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Resulting in Hadron Pair Emission 
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Based upon a recently published work in which a model for hadron pair 
production via virtual synchrotron radiation in uniform magnetic fields was 
introduced, an ansatz for calculating a s is presented. The resulting function is 
unique within the above-mentioned context. Along with a scheme introduced in 
which vector mesons arise by virtue of quark spin-flip with accompanying gluon 
emission, the crs function is used to successfully explain the observed hadronic 
widths of the p, ~h, and J mesons. In addition the hadronic and leptonic widths 
of the upsilon meson are calculated. Based upon gathered upsilon data, a charge 
on the b quark of (2e/3) is found to be consistent with the above model. Finally, 
the derived a s function is compared with results of gauge-theoretical calculations. 

1. I N T R O D U C T I O N  

In  a recent article (White,  1982a) a QED-based  model  for p roduc t ion  

of hadron  pairs (pions and  kaons)  via virtual  synchrot ron  rad ia t ion  (VSR) 
in un i fo rm magnet ic  fields was int roduced.  The calculat ion of had ron  pair  

p roduc t ion  rates involves an ad hoc incorpora t ion  of a Lorentz ampl i tude  
funct ion  where appropr ia te  to represent  the resonan t  con t r ibu t ion  at a given 
vector meson  mass. The n o n r e s o n a n t  con t r ibu t ion  to the hadron  pair  produc-  
t ion rates is provided by ord inary  virtual pho ton  media ted  matrix elements  
associated with no spin flip of the synchrot ron  electron in making  its 
t rans i t ion  from one Landau  level to another .  At the t ime of White 's  work 
(White, (1982a), only a few pre l iminary  results of  the VSR calculat ions  were 
available.  In  Section 2 we will view the results of  numer ica l  computer  
computa t ions  associated with ~r%r-, ~r~ ~ and  ~+/~ emiss ion in which 
the synchro t ron  electron makes t ransi t ions  to its g round  state. The init ial  
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states of the VSR electrons are picked to be principal quantum number 
n = 1, 1000, and 10 6, and for each state a wide range of initial energies is 
picked: from 1.00001m=+c 2 to 23 GeV = 165rn~+c 2, where rn=§ 2= charged 
pion rest energy = 139.57 MeV. 

In Section 3 the results of the above calculations are employed in 
conjunction with the QCD theoretical prediction regarding the ratio of the 
cross section (Gasiorowicz and Rosher, 1981) o-(e+e-)-)hadrons to 
o-(e+e -) -->/z+/z - to calculate as. Specifically, we make the correspondence 
between a cross section in colliding beams and a rate (),) of particle pair 
production in external fields, limit the hadronic production to pions and 
kaons, and Use the formula 

cr(e+e--> hadrons) A (hadron pairs) ( a s )  
o-(e+e--->/z+~ -) ~ A(muon pairs) ----3 i=, ~ q~ 1+-~ (1) 

where i denotes flavors and qi = ratio of quark charge to electron charge 
for each flavor [up (u): ql = 2 / 3 ;  down (d): q2= 1/3; strange (s): q 3 :  1/3). 

In Section 4 an ansatz based upon simple quantum mechanical prin- 
ciples generalized to incorporate gluon emission involving quark spin flip 
during hadronization is employed in order to describe vector mesons. We 
will find that the model presented not bnly is totally consistent with the 
previously ad hoc VSR methodology, but it also, when used in conjunction 
with the VSR-derived as function, accurately yields the hadronic widths of 
all of  the vector mesons. A case will then be made for the necessity of the 
b quark charge to be 2e/3. 

In the final section a comparison of  the VSR-as function is compared 
to same derived from consideratons of renormalization calculations within 
QCD gauge theories. We will find the functional forms for the two types 
of as functions to be identical but with differing coefficients. Implications 
of these findings will be discussed. 

2. NUMERICAL CALCULATION OF VSR HADRON PAIR 
PRODUCTION RATES 

In accord with previously presented techniques for calculating general 
VSR pair production rates involving electron-positron pairs (White, 1981), 
heavy lepton pairs (muons and tauons) (White, i982b), and hadron pairs 
[pions and kaons (White, 1982a)], rates of production of/z+/~ -, ~-~ ~ and 

+ - -  

~- ~- pairs have been numerically calculated by computer 2 for a large 
number of physical conditions, all of which correspond to the VSR electron 
(assumed to be moving initially in a transverse uniform magnetic field, H) 

2An IBM 4341 at University of Illinois, Chicago Circle Campus. 
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making  a t rans i t ion  to its g r o u n d  state,  i.e., the state with p r inc ipa l  q u a n t u m  
number ,  n s = 0. The ini t ia l  p r inc ipa l  quan tum numbers ,  n, p i cked  for  the  
e lec t ron  are  n = 1, 1000 (1 K),  and  10 6 (1 M) .  F o r  each  n, the range o f  
energies,  En, for  the e lec t ron  is chosen  to be  f rom very nea r  the 7r+~ - -  pa i r  
p r o d u c t i o n  th resho ld ,  viz., 1.00001 (2m=+c 2) ~ 279.14 MeV, to m a n y  t imes 
the  th re sho ld  energy,  viz., 82.38 (2m=+c 2) ~ 23 GeV. 

