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1. Introduction - The Standard Model 

Due to extensive cxperilTX)l1tal and theoretical efforts within the last two 

decades a comprehensive picture of elementary particle physics 

has emerged. It is therefore called the ItStandard Model". As we 

shall see,it is still incomplete in many respects. But there is 

at present no experimental fact which is in contradiction with 

it either. 

1.1. The. building blocks of matter 

Within this picture the building blocks of all matter are spin ~ 

fermions: quarks and leptons. They are pointlike particles (at 
-16 .lc.ast dO\'V'n to a distance of - 10 cm). They appear in 3 families 

as shown in Table 1. 

Particles Q Forces 
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2/3 

-1/3 

weak~ ~lectromagnetic 

and 
strong 

Table 

Here u, d, c, s, t, b denote the u~ down, charm, itrange, top, and 

bottom quark, respccti~ely, i.c. the 6 quark flavours. There is not 

yet any clear experimental evidence for the existence of the top quark 

although data from the UAl ~p collidcr experiment at CERN may indicate 

a signal in the mass range of 30 ~ fit S 50 GeV. The properties of 
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"-i- neutrinos are inferred from decays. So far no reaction induced 


by a vT has been observed. 


1.2. Forces - Gauge Bosons 

The three types of forces between these fermions, the weak;~lectromag-

'netic and strong force, are described by a local gauge symmetry of 

the underlying Lagrangian._ The forces are then mediated by gauge 

bosons i.e. spin 1 bosons, the weak force by the intermediate vector 

bosons.W+, W-, zO the electromagnetic force by the photon y, and 

the strong force by 8 'gluons. The electromagnetic force is of 
, 1 

infinite range due to the. massless photon. (V(r) ~ r)o The weak force 
-15 + 0has short range ('V 10 em). because the W- and Z have a large 

":'Mr 
'mass (see below) (V(r) 'V _e___). Although the gluons are assumed to r 

be massless the strong force is of finite range ('V 1 fm) because 

the nature of the force is' believed to confine the quarks wit~in 

. the size of nucleons _ This confinement mechanism,which is not yet 

.fully understood, is presumably ·also the reason why one has never 

found a free quark_ 

1.3 •. The ga~ge symmetry SU(2) x U(T) x SU(3) 

The essential point of the "Standard Model" is ·the underlying gauge 


symmetry SU (2) ~'1 x U(1 ) y.~ SUeS) c' see Table i. 
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!;,l~~-~ 

Gauge bosons 

w+ W- zO 

Local gauge synUl~try 

Electrowpak Theory , -,5U(2)W 
(Glashow-Weinberg-Salam Model) , 

yU(l)y I 
I 
IQuantum alromod~)~ics (QCD) I 
I8 gluons5U(3)e 
I-theory of strong interactions 
I 
i 

Table 2 

The first two parisJ SU(3)w x U-(l)y,describe electromagnetic and 

weak interactions. Here SU(2)W refers to the weak. isospin IW ' 

and has 3 generators - (T i , i= 1,2,3) to which there correspond 

+ - 0 ' d3 vector bosons W , W ,W .' U( l)y has one generator correspon ing t.o 

the weak hypercharge Y, where Q = I~ + Y. It implies one gauge 

boson B. The photon and the ZO are then orthogonal components of 

WO and B. We know that the symmetry SU(2) x U(.1) must be brokyn at 

low energies « 100 GeV) where only the electromagnetic part U(l)elm 

is exact. 

The second row (in Table 2), corresponds to SU(3)C' the symmetry of quantum 

chromodynamics (QeD), which is the best candidate for describing' strong 

interactions~ 5U(3)e refers to the,threecolo~r charges, for ins

tance , r (ed), belue), g (reen).* 5U(3)e has 8 generators 

(Ai' i = 1, ... ,8, the so called Gell-Mann matrices) and therefore 

gives rise to 8 gauge bosons, the g~uons. 

1.4. The SU(2) x O(l)'x SU(3) structure of fcrmions 

Each fermion family has the properties with respect to the symmetry 

as shown in Table 3 (only [or the first generation): 
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I~ I Y 

(v:L 

eR 

(~,('b,g 

ur,b,g dr,b,g 
R ' R 

+S U ( 21¥ doublet . 

+SU (2)W singlet 

1/2 

-1/2 

0 

0 

WY=Q - 13 

SU(3)C 
t 

- singlet . 
t 

SU (3) C - triplets 
(3 colours) 

Table 3 

Here e and e denote the left-and right .... handed electron, resL R 
p~ctively.uR; dR' uL' di have.analogousmeanings. 

There is a subtlety in the model : the· mass elgenstates 

d,s,b, are superpositions of the "weak eigenstate?" d', s', b' 

where 

U::..(3x3) matrix 
(Kobayashi-Maskawa matri~) 

The matrix U contains 3 angles and 1 phase, the latter being 

responsible for CP-violation as seen in KO decay$.;' We have 

approximately IU1JI ::: l u22 1 ~ cosS = 0,97, = - sin8 c l u1z 1 IUz1 I c 
~ 0.23, \ U23 1 - I U32 1 = 0.05, l u33 1 = 1 , I U13 1 = Iu311 :::' o. 

It is interesting to note that the association of quarks 

and leptons into one family is essential. In order to guarantee the 

theory to be "anomaly free" (and renormalizable) the sum of the 

charges of all fundamental fermions must vanish, i.e., 

o 

http:p~ctively.uR
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The factor 3 stems from the 3 colours. The rel~tion is fulfilled 

by each generation. 

1.5. Colour 

Colour is the crucial quantum number of SU(3)c (stFong interactions). 

On the other hand coloured quarks or gluons have never been 

directly observed., It is therefore worthwhile to look for evidence 

ofor 3 "colours". For exemple, the rr -+ 2y decay turns out to be 

too small by a factor of 9 without colour. By introducing colour 

one was able to solve a paradox in the "old" quark picture. The 

~++-resonance consists of three u quarks, all with their spins 

parallel (and in relative s-waves) to make a spin 3/2 state with 

no angular momentum. Such a completely symmetric state is however 

forbidden by Fermi statistics. Only by introdueing ,a new"qu~ntum 

number (colour) for quarks, i.e., by describing ~++ as a state 

r g b 
u u u is it possible to solve the problem. Perhaps the strongest 

evidence far colour comes from measuring the cross section ratio 

R = O'(e+e- + y* -+ hadrons) ~ 
O'(e+e- -+ l/l-t) 

where e is the charge of the quarks in~olved. It is again this q 

factor 3 which is needed to explain rhe data. We shall come back 

to"this point later. 

Although it scem.s lIlost likely that qU~H'ks tlo not cx:ist as free particles, \<JC have 
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c]ear evidence for ,',the ir existence mainly coming from e +e'

annihilation, deep inelastic lepton-hadron reactions, as well as 

from hard (high PT) processes in hadron-hadron collisions. This 

will be discussed in detail in the next lectures. Quarks and 

gluon~ manifest themselves as hadron jets which have been clearly 
. +seen In e e annihilation as well as in pp reactions at the CERN 

collider. In particular the three jet events are' an evidence for 

the existence of gluons. 

1.7. Mas-ses 

Since free quarks are not seen, it is a priori not clear what the 

mass of a quark is. The masses entering the QCD Lagrangian are' 

the "current" masses lvhich are .felt through weak and electromag

netic currents. They are: mu = 5MeV, md = 9MeV, ms = 175MeV, 

mc = 1.25 GeV, mb ::: 4.5 GeV, == 40 GeV (?) • The u, d andmt 
s quark masses are therefore negligible whereas the c, h, t quarks 

are called heavy quarks. We need not mention that the quark masses 

are not yet understoQd. 

The most recent values for the mass of the Wand the ZO are 

(Bari Conf. 1985) 

MW = 83. 1 + 1 .3 + 3. GeV (UA1)-0.8 
(stat.) (sys. ) 

='81.2 ± 1 • 1 ± 1'.3 GeV (UA2) 

MZ . - 93.0 ± 1 .. 6 ± 3. GeV (UA1) 

= 92·5 ± 1 .. 3 ± 1 · 5 GeV (UA2) 
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(They agree beautifully with the Stm1uard Model prediction: 

MW = 82.2 ± 1,8 GeV, = 93.2 ± 0.02 GoV).MZ 

Local gauge invariance would require all the gauge bosans to be 
..... 

massless. The masses of the vector hosans are generated by the 

so called Higgs mechanism. 

To be more precise, the Lagrangian remains invariant (necessary 

for the renormalizability) but the ground state ("vacuum") breaks 

the symmetry ("spontaneous symmetry breaking"). In order t.o give 

the vector bosons a. mass it is necessary to introduce a n.ew field 

(spin 0) associated to the Higgs particle HO. This has not yet 

been found. Its mass is expected to lie between 10 GeV and 1 TeV. 

1.8. Still many ~nsolv~roblems 

Despite the consistency and the beautiful agreement with experiment' 


the "Standard Model'~ leaves many questions open: 


- Why are there three families ? 


There cannot be many more. Astrophysics tells us that the number 


of neutrinos N must be ~ 4. The coll~der experiment UAl and UA2. 
v 


conclude that (N -3) ~ 2.4 ± 1.0 (90\ C.L.)·

v 

- The model does not represent a complete unificatjon of all inter

actions inCluding gravity. Even without the latter the simplest 

scheme SUeS) does not work due to tho recent experimental bounds 
. 29 + 2.1 

for the proton decay. (SU (5) predicts T = 3.2 x 10 - 2 .. 5 ys
P 

d · . 1)31)whcreas accor lng to expcr lmcn t Tp > ys.I ( 

Moreover, we have 


- No real understanding of the masses 


- Too many parameters 
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- no real understanding of the Higgs mechanism in addition to the fact 


that the Higgs particle has not yet been found. 


2. Basi~s of 'QeD 

·2.1 - Basic couplings: 

The strong interaction takes place between coloured. quarks and massless coloured 

gluons. More precisely the gluon carries colour-anti-colour. Thus 

a gluon can be in 8 different colo~r combinations 

rg, rb, gr, go, br, bg, 1 (rr-gg), __1. (rr + gg - 2bE) 
IZ .f9 

i.e., the gluons belong to an SU(3) colour octet. 


The remaining' combination _1_ (rr+gg + bE) is an SU (3) singlet and 

13 

therefore does not have colour and cannot mediate between coloured 

quarks. 

For instance one can have the following interaction 

" colour flux 
bY'" ...... 

-- .. ---- ... v... ... 
... ..,, 

A pion being n- ~ } u.d. can be imagined
coIour 1 1 


db dg 


I :1' .. .," , 
•• <- .... 

':"'b u iig 

... 
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The basic couplings in QCD arc 

~ gluen 


gluon
quark -gluon gluon gluon 
whereas the first two graphs are of the order gs (gs is the strong 

2
coupling constant) the third is proportional to gs· 


Note that gluon can couple to itself via the three and the four 


gluon couplings. This is a characteristic feature of the non-Abelian 


nature of QCD and is not present in QED. 


