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Abstract We demonstrate tha t  l i g h t  quark masses may s l g n i f i c a n t l y  con- 
t r l b u t e  t o  the logar i thmic  scale breaking i n  deep i n e l a s t i c  e l e c t r o -  
magnetlc lepton-nucleon scat ter ing .  This i s  mainly due t o  the combi- 
na t i on  o f  scale var lab les  together w i t h  l a rge  "current" masses f o r  u 
and d quarks, recen t l y  reported i n  the l i t e r a t u r e .  We a l s o  est imate 
upper l i m i t s  f o r  cur rent  masses o f  u and d quarks, us ing p o s i  t i v i  t y  
proper t ies  o f  the forward electromagnetic s t ruc tu re  func t i on  F2 o f  the  
nuc l eon . 

1. INTRODUCTION 

I t i s  general l y bel ieved tha t  quantum chromodynamics (QCD) ' , 
based on the non-abel ian colour-gauge symmetry SU (31 ,  i s  t h e  f i e l d  

C 

theory o f  strong i n te rac t i ons .  I n  cont ras t  w i t h  abe l lan  gauge theor ies  

and o ther  f i e l d  theor ies  such as QCD i s  asymptotical l y  f r e e
2  

and 

poss ib ly  conf ines colour.  This proper ty  o f  co lour  conflnement, presum- 

ab ly  responsible f o r  the  absence o f  f r e e  quarks and gluons f rom t h e  

phys i ca l l y  observable spectra renders the theory d i f f i c u l t  t o  be tes ted  

exper imei i ta l ly .  Only a t  the kinematic region o f  h igh energy and momen- 

tum tran: j fer ,  pe r tu rba t i ve  ca l cu la t i ons  are  app l icab le .  L i t t l e  isknown 

about tht? long-d i stance nonperturbat ive  doma i n  o f  QCD. 

The common tes ts  o f  pe r tu rba t i ve  QCD are ( i )  the  logar i thmic  

breaklng o f  scale invar iance i n  deep i n e l a s t i c  lepton-nucleon s c a t -  

te r l ng ,  ( i  i )  product ion o f '  hadronic j e t s  w i t h  la rge t ransverse momenta 

i n  h igh energy nucleon-nucleon co l  l is ions,  ( i  i i )  r a d i a t i v e  cor rec t ions 
+ - 

i n  e e hadrons and Drel I-Yan processes and ( i v )  heavy p a r t i c l e  spec- 

troscopy. I n  the f i r s t  two cases, d i s t r l b u t i o n s  o f  quarks withinhadrons 

introduce: inaccuracles, espec ia l l y  f o r  low values o f  the  sca l ing  v a r i -  

ab le  x 3 .  Hadronic j e t  product ion i n  photon-photon i n t e r a c t  ion a l  ready 

considered i n  the 1 i t e r a t u r e 4  may provide r e l a t i v e l y  c lean tes ts  a t  
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LEP energies5.  I n  a  recent  work6, we have c a l l e d  a t t e n t i o n  t o  the 

importance o f  heavy quark masses i n  these processes, and t o  the  need 

f o r  t h e i r  i s o l a t i o n  before a  meaningful cor i f ron ta t lon  w i t h  QCD e s t i -  

mates may be c a r r i e d  ou t .  

I n  t h i s  work we analyse the in f luence o f  l i g h t  quark masses 

i n  deep i n e l a s t i c  processes c o n t r i b u t i n g  t o  scale breaking. We s h a l l  

see t h a t  these e f f e c t s ,  u s u a l l y  ignored, may be comparable t o  the  QCD 

co r rec t i ons  under c e r t a i n  clrcumstances. The non- neg  l i g i b l e  c o n t  r i - 
but ion  o f  l i g h t  quark masses i n  l oga r i t hm ic  scale breaking i s  due t o  

the combination o f  scale var iab les  and masses, appearing i n  eq. (3.18), 

together wi t h  l a r g e r  "current"  masses f o r  u and d q u a r k s ,  r e c e n t  l y 
7- 9  reported i n  l i t e r a t u r e  . On she l l  heavy quark con t r i bu t i ons  i n  nu- 

c leon ta rgets  are  n e g l i g i b l e .  