In terms o f  the q u a n t u m  mechan ica l  cr i t ical  field for  e lec t rons  (Ho 
4 .41•  muons  (Ho~,- - -1 .887•  and  p ions  (Ho~-~3 .293•  
1018 G) the  fo l lowing range  (Hrnin to  /-/max) o f  magne t i c  field values  for  each  
o f  the three  ini t ia l  q u a n t u m  numbers  of  the e lec t ron was emp loyed :  

F o r  n = 1, Hmi n = 1.50 • 105Ho = 3.50Ho~ = 2.01Ho= 
and  Hmax = 1.01 • 109Ho = 2.37 • 104Ho~ = 1.36 • 10aHoy. 

For  n = 1 K, Hmin = 150/-/o = 0.0035Ho~, = 0.0020Ho= 
and  Hmax = 1.01 • 106Ho = 23.68Ho~ = 13.57Ho=. 

Fo r  n = 1 M, Hmin= 0 .15Ho=  3.50 x 10-~ =2.01 • 10-6Ho~- 
and  Hm,x = 1013Ho = 0.0237Ho~, = 0.0136H0=. 

A l t h o u g h  the Hma x for  n = 1 is ra ther  exotic,  3 the  assoc ia ted  rad ia t ive  
cor rec t ions  to the  g r o u n d  state energy 4 even at this in tense field s t rength 
reaches  on ly  a relat ive magn i tude  o f  27%.  As the ca lcu la t ion  is done  in 
Born a p p r o x i m a t i o n ,  i.e., the emerging  pa i r  is t rea ted  as free, cor rec t ions  
due  to the b ind ing  o f  the  /~+k~- and the 7r+Tr - pa i r  to the magne t i c  field 
wou!d  seem to become  impor t an t  for  H ~> Ho~ and  H ~>/4o,, respect ively .  
Assuming  such cor rec t ions  to be on the o rde r  o f  (o~/~)[ln(H/Ho,)] 2 and  
(a/Tr)[ln(H/Ho=)] 2, as are  radia t ive  correc t ions  in the  in tense  field range,  
the  wors t  case (n = 1 ; m u o n  pa i r  p roduc t ion )  wou ld  yie ld  a re la t ive  correc-  
t ion on the o rde r  of  25%.  In any case the  re l iab i l i ty  o f  the ca lcu la t ion  for  
a pa r t i cu l a r  ini t ia l  e lec t ron  energy,  E,,  improves  with increas ing  n to the 
po in t  that  for  the  worst  case assoc ia ted  with  n = 1 M, viz., E ,  = 23 GeV and  
Hmax = 1013Ho, rad ia t ive  correc t ions  are  - -3% and  Hmax is much  less than  
bo th  Ho~, and  Ho=. In  add i t ion ,  apa r t  f rom rad ia t ive  correct ions ,  all ~-~176 
rates are va l id  since they  are  not  b o u n d  to H u p o n  emerging.  

In  Tables  I - I I I  are  some results of  the  numer ica l  ca lcula t ions ,  the  
to le rance  o f  same being  a p p r o x i m a t e l y  1%. The energy,  E,,  of  the  p r ima ry  
e lec t ron  and  the rat io  o f  E~ to 2m~+c 2 are l is ted a long with the  a s soc ia t ed  
rates o f  p roduc t i on  o f / ~ + / z - ,  cr~ ~ and 7r+~r - pairs ,  ~(~+~-),~.o , ~(~~176 , and  
Z(=+'-)  respect ively .  nO 

It is ev ident  f rom the 7r+Tr - results  tha t  near  th resho ld ,  where  
(E,/2rn~c 2) ---/3g = 1 + s~ with s~ << 1 and  i referr ing to a par t ic le  type  with 

3H ~ 102~ is expected upon theoretical grounds near instabilities on neutron stars. See Yu. 
Kovaleu (1980). 

4Relative radiative corrections go as (a/4zr)[ln(2H/Ho)] 2. 
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Table I 

(GeV) (El/2m~+c 2) (s -1) (s -I)  (s -I)  

0.27914 1.00001 4.95 • 1016 2.46 • 1014 1.42 • 107 
0.27917 1.0001 4.95 x 1016 2.48 x 1014 1.27 • 109 
0.27942 1.001 4.99 • 1016 2.63 • 1014 1.33 • 1011 
0.282 1.010 5.37 • 1016 4.49 • 1014 1.75 • 1013 
0.307 1.098 9.87 • 1016 5.64 • 1015 3.07 • 1015 
0.358 1.28 2.27 • 1017 3.79 • 1016 3.14 • 1016 
0.409 1.46 3.97 • 1017 9.80 • 1016 9.01 • 1016 
0.460 1.65 5.99 x 1017 1.82 x 1017 1.76 • 1017 
0.511 1.83 8.30 • 1017 2.87 • 1017 2.87 • 1017 

