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PION A N D  NUCLEON S T R U C T U R E  AS PROBED IN THE REACTION 
~r±N ---+ p + p - X  AT 253 GeV 

Kirk T. McDonald 
Joseph Henry Laboratories, Princeton University, Princeton, NJ 08544 

Abstract 

New results are presented from Fermilab experiment E615, in which hadroproduction of 
muon pairs allows a determination of the quark structure of the initial-state hadrons in the 
context of a Drell-Yan model. 

• Comparision of muon-pair production by ~-+ and ~-- beams shows the cross-section ratio 
follows Drell-Yan model expectations, except for a dip in ~(r~+)/~(rr - )  near z,~ near 1. 

• The same data  are also used to extract the ratio of the sea to valence quark distributions 
in the nucleon, with improved accuracy for ZN < 0.1 compared to deep-inelastic neutrino 
scattering. 

• The Drell-Yan analysis of continuum muon-pair production has been extended down 
to a mass of 3.2 GeV/c 2 for the rr- data sample. This provides stronger evidence of 
a rise in the nucleon structure function for ZN < 0.06 compared to that extracted in 
deep-inelastic lepton scattering. 

• The issue is raised of the nonuniqueness of the definition of z,, and zlv used in the 
Drell-Yan analysis. A definition proposed by Soper has superior invariance properties 
to that commonly used. An analysis based on this definition yields generally similar 
results for the pion and nucleon structure function, compared to use of the common 
definition. However, the pion structure function shows a larger intercept at z,~ = 1 when 
the definition of Soper is used. 

Introduction 

The possibility of probing the structure of hadrons via the production of lepton pairs in 
hadronic collisions was first pointed out by DreU and Yan.q The weU-known hypothesis is 
that  the muon pair materializes from a virtual photon created in the annihilation of a quark 
from one initial hadron with an antiquark from the other hadron. This effect probes the 
quark structure of both the beam and target hadrons, and thereby allows a determination of 
the structure of any long-lived ha&on.  In a precursor to the present experiment, our group 
made the first measurement of the pion structure function. 2] 

Our previous experiment also provided evidence 3] that as the momentum of the annihi- 
lating antiquark in the pion approaches that of the pion (x¢ -~ 1), the virtual photon becomes 
longitudinally polarized. This result had been predicted by Berger and Brodsky, 41 in a QCD 
calculation that  takes note of nonzero transverse momentum of the constituent quarks. This 
calculation also predicted a nonzero intercept to the quark structure function of the pion at 
z,~ = 1, which effect could not be explored in our earlier experiment. 
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Fermilab experiment E615 s] was performed to explore the forward production of muon 
pairs in pion-nucleon collisions. The apparatus is sketched in fig. 1 and has been described 
in detail elsewhere. 61. Data  were collected with 80- and 253-GeV pion beams, and the main 
analyses to determine the hadron structure functions have been published. 7'81 The present 
paper is concerned with a recent analysis by J.G. tteinrich 91 of data from both 7r + and 7r- 
beams, and an analysis by the author of continuum muon-pair  production down to a mass of 
3.2 GeV/c  2. These new results are presented in secs. 1 and 2, respectively, and the Appendix 
reviews the interesting controversy over the definition of the kinematic x~riables used in the 
Drell-Yan analysis. 
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FIG. 1. The E 615 apparatus. 
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1. Compar i s ion  o f  Muon-Pair  Product ion  by 7r + and 7r- B eams  at 253 G eV 

In this comparison two physics issues can be addressed: 
• Is the continuum production of muon pairs consistent with the Drell-Yan model? 
• Then, accepting the validity of the Drell-Yan model, the ratio of the sea- to valence-quark 

distributions in the nucleon can be determined. 

Our 253-GeV pion beams were derived from interactions of an 800-GeV proton beam 
with a Be target. Because the pion flux was in excess of 10S/see the composition of the 'pion'  
beams was not directly measured, but inferred from measurements of a 400-GeV proton beam 
on a Be target, a°] 

Table I. Composition of the 253-GeV pions beams. 

Beam 7r K p 
Charge (%) (%) (%) 

- 92.8 ± 1.1 5.5 ± 0.1 1.7 i 0.1 
+ 53.8 ± 0.7 4.1 ± 0.1 42.1 ± 0.6 

In obtaining the cross section for muon-pair production by pions, we make a correction 
for production by kaons and protons using measurements by the NA3 collaboration la] for 
the latter two types of particles. The largest correction is for production by protons, which, 
however, dies out rapidly with z,~. The analysis is limited to the region z,~ > 0.36, and the 
cross section for muon-pair production by protons is 10% of that  by ~r + at z,~ = 0.36. (In 
this section we use the old definitions, (A4), of z,~ and ZN, as discussed in the Appendix.) 