'? 
. 2.2. Effective'coupling constant as~-Asymptotic freedom 

Let us compare with QED. If we want to m~asure the coupling e or 


2 2
a = e /4TI we can do eletron-eletron scattering: 

where the photon eichanged has a ~omcntum squared q2 = _Q2, Q2 > o. 
'We however know that the photon propagator is modified by the 

vacuum polarization, i.e., we have to include the diagrams 

+ (higher order terms) 

This leads to the follo~irig behaviour of the coupling (in leading 

order) 
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where ~ is the arbitrary normalization point at which a has been' .... 
measured, for instance 

. .Actually one has in the brack~ts a geometrical series, and by 

summing it up one gets 

for (2 • J ) 

We thus have effectively a "running" coupling constant \vhich changes 

with .Q2. ~he coupling becomes bigger as Q2 .inc~eases or when going 

to smalier distances. ·The dependence is of course very weak. This 

phenomenon can be understood by the "charge screening". Let us 

measure the charge of the electron by a positive test charge as 

sho~n in the figure 

.test charge 

(±) 
positron electron pairs 
created by polarization 

If the test charge is far away we see the electron surrounded by 

positrons screening the electron's charge. If we however come very 

close to the electron w~ penetra~e this cloud of positrons and feel 

a larger charge. 

Now Ictus turn to the QeD case. In an analogous way we have to 

calculate the following graphs: 
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+ ....+ 

The lines are now quarks and the curled lines gluons. We then 

arrive at the following result (in leading order) 

g2 . 2 
2 s a(ll ) '2

as(Q ) = 4n = J (Q2 » II ) (2.2)60 ~1 +rn a(1l2) log 
11 

with = llN 2bO 3 c - 3' Nf 

Nc being the number of colours (=3) and Nf being the number of 


quark flavours excited at Q2. The important point is. now that. 


bO > 0 for Nf < 16, i.e., the .running coupling a(Q2) ~s here 


decreasing with increasing Q2. This behaviour is therefore called 


"asymptotic freedom". This means that at very small distances. 


quarks behave as almost free particles. 


The reason why is positive is contained in the first term in (2.3)
bO 

whi~h stems from th~ gluon loop shown above. The appearance of the 

gluon loop is.a consequence of the gluon self-coupling. There is 

however no photon self-coupling in QED. 

It is convenient to express (2.2). in a little different form. One 

th 't 4n b log Q2 = 4n b 1 2 t - b 1 A2can see a 2 - 0 2 - 0 og ~ = cons .= - 0 og · 
0s(Q ) 0Jll . ) 

Here we have -introduced the "renorma1ization invariant" parameter 

A (with the dimension of a mass.), thus getting 

4,y 
hO = 11-2Nf /3 (2.4) 

Q2 » A2 
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h, the only intrinsic parameter of QeD, has to be determined by 


experiment (h MS = 10"0 .;. 400 MeV in the so called MS renormaliza

tion scheme). Since the perturbative formula breaks down as 
 .... ,2
Q2 + h , i.e. approaching the size of a hadron (where the quarks 

are supposed to be confined) with ~ 1 fm, we expect A ~ 0.2 GeV lJ. 

2.3. Applications 

The value of eq. (2.4) lies in the possibility of a perturbative 


treatment of QCD in a range where a. (Q2) « 1, that, is at Q2 » 1GeV2,
s 


or equivalently, in the small d,istance dpmain 


This is realized in the following processes: 

+ 	 - r=- e e + X, vS » 1 GeV 


- deep inelastic lepton-hadron scattering ~N + ~fX 


- largePT processes in hadron-hadr~n scattering 


- production of large mass leptbn pairs in hadron-hadron scattering 


(Drell-Yan process) 


- W,Z production in hadron-hadron scattering 


- heavy p~rticle production 


. 	Perturbative methods are clearly not applicable to the bound-state 

problem of QCD (i. e. for calcul ating the hadron mass~s..1 etc. . . or 

how q~arks and glu~ns finally form 'colourless hadrons). Although it 

has not proved possible to demonstrate conclusively that 'confinement 

is a consequence of QCD, most phYSicists believe that QCD is the 

right, theory of strong interactions. 

The "soft" hadronic pr~cesses, i.e., elastic scattering, diffraction 

and multip~rticle produc~ion at small PTcom~risc the bulk of 
3 ' 

scattering data (> 10 more than high PT events) ~ IJere QeD can not be 
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app],icd jn a perturbative way, but the whole quark-gluon picture 

can be used as' a sensible guide. Surprisingly (and fortunately) 

we observe many features in multiparticle production which we can 

compare with those of "hard" scattering processes. 

3. Testing QeD in e+e~ + hadrons 

3.1. The simple quark picture 

+ - + Let us first consider the QED reaction e e + II II 

+ 

+ e------...;L
. 

II 

In the lowest order (one.. photon exchange) approximation the total 

cross section and the angular dependence is given by (s = (Pe++Pe_)2 

» m; ) 

+ e 

e 

(-3.1) 


where e = -1 (the charge of the ll)
II 

2do lTa. e2 2:;;: -zs 1-1 (1 + cos e) (3.2).d (cos e) 

Within the quark picture- we imagine the process e+e- + anything as 

follows 

--..---~--------------------
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The photon couples directly to a quark and anti-quark (each 

carrying colour) which then "fragment" into had.rons'. (Since quarks 

fragment ,into any~hing with the prob~bility of 1 we do not have to 
.... ' 

care about this fragmentation process for the moment). 


The cross section can therefore be written analogously to eq. 3. 1 
 • 

2 
+ -	 '41T<l 2aCe 	 e+ qq)s+oo = ""3"S q. 

L e q .3 

and 

-aCe +e + hadrons) 2 (3.3)R = + ... 	 = 3 L eqa(e 	e + 11 
+ 11-) q 

where the sum goes over the quark pairs (which can contribute at 


the available centre of mass energy). The factor 3 accounts for 


the 3 colours. 


For R we have the following values: 


R = 	2 u,d,s 


10/3 u,d,s,c
= 

= 11/3 u,d,s,c,b 

The behaviour of R as shown in the following figure 'CW = IS) 

IO~--~-----'----II----'-----'---~I-----~I~---~I~ 

-

'. 
-

-I 

pwcp J/y. • .,/ TTT'I ei'e--- hodrons (2) -,.
8 ~ OCDo. =0.18 

:1
b:t. 

'" "CI 6 
 -

2 

b 
II 

Q:: 4 

. ~~\d~ i ~ 
j ~ ••• u,CI,S,C,b 1 


2 
JW-" 
•• u,d,s 


__...1-, 
 I _.L ,._. __...J f0 

0 10 20 30 40 


W (GeV) 


is inueed one or the most beautiful conf i rmat ions of this picture 

1 
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200 

(j) 150 
.1
z 
lJJ 
> 
LJJ 100 

and shows that the colour degree of freedom is really needed to 

explain the uata. 

At high energies quarks should be seen as hadron jets. They are 
... 

clearly seen in experiment for IS > 7 GeV. 


If quarks have spin 1/2 the angular distribution of a quark (jet) 


should go as ~ (1 + cos 2S) according to eq. 3.2. 


The data 


. 250 -1------.--~- -..------.. 

50 	 .~ 
o __..L--J 

-1.0 	 -0.5 o 0.5 1.0 

cos 8T 

show'this behaviour (ST is the angle of the thrust axis (z quark 

axis, see below). 

A further consequence of the point-like nature of quarks is that 

-the break-up 'of the quark into hadrons to form a. jet should be 

independent of s. Thus we expect the cross section to scale. 

do (3.4)D (z) where z =Oz ~ 5 

(Eh is the hadron energy)., Al though small violatipns are seen 
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(~ QCD corrections) this scaling works quite well (at least for 

z > 0.2). (See Figure, herez=~~) 

4. 	 Effects of QeD - O(asl 

corrections, 3 jet events 

4.1 - The total cross section 

In QCD we expect quarks to 

radiate gluons and therefore 

the following processes to 

contribute to the cross 

section e+e- + hadrons 

sdcr
ax; x 5 GeV DASP 

o 7.4 GeV SLAC-LBL 
• 13 GeV TASSO 
o 17-22 GeV TASSO 
• 27.4- 31.6 GeV TASSO 

... 

o 0.2 0.4 0.6 0.8 

11-83 	 Xp =P/PBeom 4661A6 

2 

; 

(A) 

2 

+ .. , . 

(B) 

In 	graphs (A) the gluon· is virtual whereas in eB) it is real. 

(The absolute sum squared has of course to be taken ~here the 

final state is indistinguishable). It is interesting to note that" ,,: .. 
~.'...". 
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the diagrams (B) exhibit an "infrared" divergence either if the 

gluon energy is zero or if the gluon goes into the same direction 

as the quark or antiquark (due to the zero mass of the gluon and 

the quark). However, ,in the total sum (A) + (B) of virtual and real 

gluon contributions the divergences cancel 

We thus get the result 

\ 2 '-'s (5) CXs 
R'= 3 L e [1 + (1 + c -) + ••• ] (4.1)q 1Tq 1T 

(with c = 0.08 in the MS scheme)" 

This is considered one of the "cleanest" predictions of Q'CD. 

Unfortunately R measurements are very difficult. The average over 

results obtained by JADE, MARK J, TASSO, ,MAC, MARK II at 

<s>= 1170 GeV 2 is 

<ex > = 0.190 ± 0.015 ± 0.047s 
(stat.) (syst.) 

So far for the inclusive cross section. But wouldn't it be a 

clearer test of the existence of gluons if we could see gluon 

jets? 

4.2. The gluan jet: e +e - ~ qqg 

For studying e+e- ~ qqg events which yield 3 jets in the final 

state we have to consider the following diagrams 

e 
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2Defi.ne s = CPy -Pq} - sCl-x )q 
... 
t = CP _Pq:) 2 = sCl-x-) (neglecting masses)

y 	 q 

2 	 .....u = (Py -P g) = s(l-x )·g

• 
where 	we have introduced ?'q = Eq/IS/2 , xl{ = Eq/IS/2 , x .= Eg/IS/2g 
fulfilling the relation 

Calculating the graphs above leads to the (matrix elem~nt)2: 

2 2x + x_ 
+ -

s 
+ 	 2us) = q 9 

st (l-x )(l-x-)q 	 q 

Cthe poles at 5, t = 0 coming from the quark propagator). 

The cross section for e+e- ~ qqg then reads: 

2 22a X + x1 do = s q q (4.2)a dx dxq q 
~. 

Cl-x ) (l-x )q q

2 2+ -	 qq)' -_ 4 lTa e C h' . )Here 0 = 0 (e e ~ 	 't e two Jet cross sectlons . s q 
The kinematically allowed region of Xq and Xq is the triangle 

Since t = s(l-x- )=(p +p )2 = q q g 

= 2EqEg(1-cose) we again meet 

a singularity either if Eg -+ 0 

or the gluon artd the quark are 

collinear (see 4.1). In an 

experiment appropriate cuts 

are made to separate off the o 1 x 
q 

three jet events. We already saw in 
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4.1 that in the totally inclusive cross section these divergences 

cancel. 

If Eg and e are not too small
J 

we can expect to see a third ( luon) 

~et in addition to the two quark jets. One would expect 

03 jet 
• 'V as02 Jet. 

that is, only 'V 10% of all events will show a 3 jet structure (~t 

present energies). 

A three-jet event obs~rvcd by the JADE detector at PETRA.