0.562 2.01 1.09 • 1018 4.11 • 1017 4.19 • 1017 

0.613 2.20 1.36 • 1018 5.50 • 1017 5.74 X 1017 

0.715 2.56 1.97 • 1018 8.69 X 1017 9.52 X 1017 

0.818 2.93 2.65 • 1018 1.24 • 10 TM 1.46 • 1018 
0.920 3.30 3.37 • 1018 1.64 • 1018 2.07 • 10 TM 

1.022 3.66 4.15 • 1018 2.08 x 10 TM 2.72 • 10 TM 

1.278 4.58 6.27 x 1018 3.30 • 10 TM 4.41 • 10 TM 

1.533 5.49 8.59 • 1018 4.67 x 10 TM 6.21 X 1018 

2.044 7.32 1.37 • 1019 7.74• 1018 1.01 X 1019 

2.555 9.15 1.93 • 1019 1.12 • 1019 1.42 x 1019 
5.110 18.31 5.19 • 1019 3.15 • 1019 3.78 X 1019 

10.22 36.61 1.28 • 1020 8.04 • 1019 9.28 • 1019 
23.00 82.38 3.46 • 1020 2.18 • 1020 2.46 • 1020 

n = i - ~  0 pair production r a t e s  

x(i) is approximately proportional to e~. mass mi, the corresponding rate, ,,.o, 
Consistent with this result is that 

A~oc [ln fli] 2 near threshold (2) 

In the region of asymptotically high energies, however, the rates go as 

h(~ cc/3i[ln/3i] for/3~ >> 1 (3) 

which is a result commensurate with the asymptotic behavior of VSR e+e -, 
/z+/z -, and ~'+~-- pair production rates (see White, 1982b). Empirical 
asymptotic formulas for /3~>> 1 have been found for the results of  the 
numerical calculations previously discussed. We find 

h(~+~-) ~ ( a / 3 ~ )  ln(E,,/2m~c2)h,,o for all n (4a) 

A~g~176 (2/3)(a/3zr)ln(E,,/2m,~oC2)hlo (4b) 

A(~~176 (l/2)(a/3r ln(En/2m~oc2)hno for n >> 1 (4c) 
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Table II 
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(GeV) (Etg/2m=+c z) (s -1) (s - l )  (s -1) 

0.27914 1.00001 1.02 • 1014 1.71 x 10 ~2 1.89 x 10 s 
0.27917 1.0001 1.02 x 1014 1,72 x 1012 1.72 X 107 
0.27942 1.001 1.02 X 10 ~a 1.80 X 1012 1.73 x 10 9 

0.282 1.010 1.08 • 10 ~4 2.74 x 1012 1.80 x 10 ~1 
0.307 1.098 1.66 X 1014 1.74 x 1013 1.15 • 1013 

0.358 1.28 3.05 X 1014 6.53 x 10 ~3 5.82 X 1013 
0.409 1.46 4.64 • 1014 1.27 x 1014 1.21 x 1014 
0.460 1.65 6.37 X 1014 1.97 X 1014 1.96 X 1014 
0.511 1.83 8.24 X 10 TM 2.76 X 1014 2.82 x 10 I4 
0.562 2.01 1.02 x 10 Is 3.60 X 1014 3.77 X 1014 

0.613 2.20 1.23 x 1015 4.50 x 1014 4.85 x 10 t4 
0.715 2.56 1.68 x 10 Is 6.44 x 1014 7.62 x 1014 
0.818 2.93 2.15 • 10 is 8.54 x 1014 1.20 x 1015 
0.920 3.30 2.66 x 10 Is 1.08 x 10 ~s 1.58 x 10 ~s 
1.022 3.66 3.19 x 10 is 1.32 • 10 is 1.91 x 10 Is 
1.278 4.58 4.61 x 1015 1.96 x 1015 2.72 • 10 is 
1.533 5.49 6.13 x 1015 2.65 x 10 is 3.58 x 1015 
2.044 7.32 9.45 • 10 is 4.17 x 10 ~s 5.42 x 10 ~s 
2.555 9.15 1.30 X 1016 5.83 X 10 ~s 7.39 X 1015 
5.110 18.31 3.35 X 1016 1.54 X 1016 1.84 X 1016 

10,22 36.61 8.08 • 1016 3.78 x 1016 4.36 x 1016 
23.00 82.38 2.13 x 1017 1.01 • 1017 1.14 • 1017 

n = 1 K ~ 0  pair production rates 

A ]g +=-) --> ( 2 / 3 ) ( o~ / 3~r )[ln( E . /  2 m : e  2) + 0 .62 ]A ,0 ( 4 d )  

A{"+=-) (1 /2)(a /3~)[ ln(E. /2m=+e2)+(3/5)]A.o  f o r  n >> 1 ( 4 e )  nO --9, 

I n  t h e  a b o v e  f o r m u l a s  A.o r e f e r s  t o  t h e  o r d i n a r y  s y n c h r o t r o n  r a d i a t i o n  

r a t e  f o r  t h e  c o r r e s p o n d i n g  e l e c t r o n  i n i t i a l  a n d  f i n a l  c o n d i t i o n s .  