As we sha l l  show by eq. (3.18), t h i s  c o n t r i  b u t  i o n  d o e s n ' t  

depend on 1/Q2 terms, such as h igh- tw is t  arid k inemat ic scale breaking 

con t r i bu t i ons ;  hsnce, f o r  s u f f i c i e n t l y  h igh  Q2 v a l u e s ,  t h e  scale-  

-breaklng given by eq. (3.18) w i l l  surv ive  i n  comparison w i t h  these 

con t r i bu t i ons .  Because o f  t h i s ,  we bel ieve t h a t  l i g h t  q u a r k  masses 

provide an important co r rec t i on  not  inc luded i n  e a r l i e r  ca l cu la t i ons ,  

which must be taken i n t o  account i n  the  con f ron ta t i on  o f  QCD est imates 

and experiments. 

Our paper i s  organized as fo l l ows .  l n  sec.2 we d e t a i l t h e g e n -  

era1 formalism and present some d e f i n i t i o n s .  I n  sec.3 we ca r r y  out  the  

ca l cu la t i ons .  i n  sec t ion  4 we es t imate  upper l i m i t s  o f  rn and md. Sec- 
U 

 tio^ 5 contains some f i n a l  observat ions.  

2. QUARK-PARTON MODEL AND DEFINITIONS 
I 

The asymptotic freedom o f  QCD impl ies  t ha t  a t  the la rge mo- 

mentum t rans fe r  l i m i t ,  quarks are  f r e e  and the  na ive  quark-parton m d e l  

(QPM) should b e ~ a l i d * ' ' ~ .  Sincedynamics i s  s w i t c h e d- o f f  i n  t h i s  

l i m i t ,  any scale breaking has t o  be k inemat ic i n  o r i g i n N .  Th is  s e c -  

t i o n  introduces nota t ions  and d e f i n i t i o n s  t o  be used l a t e r  and a l s o  

shows how t o  inc lude quark masses i n  pe r tu rba t í ve  QCD est imates.  

Let  P,,b(x) be. the p r o b a b í l i t y  o f  f i n d i n g  a  par ton  (quark o r  

gluon) a o r i g i n a t i n g  f r o m a  given parton b ,  x being the f r a c t i o n  o f  

l o n g i t u d i n a l  momentum c a r r i e d  by b .  By the convo lu t ion  theorem, we can 



w r i t e  

L.et us apply t h i s  r e l a t i o n  

(2.1)s 

t o  the e l e ~ t r o m a ~ n e t i c  deep ine las-  

t l c  lepton nucleon s c a t t e r i n g  i n  the domain o f  v a l i d i t y  f o r  the QPM 

(see f ig.1) .  I n  t h i s  case PbIc(y) represents the probabi 1 i t y  o f  encoun- 

t e r i n g  a parton w i t h  momentum f r a c t i o n  y w i t h i n  the nucleon; we c a l  l 

t h i s  quan t i t y  q ( y ) .  P and P a re  re la ted  t o  the t r a n s i  t i o n  p r o b -  
a / ~  a/b 

a b i l i t i e s  f o r  the processes NY* + f and by* + f, respect ive ly ,  where 

f represents any f i n a l  s t a t e  parton and N the ta rge t  nucleon. Thus we 

have (see ref.1, E. Reya, Sec.6) 

- V i r t u a l  photon-nucleon 

i n t e r a c t i o n  i n  Parton Model, 
Fig. 1 

where IildtiY represents the squared matr i x  e1 ement averaged over the 

p o l a r l z a t i o n  s ta tes  o f  the inc ident  v i r t u a l  photon and the spins o f  t he  

ta rge t  nucleon and i s  g iven by 

5 Eq.(2.1) 1s on l y  co r rec t  3f a l l  th ree P func t ions have support between 

the values O and 1 i n  t h e l r  arguments. I n  the presence o f  t a r g e t  and 

quark masses, t h i s  i s  no longer the case. But, t he  mass terms i n  these 

var iab les  depend on 1/g2. For s u f f i c i e n t l y  h igh Q~ values we can con- 

s ider  the mass terms as negl i g i b l e ,  and the use o f  t h i s  e q u a t  i o n  i s 

j u s t i f i e d .  