To avoid contamination due to muon pairs from the decay of J / ¢ ,  ~,' and T resonances, 
only pairs with 4.05 < Mu+ u- < 8.55 GeV/c 2 were used in the analysis. 

Figure 2 shows the ratio of cross sections thus measured, where 

where 

To compare the observed 

o(~r- N ---* # + / l - X ) "  

ratio with the Drell-Yan model we use the relation 

+ 

+ ' 

1 

Here Z is the number of protons in the (tungsten) target nucleus, and A is the number of 
nucleons in the nucleus. 

The pion valence structure function, V,~, is taken from our determination of this from 
the  7r- data  alone, 8] while the pion sea function, S,~, can be neglected for x,~ > 0.36. The 
nucleon quark distributions are taken from the so-called second set of the complilation of 
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FIG. 2. The ratio of cross sections for muon-pai r  production by n + and n- beams  at 253 GeV as a 
funct ion of x~. The res t r ic t ions  on x N derive from cu t s  on the pa i r  m a s s  to avoid m u o n s  from 
re sonance  decay. The smooth  curves  are Drell-Yan model  predic t ions  us ing the pion s t ruc ture  
funct ion from analys is  of our  n- da ta  8] and  nucleon s t ruc ture  funct ions  from Duke Owens 12] 
(second set). 

Duke and  Owens .  12] Reca l l  t h a t  in t he  Dre l l -Yan  m o d e l  t he  r a t io  a(Tr + ) / t r ( T r - )  would  be 1/4  
if  we could  ignore  sea qua rks ,  and  if Z = A / 2 .  

On the  whole,  the  a g r e e m e n t  wi th  the  Dre l l -Yan  m o d e l  is excel lent ,  wi th  the  except ion  
of the  po in t  a t  z,~ = 0.96 which is a b o u t  2.5 s t a n d a r d  dev i a t i ons  below the  model .  

If  we accep t  fig. 2 as ev idence  t ha t  t he  Dre l l -Yan  m o d e l  appl ies  to t h a t  d a t a ,  we can 
e x t r a c t  the  p r o t o n  s ea -qua rk  d i s t r i b u t i o n ,  Sp. As  we wish to  avoid  the  use of p r o t o n  valence- 
q u a r k  d i s t r i b u t i o n s  m e a s u r e d  in o t h e r  e x p e r i m e n t s ,  we r e p o r t  only  t he  r a t io  

S , (  ~C N ) 

y ;  ( : ,,, ) + v ;  ( N ) 

O u r  d e t e r m i n a t i o n  of th is  r a t io  is p l o t t e d  as a func t ion  of XN in fig. 3. For  c o m p a : i s i o n  
the  e x p e r i m e n t a l  r esu l t s  of the  CDHS c o l l a b o r a t i o n  1~] a re  also shown;  t hey  s t u d i e d  deep- 
ine las t i c  s c a t t e r i n g  wi th  u ,  and  ~5, beams .  O u r  d a t a  p rov ide  an i m p r o v c d  m e a s u r e  of thc  
s ea -qua rk  d i s t r i b u t i o n  in the  region XN < 0.1. 
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FIG. 3. The rat io of the  s ea -qua rk  to the va lence-quark  d is t r ibut ion  in the proton. Our  resul ts  
were obtained with the cuts  4.05 < Mp41 < 8.55 GeV / c 2 and x u > 0.36. The triangles show the 

13] resul ts  from the CDHS collaboration and the curves are from EHLQ 14] and Duke-Owens 12] 
p a r a m e t r i z a t i o n s .  