3 .  T H E  C A L C U L A T I O N  O F  a ,  

I t  is  w e l l  k n o w n  f r o m  g a u g e  i n v a r i a n c e  t h e o r i e s  t h a t  t h e  r a t i o  o f  c r o s s  

s e c t i o n  f o r  h a d r o n  p r o d u c t i o n  f o r m  c o l l i d i n g  e + e  - b e a m s  [ o - ( e + e - - +  

h a d r o n s ) ]  t o  t h a t  o f  m u o n  p a i r  p r o d u c t i o n  [ o ' ( e + e - - - >  t z §  is  g i v e n  b y  

( s e e  G a s i o r o w i c z  a n d  R o s h e r ,  1981 ,  e q u a t i o n  (2 .10 ,  p .  9 6 3 )  

R = 2[1 + (~ , /~ - ) ]  (5) 
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Table III 

~ M  ~'+'~-~ ,~7~ ~ ,~Td~ "~ 1 M0 
(GeV) (El~/2m~+c 2) (s - l )  (s -1) (S - l )  

0.27914 1.00001 1.30 • 108 2.99 X 10 6 1.15 
0.27917 1.0001 1.30 • 108 3.01 x 106 1.03 X 10 2 

0.27942 1.001 1.32 x 10 s 3.17 x 106 8.82 • 103 
0.282 1.010 1.57 • 108 5.12 • 106 5.35 x 105 
0.307 1.098 6.57 • 10 s 7.48 X 10 7 5.04 • 10 7 

0.358 1.28 5.18 X 10 9 1.15 x 109 1.02 • 10 9 

0.409 1.46 2.03 x 101~ 5.67 X 10 9 5.40 X 10 9 

0.460 1.65 5.35 • 101~ 1.68 x 101~ 1.67 x 101~ 
0.511 1.83 1.10 • 1011 3.74 x 101~ 3.79 x 101~ 
0.562 2.01 1.93 x 1011 6.88 • 101~ 7.16 • 101~ 
0.613 2.20 3.02 x 101I 1.12 • 1011 1.19 x 1011 
0.715 2.56 5.94 • 10 I1 2.30 • 1011 2.71 • 1011 
0.818 2.93 9.68 x 1011 3.87 x 1011 5.39 • 1011 
0.920 3.30 1.41 x 1012 5.74 • 10 II 8.33 • 10 jl 
1.022 3.66 1.90x 1012 7.87 • 1011 1.13 • 1012 
1.278 4.58 3.28 x 1012 1.40 • 1012 1.93 • 1012 
1.533 5.49 4.82 x 1012 2.09 x 1012 2.80 x 1012 
2.044 7.32 8.17 • 1012 3.62 x 1012 4.68 x 1012 
2.555 9.15 1.18 • 1013 5.29 • 1012 6.67 • 10 I2 
5.110 18.31 3.22 X 1013 1.48 • 1013 1.77 • 1013 

10.22 36.61 7.88 X 1013 3.69 X 1013 4.25 X 1013 

23.00 82.38 2.08 x 1014 9.86 x 1013 1.11 x 1014 

n = 1 M ~ 0 pair production rates 

in  t h e  r e g i o n  o f  a s y m p t o t i c a l l y  h i g h  e n e r g i e s  a n d  in  t h e  a p p r o x i m a t i o n  t h a t  

t h e  m a s s e s  o f  t h e  m u o n s  a n d  h a d r o n s  a re  c o n s i d e r e d  as  i d e n t i c a l .  T h e  f a c t o r  

" 2 "  o n  t h e  r i g h t - h a n d  s ide  o f  e q u a t i o n  (5)  is c o n s i s t e n t  w i t h  l i m i t i n g  t h e  

f ina l  s t a t e  h a d r o n s  to  p i o n s  a n d  k a o n s ,  a n d  o~s, t h e  s t r o n g  c o u p l i n g  p a r a m e t e r ,  

is t r e a t e d  as  a f u n c t i o n  o f  ene rgy .  T h e  t e r m  " ( a j a r ) "  r e p r e s e n t s  t h e  first-  

o r d e r  g l u o n  e m i s s i o n  p r o c e s s  d u r i n g  h a d r o n i z a t i o n  o f  v a c u u m  q u a r k / a n t i -  

q u a r k  f o r m a t i o n  v i a  a v i r t u a l  p h o t o n .  S e c o n d -  a n d  h i g h e r - o r d e r  t e r m s  in  

o~s a re  t h o u g h t  to  b e c o m e  n e g l i g i b l e  in  t h e  h i g h - e n e r g y  r e g i m e .  

