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1 . INTRO D U C T IO N  

T h e  p e r tu r b a tive  (PT)  a p p r o a c h  to  Q C D  jet physics is b a s e d  o n  th e  M o d ifie d  

L e a d i n g  L o g a r i th m ic A p p r o x i m a tio n  ( M L L A ) .’ In  a d d i tio n , th e  h y p o thes is  o f L o -  

cal  P a r to n - H a d r o n  Dual i ty  ( L P H D ) ,’ wh ich  is s u p p o r te d  by  e x p e r i m e n t, s u g g e s ts 

a  c lose c o r r e s p o n d e n c e  b e tween  th e  inclusive character ist ics o f h a d r o n  spect ra  a n d  

th o s e  ca lcu la ted by  m e a n s  o f P T  Q C D . T h  us, w h e n  c o m b i n e d  with L P H D , M L L A  

c a n  h o p e  to  descr ibe  th e  gross  fe a tu res  o f had ron i c  systems. 

U n til n o w  th e  m a in p h e n o m e n o l o g i c a l  successes o f th e  M L L A - L P H D  a p p r o a c h  

w e r e  c o n n e c te d  with th e  descr ip t ion o f th e  jets in  e + e -  annih i la t ion,  wi thout  d is-  

tinc t ion b e tween  th e  l ight a n d  heavy  p r imary  quarks  ( see  R e f. 2 ) . W e  p r e s e n t h e r e  

a  fe w  results, inc lud ing  th e  distr ibut ions o f mass ive  h a d r o n s . 

_  P r o m p te d  by  th e s e  successes,  a n d  th e  r e c e n t avai labi l i ty o f d a ta  o n  heavy  
-  -  

quarks  o n e  w o u l d  l ike to  c o m p a r e  th e  P T  predic t ions with th e  d a ta  o n  heavy  

q u a r k  e v e n ts. S o m e  P T  resul ts o n  th e  distr ibut ions in  th e  e v e n ts c o n ta in ing  heavy  

p a r ticles a r e  brief ly d iscussed h e r e  (see  fo r  d e tai ls R e fs. 3  a n d  4 ) . F inal ly  w e  

cons ider  s o m e  e ffects o f g l u o n  e m ission in  e + e -  - +  t? . 

=  
2 : M L L A  R E S U L T S  F O R  T H E  S P E C T R A  O F  M A S S IV E  P A R T IC L E S  

As  is s h o w n  in  R e fs. 2  a n d  5  to  a p p r o x i m a te  th e  distr ibut ions o f mass ive  

h a d r o n s  (I< , p , 7 , . . .) th e  p a r ton ic  fo r m u l a e  t runcated a t th e  di f ferent cutoff va lues  

Q o  (&oh)  >  4  c a n  b e  u s e d . O n e  c a n  e n c o d e  th e  M L L A  e ffects in  te rms  o f a  

fe w  analyt ical ly ca lcu la ted s h a p e  p a r a m e ters  by  m e a n s  o f th e  d is tor ted G a u s s i a n  

(l =  e ? $ 1 /z+ > , 6  =  (e -  <  e  > ) /a ) 5 ?  
--.. - .L _  
w. -  

D(t; Y , A )  =  t(g) e x p  $  k - f S S  - ; (2  +  k )b2  +  f s S 3  +  ; k S 4  1  . (1)  
2  
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H e r e  Y  =  e n  (E/Qo) ,  X  =  e n  ( & o /A ) , 2 E  =  W  th e  to ta l  c.m .s. e n e r g y . Re la tive  to  

th e  l ead ing  o r d e r , th e  M L L A  impl ies  th a t th e  p e a k  is shi f ted to  lower  x, n a r r o w e d , 

skewed  to w a r d s  h i g h e r  x, a n d  fla tte n e d , wi th tai ls th a t fal l  o ff m o r e  rap id ly  th a n  

a  G a u s s i a n , s e e  R e fs. 5  a n d  6 . 

M o tiva te d  by  th e  r e c e n t successes o f th e  M L L A , o n e  c a n  m a k e  predic t ions 

a t th e  ene rg ies  o f th e  Next  L i n e a r  Col l ider ,  s e e  R e f. 7 . F igu re  1  i l lustrates th e  
-.. *- 

expec ta tio n  fo r  th e  r* a n d  K * m e s o n s  a t E  =  1  T e V  to g e th e r  with th e  2 ’ results. 

1 6  I I I I I I I I 
_  h = lX ,M e V  

. .~  
. - - -  k T e V  ..-- 

-. -  
. . 

