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l . In troduction

The developoent of high energy physics during the last decade

was characterized by the rapidly increasing energies of particle

accelerators, thus allowing to study particle interactions at very

high center of mass (cms) energies and monjentum transfers. The

step to four LQumentum t ran s f e r 5, wh ich are large compared to the

nasses of the particles involved, l ead to a neu phenomtinologica l

model, the partort picture. 1-4
This mudel was strongly supported by

the observation of the " jet" phenomenon in Jeep inelastic inter-

actions.

At high momentum transfers one ubserves that the emitted

secondaries form bunclies with a preferred axis, the j t; t axis (it

is however difficult to give a general, model independent definition

of a "jet", we shall postpone this to a later chapter). The first

exptrJmental evidence for the existence of Jets,uriginated from

fragmenting partons,came independently from two reactions: in

electron-posi tron annihil ations at /s > 5 CeV the emitted

particles tend to occupy a cylindrical volume of phase spacet

the longitudinal extension of which is large compartd to its

diameter. The orientation of the cylinder, or jet axis, changes

randomly from event to event. Secondly, Jets have been observed

in proton-proton interactions at 1SR energies * . In a rare

type of events, a particle of large transverse nioinentura with respt:ct

to the btiam axis is produced. Such events h ad been predicteti

äs a consequence of a large-angle elastic scattering of partons.

A detailed analysis of the event structure revealed that these

events con ta in two bunclies of particles emitted at large angles,

oue of thera includes the high pA p a r t i c l e , while the second jet

opposite in azimuth compensates the transverse momentum of the

first one. ' The properties of Jets seen in these two types

of reactions turiiöd out tu be quite s i m i l a r 7)

1t seems aetonishing that the concept of Jets häs been introduced

so late, in spite of the fact that already in normal proton-proton

interactions the produoert secondaries are preferentially emitted

along the direction of the incoming protons, thus forming two Jets,

in today's langiidgä.



T h e r t in, l i o w e v e r , a u e s s e n t i a l d i f f e r e n c e : t h e J e t s seen i n

L L c o l l i s i o n s d n J in t i i g h i> L e v e n t a a r e , a t l e a s t on an e v e n t

t o e v e n t [ J . L . I I & , u . j t c o r r e l a t e d w i l h a n y u b v i o u s s y m m e t r y a x i s

oi ttiti process, l ike the d i r e c t i o n of the pr imary part icles .

S ince t h e y a r e p r o d u c e d b y l a r g e m o m e n t u m t r a n s f e r s , w h i c h

p r o b e d i s t a n c e s s m a l l c o m p a r e d t o t h e t y p i c a l h a d r o n r a d i i,

Diese J e t s a r e i n t i m a t l y r e l a t e d t o t h e p a r t o n s t r u c t u r e o f

l i a d r o n s .

T h e j e t s t r u c t u r e v i s i b l e i n n o r m a l h a d r o n - h a d r o n c o l l i e i o n s

does n u t e x h i b i t t hese p a r t i c u l a r f e a t u r e s . It cou ld b e e x p l a i n e d
l 2)

e,g. i» leruis of mu 1 1 i pe riphe ral models and in fact d i d not

yield too oiuch i n s i g h t into the dynamics and ayetematica of strong

inteiactiuiia. Only rucuiitly, and u s i D g the partoa picture SB a

u .. • . , ! » .. L , phyuicists ^tarted to aee theee pheaoniena äs a mani-

t'cstatiun of the parton sLructure of matter, and attempts to

describe ihe observed particle gpectra in terms of parton den-

sities äs measur^d in deep ine l a Stic lepton-hadron interactiona

werc made. ' Meanwliile, the productiou of jete resulting from

[hu fragneutation of colored parton Systems s&etas to be a

cumiuoit link between the various hadronic final states in normal

hadron-hadron interac t ions , in lepton induced reactiona, and in
15)ainiihilation reactionfl.

The aim of this work is to sutnmarize our preaent knowledge on

: L' i a as a universal phenomenon in high energy phyeics, and to

invealigate t h u Jy u a mies of J£t production and t ragmen t a t ion .

The paper is Etibdivided äs follows. In cliaptcr 2 the experi-

m c r i L a l i ti E o r nia t i on on J e t s f r o m e e a n n i h i la t i o n e is

T l i i t - t y p e o f J e t s i s r a t l i e r w e l l k n o w n f r o m b o t h t h e

ex j ' t r i i u e n ta l and the t h e o r e t i c a l s i d e , and i s u s e d äs a r e f e r e n c e

i L., i t u r t l n : ! d i B C U S s iori s . In c h a p t e r 3 we try to d e e c r i b e the

s t r n c t u r e uf J e t s b y s i m p l e l o n g i t u d i n a l phase space m u d e l S i a n d

th t i m p l i c a l i ons i m p o s e d by f o u r - m u m e n t um c o n s e r v a t i o n are

e i u d i e d . C h a p L e r A p r e s e n i s m o d e l s f o r J e t d e v e l o p r a e n t i n t e t m a

of t h e r j n a i - k - [ i a r ton l a n g u a g e ; the QCD c o t r e c t i o n e to the n a i v e

(jiia i k i i i o d u l are d i s c n s s e d in c h a p t e r 5. In c h a p t e r 6 we l eave

the "safe" ground of e e annihilatione, and investigate the

structure of the J e t s obeerved in lepton-hadron reactions and

in decays of bound Btates of heavy quarks. Hadron-hadrOD inter-

sctions at large momentum transfers are considered in chapter 7.

Phenomenological models for the fragmentation of the multiquark

&ystems involved will be compared to recent data. In chapter 8

extenaione of the quark-parton jet concept to hudronic inter-

actions at low raomentum tcansfers are studied. Finally a brief

eummary is given.

This work is intended to give an introductory review to the

phenomenon of Jets in hadronic final states, i t containe there-

fore q u i t t a lot of "old" phyeica, which seema to be relevant

for the underStanding of jets. Since the rnajor aim ia to discuss

physical concepts and modele, it has not been tried to give an

exhadative compilation of data and referencee, only thoee actually

used in the discussion are quoted. Me take this opportunity to

apologize to all ttio&e authors, whase iotportant contributions

to ttie field are not quoted because of ignorance or lack of space.



2 . .1 e t e in e e a n n i h i l a t i o n a

Ü b e n t he f i r a t e l e c t r o n - p o s i t r o n s t o r a g e rings in the GeV r ä n g e

caroe i n t o O p e r a t i o n , one of ehe s u r p r i s i n g r e s u l t s w a s t h a t oyer

a w i Je r ä n g e o t" e i m r g i e s t he r a t i o R of the h a d r o n i c c ros s

s e c l i o n to the L o t a l c ro s s s e c t i o n f o r nuon p a i r p r o d u c t i o n i s

a p p r o x i n a t e l y c u n s l a u t . T h i s I n p l i e s a p o i n t l i k e c o u p l i n g of

L h e v i r t u a l pho ton tu t he h a d r o n i c f i n a l s t a t e . A n a t u r a l

e x p l a n a t i o n ot t h i s p h e n o r o e n o n 1s g i v e n b y the q u a r k - p a r t o n

m o d e l : t h e v i r t u a l p l i o t o « c r e a t e a a q u a r k - a n t i q u a r k p a i r .

A c c o r d i n g t o th t p o s t u l a t e s o f t h e q u a r k m o d e l , these q u a r k s

i ' r a g m e n t i n t o o b s e r v a b l e l i a d r o n a w i t h u n i t p r o h a b i l i t y . Q u a r k

c r e a t i o n s a n d d e c a y ü a r e g o v e r u e d b y v i o l e n t l y d i f f e r e n t t ine

sca les a n d t h u s m a y b e t r e a t e d i n d e p e n d e n t l y . As t h e p h o t o n - q u a r k

coup l iog i ; , d e t e r m i n e d by tbe a q u a r e of the q u a r k c h a rge , one

0 b t a i n S in the u a i v e q u a r k i sude l

K = ---
a(e

e ^ - h a d r o n s )

« •* u n )
( 2 . n

quarka
above threehold

Tl i e s u m i s e x t ü i i d e d o v t ^ r a l l q u a r k spec i e s a b o v e t h r e s h o l d . In

i U s. S t a n d a r d raudel w i t h q u a r k ä c a r r y i n g a S U ( 3 ) color C h a r g e ,

R = { u u i u b e r üf t : o lo r s ) • Z q.

quark

3 E q.

qnark
f lavora

( 2 . 2 )

H i g h e r o r d e r c a l c u l a t i o n s u s i n g t h e f o r m a l i s m o f Q u a n t u m Chrorao
l H ^

D y n a m i c s t o d e s c r i b e t h e i n t e r a c t i o n b e t w e c n quarka s t r o n g l y

ü it p p o r L L h e s ü r c s u l t s ; c o r r e c t i o n s in the f i r e t o rde r of the
l 9 ^

' (0 ( 2 0 2 ) ) , U i g h e r ü r d e r

ime i
19)

s t r u i i ß c o u p l i n g c o u s t a u t a,, are s m a l l
2ü )

t u r r a s ' are n e g l i g i b l e c o r n p a r c d to the e x p e r imen ta l a c c u r a c y .

U i t h i n f i r s t o r d e r a p p r o x ima t ion , we ge t

R ( S ) - 3 E q . ( 1 + — + . - . )l n
l ight

quark flavors

3 E q . ( 1 + 7

heavy
quark f lavors

) v ( 2 . 3 )

w i t h

a n d

<i , i \ - ( l - 4 m / s )

, , it 3 + v , n 3f ( v ) , „ _ _ ( _ - _ -

( 2 . M

( 2 - 5 )

a is the square of the center of uiass energy. Since the four

momentutn of the virtual photon is tiraelike there are steps in
2

R at a - 4 m. due to the production of new heavy quark fl avor a .

Close to these threeholds the relative velocity of the quarks

ie small, and nonper turba t i ve effects like resonance forination

dominate, Therefore eqn (2.1) does not hold in the vicinitjr of

thresholda. In fig. 2.l the measured isalues of R are compared

with eqn (2.2), including the knoun thresholds for cliarmed, and

bottom quarks. As in all fullowing figures, contributions from

heavy lepton decays have been subtracted, resp. are irrelev.ant.

The approximate agreement of experimental data and thtory supports

the assumptiona that quarks dress into hadrons with unit pro-

bability, and that t h i s mechanism is sufficieutly soft not to

interfere with the hard production process.

In a soft fragmentation process, the final state hadrons are

expected to have small transverse momenta with respect to the

quark axis of flight. Noting furttier that the mean hadron

multiplicity in e e a an i h i l at ion s (fig. 2.2) ristiö slower than

the cmB energy

.} K / 4 1 1 / I n C F - J - M I H J I n C l

c h a r g e d 2 + 0 . 2 Ins + 0 . 1 8 ( I n s ) ( 2 . 6 )
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1 2 L|'H '
< - ) u , i n (- — L ) ' (2. 10)

or g e j i f . r d l i s a t i u n ü o f s p t i e r o c i t y

( 2 . 1 1 )

'i in; basic philosophy o£ this quantities is to use linear sume

of rooinenta. Äs in Uie high energy limit the decay producCs of

• • _ - cj . •-& tend to haue parallel momenta, quantities based on

linea r s um s are ratlier insansitive to resonance decaya resp.

Lo intrartd divergenciee due to bremsstralilung effecta.

Hodifications like eqn (2.11) give different weight to taile

of the px Distribution.

Furtlier cliistering i n v a r i a n t quantitiea are based on the
'l £. \y f l o u p e r s o l i d a n g l e , ' l i k e

m a x / -r— „dcos ö„ dcoaOcos9
(2 .12 )

w i t l i c o s O - p V ' f i / | [K | . The a x i s e is chosen to waximize the energy e.

Q u a n t i t i e s s i m i l a r L o ( 2 . 1 2 ) h a d a l r e a d y been i n t r o d u c e d i n

s t u d i e y o f J e t s p r o d u c e d i n n o r m a l h a d r o n - h a d r on in terac t ions

, A I | - i . . , ; H L e n e r g i e s , h o w e v e r , even C h e s e i n f r a r e d s a f e

q u a n t i t i e s a re cune i d e r a b l y i n f l u e n c e d by t i a d r o n i e a t i on e f f e c t s

. T h e r e f o r e , a n d to a v o i d c o n f u s i o n , we w i l l t ry to s t i ck

tu t he ' S t a n d a r d ' j e t m e a s u r e s a p h e r i c i t y and t h r u s t . A r o u g h

idaa of the q u a l i t y o f r ecous t ruc t iug the J e t ax is i s g i v e n

by f i g . 2 . 5 ; a L /s -10 f ieV the oiean a n g l e b e t w e e o the ax t s f o u n d

by m i n i n i i z i n g s p h e r i c i c y r e s p . max in i z ing t h r u a t is o f t he

u r d e i" i> f 1 5 .

l l

2

—

0.6

0.4

S
Z 0.2

0.0

1 1 1 t

" *
-

J
, * F . ,

0° 20" 03° 60° ̂ 80

Fig. 2.5

Distribution of the angle D betveea the thrust and the sphericity

axee at 9.4 GeV from PLUTOi0j.

Finally, another test quantity proposed recently 39)

worth to be meutioned: since therci ia no natural axis

defined for final atates in e e annihilations, it seems

necessary to have a set of observables characterizing the

shape of the event without refering to a speciric axis to be

optinized. Such a quantity is e.g. given by

THT
IQ - - l

(2. 13)

where the inner sutn runs over all final state particlee and

Y are the usual spherical barmonics. A coordinate system

has to be choosen to evaluate H , but the values of H are

independent of t h i s choise. Knergy-moraentum conservation requires

H = l i H, = 0o l

H , H ... d t s c r i b e the event configuration.

( 2 . 1 4 )
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2 . 6 ü l i o w a the i n e a n n i o u i e n t u m p a r a l l e l ( p„ ) and t t a n s v e r s

w i c h r t s p e c t t o t h e J e t a x i s f o u n d b y m a x i m i z i n g t h u u s L

=ö 
"

5h 
—

p e c t e d f o r J e t s , t h e m e a n t r a n s v e r s e m o m e n t u i a i s r o u g h l

e n d e n t of the J e t e n e r g y , a n d o f the same o r d e r of

x 
n«

4l 
U

<
 

-
-

t u d t as observed in h a d r o n - h a d r o n in t erac t ions . The

i c a l v a l u t s s h o u l d be t a k e n w i t h saroe ca re , h u w e v e r ,

•n
 

V
«

C
 

n

3
 

3

t h e y d c p e u d DU t he m e t h o d use i j t o de t i n t L ü e J e t a x i e .

n t r a s t l o t h a meaa t r a n s v e r s e m o m e n t u m , t h e mean l o n g i -

3) 
3

 
C

o 
w 

•-

a
 

1-1 
<.

o the se lec t ion o f the J e t a x i s , < p . , > w i l l a l w a y s be

t l y l a r g e r t h a n < p t ? . Tli i B s e l e c t i o n b i a s e h o u l d b e

,us t a t luw t i n e r g i u s , ur m u l t ip 1 i c i t ie s . The • d i f f e r e t i c i

: 
"

 
—

 ^
' 

=o 
3

1
 

4J 
•-*

 
U
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"= 
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2 . 2 I n c l u s i v t ; d i s t r i b u t i o n s

We s t a r t w i t h a b r i e f d e s c r i p t i o n o f ehe fo rnaÜBB for inclusive
4 2 , 4 3 )p r o d u c t i u n

e% -» h + x

The h a d r o n h is c l ia r a c te r i z e d by i ts m a ß e m and i t s f o u r m o m e n t u o i

P - ( E . p ) .

The v i r t u a l p h o t o n , äs seen in the rest S y s t e m of h , has transverse

and l o u g i t u i l i n a l p u l a r i a a t i o u c o m p o n e u t s . As a coiisequence the cross

s e c t i o n fo r h | > r u d n c t i o n i s d e s c r i b e d by two i n d e p e n d e n t s t r u c t u r e

f n n c t i o n e whe n summi ag over the Polar isa t ion states of h, e

aud ü . D e f i n i n g t l iese s t r u c t u r e f u n c t i o n e in dose a n a l o g y to

those u s e d i u d e e p i n e l a s t i c s c a t t e r i n g one o b t a i n s ( i n the nomen-
c l a t u r e used in r e f . k'i, F. and F~ are negative for 0 < x < I)

d o a , ^.h . l „h .
)

( 2 . 1 5 )

witli x "2E//a. The atructure functions F and F, depend on

£,s, and an the type af h. At high energies, wliece m is

negligible, the dimens i onless structure functions m n e t depend

only u n a täiuiensionless combination of E and s, since the theory

cnntaiiis no fucther mass scale. F and F, should therefore scale

in x . In C
K

Le J o v e r ii , one g e t a

du
dx.

(2 .16 )
E, E

In the i i u j i t E -> m, x can be replaced by x - 2|p|/ /s" in eqn
n

( 2 . 1 6 ) .

E x p t r i m e n t a l r e a u l t s f o r d a / d x a r e e h o w n i n f i g s . 2 . 8 a n d 2 . 9

for the e r i e r g y r ä n g e 3.0 i. /s S 7.4 and 5.0 S /i S 31.6 GeV

r e s p e c t i v l y j i n t t iu l o w e n e r g y tegion d a t a f r o m t h e S L A C - L B L44)

detector has been choaen ae a repräsentative sample, the high
24)

energy r e s u l t s come from ehe TASSO detector at PETRA - Except

Llie threüliold regiun x= 0(m//¥), and eventually eacept the very

lowest encrgy, all spectra scale in x within the accuracy uf the

lutiasurcmen La .

15

? 10

X
t)

b
-D

Fig. 2.9

Inclusive crosa aection a du/dx from DASP

TASSO . The cucves —(l-x) and —(1-x) shown for comparison

15) S L A C - L B L and

are normalized a t 0.2.
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Tbe for i».'l is m of den p i n e l a s t i c processee s u g g e s t s fürt li er

tlial for p a r t i c l e \> ro duc t i un via spin 1/2 p a r t o n s F and F.

a r ü r t l a L e d

F,'(x) - ̂  x rlju) (2.1 7 J

and pre d i c t s C l i e i r shape in the limit of very high enetgies

and for x dost Lo l

O-x ) ' ( 2 . 1 8 )

t ' i g . 2 . 9 s h o w s t ha L e q n . (2 . 18) g ive s a r e a s o n a b l e d e s c r i p t i o n

o t t l ie h i gb e n e r j jy da t a für 0 . 2 i. x L 0 , 7 w i t h n b e t w e e n 2 and 3.

A c t u a l l y , t o a c c o u n t f o r t h e r o u g h l y l o g a r i t h m i c r i se o f t h e

m e a n fflul t i p l i c i t y w i t l i /s, a(\n. ( 2 . 1 8 ) h a s been c o m p l e t e d to g ive

do l , , , .~ - ( l - x )
dx x ( 2 . 1 9 )

E q n . (2 . 15) t u r Cl ie r iuu re t u a k e e d e f i n i C e p r e d i c t i o n a for the

d t p e n d e u c e of d u / d x d f t on tlie p o l a r a n g l e t , . In the s ca l i ng

l i m i t \ m, l/s, o n e g e L s fo r h a d r o n p r o d u c t i o u v ia a p i n 1 / 2

q u d r k s , u s i i i ß e q n ( 2 . 1 7 )

d u 2„-- - l + cos 0
dii

. . • - , . . . . , f ü r s p i i i o q u a r k s

V . ( E , s ) = o

aiui
do
dn

( 2 . 2 0 )

( 2 . 2 1 )

. 2s l n i

T l i u u b i i a l uay Co p r e s e n t e x p o r iinc nLa l r t :•, u l t s on a n g u l a r

d i s c r i b u t i o n s i s to f i t L l i e d a t a b y

da
dii

- l •* a i:us (2.22)

17

0 0.2 0.4 0.6 0.8 1.0

Fig. 2.10 "ZP/Ec.r,

Observed incLuaive a vs. K of the particlea in hadronic evtnLs

at /s • 7.4 GeV. The prediction of a jet model using a

- l ia represented by the abaded band.
qua rk

Fig. 2.10 sbowa a äs a functioa of x measured at /s »

7.4 GeV by the SLAC-LBL coLlaboration. As expected, a

ia cooipatible with l for fast (|p| » m) parLiclts. At low

x, a drops to 0 because tböse particles carry a t u a J l fraction

of the i n i t i a l quarks raomentum; their momenta are

determined by the final stage of hadronisation and thurefore

are distributed isotropically. Alternativly, the direction of the

primary source of a jet can be reconstructed e.g. by the thrust

axis. Fig. 2.1) shows the distribution of the thrust axis äs

measured at /s - 7.7, 9.4, and 30 GeV. All are in good agreüinent
2

with l+cos 6, although the statistics is too low to enable

a detecmination of a. Figs. 2.10 and 2 . 1 1 suppoct the

picture of hadron production by quark fragmentation. They show,

tbat the virtual photon does not couple directly to mesons of

integer spin, uh ich dominate the final state. lustead thure

must be an intermediate spin 1/2 particle!
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40)
and

F i g . 2 . 1 1

A n t u l a r d i ä t r i b u L i o n of the jet ax i s at /s~ - ? • ? . 9 . 4
24 ) 2

30 Ge V . Tl ie c u r v e a r e p r e s e n t the f u n c t i o n 1 + c ö a 6 normal i z e d

Lo Lliü da ta .

:-'or f u r t l t e r s L u d i e ü , and to enab le a c o m p a r i e o n w i t h the j e t f i

o b s e r v ä d in h a d r o i t - l t a d r o n c o l l i s i u u s , ii ia c o n v e n i e n t to use

q u a n t i l i e s re ter r ing to t l ie J e t ax i s , l i k e the r a p i d i ty y - 1 / 2 *

In ( ( E + p„ ) / ( E - p , , ) ) , or L h e t r a n a v e r s e roomen turn p t . These

q u a n t i t i e s a r e , of i : ou ree , s u m e w h a t s e n s i t i v e to the w a y the

j e t a x i s i s d e f l a ^ d , t h e i n f l u t n c e b e i n g s t r ä n g e s t for very s law

( j p | - 0 (300 M e V ) ) and v c c y f a s t ( x -* 1 ) p a r t i c l e s .

r a p i d i t y D i s t r i b u t i o n per eve t i t , ( l /a ) ( d o / d y ) ,

de tec tors , with reapect

t i> cliii a j i l i e r i c i L y (Sl .AC-LBl , ) and Clicust axia ( T A S S O ) . For the

SLAC-I .bl , d a t a . a t a a L p a r t i c l e (x > . 3 ) in one of the j e t B .' s

r t i q u e s L t i d i n o r J e r to a l l o u a r e l i a b l e de t e r m i n a t ion of a J e t

a x i s a l r ^ a d y u L e n c r g i e s äs Low aa 5 G e V . The d e n s i t y ehown

i s i w i c e t h e d c n s i t y o b s e r v e d in the heniaphere oppoaite to the

f a s t p a v t i c l e . A a s h a w n i n r e f . 2 2 , this m e t h o d i n t r o d u c e s

n e a r l y n o b l a s .

F i g . 2 . 1 2 t l i c w h

an m e a a u r e d by the S L A C - I . B L and TASSO
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Fig . 2 . 1 2

R a p i d i t y d i s t r i b u t i o n a for charged p a r t i c l e s a s s u m i n g m - m ,
f— 9 9 \ \d a t ^s - 4-8 , 7.4 and at 1 3 , 1 7 , 2 7 . 6 - 3 1 . 6 GeV .

The füll line shows the d i s t r i b u t i o n of secondaries in i n e l a s t i c

pp i n t e r a c t i o n s at /ä - 3l GeV .

Y = 0.5 LoglE-FJI/IE-1* l

F i g . 2 . 1 3

R a p i d i t y d i a t r i b u t i o n s ( s a m e äs i n f i g . 2 . 1 2 ) p l o t t e d
l 2

V B y-y - y-=- ln(s / ra ) .
J max i
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T h e r a p i d i t y d i st r i b u L i o n s s t iow t h e f o l l o w i n g f e a t u r e s

- t h e l e n ß t h of t h e r a p i d i t y i n t e r v a l p o p u l a t e d increases

w i t h l« s

- a t l i i g t i e n e r g i e s , t h e r a p i d i t y d i a t r i b u t i o n d e v e l o p s a

p l a t e a u a ru und y * 0

~ Lins h t i i g h t of the p la t e a u aeeras to i n c r e a s e s l i g h t l y w i t h

i n c r e a s i ng eins c n u r g y .

F o r c o m p a r i s o n , t h e r a p i d i t y d i s tr ibut ion o b a e r v e d f o r m e s o n a

p r o d u c e d in p r o t o a - p r o t o n i n t e r a c t i o n e a t /B » 3 l GeV is

i n c l n d e d i n £ i g . 2 . 1 2 , i t i s i n s u r p r i s i n g l y good a g r e e m e n t

u i t h t h e h i g h e n e r g y T A S S O d a t a , t a k i n g in to a c c o u n t t h a t i n

p r o t o n - p r o t u n i n t e r a c t i o n a a s i z e a b l e f c a c t i o n o f ene rgy is

c a r r i e d u f f b y l e a d i n g n u c l e o n s s o t ha t a a f a r a a m e s o u

p r o d u c t i o n is c o i i c e r n e d , the pro ton-pro ton d a t a at /s m 31 GeV

s h o u l d be c o m p a r e d w i t h & e a n n i h i l a t Ions a t /•= I 5 * * > 2 0 G e V .

l i n ' i ^ a re i n d i c a t i o i i a t h a t t h e h e i g h t of t h e p l a t e . a u is

b l i g h L l y l a r g c r fo r t he e e - d a t a , f u r t h e r m o r e the d i a t r i b u t i o n s

a c i M n to d e v e l o p a h o l e at y = 0. At l e a a t the aecond e f f e c C is

p r u b a b l y d u e t u b i a s e s i n t r o d u c e d b y t h e d e f i n i c i o n o f t h e

J e t : : . ' . ] ; , .

T o L a » d i e t h e r a p i d i t y d i s t c i b u t i o n a t h i g h r a p i d i t i e s . t h e
2 4 7

p r i n o i p l e of l i m i c i n g f r a g i u e n t a t i o u ' h a s p roven to be

a u s e f u l c o n c e p t i n hadron-hadron i n t e r a c t i o n s . I t s t a t e a

t h a t t he r a p i d i t y d i s t r i b u t i o n i s c o m p o s e d o f a p r o j e c t i l e

r e a p . L a r g e t f r a g m e n t a L i ü n reg ion o f a L e n g t h o f 2 ' * - 3 u n i t s ,

and of a p l a 11: a u r e g i o n j u i n l n g the Cwo f r agme n t a t ion r e g i o n s .

Ab t he e n e r g y i n c r e a s e s , t he f r a g m e n t a t i on r e g i o n ie b o o s t e d

to h i g h e r r a p i d i t i e t i w i t h out c h a n g i n g i ta a h a p e , and the l eng t h

o f t h e p l a t e a u t n c r e a a e s ; t h e p r o p e r t i e s o f t h e p l a b e a u r e g i o n

d r e i n d c p o n d t n t u f t h e p r o j e c t i l e r e a p . t a r g e t p a r t i c l e ,

K i g . 2. 13 d e m o i i s t r a t e s t h a t these ideas aeem to work aa we l l

f ü r q u a r k j e t s : t l ie r a p i d i t y di s tr ib ut ion s a t v a r i o u s cma

e n e r g i e s r o u g h l y c o i n c i d e when p l o t t e d aa u f u n c t i o n o f y - y

|W

101

"3
>
O

«~ 10°
Q.
X)

t.
T3

Kl

S 101

10-'

f ' ' ' ' 1 ' ' ' ' | ' 1 ' 1 1 ' 1 1 1 ;

jB • 1-71 GtV SUC-IBL :

-% o 11-11 üeV , IAS50

" T. • ZI-1! OtV / (rtlimmüri
% PC -» l' • X U - 20 üeV

~ \
: *\ E
- \ :
: *\

?\x *\ K * :

*T\* r\ + î \.
* 1 =
N :

-i 1 1 1 1 i i i i i i . i i i r . . .
0 0.5 1.0 1.5 2 C

2 2
r, lUeWc) ISpfiiriotyl

i l

Fig. 2. U

Diatribution of tran&verse momenta uith respect to the

ephericity axia. ' ' The SLAC-LBL and the proton-proton data
are normalized arbitrarily.

u
> 0.6
0)

A 0.5
dT
V

0.4-

0.3
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0.1

EC H=7,7GeV

-

/̂ IH l
^-H 1

4-

- — pp -> n+ + x
ErM = 6.8 GeV

1 i Ui 1 , , ,

ECM,17GeV

.

1 " ""

\T ^v/T x
— PP -> n4 + x

ECM = 11 GEV

0.2 (U 0.6 0.8 1.0

X

0.2 0.4, 0.6 08 1.0

Fig. 2.15

SeaguLl p l o t <p^> vs x„ from charged t r a c k s , A I ) compared to

data from pro ton-pro ton interactiona a t /s" - 6.8 and 14 GeV
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F i g . 2 . 1 4 s l i o w s t h e d i s t r i b u t i o n o f t r a n s v e r s e m o i n e n t a a t
2 2 ^ ? L \ = 7 , /s - 1 3 - 1 7 and /s" .= 30 G e V . As a re ference ,

the p^ d i s L r i b u t ioii n f p i o n s p r o d u c e d in pr o ton-p r o ton c o l l i s i o n s

a t /s - 1 4 - 2 0 G e V i s a h o w n . T a k i n g in to a c c o u n t tha t , a t the

l o w e s t e n e r g y , t r a n s v c r e e m o m e n t a above l G e V / c a r e damped d u e

to energy and m o i n e n t u m con se rva t ion , all data in the ränge

ff, = 7 GeV to /s =20 GeV a g r e e . A g a i n there is no severe

d i f f e r e n c e b e t w c e n h a d r o n s p r o d u c e d i n p r o t o n - p r o t o n a n d i n

e l e c t r u n - p u s i t i u n c o l l i s i o n s , r e s p e c t i v l y . i i o w e v e r , t h e pL

d i s t r i b u t i o n at /s - 30 GeV developa a strong t a i l t o w a r d s h i g h e r
2 2P L a, s t a r t i n g a L p± * 0.5 GeV . T h e r e is no correepondent f e a t u r e

o b & e r v e d in pro t o n - p r o t o n i n t e r a c t i o n s ; in the pt ränge s t ü d i e d

here t he s l o p e o f t l ie pr d i s t r i b u t i o n is nearly i n d e p e n d e n t

of /s" for t^s > 1 5 G e V . We s h a l l re turn to this phenamens in

sec t ion 2 . 4 .

Tlie d e p e n d e n c e of the mean t r a n s v e r e e m o m e n t u m on x„ is

s h u w n i n f i g . 2 . 1 5 for two e n e r g i e s . Note that the shape

of L l i e s e c u r u e i s s e n s i t i v e to the way the J e t a x i a i s d e f i n e d ,

.sy a t e m a t i c c h a n g e s at l o w and h igh x„ may be äs l a i g e äs

2 l ) » * - 3 0 % . L i k e the cor r e s p o n d i ng pro ton-pro ton d a t a , the

d i ä t r i b u t i u n s e l io w a p r o n o u c e d e e a g u 11 e f f e c t at x„ c 0.

2.3 Flavor i:o[ii|>o!jition of the f i n a l s t a t e

In H., pteceeding sections we have shoun- that the hadronic

final s t a L e s in e e a n n i h i l a tions are d o m i n a t e d by two jet

Systems, whicli are in iu.ii.> r e s p e c t s s i m i l a r to the J e t s

o b s e r v e d in i n e l a s t i c hadron-hadron interactions. Let us now

turn to the flavor composition of these jets. Unfortunately ,

the b u l k of Jata on p a r t i c l e ratios in e e a n n i h i l a t i o n s

iö concen t ra ted at /s frotn 3 to 6 GeV, where effects due to

the charm thrushüld doiainate, and where heavy p a r t i c l e cross

s e c t i o n ü w i l l be far from t h e i r s c a l i n g l i m i t .

Tlie luain qucßtions to be i n v e s t i g a t e d are

- which particles dominate the final B t a t e , and how is the

cms energy d i s t r i b u t e d among the v a r i o u s species

23

- do p a r t i c l e r a t i o s c o n s e r v e i s o s p i n s y m m e t r y

- äs the photon couples proportional to Lhe quark cliarge

s q u a r e J , S U ( n ) f l a v o r s y m m e t r y should b e v i o l a t e d äs f a r

a a t h e a b s o l u t e m a g n i t u d e o f c r o s s a e c t i o n s i s c o n c e r n e d .

However b a s e d on SU (n) one e x p e c t s the s l ü p e o f ( d u / d x ) at

l a r g e x to be s i m i l a r for a l l f l a v o r s .

Fig . 2 . 1 6 s h o w a d o / d | p | a t /is froa 4 to 5 . 2 G e V f o t p i o n s ,
4 5 )

k a o n s , and p r o t o n s . C o n t r i b u t i ons f r o m t decays are not

eubtracted, b u t t l i e y a r e s m a L l . O b v i o u s l y , p ion p r o d u c t i o n

dooii na t e & ,

B e c a u a e o f charge c o n j u g a t i o n , p a r t i c l e s a n d t h e i r a n t i p a r t i c l e s

are p r o d u c e d a t i d e n t i c a l r a t e s . I sosp in s y m m e t r y p r e d i c t s

f ü r ther

( 2 . 2 3 )

a -t -
K ,K

a O :r(
K , K

( 2 .

etc. In fig. 2 . 1 7 the i n c l u s i v e n cross sectian is coupared

to the i crosa sectiona, at 4.9 - /s - 7.4 GeV.

Mithin the error l i m i t s , d a t a agree with eqn (2.23).

Fig. 2.18 shows the ratio of the neutral and charged kaon

cross sections a» a function of /s. A g a i n the result is in

good agreement w i t h eqn (2.24).

This holds ae w e l l for the inclusive production of neutral

and charged D mesons, r e s p e c t i v l y (fig. 2.19).

To study the flavor dependence of s t r u c t u r e functions,

dfl/d | p | (fig. 2.16) is not well suited because obviou&ly

phaae space e f f e c t s d o m i n a t e . E x p r e s s e d in terms of
3 3Loreatz invariant cross sections Ed o/dp , the pion,

. 4 5 )
kaon a n d proton y i e l d s a r e near ly i d e u t i c a l ( f i g . 2 . 2 0 )

The i n t e r p r e t a t i o n o f t h i s o b s e r v a t i o n is a m b i g i o u s : t he

c o n c l u s i o n that tlie s t r u c t u r e f u n c t i o n s F , F , and F are

i d e n t i c a l seems to conflict w i t h the naive quark m o d e l u i t h
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u
Fig. 2.22

Invariant croas section EdJo/dpJ at y - 0 äs a function of

transverse energy for proton-proton ioteractions at 53 GeV52)

Taking into account that ehe pion data in £ig. 2.21 is slightly

smedred out at x » l düe to the finite mumentum resolution, the

shape of tlie pion and kaon cro&s sections ruughly agtee.

Again it is interesting to note the t i m i l a r i t y between fig. 2.20

and ite corre8pondenee obtained in proton-proton intecactions:

in fig. 2,22 the particle yields observed at the ISR at /¥ = 52
2 2

GeV are ahown äs a function of the transverse energy mL = /Pt*")

(in liadron-hadron interactione longitüdinal momenta ace not

damped exponentially, therefore TOJ^ is the quantity relevant

for comparifion ). Within factors of 2, the various cross

sections coincide here äs well!
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Fig. 2.21 furthei contains Lhe cross section for D meson production

. At high x , the D cross section is larger than the pion
K

y i e l d . However, this is a pure threshold effect; the D threshold

at t heut: ene rgies is x = 0.5. Since about 25Z of all quark-

anticjuark events contain a pair of D mesons, the crosa. eection

at large x„ is fatrongly enhanced. For the saoie reason, no serious

Sta t e m e n t s on the sliape of the D spectra are possible, except

perhaps that tliey fall with increasing x. A fit in terms of

eqn (2.ly) gives

+0.28
,da , l ,, ,0.42 -0.23

Tu coiiclude : the particle ratioe observed in e e annihilatione

a t e in rfi •- -i agreement with isospln ayrametcy. The aesumption of

a. flavor i nde pe ndeut shape of the structure functioaa ie at least

not coiitraJicted by present data.

FRACIIDB of IÖIAL EHEHßV
I fn /

HD V.[

v v

^^ f̂'̂ ISS„_„ L n—, ~—

: . " - ' 'H ' .? 1 ;

— — — —

. rt'

n*,n;"

LEPIONS

ÜARVONS
\S

Fig. 2.23 Fraction of total

energy carried away by different

particle apecies (at ErM» 5 GeV)
(from ref. 4 l)

Finally> fig. 2.23 summarizeshow the total energy ia shared

amang particles at /s = 5 GeV, including ^ decays. Fig. 2.23

has becn Haken from ref. 4l, in addition tu the data discuased
„o 57) 58) 59-62) 63,64)

above Information on t , i\ lepton and baryon

production bas been used in the corapilation.

2.4 Scaling violationa at high energies

In aection 2.2 we fouiid that in the energy ränge 5 i /s i 17 GeV

the inclusive particle distributiona in jets scale in x and
K

liave a fixed, limited pL with reepect to the jet axis, the

deviatione fron universal dietributions at low x and at large
K

fL being Lnduced by phase space effects. At /ŝ  = 30 GeV, however,

the pL <J i ötribu t ion clianges qualitativly.it develops a tall towards

larger p±, which must have a dynamical origin (fig. 2.14). In the

following we shall investigate this effect more in d c i a i l . For
24 )the discuaeion, we will mainly use reeults from TASSO ; similar

results have been reported from the PLUTO and MARK-J '

collaborations. The widening of the pL distribution can tiave

ita origin in

- the production of a new q u a r k flavor

- the pA dietribution for quark fragmentation is energy dependent,

the average p L growe äs s increases

- äs in hadron~hadron interactions , single liard scattering

processes dominate the CTOSG section at large p1 and s.

Gandidates for such proceeses are e.g, the emission of hard

gluon bremesCrahlung under large angles by the primary quark

or the production of meson resoaances with large transverse

momenta by constituent interchange mechanisnis

69,70)

The f i r s t poasibility can be immediately ruled out by other
24)

data . The other two poasibilitl.es can be di et r imina ted by

examining the phase space etrunture of the events: an increase

of the f ragmen ta t ion-px with energy still yields part-icle

dist ributions uhich are Symmetrie in azimuth with respect to the
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3 Jet s In longitudinal phaue space models

As we have •.-•--^ u in the last chapter, tlie physics of Jets at

ü m a l l tncrgies, up to /6 a '0-20 CeV , is dominated by phase

apace u i r ^ L t ü duü tu the noazeco traiisverse momenta and particle

uiasses . Tu a r r i v e a t a quantitative description of the

li n i i l a t i o n s impos ed by pure f our momentum conaervation, and to

separate Jet dyiidwics fr am kinematics, it i& useful first to

study a simple p l t a b e space model for Jet production.

i n i t section is organized äs follows. We shall present the

uncorrelated J e t model for e e annihil a tions, discu&s the

physical meaning of the parameters involved, and give the

asymptotic behaviuur of the model. fJext scaling variables and

t he approach to the aca l ing limit will be discusoed. In the

rcuiainder of the chapter, poEsible gene ra l i üa t ions of the

model are presenteJ, äs the inclusion of resonance production

and the uao of uore sopli is t i ca ted matrix elements. Finally, a

M'Oi l i . - ! considering exact quantum statistica will be mentioned.

3.1 Tlie uncorre la ted Jet model (UJM)

The fully exclusive decay probability of a virtual photon of

t lit four moineiiLum Q - (vT, p ) into N identical particles is in

L h a UJM given by

N d3 p.

1=1 V"f (3.1)

, n e g l ü c t i i i g s p i u s a n d p h o t o n p o l a r i z a t i o n . p . » ( E . , p . )

i s ' he f o u r i n o i n e n t i i m o f t he i - th s e c o n d a r y , w h l c h fo r

s i m p l i c i t y w i l l be a s s u m e d to be a c h a r g e l e s s p i o n . To ge t

f i n a l s t a t e J e t s , die i n v a r i a n t m o m c n t u m space e l e m e n t

d p - / E . ? 7 ^ i s w e i g h t e d w i t h a m a t r i x e l e m e n t d e p e n d i n g on t h e

l o n g i t u d i na l and t r a n s v e r e e n io tuen ta w i t h r e spec t to the J e t

a x i ü d e f i u e d by a u n i t v e c t u r e

PH - P • p * (3.2)

35

As the n-particle matrix eleraent factorizes into n inde-

pendent probabil i ties, the model contains »o dynamical

correlatione. In the following we shall adopt the simplest

choice for f generating a transverse momentun cut off

exp (3.3)

Such modele have been discussed by rnany authors; we shall

follou the presentation of ref. 78.

In terms of the transverse ly cut off momentum space

volume (the grand partition function)

N
n(e,q) • N£2 ^i r„ (3.

the inclüaive single particle spectrum in the photon rest

frame|normalized to the total cro&s section o, is given by

(E/a)(d30/dp3) - K exp (-XPl)U(e,Q-p)/fi(e,q)

with the Lrival 6um rulea (x,

o R , . 2d x dp.

(3.5)

R

2 d o (3.6)

The physical significance of the parameters K and X is e v i d e n t ;

\a the transverse jet width and « characterizes the

multiplicity distribution t an increaee in K giving a higher

weight to larger particle nuinbers.

Asymptotically, one has

l l

dp

K exp (-, (3.7)

y fixed



ib

i 11 y , ihe i ,. i L i L l L- density per unit of rapidity is

] do
u dy

(3.8)

S . ^ A

y f i x e d

l e a ü i n g to a mean loul t ipl ic i ty

k- In S ( 3 - 9 )

Let us iisfaurae, f ü r LUe momeuL being, that this ssymptotic rapidity plateau is

i J«n t i c j l to die p la teau obs>erved in e e annihilatians at the highest energies,

resp. in pp iu t e rac t ions at ISR eneruies. The characterietic v a l u e a
of K and A m a y t h e n be f i x e d to

,da, _ i
\ f> . 2 G e V

^ \_
2 a c h a r g e d

Tlie a s y u i p t o c i c l e l i a v i u u r of the i n c l u s i v e x - d L B t r i b u t i o n
K

i s g i v e n b y e q s . ( 3 . 1 ) a n d ( 3 . 5 ) i f we no te t h a t Ü ( e , Q - p )

is a f u n c t i o n of the p a r t i c l e s t r a u s v e r s e m a s s uiA and of the

l o n g i t u d i n a l m i a s i n g m a t i s M.

H, - K/s - K ) 2 - ( e p ) 2 }
1/2

1 / 2
(3. 10)

w i t h tht a s y m p t o t i c limit

(3.U)

For l-x » m1 /s and large s, thie amounts to scaling of

E d Jo -Xp,
(3. 12)

in the photon rest System.

2 2
For x »nij^/s, we have

i 2*
3 —

[R XR
(3. 13)

To summa rize, within the UJH we expect scaling in xu at
K

infinite energiea, the croea eection being power behaved in

3.2 The approach to ecaling

The typical SPEAR- or DORIS-energies, where the biilk of e e

data was produced, masses and transveree momenta are not a priori

negligible. The approach to ecaling will therefore be discuBsed

in more detail agaiD following tef. 78.

Obviously, the scaling l i m i L of Jo/dx is reached latest for
K

x close to 0 and 1. At x., =0 ecaling is violated because of
K K

threahold effecta, in the vicinity of x = 1 the unobaerved
K

syatem has a low m i s a i n g mass and lience n l e . Q - p ) is not

asymptotic. Consequently, scaling in da/du w i l l be appraached

fron b e l o w at low x „ and from above at high >..,. Besides the
H K

t r i v i a l e c a l i n g v i o l a t i o n n e a r ttie t h r e s h o l d

l do 1 / 2
( t (3 . U)

t he c ross s e c t i o n can be e s t ima ted u s i n g a t w o f o l d a s y m p t o t i c



e x p a n s i u n o f f l ( e , Q )

] da
^ 2 K

d dxli

l n ( S / 4 m ' )

l n ( ( S / 4 m ) ( l - x R ) )

* ( l + 0 ( 1 H (»X'̂ TTTr»

( 3 . 1 5 )

is thus expected to hold for

l l
( 3 . 1 6 )

Due to the slou convergence of the series, the "«" should be

tu k t; n eeriously.

To study the appcoach to scaling quantitativly, it is more
— 7 fl R n

conyenieut to calculate li(e,Q) by aunerical Integration. ' '
8 l )

The resulta for (I/o) (Xpdo/dx,,) are compared in fig. 3.1
K K

für /s " 3.0, 3. ü, 4.8 and 20 GeV with the asymptotic limit.

Altliough i h u r e secms to be an early scaling alre a d y at

is = 3 • • • 5 GeV for x„ >0.2, the calculation ahows t ha t one
K

in - i i l ! f a r f r o n t h e s c a l i n g L i m i t , u h i c h i s r e ached w i c h i n

0 ( I O Z ) a t fä = 20 CeV für 0 . 0 5 < „
R

0.8.

