in  th e  nuc l e a r  v o l ume , th u s  r e d uc i n g  th e  

to ta l  n uc l e a r  p a th  l e n g th . 

As  w e  sha l l  s h ow  in  th is  p a p e r , th e  constan t  C r  i n  th e  Io ffe  tim e  h a s  a n  e ssen tia l  

d e p e n d e n c e  o n  th e  po la r i za t i on  o f th e  v i r tua l  p h o to n . Thus  i n  a  g i v en  e x p e r i m e n t, 

o n e  c a n  c o n tro l  th e  Io ffe  tim e  a n d  its c o n sequences  fo r  n uc l e a r  e ffects, n o t on l y  by  
; - -  

c hoos i n g  X b j  b u t a l so  by  se lec t ing  l ong i t ud i na l  ve rsus  t ransve rse  p h o to n s . 

As  a  wo r k i ng  m o d e l fo r  n uc l e a r  e ffects, w e  v isua l ize th e  fo l l ow i ng  phys ica l  

p ic tu re  fo r  th e  space - t ime  st ructure o f d e e p  ine last ic scat te r ing i n  a  n uc l e a r  ta r g e t 

i n  th e  ta r g e t rest f rame.  ( S e e  Fig.  4 .) 

1 . T h e  v i r tua l  p h o to n  c rea tes  a  v i r tua l  q q  pa i r  o f i nva r ian t  mass  o f o r d e r  Q . 

T h e  g l u o ns  g r ,g 2 ,g 3  r a d i a te d  n e a r  th e  ver tex a r e  assoc ia ted  wi th th e  Q C D  

evo lu t i on  a n d  r a d i a tive  co r rec t ions  to  th e  q u a r k  st ructure fu n c tio n . 

2 . T h e  pa i r  p r o p a g a tes  ove r  th e  Io ffe  tim e , a n d  th e n  th e  m e m b e r  o f th e  pa i r  

wi th th e  least  e n e r g y  ( s h own  as  a  q  i n  Fig.  4 )  g ives  th e  m a in  in te rac t ion  i n  

th e  nuc leus .  T h e  p r o p a g a tio n  o f th is  q u a r k  o r  a n tiq u a r k  th r o u g h  th e  nuc l e a r  

m e d i um  c a n  b e  desc r i b ed  by  th e  G l a u b e r  m u ltip l e  scat te r ing th e o r y  [5 ] u s e d  

fo r  h a d r o n - n u c l e u s  in teract ions.  Fo r  e x a m p l e , th e  e last ic scat te r ing o f th e  q  

o n  u p s t r e am nuc l e ons  such  as  N r  i n  Fig.  4  b e fo r e  in te rac t ing  ine last ica l ly  o n  

n u c l e o n  N 2  r e duces  th e  flu x  o f q  r e a ch i n g  N 2 . A  m o d e l o f s h a d o w i n g  ( a n d  

a n t i - shadow ing )  o f th e  nuc l e a r  D IS  cross sect ion  b a s e d  o n  th is  desc r i p t i on  is 

g i v en  i n  R e f. [6 ] . 

3 . T h e  o th e r  m e m b e r  o f th e  pa i r  ( t he  q  i n  Fig.  4 )  ca r r i es  th e  m a jor i ty o f 

i - -  ‘.- *-.* th e  p h o to n  e n e r g y ; its h a d r o n i z a tio n  p r ov i des  th e  usua l  “cu r ren t  q u a r k ” jet. 
-  

Howeve r , d u r i n g  its t ransi t  th r o u g h  th e  nuc l eus  th is  q u a r k  cou l d  scatter o n  

6  
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nucleons such as Na, thus broadening the transverse momentum distribution 

of the prqduced hadrons. The quark can also scatter inelastically and lose 

energy by nuclear-induced radiation, as shown, for example, by the emission 

of gluon g4. The Landau-Pomeranchuk-Feinberg formation zone analysis [7] 

however shows the induced energy loss is finite in the laboratory frame and 

does not scale with V. (As shown in Ref. [8] this can be understood as due 

to the destructive interference at low momentum transfer of the amplitudes 

producing g4 from nucleons N3 or N4.) Since the induced kl broadening con- 

serves probability, the hadron distribution integrated over transverse momen- 

tum is unchanged. Furthermore, since the induced energy loss is negligible 

compared to the scale V, this effect does not disturb leading-twist QCD fac- 

torization. Thus the fragmentation function DH(z, Q2) with z = p - p~/p * q, 

is independent of the nuclear medium; any nuclear dependent-energy loss is 

only expected at low u. 

4. Finally hadronization of the separated 3 and 3 jets occur. However, be- 

cause of the presence of the nuclear medium the resulting hadrons will have 

a broadened transverse momentum distribution (kf)A and a finite energy 

-. loss (AEH)A in proportion to the path length of the leading current quark 

through the nucleus which, in turn, depends on the Ioffe time. As we have 

noted, one can control the Ioffe time and its consequences for nuclear effects, 

not only by choosing Xbj, but also by selecting the polarization of the virtual 

photon. 

We also note that induced electromagnetic radiation caused by the transit of 

-$@ current quark through the nucleus should also increase with Ioffe time. Thus 
- 

the nuclear dependence of associated soft photons in DIS as a function of Xbj and 
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virtual photon polarization will provide important tests of the space-time picture 

presented here. In addition, the absolute magnitude of the nuclear dependent 

photon radiation could provide a value for the quark-nucleon cross section. 

In this paper we will present a detailed calculation of the basic size parameters 

controlling DIS including the Ioffe time and the impact separation of the pair. 