In most cases we have therefore two jets. For small E and 0 the - g 

quark ( antiquark) icts a transverse momentum Pr with respect to 

q (q) by rauiating off a gluon. According to eq. 4.2 
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do 

dPT 


do Ct ISand therefore 
. 
PT <.Ip:"

T 
a: S 

We see a clear increase in <PT> in the data (W = IS): 

o W=12GeV 
• -27.4 $W$ 31.6 GeV 
x 33.0 $W$33.6 GeV 

N 

I 

~ 

~ -10'> . 
Q.) 

(!)- 0 
Nt- 10
0

~ .g 10-r 

-o 
b 
" 10-2 

10-3 

o 

4681A1411-83 

Transverse momentum distribution_of 

hadrons relative to the thrust (=jet) 

axis for different e+e- centre of '. 

mass energies. 


The hadrons have even in a pure two quark jet event a <PT> ~ 300MeV. 

It can be shown that the increase with IS is mainly in the event 

plane, that is, due to the appearance of planar qqg events. 

2 3 4 6 10 




-2'1

4.3. Jet measures 

The most known measures of the ~egrce of trjcttincss" are 
-.. 

1 pi 
. (3 1sphericity s - mln 	'1' 


" p.
~ 1 
1 

and 

~ IpL.1 
thrust 	 T - maxCr p. 1) 

~ 1 

That is, one looks for the axis such that the sum of 

transverse momenta PT. over all particJ.es is a minin!u'1l.. or the sum of their 
1 

longitudinal momenta i maximum. If there \\ere no jets and all momentum 

dir~ctions are equ~lly probable, then S = 1 or T = 1/2. Pure jets 

give S + 0 and T + 1. We- expect <S> and l-<T> to decrease "Ii th 

energy 
tal 

0.4 

'--_--''''---'----,.J. 
oo ~ ~ ~ 

filtieVj 

The IlVer3~e sphericity (a) and l-thrust (b) as a function of the e+e- C,." energy (Wolf 1980). 

~ JADE. 6. PLUTO,. TASSO. 0 MARK·J 

http:particJ.es
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5. Deep inelastic lepton .. hadron scattering 

Historically the deep inelastic (= high momentum transfer) 


scattering of electrons on a nucleon was the starting point of 
 • i-

the modern quark-parton picture which subsequently led to the 

. development of QeD. From studying these processes we also learned 

most about the structure of the nucleon. 

5.1. Kinematics 


We shall consider the reaction ~ + N + ~l + X 


X 

i.e. 

(exchange of y) 

neutrino scattering 

N 

charged current neutrino scattering 
+

(exchange of' W-) 

v neutral current 

(exchange of Z) 

Usually the following kinematic variables are defined: 

Q2 = _q2 = 4~~E~t ~in2e/2 

(in the lab.system)v = 1t = Et-E~. = Ex 

where M is the nucleon mass. 
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\ ':2 _ Q2 + Z--'MvW (inv. mass of hadronic system X) = Y M , 