Fig. 3.2 sliows ilic heißlit of the rapidity plateau at y - 0 aa
o r> \ f i i n c t i o n of is. At e n e r g i e s of /s = 3 - ' - 1 0 GeV, the

p a r t i c l e density is ~30? below the asymptotic value of eqn. 3.8;

evmi at Lim l i i g h e s L energies available at present accelerators

(ISR) tlie IIJM p r e d i c t s tlie p l a t e a u height not to be constant.

Fig . 3 . 1

Tlie i n c l u s i v e s ing le p a r t i c l e s p e o t r a in the UJM for X « 6.2 GeV
^ . i 78)

One further feature of iuclusive spectra in the UJM is worth to be
3 3

n o t e d . E q n . 3 . 7 s u g g e s t s a factor isat iot l of E d a / d p in t e r m s

of y and p x . Due to the f a c t o r E in tlie i n v a r i a n t mo nie n t um space

v o l u m e , t h i s d o e s not hold if one r e p l a c e a y by o t he r l o u g i t u d i aal
2 1 1 /2

v a r i a b l e s äs x or m , , = (ra + p . i ) • T S i i s is c l e a r l y d e m o n -

s t r a t e d in F i g . 3 ,3 , w h e r c < p ^ > i s p l o t t e d v e r s u a ra , , .

The " s e a g u l l e f f e c t " is o b s e r v e d in e e a n n i h i l a t ions

äs w e l l äs in h a d r o n ^ h a d r o n i n t e r a c t i o n s and is often

interpreCed äs a direct evidence for a parton structure of the
D •! _ U C \d p a r t i c l e s , one s h o u l d h o w e v e r bc a w a r e

Chat part of the effect may be simple je t kinemat ics .

Besides these Inclusive cross sections, some exclusive quantiries

like the total Jet momentum or the invariant maas o f a Jet caii he

estimated in the UJM. Define onu J e t (in the sunse of L ho parton

model) d u thtj collection of all those particles of an e B event,

wliich have p , , >0 resp. p, , «- 0 ; the event is t he n cumposiäd of

two oppoflite Jets. The total l u n g i t u d i n a l momentum carried by

one jet is
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C o m p a r i s o n of the jet mass predicted by eqn (3. 19) for K -

j nd < m ^ > - 0 .35 w i c h H o n t e Ca r lo c a l c u l a t i o n a u s i n g t h e

•il g u r i c l i m o f F e y m n a n and F i e l d ( d i s c u s s e d in c h a p t e r 4 ) .

3 . 3 C o m p a r i s o n w i t h d a t a

O t c ü u r s e the U J M i= not able Co g i v e a real ia t ic descript ion

of the c l i a r g e , a p i n or i s o s p i n a t r u c t u r e of e e f i n a l s t a t e s .

H o w e v e r , w i t h a p p r o p r i a t e c o n s t a n t s tc and A i t s h o u l d d e s c r i b e

the gross f e a t u r e s uf iudusive spectra a v e r a g e d over p a r t i c l e

< - i ' j • ' j , q u a n t u r o n u m b e r s e t c . I n f i g . 3 . 5 a, tlie U J M p r e d i c t i o n
M — i

u i t h tc and A ma tched t o ehe i r ISR values 3 reap. 6 .2 GeV , is

s h o w n t o g e t h e r w i t h i n c l u s i v e ir s p e c t r a ( s / ß ) ( d o / d x ) in e e
K

annihilations at /s - 4.46-A.90 GeV *5»8^) . The UJM values have

betin evaluaLed for /s •= 4.8 GeV using nuraerical Cechnics. There

is a stroiig d i sag teement between ehe predicted and the measured

x - slope; furthermore, äs we have aeen in chapcer 2, the
K

high XD p i on cross sections scale over the whole DORIS/SPEAR andh
PETRA energy ränge, in contrast to tlie model.

In principle, the first point could be curedsiinply by increasing

K (eqn. 3.13). This however leads to nultiplicities incompatible

with experiments (eqn. 3.9).

There is a more natural explanation possible; first, at /s -

4.8 GeV charm production contributes a sizeable fraction to

the pion cross section below x = 0.2, 45 ) wn£cii h äs to be

subtracted. Second, in the UJM all particles uere assuiued to be

pious, vhereas in practice, also k^uns and protons are produced.

At moderate SB, the rest massea of these particles eat up a

good fraction of tlie available energyt resulting in a steeper

decrease of pion spectra at high x. A better (houever not fully

legetimate) way of comparison is to add up the pion (fig 3.5a),

kaon (fig 3.5b) and proton spectra (fig, 3.5c). If one further

notes that eystematic uncer taini tes between different exper inencs

' ' are of the order 2 at high x , the agreecnent is quite
K

impressive .

The early »caling of the exper i mental pion xn spectra Can thus
K

be interpreted aa a cancellatiou of two nonscaling effecte:

the production of "heavy" particlea and the nonasympt o t ic

At higher energies, /s~ t: i 7 GeV, the UJM is in rather good

Agreement with data from e e ann i hi l at ione (fig. 3.6).

3.4 Influence of tlie UJM - matrix e l einen L

Up to tiow, we used the simplest matrix element which is able

to describe the transverse momentum cut-off, f (p.,, px, S)

- exp (-XpA). Höre sophieticated UJM-matrix elements have

beeu analyzed in ref.88), with a rather astonishing result.

In the high energy scaling limit the most general form of f is

f (P, , . PX , S) - f (X,PA) (3.20)
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T h e i n c l u s i v e cross B e c t i o n is then g i v t u by

l da
~~ x T~a dx

K g ( x ) ( 1 - x )
K- l ( 3 . 2 3 )

g { x ) i s d e f i n e d by

F ( l - x ) ( 3 . 2 4 )

F ( x ) S B t h e " s l i a d o w t r a n s f o r m " of £ , , ( x ) , i t a d e f i n i t i o n

i s g i v e n in r e f ' s 6 8 , 8 9 ) . In g e n e r a l , g ( x ) is a rather f l a t

f u n c t i u n of x , e v c n i f f , , ( x ) has a large V a r i a t i o n in x.

P l i y s i c a l l y th i s is due t o the f a c t t hat , i f ue Cry t o change

the i nc lus ive di B t r ibut ioa by changing f , , ( x ) , l e t ' e aay give

it a s l i a r p e r d t ; c r e a s e in s, we g i v e l e s s f r e e d o m to e h e

l u n g i t u d i n a l m ü m e n L u m o f t h e m e a a u r e d p a r t i c l e , but large

moiiiei i ta of the o ther p a r t i c l e a are e u p p r e a e e d äs w e l l so tha t

i h K da mp i n g due to the f o u c raomentuui conserva t ion (embodied in

t ' ( l ~ x ) ) w i l l be less and so w i l l compensate f o r the change

i n t , , ( * ) . T h i s i s u o & t d r a s t i c a l l y shown b y n o t i n g t h a t g ( x )

i s i n v a r i a n t u n d e r t h e t r a n s f o r m a t i o n

£, , (x- ) •*• e x p ( - a x ) f , , (x) ;

e spec ia l ly we have

= l if t,,(x) (3.25)

So one sees that i n d e p e n d e n t öl f <x, p±) , (1/x) (da/dx) w i l l
K— ]

a i w a y s b e a f u u c t i o n v e r y s i m i l a r t o K ( ! - X ) . A c c o r d i a g l y ,

the i wo p a r l i c l f e d i s t r i l>ut i ons turn out to be

~2

l d o
o l 2 dx . dx-

) 6 (l -x -x.)( l - X j - J

i f 1 ,2 are in the saioe hemisphere

K 2 ( t - x , ) K ~ l ( l - x 2 ) K " 1

if 1 ,2 are in opposite heraiaphere

(3.26)

As expected, the aaymptotic UJM has no long ränge correlations

b e t w e e n o p p o e i t e r a p i d i t y hemispberes. Furthermore, for any

s c a l l n g m a t r i x e l e m e n C , the i n c l u s i v e r a p i d i t y d i s t r i b u t i o n

is easentially g i v e n by

l 15.
o dy

K-l

cosh y ) (3.27)

r e a u l t i n g in a r a p i d i l y p l a t e a u of length O(lnS) with a

ehoulder w i d t h of toughly 2-3 unite in y (fig. 3.7).

T)

~D
-o 2

0 -2
y- In S

Fig. 3.7

Asympto tic r a p i d i t y d i a t r i b u t i o n e in the UJM (<m1> •= 0.35)

3.5 The UJH and resonance p r o d u c t i o n

The UJM d i s c u s s e d in the p r e v i o u s chapters describes the

p r o d u c t i o n of i d e n t i c a l p a r t i c l e s w i t h o u t any shört ränge

correlation. There is, however. strong evidence frora e x p e r i m e n t s
79)

B t u d y i n g p a r t i c l e p r o d u c t i o n in hadronic i n t e r a c t i o p s
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t ha t t Im f a c t o r i z a t i o n pruperty of the t r a n s i t i o n m a t r i x

<3.28)
i = l

h o l d s o n l y i n t l i e l i r a i t .of l a r g e i n v a r i a n t m a s s e s

( p . + p . l GeV

w l i e r e a s l o w raass p a r t i c l e S y s t e m s show s trong cor r e l a t i o n s .

T h e m o s t s u c e s s f u l l Interpretat ion o f t l i i a p h e n o m e n a i &

g i v e n in the c l u s t e r m o d e l , 90' w h i c h S t a t e s t h a t the p r i r a a r i l y

p r o J u c e d i. .u i L i t b are not the f i n a l s t a t e pa r i icl es , bu t i n s t e a d

are e x c i t e d s t a t e s w h i c h in turn decay i s o t r o p i c a l l y i n L o

s t a b l e par t i c l e s .

The tuos t n a t u r a l w a y to e n c l o s e s h o r t r ä n g e corre la t iotis in

t l ie U J M is to a s sume L ha L the in terne d i ä t e s La L C S , c a l l e d

c l u s t e r s , are e m i t t e d i n d e p e n d e n t l y . In a eecond B t e p ,

c h a r g e - , e n e r g y - a n d m o m e n t u m c o n s e r v a t i o n i n t l ie c L u s t e r d e c a y

p r o v i d e l o w roaas corre l at iono,

In t h e a & y m p t u i i c l i m i t o f t h e D J H , f ü r t h e e m i e s i o n o f

i i - . s L t i ü w i c h a m e a n d e c a y i n u l t i p l i c i t y N , onc h äs

_
o dy

, dj
N i -Hc a dy

(3.29)

y fixed

wliere the index c refers to cluster quantities.

The f i n a l s t a t e hadron distribution is given by the c o n v o l u t i o n

E d
E d

dp <p.J
— > (3.30)

, Jc dp.

E,', p,' and ci' c h a r a c t e r i z e the h a d r n n i c decay p r o d u c t s in the

i: l iister resL f riiniü .

Experiments suggest that Ihe bulk of p i o n s iü produced via
91 )

intermediaCe vecLor meaons . As an example, let ua take

the p meson äs a repreaentative "cluster".Fig. 3.8 shows UJM

results for emission of p mesons decaying intu Cwo pions

compared to direct productiun in Ihe scaling limit S-*"> .

The p meaon density is chosen such äs Lo give the same plateau

he i gilt äs for direct emission (eqn. 3.29). As expected froin

raome ntum conservation, tlie pion density stays nearly unchangcd

up to x -0.8. The mean x of the pions is slightly higher,
D'J QO \g to a r e d u c e d m u l C i p l i c i t y . It has been shown ' '

that this effect, althougli beeing completely irrelevant: at

asymptotic energies, has severe consequences up to ISR energies

where it iroproves the approach to scaling at high x, on the

other band however enforces a much slower approaclt at y = 0.

10

"O

5

direct n
— n from 5»

0 .2 .i, .6 .8 1.0

F i g . 3.8

x d i s t r i b u t i o n s in t l ie U J H f o r d i r e c t r e s p . r e ü u im it ü ^ p r u d u c t i o n

o f p i o n s .
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3.6 Quantum statistics

The uacorrelated Jet rau de l u ~ diacussed abo ve providea a

transparent s t a t i s t i c a l description of the most s a l i e n t

features of je t l i k L multiparticle productiou. In t he f o riau j

latioa of cqn. 3.1, the final state is treated äs a free gae

in longi t u d i n a l momentum space, obeying B o l t z m a n n e t a t i s t i c s .
93) .

Cotrelation Experiments indicate houever thachadronic pion

production is, a i l e a a t partially, influenced by Base-Einstein

(u! ) statistics, Ina ding to an "attraction" of l i k e &ign pions

He shall bri efly di scuss Gome of the ütriking resulta of

uiodels including full DE statistics, followiag ref.94 .

95)As it Las betn pointed out by Jabs , ttie invariant momentum

^pace representation of ehe trausition probabilicy i i not

adcquate for this purpose. I n s C e a d , r is give» by a »ou-

i n v a r i a n t iiiomeiitum space volume

(Q - 3 n p ) 5 (H - Z n )
r r*l

n
r-1 r" (3.SI)

p describee tbe poüeible momentum Gtates, n is the accupation

nutulier, wliicli can take the values n -0,!,*••» for BE utacisticB.
c

F ü r s i i n p l i c i t y , we c h o o s e f ( p , f l ) - f ( p A ) , w i t h t h e n o r m a l i z a t i o n

: ;'. ) - 1 . ) i j b 3 .4 and 3 . 3 ) y i e l d for C b e a s y m p t o t i c s i n g l e

p a r L i c l e J i & L r i L i i t i o n

l Q Ü

o Jydp,
y f i x e d

1<J
I-;

* r~
2 a

- y,

f o r

f o r ( 3 . 3 2 )

At any fixed pa f 0 a rapidity plateau ie reached äs s*™

likt in models with Holtzmann statistics. At p^ • 0, however,

we haue a soft pion divergence resulting in an overall non-

scal ing btiha v i tiur . xhi; tucc Uani sin of this enhancement is easily

5 l

visualized, if we consider two-particle correl a tions . Define

a c o r r e l a t i o n f u n c t i o n by

J IAd o/dp
c(P,.P2) " °

„
(3.33)

IQ terms of the o c c u p a t i o n uumbers u n of the states p , j>..,

c ie given by

\2

l "2 - l if l and 2 are different Etates

< n . > < n 2 >
if i and 2 label the same state ( 3 . 3 4 )

The terra - l in the last expreselon ia neceesary because ehe

correlation of a particle with itself taust not be comited.

Neglecting effectB due to cluster decays and phase space

limitations, and assuming that the particles underly BE statistics

o n e g e t a
971

1 2

which gives

(P|,P2) -l

if

* - < n t > ) i f p , =l

0 if P, ̂  P2

(3.35)

(3.36)

Since P . . P , are q u a n t u r a e t a t e s , they are i d e n t i c a l i f

J ( P j - p 2 ) l R S * = l C 3 . 3 7 )

R is the uncertainity of the point of euission, or in

other worde, the radius of the patticle säuret;, which is

expected to be of the order l frn = (200 MeV)



An alternative derivation a t eqn. (3. 36) haa been given by
98 ) 99 )

Cocco« i and by Kopylev and Podgoretzki using higher

ordec interference effects in analogy to optics.

A correlation like in eqn. (3.36) modi f ies the u E u a l p h äse

epace weights in such a way äs to f avour events which have

high particle nuuibers in identical states. At large rapidities

or traneverse inomeiita , this tendency is balanced by the finite

aniouni of energy available; therefore the Enhancement of incluaive

. ! . . : ! • ] - . - , i fa strungest at low pL and y.

Models of tliis typ« have been used to explain the slight rise

in do/dy aL y=0 in the JSR energy ränge , Neverthelesa one

should keep in wind that conventional pbase space models äs

well predict u non asymptotic behaviour at those energiee.

Anyhow thuse results should be taken cather qualitativly than

qiianti tat i vly , In realicy, a lot ot phyeically different

particles are produced, uhich of course show no BE attraction.

Fur thermore , the mudel assumes that all particles are produced
4 .

in the same volume R in apace-tine because otherwise the

p a r t i c l e a ctmld be labeled by tlieir production coordinates

(witliin the limite upposed by the uncertainity relation) and

hencu were not identical. Ue shalltiäe later (chapters 4,5),

th.ic in (juark jets e.g. a BE interfecence is nearly imposeible

because of this last arguiaent.

3 . 7 Summary

The uncorcelated J e t raodel £or independent emission of particlea

onablts us tu siudy the raain ioplications of four momentum

conservation in J e t production. The explicit addition of short

ränge correlations is possible via tesonance or clueter

production, r e s p e c t i v e l y . I crespectively of details of the

raodel, and «early independent of the uatrix elemente involved,

L he aeyiaptotic scaling liroit is fairly well described by

_ _
dx.

(ezcept for possible complicatione at pA= 0 due to BE atatistics).

The apptoach to acaling is rather slow, even at PETRA or ISR energies

the Bcaling limit is not fully reached.



4 Jets in pa r t <MI model s

H, 100)
In the l a s t decadi;, tlie quark parton mode l has

provcii to be uiie of tlie inost u s e f u l and i n t u i t i v e concepts

in h i g h e n e r g y p h y s i c s . In the quark p a r t o n model , hadtons

are compused of partons. The i n t e r a c t i o n s of partons are

governed by t i me scales of the order T = l/m with m being

a t y p i c a l mase of a ft;w hundred MeV. In a moving hadron, the

t i nie scal e is d i l a t e d by t l i e Loren t z f a c t o r f. Then we haye

two ,,.,iin c l a s s e s of hadron interac t ions in the quark parton

müde): if t I.L- i n t e r a c t i o n t i m e T of hadrons ia large compared

t o > i , a l l p a r t o n s p a t t i c i p a t e c o h e r e n t l y i n ehe i n t e r a c t i o n ,

It T. is small ctnnpared to •( T , i n d i v i d u a l p a r t o n s may interact

In the asymptotic l i m i t T -* 0 the hadron seems to be composed

of f r e e , on-shell quarks. The c o n s i & t e n c y of the ID o d e l r e q u i r e a

tlie p a i t o i i s to carry f r a c t i o n a l c h a r g e s , - a n d a new q u a n t u m

number, color ' ' . Since no f r a c t i o n a l charged o b j e c t s

h.i v i1 beeil obserued up to naw, there mu&C be a non-

asymii to t i t: mechaniem confining partona Co integer charged

ätatee with Lhe observed hadron quantum numbera. This stat.es

turn u u t to be color ainglets. M e a n w h i l e , it became c u e t o m a r y

to turn chet>a argiimtnts upside down and to coneider color

con f i nenic »t au ' li - _ - priioary mechaiiism, and the nonexistence

o£ fraut ionally charged p a r t i c l e s äs a secondary consequence.

Coiisidcr nov a process where a lafge four momentum 1B t r a n ß f e r e d

Lo one pai'Lon out uf a colur a ingl et systera. O b v i o u e l y , due to the

large i n v a r i a n t ioas& of tlie p a r t o n final state >color cannot

be cDiifined to a singlc s t a b l e hadron any more. One of the

basic a s ß u m p t i o n e uf tlie quark parton model is that in auch

a case tlie conf i nemen t of color leads to a bunch of p a r t i c l e s

moving e ä s e n i i a l l y a l o n g the d i r e c t i o n of tlie s c a t t e r e d

parton, and tliat t h i s process happens with the p r o b a b i l i t y I .

In iliis chapter, we shall discu&s tlie dynamica of jet formation

in in o tu detai l, e t a r t i n g w i t h the s i m p l est type of J e t s : quark

j e l B proilncud in e e annihilations.

4.1 J e t s from quark c o n f i n e m e n t

Confinenient is m o e t e a s i l y visualized in terms of a QCD-fiuppor ted

bag model . QCD -Quantum Chromody nam i c s- ' i s tlie mo s t

p r o m i s i n g c a n d i d a t e for a theory öl Btrong i n t e r a c t i o n s . It is

a n o n a b e l i a n gauge t h e o r y in uh ich the i n t e r a c t i o n s b e t w e e n

colored quarks are m e d i a t e d by 8 col o r e d gauge bosons, the

gluons. The 3 color c h a r g e s are g e n e r a t o r s of au u n b r o k e n SU(3)

e y m m e t r y . QCD i s an a s y r a p t o t i c a l l y free theory, i t s d i m e n s i o n l e s s

c o u p l i n g c o n s t a n t a c/n tends to zero äs the e n e r g y increases.
2 2allowing a p e r t u r b a t i v e Expansion. At low energies, Q - 0 (l GeV .)

the coupling constant d i v e r g e s . This low energy b e h a v i o u r of

QCD is hoped (but not J e t proven) to explain c o n f i n e m e n t : recent

field t h e o r e t l c a l invest i g a t i o n s i n d i c a t e that the QCD ground

B t a t e ia a non t r i v i a l two phase vacuum. '35J jn the normal phäse,

o u t s i d e hadrons, color fields cannot p r o p a g a t e - t h i s e f f e c t is

known äs "chronodynamic M e i e s n e r effect" in a n a l o g y tc the

p r o p a g a t i o n of magnetic f i e l d s in a s u p e r c o n d u c t o r . There is

further an abnormal phase which may contain quarks and g l u o n s

äs quasifree particles. Since surface- and Volume energy is

requ i r e d to create the abnormal phase, the abnormal regions form

l i t t l e bubbles, or "bags" with i n the normal phase, The dynamics

of quark and gluon f i e l d s i n a i d e a bag is governed l o c a l l y by the

f i e l d e q u a t i o n s of QCD. It can be shown that such a bag,

embedded in the physical vacuum, 1s stable in its time evolution;

the volume energy B (or vacuum p r e s s u r e ) and surface e n e r g y S are

balanced by the p r e s s u r e e x e r t e d by the gluon f i e l d s which

are r e f l e c t e d at the ptiase b o u n d a r y . ' B and S can be a r r a n g e d

to give t y p i c a l bag sizes of l c u b i c f e r m i . Such a bag c o n t a i n i n g

a quark and a antiquark or three quarks can be identified äs a

meson or äs a baryon, r e s p e c t i v e l y . A c t u a l l y the spectrura of

bag e x c i t a t i o n niodes reproduces the observed hadronic tnass

spectrum f a i r l y w e l l . 'What h a p p e n s , if a large amount of

m o m e n t u m ia t r a n s f e r r e d to a quark inside a bag? As the quark

aoves away, the bag changes its shape from a sphere to a

c y l i n d e r (fig. 4. ) ), and the k i n e t i c e n e r g y of t he quark ie

c o n v e r t e d into s u r f a c e and volume energy of the bag. When the



b.tg i 'eai:I)t;s a c r i t i c a l l e n j - t l i , i t i s e u e r g e t i e a l l y more

f a v o r d b l t i t < > e r e a l t i a n e w < | n a r k - a n t i q u a r k p a i r i n b e t w e e n

i.lit! i n i t i a l i j i i ü t k a . T h e ^ t i n e u q u a r k s s c r e e n the i n i t i a l

c u l u r t" i e ld ü a ml t In: b.ij; h r c a k s u p i n tu t w o n e w , sphe r i ca l

b a g s , e . ic l i c u n t a i n i n g o u a i n i t i a l and -one new q u u r k . U n e of

t h i s b < i j ; s i ü a s l o u l y m o v i n g g r o u n d s t a t e bag, w l i i l s t t l i e

o t her . wl i i cb c o n t a i n s t i i c f a s t q u a r k ^ S t a r t s t o b e c o m e

c y L i n d r i t;J J J ' i*l a° O11. " i i t i l the uho le i n i t i a l es ie rgy is

c i i n v t i i - L u d i i i L i i a s u r i t i s o t bags n i o v i n g a l o n g tlie d i r e c t i o n of

t hu i n i c i a l um m a u L u in t r a n s f ü r . Tlie t ransverse aiünientum wich

u e s p t c L tu l .he j e t a x i a o f t h ü s e b a g s i s de t e rmined by the

L r a i i s v e r H Ü bag siz^

'•?,> - 0 ( 1 fm-mi ' 1) = Ü ( Z O O M e V )

F i g . 4 . 1

The bhapi: of uue quadcaut u f a typical bag lu^'for differeut

quark-antiquauk separat ions. The arrow indicates thü tüdius

ul an i d u ^ l cylindtical v uirtex tube.

4.2 Space-tirae development of quark Je t s

The confinement mechanism proposed above, via successive

polarization and duexitation of the vacuum has beeil itivesti-

gated already in 1962 by Schwinger . lle slioued that in

certain gange theoriea of charged fermion fields, the only

aaymptotically a t a b l e particles are massive neutral bosons.

la such theories, electric Charge is a confined quantum number,

in analogy to the (yet unproven) color confinement in QCD.

This phenomenon occurs e.g. in two ditaensional (space-1 irae)

QED, it may also happen in four dimensional gauge theories

if the coupling conatant exceeds a certain critical value
106)

Examples of field theories exhibiting the Schwinger phenomenon

have been discussed by Casher, Kogut and Susskind
107)

. In

the follouing, we ahall use 2 dimensional QED ' to give

a quantitative descriptiun of the process of Jet formation.

Of cause we are aware of the two essential Limitations of this

picture: the use of only one space dimension and the absence

of photon seif couplings in QED. On the other hand, if we keep

the attitude of the QCD bag model diacussed in the previous

section, the nonabelian nature of QCD is mainly responsible

for the chromodynamic Meissner effect which in turn reduceg

the problem to a one diinensional one - the dyaamics of a color

string,

We shall proceed äs followa: first, jet developraent is die-

cusseti using the forraalisra of two dimensional QED. Hext, we

try to transform these results into an intuitive physical

picture. Finally, a simple graph technic is presented, which

further illustrates the mechanisms of jet developmen t , and

enablea quantitative predictiona.

l + l dimensional ( space- t ime) QED is defined by the Lagrangian

densi ty

pv )



Tli l s ino de l is e x a c t l y s o l v a b l e . I t has a l r e a d y » b e e n m e n t i o n e d

( h a t in L b i s m o d e l t h e r e art: ao a s y m p t o t i e f e r m i o n S t a t e s ;

L he oiily s t ab l e p a r t i c l e is a b o a o n of ::u SB m

Dl = g/ /TT ( 4 . 2 )

Tlie e q u a L i < in of mo t i on in t l ie p reaence of e x t e r u a l c u r r e n t

sou rcea is g i v e n by

(O ( 4 . 3 )

Lee >ic consider ehe simplest case; the production of a a-a

pair by a virtual pho tun . The exte mal curreats in the p ho ton

resl System (which correspond to color currents in QCD) are

de f i ned by

j

l ext
fi(z-t) + g (4.4)

( In o u r [ l u t a t i o n , x i s a t w o - v e c t o r w i t h the c o m p o n e n t s

1t is iiow conveiiient to express the current in terma of a

dipole density f>

,.* (4.5)

i n a n a l o g y t o ihe w t : l l known e q u a t i o u a

- 14a t ( 4 . 6 )

The e x t e n i a l d i p d l e d e n s i t y is t he n

(4. 7)

and t h e i n d u c e d p o l a r i z a t i o n d e n s i t y s a t i s f i e s

(D + m2) j, = g m2 B(t + z)e(t-z)

The resulting dipole density ia constant oii hyperbolas

in apace-tirae, vaniahing near the l ight cone and approaching

a constant for distances |x| > m from the origin. As the

hyperbolas approach the light cone, the regionü containing

the polarization Charge are confined to a length of the order
2 -|

(tm ) . The polarization Charge combines with the outgoing

charge to form a neutral bosoo äs soon äs their distance

becomes of the order m in their common rest frame. In the

cms frame this happens after a time t

t = /Q2/m2 (4,9)

The existence of an induced dipole density i s equivalent to

the creation of Charge - anticharge bound states. The momentum

dietribution of these bosona can be calculated from the field <\e obtains finally

l E — «, I
o dp o

djj
dy

(2«)
/d xe

rext
(4. 10)

The cime evolution of the main quantities i, da/dy and p is

Buqmarized in fig, 4,2,

How can we interprete this reeulta? Farticle production

happens in the cloud of polarization Charge, which is i nduced

hy the primary Charge-, resp. color ^ources. Particle creation

etarta at low rapidities. As time goes on, the initial quark

feeds energy into accelerating the polarization cloud until

the cloud overtakes the leading quark and neutralizes its

charge. One ehould note that the motion o£ the polarization

cloud proceeda through the creation of new quark pairs in front

of the cloud and through the recombination of quark pairs into

neutral bosons at their end; it need not he a unique quark in

the cloud which is accelerated.
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treated äs claaaical particles, which move on well defined

trajectories in t wo dimensional apace titne. S i nee there i s

only oiie space dinension, the torce acting between two charged

(o t colored) partons is independunt of ehe i r distance (in a

real w o r i d , Llie c lirumodynami c Meissner effect tiiay simulate such

a beliaviour). Fürthtriuore ic is assumed that ehe force between

quarks and antiquurka i3 attractive,

Tu Ehe zero quark masa l i . i i i t , ehe world linca of the two

valt:nca quarks iiidide a meson are described by flg. 4, 3a);

the quarks atsrt tu separate, losing momenCum at a rate

dp/dt - i g Mir ,

A f t e r a c e r t a i n t i m e , the m o t i o n i s r eve r sed , the q u a r k a nove

L o g c t i i e r , s t a r t t o s e p a r a t e a g a i i i and so on . The m e a o n m a 0 a

i s , aa in l l i e S c h w i n g e r m o d e l

9

7?
s O . 7 5 GeV

u s i n g g f r o i a l i n e a r po ten t ia l c h a r m o n i u m m o d e i s l 10)

In a mouing musoa, thü period of Oszillation becomea time-dilated

(fig. A. 3b).

In Ltiis model, Jet Eorraation is visualized in diagrams like

fig. 4.4: Twu initi a l qnarks move in opposite directiona.

As s o u 11 äs a curtain energy is stored in the coLor field

• -. l ' , j i{..-.,! area), Lim £ield breaks up somewhere aud produces

a quack pai r.

As snon aa k i n e m a t i c a l l y a l lowed, new pairs are produced

in t he r e g i u n b e t w u e n t l ie i n i t i a l q u a r k and a q u a r k o f t he

f i r s t p a i r , e t c . . T h e q u a r k pa i r s a r e a s s u m e d t o be

g e n e r a t e d a L r e s t w i t h a n e g l i g i b l e pa i r m a s s , a c c a r d i n g

t o the m u m e n t u i a space e l e r a e n t d p / E . Q u a r k s a n d a n t i q u a r k s

p r o d u c t i • at J i C f e r e u t p o i a t a C and D in space t i ine w i l l

j o i " to f o r m a meson E . T h i s i a p o s s i b l e , i f a t the t i m e

b j

Fig. 4.3

World linea of qnarks inside a meson

a) meaon at rest

b) moving mesun

where quark and antiquark meet in space, the qq invariant

masa equala the meson mase, or equivalently

(4.11)

E q n . 4 . 1 1 d e t e r m i n e s t h e r a i n i m u i a s p a c e - t i m e d i s t a n c e o f t h e

p r o d u c t i o n p o i n t a o f q u a r k s a p p e a r i n g i n f i n a l a t a t e l a e a o n s .



Q u a r k l o o p s o f f i n i t e s p a c e - t i m e e x l e n s i o n ( B ) a r e of c a u s a

11 n L s i i b j o c t e d Co C l i i s l iuü ta t ion .

Fig. 4.4

Spacii-t i ine devt lopnitiiit uf a qua i'k-an t i qua r k cascade.

As a coubfcijLieiLei; of at[ii 4 . 1 1 , parcicles are eraitted from a

hyperbola-1ike spacc-1 iuie regiou äs in the Schwinger m o d e l ,

Tw o ruiuarks for tlie sal;e of comp l e t£ ue s s :

- l ii p r i n c i p l u iL i s p u s s i b l e t h a t a quark pair lias a largii

i n v a i iüiiL masä m >> l GeV, Tliia wonlJ s p l i t the event iiico

t o u t süjiüi-.iCi; i ^ t b . i bis proceases will be rare; if the

ci)ii|i1iu;; L-(insiLant is large enough, quark paira art; created

and recorabined äs eoon aa p o s s i b l e .

- Fig, 4.4 is slighly o v e r s i m p l i f i e d . A c t u a l l y quarka are not

only produced äs q and q, but they come in t l i r e e d i f f e r e n t

colors.

C o n a i d e r i n g the f ü l l diagraras, however, one f i n d s t ha t the

color labt: 1s will a l w a y s be anangeü such t hat each of ttie

jt;tti is a s e p a r a t e color s i n g l e t .

In the average, the slowest particles are produced f i r s t .

There is however no s t r i c t m a p p i n g between t h e r a p i d i t y and

the time of emission of a p a r t i c l e , only the a v e r a g e p r o d u c t i o n

L i nie increaeee with r a p i d i t y .

Such Statements on r a p i d i t i e s and times of course are not

lorentz invariant, u s u a l l y they will be i n v a l i d a t e d by a ch a n g e

of the reference frame. The authors of ref. ^have i n v e s t i g a t e d

this point in d e t a i l , their conclusion is that tliese Statement s

are t r u e in any r e f e r e n c e frame, proving the seif consistency

o£ the model.

Define nou ö C (z) äs the density of ineaons with Ulie
3

v a l e n c e quark flavour bc ii\e i ragmeti t a tion region of

quark a. z ie the fractional momentum of the tneson. Hasses

and t r a n s v e r s e momenta are neglected for the moment b e i n g .

Avcraging over all possible diagrams like fig. 4-4, the raodel

y i e l d s a eet of coupled i n t e g r a l equations for the D's

(4. 12)

f denotes the p r o b a b i l i t y for a color field to c r e a t e a

pair of quark f l a v o u r s cc. The break up is assumed to h a p p e n

w i t h e q u a l p r o b a b i l i t y a n y w h e r e b e t w e e n the quarks generating

the field, o t h e r w i s e f d e p e n d s on z resp, z'. Color and s p i n

d e g r e e s of freedom are i r a p l i c i t e l y summed over, w i t h the

r e s t r i c t i o n that bc is a color s i n g l e t . S i m p l y f i e d to the

case of one f l a v o u r , eqn 4.12 r e a d s

l
D<z) (4.13)



E q n 4 . 1 3 i s e a s i l y s o l v e d L o g i v e

dy
(4. U)

In seenii ngl y c o n t r a d i c t i o n t o t he data , t he model p r e d i c t s a

f lat rapidity d i a t r i b u t i o n uith a G ha r p edge a t Yu,v » In ( /s /m
riAA

One tiati to keep in m lud that t he mesons described by eqs

4.12 and 4 . 1 3 are not Lim observed s t a b l e hadrons. According to

t he spin ueights, 3/4 o£ t hem are vcc t ur meaone d e c a y i u g in t O

a number of pions. This r e s u l t e in a •Hearing of ehe r a p i d i t y

ibut ion, it f u r t l i e r i n c r e a e e s the height of the plateau.

W i l d t he Standard chuice

u p down

s tr jnge

ü.

0.2

charm bot tom (4.15)

u'li. 4.12 can be solvcd numer i ca 11 y. The resulta are in rough

agreeinent wlth the data (see £-g. Cig 4.5).

4.3 An algorithm for Simulation o£ quark jets

To p r o v i d ä a Standard jet model r e p r e e e n t i n g the state o£ the
i i T \

art, Feynmau and Field ~'have proposed a Jet model baeed on

p a r l o n phenomenology, The mo del uses a recursive g e n e r a t i o n

p r i n c i p l e introdnced by K r z y w i c k i and Petersson and by

Finkclsteiii and P e c c e i ' '*'. The jet m o d e l is intenJed to serve

äs a reference for deüign and comparison of E x p e r i m e n t s . It

geiierates t x c l u s i v e m u 11 ipar t ic l e f i n a l s t a t e e including

resonanct; P r o d u k t i o n , t r a n s v e r s e momenta and f i n i t e energy e f f e c t s

Fur tli e r D i o r e , i t allows detailed p r e d i c t i o n s on t wo-and more

p a r t i c l e cor i e l a t i oiia and on t h e i r quantura number dependence.

The model involves one arbitrary function which nltimately

deterninea the moment um d i s t r i b u t i o n of t he produced hadrons,

and 3 further free paranictera; L he degree t hat SU (3) iü broken

in the forsation of new quark-antiquark paira, the spin of the

priraary mesons and the tuuun transverse momen turn given to this
1 1 2 1raesona. In the original Version of the raodel ', the production

of baryons and of h e a v y quark flavours, llke charm or bcauty,

is neglected.

— Andersson et al.

Field and Feynman

Fig. 4.5

P r e d i c t i o n s of v a r i o n s jet raoüels ' •' couipared t o q u a r k

fraymentation functions measnred in deep inclastic lepton nncleon
116)reactions.



l l i t i a n a a t z i s b a s e t i o n t he i d e a t l i a C a q u a r k of t y p e , a *

c o m i i i g out a l _ aoniii inoiiiu n t n m p c r e a t e a a e o l o r £ l a l d in w h i c l i

n u w q u a r k pd i r s a r e p r mi uc e d . Q u a r k , a ' t he n corabines w i t h

au a n L i q u a r k , s j y , b ' , f r < i m e h e ue w pa i r , b b ' t u f ü r m a nie s o n

, ü b ' I t a v i n g L he reina in ing q u a r k , !> ' to c o m b i n e w i t h a nex t

q u i i r k , c ' a u d s u im. Thii pr i ma ry m e s o n , ab ' may be d i r e c t l y

o h s e r v e d J ü u s t a b l e m . i s o n , or i t m a y be an u i i s t a b l e

ru s D i i a n c i i w h i u h su b s e q u e n 11 y d e c a y s . A h i e r a r c h y of p r i m a r y

H i c a o i i ü i ü f ü r r a e d in u h i c h , a b ' i s f i r s t in r a n k , , b c ' i s s econd

in r . i n k , . L - d ' i a L l i i r d i n r a n k , e t c , a a s h o w n i n f i g . ^ . 6

( I i e r e j ml i n all I: u u L he r d i a g r a m s we ha ve a d o p t e d t l ie con-

v t i n t i o n t u j i l o t a n t i q u a r k s äs q u a r k s m o v i n g b a u k w a r d s a l o n g

L l i e i r war l d l i ne s ) , T l i e c l i a i n d e c a y a n s ä t z a s s u m e a t h a t , if

t l ie p i ' J h u r y m u ad a u t" r a n k l c a r r i e s a w a y a m o m e a t u m E, t l ie

f u r L h o r c a s c a d t s t ,1 r L s w i t h a q u a r k , b ' w i t h the raomenCurü

l1 i "t3 ~ t i a n d L l i u r e m a i n i n g h a d r o n s are d i s t r i b u t e d in

t l i e a a in u w a y äs if t h e y c a m e f r o m a J e t o r i g i n a t e d by a q u a r k

of t y p t ? , ti ' w i t h n i u m e i i L L J L I I p . i i s a s s u m e d t t i a t t he

m o L i m i t a a r c l i i t ; l i iMumgh, ao L h a t a l l d i a t r i b u t i o n a sca le .

a b

ür -ft- t»

RANK ^^ KANK
d

FIÎ AL STATt

MESONS

RESONANCE

DECAY

FORMATION OF
PRIMARY

MC SONS

QUARK PAIR

PROOUCTION

Fig. 4.6

l ]utiduc L i D n i, f a ca

b i na t iun ,

QUARK

via siice ssive qq crea tion and r ecoin-

Given th i s assumptions, and defining f (z) by

bability that the rank l priniary neson carrie»f(z) dz - pr

a fraction z of the initial quarks momentu

with

l
£ f(z)dz -

(4.16)

(4.17)

the longitudinal structure of the quark jet i s uniquely

determined. For the ringle particle density of primary mesons

(regardless of its rank)

w i t h

we have the integral tquation

' dz'
D(z) - f(z) + f -T— ] D (. (4.18)

that zp > > n4 ).

Generalized to many quack flavours, eqn 4.18 reads

' « w fab (
(4.19)

(in the notation of eqn 4.12).

The first terra is the probability for the raeson to have cank l,

the second term arises from a s um over all higher rank s with

the rank l meson beeing at z'. Feynman and Field aGsume Lhat

f, (z) (the probability that a rank l meson , ab is formed at

z) can be factorized äs follaus

where

fb(z) - f° (4.20)

(4.21)

and
l f (4.22)



The breaking of the SU{N) flavor symraetry is put in the t 's,

ideally oae ha u in 5II (N)

(4.23)

Guided by experiments, Feynman and Field use

up
E" - 0.4
down

s L r o n g
0.2

(A.24)

E" - f ..... o
c härm bo 11ora

in agreeroent uith eqn. (4.15).

In contrast to the model by Anderaon et.al., the spin structure

of the primary mesons is kept aa a free parameter. The best fit

to the data is quoted for

probabllity for spin 0 meuons - a « 0.5

proliabil i t y for spin l mesons • a • 0.5

pro b a b i l i t y t o r spin £2 mesons* a- " 0 (4.25)

The Lreaking of the SU(N) symmetry and of the epin iymmetry

can be justified by the fact, that in Schwinger models the

production of heavy statee (like strange-antistrange pair s or
2 2

spin l oiesons) is Buppreased by factors like e xp (-ra /m ), w i c h

mo = 0 (l GeV) ' I2J.

Of courue, the sma11 er fraction'of vector me nona requires a.

l. „ i ; s 3_, t1 of f(z) compared to ref. lü'J- Feynman atid Field use

with

f (z) - (1-a) + 3a (l-z)

a = .77 (4.26)

To i i i c o r p o r a t e tlie t r a n e v u r s e m o m e n t u m anearing in the

i t wüs a s s u m e d t h a t t h e q u a r k - a n t i q u a c k p a i r a w h i c h a r e

p t o d u c e d t o d i s c h a r g e the c o l o r f i e l d c o n s e r v e t r a n e v e r s e

m o m e n t u m in a p a i r u i s e f a s h i o n and hence have no net t r a n s v e r s e

m o m e n t u m , T r a n s v e r s e m o n i e i i t a p^ and -pA a re ass ig^ed to the

( j u d r U r u s p . a n t i q u a r k of a p a i r , w i t h a D i s t r i b u t i o n

l \ ^0 _ e-p*/(2pio) (4.27)

o dp^

The traosverse momentum of a primary meson is given by the

vector sum of the transverse momcata of its quarks. To

repfoduce the observed mean transver&e momentun of the final

state piona, pa = 350 MeV is required. The mean transverse

momentum of primary mesons is of the ordert of 440 MeV.

The recursive scheine of jet generation is nou evident:

i) choose the momentum fraction of the rank l meson from

eqn. 4.26

ii) generate a quark pair according to eqs 4.24 and 4.27.

The rank l meson is made of the old quark and the neu

antiquark

Üi)decide on spin^parity of the meaon (eqn 4,25). Use the

known pfleudoacalar and vector mix i ng angles to determine

the precise type of the meson. If necessary, let it decay.

IV ) If there ia Btill enough energy left over, repeat the

procedure starting with the residual quark.

The problem ie hidden at point IV : the ma in a ssuiDptions put

in the model, like ecaling, are not valid at low energies. Any

low energy cut will lead to irregularities in the plateau (fig. 4.7),

Feynman and Field salve this point in a very elegant manner:

first they create "mas ter jeta" of very large momentum p^.

Hext they reinterpret and rescale the variable z, keeping only

thoee particles which have z > 0 afterwards. Physically this is

essentially äquivalent to boosting the whole jet such that

those particles having y'> 0 in the new System carry the

energy E equal to the initial quark momentum. Particles with

y 1< 0 are thrown away (fig. 4.7). To create a füll qq jet, two

such jeta with opposite quark momenta are put together.

Slnce it includes all essential details of hadron physics in a

consistent uay, the Feynman Field jet model is very well

suited to demonstrate the properties of Jets in the parton

picture.



li

In p0

F i g . 4 . 7

l'he r e c u r s i v t J e t g e n e r a t i o n l e a d s CD p r o b l e m s a t y - 0.

To c i r c u m v e n L L l i i s p r o b l e m , o n l y t h e l i igh-y e n d o f a m a s t e r J e t

i s u aed .

Betöre entering tliat topic, a feu remarks concerning the

philoeopfay uf tlie model have to be made. Regarding the recur&ive

prineiple,one is tempted to consider the Feynman-Field Jet ae

au "outside—inside" ca sca de, whe r e e.g. particlea of tank l are

uroduced l i r a L at high y in the Overall ums. The authors

themeelves considered thia point äs one o r the major dr.iw-
i i o 1

backs o t Lheir model .' A companson o£ the integral

equations (4.19) wich the equationa de&cribing the inside-outaide

cascade of Andersen, Guatafgon and Peterson (A,12) however proves

tliat büth point of vi,.,- lead to very similar ma theaia t ical

structures, the eqs. (4.19) being äs well compatible uith an

inside-outside development of tlte Jet. The recursive principle

proposed by b'eynman and Field t hu s should not be cone idered

äs a pbysical luude l , but scerely äs a mnemonic simplifying the

btiukkeeping of momenta, (juantun numbers etc.

Second, the model deals uith probabilitiee. Quantum field

theories usually deacribe ampliCudes and not probabilities,

leading to inteiferetice terms which don't appear in these

seniclaesical J e t models. Since color confinement is a collective

phenouena, these interference termä should be quite important.

On tlie other hand one nay hope that due to the large space

tirae extension o£ the cascade, interference effects average

out on a long ränge longitudinal scale '. The tranaverse

dimensions of Jets are etrongly influeuced by coherent

r a d i a t i o n ' , but again it seems that the probabilistic

dietribution (eqti 4.27) put in by hand represents a realistic

average over quantum effects.