2. A n a l y s i s  o f  t h e  ~- -  D a t a  for 3 .2 .  < M~,v < 8 .55  G e V / e  2. 

At the  comple t i on  of the  m a i n  s t r u c t u r e  func t ion  ana lyses  of  E615, 7'8] a p rovoca t ive  

f ea tu re  r e m a i n e d  in the  m e a s u r e d  nucleon s t ruc tu re  func t ion ,  as shown in fig. 4. At low 
values of XN,  the  nuc leon  s t ruc tu r e  func t ion  o b t a i n e d  in the  Dre l l -Yan  ana lys i s  rises above  
t ha t  found  in deep- ine las t i c  s ca t t e r ing .  Th is  t r end  is p o s s i b l y  seen in a n o t h e r  e x p e r i m e n t ,  
NA3 at  C E R N ,  ls] which shows an  effect a t  low XN at 150 Gev  (see fig. 4), and  at  200 GeV,  

bu t  not  a t  280 GeV.  
In ou r  ana lys i s ,  8] the  lower l imi t  of x x  = 0.04 was set  by the  r equ i r emen t  t h a t  M,~, > 4.05 

G e V / c  2, to avoid  c o n t a m i n a t i o n  f rom the d/~3 and  ¢ '  vec to r  mesons .  However ,  we have a 
large  s a m p l e  of m u o n  pa i rs  wi th  masses  e x t e n d i n g  to  be low 3.0 G e V / c  2 t ha t  could  shed l ight  
on the  low-xN issue if the  vec to r -meson  signal  were s u b t r a c t e d .  Here we give a p r e l i m i n a r y  
r epo r t  of  such an ana lys i s .  

T h e  new ana lys i s  also includes  two o t h e r  features :  
a No a t t e m p t  is m a d e  to correct  for Fermi  mo t ion  in the  nuc lea r  t a rge t ,  in confo rmi ty  

wi th  the  n o w - s t a n d a r d  p rac t i ce  in s t r u c t u r e - f u n c t i o n  ana lys i s  of  de e p - ine l a s t i c - s c a t t e r i ng  

e x p e r i m e n t s ;  
• T h e  ana lys i s  is m a d e  using b o t h  the  usual  def in i t ions  (A4) for x,~ and  x N ,  as well as 

the  f r a m e - i n d e p e n d e n t  def in i t ion  of Soper  (A7).  T h e  l a t t e r  is concep tua l ly  preferab le ,  as 
rev iewed in the  A p p e n d i x ,  and  should  make  some difference in the  ana lys i s  nea r  x~ -- 1. 



K.T. McDonald/Pion and nucleon structure t()9 

C_(XN! 

IO d 

i i 1 i i 

b 

o 

a 80 GeV/c T- E615 
+ 250 GeV/c Tr- E615 

I I [ I I 

0 . 0  x N 

FIG. 4. The nucleon structure function G- N ( x N ) as measured in ~- N --, g+ g- X at 80 71 150 15] 
and 253 8] GeV. The curve is from the Duke-Owens nucleon s t ructure  functions 12]. The three sets 
of measu red  points  have been normalized to the curve at  x N = 0.25. 

To s u b t r a c t  the  effect of the  vector  mesons ,  the  cross  sect ions  were b i n n e d  on a grid of 
z,~-zN. T h e  bin size in ~,~ was 0.02, and  the  b in  size for xN was 0.01 for ZN < 0.16 and 0.02 
for XN > 0.16. A c c o r d i n g  to (A3) ,  for a sl ice at  f ixed x,~, ZN is p r o p o r t i o n a l  to  M 2, which 
p e r m i t s  a r e sonance  s u b t r a c t i o n  to be m a d e  at  each slice of z,~. For  th is  the  X N bins were 
s u b d i v d e d  in to  sma l l e r  in te rva ls  whose w i d t h  c o r r e s p o n d e d  to a b o u t  50 M e V / c  2 in mass.  T h e  
s u b t r a c t i o n  was g r e a t e s t  a t  low x,~, and  was a lmos t  negi l igble  near  x ,  = 1 ( the  region which 
c o r r e s p o n d s  to  low ZN at a g iven mass) .  F i g u r e  5 gives an impres s ion  of the  qua l i ty  of the  
s u b t r a c t i o n  p r o c e d u r e  at  the  e x t r e m e s  of t he  region of ~ used in t he  ana lys i s .  

The  s u b t r a c t e d  cross sec t ions  were then  used  to  d e t e r m i n e  the  p ion  and  nuc leon  s t ruc tu re  
func t ions ,  us ing  the  p r o c e d u r e  de sc r ibed  in ref. 8. An  z,~-ZN bin  was used  on ly  if it was 
en t i r e ly  wi th in  the  specif ied m a s s  l imi ts .  T h e  l a t t e r  were  M < 8.55 G e V / c  2 a n d  M > 3.2, 
3.6, or  4.0 G e V / c  2. T h e r e  are  a b o u t  36,000 pa i r s  wi th  mass  above  4.0 G e V / c  2, and  70,000 
wi th  mass  above  3.2 G e V / c  2. 