The kinematic region is given by 

Z 2 Zo :i W = -Q' + M + Z\) M 

and hence 

Instead9fv ,QZ often the dimensionless Bjorken scaling variables 

are used 

2 ZE£E£, sin2S/2 ,0 ~ x ~-x - ~~h) ME x 
0 ~ y ~ 1 

v 
-Y -

ERr 
- ~~~ £ 

(5 • 1 ) 

~lectro- gr Muon productio~ 

It can be quite generally described by two structure functions 

W,( v1Q 2) and WZ(v,Q2) 

where W, and Wz are related to the transverse and longitudinal cross 

section. 
- Z Z 

Defining Flex, Q ) = W 1 (\) , Q ) 

2 .... z· vW 2 (\) , Q ) 

FZ(x,Q ) = M 


we can write it also iri.thc form 
._ 0- .,.~ 
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d 2a(eN-+eX) 4ncx 2 2 2 2= ~ 5 [F 2 (x,Q )(1-y) + xF (x,Q )y ]dxdy 1Q 

(5 .2) 

Neutrino scattering 

2 2Here we have three structure function Fl (x,Q ), F2 (x,Q.) and 
. 2 . 

F3 (x,Q ), the latter of which is a parity violating term not present 

in electroproduction. 

The cross section reads ~~or Q2 « M2 ' MW being the- W mass)W 

2\)v 2 \)V 2
{xy F 1 ' . (x, Q ) + (1 - Y ) F 2' (x ,Q ) ±=dxdy 

(5.3) 

5.2. Quark-parton model 

If Q2 is large, i.e. at small distances, we can imagine the nucleon 

consisting of almo~t free point-like particles (partons). These 

partons are identified with the 3 valence quarks and a "sea" of qq 
pairs. As we shall se~,there are 'in addition also gluons present 

(to which,of course ,the photon, W or Z does not couple directly). 

The scattering can therefore be visualized as follows: 

...
' 
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p 

f~(x) = probability that 

struck parton carries 

p x of proton momentum p 

i.e., we have actually a lepton scattering off point-like partons 

contained in the proton. We thus can write: 

d 2 
(j (.tP-+.t t X) = \' f q () do ( -+ t' q t )L P x CIXCf)T.tq

'dx qy q 
(5 .4) 

This is the master equation for lepton-hadron scattering within 

the quark-parton picture. Here x as defined above coincides with 

the Bjorken x as given in eq. (5.1) as can be seen: 
2 "2 2 2 

m ~ 0 = (q+px) ~ q +2xqp. This means that a given Q and v 

determine the x value of the quark· from which the electron has 

scattered. We call f~(x) the quark distribution functions. 

5.2.1. Electron scattering 

Let us, for simplicity, discuss first electron-scattering. It is 

straightforward to calculate eq -+ eq. Eq. (5.4) then reads: 

2 2 2(d) == 21TCl S [1 + (1 _y) 2] \' e x 
<.TXcIY eP-+eX 7 ~ ~1 

(5.5) 

- --~-----------------------

http:CIXCf)T.tq
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By comparing it with the gener.al formula eq. (5.2) we observe the 

following: 

.. ,l 

2 (5.6)F2 (x) = l eq x f~(x) 
q 

2xF1 (x) = FZ(x) (Callan .- Gross relation) 

F1 (x),F2 (x) 	 being only dependent on x 

~ Bjorken scaling 

It should be remembered here that it was the observation of 

(approximate) scaling in deep inelastic scattering which provided 

the principal motivation for introducing the quark-parton model. 

The Callan-Gross relation is simply a consequence of spin 1/2 quarks. 

(It is satisfied up to terms of'order as). 

Quark distributions 

We can imagine a proton as in the following figure 

proton 

d 
·s 

g 

Ss 

'd 
.v 

u 
v 

The distribution functions f~(x) of quarks inside a proton. are 

calledu(x), d(x), sex), u(x), a(x),~(x) {neglecting the heavier 

quarks) . 

http:gener.al
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For eP + eX we then have from ,cq.. (5.6): 

and by charge symmetry for en + eX (n - neutron) we just have to 

replace u ~ d: 

.1 Fen(x)
x 2 

The u (x) and the d'Cx) can be decomposed into a valence and a "sea" 

quark parton: 

(5 .. 7) 


whereas for the "sea" eu u . s s' we assume SU(3) flavour 

symmetry thus having 

us(x) =, fis(x) = ds(x) = as(x) = ss(x) = ~s(x) E Sex) 

sea distribution 

Sum rules 

The distribution functions have to fulfill sum "rules since, for 

instance, the number of valence u quarks in the proton has to be 2 
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J
1 

[U(X) - fi(x)] ~x = 2 

o 

and analogously 

J(d-d) 

0 

dx = 1 

r(S-5) 

0 

dx = 0 

_Which.behaviour would we expect for FZ(X) ? 

The following piGture should illustrate it: 

,. then F?(x) is ___'_ft_h_e_Pr_o_to_n_i_s_--II . 

A quark 

x 

Three valence quarks 

1/3 

x 

... 
1/3 

Thrfle bound valence 
Quark!. + some slow 
debns, e.Q., Q"'" QQ 

x 

........ 


~-- -<-Small x 

~hc structure function pictured corrcs'~)onding to' din'crcnt con;~~~ition; 
assumed for the proton. 
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This was indeed seen in the data. The following figure exhibits 

the quark distribution as extracted from deep inelastic scattering 

data (including neutrino scattering data). 

1.0,---;---,..-_.,....-_,.--_.....--, 

0.8 

1.0 

(al (b) 

. . The ~uark structure functions extracted from an analysis of deep 
melasuc scattenng data. Figure (h) shows the tota1 valence and sea quark 
contrihutions to the structure of the proton. 

We s~e that the sea is negligible for x ~ 0.3. 


~ But where are the luons? 


Let us consider the momentum (conservation) sum iule following from 

the definition of f~CX): 

?
~ r:, (pXHi (x) dx = p ... r: dx. x (u"'ll+d+u+s +5) = 1 


Putting in the experimental structure functions on the left hand 

.s ide we only ,get O. 54 instead of 1, This means tha t 46 % of the 


total momentum of the nucleon is carried by electri~ally neutral 


constituents, the gluons. 


-What do we expect for the x-dependence of quark distributions ? 

Assuming Regge be~aviour for the process y~ + N + X, that is by 

iden~ifying the se~-quark distribution with Pomcron exchange 

(a (0) ~ 1) and the valE:?nce part wi th t.he leading' particle. exchangep 
If .".~ 

..... ". 

(f,AZ···;UR(O)'" i) .one gets for.x + 0 
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sea ~ l/x 
x+o 

valence quarks ) 1/ IX 	
~' 

x+O 
. 

For x + 1, there have be~n invented various counting rules. We 

just mention one of them 

• 	 tV (1_x)2n-3 
x+l 

where n is the number of constituents_ Examples are 

u ,d tV-~'O== v v x+lnucleon 

(l-x) 1 

tV (1 _x.) 2* 4 - 3 = (1 -x) 5nucleon ~ g 
x+l 

nucleon Ct:1=¥::;:::= sea tV (1_x)2*S-3 = 

!"q x+l .., 
q 

We thus have the behaviour (whith however works only very appro

ximately) 

where a(O) =1 and = 1/2 

for the sea and valence par~, ·respectively._ 
•. ~... "0 
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5.2.2 Neutrino scattering 

The simple quark parton picture: 

The general formula was given in eq., (5.3). In the simple quark 

parton picture the process is again the result of a p~int-like 

interaction with the quarks inside the proton 

v 

p 

, v +d ".+ lJ - +u v+u -+ lJ-+d 

We just calculate the subprocesses v+d ,-+ lJ + u and v+u -+ 1-1- +0 . 

By using the corresponding master formula eq. (5.4) we ob~ain: 

, 2
2G ME x 

v - 2[d(x) + u(x)(l-y) ] (5.8)
n 

2Here we put the Cabibbo angle cos e = 1 and neglected s,c ... c 

quarks for simplicity. 


For vP scattering we have to consider vu -+ lJ+d and vd -'to' lJ+u thus 


arriving at (with 0 = ZG 2ME In) 

. 0 V 

Z - +d a (\JP -~ p X) 2
dxdy =oox [(lex) + u(x) C1-y) ] (5.9) 

For scattering off nn isoscalar target, where most experiments have 
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been done, one defines: 

q(x) - x[u(x) + d(x) + sex) + c(x)] ..: 

~(x) = x[~(x) + a(x) + i(x) + ~(x)] 

. getting 

dovN 
[q (x) + q (x) (1-y) ]dxdy = 0 0 

- 2 


dovN 2 . 

[q (x) + q(x)(1-y) JCIXc:ly = 0 0 

- From the~e expressions "due to the suppressed sea contributio~ one 

expects for v-scattering a rather flat y-dependence and a dependence 

~ (1_y)2 for v-scattering: 

,. vFrom the simple quark-parton Ev :: 30 - 200 GeV •
• V 

model again a scaling behaviour 
1.0 

of x follows, which is approxi


mately realised in experiment. 


- From the ratio of neutrino to 

antineutrino scatiering a ~/av 

we can find the ratio of the 
". 

momenta carried by antiquarks 

and quarks within the nucleon: 

~ 0 Vla V - 1/3= - O. 18
<q> 1 'V/a V1 - "3 a 

y 

v vwith (0 0.48. (From eq. (5.8) we see that the total~o )cxp. :: 
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v and ~ cross sections rise linearly with the neutrino energy E ).v 
- With the functions, F ,F as defined in the' general, expressions2 3 

eq. (5.3) we have the following relations important for comparisons 

with experiment: 

2 1T cr (vN) - cr CvN) 2 - . 2 
xF3 (x,Q ) = = q(x,Q ) - q(x,Q )2G2M2E 1 - (1-y)v 

(pure valence quark distributions) 

2 1T cr(vN)+cr(vN) Z - 2
F 2 (x,Q ) = = q(x,Q ) + q(x,Q )

G2M2E 1+(1_y)2_y 2R, 
v 

2x~1 
where R' - 1 = 0 in the simple quark parton picture

-~ 

(Callan-Gross relation, see section 5.2.1) and small experimentally. 

We already put F. and q as function of x and QZ because - as we 
1 

'sha11 see - they also have a weak Q2 dependence due to QeD-effects. 

The following figure shaY'S ,what the FZ,F3 and q distributions look like: 

F (x,r-------""'---------------:.{ 

A ,ullllUry of .Uuctur(' function" J ~ K) < C: < 2:0 G('V"C:.' i
_a.UTt:c! in iao.e.Jar lart"'t. fl'O'll 


diffeTt:nt lepto-~roductlon 


expe-ri."nt. , 


~ } r~" (CIlIiS\. . 
C ~ f /· ...tEMC) 

6 ~ F2 td (SLAC .MIT'l 
... 



. j 
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oBEse v,VH 

Q BEse... TST v,Oti 

• BEBC v,vO 

.eDHS v,OH 

.FNAL 15' v,vH 


1S t .~.0.7 	 A FNAL vO 

o 6 

o 5 
g 
~ 0." 
5" 
"
; 0.3 
w

J 0 2 

O. \ 

o 	 0.2 0.4 06 0.8 . to 
x 

The data also revealed that.·the d distribution is sotter than. the v 
Uv distribution. The ratio dv/~v decreases linearly from ~ 0.6 

at x = 0 to zero at x = 1. 

5.3. Influence of gluons CQeD effects) 

We know that gluons are present in the nucleon and that quarks can 

radiate off gluons. 'We therefore have to consider ·the following 

diagrams in addition to the ones in section 5.2. 

+ 


p 	 p 

. Ca) 	 (b) 
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It is easy to see their effect: The photon (W or Z) now "sees" the 

quark with lower momentum either because it lost some by the 

radiation of a gluon or because it comes from a gluon splitting into 

a qij. The effect is shown in the following picture 

F (X,Q2)2 
or 2. F (x,Q )3

x 

Compare this with the data: 

u,~__________________-. 

0' 

, -;-~--,o lo I ~ 100 ~ . 
• 1.1' (~Y"C~ 

Sulin. viol.tiona of II r, lI>uI\lf.d 

by CDIIS. 
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QeD is however able to reproduce this behaviour quantitatively. 

Let us consider the following basic transitions: 

xp=zyp 

q 

yp 

q(1-z)yp 

Pq-+q(Z) 

The first graphs shows ~ quark with momentum yp (p being the mo


mentum of the nucleon) emitting a gluon and ~eaving itself with 


momentum xp (x ~ y ~ 1). 


The.probability for this to happen is (to first cirder in as) 


xwith z = y (scaling) 

The origin of the log-factor is quite clear. It is due to brems 

strahlung of gluons. Recall our discussion in e+e- in section 4.2: 

2 

'f",Q ~ - log 

Q~ PT 

The splitting function Pq~q(z) is easily calculated from Feynman 

rules to be 
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(The divergence as z + 1 is cancelled when virtual gluon contri

butions are included). 

We therefore have 

2 

<Xs(Q2)x--) P (x/y) log ~ - L
1 

~q(y) 
. 

{CCl + + ••• y 1T q+q Pg+q(X/Y)}
Q~, I

V 


q (x) 


One wants. to incorporate th~ leading O'.s-corrections into the 

structure function. One therefore redefines 

+ ••••• 
or (to leading order) 
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These are the so-called Q2-evolution equatioffiby Altarelli-Parisi. 