The laat point i& more technical: Since finite momentum Jets

are produced by cutting off the tails of very high momentum

Jets, conservation laws are not fullfilled exactly. In the

average, there ie one quark with its charge, color and trans-

verae momentum left over. In reality, this quantities have to

be neutralized by the corresponding ones in the opposite jet.

This unbalance of con&erved quantities is not a epecific

failure of the Feynman-Field technique to generate Jets,

instead it ie a reflection of the fact that it is meaningless

to talk about a single jet. The only Systems of pbyaical

relevance are color einglets , like qq or qqq staces. A

division of such Systems into eingle Jets is approximately

possible for fast particles, it is however completely meaning-

less and a r L i t r a r y for alow fragmentat ion products.

4.4 Properties o( quark Jets

In this section we shall discuss the expected properties of

quark Jets, and cotnpare them to the exper iraent. The Feynman

Field model will be used aa tlie typical parton jet reference

The jet energy should be choaen such that ma&s effects are

negligible, on the other hand it should be low enough so that

the QCD corrections to be discussed in the next section will

not dominate. This conditions are fullfilled eg. in the

lower PETRA energy ränge.

Consider the fragment a tion of u, d and s quarks (the decay

of charmed quarks will be discussed later). As "stable" final



b t a l t ; p a r t i c l t s w e h a v e

u . d . a •* fl + , H ° , u ~ ; K * , K° , K ' .K 3 ; v ( 4 . 2 8 )

In p r i i i c i p l e , M i e r e are 3x8 f r ag raen t a t i on funct ions ( p l u s

C t i u c o r r e i p o n d i i i ( j o u e » f o r a n t i q u a r k s ) .

(4.29)

Charge conj uga L ion and isospin invariante reduc e the number

o t independent functionsi

final ätate n

= D'

- D

f i n a l &tate t.

D 1 0'

-o
DK = D^

u u

DK = DK
a a

(4.30)

Dc (4.31)

f i n a l s t a t e

DT • (4,32)

T he , . • ! . ' ' - ' p i c ture gives us additional, approximate relations

betueen the U's, Kssentially, there are two naia Eragmentation

mechanisaS, u s u a l l y known äs favored and unfavored fragmentation

' , A f ragmen ta t i on is favoreJ, if ehe !E ragraen t contains the

i n i t i a l (juark. In ehe language of Feyntoan and Field it may

then be the (fast) meson of rank I. In the unfavored case,

w h e r e t he meson does no t c o n t a i n t he i n i t i a l q u a r k , i t has

to be of rank 2 or higher , imply ing a smaller raean m o m e n t u m .

K e e p i n g th i s c o n ß i d e r a t i o n i n m i n d , w e m a y a s s u r a e t h a t t h e

r a t i o w ( z ) o f u n f a v o r e d t o f a v o r e d f r a g m e n t a t i o n processes i s

i n d e p e n d e n t o f q u a r k f l a v o u r i n v o l v e d

unfav .

fav.
D ( . ) D" ( z )

( 4 . 3 3 )

Aa SU (3 ) s y m m e t r y i s p r o b a b l y v i o l a t e d in q u a r k f r a g m e n t a t i o n .

eqn . ( 4 . 3 3 ) ia not f u l l y a d e q u a t e : äs soon äs a s t r ä n g e q u a r k

is p r o d u c e d , the f r a g m e n t a t i o n fuoction is s u p p r e s s e d by a f a c t o r

D stränge,fav.
, _ non stränge

non stränge, fav.
D non stränge

Strange, unfav .
non Strange
non .stränge, u n f a v .

non s t r ä n g e

D K ( z )

D" U) ( 4 . 3 4 )

The v a l u e of h is a c h a r a c t e r i s t i c p r o p e r t y of c u n f i n e r a e a t

f o r c e s , and a h o u l d not depend on the r ank of a m e s o n .

h (z) = const ( 4 . 3 5 )

Finally, we expect

(4.36)

Wich theae simplificatione, the D's are fully determined by the
~~ v "^

knowledge of the three functions D (z), D (z) and D (z).
U u u

Eqn (4.33) to (4.36) are only approxiraately valid because of the

presence of a second mechanism for "unfavored" fragmentation:

the decay of vector meeons, e.g.

a n y t h i n g



w h i c l i c o m p e t e t e s w i t h t h e d i r e c t , s u p p r e & t i e d channel ,

A l l t h i e i ä m o r e e a s i l y d e m o n a t r a t e d i n t a b l e 4 . 1 , u h e r e the

t rat t i un of mumentmn car r ied by the various decay productB is

g i v e u , and by f i g . 4 . 8 , w h e r e the f a v o r e d and u n f a v o r e d

f r a g i J i e i i t a t i o n f u n c t i o n s of a u - q u a r k in to i ' s a n d K ' s a r e

s h u w n , a ü p r e d i c t e d by the F e y n m a n - F i e l d t u o d e l .

T a b11 4 . 1

F r a c t i o n o f t o t a l mo nie n t u m c a r r i e d by the d i r e c t - p r i m a r y ( b e f o r e

d e c a y ) ciesons and d i r e c L - p l u s - i n d i r e c t ( f r o n ) a d e c a y ) m e s o n s

L e a u l t i n g f r o m a u-, d - and s - q u a r k . l 12)

Particle u

•*• +
T = p 0

„ 0= p" 0

Tl~ - p 0

K*= K** 0
o fco

K - K 0

Direct K~- K*' 0

K u= K*° 0

i] 0

n' 0

u 0

t 0

•n"* 0

n° O

TT~ 0

total K+ °
= direct Ku 0
+ indir.ct K- Q

K " 0

1 0

total n 0

total K 0
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Flg. 4.8

u quark tragmentation function in the Feyiman-Pield model

Tuo points are worth t o be noted: in contrast tu phäse space

modela (chapter 3), the Feynman-Field model predicts a nonzero

value of D (z) at z • l even at asymptotic euergies. On the

other hand, D11 - D" + D71" ie temarkable well fitted by theq q q 2
UJM expressioa D(z) - (l-z) /z in a large E ränge o < z < 0.7.

In e e annihilatione the fragraentation functions of u,d, and s

quarks cannot he measured separately. Coaceraing t h i s topic

we shall use data ftom deep inelastic lepton nucleon interactions

for compari&on. To reduce con tr ibut iotis from quas ielast ic channels
2

cuts on the four raumentum transfer Q and on the invariant mass
2 2

W of the hadronic System have been applied, typically Q >2 GeV

and W>4 GeV. Nevertheleas the mean energy in the hadronic center

of mass <U> = 6 to 7 GeV is fairly small, and phase space effects

are still impartant.

As we shall see in more detail in chapter 6, the choiee to the

scaling variable is somewhat ambigious in leptoii-nucleon

interactiuns, especially äs far äs elow particles are concerned.



o dz

i fastest
charged hadron

2nd fastest
charged hadron

GeV

0 0.2 0.4 06 O.B U)

Ehad

The most commonly ü sed variable is z <= E/Et j • E ifi the hadronn 3 d
energy in the laboratory f r a m e , and E, , is t he total hadronic

had
energy, which is äquivalent t o the quark energy. For faat hadrons

(z > 0.2), z coincidee with x - 2p /W, or with x„ - 2E /H.- *cms R cms

Flg. 4.5 shows that the model fits rather w e l l the spectrum of

favored and unfavoted fragmentation raodes of u quarks äs derived

from electroproduction. In fig. 4.9 data from neutrino-
119)

nucleua and neutrino-proton intecactiona, respectively, are

compared to the FF model. Again the agreement is good. Included

in fig. 4.9 are predictions of a longitudinal phase space model,

which demonetratea the influence of energy-momentum and Charge

conaervation. The multiplicity has been constrained to the

observed one. Obviouely, much of the differenc£ observed between

the "favored" and the "unfavored" diatribution of positive and

negative hadrona, respectively, is accounted for by simple Charge

conaervation. Even the increaae of the difference with z is

reproduced: eVenta with a particle close to z - l have a low

mifiaing masa and therefore a low multiplicityj effects due to

Charge conaervation are moee important than in average eventä.

A moce differential quantity, the diatribution of the faatest

and aecond fastest charged hadron, is shoun in fig. 4.10.

The Feynman Field model aa well äs the naive phase space uodel

agree with data. Finally, fig. 4 . 1 1 illustrates the neC charge

denBity in u and d quark Jets äs a function of the rapidlty
2 l 3)y • In z. The integrated Charge.content of the Jets is

<Q> - 0.55 + 0.06 and <Q>, * -0.12*0.13 foc u and d-quarks,

respectively. The FF raodel haa the tendeucy to reproduce the

observed asymmetry between <Q ?• and <Q,>.

t'ig. 4.9. ii (nurk f rahmen La t ion functiona mcsasurtid in neutrino
1 1 9 )

i i i i c l u i i s i u l i : i d L t i o i i d coinpat^ii to predictions of tlie

!•'u y miun- l1' i 1= I L! ü tnüilu l (l-T) and of a pliaae space modül (LPS).

Kiy. 4.1*1. Di BL u i Ln c i im j n z for the fastest and the aecond fastest

uh.i rgtiil lud roiis, , i-otnpü red wi L h Fl' and LPS in a) wN and b) v W

MU.r.^Lio.i,. I20)

To summarize 60 far: the FF uodel seems to be in

agreement with data frota deep inelastic teactiona even in

details; however, the comparison with the longitudinal phase

apace model proves that mosc of this agreement is required by

conaervation lawe, once the multiplicity distribution is

correctly adjusted.
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l dN
N dS

2 0

1 0

G 0

9.4 GeV
OFF res

2jet wi th
cuts+ rad corr.

0 0 0 2 O A 0 6 O B

S-obse rved sphencity

1 0

t' i g . - 1 . 1 4 , O l i s e r v t i d s p h u r i c i t y d t s t r i b u t i o n of c h a r g e d t r a c k s a t

/s = 9 . 4 f i e V . Tl ie f ü l l c u r v c i s the FF

S i m u l a t i o n a n «l i n i t i a l s t ä t e r a d i a t i o n .

/s = 9 . 4 f i e V . Tl ie f ü l l c u r v c i s the FF raodel i n c l u d i u g d e t e c t o r
4 l )

I .e t u .s 110 w ü L i i d y m o i - u i n J u t a i l t l ie q u a n t u m nuoiber s t r u c t u r e of

l ' ' uyn i i i a i i - l ' i t ; l d j fc L s . H *i l iave s t: o n in f i g . 4 . 1 1 C h a t q u a r k J e t s

L c a d tu r u t ü i " L h i i clia rg t i of t h e q u a r k a t l i i gh r a p i d i t i e s . T h i e
4 )

is t l ie o b j t i c t oE a S u g g e s t i o n by F e y n m a n . II e c o n j e c t u r e d t h a t

( u._ L ,i L .1 l i] u a 11 L u in n i i i . i i ! ^ r -, o f all t he F ragmen t s in th i a re g ion

a v e r a g e d o vt> r u v c n L a a l i i n i ld be e q u a l to tl ie ( f r a c t i o o a l ) q u a n t u m

i i t j i n l i e r s o t' l hu [i,j v t- n t q u a r k . T h i a q u a n t u m n u m b u r r e t e n t i o n i s

ei ut i d j t e d by f i y . 4 . ' 5 , w h i c h s l iowa the r a p i d i t y d-ia t cibut ion

u l t h e r a n k l i i i ^ ü u i i s con ta i u ing the o r i g i n a l q u a c k c o m p a r e d to

I h u f . i p i ii i L j ,- a u t L h e p r o d u c e d p a r t i c l e s ( f o r s i m p l i c i t y ,

y = In z = y - l i i /s l i a s b e e n u s ü d i n s t e a d of y) . O b v i o u s l y , the

ra n l, l in ^ s o 11 b t j y s i 11 t lit; h i g h y re g ion o f the Je t . The s a ine

j ü , "t c u n r s u , Ir in: t 'or it.-s d e c a y p r o i t u c t .

I L h a s b ^ ü i i s l i o w n , h i i v ; e v e r , t h a t t h i s ü o c d n o t n e c t s a a r i l y i m p l y
1 2 ^ - 1 25 )

q u a n t u m n u m b u r r e L u n t i o u . T h e argunent goes äs f o l l o w s :

a s suu i t i w u c u t L h e j « t s o m e w l i e re, e . g . at y, = -6, and sura u p the

<l ii ;i n t u m ii u in b ü i- ü u l it I l [> a r L i i; L o a w i t h h i g h e r y , . In n e a r l y

83

all ca&es the initial quark ig contained antong these

mesons. Yet, uince we Start with a quark and count an

integer number of mesons, thece is always one quark pair

wtiose quack is below y and whose antiquark is above.

If y 16 low enough, this quark pair will stein from the sea.

The sum A of quantum numbers for y > y is then given by

<A > (4.37)

A describes the quantum numbers of the initial quark (resp.

antiquark) and <A > are the mean quantum numbera of an anti-

quark (resp. quark) from the sea. Exact quantum number retention

happena only if <A > - 0. Let us coneider a few examples: a

SU ( 2 ) sea consisting o£ u,u,d,d; a SU ( 3 ) symme tric eea and

the Feynman-Field quark sea with SU(3) broken due to the

higher a quark ma&s. Ue get for <A >

sea

SU(2)

SU(3)

8ü(3)„

Charge

-1/6

O

-1/15

s t rangcnee s

0

1/3

1/5

baryon
number

-1/3

-1/3

-1/3

3 component
of isospin

0

0

0 (4.38)

In aone of these modele all quantum numbers are retained.

For the Feynman-Field fiea, we expect approximate retention

of Charge and I . The nean quantum numbers of their Jets are

i n i lial
quark

mean j e t
c f i a r g e

. 60

-.40

mean Jet
atrangenes s

.20

.20

. 60

mean
I
z

.50

.50

.00 (4.39)
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Tlit i D i s t r i b u t i o n o f d i s t a n c e s f l Y b e t w e e n t h e h a d r o n s coming

f r o m oae p r i r o a r y j a U t ho s« c o n i i n g f r o r a a n o t l i e r p r i m a r y next

i n r a n k K , < | ^ , |* = 1 . 8 . Tl ie D i s t r i b u t i o n A V a i n o n g t h e

su i: und a r y l i d d c n n s w h j >j h come f r o r a the decay of a s i n g l e p r i m a r y
l 12)

R u l a t i o n a b c t w t L ' n t l i c i r t h a r g e a a t e a u m m a r i z e d b y t l ie p r o b a b i l i t y

»ia L t i x \i

i '1 +

.40

.54 .28 (4.41)

. 4_0_ . 00 j

wi l ii Mi u 110 i* in . i l i z,i L i oii 1̂  W = l
''i'* l 4 i^i + l

( M D t u L IM t l o r q - t u t s q j n d q . , h a v e t o t»e exchanged , s ince U
'i ni-H

j ;j HOL iyiiinn; L L i u ! ) . S i m i l a r for s t r.i i i y e u e s s

.00 .20 .80

.20 .80

(4.42)

.00

Si nee in (4.41) and (4.42) all elements H and U _ _ _ vanish,

Charge and atrangeness raus t be c o n e e r v e d l o c a l l y u i t h i n meaons

of neighboured rank. To be märe quantitative, we define a

correlation length äs follows: assume we have a p r i m a r y meson

carring a coneerved a d d i t i v e q u a n t i t y q . (charge, s t r a n g e n e s s )

at a p o s i t i o t i t, (e.g. in rank or r a p i d i t y ) . As the plateau

äs a whole is n e u t r a l , the reraaining mesons form a systein with

a n e t "charg^ 1density da /d^, normalized via

/ dt (do /

(for a i m p l i c i t y we treat t äs a continoua v a r i a b l e ) , A c o r r e l a t i o n

length A£ may now be defined äs

(4.44)

In a nor« model d e p e n d e n t way, At could äs well be defined by

The q u a n t i t y q is coneerved l o c a l l y , if ££ is finite and not

bounded by the ränge of £ i t s e l f :

At « 5 U ' MESON'
(4.45)

In that sense t we get for the c o r r e l a t i o n lengths in rank



traiisverse niomen turn

charge

s t rangenes s

A*

1.9

1.3 (A.46)
be down by factors of t he order 10 (äs long äs QCD e £fects are

not dominant) and is uejjl igi bJ e tven at PETRA energies.

As a f inite difference in rank implies a Cinite average d i f f e r e n c e

in tapidity (flg. 4.17), Lransverse momentum, charge and s t rarigene SB

are conserved lucally in rapidity in the Feynman-Field cascade.

Out of chi s L l, r i-1, local conservation of Charge and atrangeness

are basic properties of the model, whereas the type of momentura

conservation is put in hy hand.

The correlation lengths ,', y can be e&timated to be Ay -2 for

charge conservation and Ay = 1.5 - 2 for strangenesa coneervacion.

The resonance decay of primary mesons introducea addition^L sbort

ränge correlation between ehe observed meaona. As an exanple,

Fig. A . 1 8 shous the two pa r t i c l e correlation {unction

C (y. •*2> =
l da

(4.47)

The pcak i n C (y , , > • . < f o r u n l i k e b a d r o n c h a r g e s i s m a i n l y

d u £ t o t h e d e c a y o f p r e d o m i n a n t l y n e u t r a l r e e o n a n c e s and n o t

t lLic to a l oca l c o n s e r v a t i o n of c h a r g e on the p r i m a r y meson l e v e l .

The t y p i c a l K o r r e l a t i o n l e n g t h f r o m resonanoe decay i s Ay = 0 . 9 .

F i n a l l y , uha t a b o u l c h a r m f r a graen t a t ion f u n c t i o n s ^ In tlie a p i r i t

o f t l ie l ' eynman-F i e l d m o d e l , t he inc lue io i i o f c h a r m (o r even h i g h e r

nia s s q L i a r k s ) e u l a r g e s the u u m b e r of £ ra g inent at ion f u n c t i o n a

c o n s i d e r a b l y . F i r s L , t h e r e a r e f u n c t i o n s d e s c r i b i n g c h a r m e d m e s o n

p r o d u c t i o n b y o r d i n a r y q u a r k s

06

04

00

-0.2

0.22

_ 0.1
N
N
•f

,5 °°

L?
-0.1

02

(z) i»D (O

Fig. 4 . l Ö

Predicted behaviour of the two-particle Korrelation function

C(Y , Y „) defined by (4.2) where V - 4.0. C is plotted

versus AY = Y -Y . Resnlts are given for h negativ» and h_

positive (upper) and h negative and \\, negative (lower) aiLd an

gunerated usiiig Monte Carlo (pointa). The dashed curves are the

results for C(Y ,Y ,, ) before the primary mesons art; allowed to
1 2

decay. The dotted curve (to guide the eye) is 0.36

From ref. 112.

Since we have learned that in Schwinger - like models the

production of higli rnass states is suppre&sud by factors like
2 2

exp (-m /IGeV ), charm produution by "ordinary" quarks &hould

A next set of fuitctions dtiscribes the emission of normal mesons

in the fragment a tion of charmed quarks. One is tempted to

assume that these mesun spcctra agree q u a l i t a t i v l y with Chose

of normal unfavored decays, up to phase space effects. At tlie



m o m e i i t there a r t n° e x p e r i m e n t a l r e s u l t s p r o v i n g or d i s p r o v i n g

l i i j E c o n j e c t u r e - W l i a t t i t a y s a a a last p o i n t i s the f r a g m e n t a t i o n

of c l i a r m e d q u a r k s i n t o c h a r r a e d m e s o n s - T h e s p e c t r u m of p h e n o -

m e n o l o g i c a l p r t d i c t i o n s r ä n g e s f r o m s t e e p l y f a l l i n g f u n c t i o n s

to <5-f u n c t i o n s p e a k e d a t h igh z . Höre r e c e n t p a p e r s

c o i i c o r d in die expec ta t ion , t ha t c h a r m e d p a r t i c l e s a h o u l d car ry
l 2 9 ) - l 3 l )

out an u n u s u a l l y large f r a c t i o o o f t l ie a v a i l a b l e e n e r g y

In f a c t a d u t u i l e d a n a l y s i s o f u f A n d iit even t s f r o m the CD11S and

b N L i i i M i i r i n o experiraents I cad to the c o n c l u s i o n , t t i a t D (z) i a
1 3 2 ) + -

ß a a e n t i a l l y f l a c i n z . T h i s i s £D rough a g c e e m e n t w i c h e e

d a t a ( s e c t i o n 2 . 3 ) u h i c h f a y o r s a z -dependence b e t w e e n ( l - z )

and ( I ~ K ) ' .

T l i i . - p r u d i c t i o n f r o m q u a r k f r a g m e n t a t i o n m o d e l a ( a s d i a c u s s e d a b o v e

ts u n a i u b i g uou s : t In; cliämitd meuon lias to be produced äs the rank l

m e s o n . t ' u r t h c r i t m a k e s n e a r l y DO d i f f e r e a c e i f i t i s e m i t t e d

äs a p s e u d o s c a l er or äs a v e c t o r meson. Due to its l a r g e m a s s

the f i n a l c h a r r n e d meson w i l l carry n e a r l y the whole momentum. So

we l iave

D f ( z ) (A .A f i )

uhere £(z) i s the decay function used for the recureive definition

of the jet i' t q ii 4.16). Based on eqn (4.48) the jet model by

AnderEun et al predicCs actually D to be constant, whereas the

Feynmati Field clioice for C(x) (eqn 4.26) it. incompatible uith a

flat fragmentation funcLion. If L he future a n a l y a i a of expe r i nie n t s
l 32 )

ponfirms thü gucss of ref. one probably will have to go

back to ttie naive expectatiun f(z) - const. and provide the

"ßoftness" of tlie normal fragnientation function by increasing

the vector/pstudoBcalar ratio for primary meson productioa.

y i

4,5 Suminary

Based on the quark-parton taodel, the space-tirae evolution

of a quark jet can be visualized äs an "inside-outside"

cascade. Independent of the reference frame chosen, slow

fragments are produced earliest. The production oE leading

fragmenta, or equivalently the final oeutralisation of the

primary color Charge occura after a time T proportional to

the quark mo Dient um Q. A quantitative description of this

process can be given using an analogy to two dimensional QED,

or a semi-classical quark raodel . The recursive scheine for jet

generation proposed by Feynman and Field is consistent with

these models; it reproduces the measured incluaive particle

diatributione in quark Jets, and the data an correlations,

fairly well. One ahould note, however, that much of thia

agreement results simply from constraints due to 4 - momentuin

and charge conservation, and can be obtained äs well in an UJM

(section 3 ).
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5. Varton Jets and QCD

The quark parton moüel was originally dävelopped to provide a

useful and s i m p l e description of the physics of deep inelastie

phenonitna . ' ' " ''The modern foundation for the parton

roude l is i l<^ gauge theory of strong interactiona based on the

colur degree uf freedum: QCD. In (JCD scaling of the deep inelastic

structnre functions, uhich describe the quark distribution within
2 2the nucleon, is ptedicted to be broken by logarithras of q - -Q .

Pltys i c a l l y , these scaling violations are due t o the Emission

or absorption of ßluons during the l i a t d scattering procees. Thus

altliough itie naive parton luodel, strictly speaking, failsj

it is posüible to r i - | > l i r;i bf the parton language by assigning a

well s p e c i f i u d Q dependence to the parton den&ities.

G(x) -* G(x,Q (5.1)

A l r e a d y Lhrough the prinuiple of analytic continuation of the
2

scattering amplitude a Q dependence of the structure functionSj

describing the di atr ibution of partons in a hadron , induces
2

aut oraa t ically also a Q dependence of the f ragtne nta t lon fundierte,
138 139)which parauie Lr i ze the di s t r ibution of hadrona m a parton.

The dynamical meclianisms leading to thia ecale breaking a r e

sketched in fig (5.1): "before" the quarks emitted e.g. iu e e

annihilat ions reach the aurface of the confining bag, they

radiate gluons, which may in turn convert tnto new quark-anti-

quark pairs. The bulk of low nomentuni gluons ia reflccted at

the bag burface and coiopensa tes the "vac uum presaure". Gluons and

quarke in the high momentum t a i l of the radiation however deform

the surfacd of the bag and create a nuiuber of incoherent final

statt Jets. The "parton sliower" inside the bag is described

hy QC1), whereas the final confining stage ha s to be described

by pheiiomenological models like the Feynman-Field -Jet,

Fig. 5. l sugßests that the pe r t urba t i ve and no nper tur ba t i ve stagea

of the process a r e well separated in space-time, Thia conjecture

h äs c r i t i c i z t d l>y Fr autsch i and Krzywicki with the

9 J

argument that the "hard" per t urba t i ve matrix elements become

large preoisly when the energy denomi nator s becoiue snall, i.e

when the virtual interraedia te statea are relativly long lived

As an exampLe, fig. 5.2 ehows a space-time diagram of the

process

qq

qq

uhere the Splitting of Jets happens after a low momentum hadron

ha s been emi t tad .

Here we shall first discuss the mechanisms of acale

breaking at the example of structurw functions.

Finally we generalize the results to the case of fragmentation

functions.

CONFINEMENT

Fig. 5. l

The perturbative QCD scale breaking in parton Jets througn

gluon emi s b i on and co n Version. Füll and wavy l ine s reifer to

quarks and gluons, respdctivly.
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A p o s s i b l e B p a c e - t i i a e J i a g r a in f o r e e * q <J Q q

(in t he n o t a t i o n of A n d e r s o n et a l ) .So nie h a d r o n s a r e a l r eady

e m i t tcd b ü f u r t i C l i e S p l i t t i n g J » to f o u r j e ta o c c u c s .

5. l :,• . b r e a k i n g in QC1)

The formal, and Cheoretically rigorous derivation o t s c a l e

breaking i» QCD i s formulated i" the language of reoormalization

group equatiouß for the coefficient functions of local

uperators in tlie l i gilt con« expansion for the product of t wo
140)curruntB.

A raore i n t u i t i v e moJel for scaling violations in scale invariant

Uieories has btf.i given by Kogut and Suaskind ', and we

iollow their l ine uf arg u m e n t a t i o n , ' ' Ue a säume t hat

matter organizts iiselt into "clusters1 / For example.

95

molecules are made of atome which art: made of nuclei which

are made of nucleons etc. Each cluster is characterized by

a certain size and time scale. The relation hetween this

scales appears tu be acciderttal. However, äs smaller and

smaller scales are probed in high energy physics some kind

of regularities may ei: a r g e ; certain field theorieii e.g. suggest

that the connections bütueen adjacent scalee become universal.

™ I 3Conaider tine and length scales of ordinary hadrons, 10 cm,

and denote those äs N « 0 clusters uhlch in turn are compoeite

of N - ) clueters (partone). Renormalization group investi-

gations suggest that the dyaamics of clusters of type N uhich

form a düster of type N-1 can be described by a Hamiltonian

11 without explicitly refering to smaller clustere (N+ l , say).

In an infinite moiaentum frame, H depends on the fractional

momenta x of clusters of the type N and ou their transverse

momenta. The intuitive picture tmggested by Wilson and Polyakov
1A5, H6)

was that ät large N the coupling constant describing

par ton'-partoa interac t jone becomes con&tant and thus the ratio

of typical scalee R /R^-S approaches a constant at large

N. IQ that caee, the transformation connecting the Hamiltontans

H.TJ , and H„ ia also independent of N,
N T i

Imagine now an experimenttwhich probes hadrons with particles

of large four momentum q. Assurae the q is space like, e.g..

Then a reference frame can be choosen such that q consists

only of a three vector, q « (0, q). Such a projectile will

be ablß to resolve structures of the order of it& wavelength

» -Q" (V) -"2 As the "target" hadron muves with

roughly the speed of light, the tirae scales probed are of

the order Q ae well. The parton die tribution which is relevant

for the description of the process is that of clusters with

R., - %, aince clusters of the type N+l cannot be reäolved by
n

the probe, whereas clusters of type N-l no longer appear

poinLlike.

This means

X = R (5.2)

or, with - In (R Q)/lnö



X
I 

X

X
| 

X

(0
 

•—

4
j 

o
. 

a
 

—
<

•rt 
9
) 

-J

D
 

|X
-O

 
(O

-
|
c
T

—
 

u
 

e
 

>» 
<u

C
 

B
 

^< 
-^

 
C

B
 

E
 

ki

a
 

-
i 

—



<J8

3t
i: p (a , t) G. ( a , t )
j » J J

(5. 14)

Tl ie s t r u c t n r e f u n c t i o n G ( x , t ) c a n b e o b t a i n e d f r o r n i ts m o m e n t a

v i a t h t i n v e r s e M e l l i u t r a n s f o r m o r b y a p p r o x i m a t i v e n u m e r i c a l

, J U 7 >ine t l i o d s .

We shall discuss eqn. 5.13 for the two most intereeting caees:

i) fixed point theories

In fixed point theories the dimensionless coupling constant a

characterizing parton interactions tends to a nonzero constant

äs t grows. The dynaroics and the function p become independent

of t.

TU solve eqn 5. 13 ue liave further to supply boundary conditions

for small, but yct aaymptotic t. With the coadition

G (rx.Q2) - G (et) (5. 15)

G U,Q) Co(a) ( 2 )P««) (5.J6)

In other words, the momentfi o£ G are power behaved in

' : - . - • . • • • . . • c ons er va L i on and unitarity require

and consequently

p(2) - o; P (O > o

p(k) <0 for k > 2 (5. 17)

That n i t i . i i i j ä L l i . i t . the patton distribution shrinka touards
2

lower K w i t h increasing Q , and the numbet of partona,

G ( ! ,Q ). i ncreases.

ii) QCL> äs an example for a symp to t i c al l y free gauge theories

In asynip to t ically free theories the coupling constant tends to

aero äs Q gocs to iufinity, eg. in QCD '

99

b In (QZ/A2)
(5. 18)

with

b - 33-21
12TF

(5. 19)

f ia ehe number of active flavors.

Due to the veak dependence of a on Q , fixed point theories

are a resonable approximation for QCD within a limited ränge
2 2

of Q . In the presently accessible region of Q , the two

modele have been ghown to be indietinguis fable in many aspects

For furtiier calculatione we «rite the transition probability
2

p äs a product of the effectlve coupling constant a c(Q )/2 n
D

and a term depending only on the momentum ratios

PU, £)-
as ( t>
2t P (x) (5.20)

Eqo. (5.J3)

is now easily solved

as(t)
-§7— P (o) G(o,t)

P ( a ) / 2 , b

A') (5.21)
u

ThUS QCD leade to logarithmic violations of scaling,

In real QCD, we have not simply one parton structure function

G but iostead the structure functions q. and g of 2i quark fl avors

(i ° u, U, d, d, . . . ) and the gluon. Summing over all color etat.es,

we get front eqn. 5.10:
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<••>
A (a)
gq

0

2fA (u)qe

A (n)
SB

(5.27)

The coef f i t; jtn t s A etc. are combina t i ons of the moments

of the p f u n c t i o n s . The t-dependence of the a o n s i n g l e t t

cowpuiiCLit is obvious, it is g l v e n eqn. (5.21).

The most acuurate e x p e r i m e n t a l results on quark structure

functions come f ruin deep inelaatic neutrino scattering. '"'

To compare t h.» QCD p r e d i c t i o n s with the data, one has to eolve

eqn, 5.26 i n c l u d i n g a guess for the unknown gluon structure

ftiuction; in fact the p r e d i c t i o n s turn out to be nearly

independent on the s h a p e of g (x,t) .

2
Fig. 5.4 coppares tlie prcdicted Q -dependence

2 2 1491
of F2(a,Q ) i x l ^q. (x,Q ) with the CDHS data, ;

u, u, d,d« • *
The o n l y f r e e p a r a m e t e r i s the c o n s t a n t A f r o n eqn. 5 . 1 8 . The

QCD c u r v e s s h o w » a re c a l c u l a t e d fo r \ 0 . 4 7 G e V .

Ttie a g r e e u i e n t of e x p e r i m e n t and QCD i s very i a p t e g s i v e ; the
2 2s h r i n kl n g of V, (x ,(} ) t o w a r d s lower x w i t h i n c r e a s i n g Q ,

l e a d i n g L o a d e c r e a f i e o f t h e h igher m o m e n t ß , i ß e x a c t l y

r e p r o d u c e d .

W B a r e n o w p r e p a r e d t o d i s c u s s t h e Q C D sca l e b r e a k i n g

of f r a g m e n L a t ion E u c i c t i o n a . F o l l o w i n g a g a i n the

i d e a a o f K o g u L , S t i s s k i n d a n d P o l y a k o v , w e assume

t h a t i n a d e e p i n e l a g t i c r e a c t i o n or in e e a n n i h i l a t i o n ,

a p a r t o n t i f t y p e

N ^ -In (R Q) / ln.5

is emitted, l bis par ton "decays" now in a series of N-l type

wl. ich dccay into N- 2 type partons etc. Consequantly,

Lhe d i a t a n c e of tlie p a r t o n s four litomentum from the mass s h e l l

increases w i t h N. 1 Su tar äs q u a n t u m nuiabere etc. are

concerned, the par Lon a al d l f f e r e n t N raay well be i d e n t i c a l ,

in QCI) e.g. they are all quarks resp. gluons. Accordingly, we

I03

W 20 50 100 200

Fig. 5.4
2

The Q dependence of the Btructure fimctian F raeaeuririg ehe

quark plus antiquark density in the nucleon, äs conipared to
149)

QCD fite with A - 0.47 GeV '.
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j jt L

T- V> V, ( 5 . 2 8 )

3 t
dx r r ( i , t ) G ( x ' , t ) ( 5 . 2 9 )

.>'.:..•- w e a re s t i l l d e a l i n g w i t l i q u a r k a n d g l u o n i n t e r a c t i o n s

governed by Q C D , L l i c r - f u n t t i o n s in e q n ( 5 . 2 6 ) a r e identical u , the

p - f u n c t i o n s in eqn ( 5 . 2 3 ) . W i t h the d e f i n i t i o n s of eqs ( 5 . 2 4 ) ,

( 5 . 2 5 ) we a r r i v e a t

- ~ G (a. t) - ~ A (a) G ( a , t ) ( 5 . 3 0 )

For eimplicity, we urite the moments o£ the parton

t ragmen t a t ioii functions D äs a uatrix äs well, the element

D. (a,t) describlng the decay o( the j-Lh parton couiponen t
+ o

(non iinglet, singlet, gluon) lato the hadron i (n , n , •

,. : L T laomeüts of the final etate hadron density are then

ß(a) = D (u,t) G (a,t) (5.31)

There a : .= uow two waya to describe the f ragmenta t ion of a

quark at t , äs sketched in fig. 5.5: the fragmentation

fuiiction D (a,t ) gives a direct mapping of the parton dietri-

b u t i o n t i t
q

G (*,t )

G (a,t ) = (l, 1,0)
4

(5.32)

onto the hadronic (inal state. On the other hand, G (a,t )
q

can be d e s c r i b e J in t e r m s of a s u p e r p o e i t i o n of p a r t o n f i at

t , 0 S t , s t . The r e l a t i o i i b e t w e e n G ( a , t ) and G ( a , t , ) is
q

given hy eqn (5,30). The hadronic final state can nou be

eyaluted be applying D (a,t) on G (a,t ). Of course the final

di s t r i b u L i o a function häs to be independent of t.

105

PARTON

REPRESENTATION

OF THE JET

HADRONIC

FINAL STATES

T

l ,

T."

0 *•

G(LTQ)

EQN.
(5.30)

G(X,T

Mg, 5.5

The fragmentation of a quark at t can be considered äs a
q

mapping of the point G (s, t ) - ( i(1-x), 6 ( l -x),0) onto a

hadronic final state o . This can be done in two Steps:
h

G(x,t ) is firet mapped onto G(x,t,)j next G(x,t ) is mapped
q ' '

onto o .



Sa we get
l 06

-*f ( D (a,t,) G (a,t,)) - 0

or , wi Lli eqn (5. 30)

D (a,t) - D (Q,t) A (a) (5.33)

To salve c q i i 5.33 one needs a boundary condition at a reference
2 2 2

(J . We could e.g. use tbe Feynman Field jet »odel at Q = 100 GeV

uliere QCD e f £ t; c t s should b e negligible. The explicit

calculation of t he scale breaking in parton jets ie however

coraplicated by the fact, that a physical quark or gluoo ia

never a pure £ l avor nonsinglett. Through the singlett term in

ehe q u a i k denaity G (a,t ), quark and gluon terma become

ijjxwd up. Tlius to find the quark fragmentation functioo, one

has to know äs well the gluon fragmentation functions at tbe
2

reference Q . To arrive at a more quantitative undetetanding of

the procesE, uc sliall consider the parton densities G(x.o)
2 2 2 .within a Jet initiaced by a quark at Q » Q , Q i s cho»en

äs low äs possiiil£ (o( couree, the vdlidity of the pertur-

bative QCß expaasion has still to be garanteed). Tbat means,

we observe the "parton shower" iiiitiated by a primary quark

at a puint jufit before the nonperturbative conversion ioto

badrons titarts. i)e Grand * has ahovn that in the high Q

linit the dt s tributions q (favored nonsinglet component),

q ' (unfavored cowponent, e.g. antiquarka) and g (gluona)

froio L-qn (5.30) iaay be approximated by

16.

(1-:

.05

uiif, ,q,. (x,o)
16.

(1-x)

(X,ö)

16

(1-x)

.05

(5.34)
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The subscript q refera to the nature of the parent parton,

f, is defined by

4-b
In

(5.35)

Obviously, äs Q goes to infinity, all parton (and hadron)

deneities concentrate at x • 0. The ratio of the various

component s atays constant. Compared to the valence quark, gluons
2

and sea qgarks are luppressed by factors (1-x) and (1-x) resp.

Thua the Itadiug particle effect, which means the dominance at

high x. of particles containing the original quark is not destroyed

by the QCD corrections.The final hadron spectrum ia giveo by the

convolutiDQ of eqs. (5.34) with the fragmentation function

D (*, o) . Therefore the steepentng of the leading hadron

diatributions occura at the Barne rate äs in q" .Compariug e.g.

typical DORIS and PETRA energies, we get

JOOO GeV

0.5
d a

10 GeV (5.36)

5.2 Preconfineraent

If one coopares the QCD results OLI parton fragmen ta t ion (eqn. 5.33)

with the resulta of naive confinement modele (chapter 4), a
2

paradoxon &eema to enefge; 'n ^l-". che decay of a parton at Q
2

jnto many partons at lower Q is entirely governed by the color

Charge of the fragmenLing parton; the pictorial flux tube

connectirig the two coloc eourcea playfi no role at all,a gecond suurcu

ia not even neededl Furthermore, the QCD "final" state at L=0

contains a number of color triplet - and octet aources, which

are aseumed to decay independently according to fragmentation

functions D(x,0), wheraa naivly one expects a systen of color

flux tubes joining thesgs sourcea. Finally, since the fragments

of each t-0 parton cover the y ränge from y to y=0, thep ü r" t o n
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height of the rap i d i i y plateau depends 011 the choice of

reference f rame used f or description; the re sul t s are not

lurentz i nvarlaut.

'l'lie o r i g i n of these Problems is presuroably the follouing: the

couf ineiiient - and the QCÜ picture, respectivly, apply to

d i f f c r e n t sLages of the procesa. The naive confinement picture

maiuly adresees L he question of the formation of the rapidity

plateau, whereas the QCD approach deacrihee the distribution

of fast fragiiitnts in Jets. Actually, the leading log approxima-
2 2tion on which eqn. (5.33) ig based, ie invalid for x < Q l (\ 521 °

btcuuse a d d i t i o u a l terms (l/x)lnx becouie important . Therefore

eqn. (5.33) makes no predictions on the neight of the rapidity

plateau, on multiplicitiea etc.

Nevertheless, the question staya how the two äifferent approachea,
2 2the confinement model at low x and at Q = Q , and the QCD

2 . °
picture at high Q join Bmoothly.

153)Receiitly, Konishi, Ukaua and Veneziano have propoeed a

generalization of eqn. 5.33 to deecribe the t-dependence of

n-parton cross section in jeta. They describe the parton
l 59)

fragnentat ton äs a branching procesa , an exact derivation
154)of their ineLhod has been given by Kirachner , using the

leading log approxiraation. In close analogy to the model of
b9)

Kügut and Susskind , it ia ahown that in the QCD evolution

»t a Jet, partonti of t, [er. Q decay ("branch") into two partons
Kr

of s i z e Q . In c o n t r a s t to the s c a l e b r e a k i n g of s t r u c t u r e
K"* l

f u n c t i o n s , t h i s p r o c e s a m a y be v i sual ized aa real d e c a y in epace-

t i i u i ; . T h e l i f t i t i m c T a s s o c i a t e d to the p r o p a g a t o r of a

p a r t o n i n the K - l l i g c n e r a t i u n i a

rK - XKQ/QK (5.37)

i n a g r e e i u u n t w i t h t h e n a i v e e x p e c t a t i o n f r o m t h e u a c e r t a i n i t y

r e l a t i o n , r„ = | / A E , w i l l i y = x .Q/Q, , and AE - Q... F r o m ( 5 . 3 7 )
K Iv Iv K

we get t Im t o t a l t i m e for J e t . d e v e l o p m e n t

exp«lnQ2/QV'2) (5.38)
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k- l
The factor 2 in eqn. (5.38) arises eince the k-th genezation

k- lcontaina 2 partone. This reault is in qualitative agreement

with that obtained from the naive fragraentation nodel of eection

4. l .

The jet development by branching of a parton of mass Q into

two partona cloae in mass instead of decay by on shell brems-

atrahlung is a s p e c i f i c feature of the parton fornfactor in QCD.

One geta

(5.39)

Coosequen t ly , a p a r t o n of m a s a Q evolves on the average to

2 2 1 / 2

160)

exp((ln (5.40)

final partons of masa Q . The average nujuber of branching stepa

18

(In Q2/Q2)l/2/ln 2 (5.41)

This description givea a very handy t and intuitive picture

of the f ragmen ta t ion of a quark of mass Q into partons of taass Q ,

but doea it help to close the gap between the perturbative jet

and the rudimentary modele of final confinement? This connection

was established by a recent work of Amati and Veneziano . They

calculated the dia t ribution of color among the n final partons

of maaa Q , with the astroniahing result that already pertur-

bative QCD providea a "precoflf inetoent" of color. They diacovered

that these "final state" pactons are grouped into colorleas

clusters in a number aufficient to "exhaust" the final state,
2

but still posessing a finite average mass of the order Q . The

result is peculiar of QC1), in particular of ita non-abelian natuce

Let me briefly sketch their derivation. Itt the axial gauge and

at the leading log l u v t l , the flow of color during Lhe degra-
2 2

dation-of a high Q quark into paftons at Q is determined

by planar diagrams, which means that color tlow lines must not

cross. Nonplanar diagrama are suppressed by l/N . factora.
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Thia is visualized by fig. 3.6; note t h a t a cjuark corresponds

to a e ingl e co lor l ine whereas a gluon can bt displayed a a

a color tr ipl et-antitriplet state corre spond i ng to two color

linea, ObviouBly t it is always possible to group the

"final E täte" partons into nonoverlapping, colorlees clustera

A) QUARK
ALLOWED PROCESSES

GLUON

FORBIDOEM

B)

F i g 5 .6

9-

9 - 9

a) Drawjng rules (or planar QCD graphs

b) P l a n a r g r a p l i of the p roces s e e" -» h a d r o n i c dus te r s ; the

" f i n a l s t a t e " co lo r l i n e s can be groupad into color s i n g l e t

c l u a t u r s (;,•-. c
1 H

l ! l

Partons inaide eacti clueter are nearby in the branch ing-1 ree

structure of the Jet, Consequently, the clusters have finite

masses. The clueter maus epectrum is cut off in the form 156)

l da
(5.42)

uhere X and \ are of order 1. Thua we get <H > = 0 (Q ); this

i a a non-trivial result einee the <H > of two partons cho^en
2 2randomly groua äs Q «C(Q ).

o

Relative transverse momenta of nearby clusters.turn out to be

anall, but the mean pA of a clueter is of the order Q/lnQ.

The multipltcity of clusters is given by

Nr 9 •) Kr 9 7
<n > * exp(2/ ~ InQ /A'i)/exp(2/ -̂  InQ^/A ) (5.43)

Notice t ha i. <n > growa faster with Q thaa any power of

logar i thms.

The importance of these results is obviousg under the rcasonable
2

assumption that conf i netnen t at Q converte chese clusters into

hadrons without a l a r g e reshuffling of color lines, the final

s t a t e of the parton evolution is no longer a System of vijtual

coloted objecte which are hard t o deal with. Instead one tias a

nurnber of physical object s,uhich can be treated äs on-shell

massive etates and uhose properties are independent of the

initial Q.

There are nou two philoapophiea to proceed further. Either one
2 2 > 2

choosen Q relatively large, Q ~ 10 GeV . In this case the

reliability of the QCD calculation is guaranteed, however one has
2 2 2

to tackle the queation how a cluster of H s Q = 1 0 G^V

fragmenta. The other way is to u&e a Q aa low äs posslble,

0 (lGeV ) . In this case the final atate cluaters can be

identified äs the usual meson resonances,and a simple Isotropie
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l 14

t - f

- 3 + S (Q2/m2) 6 (Q2-iB2>

+ S (Q2/m2) 0

(5.45)

ni , m are masses of the order of the charmed and botCom quark
c b 2 2

in.jhL.eu, respectively. S(Q /4m ) is a threehold factor going to
2 2 c 2

unity äs Q /4m » l, Neglecting S, the Q -dependence of the

charmed meson production can be calculated from eqn. (5.33)

- D ( a , t ) - ~ D ( a , t ) A ( a . f ( t ) )
3 L £ •

c l i n s i ii g l» t ( £ In

As a b o u n d a r y c o n d i t i o n

2
m

l) U, l» (-|)
Q:

ä(i-x) (5.46)

Fig. 5.8 a) showa Lhe results for perturbative charm production

by charmed ijU.n-ks, gluona, and light quarks aa eiven by
1 6 1 )

Georg] and Poljtzcr . The quantity plotted is the second

uiomunt of the charmed meson d i 61 r i but ion , equivalent to the

mean fiaction of uiomentum carried by all charmed fragmente.