I n  o r d e r  to  c a l c u l a t e  as  f r o m  c o n s i d e r a t i o n s  o f  V S R  w e  s u b s t i t u t e  f o r  

t h e  e§  - v e r t i c e s  r e l e v a n t  in  e q u a t i o n  (5)  t h e  ee '  v e r t i c e s  i n v o l v i n g  V S R  

p r o d u c t i o n  o f  m u o n s ,  p i o n s ,  a n d  k a o n s  ( t h e  ee '  n o t a t i o n  s i g n i f y i n g  a p r i m a r y  

e l e c t r o n  in  i ts i n i t i a l  s t a t e  in  a u n i f o r m  m a g n e t i c  f ie ld  e m i t t i n g  a v i r t u a l  

p h o t o n  w h i l e  m a k i n g  a t r a n s i t i o n  to  i ts g r o u n d  s t a t e ) .  H e n c e  t h e  r a t i o  t a k e s  

t h e  f o r m  

A ( ~ r + ~  ) _ t _ l ( r c ~ 1 7 6  i ( K + K - ) _ L _ x ( K ~  ~ 
nO ~ I t  nO -[- ~t nO ~ I t  nO 

RVSR ----- ~ ( ~ , - )  (6)  
/ t n 0  
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which is then set equal to the right-hand side of  equation (5). We limit the 
VSR ratio to include only pion and kaon pairs for two principal reasons: 
First, the VSR model of  hadron pair production is universally descriptive 
of  nonresonant contributions to pion and  kaon pair production rates in 
general. The vector mesons associated with hadron pairs (p, 4~, J, Y) show 
up in VSR rate calculations as Lorentz amplitudes as a function of virtual 
photon energy to be incorporated in the virtual photon mass distribution 
which is then integrated over (see White, 1982a). Therefore, if all Lorentz 
amplitudes of  all the above vector mesons are incorporated in the VSR 
calculations, all hadronic states associated with hadron pairs in the final 
state are in fact included. Hence RvsR takes the form 

Rvsa - ' ' ~ ~  ~(~+~-) ~ 2  1+ (7) 
/~  n O  

and the ratio includes terms descriptive of  p, ~b, J, and Y formation. What 
has been neglected has been the consideration of the  formation of  VSR- 
compatible hadronic states eventuating in three or more pions or kaons in 
the final state, such as the w-meson which decays predominantly into 
~r+~r-~r ~ We are assuming that rates for producing yet additional hadrons 
(beyond a pair) are suppressed significantly relative to pair production 
rates. Since at least one additional photon to quark/ant iquark coupling 
would be required, the production rates for three or more hadrons would 
be of order a ~(137.036) -1 or less times the pair production rate under  
similar physical conditions. The latter statement constitutes the basic argu- 
ment behind the second reason for including only the rates for pion and 
kaon production via VSR in calculating RvsR. In actuality only the p-meson 
is included in what follows because compared to the p, the effects of  the 
4~, J, etc. have negligible influence on the evaluation of RvsR for the following 
reasons: The contribution to the VSR rate by a vector meson resonance is 
proportional to the area between the virtual photon mass distribution and 
the nonresonant  background of same (see White, 1982a). Hence, relative 
to the p, the contributions of  other vector mesons are proportional  to 
essentially the ratio of  their width (F~) to that of  the p (F o) and to the square 
of  charge of the type of quark making up the vector meson. 

For example, if we define ;t (V) to be the resonant contribution to the 
VSR rate (at very high energies) due to a vector meson of type V (i.e., 
V = p, 4~, J, etc.), we find 

A(4~) = A(p)(F~/Fp)q] (8a) 

where qs=s t range  quark charge= 1/3, F e - 4 M e V ,  and F o ~  150MeV. 
Inserting the appropriate numbers yields 

A (th) ~ (1/337)A (p) (8b) 
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For the J we obtain 

,~ ( J) ---- X (p )(r  j /ro)q~ (9a) 

where q~ = charm (c) quark charge = 1/3 and F(J)  - 0.060 MeV, yielding 

A(J) -~ (1/22500)A (p) (9b) 

Preliminary Y data suggests A ( Y ) <  A(J). 
Keeping in mind that in our defining equation for a ,  [equation (5)] 

the physical conditions must correspond to the asymptotically free region 
of high energies where the mass differences can be neglected, we must pick 
VSR conditions correspondingly. We therefore choose n ~ c~, in which case 
E,  -~ oo and H -> 0, and nf = 0, in which case all available initial energy goes 
into the hadronization process. In such limits the VSR and colliding beam 
situations are as similar as they can be. 