:she model we use, as in the paper of Bjorken, Kogut, and Soper [9] , corresponds 

to Bethe-Heitler pair production by the virtual photon in the Coulomb field of 

a target nucleon. The vector exchange allows a non-vanishing of the structure 

functions at low xbj. A similar model but with finite gluon mass has also been 

analyzed in Ref. [lo] . A s emphasized by Bjorken, the special kinematic region 

of asymmetric pairs (where one quark carries only finite laboratory momentum) 

plays a special role in the analysis. In this kinematic regime, the low momentum 

quark or anti-quark can equally well be identified as a parton associated with the 

wavefunction of the proton. However, the remainder of the pair phase space gives 

a logarithmically dominant contribution to the leading twist structure functions 

and can be associated with photon-gluon subprocesses or terms in the logarithmic 

evolution and hard radiative corrections of the target structure function. In order 

to keep the analysis as simple as possible, the calculation is presented for the case 

of spinless quarks. The main effect of spin one-half quarks is simply to reverse the 

role of a~ and go in the final formulae. 

The kinematics of DIS in the laboratory frame and the connection to light-cone 

variables are discussed in section 2. In section 3 we analyze the scaling violation of 

the virtual photo-absorption cross sections. In the simplest version of the model, 

%&$h scalar quarks, the scalar photo-absorption cross section is logarithmically 
- 

dominant over the transverse cross section. In order to keep the formulae trans- 
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parent we will focus on the calculation assuming Coulomb gluon exchange; i.e., a 

massive source. In order to understand the physics of shadowing and other co- 

herent processes in a nuclear target, it is also important to analyze the transverse 

separation of the quarks in the pair. This is most easily done by using a Fourier 

transform in transverse space [9]. The physics of shadowing also requires a detailed 

; *understanding of the formation time of the quark pair. As we show in section 4, the 

Ioffe time can be precisely obtained by differentiating with respect to the relevant 

energy denominator in time-ordered perturbation theory. 

2. Space-Time Kinematics of Deep Inelastic Scattering 

-As noted in the introduction, the laboratory and Drell-Yan frames give two 

different physical pictures of DIS. At low Xbj the laboratory frame emphasizes the 

physics from the standpoint of the dissociating virtual photon. At large Xbj, the 

light-cone picture seems more natural, emphasizing the parton structure of the 

nucleon. In this section we demonstrate the interconnection between these two 

perspectives of DIS. In the following sections we shall show how the Ioffe time 

enters into physical processes and where the leading logarithmic contributions to 

structure functions arise in terms of the kinematics of the pair dissociation process. 

The DIS structure functions at q2 = -Q2, F;(x, Q2), are generally identified 

with the probability distribution Gelp(x, Q2) f or q uarks in the nucleon through 

the leading twist relation Eq. (l.l), where the parameter Xbj is identified with 

&$ f?/p+, the light-cone momentum fraction of the struck quark. (We define - 

p* = p” f p”). This connection can be made explicit in the Drell-Yan frame where 
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the photon direction is transverse to the proton (Q2 = 7:) 

Pp = (P+,P-, A> = P+, ps7 
iv2 -$ 

I 
> 

(2.1) 

ec” =(e+,l-,T+,) = 
( 

xp+, 
e2 +c2, 7 

xp+ 7 1. > 

In this frame, the only light-cone time-ordered diagram that needs to be considered 

is that shown in Fig. 1. Since q+ = 0, pair creation graphs do not occur. In 

light-cone gauge, A + = 0, soft final state interactions of the struck quark can be 

neglected to leading order in 1/Q2. QCD evolution equations in en Q2 can be 

derived by taking into account gluonic radiation by the struck quark. 

-The essential advantage of the Drell-Yan frame is the immediate connection 

of the DIS process to the parton structure of the proton itself. However, in the 

high energy domain where 2p . q >> Q2, i.e. xbj + 0, it is more natural to think 

of the DIS process in terms of the structure of the virtual photon, as in Fig. 3. 

For example, in the laboratory frame where 7” = u2 + Q2 the pair state with 

invariant mass Mpair is off the energy shell by the amount 

(2.2) 

Thus from the perspective of the lab frame, the photon transforms into a virtual 

quark anti-quark pair at a time 

2v 
7= 

M;,, + Q2 (2.3) 
- 

before it interacts with the target; where M is the target mass. 
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From the covariant point of view, Figs. 1 and 2a are actually different mani- 

festations of the same Feynman diagram (see Fig. 5). We can consider the general 

frame 

( 

4.2 
q=(q+,q-,7d = q2+--q~7Y-,~L 

> 

P = (P+,P-,?L) = ( P+7 
M2+d-+l 

p+ 
> 

where 

P-5) 

If we consider e to be a constituent of the target, then it is natural to parametrize 

its four-vector in the form 

XP+, 
e2 + (7, + zp’J2 + 

XP+ 
, b+xA P-6) 

where 7, is perpendicular to $1. Similarly, the outgoing quark is naturally 

considered a fragment of the incoming photon. Thus we parametrize its four-vector 

as 

u= 
( 

m2 + (a& + &)2 
7 aq-, a& + & 

%l- > 
(2.7) 

where zl is perpendicular to TL and cy is the fraction of the virtual photon 

r&$mentnm carried by the outgoing quark. On the other hand, up is also deter- 
- 

mined from four-momentum conservation u p = P‘ + qp. We thus have the general 

11 
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[ 

2 -? 
zp+ = 

m2+a2&+ Ul 
4 7 

CY 
- (q2 + 7:) 1 Q 

(2.8) ’ 

e2 + 7; + x2& 
XP+ 

= q-(a - 1) ) 

For example, in any collinear frame with 71 = j!?l = 0, p+q- = 2p - q + 

Q2kf2/(p+q-) - 2~. q. Then 7, = 21, 

x=& [l+m2JQq ) 

and-, , 

a-l=e2+T: 
2xp. q - 

(2.10) 