Qual i t a tivly, the curves behave äs expected: charmed initial

quarks are most effectivt in producing charmed mesons, only
2

at high Q additional quarks and gluons are produced perturbativly,

L h ii s diminuishing the mean "c liarmed momentum". At first sight,

however, the enormous difference between the light quark and

g l u o n f raguientat io» function eeems surprising, The ofavious reason

A)

l 15

is that a heavy quark can be produced by a primary gluon

via pair production; in the light quark case the gluon has to be

taken from the steeply falling bremsstrahlung spectrum.

B)

lighl ,-jja

1 2 5 10 20 SO IOO ZOO 5OO

O 2Q 50 100 200 5OO

Fig. S . 8
a) The n - 2 moroentfi of the to ta l decay function into charmed

hadroas , fo r c h a r m e d q u a r k s , g l u o n e a n d l i g l i r . q u a r k s v e r t i u s

Q2.
b) The n • 2 momeots of the total decay function into stränge

hadrons, for stränge quarks, gluons, and light quarks versus

Q2. 1 6 I>

Ad ding nonperturbative contributions all curves will be within

the shaded area (for >",d and s quarks, the values giveii in

tahle 4.1 ate ehown; gluon will be between Hg h L, and stränge

quarks).

Quantitätivly, the model does not reproduce the preaumably fal

ling fragmenta tion functiona of charmed quarks into a charmed

meson. This def au l t is due to the boundary condition of eqn

(5,46), and it deraonstrates that one haa to be very cateful



l 1 0

in choosing t h t s e l i m i t s ; t lie h o u n d a r y c o n d i t L o n s i m p o s e d on

eqn ( 5 . 3 3 ) ha ve lo be g ive n in a r e g i o n w h e r e t h e q u a r k

f r a g m e n i a t i on i s d o m i n a t e d by p e r t u r b a t i v e QCD e f f e c ts , and

u l i e r e t he i n f l u e n c e of p h a e e space i s n e g l i g i b l e . E q n . ( 5 . 4 6 )

h o w e v e r i s m e r e l y a c o n s e q u e n c e of the l i m i t e d phase space

ava i l a b l e •

G e o r g ! a ml G l a s h o w have äs we l l t r i e d to d e s c r i b e tlie per-

t u i lu t. i v i j p r o d u c t i o n of s t r ä n g e toesons ( f i g . 5.8 b ) , u s i n g

m „ - 500 He V. In t U i M r e g ine f i r s t o r de r p e r t u r b a t i v e QCD i s

not e x p e c t e d to h o l d , so the s t r e n g d i s c r e p a n c y to the m e a s u r e d

v a l u e s i s not ä s t o n i s h i n g ( u a e e .g . the Feynnian-F ie l d j e t äs
2

a p a r a a e t n z a t i o n o f n o n p e r t u r b a t i v e j e t a at moderate Q ,

one g e c a Ü ^ (2, Q 2 - 100) = 0 .38 and D 3 u d ( 2 , Q2 = 100) <= 0 . 2 2 ;

g l u o n s s h o u l d be in b e t w e e n ) .

5 . ^ T r a n s u e r s e m o m e u t u m a t r u c t u r e o f p a r t o n J e t s

In t he n a i v « ; q u a r k j e t r aode l s , t he l a t e r a l w i d t b o f t he j e t

e s s e n t i a l l y d e t e r n j i n u d b y t h e d i a m e t e r o f the co lor a t r j n g

c o n n e c t i n g t h e p r i m a r y q u a r k s . T h e mean t r a n s v e r e e m o m e n t u m

of t l ie p r o d u c t i d p a r t i c l e s i s i n d e p e n d e i i t o f the j e t e r . t r g y
2

r e s p . Q , and o£ the x of the p a r t i c l e e , a p a r t f r o i n t r i v i a l

k i u e m a t i c a l e f f e c t s a t ve ry low and a t very h igh x . Such a

n a i v e j e t r e p c e s e n t s a c y l i n d e r in tnoioentuca s p a c e .

All t h e ü e s ta t e m e n t s b e c o m e i n v a l i d äs soun äs one i n c l u d e e

Q C D s c a l e b r e a k i n g . T h i e i a e a s i l y v i s u a l i z e d i n t h e sca le
1 4 2 )

i n v a r i a n t p a r t o n m o d e l o f Kogu t a n d S u s e k i n d (see 5 . 1 ) .

l ,e t u s c a l c n l a t e t h e t r a n a v t r s e m o m e n t u r a o f a p a r / t o n o f a i ze

k- 1 d u ü c e n d i L i u fr o m a p a r l n n of s i z e k. S ine t; no o t l ie r scale

1s pre si i i i t , die r u s n l t raust bt p r o p o r t i o n a l to the p a r t o n s ize

i' is a f i m c t ion ö l L h t a L r t i n g c o u p l i n g c o n s t a n t n, .

l l 7

In asymptotic free theories one can calculate f(j ) perturbat ivly

Only t hose decayS( niay contribute to transverse momentum

fluctuations, where two or more partons of type k-l are

generated. Therefore

2 2
^ (5-48)

In the following stages of the decay, this transverse momentum

is smeared out and diatributed among the <n> final hadrons. Thus

scale breaklng effects yield an additional emearing of the final

state

2 2
q (q

(5.49)

Furthermore, t h i a emearing depends on the fraction of atonentum

carried by the hadron. A hadron at high x must contain partons

from "aarly" stagea of the decay and thus carry their large

transverse momentum. A hadron at lau x, on the other hand, will

only contain one of the many fragments in the late stagea of the

decay and uill receive only a small fraction of the eirly

partons transverse momenta. The mean square transverse momtintiim

from perturbative Bcale breaking is given by

(5.50)

Phase space factors are included in K(X)

0 for x -* l

-l eise (5.51)

The total transverse momentum is the sum of perturbative and

nonperturbative components
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Bow remind that in SU(H) the Bquares of chargea of the N-plet

resp. N x N-plet are given by the structure constante of the

group

.2 .
r ra,a = I

>N N
*?, - i * '"t" - *^- £ «or SU(3)c

«xtJ tabc N - 3 for S U ( 3 ) c

( 5 . 5 6 )

So we e x p c c t

a dy
' 2 2

g /g - 9/4 ( 5 . 5 7 )

l he r e l a t i v e s o f t n e s a o f the g l u o n jet is n o w required by

s i m p l e energy-nonenCun c o n s e r v a t i o n .

In the Q C D l a n g u a g e t h e s e r e s u 11 s are o b t a i n e d by i n t e g c a c i n g

eqn ( 5 . 3 0 )

- -^ G ( a , t ) - ~ A (a) G ( a , t ) (5.58)

f r o m the s t a r t i n g p o i n t t« t . and t-t , down to a
0 ' qua rk gluoo

l o w r e f e r e n c e s c a l e t = 0 . U i t h the t r iv i a l bounda ry c o n d i t i o n s

( c o m p a r e e q n . 5 . 2 5 )

nons ingle t singlet gluon
G ( a , t ) = ( q u a r k , quark , denaity) • ( 1 , 1 , 0 )

düna i ty density

and

G ( a , t , ) = (0,0, i )
K filuoii ' (5 .59)

ue o b t a i u für L h e n u m b e r s G ( 1 , 0 ) and G (1 ,0 ) of t -0 p a r t o n a

i n q i i i i r k a n d ( j l u o n J e t s , r e s p e c t i v l y

G ( l , 0 ) - ( l , ~ <j( t . ) , g ( t , ) )
q a ijuark gluon'

ü ( 1 . 0 ) = (ü, q ( t . ), g(t , ))
g «liion uluon

(5 .60)

1 2 J

In an infinite momgntum frarae, q(t) and g(t) diverge due to

the ]/x s p e c t r u m of non valence components. At a finite jet

momentum, q(t) and g(t) are limited since partons of wavelengtb.

greater than the typical hadron &ize decouple. In this case,

q(t) snd g(t) can be approximated äs a product of the l eng L h of

the r a p i d i t y p l a t e a u a n d a function power b e l i a v e d in t, wliich
2

is roughly of the order of l for Q chosen äs lov äs possible
2 2 ° 2

in QCD (Q = 2--'5 GeV ) and usual Q . At all t, we have g(t) »

q(t).

So we see that the density of partons in the gluonic plateau

ia 9/4 times the density in the quark plateau. Correapondingly

the number of final s t a t t hadrons should by larger by roughly

the same factor. It häs been pointed out by Brodsky t h a t c h e

last aseuuiption may be only approximately valid. Due

to the higher density of partonfi in rapidity, the average

mass of the hadronic clusters formed in the last stage of

confioement should be smallei, snd äs well t hei r decay multi-

plicity. NeverthelesB, the height of the plateau of gluon Jets

should be roughly twice äs large äs in quark Jets.

The hadron epectrum at high x from gluon Jets can be estimated
2

from the parton apectrum at x -*• l . In the limit of high Q , we

get in analogy tu eqn. 5.34:

q„(x,0)

.05

(l-x)
(5.61)

Eqn. 5.6l deuonstrates the atriking fact that the quark spectrum

within a gluon is much flatter than the spectrum of gluons

within a gluon jet. Thus the leading particle within a gluon jet
2

at high Q in a quarkl

A c t u a l l y , though the number of quarks is small compared to the

number of gluons in a gluon jet (eqn. 5.60) the fraction x ,

carried by t«0 quarka in a gluon jet is roughly 50Z
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100 300 1000 3000

3 0 G s ( n , M ' ) / D s ( n , M Q C O

[bl

G3

100 300 1000 300.0 10000

F i B . 5 . 11

Q - d e p e n d e n c e of t l i e u raoiaeiit of the f ra grae n ta t ion f u u c t i o n
? 2 2 17 f i }of g l u o n s (a) a n d q v i a r k s ( b ) , n o t m a l i z e d at Q - M = 100 GeV . '

3f
;q/g

0.43 for f - 4 (5.62)

(If is further interesting to note that x /Jet is independent of

the parent parton for t -*- ™)

The explanation for eqs, (5.61) and (5,62) is simple: the coupling

of gluons to gluons is stronger than the coupling of quarks to

gluons; so once a quark ie produced it degrades rauch slower in

momentum than e.g. the parent gluon.

Since fast hadrons from gluon Jets stem mostly from quarks, ue

have

(5.63)
-•• l

The stronger coupling of gluons t o gluons further leads t o a

different pattern of scaling violations; first, ehe mean per-

turbative o p e n i n g angle of gluon Jets i s 9/4 of the o p e n i n g

angle of a quark jet at the Same Q 170,171) Second, the

e f f e c t s of longitudinal s c a l e breaking are increased by roughly
2

the same factor. This is evident from fig. 5. 1 1 , where the Q

dependence of the n-th moment of the final state hadron density

(n-2,4,6,8,1O) ie ehown for gluon Jets (a) and for quack Jets

(b) (taken frotu cef. 376).

An interesting interpretation of gluon Jetts is suggested by

topological nodelß 153,180,16l) . in t||e 1i(1)it of infinitely

many colora, the rat i n of gluon mul t ipl ici t ies wi t t i i n color octet

jete and color triplet Jets i a given by (eqn 5.59)

dy dy
3tf3 N2-,

The plateau of a gluon jet is thus represented by the sum of the

plateaus of two quark Je t s . In the N + ™ llmit, a gluon jet can

be vlsualized by two diagrams like fig. 5.6 b) put on top of

each other.
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l in

terturbative and nonperturbative components of p A can be

seperated, when transverse momen.ta in and out of t he "event

plane" a 11: consiJered; the momenta out of tlie plane are

determined by nonperturbStive processea, whereas momenta in tiie

eveiil plane also rcceive con t r i but ions from a third Jet emitted

at ] a rge anwies. Fig. 5 . l J a) shows the disLribution of the

mtan <Pi>IH and <i>1> fl _ per event *, also indicated are

pred i c t ions for differenE values o£ the scale parameter A in

QCO. Tlie ränge of parameters compatible with da t a is given

in fig. 5 . I'l b); data are fully conaiatent uith A = 0.5 GeV, äs
215)

determined from IN scattering , and with a constant pon-

pertnrbative transverse momentum of the order 300 HeV, äs

obtain e d for j c L ü at lower energies.

Siinilar conclusions are obtained by studylng the "oblateness"
259)

of the d l s t r i b u t l o n o f t r a n s v e r s e ooiuentum vectore in je 18 ,

or simply by counting tlie number of non cylindrical planar
6 5 , 2 2 0 )

5 . 7 ü u u t n u i r y

-)
At l a r g e Q~ , w h e r i d a L S s m a l l , t he e v o l u t i o n o f j e t u , äs d i e -

c u s b u d i n ' •. . ,i '-•.- 4 i n a very p h e n o m e n o l o g i c a l wa y , can be

c d l c u l a t e d p e r t u r b a t i v l y iu Q C D . T h e c h a r a c t e r i a t i c f e a t u r e o f

L h u.st; "QCD~je t s " ia a b r o a d e n i n g of the t r a n s v e r a e s ize of a
> 2

J e t p r o p o r t i o n a l to Q / l « Q , and a a t e e p e n i n g of l o n g i t u d i n a l

dis t r ibut ions . Tliu QCD con t r i bu t i ons to the t ransverse Jet size
2 2

a h o u l d be r e l e v a n t at Q > 1000 GeV . The e f f e c t s seen at

h i g h t i s t P t l ' K A e n e r g i e s a r e c o m p a t i b l e w i t h Q C D p r e d i c t i o n s , b o t h

q u a l i t a L i v l y and q u a n t i t a t i v l y .

The Q*n> ' . . , j . ; 1 can be a p p l i e d a l s o to g l u o n f r a g m e n ta t ion . The

m a l n p red i c t i u i t s c o a c c c i i i n g g l u u n J e t s are

- the l o n g i t u d i n a l d i s t r i b u t i o n of f r a g r a e n t s i a s o f t e r t h a n in

q u a r k j e t b , tlie op tn ing angle of a gluon Je t is larger

- t he p r u d ( u : t i ü n j f h c a v y q u a r k f l a v o r s i s e n h a n c e d .

l J l

6. Jets from parton aysteos

In the chaptera 2 and 4 , we considered intcractione whece a

large four momentum q is transferred to a single parton, giving

rise to the production of jeta. Ue restricted our attention to very

simple initial conditions: the ayetems studied consisted of a

parton and an antiparton of oppoaite color. Furthermore, only

elementary, irreducible partons were considered-quarks resp.

gluons. These liraitations reduce the number of variables: the

resolution power 1/X - •' | q | of the probe i& identical to the

invariant mass ''a of the hadronic final atate. In the picture

of color flux Btringa, the geometry of the color field connecting

the two partons is well defined. Experimentally, theee conditions

are fullfilled only in one type of reaction: tlie decay of a heavy

(timelike) state into quark or gluon paira. Other deep inelastic

reactions, like the ecattering of quarks out of a nucleon by

probea of large spacelike momenta create moce complex final states

which cannot be fully described by the tools discussed above.

In this chapter we shall try to give a phenomeaoLogical

description of tlK-.su reactions.

6.1 Deep inelastic lepton-nucleon scattering

As aa first example let us study processes where the nucleon struc-

ture is probed by a photon yc a weak vector boson of high, space

like momentum. Various interactions are poasible. In the eiraplesC

case, the probe is absorbed by a valence quark. Fig. 6.1 compares

the corresponding diagrams of parton resp. color flux lines with

those obtained for quark production in e e aiinihila t ions . The

main difference of the parton final state is that in fig. 6.1 b)

the antiquark is replaced by the diquark eystem . ("spec tator'*)

remaining after the "active" quark is scattered. The diquark form*

a color antitriplet

3 x 3 (6.1)
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i ! . - r ä n g e Y is exhausted by t wo t y p e a of f r a g r c e n t s : thoae

a r i a i n g f r o m the cu i i i i neinen t p rocess of E h e a c t i v e q u a r k are
2 2 + -spread over a region Y = In (Q, /mL)t like in e e annihila t ions .

The r e s i d u d l r e g i o n K = In ( l / x - l ) i s p o p u l a t e d by s p e c t a t o r f r a g
123-125, 183, 106,

ine »t s f l g . 6 . 2c ) .

Fig. 6.3

.'..-. •< j i. 11 interactions between a ^pacelike current and nonvalence

partone

a ) S c a t t e r i n g o f t a a ea q u a r k b e i a n g i n g to t he p r i m o r d i a l h a d r o n

w a v e f u n c t i o n

b ) S c a t t e r i n g o f f a s e a q u a r k c r e a t e d d y n a m i c a l l y d u r i n g t h e

i u t e r a c t i o n

c) In te rac C i o» w i t h t l ie v e c t o r meson co roponen t o f ehe c u r r e n t

tiy s o t t - . - . , i , i ; . ; ; i. of wee p a r t o n s .

135

Details of ttie structure of the final atate can be derived by

coneidering the conf iguratioa of color sources. For definit^ness

let ÜB use rapidities in the target rest frame, and aesume that

an antiquark has been struck. The scattered quark represents an

antitriplet at y - Y, the opposite color pole beeing the

spectator at y.AB i In (l/x-l). In analogy tu e e reactions, we

th •- Y-ln (l/x-l)-2thua expect to see a plateau region of the

followed by a should

of the active quark.

followed by a shoulder at y I A R = lf coiitaining the direct fragments

Predictions concerning the region of the target, or spectator

fragmentu are lesa evident. The Standard aesumption ' is

the following: quark-antiquark paira frum the sea have low

invariant masses, and the rapldities of quark and antiquark are

similar. Sä the sea quark left over is localized at the priuiordial

rapidity of the active quark, y,AR a In (l/x-l) (in analogy to the

Dirac picture of an t ipart icles äs hole states in a neutral

continuum, tnis quark is often referred to äs the quark hole).

At y B 0, the three ualence quarka form a color ocCet aince long
unD

time ago one of tliem had emitted the gluon which created the sea

quark p a i r . Consequently, one may expect to find the valence and

hole fragmente et y. .„ * 0 and at y. . „ = In (l/x-|), respectivly,
LAB LAB

connected by a hadronic plateau created by the octet color field.

i o o \t was pointed out by B r o d a k y that this model may not be appropriate

The initial 5 quark fock state js a soft. coherent, and long lived

fluctuation of the nucleon core. In a coherent state, however, it

1 s imposeible to fürth er localize color charges.

This is eaaily demonetr^ted in the parton picture: the relatively

amall mass of a nucleon implies that the wean transverse mass uf
fl 7\a quarka goes to zero aa x goes to zero. Theii , .however, the

rapidity spread of a low ms s s qq pair may be arbitrarily large.

Under tliese conditiona, any further Bubdivision of the target

region seens u umotivated (fig. 6.2d). We shall return n; this

point later when discussing specific models of the fragnentation

of multiquark atates.
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TARGET CURRENT

REGION REGION

AQIVE
OUABK
BEfOWE

SPEUArOS SCATTCHING

in ( V x - 1 1 In Ifl'l

ACTIVE
QUARK
AFTER

SCAHEftlNö

Fig. 6.4

Interrela t ion of thc various reference fraues used to describe

t hü hadrüiiic final s t a t e in lepton nucleon interactions.

6.2 EnvironnenCal independence and factoriaation

The hypothesis of environmental independence is implicitely

coutained in ehe genuine quark parton model ' , ic haa

firsL been s täted explicitely by Seghai . Environmental

independence means, that ehe di str ib ut ioua of hadrons in the

partmn fragmcntation region of a epecific proceas ia expresaible

äs

h
i
a dz (6.7)

where E. i ä Llie p r o b a b i l i t y that the fragmenting parton is of type

i (l t - 1) arid D. (z) iä die fragmentation function depending
i i

on a scaling variable z. This neans that for the purposes of

ealculation, we may assume that the primary ineeraction cireates

a "parion beani" uith j compoüition given by the probab i l i t ie s

. and tliaL each pafLon vatiety i decaye into hadrone of type

ti with a d is t r ibiiL i on D.(z), which is dndepenJent of the origin

of the parton.

The probabilities E. characterize the process under investigation

In e e ann i lii l a t ioua e.g. ehe c. are proportional to ttie quark

139

charges gquared, whereas in lepton nucleon interactions they

further depend on the fractional momentum x of the interacting

parton .

In eqn. (6.7) the fragmentation functions are äs suraed t o ecale .

The scaling variable ueed by Seghai to describe quark f raginen ta t ion

in lepton nucleon xeactions was z defined äs the ratio of the

actual and the maximura hadron energy in the laboratory frame.

In general, the chöice of the "suited" reference frame is

ambigoue, fig's 6.2 and 6.3 suggest e.g.to use z„ in the above
D

caee. whereas naivly one may vote for x„.

This problem disappeara at infinitely high energies. Here the

relation

p. « zp
rh eq

between the four momenta p, and p of quark and hadron, respectivly

holds in all frames with the same z. At finite energies, eqn (6.7)

should hold for those hadrons wich are fast (E » m.) in each

of the varioua frames.

0.02 -

Fig.6.5

1 0

Z EH ' EMAX
The fragmentation D ^z) for charged hadrons in various hard

reactions ' 19) >
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P— •<0uûEBO1-1
'M>B

£

UU03Xi-iU1>c
.>^4
l

4
l

3O-D.

—
 1

fi4«hiu.-,4
l

W—O

-3a
.

1-1<o.L:h
l

u3O•aj-*2iHOD
i

CD01

^!0-3^
j

M7
"MU1>

.P
-I

j4i-fl——LJOM-jj
3_-auT
Tj-j

a

u
l

Bo•-iuU33>M£O, .
4
_
1

n]
UCUa£

0
njki

<M'-
-

OIfl3»H—
<mUa—o<•*o_TaupHn—uU
H01Ju-3a
.

M

4
l

3M3pQ^-

h
lCcd

•MUm>3-M3
l

p
Hajijj-,4
JeuB01

pH4
tX—
 i

k
l

4
Jngu-

*
4U3EQ

.a01

-__>
p
4

C'J>u

(U
 

J
=
 --'



t-- 
O

 
i—

n
 

T
: 

=

SP 
t

tu 
t

y. 
i

ocn 
:

c 
i

rr 
ri

dlQ
. 

r

m
 

f

iu s sk i nd a H we 1 1anggests such a b e li a< 
«

&-•< 
fi

o

:
 
r
t(t

-rt 
ui

r 
&.

u•l 
IT

.

i. 
r.Bl

•1 
r-i-f' i ng pcoc e s s are

. 199-201) Th

independent of ehe p

-• 
i

6 
nn

r*CurrnoSlrrCO
i

Q>-n

D
l

nBh
--

U
O. nduced by radiationD
*

(CH
l

3ccft^5d
.

(Trti

oc^D
-

B
l

mo-rtnBr*OOCnQ
.

•HrtB
"

toD
I

ernn

rtrt•ounnftDD
.

OC(nnB).fferent approach tonftn

rrtert3CCter>Cut-~

led prescrip tiorv-(D

O
Bre3B
"

OCrtOn(DB
—

nc!-•

üf courst, fi00nC 
i

F—
 >

>
<näquivalent to fig. 6 .e*Bi
•^

t a r ge t m a s s t

tlie fraamentörr 
h-n

O
 

ft
B

 
nrt

i-n 
in

3
 

i-
n 

ft
n 

Bi
M

- 
B

.
O3

 
rt

D
l 

O

—
 ,0

VT) 
K

w
 

bmd x dependent corre
198)

nrr(-•

(CBn-iDOItHftr,S
!

uoc[CO

j 
neonrr3
-

n>fKH
-

StoarrB)rt

CrtaM
-

D
l

3
-

rtEUrrCO>-n

3"(t(DIcon and the dressedjacBl

a;tE(n•D(tOBiOn(tnfuCrtB
"

1-hD
l

ißmentfltion functionao-~-

approacli agaiBrt5toBsrfDh
j

? h e practically o n - s hr»>-«r-1

OC
-

rcn

N

BlerDa-art(t

TSOrrrtind agai n ra diätes qu«t3rt

actording to

wi th tlie proltt 
r>A:: structure funci

tht: quark radial

:ion a(x' ). Before th

:es and becomes offD
l 

ft
s-n 

M
.

n.Dd
.

K01M
>

ft

inh—

r»On•si»-'
ecB

l

CaiWtuBa.D
l

a•BnorrK

.OC(B-1Cr*; h e process ia sloc3M
-

0
0ffi

C
T

-
ftH3"n

6lrtD)c01ft01BrtQ
,

OO
.

m:ay i ndepende nt ly . FiDD)*-•

>-=

ft[UnX
1

t---

SCBrti
O

.

rrOD
"

rt•oO3nd

.O
N

III

Uso.Bn

roBlQ
.

DOrrortB»-•

Orti^3m•Bidence, i3 evident fnoB

&
.

c01-J(CD
lnp 1 i f icat ion madto-rrn3m^
'

<a•oB)
MrrOB5o

Bö t h scatteriC
LBiB>BD
l

T
)nnrrBlO1D
,

nn»xM
-

3rrOnB
"

ftiti
*••
BB)r-1

rt 
Q

. 
O

 
S

"

B
 

rr
>-• 

S
-

3
 

ft

re
la

tiv
e

 
c

o
rre

c
tio

n
 

t"/»
)

,O
 

n
<

 
N

3
 
O

n
 

>—
• 

M

N
) 

B
"

O
 

Rf-
 

X
 

rt

S
O?o

re
la

tiv
e
 

c
o

rre
c

tio
n
 
( */.

O
)

0

f 
C

 
a. 

"i 
n,

i—
 

(E 
O

 
n

S
 

B
"

rt 
of 

e
3- 

s-

O
 

•-•
c 

o

>-n 
D

 
rt

O
 

<-•• 
"
i

H
 

M
-

P
"
 

0
!

n
 

n
 

n

O
 

rr 
rr



1 4 4 U5

What is the exper imental Situation? From fig. 6.5 ue learned

that factorisation is at least approximately true. However,

expe rimeii ta l unc e r ta i ni t ies make a definite conclusion hard.

A betLer test of factori sä t ion is possible in lepton-nucleon
2

scatturing where d a/dxdz can be ineasured for various x using

the identical det^ctor and acceptance correctlons. Even in thie

ca;,e, however, the Interpretation of data is not unambigious.

Bccause o f

2 2 l
W ( 6 . 1 1 )

a n y V a r i a t i o n of x u i t l i Q f i x e d ( t o t e s t f a c t o r i s a t i o n ) or of
2 2Q w i t h x f i x e d ( tu m e a s u r e D ( z , Q ) to cooipare w i t h QCD

p r e J i c t i u n s ) c l i anges W aa w e l l , g iv ing r ise Co scale b r e a k i n g

due t o phase e f f t c t s .

F i g . 6 .8 s h o w s the «J is t r ibut ioo of m a s s e s W of ehe h a d r o n i c

f i n a l s t a t t äs m e a s u r e d b y a t y p i c a l n e u tr i n u - n u c l e o n e c a t t e r i n g

esperiaent, p e r f ü r m e d a C t h e F e r m i l a b w i d e band b e a r a u s i n g

t l ie 1 5 f t l i y d r o g e n b u b b l e c h a m b e r . The b u l k o f d a t a lies

belou U < 5 G e V ; in e e r e a c t i o n s however t h i f i is the p o i n t

w f c r e a j e t s t r u c t u r e s t a r t a t o b e v i t i b l e , ave raged over m a n y

e v e n t s l I n t h a t r e g i u n , t h e s t r u c t u r e o f a e i n g l e e v e n t i a

d o m i n a t e d b y p h a s e t > p a c e e f f e c t s . T h i a i s oace more v i s u a l i z e d

in f i g . 6.9 w h e r t i t l ie i n e a n m u l t i pl i c i t i es in the q u a r k f r a g -

m e n t a t i o n r e g i o n z > 0.2 are p l o t t e d v s . W , Sca l i ng i m p l i e e

t l u L i h e s e f f iu l t ipl ic i t lee s h o u l d be c u n s t a n t . The

a r e d u e t o t l i r e & h u l d e f f e c t s a n d a r e w e l l e x p l a i n e d b y a phase

s p a c e m o c J e l ( s o l i d l i n £ s ) . U a i n g a cu t U > ^ CeV U > e x c l u d e the

i n f t u t n c e o f p l i a s e space l i m i t a t i o n s , t h e experimentmlista claim

L Ü s u e n o ü i g n i f i c a n t v i o l a t i o n s o f e c a l i n g o r f a c t o r i s a t i o n .

Tht sanie r e s u l t was o b t a i n e d w i t h h i g h e r s t a t i e t i c s b y a n

e lec t rop r o d u c L i on e x p e r i m t n L at C o r n e l l ' , F i g . 6 . 1 0
2

s h u w ü d o / d x d z f o r v a r i o u s x , n o r m a l i z e d t o the a v e r a g e d o / d z .
2 2

G u t e on the f o u r inouici i t um t r a n s f e r Q > 2 GeV and on H > 3 GeV

ü k i n c m a t i i' a l e f f e c t s at lou m a s s e s and r e j a c t

Fig. 6.8

Distribution of invariant maee of the hadronic System for

neutrino charged current events 205)

SO

01 -
0

Fig. 6.9

The rate of production of positive and negative hadrons witli

z > 0.2 äs a function of w for neutrino proton interactions.

The curves are the result of a longiludinal phase space model
205)
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Fig. 6 . 1 1

Müün transverse niomentura of hadrons in electroproduction äs a
206,207)function o t x . '
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quasielastic events. Uithin the x ränge covered, DO aignificant

violations of factori sä tion are seen, the upper limits beeing

compatible with QCD predictions (fig. 6.8). Fig. 6.11 shows

tbat at fixed M the mean transverse momentum of fragnents IE

independent of x äs well.

More recently) high etatistice data from the bubble chamber

BEßC on v>p interactions became available ~ . Fig. 6.12

showa the inclusive distribution (l/o)(do/dz) for two ranges
2

of Q , averaged over all W. Significant differencea are observed
2 2 2 2

wheo going from Q =• 1-2 GeV to Q c 5-40 GeV . Because of the
2

interrelationehip of x. Q , and W this signalizes eithec a

breakdown of factori sä tion or of scaling, or the doroinaace

of phaee space effecta. To inve stigate this in more detail, the

•orn&ntf

DCn.Q2) - / :n~'D(z,q2)d2 (6.12)

have been calculated and compared to QCO predictions

Fig. 6.13 Bhowa the x dependence of the 3rd moment of ehe

de na it y of positive particles in the quark fragmentation region

a clear
2 2 2

x_>o for three intervalß of Q . For Q = l to 5 GeV
2violation of factorisation is observed, D (3,Q ) d e pe a d a atrongly

2
on x at fixed average Q . Note, however, that the final state

niass w rangea b e t w e e n I and 3 GeV für x > 0.3 and Q' 2 GeV !

It would be rather astonishing if factorlaatioa in the sense

of QCD holds at the&e nasses. In -fact, if D (3,q ) is plotted
2

vs x resp. q for u fixed, data agrees uith scaling
2

in Q resp. factorisation. Thua the effects seem to be niduced

by phase space effects depending on u(fig. 6.14).

Tl i i s is once more euplicitly shown in figs. 6.15 a) and b). Fig.

6.15 a) ahows the moments 2-7 of the nonsinglet fragmenCation
+ 2 - 2

function D (zjq )~D (z,q ), averaged over all x. The observed

nonscaling is in rough a gr oemcLi L with the QCD predictions based

on equ (5.33), however the fit yields a rather large scale

Parameter A - 0.6 GeV. However, with an additiotial cut in u,
2

W > 4, äs uaed by other experimeuts, the Q dependence of tlie

moments dtBappeare corapletely (fig. 6.15 b).
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BEBC

A)

•-+

ID , . 100
'

1.0

W ,
'

B)

BEBC vp O^lm.q*!

U

- aoi

M i • • •

* ' >\ h

F i g . 6 . 1 5

1.0

0.1

10 100
q'.G.V1

2 + 2 - 2
m o m e n t s I) ( n , Q ) " D ( n , Q ) ~ D ( n . Q ) vs . Q fo

2 0 8 )m "• 2- • • 7

a) averaged over all W. The c u r v e s ehow fit of the QCD formula

b) f ü r U > 4 GeV

2 2p o i n L s a b o v e Q « l GeV .

1 5 !

InMl,
30

[G.V

QCD

n o n p e r e u r b a t i v t —•

Fig. 6.16
2

Q -dependeoce o£ the logarithms o£ moincutb from nonper turbat i ve

quark fragmentat Ion wich reepect to ehe scaling variable x

compared to perturbative QCU prediction calculated with
2 2

A - 0.5 GeV . Horizontal lim

of the nonperturbative moments'

Horizontal lineu indicate the scaling limits
,21 I)

atatietics of ds La still consiatent with QCD, since QCD

correctiona to longitudinal fragmentatioa functions are rela-

tiv ely a mal l { see e <] n . 5.36 ).

Ue have seen in chapter 2 t ha L the tranäverse size o£ Jets

exhibits nonscaling at the h ighe st PETRA energies. Nevertheless,

in mofit cases only tails o£ dietributions are concerned, and

a conatant mean pL for fragmentation is still a reasonable

äs Eumption.
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Table 6.l

Measured net chargee in t t i e u,d t ragmen ta t i on region

Exp. ,
R e f .

I 5 ' Ü H Ne
2 1 2 )

HEBE «U
208)

BEßC \,H
2 08)

BEBC u . y N c H
2 1 3 )

BEBC \ivNt: I I
2 1 3 )

DECO ep
206)

Selectiou criteria and cuts
2

(in uuits of GtV, GeV etc . )

2
W * ° , x > . I , Q > l , x „ > 0t

2
W * » , x > . l , Q >l,x >Q

2
W K » , X > . I , Q > l , Z n > 0

D

W >4,x>. l ,Q 2 >l ,Z n >0
D

U«", x > . l , Q > l , Z n > 0a

W > 2 . 5 , x + l , Q 2 > l , x p > 0

«V

0.5910.10

0.52±0.08

0.5510.06

0.4810.05

<v

- 0.4610.08

- 0.1210.08

- 0.31 0 . 1

In t he lii gb energy limi t, all da ta are in qualitative agree Dient

will) t h t; expectation of approximate Charge retention. Quantita-

tivly, the data tend to coufirm an SU(3) breaking for sea quarks

äs used in tlie Field-Feyofflaa model.

6,3 Jet univerealicy

At moderste energiee the Jet physics ie dominated by the parton

fragmentation regions investigated in the last section. At

aaymptotic energiee, however, the direct quark, or apectator

f ragnenta populate only a relatively small region of the whole

r a p i d i t y ränge; the dominant contribution to particle production

comes fron the plateau region.

The ideas of jet universality try to relate the atructure of the

rapidity plateaua observed in the various deep inelastic ruactions

The idea of an "universal" plateau, whose properties are a&ympto-

tically independent of target and cucrent in current induced

reactione was first suggest by Bjorken and Kogut
l L \d on

corre spondence principles. In a universal plateau the denaity
2 2

of each particle apecies (l/a)(d o/dydpx) iß independent of the

final state mase and the reaction considered. Consequently one

predicts a universal behaviour of multiplicities

<n> • n InW (6.13)

Taking into account our present ideas on parton fragmentation,

this model ha s to be uodified slightly. In two d imensional

quark gluon bremsstrahlung modele, äs discu&sed in chapter 4

and 5, the mean m t i l t i p l i c i t y per u u i t of rapidity grows with

the square of the partons color Charge. This observation lead

llrodsky and Guoion ' to the following universality principle:

the properttes of the hadronic plateau are uniquely determined

by the type of color charges separated, independent of the

davor content of the color sources.

In QCD, the t wo basic sources of color are triplet3, Üke quarks

or Ji.juarkb, and octets, like gluons or quark-antiquark pairs.

2
In current nucleon interactions at high Q , e.g.,one should observe

2
a triplet plateau of the length Y- T s In Q , and an octet

plateau of the length Y0 5 = In (1/x-l) (fig. 6.2 c), thua
t) x o

yielding the asyrnptotic mul t ip l ic t ty
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< n > -
x + 0
„2

n 5 l n ( l / x - l )
bx8

(6.14)

Höre genera1 , and taking into account scaling v i o l a t i o n s , we get

x * 0

(6.15)

w i t t i the a s y m p f o t i c p r e d l c t l o n fron QCD

N 3 x 3 " 9 N 8 x 8

2 1 6 2 1 7 ^
U n i f y i n g m o d e l e b a s e d on d u a l un i t a r i sä t ion a c l i e m e s ' aad

OH dua l t o p o l o g i c a l un i ta r i sä t ioji * arr ive at s i ini lar

c o n c l u s i o n t> 107)

K e f e r r i i i g to a c o n i p a r i s o n of h a d r o n i c e v e n t s in e e annih i la t ions

a n d i n c u r r e n t - n u c l e o n r e a c t i o n e , t h e p r e d i c t i o n s o f e q e . ( 6 . 1 4 ,

6 . 1 5 ) are o b v i o u a :

- B a r n e hu i ght of the r a p i d i t y p l a t e a u , a a m e a s u r e d at

Y C M S = ° (eV) Snd a L

B R E I T '

- f o r v a l e n e e q u a r k e e a t t e r i n g , t h e to ta l m u l t i p l i c i t i e s obaerved

in t l ie two r e a c t i o n e s h o u l d be identical for aarae W, up to a

sinal l a d d i t i v e c o n s t a n t f r o m a p u s s i b l e d i f f e r e n c e

i n t j u a r k a n d d i q u a r k f r a g m e n t a t i o n

- i n I N r e a c t i o n s t he t o t a l m u l t i p l i c i t i y a t f i x e d U inc reaees

w i t l i d e c r e a e i n g x , b e c a t i s e t h c n t h e r e l a t i v e K o n t r i b u t i o n o f

t h e t o l o r o i ; te t p a r i g r o w s .

1 5 7

Fig. 6.19

R a p i d i t y d i s t r i b u t i o n s in the cms of eecondariea in vp

reactions at W - 8
,20

16 GeV, and in e e a n n i h i l a t i o n s at

- 13 GeV
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Fig . 6 . 1 9 ö l i o w ß d o / d y f r o r a vp r e a c t i o n ß f o r ö S W S 16 G e V ,'i / \d to e "* e ~ a n n i h i l a t i o n s a t W - /'s - 1 3 G e V , The height

o f the c h a r g e d p i t r t i c l e p l a t e a u , ( d n / d y ) a 2 , i s in f a c t c o n s i s t e n t

In f i g . 6 , 2 0 t u L to ta l m u l t i p l i c i t y m e a s u r e d in vp r e a c t i o n s

0 5 . 2 0 t ) j s c u u p a r t ,d w i t h d a t a f r o m e * e ~ - a n n i h i l a t iona ( see c h a p t e r

2 ) . A g a i n L l i e v a l u e s a g r e e s u r p r l s i n g l y w e l l , except a t very

low e i i e r g i e s , u h u r e t l ie p h a s e space a v a i l a b l e to f r a g m e n t s is

sijiiii f ica i i11 y r cduced in v[> i n c e r a c t i on s , due to the e x i s t e n c e

i't a f i n a l :, i , i i L n u c l u o n ,

Fig. 6.21 deiaons t ra t es the dependence of <n ,> on Q (or,

e q u i v a l e n t J y , x) at f i x e d W,for vp interactions. In contrast to

the e x p e c t a t i o n b a s e d on eqs. (6.14) and (6.15), <n > shows

no aignificant dependence on Q . This feature is b a a i c a l l y

agreed upon by other Experimente studying deep inelaatic lepton
. . . 221-223)nucleon interactions

When Interpret ing figs. 6.19-6.2] in tertos of jet universality

oue should note that at tliese energies the multiplicity is far

from beiug dominated by the plateau region. Below W - 5 GeV,

e.g., the multiplicity is more or less fixed once the transverse

raomentuia smearing of the produced particles is given, and ia

n e a r l y i n d e p e n d e n t on the choice of matrix elements. The in-
2

vanance of n with Q will be partially due to this fact,
. 2it mdy further indicate that at theae Q either reactions with a

coherent spectator system dominate, and no octets are eeparated,

or L ha t the Lypiu al multiplicities of triplet and octet plateaus

are similar.

Clearly, the präsent data are not sufficient to decide wether Jet

un J vtrsal ity holds exactly; never tliele s a data are conaistent

with univereality, so we shall keep it ae a working hypothesis.
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6.4 S p e c t a t o r f r a g m e n t a t i o n

Present data seems to be consistent with the h y p o t l i e s i s

of approximate factorisation and jet universality. In a

certain sense lepton-nucleon reattions therefore don't give

qualitativly new Information on quark Jets, äs compared to

Lepton nucleon reactions, however» offer the unique poesi-

bility to etudy the fragmentation of compound quark states,

like diquarks, It will be shown that the measurement of their

fragmentation functions reveals information on the uavefunction

and dynamica of multiparton atates. Furthermore, once the

fragmentation propertiea of ran l t iquark Systems are known,

e.g. fron vN reactions, the raeclianisms of other deep inelastic

phenomena, like muon pair production in hadron-hadron inter-

actions can be reconstructed by etudying tlit quark contenta

of the spectators left over after the hard process.

A spectator systeo) can be deacribed by its flavor content, its

color state, its roass and by the degree of coherence of its

wavef unc tion. Table 6.2 gives a l.ist of possible spectatora in

cbarged current neutrino-nucleon interactione.

Table 6.2

Spectator Systems in •;, vN interactions. Coherent S u b s y s t e m s of

the spectator are put in brackets. Only u and d sea quarks are

taken into account-.

Reaction

v -valence quark
(fig. 6.D

v -valence quark
(fig. 6.1)

v -primordial sea
(fig. 6.3a)

v -primordial sea
(fig. 6.3a)

v -pointlike sea
(fig. 6.3b)

' v -pointlike sea
(fig. 6.3b)

Spectator

flavor color

(uu)

.(ud)

(uudd) or
(uudu)

(uudu) or
(uudd)

(uud)d or
(uud)u

(uud)u or
(uud)d

3

3

3
3

3
3

(8) 3
(8) 3

(8) 3
(8) 3

masa

0 (m )

0 (iD J

mn (x-- 1 J

n <--!)n x

ra {- — 1 )
n x

mn 4 -•>n x
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Tlie s p e c t a t o t is t l i u e a niuch tnore c o r a p l e x o b j e c t t h, an a

b i n g l e a c t i v e qiiü rk . To r e d u c e the n u m b e r of v a r i a b l e s , we

st ia l l a ssuroe the f o l l o w i n g s i m p l i f i c a t i o n s , based on our

k n u w l e d g e o n q u a r k J e t s .

F i r s t , ehe s t u d i e s of QCD J e t s p r e s e n t e d in c h a p t e r 5 h a v e

shoun L t . . : i the f r agnen ta t ioa f u n c t i o u of a S y s t e m c o n s i s t i n g

of i n c o h e r e i i t c o m p o n e n t e cai i be r e p r e s e n L e d äs the i n c o h e r e n t

sura o f t he i r f r a g m e u t a t i o n f u n c t i o n s , a t l eas t äs f a r äs f a s t

(K » ü j f r a g m e n t s are c o n c e r n e d .

•r

Second, we t l u l l a s s u m e t ha t f a c t o r i s a t i o n ho lde here äs w e l l .

Tha t m e a n s tha t the d i a t r ibu t ion of f a s t f r a g m e n t s d e p e n d a

o n l y 011 the f l a v o r c o n t e n t s of the spec t a to r , w h e r e a a i t s

co lo r c o n t e ut s i n f l u e n c e s the p l a t e a u r e g i o n.

Ue a r e nou r e a d y to d c f i n e the spec t a to r f r a g r a e n t a t i on f u n c t i o n

D , ( z ) w h i c h r e f e r s t o the d e c a y of a c o h e r e n t p a r t o n S y s t e m .

We use a l e f e r e n c e f r a m e w h e r e the i n i t i a l n u c l e o n has a l a rge

u i o m e n t u m p^ . S i n c e t h e m a x i i a u m n o m e n t u i n a v a i l a b l e t o f r a g m e n t s

i s p .

the

'"MAX ~ po ( l ~ x ) i £he natural scaling v a r i a b l e is

l

way äs 2 p,, /W.

PH/P (1-x). In the cms, we have z = ~xc» with x defined in

Do we expect scaling to hold for spectator fragmentation?

The picture of asymptotic freedom, together with the diagrams

of fig. 6.1 suggests L l i a L tbe spectator completely ignores Che

hard process. The energy used to L u i 11 up the preconfinement

plateau is radiated by the active quark; the color Charge of the

tipetitator participates only in the final confining step at
2

fined Q . Does t h i a imply that the spectator fragmentation
2

fiinctiun ts i n d e p e n d e n t of Q ?

