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1. Introduction - The Standard Model

Due to extensive experimental and theoretical efforts within the last two
decades a comprehensive picture of elementary particle physics

has emerged. It is therefore called the "Standard 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

i1t 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

least down to a distance of =~ 10 c¢m). They appear in 3 families

as shown in Table 1.

Particles Q 1 Forces
w .
8 Vo v, v, 0 only weak
24
3 e B T -1 weak and electromagnetic
2 u < t? 2/3 | weak, electromagnetic
E : and
o d s b -1/3 strong

Table 1

Here u, d, ¢, s, t, b denote the up, down, charm , strange, top, and
bottom quark, respectively, i.e. the 6 quark flavours, There is not

yet any clear experimental evidence for the existence of the top quark
although data from the UA1 pp collider experiment at CERN may indicate

a signal in the mass range of 30 = m, £ 50 GeV. The properties of



CBPF-MO-001/86

-2

Vo neutrinos are inferred from decays. So far no reaction induced

by a v. has been observed.

1.2. Forces = Gauge Bosons

The three types of forces between these fermions, the weak,electromag-
netic and strong force, are described by a local gauge symmetry of
the underlying lLagrangian. The forces are then mediated by gauge
bosons i.e. spin 1 bosons, the weak force by the intermediate vector

0

bosons W+, W, Z the electromagnetic force by the photon y, and

the strong force by 8 gluons. The electromagnetic force is of
infinite range due to the massless photon (V(r) =~ %). The weak force

has short range (~ 10-1° cm) because the w* and Z0 have a large

e-Mr

mass (see below) (V(r) ~ ). Although the gluons are assumed to
be massless the strong force is of finite range (v 1 fm) because
the nature of the force is believed to confine the quarks within
the size of nucleons. This confinement mechanisﬁ,which is not yet
fully ﬁnderstoo@iﬂu;pmnumably also the reason why one has never

found a free quark.

1.3. The gauge symmetry SU(Z2) x U(1) x SU(3)

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

symmetry SU(2)w X U(1)Y x'SU(3)C, see Table 2Z.
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Local gauge symmetry §+  Gauge bosons
SU(2)y, wtw,z0 Electroseak Theory
' - (Glashow-Weinberg-Salam Model)
SU(S)C 8 gluons Quantum Chromodynamics (QCD)
theory of strong interactions
Table 2

The first two parts,SU(3), x U(1)y,describe electromagnetic and

weak interactions. Here SU(Z)w refers to the weak isospin Ly

gsnd has 3  generators - (143, 1 =1,2,3) to which there correspond

0

3 vector bosons W',W ™ ,W . U(1)Y has one generator corresponding to

W
the weak hypercharge Y, where Q = I3 + Y. It implies one gauge

boson B. The photon and the Z0

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

are then orthogonal components of

low energies (< 100 GeV) where only the electromagnetic part U(1)elm

is exact.

The second row . (in Table 2), corresponds to SU(3), the symmetry of quantum
chromodynamics (QCD) , which is the best candidate for describing strong
interactions, SU(3)C refers to the three colour charges, for ins-
tance , r(ed), b(lue), g(reen). SU(S)C has 8 generators

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

i’

gives rise to 8 gauge bosons, the gluons.

1.4. The SU(2) x U{1) x SU(3) structure of fermions

Each fermion family has the properties with respect to the symmetry

as shown in Table 3 (only for the first generation):
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v
3 Y
v 3yr,b,g 1/2
e u ~ [¢SU(2), doublet
A vejy L L -1/2 W
Y=Q- I3
“ 0.
eq ufePs 8, %P8 esy(2), singlet
: 0
g 4 |
SU(3)C - singlet SU(3). - triplets
(3 colours)

Table 3
Here e and ep denote the left-and yight-handed electron, res-

pectively. u d dL have analogous meanings.

R, R’ uL’
There is a subtlety in the model : the mass eigenstates
d,s,b, are superpositions of the "weak eigenstates" d', s', b'

where

d! d
s! = U] s s U=(3x3) matrix
b! b (Kobayashi-Maskawa matrix)

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

responsible for CP-violation as seen in KD decax&;We have

approximétély'|U11l x |U22| = cose_ = 0,97, |U12| = |U21| = sin®_ =

=0.23, |Uyg| = |Ug,] = 0.05, |U 1, |u g = |ugg| = 0.

e

33|
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.,

Qe + Qy + 3(Qy + Q) =0
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The factor 3 stems from the 3 coléurs. The relation is fulfilled

by each generation.

1.5, Colour

Colour is the crucial quantum number of SU(S)c (strong interactions).
On the other hand coloured quarks or gluons have never been
directly observed. It is therefore worthwhile to look for evidence
for 3 "colours". For exemple, the n° + 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
A**-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 introducing a new quantum
number (colour) for quarks, i.é., by describing ﬁ** as a state
urugub is it possible to solve the problem. Perhaps the strongest

evidence for colour comes from measuring the cross section ratio

R - o(e'e” >~ v* + hadrons) - i.ez
o(e’e” + i) q 4

where eq is the charge of the quarks involved. It is again this
factor 3 which is needed to explain the data. We shall come back

to this point later.

1.6. Evidence for gquarks

Although it seems most likely that quarks do not exist as free particles, we have
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clear evidence for their existence mainly coming from e+e'
annihilation, deep inelastic lepfon-hadron reactions, as well as
from hard (high pp) processes in hadron-hadron collisions. This
will be discussed in detail in the next lectures. Quarks and
gluons 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. Masses

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 which are felt through weak and electromag-

netic currents. They are: m, = SMev, my = SMeV, mg = 175MeV,

m_. = 1.25 GeV, my = 4.5 GeV, m

X = 40 GeV (7 ) . The u, d and

t
s quark masses are therefore negligible whereas the ¢, b, t quarks
are called heavy quarks. We need not mention that the quark masses
are not yet understood.

The most recent values for the mass of the W and the z0 are

(Bari Conf. 1985)

Mw = 83.1 + 1.3 + 3, GeV (UA1)
. - 0.8
(stat.) (sys.)
=81.2 1.1 £ 1.3 GeV " (UA2)
My = 93.0 £ 1.6 + 3. GeV (UA1)
= 92.5 * 1.3 £ 1.5 GeV (UA2)
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(They agree beautifully with the‘SthMrd Model prediction:

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

Local gauge invariance would require all the gauge bosons to be
massless. The masses of the vector bosons 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 to give
the vector bosons a mass it is necessary to introduce a new field
(spin 0) associated to the Higgs particle HY. This has not yet

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

t.8. Still many unsolved problems

Despite the consistency and the beautiful agreement with experiment
the '""Standard Model™ leaves many questions open:

- Why are there three families ?

There cannﬁt be many more. Astrophysics tells us that the number

of neutrinos N must be < 4. The collider experiment UA1 and UAZ
conclude that (Nv-S) £ 2.4 £+ 1.0 (90% C.L.)

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

actions including gravity. Even without the latter the simplest

scheme SU(3) does not work due to the recent experimental bounds
2.1
for the proton decay. (SU(5) predicts L 3.2 x 1029 * 2,5 ys

whereas according to experiment T > 1031 ys).
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. Basics of QCD

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 colour combinations
— — - = 1 - - 1 - -
rg, rb, gr, gb, br, bg, — (rr-ggl, v (rT + gg - 2bB)

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

The remaining combination 1 (rT+gg. + bb) is an SU(3) singlet and
therefore does not have coigur and cannot mediate between coloured
quarks.

For instance one can have the following interaction

be imagined

aF d

P

af ab ug
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g«

The basic couplings in QCD are

gluon gluon glu gluon

uark gluon
quark 4 gluon __gluon  gluon

whereas the first two graphs are of the order gs'(ggis the strong
coupling constant) the third is broportional to gg.

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 ac(Qz)—Asymptotic freedom

Let us compare with QED. If we want to measure the coupling e or

az = e2/4n we can do eletreon-eletron scattering:
::::::;;unplhu;e
' : - 2 yA 2
where the photon exchanged has a momentum squared q° = -Q°, Q“ > 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 following behaviour of the coupling (in leading

order)
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a2 2 o) 2

G(Q ) 2‘:“(‘1. ) [1 + "‘3‘1?-" ].Og QZ + sa ]
o ' H .

where u is the arbitrary normalization point at which a has been
measured, for instance a(mg) = 1/137.
Actually one has in the brackets a geometrical series, and by

summing it up one gets

a(uz) 2 2

a@?) o s for Q“>> u 2.1)
aly
1 - === log %7

We thus have effectively a '‘running'" coupling constant which changes
with QZ. The coupling becomes bigger as Qz increases or when going
to smaller distances. The dependence is of course very weak. This
phenomenon can be understocd by the '"charge screening'. Let us
measure the charge of the electron by a positive test charge as

shown in the figure

@a
o®

RO

\ test charge

@@@
0]
o

!

4
(:)/ — positron electron palrs
created by polarlzatlon

%
ol

<z
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 we penetrate this cloud of positrons and feel

a larger charge.

