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Preface

Quastum Chromodysamics (QCD) n the theory of the
scton, on'of e Tor ninmenal e o e, o deign b
i 1 oo aad i prictr howthey
et o il e

together toform th
and neutron sre familar
o hery b e 1670 wnd g g

interacions.

the positon ¢ now holds 2 the ethod of high-energy physics
research, collders provide the highest available centre-of-mass

order o it the scope, and not sray to.

which e descibed by QCD.,

¢ collders, mast notably the dramatic ph
m o b rdact

dicat

ety o D s

apc Tnorder o i u. el of gy ol

e v, wpeciy with circuladag hadron beams, one
e st of Q05

carmpitc ndom s ot confyement hn-dxh-,vnmk
of QCD, the appropriste calalatonal techri
Conrigigg e




Prfuce i
collders is prtarbation he treatment of

dioancss probed by theory. T
perturbative QD s developed in analogy with parturbative Quantum.
Blectrodynamic, with which we saurme the reader ha some familisrty.

iment. I Chapars 3 s 4, i done i det o e csi’ “Gop

ik v -pﬂlv,nn-mllllnhn and doep ncantc:

hen deal with the proper

mn-km-hlkcnwvm_m roduction of et and
hoton v badon dron collsons.

gauge and Higes booo

of
context of a non-Abelian gaage theoy. There ae, however, important dif-

ke ad o, he ssoges ofectrons s potns i QED, e
iaide "ot observed 15 free partice. AL long dis-

. Al praen, he e
e e jn&k Sach ot i dynamicl st procemes

Incoming hadrons) and
ing ones), which

ing and modeling structure functions (or
hadronization or fragmentation distrbutions (o
we la review n the approprinte place.

Our atention in wrting this book has been to provide an itroduction

tad 10 prodce & book which would give an overiew

textbook nor a reseatch monograph, but something of sach. Above ll

"This book s an

tgrowth oflctares which we have given over the
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yearsin many different place. The lovel of tratment i sutable for &
radeae staden vho bas ollowed s cowe [ guatam G hor,

ch ok, nluding eereces o criial vk he
able point of departarefo researchers who wish to ixd
ject with which

hupa b ¢ e end ofte bk Kihngh v b i 10
e el cometly, e ol o nou hleof elrncn
ne 1o sl e el ccmabl Dubahed wore whih e g

il b of e o o e

erodutFi 15, The e of e e s

them.
2o o sk he ol b of 1. Berhil S

the mane
T concion, e woud 1o thask ou i o e supprt

Lo menton, who have contributed to our nderstanding of this fild.
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1
Fundamentals of QCD

The geni o e theory which v s callQustum Chromodya
was th reult of the assemblng of many 1deas and experimental resuia.
e e videncefor the coour

che theory. We then

11 Colour SU(3)

The oo el et of QCD s that b matier o e

of quarks. eed 1o have 3 physical
rnion o e S0 o dllv-lx SU(0)) sheree n th specium

of

ks “Tuble 1.1. The observed -
e guah st The guak conituet of th barsons e Ford 1o
have Ralfntegral spin in onder to aczount for the spins o the low-mass
baryons. Tl!qln'u;n therin ]bu'/nv-m then

o oot e 0 vith U prsile i (ol clel
,u..:.,.m 1,2,3) i carred by each

pctioed antioymmetric in ths new
O oume e the ntrodocion of th clow

dogroe of
o of stk b con ol bbb -
Pmid by eqirnet ol clew gt et

e b oy of o tesoraation s SU(), it the el

opyroed aero



2 1 Pundamentas of QCD
Qurk [ hargs | Mam | Baryon Nomber | lsnpin
v [ 4 [ +
W T =
o | i [~isGew
7 ~ MV o
| o [~mo o
s -} [ ~scew 0

Tl

Fig, L (8)#* docay, () e~ aamiiation t quaia.

“

Fesentation, then the basic colour snglt sates ace preciely the mesons
o ad he baryons g, whete s he totly snieymmeiri

v sow et rsouding prof o the ety of ot SUG). n

Historicall important. One early experimental test of (he correctoes of
the three coour idea” was provided by the ate for the decay £ - 77

i, 110 Towrte dtemined b e i et
O ) = % OLE@RELLO0 (11

where J, interpolating feld for
T o o e et 5 o v f s w4




pr— .
i e Gt T ston B, The s 1,39
e oo b o et e s -2 35,
O A(0) Ix(p)) = ifer” - 02

sy
team-e(S) i -mew. 0

i .
factor € for three coloursof fractionlly charged quarka i

é-a[(g}’-(f)']-x wn
chr e vl v Nt oo
e ] ST T e e (0 e ot

£=[a-©]=1. 08
s sugosive of the xistence o thre colours
iy e e o et b

vided by the raio R of the ¥~ total hadronic cross ecton to.the
croms section for the producton of a paie of pointike, charge-one ob-
St . The Vil e wbid 1 e i s

st s s shonia g 1 T e low gy el

‘excies only a3k, e i e i tree
e The vt o e et A
B+ DD =2 (16

n=s[ﬂ(§7’4:x17})'] wn

‘The data on R shown in Flg. 12 ar in ressonable agreement with the

detal in Chapter 3.
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“H“ V““WW\ W

he existnce of apposimtely pin e consisnts ide hons
strated by the c oo inlastic seatterng ox.
periments .mm.-: LSEAG [ The wurpi vt s that th

had » scaling behaviour which waa
target mucieons. This gave rise

the eaction increasad, Rather, they
indicaive of poiaL Tk stacture nside the

with partons, which we now know to be thecaloured quarks and glvors.

‘photon. Since quarks are not observed s fre entito thy evidenty have
tron Intracion which bind them o oo ndon. Asymp-
ks and gluons s large at

ket (e s e i

Iarge distances 0 28 to




1.2 Lagrangion of QCD. 5

very slow. At any fite energy thee ae cleulable coroctons o th free
v el e anigons o of o s

12 Lagrangien of QCD

We begi with  bref dscription of the QCD Lagrangian and the Py
man rules which can be drive from it This s 8 practical uide which

o the logant structare of quaniam feld theory. For more detais, the
reader s refered o the standard text,fo exampleref. (69, Treatments

dut o Quainm Electrodynamis, the perturbave caculaton of

of quarka sad gitons. The Feynman rues equined or 3 perturbative
by
oo+ Lot + Epn )
The expression for the cusical Lagrangian density is
Comes = =JFFT+ T 6D -mam (19)

lea spn-1 ghoos. P in Eg. (19) is & ‘symbolic notation for 7, D"

muia;ednnuanmlu).m “metrc given by g = ding(1-1,-1,-1)
e g it ! e smaior

don,
=2 (1.10)
iyl he fld stngth enordcvd rom he g ld A3,

o kS - 048 - a1 2
a2d the the ight cobour degee o rssdo of
e oo 148,10 th ks Al e o he gh .
.m...aq i i bl GG o G2 Gl

v

vt fesdon gian has
dimension four, n order Lo give the corroct. dimensions for the mhn

felds g, a0d A% are 3/2 and 1, respectivel.



5 1 Fundamentals of QCD
Tho sl um s B (19) o aver the oy st &
2in ks (111 1) e toplng o v drnine e
o etwe ot quts, and /45 (A,

e st o 44 ) e o e qunrl
23)

d g, e e e epreemation of the color
And 5 th comviat devav. Ackg on s e
con vaive takes the form

(Db = Bubuckis (CAS)0, (Da)ap = Bubpais(T AS)an, (112)

7 ace matrices i thefundamental and adoint reproentations
SUS) rspectvey:

()= i, (47 =

4T, (T

matrices, which are hermitean and tracelss,

o
8) e
5

By convention the normalzation of the SU(N) matrices i chose o be

T = Ta 848, Ta= (w1e)
With i choce, he colour mlrce bey he followig relatons:
Jay
Tthth = Criw Cr=Tr (an

TITY = $ S 2 Cui, Com N (118

Thes for thespecfic case of SUQ) we have
4

c Ca=3. (119




JPrA—— '
bt
() = o e
N’"ﬂ"'. a4 =0, (1.20)

Sancq -

13 Local gauge invariance

B (1) bt propry o rsint e ol g
e o the qurk i
changiag the
ook S e

2y

".l{x) - D¢/(z) = Q=) Dagl2) - (1.22)
1 e and ollwing o ael of the
o ki, Wa e i o v e rormain .
o he g fd A
Dig(x) = (Ba+
= (8 ml”l‘!‘)bﬂ{l?"-lh]tlﬂ A0 z)g(z)
A= A =)

Thow e ha the rummainpopacy o tho o B b s

=0 A.rr-(m;w.mx)mﬂm 20
property ofthe - Abelian Al stength
o)t Pl = e ). 128
Alteratively we may deiv the same reut uing the rel
(D, Dy) =gt (1.26)

i tollows rom B, (111 ad (1.12).
o The bekavion of the B srngi tsor nder 3 o aage e
contrasted with that of the clectromagnetc feld



s 1 Fundamentals of QCD

QED. The QCD fild strength n ot gaug imvriant becasse

e lineracton of th ghow. The cares o the ot fore are
‘ectrically neotral phoco

Nu.. i there «. e vt v o g s o he

lvon. A term suc

A, aan

variant. This imila o the QED requirement of
v ihe m.. Tand the et for the guar iven
e 155 pge

1o poge e

14 Feynman rules

e canct pertom petsiontheoy i the Lagrcges of . (1)
i i

28

eter 3. 1n 3 non-
e in e o
ot st ogrngon s 6

c»—- ur* (D2 (1.29)
Here 74 is a comple scla eld whichobeys Ferni sttistic. Thedeiv
P ey Lgraagan b e b the

The ghast fields cancel umm.. degre of resdo wich o il o
re proagte i conriantgag. or . expasaion o e o
e he eade s retered to el 9]

role played el
Eae. (19), (128) and (1.29) re ufficint t derive the Feyaman oles
of the theory in 8 covariant gauge. The Feynman tulesare deined from

seifea o0

‘whichgives the phase of transition amplitudos,rathe than from the La-
rangian densiy. Wo can separate the Lagrangian densiy fnto a free
iy wich ol conan e erm it n e fi, 124
an nteracion pice, . which cont

S=Si+s
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o e

The practical recipe e Foynman rules is that the inverse
vt et <o o ey el o e i

from ;.

ety ot sy oo sty o8ich sl ooy .m»«
scaar fukd 6 and an sction which contains only binear terms, 5 =
(0 + K. a the n..\ o bt € € e ncinded n the
freeL )8!

Srevh

. )
b s K i a5 0
R T Lt 1 = 55 Now 5, & ol

Vo eataion oty irin he o e e
okl mambeof i

NERCH.

choio of sgas described sbove the fll propagator of
e 1041 the s n ok sprchn el e s

cy o th
g e e e £ o the 20D Lagragian gn s B0 (1) one

e the oot fction of the avak el pends on
‘momentum p. It
r}:’m =i (J-m), 39

for the pol of the propagator s added to preerve causaliy,
QED 6]

St towd to e
L N e | )



1 1 Fundamentalsof QCD

e S \)lL]

e pie
O R,

3%+ic)
M_p N e

Wmeio,

e +(r-p)s™)

& **{(p-a)'s"

(q-1)

) momenta incoming, peg+r = 0)

ra B gt e o)
K i P (g
o Al ' |
e
gq\

&g

-ig (V) O
Fig 13 Feyamun raes for QCD i » covarint gasgefr glvon (culy s,

fermions (i i) and ghet (dtied ).

Copyrighted atersl



L5 Choiceof gosge n
1 s straghtforward to check that without the gauge fxng term this

function would have no inverse. The resut for the g
s iven n Fig.

\(6) A% 920 ) = 655 (1.20)
Al =t [-am+0-N2E].

Repuing vt i the spproprivte monseri, Bas(1), (128)
a2d (1.29) can be wied to deiveal the rules in Fig

15 Choice of gauge

The introduction of the gauge faing term Eq. (1.28) explcly breaks
s X

be independent of A. Thus it doss sot really matter for physics which
ery diflecent at intermediate stage. Se 1= 0)in
] 57) we obain the Feynman e Lo . T ey

reducen the number o terms to be com
0 -h..mm e o g o s i by b sl soges
ixed n tera of anothe vector which ve denote by

(139

{20, n(5)= s [~ pors + ;n.,. ] (139)
The averseof i matixgive the gaugeboson p
ke 0) = ey [-om + PELEDE LM] (140
Notics the larer mumbr o terms .n e s o e s
sadin i the s g7

pomeriesof o g hch make them nesesting?
Lo the case ) = 0,17 = 0. This i calld the ight-cons

Phiorakitpiey
sauge. The propagator becomes

804 0) = bnc o ovn) o)




12 1 Pondamentols of QCD
here
U= gy MBI ()

Himlt 5+ 0 we find that

Wy (5, =0, P (p,1) = 0. 4
Oaly o phrical politon st athogons 10124 . propugte
For this resson those classes of gauges re culd physical gasges. In fact:
in the 7+ 0 limit we may decompose the numerator of the propagator
iato s um over two polrisaior

der= ES5) (140)

0 addiion to the comstrant ) ()p” = 0, whic i shvays tru, in
it e we v the e cnrin ) = 0. o e
{ntormaion o now-corarian g

Bxact symmetries

The most nportat o he cxacl aymmetric o the Laganga of QCD
‘gnuge invariance which hasalready been describe in Section 1.

ory. In additon to this symmetry, u»g Lagrangian of Eq. (1.9) possesses

e e grvemen v he ohurvd properis o the rng
processes

teractions. Test of the disrete symmties C, P and T ln
e by e vt i wedcud
“The analyiaof the behaviour of the QCD Ly r these dis-

crete symmtrio s considerably complicated a the quantum level by the

‘which can be added to the Lagrangian,

(145
where £ the dulof he guon e tength eror,

T = a7 (140)
e sormalaion o o choen conmnionaly. A e of the form 1

would vilate both parity and time reversal m-mm in conirdiction
o the obeerved propertie o the strong nteractio



1.6 Bract eymmeties 1

» dilerma. The cooficient 8 in Bq. (145) is required to be small. OF
couree we could et i 0 2ero by fa, bt i could by
CPviolting effcts that ae known Lo exst

i can be writien as  total divergence,

RE - ok

K= 2ok - oA )

e cnio iy vt (G b st (120

e i gt . s o i

ke i e o i 68 B

o 5 . (.49 cn sy e e

5 o

i it oo

. The vacuum of QCD can
e ax 1 thi case he surace 1o T the acion el cannct bo
negecied. Sice he opsrsor K I not gaug ivariant B can heve s

b term.
CP with a magaitude dictated by the st
fact the limit [24] on the sie of the parameter 9 coming from the

:
B
H
i
:
i

referred 1o 2 thestrong CP problem.

The frst mechaniam explots he fac that the phase which givs rioe o
s () the s of o CPiuing shao o the quark mas

o woaac o h deveapmen of prarbaine GCD.

T ey bt b i s e e s bepord e opef s bck
T R R LT



1 1 Pundamentals of QCD

17 Approximate symmetries

metries rlated o propaties f the quark mase matrix. Such
ynmecs i re ety mpotant e ey provie i
"mames and matia dent, #Ah 1 B 860l

Voo g v o pertarbation g is ot applicabl.

acton which are ove S e e il Homere
n important o remember tha this is not lvays the case.
amou el of s 1 he Vo o sl e, which b QD

Violation of scal invariance. The mechanism by which quantm efcts
i sl s il e renively i i Capier 2. 1
the ollowing sections we will dicuss the symmetres which follow frr
propertios of the quark mass matrx.

121 Light ,..a symmetries
now specalize sactor of the Lagraagian given In
D petederitieryichd
£= T 46p+my (1.48)
v o ol phase e ofthe w2 dovs ks -
aratey the Lagraagian (1.48) remains invarant. This nvariance corre
ree o b oo of sk ke
ce e also want proinae s which ol
««m. ot favour, e commabet 1 trodum e otation

(1) )
With thi notation th Lagrangian mey be wlte i the forr

C=4p+ Mg (150)

where
sy
Let us assume that my i vy, much s than the hadronic
it matix. In his case thesymmety of the Lagrangian s incresed. It




1.7 Approsimate symmetries s

aow Invariant
ki, The enrform

dr 2 e oo cin o the
ransormatio

1--v(2-m). (1.52)

where (6= 1,0,9)are the Pasl matrco

current corresponding to each symmetsy:

5 (59)

‘The subacript V' on the symmetry group i toremind us tha t i asoci-
ated with vector currenta,

“This approximate favour symmetry can be further enhanced by con-

the down. Examination of Table 11 shows that this symmetry will be
soupn. Tn

hich
ko favonr octets and decuplta.
‘which

becomen even I
“To explain thi it I convenient o introduce the Je- and righthanded

m=4(-m) m=3(14m). (150
oation 71 = 71, 7% = 70 32d 7170 = 0. We may

T8 0=, o e s iyt corond o he e ‘nd
staes. The quark tctorof the Lagrangian beco

L= quiDau + dniDon. (155)
o
ymmtry:
=on(Sac)u. »np(:ﬂm) - (156)
metry which acts separately on left- and right-} felds
AT g o o v i U8 T ot




16 1 Pundomentalsof QCD
enerated by this symmetry group are

L= fame's,

R= . (s

Once g f e o ec the s thestrange ety
ed to chirl SU(3).