In order to minimize the effect of  mass differences in our calculation 
we will use equations (4a, c, e) but will renormalize the rates by dividing 
out the overall mass dependence factor scaling each of  the rates, viz., 
ln(E,/2rn~c2). In addition, owing to the negligible influence of the 4~ on the 
K K  description, we assume 

A(K*K-)~ rl /2)(a/3zr)  ln(E. /2mK.c z) for n >> 1 (10a) nO - - k  

and 

A(g*eo) ~ ( l / 2 ) ( a /3 r  ln(E,,/2mmc 2) for n >> 1 (10b) n 0  7 

thus making the renormalized r176 ~ K~163 ~ and K+K - rates identical. 
Denoting the renormalized rates by h (.~ we obtain for n ~ oo (E. ~ oo; H ~ 0): 

A( '+~'-)-  ( a / 3  zr)A.o (1 la) nO 

~ (Tr~ ~ __ ~ ( K ~ 1 7 6  ) ~ ( K + K  - ) .o - , , . o  = , , . o  = (1 /2) (a /3cr )h ,o  ( l l b )  

and 

[1 3 ]  (llc) .o 5 ln( .72m +c 2) 
We thus find 

RvsR----- (3/2) + 1/2{1 + (3/5)[ln(E,,/2rn~.*c2)] -'} (12) 

Setting RvsR equal to the right-hand side of  equation (5) yields 

3 /2+l /2{ l+(3 /5 ) [ ln (E , , / 2m~*c2) ] - l }~2 ( l+~)  (13a) 
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o r  

2 + ( 3 / l O ) [ l n ( E . / 2 m = + e 2 ) ]  - 1  ~ 2 + 2 c~.____~ (13b) 
"77" 

Solution of equation (13b) yields for as, 

o~s = ( 3 ~ / 2 0 ) [ l n (  E, /2rn~+c2)]  ' '  (14) 

The above result is quite compatible with experimental values of  as at the 
J energy (Gasiorowicz and Rosher, 1981 ; Close, 1979), viz., aslz.=3095 Mev---- 
0.20 in that equation (14) yields for E,  = 3095 MeV 

as =0.1959 (at the J energy) (15) 

We will find in the next section that when equation (14) is employed 
in conjunction with a simple quantum mechanical model involving quark 
gluon emission, the as function derived is very successful in explaining 
major properties of the vector mesons (p, ~b, J, and Y). 

4. A QUANTUM-MECHANICAL MODEL FOR VECTOR MESON 
CONTRIBUTIONS IN VSR: QUARK SPIN FLIP VIA GLUON 
EMISSION 

The Lorentz amplitudes for the vector mesons, 

5r - 4 ( q  2 2 (16) 
-q0)  +F~ 

where q -= virtual photon energy and qo ~- vector meson rest energy, become 
part of the VSR description of hadron pair production in a simple and 
natural way in terms of the following ansatz for the general process: 

During hadronization one of the quarks making up one of the pions 
(or kaons) in the pair production process flips its spin at certain preferred 
energies (the rest renergies of the vector mesons). In the spin flip process 
the associated quark emits a gluon whose energy is absorbed by the VSR 
virtual photon (YD). In this picture the gluon (G) couples directly to y~ 
with unit probability so that in terms of a formal QED description of the 
VSR process not involving vector mesons (nonresonant contribution), viz., 

Wo = f d4kIJ~[2g~ (17) 

where g~ = 1 for v = p and g~ = 1/9 for v = ~b or J, and where IJd 2 incorpor- 
ates the entire VSR nonresonant amplitude (see Ref. 1, equation 2.8), the 
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inclusion of vector mesons yields 

Wo+ I I d4kd4Q[J*[26(k-Q)g~5~ +cross  terms (18) W =  

where [j.[2 represents the VSR spin flip matrix elements, ~ d4k signifies 
summation over y~ indices, and ~ d4Q signifies summation over G indices 
(Q---gluon 4-wave vector). In equation (18) the term ~7~ arises from the 
gluon's natural line width by direct analogy to photon line widths associated 
with a given transition between two energy levels. (In most QED contexts, 
consideration of photon line widths is of  no consequence, but in the VSR 
context involving hadrons, it is the gluon line width which carries all the 
information regarding the as calculation.) 

As an independent check of the above ansatz (and of the as calculation 
as well), we borrow from QED the formal quantum mechanical description 
of a general photon emission process and make.the appropriate substitutions 
so as to be descriptive of  the gluon emission process alone (apart  from VSR 
considerations). Specifically, in all quantum systems in which natural decay 
occurs between an excited level and a grourld state level, the absorption 
cross section goes as 5 

o~(to) = ~-~ I Vl 2 ~(co) (19) 

where ~( to)  is a Lorentz amplitude with a peak at some co = coo and with 
a width F. The term I VI 2 represents the square of  the matrix element 
descriptive of  the photon-emission process, and the system has mass m. 

We may use equation (19) to predict the width of vector mesons 
"standing alone," i.e., after all nonresonant background events have been 
subtracted if we make the following substitutions to take us from a general 
QED process to a specific QCD process: 

(1) We substitute for the photon frequency co the gluon energy Qo. 
(2) We evaluate the right hand side of  equation (19) at a specific vector 

meson mass, rn~, i.e., Qo = m ~ rn~. Hence the associated Lorentz amplitude 
equals unity. 