0  2  4  6  6  

: 
F igure  1. Distr ibut ion of the &  a n d  k* mesons  at E  =  45 .6  G e V  a n d  E  =  1  TeV.  T h e  

M L L A  curves cor respond  A  =  1 5 0  M e V , Q o ( m ~ )  =  2 5 0  M e V . 

In  R e f. 5  th e  analyt ic  p r o c e d u r e  fo r  calculat ions o f th e  fo u r  m o m e n ts e , E  (@ ) 

(k =  1 ,. . .4 )  o f th e  t runcated spec t rum is descr ibed.  In  p a r ticu la r  it is s h o w n  th a t 

stiffe n i n g  o f th e  distr ibut ion or ig ina t ing  f rom t runcated cascades  is W - i n d e p e n d e n t. 

T h e  m a in e ffect o f a  fin i te X  o n  th e  q u a n tity e m iLx is th e  a s y m p to tical ly constant  
..” 

& @ ft o f-th e  p e a k , s e e  Fig. 2 . This  fact c a n  b e  u s e d  to  m e a s u r e  e ffect ive & a  va lues  

by  c o m p a r a tive  stu d y  o f th e  e n e r g y  evo lu t ion  o f th e  p e a k  pos i t ion fo r  mass ive  

3  



hadrons. The study of the energy dependence of emax shows that in a wide range 

of W the slopes of the curves corresponding to different &a values are the same. 

8-92 Cl0 (GeV) 7239A3 

-~ - 
_ Figure 2. QO dependence of the maximum of MLLA truncated distribution.5 

As it was pointed out in Ref. 7 the prospective way of the experimental studies 

of the gluon jet could arise from the process yy + gg. This reaction provides a 

unique environment in which two gluon jets are produced in a colour singlet state 
.-- 

(the only counterpart to the celebrated e+e- + QQ). At large angles its cross 

section is lower, approximately by an order of magnitude, than the cross section of 

yy + q?j. This background could be substantially reduced by using the polarized 

yy facility to ensure that the colliding photons have the same hehcities. 
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3. QCD BREMMSTRA~LUNGINHEAVYQPRODUCTION 

The difference in many properties of hadronic jets produced by heavy quarks 

(excluding the products of their decays), from that of light quarks, originates from 

the restriction of the phase space available to gluon radiation associated with the 

effects of the quark mass MQ, see Refs. 3 and 4. One of the consequences of the 

‘21ppression of forward radiation is that the multiplicity of light hadrons accom- 

panying the heavy quark is less than the particle yield in a light quark jet at the 

same IV. 

Quantitatively, to MLLA accuracy, 

._ N.( fZ+e- + Q-e; W) = 
(2) -~ _~ a 

. _ N(e+e- -+ qq; IV) - N(e+e- -+ qQ; & * MQ) + O(CG(MG)N(MQ)) 

where N( e+e- -+ qij(Q&); W) is th e mean charged multiplicity in light (heavy) 

quark events. 

The difference She E ?ib - iie between the measured bottom and light quark 
.-- 

multiplicities can be written as 

6be = tik -ne(&&) . (3) 

The results for the existing measurements of &be are displayed in Fig. 3 (see Ref. 8 

for details). To the available accuracy, the results are seen to be independent of W, 
r- : .. .L 

rkmarked contrast to the steeply rising total multiplicity, and are thus consistent 

with the MLLA. 
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Figure 3. Energy dependence of total multiplicity (open points) and the multiplicity differ- 
ence &,l between b and light quark production (filled point).s 

-.- In RGf. 4 the inclusive energy distribution of a quark with mass hfQ produced 

in-e+e- + Qs has been derived 

1 

D;(XE; w, h!fQ) = J dj -j 
zxE exp o2 

’ J dz [zj-1 - 11 * W) 7 (44 
2MQ/W 

R(z) = G(4 E i( 
z(1 - z)W2 

l-z+-/ * xw(4 
= > 

- t (l- z)2Mi 
( .z * Xl&) 

> 

with 

XM(Z) = exp 1 22 1+9 1 ’ 

(4b) 

(44 

(44 
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and @c the standard q + q splitting function. Here y E Mi/W2 << 1 and 

v2 E 1 - 47. The characteristic function [ in Eq. (4b) is 

2 

t(Q2) = 1 
dtc2 a&c2) Q2 
TT-- 

75 i f!n .h 1\2 + const. (5) 

Equations (4) incorporate the standard LLA result at finite (1 - XE) N 1 and take 

,into full account effects of the Sudakov suppression at o,en2(1 - XE) N 1. The 

radiation factor (4b) embodies the exact first order result and, moreover, accounts 

for running coupling effect in O(cys) terms. 