= i ety s ot pparent et shord s f O
I were, oy bdeon vonk b e partner o oppesite

parity wi e, ..nsum-..m i broken,
Tieg oy the 30 summumv ity of mepn sod baryom momber
conseration mentioned pr

ymmetcy of the oriinal Lagrangian. This wilbe the case f the g
el of th thery (the meaum) ok mma.m v ihe ull g v
symmety trasalormation. In hat the vacuum has
oot crpctaion e o i gt quah spertor

(013910) = 0] (e -+ 46) ) = (250 Me)* 159

the condensate connects If- and ight handed felds,
e +ng 0) (159
remaining invariant under the sub-

ract eymmetey o the Lagragian i pomanensly bk, the
theory wil contain masies spin-zer particls called Goldst

amber of spostaseouly boken ety generaon.
ol pees

i, The U(1).00(1)n symmeny s o broken
dwnm““)v‘hllukﬂnu“ isspoilt by quantum effcts and does
This a related the

he real rciscly 20, and
bl e il ey of e QD Lo b s e New

MeV, m, =7 MeV), and may be trated as a perturbation. Correspond-
inly, the pions e o prcdy s Golston b, b U
[,

are dedu
T e e e Tk Bl



1.7 Approsimate symmetries w

My e ey comttm s of s s st
are small compared with the typical hadronic mass scale

oo Gov)
Sty sl e sk (15 M) sl
a chiral SUQ) ay eously broken 16 SU(3)y, with sight
e S crmmpondig a the Bivons SUQ) oc
Trbr b, K5, K% amd ). Thess e in T e gt b,
chiral SU(3] perturbation theory i sl applcabl.
e e ks o o et o SU(N) itk N> Sy

that can be exploted, s discussed below.

102 Heary quark symmetrics
The heavy quark symmetrien of the QCD Lagrangian are most easly
uarks such s the B and D mesons. Such a hadron at rest conista of

ks st s ghow) o o oo gt sl Vo comie
werdne s

fa as the light degres of freedom are concerned
The detais o

We therfore heve an SU(2N;) symmety of the matrx dlements whare

v of ret vl be e churm 1ad bottom quarks, snce the lop
ko eyt docy i Tnteraction too rapidy to form

‘The properties of an atom depend oly weakly on the particular sotope
clar mass i not

of the
the dynainice of the atom
he Bucius can be regarded fo mot purpoes 2  statc ot chrge.

the scal. For example,the mass difecence between the Q7 poeadscalar

which couple via the colour magaetic moment, which ke the ordinary
magnetic moment s propartional 10 1/mq. Hence

My~ Mp o< /mq - (o0



" 1 Fundamentals of CD
On the other hand, o lendin ordet n 1/mg
My + Mpocmg [
nd hence we expect
M}~ M} = constant
This relation s quite wel satised by the relevant bottom and charm
quark states:

M} = 049GeV"

My~ M = 055GV )

ed theory. Cosider  bound state H moving with our-
lociy o and contaning » heavy quark  together with light degrees
. Toe mormentai o e bery otk ol b ofthe form

o= mge® + 1 (164
where £ i of the rde of the nvre e of the bound sat. Since
b by Gun ropagtr ca b vt 3
e = () +ourma) )
Wa o dene . prjctor ntopiv enrgy st
Pr=j0+n), (1.66)
PuPy =Py, P, (167)

by heavy quark propagatorsor onshel spinors, the vertex may then be
simplfed 1o

PoPPy= P (1 £ 1Y) Py = Py

oP (169

in Fis. 14. These Feyaman ruls follow from the heavy quark effective
Lagrangia

2= huiv- Db m hu(iv"0, - gt A2 (169)
wherethe heavy quack i opertor h is related 1o the ome in the cor-
vis.

Qp-ma)Q, )



1.7 Approsimate symmetries 1

032

E -ig (th
A

O
Fig. 14, Feynman ruln ofthe heavy quark efctive thoory.

by
Qfe) o xplimgs-2). )
“The Dirac cquation o the heay quark becomes
Phomhy. am

The par of Q(e) whic s thrown away i g Eq. (L) crete

q....»-mu.m pair n the bound state . Such contrbutions invelve
Luation of the order of 2mg and are therlore auppreased by

jma.
T The mm vt 1nd sl of thebenry uark do ot sppear i
o

ime veociy are relted by &

the standpoint of the heavy quurk effctve theory? Let
heavy meon H, such as & B, travlling with velocity v and decaying
of the » favour-ch rrat into anot

wour symmeiry SU2N,).

appens. If on the other hand the
bl

vy T e ragnent o o e dgrn of o e
 form factor suppresion. Bocasee of the hesvy Savour symmetry sad

ANl matrix demeats of the form
(L OIRTR H (s, 0) )



» 1 Fondementls of GCD

‘where I epresent any combination of Dirac matrice and ¢ ¢ are polar-
faaton vector,can be expressd i tarm of the lagur- Wis fonction and
For example, when H and
andT = 7" we find
(PONRABP(e) = (- )0+ ) 079
‘where the normlisation convention for the hadroric tates
(m)m-» = 1T~ 7) . )
 ~ v is posible in Bq. (1.74), snce the Dirac
-mm. u ) mphll-ubg i dement . aih when -
normalization of the lsgur-Wise functon i fixed by
B 70w (175

Ev-v)=latov'=1 (1.78)
For favourchangn docaesuch -+ o we have
mimi-g
o= midm wm

here g a the momentum tranfer to the lpions. Thus the lagar-Wise
function i norms of macimum momentum transer. AL
the minimum momentum transler

v

mind
indy am

)

roctions
il ey ore /. o o o u v-n., i turse
out that four dditionl form factor,esch  function

o refer o trestd reade o e i by Newber (36 for forthr
detail.
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Asymptotic freedom
and confinement

nement.  ontuemen o vy e g s ghon i o

theory
bin larg . low sergy and becomingsmalle a g snery
2.1 The running coupling constant

i couping, consider aa an

e . By wmpinthe e @ mch e s ol o
4|....m.|.x parameters s e shall thereloe set

et s Th e vt o o ot
kan o vesibl ser-mas mft - we dacus thi ot n roes dtal i
Section 24,

Nlve scling woukd suggest that bocause here s
R should have 5 comtant valve Independent. of Q.
rue in  renormalzable quaatum fed theory. Wi
o T s it s o conpln o 2505 Gt

s el s s sk g B
renormalization ntrod n

i he aracion whiremve the shraiols gt e
perormed - depeds n g onthe o G and s

Constant. It fllows

e chce made for the subiraction pink

£




2.1 The ranning coupling constant z
| Jowem plean The Lagrangian of QCD ms
ol o thonth  che o e 0 de

m...,q.:m...., i leve. Therfore, if we hold the bare couping

SR et b ca oy epend o8 he 1o Q" 4t
the renormalised coupling . Mathematically, the  independence of &
may bs exprosed by

y stos 8],
PR @ on s [+ st R0 a1

To rewite thisquation in & more compact form we ntroduce the nota-
tionn

(%), sen

‘The deivative of the coupling In the defnton of the  function s per-
formed at fxed bare coupling. We rewrte Eq. (2.) s

ales 32)

[ %-*ﬂ(n.lﬁ;]ﬁ(u’,m) 0. 23

 new function - the ranning coupling 0 (@) - a follows:

@ 4
[ g s = . )

By differentiating Eq. (2.4) we see that
85(@) _ g0 oy, 222(@) _ Blas(@)
5T = o), L) - loald @9

(") 4 samietion o B, (22, The sbore

R4} chcutedn fearder perarbation thoy. sows st s

ticall fre theory. This means that
scale Q Increase. For suficiently large @,
e ey e o (0 g o ey ™
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MOMM“{:}.MM

B C)
Fig. 21, Graphs which costibute t th  fanction i the e oop approi-

22 The § function

The rning of the coupling constant a s detrmined by the resormal-
e )
10 QCD, the 4 funcion hs the perturbtiv expansion 1.23]
Blas) = ~ba3 0+ ¥ay + ¥} + 0(ah), an
where
b o (Ci-2m)  (@-2m)
g T
v o G ) )
S, S

PO B usc;culuk:‘)-,ﬂuc,ulc‘)-')
= Tori(11C,

o e ¢t
T~ 2n7) o

et s S 3. T § Do it sttt
o the b e (o)
asin QED. Fig. 2.1 oo of e gt wh oot

Uhe effct of the non Abelian nteractons in QCD. In QED (vith
one emon vom)the  unction

Bomo(e) = 3 (a9)

iy T o g b b o e S S, S S 33 3 eomin o
f=del -ty



2.8 The § function »

T T T
£ function in QCD with three light flavours

—— t-loop
= 2laop

Blos)

Fig. 2. The § funcion i the one and twooop sppcsimtions.

nd
m <6

Fig 22 shosthe e fecon it e gt Savoun, v
the s (ome-oop) term, o the s and second (bwo-loop) terme in

et cpuadon s B (7 e taoed. o, e m..lm
coeicient ¥ b not been gaerlly wed for phencmenciogy, bc:

i e e e e o hs st ot hons
23 e b b g o e e
R v et e e

)= e 5 0 (2)"
e w2 B,

L )

From Eqs. (2.6,2.7) we may write
@2 oy @ v @) rOE@). @
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I both 250%) nd ar(@") rein the peraratv egion

o e i . i
et oo o on (@ | rn-npk- eglecting the ¥ an
coeficents in Ex. (2.1 gives the solus

@

3

(@)= ,,—Hﬁ . @

v oo Bty e e, b g i
(0N docrme o 310 i« property of
ool
ool g Nt
T ol .,...... ey aeb,
egtarea v s g o et
e (mdqnﬂzkmhm-mu wion
(@) ous®)
- e ) - ve ()

3
ot e e i a1 04@) 4 ,W..,‘. ot
and as(Q?) can

earig e s s avty B v e
(190 oftea which iy remcraliatlon group Fems. Ameurn thet i

(19

represents term. o an
a m) nu @ e g n e of o1 wiog

(L@ = Ruos) 5 [-as (Y
=R - WO ] 9

‘which are automaticallyresummed by using e

ol e B el b e By (140 .;... u...a.d
v terma with fewer logar

St woud e n,mu'mx -h.wm i one e o
i'each teem, An w this works n practice will be discussed




23 Anympttic fresdom z
23 Asymptotic freedom

There is no simple intutive explanation o the property of saymptotic
o i QG T 8 ot o QED, whor e e hat the
st large distan

e e,

‘argument to QCD. Th

hmldb-nmmhu&kuxmndnh

that cary calou charge.

& dciic o s pramagrec . The s Ine o srgumet e

freodom ofthe they o he welnteracion i o ol T e

e s chages e kot i te vt vwen The
taraction between disributad ch bet

he charge diatibations ovelap, lead
the colour force at short distances, which s the eoence of
fresdom.

14 g T et s o e mogc oo U
polaizable materials that are attracted toeard s magnetc feld

o) s gt v (4....@....; i l...mn This
nin contast to dectric vays

SRR
start by mriaxu the situation in QBD n-r- li. dl-(uv- charge
o o
B S R I
can define & running dui:u cale ¢ in terms

nlxh:hupuuh: s cu-off el A >dm

ot
e EG (2.16)
e

0 o

and the running charge saishe the squation
(18




>

0.2 screeing of the central charge.
Ve tow e he e o 3 i s Bl hry
can be trested 3 polaizable medium. For this spc m the

the rlation
eele’) =1 (219)

(i st i wbich =) frall . Ths s » cosaece o he Loents
b

in Table 2.

..., et he gl ey o e dee iy
it tem,know s Pa paramagnei,
,..".m. o kot oo S s e o ol

m....m momenta but 1o chrges. The scoud term, kaows ss Landas

oo 1 e e how et e e oo s e by
(22
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that both paramagneic and diamagetic contribution are prseat. m
Pou e et be rarlaed il mmm.mn
i’ difren rom o . ¢ b roporocas v 5% The o
result i given by Eq. (220) where

)

‘and the contribution to b from paticle o spin S i
29
= (229
s 4 g 0 e i umumumzm
0 ubl!nu spin. As expected, the Paul paramagnetic term grovs with

gt
e pi o te paric: The el g (1) di 1o th e hak

consaquence of the ant tion rlsions, re
tively, o the field operator. Becauss of ths overal i, pin.§ w-

while spin1

tibution

e appropriste colou factors of C, /2 for ghvons with § =1
and ;2 for quarks with S = J, we obialn

1
b= =), (225

quark contibaton
24 Quark masses

In the discusion up to now we have ignore the masses of the quarks.

shall now investigate the theoretical bass for this asumpion. Not
1A o he it f vew ofte Lgrsgia the qurk s J
Snober paramete ke the couin. Lt usconer for simpkiy the
e whee e have one Savo of ark it renormalzed e m. A

group equation for R which is now a function of the rerormalized mase
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. The frm fte sqain depeds anthe chokce o permlion
7] whi

b
e fun :um'r_hmm-mnmmmm .
ey bl o
e e

(@

o eornalain b the hane o e s e (e
IS scheme - see Sction e ]

)
Since R dimensioles fucton we ave the rnlt
0 . )
s itk s R i@ =0 )
Sbcing B339 o 5429 e ol a1 cuton i b
he depedencs of

W ng| @i 0nm/@) =0
(230)
“This equ s solved by ints Mml(-ullﬂum— m(Q?) in analogy
i o e couplng, bt
¥
The sleon o hi eations
@) = mo) ).x..[ [e ¢ 1.1n.ro’n]
- - [ w0e]. o

I termn o the i o and reing copling e lion of e
renorm: roup equation s the s g

5 = ~mleam@) a3y
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(@) [Gev]

e Wy S
e ey i e
Fig 23, Runsing of the bkt quak e

oL,
o

rivial scale dependence of R can be included i the runsing of the mase
and the coupling:

R@/Wa5,m/Q)  R(1,0x(@),m(@)/Q). (239
Usog e srmpite o of e tor o e 0, e c i
the running mase in perturbation m Eq. (231) we.

(@) = [as(@)] [1 + #mm’) +o@p|. @
The maa i  cenormalisationgroup nviiant constant ofintegration
(e t A). The rusing ofthe b quak mas f Hstrated I Fi. 23,
Vi s rom
rcing eadn
suppresion of 1/ ad by it ancmaloss Sinm o (b5 0, which
o c

T invaigaie s flecte more quaniletively, conidr the e i
which R and It fist N derivative are fnte at

ﬁ(l as(Q”), m(@)/Q) ~ ﬂ(lvnn[ﬂ'bﬂ!
@] e
+: [ " R, 0u(@).0 )




-m,.wn.. o o by gk with mase

e e sl Q. A sxamie wou b the s
T tap otk on physs B sl wl bl . It e 1 o
e show e th et of the the eavy ek on crom sl

) repreete the pumber
wih massen mach smaller than
)

h...,. et
taken

o

et ot s oy
ter 10. There remains, howeve, th problem of rlating the values of o
measared in the two domains @ < m and Q > m. Tochicaly this s

Aived by matchng the couping of the full hery whih Inchdes the

offeedom. In pariclar, the value ofny ncreases by one unit 4 we pass

The! nto gl hat s(Q°)shold be conin-
vt e ey ek s n s et sy
1, with

a step-unction discontnaity n th ight-hand side a.Q = m. Wrding the
soluions above and below the discontinuty 48 a, and o, repectively,
and expanding the  function to leading

' @_ 1

w0
hre . — by = 1/ from Ea. (2.) a0d bnce

(@) .(a’»[hln,w’n.ﬁl' . em

The same caried hugh 0 rder tr i

approsch can
B, (1.19) il sn o v to oo oo ko bt




24 Quark masses B
st pin e migh weder why we shosd maich the i xprs-
sons for 2 14 0 = mrather tha, my, s which might v seum
ore s ol nm.. ey it coe by Sk
out expresions for

u.w'y o (@ e oy i 60 @ 3 and G € v

o e whehe o skl b st -t o 1o e

e € h el voion of 3. (437

-@+ga(E)e@r.  ew

One finds [10] that in the usual renormalization acheme (the SIS scheme
et R
o - ke am
a - #mwm-n. o

ioto account () o oiog mam, i b st
"l-lv-knt o the p st the quark mass, deined
iy e 0 At ki pot g (258 b

o) =0 () - 7 fo-md)] )
i g oot 109 i
i chicofprorm coming .0 = .