Now let us turn to the QCD 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)

2
2, & 2
1@ = g3 = —p Ay @ v 2
1 + gz a{u”) log 37 B
. 11 2
with bﬂ = —3— NC - '3 Nf (2-3)

N, being the number of colours (=3) and Ng being the number of
quark flavours excited at Qz. The important point is now that

b0 > 0 for Ng < 16, i.e., the running coupling a(Qz) is here
decreasing with increasing QZ. This behaviour is therefore called
"asymptotic freedom'. This means that at very small distances
quarks behave as almost free particles.

The reason why b, is positive is contained in the firsttennin (2.3)
which stems from the 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

can see that ﬂ_i%_ - b0 log Q2 = ——i%— - by leg uz = const.= -b, log AZ.
. Q") afn®)

Here we have introduced the ''renormalization invariant" parameter

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

47 .
by log Q“/A*

, b
Q

o@® = o = 11-2N/3 (z.4)

2 o n2
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A, the only imntrinsic parameter of QCD, has to be determined by
experiment (Agmz = 100 * 400 MeV in the so called M5 renormaliza-
tion scheme). Since the perturbative formula breaks down as

Q2 > AZ, 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

2.3. Applications

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

treatment of QCD in a range where as(Qz) << 1, that is at QZ >> 1GeV%

or equivalently in the small distance domain
This is realized in the following processes:

+

-e’e” > X, /s >> 1 GeV

deep inelastic lepton-hadron scattering &N + 2'X

large Py processes in hadron-hadron scattering

production of large mass lepton pairs in hadron-hadron scattering

(Drell-Yan process)

W,Z production in hadron-hadron scattering

heavy particle production

Perturbative methods are clearly not applicable to the bound-state
problem of QCD (i.e. for calculating the hadron masses,etc... or
how quarks and gluons finally form colourless hadrons). Although it
has not proved possible to demenstrate conclusively that confinement
is a consequence of QCD, most physicists believe that QCD is the
right theory of strong interactions.

The "soft" hadronic processes, i.e., elastic scattering, diffraction

" and nmultiparticle production at small quomprised the bulk of

. 3 .
scattering data (> 10” more than high Py events). Here QCD can not be
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applied in 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 QCD in e*e” + hadroms

3.1. The simple quark picture

Let us first consider the QED reaction e*e” + y*n

+ + +

€ 1 H
e’ éie e
e 'S ; -
_ H

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

cross section and the angular dependence is given by (s = (pe++pe_)2
2 ,
>> mg )
0(e+e' + + ") = 4““2 ezz 86.6 nb (3.1)
B 38 TS (Gev?) o
where e, = -1 (the charge of the u)

2 _ .
diggse) = 73 35-(? + cos’e) (3.2)

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 hadromns. (Since quarks
fragment into anything with ‘the probability 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

pA
4, - - 4o 2
ole’e” > ag,, = 735 L o3
and
+ - .
R = c(e+e_ - h:dfons) = 3 E e2 (3.3)
g(e’e” = pp) 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:
= 10/3 u,d,s,c
= 11/3 u,d,s,c,b
The behaviour of R as shown in the following figure (W = /5)
10 T I T I T I ! [
I J . .
6 ::w(p JAL TTT &' e” —= hadrons oco a‘f}=O.IB i
i -
L)
drl -
F I e I ' _
@ g r Wt e f%m — " #fW
B ud,s.c \ -
s v,d,5,c.b i
:.“U.d,s |
ol L | i | i ] f i
- 0 10 20 30 40
- W (GeV) -

is indeed one of the most. beautiful confirmations of this picture
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and shows that the colour degree of freedom is really needed to
explain the data.

At high energies quarks should be seen as hadron jets. They are
clearly seen in experiment for s > 7 GeV.

If quarks have spin 1/2 the angular distribution of a quark (jet)
should go as ~ (1 + cosze) according to eq. 3.2.

The data

250 T 1 ] ; | |

200

o
o

EVENTS
o
o

O 1 | | 1 | : | | J
e -1.0 -0.5 Q 0.5 1.0
cos 8,

3-82 4288A9

show this behaviour (e; is the angle of the thrust axis (= 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
aE"\J

ni—

. ZEh
- D€x) where 2 = —— (3.4)
' ' Vs

(E, is the hadron energy). Although small violationsare seen
h g
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'(+ QCD corrections) this scaling works quite well (at least for

z > 0.2). (See Figure, here z=xp‘)

C I T I T T
4. Effects of QCD - O(a_) sdo = ' ;
2 s dx,, - x 5GeV DASP 1 5 :
corrections, 3 jet events - O 7.4Gev SLAC-LBL - .
- e |3GeV TASSO . k
o L ©17-22Gev  TASSO M
4.1 - The total cross section - ® 27.4- 31.6 GeV TASSO 3 0
El ]
In QCD we expect quarks to 'e'G; ﬁs. "
] ™ -
radiate gluons and therefore 2 Cg.‘“
3 10! o E
the following processes to — - H A 7
contribute to the cross > B ** é%t ]
© o
4+ - \ [— - d** -y
section e e - hadrons : s _ to*
» 10° [ ] -
S P ¥g '4! E
i *ﬁ#¢ ]
1o k- Yo i
é f A
[ 1 i i i i Rl
0 0.2 0.4 0.6 0.8
11-83 xp=P/PBeom 46B14B

[ S S+ el 3 [

In graphs (A) the gluon® is virtual whereas in (B) it is real.

(The absolute sum squared has of course to be taken where 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

ag(s) a

[1 + (1 + ¢ 7?) + oaee ] (4.1)

2
q ﬂ

R='3§:e
q

(with ¢ = 0.08 in the MS scheme).
This is considered one of the ''cleanest’ predictions of QCD.
Unfortunately R measurements are very difficult. The average over

results obtained by JADE, MARK J, TASSO, MAC, MARK II at
<s> = 1170 GeV?® is

<aé> = 0.190 + 0.015 + 0.047
(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 gluon 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

27
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Define § = (p.-p )2 = 's(1-x)
¥ 4 q
t = (pY-pq)2 = s(1-xq) (neglecting masses)
- 2
u = (pY-pg) = 5(1-xg)
where we have introduced xq = Eq//E/Z , xq = Eq//E/Z , xg = Eg//E/Z
fulfilling the relation
xq + xq + xg = 2. .
Calculating the graphs above leads to the (matrix element)zz
2 2
Py - - X o+ X2
MPa G+ 22 .44
t t - -X=
s $ q xq)(1 xq)
(the poles at §, £ = 0 coming from the quark propagator).
The cross section for e’e” + qqg then reads:
2 2
1 dxdg - ias 973 (4.2)
O XMy ST (1-x,) (1-xg)
q q
4wa2 2

Here o = o(e’e” » qq) =

The kinematically allowed region of x

5

. 2
t= - = =
Since s (1 xq ) (pq+pg)

= 2E_E_(1-cosf) we again meet

q 8

a singularity either if Eg-+0

or the gluon and the quark are

collinear (see 4.1). In an

experiment appropriate cuts

are made to separate off the

eq (the two jet cross sections).

and xd is the triangle

region

- physical

q
4&
11— ve
777777777,
/]
7
— 7
7
Fa
4
/)
0

three jet events. We already saw in

)

.DH'
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4.1 that in the totally inclusive cross section these divergences
cancel.
If E, and 6 are not too small we can expect to see a third (gluon)

g
jet in addition to the two quark jets. One would expect

Uq jet
o jet VoG
that is, only "~ 10% of all events will show a 3 jet structure (at

present energies).’

A three-jet event observed by the JADE detector at PETRA.

In most cases we have therefore two jets. For small Eg and © the
quark ( antiquark) gets a transverse momentum Py with respect to

a(q')-'--by radiating Ooff a gluon. According to eq. 4.2
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do %s . 1
Hﬁ; = 5; (with ag v THHE)

/s do
and therefore  <pg> v j_ Pr 3o = %75

We see a clear increase in <pr> in the data (W = /s):

o W=12 GeV
* 27.4sW<31.6 GeV
x 33.0 €W<33.6 GeV

102 1 T 1 T T 1
[4Y)
A

S 10

()]

e

100

I'LTH

(1/0101) do/dp2
e

o
'
N
-
e

T 17T

0 2 3 4 6 O

11-83 p$ (Ge\Ut)z 4681A14

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 <pp> = 300MeV.
It can be shown that the increase with vs is mainly in the event

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

The most known measures of the degree of '"jettiness'" are

sphericity 8 = min(i wazi)
Pj
1
and
2 IPL_I
thrust T =

1 i
max (-;T)

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

transverse momenta pT over all partlcles is a. mlmmum or the sum of their
longitudinal momenta is a maximum. If there were ro jets and all momentum
directions are equally probable, then S = 1 or T = 1/2. Pure jets
give S+ 0 and T > 1. We expect <S> and 1-<T> to decrease with

energy

al

-1 &

0.3 fmrr T

0.2:- 8, 4’:’

1. {thrusth
—-
.
-

]

1

. I LA 1
ea | ‘n% 69 j

L L A

0 ] 2 . ® 0 2
VsiGev) V5iGev)
The average sphericity (4} and 1 —thrust (b) 25 a function of the ¢'e” CM energy (Woll 1980).
X JADE, A PLUTO, @ TASSO, ] MARK-]T.