It is important to notice that the PT distribution (4a) exhibits by itself the 

basic feature which one would expect to be due to hadronization. The very 

dependence of At on z in (4b) results in a peak in Do which appears at 
.-- 

(Jo- T) > A/fkfQ. The PT- - - 
controlled peak emerges provided the confinement scale 

/J is set not too high to affect A[. The corresponding condition reads 

{k:}min = (1 - +FL~)~@I > p2 , 
w2 IE 

A<p<A. - 
( > MA ’ (6) 

with 

K= [2exp(&) -l]~1~0.10forn~=3. 

The (1 - xpeak) value increases with W so that the PT-peak would sooner or 

later reveal itself and move away from dangerous non-PT region. This observation 

makes it worth trying to model fragmentation effects by choosing--p = A. 

In the heavy quark case the LPHD could pretend to describe the XE distribu- 

tions averaged over heavy-flavoured hadrons. Such a mixture naturally appears, 
e- 

&&; when studying inclusive hard leptons. Though the pure PT treatment might 

look rather naive, it at least is free from the problem of “double counting.” 

7 
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By  m o d ifying th e  coup l ing  o S (  Q ”) t o  m a k e  it f ree f rom th e  fo r m a l  s ingular i ty  

a t fin i te Q 2 , o n e  c a n  m a k e  th e  P T  a p p r o a c h  app l i cab le  d o w n  to  smal l  m o m e n ta ! 

W e  h a v e  d iscussed in  R e f. 4  th e  var ious  genera l i za t ions  o f th e  evo lu t ion  p a r a m e te r  

(5 )  a t k2  r S  A 2 . Fo r  e x a m p l e , o n e  c a n  regu la r i zed  ( Y , by  tak ing  

[(Q 2 )  =  i& & z  (g  +  C ’) $ 2 1  (7)  

which  wel l  p reserves  th e  l a r g e - Q 2  a s y m p to tics. W e  h a v e  checked  th a t th e  W - 

. . d e p e n d e n c e  o f ( X E )  as  wel l  as  th e  sca l ing v io lat ions in  th e  pos i t ion o f th e  p e a k  

tu r n  o u t to  b e  in f rared sta b l e . 

Exist ing e x p e r i m e n ta l  in format ion o n  ( X E )  fo r  D* m e s o n s  a n d  ( X E )  extracted 

f rom semi- lepton ic  c - a n d  b  decays,  w h e n  c o m p a r e d  to  E q s . (4),  resul ts in  

- -  A C 3 1  =  4 4 0  f 
. . (8)  

insensi t ive to  th e  p a r ticu la r  fo r m  o f th e  coup l ing .  A s s u m i n g  di f ferent a E ff s h a p e s  

( p =  l,... ,4  in  E q . (7) )  w e  fo u n d  th a t e a c h  o f th e m  c a n  b e  tu n e d  to  descr ibe  ( X E )  

o f c a n d  b  quarks.  Fo r  e x a m p l e , fo r  th e  sim p lest m o d e l in  wh ich  o S  is k e p t f rozen 

a t smal l  m o m e n ta , o n e  g e ts 
.-- 

g 3 m a x  =  0.22* y; >  {~ }“‘” =  ($1  l- [ Jl ; M  0 .1 4  (9 )  

a b o v e  th e  crit ical va lue  o n e  n e e d s  to  switch o n  th e  l ight  quark  c o n fin e m e n t m e c h -  

a n i s m . E m p irically o n e  observes  th a t th e  character ist ic in tegra l  

1  Gel /  

-- J &  @ ? b ’) w  0 .2  G e V  . 
% - --.- - .L w . -; 0  

tu rns  o u t to  b e  a  f i t - invariant q u a n tity. 

8  

(10)  



The pure PT prediction for the quark mean energy losses is given by the 

expression 

In the case of top quark production, the energy losses could be of practical 

importance for precise determination of the top quark parameters Mt, l?t in future 

experiments. 

To predict t-spectra an account of effects of gluon bremsstrahlung off the top 

at the “fragmentation” stage is necessary in addition to precise knowledge of ini- 

tial parton distributions and production cross sections. The non-PT effects are 

expected- to decrease linearly with kfQ and should be negligible for the case of the 

&$-while the PT bremsstrahlung is commonly believed to be small. . . 

To this end one may use the exact first order expression4 since the kinematics 

when multiple radiation should be taken into account seems unrealistic for the 

foreseeable future. In Fig. 4 numerical results are shown for Mt = 150 GeV 

together with the improved LLA formula, Eq. (11). 