The symbol C represents the average ove, Lhe i n i  t i a 1  s ta tes  o f  co lour  

and spins of inc ident  p a r t i c l e s ;  E ' S  a re  the p o l ~ a r i t a t i o n v e c t o r s o f t h e  

v i r t u a l  photon. p ,  q and pf are  spec i f i ed  i n  f i g u r e  1 and t h e i r  com- 

ponents a re  

pFi = (E,;) 

For the  t r a n s i t i o n  by* -+ f, we have 

where 

Subs t l t u t i ng  eq. (2.6) i n t o  eq. (2.5) and us ing eqs. (2.1)-(2.3) weobtain 

where W i  and W2 are  the nucleon electrornagnetic s t r u c t u r e  f u n c t i o n s ,  

def i ned by 

Here M i s  the rnass o f  the ta rge t  nucleon. 

Thus we recover the well-known r e s u l t  o f  QPM, t ha t  the nucleon 

s t r u c t u r e  func t ions  a re  func t ions  o f  x on l y  (sca le  invar iance) .  Using 

the usual d e f i n i t i o n s  



together w i th  re la t ions (2.7) and (2.8) we immediately r e c o v e r  t h e  

Cal lan-Grass r e l a t  lon12 

F2 (x) = 2xF1 (x) (2.13) 

3. COMPUTATION OF DYNAMICAL SCALE BREAKING 

QPM i s  the zero-order approximation i n  per turbat ive QCD. I n  

f i r s t  order approximatlon, the scale invariance i s  b roken  and such 

breaking provides information about the quark-gluon in teract ion.  Con- 

sider the simplest QCD correct ion due t o  gluon emission by quark which 

in teracts  w i th  the v i r t u a l  photon. Figure 2 defines t h i s  process. 

F i g . 2  - QCD correct ion t o  s c a l  l n g  due t o  g l u o n  

emission by the quark which in teracts  w i t h t he  v i r t u a l  

photon. 

W y  previous def in i t tons,  re la t ions  (2.1) g ive 

where E': and Fi ( 2 , ~ ~ )  are correct ions t o  F ,  (x) and F2 (x) def ined 

previously. Eq. (3.1) may be rewr i t ten  as13 
1 

f 



where t i s  the Mandelstam v a r i a b l e  (see f i g .2 ) ,  rn i s  the  s t ruck  quark 

mass and 

2 'V (4p'pv - M g  )oRuv 
F' = 
2 

(3.5) 
3~~  

The co r rec t i ons  F i  and F ;  are  ca lcu la ted by rep lac ing  E:&: t ha t  ap- 

pears i n  the r i g h t  hand s ide  o f  eq. (3.2) respec t i ve l y  by 

v - M2g'v 
P  P  and (4p'Pv - M ~ ~ " ) u  

3M2 3~  

Let us determine F l  . The quant i t y  I s  g iven by 
q l P 1 ~ 2 P 2  

The ind ices  o f  po la r i za t i ons  vectors e t c .  a re  spec i f i ed  i n  f igure3.The 

term Q i s  g iven by 
'V 

a=  42, .... 8 gluon 

Fig.3 - L o w e s t  o r d e r  

Feynman d i a g r a m  f o r  

gluon emlssion i n  e lec-  

tromagnet i c  deep i n- 

e l a s t i c  sca t te r i ng .  



The Mandelstam va r l ab les  i n  t h i s  case a r e  

2 
s = (pl + qJ2 = (p2 + q2 )  

t = (ql - P,)~ = (q2 - pJ2 

X 
and and a re  the p o l a r i r a t i o n  o f  the  gluons, a and b  being the  

co lour  indices.  We sha l l  use 

za 2b s ~ " ~ ~  
s p i n  

S u b s t i t u t i n g  eqs.b .7)  and (3.9) i n t o  eq. ( 3 . 6 ) ,  r e p l a c i n g  

E ~ E :  by (hpPpV- M ~ ~ ~ ~ ) u / ~ M ~ ,  and performing some o f  a lgeb ra i c  t r a n s -  

format ions we obta i n  



I n  the above r e l a t i o n  we have used p, = yp Q 

-s : 
Since x = 

&.q, 

S u b s t i t u t i n g  eq. (3.12) i n t o  eq. (3.10) we ob ta in  

The quant i  t y  rn which appears i n  eq. (3.10) i s  the masç o f  u and d (va l-  

ente quarks) . We have used p: = m 2  f o r  these quarks. For sea quarks we 

can not  do the  same. The usual paramet r iza t ion  p l  = y P  was used i n  

s u b s t i t u t i n g  P by p l / y  t o  o b t a i n  eq.(3.10), bu t  i n  no place we have 

used the  app rox i ra t i on  m2 y 2 ~ 2  v a l  l d  on l  y f o r  vaience quarks, when we 

do no t  consider t h e i r  t ransverse rnomenta Ins ide  the nucleon. 