J——
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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

the modern quark-parton picture which subsequently led to the
development of QCD. From studfing these processes we also learned

most about the structure of the nucleon.

5.1. Kinematics

We shall consider the reaction £ + N + &% + X

e’N > e"X electroproduction
{exchange of ¥)

W N > u"X muon production

QN LIRS charged current neutrino scattering
IN » u'x (exchange of W)
(=) (=)

v N+ v X neutral current neutrino scattering

(exchange of 1Z)

Usually the following kinematic variables are defined:

2 2 .2
Q" = -g” = 4E£E£, sin~8/2

v Pﬁl = E.Q.'Ef,‘ s E - {in the lab .system)

X

where M is the nucleon mass.
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. . \/ 2 < !
W (inv. mass of hadronic system X) = M™ - Q° + 2Mv

The kinematic region is given by

0 s W = -Q% + M% + 2uM

and hence

2

Q" = 2vM«+ M2

Insteadpf\?,Qz often the dimensionless Bjorken scaling variables

are used

2 2E E 51n 9/2
x = = WE : 0 s x
X

A
—

e
1]

E
v . X
E; "ok, " E,

(5.1)

Electro- or Muon production

It can be quite generally described by two structure functions

W1(v,Q2) and Wz(v,Qz)

2 _{eN+eX) 2 E
d’o - 2% M 2 W, 0,08 cosPe/242W, (v,QP)sin’0/2]

szdv q 2

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

section.
Defining F1(x,Q2) =W, (v,Qz)
2
2 wiW, (v,Q%)
Fz(x’Q ) = 2 M

we can write it also in the form
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2 > _ :
dﬁcéig;eX) _ 4ﬂ% s [Fz(x,Qz)(1-y) R xF1(x,Q2)y2]

Q

(s = (k£+p)2 = 2EM)
(5.2)

Neutrino scattering

Here we have three structure function Fl(x,QZ), Fz(x,Qz) and
2 ,
F3(X,Q ),the latter of which is a parity violating term not present

in electroproduction.
The cross section reads (for Q2 << Mﬁ, M, being the W mass)

dze;:r(\)N"*]J X)

TN 2 )
N-uTX G™ME 29,5, 2 o2, .
_dxdy T > {xy F;)’v (x.vQ )+(1‘Y)F\2)’ (x,Q ) - +

+ Xy (1«-%y)F§‘v(k,Qz)}

.5

(with G = 107> M~2) (5.3)

5.2. Quark-parton model

If Qz is large, i.e. at small distances, we can imagine the nucleon
consisting of almost free point-like particles (partons). These
partons are identified with the 3 valence quarks and a '"sea" of qq
pairs. As we shall see,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:




CBPF-M0-001/86

-25-

fg(x) = probability that

struck parton carries

x of proton momentum p

P_v.*l-
_ ' fg (x)
— %

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

contained in the proton. We thus can write:

d?o(aP+21X)
dx dy

srfq(X) m— (.Eq + L'q‘)

(5.4)

This is the master equation for lepton-hadron scattering within
the quark-parton picture. Here x as defined above éoincides with
the Bjorken x as given in eq. (5.1) as can be seen:

mz z 0 = (q+px)2 = q2+2xqp. This means that a given Q2 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 y
d _ 2ma 1wy 21 2 q
(Hia?)eP+eX = —ax— s [1+(1-y)"] E ey X fp (x)

(5.5)
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By comparing it with the general formula eq. (5.2) we observe the

following:
: F,(x) = § e2 x f3) | . (5.6)
2 g 27 P
. 2xF1(x) = F,(x) (Callan .- Gross relation)
. FI(x),Fz(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 a_).

Quark distributions

We can imagine a proton as in the following figure

A"M‘ﬁg‘u
1

- proton

5

The distribution functions fg(x) of quarks inside a proton are

called u(x), dx), s(x), u(x), d(x), s(x) (neglecting the heavier

quarks).
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For eP +» eX we then have: from eq. (5.6):

1 -eP
x F2

@ = &% wEE] +» GPaEAE]
@ s3]

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

replace u < d:
1P = a1 » @ ueosac]
+ (s 043 0))

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

quark parton:

u(x)

u, (x) + u  (x)

d{(x)

d, (x) + dg(x) (5.7

whereas for the "sea"(usﬁs, dsas’ Esss" ...) we assume SU(3) flavour

symmetry thus having

ug (x) = ug (x) = dg(x) = as(X) = s (x) = §_(x) = S(x)

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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1
Jh fu(x) - ulx)} dx = 2
0

and analogously

A
J (d-d) dx = 1
0
1
= 0

J (s-3) dx
0

‘-which behaviour would we expect for Fz(x) ?

The following picture should illustrate 1it:

I¥ the Froton is then FPix}is

A guark _ |:>

Three vatence quarks

>

-3

Three bound valence quarks

L=
-

>

Qobooo

80
']

) P W

Three bound valence ) L
quarks + some siow Sea P
debris, e.g., 0+ qq =

b=
L=
L=

' |
1/3 1
~——Small x .

The structure function pictured corresponding to different comj:osition_s .
assumed for the proton. ]

Valence

2690
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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).

10

| ) | | T 1

08—

{b}
The quark structure functions extracted from an analysis of deep

inelas:tic scattering data. Figure (b} shows the total valence and sea quark
contributions to the siructure of the proton.

We see that the sea is negligible for x 2z 0.3.

- But where are the gluons ?

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

the definition of fg(x):

! ! ?

) (pxafg(x)dx =p ~+ { dx.x(u+n+d+d+s+3) = 1
aJo 0

Putting in the experimental structure functions on the left hand
side we only get 0.54 instead of 1. This means that 46% of the
total momentum of the nucleon is carried by electrically neutral
constituents, the gluons.

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

Assuming Regge behaviour for the process Y‘ + N » X, that is by
identifying the sea-quark distribution with Pomeron exchange
(ap(ﬂ) * 1) and the valence part with the leading particle exchange

(f,Az...;aR(O)&*'%) one gets for x » 0




CBPF-M0-001/86

=30~

seg —% 1/x
x+0

valence quarks ——» 1//X
x+0

For x + 1, there have been invented various counting rules. We

just mention one of them

() A (1-x)B-3
n x+1

where n is the number of constituents. Examples are

A u,d A (03 g3
Napfle— viv x+1
nuclieon
1
meson {(1-x)
£ y—

' 2*4-3 5
nucleon “‘“g n (1-x) = (1-x)
g x+1

' Q) ey 2 "'-.5.-; 3

nucleon sea n (1x)
x*1

q q

- (1-x)’

We thus have the behaviour (which however works only very appro-

Xximately)

f§1Q) (x) ~ x-u(1_x)2§-3 where a(0) = 1 and = 1/2

for the sea and valence part, respectively.
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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 point-like

interaction with the quarks inside the proton

We just calculate the subprocesses v+d + u «u and v+u > p +d .

By using the corresponding master formula eq. (5.4) we obtain:

2
axdy - T

[d(x) + Tx) (1-y)?) (5.8)

Here we put the Cabibbo angle coszeC = 1 and neglected s,c...
quarks for simplicity.
For VP scattering we have to consider vu - u*d and ¥d » p'U thus

- . _ 2
arriving at (with Gq = 2G°ME,,/ ™)

2 +
Lol ot X o [@G) + ul) (-9 (5.9

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

q(x) = x[u(x) + d(x) + s(x) + c(x)]

qx) = x[u(x) + d(x) + 5(x) + c(x)]
getting

deN

&5 = 9% @ + g a-nh

L5 = 9 A + ax) (1-)?%1

- From these expressions due to the suppressed sea contribution one
expects for v-scattering a rather flat y-dependence and a dependence

u (1--y)2 for v-scattering:

- From the simple quark-parton
model again a scaling behaviour

of x follows, which is approxi-

mately realised in experiment.
- From the ratio of neutrino to
antineutrino scattering ¢ S/Gv
we can find the ratio oflthe
momenta carried by antiquarks

and quarks within the nucleon:

ﬁ? Y . 1/3 0.18 T 0f 08

o v/c“

<q> _ ¢
<q> 1

(£ (o]

with (o Vfcv)exp. ='0.48. (From eq. (5.8) we see that the total
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v and V cross sections rise linearly with the neutrino energy E ).

With the functions FZ'FS as defined in the general expressions
eq. (5.3) we have the following relations important for comparisons

with experiment:

2 m g (VN)-~o (VN) 2 - y
xF.(x,Q°) = : = q(x,Q") - q(x,Q7)
3 o eE, 1 - a-p? ?