(3) We require ] VI 2 be proportional to )~i (qi)4 where q~ -= quark charge 
magnitude (in units of  e) associated with the quarks comprising the relevant 
vector meson. 

The above criterion is consistent with a spin-spin interaction propor- 
tional to q2 giving rise to spin-flip transitions, and the sum is required only 
in the case of  the p, which is comprised of  both the u and d quarks. Hence, 

5See Merzbacher, 1970, p. 486. We choose to use the coefficient "a/2~-'" in equation (19). We 
do so without loss of generality since IV[ 2 is treated as an unknown constant in what follows. 
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we postula te  in the case of  the p, there are two spin-f l ip  contr ibut ions:  one 
due to a u~ interact ion involving a spin flip and  one due to a d d  interact ion 
involving same.  Hence  [VI20c 4 qu + q] for  the p. 

(4) We postula te  [VI 2 to be propor t iona l  only to Y,i (qi)4, i.e., 

where  I I~] 2 is a constant ,  i.e., the precise fo rm o f  the interact ion is universal  
to all vector  mesons  except  for  quark  charge differences. 

(5) We replace o~ by o~, as derived in Section 3. Hence,  for  each vector  
meson  width  calculat ion we employ  

=3~-  
c~,(V) ~ - ~ [ l n (  m~ l l - '  (21) 

\2m,~+/J  

Accordingly  we find in terms of  the above  ansatz 

Normal iz ing  to the p where  Y,~ (qi) 4=  17/81 we may  calculate ]r~12. 
Accordingly,  6 

F o = 152 M e V -  oq(p)[912 17 
2~- 8-1 (23) 

Since f rom equat ion (21), 

t~s(p) = 0.4626, (24) 

0.4626 - 2 17 
1 5 2 M e V =  2~r IV ~ -  (25) 

yielding 

117"12 = 9838 MeV 

Hence,  for  any vector  meson  we find 

where 1912 is given by equa t ion  (26). 

(26) 

(27) 

6All meson  data in equations (23)-(28d) are taken from the meson table listings of April 1976, 
published in the 58th edition of the Handbook of Chemistry and Physics, R. C. Weast, ed. 
(CRC Press, Cleveland, 1977), pp. F-270-272. 
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The test of the foregoing procedure consists of finding vector meson 
widths on the basis of equation (17) and comparing the results to experi- 
mental findings as to the hadronic widths involving hadron pairs as decay 
products. 

For the 4) we find from (27) 

r e  - ~(q~) ( mP] 3 [ 17"laq4, or (28a) 
2rr \me~ 

F~ _0.3637 (773 ~3 1 
2~r \1020] (9838) , yielding (28b) 

Fo = 3.06 MeV (28c) 

which is to be compared against the total KK width from experiment: 

F6(exp) = (3.3 :t: 0.3) MeV (28d) 

For the J we find from (4.12) 

F, 2~ \ m j }  I Vlaq4' or (29a) 

F, 0.1959 (773 ~3 1 
- 2~- \ 3 0 ~ !  (9838)--81, yielding (29b) 

Fj = 59 keV (29c) 

which is to be compared against the total hadronic width from experiment: 

Fj(exp) = (58 • 12) keV (29d) 

The charge of the b quark is not known with certainty at this time, nor 
is the upsilon width, while rudimentary knowledge of its leptonic width, 
Fv<,+e->, has been accumulated (see Gasiorowicz and Rosher, 1981; also, 
CRC Handbook, 63rd ed.), viz., Fu ~ 1.5 keV. Employing equation (27) 
and assuming qb = 1/3, we obtain [since %(Y) = 0.1338] 

Fvi = 1.4 keV-~ Fu (30) 

thus suggesting that qb = 1/3 is incorrect within the context of the present 
model. If  qb = 2/3, on the other hand, we obtain 

F y 2  : 23 keV (31 ) 

The associated leptonic width would then be 

Ot 
Fy~ ~176 -------~ Fy2 ~ 1.3 keV (32) 
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in fair agreement with experiment. On the strength of the success of the 
model as it pertains to the p, ~b, and J, we would therefore expect future 
experiments to show that qb =2 /3  and F y ~ 2 3  keV= hadronic width of 
the Y. 

In concluding this section we note that the VSR-a~ function found in 
Section 3 used in conjunction with the gluon emission model of the present 
section appears to be quite precise in its determination of hadronic widths 
of vector mesons and is quite possibly a useful tool in the determination 
of  the charge of the b quark and others beyond. In the next and last section 
we will view how the a, of equation (14) compares to as calculated from 
general QCD gauge invariance theories. 