T h e  p ion  valence s t r u c t u r e  func t ion ,  V,~(x~), was d e t e r m i n e d  in a fit to the  gr id  of cross 
sect ions  do' /dz ,~dxN a s s u m i n g  the  nucleon q u a r k  d i s t r i b u t i o n s  have  the  fo rm found  by the  
C C F R R  c o l l a b o r a t i o n ,  161 a n d  a s s u m i n g  Q C D  evo lu t ion  of  these  d i s t r i b u t i o n s  as p a r a m e t r i z e d  

by Buras  and  G a e m e r s J  7] Fo l lowing  the B e r g e r - B r o d s k y  mode l  4] the  p ion  s t r u c t u r e  funct ion 
was p a r a m e t r i z e d  as 

2z~ 
V . ( . . )  = .~ (1  - ~ . )~  + - ~ - -  

9M,2, 

An overa l l  n o r m a l i z a t i o n  fac tor ,  K ,  was left  as a p a r a m e t e r  so the  the  pion and  nucleon 
s t r u c t u r e  func t ions  could  be n o r m a l i z e d  to  1 when  i n t e r p r e t e d  as p r o b a b i l i t y  d i s t r i bu t i ons .  
{This requi res  an a s s u m p t i o n  as to  the  f r ac t ion  of the  p ion ' s  m o m e n t u m  ca r r i ed  by gluons,  
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FIG. 5. Il lustration of the J /  ~t and ~¢' resonance substract lon procedure at x~ = 0.21 and 0.99. 
The corrected c o n t i n u u m  signal for M 2 > 10.32 GeV 2 / c 4 was used in the s t ruc ture- funct ion  
de t e rmina t ion .  

taken to be 0.47.) Table II shows the resul ts  of the f i t t ing procedure  for three lower mass 
bounds ,  and  two defini t ions of the z,~. 

The  in tercept  3' of V,~ at x,~ = 1 appears  to grow more p ronounced  as the m i n i m u m - m a s s  
cut is lowered. The  use of the  f r a m e - i n d e p e n d e n t  def ini t ions (A7) also tends  to enhance  the 
in tercept ,  as was an t ic ipa ted .  In the Berger -Brodsky  model ,  p a r a m e t e r / 3  should be 2; the 
use of (A7) moves/3  in tha t  direct ion.  
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Table II. Parameters from the fit for the pion structure function. 

Minimum 
Mass 

( O e V / c  ~" ) 
3.2 3.6 4.0 3.2 3.6 4.0 

zi  (A4) (A4) (A4) (A7) (A7) (A7) 
Definition 

K 2.27 _ 0.01 2.48 ± 0.03 2.28 ± 0.04 2.07 ± 0.01 2.43 ± 0.03 2.02 ± 0.04 
a 0.54 + 0.01 0.49 ± 0.01 0.50 ± 0.01 0.62 ± 0.01 0.49 ± 0.01 0.58 ± 0.02 
fl 1.28 ± 0.01 1.27 ± 0.01 1.22 ± 0.02 1.47 ± 0.01 1.35 ± 0.01 1.39 ± 0.02 
7 1.49 ± 0.04 1.38 ± 0.05 1.09 d: 0.10 2.01 ± 0.02 1.84 ± 0.04 1.71 ± 0.05 

Another type of structure-function analysis is to project the cross section do'/dz,~dxN 

onto either the z,~ or ZN axis, using a functional form to integrate over the structure function 
of the variable thus suppressed (see ref. 8 for details). When projecting out the pion struc- 
ture function V,, we used the C C F R R  quark distributions 161 at Q2 = 27.7 GeV2/c 4. When 
projecting out the nucleon structure function GN we use the pion structure function as found 
in the fitting procedure just described. Results are shown in fig. 6 for various minimum-mass 
cuts, with the frame independent definition of the zi. 

The pion structure function, shown in fig. 6a, clearly appears to have a finite intercept 
at z,~ = 1. The increasing statistical evidence for this as the minimum-mass cut is lowered 
can be seen in Table II. 

Figure 6d indicates the nucleon structure function for a minimum-mass cut of 4.0 GeV/c 2, 
as used in our previous analysis. The sharp rise at very low ZN is evident. As the minimum- 
mass cut is lowered (figs. 6b-c) the rise becomes a broader structure. The low-zN effect 
seems unlikely to be a simple artifact of the mass cut, but its physical significance remains 
unclear. 

Appendix: The Battle of the z 's .  