(2.11) 

The traditional parton model integration corresponds to limited transverse mo- 

menta ut or $, and finite off-shell mass of the struck parton, e2. Thus z + Xbj = 

Q2/2p. q, and Q - 1 - O(1/Q2). In th’ k is inematic regime, the struck quark then 

takes nearly all of the momentum of the incident photon. The assumption that 

e2 is finite can also be understood as a limit on the invariant mass Mspect of the 

spectator system: (p - 1)2 = M&,,,t in Fig. 5. (Again, we take j?l = 0) 

cp - ey = (l - xL’)p+, 
J%,,t + 7: 

(1 _ x)p+ ) -7, 1 (2.12) 
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and 

(1 -a) = 1 -A- [et + MzPect - (1 - x)M2] . 
2p.q l-x 

(2.13) 

It is then an important question whether one can accurately neglect the kine- 

matic corrections due to et, MzPect since these are variables that are integrated 

over in the inclusive cross section. The range of these values not only sets the 
: -- 

corrections to the x = Xbj relation, but also determines the characteristic time and 

impact separation which dominates the DIS process. 

In order to understand the ranges of these kinematic variables, let us look at a 

typical gauge theory contribution derived from gluon exchange in the t-channel (see 

Fig. 3). This is essentially Bethe-Heitler pair production in the field of the target. 

The spin-one gluon in the t-channel leads to an energy-independent contribution 

to the virtual photon-nucleon cross section in the scaling limit. It is thus a leading 

contribution to the DIS leading twist structure functions in the small Xbj regime. 

From the standpoint of evolution equations, one encounters this type of contribu- 

tion after two applications of the QCD splitting functions; thus this contribution 

appears in the logarithmic evolution of the leading order singlet structure func- 

tions. Hence the transverse momentum integrations are logarithmic in nature with 

a range extending up to O(Q2). We th us expect significant numerical corrections 

to the parton relations: 

X=Xbj l+ 
[ 

m2 + ut 1 [ = xbj 
w 

aQ2 ’ + log Q2 

7= 
’ M&F+Q2= (&) [‘+i$$] 

.-.- ._- 
&;1.. . 

1 1 - 
1 - o = -L-- --A-- [ei + M&,,t - (1 - x)M2 

2p.q l-x 

13 
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Note that the deviation of x from xbj affects the accuracy of sum rules, etc. based 

on parton model distributions. 

It should be noted that it is only the strictly asymmetric region where one quark 

carries all of the energy v of the photon and the other quark has finite momentum 

in the target rest frame that corresponds to the traditional parton model. In this 

case the intermediate quark line can be considered as a constituent of the target. ; *- 

For example in Fig. 3 let us assume that u is finite; then u) carries all the energy 

v of the photon, and also has limited transverse momentum 201 21 -ul. Since 

(u + /,T)~ is finite and 

q2 = (u + k + w)’ 21 (u + k)2 + 214~’ + k” - uz - k’), 

we have 

(u” + k” - uz - kZ)/M = -Q2/(2Mz4 = -x 

which gives the connection between the Bjorken variable and the light-cone mo- 

mentum fraction of the quark constituent of the target with momentum -(u + k). 

On. the other hand, if the gluon had attached itself to the energetic quark w, then 

the virtuality of that quark line before the gluon vertex would be large: 

(20 + k)2 = 2v(k” - k’) = O(Y) 

which suppresses this diagram compared to the interaction with the slow quark u. 

When one integrates over the full phase space of the Bethe-Heitler process, one finds 

t%$ thestrictly asymmetric region is just the endpoint of a logarithmic integration - 

region, providing leading-twist contributions to the structure functions beyond 

14 



what is contained in the traditional parton model. The leading-twist contributions 

from the pair production processes with symmetric kinematics may be associated 

with the photon - gluon fusion subprocess y* + g t qij. In the symmetric region 

one sees explicitly the effect of charge (or color) screening: up to logarithmic 

corrections, the cross section scales as 1/Q2, b ecause of the destructive interference 

; _between the quark and anti-quark scattering amplitudes. 

3. Bethe-Heitler pair production 

In order to understand the relationship of Bethe-Heitler pair production to deep 

inelastic lepton scattering, we will consider the simplest model which demonstrates 

the essential features, namely scalar charged particle production in QED with a 

fixed coupling constant. Since we wish to understand the role of the Ioffe time, we 

work in time-ordered perturbation theory. One can show that the lepton interaction 

can be replaced by an incident photon with effective spacelike mass q2, just as in 

conventional covariant perturbation theory [ll] . Ag ain for simplicity, we consider 

scattering on a target of large mass M. In the large target-mass limit, we may 

approximate the photon k” exchanged between the pair and the target with a 

Coulomb photon and take Lo = -k2/2M N 0. Because of the Coulomb interaction, 

the seagull diagrams do not contribute in Coulomb gauge. The surviving four 

time-ordered diagrams are given in Fig. 6, where the kinematic notation is also 

-%@oduced. U sing gauge invariance with respect to the virtual photon current, the 
- 

amplitudes in the lab frame for scalar and transverse photons are, respectively, 

15 
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; - -  
E u  +  E ,! E , - E ,, 

E u @ u  - & ) - E ,! (E,  +  E ,,) >  w ’* CT@ ) +  (z * w ’)  1  , ( 3 .2 )  

wi th EZL j  =  [E z  +  ( 2 ~ 3  +  i) . Q 1 i2. ( T h e  d i a g r ams  w h e r e  th e  C o u l o m b  p h o to n  is 

e x c h a n g e d  b e tween  th e  ta r g e t a n d  th e  c h a r g e d  sca la r  w ’ a r e  o b ta i n e d  f r om th e  o n e s  

wr i t ten expl ic i t ly by  e x c h ang i n g  G  a n d  G .) T h e  c o n t r ibut ion o f th e  b ackwa r d -  

p r o p a g a tin g  d i a g r ams  in  E q . ( 3 .1 ) , ( 3 .2 )  is O ( Q 2 /v2 )  wi th respec t  to  th e  c o n tri- 

b u tio n  o f th e  fo r w a r d - p r o p a g a tin g  o n e s . 