(pure valence quark distributions)

2 m g (VN)+o (VN) 2, " =, 2
F,{(x,Q%) = : = qx,Q%) + qx,Q")
2(%.Q G'ME, 1+(1-y)“-y“R® 4 Q_ | o

2xF
F
(Callan-Gross relation, see section 5.2.1) and small experimentally.

where R' = 1 - 1 _0 in the simple quark parton picture

We already put F; and q as function of x and Q2 because - as we
shall see - they also have a weak Q2 dependence due to QCD-effects.

The following figure shows what the F Eq and q distributions loock like:

2’

measured in isomcalar targecs from
different lepto—production
ExpéTimaniE .

Fixi
A summary ol structure functions 1 5 V< 0 <20 Gevin? .]\

. .
ol F¥ tconsy
-
=]

N
1€ £ 2" Neme)

F2"° (SLAC-MT)™

o

L
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oBEBC v,VH

o BEBC-TST v, 0
«BEBL v, V0
«(DHS v,UH
*ENAL 15° v,vH
aFNAL 15" vD

[ =]
-
L3

7
(=3
-

% ws2d, 7 . The dv/% ratio

L

=
wn

L=
f

¥

M@H

Oy AL ENCE/ WY ALENCE

0.1} H+
S
0.1 f

0 0.2 0.4 0.5 08 10

The data also revealed that the dv distribution is softer than the

u, distribution. The ratio dv/uv decreases linearly from ~ 0.6

at x =0 to zero at x = 1.

5.3. Influence of gluons (QCD 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.

2’1
. S )
Y,W,Z
zp . q .
Yp q
P P

(a) (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 qq. The effect-is shown in the following picture

Fz (x’QZ)

or
F3(x,Q2)

Compare this with the data:

Scaling viclations of x Fy meaaurad
by CDHS.
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QCD is however able to reproduce this behaviour quantitatively.

Let us consider the following basic transitions:

Xp=2yp
14 xp=2yp a
q
- yp
(1-z)yp q
Pq+q(z) ' Pg*q(z) Pg+g(Z)

The first graphs shows a quark with momentum yp (p being the mo-
mentum of the nucleon) emitting a gluon and leaving itself with
momentum xp (X £y £ 1).

The probability for this to happen is (to first order in a/)

ag @
I Pq+q (-);) log

with z = tscaling)

5=

S

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
wQ 2
i S ( 2
2 pZ ¢ Qé
Q T 0

The splitting function Pq+q(;) is easily calculated from Feynman

rules to be

(1+2%)

4
Para®) = 3 T
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(The divergence as z - 1 1is cancelled when virtual gluon contri-

butions are included).

=l

We therefore have

.+ e Pg+q(x/y)}

One wants to incorporate the leading &g~ corrections into the

1 o @
s ..Xq(y) 18 '.") + —2--—— 4+q (x/y) log

« ' )
v

S

q(x)

structure function. One therefore redefines

1 .
> ¢ 2y o s - 4 ' - (x
a(x) + q(x,Q") = q(x) + 5= 10g(g~g).L y [AOIP o (X/y)+g (YR  (x/y)] +

or (to leading order)

2 Q 1
x,Q7) =_2% I gy [q(y,Q ) P (x/y) +P grq &/7) Bf)’.Qz)] .
d log Q X | _ 5.10)
Similarly

agx,®) % (1 g

dgt,Q) s J EZ (x/y)q(y,q ) + (x/y)g(y.Q )|
b4

d log Q X | (5.11)
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These are the so-called Qz-evolution equations by Altarelli-Parisi.

g(leZ) is the gluon distribution in analogy to the quark dis-
tribution q(x,Q%).

Although wé do not know the structure functions.q(x;QZJ and g(x,Qz)'
from first principles the equations above tell us that, once we

have measured them at Q2 = Qg, we know how they will change with

QZ. This is the essence of QCD in deep inelastic scattering.
The Altarelli-Parisi equation is particularly simple for xFS(x,QZ)

where the sea contribution drops out;

2 1
a. Q%)
—& L Py xQD)) = S { Paq /7)Y Fyly,Q%) X
d log Q X Y

The left hand side is directly measured (by determining the slopes
of xFS). The integral on the right hand side is a convolution of
XFz, 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):

—— —y

Mg = 0,25 £ 0,15 GeV  GLUON STRUCTURE FUNCTION
: &r 6t) 6t Qla10Gev!

—Whi- COHS

The evolution equations (5.10) and
(5.11) allow us to determine the
gluon distribution. The distribution

obtained from v-data is shown here.

f ]
The gluon distribution function
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6. Large P, processes in hadron-hadron scattering - jets at the

collider

6.1. The general picture

The appearance of jets of hadrons originating from hard scattering

of partons is one of the most important predictions of

QCD. By hard scattering we mean that the scattered partons have a

large angle or a large transverse component. The process is

illustrated as: r
beam jet

B target jet

&
an

.The incoming particles A and B confain partons a and b which scatter
producing partons ¢ and d with large transverse momenta p;. Partons

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

of A and B we then see the following picture :

Large pp of partons means that | et

partons have scattered at a small

distance (v 51—) thus behaving as

—> =eeeme=——— 4
point-like particles. A target je beam jet

Furthermore it implies that we

can apply (perturbative) QCD. jet

—

Jets were clearly seen only at the pp-collider of CERN at /s = 540GeV
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where the total transverse energy LEr (perpendicular to beam axis)

is very high. \C-m1mv )
Jet events ob- 1 N ; '
served by the . hh‘xf\"

y \.. — e -~
UAT1 and UA2 == r___:::‘T';“s-T._ <]
collaborations _ I

- 7

at CERN. Dia- ////,/
gram (a) shows < e

the particle

tracks as reeonstructed in the UA1
(!

central detector. Plot (b) corresponds ﬁ%l il refoAbobuli

to a two-jet event observed by the UA2

collaboration and shows the transverse

energy deposited in the UAZ detector as

a function of the polar angle & and

azimuth ¢ .

6.2 Basic mechanism

For our discussion let us introduce the following variables for the

parton subprocess:

(14

. 2 - 2
5 = (qu+ap)" = (X Py+X,Pp)" = 2XyX,PpPp = XyX;S

: 2
where s = (pA+pB) = ZPAPB’ x.l = qa/pA and xz = qb/PB

£ 2

(qa-qc)

Hl

- 2
u (qa'qd)

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

energy E. in the process
AB + (jet)é X
can be written as:

3 1 1 B d3 .
E. 93”“ gb f, dx, I dx, fA(x1,Q )f B (X5,Q )[—3"—- (ab + Cd)] =
Pe 0 0 _

1 1
= 3 f dx, [ dxz fi(x1,Q2)f3(x2,Q2) % Qg (ab + c¢d)
ab 0 0 , dt

with S+F+6 = 0

Here fﬁ(X1,Q2),fB_(Xz_,_Q2) are again the structure functions giving the
distribution of parton a or b in hadron A or B, respectively.

Some basic QCD diagrams for the subprocess ab + cd are the following

XX

ones.:

q4-»9q g8 - 4qq gg ~ gg ag ~ qg

The parton'cross sections
£

do

i 2% |m|?/5%

are shown in table I.
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Table I - Parton cross sections: do/dt = (na§/§z)LMl2 [averaged (summed) over
initial (final) colowrs and spins}. s,t,u refer to the parton processes.

- PARTON PROCESS |4]?
qg' e qg' ﬁ_ g¥+u?
qq’ + qq° Y
N 4(82+u2 s+ tz) __E_i_ 1_1_2 i
99 > 99 9 (2 u? 27 st
=BT li tZ4u?
aq ~ q'q 3 o2
e | kel 2w g
9 tf s? 27 st
- . 32 ul+t? 8 u?+t?
9 T &g 27 ut 3 2
- 1 v?+t?2 3 u?+r?
- - - -
&g ~ 99 6 ut 8 s?
N 4 uZ+ 52 ul+s?
9 ut us st
2¢3 - B _ B st
g8 > 88 B-mE

Qz should be ~ p%; In practice Q-z is often taken as

. In order to see what happens at collider energies let us consider
central production where x; = x, * x and where the partons are

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

configuration
ch/gxz This implies that pp(=E;) of the
scattered parton c or d is
x/-s-/z X/E'/z
a > € b P = ET = xXvs/?2
and § = x°s and € =- % x25=-2p%




CBPF-M0-001/86
-43.