Although the concept of the Drell-Yan analysis has been in existence for 18 years there 
remains a small controversy as to the proper definition of the kinematic variables to be used 
at finite laboratory energies. Here we review four possibilities presently under discussion: 

A. The commonly used definition of z~ and ZN; 
B. A frame-independent definition due to Soper; 
C. A light-cone-variable definition; 
D. A definition proposed by Berger which includes effects of the 'spectator '  quark in the 

beam pion. 

We wish to analyze the Drell-Yan reaction 

pl + p2 ----' M + X ,  

where M is the virtual photon which materializes as a muon pair; pl and p2 label the initial- 
state hadrons, and throughout this Appendix the particle labels are also taken to represent the 
particle 4-vectors. We think of this reaction as arising from the quark-ant±quark annihilation: 

ql + q2 --* M. (A1) 
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T h e  qua rk  4-vec tors  are r e l a t ed  to the  h a d r o n  4-vec tors  by the famous  z , ' s :  

qi = z i p i .  (A2) 

T h a t  is, z i  is a m e a s u r e  of the  f rac t ion  of the  m o m e n t u m  of the  p a r e n t  h a d r o n  t ha t  is ca r r ied  
by  a quark .  I t  is the  precise  def in i t ion  of t he  zi  t ha t  is in ques t ion .  

Now 
M r 2 2 

= ql + q2 + 2ql • q2 = XlX2(2p l  • p2), 

where  we suppose  t h a t  q~ = 0. Thus  we a r r ive  at  the  first  r e la t ion  among  the  xi:  

M 2 
z l z 2  - - -  (A3) 

2pl • P2 

Th i s  r e l a t ion  is e x p e c t e d  to  ho ld  so long as the  quark  masses  m a y  be t aken  as zero,  which is 
not  the  case as x,~ ~ 1 in the  B e r g e r - B r o d s k y  mode l .  4] 

A. T h e  C o m m o n l y  Used  Defini t ions .  

T h e  usua l  conven t ions  for the  xi der ive  f rom an e m p h a s i s  on  the  cen te r -o f -mass  f rame 
of the  col l id ing  h a d r o n s .  One in t roduces  t he  F e y n m a n - x  of the  m u o n  pair :  

~:F -- 

where  P~ is the  l o n g i t u d i n a l  m o m e n t u m  (a long  the  b e a m  axis)  of the  muon  pa i r  in the  center-  
of -mass  f r ame  of t he  in i t i a l  had rons .  T h e n  one supposes  t ha t  ZV is r e l a t ed  to the  quark  z~ 

by 

X F = X 1 - -X 2 . 

C o m b i n i n g  this  w i th  (A3) ,  and  a p p r o x i m a t i n g  

S = (Pl + P2)2 ~ 2pl  " p2, 

y ie lds  the  usua l  fo rm:  

+ z F  + , / z ~  + 4 M  2 / s  

xl,2 - - -  -2 (A4) 

A l t h o u g h  (A3)  a p p e a r s  in the  or ig ina l  p a p e r  of Drel l  a n d  Yan, ~] the  first p u b l i c a t i o n  of (A4) 
of which I a m  aware  was by F a r r a r )  8] O t h e r  ea r ly  def in i t ions  19'2°] a p p e a r  not  to have gone 

in to  genera l  use. 
In p rac t i ce ,  the  quark  xi m u s t  be r e l a t ed  to  qua n t i t i e s  in t he  l a b o r a t o r y  f rame.  In the  

ease of f i xed - t a rge t  e x p e r i m e n t s  the  form (A4)  has  a c onc e p tua l l y  u n p l e a s a n t  fea ture .  To see 
th is  we i n t r o d u c e  the  l a b o r a t o r y  four -vec to rs  

Pl ~ ( E I , 0 ,  O, E1)  

P2 = ( / 2 , 0 , 0 , 0 )  

M = ( E ,  PT,O,  PL) .  

( r e l a t iv i s t i c  beam) ;  

(f ixed t a rge t ) ;  (A5) 

W i t h  these  we have  PL = 7 P L  - T i l E '  where  7 = ( E l  + M 2 ) / v ' ~ ,  a n d  7/3 = E , / V ~ .  We m a y  
a p p r o x i m a t e  

PL ~" E - --M~" where  AI~ = M 2 + p2  (A6) 
2 E  T" 
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Then we find 
E Pg 

~' ~ E--~ - 2M~--E" 

Thus in the usual definition, the momentum fraction of a quark in hadron 1 depends on the 
mass of hadron 2. 