2
In fact, a Q dependence of spectator fragmentation arises

in a ratliev indirect., and process dependent way, äs can be

eeen from fig. 6.6c). The incoming proton dissociates into

the active quark at x 1 and the spectator at (l-x1). The active

quark radiates an energy fraction (x'-x) and ia then hit by

the hard probe. Therefore, the maximum mumentum fraction of

spcctator fragraents is ()-xl), and not (1-x), äs naivly

üxpected. Since L he aniouiit of radiation, (x'-x), increases with

1 6 1

2
increasing Q , the spectator fragmentation function D(x)

2
shrinks with increasing Q , and the particle density at

low z increases. Qualitativly these effects of scale breaking

equal those obeerved in quark fragmentation; quantitativly they
2

differ and depend on x äs well äs on Q . This difference of

the perturbative jet structures in e e and in IN reactions

has been emphasiz&d by various authors

In reality, however, these differences are small coupared

to nonperturbative effects, at least at present values of
2

Q and U. Thie is evident from fig. 6.22 where the distribution

of sphericity in compared for e e events and for IN reactions

in two bins of W. The distributions agree within the error

bare. Therefore we feel that in the following discussion scale

breaking effects can be neglected without introducing inui.li

blas.

Let us now consider the fragmentation of Lhe coherent part

of the s p e c t a t o r . Ite decay is governed by soft, collective

processes, and one may ask if the perturbative quark parton

—.-i-r—r-p-i—r—r
l lol

/-r-. . - ' \

7 H - • •
K»

0.2 0.4 0.6' u.S

S'

Fig. 6.22

a) sphericity distribution for vp reactions with M - 6.6 GeV

and for e e annihilation at U - 7 GeV

b) sphericity distribution for vp plus \>p reactionu at W - 10.5

GeV and for e + e~ annihilation at W - 13 GeV. Frora 15* vll, .185)
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n j u J ü l , ur, more general, ehe concept of individual quarks,

may be applied. Consider the decay of the spectator (raaas m )

into a parLon b and a core of mass m . Let z be the fractional
x

moiiien t u r n of b, and px i t s t r a n s v e r s e mo nie n t um, From s i m p l e

kiiiena tics, ue gut

O-z)
( 6 , 1 6 )

If the core z contains valence constituents of the spectator,
l B9- l 9 l l

its .i.abt should be of the order O(GeV) '. That means,

huwever, chat for z * l the active parton ia far off shell.

A fragmunt wliich contains this parton thus actually teets the
2

parton structure at large Q and the spplication of the

192 )perturbative parton coiicept appears tu be justified.

This r^suli, äs well äs eqn. (6.16) seems to diaagree wich

the conelusions of chapter 4, Chat fast particles in Jets are

produced last. Wu Cound, that the production coordinates of

particlea ly on a hyperbola in ßpace-time

2 2
t - r = const (6.17)

Ih is c o r r e s p o n d s Lo a f i x e d p r o d u c t i o n t i m e o f each p a r t i c l e ,

äs n i e a s u r e d i n i t s own r e s t f c a m e , Eqn . ( 6 . 1 6 ) forces Ü B t o

m o d i f y t h i s S t a t e m e n t ;

2 2 l
t - r = — B c o n a t . ( l - z )

P,.

The p r ü d u c t i o n t i m e o f a f a s t p a r t i c L e i s then

(6. 18)

Z / l - 2 ( 6 . 1 9 )

meaeured o.g. in the core rest frame. This modification

cuncerns only fast particles; it does not de st roy the principal

schüiac c,t an ins ide-ou t side cascade, but simply introduces a
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variable cut off for the evolution of the cascade.

To conclude: although spectator fragmentation is basically a

Boft process, the quantum numbers of fast fcagments should

reflect the constituent structure of the spectator.

2
Unfortunately, exper imental data at suffielently high Q and

U, euited to L e a t these ideas i B rare. Fig. 6.23 shows the

x di stribution of positive and negative fragments observed

in yp redctions ia the 15' bubble chamber for events with
2

W > 4 GeV and x > 0.05, with typical Q of the order of 2 - - - 1 0
2 2O8 ̂

GeV - Similar results have been reported by BEUG . In fig.

6.23, t arge L f ragmenta populate the 11 g ion x„ •* -1. For

comparison, the diatributions observed in the proton fragmentation

region in inelastic n p reactiona at /s • 5.6 CeV are

included äs dotted lines.

The eimilarity of ehe pion epectra obtained in the two reactiona

is striking ; furthermore in each case proton production domi-

nates for x -»• -l, The absolute proton yield, however is a

factor 5 down in the deep inelaetic reaction, for x -*- -I.

A dominant production of neutral baryons can be excluded.

Baryon number conservation requires then the proton distributioo

to peak at lower x„, in contrast to the n p events,
F

The füll lines in fig. 6.23 are the result of a phsse space model

(UJM). The model üses constant matrix elements to describe

pion production; the matrix element for proton production

ha e been adjueted to fit the experimental proton spectrum.

In addition, experimental values for the multiplici ties have

been uae d äs an input. The agreemeut betueen data and the

simple model is surprisingly good; this demonatrates oncc more

that a those energiea jet physica is still governed mainly by

phase space effects.

Nevertbeless, the following facts have to be explained by

fragmentation model s

- the spectrum of positive pions agrees with that obtained froro

normal n p, or pp interactions at similar energies. The ratio

of positive to negative pions increases for fast pions. The
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increase is slightly strouger than observed in normal inter-

actiona. Houever, mögt of this second effect, i£ not all, may

be accounted for by charge conservat ion.

- the production of fast pro ton s is suppressed compared to

normal inelastic interactiona.

VariouB models have been proposed tu describe the f r a gmenta t ion

of multiquark Systems, like generalisations of the Feynroan-

Field nodel , multi component fusion models , etc.. We

ahall d i f a c u s s two models which rely on a minimum number o£

additional assumptions, which are uost commonly accepted and

are well documeated, and which have proven useful for the dee-

cription of normal inelastic reactions: the quark recombination
, .14) 232,233)model and the dimeasional counting rules

6.5 The quark recombination model I.QRM)

The quark recombination model is based on a recent observation
l 3)by Ochs c h a t the x die t ributions of fast mesons produced

in proton-protun collisions closely resemble the x di stributions

of quarka known from deep inelastic lepton nucleou scattering.

If these mesons were produced from fast quarks by fragmenta tion,

äs in e e anaihilations, the meeon epectra would fall rauch

more steeply in x_ thaa is observed, since one would have to

convolute the quark fragmentation function over the probability

distribution for quarks in a proton.

234 ) l A l
This observation lead Goldberg, " and later Das and Hwa to

propose that fast mesons are produced in hadronic reactions by

the recombination of valence and i

respectivly, into a meson qq at x

the recombination of valence and sea quarks, at x and x- ,

x + x- . T h u s theM q q
p r o d u c t i o n o f f a s t m e s o n s r aeasu res t he combined p r o b a b i l i t y

G(x , x - ) / (x x-) of f indine two q u a r k s in the wave f u n c t i o n ofq Q q q
the p r o t o n :
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dx dx-
l —l G (x ,x-) R (x,x x- q q i ( 6 . 2 0 )

a ie the t o t a l n u n d i f f r a c t i v e cross s ec t i on , and R is a

r e c o m b i n a t i u n f u n c t i o n w h i c h parane t r izea t h e f u s i o n p r o c e a s

R can be d e c o m p o ; > e d i n t o a p r e s u m a b l y scale i n v a r i a n t two

b o d y p i e c e and a ra <t u y b u d y p i e c e

M H

R' is j

of the d i f f i c u l t y of m a n y b o d y recomb i na tioo ,

& u u i L - J to be o e g l i g i b l e e x c e p t fo r x v e r y c l o e e to
H

l , wbere i t g l v e a r i se to Keggi: bühaviour , This t a v i s u a l i z e d

aduci
108)

235)
by a "competition" arguroent ; fast hadrona are produced

a C t e r tlie r a p i d i t y plateau a t x =• 0 hat» been built up

AL tliat ti n i L tiouever, niost of the hard gluons which could

participate iu a multi body recombi na t ton will already be "uaed"

by other fragmcutä, reepectivly will have turned into quark

pairs feeding the particle production at low x.

R,,(x ,x--) can be decermined frora plausibility argumenta. One

expects recombina tion to be of short ränge in rapidity; tlius

R2 will be zero for |Y ~Y-| » i. It seems further natural

to asmiine tliat th<a probability foc two quarks at x ,x- toq i
r e c o u i b i n e i n t o a m e s o n at x„ ie p r o p o r t i o n a l to the

M
p r o b a b i l i t y to f i n d the tuo v a l e n c e q u a r k s of a meson at x„ at

H
x and x~, r e s p e c t i v l v .
q «T

That means

q q (6.22)

w i l l « i. = x /.t and G beeing the two valence quark structure

function of Lhe pion. Eqn. (6.22) can be fullfilled by cho sing

{-q q (6.23)

i i-, 7

Eqn. 6.23 yielde a eingle quark etructure function of the

pion

O-* >

X -Hq
(6.24)

*> -t £ \n a p p r o x i m a t e a g r e e m e n t w i t h E x p e r i m e n t s . P r o b a b i l i t y

, 237)conservat lon r c q u i r t s o < 4

In practice, a iß »early independent of the epecific choi

of R , once the condition of short ränge recombination is
238)

obeyea

For proton-proton interactions where antiquarks are concentrated

at lou x, G(x ,x- ) C.MI be approximated äs237)

G(x ,x-) = Hm G (x )x-«5(l-e)/e
1 1 ,-̂ rt *1 1 1

(6.25)

x is the average momentum fcaction carried by the quark ipecie

q. Eqs. (6.20) and (6.25) explain Ochs observat ion, they yield

d°
„ ~iH dx x-oG (x.,)q q H

(6.26)

Using e . g . the Feytman Field p a r a m e t r i f i a t i o n of parton s t r u c t u r e
239 )functions, " the QRM de&cribes extremely weil the cross

sections for n and K production by proton beams for 0.5 i x £0,9

' . Vice versa,the structure functions of eea quarke in

the proton were determined using eqn (6.20) and data on valence

di str ibut ione äs an input. The ehapes of sea quark diatri-

butions obtained in this way agree uith results from lepton

nucleon sca ttering, proving the consi&tency of the model.
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U i t h l e s s L h e o r e t i c a l j u st i f i c a t i o n , tlie QRH can be e x t e n d e d to

louer v a l u c e of x , i n c l u d i n g t h u s e . g . the p r o d u c t l o n ot K

in p r o t o n - p r o t o u i n t e r a c t i o n s via recorabi na tion of Cwo sea
241)

quarks • A t low x,, however d i f f i c u l t i e s arise due to hadron
l\n by resona nee d e c a y s . At high x, x > 0.4 reeonance

COH t r il>ut ions to the inclusive spectra were shown to be negligible
;>42) 24 3 l

bot h experinieotally and theoretically . Though the QRM

gives a good deacriptioo of the shape of inclusive particle

bpectra, the absolute nagnitudes of the cross sections turn

out to be conaiderably below tbe data, when calculated £or the

(Standard ainount of sea quarks. To fit the data, the moraentum

fraction carried by the quark üea of the aucleon has to be

20 to 50 Z ' ' ; taking into accouut that the quark

antiquark system has tt> be a spin-0 color singet would increase

Ihe required number of sea quarks by another order of magnitude
235)

The enhanceroent of thu sea is usually explained by the following
235,240

mechanism ; in an undisturbed nadron, sea quarks and

gluons forui an equil ihr ium state. During the interaction, t h i a

e q u i l ihriura is disturbed since quark-antiquark pairs "condense"

into mesons. Conaequently, new quark pairs are created etc.,

m i t i l all gluons are used. Thcrefore the momentum fraction

carried by the effective sea should be of the order 502, or

soiuewbaL less, düpending on the time scalea governing the

quark-gluon equil ibrium and the recombination mechanism. Finally,

ii i b »ot unnatural to assurae ttiat the s p i n and color states

of the final mesons will be adjusted by emission and absorptton

oE soft gluons, without modifying the z di&tribution of the mesone.

The nicely dovetail with the probab i l i a t ic quark model
244-246 )

approach to proton f ragment a ti on by Pokorskl and Van Hove

They a&siime that in hadronic collisionu tlie g l u o n clouds of the

l . . , J i .,::.-> interact and generate the rapidity plateau, wliereas

the incident valc:nce quarku fly through uithout change of

nioiiici] turn und rücombine to leading baryons and fast nesons.
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The QRM haa been a p p l i e d to d e e p i n e l a & t i c r e a c t i o n s by De
241 2471

Grand et.al. . The Situation is only slightly more

camplicated in this caee; liere one measures the combined

probability for seeing three quarks ( t i g . 6.24) in the

wave function of the proton..

Fig. 6.24

Quark recombination in reactions initiated by pointlike probes

measures ehe three quark distribution in the nucleon.

For iustance, the meeon spectrum in the target fragmentation

region in deep inelastic electron-liadron scattering is

1
o ( x )

2
E q •

do (x , z ) i
dz

d x dx -

*q xq

1*1 G(x)

x x-

M M

(6.27)

uhere q. is ttie charge of the i-th quark. z i& the fraction of

the recoiling core's momentum (in an infinite momentum frame)

carried off by the meson. The cross section is normalized by

the total cross section at fixed Bjorken x, i.e. it deecribes

the nüniber of mesons per event. Similar expreasiona hold for

neutrino-nucleon seattering.
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So f a r t he d i s c u s s i o n h a s been q u i t e g e n e r a l . In o r d e r to

niake q u a n t i t a t i v e p red ic t ions , howeve r , one haa to u i ake

t a u d e l s l o r t l ie mu 11 i q n a r k di s t r i b u t i o n s in the t a r g e t , l i ke ehe

K u t i - U d i s t i k o p f m o d e l
248)

A Kut i -Uei sakopf n m d e l a s s u m e s t h a t the ins t a n t a n e o u s probabil i ty

d i s t r ibu t ion F of partous in the p r o t o n f a c t o r i z e s äs

(x )F (x ' ) F . ( x . ) F ( l - Ex )u u u u d a o
u,u ,d

G(x ,x ' .x
u " _ <j

x .x , . x
u u d

( 6 . 2 6 )

The sea wave function F is a «um over all possible numbers o£

S L! u p J f ( o 11 i

F0(x) - ( y n
n^O l (6.29)

Eqn. (6.29) is written fot one type of sea partons, ita

generalisation to n quark flavore and gluons is obvious. The

i;im[, l i n(5 constant g determines the mean number of sea partona.

Aftcc aumming over all unseen pactons, one obtaius für the

iuclugive distribution of the valence quarka and of ni sea
230)

par tons

(6.30)

wi tli

x « i - E x .
i

u, u 1 ,ii, sea

The function C expresses the damping close to x = l and depends

on the mean numbt r of sea pactons, i.e. on g. Approximately one

liaö ' (6.31)

l 71

In general, g Stands for the sum of the c o u p l i n g cunstants of

the varioua species of sea quarks.

The functiono F ,F.,F and the coupling constant g are to be

determined from data. The connectioa to the fully inclusive

single valence quark spectra is given by

(l-x)8F(x)

x-i-1

( l - x ) g F ( x ) (6.32)

In addition, Regge behaviour guggests that

(6.33)

The amall x behaviour of the äea quark distribution is determined

by the pomeron trajectory

.«P (6.34)

Under the conditiooe of eqn (6.32) to (6.'34), a fit of the

measured Btructure f u n c t i u n s can be obtained e.ß. by choosing
238)

-1/2
(1+3.5x)

-!/2

-l /, ^x (1 -x)

U)
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0. 12

0.09

2.84
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(6.35)

for t he sea quark and g l u o n coupliiig constants, respectivly.

These paraaetr i sä tiona are not unique; other combina tione

(whicli fit the measured strucCure functions äs well) uere

chose n e.g. tu ref . 241. The predictions of ehe QRM, aa

q u o L e d in the following also turn out to b e ineeneitive to

L 1.1. acual choicu of L tu. mode l Parameters.

Let us now speci fy the predictions of the QRM for v p acattering

(fig. 6.23). The ba sie features cao be derived without explici t

calcula t ion , In Kuli Weiuakopf models, the two quark uavefunctione

factorize approxiraately, äs can be seen from eqs. (6.30), (6.31),

aud (6.35):

-) (6.36)

Taking x äs the x of the quark beeing ecattered, x_/(l-x.} is

identical to the scaling variable z describing the fragmentation

of the spectator. That means that the diatribution of a valence

quark of the spectatur is identical to its dietribution in the

i n i t i a l protün, if writte» in the correct scaling variable.

For vp interactions at very low K, the ciirrent will mostly

scatter off a sea quark, and the apectator contains all three

initial valence quarks. Consequently, because of eqn (6.36), the

distribution of fast mtsonic fragnients should be identical to

that observed in normal inelastic interactions. Furthermore, the

dietribution of n and n will be similar, except for a n o r m a l i -

sation factor 2 s iiice there are two u quarks, and a factor (1-x)

refloctiug the doiainance of u quarks at large x. As the x of the

scattered quark increases, the neutrino will moatly interact

with the d quark; therefore the s di&tribution will remain

unaffüctud, wliereas the n distribution steepeae since a n

10

10
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0.4 0.2 00.6
F i g . 6 . 2 5 -xF

I n v a r i a n t c ross s ec t i on fo r m e e o n p r o d u c t i o n i n t he s p e c t a t o r

f ragioen ta t ion r eg ion in vp •*• u h x r e a c t i o n s äs a f unc t ion of
24 l )

x_. Füll curves are predictiona of the ORM , absolutely
r

normalized. Dotted curves are predictious of dimenaional counting

rules (DCR), arbitrarily normalized.

Fig. 6.26

Ratio of positive to negative pion density in the spectator

f ragraenta tion region in vp ̂  u h~ x äs a function of x , for

different values of ßjorken x. Curves äs in fig. 6,25
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t.O 0.8 0.6 0.4 0.2 0

Fig. 6.27

As in fig. 6.25, but for vp ••• y h x. Data from ref. 249

0 0.2 0.4 0.6 0.8 1.0

cannot loiiger be produced by recorab ina t ion of a valence

quark with a sea parton.

The pion and kaon spec tra rt s u l t i ng from the exac t evaluation
241)

of eqn (6.27) are ahown in figß. 6.25 and 6,26, for charged

current vp interactions. The curves represent tlie loretitz
2 3 3

invariant CTOBB section (2/irW)/dpAEd o/dp , and the predictions

are extended to low x using empirical corrections and sea
24 i )

Enhancement factors . The normalisation has been adjusted to a
222)

electroproduction experiment at lowur energies , In fig. 6.26

the ratio of v to n production is compared for various fijorken

x, nicely deraonstra ting the tranaition from sea quark scattering

(low x) to valence quark scattering ("high" x). The corresponding

spectra for vp scattering are shown in figs. 6.27 and 6.28,

ineluding ,data from a v acattering experimeut at lower energies.

As in the latter caae the epectator always contains both u and

d quarka, the ipecCra of TT and - are similar.

As far äs baryon production ia concerned, the predictions of

the QRM are rather ambugious since there are various conpeting

production mechaniema. For scatcering of a sea quark at low x,

the poasibili ties are depicted in fig. 6.29 a)-d). The two

extrema are the recombination of all valence quarks to a

baryon, and the recombination of the valence quarks int o three

mesons with the baryan being formed by the sea quarks left

over. The corresponding graphe for apectators containing two

valence quarks of the initial proton are ehown in fig. 6.29 e)-g)

Obviously, for z •* l , the graphs with the maximum number öf

valence quark l ine s collected in the baryon will dominate.

The relative probabili ties can be estimated by notictng that the

processes shown in flg. 6.29 a) are preeunably identical to

those describing proton fragmentation in normal proton-proton

interactions.

Fig . 6.28

As in fig. 6.2fa, but for vp u h x.
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Fig. 6.29 DlagraiDS for baryon production by spectator Systems

containing all three initial valence quarks (a-d), and two

valence quarks, respectivly (e-g).

An analysia -..i such interaeCions in terms of the graphs shown

above i s reported in ref . 246. It ig stated that the probability

T chat two incident vulence l ine s emerge in a single hadron

i s about 0.65. Assuming t hat T Las a universal v a l u e for all

"„ufi" hadronic processes , ue are now able to predict the

shape of proton spectra in the spectator fragmentation region.

For sea quark. acattering, the terms dominant at large z,
2

fig, 6.29 a) and b) generate T and (2T)/2 protons per event,

i n the mean. The factot 1/2 in 6.29 b) arises since roughly

hülf ot baryons will be neutrons. Fot valence quarlc acattering,

fig. 6.29 e) dominates at high z, yielding an integral number of

T/2 protons per event. The QRM can be easily generalized to

tliis type of recoiiib i na t ion, yielding

(6.37)

w i t l i G . ( z ) b e e i n g t h e d i e t r i b u t i o n o f t h e n i o u i e n t a o f p a r t o n

sys t e in s c o n t a i n i n g i v a l e n c e q u a r k a . The normal i sä t ion is

given by

T2 . - . l
' » ' » 2

ig.6.29 a) b) e)

( 6 . 3 8 )

Ue are now able to compare the QRM with the high statietics

data from the 15' vp experiment (fig. 6.23). The cut x > 0.05

provldes a rather clean sample of v-valence quark interactions .

Fig. 6.30 aliows the data compared to absolute QRM predictiona.

The shape of the pion apectra, and the Charge ratios are well

described. The absolute normal!sät Ion seems to be a bit too

luw, however taking into account that the model refers to

scaling spectra at very high energies, and does not contain

nona aympto t ic correct iona, tlie agreement is fairly good. The

proton distribution seems to drop slightly too fast äs

|x |-H. Uowever one should note that for the mean U of this

data the kinematical liu.it for proton production is x - -.90-'*

-.95, BÖ at Leaet the data point at highest -x appears somewhat

questionable. Secondly, the excess at high x may be due to a

sraall remaining fraction of diffractive events. This ia aupportcd

by the BEBC data (flg. 6.31) which indicates that the proton
2 .

cross section drops at x -t- -l äs Q increases.
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Fig. 6.30 AF

Same d a t a äs flg. 6.23, compared to model predictions for the

spectator t'ragmen ta t ion region 0 > x- i~l . Dotted linea: QRM,
2 4 1 )

a b s o l u t e l y normaliüed

füll lines: Dimeiiaiünal counting rulea. Proton spectra are

absolutely normalized; one normal t sätion constant for meson

spactra choaeu to fit ehe data.
8t9C «S- li1»*»
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»' t***,
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Fig. 6.31

Nutmali^ed lorenLa invariant cross section for positive <a,c)

and negative (l'.d) p d r L i c l e prodnction in vp charged current

interactions f rom DEbC uli,}~ for 2 intervals of W and of Q

6.6 Dimeneional counting rules

A second, and widely used approach to describe the f ragiaen t a t ion

of multiparton Systems is based on dimensional counting

technlc» . The dimensional counting rules (DCR)

developed by Brodsky, Blankenbecler, Gunion, and Farrar

refer to the inclusive spectra of the f r a gute n t a in the

fragmentation process

A -* a + X (6.39)

As usual, the process is decribed in a frame where the momenLa

p, and p are large. DCR predict
A fi

1 /

.3
a a

dpA

i do
- —^ - Z U*(z) - (l-z)1

i « *
ö dz z-v]

(6,40)

with z • p /p.t And m * 2u -], where D iß the minimum number
A A X X

of quarks left behind in X.

Eqn (6.40) can be derived using the Bethe-Salpet er equation to

describe an n-quark bound state. ' ' * If such a state

decays i n t o a particle a and n residual quarks, the mean

momenta of the residual quarks go to zero äs (l-z) for z+ j,

giving rise to a phase space-like suppression factor (l-z) x

in the traneition amplitude, or (l-z) x in the decay

probability. In the Overall expression, one factor (l-x) ig

canceled by an energy denominator refering LO the core energy.

The spectrum of fragments a is then given by

da ,. .
Ä ^ F / l * 2 1 " 1 / t / 1 1— z -,— - E r.(l-z) (6.41)o dz i

uith f. beeing the probability that i quarks are left behind.
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24 1 , 2 5 7 )E q n . 6 . 4 1 h o l d s o n l y f o r l - z s o u l l , e. g. z > 0 ,5 .

In L L i s l i r o i t , o w i L l be d u m i n a t e d by t he l e a d ing lt r m shoun

in e q n ( 6 . 4 0 ) .

Tlie r e are b a s i c d i f f e r e i i c e s b e t w e e n tlie D C R - a n s a tz and t he
24 11(JKH : in tbs c o u n t i n g ru l e scheine , no d i st ine t ion is m a d e

be t w e e n sea- and v a l e n c e q u a r k s of the ine i d e n t p a r t i c l e s , b o t h

d L u i r u d t e d on e q u a l f o o t i n g , a n d u i b h i d e n t i c a l m a t r i x E l e m e n t s .

T h e J i i l . - i e i i i s hape o f v a l e n c e q u a r k s t r u c t u r e f u n c t i o n s a r i a e s

f r o m the sunmat ion over tlie d i f f e r e n t Fock a t a t e s , i n any o f

u h ich L he v a l e n c e quauka ace present w h e r e a a the m e a n n u m b e r

o f s t^a q u a r k s , ä q u i v a l e n t t o t he r e l a t i v e i m p o r t a n c e o f h i g h e r

Fock b t a t e a , i& s i u a l l . Couse q u e n t ly , for B e m i ine l u a ive deep

i n e l a s t i c s c a t t e r i n g we a s s u m e t h a t the nuc leon b r e a k s up i n t o

a q u a r k c ( w l u c h is s t r u c k by the cu r r en t ) and a cote A of n

q u a r k s ; t h i s c o r e t h an b r e a k s up i n L o a nieson a and a r e c o i l i n g

core of n q u a r k s . T h u s wu get in a n a l o g y to t q n ( 6 . 4 1 )

da (x, -i
_ , .2n . -1 ., ,2n -l
n En ( 1 - x ) A < l - z ) x

A A ( 6 . 4 2 )
dz

This implies however that between the hard scattering and the

fragaentation the quark core A agaln reaches an equilibrium

state .

!.,.!,• t h a t in eq& (6.41) and (6.42) the power in (l-x) may
.. 253,260)

increase liy one ucut due to spin effects.

I.et me dümoost ra t e tlie a p p l l c a t i o n of DCR in a few examples.

Fig. 6.32 shows the leading graphs contributing to the proton

and pion sLructure functions. For x •*• l , we p r e d i c t

(6.43)

1 8 1

n. =2 n, =

G u -*-
„* n* =̂ Pinll

Fig. 6.32

Counting tült; graphs describing nucleon and meson structure

functions. n is the number of residual quarks

in reaaonable agreenent with the experimental values. Fig. 6.32

can äs well be read äs defining quark fragmentation functions

(from right to left). Obviously one gets

(6.44)
X+l

äs r e q u i r e d b y r a t h e r gene ra l c o r r e a p o n d a n c e a r g u m ^ n t s
138,139)

The diacrepancy between the prediction D -*- (l-z), and the
2 uexperimental results, clo&e to (l-z) can be explained by

spin effects. The predicted auppression factor for unfavored
4

decays, (J-z) however is in clear dl sagreement with the ob&erved

behaviour (l-z). Tlie explanation is simple; the DCR don't

include effects like resonance production. Favored production

of p mesons by a u quark, followed by a decay into n n

yields a n spectrum suppressed just by (|-z) äs compared to the
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P spec ti-um. These wo des have to be taken into account üben

applying UCK; they are eapecially Importaut in quark jeta

where the ratio of vector meson to acalar neson productioo
112)ie of the order I. Oa the other hand, reeonance effects

can be neglected in the high z region of favored soft fragmentation
242,243)processes.

Let us now calculate the distribution of spectator fragments

in \ip and -jp cliarged current interactions with valence quarks.

We obtain

zDp (z) - (!-z) for protone

)„d a
t—~ - ZD" (z)uu

( ) - z > f o r

zu (z) - ( l - z ) ' fot iuu

j 11 d

J E-d p L E

z Ir . ( z ) - ( l - z ) for p r o t o n s

z D U , < 2 > - ( l - z ) 3 fo r i1ud (6.45)

Figs. 6.25 - 6.28 shou these curves together with the QRM

predictions, a comparison with \>p data ia included in flg. 6-30

In tii t ; last caae, the proton croas section haa been normalized

to give 0.5 protons per event. The pion spectra are arbitrarily

normal ized, however the same normal isation coiistant ie used

für both i[ and n apectra (although this is not neceesarily

required by DCR). Extept for the proton spectra at high |x«|,

the agteemetit uith data is excellent.

Unfortunately, the fact that both QRM and DCR roughly agree

uith data doesn't htlp to shed llght on the underlying frag-

mentation mechanisin, The two models are even contradictory:

Ihe OK'! assuines that the final uesons reflect the quark

distribution imraediately after the interaction, whereaa the

Interpretation »f the DCR requires the spectator partons to

13 J

reach a neu equilibrium state. We shall return to thia point

in chapter 7.

Let me nou briefly go through a few recent extensious of DCR.

The influence of epin effecte has been clarified in a recent
l 34 )work by Brodsky . If the helicities of parent and fragmeat

differ by Ah, an additional factor (l-z) ' ' arisefi in da/dz.

Thia correction e.g, improves the agreement with experiuent

for the favored quark fragmentat ton into mesons.

Furthermore one has to ask what scaling counting rules mean

in a world where scaling seems to be violated at leaet äs far aa

structure functions are concerned. 1t has been shown by Frazer
2 fi 2 ̂

and Guiiion that ueing the DCR~approach via the Bethe-Salpeter

equation reproduces the AItanelli-Pariß i equatlons. A heuristic

picture to L h i a ie given in the model of scale breaking by
2

Kogut and Susskind (chapter 5): inereasing Q yields an

improved reaolution of the eystem under Btudy BÖ that effectivly

the sysLem appears to have more conat ituente, resulting in a

Bteepeoing of the atructure- and fragmentation functions.

zD(z) a (6.46)

Additional violations of scaling which appear in syetem

uith an even number of const ituents, and uhich vanish like
2 2 fi 0 )

1/0 have been discussed by Vainetain and Zacharov

Finally, the question of the time acales involved in parton
192)

fragmentatlon hae been investtgated by Gunion . Au already

mentioned, there seema to be a disagreeraent betueen the

requirement of an intermediate equilibrium state in DCR, and

the fact that particle production at x dose to l invol ve s

off ghell partons (eqn 6.16), resulting in shört decay times

(measured in the rest system of the fast fragment). Since thie

process will contain large momentum transfers, the quark pairs

required for the fraguentation can be created in a pointlike

manner during the decay (fig. 6.33 a). This quarks don't
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p a r t i c i p a t e in the roumenti im shar i ng a m o n g p a r t o n t i b e l o n g i n g

to Lhe n quark Fock sta te o t the pure n t System, tlie euppression

per quark l ine l e f t o v e r i B s m a l l e r than in t he o r i g i n a l D C R .

U s i u ü l i i e r e " p a i n t l i k e " c o u n t i n g ru les o n e o b t a i u s

, 2n -t n , - l( 1 - z ) x pl ( 6 . 4 7 )

HESOf

pu=l

n ig the number of those quarks i» X which are completely

uiiöffected by tlie d e c a y . n is the number of quarka in X

wbicli p a r t i c i p a L e in a tiard c r e a t i o a process. In ehe case

of up s c a t t e r i n g at not too small x, one o b t a l n s uow (fig.

6.33 b-d)

C)

ÜUD
-i—^— ,
J PI+

D)

(6.48)

The x d e p e n J e n c t ; in ( 6 . 4 8 ) haa leen c a l c u l a t e d a s s u m i n g that

die E m i s s i o n u f a f a s t f r a g u e n t ianediately f o l l o w s ehe hard

ü c a t t e r i n g , and t l i a t c o n s e q u e n t l y q u a r k d i s t r ibut iona are

ident ica l ta t hose i n the i n c i d e n t p r o t o a . To der ive m u l i i -

q u a r k d i e c r i b u t i o n s , E a c t o r i a a t i o n in the eense o f eqn. ( 6 . 3 6 )

w a s u s e d .

U i L h i n t l i c l i i o i t e J s t a t i s t i c s a v a i l a h l e , and due to the

r e s t r i c t e d x r a n g ^ f o r n e g a t i v e f r a g i o e n t a , " S t a n d a r d " and

p o i n t l i k e " count ing r u l e s c a n n o t ye t be d ia t inguiched

expcrimtii] t a l l y .

Fig. 6.33 a) Counting rule graph involving a pointlike creation

proceea b)-d) corresponding gtaphe for the fragraentation of a

uu-diquark into p, „ , and * . n . is the number of residual quarks

which p a r t i c i p a t e d in the p o i n t l i k e process. n is the number

of passive residual quark f i e l d s . The quark uliich i n t u r a c t s

with the external current belonga tu the primordial wave

function and counts aa a passive constitueat.



I H h

6.7 Tlie 3 fcluoii d e c a y of ttie T

U[; tu now we restricted our attention to parton Systems where

in a suited icference frame die uomenta of color sources are

more or lese collinear. The principles of factorisation and

universality wert; uaed to describe the fragmentation of the se

=•>• L; i : ins, ; QRM and DCR provide convenient, however not yet fully

underütood paramet r i sälions of tlie fragmentation functions of

multi quark ayst ems. The re ia no amblguity of clios ing the "best"

reference frame for the description of the fragmenta tion, except

COT longitudiiial boost t> . The Situation changeS J r a s t i c a l l y aß

soon äs three or aore color sources are distributed in space.

As an example, wt shall discustl the decays of heavy quark-

antiquark bound etatea like the T or the T'. These me sons
O £ c \L i L.- diäcov^red aa broad enhancements in the mass spectrum

of muon pairs produced in proton-nucleuB collieiona. The inter-

pretation aa bonnd states of a new quark flavor haa been confirined

r i nie i
270)

by productiuu experiments using the upgraded starage

i-ing DORIS at DESY^' ' (fig. 6,3;). The charge of ehe new quark

can be determined from ehe leptonic decay widtha of theVT and

Lhe T', whlch turn out to be consietent with l q | - 1/3 (fig. 6.35)
273)

. 'l he best e s t i m a l e of the total decay w i d t h of the T in

I' = M KeV, äs calculated from Tee and the leptonic branching

rat i o B 271 2921
2.6 i I.4Z . The narrow width implies

U M
thaL tli^ quarks ia Lhe T carry a new, conserved flavour, called

bottom, and that the T~iuass ts below the threshold for

production of nakcd bottom. Allowed decay modes are annihilations

inlo an odd uuinber of strong, e l ec t tomagne t i c, or weak vector

bosons. Relevant decays are the annihilation into a virtual

pliotun, i - 0(u), and the annihilation into the simpleBt color
•i

s i n g l e t formed of an odd nurober of gluons, T = 0(n ) (fig. 6.36).
2Ho des w i t h more tlian 3 gluons are s u p p r e a s e d g i nee a c ( M ) / s < I .

O

In p r i n c i p l u , t l i e T m a y a l s o d e c a y in to a l a rge n u m b e r of sof t

g l u o n s , w b i c h c o r r e e p o u d i n g l y have la rge c o u p l i n g s . This p r o c e a e
2 7 4 2 7 5 2 8 9 )in g e n e r a l l y a s t u m e d to be n e g l i g i b l e , äs those

187

E1 ( GEV )

Fig. 6.34

Visible cross section of the reaction e e •- hadrona. The

aot-id curve describes a single reaonance wit-h gaussian energy

resölution and radiative corrections. The width of the peak
271)

is consisteot with the energy resölution, o •* 7.6 MeV.

20

10

05
RY1—1?V| keV

10 15

Fig. 6.35
273)

Quarkonium model expectation for the leptonic widthG of

and T' for quark charges |qj - 1/3 compared to the mean

values measured at DORIS 266~269-292>.
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g l u o n a w o i i l d have a wave leng th l a u g e compa red to t he s ize

of t he T . T h e r e f o r e the T a c t e e f f e c t i v l y äs a co lo r s i n g l e t

t i : iJ d e c o u p l e s . Since u I G ve ry l a r g e c o m p a r e d to a, t h o C h r e e
3

gluon decay of tlie , e s sen t ia l ly will saturate ehe hadronic

c r o s s s e c t i o n . The h a d r o n i c d e c a y s of ehe ; • o f f e r the

u[> t o now u n i q u e o p p o r t u n i t y t o s t u d y d e c a y p r o p e r t i e s o f

nonco l l i n e a r a r r i i n g e t n e n t s of b a a i c color sources ; in p a r a l l e l

w« iiiay h o p e to gt:L f u r l h e r i n s i g h t i n to the w a y a g l u o n

f r a g u e n t s .

'!'!u uiatrix elemeut for the decay has been calculated by vartous

u u t h o r s
276-281)

l d2o

o fix. dx. (i, -9)
'l "2

x x
2 3

(6.49)

where x, is the fractional aomentum of the i-tli gluon,

x. - 2|p.|/M. The inclusive x distributioa of gluoas is

ehowa in fig. 6.37; their angular distribution i« illuatrated

by the Ualitz p l u t (fig. 6,38). In general, the gluons will

i,k- noncol l inear. Note, tiowever, that the matrix element (6,49)

refers to massless gluons, uhereas in the preconfinemeot picture
2 2

they are txpected to be off shell, p = 0 (H),

Ifou do thi& gluoas transform i n r o hadrons? As a firat step, uee

the pictuire thaL colored objacts at large distances front each

other bullt up tubea of color fielda. In ttie case of two

partons the tube is obviously along the liue Connecting t l i e t a ,

and i!;.' jet axis will coincide uitli this line. For three partona

in a nuncollinear eoofiguration, the color Cield tubes ema-

nating frum the partons liave to j u i u eomehou in order to

form a color singlet. i i seeins natural to assume that the ayetem

is in the euergetically most favurable state, with a minimum

of energy storeJ in the gluon field.

Tlie actual configurati 0 1 1 depends on the properties of the color

stringy, e t i p e c i a l l y on their tenaion uhich is defined by the

189

Fig. 6.36

Allowed decay modes of the Tmeson into vector bosons

Di 06 DB

X = 2P/V/S

1U

Fig-. 6.37

The inclusive raomeutum d i s t r i b u t i o n of on Shell gluons frora

ehe T decay, according to eqn (6.49).

Fig. 6.38

Dalitz plot for tlie decay of the T into three on shell gluona

according to eqn (6.49).
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energy per uni t l eng t h at test. In the MIT-bag wo de l the

tension o t an octet, or gluon tube i s r = 3/2 times bigger than
j R ~y \e gauge t h e o r i e a p r e d i c t

t h a C of a L r i i> l -j L t u b e
., 2 8 3 )r > 2 ' .

In the l a t t e r c a s e , it is more f a v o u r a b l e fo r an o c t e t , or

g l u o n , tu s p l i t in t o t r i p l e t t u b e s .

For the T d e c a y , poasible c ü n f i g u r a t ions of f l u x tubee are

ühou i i in f l g . 6 . jy , In case of r < 2 , the octet tubes j o i n

in L t i t u , i d i l l c , and a " c o l o r c e n t e r f ra iue" can be d e f i n e d äs

C h a t t i -dr . i t , w h e r e the t ens ions oC U.e th ree st r ing s are in

an equil ib r i um . In the center of color f rame, the gluon s

are enitted wiLh angles of 60 relative to each other 284)

For r , 2 the octet tubes split u p and the gluona are
2 o *t 28U \d by three triplet tubca. '

Corresponding diagrams are obtained e.g. for qqg stdtes

:-.••:-.'•. l'. \ from e e annihilations (£ig. 6.40). In the limtt

r«2, Lhe gluon may be identified äs 3 "kink" in the triplet

alring joiuing the quarks. This interpretation of a gluon haa

been discussed exteiisivly in re f. 285; it offers a bridge to
219)

topological models where gluons don't appear explicitely.

From Lh i s point uf view, one may even think of the 3 gluon

iüterratdiate state in the f decay äs a cloaed triplet tube with

3 kinks t

In analogy to the Schwinger model (section 4.2) the hadron

d i s t r i b u t i o n may be calculated äs the four dimensinal Fourier

ttansforra of the color field s trength (eqn 4.10). Equivalently,

we 1 1 - 1 v say that the color tubea decay into hadrons with limited

muuenLuiD transv^rse to the col or-ant ico lor ü x i a . rather than

to the jet axiti in the overall cms. In the following, we ehall

refer to three models for ehe f~decay:

niüdel l each gluon fraguients äs a color octet, and the

process is described in the overall cma. If a gluon

Ljt, a inomentum p, on oc te t-ant ioc tet jet is generated

uith an invariant rnass H g " 2p, and one half of

it is taken äs the gluon Jet. This straight foreward

I'J l

276 277 279)
p i c t u r e haa been used by many authors

model II Assume'r S 2. The octet octet strings join symmetri-

cally in the center of color frame. Gluon fragmentation

is described äs above, but in the center of color frame.

nodel III Assume r £ 2. Then the octet strings split into three

triplet strings, the f ragmenta tion of each i a described

in i t B own center of mass frame. The triplet strings are

treated äs quark-antiquark Jets, the "decay" of the

gluon into quarks being described by the uaual QCD

cross section.

In models II and III, the lorentz transformacion to the overall cms

will lead to an iacrea&e of the mean t r a n s v e r s e inomentum

aquared with reepect to the new jet axis in the cms, and will
2 ft ft ̂

modify the Distribution of energy flux . However, the fac-

torisation p r o p e r t y (eqn 6.7) will still hold for fast particles,

eince the scaling variable transforms äs

ZCMS " ZCOLOR CENTER (6.50)

where m^ and p,i refer to quantitiee in the color center frame.

A more sensitive quantity is the mean decay multiplicity of l he

T. For model I ue get

I do
/dx( —
o dx

(6.51)

n t/s") is the mean multiplicity of a gluon - "anti"gluon jet
h o

systera of maes /s, Ia model II, the expression simpli fiea to

i.
(6.52)

Finally for model III we have

<n> - — -r—dm
) n -(m) (6.53)
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Fi j ; . b. jy C o n f i g u r a t ion of color f l u x s t r i n g s in the T decay

a) r i 2, L i . i b f r a w e b) r S 2, color cen t e r f r a m e c) r £ 2,

eins f r a m e . S h a d e d a n d d o L t e d r e g i o n s a r e oc t e t a n d t r i p l e t t ubes ,

r e a p e c t i v l y .

F i g . 6 . 4 O A s i n f i g . , but fo r q q g J e t s
T" -TTTTnTJ T—[-1-rTTrrj-

-LJ-tillJ

SO VW20

P t G f c V / c ]

F i g . 6 . 4 1 K a t i o o f gl*üon tu q u a r k J e t nul t ip l ic i t iea äs a

f u n c t i o n of - t l i e p a r t i t u s momen t um p f ro r a lon g i t ud i na l p h a s e

s p a c e M o d e l s , a d j u s t f c d to g i v e R ( - ) « 9 / 4 .

193

v i t h da/dm being Ehe raass d i e t r i b u t i o n of ehe q u a r k - a n t i q u a r k

s u b B y s t e m s . In the l i m i t o f ov, sht-11 gluons, and n e g l e c t i n g trans-

verse monenta in the proceas g-»qq, (da/dm) is i n d e p e n d e n t of the

c h a i s e of the reference fram e .

D e f i n i n g now H(p) äs the r a t i o of gluon to quark jet m u l t i p l i -

c i t i e s for a parton monientum p,

R(p) - n (2p)/D -(2p) (6.54)
60 *14

we eatimate for <n> from T decays

model I <n> - (I.10±.02)R n -(H,,)

model II <n> - (1.20±.05)R n -(M )qq T

model III <u> - (1.501.10) n -(M )

R ia to be taken at p = 0 (M /3).

ü s i n g the canonical v a l u e frora QCD, R - 9/4, the modele I and

II predict a tremendous rise in m u l t i p l i c i t y on the Y resonance,

aa compared to the two jet continuum. At modest energieii, however,

phase space e f f e c t s will decreaee the value of R. '11.i s is e a s i l y

eeen; the mean number of p a r t i c l e s produced is given by <n> •

i/¥/<E. >. Two terms c o n t r i b u t e to the mean hadron energy <E.>:

the momentum d i s t r i b u t i o n parallel to the jet axis, de p e n d i n g

on the scale i n v a r i a n t matrix element, and the t r a n s v e r s e momentuiu

smearing, .A m oderate e n e r g i e s , the latter in d o m i n a n t term, and

<n> becomes i n d e p e n d e n t on the m a t r i x element. Fig. (6.41) ehows

R äs a function of p, äs o b t a i n e d from phase space models d&e-

cribed in c h a p t e r 3. The matrix elements were adjusted to yield

R(™) • 9/4. The approach to a s y m p t o t i c v a l u e t i is extremely

slow, in our ränge of i n t e r e s t we o b t a i n R - 1.2 - 1.3. This

leada to the expectation for the r e l a t i v e change in raultiplicity

on the 7, compared to the continuum

in/n -qq

30 - 45 Z

40 - 60 Z

40 - 50 Z

model I

model II

model III

(6.55)
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F i g . 6 . 4 2

A v e r a g e v i s ib le m u l t i p l i c i t y o f c h a r g e d pa r t i c l e s a n d c o n v e r t e d
2 7 l )

pbotona 111 the DASP inaer detector. The valuei are not

c o r r e c t e d f o r a c c e p t a n c e ,

l in KeiMtince Ölt StiOTQint
•..l

Q*SP1

Fig. 6. 4J

j n v d i i d n i . production cross seccion for the inclusive reactions
•\ + -t i

0 e -* n ~ x , k~x, p' x OH and off the T (9.46) resonance,

From DASF IT. 2" J

Conaequen t ly t one expectG tht meinen t um distribution to

s l ightly.

l.et us now consider the experimental data. As evident from fig.