S o

cowin e

b g v
TS oo of e o ey el
e michin o o th coupin o el theory i oy
he i G of o s emphisnd S50, (e contos o

Teads to 3ppr
runoing couplng and heace an appealing physcal picture or .
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25 The A parameter

Pearbite QCD el us how the coplng consant s i the

o be obaind fom

parameter of the

it efrence sale

pertacbativedomain, M} for xample.
mm» i B (33w o e oo e v sy ther
e Q7. Thi han bcome the standard

imeasromats o s i Cotr 15 oe Gl o b iy

@ __ L= ds
A= osion BE) ™ Joyian BV
e st which e coupling wold p——

g p e
e o Bgh sk (i s S ey hedon.

lending order
coeffcent in the § functon, we an perform the ntegraion in Eq. (2.42)
o obtin

(@)= HgTR a0

Note that foarge G i sltion sgre ith Eg. (212) i o, The

denionof A etendnd 1o nec s Jdin ordr (NLO) by nclding
 couiciant n the taga

el =) e

Again, this allows a numerica determinatio of as(Q?)
of A Altaraatively, we can obtain an approximate souton of Eq. (244)




i tarms of inverse poversof In(Q*/A):

" 1 Vi@
e T {‘ TEE7A 9
o, Bovee, that s cxprnies coroponis o 8 sl diferes
i o 1o B 3y The o e o240

pomemof nQY/A) wonld i s trm o v /' mqw) m..
« constaat. e

o (40 (549 s 1 a3

-wn»dy,m-lmnnumvd-nfn.(q') e two A's are related.

*
M=) hrin -9 240
et (2]

vl b cls o h sboe dicumion a e of A s he -
5 iy i o o o v o e b
e liping A by  contant v an sy scep-

s dtale. T A ol (0" s oo e

) mu'«--. ordr Bithr Ea (140 o By, (345 can

it poraat when compuig A i 1o chck s e s tion
been 180 to determine A from the coupling constant. Differences

can be cor iy messsrement
Asond ety wih b m Seniions i tht A depends o the
or

10 an
o e ..., B 2 aad (349 rapectoty.
‘The matching prescrition by the condiions that for sl
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f i momesta. e coplng contast o e bl of
e revormaiasion g s i coninsous (ncion. From
BTl e
'
(99 = e[~
For m < Q < i the coupliog evoves with o actve favour, ad the
orm to s

(@4

1 S@UAGY) |
SEATT -] e e
‘wher the square bracket s the same a in Eq. (247). The contant b
aed by the contialy conditon,

asnd, )= as(r, ). o
Using the ext o deading rder form fo Q%) ane an show then that

A0 A0 ) ()] ™ @

Fi. 24 dhows the rstion botwan ) 20d (), 1n ummcy
imporiant when comparing diffeent A values to eatablic 1

ange in the vlue of 05 31 Q = § GV ith the
e defion pm e ud i Ttk 22, An eror can
S subatantal change
i roubieg property of A ha dopends n the norma
tons of the renormalized

ization scheme. Consider two calculat coupling.
Comht which sar o bt bare parstan,

ot =2},

of = 2" (251
The two scheme tat (rom th sam bare cosplio o3, The e

parts of the renormalization constants Z4 and Z8 must be the same in

constants must be rlated by a fnte encrmalztion:

of =af(i+eef+..). (u?\

ot s e fs e cooim of e 2 o, and

g by ch s et They e hortor penen o .,m..
From Eq.

arerelatad by,
(59
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St
= 200 = |
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" ,‘J_..A_A_.J_A_A.A_A.Lu.u \_A—J*LLI

Fig, 24, Compaian of A for 4 and 5 ight quark favours, with matching st
phAry Ay

The st ey folloms o aking he Lt Q o bcae the
‘mus be tru fo all v of G fore reltions between

which fxen 11
Aol (259

peformed in the modifed minimal sbroction resormalization schery
In ki spruc, it h.,., divergncs e regalsed by rduog
the number o space

W — s5)

where ¢ = 2 - . Fo locumion of renormalization and di
mensonal Iulnknvvnﬁnh‘md:rurd[l-\] Nmuhnm

fekde, ump ntegral of the form /[ + mT" then lad (o poles at
. The mini iation proscipion a o sub-
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(4. Inpractc the polsahvay appeat i the combintion
LRI n

The T fonton i dened 0
@

and b the ropetio

T4 =50) @
Mi+g=i-merGeimaro@®  @sm)

shere 7 = 05772, s the Bl A —
biructon scheme the additonal constant in Eq. (2.56) which accom-

e 22 e (350 ot
Iu

Ly, e cpeics

‘Guldd by Fig. 23, for the purpose of making phenomenclogical pre-
dictionsons may e tha

MeV < Ag(5) < 400 M. (a8
Uaing Eq. (2.45), thiscorresponds to
0105 < a(M) < 0.129. )

e g .11, with about & +10% uncertinty, a¢ the mas of the .

0,116+ 0005, Th B @62s e
o coner ighet prc inty i ag
e il i s ey n thepeicon o te e of 45
cros ectons. Thus we should expectertos of the orderof 410% in the
prediction of cromssacions that begi in order a.

e of uncertainty
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T T T

1/a’)

o )
e
Fig, 25, Messurmentsofa compasedwith prefiction o various vlues of
AG.
28 Lattice QCD

‘We have soon in the proceding saction thatat hgh moments (or squiva-
on

he e band st g ditances (o shnt 1 frm). it becomes g,
er tegime pertarbation theory is nok weful. Furthermore, when

oo o st bk St G b e
method of pertarbation theory, clarly stuations in which thin

heory deiermind by the GCD Lagrangian. One
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hich occu at high

calaiat he theory one
i i re

ey s s by i Sccn 25 a0d ol b

et i n i o v i jation

L Enciden vrion " GCD implementad by deo ry o

I
il ypocuc e 141516, The coiasion
o' Eachden rgon ivs 8 e, v acin o the aogt ke

WA e he sl s
e o e 0 eparai the fld cpcatrs by dscrtiing B
mm “pace time inio nywws. i sds o lngt . Pl Love

pn ypercabic sym:
b e vemion ofthe thty presrs
i f sl s spcing e o i

pacing provi
momenia o i dierenes e 5 onr
& i Tong an the i pacing o s s mab o o ekl
.m.. f the s one s sty he dcree
honid e s adegunte apprmon 4tk sl

ing expression in Minkowski space, Eq. (19). Performin the Wick rota-
Gon 2% = i25, ¢ = ~id® ve fad that

if @ e )

/ -'r.[ P P+ + i)
[

o Bt et f e ey s the oot oo

357 =2 (269

are reated 1o the gamma matries vsd fn Minkowski space by the
wlormation,

A=t it k=120 (200

o it he srwciure o the docrsvron of i hory we wil
st descrie the of s + operator mad

e s e o e e . Corier otk 8

il ehng o he fndumen rereeatuion o SUG. 1w o
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composite operator fo two separatad points = and y, gauge invariance

we denote by U,
0= 4(6) Ulw. 2 a) @6
‘where the paralil trassporter i expressd in terms o the gauge fed A

un=rfool- [t e

The I ol s sth et £ with 3 und e &
orderin. Each choics of path dofines 2 difres aint

Epertor. The path rdeig o dened by he
the exponential.

uwz) = 1-ip [ d - Ate)
-7 [(dn £ [ dot @)+ 200)
e path, feds with larger 3 stand o the

s trmormuton peputo o the parsll

randering the l-ﬁnvumn Uing

ra u 50 v o e oo e Wi
e tramsport

Ui +dns) = 1-igdst- A
- 1-igds, nt:u A-mn’*(;;

4z, (0 e) (am)
and hence for the iniesimal transportr we derive
Ule +d2,2) = Qe + del(z + dz, )07 (2). am
tranforms aa
Ul 7) AN, ), m

‘When combined with the gasge transformation property of the quark
felds, Bq. (1.21), ths s suficent to demonstratethe gaage invariance
Eq.

o  formalaton of QCD on he e sk il U which 3
ceied veion of he parall rsaprtr s the vl qaniy

spacing @ and lneas iz L = na, where for the case illsrated = 5.
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i
Fig 26, Two dimessionsticeshowing » lsk aiabe.

The lnk varsble are the paallel transportrs betwoen adjacent attce
st a8 shown,

U(e) = (s, 2+ ) )
where 182 unt vctor dircted long oneof the ks of theatic. T the
e - :

asmociated with the lnks between Iatice site,

e lng e il o o it e
quark and aniquark feld
Wb b oo 1t o o th o
hesimpiet bl for e el o dirnine by e ..«m ]
o 4 squre pathof e Jngth ,called &

U0 e+ a0 (x4 U+ .n
= Ve + anUj(e + Ul @)
The totl acton for SU(S) puce gasge theory i gven by » sum over
Paauete,

3

So=0% [1- bReti(a)] @m
where 8  constant et 0 th g coupng. Th s ove i
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uetes inclades every plaquete with oy one o

T I Iy )

i

Tosher e cormpondence o B, (275)withthe continuum Excldean
e take thelimit @ - 0 and replace th lnk variable by

-(H = 1= i tA(2) - fole’ LA (2) M;(ﬂ +0(). @7
Th et e e m o e et s
Az +ap) = 1408, 4,(2) +0(a?). (278)
e e et e my b et s
U = 1B P Bl
T = Al R
‘where the field strength tensor is.
- Fule) = t-,Au(s) = - 0, (a) +igult - Au(a) - Au(2). (2:80)
The s fr e s hes e coton it e
50 = B r e

- ‘):{%):mr o) am

lnsgeement i B, (281) provided e ey,
by an

on the It
-mm...mn. 7)oty o s which v w20 e
be acceptabe.

above. The quark s are placed on th its of the lattice. A Euclidean
ko fr the s uak el nthe it can oo b relcng
ihe S 4 e cin by o e s, o the g e

by sum ovr s The simplen pecripion, which we sl cal e
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“nive ermion’acton, .
Sw = [ (a3 + mite)
- ):[;fc.n.-u.m.om,.} (s

where ¢ is a displacement opersto, g = fesa

B4 259) we cban
Sut =5

‘We must examine all vluesof this nvers propagator which ae of order
Inthe lmlt . 0. The rnge of momene s st o el
tioth /e v v caa ko -3/ <3 <3
‘which are more singulr than

I o whih s e e o o
ch e for omponent of s 1 b sther 1t vy
of 2610 o n the vicaity of r/a. Therelore rathe than represnting one.
femin

b m. )

s a consaquence of the fact that
e D ety Bt i, Th sl o b (s denbi

Lo romor e gty of e shvaned s
{550} @8

~2)/a?. The lnvere propagatar

Swr = Swr—

whete 8= (1, 41,

Swr) =3

The propagato i of order O(s) ony for 7, % 0 in the icalty of
o

orde ¢ 38 healic anockon a e e
um limi. It s only important fo p, = 1/a. As & conseq

sow given by

sin(op)y }}: (-coion). (2a8)

where j = 1,2,3 o 4 and the degeneracy ia lifed. Combining terms
aciion we find that

Swr= );{(-&5)0.-.45_)_:ln[<n~7.».+u++.
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esionaly itn by changig he o

o Lagrngen
e s iy, e coeint of U
Ind-dlru ek s et o o gt et

(287)
the term conncig wacent tice e, K, clled
the hopping parameter and is given by

(259

T

by the
& term in the actio, Eq. (284), eve in the beece of an explict mase

In the above discuson of the fermion lattice action we have followsd

problem is provided b Kogt-Swakind fermions (19

normaly appear s  bilnear tem i the acton and can b inegrated
ot
J1av.)d0dd oxi-5a(0) + @)
- / {4U,} detM(U) expl-Sa(V)}. (289)
alinegral whih s spproximated by in

4o obtain numer the

roquently wsed Is dirct Monte Garlo evaus-
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QCD in electron-
positron annihilation
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BEC s a dimensiolons angla ditibuton defined by

s by (6
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‘E/"‘( )& ‘.,‘mvu-x). (2.40)
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3.5 The triple-gluon vertex
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it event conaring o masy e e at LEP.
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38 Gluon emission from heavy quarks
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Summary and outlook
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Deep inelastic scattering

The original sad sl the most powerfu, est of perturbative QCD a

f the theory but aao determine the
hadrone, for use a foput n pre-

Sl by g du st st
‘then show

ing nive’parton mode
Sow GCD il th g Borhen s propery o

i various Kinematic it

41 Doep inelastic scattering and the parton model

We begin with an overview of how dee inelatic Iepton-hadron cattring

luons in hadrons. In this section our derivaton of the parton model

Will be rather heuritc. In the following section we will present & more
rigorous dervaion

Conider the st of s igesry charged o of » badron

b

hereafer t0 )
R e S g s s e deed




1.1 Deep inclastc scattring and the parton model 87

Fig. 41, Dorp ineatic chargd epton-proton acatcing,

wn
whers the oy varalnrlr L the e vt e aad AL i the
e M e e
i by th g .,«,.y.m... Thon: P
e o o ot Chargd et suitots 5
fom _ seME[ (14—
Fo s (o i
H1- (" - 22F") - (M2E)syF"| . (42)
‘and for neutrino (antineutrino) scattering, vp —+ IX,
,
e = i
HEF () y(1 - J)eFy) (“3)
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Fig. 42 The Fy structue function fom the SLACMIT, BCDMS, K asd
ZEUS collorations.

il thestrcare o thse cunion I e st ecion. The
Blmhmaud.lmnu‘y o with 2 fxed. In th

e they depend only on the dimensioness variable z:

Fie,q) — Fls) “w
functon F, measured with & proton trge, are displyed. The dta span
i e i fom th odgenl SLACTT mmremirta
1o 0 arge messsrmena from the BCDMS

oo it et Mk vy e proo et e
surements from the H1 [5] and ZEUS (5] experiments at HERA. Only &

G vty byt crdrs o maginde, o & oo spproimaion
ing s e i photon st of poiite
fri et i donies structre functions would
et o o i O/ W 11 s g s i
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o th i ticle of momentum k in the final st
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R el > F) +all) [}
= m:—m = Ap)+ () wn

pal st istr 4= (64
l»(k P 1 (Y b matr e sl o s
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. S
@ T, wn
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= S wm
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imples = = €. By witog ! deb(e — €) = 1, we obtin the doube
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25 _ ot
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comparing Eas. (43) and (412) we see that the structure functions
e el

e -0 =2eF, )
a the sruciar fucton F3() probs’ s qurk

constitaent with momentum fracton €= 2. From . 4, he measured
ucare funcion i evidenly » disribtion 1 2 rahes th 3 dai
fancton, which indcaes that the quark constituents carry a rang of

actons.

“The above ideas ar Incorporated in what s now known s the ‘aaive

parton model (2]
— €1t topresanta the probabilty that s quark g caries momentum
e emer € g € 446, whee O SE< 10

— thevitual photon scatier incoherently off the quack constiuents.

rusae focions wih the probilty ditrbaion e
A=A = 5[ 400 xhe-0
- Saue wi

I paticular o the scatering of  chaged lepon off  proton argt by
virtal hoton sxchasgh, 1 - X, wih fou quak Eavour,
A = a[f w0 +elo) ot

R {CRE CRTCORSC)) FECAT)

For sein sataing, 4 X, the il " probe e the

cuark ditrbations weghiad by the correpondi
() = 200d(2) +o(e) + -muu)x (w10)
Al of the most commonly encountared paton-model decp inlstic

o
B o= mliraard
R = miet-a-g
B o= 2dfutctdis)
=R 2fute-d-
B o= s[ferareras dardrors)
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uR = B wm

it} property ofthe qurk. T undeand thi,we o hat the two

1o the absorption of transversely (F) and Wl-dmlly (R- ZxFJ
‘polarized virtual photons. In fact the combinati
Flen@)= (14 255) (e,0) - 2656,0) 2T R -22Ei,
i)

called th lonitudinal sructur function, s sometimes weed instead of Fy
ot F. The Callan-Grom relation fllows from the act that & apin-§ quack
ot absor  longitadinally polariaed vector boson. I contras,sin-0
Fyyin the Bjorken
measurements show that Fy, < F3, confirming the si
quars. Note that i the QCD>-improved parton model F,

would have F, = Structare function

only non-tero

At vy big
X sent

e, in partcala for Q° ~ M, the contribuion to
from 2 exchange canuot be ignored. The calcalation

sl way 1o th cormponding calclaion of Nighsnergy ¢*e- anaihi

poratesthe complae neuiral current (1 3ad Z) exchange for -5 — =X
scattring s

Lo < 4 P 00RO RG]
@)
vhes
) ) = Eell) 4 HE1C@)
=R = Telale) a1 DyQ7),  (4.20)
™

CQ) = € - 2VVyPs+ (VI + ANV, + 4P}
DYQ") = ~2eA AP +4V.AV,AP]
n-obn -

e il ol o o 3 s
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dfned i Chapter 8, Tble 8. Th chamecaren (- xchase) con

ibuion, €~ X o bomes sgifcant o high 0. The
sponding fsribution decomposiion o thecrom setion

L P ]

where .uxnl-uvwdmulm w4 3nd & efe to up- and dows
rxpcivly, and the V., e the semeta o the CKIM

i, whih rcrbs the ouplng ot qar 0 the hargd sk

current (see Chapter 8).

in prnciple be inverted

ofhm v g (o) cary o et s b
quantum mambers, and Tight

(o) =30e),
withthe s el
[ewe [ttt
) f;"[.mw,u = [ desnte) + dute) pos(al 05
24

The st of thes s an experimental reut. I adicates that the quarks
only cary about 50% o the proton's momentum. The rest i atributad

1

rectly measared in dop inelatic lepton hadron cattrin, thelr presence

tum et prompt photon and vy quark production (e Chapters T and
07 1 4 he el et of s s gon govtoion ] .