Now, we subs t i t u te  eq. (3.13) i n t o  eq. (3.2) and i n teg ra te  over t i n  the 

range given by 

A non-vanishing v2 i s  introduced t o  parametrlse confinement effects.The 

non-appl l cab i  1 i t y  o f  Bloch-Nords ieck theorem I n  the i n f  rared region of 

Q C D ' ~  po in ts  t o  the necessi ty o f  i nc lus ion  o f  mnper tu rba t i ve  e f f e c t s  

( e f f e c t i v e  gluon mass a t  la rge distance scale) .  The magnitude o f  the 

c u t - o f f  parameter i s  chosen t o  be o f  the order o f  inverse hadronic size, 

i.e., v = 100 MeV should not  be too unreasonable. 

F i n a l l y  we ob ta in  
,1 



Using our assurnpt ions, -q: = &2 >> M ~ ,  m 2 ,  v 2 ,  we ob ta in  

At the la rge g 2  l i m i t  the  terms w i t h  power 1aw behavior i n  become non 

-1eading. I n  the usual p r e s c r l p t i o n  o f  s e t t i n g  m  = O one does not  have 

such terms. Because o f  conf inement the -' O 1 i m i  t i s  not  a l  lowed ( i n -  

deed u > m )  and the dorninant terms are 

We see tha t  when we take m
2 

-t 0, the terms w i  t h i n  square 



brackets tend t o  the usual r e ~ a t i o n ' ~  5 

L . i t t l e  i s  known t h e o r e t i c a l l y  about the  quark d i s t r i b u t i o n  i n -  

s ide  nucleon q ( y ) .  Considering t h a t  the  gluons c a r r y  approx imate l ly50% 

o f  nucleon rn~mentum'~, i t  i s  reasonable t o  assume t h a t  q (y )  must have a 

peak near y = 116 f o r  valence quarks. For example, t ak ing  y = 1/6 and 

x = y/2 we have x2 + Y2= .03 ,  a l i k e l y  value f o r  x 2  + y2. 

There i s  a controversy about the l i g h t  cu r ren t  quark masses i 

the l i t e r a t u r e .  Ear! i e r  works16, using cu r ren t  a lgebra,  g i v e  smal 

values f o r  u and d quarks masses, which are  near 4 and 8 MeV, respect 

i v e l y .  For such low values, the quark mass co r rec t i ons  are  i r r e l e v a n t i  

eq. (3.18). 

A set  o f  i n t e r e s t i n g  works, us ing  arguments o the r  than cu r ren t  

algebra, ob ta in  s u b s t a n t l a l l y  h igher values f o r  the l i g h t  cu r ren t  quark 

masses. For example, i n  ref .7,  the  i n e q u a l i t y  

m + md > 33 MeV 
U 

(3.20) 

i s  obtained. 

In  recent w o r k ~ ~ , ~ ,  using among o ther  t h i n g s  t h e  Sh i f rnan -  

-Vainshtein-Zakharov technique17 the f o l  lowing values f o r  the cu r ren t  

masses o f  the u and d quarks 

m = 12 MeV and md 22 MeV 
U (3.21) 

and 

5 Eq. (3.19) i s  c o r r e c t  f o r  z < l .  For z=1 we must inc lude h i g h  o r d e r  

diagrams, no t  considered i n  the present work, t ak ing  i n t o  account ver -  

tex  and self-mass cor rec t ions15.  The general r e s u l t  i s  

On t h e o t h s r  hand, z= I  mus t  g i v e  a v e r y  small c o n t r i b u t i o n  i n  eq. 

(3.18) because z= l  corresponds t o  x=y and t h i s  i s  very u n  l i k e  1 y t o  

occur. Although l i t t l e  i s  known about q ( y ) ,  i t  must be h i g h l y  suppressi- 

ve f o r  eq. (3.18). Then, the z=1 value i s  no t  important i n  t h i s  ana l ys i s  

and, because o f  t h i s ,  we d i d  not  consider the above mentioned h igh  order  

diagrams ir1 our ca l cu la t i ons .  



m ma - 250 MeV 
U 

are  obtained.  These r e l a t i v e l y  h igh  values f o r  cur rent  quarkmasseswere 

a mo t i va t i on  f o r  the present work.For example, wesee tha t  if m 6 0  MeV, the  

term 8r,12/~2 i s  approximately .03, which i s ,  as we observed before,  one 

o f  the best poss ib le  values o f  x2+y2.  