6.34, the T resonance sits on a continoue background from

qq jete. Since the events cannot be separated on an event to

event basis, all experimental quantities refer to a mixture

of qq and 3 gluon jete. It is houever possible to subCract the

contribution of qq jeta from the continuum and from electro-

magnetic decays of the T itaelf on a statietical ba&is. In the

following, ue shall refer to uncorrected values a& to "on thu T1

and to corrected ones äs to "T direct".

Fig. 6.42 fihowa the mean observed multiplicity in the UASP
271)

detector äs a function of energy . A slight increase in

<n . > ia seen in the T region. The present data on multi-

plicitiea is summarized in table 6.3

Table 6.3

Increase of multiplicity for direct 'T decaye cotapared to

two jet eventa

Group Ref. 6 (Z ) remarks

DASP II 271 12 ± 3 . not corrected for accep-
tance effects, however

DHHM 288 13 l 3 ) corrections should be
small (II)

PLUTO 287 27 t 8 corrected values

Thi. s values are incompa t ible with the predictiona of model III

they can be accommodated to modele I and II only by chosing

B • 1.0.

Fig. 6.43 s hows the invariant cross section for the reactions

* - ± , ± tee -»• n x, k x, p x

äs a fcunct ion of the p a r t i c l e e n e r g y on and off the r e s o n a n c e
2 7 1 )

r e s p e c t i v l y , äs m e a s u r e d b y t h e D A S F I I g r o u p . A b o v e t h e



Fig . 6 . 4 4

O b s e r v e d .-.,, d i s t i i b u t i o n w i t h r e s p e c e Co ehe t h r u s t ax i s f r o m

d i r e c t T d e c a y s . The point-daahed c u r v e g ivea ehe d i s t r i b u t j o n

off t he i - e sonance . The £ u l l l ine i s a mode l p r e t i i c t i o n a a & u m i n g

l ) h (z ) = D H ( z ) . F r o m PLUTO '
B <l

0.55

045 J

Pseuda-
sphentity

935 9.5

F i g . 6 . J 5

Mo a 11 p s e u d o s p l i e r o c i t y äs a f u n c t i o n of e n e r g y . From D A S P II 271)

i y ?

momentum cutof f of 200 HeV/c, the p ion s show a purely

exponential spectrum Ed o/dp ~exp(-E/E ) with

EO(OH reeonance) - (260±25} MeV

E (off reaonance) - (240+25) MeV

Wi Lhin ehe statistlcal accuracy, there is no difference between

Ehe values on and off ehe resonance.

More preclae (preliminary) data are available from the PLUTO

detector. Fig. 6.44 showa the dietribution of uomenta parallel
4 l )

to the thrust axia conpared to do/dx(l off the resonance

Direce Tdecays yield a emaller number of pareiclea ae high x,,.

Assuming that factocisation holde, a model iudepeudeat guese

for pareicle spectra is obeained by convoluting da/dx over
u

the gluoa fragmentation function D (z). Justified by the sntall
g • L

value of (R-l), we chose ae a t i r & t approximation D (z) - D (z).

The resulcing specerum do/d>:„ is included in flg. 6.43, it fies

data quite well.

The above data dont allow to decide wether ttie T really decays

dominantly into three jeta, instead one has to study topological

q u a u t i t i e s like sphericity or t h r u s t . At this place it should

be pointed ouC thae T decays will not show a pronounced 3 jet

structure, aince the mean energy per Jet, <E> -3 GeV, is juat

at the threshold where it is possible co recognize a jet structure

ion a statifitical basia, averaged over many events.- The following

results rely on a comparison wich Honte-Carlo modelü, taking

itito account the detector acceptance, the reliability of the

track recognition and last not leaat radiative corrections.

271 291)Let ist first discusa results from DASP II . Since the

DASP d e t e c t o r meaaures directions of particles, buC no momenta,

four "pseudo" topological variables have beeu u&ed;

Paeudosphericity

Pseüdospherocity

PseudothruaC

Peeudoacoplanarity

3 . 2„m i n < s i n 6 >

[ ( 4 / i r ) m i n < | sin fl | ^

max < | cos 6 j >

4 ( m i n < | c o s o | > )
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l l i a t t l.c DU 11M d e t e c t u r does not a l l o w s p rec ise m e a s u r e m e n t

-i £ t l ie n j o n i e n t a of f a s t c h a r g e d h a d r o n s and t h u s has the

t e n d e n c y l o s m e a r t in; di s t r i bu t ion t o w a r d s i s o t r o p y , the

MUH l a s si [juraen t seems to be e l igb t ly favored.

Let iiic- b v i t l i y discuss another p r e d i c t i o n f r o w QCD: s i nce

t h e g l u ü i i c o i i p l e s L o a l l q u a r k s p e c i e s w i t h r o u g h l y t h e same

e L r e n g t h , in c o n t r a s t to a v i r tua l p h o t o n , the p roduc t ioß of

s t r ä n g e q u a r k s s l i o u l d be e n h a n c e d . H o w e v e r , a a p o i n t e d ou t i n

c h a p t e r 5 , the e f f ee t i ve c h a n g e w i l l be e m a l l . F i g . 6 . 4 "J d e m o n -

s t r a t e s t h a t in f a c t no a b n o r m a l p roduc t i on o f charged kaona

i s o b s e r v c d on the T . In f i g . 6 . A 9 the c r o s s s e c t i o n fo r n e u t r a l

kaon produc t ion i o compared to the total cross section. The

r e l a t i v e i n c r e a s e on t-he T is 6 ta t i B t i ca 11 y not v e r y a i g n t f i c a n t ,

b u L u u u l d bn conpatible w i t h t h e e x p e c t a t i o n s .

o (K °5 )

60

Inb)

4.0

2 U
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funct ion of /s. Fro io P L U T O 292)
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6.8 Summary

The fragoentation of Systems containing more than two elemencary

color sourcea, resp, color sources composed of two or more

quarks, is studied.

AB far äs quark jüts produced in leptoa nucleon interactions are

concerned, the principleg of scaling, iactorisation - or environ-

mental indepeudence -, and universality hold approximately and

can be used to relate quark jets from differeut sources, and at

different eaergles. Small violations o£ acaling and factorieation

are obaerved, and agree qualitativly with QCD predictiona, where

0 (oc) terms ara taken into account. However, regarding the low
9

mean W, it seems more likely that ehest effects correspond to

the "scale breaking" seen in e e annihilations at very low

energies, which result from phasa space effects due to the non

negligihle particle masses.

The fragoentation of ehe multiquark epectator Systems in IN

interactions is shown to be described by quark counting rules,

or by a quark recombina t ion ntodel.

Let me now summarize what we learned from the study of T decays.

The dominance of a three parton decay mode, probably with spin l

partons, seems to be established. Although present da t a have a

limited atatistical accuracy, there aeems to be a disagreement

between the expected properttes of gluon jets, and the observed

fragmentation modes, which are identical to those of quarks,

especially äs far äs raultiplicities are concerned. Howevur, parCon

f ragmentat ion at these energies is expected to be strongly i ; . -

fluenced hy phase apace effectä. ßecause of these probltras, it is

hard to draw definite conclusions an the dynamics of Systems with

noncollinear color sources. Only models where the gluon sp l i t s

up into two incoharent quark jets seem to be excluiled.

Assuming that the decay partons of the f fragment like quarks,

data is coneistent with factorisatioa.
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7. J e t s i n h a d r o n - h a d r o n i n t e r a c t i o n s w i t h p a r t i c l e s

o f l a r g e t r a n s v f c r s e m o m e n t u m

Bö c l i i n t; a ann i l i i l a t ioua and in l e p t o n - n u c l e o n s c a t t e r i n g j e t e

a re p r o d u c e d s i n c e a p a r t o n i n t e r a c t s w i t h a c u r r e n t o f large

Q . l'liii f o u r iDomi i i i tuiti t r a n s f e r is g i v e n by the c h a n g e in

D i o i n e i i C u m o f t h e l e p t u n a n d i s w e l l d e f i n e d e x p e r i m e n t a l l y ( f i g . 7 . l a )

In dose a n a l u g y , o n e p r e d i c t s i n t e r a c t i o n s of two p a r t o n s i n s i d e

two c o l l i d i n g l i a d r o u s v i d the e x c h a n g e of a v e c t o r boson »

» i i n p l y by r e p l a c i n g the l e p t o n a t the u p p e r v e r t e x in f i g . 7. U

by d no t he r « j u a r k ( f i g . 7 , l b ) . The m a i n d i f f e r e n c e is t l ia t

the L u L 11-, i1, i 11 o w , N j y be a g l u o n , äs w e l l .

Äs a r e s u l t o f the h a r d scat ter ing, f o u r co lo r s o u r c e s a re

d i e t r i b u t e d in t h e p l a n e d t i f i n e d by the c o l l i s i o n ax ia o f t he

incoaiag h a d r o n s and by the three m o m e u t u r a c o m p o n e n t o f t he

c u r r e n t . I n g e n e r a l , t h e two a c t i v e p a r t o n s w i l l b e s c a t t e r e d a t

l a r g e a n g l e s i n t h e o v e r a l l c m s , a n d t h e a p e c t a t o r S y s t e m s w i l l

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

Uhen the color sou rces S t a r t to s e p a r a t e in space , f l u x tubes

a te b u i l t up w h i c h i n t u r n "decay" and f o r m J e t s . From our

p r e s e n t k n o w l c d g e , t l ie conf i gura t ion of t h e a e f l u x t u b e s c a n n o t

be ca l cu l a t ed , i t depends on the k inemat ics of the inCerac t ion

and on the spec i f i c t K n s i o n a of color o c t e t ~ and t r i p l e t s t r i n g a .

In a d d i t i u u , one m a y h a v e t he p o s s i b i l i t y t o g roup t he co lo r

o . , . . - , i n t o t w o c o l o r l e s s c l u s t e r s . I t eeeios n a t u r a l t o

a s s u m e t ha t t t i e f l u x t u b e s a re f o r m e d in a way äs to m i n i m i z e
2 o i \e e n e r t j y s t o r e ü i n t h e r i c l d . F i g . 7 . 2 e h o w e e x a m p l e s f o r

the ca se of q i i a r k - q u a r k e c a t t e r i n g . D e p e n d i n g on the r a t i o r of

t h e t e n s i o n s o f o c t e t and t r i p l e t f l u x t u b e s , d i f f e r e n t c o n f i g u -

r a t i o i i s a r e f a v o r e d . S i n c e , h o w e v e r , t h e f i n a l d i s t r i b u t i o n o f

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

the p r o x i m i t y o f the color c h a r g e and on the b o o & t c o n n e c t i n g

c h a r g e and e ins , f ac to r i sä t ion is s t i l l e x p e c t e d to h o l d ; t he

c h ä u g e o f the f i e l d fo r r < Z c o n c e r n s on ly t h o s e s l o w p a r t i c l e s

i n r ü g t D U s o f p h ä s e s p a c e w h e r e t h e f o u r J e t s j o i n .

P

bl

Fig. 7 . 1 Qua rk d i a g r a u s f o r

a) deep inelastic lepton-nucleon interactions

b) quark elaatic scatteriug in pro ton-pro ton. collisions

_

Fig. 7.2

a) Flow of color lines for elastic scattering of valence quarks

btc) Poaaible configuration of color aources and flux tubes after

the scattering for r J 2. Dotted and shaded regions denote

triplet and octet strings, respectivly.

d) Final 4 Jet event in monentum epace.

e) A real large pA event. Momenta are projtcted into the scaLteriiij

plane.From BFS.
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The resulting confignration cotisists öl tuo Jets containing

p a i t i c l t y w i t l i large traosveree momentum with respect to the

collision axi H . and of t wo jets of low \> i particlee (£ ig. 7.2d)

At sufficiently large p L, such processes should dominate ehe

particle prodiiction in hadronic interactiona .

Tliis prudiction was confirraed in 1973 by three experiments

s t u d y i n g proton-proton interactions at the CERN-ISR

They measured a considerable excess of particles at transverse

!•:• !..i:ii! ., above ) CeV/c äs compared to the extrapolation of low

\< L data. For meaon production, the invariant cross section

Cdu be approximated by

-8

for 7 GeV.

After this discovery, a large amount of theoretical and experi-

mental work set in, concentrated on the following questions

- do high pL parlicles really result from a two body hard

scattering process?

- are the active partuns identical with quarks and gluona, and

i b their interaction described by asyiaptotically free field

thtiories, like QCO?

- can one o b t a i n further Information on mechanisms of parton

f i'dgmon ta t i on and conf inerae nt, and ia there a link between

L tics. t cvents and normal inelastic hadron-hadcon interac t ions ,

where only low p± p a r t i c l e s are produced7

Hit euperimental investigation of events with high pL particles

(in the following we conaider the higli pA regime aa starting at

p,_ around 2 GeV/c) is complicated by the complexity of the

uiiiltijet final staie. In each J e t , the bulk of particlea produced

w i l l have longi tudinal tnomenta which are coraparable to their

momenia transverst to the Jet axis, The se particlea are no longer

aligned along the jti axis and in general canna t be attributed

207

to a e p e c i f i c J e t . Consequently, the momentum t r a n s f e r q is

no longer d i r e c t l y a c c e s s a b l e to the e x p e r i i u e n t , in contrast

to IN charged current intecactions.

The following discussion is concentrated on the last two of

the queetiona mentioned above, which of course cannot be treated

independently of each other.

This chapter ia aubdivided äs follows. The largt: variety of

esperiments makes it necessary to discuss the main types of

experiments. This will be done in the remainder of the intro-

duction. In section 7.1, the predictions of the parton model

are discussed on a very elementary level. In section 7.2, the

main featurea of high p£ events are compared with parton model

predictions. the properties of the jets at high p1, aad of the

spectator fragmentätion are dlscuEsed in detail in aectione 7.3

and 7.4, respectivly.

The data discussed in eections 7.3 and 7.4 will mainly come

from proton-proton interactions at the highest ISR energies,

since there a reLiable Separation of the Jets starte to be

possible; in addition the amount of final state interactions is

nininized in proton-proton interactione, äs compared to hadron-

aucleue collieions.

To avoid additional complications, the discussion of Jet proper-

tiee will be restricted to Jets produced in hadron-hadron colli-

aions,although ue are aware that with the advent of more detailed

and precise data, jet p r o d u c t i on off nuclei will be an important

tool in studying the development of Jets, because the interaetion

with other nucleons teBts the jet structure at carly stages of

confinement. 294,295)



Expe r i me n ts i n v e s t i g a t i n g events with p a r t i c l e s of large p1

can be grouped i n t o four ma in categories:

i) Experiments m e a s u r i n g inclusive single p a r t i c l e crosa

sections a t li ig liest pA and /a, w i t h the a im to study

p a r t o n p a r t o n interactioni in the asytuptotic region

where correctiotia due to raas ee a, f i ni te tranaverse momen t a

and h i eher twista are n e g l i g i b l e . The t i n y croes sec tion

requircs l a r g e a p e r t u r e spectrometers, which are u s u a l l y

r e a l i zed by lead glass walle d e t e c t l n g high pL H 's.

ii) Experimente c o m p a r i n g large yL croes a e c t i o n s for different

particle a p e c i e s , and different beam or targe t t y p e s .

P a r t i c l e r a t i o s at large p^ reflect the quantum numbera

of the s c a t t u r e d pattoiis, and thus help to p i n down the

baäic Bcattering mechanism. Such experinents commonLy use

magnetic apec trotueter a of very l i m i t e d acceptance.

iii) fcxperimen13 s t u d y i n g correlatiooB between p a r t i c l e s in

eventä w i t h a large Pj_ aecondary. tloat of ehe results

quottd in the following d i s c u s s i o a come from t l i i e kind

of experiioen t B , which can be set up in very different

,,'ayt, ranging fron two small a p e r t u r e apectrometers to

AK detectors. Since most of the recent d e t e c t o r s of type

i) are e q n i p p e d w i t h a v e r t e x spectrometer, they contribute

to this field äs well.

Experimente of type i) to Üi) uae a large p A, s i n g l e p a r t i c l e

Lrigger. Their a b i l i t y to measure parton-parton CTOSB sections ifi

r eatricted by the fact that one has to unfold an a p r i o r i

unknown par ton t ragiaen tat Ion function. A more r e l i a b l e way to

"ileteut" a acattered parton is to measure the whole J e t , e.g.

by de terniiriiiig the entrgy f l u x into a suited region of solid

angle.

iv) Experiments laeasuring jet cross a e c t i o n s . These ex p e r i m e n t a

are equipped w i t h caloriioeters measuring the amount of

ene rgy emi L t i>d at large angles in t he cms. Although in

p r i n c i p l e b e i n g euperior to other types of Experiments

m e a s u r i n g p a r t o n cross. sections, these e x p e r i m e n t s auf£er

fron the fact that eyen at ISR energies jets are far from

being p e n c i l l i k e , and that a cut in solid angle is a

aomewhat i n e f f i c i e n t way to collect p a r t i c l e s from one

jet. Consequently, a c c e p t a n c e correctiona are large, and

there are a m b i g u i t i e s in Interpreting the data.

Table 7.1 gives a l i s t of large pj e x p e r i n e n t s , and Bummarizea

their m a i h c h a r a c t e r i s t i c s .
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7.1 Parton-parton scattering

In this aection we discuss the kinematics and crose sections

for parton-parton scattering.

As a first approximation, and to enable a transparent presentation,

we neglect parton nasses and fjiiite transverae momenta in the

structure and f ragmenta tions functions. Assurae t hat ttie basic

proceaa is a two body intetaction

q. lo'*'!'1' (7.1)

where q i t ^ o are partona ineide the primary hadrons h,h ?, carry-

ing momentum fractions x and x., respectivly.

In the cms of h and h„, the kinematics of the reaction is fully

deacribed by three "observables": the rapidities y and y' of the

outgoing partons

y . ln (7.2)

and the i r t r a n s v e r s e m o m e n t a pA - p A , or t r a n s v e r e e nasses
i ,

mi " mj. " P ± - x i and X 2 a re g iven by

2 (7.3)

where a is the total cma energy.

For the Mandelstam invariants s, t, u of the subprocess we get

t - (q-q.)

u " (q'-q,)

-m 1(l+exp(y'-y))

2 , (7.4)

uhere q. >4?t<)»<I' denote parton raomenta



2 1 2

The r a p i d i t i e a y and y ' a r e r e l a t e d to the s c a t t e r i n g a n g l e

9 in t l ie t w u p a r t o n eins

2 arc tan e x p ( ( y - y ' ) / 2 ) ( 7 . 5 )

In analogy l® L'|IJ treatment o£ lepton nucleon interactions we
3

a s s u in e t hat the cross B e c t i o n d a/dydy 1 d p A for the production

of two partoas q and q' factorizes:

( 7 . 6 )

The firat two terms are the well known tiadron structure functions

d o O i - q ) - G I J ( x > d x / x ( 7 . 7 )

F o r t h e c t c i s s s t c t l o n w e w r i t e

J o 1 2 - ' *
d o ( q . q . , ^ q q ' ) - ~- ( s , t ) dt ( 7 . 0 )

d t

325)
yielding final ly (for simplicity, we omit the sum over

1, .•!•>)

do dx
do - G . . . _

1] . h„ 2
l 2 d t x x

dt (7.9)

2
or, with (dx1/x|)(dx2/x2)dt= dydy'dp^) (7.10)

dg

d y d y ' d p

q l q2— f t * P t \a"
dt

(7 . 1 1 )

W r i t i n g o äs

do ,- ••
(s,t) „ „ g"" f <TT) - a,s"n£(e) (7. 12)

2 l

obtain the scaling lau

da

dydy

» / _ „ i- a P(y,y ,XL (7. 13)

where the angular dependence cf do/dt and the structure functions

are summarized in F, and the term pL reflecte the s dependence

of do/dt at fixed angle 0.

Eqn. (7.1) suggests that for a single dominant subproceEe the

e dependence of o can be determined directly by measuring tbe
3 3 2

inclusive single jet cross section Ed o/dp = /dy' (da/dydy' dpL)

at two cms energies B ,a , but for fixed f. L ;

(Ed3o/dp\3o/dp3)

II x
(7.U)

However this result holds only up to corrections arieing from

the t dependence of the Etructure functions and of the coupling
^ 9 fi '\'? ~J \, äs predict in asymptotically free theoriee '

Neglecting this effect, n is given by dimeneional arguments

do (7.15)

yielding n • 2 for theoriea uith a dimensionless coupling constant

The cross aections (7.12) and (7.13) refer to Lhe production of

large p^ partons, or Jets. The aingle particle croüs section o

is given by a convolution of o over the parton tragmentation

function D(z)

d p -
(7. 16)
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In order to unable siuple analytical calculations, we paranetrize

u locally aa E(d o/dp ) = Ap± , and chose a raeher geaeral ansät z

for l)(z)

l) U) - (7.17)

T h e 6-ter io t a k e s i n t o a c c o u n t t h a t f o r c e r t a i n s u b p r o c e s a e s

s t a b l e l i a d r o i i s may emerge . From ( 7 . 1 6 ) a n d ( 7 . 1 7 ) w e ob ta in

for the r a t i o -.1 i i n c lu s ive s ing l e p a r t i c l e and je t c ro s s s e c t i o n s
328 -330)

Jp dp (k+-iB-2) l (k-D
(7.18)

U i t h i n u t i r a p p r o x i m a t i on the s i n g l e p a r t i c l e s p e c t r u n has the

samt; s lo [ i t in p± äs the d i a t r i b u t i o n of J e t s , however the a b s o l u t e

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

m e n t a t i o n f u u c t i o u w i t h m = 2 « - 3 , L« l and T - 0 ( f i g . 7 . 3 ) .

T l i i s f a c t i s e a s y t o e x p l a i n : for a l a rge k, and a g iven p t ic i«

l e s a " e x p t n s i v t " to p i c k up a h a d r o n at z = l f ron a J e t w i t h

PI - P I ' > t h a n to use a s low f r a g m e n t of a p a r t o a at very large

p^. As k i n c r e a s e s , the aean z of the t r i g g e r h a d r o n a p p r o a c h e e

•2 E

~h
P i 3

dp

"h (7.19)

Biul(k-4)l L , T W fBml<k-3)_l_
T Mk-2

_
(74B-2)I

(7.20)

and u dropu

a L large p A

/.4). Experiments triggered on a single hadron

2 1 5

°h/G,

.01

0

1ö

JJ/G,

100

Fig . 7 . 3
Ratio of jet t o single particle cross section for a fragmentation

function D(z) - (m-M}(l-z) /z VB m. Typical slopes of the

incluaive cross sections are k - 9 «t medium pL.

0

Fig. 7.4

Mean fraction z of the jet momentum carried by the trigger

particle h, for a fragmen tation function D(z) = (m+l)(l-z) /z.

The quantity ahown is <P->/Pj1 = < l / z > .
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thu s eelect a special type of parent Jets; those consisting

ea s e n t i a l l y of one very fast fragment. This effect is known äs
329 330)

t he trigger bias . Experiments triggered by jets of large

pt art IKJ t subjected to this bias, however a sinilar bias is

introduced if the solid angle covered by the jet detector is

comiiarable tu the jet size: then the trigger condition enhances
T l Q \, w e l l c o l l i m a t e d j e t s }.

Another important conaequence of the trigger bias is that for a

tuixture of different parent partons the species with the flattesC

fragmentaLiou function is favored by the single particle trigger

coudi t ion.

0£ course, only the jet containing the trigger particle is

affected by the trigger bias; the recoiling parton in the

oppositc aiimuthal hemisphere decays unhiased, within the lintits

imposed by energymomentum conaerva tion. The f ragmentat ion of

tliis eecond "away" jet is usually described in teims of a variable

x referring to the trigger momentum p,t.
h 1

(7.21)

whure h' Js a hadron in the away jet, Neglecting traiisverse momenta

in the partoa fragmentation, x is related to the "correct" acaling

variable z referring to the niomentuiB oE the away jet

(7.22)

( N o t e that x m a y exceed 1 . )

Tlie par L i c J e dens i i y (\ o) (do / dv.^) is o b c a i n e d f ron
L

-h
A, H 3 ^ Pl

l da_ _ z d p z
a dx, ,t ., -h

dp z
(7.23)

2 1 7

D(z) and D' (z) are fragmentation fuiictione of the t o ward s and

the auay jet, respectivly. Two points should be kept in mind:

since da/dx depends both on D(z) and on the inclusive jet crass
3 3section d o/dp , scaling of the fragmentation functions does not

neceasarily imply scaling of do/dx in x. Purthermore, the
I- b

dependence of do/dx on the trigger-side fragmentation function
E

D(z) may induce correlations between the towards and the away jet.

Compare e.g. eventa were scattered u- or d qnarks create n and
" k" n

k trigger particle8. Since D , falls eteeper in z than D ., the

mean momentum of the towards jet is larger for the k trigger, and

do/dx,, is flatter. Gare is needed not to confuse such kinematical
B

effect& with dynamical correlations due to the scattering mechanism

itself .

To complete th is discussion, leC me quote the relations concerning

Che two spectator Jets at low p u. The energy available to the

spectators ie reduced when compared to the total cms energy. The

sum of the energies resp. nomenta of the spectator Jets is

E' • /a - iCj_(i:o9h y + cogh y')

p* - - m^(sinh y + ainh y1) (7.2*)

Hence the usual Feynman variable 2f„/-/s is no longer suitable to

describe the fragmentat ion of spectators. The most natural choioe

ia to use a reduced energy /ä' fqt the system of the two spectator

jeta

/!' - (E'2 - p -2) l / 2

The appropriate scaling variable is then the reduced Ion g itudi na l
307 )

momentum of a secoudary in the spectator System

- 2p.,//"B"' (7.25)
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The Q f j l a p p r o a _ c h . l» a h a r d s c a t t e r i n g p i c t u r e , t h e f a v o r e d

c a n d i d a L t s tin t he a c t i v e p a r t o n s a re o f c o u r s e q u a r k s and

g luons , w i t h the i r in terac t ione governed by QC1). The main

i n g r e d i e n t s u f t he n jode l a r e sliown in f i g s . 7 .6 to 7 .8 . The

b a s i c s u b p r o c e s a e s a r e q u a r k - q u a r k , q u a r k - g l u o n , a n d g luon-gluoo
3 3 1 , 3 3 2 )

s t a t t e n n g , w i t h t h e cross s e c t l o u s

l£

dt

/»
(Q (7.26)

whuse angular dependence f(6) is displayed in fig. 7.5. The

6-function in (7.26) refers to parton flavors only, color factorß

a r u included in f(6). Since the effective color charge of a gluon

in 3/2 times t hat of a quark, we gut

uon gluon gluon quark quark quark
( 7 . 2 7 )

199-201)
As t ' ac to r i sä t ion l i o l d s in QCD at the l e a d i n g log leve l , the

p a r t o n s t r t i ^ t u r e f u n c t i o n s and f r a g m e n t a t ion f u n c t i o n s a re

i d e n t i c a l to t h o s e u i e a s u r e d in l e p t o n - n u c l e o n r e a c t i o n s , up to

cor r t i c t ions 0 (a ) u h i c h m a i n l y a f f e c t the d i e t r i b u t i o n of eea
2 9 2 2< j u a r k a . T l i e Q e y o l u t i o n of G ( x , Q ) and D ( z , Q ) is governed by

the A l t a r e l l i - P a r i s i e q u a t i o n s (eqs 5 .26 , 5 . 3 3 ) . t i oweve r , t h e
2

l a r g e m a s s s c a l e Q c h a r a c t e n z i n g the h a r d c c a t t e r i n g is not

u n i q u e J y d e t ü i - m i n u d in a leading log calculat ion, the naive
2c h o i c e Q = - t e . g . is no t f u l l y a d e q u a t e to descr ibe a q u a r k -

g l i i ü i i c o u i p t o n e £ f i i c t . Konus i i B e d i n t h e l i t e r a t u r e a r e

1,1445- , Q2 - (stu)1'3, Q2 - PJ
(s *t +u )

,2Q - t , ()2 = s, Q2 - ( a - t - u ) / 3 ( 7 . 2 8 )

resulting in uncertaiaities of the single particle croes section

of the order 20-3(1 2.

2 19

lgf!§)

30° 60° 90 120

Fig. 7.5

Angular dependence of parton-parton cross aections in first

order of QCD "1,332)

IQ)EfoCfroprDducliwi Sliuclur« c m. -
Dl Pro!an

SCALE BREAKING A = 0.4 GeV/c

(blGluon DJSIritwIion in Prolon

S

ff - IO
- - - Q2 : 50

— Q! ^ 500

PC' TTfrfc... , l 0 _ „
00 D.2 04 06 O8 10 0.0 02 O4 0.6 08 I.O

Fig. 7.6
Typ ica l parametr isat ioa o f q u a r k a n d g luon s t r u c t u r e f u n c t i o n s

3 i 2 A ^
of the p r o t o n for v a r i o u s Q .
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(D( / ,Q 2 ) VtRSUS l

00 02 04 O6 08 00 02 0.4 O6 08 1.0
l l

F i g . 7 . 7

As f i R . 7 . 6 , l )u t f ü r f r a g m e i i t a t ion f u n c t i o n s .

T y p i c a l e x a m p l e s f o r B L r u c t u r e f i m c t i o n s and p a r t o n f r a g r a e n t a t ion

f u i i c t i o n s a re f ihown in ( i g e . 7 .6 and 7 .7

" -2A l t h o u g h the b a s i c c ross e e c t i o n ( 7 . 2 6 ) a c a l e s ä s e , t c a l e

b r e a k i n g e f f e c t a inc rease t he e f f e c t i v e p o w e r i n p L of t he
335 \e particle c r o e s sec t ion ty a b o u t 2 u n i t s , y i e l d i n g

D / j 3 ii ^i l ~ 6 * • ' 7E(d a/dp ) 1 ~ Pi ( 7 2 9 )

-4
in contraat to the naive expectation p1 (fig, 7.8).

Uhereas the distribution of quarks in a nucleon ia determined

rather preciaely froia IM scattering Experiment a, the gluon

density ig accessable experimentally only through ecaling

violations in the distributions of sea quarka, and is not deter-

mined very uell, Hevertlie leas most authors agree thflt at moderate

2 2Q = 2 _ 4 GeV Lhe gluon distribution in Lhe proLon more or

lese coincides wiLh the counting rule prediction

(l-x) (7.30)

22!

.
QCD predictiooa for the cross aection

at 90° in the eins, at ISR energiea. "'

3 3
Ed o/dp foc pp •- n°X

Dotted curve: "QCD"

withuut scale breaking. Do L-daatied : with running coupling constant
2

a (Q ).Dot-dot-dasheJ: uith [unning coupling and nouscaling struc-
8

ture functions.Sol id curve: QCD including all scale breaking effectß
T—n i—r

10
3 5 7

F l B - 7 . 9 P1 (GeV/c)

Q C D p r e d i c i i o r i f o r t h e c o n t r i b u t l u n o f d i f f e r e n t s u b p r o c e s a e e t o

the c ro s s s e c t i o n pp -* n X at /& = 52 G e V , c o r a p a r e d to e x p e r i m e n t a l
327)

da La
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w i t l i the normal l sät ion /dx G"(x) - 0.5. Based o n t h e o r e t i c a l
P

p r e j u d i c e s , t l i ü g l i i o n f ragme n La t ion function is t y p i c a l l y chosen

a factur (l-z)aLeiiper L h an the quark f r a g m e n t a t i o n function.

Fig. 7.9 b l m u b a QCD prediction for the inclusive pion croes

section at lai-ge angle s for the reaction p p -> r * X, s u b d i v i d e d

into d i f f e r e n t subprocesaes. The c a l c u l a t i o n is in fair agreement

w i t l i d a t a for p L > 5 GeV/c, aC lower pA the theory falls c o n s i d e r -

ab l y b e l o w the J a t a , i n d i c a t i n g that a d d i t i o n a l scale breaking

or h i g h e r tuist e f f e c t s have to he taken into account. Such

i:orrtctions could arise front a non n e g l i g i b l e tranaverse momeutuni

of p a r t o n a in Lhe nucleon, or from a d d i t i o n a l aubprocesses

i n v u l v i n g non-eleiuen t a r y conat i tuents w i t h form factors, äs

arc e.g. poeLulatüd by the cocis t i t uent interchange model (CIM)
250-256,338)

Parton tran_aygrse_ momentua. In the naive parton model, the

PH'!..: <j and q» IUL. v n c o l l i n e a r with their parertc hadrons h, and h„

is however conü i derabl e evidence, p a r t i c u l a r l y from

dilcptoit p r o d u c t i o n Experiments, thac the p a r t o n e caa have a

b i iL: s-.!- i L- tr^naverse momtmtum. It ha a been pointed out that these

e f f e c t s aii.- v e r y iinportant in large pi calcula t iona , where the

steeply E a l l i n g ccoüü st:ction is sensitive to tlie t ransverse

configuration of ehe i n i t i a l s t a t e partons 7 , 3 3 6 , 3 3 7 )

A l t h o u g h thä q u a l i t a t i v e e f f e c t o f p a r t o n t r a n a v e r s e momentum

i s f a l r l y w e l l understood-triggeriog on a l arge pL hadron f a v o r s

c o n f i g n r a t i u n s w h e r e h o t h the a c t i v e c o n a t i t u e n t s move in the

t r a n s v e r g e d i r ^ c t i o n o f t h e t r i g g e r h a d r o n , t h e r e b y r e d u c i n g

übe e f f e k t i v e , dnd enhanc ing the cross section~ there ie no

c o n i m o n c o n ä ^ n s u s how t o i n c o r p o r a t e these e f f e c t s iqto the

c a l c u l a t i o n o f c ro s s s e c t i o n , a n d q u a n t i t a t i v e p r e d i c t i o n e
326 , 333, 339-312)m a j o r dl sc repanc lea .

T w o c o m p o n e i i L a c o n t r i b u t e to the par ton t ransverse m o m e n t u m k A :

a p r i i n o r d i a l 1. j inhärent to the i n i t i a l w a v e f u n c t i o n , and a

c u i i i p o n e n t c r « : a i e j t h f o u g b h a r d br ema s t rahl im g d u r i n g the

2 2 3

(o) Tjpel1 k, Ininnsic lo Wuvetunclton
i-Wtf QuQik

2-"2 tubproctst

» fleam ond Taigel JeK <P,'*0
qua.hi

(b) Type U- "EHeciive" kt due to BieniilraNung

I Pialan Beam Ig

Fig. 7.10

Effect of a parton transverse momentum in parton elastic

ecatterjng p r o c e s s e s a) pr i n t o r d i a l transverse momentum intrinsic

to the wave function b) transverse momentum due to gluon brems-

Strahlung. The trigger condition (a large pA hadron) s e l e c t s

configuratione were the parton t r a n s v e r a e momentum is a l i g n e d
1 t fi ̂

with the final hadrons momentum.
•i"

( 1 4 ( 6 7 »
Fig. 7 . 1 1

QCD prediction for the single particle cross aection at large pA

for proton-proton i n t e r a c t i o n s at ISR energies, usiug a mean

parton transverse momentum of 850 MeV/c. '



i n t e r a c t i o n ( f i g . 7 . 1 0 ) , N a i v l y , one e x p e c t s the p r i m o r d i a l

k x tu be of the o r d e r 300 H e V , w h e r e a s the hard component
2 2 2

grows äs Q / l n ( Q / A ) . To c i r c n m v e n t p r o b l e m s a r i s i n g in the

c a l c u l a c i o n of h i g h e r o r d e r QCD d i a g r a n s , mos t a u t h o r s

parane tr ize b o t h c o m p o n e n t a by one e f f e c t i v e k t di et r i b u t ion .
2

Chosing a w e a n 1t L u f 850 M e V , i n d e p e n d e n t of x and Q , the

t l i K o r y can be l mied to agree w i t h da ta over the whole ränge of

P,. ( f i « . 7 . M )

The pl ienomenologica l uay to i n c l u d e par ton k^ raises s e v t r a l

i s i - w p r o b l e u s . C o n s i d e r e . g . t h e d i a g r a m shown i n f i g . 7 . 1 2 .

IL can be r e g a r d e d e i t h e r äs a q u a r k - q u a r k e c a t t e r i n g , w i t h

the e f f e c c of L t i c b r eias st r ah l u n g g l u o n b e e i n g parametrizftd by

t l i e p a r c o n k £ , or äs a q t i a r k - g l u o n c o m p t o n e f f e c t ; the s ame

|j t , , L - n a p p e d r s u o be c o u n t e d t w i c e .

In the context üf parton K L , another point becomes evident: it

i s na l a n g e r p o e u i b l e to keep all partona on ahe l l . '

Two ways are f o l l o w e d in the l i t e r a t u r e ; e i t h e r the active partone
1 9 ft \e raagsleäs an d k e p t on shell , w i i h the f a t e of the ä p e c t a -

L o r ^ l > c i n g n c g l e c t u d , or i t i s a c g u e d t ha t the s p e c t a t o r e s s e i i t i a l

c a r c i c s t h e i n i t i a l h a d r o n m a s s , B ince i t i s subjected c n l y t o

c o n f i n i n g f o r c e s w h i c h have a n a p p r e c i a b l e e f f e c t only a f t e r a
190 342 )rathet long time. Coosequently , the active par tona are off

s l i c l l ( e q n 6 . 2 ) . T h i s procedure has the a d v a n t a g e tha t the po le

ot t h e ä c a t L t r i»g a m p L i t u d e a t t - 0 moves i n t o the u n p h y a i c a l

r e g i o n and can not b c r c a c h e d . In the case of on she l l par to t i s ,

an a r b i t r a r y regularisiiiig mass t •*• t - M t i a s to be i n t r o d u c e d to

avoid '

I n t l i e s p i r i t of a p r e c o n f i n e i n e n t m o d e l , none °f these methods

i s l u l J y a d e q u a t e . t l e r e t h e a c t i v e p a r t o n e become m o r e a n d

m o r e o f f s h e l l through succesülve e m i s s i o n o f g l u o n a , r e a c h i n g a

medi i u i o u ^ n t u m s q u a r e d o f the quark l iue a t the l i ard v e r t e x
2

u p t o 0 ( Q ) . A f t e r the s ca t t er ing , t h e ac t ive partnn i n i t i a t e a

a " p a v L o n b l i n v i e r " and j i icceäsivly c a s c a d e a d o u n to tlie mass s h e l l .
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Fig. 7. 12

QCD diagram which can be counted e i t h e r äs quark-quark

scattering or äs a quark-gluon coupton effect. The d o t t e d region

c h a r a c t e r i z e s the tuo b o d y procese, the shaded region denotee

the t n t e r a c t i o n r e a p o n s i b l e for the large parton k L.

• fiel. II
ofcf 10
• M II
o R e f 2l

. .L. .. L... I. i l
10 II 12 l

PT IGcV/cl

Fig. 7.13
O C l \M p r e d i c t i o n s f o r t h e i n c l u s i v e it° c r o s s s e c t i o n a t

s 90 , äs compared to da t a .
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1A f\t u o r k a s t a r t to d e a l w i c h t h i s p r o b l e m , e . g . b y

chousing the p a r t o n m a a s äs the n ie . in roaes of a St e r m a n - W e i n b e rg

J e t o f c o r r e a p o n d i n g inomta t u m , w i t h the r c s u l t that t he QCD Je t

cross s ec t i on is f a i r l y i n s e i i e i t i v e to auch man i pu l a t ions.

A n y l i ü w , all L!., ;,_- a m b i g u i t i e s in the In te rpre ta t ion of ehe QCD

c a l c u l u s c o u c e r n m a i n l y the r e g i o n b e l o w px «* 5 GeV, and i t is

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

MO in en t um i m p r u v e s the a g r e e m e n t b e t w e e n theory and e x p e r i m e n t
7 , 3 2 6 , 3 3 9 - 3 4 2 )

in t l i e ned iua px r ä n g e .

g o n g t i t u e n ^ _ I n _ L > i r c h a n g e _ M ü d e l ( C I M ) . The QCD I n t e r p r e t a t i o n of

l acge p A p h e n o i u e u a r e q u i r e s a r a t h e r l a r g e p a r t o n t r a n a v e r s e

uioiueut um. T h «i phe' i ioraeno l og ica l repr e sen ta t ion of chese f l u c -

C u a t i o n a by du e f f e c t i v e k.i i n s t e a d by a e u m over F e y n m a n

i H a g r a m s r i s i ^ s v a r i o u s p r o b l e m s , p a r t of w h i c h can be t r a c e d back

tu the f a c t [ h a t a m o d e r a t e p x the l i f e t i a e of a l a r g e k L

f l u c t u a t i o u ia of the same o r d e r aa the t i m e e c a l e s se t by the

ha rd i n t e r a c t i o n . In t l i i s c a e e , e f f e c t a d u e to the coherence

of tlie i n i t i a l wave f u u c t i o n have to be taken into a c c o u n t ,

r u h u i t i i i g in a u b p r u i j e a ae s i n v o l v i n g more than two quack p a r t o n s .

T h e C I M modt i l a s s u m e s t h a t p a r t i c l e p r o d u c t i o n

in the r e g i o n b d l o w pA - 5 to 7 G e V / c ia g o v e r n e d by a u c h

'h igher t w i s L * or ' n a t u r a l ' m e c h a n i s m e . T y p i c a i s u b p r o c e s e e B a n d

t h e i r | > , d e p o n d e n c e a r e

qM -*• qM ,

qq -* MM Pi

<|B •* qB p i
( 7 . 3 1 )

The l a b e l a H, B and q denote partona with meeon, baryon, or

quark quantum u n.. Lc r.-,, respectivly, which are treated aa ha v in g

a ntgligible primordial kL.
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It hae been argued * that a systematic treatdient of all

hard scattering processes ine ludin g both elenientary quark and

gluon contributions and higher order constituent interchange

processea i s given by the "hard ecattering expanaion"

accounting for gluon corrections to the baeic QCD procesa,

conatituent tranaverse momenta, higher twist effects etc. The

incLusive meson cross eection e.g. is represented by

,3 h

v t.

qg

gH

qg

gM

qM

qM -»• qM

qq -K HM

£7.32)

The intrinsic transverse momentum of the partons in (7.32) is

small and reflects non-leading contributions. The validity of

thia expanaion haa been proven rigurously in a $ toy theory ,

it is presently not clear if it is appropriate to asymptotical ly

free theories.

-4 .The fL terms in (7.33) correspond to the aeymptotic QCD predjctions

the pL terms represent the classical CIM rcechaniams. The pi

processes are suppressed by a suble cancellation related to gauge
347)

invanance

The normal ieation of the differeot processea can be derived froin

meson form factors and eiastic ecattering cross sections

The resulting cross eection is in fair agreement with data (fig.

7.13), the dominant mechanism below pA = 5 - - 7 CeV beeing qH^qM.

From the experimentalt s t s point of view, QCD and CIM mainly differ

in three points

i) in the CIM model, the "jet" containing the trigger particle is

formed by decay products of a meson resonance.



i i) nie H O n B w h i c h do not c o n t a i n one of the i ne i de n L va l ence

q u a r k s are L i k t l y to be p r a d u c e d via qq -»• MM. For pp -*• k X
34 7 )e. g . i. 1 1 L o b t alo a

n ( q M ' k ~ q )

for 6 = 90U

and XL >.l S ( 7 . 3 3 )

C o m p a r e d L o l a r g e t r i g g e r s , w h i c h are in the C I M

a l m o s L e n t i r e l y due to qM -i n q, the away J e t for a k t r i g g e r

a l i u u l J be d i f f e r e n t , and i l a c o n t e n t s o£ k e h o u l d be e n h a n -

c e d , in c o n t r a s t to QCD w h e r e n o s t r o n g f l a v o r c o r r e l a t i o n

e x i s t: B b e t u e e a the two J e t s at l a rge p , .

i i i ) i f one o f the c o l l i d i n g h a d r o n s c o n t a i n s a va l ence a n t i q u a r k ,

the qq • MM s u b p r o c e s a w i l l c o n a i d e r a b l y e n h a n c e the c r o a s

t i e c t i o n a L l a r g e z. L , äs c o m p a r e d to QCD p r e d i c t i o n a .

7.2 G e n e r a l charac ter i B t ice of h i g h p1 even t s

S c a t t e r i n g o £ q u a r k o r g l u o n p a r t o n s u a s shown t o a c c o u n t f o r

s i u g l e p a r i i c l e y i e l d s a t large p1( once i i igher o r d e r - and

h i g h e r L u i s t e f f e c t s ace t a k e n i n to a c c o u n t . I n t h i a s e c t i o n , we

s h a l l d i s c u s s f u r t h e r e v i d e n c e f o r a b a e i c t w o b o d y s c a t t e r i n g

; , . . , . , • b i , u s i n g L . . L , se ts o f da t a u h i c h a r e i n s e n s i t i v e t o d e t a i l s

o f p a r t o u f r a g r a e u t a t i o a . T h e r o e c h a n i s m s o C f r a g m a n t a t i o n a n d t h e

p r o p e r t i e a of j e L s i n l a r g e p L ß v e n t s w i l l be d i a c u a a e d in eec t ions

7 . 3 a n d 7 . 4 .