It is convenient to introduce Xp = ZpT//§ (i.e. xp = x for 90°
scattering). Since Vs = 540 GeV at the collider,for pr 2 10 + 20GeV
X is rather small (xq < 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 gluon jets
to dominate. (This was not the case in the ISR energy range (Vs=63GeV)
where for p. = 20 GeV - x = 0,6, i.e.,inthe region of valence quarks (not
many). Therefore the cross section is smaller),

- First we see that as long as the structure functions fi’g(x1 2)
» ’

scale, i.e., depend only on X, and x, we expect at fixed x; (or

fixed angle)

do 1 2
<7 = o7 £&xp,eg @)
de Pr .
TP T » T T ¥ ,:
‘ ++ Scated jet cross sections -;
L LT ]
- i’é'i; . ofs= 546 Gev :
% %, i I AFS pp—jetex 1
- T4 4 ofse 83 Gev
-§ " ?"'" - fs: “us Ge¥ .
! K }
] %, . $ .
3 X wi 1 1.
> ¥ +
= '
"'_" t t t fl
* W r ' + ? it 4
SN
wi 1 1 1 1 1

) [ A 0.2 ) 03 [ X9 s | B
xs 1 /i

p—

Comparison of ISR and Pp collider data giving clear evidence for

scaling violation, i.e., fg’g (x1-2,Q2).
H ’

- A good fit to the data (V5 = 27 + 540 GeV) is given by:
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=
|

= (1,6 % 0,3) x 10728 cp?/gev?-m

n = 5,1

=+

0,3

m= 10,6 £ 0,5

&

. =Nl m
with E —= = App (1-x)
dp
10 E I T 1 1 ] T
E ) {S=
[ ® 274 GeV
i 0 540.0 GeV
D 45.0 GeV
10" © 630 GeV RN

ﬁé

I~
*

-l
>

1 L] ll‘[lll
Ll lllllll

PPE da/dp’ Imb/iGeV/cf*Y
2

s easnanl

10’7:- t'ﬁ _E
107 1 1 1 ] L1
0 0.3 0.2 03 ci s 0.6 0.7

6.3. Angular distribution

As we shall seeJit offers a test of the vector nature of gluons and

the existence of the 3 gluon vertex.

All graphs where there is one-gluon exchange will yield a dependence:
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da 1 L, . 4 8,.-1
" n(sin )
d cosh (1-cose)2 2z

as present in the Rutherford formula (Coulomb singularity). Here 6

is the scattering angle of the parton subprocess in the C.M. parton
subsystem. This angle is equal to the jet-beam angle in the large
Py 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 qf > 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:

T T T 1

The data agree with a (I—cose)'z

Li

behaviour thus demonstrating

beautifully the vector nature ,44 .
L VECYOR § of ,@ﬂn-mel-’
of gluons. They: azlso S N

prove that quarks are point-

']
li-usBI
-~ -l

-like particles down to a

-

-
-~

/ sf.A/LMl ga & off
GLUONS qf
N\

distance of about 5x10_17cm.

\do/deosBl/tdo S deosh) g = O

For a better description of

[l |1lllll

the angular distribution, QCD

corrections have to be taken - : ’

NPT | N . 1 1
" 05 [ 1] 4%
kot 0) -

The jet angular distribution
(data from UA%).

into account.

6.4. Structiure functions, factorization

Due to the qqg and ggg couplings, we have approximately
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(gg ~ gg): (ag +qg): (qg + 9g) : (qq + qq) =
4 4 . 4.2
1 . g . -g- - ('g)

3 3 4/3

4/3 4/3

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

nucleon:

F(x) = g(x) 4-3- [qx) + q(x)]

We then write

a3, . 3 F(x;) F(x;)
dx1dx2d(cose) dcosg ggrgg X4 X,
10* ry T —— .

CN @ o UAZ 7

) i

| o OUAY 11

» AN
10 |- N ]
\\00\'\.
L \\\o '\'\ -t
: ‘Qf &

R ~ \.\ .
= 1 \é '\_\ _
L W AN N

\, -

i N\

NN

R NN A
\ N\
LY ]

02" From v reactions(CDHS) N\
X —-— 02z 2000 GeV? \ -

—— 0¥z 20 GeV? u -
| Flx)z g+ -é-[?(.:)é-?t'r:ﬂ ]
10—3 1 1 1 ] 1 1 1

0 0.2 04 06 08
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Assumptions: K = 1 (F(x)/K 1is actually measured)

ag Q%) = 121/23 1n(Q%/4%), A = 0,2 Gev

Comparison with structure functions measured by CHARM collaboration

and extrapolated to Q2 x 2 000 GeV% : J'

This 1s actually the first

direct measurement of the

10 o UA 1
gluon density because in o UA 2[
— ) +3qk)+
deep inelastic scattering_fif) 3 % 3]
the g(x) is determined | E\ _--%[thhf‘{w]‘
indirectly from the Q2 de- ? \\\

pendence of q(x) and q(x) [
- \‘
(Altarelli - Parisi Hhis dJiHer&n.r.t

-1
. 4] due to gﬂ,u.ons
equations).

At the collider one has

even observed 3 jet config-

urations (besides the beam

T T

and target jet) as resulting

from gluon radiation. From

the ratio (3 jets/2 jets) 0 02 0.4 0.5

one could extract a value * * -

for oy = 0,162 * 0,024,

7. Drell-Yan process

Another application of the quark picture and QCD is the Drell-Yan

pProcess

A+ B> %27x

that is high mass lepton pair production:
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The elementary process is qq + u'u~ which we already know

2
-~ = - 4dmo 2
Gqq » 2"27) = e
3¢ ¢
do amal 2 2 -
or > = 3 eq §(Q7-5)

dQ®  3Q

- 2
where 5 = (pq+pa] = qupa = 2x1¥ZPApB = X{XS ,

2
5 = (3A+pB)

We therefore have

, 2 1 . -
do +, - 1 47a 2

¢ £30x) £3 (x50 18 Q%% x,8)

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

form a colour singlet phbton; (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:

Q4 QEZ = F(1) with = Q2/s .
dQ
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The following figure shows that the data fulfillthis scaling law to

a rather good approximation. We also expect the cross

sections for 7N, K"N, PN

(for production of high mass
£¥%2~ pairs) to be higher than

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
the data.

Furthermore one has

1
t*N(isascalar) 3 dd

I
10

> —

10~ -

{mb - Gev?)

[ R +

a?
VI a2
[ 2]

epn

S

e I T

04 0.

¥ sseve

w N{isoscalar) % uu

£ =

+ anes e

grs

-
-

The Drell-Yan process ©N » £¥2°X also allows a determination of the

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

the valence distribution to be

X Vﬂ(x) voXx

7.1. QCD-effects

*

In addition to qq - v . + y*p'

Cesses appear:

(sec. 7)

0,4 (1.)05920,06

s also the following pro-
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'y 4 v
G
v* a \\q[
q -

qq -~ BY c

Paaray

(g within the nucleon)
q@-+g > q@ + ¥
L—» gt E

(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 structure functions are
replaced by the Q2 dependenf structure functions (as known from

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

This factor should properly account for O(ag) corrections: besides

that £f49(x) » £ 9(x,Q*). K should be of the order 1 % 2,5.
ALB ALB |

It can be easily seen by looking at the graphs that by gluon radi-
ation the p*y- ﬁair gets a transverse momentum. It can

be calculated to be (at fixed T)

<pr> = GS(QZJ/E f(T,as(Qz)) + const.

where the constant term contains non-perturbative effects (intrinsic
ke of the partons within the nucleon, etc.). The rising of Pr

with /s has been seen in the data.
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' 8.-W—Z'PhySics{+_

8.1. W-Z Production

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

mechanism just discussed .

Without taking into account
QCD effects for the moment,the

elementary subprocesses q1+ﬁ2—rw

are:

+
ol
¥

-
+
el
+

4N =PI
+ - +
Ad =]
+ +
NN E OE

In analogy to eq. (7.1) we have for the cross section

1 1
o (pp » W +anything) = J dx1 J dxz 8(x1,x2)w+(x1,x2)
0 0

where 3(x;,x,) is the cross section for the subprocess q1+ﬁ2 + W'

(neglecting the width of the W)
g (Xq,X,) = V2 GnM2 § (x s-MZJ
17%20° = w o 2y

with G = 107° MEZ being the Fermi constant and My the W mass.

W+(x1;x2) is the appropriate combination of structure functions
W*(x1,x2) = % {[u(x1)3(x2)+3(x1)u(x2)]coszec +
2

[ulx)s(x,) + E(xi)u(xz)]}sin o,

The factor % has the same origin as explained in section 7. 6_ is
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the Cabibbo angle. By making use of the §-function one can write

the cross section in the form:

. _ 1
o(pp + W +anything) = /Z“GTFJ %?

Whx, ) with 1=M’/s
T ) x :

The . cross section for Zo_prdduction reads:

i
o(pp + zo+anything) = 2G¢/2ff %?-Z(x,%)
T

with Z = % {[u(x1)ﬁ(x2)+ﬁ(x1)u(x2)](%.- %.sw + % si) + [d(x1)a(x2) +

+ TxPAEg) + sEPF0G) + SHIsp)) X G - g5, + § sl

. 2.
W sin Bw
0,22

s (Weinberg angle)

113

The expressions in the brackets containing s, correspond to the

coupling of the Z0

to up and down quarks given by the Weinberg-Salam
model. The charm distribution in the nucleon has been neglected.