4. DETERMINATION OF UPPER LIMITS FOR CURRENT MASSES OF LIGHT QUARKS 

As we mentioned i n  the preceding sect ion,  the  cu r ren t  masses 

f o r  the l i g h t  quarks have been estimated by var ious  authors u s i n g  a 

number o f  methods and techniques. Now, us ing  eq. (3.18), we present a 

s ing le  way o f  es t imat ing  upper l i m i t s  f o r  m and ma, us ing  p o s i t i v i t y  
U 

prope r t i es  o f  the nucleon forward electroniagnet ic s t r u c t u r e  func t i on  F,. 

An i n t e r e s t i n g  consequence o f  eq.(3.18) f o l l ows  immediately as a conse- 

quence o f  F i  2 O. Slnce x2 + y 2  - 8rn, /~~ has t o  be p o s l t i v e ,  and as the 

range o f  i n t e g r a t i o n  i n  y l i e s  between x and 1 ,  x = O i s  incompat ib le 

w i t h  a non-vanishing value f o r  m 2 / ~ 2 .  

The cons t ra in t  o f  p o s i t i v i t y  o f  PL together w i t h  the minimum 

experimental values o f  x f o r  a g iven Q ~ "  y i e l d  upper l i m i t s  o f  the 

s t ruck  quark mass, which are  d i  splayed i n  t a b l e  1 .  Observing the data 

i n  t h i s  tab le ,  we see t h a t  the  upper mass l i m i t s  are,  on the whole,con- 

s i s t e n t  w i t h  the r e s u l t s  quoted i n  l i t e r a t u r e  f o r  the  cu r ren t  masses o f  

Table 1 - Upper l i m i t s  o f  the  l i g h t  quark 

masses from the p o s i t i v i t y  o f  F;(x,Q,). 

Q 
G ~ V ~  

4.50 

7.50 

9.00 

22.50 

40.00 

65.00 

-- 

m í n 

0.01000 

0.01900 

0.02500 

O.  03636 

0.12500 

O .  28570 

m 
MeV 

< 4.7 

5 8.9 

... < 12.0 

< 17.0 

2 59.0 

< 130.0 



the l i g h t  quarks, (w i t h  the except ion o f  t h a t  o f  r e f . 9 )  lead ing t o  eq. 

(3.22). Be t te r  determinat ion o f  these upper mass 1 i m i t s  c o u l  d be ob- 

ta ined i f  experiments were done t o  ob ta in  the  l e a s t  poss lb le  x value a t  

s u f f i c i e r i t l y  h igh  Q' values, so tha t  eq. (3.10) could be considered a 

goos approximation. 

5. CONCLUSION 

We have shown tha t  l i g h t  cu r ren t  quark masses lead t o . a  s i g -  

n i f i c a n t  influente i n  the usual c a l c u l a t i o n s  o f  p e r t u r b a t i v e  QCD. Our 

r e s u l t  i s  main ly  contained i n  eq. (3.18). The spec ia l  case o f  eq.(3.19), 

and the upper l i m i t s  f o r  cu r ren t  masses o f  quarks u and d which are, on 

the whole, cons is ten t  w i t h  the r e s u l t s  quoted i n  the l i t e r a t u r e ,  show 

an interna1 consistency o f  our ca l cu la t i ons .  
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Resumo 

Demonstramos que as massas de quarks leves podem c o n t r i b u i r  
s igni f icantemente para a quebra de escala l oga r i tm ica  no espalhamento 
lepton-nucleon profundamente i n e l ã s t i c o .  I s t o  é devido, pr incipalmente,  
à combinação de va r i áve i s  de escala com maiores va lores  das "massas de 
corrente"  dos quarks u e d, recentemente r e f e r i d o s  na l i t e r a t u r a .  Tam- 
bém estimamos l i m i t e s  super iores para as massas de cor rente  dos quarks 
u e d, usando as propriedades de posi t i v i dade  da função de es t ru tu ra  F ,  
do nucleon. 