210GV, Notcetedifiencen ompre o te v expcaios
0t SU(3) favour symmetric,rather
ik maller i




1.2 The parton model from fild theory B

4 T T T T

x flxa)

10GeV?, from e, 1]

Fig 43, Quark and goondiributin oncion 47

e lght quck dlsbutons, sd thes s a0 seymmete b the &
arks I the sen. Nether o thess features I quantitatively un
m 2 promat Mo ot 5 e e gk
n that the virtusl

oot ot u »ku.-q-m»\n i he vk e G 2.

show that these scaling vioations arise naturally i perturbative QCD.
Fies, hovever, we give  more igorous formalaton of the parion model.

43 The parton model from field theory

he e pron ot e e rvos o il e
poc model because much
i ot o o S0 hory, w1 i sovmpion
il rom the phenorenciogy of hdronk nterctons.
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i A

ere o that changs i the b ad momea o e paicsshould
e gl during the e wich hey e probed. An oy wih
diffacion stsdien of & crysal may be uwefl. An X-ray diffracted

i can b cosidrd o b s i e e i of e Xy
acroe the crystal. In hadronc systems we ensare that the trani time.
o bt o b e e of el motn ng

The amplisdefor thisprocs
A=asyratt) 5 (Xilo)e) (42
The ke pot s tha the crom

secion, roportonal o the amplitude squared, can be
o eptonc nd 3 adronk i,

@
gy L W )
The srsctar of thelptonic tensr, s photon exchange oy, i
compleely determined by QED:

Lap = Tl = 4 (wu,m —oskk) . )
In contr, e b eor coain a e frmaion bt he
Intrucion of he dlckromagaetc curen o wih he age proton

Woslprg) = ;),:(PP:“‘NX) (X[i [P (22)'8'(g + 9~ px)

o [ e (Flieinole)
= o[ asee(rlieim]lp) um

s ineodcad s el rprentation frte Furdimensions i
- implien




4.2 The partan model from fild theory o

s sen’ by
- The
"( leptoni
d sdeof P, (420,
g th rling expremin wih thas iven in B, (43)
duied n he previons sction,
F(2.Q") Wi(z,Q%)
X (30)

e
ik vectors hnp e Lo that dimensior
invere mase, Any lmrvm:nhhmmmunlnulmnlm-md-
spacelks to-dimensional trany

oo bk, )

whers

Fanmnbr=ph=0. )
T particalr, wecan dentily p with the four-momentam o the taget
in the agproimaion i whch we Ignor a o The Kinemadc four-
Vctos for doep nlatic scatein can thn be wrten

et

Py ™

b g = ¢ = G 1 he i i he sk o

B R A T
” - asn

= 1",Llh‘-— (4.34)

P
Using the representation E. (4.33) the fusctions W, ,can be projectad

R ——
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Fig. 44, Haadbag dingram.

out ofthe hdvonc tear by
W = Wi Fs

Wy = WM = F= BB (439

ot st e

i ' e (.m.» o

simple ‘ludb‘(‘ dingram Mn in F\l 4

W(pa) =] / Tl 0] [owal s @i

The quark our-momentum k can be decomposed n terms of p, n and
vector b,

hoton scatters -
vensor W s then

= E;’%k'k"

b s

tagive
B{(k40)) = 8874260 =2or-kr ') (260 -Q°) =

(€-2). (439)

Copyrighted aternl
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ek = G [ “,‘.[lurm]un,.u.,me-ﬂ

= e [ il putk e )

= dueta), 39
wherethe quack disebution s
o
o= [ G MABE RS-k =2) a0y

We therfors see that
o the dimensionless variable

are function scales . it depends.

A=) — R (an

22F, characertic of the spin§ mature

operator representaon for the quark di-
on 113 Inthe b o gt A= e s ot

by alight Tk distance sl don i ndependent of the gauge
4 T o b s by s Foir oo

o) [ e (liomeonls) wa

e, To s i v el he B momet o h quk diiion
with respct o 2 1 obal

Jean= (qunmmlr =(Fposolr), @iy
‘wher th approximatio  vald only n a fst movin frame in which

Homity i

How does  proton oak i the nfaite momentum frame? Because o the

factor M/P with respectto i sie n theret frame. Partons with finite
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2R
Fig. 45, The proion asvieed i the infinte momentam rame.

al phase

in Fig. 45, and the number of parions per
4

£ 1 GeV/ P aresomeimes cled e’ a2, Bt o e vy
contrse

amall momentum they are not confined (o the Lorents 4
Their spatial extent i rather determined by the uacertanty prscile,
ain s )

4.3 The parton model and QCD

‘asive’paron mode thestructrefunction cal, .. e, @) -+
FUe) i the saymptoic (Borken) mi: G° -+ c, = xd. 1 QCD, i

n...‘m..a ' the previous section) is
‘we shall ee below, & quas

was propartional to dky (m/{), vith m some mass scale n the thery.
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>

Fig. 46, Amplitudenfor doepinlstc satering off o quck.

In the case, the trasaverse momentum would be effectively cut off st
b}~-' i 1 B s o G .

 hn. L. e Olo) oo o e paon model el
P--r‘-tu £) obtained In Section 4.

4.1 Contribution from one-gluon emission

Off & fre quark with momentum p (i. € = 1), epresated by

photon
Fig, 480

(6) +4tp) =+ ) (a40)
“The fou-momenta of the ines ar shown in brackets The mvriant ma-
rix lement for this proces

M. lhuls) (wan
i g i o e ot gl o
1o e s wihth P contelation pefced u)

(44
40, = 208((p+4)") . (449)
Insrting the ‘Sux factor' of 1/dx from Eq. (425) we obtaln
Bya)=a-2) (w50
which i the naive parton mode result with £ = 1. The *** ndicaes

refers t0 3 quark, athe
W et e e il o rcm, i, 450)
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®
Fig 47, Relgoon emssion diagramscontibtin o deepinelstic et

i which the quark emits a gluon:
T+ alp) = 9(r)+ o0 (s1)

i Fif. 44 n
ange. The Lorents invariant phase space for this

GG )
s
P = v,ﬁ%ﬂynq (50
é
% - Edlr‘d"vr (455)
which gres
o1 = a-gl 2, (ws0)
Cro = wo-@ - -tk )

1 e o thecomponetaof ,the phase space brcomes
a0, 1 [ acavaians - -0 )

o
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co(eme Btrtry wn
With0.<0.< . The corrmponding matix dement s

M = ige 7" 114 wtp) )

whare 14 n the SU(3) colour matrix n.»_:._: n Ba. (114). Squ
ad averaging over colours and spis

WML = 4 T O M O+ 7R *

(s0)

whete we have wsed the colour-matei identity (L17).
"To perform the sum over the plarizatio of th rea gluon we use the
projector

L el

Thus in addition to the Lorents conditon .- = 0, the gloon saiee the

o + LRI “e1)

(b, trameveme) platons proage.
e can gt prjct vt e conteibtion o f b win e vt
). Usag

i Ba. (455 i iations i n thePhosspch
e e

=, - s

T IME, = RO (462)

‘where the function P(€) is known as the spiitting function:

ro=c 8 63)
K frn i i o o v 5 QOD. Nt he 1/
I (40) o 17 by e e o i

o i e b Diva i, Pt vy in toter
performing the £ and 8 integeatons ives.

> AR e £P(E)
EVR R = = B
E.(l‘r)-z-*: 224 \fa2(1-2)2(1-2). (4.65)

ity the nossion we v nrodacd the e+
m/(m g e ot o the a0 < + <
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icpated at transverse momentam
(!llv*nlly, the vm-my \s’n s e sy s i
oo, we ee th s logarithmically divergent at small
T g s st of e sty < e e b,

e the cosficnt o he riting g, Notin tht €.~ ¢
S50, vl the e

“u
e

s

g

2o [ g2t ep (%) . aen
sy cnded g g 4T, s e

r

fecl. okl b wanil P, (10, st e 1yt o

1(p+9. he
aag vrte conrbute avothr fctor of ks ~ /[, in th lightcone

e o dingran o Fig. .7, togeher with the ing.
ol gy, v & sacon oncton
AeQY = ,[mﬂn"—’(rm Lrcw)], sy
e i given by . (4.69) 0 G i clulbe fonction, Note that
i i o ru-}-.m. e i
P

@

e the siracture function

i
corresponding quark distrbution o this order I pertarad
hoory s

e @) =i-+ 22 (PG ro@) . e
Tis i ot qite the complte anawer for 5. The ul resut e
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nsertons on the quark legs and the photon vetex correction. The cal

direrpc which ppen i divida op
s el e o e Al g o s

3 ) 1 common 0o e il dgrams, i conivion o
he strcture functon s proportional {0 61 7). Thus forexample, the
g fnction broms

Ple) — Ple) + KoL) ()
Second, I order to conserve quark (i. baryon) number, the ntegral
o ke qurk dtion,canrt vy with G Thie Il e
o o h ighhand e of B, (470) st ot

PR R R B
e Gt et 0t g i
ey

Lot a0
w
ey mosean wm

The one-glon contibution o the ongitudinal strctars funcion can
be chcuatad .+ s vay I tha che, loing Ea. (135, 0
projecion of the matixsement i Ea. (62) i relaced by
ﬁﬁfwﬂ,
g contibution comes fom i 47(8)

Once sgan the

thiscase there i 10 lgarthric singulariy: heiegral
i qvas by e [ O The vt (o . (4391

Aue@) =

epron] w
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432 Factorisation

k)
mal uofl o was compeely o . On cond i fct bve performed
rgluinatin s iber vays. For example, dimnon regauiaion,

proen coveet s el The e s 1o changs the nber
ime dimensions from 4 to 2, whereapon the divergent
e 26171 T v b ke A ot any € £ 0,
niine amoge o B (457

Bl =g re (.; . )

How should we ntarpret the divergence
Qo Noten e iy e when the goo s vl par
FLLT

\»- o S o St Chopis 3 bt

e me ok o, The by b adeandng vis o bapp.

i

o .
quark structure function 3 of Eq. (408) with a ‘bare’ distribution g of
2 quark in  proton and sum ovr quark favours, a we did in Section 4.1
for the naive parion model. This g

B = 54 .(mﬂ [%ae

:
FQegec@led o
e e

—/' %msy(r(‘;) "
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[———
@) = o5 d [ Euenn

- 2rEug ). m

tarbation mnq e e coibatos om0 o e
(o perarve) s o the srong e 't cn of o
ucioe foacion ai ot ey poricals sk soce
1:0’1«:9.1 Q).

demanstated factoriza-
l'un u.o(.,y et perturbation theory exis. A more
et dincumion wil ot o Chapne .

(o g e g g sore o it
How the fnte (non-logarithmkc) conributons are reate. In the example

o e ). We cud,however, v actred ot n iy
‘which would have ift. behind an additonal fiite
. fow much

e’ T i o whch r,;,q’y»y e wi

hena [, A more comison hoc i pescticn s e 18 s
ik o ..u.u_ o the divergent pice only & iashow ey e

5 [ $ea frn-D+fom($) .}

- (s0)

A

ion scheme remares any prdictve power fom the theory. This s not the

i€ must be used in all other cros section calclations. For example the

s don
define the parton distribation (see Chapter 9).

fonctions in tema of parton distributions, there i ane furthr contr




@
Fig 48, Do iclstic satrin with it .

e st i, the Ole) coniuion o the 7' - o1

calclaion of this contebution, which

wdmuhby T et e e e b1 13 o
escibed I Sction 4.3.1. The reslt i

Hed) = R g (rum G +00)

0)

ot the it bt ool aod s o the g cont
here i agan 3 logarithmic singulaity from vasiahin
Com e, 11 . e sl oo Socices i ron
Pofe) = Tale 4 (1217 (wm)
The colow factor Ty = } in obtained from Eq. (L16). The sum in
(481 s o the 1 i qurk b st v whch
bationsfrom Figs. 4(4,€) ad the den-
el stiqach contibtions fom Fg. 48000

g5(e) and added to the result
i Oas) quark contebution, the

be folded with  bare guon distibatc
obtained n Bq. (477). Exactly as for

imibion t th actoistion el 1o bt . (475) bacomes
aent) = w0+ 32 [ Eaie {r (3)nts

+32 [ a0 Bk a (@)}

D st e il ke 50,01~ 0 7).
e S scheme,ony the divergent part i absorbe into the resormlised
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auack ditribution, s that
e = e T [ F e fio-pegrem () )
w5 [ S (g () e} w0

The fanctons Cys) and G, () are called coxficint functions. They

et (.t v et . generd
o o s and ), o b DI et fancios o % are o st
perturbation theory.

functons for F, are (10]

o - (),

ER

D]

[T

) = Taf(a-+ )

o s ham ndepodent:
R@) = = ;.g/.'%,“m It [M%]%
w54 [ oo (gmg (-5}

(459)

We havearedy tatedtht he St pinciplen calelaion of the pc-

D.udbnuinvthq’dwlnd-u (ocaling violtions) of
Inelstc tructure fonction.
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43,3 Scalng violaions and the GLAP equation
1 we define ¢ = and take the Int paril desvative of Bq. (479) we
obiain

‘%m,q- 50 [ € P (3) st s
i cuntion 1t (ot Gror it Al
Pt JOLAR) coon 13— 1 o sl

perturbative QCD.
e above derivation s not completely rigorous, for example we have
nrodocd § v e argent ot ennng couping, bt o v et

(47) o

perturbsion thor.

0 el [k, (z
o= 20 [ € P (Fiost0) 6. s
Thefucton Py b  peturbtive xpanso
P(e) + FEPD() + .o (489)

Pz

<3 Ity ey o s b &
owoen quark disteibations, ¢

ion i a (2n, + xuummu
arks, antiquarks and ghuon

CED - B 513

(x1)
o (P (o) P )
Py (f.060) P wen )
%0
o
< pover sres i @,
Pualeren) = BgPE)+ SR+

Pulnas) = BY(a)+ 5P+
Pulion) = PRI+ 'rﬂ'(.w
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Pulnas) = F9()+32R0GE) +.. (s

Nota st becateof charp conjgaiion a1 SU() avoue
aymmetey we

postive defnte for = < 1, and satify the sum rules

Larpe = o
[aeelroarpe] = o
[;.,[h,n-u,,m-u,,] -0, sy

S ok o i .
i s.. o wltings of o respect

e it Ol e 1] conbsion o he
aur -unn.. functions have been calclated. The leading-orde con

R = cr[ftasdsu-a).
R0 = Tfra-], Taed

P = op[LHU=s],
o =

+o- :1M sy
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‘where the plus precription’ on the sngular part of the functions has
S deed i 2, (7). Beond g o ture of

butwe
ave the aditionsl relation
(499
B o —
)
(498)
auara.

o show that (st vex toleading order) the
mhl-ukuv.md’l,tMnmdtquq (458) with PQ) = P~
a4 ) P il
"one remaning combination of quark distributions n the ringet
Pk
Sen=Leen=The0 a0 @n)
‘whose evolution is coupled with thatof the glaon distrbution:

2(5g) -5 [ %
(nfrne)

=60
) )
(w100)
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where sow
i-dP’ +:>'1 waoy
Knowing the one can

e o o 3 i et snd st Gt
ing ol i W8 oot s, We
Irtodace th ntation

(w102)

o ntes0-1)

e
++eins+ Fa-a)
+0rm,{~ [fns+ P nute) - ju -2} . waon

B = (c, " %) {u(-25:(2)
424z +40-0}, (4108)
a0d for the singet fnctions (16,

A = c{-1et (3-3e)me- s omts

[!1., +2lazin(i - n] a5+ 221551}




™ AP
“l-e150)}

+CrTy 5

o e

e -ansowe [F4fdsato o
A = Gt ate- - mas— (-4 4 0)

122) 2o i)

- 248 0+ 2y (1))
[ et w20 )4 4100 2)

@i

s e L)
65 4, LS
100 (B4 e oo (124504 307 10s
Hot )’ 201 - 1)+ Sie)pm(-2)
#fg-rmen-a e S0

-2 - 2]
serm{fe-[Fefuo-alou}
=
-6+ 1021z - @+ 2" s}

1=t eme-Bpe)

S e

som{a-4 (2

altias
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O+ 4 dpule)Sle)
+[§ - tmsin- s
The function 55() i dfned by
v s
sito= [
=/

In terms of the dilogarithm function defined In . (3.6), we have

o).