g(x"Q2) is the gluon distribution in analogy to the quark dis


tribution q(x,Q2). 


Although we do not know the structure functions q(x,Q2) and g(x,Q2) 


from first principles the equations above tel~ us that, once we 


have measured them at Q2 = ~ , we know how they will change wit'h 


Q2. This is the essence of QeD' in deep i~elastic scattering. 


The "Altarelli-Parisi equation is particularly simple for XF3 (x,Q2) 


where the sea contribution drops out; 


d 2 Cts(Q 2 ) J1
2 (xF 3 (xQ )) = p (/) F (y',Q2) x~Y21T q-+q x Y Y 3" dlog Q 4 Y 

The left hand side is directly meastired (by determining the slopes 

of xF 3). The integral on the right hand side is a convolution of 

xF 3' which is measured up to x=0·,65. One was thus able to deduce the A 

parameter in the running coupling constant, eq. (2.4): 

r---------------... , 
= 0,25 ± 0,15 GeV GlUON STRUCTURE fUNCTIONAMS 6 G(.) at 0' .. 10 G~Y' 

~COHS5 

The evolution equations (5.10) and 

(5.11) allow us to determine the 

gluon distribution. The distribution 

obtained from v-data is shown here. 

01 02 OJ 
I 

The gluon distribution function 

.,._ ..... 
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6. 	 Large PI processes in hadron-hadron ..scattering - jets at the 

collider 

6.1. The .general picture 

The appearance of jets of hadrons originat~ng from hard scattering 

of partons is one of the most important predictions of 

QeD. By hard scattering we 'mean that .the scattered partons have :a 

large angle or a large transverse component. The process is 

illustrated as: 
beam jet 

jet 

jet 

The incoming particles A and B contain partons a and b which ~catter 

produ~ing partons c and d with large transverse momenta PT- ~artons 

c and d then fragment into "high PT" hadron-jets. In the c.m. system 

of A and B we then see the following picture : 

A 

~B ·~·fb-~ 
B target jet 

Large PT of partons means that 

partons have scattered at a small 

distance (rv _l.) thus bchavinsr us
PT. 0 -> ==;:,-'

point-like particles. A target,. beam jet 

Furthermore it implics that we 

can apply (pcrt.urbativc) QeD. jet 

Jets ''1ere clearly seen only at ~.hc pp.-c.ollidcr of CERN a.t IS = S40GeV 
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where the total transverse energy LET (perpendicular to beam axis) 

is very high. 

Jet events ob

-'-----~ 
'. '" /

! ........ 
................. _- .......... 

":~":""'-:'-::':':'::"-"';"4~-~:~'" 
0., .... ,.. '. 

-'-=-~~ ............,.,,'
// 

/ 

tol . 

... .. 


served by th~ 


UA1 and UA2 


collaborations 

~ 

at CERN. Dia

gram (a) shows 

the particle 

tracks as re€onstructed in the UA1 
([RN lIP Is ~ SI.O GfNScale I 
UA2 txpel'llllel'lt10GIVcentral detector. Plot (hj corresponds 

to a two-jet eyent observed by the UA2 

collaboratIon and shows the transverse 

energy deposited in the UA2 detector as 

a function of the polar· angle e and 

azimuth <p • . 

6.2 Basic mechanism 

For our discussion let us introduce the following variables for the 

parton subprocess: 

2
where s = (PA+PB) - 2PAPB' xl = qa/PA and = qb/PBx 2 

t ( ) 2- qa-qc 

:f .... ~. 

Here masses have been neglected. 
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....
The cross section for producing a parton jet of momentum Pc and 

energy E_ in the processc 

AB -+ (jet)c X 

can be written as: 

1 . (1 E d 33
d 1 a 2 b 2 (c (J .JEc + = I 0 fA (x1 ,Q )fB (xZ ,Q) 3 (ab· .... cd) =dX 1 dx Z
d Pc ab f0 ld Pc 

Here fJ{(Xl,Q2),f~(X2,Q2) are again the structure functions giving the 

d tribution of parton a or b in hadron A or B, respectively. 

So~e basic QeD diagrams for the subprocess ab -+ cd are the following 

ones: 

+X ~+ 
gg ..... qq 

gg -+ gg qg -+ qg 

The parton cross sections 

do 
di 

are shown 1n table I. 



- -
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Table I - Parton cross sections: da/dt = (na;/s2)IMI2 [averaged (summed) over 

initial (final) colours and spins]. s,t,u re~er to the parton processes. 

PARTQN PROCESS 

qq' -+ qq' 4 s2+u 2 


qq' -+ qq' 
 -9 t 2 , 

4 S2+U 2 s~+ t 2' 8 u 2 
qq -+ qq -(--~- +--~-)---

9 t" u" 27 st 

4 t~+u2- ,- iqq -+ q q 
S29 . 

4. 5 2 +U 2 t 2 + u 2 8 u 2 
-(-- + -- )-- 

'9 t 2 S2 27 5t 
qq -+ qq 

32 u 2 +t 2 .8 U2 +t 2-qq -+ gg 
27 ut 3 52 

1 u 2+t 2 3 u 2+t 2-gg -+ qq 

6 ut 8 52 


4 u 2 + S2 U2 +5 2 
-- -- +qg -+ qg 

9 us ----;r 
ut us~(3 	 st)gg -+ gg 
52 22· 

- -
t 2 -

u 

Q2 should be 	~ pi. In practice Q2 is often taken as 

Q2 2stu 
= ~2 ~2 ~2' 

s +t +u 

• In order to see what happens at collider energies l~t us consider 

central 	production ~here xl =x z- ~ x and where the partons are 

90 0scattered at to the beam axis. We have then the following 

configuration 

cl Xv'S/2· 	 This implies that PT(=ET) of the 

scattered parton c or d is 
xlS/2 xlS/2<:-a " b PT = ET = xlS/2 

2 1 2 2and 5 :; x sand f :; -	 "2 x S=-2PT 

dl xlS/2 
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It is conveniE:nt to introduce - 2PT / /S (i.e.xT =: x for 90 0 xT 

scattering). Since IS = 540 GoV at the collidcr ,for PT '= ,o··~ ZOGeV 

xT is rather small (xT < 0,075). We already know from deep ine

lastic scattering that at small x there are many gluons in the 

nucleon. Moreover the gluon-gluon-gluon coupling is favoured by 

the colour factors (see also below). We therefore expect the gluqn jets 

to dominate. crhis was not ~he case in the ISR energy range (1S=~3GeV) 

where for, PT = 20 GeV ~ x ::. 0,6,. i.e. ,in the' region of valence quarks (not 

many). Therefore the cross section is smaller). 

- Fir~t we see that as long as the structure functions f~:~(xl,2) 

scale, i.e., depend only on Xl and Xz we expect at fixed Xt (or 

fixed angl~) 

1(r17r--·--r----~---..,.-----__r---_._---

t 
Suled jet Hess secti:lOs 

UAl ~p -
.1s= 630 GtV 
./s; 5«.6 (fV 

AFS pp -
o/s: 6) (ie'/ 

./s: '4:; (1eV 

jet.X 

jet.X 

i 
, 
I 

-1 

J 
i 

.
o. 

Comparison of ISR and PP collider data giving clear evidence for 

scaling violation, i.e., f~'~ (x, '2,Q2).-, , 

-A good fit to the data (v~ = 27 + 540 GeV) is given by: 
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n = 5,1 ± 0,3 

m = 10,6 ± 0,5 

'3 
• th E do 	 )ffiW1 A -n C1dp3 = PT -~.. 

1~ __--__---r---.r---.---.----.--~ 

{s= 

o 27.4 GeV 
o 540.0 GeV 
o 45.0 GeV 
<> 63.0 GeV 

10-3L-_---L...__'--_--'-_----J__--'--_---"__..J 

o 	 0.1 0.2 0.3 0.4 0.7 
Xl 

6.3. Angular distribution 

As we shall see)it o~fers a test of the vector nature of gluons and 

the existence of the 3 gluori vertex. 


All graphs where there is one-gluon exchange will yield a dependence: 
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dO' 
d cose 'V 

as present in the Rutherford formula (Coulomb singularity). Here e 

is the scattering angle of the parton su~p~ocess in the C.M. parton 

subsystem. This angle is equal to the jet-beam angle in the large 

PT jets rest frame, provided that the intrinsic momentum of partons in 

the nucleon and 'fragmentation effects are. neglected .. In the 

subprocesses qg + qg and gg + gg it arises from the three .gluon 

vertex while in qq + qq it would.be present in the Abelian case as 

well. Fortunately, the angular distribution of all subprocesses 

listed in Table I are very similar as seen in the figure here: 

) -2The ·da ta 'agree wi tho a (1-cos e 


behaviour thus demoristrating 


beautifully the vector na ture 


of gluo.ns. They also 


prove that quarks are point


-like particles down to a 


dista~ce of about Sx10- 17cm. 


For a better description of 


the angular distribution, QCD 


corrections have to be taken 


. into account . 
O,S 0.1 09 

Icos 01 

The jet angular distribution 
(data from UA1) . 

.6.4 •. Structure functions, factorization 

Due to the qqg and ggg couplings, we have approximately 

http:would.be
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(gg -+- gg):: (qg -+- qg) (qg -+- 'lg) : (q'l -+- q'l) = 

4 41· '9 '9 
.. l 

., . 

We. therefore see a weighted mixture of quark and gluons in the 

nucleon: 

F(x) =~ g(x) + ~ [q(x) + 'l(x)] 

We then write 

x 
-
LL 

10-' 
.." 

10-'3 L-_.l-_..J__..J.-_-1-_......J-_~_--'--_-:: 
o 0.2 0.4 0.6 0.8 

x 
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Assumptions: 	 K = 1 (F(x)1K is actually measured) 

a (Q2) = 12n/23 InCQ2/A2), A = 0,2 GeV 
s 

Comparison with structure functions measured by CHARM collaboration 

and extrapolated to Q2 ~ 2 000 GeV~ l 
This is actually the first 


direct measurement of the 


gluon density because in 


F(x)deep inelastic scattering 


the g(x) is determined 


indirectly from the Q2'de_ 


pendence o~ q(x) and q(x) 


(Altarelli - Parisi 


equations). 


At the collider one has 


even obse'rved 3 jet config-. 


urations (besides the beam 


and target jet) as resulting 


from gluon radiation. From 

10-3L-__L-___~__~--~--L--~--~--~ 

the ratio (3 jets/2 jets) O. 0.2 0.4 0.6 X ,0.8 
, .one could extract a value 


for as = 0,162 ± 0,024. 

,

7. Drell-Yan process 

Another applicatio~ of the quark picture and QeD is the Drell-Yan 

process 

10 o UA 1 
o UA 2 

1 

that is hi gh rna s sIcPton p a-i r prod.ue t i on: ,'_ ", 



j 
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A 


B 


+ T e elementary process is qq ~ ~ ~h 	 which we already know 

Zdo 41TOor 	 e q 
Z o(QZ_s) 

~ dQZ 
= 3QT 

where s (p +p-) Zp p= q q 	
Z 

= q q = ZX 1~ZPAPB = x 1xZ s 

Zs = (PA +PB) 

We therefore have 

Z 1 	 - . 

= ~ (:~2 ) l e~ J0 dX l dX Z ·[£1 (Xl )f~ (x Z) + 

q q Z . 
+ f A(x1)fB(x Z)]o(Q -x1x Zs) 

(7 • 1 ) 

The factor 1/3 accounts for the fact that coloured quarks have to 

form a colour singlet ph?ton. (The qq pair must have the same 

colour. Only 3 qq combinations out of 9 are possible). 

_ From eq. (7.1) we obtain the scaling behaviour: 



--
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The following figure shows that the data fulfill this scaling law to 

a rather good approximation. We also expect the cross 

sections for n+N, K-N, 'N 

(for production of high mass ....... , 
1+1- pairs) to be higher than 

... 
10·~those for PN or K+N scattering 

because in the latter two 
•...

reactions the antiquarks • 

can only come from the 

sea. This is also seen in 

5 r"the data. 10 

Furthermore one has ) J 
0.:' 0::- 0.5 

1. do + •••••1T+N (isoscalar) 9 1 
'V 4"

Tr-N(isoscalar) 9' uu + 

The Drell-Yan process TIN + l+l-X also allows a determination of the 

structure functions for the pion. For instance, NA3 at CERN measured 

the vqlence distribution to be 

.

7.1. QeD-effects 

* + In addition to qq + Y + 11 11 (sec. 7) , also t~efollowing pro

cesses appear: 

•• 0.....~ 
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+q'f7< 
q 

and 

.. 

(g within the nucleon) 
q (cD +g -+ q (q) + y* 

L.... 9.,+9.,

(In addition there are virtual gluon corrections). 

Taking into account these processes one gets (to leading order) 

the same formula as above (eq. (7. 1)) but the struc,ture functions are 

replaced by the Q2 dependent structure functions (~known from 

deep inelastic lepton hadron scattering) and an overall factor K. 

This factor should properly account for Oeas) corrections besides 

that f1:~(X) + f1:~(X,Q2). K should be of the order 1 2,5. 

It can be easily seen by looking at the graphs that by gluon radi

ation the ll+ll- pair 'gets a transverse momentum. It can 

be calculated to be (at fixed T) 

'. 

where the constant term contains non-perturbative effects (intrins.ic 

kT of the partons within.the nucleon, etc.). The rising of PT 

with IS has' been seen in· the data. 

http:intrins.ic
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8. W-Z Physics' 

8.1. w-z Production 