B. The Frame-Independend Definition of Soper. 

During the St. Croix Workshop in Oct. 1987, D. Soper proposed a definition which is a 
frame-independent version of that given in a paper by him. 21] 

The motivation is to accept (A3) as valid, and then to express the z, only in terms of the 
4-vector products pl " M, p2 " M and pl • p2 to maintain frame independence. If one imposes 
a requirement of the exchange symmetry z2(pa, P2) = za (Pc, Pl ), then the essentially unique 
definition is 

~ M 2 p2"M / M ~ p , . M  (A7) 
z,=- 2 p , ' p 2 p , ' M ;  z2~-V2~: -p2p2  M" 

On evaluating zl using the lab-frame 4-vectors (A5) we have 

E M  + P L  1 
Zl -- E1 I~IT 2E E1 2M 2 ] 

where we have used the approximation (A6). 
Soper's definition of za is free of any dependence on M2, and will typically take on a 

smaller numerical value than the usual definition (A4). 

C. A Light-Cone-Variable Definition. 

Another fact of fife in the laboratory is that  the muon pair emerges with nonzero trans- 
verse momentum. This is not necessarily consistent with the relation (A2), which implies 
that  the quarks have no transverse momentum. 

One way of dealing with the uncertainty in the origin of the muon-pair transverse mo- 
mentum is to require that the definition of the zi be invariant only under transformations 
which keep constant the value of the transverse momentum. The class of such transformation 
consists of boosts along the beam direction, and leads to the use of light-cone variables. 

Taking azds 3 as the beam axis, one defines the light-cone variables 

a + ~ ao -}-a3 and a -  ~ ao - a 3 ,  

for a 4-vector a = (ao,al,a2,az). Then for a boost along axis 3 described by the 4-vector 
b = (7, 0, 0, 7/3), the transformed components of a are just 

a '+ = b+a + and a ' -  =- b-a- .  

If hadron 1 moves along the + direction of axis 3, then a massless quark inside it would 
have q[ = 0, while a massless quark in hadron 2 would have q+ = 0. A natural way of 
implementing the relations (A2) in terms of hght-cone variables is 

q+ q~- 
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To express this in terms of measurable quantities, note that (A1) implies M + = q+ and 

M -  - q~-. Hence one might define 

M + M -  
;~1  - -  and z2 = (A8) + 

P~ p2- 

However, this definition is not consistent with (A3) for now we have 

z lz2  - (A9) 
B 

In principle, one might accept (A9) as a consequence of accomodating nonzero trans- 
verse momenta.  But in practice, (Ag) leads to severe difficulties in an analysis of muon-pair 
production at masses near to those of vector mesons, such as the J/~, or T,  which decay to 
muon pairs. While the vector mesons have a definite mass, they have a broad spectrum in 
MT,  which may overwhelm the Drell-Yan pairs. 

It is still consistent with the idea of invariance under boosts along axis 3 to define 

M + M M -  M 
and x2 = (A10) 

: ~ 1 -  p [  M T  p ;  M T '  

which restores (A3), and which could be implemented in practice. When evaluated in the lab 
frame using (A5), we have 

E M E + P L  ~ _  1 

E1 ~iT 2E  E1 2 M  2 

Hence there is no practical difference between the light-cone definition (A10) and the frame- 
independent definition (A7). 

D. A Definition Proposed by Berger. 

In the Berger-Brodsky model 4] the relation (A1) is replaced by 

pa + q2 ~ M + qf, (Al l )  

where qf is the final state of the spectator quark in hadron 1. E. Berger (private communi- 
cation) has suggested that ( A l l )  leads to the definition 

M + ~rtI- + q j  
zl -- and x2 - (A12) 

; ;  

On evaluating this with the lab-frame quantities (A5) he obtains 

E+PL Z--PL 
za - - -  and z 2 -  - -  + 

2E1 M2 2EaM2(1 - za)" 

For this, (A3) is replaced by x l x 2 s  = M~r + . . . ,  which makes Berger's definition difficult to 
implement for masses near that  of the J / ¢  meson. The definitions (A12) are wen-behaved 
in the sense that za does not depend on M2, but z2 takes on considerably larger numerical 
values than with any previous definition. 
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The def in i t ions  of the zi which are readily i m p l e m e n t e d  in pract ice are (A4), (AT), and 
(A10). Of these, the usua l  one, (A4), is somewhat  u n f o r t u n a t e ,  and  either (A7) or the near ly 
ident ica l  (A10) would be preferable in fu ture  analyses.  
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