A fte r  s o m e  a l g e b r a  a n d  s u m m i n g  ove r  th e  p h o to n&po l a r i z a tio n , th e  sca la r  a n d  

t ransve rse  p h o to - a b s o r p tio n  c ross sect ions c a n  b e  wr i t ten i n  a  c o m p a c t fo r m : 

0s  =  + Q 2  j d c r ( 2 c~  -  1 ) 2 ~ ( 1  -  c ry>  / d2 i i l  /- d 2 i + - +  
0  ( 3 4  

(  
1  1  

>  

2  

q + P 2  - ( & + i # + p  ’ 

4d? r l  
1  

CTT  = -  
7 9  J daa ( l  -  a )  d 2 ? i L  J J d2 i l $  

0  (k2 1 2  
( 3 .4 )  

1  

with 
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2 2  =  it+  I$ , 

p 2  =  m 2  +  o ( 1  -  cr )Q 2 , 

w h e r e  m  a n d  ( Y  a r e  respect ive ly  th e  mass  a n d  th e  f ract iona l  e n e r g y  o f th e  sca la r  

p a r ticles. As  w e  a r e  i n  th e  l a r g e  ta r g e t mass  M  lim it, th e  e ne r g i e s  o f th e  p r o d u c e d  

sca la rs  a d d  u p  to  th e  e n e r g y  o f th e  v i r tua l  p h o to n . H i g he r  twist co r rec t ions  o f 

o r d e r  Q 2 /y2  to  th e  c ross sect ions a r e  n eg l e c te d . ; *- 

In  E q s . ( 3 .3 ) , ( 3 .4 )  w e  e x p a n d e d  i n  ct/Ez  a n d  G t/E i, a s sum i n g  th a t th e  

t ransve rse  c o m p o n e n ts o f th e  pa i r  a r e  m u c h  sma l l e r  th a n  th e  respect ive  l ong i t ud i na l  

o n e s . T h e  r e g i o ns  o f p h a s e  s pace  w h e r e  th is  is n o t t r ue  c a n  b e  n eg l e c te d , s ince  

i n  such  r e g i o ns  th e  l ong i t ud i na l  a n d /o r  t r ansve rse  m o m e n tu m  c o m p o n e n ts o f th e  

e x c h a n g e d  p h o to n  a r e  l a r g e , a n d  th e  C o u l o m b  p r o p a g a to r  acts as  a n  e ffect ive cutoff. 

W e  h a v e  checked  numer i ca l l y  th a t th e  d i f fe rence  b e tween  th e  exact  exp ress i ons  fo r  

th e  c ross sect ions, f r om E q . ( 3 .1 )  a n d  ( 3 .2 ) , a n d  the i r  a p p r o x i m a tio n s  ( 3 .3 ) , ( 3 .4 )  

is less th a n  l o% , a t th e  typ ica l  k i n ema tics o f th e  E M C  e x p e r i m e n t; i.e ., Q 2  =  1 9  

G e V 2  a n d  v =  1 1 3  G e V  [1 2 ] . 

F r o m  m o m e n tu m  conse rva t i on  a n d  th e  e x pans i o n  i n  th e  t ransve rse  m o m e n tu m  

o f th e  pa i r ,  th e  l ong i t ud i na l  m o m e n tu m  o f th e  C o u l o m b  p h o to n  is 

k, N  X b j M  +  p 2 /2 ~ , ( 3 .5 )  

w h e r e  p 2  N  (T? ; +  m 2 ) /a (  1  -  o )  is th  e  i nva r ian t  mass  o f th e  p r o d u c e d  pa i r .  S i nce  

th e  m a in  c o n t r ibut ion to  th e  c ross sect ions c omes  f r om pa i r s  o f mass  p 2  M  Q 2  [lo ], 

i n  th e  fo l l ow i ng  ana ly t ic  ca lcu la t ions w e  ta k e  k, constant2 .  

2  In a  nume r i c  ana lys is  t hough ,  in  wh i ch  o n e  uses  the  exact  exp ress ions  (3 .1 )  a n d  (3 .2 )  a n d  
i-. ,__  in tegra tes ove r  the  who l e  p h a s e  space,  it is impor tan t  to k e ep  k, =  v +  X b j M  - u, -  w, 
% : as  g i ven  in  g ene r a l  by  m o m e n tum conservat ion .  In those  p h a s e  space  r eg i ons  whe r e  the  

app rox ima te  f o rmu lae  (3 .3 )  a n d  (3 .4 )  fail, 1, is l a r ge  a n d  supp resses  the  cross sect ions. 
Th is  is t rue  e v en  w h e n  the  C o u l o m b  pho t on  is g i ven  a n  effect ive mass.  
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We introduce the impact parameter p’ representation and its Fourier trans- 

forms [9,10] 

1 J &X1 i&i d2u1 +2 
u1+P2 

2 

, (3.6) 

(3.7) 

in Eq. (3.3), (3.4). After doing all the angular integrations, and the one over the 

transverse size of the pair by using the relationship [13] 

03 

J xv+’ J&x) 
dx(x2 + p>p+1 = 

0 
. 

the photo-absorption cross sections US and CT become 

(34 _ 

1 

UT = 16a;, J dcrcr(l - o)p2 J&q&J dw[l - Jo(ph)]h(pP)2. (3.10) 
0 

An analysis of (3.9) and (3.10) h s ows that terms proportional to the quark mass 

m give only higher twist corrections; since the pair mass ~1 is large, there are 

-r&:-logarithmic mass divergences. As we limit our analysis to the leading twist 
- 

contributions, we can neglect m in the following. 