The Wand Z production in pp collisions goes via the Drell-Yan 

mechanism just discussed • 

Without taking into account 

QeD effects for the moment,the 

elementary subprocesses q,-+:qz~W 

are: 

u + 	a -+ w+ 

-d + 	11 -+ W- p 

- zOu + 	u -+ 

zOd + a -+ 

In analogy to eq. (7.') we have for the cross section 

, o(p~ -+ ,W+ +anything) -- f01 dx, 

where &(x, ,xZ) is the cross section for1thesubprocess q, +qz -+ w+ 

(neglecting the width of the W) 

with G ~ '0- 5 M~Z being the Fermi constant and MW the W mass. 


,w'+ (x"xZ) is the appropriate combination of structure functions 


The factor 3" has the same origin as explained' in section 7., ec is 
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the Cabibbo angle. By making use of the a-function one can write 

the cross section in the-form: 

o (pp ... W+ +anything) = n1TG '[ r dxx W+ (x, i) with T~/S 
. T 

The,cross section for zO production reads: 

with Z =. ~ {[u(x1)uexZ)+u(x1)uex2)J({ - ~ Sw + ~ s;) + [d(x1)aex2~ + 

- 1 1 Z 2
+ dexl)de~Z) + s(xl)~(x2) + ~(x1)s(x2)] x (~ - 1 Sw + ~ sw)} 

Sw = sinZs (Weinberg angle)w 
z 0,22 

The expressions in the brackets containing Sw correspond to the . 

coupling ?f the zO to up and down quarks given by the Weinberg~Salam 

mqdel. The charm distribution in the nucleon has been neglected~ 

Using QZ -dependent structure functions one -obtains at IS = 540 GeV 

Z cm 

'c 

Including the next-to-leading order diagramas (see section 7.1) 

such as 
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the cross section is expected to be correctctl by an overall factor 

K rv 1.3. ,ba_~'\..(t () f ti'\.c. ore-:·j c.o-..f V...nc.C r'~!I_i yd.".., 
(.n{)dl~ {-r()'n'" s{-n.u tv.-r- (-l-:.,,\c...Cio,,\s) 

A further effect of 

o-(n.b) ~w++w~including gluon ra


diation is that the 100 


to ~7-0W gets a transverse _40 


momentum PT which is 40 


zero in the simple 

2.0 

Drell-Yandiagram 
10 

(section 8.1). The 


calculation is more 


subtle because one has 


to take into account ~. 


multigluonbremsstrah
 f • f t f 

L--o~.~~~O~'5~~I~.O~"-"~~;~.O~~5~.O~~lO~.O 2.0 £,0 iOO 

lung emission. --fS TeV 


A comparison of theory 


and experiment is shown 


here. 


One gets an average PT of the, W: 


<PT> ~ 7 GeV. Moreover due to gluon 


. emission one expects W+l (and 2) 


,... jet (s) events to 'be seen. 
' 



.J 
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32· 

",,24 
........ 
> 

CI.I 
l:J 

...... 
ex:: 
l.I..I 
0

V1 

~ 16 
l.I..I 
> 
l.I..I 

8 

16 

\., -'. ('V\. . "'" 
(' r 2 1:\/' w",. orII _ IA \ 1 .) 

~ ~ [vcnis dih j:.h:: 
(p¥l> 5GcVIe) 

nco 
AltCirclli ct ~L 
kef. (14]) 

32 40 

pia') (GeV/c) 

8~2. Detection of W ~ e(~)+v 

Although the leptonic decay modes of the Wand Z are .rather small 
W + - z·(rw(ev)/r tot = 9,2~, rz(e e )/f tot = 3\) their signature is very 

clear. 

How the detection is made in the case of W is shown here. Assuming 

first for simplicity the transverse momentum of the W to be zero 

( wPr = 0), i.e. the W moving along the beam axis: 

.. 

," 

p 
'6• e: Pe \ 
: \ e 

)' 
p' 
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We have: 

e ' MW * * = p s1.n6 .- -z- sine (0 ;: angle with respect to the beamP~ 
axis in W rest frame) 

This holds due to invariance with respect to boosts along the beam 

axis., 

The P~ distribution i's then given by: 

* 
= da Idcose I 

dcose 'l' dp~ 

cosS * = V 1 

* Idco!~1 = r 2 '" 	 fdPT 	 .' V, 4 e 
1
ni/"

- PT 1' W 

e 	 eThis 	 implies that the PT distribution develops a peak at PI ::: MW/ 2 

'h ' l' f' h T b '. Idcos e* I I l' . .due to t e slngu ar1.ty,o. t e ~aco lan e . n rea 1ty It 1S 
. dPT 

smeared out by PTW f 0 (+ by rW and energy resolution). 

The data show such a behaviour. 

To determine the mass l.\'l of the W 

one, however, prefers to define a 

UA 1 

43 Events 

-----1--1 
-  \}-1'~V, 

----. x ~ :; I.'V 

where ~ is the angle, between ~~ 
.1 

~V' ~v ~miss
and Pr ' and PT = PT is the transverse \J-momcntum. This quanti ty 

is essentially independent of the W momentum and has a distribution 
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with a Jacobian peak near MT = MW. 

The following values w,ere obtained: 

.. '" 
UA1: MW = 83,1 + 1 , 3 + 3 GeV 

- '0,8 
(stat) (systJ 

UA2: = 81.,2 ± 1 ~ 1 ± 1 ,3 GeVMW 

For zO -r e+e- there is no problem in detennining the mass' since both 

~epton momenta can be rneasuted: 

UA1 :. = 93,0 ± 1 ,6 ± 3' GeVMZ 
(stat.) (syst. ) 

UA2: = 92,5 ± 1 ,3 ± 1 ,5 GeVMZ 

8.3. Charge' asymmetry in W -r ev 

The fact that the W decays weakly due to the V-A coupling in ihe 

Standard model i~ reflected in a charge asymmetry seen in ~p colli 

sions. 

Due to the V-A coupling in the processes 

+-r e + vu + 

-d + u -r W -. -r e + v 

the' fermions (e-,v,u,d) must have helicity -1 whereas the anti 

fermions (c~,V,U,d) have helicity +1, i.e., we have the following 

configuration (in th~ rest system of the W): 



15 

v 
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e 

,. p 
11 .. , pO~ 

* 2(1+cos8 )'" 
( c::::> indicating the helicity) 

If W production mainly comes from annihilation of valence quarks 

(which is the case at the CERN ~p 

Collicler) the e+ is preferential 

ly emitted along the· direction of the 

antiproton mOJIlentt.ID1 \vhereas the e - pre

fers the proton direction. 

The data show indeed such a be
2Q 

haviour: 

(Note that one would get the 

same result for the charge 

asymmetry for a (V+A) coupling). tl 

]
··UA.I 

I 
# • 

IAcccpt~'c corrc:tcd . , 
I 

(1 • co~ a c-J1 . 
.. ~. ,.t

i 
. ..I 

J~ 
-1·_/1 

/ 
J/' .. 

J ,~/
J71

o ~--------.------------~~1 0 1 . 
. fit 

(O~. 9

8.4. The quark structure functions 
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, 

the UAl collaboration obtained the following distributions: 
.. "J 

I 

I 	 " 

48 r-	 481-.W-+ ev 	 1
,,1

I 	 l 
i W.--+ ev I

118 EVENTS40,.. 

O.S 
x 

The longitudinal momentum distribution of the W is: 

I 
i 

0.2 

U a.UARK 

0.4 0.6 

. 118 EVENTS 

d a.UARK . 

0.4 0.6 O.B 

x 


10~--~--~----~------~ 

I 

'1~117_ W --'" ev 
~ 	 olS:51.6GeV.'+,

S9EVENTS 

;It ';-' -\t'r:-{S:630GeV.
~ I ' \. 113 EVE/nS 

; I ~.l_' ,
. I . ',\" !"0.1 	 - I \ I ~ 

I Eichte/l et al. PSJ .....\ ,(>--'
1Is 	: «;1.6 G(!V~\'

Is 	 :: 630 GeV':'---- \ (; : 
. \1 i 1 

. -\'~-: 
0(11 __L----1---L--'· '. __\_I 

o 0 2 0 4 0 6 0 a 10 

x'" 
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8.5. Comparison w~th the predictions of the Standard Model 

Masses' 

The Glashow-Weinberg-Salam model yields the relation 

where g=e/sin8W is the Wev coupling 

(8.1) 

v 

Here' 8
W 

is the Weinr)erg angle, the Fermi coupling constant 

G = (1.16638 ± 0.00002) x 10- 5 GeV- 2 , ~-1 = 137.03604 ± 0-00011 

(at Q2 = m;). This leads to 

37.28 
MW ,= sineW (GeV) 

Radiative 	corrections like 

f y,Zo HO (Higgs) 
,-- .... , 

." "\. \ 

~N ~ 
f' 

modify MW to be 

1 . (GcV) (8. 2) 


'. 
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was calculated (with mtop = 36 GeV, MH =M
Z

): 

which gives 

fjr = 0.0696 ± 0.0020 
~ 

uncertainty in Sin20w 

" .. 

38.65
MW ,- (GeV) (8.3) 

sineW 

(More generally ~r = 0.0696 + o. If, for instance, heavier ferm10ns 
20 23cx' cos W mfexist, » 40 GeV,- 0 would be 0 = - T61T . 4 ' :::z - -0.048mf 

S1n eW MW 
.~or mf = 200 GeV. 

In the case of a heavy Higgs particle MH > Mz 
M2 

11cx" 1 H
'0 = lnC::z) z +0.009 for MH = 500 GeV)481T . 2

S1n ew . MZ ... 
Taking the present world average for SinZe from low energyw 
experiments (vN,vN,ve,ve, e (polarized) D, e+e- + V+V-) 

. • 2
S1n eW = 0.216 ± 0.006 

one obtains from eq. (8.3) a mass. 

M~h =(83.16 ± 1.16) GcV I 

In the case of the ZO we have (wi thin the minimal Higgs scheme) 


MW
Mth 38.65 (8.-4)Z = cosOW' = 
5 in ~\~,co saW' 

", ...... 
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which gives M~h = (93.92 ± 1.15) GeV. 


These values agr9c well with the measured masses as given in 


section 8.2. 


_ Decays of Wand Z 

From eq. (8.1) one easily calculates the leptonic partial width at W 

3
GMW 

- 250 MeV (8.5) 
61Tl'2 

For the decay into quarks qijJ one has to take into account the 


Kobayasbi-Maskawa matrix elements and an extra factor 3 for· the 


.3 colours of the quarks: 


(8.6) 


where U , 'is the Kobayashi:-M.askawa matrix (see section 1.4).
qq 

For rW(tE) we cannot neglect the masses as we did above: 

We therefore have for the total width: 

rw = 3rW(ev) + (2+0.64) '1..' 3 +: rW(ev) ::::: 10.9rW(ev) ~ .2. 73 GeV 
\.--~ "---v----> r (8.7)

L'colour3 lepton 3 quark 

doublets doublets 


i.e. the branching rati~ B(cv) = 9.2~ 

11 • b SId 1 h ZO l' . f' . f . .I n t he ~eln erg-La am rno c ~ t c coup Ing to a crrnlon-antl:ermlon IS: 
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with CV' as listed in the following table:CA 

f 

v ,v ll ,vTe 

e,ll,T 

u,c,t 

d,s,b 

Cf 
A· 

1/2 

-:-1/2 

1/2. 

'-1/2 

Cf 
V 

1/2 


.
-1/2 + 2 Sln28W 
4 2 .

1/2 - sin"3 eW 
2 . 2e-1/2 + "3 Sln W 

(that is'CV = I~ - 2 Si~28WQ, CA = I~, see section 1~4) 

The correspo~ding widths .are therefore 

GM3 

r z (t'f) = 
z [(C.t)2 + CC.t)2]

V A61Tfl 
(8.8}

and GM3 
Z 3 [ (cq) 2 ccq) 2]rz(~q) = +V A ;;.6n/2 

Correcting again for the top mass '(assuming m -= 40 GeV) , we get
t 

ri(t,f) = 0.25 r(ufi). 

Finally we have: 

+ 2r (uu) + .rz(tf) ::: 2.75 GeV (8.9)z 
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where in particular for each neutrino one obtains from eq. (8.8) 

(8.10) 


If there are further neutrino' in addi tion ,to ve ' "11' "T with a 

mass «MZ/2, r7 would change according to eq. (8.10) 
1..1 

(8.11)'IL-_f_z_=_2_e_7_5__+_0_"1_8_b._N_,,~(_G_e_v_)---, 
where ~N" is the additional number of neutrinos. Hence a precise 

measurement o~ the total ZO-width gives us infor~ation on ~he number 

of neutrinos and co~sequently of the particle generations. 

- Cross Sections 

We already discussed the production cross section of Wand Z in 

section 8.1. Experimentally one could measure 

a; _ a(~p + W± + anything) x BeW + eu) 


and 


The comparison between theory and experiment is shown here· 

IS 
(GaV) 

eOw (theory) 

546 0.. 36 
.;0-:-11
-0.05 

630 0.46 
+0.14 
-0.08 

UAl UA2 

'o~ o~ 

0.55 ± 0.08 ± 0.09 0.49 ±0.09 ±O.05 
stat syst 

0.63 ± 0.05 ± 0.09 0.53 ± 0.06 ± 0.05 

(0: 
 is in nanobarns) 
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IS 
(GeV) 

e
°Z(theory) 

UAl 
oe 

Z 

UA2 
eOz 

546 41 +13 
-7 40 ± 20 

stat 
:t 6 
syst 

101 ± 37 ± 15 

630 51 +16 
- 8 79±2l±12 56 ± 20 ± 9 

.(a~ is in picobarns) 

We can also' use eq. (8.3)' to calculate the Weinberg angle from the 

experimental value for MW (see end of section.4.2) ge~ting: 

. 2 +0.005UAl S1n 0.216 ± 0.0168W = -0.008 syst 

.UA2 S1n 2eW = 0.227 ± 0.006 ± 0.007 

This compares quite well with th~ world average value from low 

energy experiments sin2 ~ 0.216 ± 0.006.ew 
222Furthermore we can determine the parameter p = MW/MZ cos whicheW 

(in lowest order) is equal to 1 in-the Weinb~rg-Salam' model with the 

minimum Higgs sector. From the collider experiments one obtains: 

UAl p = 1;018 ± 0.041 ± 0.021 

UA 2 p = 0.·996 ± O. 02 4 ± o. 00 9 

It is often-, convenient to introduce a ttrenormalizedlt .definition of 
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the Weinberg angle (thus being independent of radiative corrections) 


in terms of physical Wand Z masses 


. 2,
Sln 8W 

Assuming p = lone gets from this definition the following values 

. 28HAl Sln W = 0 • .202 ± 0.036 

UA2 sin 2ew.= 0.229 ± 0.03 

-The zO width r and the number of neutrinos 

Since a direct measurement of the zO width would require a precise 