Using Qz-dependent_structure functions one obtains atvs = 540 GeV

o(W") = o(W™) = 1,SX10'33 2

CIn

U(ZO) % 10'33 cm2

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

e AAAAN W, : : —AAAA Y 7
W,z

such as
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the cross -section is expected to be corrected: by an overall factor

K~ 1.3,

. band o{- theoretical wreartzinty’

(mosﬂg frown structure funciions

A further effect of

including gluon ra- 200 o (nb)
diation is that the 100
W gets a transverse ::
momentum pp which is 40

zero in the simple

| 20
Drell-Yan diagram

(]
(section 8.1). The "
calculation is more e

Ly

subtle because one hasl|

to take into account [2

multigluon bremsstrah- AT .

Wew—

P N WS |
03 0% 1O 30 50 100
lung emission. s TeV

A comparison of theory
and experiment is showh®

here.

One gets an average Pt of the W:
<pp> * 7 GeV. Moreover due to gluon
emission one expects W+1 (and 2)

jet(s) events to be seen.

A

30 o 100
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T T ~— T T
32 i
\’\' Lt Q
12 EVLNTS

.3 Cvents vith jote

24 ) -
L IFT » 5GeV/c) .
-

L]

| b )

b _

o oD

e /Altarclli ot el

vi lref. [14))

1% i
Lt

=

[TV

pM {GeV/c)

8.2. Detection of W + e(u)+v

Although the leptonic decay modes of the W and Z are rather small

(Fw(ev)/rzot = 9,2%, P;(e+9')lriot = 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

(p¥ = 0), i.e. the W moving along the beam axis:
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We have:

* .
pg = p sing = — sin8 (6 = angle with respect to the beam
axis in W rest frame)

This holds due to invariance with respect to boosts along the beanm
axis.

The p% distribution is then given by:

do do

) w
de dcose

dcose*‘
e
de

cose =V 1 -43§2/M%

dcose* 4PT/MW

dpy l Vi1 - ap Mw

This implies that the p% distribution develops a peak at p% = MW/Z

*
due to the singularity of the Jacobian.|g§2§3—|. In reality it is
T .
T
smeared out by p¥ # 0 (+ by I'y and energy resolution).

The data show such a behaviour. T —_— T | T

UA1 —_ W ey
To determine the mass Mw of the W === XK =tuvy
il 43 Events

one, however, prefers to define a

-
transverse mass (= ): 5
Mp(= My 3
2 2 g T )
e nv *e +v _
M,r=(ET+ET) - ( T T) =
e v
szpT (1 - C05¢) 0
0 16 32
‘ Py Gev/e
where ¢ is the angle between Eg
and ﬁ%, and E¥ = E¥1ss is the transverse v-momentum. This quantity

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

The following values were obtained:

83,1 + 1,3 + 3 GeV
- 0,8 '
(stat) (syst)

81,2 + 1,1 + 1,3 GeV

UA1: MW

Ll

UAZ: MW

For Z0 + e*e™ there is no problem in determining the mass since both

lepteon momenta can be measured:

UA1: M

93,0 + 1,6 = 3 GeV
(stat) (syst.)

Z

UA2: M, = 92,5 1,3 £ 1,5 GeV

£
I

8.3. Charge asymmetry in W + ev

The fact that the W decays weakly due to the V-A coupling in the
Standard model is reflected in a charge asymmetry seen in pp colli-
sions.

Due to the V-A coupling in the processes

+ +
u+d->W e + v

d+U>NW-+e + Vv

the fermions (e';v;u;d) must have helicity -1 whereas the anti-
fermions (e*,v,u,d) have helicity +1, i.e., we have the following

configuration (in the rest system of the W):
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* 2
n (l+cos 8 )

(= indicating the helicity)

If W production mainly comes from annihilation of valence quarks

(which is the case at the CERN pp 1
Collider) the e* is preferential- -
ly emitted along the direction of the UA ? J
- - 1
antiproton momentum whereas the ¢ pre- Acc'cpt:';nc& corrccted /
' . . . :
fers the proton direction. | (1"059511 ‘
The data show indeed such a be- . f
« [ TN
haviour: o :
’ "
g /
(Note that one would get the o /
. S
same result for the charge 3 _J /
_ o b/
asymmetry for a (V+A) coupling). ¥ N of ~7 .
, J/
7/
/
_I
_J iz
0 s 1
-1 ¢ 1
co:. O

8.4. The guark structure functions

The W-production gives us information about the quark distributions

in the proton at.Q2 =’M§ (see section 8.1). By making use of the

relation
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the UA1 collaboration obtained the following distributions: -

f ¥ ¥ Y T T T T g -
Wk - X .
W Y] -
a —Eev. - T W ey _ .
Wk M8 EVENTS I wl 118 EVENTS |
" ‘ ,
& U QUARK . . d QUARK .
[ v 1 ! . - ?'—' Er] e . v 7
L .
E’ ’
24 | 4wk o : -
Eichtan ot &, ' ' Eichten ot al,
et 181) S Iref. 1]}
w1\ . %k - .
85 - 8k
9 0. YRY %3 0 7 % 04 0.8
. X X

The longitudinal momentum distribution of the W is:

10 T T 1 ]
E::"\ W —ev
-¢_-4, OVs=5L6GaY, :
S !- 59 EVENTS i
, X 0V5=630Gey, ]
3 N3 EVENTS
\ o .
=1 ~
-
>
04—
Eichten et al. [15)
s = 546 GaV
Vs = 630 GeV.
o.M L
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8.5. Comparison with the predictions of the Standard Model

Masses

The Glashow-Weinberg-Salam model yields the relation

2
L. —37 where g=e/sin6, is the Wev coupling
T My
et . 1 5
ig _u
- - 7% Wy (1ey”) , (8.1)
v

Here 6, is the Weinberg angle, the Fermi coupling constant

G = (1.16638 + 0.00002) x 10™° GeV™%, o~ = 137.03604 + 0.00011
(at Q2 = mg). This leads to
37.28
My = Eiﬁﬁ; (GeV)

Radiative corrections like

H0 (Higgs)
. AN
. \
ANAAAANNNNNANAANA
£
modify My, to be
~§1x3§$72 (GeV) (8.2)
(1-AT) 51n9w
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Ar was calculated (with mtop = 36 GeV, My = Mz):

Ar

0.0696 + 0.0020

uncertainty in sinzew

which gives

38,65

{(GeV) | : (8.3)
sineW :

(More generally Ar = 0,06%6 + 8. If, for instance, heivier fermions
' %4 coszew mg :

= -0.048
161 _._4 i -
sin ew Mw

exist, me >> 40 GeV, & would be § = -
for me = 200 GeV.

In the case of a heavy Higgs particle.MH > MZ

§ = Hae 1 1 (Mﬁ) + +0.009 for M., = 500 GeV)
= T80 .2 Di=—y) = +U. H = ¢
sin ew Mz
-»

Taking the present world averagé for sinzew from low energy

experiments (vN,VN,ve,ve, e (polarized) D, ete”™ » utu7)

sin“e, = 0.216 * 0,006

one obtains from eq. (8.3) a mass

th

My

=(83.16 + 1.16) GeV

In the case of the 70 we have (within the minimal Higgs scheme)

yth _ W _ _ 38,65
Z Cosfy 51n8wcosew

(8.4)
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th

which gives M;P = (93.92 + 1.15) GeV.

These values agree well with the measured masses as given in

section 8.2.

- Decays of W and'Z

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

3
o3
6mv?2

g 250 MeV - (8.5)

Pw(eve) = FW(uvw) = Fw(TvT) =

For the decay into quarks qq' one has to take into account the
Kobayashi-Maskawa matrix elements and .an extra factor 3 for the

3 colours of the quarks:

=y ol 2
@iy = 3{Ugqe|” Tyylew (8.6)

where-qu, is the Kobayashi-Maskawa matrix (see section 1.4).

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

2 2
I (tB) = 3|U,,|% «1 2ty s 12 b oev) = 3x0.64 T (ew)
w(EB) = 3{Ugy - mP U0 v g =3) Tylev) = 3x0-64 Tylev

We therefore have for the total width:

ry = 3rytev) + (2+0.64) % 3 Ty(ev) = 10.9T (ev) ~ 2.73 GeV

v v [_ (8.7)
3 lepton 3 quark - colour
doublets doublets
Fw(ev)
i.e. the branching ratio B(ev) = —— = 9.2%
W

In the Weinberg-Salam model; the ZO coupling to a fermion-antifermion 1is:
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. s
I
‘with Cy» C4 as listed in the following table:

£ et ct
VgsVusVy 1/2 vo1/2
e,u,T 172 -1/2 + 2 siney
u,c,t 172 1/2 - 3 sin’e
d,s,b -1/2 - | <172 « £ sin®ey

(that is Cy = Ig - 2 sinzer, CA = Ig, see section 1i4)

The corresponding widths are therefore

- oy 2,2 2.2
r, (oT) = [eh? + hi
5 (8.8)
an CM2 :
ry(ad) = —srep? + ©h’

Correcting again for the top mass (assuming m, = 40 GeV), we get
Pz(t,f) z 0.25 T(uu).