Particle anJ b_eam â l i^os . Katioa of aingle particle or Jet cross

„. .;, i . , at large x^ for different particle s p e c i e s , beam and

tai-gut lypes essentially Lest ehe ratio of etructure functiona of

the interacting partona. Tliey luve the great advantaga that

both theoretical and experlmental uncertainities tend to cancel.

The ratio of jet to stngle particle cross sections (fig. 7.H)

tests the idea that acattered partons carry color and henee bave

t o f ragoent, yielding a tremendous ratio o (Pj.) /^ (Pi.) of the

order 10 at large x1 " (eqn. 7.18). The measured ratio is in

good agreement wich QCD predictiona. For pure CIM procesees which

direccly produce color ainglet mesonst the jet cross section
3A 7 349)

ib Iowared by about one order of magaitude aa compared

to QCD. in the subprocess expansion (eqn. 7.32) combining QCD

and CIM graphs, the relative abundance of processes can be adjusfed

such that the major contributions to the jet cross section come

fron QCD graphe, whereas CIM terme dominate single particle pro-

duction, favored by the trigger bias. Within preaent experimental
*^lft 12D ^52^

errors, ' * such a combination is indistinguistable

from pure QCD.

Figs. 7.15 and 7.16 show n /«", k In and k /TI ratios at large

pj_, for proton-proton collisions. In almost any hard scattering

model refering to quark partous, r ,k snd n nie S O L L s at large x±,

or x concain a u and d valence quark, respectivly, from one of

the incident hadrons. Consequently, the ir /n ratio at large xt

reflects the ratio l/(1-x ) of u and d quark etructure functione,

k /n should be constant for x -*• l , and k /n will drop with

increaeing pL. Data ehow all these features, proving thaC the

Standard valence quarkh are involved in large XL particle production

The same argument showa that the beam ratio pp + Jet + X/itp-»Jet + X

falls wich increasing XL, ei nee the x dietribution of valence quarks

is fl a t ter in a pion, äs conpared to a pro ton, aimpiy because

momentum ia shared by only two valence quark«. Again data agrees

with the QCD ideas (flg. 7.17). The CIM prediction, where the

process qM ->• qM is considerably enhanced due to the incident meson,

falls below the data.
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Fig . 7 . U

Jet cross ±>ect ion al /s - 19.4 GeV compared with the single particle

c r o s s s e c t i o n . The f ü l l l ine s r e f e r to a QCD c a l c u l a t i o n for

f i x e d j e t e t i e rgy and f i x e d Je t moinen tura, r e spec t i v l y .

l'i'

r, IM

QCD

.2

xi
Fig . 7 . 1 5

P a r t i c l e r a t i o pi> * TT /TI + X at = 90° f r o m r e f e 3)6 (A/s
UU|B

19 GeV,«/s - 'n G e V , »/1T « 21 G e V ) and 353 (7 /s" • 19 G e V ) c o m p a t e d

t o Q C D a n d C I M p r e d i c t i o n s .

231

• rf> " ' ' l~l-
- i*

i f K */n'~\V -

: Ö..-90' :

* B S ColkHxnaltcn
• This Eipenmenl

i i i i i i
10 20 30 40 50 60 7

1 U

g
5 i
a: '

t
£

ü)
0

:~l 1 1 1 1 1 — :

Ji Ij ! i .

*fe i

r ^HiVZl J , ':

Btm39cf
p-p collisions

0 B3 Cüllatwrulioji
• Tnii Eipenmenl

i 1 i 1 1 i
10 2O 30 40 5O 6O

Px (GeV/c) P! (GeV/c)

Fig. 7 . 1 6

Par t i c l e r a t l o s

f L for /s" - 23 .4 GeV (o r e f . 301, • r e f . 316)
R ( P / T T )

*/ir + X and pp-*K~/ir" + X at 6 «90° va
CBS

Fig. 7 . 1 7

Beara ra t io

i i l l T i r |"n~i i i r rrrr i i i i | i i i i j l

. E 260 JET
o E260SING.PART.

L i l j Lij-ii i n LLJ.ij.J-LU-1.
2 4 6

JET PL (GeV/c)

TI + X and pp-»Jet +X, '
3511 'i 38 l

compared to QCD and CIM l predictions. The ehaded area

gives the QCD prediction -for jet ratlos, the single particle

ratio is given by the lower boundary. The CIM prediction refers

to single particles.
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7. 16
3

JET P

l
QCD

Beam ratio pp-t-Jet + X/pp-»-Jet + X VB at /a" - 19 GeV
354)

corapared Lo QCD ' and CIM 338) predictions.

Finally, there iß a s imp l ¥ way to decide uether ehe underlying

proceae i s a scattering (t-channel) o r fuaion (s-channel)

mechaniem; the ratio pp - Jet X/pp •* Jet + X should be abouC l in

the first caee, and large compared to unity eise. The conclusion from

fig . 7.18 i & evident.

Structure of large eventa. The Inspektion of patticle and

beam ratlos eupports the idea that in events with a secondary-at

large xt a valence quark is struck out of one of the ineide nt ha-

drons. What stays to prove is that this happens by a two body

proceas, i.e. that a large pA event contains four Jets of par-

ticles, two at large pL and two low p^ Jets made of apectator

fragment 8.

Fig. 7.19 shows the ratio of particle densities observed in pp

collisions with a large pL particle at y « 0, to those observed

for normal inelastic events , aa a function of the rapidity

y and the azimuthal angle $. The observed structure is not too

far from what one expects in a hard scattering model: near the

trigger hadron, the particle density is enhanced, indicating

the existence of a "towardy" Jet. The increase in density upposite in azimuth

to the trigger ia commoaly interprettd äs due to the away Jet. Since the njouienta

of the colliding partons vary, particles froui the away Jet are

smeared out over a wide ränge in y, when averaged over many events.

Contributiona from the two Jets at large p± are roore clearly

seen in fig. 7.20: in the central rapidity region. the partic l e

density peaks at $ m $ • « 0, and at 4» • n. With increasing

pj_ of the secondaries, the flat background of spectator fragments
312)

diminishes, and the jets are better collimated in angle

Fig. 7.21 and 7.22 demonstrate, that the increase of particle

density in the towards region $ c$ follows the trigger rapidity,

whereas the density of away secondaries stays symmetrical around

y * 0. Since both particles of eame and opposite Charge äs the

trigger ahou a narrow correlation, the effect cannot be entirely



Fig . 7 . 1 9

Ratio t j t" pa r t i c le deneit ies in large p t events and in normal

e v e n t s äs a f u n c C i o o of y and $ . f r o m B F S

0,3 < PT ' l - ">)

I. < . « l-

t/l-"/; u „n

Fig. 7.20

D e n a i t y o f a d d i t i o n a l s e c o n d a r i e s p r o d u c e d in events w i t h a

l a r g e p t (>7 C e V / c ) TT at 4, = 0 äs a f u n c t i o n of a z i m u t h a l
. - . 3 1 2 )

a n g l e , for d i f f e r n n t pA of the secondaries. Fron CCOR

45" TRIGGER 0 5< p < I . O
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Fig. 7 . 2 1 Ropidi ly , y

Kapidity diatribucious of aecondariee, integrated over i>A from

0.5 to 1.0 GeV/c. Shown are the diecributione of auay

( i> B $L + 180° ± 40°) and touarda ( * = $C t 25°) secondariee

for a trigger particle at y =* 0.8 - 1.0, and of particles pro-

duced in normal events. The mean p^ of the trigger hadron is

2.4 GeV/c. From CCHK
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Fig. 7.22

Same data sample äs in fi g - 7.23. Shown is ehe diatribution of

toward secondaries uith pL > l Gt^V/c, in r a p i d i t y relative tu

the trigger rapidity. Füll circlee represent secondariee of

Charge oppoeite to the trigger Charge, open circlea rtfer to

gecondaries with the sarae charge aa the trigger. From CCHK
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i t- 160*

/ trigger, Pl > 3.3 GeV/c

* "') n~ trigger, Pl > 3.3 GeV/c
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Fully inclusive dislnbulion
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rll

Fig . 7 . 2 3

Density of particles produced opposite in * to Ehe trigger

particle, äs a function of the transverse momentum of

aecondaxies, corupartd tu the inclusive c ro s s sec t ion. Fron
.303)

o >I50 MaV/c

• >600MaV/c

R 1.0 —

F i g . 7 . 2 4

l'dir eorrelatioii fmictimis for rapidities ot towards and away secondaries.

a ) betweeii the t r i g g e r ir ü and c h a r g e d p a r t i c l e s on the sarne s i d e

b) between the trigger n° and charged particlea with p ̂ > 800 MeV/c

c) betvetn charged particles in the away region
,- ,,,..313)

due to the decay of low l y i n g r e s o n a n c e s l i ke

Consider now the azimuthal region opposite to the trigger.

A comparieon of the pA spectrum of particles with the in-

cluslve spectrum proves that not only the number of particles,

but äs well their mean pt is increased (fig. 7.23 ). If the

excess observed in fig. 7.23 is attributed to the "away" jet,

two particles in this region are expected to show strong

correlations in rapidity, since both are more or less aligned

along the jet axia. Such a correlation, whose strength incre-

ases with the pA of particles i a in fsct observed (fig. 7.24 )

The shape of the correlation function is similar to that

observed for towards particles. No correlation is seen between

the trigger rapidity and away particles. Regarding the strength

of the two particle correlation function C(y ,y ) at y - y

äs a measure for the probability to find the away jet at y,

one concludes that ita rapidity ränge is limited to |y| < 2-3

at ISR energies (fig. 7.25)30 . Note further that the

correlation shovn in fig. 7.25 is practically independent of the

erigger rapid ity.

In hard scattering uodela, one expects the two Jets to be

coplanar. It is however not clear, if the back - to - back

structure of Jets seen in fig. 7.20 is not merely a conse-

quence of momentum conservation. This queation has been in-

vestigated by studying eventa with two n°'s of large p±.

Fig. 7.26 shows their differ.ence in azimuth for events having

a fixed value of E. E is defined äs the sum of the pion

tranaverae momenta, plus the p L of ano ther obj ec t necessary

to eneure the p^ balance. p±x * - pj_ o ~ Pi o'- *'or

uncorrelated emission of particles äs described by the UJH (chapter

3) , the production probability depends only on EA and not

on the angle between the n0s, Fig. 7.26 provea that even at

fixed EX the distribution peaks at A^ - 0 and at A$ = 180 .

Finally, is there exactly one away jet in each event, and

does it compensate the whole pA of the trigger particle?

Fig. 7.27 shows the momentum distribution of the away jet,
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Fig. 7.26

0 i s t r i b n t i u n o t azirouthal angle between to large p t i ° ' B,
1 1 4 1

for 8 s E^ S 10 GeV/c. From ABCY '.

319-3211äs obtained frora a calorimeter experiment . The

discrepancy between the trigger px and the mean momentum

of the away jet cannot be explained by the linited acceptance
352)

of the calorimeter . A natural explaaation is given by

assuming a parton traneverse momentum of - l GeV/c; in this

case, the transverse motion of the active partons is aligned

along the trigger directiun, with the recoil beeing taken

by the epectators. Tlii s Interpretation i s supported by the

investigation of spectator fragmentation ' (section 7.A).

In fig. 7-28 thefrequency of reconetructed away Jets with pL> 1.5

GeV/c is plotted äs a function o£ the trigger p1. As a reference,

two curves frota a monte-carlo Simulation of the jet reconetruction

procedure are shown, one tor zero parton transverse momentum,

and one aasuming a momentum difference between trigger and away

jet of ~ 0.8 GeV/c, due to parton kL. The away jet vaa cho&en

to resemble thoee observed in e e annihilations. The reeult

for nonzero parton k^ Supports the idea, that an away jet is

present in each large pL event.

To conclude: correlation data are fully consistent with the

aaaumption of an uaderlying twa body hard scattering process.

but note that this does not necessarily give new Information

compared to the investigation of inclusive cross sectioas:

it has been pointed out that e.g. in an uncorrelated

jet model (sectian 3.1) whose matrix element is chosen power

behaved in pL, a large transverse momentum is likely to be

compensated by a single particle, or cluster. If such a raodel

is used to describe parton the rmodynamic s , all k ineioa tica l

features of large pi events are reproduced once the single

parton matrix element is matched to describe the inclusive

spectrum.
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AWAY-S1DE PT SPCCTRUM

EVENTS
PF R 02

160
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J] AWAY-SIDE-

] (A) ALL tVENTS
L, IQ) FIOUCIALCUT
!

T 1 • —j-

2 3 4 5 6

PT(AWAY)(GeV/c,

F i g . 7 . 2 7

T r a n s v e r s e u i o t u e u t t i m d e t e c t e d in the away side c a l o r i m e t e r uhen

t r i g g e r i n g on a j ü t w i t h 3 .95 < pa < 4 . 2 G e V / c .

From E 395 3 5 2 ) .

F i g . 7 . 2 8

F r e q u e n c y of r e c o n s t ruc t i n g a jet on the a w a y s i d e . The curvea

v e f e r to a Monte-Carlo S i m u l a t i o n a s e u m i n g e i t h e r p e r f e c t

i L i o m c i i t um b a l a n c e the j e t s ( ) or an i m b a l a n c e of 0.8 G e V / c

iluc t o p a r l o n t r a u y v e r s e m o m e n t a ( - . - . - ) . F rom B F S 3) I)

s(»19 l
2.O Z..2
22-2.6
Z 6 - 3 2
J.2-4.0

Fig. 7.29

Distribution in x„ of away eecondaries, (l/o)do/dx_, for four
7)

intervals of tcansverse momentum of the trigger. l'rom CCHK

Iff

10" L..
0 06 o:- 10

Fig. 7.30

D i s t r i b u t i o n in x„ o f a w a y s ide c h a r g e d s e c o n d a r i e s foc thcee
E

sets of trigger pL. The solid line is calculated from eqn

(7.23) using quark fragmentat ion funcLione, with a norrnali-

aation such that charged partlclea carry 60% of the jet mo

Fron. CCOR3I2) .
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crose section ua b taken äs the mca aured inclusive cross

G e c t i o n t i m t; s t he jet t o a i n g l e particle r a t i o predicted

by QCU . The quark fraginen tat ion Cunc tion was parametrized

aa n (;:)~exp(-<t.5z)/z. Alternativly, a "gluon" fragraentat i o n

function U (z) - (i-z )D (z) was ueed. The agreement betweeu
B

da La and the naive calculatioit is surprisingly good (fig. 7.32).

Iiata ly between the curves for quark and for gluon jetsj foi

definice conclusions the calculation certainly is not precise

eiiough.

Il is interesting to note the eitnilarity of the predictiona

neing D (z) and D (z). The reason is that these f ragmentat Ion
H o

functions were used both for the towards and the away jet.

In the "gluon" C.ÜBC, ot courea the dietribution of fragments

in z is sleeper, an the other hand, the raean z of the trigger

hadron decreascs (eqn 7.19, fig. 7.4) and ttms the moraentum

of the parent Jets is increased for fixed trigger p j. > thereby

just cancelling the additional power (1-z) in D (z). The Situation
D

changee once towards and away jets are taken to fragment in

J i i i u L c t i L ways; for a Lowarda quark and an away gluon jec the

prediction falls below the data at large x. As far aa absolute

rates are concerned, data typically lie a factor 2 below the

predictioiis (fig. 7. 30). Note, however that the normalisatian

is essentially given by [aomentun conserva t ion; using the

extrapolation (l/o)(do/dx)~exp(-3.7x)/x, only 351 of the

trigger momentura is compensä tüd by charged particles in the

away jet, for the data shown in fig. 7.301

Pinally Lo detno» s t ra t u what x scaling real l y meana, conaider

fig. 7 . J i where the inclusive spectrum of particles ia shoun

Logether with (Jn/dx,,) at x„ " 1. For uncorrelated eraissioti
t, t

of toward and away hadrons, the particle dcnsity at x - l

would drop by 5 orders of raagnitude when changing the trigger

p^ from 2 to 5 GeV/c. Inatead, the correlation between towards

and away jet raoroenta keeps (dn/clx ) cunstant within 20-302!
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IG3

•dp*

"\.

p,

Fig. 7.33

Single hadron invariant cross section and away side multiplicity

» l plotted VB. pip for p-Be interactions(l/o)(do/dx_) for
L

at 400 GeV. From E 494
322)

- 0.01 -

0,00

P / P
TRIGGER

Fig. 7.34

Longitudinal distribution with respect to the jet axis of charged

particles associated with a high p^ neutral trigger. Longitudinal
313

moraenta are scaled according to the trigger tnomentuni. From CS

The solid line is calculated from eqn (7.34) using quark fragr

mentation functions, and is normalized arbitrarily.
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Note in passing that at x = l the scaling limit is reached
t

very e a r l y , s i nee t l i e e v e n t ts in a f u l l y eymme t r i c a l

c o n f i g u r a t i o n , and the i n f l u u n c e of a p a r t o n k t nea r ly d ia -
366)

a p p e a r e

I» ana logy to tqri ( 7 . 2 3 ) the epectra of addit ioaal par t ic lee

i 11 Ll ie t o w a r d s J e t are g i v e n by

£ ' towarda

l

dp
( 7 . 3 4 )

For a first check, the two particle fragmtntation function

])(z.,z7) can be «ritten äs a product of the inclusive fragmen-

tation fuud ious,

D (z ,z2> = e(l-z,-z2)8xp(-4.5(*I+z2))/«|«2 (7.35)

yielding a rather good representation of the meaaured speccra

(fig. 7,34). Althüugh the inclusive diatribution seems to scale

for different trigger px , the fraction of momenCura carried

by additional particles of the towarda Jet decreaaea with

increasing trigger px (fig. 7.35). This is equivalent to an

iucrease of the mean z of the trigger hadron with pA, and to an

increase of the jet to single particle ratio (eqn. 7.16). The

efttct is well accomited for by eqn (7.19), with D (a) «s

chosen above. Thü 2üZ difference in normalisation is explained

by tlie aziuiiithaL cuts ustid in tbe experiment.

The mean 2 of the trigger particle depends both on the steepness

of the jet cross section, and on the ahape of !>(/) With

increasing stefcpness of D(z), <z> increases and lese momentum

ia left ovtr for otlier hadron s in the trigger jet. The BFS

025

0.20

A 0.15
UJ

X

v 0.10

005

0

2 4 7

10 122 4 6 8

pT. (GeWc)
Fig. 7 .35 K T I

Sum of the m o m e n t a of same s ide cha rged p a r t i c l e s w i t h

| f - $ | < 60 , sca led to the t r igger m o m e n t u m , vs. t r i g g e r p A .
3121

From CCOR . The eo l id cu rve is c a l c u l a t e d f r o m eqn ( 7 . 1 9 )

us ine qua rk f r a g m e u c a t i o n f u n c t i o n s , and ie r e n o r m a l i r e d by 0.8

Fig. 7 . 3 6

S u m o f m o n e n t u m c o m p o n e n t s a l o n g t h e t r i g g e r a x i s o f same g ide

cha rged p a r t i c l e a w i t h \$~$ \ 45°, and | y -y j < 0 .5 , fof

d i f f e r e n t t r i g g e r t y p e s , v s . t r i g g e r p t . T h e so l id l i nes

r e p r e s e n t a f i t of the f o r m < | l p |> •= a p L + ß. From BFS
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Fig. 7.37

Je L fragmentacion function D(a), for the towards jet (»pt < 6 GeV/c

O p[ > 6 GeV/c, from CS 3I3)) and fot the away jet («p^ > 5 GeV/c,

g p^ > 7 GeV/c, firoia CCOR ), compared to data fron v H
1 rfi L \ 9 \a ( A ) , a n d e e a n n i h i l a t i o n s ( - ) .

Di ü L r i b u t i t i n s a re i i D r u i a l i z e d to u n i t y in the i n t e r v a l 0 .2 < z< 0.8 .

-l L

uti iyh py jet

• e+e~ (Speoc)

10

o 2 i e
F l g . 7 . 3 8

Slope p a r a m e t e r b o f an e x p o n e n t i a l f i t t o the j e t f r a g r o e n t a t i o n

f u n c t i o n , D ( z ) •= e x p ( - b z ) , f ü r 0 .2 £ z i 0.8, c o m p a r e d to d a t a
+ - 22) 3 1 J )

f r o m e e a n n i h i l a t i o i i s . F r o m BFS

TRIGGER SIDE
FRACTION OF JET f^ClMENlUM CARRIED
8r INDIVIDUAL CHARGFD PARTICLES

|QQ „ .^-^^—___^

_L da:
a dz

0.01

itADRON JETS:
• (Ihn eipli all p,> 2.6 GeV/cl

0 0.2 0.4 0.6 OB l.O

Fig. 7.39 z = P.'/pf7

Distribution in trausveree momentum fraction z, ecaled to the

jet momentum, for charged particles in the trigger jet.

CorrectionB due to the hadronic-neutral component of the jet

lead to an additional uncertainity of 20Z at l arge z. From E 260

. The füll line slious the diatribution in z - /SB

obtaiaed for quark Jets in e e annihilationa at /? - 6 to 13

G.V."'2*>

AWAY SIDE: INDIVIDUAL ChlAKGED PAHIlCLLS

'"0 02

Fig. 7.40 l ~- -P.-/P*

A3 fig. 7.39, but for the away jet. Momenta are scaled to the

trigger jet transveree momentum. The das hed curve correapondß

to the füll line, but with z = 0.8
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col l aborat ion has ine a su red the amount of moinent uin carried

by additional particles of the touarda Jet, for different

t r igger type s (f ig , 7. 36). S i nee background fron» the a p e c t a t u r

jeta is not sub t rac ted , only the change with the trigger pA

is aigni f icant . An t i baryoiis seem to be produced by an unfavored

f ragmen tati on procese, and their mean z ia smaller thaa that

;. l inesuna .

As we h a v e seen a b o v e , 1t i s r a t h e r h a r d to d e t e r m i n e the

s h a p e of f ragmenta tion f u n c l i o n s f r o m x d i s t r i b u t i o n s . A märe
El

jiroroising uay ia to detect äs roany jet fragments äs possible,

so tliat the total raomen turn of the jet is knowa. Results Erooi

sui.li attempte are stioun in i'igs- 7.37 and 7.38; both towarda

and away jet f ragmenta tioe agree uith each other and with

Lepton induced quark Jets. Houever, aome caution is needed;

since the Experiments do not manage to detect all jet fragments,

largt cor rec t ious are applied which in turn depend on the jet

propertiee, and it ia not fully clear hau unique the final,

scft coaeistent eolution ceally is.

K i g s . 7 . 3 9 a n d 7 . 4 0 s h o w f r a g e e n t a t ion fuactioni o b t a i n e d f r o m
q i o \e c a l o r i i a c t e t experinent E 260 ; using a jet trigger, aa

comparcd to Jets in t e reactions. The dietribution of

parcicles in Lhe trigger jet is definitely flatter than in

"Standard" quark jets. Unf or tunate l y , houever, this does not

allou definite conc lusiona : due to the liuited solid angle

of the calor iueter , the trigger biaa selects Jets consisting

of a few, fast particles and rejecte luss collimated Jets

contaiaing many siow particles. The problem of trigger biaa

disappears when the auay Jet is cunsidered, nevertheless a

real coiuparison is possible only by extensive, and model de-

pendenL s imul a t ions, since we know (flg. 7.27) that the away

jet in the avcragt: carries about ] GeV/c ]ess tranaverse

raomentum that the trigger jet, according to which momenta are

scaled. In additiun, particle momenta refer to the jet nioraent um,

and not to tlie jet energy, äs in e e (this effect has been

corrected for the CS data shown in fig. 7.37). The £irat effect can

rüiiglüy be acconnted for by chueing the ecaling variable

o pp coflisbns B.F.S,
, p p CS.

J l__l l_.l__i_l_J
10 15

(GeV)

1-1 l l L l l U
20 Zb

Fig. 7 . 4 1

Mean multiplicity meaaured for large p± Jets per jet pair

together with a fit to data from e e annihilations (compare

to fig. 2.2) From BFS 3U* and CS 3I2>.
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z = 0.
Jet

« 2 P / /s~ for the Jet & e e n in s e annihilations, and

= 3 to 4 UeV/c. With thia choiae, the distributions agree

reaeonably (fig. 7.40). Fig. 7.4l comparea the raean charged

nultiplicity uf jete in large pA events with data from e e

annihilations, Atttiough the overall agree Dient i s not bad,

espucially the BFS data for low /F sliow an increase of the

oiean m u l c i p l i c i t y by alightly more than one unit. The excess

can be traced to an increaee of particle density by a factor

2 for z -- 0 to 0.2, and the authors da im, t ha t the effect

cannoi be accomoda ted uithin a model with "Standard" quark

Jets. It could be regarded a t a sign for gluon jete ; on

the other band, z - 0.1 corresponds to particle momeuta of

about 0.5 Ge V/c in the CHS of the two Jets of large pt, and

factorisation is not expected to hold for auch fragmenta.

In the spiri t of the QRM e . g. o L her explanations are poasible:

p i c t u r a l l y , quarlta in e e reactions produce a chain ot

quark pairs, uhich "recombiue" into hadrone . In large j>A

. _ . . . . = , and at s m all z, this chain overLaps with the ptimordial

quark ;,-d of the incident hadrons, and the mul t ipl ici t y will be

enhanced; although euch particlea in principle do not "belong"

uniquely to a large px jet, they are dose to it in rapidity

and are counted Ly the reconstruction procedure.

I.eL ua n ow turn to the dependence of the f raguentat ion functions

o n the transvei'üu momentuiD with respect L o the Jet a x i B , q^ .

t'igs. 7.42 and 7.43 prove that the distribution of particlea

is sharply cut off in qL, and that in large p^ Jets particlea

are distributed uniformly in azimuth around the jet a x i s . tf <q£- ie

plotted äs a function of the track aomentum, or x„ (flg. 7.44a)

a aeagull eflecL i .-, v i a i b l e .

Although it häs been argued ' that 0(ac) corrections
a

lead to a st-runger broadeuing of Jets in hadronic interactions,

äs CDmpureJ to Jets in e e annihilations, no clear effect is

seen "P L° now. This IG estonishing since 0,CD effecta manifest

255

themeelves clearly in the nucleon atructure functions, where

they give rise to a large parton kx.

2
The Q , or pL dependence of ki can be measured directly in two

ways. Either the component of kA in the scattering plane ie

determined by measuring the transverae mo nie u t um imbalance of

the two Jets, or one etudies the component out of the acattering

plane, which give s rise to a noncollinearity of the jet

transverae momenta. Thia ia usually done by investigated the

momentum component p out of the scattering plane defined by the

trigger momentum and the collision axis (fig. 7.45).

Obvioualy, the mean square of p ia given by the following

relation

2, i
out

(7.36)

2 2
where «^{z.Q ) is the mean transverse momentum squared of a

2
je t fragment carrying a fraction 2 of the jet momentum, and kf

is the effective transverae momentum of a parton of fractional

momentum x in the incident hadron. The trigger hadron ha s

been assumed to have z = 1. The factor 1/2 enters, since only

one component of traneverse momentum is used. For practical
2 2

purposes, <p > ia often replaced by <|p |>

Whereaa for a trigger transverse momenta between 2 and 4 GeV

no significant Variation of <|p [> was found for fixed x ,
« . n o | / \OUt

more recent experimentB ' report an increaue of

<|p |> with the trigger pL for tri.gger momenta between 3 and

10 GeV/c (fig. 7.46 and 7.47). Since qL is known not to depend
2

strongly on Q , the Variation of <|p ]> can be interpreted äs
2 2 °U

in increase of <kA> with Q . Unfortunately this explanation

is not unique since at fixed /T X L, and x increase also with

Q , or p^. To exclude a x-dependence of k^, measiirements at
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/ / x W P L F iTs . I S Q e V
'-/ o W P L F v5 - 2 7 G e V
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• CS ß= 6 iQeV

i i i i 1

0 2 i 6 8 10 1

,.._ , ,B., P* IGeWtl

10

.8

.6
IGeV/c )

2

0

P! - 3 GeV/c

^

• f ' •
• (CHK

' A HOft

o WPLF

1 1 J

Mear i pa r ton t r a n s v e r a e m o i a e n t u m äs d e t e r m i n e d f r o m the e | p j >

7 ' CGOB(CCHK

large

has been calculated froui

CS31 M and from the noaentum inbalance of
l1) 2 l

jeLs (WPLF '), va. trigger For the WPLF data, <kA>

assuratng an expoaeatial dietri-

bution in kx . Some o£ the error bars ine lüde eystenatic uncer-

(CC11K, C S ) , o t h e r r e f e r to a t a t i c a l er rors only ( C C O R ) .

Thti W F L F d a t a i s c o r r e c t e d f o r d e t e c t o r r e a a l u t l o n , A d d i t i o n a l
3 5 2 )

c o r r e c t i o n s ' w e r e suggesteti which would sy a t e m a t ical ly

decrease tht m e a n k^ b y I O ~ I 5 Z .

b) Mean par ton k , ae a func t ion of x l t for f ixed trigger P A of

- 3 G e V / C . Abfrage Charge per unit y

, _
dy

F i g . 7 . 4 9

A v e r a g e c h a r g e d e n a i t y d Q / d y for even t s w i t h a large pA ir o r

n t r i g g e r at y = 0, c o m p a r e d to the charge d e n s i t y in n o r m a l

i n e l a s t i c e v e n t s . b ' rom B FS ,

The next e i t p in the investigation of jete in large pL events

i s to atudy correist ioue between quantum numbers of particles

eui t ted within one Jet. and in different Jets, respectivly.

Correlationa in normal hadroaic interactiona are governed by the

principle of "ahort ränge order" which states that fla'vour quantum

numbera of secondarlee tend to be conaerved locally.^''1 '

The Situation differs draetically for large px events. In the tiard

scattering proceas. both confined quantum ri umher s - like fractional

Charge, or color ~ and non confined quantum numbers like strangeness

propagate over large diatances in phaae space and give riae to

long ränge quancuw number correlat Ions .

In the remainder of aection 7-3 we discuss correlations between the

trigger flavour and hadrons in the oppoaite jet of large PL.

In contrast to the conatituent interchange model, QCD predicts

the flayoura in the towards and the away jet to be uncorrelated,

since in QCD subproceaaea no flavour exchange occurs .

Conaider first the influence of the trigger charge. Fig. 7.19

shovs the net charge denaity (l/o)(do /dy-do /dy) for events

with a positive and negative large p^ particle at y «0 . a and

a are the cross aection3 for production of additional positive

and negative particles, respectivly. It eeema that the charge

of the trigger particle ia balanced byother particlea close to it

in rapidi ty.

A precise measure for the correlation ia given by the difference

of the two curvea in fig. 7.49, the so called "aseociated charge

deneity balance" Aq(y|y ). Naivly epeaking Aq(y,y ) is the

anauer to the queation "which particles in a high pL event know

about the trigger charge?" or "where do the valeiice cons t i t uen t s

in the triggex particle come from?". Fig. 7.50 diaplays äq(y,y )
-l t O \r eventa with a large pL hadron at y • -0.9. The peak in

Aq followa the trigger rapidity; the whole distribution looks

quite similar compared to the compeneation of the charge of a low

x "trigger" particle in normal eventa.
372)

Fig. 7.51 showa fiq

äs a function of the azimuthal angle $ and the difference y-y ,

for two event configurationa, with the two Jets of large p^

being in the sarae rapidity hemiaphere ("back-anti back") and with
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Fig. 7.52 ,j

Mean Charge o i7 the fastest particle in the away Jet, äs a function

of the visible muinentum of the auay Jet, scaled to the trigger

PA , for positive and negative triggec particles at y a -0.9.

a ) b a c k - t o - b a c k conf i g u r a t ion

b ) b a c k - a n t i b a c k c o n f i g u r a t ion (comp. f l g . 7 .51 )

From CCHK 307*

r t P. l » » m
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Fig- 7.53

Cortelation function R for two hadrons emitted wich large, and

opposite transversü monenta for tuo rang es of the "maß s" m1 *

P + pi , a) . Data fron pBe collisions, o corrected for .nuclear

eiihancements. b) Tlte same correlation function, corrected for

b due to parton transverse nomenta. R ia defined in a way

t l ia t the f l a v o r e of t he h a d r o n s ate u n c o r r e l a t e d i f R ™ 1 . From E 394
3 2 2 )
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Data are consistent uith <1V> - 0.3 - 0.35 for x }. At large

ao »ignificant dependence of <q,,> on the trigger charge ia

Fig. 7.52b) shows the same plot for the "back-antiback" event

configuration. Here the charge of the away Jet leader is corre-

lated to the trigger charge. Although precise predictions are

mlssing, this correlation will be difficult to accamodate in the

QCD model; poseible excusea are tha t the "back-antiback" event

type corresponds to the lowest values of ß for fixed pL. Hon

asymptotic exchange procesaea will be stroagest in this confi-

guration. Furthermore, the positive triggers contain a sizeable
307 )fraction of pro tons , whose production mecbanism will been

shown to differ from meson production.

Flavor correlations between towards and away particles at y » 0

were investigated by two experiments at FNAL , which

detected and identifted pairs of hadrons with large and opposite

traneverae momenta, and by the BFS group at the ISR. '

Fig. 7.53 displays the flavor correlation function R .. „ obtained

is defined äs the two particle
322 )

in the E 494 expenment . R,, . . ?

correlation function C normal ized to its mean value when aver-

aged over opposite charged hadron pairs:

hlh2 ' S / C.+.- (7.37)

and

dp

,3
**

-
dp



From f i g - 7.53, one reads a significant correlation for hadron

pairs conLaining one or two k or p.

i! i.',.-,• v i - 1 the authure have shown that tlie definition o£ R may

not be fully appropriate, for tlie following reason: one knows

lhat for inclusive particle production at large p A, tlm hadrou

p, ia angmented by about l GeV o£ additional transverse moinentum

ip, £rom tlie partoa transverse momentura. Symmetrie pair pro-

duction is not bia sed by kA because of symiaet ry. T hu s t he species

composition in äymmutric pairs of transverse momenturn p±

correepondt> to the elngle particle compoeition at P^ = Iji + APit

and the currelatiun function R ia to he modified

(7.38)

Tbis changü influeuces only thoae hadrons whoee relative abun-

L] U H C C dependa atrongly on p±, nauiely k and p,p (fig. 7.17).

Actually, all eystematic deviationa fron uoity disapear jn the

kt currected correlation function R (fig. 7.53b). The authors

cousider rcuiaining fluctuatiane äs not significant.

324)
A coiitcad ictory result was obtained by the expenment E 357

studying hadron pairs of lower pA - l••l.8 GeV/c. In thia case

u Korrelation function was defined without referring to inclusive

spt:ctra, sirnply by compariug e.g. the abtmdance of protons

compared to the total positive parttcle yield h on the away

side, for a Lowards antiproton p and an arbitrary towards

liadron li

(P/h*)
(7.39)

This def i n i t i o n avoids the apA bias, but ia still sensitive to

a change in the Lowards fragmentation function (s.eqa 7.23).

265

(p/ti'l, 2 2

Ip/nL i g

1.4

2.0

[KV h L- ig

l> 1.2

oa
Iw'/h'),- 12

'WW1N 0^

t i i 1

* ^ « 1
•

20 2.5

P.

•

10 a
CeV/c)

Fig. 7.54

p dependence of the particle-antiparticle correlation in pBe

collialons. p is the sum of the magnitudea o£ the transverse

momenta of the two particles. Errors dr,. etatistical only.

From E 357 324)

PT*1.5 GeV/c
lyl * t, i f \ 30°

positiv«

4-f-l

negative

p i « 7 5 5 /n" A* A" /n* /i' AI' m.- ra."

Ratio of the average number of hadrons in the away region for

different combinationa of triggtjr particles, and for positive

and negative secondaries. From BFS *.
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Strong correlatione between p and p and between k and k

a r t; obstrved (f ig. 354). Such a correlation i s expected « . g.

for ('IM fnsion nechanisns. 1t should be iioted that this experi-

nie n L linds not really test t Im large pL domain. MC a n invariant

m.üuu.-, uf the [i,ii L ] , K- pairs are 2-3 GeV; thus the correlation

can be explained au due to the decay of a flavor s inglet, Low

t1! clubter into pp, or k k . To arrive at a definite conclu-

sion, ,NL>vi: i > i f . J ü t data 011 the pi dependence of the correlation

i s requi rtd.

A similar correlation for k and p triggere has beea observed

by the BFS group at the ISR. Fig. 3.55 showa tbat the niiaber

of negative pärticles in tbe auay jet d t c r e a s e a for events with

a k or p tri^gcring particle. The effect ia observed for

large pi (> 3 GcV/c> and fast (pA > 1.5 GeV/c) secondariee.

The obsecvation cannot be explained by a change of the frag-

mentatioa function of the towards jet, aince t h i s shauld in-

fluence boti) positive and negative fragmenta in about the

saiue way.

To euiumar ize; all Experimente agree that far "non exotic"

large p^^ meaon triggetB no significant correlation be tween

the flavors of the towards and the away parton ts eeen (here

the CCHK data from fig. 7.52 b) are omitted, sine« a coneider-

able fractiou of triggers i s known not to be mesone). For

exotic triggers (i.e. particles uhich do not contain a beam

or tarnet valence quark) the Situation is unclear; data are

sooietimes contradi ctory and lack of statiatical significance,

Für lliu ruiore, Lhe effect st L n by the BFS group is not what is

expected in the C1M nodel. For qq -* k M e.g. the meson M has

a coiDparablc flat f ragraenta t ion function and the number of

positive away fragiuentB should be considerable euhanced, aa

compared to qH -> n q.
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2ig. 7.56

Kinematica of the two body subprocesa for trigger rapidities y - 0

and 2, äs a function of the away jet rapidity y , Shown are

x., x_ and the scattering angle 6. x. is the parton moving in

the same direction äs the trigger particle, and xt * 2 pA//¥

measuree the px of tbe Jets at large pA. Based on eqs (7.2,

7.3, 7.5) oeglecting masses and parton k1. Höre refined

calculations including these effects show no major differences
PP*1 n* t X ve'&us i,(

Fig. 7.57

Contributions of quark-quark, quark-gluon and gluon-gluon

scattering to single particle inclusive croas uections at

p± = 2 GeV/c and /E" » 52 GeV äs a function of x„, according

to ref 326.



7.4 S p e c t a t o r fragmentation

In the previous discussion of properties of the Jets aC large pit

tSu- two spectator Jets at low pL ucre uaiuly considered ae a

nasty source of background. Since houever the active partons

are miüsing in the epectator systems, and since modele lik e QRH

or DCR preüict Lhe diatribution of spectator fragments to

dcpend crucially on its quark contents, the luvestigation of

spectator decay offers an independent, and complenentary way to

check the parton DO de l concepts.

As coinpared to s t u d i e r of epectator f ragmen tat ion in lepton

nucleon interactiona, high pL evente at ISR energies offer the

advantage i l.j t tlie mass of the upectator System ie increased

by factors oE 10 äs compared to the mean W in IN reactions ,

and it is cer t a i n l y jüscified to use asymptotic concepta like DCR.

Spectator Eragmentation has been investigated by the CCHK/ACCDHVT

' and BFS groups using the Split Field Magnet detector

at the ISR. In botli experiments the detector was triggered by

particles of p± - 2-3 GeV/c, which were produced in proton-

proton coLlisions at /s - 52 GeV. llie trigger hadron was

identified by cereakuv counCers.

The bFS group selected trigger particles at y = 0, whereas the

CGIIK collabocation used a forward trigger at y = 2, or 6*20 .

As a retiult, the k intünä t ic s of the two body eubprocess differs

appreciably (fig. 7.56): for the central trigger, with xr K 0.I,
T 9 ft

t l i e a c t i v e p a i t o n s a re l i k e l y to be g luons ( f i g . J . 5 7 ) '

. Becau t i t : of the symme t r i cal conf igurat ioa, the p a r t o n

c r t a t i n g t i ie t o w a r d s je t cau conie o f each of the i n c i d e n t p r o t o n s .

3 2 7 )

For a t r i g g e r ang le of 20 , the a c t i v e p a r t o n in the p r o t o n

i n o v i n g iu tht; s a m e l u n g i L u d i n a l d i r e c t i o n äs t h e t r i g g e r

p a r t i c l e has to be in the v a l e n c e q u a r k r e g i o n , a t x « 0 .4 .

l l e r t , qq and e a p e c i a l l y qa p r o c e s s e s a re e x p e c t e d to be r e l e v a n t .

S i n et i n Q C U t l i e f u r w a r d c r o s s s e c t i o n s a r e l a r g e c o m p a r e d t o

2(, y

the probabilities for backward scattering (fig. 7.5), the

towards parton will always be the quark scattered out of tlie

proton in the same rapidity hemisphere äs the trigger. The

spec ta tor fragment s of this proton will be called the

"accompanying apectator", äs compared to the "away epectator"

oppoEite in rapidity to the trigger.

The forward trigger condition has yet another consequence: at

a fixed small angle the inclusive cross section falls more

steeply in PJ than at 6 - 90 , and the trigger bias pushea the

mean z of the trigger hadron up to z - 0.8 -0.9 (eqn 7.19).

Thus favored fragmentation modes like u-»-n , 'd-m are strongly

preferred - thia allows to determine the flavor of the scattered

quark.

For sucli events with a forward large px particle, the predictious

of the quark parton tnodel are evident

- in rnoat cases, the accomanying spectator contains two quarks,

e.g. two u quarks for a n trigger, and a u and a d quark for
+

a n trigger

- quantum numbers of the trigger particle and of the away

apectator are uncorrelated

- the away spectator is likely to contain all three incident

valence quarks

Genejral characterietics of the spectator. Fig. 7.5ß shows the

distribution of spectator fragmenta in Feynman x for a central

large pt trigger, ae compared to the particle density in normal

inelastic events. " With increasing pL of the trigger, the

distributions drop more rapidly at large x. This can be under-

stood simply äs a consequence of energy conservation - the

maximum energy of the spectators diminuishes with increasing

trigger p^, Introducing a new scaling variable x = p,,/(p ~apj.)



270

MIN BIAS WltH TRACK IM lyKOS.
P < O S C * V f c [<PT> = 0 2 6 G a V / c )

Fig. 7.58

I>i B L r i Lu u iou of positive spectator fragments in Veynman x for

evcuts will, a large p, particle. Füll and das he d lines refer

to the eorresponding diatributioni in inelastic and in non-

d i t" f rac t ive proton-proton interactioas. From flFS,
309)

t 0

0 S

PO Slll VE PjQIlCLES

POS IRlüöERS

N LG TRIGf-ERS

0 4 < l) «06 0 6-; IX K08

* : i i

3

tüeV/c)

F i g . 7 - 5 9

Densi ty of positive spectator f ragment a in x , scaled to the

cor respond ing y i e Ids in normal inelastic interactiona, äs a

function o£ tlie t r i g g e r pL . 309)

the BFS collaboration found scaling for a = 2 (fig. 7.59).

This value means that the amount of energy carried by the

Jets at high pt ie twice the minimum amount required by

mo inent um conserv* t ion. This may seen embar ras ing, however

Monte Carlo studies prove that for a « 2 the variable x is a

good approximation to the "correct" variable x 1 defined in eqn

(7.25), when averaged over the away Jet rapiditiea. So

Feynman scaling eeems to hold for spectator fraguentation.

Let us nou turn to transverse momentum distributions in apec ta-

tor Jets. Fig. 7.60 shows the ratio R of particle densities

in spectator Jets and in normal inelastic events äs a function

of pL with respect to the collision axie. Once more the trans-

versely cut off distribution of momenta proves to be a univer-

sal feature of Jets, the tnean traneverse moraenta in the t wo

claases of events deviate by less thau 10ZI Assuming that the

basic f ragmen ta t ion mechanisias are identical, the small

difference in <fi> can be explained in different uays

- contamination by particles from the jets at large p±. Since

the rapidity of such particles is essentially restricted to

|yj < 2-3, the effect should be negligible for |x'-2inl -' ' '

= 0.3 - 0.4, for pL $> l GeV.

- gluon bremsstrahlung of the active quark before the scattering

- the spectator axis of fLight deviates from the collision

axis, since the active parton recoils against the spectator

Such a recoil hae in fact been observed äs a prooounced

asymmetry in the azimuthal distribution of fast spectator protons in

high pL events (fig. 7.6t). Fig. 7.62 a) shows the mean

transverse nomeDtum component opposite to the trigger p A äs

a function of x, for a central trigger. The amount of recoil

carried per particle saturates for higher pL of the trigger

(fig. 7.62 b). Such a Saturation is expected for the primordial

component of parton kA. The comparison of the recoil component
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Fig. 7.60

Ratio of partlcle densities in Ehe epectator fragmentation region

of large px events to particle densities obfierved in normal

inelastic interaccions äs a function of the particles p^. From

BFS 3°9) and CC.IK 365).
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0 180 360

Azimulhol angle ,^>

7 . 6 1

A z i r a u t h a l d i s t r i b u t i o n o f f a s t p o s i t i v e pa r t i c l e s

( a ) i n t l i t : a c c o m p a n y i n g a p e c t a t o r i n l a rge pj_ e v e n t s , n o r m a l i z e d

t o Lhe p a r t i c l e d e n s i t y i n n o r m a l i n i i l a s t i c e v e n t s . F ü l l a n d

d o t t e d l i nea r e f e r t o p a r t o n m o d e l c a l c u l a t i o n g i n c l u d i n g
, 7 , 3 6 5 )

p a r L u n Uj_ . V r o m CCI1I

( b ) i n t l ie J W i i y a p e c t a t o r .