knowledge of the mass resolution, the following method was chosen 


to determine r Z• 


One measures the ratio R of the production cross section for 


Z + e+e-' over the corresponding one for'W + ev: 


e O(Z)fZ(e+e-) 
R = 

crz 

= 
 cr(W) rz 

where oeW) and o(Z) are the production cross sectiomfor pp + W(Z) ~ X 

(see section 8.1). o(Z)/o(W) is known from QeD being 0.30 ± 0.02. 

The ratio rZ(e+e-)/rW.(ev) can be inferred from the Wcinberg-Salam 

model (see section 8.5). We thus have: 

t O/6)R 

1'\:......_--::.._.,_. (t.hcor'c t icaL..uncc-rta intty) 
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We can furthermore take fW as given by the standard model (fW = 

= 2.73 ± 0,07 GeV) and calculate fZ from the mea~ured value 


R = 0.125 ± 0,023 . (average of UA1 and UA2). 


By the relation (8.11) one finally obtains an upper bound for the 


additional number of neutrinos . (with masses « MZ) 


~Nv < 2. 4 ± 1· 0 (90<& e.L.) 

Concluding our discussion of e+e-, deep inelastic IN react~ons, 

jet production in hadron-hadron collisions and 1n particular of 

the properties of production and decay of Wand Z in pp annihi

lation we fin~ beautiful agreement with the Standard Model. 

This is v~ry satisfying ~f course. However, we know that the model 

must be incomplete. Although there are many ideas put forward to 

extend the model,we have not got any clear hint from experiment in 

what direction we have to go. 

9. Hadronization of quarks and gluons 

So far we have not yet discussed 'how (coloured) quarks or gluons 

fragment into (colourless) hadrons we observe~ This mechanism of 

"'..hadronization is obviously related to the confinement problem 

not yet fully understood. Although it is not yet possible to 

calculate the formation 9£ hadron jets from first principles, there 

has nevertheless been cohsiderablc progress in understanding many 

properties of jets from a phenomenological point of view motivated 
.. 

by QeD. 


There are at present three major classes of fragmentation models, 
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each of which have been implemented in Monte Carlo simulation pro

grams: 

a) The Independent fragmentatiori Model CFeynman-Field 

model und generalizations) 

b) String Model (Lund model) 

c) QeD-Shower Model 

For a 3 jet configuration in the final state of e+e- + qqg they 

are visualized in the following picture: 

Independent FragmentatIon 

Hoyer 
All 

. Feynrr.cn -Field 

~,. . . String - Lund 

'~.,ons from Breoks 

Field - Wol from 

(b) 1rv-...,.....,.......,...M?_ 
--""-

QeD Shower 

Cal-Tech 

GolfSC~lolk 
Webber  Mcrcheslf'1 ~ 
Mueller 

9.1. The fragmentation function 

. + Let u~ first discuss the clearest case e e -~ qq + h+X 
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h 

.. . 

Here the cross section can be written in the form 

do + - + (e e -+hX) = I o(e e -+ qq)[D~(Z) + DhCz)]Oz q q 

2 
(4nCt ) 3 (9.1)= 3s I e~[D~(Z) + D~ (z)] 

qq 

Here 

Dh(z) therefore is the prob~bility that the hadron h is found in q 

the jet of a quark carrying the fraction z of its energy. 

Quite generallY,as also in eq. (9.1)/ it is supposed that the 

conversion of a parton q into a hadron is independent of how q 

was produced. 

Since the energy of all hadrons fragmenting from a given quark 

must be the initial energy of the quark, we have 

I J1 z Dh (z) = 1 (9.2)
h 0 q 

Moreover the average multipl~cit~ of hadrons of type h is given by 

r . D~(Z)dZ (9.3) 
z .ml.n 
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By combining eq. (9.1) and (3.:~) one can also 

(0 is the total cross section) 

hThe quark fragmentation function Dq(z) can also be measured in 

deep inelastic lepton hadron ·scattering. (1N -+ hX) prov~ded the 

hadron h is a fragment of the quark q and not of the diquark left 

over in the nucleon as seen here: 
l'In the centre of mass system the 


quark jet is equal to the forwa~d 1 

-----i""---~ 

jet (XF >. 0 'or current· fragmen!. 
d) 

ation re gion) whereas the - ~-r-....;j~iJJ-.'- u~ protondiquark jet .~~r~,/'"..""'t'~_t:::"....;........ 


hadrons· from the diquark jet 


lie.in the ba~kward region 


(X < 0 or target fragment~
F 
ation region). It can easily be seen starting from eqs. (5.5), (5.8) 

and (5.9) that for electro (or muon) production one gets: 

do h 
(9~5)(ep -+ hX) = L e:qCx)DqCz)

0 Oz q 

.
where 

2e f~(x)
(; (x) = 

L e 
iq fq(x)
q N

'q 

In v(v) scattering £d(e: ) is ::: 1 (wi th cos 28 ' ::: 1 ) and all other u c 

are .small.£q ,., ., ........ 


u) 

quark
jet 
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Here z is conveniently defined as z = ~ qp = Eh/v (for the de

finitions see section 5.1). 

The fragmentation function can also be expressed as: 
.. 

1 - -dnh 
= 

N. t dzJe s 
(9.6) 


(PL being the longitudinal momentum compQnenta10ng the )et axis) 

wher~ N. t . is the number of jets and duh is the number of particles
Je s 

of type h in the interval dz. This formula is particularly useful 

-in studying jets in hadronic reactions. 

9.2. The Independent Fragmentation Model (IFM) 

It was originally put forward by Feynman and Field. It describes 

hadron production in quark jets through the iteration of the funda

mental transition 

q -+ M(qq') + q' 

in which the incident quark fragments into a meson M (containing 

qq') and leaving a quark q' which then undergoes an analogous 

transition: 

----:9:l--~>...----:=:::;i(==== qt J M 


( q 4\" 

~==~~~====~ J Mesons 
(. ..... l~ 
(.. J 

If the original quark has four momentum p then each splitting results 

in a hadron with four-momen~um.zp and a left-over qua~k (l-z)p. 

The probability for such a splitti"ng is cl.cscribcd._by £(z)~, 

http:four-momen~um.zp
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. 2 J: dzf (z) = 1 . .;..ap + 3ap(1-~) , fez) = (9.7) 

where 
(PII + E)h Eh 

z = -(PII + E)
q 

r'q 

By recursion of this splitting process one can easily derive the 

following integral equation (typical of cascade pictur~s) for the 

fragmentation function of primary hadrons 

D(z) = fez) + J: dn D(~)f(1-n) (9.S) 

Corrections for secondary decays of course have to be made when 

comparing to experiments. 

The limited transverse momentum of hadrons within a jet is 

irtcorporated into the model by giving the q' and~' (in the figuie 

above) a probability distribution 

but such t4at the net transverse momentum of the ij' q' pair is 


zero. This guarantees that the transverse momentum of the (primary) 


hadron 5 i s limited. (<PT> = Frr. 0'q) . 


The spin of the produced hadron is determined at each branching 


by the ratio. of vector (p,K*, ... ) to pseudoscalar (u,K, ... ) pro


duction by the param~ter U = P/P+V.
v 
The quark-antiquark pairs ij'q' in the d~cay chain can be (un), (da) 

or (s~)with (un) and (da) produced with equal probabilities. 

"CcE production can be neglected). The si production is determined 

by the parameter Ys (where Ys+Yd+Yu = 1, Yd = Yule 
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In the Monte Carlo program one does not solve the inte

gral equation (9.8) of course, but starting with a definite quark 

the particle chain is produced by choosing successively quark
... 

-antiquark pairs(qtq') according to the probabilities Y 'Yd'Y and , u s 

giving t~c quark qt a momentum. according to the probability func

tion fez). The chain is stopped when the residual quark be~omes 

sufficiently soft. Typically, a minimum value (E+PII )min. 'V 0,.5 GeV 

is introduced. Unstable vector mesons produced in the chain are 

then ailowed to decay according to the decay modes and branching 

ratios found in the particle data tables. 

Values of the par~meters in the model were determined by fits to 

various data: (see ,the following figures) 

0 0.2 0.4 0.6 O.A 
x~2E/W 

2E h /Js 

a - 0.5 . 0.7F 

- 0.32 ... 0.35 GeV0q 

a - 0.4 ... 0.5 
v 

- 0.17Ys 

102 
102 
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Heavy meson producti01!.: Here the heavy quark tends to carry away 

a large fraction of momentum. In addition, if the production-of 

heavy quark pairs is strongly suppressed, th~ heavy meson will 

always contain the primary quark. Therefore the followirtg form 

is used 

,, c--Z
'z [' - .-,-]z -z 

where £ - 0.18 for c quarks and c - 0.04 for bottom' 

2:

o C!. 

quarks. 

r. 1,~ • C:)>iS 

Dllll/ oE~3\ 
, c elE: 

• MA.Q" tl Ir ,.,,, . 

II. 

Momentum fraction carried by n* mesons in c-jet 

Also baryon production can be, incorporated quite easily by demanding 

, that instead of a quark-antiquark pair a diquark-antidiquark is 

produced in the chain-. 

From the ratio of baryon to meson production one can deduce that 


the probability for- this-ha~pcning ig about O~OS '0 • 1 • 


."- .". 
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The fragmentation of a gluon can be described by a similar process. 

The gluon first spli ts, into a quark-antiquark pair. The, daughter 

quark and' antiquark then fragment, independently, using the 

scheme described above. The ,question is only how the energy of the 

gluon is shared by the quark ~nd antiquark. In one model (Ali) the 

energy is distributed according to the Altarelli-Parisi splitting 
, 2 

function fg(z) = Z .+ (1_z)2. In another version (Hoyer) either the 

q or the q gets the whole gluon energy with equal proba6ility. 

9.3. The Lund String Model 

The essential difference between the Independent Fragmentation 

Model and ,the String Model concerns the role of confinement. In the 

string picture independent (isolated) quarks and antiquarks are 

unphysical. The colour force lines connecting an oppositely 

coloured quark antiquark pair are supposed to be confined to a 

narrow tube like c0I!figurat ion as shown here: 

QeD FiELD liNES, 

, ~heom"lic Illu!ltralions or neld lines between opposite charge!! an 

QeD 

From potential models of qij bound states we know that the poten

tial energy E between a'q and ij is E ~ Kd where d is the separation 

between the two quarks and K ~ 1 GeV/fm is the string tension. If 

d increases we will have at some point an energy.l.~r~~r than the 

mass of two light quarks and have qq , pair production from the field 

... ' 

1 
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between the original pair. The string breaks and forms colourless 

mesons 

~ :::::0---41

. A__ B _.t a ---:.:]:> a ____ .:::::o 0_. _..=0 

In this ~ay the sl~west mesons are produced first in contrast to the 

procedure used in the independent models where fragmeniati6n starts 

lvi th the fastes t quarks. I t' is therefore called an "ins ide-out 

cascade". 

In the Lund model a longitudinal fragmentation function of the 

form 

fez) - (1+c)(1-z)c - 0.3 - 0.5 
(for u,d,s quarks) 

is ~sed. Finite meson mass and transverse momentum relative to the 

flux tube axis can be understood as a tunneling phenomenon leading 

to a production probability 

thus suppressing strongly heavy quark pair production'. Baryon production 

occurs by occasional creation of a diquark-antidiquark pair during 

~ the breaking of the colour string. 

Hard gluon emission is added to the model with a probability 

according to perturbative QeD on the order of Cls(see section 4.2). For a 

three p3rton configurat.ion the string is st.retched from quark to 

gluon to antiquark: 
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HADRONIZATION OF tlSENT STR1NGS" 

A\ LEADING 
- ~MESONG 

~08STRIN~ ~ _string 

=> ~~8STRING 
q q 

ORIGINAL AFTER INITIAL. 
STRI NG ~REAKS 

Identlficotwn ot a gluon Wllh ,1 ktnk In the con!lmnf:! slnrl5 act:ord