). (w13

PEEETE R ST
i for the PO
b P
(= =1) contributions: i.e.
[a, (Pule) - Put@) = [uP‘(z):u, (415)
aad momeatum frction,
[ de2(pur+ Pate) =0 ey
/ des(( r,,mm,.(;;); )
makes the sbetttion
(s

i Eqt. (4.103,0106), and adde the following endpaint contribtions to
Eae. (4.107), (1.100) and (4112):

SPY = 5

Juo-a. @i

‘{;,m,,)AC,T,,;c,f,]m,,,. (a120)

‘The values of the Riemann seta unctions are given in Ex. (3.19).
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In the smal = limit (see Sction 46), Eq. (413)for S, gives

s1=Jute- 5 4000, (wam

s the vl fthe Mg qark 4 gon o e
conding o Eq. (4.100) s

i _‘ﬂm.r
" e

.y 0:40CT,
o
.y Xr, 0900, G,

Py o (waz)

The large i o dosinaed by the diaona e o he spiking
functio

oo g (145)
Py = “W;b (429 (0123)

(a2

An alernative formalation of
moments

evoluton equations i i termaof the
(Melin transforme)of dotribatio

160= [ s e, f=ms. )
e moment, the ¢ dependence of  son singet quark di-
o i g

Boali) = 2 s Giastoa ). @120)
e S d i b
sl [ e . i

Similar oquatons hold for the evclution o the snglt quack aad gluon
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NI Lt 10
= e

Fig 4. Theleading ordr sod mxt. 1o Jnding ordersinget sooralnadins

O 13 e S v o oo of e o b3

with = 4 a0d a/(2) = 1/30.

par—
DG s ( Taliast) mgGias(®) ) ( 56
w(38) =32 (alim® e ) (8a)
)

s e

i T o1 e mamrts f ot g

i ave re-

v b conenion g o 1 Fgb b e o m mmn.

i o4 sgepedoct n the et s
i v he

o ading vie anomalous dimesions

W) =
A
o) =
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1 1 1] _2,
e R e R e
)
The dependenceof the eding. and et o edin rde aomalous d-
s

Uring the rsela

3.4 Solution ofthe leding-onder GLAP equations
The suton ofthe GLAP squaion is impls o (favour) it
Ve s
the miing with the fivour snglt gluon disribuion drope out nd e
have simply

0yt
=20 p0evien, (131

integealof Eq. (4.88). In terma of moments, thissquation becomes
aslt)

Byt =200 Vi, (w132)
) e b B, (120, mtin e om0
oy i v o i o e

V.=Vt ('_'M)“”', 40=HD

where § = (33— 2n,)/12r. muly,v:ntkmhﬂn m-mu.u
obtained using the iverse Mlln traasform intgral,

Viet= o [ 4= VG0, @134
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e integration contout i the complex J plane is parall o the
«-.-du:ymn‘umvlnluﬂﬁnhnd-dm\nuw-a Bt
ey spcdl cam, hs v tcsormation can ool
m.....u integrai

uhrnuu-iwmn(,m-nuﬂnhld..(lknlu.,)
e ol dcbuion
all 2. Phyal, i

ing

bl in the data. Fig. 410 shows

on the e the BCIMS (] d OCC (1
liborsin. The dops OF01a @ neghive t e d el

sy ppromions o e iion of he xion o

o

J. In particular, we look.
oV 1= eT The rg] ot of snh  suion sm
V(5,t)~ 7. From Eaq. (4.120) v havo i that

)~ =2Crs, i3 1, (t135)
o0 tha the large5 i of the ight-hand sde ofthe solution (1.139) s

V(e,t) (1 2)osr mestiteses (w13
startiog scae e A increuse, the expo-

sl o e e,
‘We now turn to the Bavour singet combinatin of quark disributons.
Acleadi

;- %"[ws:m,r::'m]mw»
sl |P;:o:+r::’n]*0(n’. 0. wm

t distibations obtained from data. The sn-
pac, wich requirs Aadin e Spmvicons




s 4 Deep inclstic satering

—— sy

.
s
s
4E w007
.
‘
5
5
a

[Latitinnas L L e L L W Ll i it o

.
e

AE w01t gbeesoteqeompega

S e b

B e

=

SE xeoams 4t bawidhaainn,

=t g

B T e ——————.

e oo ee e

I xeoss e

o8F x-as ot eeean
=85 ) ——

3 10 a0 100

S [Gev]
P 420, Dtrcn £y in oo rcon dop
LEiclng o BN 19 ek N (1 The o @Dt
e

claic
W

Copyrighted aternl



43 The parton model and QCD 9

ad cigenvalues of the 2 x 2 matex of rather
cumbersome. The eigenvalue 71 are th solutions of the quadratic squa-

o
Tt B, ()

L R o B )
i o h o, For th mcond ) - ) momen vt have
) e (~tcr 20
G(588)- 52 &) (ChS) - w
™ emcon 1o st sl o i st of sons

u’(li) = B0 +9(2,1) with eigenvalue 0,
o) = B0 -

carried by the quarks and dmn. s independent of 1. The eigenvector
s B
0= (22) 0, i - 50 - i),
e
ot iy v
50 s
=i w

The frctions f and , caid by e qurks 1 gons
in the 47 £ 50l e

()

W
approach to ths asymptotic it is controled
wectors

inget a0 gt combinations of qark ditebaion, th evlaion o
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L B B B

i
o e e o

o

(oo
Fig, 41 The cale dependenceofthe guon disibaion.

momenta of ay individual fivout of quark distibution an be detr-

i e desuions e e s e b o e
Melin traotormation, cf. Eq. (1134,

Lo

e LG amas (w20)

in the comple plane, s o slve the ntegro-diferntial evolution squs-
tion dircly n = space by & numercal procedure. This is partcalrly

i ciher s o it ke
oyl e aummmuu o the pliting functio, Eq. (431),
weaively traghion

Fi. 4

e mis ik dependeace of the guon,
e gtk st oy At o oy ok
e, b dtebtion dcresse with ncreing

et qor e o s foneon f e el



4.3 The porton madel nd QOD

1

d

A

|
woe e

L
o
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Tl

g, 413, Thesale dependence o e upantquark diribution.

Copyrighted atersl
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B i B B B B

sl s ol el

T T T T T AT
© oot

Fig 414, Momentum fractonscaried by the quares and glscns s fnctions

of e wale

44 QOD fits to deep inelastic data

In the previous secton we saw that petarbative QCD predicis the Q7

o e, In a0 vl e incilons
and 1 tice — we Eq. (417) the

< wm»ﬂ-""‘y“llﬂ‘-
@prate @) =2 'L neEr(3) . wam
Fo uctrsfncion e £, which i e combiatonof gt

Uit hod ade oprta o ho o Buchdn, Gmatiind
th of the scaling volation i controlled by (@) and hence by
e . b of e e

teta of QCD

‘Although the thoretcal prodictons appesr simplst when exprosed
in trms f trctur Fcton moment, i s dfcult o extact such




44/ QD fts to docp incastc deta 1z
o vey large and very amall 2, and some form of ad hoc extrapol
moment integrals, A more
accuate method s Lo chose . releence e o and parametria the

D T dsion et vl i, i e LA
i o v T e e - et g
ety e mssrd: Mot ok s apronch e vt of e

‘evluated at € > 2. Finaly,

i parorme to deamine the bt aive fo th parameirs, inclding

o et 1 A b e v o Geenis ot b
o used

shoeprocedr

e bl . 1 QCD. e
ot powr =y
e sty

) = Fe) + D L
eacrpt o th right and sid e o the it = (-
e oiog o 1 o rion

e b o 320 g G 5 i (3o e o O CT
yilds

dificlt v

ciomoscar o (12 wn

where ©(2) = 1 for + > 0 asd 0 for £ < 0. The term proportionl to
(1= 2)" i expected on general theoet — therear 5 times

w_«....y.‘u.”.m ntibutions
ot by o ¢ e (1 - 31w

fixadtarget lctron,
clea targets, Exceph 1t £,

tons does not uffer from thi problem, see Bq. (4.147), these are only

tions, €5, 0% — 0. This inevtably ntroduces additonal systematic
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2
o o sucomcous 0,
2
S
o
= a)=
& s

i 415 Loguihnie?demivect ey e s e o
hydrogen nd destriam togihe with QD fi. Fgur from e, (2],

e nic g

from s combined an

unction of
v-h[M-lscnu:[ullnd SEAG (o N
1nthe gkt (o) i
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e fonction which decesss (ncrsse) wit
eing G e b e g L1510  netv i ot QCD
o i givm 2]

gy = 2 £ Moy (a50)
Using the formule givenin Section 2.5, t i staightforward to convert

i 103 value o s
2,(03) = 0113 £ 0003 (s
o G probed b esdarge deep ncatc s Sxperimene, n

imated by

i d actor

ot Py Thie g M;(M‘l(lh-wy)

a0k i when o v e errorin (4151) gives
as(M3) = 0113 £ 0005, (was2)

one o the most precie measurements of the strong coupling constaat.

BT -dd)llmm\ herein ety e (M)
faation aa

tar 12. Note that the broken ines in Fi, 4.15 correspond to s (M3) =
£000.

e o s oo v St

oo v
o ighe 47 and o

al) = ARt eVE+da) (-2
A

Au+Au+‘4“
4% Wit W
In(
. (xnwm) >0, s
fited to an exact mumerical solation of

it s o4
Teading order or nex-teading order evolution squatons, {0 an ac-

it n

tribation plays a more leaing ole. An example of such  process i the
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producionof g e mamentom photen o bdron-hdron o
oo, where ihe e

-order gg + 79 scatiring proces s p-:m.l,
I thi way dsa oo igh precon b “photon

imenta e able o consrsn the gaon ditriuton, prtciry n the
mediam  (~ 0.2~ 0.4) range. This i il be discusead in mre detal in
Chapter 7

A recent set of parton disrbutions 1] rsuting from  gobal next-

GeV?. Distributons

b dia s shows o Fi 43, e
ke = and 7, and are Invaluabie for makin

hadron collders.
45 Sum rules

ton 4.1 we saw bow the integrals over crtaln combiaations of
Wm debotions bad putosar o i tepaton modd. Sl

cample were given n Eq. (424). Such Inegrals are calld sum ol
1'QED: thon s e feun vl up to patsrbyioe comcion,

st sl bl et Ar et
hin property is evident in Eqe. (4.1 prcics the

of conservation laws to precision messrementsof 0. In this
section we ahall decribe some of the more mportant sum rue.

ol

451 Gross-Llewellyn Smith sum rue

(o meeured . seutrio- 0 anaeuno-proton sctaing:
Towes=4 [ (R4 ) wish

the parton modl, we can subtitte or the o
(417) o obtain

cture functions sing

Jows = [lde @-usu-d

= [ era
-3 (4455)
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e valu s ol aiaind n the G s G s
Tous@) =3 [.u.ﬂ..,(n_')',,,(

o= o) s b it e i of @ e
fon scheme ith

] e

+y (W + ;(m

- (819)
26 have messured the Gross-Liewellyn Smith sum in (snt)neutrino-
nucleon sattering st (Q7) ~ 3 GeV?. This han been usad to measure a,
s will be discassed In Chapter 12.

482 Adier sum rle

The Adr s el 2} gl b he £ huctue fncton s i
sino- d an scatering:

" /";‘w—m

L158)

e I the Ud companen of e g of he gt ihfor
one ha. The value of I I exact and follows from the

o m
taken on heavy (spproximately ioscalar) nucear targets. (Note tht for
cacalar target ;% = FEV, and 20 the intogral correspondia to

'BEBC collaboration [23]:
I=2022040, (159)
in agreement with the theoretica predicion (4.158).
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453 Gotircd sum rue
Important aformation on the sea quark distribations is provided by the
ried sum (29],

to= [ S -y i)
Agai o the prton mode epraskns i {n Section ., tgether
etnd
fo =3[ e tra-d
=4[,
I pscn, € e gk s e e b g o

Got = 1/3. Rovever, the
e WG cotboration
004 <r <hl) = b2t A0 (wae2)

15 = Dor o £ = 1. This s o problen with all such sum rule messire
inete, Hovewe, with » ressooabe Sxirapolaton ouade he mesared
ange one ind 30 ht the su e I = 1/3 s badly vieated, ndca-
Ing & krng gh Qunk Ravour saymmeey 1 the s,

Jas@-am-on. (t183)
“The constrsa from the Gottie sum i ncorporated i the ot e
cen gl prton

distibation fts. For example, Fig. 43 shows a clar
ifrence between the & and d disrbutions n the MRS(A) partons [7].

s

Deep inelastic scattering at small =

in the small-=
able theoretical interest, In the parton model, one can show that the =

of o scxiring crom o igh v, s the

at amal = To fact, n cortin crcumatance the be-
S0




1.6 Deep inlasic settering at small = 1
h - T T T
wh 4
o 4
)
° ol N 4
w0 1
fo
1 L L L L
(T T T 0t

Fig 416, Kinrnati rgio or HERA and fca-tage dop inelatc sateing
experiments

To tst these theoretical idea requirn prcise sructure function men-

i 50 i b o
frtpenl e Fogtrlglyiry
‘mately determined by lhn Ih:lu on wnell“‘ y defined in Eq. (4.
o e
i the il i 25 = 314 G 0 g = OO g te
g in he bemlimentol s nd G plse s i P 416,/
o e i ok e
it

o thee ares gt 1 ol odes ey e spplabie, In the
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o b on prabaion thoy. P, v, e doces te
i oo Regp s o e vt

250 limit.

4.1 Regge theory

foclon can b xrcid o the ko eor 3,0, whch o

fthe s bk wben e quart & v o v pten
02 W Do e b of e gk Toar-momenam
Eq. (4:37), we hav (sttng th 2e10)

s _w_u( )

0.
i b i uirn eieing sl s coneld by 3

v correspondiag to the exchange o families
c\‘pnnk\- i At o i v B, g o
thea

b

B B (t160)
whera th lading. ..«um.. e
=1
o =} (waen)
ture function, Eq. (4:39), gives th lading smal-z behaviour
Bie)~ Bpe 0" 4 st en (1168)

Ve may interpet. the two terms in (4.168) aa the conributions to the
e oo ot Savutdoge o s i bins 4o

din am e pomeron trajec:
e ling e i
Sgma wet =)
n the 2 -+ 0 limit, or oquivaletly
A, nuw” v )

A detailed amalysa of small-z stractare function messarementa at fxed-
e v ] s e e ot o



4.6 Deep inclstic sattering ot smal z 131

v
T e

The descripionof F da from the ZEUS colsbration (] ot HERA
L6 QD ot 15

tent with the preictions of Regge theory. For example, the behaviour
P~ constant nnn-uel.w-iuli-m.i—tmr»dhmm.
Fig 43 Howeres s furs o shows a8 apprat sty of e

cauned by the onset v prtarote AP oo
with

g the form of the starting distribution for the evoluton, at a typical

Do e ofarde 1 GV e e NER ¢ r,a......

i i that it

very well described by NLO GLAP-based ft. As an example, Fig. 417
shows the descr ua-.:m...n.zzusmu.mmmw-um

b . 0, N o B s oy oy itk
Comitens with the hereics racicon, Th sising
rudon i B o
SgmaT g =4GeV, (am)

10 Hine with Regge theory expectations.



AP evolution +
h v ) 100 1000
o [Gev']

Fig, 418, The variows reions o the 1/ v @ plase discassed in hetext

6.2 The double anymplotic limit Q" + 00, 2+ 0

402110, 0) ~ 27 for 2 < 1, then we see
7 that the evolution causes the dstibations to

n dimernions ll-nu-HBl (um.

Fig, 49) and it s thee that dominai the evoltion of

Rl 7 ks omplaions doe 1t g
we begin




18 Decpincltc scatering a sl = w
evlton a  thery it glors
Ba6.0= 2060 wny
hre rom o, (4.120) (s s g 49),

o~ 2

st = st e (7 [
here ¢ i defed by
()
Eq. (4.146):
e = g [§G0
= [ Gsiwml)], @
whersthe exponent
0=6-0re 75, wam)
Y /) 1 theiit o whh [ Te——
el lrge, wecan sstimte (ks nigral by cxpandig sbowt ihe madle
Pt ofth exponenil
10) = 26T 400 W wm
‘which gives, for the asymptotic solution,

20(2,0) = (i o) xp(2vET) (ta10)
‘When expressd in tms of the oriiaal varisble, this becomes [34]
[T _ @3-
N R
(e
Notie that the dependence tion enters via the

S moment o 3 Trerdor e 1 e il ormation ese
factor. An important peiat to note i that the above

stop)~ Lo
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~ 237 =0, then (1) hasa pole
"y . (1178) i 0 the ft of thin,
3 o~ 1, then the asymptotic bohavour s more complicated than that
v in B (£170) and, in partcslr, depends on 3. Physcall, if the
tarting gloon disribution s 100 steep then thee are not enovgh faster

singulaites of g0, 1) £ 25(x,
7= 140, I thesaddle

ioe st small 3.

s ehotow v (4170 For seamplr e vl o
s snddle-point. integral gives an additonal overalfactor o £1°Y

Jous dimension around J = 1,

o =2

vt = 1/0= /(00 gt o vl o of ),
evuonof s uon ndaurk g dbions o o
it o B, 4150 he v mpaic kit s o

ons i s Sad thereore

Inthia cane 71770 Mm inEa (4140,
e < uing dgmamie of h spomuons dineason mat

)
totic behaviour prdiciad by perturbative QCD ia aiready viible in the
IERAF, data. In thi conext, t i convenent o ntroduce [35] two new

o = (Infes/2)In (n(Q@%/A")/In(@3/AT]"" = 77! fI¥ =¥,
S il
+ = [ -

b = ot/ = VAT = that the
Toue i it 8 o~ o0 = (). Note ot aoms
Parameter 5, ha bee Itrodued 1o deae the s’ g on 2 <20

ke sy that G > G e th g G region: In e o
hem new bl he symplot el (1370 for e gao i
bt s gy g~ expire, . the ity e/ (37) ecomes
independent of o nd pn ia behaviour is known aa
“The cormepondin rel o £ nldin the ublendig trm do



16 Do inelstic sterig ottt s
D
R
LI ‘

)

|

C r e ¥

H

»
410,73 o b ot . R, hoin e dosl
srmpltc g, Figar o . (4]
b sbors, 35

Bo) » Ao/ 2L exptrno—solp) [1+0 (2)] - caam
aring ditibuson, the ovra or.

ol e
Ea. (4L189). As ation,
iy G, where

Rylowp) =81 V5 £ expliolp), (t184)

‘which acording to (4.153) i predicted to rise linearly with 7,3 8 unc-

the prdicton 27 = 2.4. Fi. o Fy e b g (A
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modtindepndent ing bvinr of he sy

ot 4163 The cheredspreimate g i o e
i wariag ditsbaion 5 @ (35,

48

Higheronder corecions o the GLAP equation at small =

‘equation have & perturbative expansion in pawers of o, Eq. (491):
Pla,05) = Pe) + 2PO(e) + (t185)
e the e toutingorder (VL) gl prton

r Pos

cetaied, ogshe wih
i e e
o e e e encion: Awey om0 + 1 th
o, ha the NLO Coretin 1 th lndng rder
km) e e
b ke ot sl , where g ogar ¥ =

o o) e o e o
s b s et e et S 7
s 310 i 9. 2 e O i
" T
ool e can o
£PG) = A ALY AP0, et
where Pt e the i 2. The ol g Fncion e
2) [Saorema].
i cxprion ks o s e i s, P, o, o snd
n i

2P(e,0)

AS" =6, A=Al =0, AP =5184, (4.188)
The go o (4167 can b v 1o defon o approsime-
s 1o GLAP evlution:

. 0+P": 10,

o (n=0; m=0): DLLA (Ssc. 463).
(=01 m=0,)+ P ¥10.

o (n2 05 m = ): lendinglog n 1/2 (LL).