As we see, relative losses start to exceed 3% already from Et/Mt 2 2. This 

means quite sizeable &sol&e energy loss of about 10 GeV for quark energy N 

300 GeV. 

As is well known, the large mass of the top quark leads to a large weak decay 

width rt. This, in turn, leads to the possibility of interference between radiation of 

4’10 soft gluons in top production and decay. In Ref. 10 the behaviour of the radiation 

$&tern js analyzed in order to determine under what circumstances sensitivity to 

the top width is obtained. Figure 5 illustrates the sensitivity of the distribution to 

9 
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8-92 W (GeV) 7239A5 

Figure 4. Top energy losses according to the exact first order formula4 with (r,(Mt) for 
Mt = 150GeV (solid) and the improved LLA Eq. 11 (dashed). 

W=iOOOGeV 
-~ - 

. . 

= 8-92 83 7239A7 

Figure 5. Soft gluon dist.ribution in e+e- - it.‘” the t and b are dt 90”. Mt = 140 GeV, 
W = 1 TeV, w = 5 GeV and rt as marked. 

rz for t’s and b’s of right angle. 

ACKNOWLEDGEMENTS 

_ -. ;$t is 6 pleasure for me to thank L. H. Orr, B. A. Schumm, W. J. Stirling, S. I. . 

Troyan and especially Yu. L. Dokshitzer for their fruitful collaboration. I would 

10 



- 

-  S - C  

also  l ike to  th a n k  th e  S L A C  Theory  G r o u p  fo r  the i r  hospital i ty. 

R E F E R E N C E S  

1 . Y u . L . Dokshi tzer,  V . A . K h o z e , A . H . M u e l ler a n d  S . I. T royan , Basics o f 

-.. *- P e r tu r b a tive  & C O , E d itio n s  F r o n tieres,  G if-sur-Yvette, F rance  ( 1 9 9 1 ) . 

. . 

2 . Y u . L . Dokshi tzer,  V . A . K h o z e  a n d  S . I. T royan , “P h e n o m e n o l o g y  o f th e  

P a r ticle S p e c tra in  Q C D  Jets in  a  M L L A ”, Zeit. Phys.  C 5 5 , p p . 1 0 7 - 1 1 4  

( 1 9 9 2 ) . 

3 . Y u . L . Dokshi tzer,  V . A . K h o z e  a n d  S . I. T royan , “P a r ticle S p e c tra in  L i g h t 

a n d  Heavy  Q u a r k  Jets,” J. P h y s  . : P a r t. Phys.  1 7 , p p . 1 4 8 1 - 1 4 9 2  ( 1 9 9 1 ) . 

- ;4,~ Y u . L . Doskhi tzer,  V . A . K h o z e  a n d  S . I. T royan , “Speci f ic  F e a tu res  o f Heavy  

.-- 

. . 
Q u a r k  P r o d u c tio n ”: I. L e a d i n g  Q u a r k s , L U  T P  9 2 - 1 0 ; II. L P H D  A p p r o a c h  

to  Heavy  P a r ticle S p e c tra, L U  T P  9 1 - 1 3  ( u n d e r  p r e p a r a tio n ) ; III. L i g h t 

H a d r o n  A c c o m p a n i m e n t, L U  T P  9 1 - 1 6  ( u n d e r  p r e p a r a tio n ) . 

5 . Y u . L . Dokshi tzer,  V . A . K h o z e  a n d  S . I. T royan , “Inc lus ive P a r ticle S p e c tra 

f rom Q C D  Cascades ,” In t. J. M o d . P h y s . A  7 , N  9 , p p . 1 8 7 5 - 1 9 0 5  ( 1 9 9 2 ) . 

6 . C . P . F o n g  a n d  B . R . W e b b e r , “H i g h e r - O r d e r  Q C D  Correc t ions to  H a d r o n  

E n e r g y  Distr ibut ions in  Jets,” Phys.  L e tt. B 2 2 9 , p p . 2 8 9 - 2 9 2  ( 1 9 8 9 ) . 

7 . V . A . K h o z e , “S e m isoft Q C D  Physics a t Next  L i n e a r  Col l iders,” p r e s e n te d  

a t th e  W o r k s h o p  o n  Physics with L i n e a r  Col l iders,  F in land,  S e p te m b e r  5 - 1 4 , 

1 9 9 1 . 
_  --  

lG -8 . B - .;A . S c h u m m  e t al., “M L L A  a n d  th e  A v e r a g e  C h a r g e d  M u ltiplicity o f 

E v e n ts C o n ta in ing  Heavy  Q u a r k s  in  e S e -  Annih i la t ion,” L B L - 3 2 7 2 5  ( 1 9 9 2 ) . 

1 1  



9. V. N. Gribov, “Possible Solution of the Problem of Quark Confinement,” _ 

LU TP 91-7 (1991). 

10. V. A. Khoze, W. J. Stirling and L. H. Orr, “Soft Gluon Radiation in 

e+e- + t?,” DTP/92/14 (1992). 

12 