5. COMPARISON OF THE as FUNCTION BASED UPON THE 
VSR-GLUON EMISSION MODEL (VSR-GEM) AND as BASED 
UPON GAUGE INVARIANCE THEORIES IN QCD 

Based upon a QCD calculation of vacuum polarization within the 
context of  gauge invariance theories the as function is given by [Gasiorowicz 
and Rosher, 1981, equation (2.9), p. 963] 

O~s(QCD) = 33_  2----- ~ In (33) 

where N = t o t a l  number of different quark types (flavors) and A is a 
parameter to be determined by experiment. As an outgrowth of the above 
calculation, there are now many scheme-dependent theories within QCD 
aimed at predicting the correct value of A. Most schemes place A in the 
range between 0.10 GeV and 0.50 GeV (Tung and Johnson, private com- 
munication). 

Based upon the VSR-GEM we find 

6"n" [ ln ( ~ )  ] - '  (34) a~(VSR) =~-~ 

We thus find a~(VSR) identical in form to a~(QCD) but with different 
coefficients of the reciprocal of the logarithmic function. Of interest is that 
in the VSR-GEM 2rn,~+c z takes the place of  the A parameter. As such, the 
VSR-GEM uniquely determines A, i.e., 

A(VSR) = 2m,~+c 2 - 0.28 GeV (35) 

a value which lies near the median of most of  the QCD theoretical predic- 
tions. 



214 White 

The above-mentioned coefficients, however, viz., 

and 

63T 
C ( Q C D ) -  - -  in QCD (36a) 

33 - 2 N  

677" 
C(VSR) = in VSR-GEM (36b) 

40 

are seriously discrepant. For N = 6 or 7, for example, 

C(QCD)  ~ 2C(VSR) (37) 

The one loop calculations used to derive equation (36a) (the factor 
"33" stemming f rom the gluon loop and the factor " 2 N "  stemming from 
the quark/ant iquark loop), however, are not trustworthy owing to the fact 
that as increases with decreasing energy (Gasiorowicz and Rosher, 1981, 
p. 963), Total agreement could be reached if, given that no modifications 
in the gluon loop calculation are necessary, the term " - 2 N "  in equation 
(36a) were replaced by " + N , "  in which case N = 7 would represent exact 
equivalence and N = 6  or 8 would represent choices possible within a 
reasonable margin of error (•  

What leads to the QCD determination of % is a renormalization scheme 
of quarks and gluons in analogy to the renormalization scheme of electrons 
and photons. Nevertheless, treating QCD as separate from QED and pro- 
ceeding by analogy leads to a free parameter  (A). Within VSR-GEM, leptons, 
hadrons, vector mesons, gluons, and quarks all exist within one unified 
structure. Since VSR is just a special case within QED, it is certainly possible 
to construct other Q E D - G E M  frameworks for other contexts. Whether all 
such constructions will yield a unique % ( Q E D ) =  %(VSR) is a matter of 
conjecture, but of  interest now is that it is simply not necessary to renormalize 
quarks and gluons within VSR-GEM. The latter statement follows because 
although a s ( V S R ) ~ c ~  at E. ~2m=+c 2 (from above), actual VSR rates for 
hadronic processes in this limit go to zero [recall equation (2)]. It may 
therefore be true that since QED is already renormalized, when quarks and 
gluons are included as they are in VSR-GEM, no further modifications are 
necessary. [Recall the 6 ( k - Q )  factor in equation (18) and that all quark 

charges  are expressed in units of e.] 
In closing we remark that the a,  iVSR) function [equation (34)] was 

derived in the limit of  E,  ~ oo, H ~ 0, and nf = 0, which corresponds com- 
pletely to the limit of  asymptotic freedom in QCD gauge theories. It is 
interesting to note that for n = 1, E~-~ oo, and n I = 0 which corresponds to 
the most severely constrained VSR situation possible for a given energy, 



Calculation of the Strong Coupling, as 215 

we find [see equation (4a, b, d)] an as-VSR function associated with n = 1 
and asymptotically high energies given by 

Hence 

(1) , r (  0.62 
as =-~ l +ln(Ei/2m +c2)] 

a~ ~) -~ zr/3 as El.-> oo. 

(38) 

(39) 

It is thus evident that as(VSR) is descriptive of asymptotic freedom 
only when n --> oo and E,  -> oo and that o~ n) approaches some finite constant 
An -< zr/3 for finite n in the limit of  infinite En. The physical implications 
of  the above result are that the widths of the vector mesons become greater 
with decreasing n in systems where hadronic VSR processes are taking 
place. The p width, for example, in the n = 1 case (neglecting radiative and 
binding corrections) would become 

Fp(1) ~ Fp(o~l)(p)/ot~(p)) (40a) 

o r  

1.6846 
Fp(1) ~ (152MeV)o .4626~554MeV (40b) 

or about 3.6 times la, ger than the result associated with asymptotic freedom. 
Such findings could be of  major import for theories concerned with hadronic 
processes on pulsars, but we will leave a detailed discussion of t~ n) to a 
future article. 
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