18 
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We will perform the integral over the impact parameter p first since this is 

advantageous for the computation of the Ioffe time. The impact integral can be 

done through the relationship [13] 

J d/v+ - JoW~]KAP~O)~ = 

&(l + Y)ryl - v) [l - (g?(; - v; 1 - v; ;; S)]) 

(3.11) 

L -+- 

where u = 1+ kl/2p2. The study of Eq. (3.11) is done in the appendix, where we 

consider 2 kinematic regions (Fig. 7) 

i) k; 5 4p2 (3.12) 

ii) kf > 4,B2. (3.13) 

The parton model contribution where as satisfies Bjorken scaling and a~ is higher 

twist comes from the endpoint of region ii) with cy or (1 - cry> < kt/4Q2 and kt 

constant and much smaller than Q2. 

In the kinematic region i), which will be the logarithmically dominant region, 

cy takes the values 

After integrating over p (see appendix), we find that in the region i) 

(3.14) 

(3.15) 

aT = ;+Jdk:-&da. (3.16) 

In (3.15) both the integrations over cy and kf > kz contribute a logarithmic en- 
I 
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h a n c e m e n t [lo ], h  w  e r e a s  i n  ( 3 .1 6 )  th e  i n teg ra t i on  ove r  ( Y  is r e gu l a r . In  b o th  cases  

th e  i n teg ra t i on  ove r  lc: <  lci is l ogar i thmica l l y  s u pp r e ssed  s ince  th e  l ong i tud i -  

n a l  m o m e n tu m  o f th e  C o u l o m b  p h o to n  acts as  a  cutoff. T h e  l e a d i n g  b ehav i o r  

o f E q . ( 3 .1 5 )  a n d  ( 3 .1 6 )  is g i v en  i n  T ab l e  1 . T h e  l oga r i t hm ic  e n h a n c e m e n t i n  

as  f r om th e  e n d p o i n t i n teg ra t i on  ove r  ( Y  c o r r e sponds  to  th e  d o m i n ance  o f th e  

a s y m m e tric pa i r  r e g i o n . As  e xpec te d , w e  g e t l oga r i t hm ic  sca l i ng  v io la t ions to  th e  
; - -  

sca l i ng  p r ed i c t ed  by  th e  p a r to n  m o d e l fo r  th e  p h o to - a b s o r p tio n  c ross sect ions. 

T ab l e  1 : L e a d i n g  l o g  b ehav i o r  

o f th e  p h o to - a b s o r p tio n  c ross sect ions 

* 

, 

A fte r  th e  i n teg ra t i on  o n  th e  impac t p a r a m e te r  ( s ee  a p p end i x ) , w e  o b ta i n  i n  

th e  r e g i o n  zY )  

( 3 .1 7 )  

( 3 .1 8 )  

In  ( 3 .1 7 )  a n d  ( 3 .1 8 )  th  e  i n teg ra t i on  ove r  cr, i n  th e  r a n g e  c o m p l e m e n ta ry  to  

( 3 .1 4 ) , is r e gu l a r . T h e  i n teg ra t i on  ove r  Icz <  Ici <  Q 2  g ives  a  l oga r i t hm ic  c o n t r ibu -  

tio n  i n  th e  sca la r  case,  w h e r e a s  it is r e gu l a r  i n  th e  t ransve rse  case.  T h e  i n teg ra t i on  

t& $ i?  k1.c k,2  is a g a i n  s u pp r e ssed , so  th a t i n  th is  r e g i o n  ( 3 .1 7 )  sat isf ies B j o r ken  sca l -  
-  I 

i n g  a n d  ( 3 .1 8 )  is h i g h e r  twist. F ina l ly,  th e  r e g i o n  o f i n teg ra t i on  wi th Q 2  <  kf <  v2  

2 0  
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corresponds to hard radiative corrections, and has no logarithmic enhancements, 

so that (3.17) and (3.18) satisfy Bjorken scaling in this region. 

Thus the complete leading log contribution from Bethe-Heitler pair production 

to deep inelastic lepton scattering cross sections is contained in the full region i), 

whereas the contribution of region ii) is next-to-leading, both in the scalar and 

:ransverse photon case (Table 1). 

A numerical check of the scaling violation, at fixed Xbj, of the exact massless 

cross sections, through Eq. (3.1) and (3.2), vs. the leading-log scaling violations 

from Table 1 is given in in Fig. 8, where, for sake of comparison, we take k, E 

2XbjM according to the previous considerations on the longitudinal size of the 

Coulomb photon. The agreement for the scalar cross section is excellent; in the 

transverse case, next-to-leading (constant) corrections appear to be significant. 

The ratio of the scalar to the transverse cross sections, 

0s Q2 - c( en-, 
OT k,2 

(3.19) 

diverges for large v and fixed Xbj. This is the expected logarithmic correction to 

the Callan-Gross relation for scalar quark QED. The leading-log violations to the 

structure functions 

can also be obtained from Table 1. 

‘%JWe identify the transverse size of the pair, as a function of the longitudinal - 
momentum of the quark, with the mean separation in impact parameter space: 

21 



(3.20) 

where i = S,T and da;/da for Bethe-Heitler pairs is obtained from Eqs. (3.15), 

(3.17) and (3.16), (3.18). To compute Eq. (3.20) we take d3ai/dkidpda from Eqs. 