Finally we have:

rz = 3[rZ(uGJ + rz(e*e‘) + rz(da)] +

+ Zrztuﬁ) + T, (tE) * 2.75 Gev (8.9)
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where in particular for each neutrino one obtains from eq.(8.8)

T, (v9) = 180 MeV (8.10)
If there are further neutrino in addition to VerVy Ve with a
mass << M;/2, Ty would change according to eq. (8.10)

Py, = 2.75 + 0.18AN (GeV) - (8:11)

where an is the additional number of neutrinos. Hence a precise
measurement of the total Zo-width gives us information on the number

of neutrinos and consequently of the particle generations.

Cross Sections

We already discussed the production cross section of W and Z in

section 8.1. Experimentally one could measure

0; = o(pp + W+ anything) x B(W » ev)
and
Ug = o(pp ~» ZO~+ anything) x B(_Z0 + e¥e”)

The comparison between theory and experiment is shown here

= . UAl UA2

(GeV) ow(theory) | 48 o®

546 0.36 *goil | 0.550.08+0.09 | 0.490.09 £0.05
s - : ~stat syst _

630 | 0.6 *2-1% | 0.63:0.050.09| 0.53:0.0620.05

(cﬁ is in nanobarns)
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- UAT © vAz
Ys ' ce(theory) ' e : e
(cev) | Z % oz
sa6 | 41 33 | 40s20 toe 101 £ 37 £ 15
_ stat syst |
630 59 *1% | 7es21:12 | sex204¢ 9

(¢ is in picobarns)
Z

. 2 .
—Sin"0, , p = MW/MZ Cos™0y :

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

experimental value for M, (see end of section 4.2) getting:

+0.005 .,
0.008 + 0.016

syst

UA1 :  sin®e. = 0.216

0.227 + 0.006 £ 0.007

UA2 sinzew

This compares quite well with the world average value from low

energy experiments-sinzew"= 0.216 = 0.006.

Furthermore we can determine the parameter p = M%/M% coszew which

(in lowest order) is equal to 1 in the Weinberg-Salam model with the

minimum Higgs sector. From the collider experiments one obtains:

+

UA1 : P 1.018 £+ 0.041 + 0.021

+

UAZ : o

0.996 £ 0.024 + 0.009

It is often convenient to introduce a '"renormalized" definition of
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the Weinberg angle (thus being independent of radiative corrections)

in terms of physical W and Z masses

'sin?ﬁw = 1 -

NEI\J z‘zw

Assuming p = 1 one gets from this definition the following values

UA1 : sin®ey = 0.202 ¢ 0.036

UAZ : sinzew - 0.229 + 0.03.

0

- The Z- width FZ and the number of neutrinos

0

Since a direct measurement of the Z~ width would require a precise

knowledge of the mass resolution,the following method was chosen
to determine Ty
One measures the ratio R of the production cross section for

Z > e*e™ over the corresponding one for W » ev:

e + -
R - EE i o(Z)T,(e"e") Ty ‘
e T Ty Ty (ev)

where o(W) and o(Z) are the production cross se;tionsfor PP+ W(Z) + X
(see section 8.1). o(Z)/o(W) 1is known from QCD-being 0.30 = 0.02.

The ratio Pz(e+e')/rw(ev) can be inferred from the Weinberg-Salam

model (see section 8.5). We thus have:

Fw/rz = (9:1 £ 0.6)R _
»—  (theoretical uncertainty)
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We can furthermore take Iy as given by the standard model (Ty =
= 2.73 £ 0.07 GeV) and calculate T, from the measured value

R =10,125 0,023 (average of UA1 and UAZ).

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

additional number of neutrinos (with masses << Mz)
AN. < 2.4 = 1.0 (901_C.L.)

Concluding our discussion of e*e", deep inelastic AN reactions,
jet production in hadron-hadron coilisions and in particular of
the properties. of production and decay of Wand Z in pp annihi-
lation we find beautiful agreement with the Standard Model.

This is very satisfying of 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 of hadron jets from first principles, there
has nevertheless been conoiderable progress in understanding many
properties of jets from a phenomenological point of view motivated
by QCD.

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 Fragmentation Model (Feynman-Field
model and generalizations)

b) String Model {Lund model)

c) QCD-Shower Model

For a 3 jet configuration in the final state of ete” » qqg they

are visualized in the following picture:

Independent Fragmentation

Hoyer
Al
Feynman —Fieid

N=
RN

" String — Lund

Mesons from Breaks

(b)

QCD Shower

Cal-Tech

Fietd- Walfram
Gottschalk

Webber - Marchesin..
Musiler

.

Low M2
Colorless .

(el Clysters

9.1. The fragmentation function

Let us first discuss the clearest case e'e” + q - h+X
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Here the cross section can be written in the form

49 (e*e"shX) = ] cle*e” ~ qa)[ngtg) +.n§(z)]
- dz g
2
_ Ano -2 h h
= (353 czl €q[Pq(2) + Do (2] (9.1)
Here , = Py, } Py
- Pq  vs/2

ﬁg(z) therefore is the probability that the hadron h is found in
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 g
was produced.

Since the energy of all hadrons fragmenting from a given quark

must be the initial energy of the quark, we have

o |
E f z pP(z) = 1 (9.2)

Moreover the average multiplicity of hadrons of type h is given by

Dy (2)dz 9.3)
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By combining eq. (9.1) and (3.3) one can also

—h h, -
- [D (z} + D=(z)]
et 9 3 (9.4)
qQ '

1 do , .+ -

- (e"e” + hX) =

UHZ (El q E e
q

(g is the total cross section)

The gquark fragmentation function Dg(z) can also be measured in
deep inelastic lepton hadron scattering (&N -+ hX) provided the
hadron h is a fragment of the quark q and not of the diquark left

over in the nucleon as seen here: l
R'!

In the centre of mass system the
quark jet is equal to the forward g
jet (xF > 0 or current fragment

4]
ation region) whereas the diquark jet u} proton
u

hadrons from the diquark jet

qpark

lie in the backward region jet

(xF < 0 or target fragment-
ation regionl.It can easily be seenstarting from eqs. (5.5), (5.8)

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

u! g%-(ep + hX) = E eq(x)Dg(z) E (9.5)
where
2
e fg(x)
. Eq(x) = 2 q
) €q £ (x)

In v(v) scattering ed(eu) is * 1 (with coszec * 1) and all other

are small.
€q
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h
Here z is conveniently defined as z = %52 = Eh/v (for the de-

finitions see section 5.1).

The fragmentation function can also be expressed as:

h
I 1 . P
h o dan L
DV (z) = Iz z = g— (9.6)
Njets z ' jet

(pL being the longitudinal momentum component along the jet axis)
where Njets is the number of jets and dnh is the number of particles
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(q3*) + q°

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

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

transition:

A——— -— g% M

If the original quark has four momentum p then each splitting results
in a hadron with four-momentum zp and a left-over quark (1-z)p.

The probability for such a splitting is described by £(z),
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_ 2 1
f(z) = 1-aF + SaF(l-;) , IO dz £(z) = 1 9.7)

By + Bl Ep

By recursion of this splitting process one can easily derive the

where

following integral equation (typical of cascade pictures) for the

fragmentation function of primary hadrons

1
dn D(E)£(1-1) (9.8)
z n

D(z) = £(z) + I

Corrections for secondary decays of course have to be made when
comparing to experiments.

The limited transverse momentum of hadrons within a jet is
incorporated into the model by giving the q' and q' (in the figure

above) a probability distribution

2 2
2 -pr/20
de

but such that the net transverse momentum of the q' q' pair is
zero. This guarantees that the transverse momentum of the (primary)
hadrons is limited. (<pp3 - /7 cq).

The spin of the produced hadron is determined at each branching

by the ratio of vector (p,K", ...) to pseudoscalar (w,K,...) pro-
duction by the parameter o, = P/P+V.

The quark-antiquark pairs q'q' in the decay chain can be (uil), (dd)
or (s§) with'(uﬁ) and (dd) produced with equal.probabilities. |

(cc production can be neglected). The sS production is determined

by the parameter yg (where Ys+Yd+Yu =1, vq = Yu)-_
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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 (G'q*) according to the probabilities YusYd:Ys and

giving the quark q' a momentum according to the probability func-

tion f(z). The chain is stopped when the residual quark becomes

sufficiently soft. Typically, a minimum value (E+p” Jpin ™ 0.5 GeV

is introduced. Unstable vector mesons produced in the chain are

then allowed to decay according to the decay modes and branching

ratios found in the particle data tables.

Values of the parameters in the model were determined by fits to

various data:

aF =z 0.5 + 0.7
Gq 2 0.32 %+ 0.35 GeV
av #= 0.4 + 0.5
Yg 0.17
2 102
10 S I I 1 I 1 |
-
o W=34 GeV
o .
| e |p
* L ] Tr* + 7T “ 1
101 | . 10
— E ¢ =
%, - ¢ ] =~
3 | ¢ i >
n o
3100 = 2100
S5 : 5l5
wig - - e
—
10 3 E 1o
2 | i [ ]
IO' L ) -2
0 02 04 06 08 1o
x=2E/W s

(see the following figures)
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Heavy meson production: 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, the heavy meson will

always contain the primary quark. Therefore the following form

is used
£.(2) - - 11 s 2
Z_U-E"m]
where ¢ = (mu/ﬁc)z = 0.18 for c quarks and ¢ = 0.04 for bottonm
quarks.