16 Decp inclstic scatering at amall = 1
o (20 m= m,n - 1) nect-tolending o in 1/ (NL).

Only the By aad By it
. Theseledio

sy s %03, (4189)
b o st 10 v—— ekwinr o the
DLLA '462). The NL, contributions to P, sad

oot 55 ks e Fy o Fy e e e

s Sny e e o approsimation to the volution equations
Ve v b = & suhcintly smal tha o a1/2) e
a0 how LO or NLO GLAP evolution breaks down, and w}

L., and NL, contibations, are open questions at. preent. From recent:
numerical tudies [39] i appears that () the
) cor

e o b oo bt rothe

i e han e qu diribions ot sl 2
@ ccre o i ominsed byt srm papoion o . Lo
3~ Py 0.

There e, however, several important ssues tll o be claifed. At ny

am rul constrainta:

A‘m[):p;-,rw:;!] 0 (a0

/’a:[}:ﬂ;‘.’.*ﬁ;’] o @y
T e ot i by e L o N conbains,ad 0 k.
T e bttt o GLAY

evolution. Another isue concerns the factorization schem

o the volution atsmall = can be les important in some schemes than
in other.
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464 The BEKL descrition of Fy

ity e i i o et oy vl

i

fuon and sea quark ‘taring distributions’ which behave
80wk X . 1n he prevoussckons w e e

Jding powe of o n T g et b mlighon emcion s o
G € ot i e s o ot e
Romente &> Ky > £

[ vv/"'-.f/'“f, o

Such a resummtion i appropriste or InQ? much larger than In(1/2).
heDLLA

increae aster than any power of 7w e

However,at HERA Q° i not o large at very small 2 (Fig. 4.16), and
201t may be more sppropriste toconsider th case when In @3 < (3 /).
‘GLAP volution does mhn(lld-nﬂ b o e s i 4

i hom arm wic ol e o pows o /) b which
e st sccomputied by he eing pove o 1
e propesions 1o e/ ol oo eaiing the ol I

Sepandence 4 ok
ey i i Listr (BEKL) sovnon B Heve he e
taken over the fll ky phase space f the gluons, not Just the

%)

n (4
in secton e BFKL cuton il b devd o st

Tt ok covetenty shabiabed o te goos ebtion it
et over b,

w500 = [ s o), @)
i

G k)~ A (w190)
i 17 ot e 1 1 1 e e s dgmnlo of
thekernel K

W - / Py K(fr, By) 62, 19) 1195)
Forfed oz, s the vl gve i B, (4.180). The pediction for Fy
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i btaned by g the br-acotaion theorem (10
Re@)= [ [ o (L8)Peme)  w

b T dtn b ko ctition 19 f e st

¥ i ity @ o g Wk g oo
cion ¥ sad moneiam by

"The BFL preicions o Fy b 5 e ahore s, can be
‘tained by numerical methods, see for example ref. (41). The result can be
primwiye

RnQ)=C@) + R, (w197)
e .03 1 7 b  sompecarbative bckgound cotrbton

e, Howee the BEK-bad sy s
{0 her ae i e problen asciated with n-w-uu Nﬂm
down'to K7 = 07 which o

a9 G be portant 1 the HERA aemati egime.
Uluml«ly ‘one would Tike 1o achieve & ‘unified” treatment of the =

incorporates both the GLAP aad BFKL dysamics. Progres in tis dic

b on glocn emimion vithtagur crdrin (we Caplr 5 s boen
This reproduce the results of GLAP evoltion at large =
P bk avon o« 87
465 The BFKL equaton
Alhough the o mporan,phsamnoin pllcion of BFKL
cions,

flow the ‘colou
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K Kk
ke

P + P

ke

Fig 420, Feyaman dingramsfor the Qg ihtcone wave fnction.

antiquark of momentum ko = Ignoi

e o, aic i et when e g s st 1 i
Dluon wave functons are relted by the diagrams In Fg. 420, v
e

o
d
,,

o

Wk k) ot 9000 4 -y ] ron)
for o gluon withcolou ndex 4.
s & light-conerereentaton i which
= sptunthn, munta (w99)
with p = (P,0,0,P), ‘ = (1/(2P),0,0,-1/(2P)), and kr = (0, k., k,,0).
i o o

iy =y oo s
ifn, w=kiafs. (4:200)
Then for 23 € 21, (1 - 7) Eq. (4196) becomes

sl ) 2048 )9 R 4200

A standad ikt snplling thi yp ofeuain b o prorm &
txodimessonl Fourer tsmformatio rom tasevre moreats b 0
e cooedasis (fac i)

P %.




Fig. 422 Repotationof ghonenimion o o
Then we find that B (4201) bcomes sply
P = 2450 0) (- 32) 0 (e209)

by =~y (b = 0): Taking h sqar ol e prorming
thepoarisation s g

2 -m—\&“\’;&; (w209)
1 g B 420)we bav s the fctthat

11 obube B

BTN TR {s

The tarms on theleft-hand sde correspond to the fou contributons (o

v ot e o ks o € o0 € oL 00,

of nz in the Incusve gloon distribution. There will be contibutions

waye. At tha order it i not dificalt o compute il the contibutions,
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e "
Fig 423, Plasar and no planas dingrame,

but the ful akulation e In e ot 0 e
el ity thigs by m-hn( we»m i

e in v Fig. 421
" lenr (ponsbe e il .:..,.. nide the

2Cp= Nt

{he anese e e o o e sl el
orin mu_ o nrdac s sormal
o of /s the stk b o s The e e
o s Q1w e Mnu o 00s) it 0 acom o N The
paas it commponds 940, N - co while keeping °N
rorpin uM v e the /1 10
] m.., e s spimaion Teasonable

s PP —
found to be

w"v-uvﬂwmw’( T+ i ) )
i et b o sl e v o the dipoe pictar,
o i 43k s . o e e i 50
oo gy ik e b o e i 423
o between the gl k. Tho i atber
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EZ

Fig, 424 Emimion of  second gl n dipee repesntation

et ol e ) e

o).

ted by
i oyt tht e wcent et

o inerfeence between diflrent dipoln.
compute the inclusice leon In2 disribution 3(e,Hyi ) in

I oo s e o b with ok

momentum faction 7. Incusive’ meats that we sum over al contriba-

cay similar o that wid fo the (GLAP) QP eveltion

e m) = 2
(e Aipmw«ma..x.x—du ez
(4207

el [ 2 b

Tiom e sudr ngaaial ot § 1 aly b Bt o

%

i (120



“ 1 Dep icltic stering
i e fropping the sument £, o v )

0te, 1) J o0t 80+ .80 -G )
o vt b i g G ""m

e

e ston o, whER o prodes e DLLA GLAF
(4.280).

pact purametes, L. ghion 7 dn«mym»mhuul(%.(ﬁ.
..4, )il <~

floe [j " %}w:‘u.w /"'%im.m]

B0leb) -2 wa)
o € et e o

(u212)

/’"-/m?%‘;,‘;.—u_—~[ff'.m» -

of ntegrae in B, (4200
15 gt s o et s
Ho =¥ o Gking by = " ..g.g,“v...a,‘



1.8 Deep inelastc seatering af small = 15

Ha> 8%, we fnd that Bq, (4209) bocomes
@

can be wrtten, We can
different values of ) by using  Melin represenation

o
ey = [ 0, ()

(wa)

)
G = 0tea) (%) )
where &5 = Nas/r and x ia the Lipatov characteristic function
X0 = [ P -2 =200 - ¥ - 1) ()
Hore i the g oncion,
() =@/, (4.219)
with the Bulr gamma ancion I deied in B, (257). Inseto the
‘solution (4.217) into Eq.
06 = [ S0 exstrind® + aoxtr)nen/e]. (4220
Given the assumed I‘nrm dﬂn
Mell tramtor o bt (e

) st some sarting valve 2, om0 can
.7 win he nvere ha W,

(wam)
o
ntegral will be dominated by the
ol 7=, 8 wich th drine of h xpanen v Devng
the exponent by

(1) = 7In ¥ + asx(y) Infze/2) (4222
.
e ~ [ 3200 extdlr) + 100)6r =1)
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7’
Fig. 435, The Lipsion churctreie onction.

= Tyt epen) (129)
whes
) =8+ 85 (7) In(zo/) (2
Thelemathe o il i o ko P25
For aay of B, we have 7, nee X'(4)

oo fepept i

Ge)~ G bet (4229
e 8) mt §) exalo(h) 225

A=aox()=4vin2 %, (4226

Py, ve may ok the sver toodimentona
o obtain the inclusive gluon ditribution a8 &

e k) = [Ehekbep) «

Copyrighted aternl



4.7 Polarised scattering It

The parameter A s about 0.5 for as = 02, eading to an spproximate
279 divergence n the glon disribution at small 2.

466 Parton sauration
In the previous sctions we have seen how perturbative QUD predicts a

cannot go on indefiaiely. 1 the number denity of partons becomes
Iarge nsde the proton then they can no longer be treted asfree. m

* When th

he vmw\...m.n guon ‘saturate’
the proton, .e...u_.«mg

bination efcts would lim

], 5
gives a1 dication u to wherein 2 d 4 spac ths saturaton may be

e ) B e o o g
e

d-!v
area ~ ul!u"}/ﬂ’ of the disc show in
g, o vt i ol fo beme
Important when
2 sytey 2o, (a29)

R~ 5 GeV-" n the proton radiv. Note the addional fctor

oty uu)hmld-i-u.mmin Fig. 415, From Fig, .16,
ssiaon s ey o gy & mafr ol it

T ki il
o o e i aimre of B (59, o i conon s
o i 0.8

47 Polarised seattering

Al e dop i ruciuefncions dcumed o 0 i chaper
0 scattering. In this section we

dcumon o e itenion whee he pan b o o e

polued s the istion. Such sating procemessld

u.n.mmacu....m i particuar




us 4 Deep inclstic scattering
nplly v shall v iy the et (phton xhang)

contribation
Jndor s st experimenta where both the beam and tar-

uw Q) - do(2,0")
. Q) T (2, @)
‘where the crom ection dat (dot) corresponds to the incoming lepton
ad macken beiag polaried parsl (st parall) toone nother. The
deominsos b (4229 o sy tvics the

discased in Saction 4.1. T} e v rssioe o B0 ki I e f 90
ucture functions , asd g3 (/. Ea. (42))

SME(ay-v - 2 usne0)

(e, (w2s0)

A @)= (4229)

The structurefunctions g, ar the polaszed analogues of £y, ;. They

eprsen the (v Iadepesdeat onteouions 1 the amimeic part

e badonk. e Wor(0) (428 llowd by P 3 T lamiane.

in e Ve e exprinens, e
mesor sed dempnair Fq B b m) are dominated by the

Proporlons 0.,
A@Y) .M_l 2
(=@ BETS (=)

Thus the polaized structure function can be extracted from & measure-

npolaized structure fanction. In the curren range of  and Q7 probed
by (fxed-target) experimenta the aaymmery i oberved to be esentially
Q? independent, from which ve deduce that g, aleo sataes approximate
Biorken scalig,

470 Porton model interpretation

tons ve may proceed sy s n St 41 We comidr ateiog
s quark consituen

et i the ke moeta e Thos

Ky oo 1) 1d (), preed

cultion o 1
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scttaringcrom scton then ives
R = §T e+,
a0 = 1540+ aie), (w2

where

a=d'ee,  Be=gog (2

a6 = : (8e) + 88(21+ 1 [8d(e) + A(e) + Ae) + 85021

500 = 3 0dle) + Ao+ (A + A6(2) + Aofe) 4 Al(l)]
234)

e o the ot mocet o

e =D o

L e ) ()

where as, g and gy are _mm the su(s} Savour singet, actet
of the st moments of the

quack datibations:

(u230)
ith n, = [l ds [8u(e) + Amn denoting the net spin carted by the

g e b crvapend e e e o+ e eh
diroctly measured n neutron f-decay. Taking the difsence between
a4 T give the Bjorben sum e [50]

- ()
This sum rule, based on corrent -nn.. 194 5U2) imapin sy
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or ol s bypron (A,
o of . 1404 5, sening
A parameters,

b vector
e isormaon o i o

sum Foveu sy Thre
n.a.'.r..n..u,....mm.:m.«,..::—ﬂa‘.y-

o = F4D=125720008,
@ = 3F-D=0st002, (129)
where he sl s s e fom . 1)
b il

T Roveer ik e fersmpionthu e g
ki e a1, O e i he e Suge
(5]

fer

Similarly, fo the neutron we have

o [ 3320
| [+3252] -omszoms. wam

1
Z g

gt L[84] [y 8 3
[l 3T
recent experimental measurement of Y, which fnclades all sviable

i =)
T = 0142 0.008(0) £0011(ps) (@ =10GeVY). (4241)
i pra QCD s 1 O @) o

] = -oouz00m. (1200)

the theortical predicion. A possbie uph-lhn o o s
that the strange quarks do carry some of the proton’sspin. In fact by
amblng o e om e et sod 4 e mesarad mives

ive QCD corretions, one can deduce that,

0434008, 7, = 0104003, (4247)

M=t = 0315007 (429
These can be compared with the SU(S) constituent quark mode predic-
tions (58]

(“au)
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412 M-Mndﬂnm
The elatively lage stras

e spin carred
ek et oo e o o B (343
hesbjct of mch thortical dcaion 1 e ear. Athovgh thre

that the quarks should carry o ltle o the net spin. One of the more

cln's pn i carie by g, I v dsce he . polrised lion

et et

T amen ). )
The polarized ll-: mwwwnuoi«:) Jmnl- the unpolarized
=-ev|n ive QCD the parton model result of Eq. (4.232) is

et (B o

@) = 4T [ % tonere@n + atere. @)
x{su-0+ 2 Paco+..}
»()':z:) [ % ssrear (= Dacyo+..}

(waue)
 The gt GLAP con o he o of he el
oatk o oo e
ety [
MEIORYI6 (Luen
ar,(5) ap,(f) )\ s
(w20)

‘The spitin functions are [5]

a2 = or[E5

Cgsa-a),
AR = ﬁ(’n—l], =}
ARQ(s) = Crl2-1,



uu oleem a

here the p e’ anthe gl parts o
iyt o e B Ex (470, Thn et g (O[u,” o
s o e ancions have sk boen cakl
56
"The evolution of the st (j = 1) momenta of the
Ean.

ack

e singet

0 (AT00) e ( 0 0 ) (a0,

w(608) =516 m) (S03) . wom
Hence

g = 040(l), (4250

B asmi) = 040 (@2s1)

- conmion 0.1 (- axa) oty o

e s rir o e quark b, T i b
o

e
e i o e prdion (. e o
i e Gy e e s o e o comtpuions e
(38— 4 GoV?) w3 5] -

I the Bjorken sum (4.237) the gluon contribation cancel, and pera
ive QCD correctons i leading order rsslt. In fact

e (1.156),

i
+(e@2y* (-w ~Yew+ S

+or (e + B - -un) - ,.,m)]
wa

B+

@)-n@) = ;| {x e,

o o o s prudision M3t sl s g
et of e s e, v
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e 4 funcion g, for proon sad deuteron targln.
T v s WD Q3D . i o