(3.9) and (3.10) and consider the different asymptotic expansions of the Bessel 

‘%inction J; namely ;) pkl 5 2 and G) pkl > 2. Because of the asymptotic 

convergence of the Bessel function I(, in either region the main contribution to 

the integration over p in Eq. (3.20) comes from p N ,0-r, thus regions ;) and 

ii) coincide with regions (3.12) and (3.13). W e e d fi ne I(n, V) as the corresponding 

integral over the impact parameter and we compute it through the relationship [13] 

00 
I(+ v) = J dxxnI~,(x)2 = 

p-2 

r(l + n)r 
l+,,2v)r(l;n)yl+~-2v)~ 

0 
(3.21) 

Summing the contribution of regions (3.12) and (3.13) to Eq. (3.20), we obtain 

(Pm) = l 
1(5, W(a) + 41(3,0)9(4 

a(1 - a)Q2 1(3,O)f(a) + 41(1,O)g(cy) 
(3.22) 

(Pm) = l 
1(5, ww + 41(3,1)9(4 

4 - 4Q2 1(3,1@(a) + g(a)) + 2$$en(l+ 4a$+& ' 
(3.23) 



-  

-  . -  ‘--- 

( 3 .2 5 )  

= i% a ( l  -  cr )Q 2 !n [k;/4 0 ( 1  -  c u ) Q 2 ]’ 

Thus  th e  t ransve rse  s ize o f th e  pa i r  g r ows  as  th e  l ong i t ud i na l  m o m e n tu m  o f 

th e  q u a r k  b e c o m e s  smal l .  T h e  fact th a t th e  impac t s e p a r a tio n  is l a r ge r  fo r  sca la r  

p h o to n s  c o m p a r e d  to  t r ansve rse  p h o to n s  is cons is tent  wi th th e  l a r ge r  sca la r  c ross 

sect ion  fo r  sp in less  p a r to n s . 

4 . Io ffe  tim e  

Acco r d i n g  to  th e  d e fin i t i on  g i v en  i n  th e  in t roduct ion ,  th e  Io ffe  tim e  r  is th e  

d is tance  b e tween  th e  p o i n t o f i n te rac t ion  o f th e  B e th e -He i tle r  pa i r  wi th th e  v i r tua l  

p h o to n  a n d  th e  p o i n t o f i n te rac t ion  wi th th e  C o u l o m b  p h o to n . Thus , us i n g  E q s . 

( 2 :3 )  a n d  ( 3 .5 ) , w e  fin d , by  th e  u n ce r ta in ty re la t ion,  th a t th e  Io ffe  tim e  is a p p r o x -  

ima te ly  g i v en  by  th e  i nve rse  o f th e  l ong i t ud i na l  m o m e n tu m  ( 3 .5 )  o f th e  C o u l o m b  

p h o to n 3 , a n d  d e p e n d s  o n  th e  i nva r ian t  mass  ~ 1  o f th e  pa i r .  

In  th is  sect ion  w e  es t imate  th e  Io ffe  tim e  a v e r a g i n g  th e  c o n t r ibut ion o f th e  

scat te r ing a m p litu d e s  a t fixe d  7 . As  w e  s e e  f r om Fig.  6 , 7  is pos i t ive fo r  fo rwa r d -  

p r o p a g a tin g  d i a g r ams  a n d  n e g a tive  fo r  th e  b a c k w a r d - p r o p a g a tin g  o n e s . Us i ng  

& ‘< $  In time - o r d e r e d  pe r tu rba t i on  theo ry  a n d  in  the  l a r ge  ta rge t -mass l imit, the  invar iant  mass  
of the  pa i r  is the  same,  be fo re  (M& )  a n d  after (cl”) the  em iss i on  of the  C o u l o m b  pho ton ,  

u p  to cor rect ions of h i g he r  o rde r .  
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tim e - o r d e r e d  p e r tu r b a tio n  th e o r y , th e  p h o to - a b s o r p tio n  a m p litu d e s  a t fixe d  T  i n  

th e  ta r g e t f r ame  a r e  

_  ,i+ L 4 + E ,r) (  E u  -  & ) ( E t,, +  - 5 ~ )  
E d  0 ( -T )  +  (i i + -+  Ii? )  

I 
)  

; - -  

In te g r a tin g  ( 4 .1 )  a n d  ( 4 .2 )  o ve r  7  w e  r ecove r  th e  p h o to - a b s o r p tio n  a m p litu d e s  o f 

E q . ‘( 3 .1 )  a n d  ( 3 .2 ) . It is easy  to  s e e  f r om th e  e x pans i o n  o f th e  a r g u m e n ts o f 

th e  e x p o n e n tia ls  th a t th e  b a c k w a r d - p r o p a g a tin g  d i a g r ams  a r e  shor t  r a n g e  i n  7 , 

wh i l e  th e  fo r w a r d - p r o p a g a tin g  o n e s , wh i ch  g i ve  th e  l e a d i n g  twist c o n tr ibut ions, 

a r e  l o n g - r a n g e  a n d  th e  co r r e s pond i n g  tim e  T  sca les  l ike (zb jM) -‘. 

L e t us  i d e n tify th e  m e a n  Io ffe  tim e  th r o u g h  th e  sta tistica l  a v e r a g e  

w h e r e  th e  p h o to - a b s o r p tio n  c ross sect ions a r e  

;: ..- 
c-,- . 