4w CDHS 4
L} e E5N
e reo
a MARK D
X TASED 1 E

Momentum fraction carried by D" 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 happening is about 0.05 + 0.1.
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The fragmentation of a gluom can be described by a similar process.

The gluon first splits 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 and antiquark.lln one model (Ali) the
energy is distributed according to the Altarelli-Parisi splitting

2

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

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

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 (isclated) quarks and antiquarks are
unphysical. The colour force lines connecting an oppositely

coloured quark éntiquark pair are supposed -to be confined to a

narrow tubelike configuration as shown here:

QCD FIELD LINES

K

~Jwhematic illustrations of feld lines between opposite charges in
QCD. <

TN

A A

F 3
p-

A A

From potential medels of q@ bound states we know that the poten-
tial energy E between a q and § is E ~ Kd where d is the separation
between the two quarks and K ~ 1 GeV/fm is the string temsion. If

d increases we will have at some point an energy larger than the

mass of two light quarks and have qq pair production from the field
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between the original pair. The string breaks and forms colourless

mesons

) o

OO D OTD T O D MEesons

In this way the slowest mesons are produced first in contrast to the
procedure used in the independent models where fragmentation starts
with the fastest quarks. It is therefore called an "inside-out
cascade".

In the Lund model a longitudinal fragmentation function of the

form

£(z) = (1+¢)(1-2)% = 0.3 - 0.5
' (for u,d,s quarks)

is used. Finite meson mass and transverse momentum relative to the
flux tube axis can be understood as a tunneling phenomenon leading
to a production probability
-m(m®ep2) /K
" oe
"~ 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 QCD on the order of a (see section 4.2), For a
three parton configuration the string is stretched from quark to

gluon to antiquark:
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HADRONIZATION OF "BENT STRINGS"

LEAmNG
MESON
suasrm~i4§?
qq
— SUBSTRING
ORIGINAL AFTER INITIAL

STRING BREAKS

{dentification of a gluon with o kunk 1n the confining string accord-
ing to the LUND picture. The lank separates frem ihe sining

through pair productions 1 the hadromsation piety /

Thus the gluon is identified with a kink in the string. The string
breaks at the gluon corner leaving over two qq substrings which
fragment into hadrons in their own rest frames. Since the gluon
energy is shared between the string segments the gluon jet will be
softer than a quark jet.

Moreover asymptoticaily one would have

~ 59Ny
(H_ gluon ~ 2(3?1quark .

A further consequence of this picture is that there are fewer particles
produced in the angular region between the q and the q than between
the quarks and the gluon since particle production occurs along the

string,
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Schematic illustration of the G
different topologies for three-
-jet events expected in the in-
dependent fragmentation and
LUND pictures. -
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possible to obtain very good  FRAGMENTATION . PICTURE

agreement with the experimen-
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(A,A) production.
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independent fragmentation picture and the Lund String Model is

however best seen in "3-jet events”, in particular in the angular
dependence of the particle and energy flow (the most energetic jet

lying along 8 = 0). JADE
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stretching from the quark directly to the antiquark.

9,4, Parton Shower Models

This class of models is inspired by perturbative QCD. 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 formation of %*ight, colour singlet hadronic clusters and
independent hadronization of each cluster,mainly isotropic, quasi-
-two body decay of clusters into known resonances.

It is illustrated in the following piéture:

HADRONS HADRONS  HADRONS HADRONS
NS

Schematic illustration
of the Field-Wolfram
model. The dashed lines
- indicate the strings
connecting oppositely
colored elements of the

parton final state.

In the initial stages of the evolution .all the virtual parton masses
are large, ki >> Az and so, as(kg) is small. The diagrams are
therefore evaluated according to perturbative QCD, using, for instance,
for the branching process q(p) + q(zp) + g((1-z)p) the probability

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

dP = 77— T 42 Pg.q(2) |
4 1422
Pea®) = 3777
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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 Qp 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 qg pairs.

In this class of models no fragmentation functions .are used. Besides
quark masses and the QCD scale A, essentially only one phenomenoclo-
gical parameter is used, the infrared cut-off Q; specifying the
energy at which one switches from perturbative parton branching to
non—perturbati#e hadronization (Q,=> 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 successive opening angles.

4~ Angular ordering of successive radiations
in the coherent parton shower formalism.

It implies effectively a coherent

treatment of graphs and that soft

8 > 8; > g,
8> 8,4

gluons are correctly taken into

account in addition fo the collinear
(mass) singularities (see section 4.2). |
It is clear that also this model giﬁes 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 .Jets

From the discussion above one would expect jets. originating from
gluoms to have a softer energy spectrum, due to enhanced radiation
from gluons and the final splitting of a glﬁon into a quark-
-antiquark. In QCD the multiplicities of quark and gluon jets
behave asymptotically as <Ng>/<Nq} - 9/4. Although we may be very
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 that they are less collimated than quark jets and

their net charge is consistent with zero.

10. Soft Hadronic Interactions

Hadronic prodesses'at low momentum transfer or small pp (or soft
hadronic interactions)form the bulk of the cross section. Although
there is no justification for the use of perturbative QCD in the
low py 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 approach,the'fragméntation

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 e’e” annihilation, in leptoproduction and

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

fragmentation functions in hard and soft processes.
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To illustrate the idea let us consider pp - =w'X, where the #° is
produced with a large fraction of the proton momentum. Let us

suppose that it comes from the fragmentation. ¢f an u quark

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

o

-+ +
U A T
First, it is interesting to observe that with the structure function fu(x) )
taken from deep inelastic scattering and the known fragmentation function,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 a

fraction of the proton momentum, and second, the w"

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 (x 0) and the other valence quark fragments as if it

carried all the n* momentum. We thus have
+
T +h ' .
1de o] P + pfeon
since there are equal probabilities for the uord to fragment.
Meson fragmentation data are found to compare 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 process:colour separation and subsequent fragmentation.
For definiteness, we consider the following diagram for pp

scattering:

1--Jc1

P(P'-l)

Pp(Py)

-

Each proton splits by the interaction into a colour and an
anticolour object,i.e., into a quark with momentum fraction X, or
X, and a diquark with momentum fraction (1-x;) or (1-x2).-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(xeZJ for Xy and X, is taken to be

proportional to the valence quark structure functions in a proton

) | axexg vapveg)

1/2

Since the structure functions are peaked at x ~ 0, wv(x) ~ x” (see
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section 5.2.1), the quarks are "held back" near x,,x, ™~ 0.

If the total pp centre of mass energy is /5 it is easy to see

that the chain 1 has the energy
s, = (P + Pt = [(1-x)P, + x,P,1% & s(1-x,)x
1 qq q 1771 2724 © 1°72
and correspondingly the chain 2

S, = sx1(1-x2)

‘The Lorentz boost from the overall CM frame to the CM of chain

1(2) 1is:
(-x,)-x, i1-(1-x2)
B1 = Tx0+%, , f2 = X 30x,)

This yields a rapidity shift

Mz It

ﬂz = ‘2' 111 “(T—j‘_xz

The single particle inclusive cross section for pp + hX can then

be expressed as a superposition of chains 1 and 2:

dN

1
1 do . g 1 . 1 ..
5 = dy -1 [0 dxqdx, g v xv(xy) {a}— O - 8459

__sz
+ -5 (y - ﬁz,sz)}
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Here dN,/dy and dNZ/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:

— _h '
dN Xy Dggxy) . for ¥y > 4y

a‘}}'—‘l.(Y"_h]ssj) = B
31-Dq(x1) , for ¥ < Ay

and correspondingly for dN,/dY. Here x; = |u sinh()’—ﬁ1)/0.5/'s-| and

J— I ..
Xy = fo$+4u§/s1' s Mo = 0.33 GeV (transverse pion mass).

The model as described so far is able to give a qualitative and quan-
titative understanding of all low Py multiparticle production data
up to ISR energies (V5 ~ 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 —==qq
' Ae E & A four chain (two Pomeron) contribution
q = E C to pp scattering in the dual parton model.
v :;;s
< ¢ ¢
<
C language to two Pomeron exchange.

By including more chains (multiple

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.




A comparison of the dual parton model
with multiple Pomeron exchanges and
data on the height of the central

rapidity plateau in pp and pp
collisions.
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Furthermore within this model the opening of new chains is also

responsible for the violation of the.so-called KNO scaling as seen

here
[ R .
.
'S ’us_{. inl Iai=tl 4 UAS
/ b e
| }.Q‘-}\
i_g‘{\
4
L N
|t H
A
ol
- |3
v
g L

w 1 |
1]

Tenfeny

Violation of KNO scaling for reduced

rapidity interwal |¥| < 1.3.

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

dronic processes quantitatively purely within the framework of QCD,

considerable progress has been made in interpreting multiparticle

production within a quark-parton picture.
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