A)

2 M

and of the effective kx measured by the imbalance of momenta

of the large pt Jets (fig. 7.48) offers the possibility to

separate soft gluon contributions (priaordial k^?) fron hard

gluon effecta (QCD) - only soft gluons are expected to be

reabsorbed by the epectatora; hard gluons should materialize

äs separate Jets. Present data indicate a different dependence

on the trigger pA for the two component s, for definite con-

cluaion more precise data on the recoil momentum for latger p±

needed.

Concerning the third possibility listed above, the BFS group

Claims t ha t the increase of the mean pL a t spectator f ragoients

cannot be fully explained by a momentum smearing due to the

recoil.

B)

<Pv>

0 1

(U<lxl<06

' r>'"rl"
f

0.6<lxl < 0.8

K-'" -

f'

o.i tu ob 01 10

Fig. 7 . 6 2

He an c o m p o n e n t o f t r a n s y e r s e m o m e n t u m o p p o s i t e to the t r i g g e r

p , , äs a f u n c t i o n of Feynman x of the s e c o n d a r y (a) and äs a

f u n c t i o n o f t h e t r i g g e r p L ( b ) . F rom B F S .

1 2 3 4 1 2 3 4
TRIGGER

GeV/c



2 / 4

Q u a iu iirn^ t iü inbe r co r r el ai t j qn_s . AB a l r e a d y d i s c u s s e d , the q u a r k

p a r t o n r o o d e l p r e d i c t s s t r o n g c o r r e l a t i o n n be tween t f i g g e r a n d

s n e e t a t or q u a n t u r n n u a b e r a , Fig. 7 . 6 3 e i i o w s the r a t io of

r a p i d i t y d is t r i b u t i o n s o f p o s i t i v e s e c o n d a r y p a r t i c l e s f o r

a * t r iggüv LO Lliose w i t h a n t r i g g e r and s i m i l a r l y for n e g a t i v e

s e c o n d a r i e s . The t r i g g e r p a r t i c l e at y = 2 h a e a nie an px o£

2 .5 G e V / c . ,-, i i . : i l a L L v , the c o r r e s p o n d i n g r a t l o s for p/n

t r i g g e r s and fo r k / n t r i g g e r s a r e given in f i g . 7 . 6 4 and

7 . 6 5 ( n o t e t h a t the "k t r i g g e r s " c o n t a i n s a c e r t a i n - -3QZ -

K o n t a m i n a t i o n o f l a r g e p r a i i t i p r o t o n s , and that the "p t r i g g e r "

i n e i n d e s some k - - 2 0 Z ) , A c lea r c o r r e l a t i o n i s eeen

b e t w t e n t h e n a t u r e o f t h e t r i g g e r p a r t i c l e a n d cha rged par-

t i c l e s in the accoapanying s p e c t a t o r J e t ; for y > 2, w h e r e

s p e c t a i o r f r a g i u e n t s domi na t e , t he r a t l o s d e v i a t e m a r k e d l y f r o m

u n i t y .

RATIO Cf SPECTATOR FfiAGMENT

DISTRIBUTIOMS FOR
if+ AHO V TRIGGEß

S9= fl'""40' ll.og.n.nli. p 'IÜ.25.0.B)
^"-iKT.^Lul

i r^-r 1——r

l (tos fragments j

f

IfQjmenls

- 5 - 4 - 2 0 2 4 5

y

F i g . 7 . 6 3

R a t i o of the distr ibutiona of s p e c t a t o r f r a g m e n t s for a u

t r i g g e r ( ( l / o) ( d o / d y ) + = p ( y | i t )) and for a n t r i g g e r

( p ( y | n )) ä s a f u n c t i o n of r a p i d i t y . The r eg ion y > 0 is

p o p u l a t e d b y f r a g m e n t s f r o m the a c c o m p a n y i n g s p e c t a t o r . Frora C C H K ,
307)

RATIO OF SECONDARY PARTICLE
DISTRIBUTIONS FOR
p AND vr TRIGGER

- fnag. fragmenl»

A
TMGCEH

J l l

Fig. 7.64

As fig. 7.63, but for proton and n*-trigger. From CCHK

Spectator f ragmen tat ion functions. For a forward n and ir

trigger particle, the quark cotopoa in ion of the accompanying

spectator ia known to be ud and uu, respectivly. Using dimen-

eional counting rules, or the quark recombination model, the

scaling distribution of fast fragments can be predicted und

compared with the experi Dient. Vice versa, one can try to

identify the scattering mechaniem by inspecting the quark

composition of the apectator, an application which ia particu-

larly intereeting for the proton and k triggere.

As a scaling variable, we uee x' äs defined by eqn (7.25), and

make the following approximat ions for y, y' and m^:

y " y (trigger rapidity)

y' - 0 (experimentally: <y'> = 0.05)



The effects of these approxiraa t ions liave been simulated, ehowing
*i i a

that an initial distribution Kd o/dp ~ (l- x / c a n be regained

with an error in ß of less than 10-15*. For ratios of cross aectiona,

these errorß tend to cancel.

To compare with da La, we use the QRH äs defined by eqn (6.27).

Numerical values for meeon production arti taken from ref. 24),

Predictions for ratioa of particle densities are absolutely

normalized.

In addition predictions from counting rules are quoted, calculated

via x'do /dx1 ~ (l-x 1) , where n is the minimum number of

quarks left over after the hadron h is emitted (s. sections 6.5,

6.6). The normal i Bation ie arbitrary. In apparent contradiction
369^with Experiments , such a counting rule predicts the distribution

of n and u from proton fragmentation to be identical. To correct

for this effect, we use an ad hoc modification ' of the

counting rule recipe: the predicted power is increased by one unit

whenever the fragment contains a valence d quark out of one of

the primary protans.

The same modification has been applied to the DCR prtdictiona

assuming pointlike particle creation (eqn, 6,47).

DCR predictions are eummarized in table 7.2.

Table 7.2

D i m e n s i o n a l c o u n t i n g r u l e p r e d i c t i o n s

f o r s p e c t a t o r f r a g m e n t a t i o n s p e c t r a

trigger

type

+
TI

Tf

k

liard scattering

process

qq- ' -qq .qB-^qg

qq-*.qq,qg-*qg

qq <-qq.qe -» i&

qq + qq.qg + qg

gg^es ,B ( i - ' -8q

spectator

contents

ud

uu

UU,lld

uuds

uud

fragrneut

Charge and type

* P_
n

* P-
n

* P_
n

* P_
n

+ P_
ii

predicted spectrum

'standard"DCR l'pointlike" DCR

0-x)4 ( l - x )
(1-x)^ (|-x)A

( l - x ) ( l -x) ,
( l-x)' ( l-x)b

( l -x ) (1-x)
( l -x)^ (1-x)^

( l - x ) (|-x)
Ü-x)* ( l -x) 4 ß(**)

(l-x)" <*) (l-x)^*)
( l -x ) 5 (l-x)4

RATIO OF StCONUMiY PfiflTlCLE
OISTHIBUTIONS FOR
K" AND 7T" TRIGGER

,111i>i)4» a -20* bownnii: n tio.za.o.ai
i/'"'-O". >l"-I.B 0* IO'. 560-1

~ r

mg 'i . j '.t-iiL l

F i g . 7 . 6 5
As fig. 7.63, but for K~ and n triggers. From CCUK

307)

10

POSITIVE SPECTATOR FRAGMENTS
ACCOMPANYING PION TRIGGER

,"L,,e
fragments; D e (0.25,0.B)

^«(50',l30°

1 >0
~ n r

(1-X*) —QRM

( * the straight forward predict ion ( l - x ) is obviously not adequate)

(*» dependinj; on wether tlie ßea quark belonga to the primordial wave
funct ion or not)

x l
0.1 0.2 0,5 1.0

F i g . 7 . 6 6

Distribution in x' of positive fragments in the spectator

accompanying large pa pions, compared to favored quark frag-

mentation functions D" , the counting rule prediction (l-x1)

anJ the p r u d i c t i o n o f

n a t i o n . F r o m C C I I K
.307)

, for a d i q u a r k - q u a r k r e c o m b i -



NEGATIVE SPECTATOR FRAGMENTS

ACCOMPANYING ?rT TRIGGER

r m -

( l - K 1 )

RATIO OF SPECTATOR FRAGMENT

DISTRIBUTIONS FOR
TT~ AND TT+ TRIGGER

0.

Fig. 7 . 6 7

S p e c L r u i n u f n e g a t i v e p a r t i c l e s in the s p e c t a t o r a c c o m p a n y i n g

a n ^ t r i gge r , compared to model predictions, and t o the f u l l y

i i i c l u s i v e s p e c t r u m . Froifl C C H K
307)

F i g . 7 . 6 8

R i i t i o s o f d i s t r i b u t i o i i of apec ta to r f r agmen C G in e v e n t a w ich a

„', and a n t r i g g e r , r e s p e c t i v l y . The QRM p r e d i c t i o n for nega

t ive f r a g m e n t a r e fe r s to p i o n s ; for positive f ragment s, pions

were a s s u m e d to d o m i n a tt> at s m a l l x' , and pro tons at l a rge x ' .

Ffom CC1IK 307) _
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For the K trigger, three possibili ties have been conaidered

- scattering of a valence quark , followed by an unfavored

fragmentation into a K

- scattering of a B sea quark

- scatteting of a gluon

Fig. 7.66 showe the dietribution of positive fragmenta in the

epectator accompanying a pion trigger. The PCR prediction fiLs

data reaßciuably well, whereas the QRM Distribution drops alightly

too fast at large x - an effect which had been observed already

in IN interaccions (fig. 6.30). Ae a lese model dependent com-
-r +

parisun. the quark fragmentation fuoction D is showu,

assuming that the fragmentation of a quark into a meson will be

similar to the fragmentat ion of a diquark into a baryon.

The epectrum of negative particles in ehe apectator accoui-

panying a ir trigger iß given in fig. 7.67. The shape of the

spectrum coincides with the fully inclusive pion distributipn

in proton-proton collisions , and is reproduced by both QHH

and DCR oodels.

To demonstrate the influence of the trigger Charge the ratios

of x 1 distributione for secondaries in the spectator Jet

accontpanying a H trigger and a n trigger are showti in fig. 7.68

for both positive and negative secondaries. As expected, there

are less fast negative fragments in n triggered events than

for ¥ t-riggera, proving that in the firat case the valence d

quark haa been atruck. The model caloulations included in fig.

7-68 are straight forward äs far äs negative secondaries are

concerned; the QRM model describee data well even at lou x'.

The prediction based on 'Standard1 DCR seemu to be too steep

at low x 1, but below x 1 ~ 0.3 - 0.4 the model anyhow ia not

expected to hold. The QRM values for positive particles inqlude

three components: at low x', the ratio is dominated by u

production. At large x' the ratio is deLermined by the pro ton

yiclds from

i)

ü)

iü)

ud -r p

UU -*> p

uu -r A

for

for

trigger n

trigger n
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l i j b t - J u n the d i r e c t t e r m s i ) and i i ) a l o n e , one e x p e c t s Ehe

r a t j o p l o t l e d in f ig. 7 . 68 to increase w i e h increas ing x' , since

in t he a v e r a g e l he u u S y s t e m h a e a l a r g e r m o m e n t u m tt ian t he

i i J s p e c t a t o r . C o n i r i b u t i oiis f r o n i i i ) h o w e v e r increase the

r a L i o t o v a l u e e l a r g e r thau l , i n agreement w i t h e x p e r i m e n t .

N u t e ( l i . - . L t h e p r e d i c t i o n i s n o t s ens i t i ve t o t h e a s s u m p t i o n

t h j t a l l b a r y o n s are p r o d u c e d i n t h e i r g r o u n d B t a t e s .

l l ' t correeponding r a t i u s of p a r t i c l e s produeed i n a s s o c i a t i o n

w i t h a k and n t r i g g e r are shown in f i g . 7 . 6 9 . In' the k

e v e u t s , p o s i t i v e s p e c t a t o r f r a g m e n t s are enhanced and the

d e n s i t y of n e g a t i v e p a r t i c l e s f a l l s even a t e e p e r w i t h i n c r e a s i n g

x chan f, L a n t r i g g e r . This re su l t is co topat ib l e u i th the

c o u n t i n g ru le p r e d i c t i o n for s c ä t t e r i n g of s t r ä n g e eea quarks

a g a i n s t q u a r k s or g l u o n s . It i s however h a r d to a c c o m o d a t e these

obeerwat iona in the f r a i n e w o r k u f a r e c o m b i n a t ion wo de l . S ince the

k con ta inä no d quark, it seems imposaible to imagine any

B c a t t e r i u g necbanism w h i c h p i c k s up the va l ence d quark w i t h

the same e f f i c i e n c y than for n t r i g g e r s . Uithout such a mecha-

t i i s iu , the r a t i o g h o w n in f i g . 7 . 6 9 i s p r e d i c t e d to i n c r e a a e

u l t h A ' , for n e g a t i v e s e c o n d a r i e s l

Ctuis i d e r now even t a w i t h a proton at l a r g e p A . C l a s s i c a l Q C D

p r o c e s s e s l i k e quark and g luon s c ä t t e r i n g don ' t e x p l a i n the

c o m p a r a b l y l a rge y i e l d o f p r o t o n s a t t r a n s v e r s e m o m e n t a u p t o

a J e w G e V ' ( f i g . 7 . 7 0 ) , i n s t e a d C I M c o n t r i b u t i o n s l ike

q u a r k - d i q u a r k o r q u a r k - b a r y o n s c a t t e r i n g have been s u g g e e t e d .
3 4 7 )

F i g . 7 . 7 1 s h o w s t l ie d e n s i t y of p o s i t ive f r a g m e n t s in the

s p e c t a t o r a c c o m p a n y i n g a p r o t o n t r i g g e r . AS for a pion t r i g g e r ,

the s p e c t r u m is s i t a i l a r to D1I + ( x ' ) . The r a t i o of d e n s i t i e » of

p o s i t i v e a n d n e g a t i v e f r a g m e n t s ia shown i n f i g . 7 . 7 2 , i t f a l l s

l i k ü ( 1 - x * ) . T h i s c a n a o L be e x p l a i n e d c o n e i s t e n t l y b y a quark

r t i c o m b i na t i on mt i cha n i eiu, s i n c e the net s l o p e of the

d i s t r i b i j t i o i i o f n e g a t i v e f r ä u m e n t s ia f l a t t e r than the

d i s t r i b u t i o n i n K ' o f s p e c L a t o r d q u a r k a ,

2t)

Fig. 7.69

A s f i g . 7 . 6 8 b u t f o r

K and n t r i g g e r s .
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Fig. 7.70

Ratio of Locluaive pion and proton cross sections äs a function

of p i t measured at 0 = 90 at FNAL e n e r g i e s .
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Di stribul

Pj. protoii trigßer. From CCHK.

0 2
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D i a C r l b u t i o D in x 1 of s p e c t a t o r f r a g m e n t s a c c o t n p a n y i n g a l a r g e
307)

l 0

X

i
CL

0,2

0,1

CHARGE RATIO OF SPECTATOR

FRAGMENTS ACCOMPANYING
PROTON TRIGGER

Irlgger

(t U l 8

ffogmenls p £(0.25,0.81
d;i€(50".l30")or(230a,3IOB)
y > o

r T- i

0. 0.5
F i ß . 7 . 7 2

0,2

( I - X ' )
R a t i o o f d e n s t t i t i s o f p o s i t i v e and n e g a t i v e p a r t i c l e s i n t he

a c c o m p a n y i a g s p e c t a t o r in events w i t h a l a r g e pA p ro t on . From

2Ü J

äs obtained for the n trigger. DCR predictions are summarized

in table 7.3, for caaes where ehe trigger pro tun containe

one, cwo, and three valence quarks o£ the projectile tooving

in the same longitudinal direction äs the trigger particle.

Table 7.3

DCR predictiona for Spectator fragmciiCalion functioD

in eventa with a proton trigger

Ho . of valence

quarka connnon to
projectile and

trigger

1

2

3

spectator

uu or ud

u or d

"gluon"

fragment

Charge type

* P
n

+
T Tl

" 7T

•*• n

n

predicted

Bpectrum
"Standard DCR"

( l - x 1 )

(1-x 1 )

( l - x ' )

( I - x 1 ) 2

( l - x 1 ) 3

( l - x 1 ) 3

Assuming thaC one of theee mechanisrns dominates, data are

consiätent with a diquark common to projectile and trigger.

Such a configuration could e.g. result from scattering of a

quasi'bound diquark out of the projectile. As an extended

such a diquark will show a form factor

F(t) - GeV2))

which explains why the ratio of inclusive proton to pion cross

Bection drops at larger p^ (fig. 7.70). A more natural
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TRIGGER - 2 G e V J c , <x>~0.3 | CCHK'
AWAY SPECTATOR FRAGMENTS 02 - 2BÜ

02 06

IX'I

08 10

Fig. 7.75

Ratios of particle denaitiea in the away Epectator of large

tveuts and in normal nondi f t rac t i ve events, for positive and

negative secondariee, äs a function o£ x'. From CG 11 K.

1.2
i n
* .VV
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1 f 1l \J
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, * !1 |

J * T.* f

N1 i
t

, , . , i ,
3" " " 1.0

X

» n /n
•*- ,

R. /

* K~/n

• p In

• P In

Fig. 7.76

Ratio of densities of positive spectator fragments for events

w i t h a largt pL H /-n , K /n , K /n > p/n and p/T emitted at

v = 0. Fron! BFS. 1Ö9*

cames from quark gluon scattering.

The experimental lnvesti gation of this prediction euffere from

the fact that there in no clear way how to identify gluon

Jets, and that indirect teats - e.g. by &tudying particle ratios

in the away jet region - rely heavily on the ansatz for the

gluon £ragmentat ion fuuction.

The investigation of spectator fragmentation offers a method

to detect contributione from q g - q g subprocesses> which does

not depend on the Knowledge of D (z). We know that a forward pion

at large p± containa a valence quark which i a miesing in the

accompanying epectator. For the aubprocess qg-^qg ("quark-gluon

compton ecattering") the spectator at rapidities oppoaite to

the trigger particle s t i l l contains all three valence quarks.

AB a consequence, the fragmeutation functions into protons

will differ for the two spectatora - of course a three quark

uud System i& more likely to produce fast protone, than a spec-

tator diquark.

In f ig, 7,73 the ratio of denaitiee of positive fragments in

the two spectators is plotted äs a function of |x'|. The particle

density in the accompanying spectator ia seen to drop faeter

in Ä', äs compared to the "away epectator". This is expected for

qg processes; Cor pure qq or gg interactioos the ratio should

be constant. Also shown i a a QRM calculation for the ratio of

proton production by two and three-quark spectators. Refering

to this müdfcl, data are consietent with a strong contribution of

processes to forward large p^ meson production.

Consider now the fragmentation function of the away spectator.

Fig. 7.74 shows the dist ribution x'do/dx' of positive fragments

in the away epectator. In addition, fragmentation spectra of

apectators in events with a central trigger particle at HL - 0.1

are desplayed. The QCD model predicts that there äs well the majori-

ty of the spectators consist of the three initial valence
326)quarks, In fact the two distributions agree very well.



To h a v e a m o d e l i u d e p e n d e n t r e f e r e n c e s p e c t r u m , one can t e ly

011 the o b s e r v a t i o n t h a t the Diain f e a t u r e s of l o a g i t u d i n a l

s p e c t r a in n o r m a l i n e l a s t i c even t s a re described by a n iode l w h e r e

a g l u o n i s e x c h a n g c d b e t w e e n the two i n c i d e n t h a d r o n s w h i c h
3 7 1 )t l i L i i f r a g m e n t . l l ence the l o n g i t u d i nal d i s t r i b u t i o n of

f r a g m e n L 6 w i l l b e i d e n t i c a l fo r such e v e n t s a n d f o r a w a y

s p e c t a t o r s in l a r g e [> L e v e n t s , p r o v i d e d t h a t q u a r k g luon s ca t t e -

r i n g d o m i n a t e s .

F i g . 7 . 7 5 shows t h e r a t i o o f t h e t w o d i s t r i b u t i o n s fo i b o t h

p o s i t i v e a n d n e g a t i v e s e c o n d a r i e s . I n o r d e r t o e x c l u d e d i f f r a c t i v e

e v f c n t s i n t h e " n o r m a l i n e l a s t i c " s a m p l e , a c h a r g e d p a r t i c l e a t

| y | < 0 . 5 w a s r e q u e s L e d , For each c h a r g e s t a t e , the ratio of

d e n s i t i e s is i n d e p e n d e n t of x' and 1s c lose to 1. T i i i a

r e s u l t a l so p o i n t s t o w a r d s a d o m i n a n t c o n t r i b u t i o n o f qg-*-qg

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

The c o n s i s t c n c y of th i s c a n c l u s t o n cau be checket ) u s ing BFS-

da ta on c o r r e l a t i o n s b e t w e e n the y i e l d of f a s t f o r w a r d par-

t i c l e s and t h e f l a v o r o f a cen t r a l l a rge pL h a d r o n ( f i g . 7 . 7 6 ) .

C o a s i d e r e . g . t h e r a t i o oü d e n s i t i e s o f f o r w a r d p o s i t i v e

p a r t i c l e s a s s o c i a t e d w i t h a a and a n t r i g g e r . Even if the

c o r r e l a t i o n , m e a s u r e d by the d e v i a t i o n f r o m u n i t y is inc reaeed

by a f a c to r 2 to a c c o u n t for ttie fac t that the accotnpanying

( - c o r r e l a t t i d - ) s p e c t a t o r a n d t h e away { - u n c o r t e l a t e d - ) s p e c t a t o r

a re t n i u e d iip, t he u f f c c t i t s m a l l e r t h a n r e p o r t e d fo r a f o r -

w a r d t r i g g e r ( f i g s . 7 . 6 3 and 7 . 6 6 ) . O n e c o n c l u d e s t h a t va l ence

q u a r k s c a t t e r i n g iß no t the only s o u r c e for c e n t r a l large pi

p r o d u c t i o n . I n any n o n - f u s i o n n o d e l h o w e v e r t he c o n t r i b u t i o u f r o m

sca q u a r k s c a t t e r i n g i s e x p e c t e d to be s m a l l - wha t s t a y s a re

L h e g l u u n s ,

M o t e t h a t t h e c o r r e l a t i o n fo r k /s t r i g g e r s shown in f l g . 7 . 7 6

. . . ; • = n o t a g r e e w i t h t h e e f f e c t d i a p l a y e d i n f i g . 7 . 6 9 . Th i s

i n d i c a t e s t h a t t h e m e c h a n i s m o f s t r ä n g e p a r t i c l e p r o d u c t i o n

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

Particle correlations in ggectator j^ets^

The short ränge correlations observed between hadrons emitted

in normal inelastic hadron reactions are usually described in

terms of a cluster model, ' ' assuming that in a first

stage of the interaction hadronic clusters with massee of about

1-1.5 GeV are produced. There is some evidence that a "cluster"

i6 a synonym for a sum over the knoun vector and tensor meson
374)

resonances.

The meaa decay multiplicity and the width of the correlation

induced by cluster decay are characteristic and energy indepen-

dent features of low pA interactions.

To investigate such short ränge rapidity correlations among

spectator fragments, the perturbation by particles from the

two jets at large pL has to be minimized. To achieve this goal

the CCHK group ' studied events were both the towards and

the away jet are in the same rapidity hemisphere, at rapidities

y <-0„7. The jet rapidities are taken äs the rapidity of the

trigger particle and äs the rapidity of the fragment with largest

PL in the away jet region.

Correlations were studied among spectator fragments at positive

rapidities. Fig. 7.77 shows the two particle density correlation

c'<yj|y2) " p(y||y2> ~ p<y. >

for y? a 2 and y„ = 4. The correlation function C1 (y • | y2) desc.ribes

the change in particle density at y. for events which have a

particle at y., äs compared to the inclusive rapidity distribution

C' is closely related to the correlation function C defined by
372)eqn. (4.47). 'From fig. 7.77 a strong short ränge correlation

la evident. Both size and width of the correlation essentially

agree with the corresponding di s tributions obtained in ordinary

n o n d i f f rac t ive pro t o n - p r o t o n c o l l i s i o n s at the Barne cms e i i e r g y .
372)



u

TWO-PARTICLE CORRELATION ASSOCIATED WITH

4 high PT

"l • ~ l"

SPECTATOR FRAGMENT
normal ineiastic

290

- 4

Fig

Two

The

7 . 7 7
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Associated charge density balance Aq(y.|y2)

ineiits äs a function o t y , for y

.

2 and y

spectator fragv

. Füll lines, _

ßhow the cor respondi ng di s tribuLions obtained in normal inelastic
o r ü \s .

In fig. 7.78, the Charge balance Aq(y. ,y,) is plotted äs a

function of the rapidity y.. Aq(y ,y_) (a. fig. 7.50) meaeuree

where in r a p i d i t y the charge of a particle gelected at y is

balanced. Charge is seen to be conserved locally in phase space,

like in normal nondiffractive hadron reactions.

The aimilarity of correlations in ine last ic events a t lou pA

and in Bpectator fragmentation at large pL suggest that the

eame uechanism of fragmeutation, or confinement acts, supporting

the hypothe sie of Jet universality in its moet general sense.

Horeover, the observed correlations are in qualitative agreement

witb the preconfinement concept in QCD, which states that during

the evolution of the rapidity plateau color einglet clueters

with masoes of the or4er l GeV are created. Front parton diagratDS

describing jet formation via euceesive branching (fig. 5.6) one

learne that these statee tend to be flavor neutral. Aesuming

that such clustera decay without a large reshuffling of quark

l ine a one immediately predicts both size and width of the

observed correlations, and explaina the observed local conser-

vat ion of charge.

7,5 Sumraary

The diBtribution in phase space of secondaries in hadron-

hadron interactiona with large p^^ particles ia consietent

uith the four jet structure characterizing a basic two body

parton-parton scattering. The main features of both inclusive

spectra and particle ratius at large pL are described in the

QCD model, where quark-quark, quark-gluon and gluon-gluon sub-

proceaaes contribute. Especially at raedium pt = 2 « * - 5 GeV/c,

scale breaking effects and correctiona due to parton kj_ have

to be taken into account.

Significant coutributions from constituent interchange processeb,

like qq -*• MM, or qH -> q'M1 are excluded.

The properties of the jets at large px agree uith those of quark

Jets observed in e e -annihilations, except for a poasible
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i n c r e a s e of tlie p l a t e a u h e i g h t . There i a no clear ev idence

f o r L i m p r e a e n c e o£ g l u o n j e t s u i t h f r a g m e n t a t i o n functione

m a r k t s d l y d i f f e r e n t f r o m q u a r k f r a g r a e n t a t i o n , H o w e v e r , b a s e d

on tlie experience gained f rom the s tudy of T decays, such

a ü i f f e r e n c e i s n u t exp t i c t ed to show up at j c l momen ta be low

5 • • • 10 G e V ,

I n .. ..-•--:!•<-•-1 <- w i t h t )CD p r e d i c t i o n s , the q u a n t u m n u i a b e r a of

p;i r tons a t l a u g e pL a re e s s e n t i a l l y u n c o r r e l a t e d , p r o v i n g t ha t

HU f l a v o r a a r e e x c h a n g e d i n t he s u b p r o c e s s . O n l y fo r p r o d u c t i o n

of " e x o t i c " p a r t i c L e s w h i c h canoo t n -au l t f r o m f a v o r e d f r a g - r

l u e n t a t i o n of a s c a t t e r e d v a l e n c e q u a r k , c e r t a i n c o r r e l a t i o n s a re

observed; h o w e v e r the experimental S i t u a t i o n i s s t i l l a m b i g i o u a .

A f u r t h e r test o f the QCD model was o b t a i n e d by s t u d y i n g spec t a to r

f r a g m e n t a t i o n , I L i s s h o w n , C h a t i n p r o t o n - p r o t o n r e a c t i o n s

w i t h a f o r w a rd l a r j j e px n and n , a u- and d - q u a r k , t e e p e c t i v l y ,

ia s c a C t e r e d out of the p r o t o n noving in the aame l o n g i t u d i n a l

d i r e c t i o n aa t h e p i o n , p r o v i n g f u r t h e r t ha t t h e u n d e r l y i n g

p a r t o n - p a r t on c r o a t ; S t a t i o n is s t r o n g l y p e a k e d f o r w a r d .

There a r e s i r o n g i n d i c a t i o n a tha t t he s p e c t a t o r o p p o s i t e i n

r a p i d i C y to ihe l a rge px p a r t i c l e s t i l l c o n t a i n s a l l three

i n i t i a l v a l e n c e q u a r k a . T h i a o b a e r v a t i o n f i t s in to t h e Q C D m o d e l ,

w l i e r e E o r w a r d l a r g e pL m e s o n s a re l i ke ly to be p r o d u c e d by

a c a t t e r i n g of a f a s t v a l e n c e q u a r k a g a i n s t a s low g luoa .

A c o m p a r i a a i i of [. I d i a tr i b u t iona and two p a r t i c l e c o r r e l a t i o n s

i n L h e s p t i c t a t u r r e g i o n w i t h t hoae o b t a i n e d i n n o r m a l i n e l a s t i c

e v e n t s p r u v e s , s i . i t a i m i l a r m e c h a n i e i n s o f f r a g m e n ta t i o n a c t i n

b o t h

29 J

B. Hadron-hadron interactione at low pL

Hotivated by the aucess of the quark-parton model in the

deacription of deep inelastic procesaes, one is tempted to

apply Chis picture to normal inelastic hadron interactions

äs well.

Hany of the general aspects of low pL hadron interactions have

been referenced already in chapters 2 and 7

- the secondarie-e form jets around the collision axis

r aimilar Co the Jets observed in lepton induced reactions,

these jets consisc of a fragmentation region carrying the

quantura immbere of the incident particle, and of a plateau

re gion. The retention of quantum nunbera like charge i s

illustrated in flg. 8.1, where particle density and Charge

density diat ributions per event are shoun äs a function of

the rapidity y, for pp reactions at /s" » 52 GeV

- the s-dependence of particle spectra is described by the
2 47)

concept of Haiting fragmentation : inclusive apectra

in the fragmentation region acale in Feynman x, resp. in
9 F

x - //s. With increasing s, the length of the plateau
K

increafies, but its other characteristics essentially stay

unchanged (fig. 8.2).

- inclusive fragmentation spectra factorize in a aense that

at high energies beaiu and target f ragmenta t ion depend ouly

on the type of beam and target particle, respectivly. Thiß

is visualized in fig, 8.3.

- transverse momenta with respect to the collision axis are

Li.ai.ted; mean tranaverse momenta are of the same size äs

the nonperturbative coraponen t o t" pA in reactions at large

momentum träne fers.

All this ts preciaely what is expected in parton modele where

fragmentation epectra are related to the distribution of

valence quarks in the incident particles. ~ In the
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Fig. 8.1

Particle- and Charge denaity in high nultiplicity proton-proton

reactiona at /a" = 52 GeV, aa a functton of the rapidity y.
i QA i

F r o m

„u.
tl\

flf

Fig. fl.2 V..-*«.-»

I n c l i i ä i v e di ü t r i bu t ion s of p a r t i c l e a p r o d u c e d in p ro ton-pro Coa

i u t e r a c t i o n s at /s = 6.8 to 53 G e V , p l o t t e d äs a f u a c t i o n

of y mv ~ y = ~ ln x a L f i x e d Pf
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following section, we shall concentrate on the main characteristic

o£ parton proceases - the x diatribution of fragments.

8.1 Longitudioal fragmentation apectra

To apply models like DCR or QRM to reactiona at low p1> one

has to identify the hasic interaction which gives rise to

the fragmentation. In deep inelaatic scattering tlie process

initiating the fragmeotation is well known: a large momentum

tranafer leads to a Separation of color carriera in space.

The existence of a rapidity plateau connecting the fragmentation

regiona of lou px eventa indicates that in the initial

interaction "eomething" ia exchanged between the incident hadrons

uhlch gives riae to a long ränge force. The most natural

candidate for thia "something" i s color. Within the general

concept of QCD there are two mechanisma which could provide

a color exchange

,182, 184,168}
- color octet, vector gluon exchange (fig, o.Aa)

- color triplet quark exchange, resp. quark-antiquark annihi-
u .4,100, 15)

lation (flg. 8.4b) '

The gluon exchange mechaniem was the atarting point for the

Pomeron model of Low and Nussinov ' and ha a the advan-

tage of automatically generating a constarit high energy cross

•ection.

The quark exchange, or annihilation mechaniam j s the QCU
4)

equivalent of Feynmans wee parton exchange

The quark exchange model y i e l d s total crosa sections rising äs

In S for sea-quark-sea-quark interactions, and constant cross
233)

aectiona for valence-quark-sea-quark reactions. " Proceases

like valence-quark-valence-quark fuaion (e.g. in nN reactiona)

give a negligible contribution to the total high energy crosa

aection, since the valence wave function of beam and target

nearly don't overlap.
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Pn. t ü i i - p t o t o n i n t e r a c t i o n s i n i t i a t e d by a ) q u a r k e x c h a n g e

b ) g luon exchange

T h e d i a g r a m ö s l idw t h e n i i a i m u n i g r a p l i s d e a c c i b i n g t h e production o f
. . . . 2 3 3 )

two t a u t p i o a s a t oppoa i t e r a p i d i t i e s .
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A poBBibility to dietinguish between the quark and gluon
233)

exchange mechanisms has been proposed by Brodsky and Guuion,

and is based on the ansatz that particle spectra at large x are

deternined by those quark diagrams containing the mitiimura

number of quark l ine s ; according to the UCR e.g. each additional

spectator line damps the x distributions of fragments by at least

(l-x) (see chapter 6.6). Consider now the reaction pp •* i + n + X,

uith two fast pions at opposite rapiditieü. The relevant minimal

diagrams are displayed in fig. 8.4. One recognizes that for

gluon exchange the production mechanisms are identical for but.li

fragmentation regiona; the pion momenta are not correlated. For a

quark exchange to occur, one of the protone has to be in a higher

Pock state containing &ea quarks . In the framcwork of counting

rulea, the momentuo sharing among at least five quarks results

in a daraping of quark Gtructure functions and consequently

of the pion spectra at large x; the production rates for fast

meeona in opposite fragmentation regions are expected tu show

a pronounced anticorrelation.
233)

The correaponding predictions based on the recombioation model

are less evident, and depeod on the choice of the tau 11 iquark

uave function. Nevertheless it is evident that in a state a

described by the upper half of fig. 8.4a)t where one of the

valence quarks is forced to be at low x, the mean momentum of

the remainlng valence quarks is larger than in a state äs given

by the lower part of fig. 6 . 4 a) .

C o r r e l a t i o u a between two fast pions haue been s t u d i e d at the ISK
t + + -

for i n ,n i n , and u

qorrelation function

for l w , TT n , and n n combina t ions. " Fig. 8.5 ehows the

R - (o d3a
tot,3- j3-d P] d p

-)
(8.1)

äs a function of the Feynman x of the pion with raoraentum p_,

for d i f f e r e n t momenta of pion 1. F ü l l and dashed-dotted l i n e s



indicate u L: R and QRM predictions für quark excbange, respectivly

Dashed l i ;.-. s refer to uncorrelated emission after a gluon

excliaage. Ubviously any subtantial contribution due to quark

exchange is mied out.

We are now prepared to predict single iuclusive fragmentation

spectra using L In.- recombi na tion roodel, or dimensional counting

rules.

For a quantitative cauparieon, also collective excitation and

dissociation of the ine iden t hadrons haa to be taken into

account, b u s i d f c s tlie "quas i per turba ti ve" processes given by the
233 237)

QHM, e.g. ' . Conventionally, such proceases are described

in the L t i p l L R e g g e scheme. One o b t a i a a for A •*• B -*• C + X

for (8.2)

«A^(c> i s the leading Regge trajectory identified in the exclusive

reaction A +• H -*• c + H' . The x - and px - dependence of o given

l*y eqn. (8.2) allows to identify triple Regge - and parton

contributtons experiuencallyi for triple Regge terns, the slope
3 3 .

in p^ of Ed o/dp increasea with increasing x, whereas for

i n co h ereii L parton proceesea one expects factoriaation of the

type

3

E—\ (l-x )"g(Pl) (8.3)

233 2371Triple Regge contributions turn out to be Important ' ' for

reactions l i k e

B » A 1 + X

P -* p * X

p -* p 1 X (8.4)
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Fig. 8.5

Correlation coefficieat R for emission of fast opposite pioas,

plotted ve x. at fixed x, tor JT ir , ff n , and n rr , in pp
^ -71 \a at /7 « 63 GeV. The füll line shows a prediction

for quark exchange based on dimensional counting rules (s. 6.6),

the dashed-dotted line refers to quark exchange and quark recom-

bination, using a KuCi-Wei sskop£ raatrix element (s. 6.5). The

dashed line correaponds to gluon exchange.



JUÜ

•v. 1 1 1; t L A a n d A ' u iHi L j i ii tlie s a ine q u a r k s . I» q u an t um n u m b e r

exe h a n g e r e a c t i o n s , R e g g e t e r m s are s i z e a b l e , on ly a t l a rge

x ~ 0 . 9 • T t L u & , r e a c t i o n s o i the t ype (8 .4 ) are o m i t t e d

in the fo l lowing discussion; the x ränge used ia r e s t r i c t e d

to 0 .3 ~ » ~ 0 .8 . The l o wer x cu t c x c l u d e s c e n t r a l p r o d u c t i o n

B i f e c h a n i suis and r e d u c e e e f f e c t s due to r e e o n a n c e d e c a y s .

i U i . d a t a q u o t e d i n t h e f o l l o w i n g d i s c u a a i o n come f r o r a experiaento
264 296 297 299 , 36 9)p e r f o r r a e d a t c m u - e n e r g i e s betueen 14 and 63 GeV

To c o m p a r e w i t h DCR p r e d i c t i o n s , n a n d g ( i> L ) is u sed äs d e t e r -

m i n e d f r o n t f i ts o f e q n . (8 .3) to the d a t a . At t N A l, e n e r g i e s , it

i a p r e f e r a b l e to iise tt ie s c a l i n g v a r i a b l e x - 2 E / / B i n a t e a d of
2 ft ^ "l

F e y n i n a u x, s i n c e t l i e s c a l i n g L i m i t was shown to be

a p p r o a c h e d f a s t e r in x For the r e ac t i ooa c o n e i d e r e d , no
K

w u r e s t en

d e v i a t i o n s f r a i a t ac tor i a a t i o n in x and
2 9 9 , 3 6 9 )

(eqn . 8.3}

'llie data available are summarized in figs. 8.6 a)-c). Since

in moät models ttie expontnt n essentially dependa only on the

type - meson or baryou - of the beam particle, on the type of

t l i t beara fragment, and the nuiober of common valence quarks, data

e. g. on
i H •* K

K~ H »•

are avtraged over. The error bare given indicate the statiatical

error, icap. the rioa . spread of n wlien averaged over a t v e r a l ,

theore tical ly identical procesaes, uhatever ie larger. The

Motivation for the second clioice is t hat ehe apread in n meaaures

the influence of finite mass effecte, resonance decaya and apill

over fruiD ttit: t a i g u t f ragmen t a t ion region, and thua indicates

LI.L inhercot l i m i t a i i o n a of auch simplifying models.

The nomenclature ia äs follows:

3 ü l

H is an incident hadron, and H' ie a particle out of the correeponding

fragmentation region. m is the number of quarks common to H and

H1 .

Fig. 8 . 6a ) presents values of n for meson production by meson

and baryoQ beams, fig. 8.6 b) displays the correaponding values

for baryon production. F i u a l l y , ehe reaults on spectator frag-

mentatioa in high p^ reaccions are shown in fig. 8.6 c).

Theoretical predictions are given for three different models.

a) Quark recombination (s. 6.5) enables very detailed predictions

for processes where the fragment contains one or more valence

quarks of the incident hadron; however the knowledge of the

corresponding valence structure function is required. This

condition restricts the predictive power of the model to

processes where fast ir.cs.ous are produced. QKM predictions are

ehown in more dßtail in fig. 8.7, for pp •* v + X and

p p - t - K + X. Her e the maximum amount of Information is

available both theoretically and experimentally. The ehape of

particle spectra ts extrenely well reproduced; questions

concerning the absolute normal isa t ion have beeil discusaed in

chapter 6.5. In fig. 8.6, definite predictions of the QRM are

shown äs black triangles, whereas values relying on the specific

choi Ce of the Kut i-Wei sskopf structure function are given by

open triangle s .

b) Counting rules for pointlike emieaion (s. 6.6, eqn. 6.47).

This version of counting rules ia based on the same philosophy

äs the QRM: the dietrihution of fragment s reflects the i L; -

stantaneous distribution of quarks at the raoment of the inter-

action. The predicted power n may be increased by one unit due

to spin or isospin effects, e.g. for pp -* n + X äs compared

to pp •> n i X. The füll bars shown in fig. 8.6 include this

uncertainity.

c) "Standard" counting rules (a. 6.6), eqn (6.40). Here it is

assumed the an equilibrium state containing all final etate

quarka preceeds particle emia&ion. (open bars in fig. 8.6)
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is choaen to account for higher order correcttons.

Althougli ttiia procedure is somewhat ques tionable, the results

(fig. 8.9) look encouraging, especially if vector meson

produceion is Caken into account.



<:*->.
Bn03*— i
H

-.

3oo*-n1Sa
C

OcftSnD
i

nh—C3H
l

C9ftrti—
-

O3CG

*na<*«no3BftanB
)

r
-

!-•

a

&.M
.

H
-,

rn„ftrtft3<r
"

—C3Bftrt01D
l

3C
L.

D
l

Hft.H
*

H
i

l-hftrtrt3rtftfti-I
0
0H

-
ftBttrtft

(BP
^

tt01ICrtan^_.
t.__

^rtrtrrtu3ftft.H
-

3rt£
-

ftH
l

rttt
O

CBft3rtB
)
nH

-
D3rttu0
0i—o3

EftrrrtP
*.

O31-̂et
0
5c*uo
.

B•oD
l

rrrttt^rttc0
0os^ttrtOp.acSB8rtC

•B.
nOoe.H

-'
£J

O
Cftoftp
.

ftnnr.o3niu•DrtB
l

vDl
l_

J.

ffirrD
l

S
"

Ocr-ft.no3D
l

H
-"

ICrtOH
l

E
 

ft

O
- 

ft
r.

o.=ftU
l

T
3CJoft1rt5ftcnrr1-1—r.,-T3<-l
rcorn

l_
.

rsrtttcnn3
*

[i<ftrt^BB
i

f-

B
:

eocorrO
i

et»
-•

<
;

(tc-i-l
tu3r;ĵ-^_.
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.

fti_-<

O
.

D
l

i—0=o>-<r--
rrp
-

3nttPtrrco
.

ftHH
-

•<rn&
.

H
l

rtCB

h- 1
rrr—up
-

Ct12£
•

B
-rt

•U^-C3Oattôt—
 1

cO
e^ottP—»

faOft.roi*-«D
)

H
l

Ort^
»ftrrrnrttt0
0

rt3~rtfcrtr-o3tuc
.H
l

»
--

n̂*-r-*

^f̂t£rtrtB
l

r->H
*

Nlt>D
l

H
.

rtCDftOh->

Ort

t-3
-

rcnrrt-.
<re

•Br̂tD£M
i

aft.cnrcCDtu•oc^_i
B>rt
'̂

N01n^-.
DPnP_-ocB
-

C3
"

ft3
-

<1̂
.

trC•—»
-'

Nft,

c-D
l

tua;!-•-
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in events w i c h large pL partlcles.

This tnethod lias been applied to proton proton interac tiona;

it is demoastrated ttiat forward high px piona are fraginen t a

oE valence quarka scattered at small angles.

Siiailarly lt ia ahuwn that forward large p^ K and protons

are likely to = ; i - i , froin scattered aea quarks, and diquarks,

re a pec t i v L y .

The Investigation of the spectator opposite in rapidity to

the high p x particld showa that thia Systems often containa

all three initial valence quarks, indicating that one of the

major subprucesses relevant for forward large px particle

production is t-lie scattering of a fast valence quark against

a slow gluon, äs expected in QCD.

In an analoguus way f r agnien ta t Ion nodels can be applied to

liadron productiou at low pL in normal inelastic hadronic

interactions, once the mechanism initiating the fragmentaCion

is kiioun. l'tie ubsence of correlations bätueen fast piona

emitted in upposite rapidity liemispheres points towards a

priniary gluon exciiangü, äs conpared to flavor exchange

rae cli a n i s m a .

Fragnentation spuctra of lneident hadrons into mesona and

baryunä arc cousiätent with the quark recombination picture,

and with a "pointlike" veraion of counting rules.

There are indications that a cooibination of the perturbative

evolution of partoii densitiea in Jets, äs given by QCD, and

of a reconbination inechaniam, providea a universal tool to

miderecand parton fragmentation: the distrihution of low
2

"laass partons witliin a jet of large Q can be derived usiug

QCO, resp. is givcn by tlm primordial parton distrihution in

reactions at muderate momentum transfera; the recombinatton

pri n c i p l e teils iiuw L l i t b c quarks convert into hadruns.
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