-  

a i  =  J d (PS )  )J JdTdTJr ) i 2 ,  i =  S ,T ( 4 .4 )  

w h e r e  th e  s u m  is ove r  p h o to n  po la r iza t ion .  
1  

( 4 .3 )  
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We now follow the outline ofsection 2; namely, we compute the exact expression 

for JdTTdMi(T)/d T w rc ( h’ h we will also use for numerical calculations), expand it in 

the transverse momenta of the pair in order to derive a simple analytical expression 

for (r): , and go to the impact parameter representation. The required integrals 

are: 

co 
Q2 M J dTTdMdT) = 

dr 
- e3 J v2+Q22 

-CO 

cEu’ - Ed& + Ed + (E, - &)(Ew + E,I) + (~ t) w’) 
Eul(Eu - E# &(E, + Euo2 1 

(4.;) 

Yxl 

J dTT dMT(T) = 32M 

dr -“T- 
-CXl 

E, + &I E, - E,, 
I&(& - &)2 - &,(E, + ,342 - zT(a3 + (’ - ‘) > 1 ’ 

(4.6) 

Asin Eqs. (3.3) and (3.4)) we expand in transverse momentum. Then using Eq. 

(4.3)) the mean square Ioffe time for scalar and transverse photons is 

p,; =L!!& 
as 7r2 Q2v2j ( da 2a - 1)2cr3(1 - CY)~ 

0 

J,,-&J,, 

(4.7) 
1 

_ .- 
.-.- ..- 
&-.- . 

(i;", : P2>2 - [(G* + &)2 + /32]2 > 

2 

' 

- 
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1 
1 16cy;, 

(& =--u 2 
CT r2 J dacr3(1 - o)3 

0 

J,t-& Jd2u 

iit (& + &,” 2G* * (ii1 + i&) 
(q + P2)4 + [(ill + ZJ” + /62]4 - (2: + p2)2[(& + L12 + P212 ’ 1 

up to higher-twist terms of 0(Q2/v2). By F ourier-transforming in p and integrat- 
L T-. 

mg over the angular variables and the transverse momentum ul of the pair using 

Eq. (3.8)) we can express the Ioffe time in terms of Bessel functions of the impact 

parameter 

(T); ,&4a:,&2,2 ] da(2a - ‘)y(’ - ay>3 /- dki-& 

0 (4.9) 

J dw3 [l - JoW*)] 1-1 w2, 

J d/v3 [l - Jo(&)] &(p@2. 
The asymptotic analysis of Eqs. (4.9) and (4.10)) through the asymptotic expan- 

(4.10) 

sions of the Bessel functions, shows that the leading logarithmic contribution comes 

from region i), Eq. (3.12), as in the case of the photo-absorption cross sections. 

Mass terms can again be neglected since they only yield higher twist corrections. 

;ii;‘.:?In region i), after integrating over p, by using Eq. (3.21), the leading logarith- - 

mic contribution to the mean-square Ioffe time is 
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(T)$ = L41(5) O)a,3, u2 
OT 

bJdk:&Jd~, (4.12) 

L-- Dividing Eq. (4.11) by (3.15)) and Eq. (4.12) by (3.16), and using Eq. (3.21)) 

we find that in the leading logarithmic approximation, the mean-square Ioffe time 

for scalar and transverse photons respectively is 

(4.14) 

In Fig. 9 we compare the Ioffe time for m = 0 obtained from the numerical 

integration of Eq. (4.3) and the complete amplitudes (4.5) and (4.6), with the 

leading logarithmic estimate of Eq. (4.13) and (4.14). In either case we find that 

the agreement between the exact Ioffe time and its logarithmic estimate is good. 

We identify the mean Ioffe time, as a function of the longitudinal momentum 

of the quark, through the statistical average 

(T(a))f = doi;& J d(PS) la CJ dmdTJT) 12, i = S, T (4.15) 
PO1 

$&?re integrations in the phase space are done at fixed Q. The differential cross 
- 

section da;/dcx is defined as in Eq. (4.4) and is obtained for Bethe-Heitler pairs 
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from Eqs. (3.9) and (3.10). Analysing the behavior of Eq. (4.15) in the regions 

(3.12) and (3.13)) using Eqs. (4.9) and (4.10), the integral (3.21) on the impact 

parameter, and the functions (3.24), we obtain (Fig. 10) 

(T(a))2 = y” w7 ww + 4W’ M-4 
’ Q4 1(3, @f(a) + 4U, %+4 ’ 

L *- 

.2 
bW)C = - 

~(5,O).w + 41(3, oM-4 

Q4 w4 l)(f(Q) + g(4) + $!+(1+ q&p) ' 

Taking the soft quark limit (o < ki/4Q2), we find 

,li$ (+a$ = 
I(5) 0) + 1(3,0> 

, 2 (xbjM)2fh[k;;4a(l - a)&21 

7 1 
=- 

10 (x,jM)2h[k,2/4a( 1 - CX)&~] * 

(4.16) 

(4.17) 

(4.18) 

(4.19) 

Thus in the scalar case the Ioffe time becomes independent of (Y in the soft 

quark limit, in agreement with the parton-model-inspired kinematic relations of 

Eq. (2.14). In the transverse case, due to the logarithmic corrections, the Ioffe 

time vanishes in the soft quark limit. This shows that in the parton-model region 

the space-time behavior of the cross section dramatically depends on the virtual 

&ton polarization, since long-range contributions appear only for the photon 
- 

polarization corresponding to the leading photo-absorption cross section. 
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5. Conclusions 

As we have discussed in this paper, it is important to understand deep inelastic 

lepton scattering in the rest frame of the target. In particular, the physics of the 

small Xbj regime is strongly related to pair production in the field of the target. 

The effect of the nuclear environment is also most easily understood from the 

Lgerspective of the laboratory frame where the time evolution of the propagating 

quarks can be analyzed. 