15 4 Decp inclatic seatering
Concerning the ahape in = of the polaised parton disributions, the

o iructure fncion mewarments with haged i nd senina

ton and heavy quark prodction,pin down -..u.,.wu.,. i
Here, the anly sefl

b g, %) e w3 ks, s e doicn

et Thess data esentaly only determine 1

Parton ditrbution t,simila to those described in S
ot bt bl by ot assumpions about the

shpe ofthe ghion ditintion s, Nevthis, th ek Qg i
tare fuctondsta canbe very wl describe in sitbr edin:

The's m_...u in i 428, which shows (e NLO dscipin 57)f
s [60)wing 4 pactialar anuat fo the shape of
Thznrv-m Q= L4 LGV
e of the difirent data sets. There s
smai ders U G v of e i s o e 1o

M!u

., P o 7 )
S e o 17
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Pnrtonhrandnng
and jet simulation

‘Complete perturbative cacalations n QD have been
next--eading order In most cass, or 10 one further order In o for &
fow obsesabin. The work nvlved ncree ouglyctaily it he

performed only to

oo Nevrhels v re o of s space i whic
anced and cannot be neglectod. An e.un*.mrwu

i, T i 43l e n s s s bt

lhnn T = ) gon o <" s

t whih s proportional
actor of n°(1 - ) for

a precise prediction

i perturbation theory,
it whck sk enascd trme s s o coun i oo

scales of mo-
¢ it seme i red cutof e o,

Duralaly coen bt the perarbatie reannt s 5 fo

amumed o kel a i £ <o T e obtains 2 GCD
et geno; Lo  progean Wik ks & e bl b 4

Copyrigggrd atero
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(a) (b)
Fig 5.1 Paton beaachig o (s incoming a (5)cugoing parons.

fiven class o processes involving the intaaction and/or production of
Hadrons.

o Kt e
ons o ic ch vt GCD e et re . patcir

‘when a gluon or ljght quark splsIto two almost col he
leading contributons of these soft aad coliner configurations (and the

103l orders, improvia the convergence of the pertorbation sr
We sl concntrae fs o clley cabcemens, e m- o
countered in deep tering, Theso are asociated with parion

0
e a P .. Tethaded ot eprsnt b st of e digram,

i th ranchng e in G o o paon o sl e
et pesioned s

Parton brancing
€ s

Arter=t )

a0d for the moment we considr the case that a s an ouigoing parton,
which i called fimelibe branching since ¢ > 0. The openiog angle s
9= 6+ 6, Defiing the enegy fration as

2=B/E,=1-EJE., 2)
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o<t

Fig. 5.2 Kinematos of sl prton rancing

we have for small angles, where the matsix slement is enhanced,
BLE(1 - cond) = (1 )EP (63)
nd hence, sang traasverse momentum conservaton

(64

b A Fier)
We conside firt. the case that all the partons a,b and e are gluo
There will be » factor n the amplitude pmwn-:m o 11 eom 1
propagator for glaon @, and a ti
V... = 0/ as(pa =)y 9 3= P+ 10— Ps) (55)
< s o el oo g ot e e
omert s e otng o -
the conditons - =
A2 (e )

polaizaton staes, € in the plane of braaching and €7 normal to the
plane, 3 shown in Fi. 5.3,

n 67
Foramail 8, M....,..am.m e have
) 1- 50

v [vad (55)

Ytoc 8 rom e propagtor v o oo st
Puting eveything togeth Eq. (54), we can wrte the matex




5 Parton banching and jet simslation.

Tabe 5.1, Poluiaton dependence of the branching - 9.

clement square for -+ 1 partons in this small-angle region in terms of

ourtenene) il )
o om 7404 s h s

Mol
where o Cy =
Flauts e e b .
Al plaization combination
Defiing (F) by
of a and summing over those
mmsﬂ.(ch‘[ :

where () incalled the unegulsasd guon apiiting fenction relaed
o oo Al a e sy s o

n Table 5.1 are forbidden

e}
e Flse ..‘s.,s,y -u.: et ot polarization

s(1-1) (510

T T —— hemue st
W e T ) e wdend n ol
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Fig 5.4, Notation for - o branching,

2 0ft gluon polasioed in

plane o branching, Another important po-

solisionof e brascin on. 1f v upse s e poionion
frempriterepeiriort- ool iy ooy

F .Z‘M‘M‘rr&.!.)fil'ﬂ‘(f e’
e

41 1) con2e. a0

& gluon into a quark-antiquark palr,
nce % Lt i o e
propagton, but the verte Fcr

Vo= it (512

av
S onien o th phte i st debd 3w o
b ik ik ot s e
o Biien 204 Do 1] o sl s
(1o ]
*=(s4) = (5%)

matrix lements are themselves 2 x 2 matricem and

iy

where
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Tabe 5.2, Polariantion dependenceof the branching 5 -+ of.

arel1]

Thus we ind, for example,
—igBetet = VEE(h-0) = - D -2ES, (515
3nd the matrix clement reation anslogous o Eq. (5.9) i

[Mal”~ 2 T (0 o A ML s16)

e the o ol o TH(464)/8 =Ty = 1/2. Thesor i
functions F(si€y, M, A for quark and antiquark blicties % and %, are

e
I this case we se that the quark and antiquark helcites are always
iy comrios il o

gwn

ul
1 o e, The spis arerage spting onction

TalF) = Py(e) = Tale+ (1= 2. 17

i oo nteplan of bk, ndcatng o atortion
“d the piane. The ngulr corrlaion s now
—
B o col (-2 4aes
= (1) 20 - ) en2s. (518)
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Tuble 8.3, Polasiation dependene of the branching ¢ - 1.

Finally,fo the branching in which a ight quark (or antiquark) emits
@ st e o b e o

ot~ 4G F(s o e (519)

with colou fator Cl = T((A#4)/3 = 4/3. Al the necesary ingredients

function F(5;Ae ). The spn-averaged spliting function becomes
OBy B = Cr i D )

=

s by in s brncing. Oy the smpliude o o polsiaion
e oo

amplitude actually stx= 1 Thie

e el e e h vl et b e by

imary verte, while the sofer jes usualy come from the prodced

s dingrams 10 give negligibie
corrltions. The digrams in -ua .....m..a !l.- sple o » quack.

“Abeliaa’ n Fig e s s, e ghon
i v e o ia ke e f e ity ittt o
sl perpendicla to s pozaion. On th othr haad the spling
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o two gluons occars mers often paralle t the polaization.

v
" o ondr o comput chos sactions from the matx lment or the

factor 7 and the finabstate n-parton phasespace 48,
doy = F|M, [ do, (522)

 outgoing o that in which it i replace by 8-+ c, we should replce

o om
W
fp oy,
o= PR E a8
—py and e €, =, s . Thoswo i, the
bl
i~ BES)
29
i,
torp=da, L0222 cp 020

F ate respectively the colour factor and polaizaton do-
dtrbaion iroduced e, Ir e et vt i he

i,
JEES 2

where (5 i the approprine spin functo, 0 gve
doayy = dou S ds 32 le) (528)

m conde the o of bencin o s comiog i,
ekt P55, which b et 1o dy o g, T
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Fig. 55, Kinematics o spaclibe paron branhing,

and ¢ emitted. We can ssume that

el pl < Isl| =t (5.29)

{5, o th o o s
called spacelke braschi

while sa befors 5 = EV/E,
negatve virtul mas-squared —, this

e h e o b sppimaon o
v wet o s ahll. Thelore th ol change v nd 0 ke
ong o h U1 e e e e e ket o
(=B 530
Tocdin the phse sace o he emiied paron ¢ fxd B, e d
\
B = B [ BB dbdeds i - BES)

e B/E)

- u.ﬁa L (531)

Howevr i hicae w mut remember (htth ittt i actor
i Ba, (52) changm by  actor o  bcame ofthe change i energy

of theincoming parton from o E,. Thus we find that Eqe. (5.26) and
(528) i hold for spaclke branching.

52 Evolation equations

r e el of i bracin, i e e
ment of higher.order contibations asociated iple smallangle
e ot o e et v ot oty gl ol e

trated in Fig.5.6. An incomi

k from the hadron A, initially with
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Fig 5. Inkia atte brahing indee iclsic epton scatein,

 low virtual masssquared —to snd carring a raction o the hadron's

et ol aale oo Evenely 1 paidptrn 3
g @, for examp lepton

. every s
m s we shown 1 Fig. 51, Exch brancing coreeponds 1o

tha have some disribution of staring poit ../u.
of e irn 4 sttt s S he b

o of the iack parton, the
sl i jus the

id ange in the parton distribution /(z,) when ¢ s
incroased t 3. This s just the umber o paths arivin . th clement.
(e ..nm....,,..mu.n..w hat dement,divided by 2. In the case
ened s Pl 7, tee s oepth arivin nd on v, T
e St s o, e e ot e sl
G the pron dnity v o8 g ot T

=a/n

& [ wasgzbeense -5

Halet)
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’ LW 1.

o

" ¢ ¢
P 7. Represtaion o pron brachin by e i (.7 pce
= [ b e ()
v () he gt gl apting focion. o quk

ang o T 30 #) = e, e by B (20, The ower
limit o the »itegration e 2010 or = because the

Epo T
i) = e [ 2P~
= Ypten [, (5:39)
T g he o o he s s
00 = bt =S [ 432 rm[ e/~ fle,0] - (53)
Ea. (7,

larized splitng function
Ple)= Py (539)
i terms of which the evolution squation for the parton densty may be
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wetten 1

en= [ S5zrono 5

The v 700 e e i o oo et
o e 1 g o 4 o s i . o b el
bramcding o aa oulgong parton, I can be e
hemomentum o dittionof prodcedprions. The boudary
condiions and o of evhtion r difrnt, bt h o of e

of partons in the branchi
oy e woion mim ke ko waae

clement (3, 45). Tis leads 1o coupld st of evolation quations of the
form

e

o[ Sgnemeno. 6

antiquark. On the other hand, I can only loave the clment via
Thus the pls prescipton applis oly to that part,

Rl = B mr (F5),

Pult) = Pole) =Tal? + (1= 2. (538)

For ghuons (i = 5), things are  ltle more complicated. A gluon can
artve in the element eithr from g —» 99 or rom ¢ - gg (or ¢ - f).
Tn the it of thes, eithr of the prod s can contibute, This
Ea. (5.32) fo the number arriving in the lement becomes

st = [ 320000 (21 22)
)

w.m' [:. (50 +a(
- s
b= [ (20) + 42
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shre el e ey of (), by B, (010, nder
e s 2y

g can enve
it oy o urou), Th
T’-“"’ l a2 [P+ mPu(d] . (540)
We ca us the eymmetry o £,(s) agi to write

[ a2 [ [t pa-a) e, man
whie from Eq. (5.17)

Hoa(s,t)

rrien s, e

We thrtrs nd
Pate) = zu[( +h-) +

-,

Pule) = Pule)=Pal1-5)=Cr (549

Using the definition (412) of the lus prscription, one can easly check
that

1ea-a

+ha+aun

T i-n), =
T YY)
(=), - a2

1m0t gt i s Py e Py b witn i

e

o

+30-2, (544)

Pl = G “V,, +30-2)
i - el o]
+CA-tn T 802 (545
wiich  the Inding oder ernl give
e m_a..-..-n-nm,,um

cin
ations (5.37) at 2 = juon,
e e i e et g o o
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= 0ia uteide the region of ntegraton (¢ < 7 < 1) aod therfore all.

equations, in

(.40)

dator form focor, We shall see shordly that ths
rwm. s smpl physeaascprcaion. Now wecan e . ()

JEgrsen+ Elidan e

L)1 Uzboremn. o
st i s e Al st (43
except that / is replaced by f/A and i r-ll-m-d-}h
“ e o
equation for f(z,t)

e
and hence

ot
ial parton dis-

by the unregul

o give an integral o
wibution /(2,6

10= 80z 0+ [

L5 [Eghasemn. o

T b v o the b S
bat do not braach bet

Exesion (541) can b g s -nm nterpretat the (62)-
space paths

101 witho n the contrbution
Il paths which have thi s branchin at scle ¢. The fuctor

o e ot of el 0 of
parton s strai o o spc b s o o
s e o sy of o o o+ wihow



5.2 Beolution equations m

eashing Socethe brancin probaily basto be summd over a1
postible v

A= [~z “fuzne].  om
s ) o bt 1 b i, Copint
ingly, Eq. (5.48) becomes

(k)= LE JEgpenen. G

0o dicasion of e sua.m form fctorup o thi ol b b
i gty o e

hich needs 10 be rem

o 537 o e

okl et

oo ot o i be defined."

L), Braschig with  sbow his e ot s
they of an undetectably sof parton. The
o with i o off then g he probaiy of v o
branching.

Al al corrctions explcly, the Su-
dakoy form factor In fact sums enhancd vitual (parton loop) as well
ovders. The virtul correc-

cinded via
g and nobrs
‘The resolvable branchin probabity el us
iable real cont.

51)
o of e kit exoff ) o o vt s
ofchce sont what o caly o & il cdon. For el
kg & atul rolsion i proided by 4

al s > b Worng n 3 ame T whichal il he

d-lnh|xumhulurl,,-54p.wuhn axi al
of paton

raseverse momentam

F=sli- - (- - >0 @)
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and g, 2 > tg we o

s-n >k, (559

s> d)=i- WiT = 549

uch a catoff, the Sudakor form factor of the quark, for example,

[ e, (.;] )

™
Vil s squared sci £, thisbebave a g ke
as() )"
i) Ll
hre y and e B power, The, cadin o thi v,
e o factr vaahen roughly e & egaive porrof g
A more crtl teament o th rnring coupin snggts ) bt
o e o et 1 ) R o (159 iy
e have
(a1 -0 = a) + Bl = NGO/ 4 (557)
bk, Plo),
o sl i f e form (1)1 )02
s o

i

it i i st

o Wm. o, (335) then s m-&:m i bt s e
S large . nstend of (5.56) one

A0~ (""“",)"M i )

- m._m.d oond ol igherd

‘which tends to ero faster than any negative
..al.,ukm. e rodeed spaceleparion
) =

o b crtd b ened e« i
72> o shold e et than )~ s el
s o th Traction £ car

simplicy one may take 2> /¢, 2 i the Umelike case.



5.3 Monte Cerlo method. "

(taz))

(taz2)
P 8. Pundamtal st i 4,

v nd e conrin Uk uch ovgin i hoid hov
tual mass-squared grestr that f. I fuct, however, the GCD branching

T bl el the e i thes s
wcollineas amplituden with snbaacem Jwon emission.

10 more restrictive affective cut off than those defined sbare.

53 Monte Carlo method

ol e computr e, tod i he bt e pron
shower® Monte Catlo programs for simulating QCD jeis. We dexribe
e the sk Morte Calo rancig it n e st fore
neglecting the complicatons of diffrent possbl braschings and QCD

coherence effct. The r-..m can be included straightforwardly using
the formlae n the previous subsecion. The Iater will be the topic of

‘The basic problem that the Monte Carlo branching algorithm has
ol e fllowe: iven the il mas scle snd momentum rcion

the values (b, 23 afer the next

in Fig. 5.8, the it quantity 1o be generated by the alg>-
ithm i the valu of 5. We saw above that the probabily of evolving
o1, el (1) where ()
is the Sodakov form factor. Thus  can be generated with the correct:
probabilty distribaton by sciving the equation

=z (550)
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hre s endom umber dtbid oy o s e 1)
b ooyl M b b b €

that no furthe branching occurs (e

enerate the va . x the next

kg with & robaily dtbuton propor n..nm«,/z.ym

e PE) e appopti i oo, Wecan do iy
quation

[egraer[Tezen oo

e e st o e b 0. i
it oo s g

ey et e

B Syt ke e s e e €L o e

mpeet. The e cimtia anin of o v 1o b pcited

Mot urlo gt i eerate
iy S e Mor genraly, o oxampie
‘when the exchanged spaceike paton is  gluon, the aimaths must ba
e g o ot 1t ol cominion dicueed

Exch emited hion n i .6, 0d n general schparon with tme-

il cae e i by i -:.u.mm The maln difirence in
the timelike case ris towards the cut-of value fy

evolving downwards without branching betwes A)/A)
et o coaioncopordig o (539 e il o s

(501

A) = n e 20 solation for ¢, > f if
< () Tl oely geaerten he robily forno (sl
ranlig I sk braachingdos ca, he proceds o g

um fraction i the e aa that decribed above for

wence of succesive timelike bruoching, & parton
oo et o e sabaien P 5. o o

BT e



54 Backoard eooltion s

Fig 53, Paron shower In e~ annibilaion.

e enciag st elton o e el . Thowe
Vit ieh

e bave
&

avallable model In Secton 5.
54 Backward evolution

braaching algorithm decribod sbove gnerates what is knows s
T i A s parion i ek momatian

el case) virual massqared. s P 5.1, lnellm-lmm-n“m
i

sart
of parions with & range of momentum fractons. Homeve, n spacelike

che inal parton,

e ot e i s s, paricpae ein the
subproces.