lng to lhe LV~D picturE: H-,e kmk sepdZ"tll(:S frum lhe slnntl 

throu6t. p<1lf pn_H-iucll"II"; III It-,c hddrontldllLln PI,'lufe 

Thus the gluonis identified with a kink in the .st~ing. The str~ng 

breaks at the gluon corner leav~ng over two q~ substrings which 

fragment into hadrons in their own res~ frames. Since the gluon 

energy is shared between the string ~egments the glucin jet will be 

softer than a quark jet. 

Moreover asymptotically one ~o~ld have 

2Cay 
dN )quark 

A further consequence of this picture is that there are fewer particles 

produced in the angular region between the q and the ij than between 

the quarks and the gluon since particle production occurs along the 

string. 

...~ ". 
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Schematic illustration of the 
different topologjes for thrce

-jet events expected i:p. ~he in

depend~nt fragmcI1tation and 

LUND .pictures .. q 	 q 

HADRONIZATION 
Adjusting the various para

meters of the model it is 
INDEPENDENT 	 -LUND 

possible to obtain very good FRAGtvlEN TAT ION PICT.URE 

agreeme~t with the experimen
. 	 + + tal data for n-,K-, (p,p), 

(A,A) production. 

The drffcrence'bet~een the 

independent fragmentation picture and the Lund String Model is 

however best seen in "3-j.et events", in particular in the angula:r 

dependenC8 of the particle and energy flow (the most energetic jet 

lying along e = 0). JADE 

~ 

1.001iII"I'"'T''''''''''''r-r"T'"T"'rT"""'I""r"lt'"T""l""r-r-r..,....rrr-rT"Tl."...,rr-rT"t-T..,... 

Here the string model gives 

a 	better description than 

~I~ 0.10_independent fragmentation. In -IWQ05 

the region between the two 
'01 

"quark jet" peaks, the inde- 0 • 

pendent fragmentation predic- . 
<:l:)

tion is too high. The Lund re-'§"OI
-I c 

s ul tis lower in thi s re g ion 

since there is no s~ring 

.§I~ 0.50 'j /~~~:>O'~\Gev/c!~
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stretching from the quar~ directly to the antiquark. 

9.4. Parton Shower Models 

This class of models is inspired by perturbative QeD. It is best 

described in the case of e~e- + hadrons. Hadronization here' is 

essentially a two step process: 

i) Production of a quark gluon shower according to perturbative QCD. 

ii) The formatiori of light, colour singlet hadronic clusters and 

indepen~ent hadronization of each cluster,mainly isotropic, quasi

-two body 'decay of clusters into known resonances. 

It is illustrated'ill the following picture: 

Schematic illustration 
of the Field-Wolfram 
model. The dashed lines 

illdicate the strings 

:'<lnecting opposite ly 

colored elements of the 

parton fillal state. 

HADRONS' 
~ 
C, 
.... 

r 

HADRONS 
.(). 

C3 .... , 

HADRONS 
T;I 

C4,.----- ...._--\" 

In the init.ial stages, of the evolution all the virtual parton masses 
2 2 2 are large, »A and so, us(k i ) is small. The diagrams areki 

therefore evaluated according to perturbative QC~ using, for instance, 

for the branching process q(p) + q(zp) + g((l-z)p) the probability 

function (in the "leading, log" approximation):- (see section -5.3) 

dP = 

4 1+z 2 
Pq+q(z) = J :--z . - l-z 
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where t is the (off shell) mass of the splitting quark. An analogous 

formula is valid for the splitting g + gg or g + qq. The 

branching process continues until some lower virtuality scale QO is 

reached, at which point hadronization (as a non-perturbative mechanism) 

is supposed to set in. Before forming cOlour-singlets by quark

-antiquark pairs all gluons split into qq pairs. 

In this class of models no fragmentation functions are used. Besides 

quark masses and the QCD scale A, essentially only one phenomenolo

gical parameter is used, the infrared cut-off QO specifying the 

energy at which one switches from perturbative parton branching to 

non-perturbative hadronization (QO ~ 400 MeV with A = 180 MeV). 

One point has still to be mentioned which is characteristic of the 

Webber-Marchesini model. Here the leading infrared singularities are 

taken' into account by ordering success ive opening angles. 

~ 	Angular ordering of successive radiations 
in the coherent partop shower fonnalism. 

It implies effectively a coherent 

treatment of graphs and that soft 

81 > 82 > 0 3 gluons are correctly taken into 
81 > 8 4 account in addition to the collinear 

(mass) singularities (see section 4.2). 

It is clear that also this model gives no deeper understanding of 

the non-perturbative part of hadronization (confinement mechanism). 

However, due to the many ingredients from perturbative QCD (parton 

shower evolution) and the very small number of parameters it is 

nowadays the preferred modelfor comparison with experimental data. 

The agreement with the data is generally very good. 
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9.5. Gluon versus Quark.~ 

From the discussion above one would expect jets. or.iginating from 
• j 

gluornto have a softer energy spectrum, due to enhanced radiation 

from gluons and the final splitting of a gluon into a quark

-antiquark. In QCD the multiplicities of quark and gluon jets 

behave asymptotically as <Ng>/<N > ~ 9/4. Although we may be veryq 

far from this region gluon jets should show a higher mUltiplicity 

than quark jets. Very recent studies of jets at the pp-collider 

indeed show a softer energy spectrum for gluon jets. There is also 

an indication t.hat they are less collimated than quark jets and 

the i r ne t c ha r g e i s con sis ten t wit h z {~ r 0 • 

10. Soft Hadronic Interact io,,-; 

Hadronic processes at low momentum transfer or small Pr (or soft 

hadronic interactions)form the bulk of the cross section. Although 

there is no justification for the use of p~rturbative QCD in the 

low PT regime (there is no large Q2 or something equivalent) there 

has been much activity in understanding these processes in a parton 

framework. We shall here discuss only one approachpthe fragmentation ~ 

approach as implemented in the dual parton model. Quite generally, 

the motivation for the fragmentation models for soft hadronic 

processes stems from the surprising similarity between multiparticle 

production in c+c- annihilation, in leptoproduction and 

in low PT hadron-hadron interactions. One calls this universality of 

fragmentation function~ in hard and soft processes. 
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To illustrate the idea let us consider pp + n+X, where the n+ is 

produced with a large fraction of the proton momentum. Let us 

suppose that it comes from the fragmentation. of an u quark 

P {~d:
-~ 

This suggests that the cross section should be written in the form: 

= J' 
x 

Firs t, it is intere sting to a bserve that with the structure flmction f~ ex) 

taken from Jeep inelastic scattering and the kr10hTI fragmenta.tion ftmction;one would 

arrive at a result more than an order of magnitude below the data. 

The reason is quite clear: First, the u quark carries only ~ 

fract.ion of the proton momentum, and second, the n+ 

again gets only a part of the u quark momentum. The various models 

based on the fragmentation mechanism avoid this difficulty by the 

so-called "held-back". effect. For example, for the meson fragmentation 

process n+p + hX, one valence quark is held back in the central 

region ex ~ 0) and the other valence quark fragments as if it 

carried all the n+ momentum. We thus have 

+
1 don +h - - ~ [D~(X)a 

since there are equal probabilities for the u or a to fragment. 

Meson fragmentation data are found to c.ompare well with the pre

dictions obtained using the quark fragmentation function from deep 
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inelastic lepton production data. 

Let us now describe in more detail how this held back effect is 

realized in the dual parton model. The reaction is assumed to be a 

two step proces$:colour separation and subsequent fragmentation. 

For definiteness, we consider the following diagram for pp 

scattering: 

1 - xl qq 
C 
C 

~ sl 
C 
C 

q 

C
q 

CS 2C 
C qq 

1 - Xz 

Each proton splits by the interaction into a colour and an 

anticolour object,i.e., into a quark with momentum fraction xl or 

x 2 and a diquark with momentum fraction (l-x l ) or (1-x 2). Then two 

chains are formed, each of these between the quark of one proton 

and the diquark of the other . This is the dominant diagram in the 

so-called dual topological expansion. It corresponds to Pomeron 

exchange in the Regge language. 

The probability distribution P(~~2) for xl and x 2 is taken to be ~ 

proportional to the valence quark structure functions in a proton 

Vex, ) v(x 2) 

1/2Since the structure functions are peaked at x ~ 0, vex) ~ x- (see 
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section 5.2.'1), the quarks are "held bac.k" ncar x '" o.l ,x2 
If the total pp cent.re of mass energy is /'S it is easy to see 

that the chairi 1 has the energy 

: 

= (0 + p) 
z = [.(.1-x"I)P1 + XzPz] Z - s(l-x l )x Z'5 1. • qq q' 

and correspondingly the chain 2 

The Lorentz b.oost from the overall eM frame to the eM of c)lain 

1 (Z) is:. 

(l-x l )-xZ x 1-(1-xZ) 
81 = (1-x )+x fiZ = x +(1-x Z)1 Z 1

This yields a rapidity shift 

(1+B ) 1-x1 1 1 

111 = 2 In (1-S 1 ) = 2 In 


Xz 

Xl1 InIl Z = .2 Tl-x 2 ) 

The single particle inclusive cross section for PP -+ hX can then. 

b~ expressed as a superposition of chains 1 and Z: 

1 daPp + hX dNPP-+hX. 
(1 (Iy - dy :: L 

q 
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and dN 2/dy are the contributions from the chain 

1 and 2, respectively. They can in principle be taken directly from 

deep inelastic lepton hadron data. They are related to the quark 

and diquark fragmentation functions in the following way: 

, for 

, for y < 6 
1 

and correspondingly for dN2/dY. Here xl = Illir sinh(y-6 l )/0.SISI and 
- \ J 2 2 I 

= V x,+411 ' lln = 0.33 GeV (transverse pion mass).x1 n /S 1 

The model as described so far is able to give a qualitative and quan

titative understanding of all low Pr multiparticle production data 

up to ISR energies (IS ~ 60 GeV). 

Multichain structure: Although the dominant contribution comes from 

a two chain diagram (Pomeron exchange) ,with increasing energy the 

production of new chains (between sea quarks and antiquarks) is 

energetically possible~ They then give additional contributions mainly 

to the central region. A four chain diagram corresponds in the Regge 

p =========~cqq 
~A four chain (two.Pomeron) contribution 

to pp scattering in the dual parton model.~qV ~s ~qs ~ 
c: 	 c c 
" C 	 ,.-_--""""qV"-	 L-.

C 	 C language to two Pomeron exchange. 
C 
C By including more chains (multiplec: 
C. 

Pomeron exchange) -the model can 

explain the rise of the central rapidity plateau height with energy 

as observed in going from ISR to SPS collider energies. 

P===============qq 
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•i 

To summarize, although we are still far from describing soft ha

d~onic processe~ quantit~tively purely within the framework of QeD, 

,considerable progress has been made in interpreting multiparticlc 

production \~ithin a quark-parton" pict\lr:e. ......... 

Violation of KNO scaling for reduced 

rapidity interv.al Irl < 1.3 . 

I. It'loff"'; 

A comparison of the dual parton model 

\tlith multiple Pomeron exchanges and 
data on the height of the central 

rapidity plateau in pp and'i3p 
collisions. 

& UA1 ./o UA5 
• Thome at ole ? 
• 80 lloon dota 

6 

+ pp~ 
o Pp rSR 

~PlFNAL doto 

1 1000100 
Vs(GeV) 
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