The general connection between the kinematics of deep inelastic scattering in 

the infinite momentum frame and the target rest frame has been presented in 

section 2. In the general case, one has to allow for logarithmic corrections to the 

conve,ntional parton model relations, as expressed through Eqs. (2.14). 

In section 3, we study the spacetime development of quark pair production, 

a process which is closely related to the perturbative development of the strange 

and charm quark sea at low Xbj. In this calculation, one can identify the kinematic 

domain of the traditional Bjorken-scaling parton model as the highly asymmetric 

region where the longitudinal momentum fraction Q of the interacting quark is 

smaller than ki/4Q2 and the transverse momentum ki of the exchanged gluon is 

constant and much smaller than Q 2. The integration over the full kinematics of 

the pair production process reproduces the logarithmic corrections to the virtual 

photo-absorption cross sections usually associated with the evolution of the singlet 

structure functions. 

The transverse size of the quark pair can be identified with the average impact 

parameter p. In particular, we show that the transverse size of the pair grows as the 

l&&itudinal momentum fraction cy of the quark decreases. In the case of spin-less - 

quarks the virtual photo-absorption cross section for scalar photons logarithmically 
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dominates the cross section for photons with transverse polarization. Similarly, we 

also find that the transverse size of the quark pair is logarithmically larger in the 

scalar polarization case, in agreement with geometric considerations. 

The Ioffe time ~1, which gives the coherence length of the pair production 

process in the target rest frame, can also be computed explicitly in the pair pro- 

~duction model. As discussed in section 4, the Ioffe time is approximately equal 

to the inverse of the longitudinal momentum transfer of the exchanged gluon; its 

magnitude also reflects the size of the invariant mass of the pair. In general, ~1 is 

proportional to l/xbj. Remarkably, as we show in section 4, the constant of pro- 

portionality depends on the virtual photon polarization; e.g., in the case of spinless 

quarks TS/~- = &, averaging over all kinematic variables. In the partop model 

region, where (Y is small, 7~ + 0 corresponding to zero longitudinal coherence 

whereas TsXbjM is finite, reflecting the fact that there are long-range contributions 

to the scalar cross section only. 

As noted in the introduction, the ability to control the Ioffe time by changing 

xbj or the photon polarization allows one to use the nucleus as an instrument to 

probe quark-nucleon interactions. It is clearly important to study shadowing and 

anti-shadowing and nuclear modifications of jet hadronization, energy loss, and 

transverse smearing as a function of photon polarization as well as Xbje 
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APPENDIX 

Calculation of Jdpp[l - Jo(pkl)]K,(p@)2. 

In the scalar virtual photon case, v = 0 in Eq. (3.11). Thus 

The expansions of Eq. (A.l) in the 2 kinematic regions i) ki 5 4p2 and ii) kt > 

4p2 are 

i); 
J 

dp~[l - Jo(ph)]~~o(pP)2 = $-$ 2 + o((g2), (A-2) 

ii); 
J ddl - Jo(Ph)]~~o(pP)2 = $g + o(g). 

I 
(A4 

In the transverse virtual photon case, v = 1 in Eq. (3.11). This, as such, is 

ill-defined, as one of its I’ functions is,singular. The singularity, though, cancels 

between the 2 terms of the integrand. Thus to extract the finite residue we set 

v = 1 - e and take the limit for c that goes to 0 at the end. Using the expansion 

IT(E) = f - y + O(c) 

where y is the Euler-Mascheroni constant, we obtain 
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I 

Expanding Eq. (A.4) in the regions i) kt 5 4p2 and ii) kt > 4p2, we obtain 

i>; J dw[l - Jo(/W]W~P)2 = j$& 2 + o((g2), (A.5) 
ii); J k2 

dw[l - Jo(M]W@)2 = $&(-$) + k] + O(g). (A-f-9 
I 

Substituting Eqs. (A.2) and (A.3) in the scalar cross section, Eq. (3.9), and 

Eqs. (A.5) and (A.6) in the transverse cross section, Eq. (3.10)) yields Eq. (3.15) 

and (3.17)) and (3.16) and (3.18), respectively. 
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FIGURE CAPTIONS 

1) DIS in the infinite momentum frame. 

2) Time-ordered contributions to DIS in the target rest frame. 

3) Bethe-Heitler pair production processes in DIS. 

4) DIS in a nuclear target in the target rest frame. 
L I-. 

5) DIS in covariant perturbation theory. 

6) Photon exchange in the t-channel in the Coulomb-photon approximation, in 

time-ordered perturbation theory. 

7) Kinematic regions in the integral over the impact parameter. 

8) The curves show the leading-log contributions to the scalar and transverse 

photo-absorption cross sections Q2a from Table 1 at Xbj = 0.084. The circled 

.- (q s uared) dots represent Monte Carlo numerical integrations of the exact 

transverse (scalar) cross section. The curves and points are normalized to 

their respective values at Q2 = 76GeV 2. The size of the errors on the Monte 

Carlo integrations is about 10%. 

9) The horizontal lines are the leading-log predictions from Eq. (4.13) and 

(4.14) for th e s q uare root of the mean-square Ioffe time times XbjM. The 

circled (squared) dots represent Monte Carlo numerical integrations of the 

exact transverse (scalar) Ioffe time times XbjM, at Xbj" 0.084. The size of 

the errors on the Monte Carlo integrations is about 10%. 

10) The square root of the mean-square Ioffe time times XbjM is plot as function 

of o. The whole range of a is shown in Fig. a), whereas in Fig. b) the soft 

;<:I’ - quark region is resolved. As in Fig. 8, we take k, 21 2XbjM. 
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