i e e i v g e e o
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i fction o he sk qark (sgcig s ity o he
) ot Birben e @2 Ch
i

s e b et G

e h-dmn»hldm enreat s e T
e
i the right mloe o onder o form & particur Somon. I th cachden
forwards, then mostof the time the product wil ot have.
ill be neg

he contibution o the croes section wi
g t0 & vry low effcency. f,on the other hand, we generate

wards, then we i

of momenta (snd flvours) every time
et exlin cannt b gy by rmsag
it -

B (0 e ﬂvﬂx e oo ofthe e o i o3 1
e tnckvrd evltion, e fovard el

et prescrption fo backvard evalaton (34 iavolves the ae
o 4 modited o facir, i ok he ol paion dnlty 2.)
Chocin the next o ofth evelation variale .

is given b thefunction

e ) = S0t (562

I other words, in place of the Sunhr« vm factor A(t) we should
o v A0 'u- coreect distibation o £, I the elementary.

etz =R (09
 random mumber distributed aniformly i the nteral 0,1,

where R

we have to multiply by the extra factor of /1:1,1\) |h. wﬂl bg divided
st the et bckrd siep s £ Thes we /o1
Vit  probabity dineiborion proporions o
urt
25z o0
i ) e sprprie g fntn, Tl o e done g
b i 1 (ot s o th forward evoltion, B3, (5.60)




5.4 Backeard evoltion m
(tx,)
taz2)
(tz2) (=)

Fig. 510, Backwardsep In () apnce
To drive Bq. (562), It s define dF as the fraction of

partons at (5, 2)
.t came from branching between  3ad ¢ + dt. Then the fracton that
id not branch between £, an

eyt aF (585

Now it follows from the evolution equation (5.49) that
Seadr = G [0 0750

o] - o
M-ml-l the integration in Eq. (5.65), we obtain the result (5.62).
gl e e bt 3 e L i
acior (.42 s om0 o
Ttiz) = f / & ,,Pm = ,, Lot} e

i et 30 30 exercse the orginal form of
el opin, B (550 b 1 m.u.l.m.._. o o)

besaching ot age 2, where /(5,0 b o decea fnclon o ., 0d o
st o s whre /(01 s ncreng, nu s cor

partons at higher = likely to have hpord

var oo s i of . Sty e o f T ] o

distrbation of = supproses m regons in which the partor
the

distributions.
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e be LA e

55 Coberent branching.

S fa i ks Captr e v b devopog paricn s
‘which takes account of collea? eahancements o all orders n
chation theory. In addition, there ar eahancerments asocated with

e Thenever a2 external lne of  QCD Foy
with momeatum p and mass m (not. necesarly small) emits # gloon of
‘momentum g, ther s  propagaor factor of

(509

e
(=g

o emiting i, 0d § e ango o . For g prione 4 1

et 02 3o oy vl e i -.a.

spinindependent factor of

Fen )
. whr s he o vetor of e e o
2 quark,for cxample, apart from th fclor
T hre s s ovmrior o o o o N s 301
N = i)
)
@~ s Pmnts)
= ). e
In et iy e b he D i ot -l
/'5'.,'.;';'.: for e i o o 7

wavclength

inthe it

v 1 sh o,
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Bt ol 4o
v i 1 he ampllade for cach he-porberion]

ties {.

dorn=do, TS T, ©m

‘where i is the dlement of sl angl for the emittad gl
d the radiaion

Cyina
by

iy R
W en e ey (T-v, ef, (672

called the antenna patiern o the process.
h the radiation mmm (5:72) represnts an inteference con-

o i =y = T s e
Wi+ w (673)

)

e

e

Suppoe w v thesnpls negraion i B, (5.1 nterms o ol
and ssimathal anglo with rspect o the direcion

8- don )
and thencaryout the imuthal ..».m.. W fnd
[y [

othervie. (579
Inother words,afte aimuthal averaging, b o

T an the direction of e . Sy, the conibuton Wi, s
e o i oo o con e o8 B 5 xtodin
s £
mxmnm‘h.nmmmdwﬂ‘ e nte that
1- con -~ beondyy (517
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e
b
. o
-2k

RUY U P——
e
ettty bmsnbnty. 6T
Defining 2 = exp(idy;), we have
[y N S
B e m e
whersthe intgrtion oo the it cce snd

(579)

% (580
o . A o s L

#-

1
T (58

[ dég 1
L5 - sy

which gves Eq. (5.6).

1+ (ot st G52)

o th suppemdon o it bm-mmu from lectron-pesitron pairs
imple heuristc explanaion in

(called the Chudokov efect), which haa
termsof o shond imerdered etnaton theoy. Comidr he

emiesion of 8 soft photon  angle # from an lctron in . pai with open-
Ing angle f, <, s shown i

e < 8, shown in Fi, 5.11.
Fornpicy rabll smume f.,0 €1, The the st momen:
ty mbalaace st the ¢ + €7

BB~ Bl . )
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ng o b mcrtalny e th i srute o th ot

e oy In s e el theranrere

i b 88 o oo ot e b e e

probabilty o photon emissio able to resolve this
anaverse separation. This will be the cas If

865 30~ (spl) &)
‘where X n the photon wavelength. Hovever, this implies that
0> () (589

>0,

rescive the individunl it and o

o ngen

o i o e B
=99, (550

For two externl line forming & colour singlet, a8 n e*e~ - gf for
cxampl, we have Q@ +@ = 0 and hence Cy = Q7 = @]. In thi came:

utside the cones extending from i to  aad viee-versa.

g e o The sl g rddion s il e
determined by the
~q,‘ﬂqu-q‘-l7.W;.-Q.-q.W..
= 1[Q0Wy + War = W) + QFWe + Wis — Wia)
QW+ Win - W] . (587
Kt sy i e e confgrnion o i 5 st s
oge, g e [ ik i e G
" Fi. 5.12. Usng he decompesilon (513, ve can vt
174 (5.87) in the form
W= QUWE+ Wil - W + Qi+ W - W)
+ QUOV+ Wi+ gl 4wl (5:88)
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i

i

&
Fig 12, Soft o cmisionfom » threepaion yter.
e
Wil = ol -, W= - s

Mot the clles g sonthe ditons o o e

ancelled in the uu—h ] Since.
i, o can sppom i 5 bt o 2k
oo ok v ot 1 1 doecons o
Wil x Wl W
W W g, (590)

hes 1 ha thefllowing meaiag e veragin over the simuthal
Sage with rempect o1
9 = Wi a5 0

0 <t )
w = vrw})’w}m‘}’mzwx’oq.’vif:‘" (592)
En (52) b sl nepreation: exch o he parions i ad §
o i propon t 1 ot chage suared When 1 184
e v angle,

v retmant can b extendn o ighe rdes,edin 10 o-




5.5 Coherent branching. ™
he ruls for coberent braaching invalve &

b sl

Virtual mas squared variable , weshould use
angle f, or more procicly 1

l-comd (599

ot bl o 3 b e gt s ¢ <
Cand ¢ efer 10 waccesive e o/
n(smhnpm-ﬂy-z/( Feth pron e rooren 1o
Infact,
Plds o e of e sl spprosimaion QL. he sme ormalos
both oft and collnear eahancements. Thus the basic
forml for coherent branching becomes

douyy = s 2 Bt (690

ear banching process and toreguate s Infra.od diverge ._‘....4.,
introduce an amgulas cat-off G for thecoberent branching. Agan, this s
depending on b i

emision 2 uaresclvable. The siyplost choice i o th form,
e (599)

& parton of s can once again
mm..... ey ot el o i o e

o o)
Ll 9

With the cat-ofprecripion (5.95),the most conveient defntion of
he evclution variable s ot ¢ Hadf but razh

B (&)

oo <t i b v
Gst, h<-
where F =, and 2 = Ei/E,. Thus the cut-ofl condi

Vili<s<1- o
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Neglects of b a0d ¢, the virtusl mase-squared of & sad the

transverse momentum of the brasching aregiven by

H-9f, g= 00— (5:100)

Thu fo the coherent branching process, the Sudakov form factor of the
sk, for example, takes the form

-Val? dy
‘,[/‘ |
n fcion (55, bl

m Fosl - r)rnm} - (s101)
an th
ey -vnv- ovecel Tresore l tmphe e Srachng which

a0

58 Hadronisation models

e el i e o prtons il (el s sqard]
of the order of the cutof scle ths point we ente the low
memctar sl g et e 1 whh nonpracbtive o

tion, which conerathe paron it the hesrvd oo, At prasnt
adronization proces.

Virtualtes. These mare virtual
mor hdons. The the bdroriaton model shoud ey bave s -

phass o . ragmention re combined. Iy prcic, etoson

i obe i i pining et wih rpetmen, To foowed
smal (a

to be rather s A) when the parton
.nmm careally, implying that ....xmw nton um.mu. the-
‘more reliabe guide to physic at than the exising

Velrosicaion model
One enerlaproch 1o bdroiaion bsd n the oeeraton kst
perturbation theory seem to work wel down t rathe low

the flow of momentumm aad quastum numbers at the hadron level tends
o follow the flow estabished at the parton lvel Thus,for example,the
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shoukd be for the
et axis. The extent to which the hadron flow deviate from the parton

The il e pl, bileson i [ b ngiel

ity and p, i tansvese ,.m.....u... both m
directon o the tial parton. ..a..,..«.‘ym.u.-,...-pw.
A caey sad momeni oo e of rpy egih ¥

5 = [ rlnrtpimcohy=rdohy
p= /'“.-.,(h..u».,n.=um.y4,44‘(;"1:.

phere A = [ (o), s he bdroition e
ceive 3 negative hadrorization m.(um. oy ..n.m.

n/q for 3 two-jot configaration of ttal
iy expectshadronizationeflect o sl with eery ke 1/Q.

(W)=~ P 2Q (5:100)
Compaig he prtarbiv prelicions for e masn i xprioct,
one fnds that  hadronization corresponding
A~05GeV. (5100)
e, ot tht oLl g, shot1 G o
Q~ u.‘ In sl o
frimipt d.;..u....,. s n Chapter 3.

ot expect & hadroaizaton corrction of ~23/Q.
e paray petrbutio pediin o e v o f th et & 1

() =1- 033405~ 10203 + Ofal), (5105

The e messured at LEP is (1) = 068 £ 003, the diacrepancy
it th expcted i

T e iy bl e o et el el 4 b b k.
T e T RS L
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w )
Eom [GeV]

Fig 513, (1), where T inth thras, in ¢~ aibilatin,

the e prbas prfction g /0
of (1~ T) wel

OB dervnhe
I down to Eyp 15 GeV.

m:!lwmmumm“mh-dhc-immlmn I can be seen

e 1o e i (e i o o e
pendence.

the mechasism of hadronizaton. Over the years, three cases of models

56,1 Independent fragmentation
Th el e oo b it bt of
partons s to suppone th o frgment ndependenty. The

ol g e Tt Py ] s deees 0 st
i e raavers mornats snd apposmat s of sy .
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on diteibuions oo s g i preduced in e snlbaion
ing quark is combined with an astl

togivea st generation’
Tefover quark, with rction

the distrbution sssumed for , which i known 3a the regmentation func-
Vion. The hited iravene momenia come fom (e eative rakivers

Fo ghon rgmento,the ghon i st ol o o pi,
i 8t G’ o o otttk - = 0ot 1 e
el pi Ut th glaon bhaves as 3 quck o random
n-ml, or -n. e g~ of Al Pail sl fncion (1)
emanaion ncion
e i ofshe wtovre e dbation the i of mesngt

ture of et and thre-et il state in e~ annibilaton ot moderste
e 1)

“weaknem of the independeat gt whoes, s et

M. ke i to depend on

athe than s vituay. Indcd the fragmening paton

tum comsarvtion that have to be corrctad by resclig.
bdrnision s cmltd, The rsral
vt parton in each ot also have o be neutralsed a thisstage.
areFuther problems when jea bocome close togt

collnear Jes reman disinguishabe {rom s ingl jt.

6.2 String model
modl o bdroiaion1114] s et vy dsrivd for

e hiion. Negocing

masrable

e it gt corrpondin ' ey conting o

Intense colour il
T practic, the strag fragmentation approsch does notlook very dif-
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et fom independent fngmentain o e smle uastioack

...m.. ‘mochanim by which ¢ pair are created in thecolour ield of the

1 e sting model becomes more distnct rom Independent fragments-

the sing, each nitially carrying localized ene
1o that of s parent g

hadrone n e*
diflvent from that predictd by independent fragmentation and in better

be lou-connected neighbours,
showers in terms of sequential spiting of
prescipton for string connection
A schemati picture of the production of a multhadronic final state
*e" anaililation according to th string model is showa in Fg. 5.14.

i duing he clution o he oo showr, an wdiionl g s
oo

..m‘,t.mmm..m.n.am T e g g

which connect the st i s o

563 Cluter model

A Impttn gty of th e rang e he e
). Proconinement implis
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56 Hedronisation models w0

Fig .14, Paron shower with stingBadroieation model o ¢~ — hdrons.

dton e

iy ih s i & smplotaly G
independe s sugpers  cs of st pomizan
ot e coog g s f parors o shes e et

» ito g paie (0]

a2 superpositions of meson resonsnce. Tn 3 upldu el 2021], ach

iy by dst of e

ofhadrons, with branching ratis dter
™ joner d
i then

Copyrighteaaterial
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190 5 Parton branching st sirltion

Fig 5.15. Paionshove ithcstr hadvnistion model for ¢~ — hdrone.

without the nroduction of sny adjutabl fragmentation fnctions. Also,

(con Section 5.5).
Fi. 15 sho the cster bdroition o he e aron shoser

0 Fi.5.14. The gluons that remain after the parton showerare st hon
Peribaivy o vtk anark par. o pana conpgwation of

e e ek e s s
e o e bt o st

An alterative approsch to clster formation and decay is 10 use 3

et the s clse s g ol [ practe, v wih
low value of £ one newds o invoke & more complicated decay scheme
forthesmall Fcton of chtes hat ave s of more han  fow
Gev/ee o whih sropc s body dcay a2 s bypoths

Copyrighteaaterial
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57 QCD event gonerators

showers, using each o the thres above-mentioned hadroization models.

fragmentation model, one would expect it to work best for the higher-

Probably on accountof s smplcity, it was ntaly the model used moet
iy T cofecion wih il od ol prion brancin or
the simulation o hard hadron-hadron colllons, i the programs ISAJET
153, COIETS 3] BT FIBLDAIET (3.

ering model ouined above, ith many fartber re

nitial- 3d finalstate parton branching, Intheother very succeafl Lind
simulation rograms PYTHIA (27 fo hadron-hadron and LEPTO 28] for
shower

The program HERWIG [30] e low.mae closter badroniation

sgorithm includes angol

vt v il em ol persmeier.
n JETSET ad HEGHG o he s i o e thrmt

fon models i ¢ e Sepniennof o s ettt

prerfairhioriwiner o
oty oy

1045 Bk 10450, Rt Qb Mk e . e Yok
o

¥ ) 3
3T, Pl et D187 (505) 3.
. W, Mok

5 b A Yo Do VA Kb w51 T,
R P
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Jet properties beyond fixed order

W ilstrated in Chapter 3 the us of perurbation theoty (o calulate

related phenome
i aton, o v of o s
81 Jet tragmentation

‘We stact by defining frogmentation functons, which are dimensioniess
» 8 o i ool

tota fragmentation fanction for hadrons of type h in e*e- aani

Coniggid teil
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st cm. cnergy V3 s deined 8
Plea= b ee 2 (1)

here x = 2E0/Y5 < Lin the sl b
approximation 20/v3 i ol

e o s iy of tho b

(o= [ e P (©2)

Similarly, th integral of = F4(z, ) gives the tota scled energy cariod
by hadrons of that type, which imples the sum rule

}:/’mru,.).a. (63)

gt funcon (61)canbe rprsened 1 of -
o o e difrn primay

P

); [ s nonpiern. (04)

I lowest oxder t ction C, for ghuons i seco, while for
.,..m L L) whee ) e prepie derones

P, 50 s proporional o he g sl of
Paron  at € M when weak effc an b segecied.

the production of hadrons Is

o acions oty ko i fowever,
ok e e, aiceth provabilyof ein s clles gaon
o it quark e divrgt. Nevshls, o th paton ditotion

i the ense that we can write

LIOURS o) O R N )

vt b econ 17l putartody et aad 4 0= 8
wohave K2z, 1, = B 61 - ).

Romena. Thereore we eplace j by h and appy the equaton to hds
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i ion functions. After measuring thes functions at some scl
f we can use the squation to prodict thel form at any other scale 1,
2o o b 0 o e g enngh o pestabain heory 1o b
applicable in t ton of the kernel K.

611 Sealng violtion

ool depndece fprandocbtion fnctions i Capier .o
function = represents

ton. o
fragmentation, would predict » scale-ndependent = dintibution, Fur-

corrctions are aken ino ccout,
Cosider the change in  fragmentation functon D,(z,) o 4 parton
itbation function /2, ) when thescale i Incressed from { o £ 1 d.

of & parton of type i n this scale interval. Hence the ragmentation

F S Pu(z, 0Dy e/5,). (6)

oo -3

Noticethat thespliting function i now P rather than P snce here D,
eprera e rgmeniationof the il piion,whers B

o of el puin. The silin o
iyt pon

Pulz,an) = F0(s) + 21 P,‘."(xu )

e b v fsctons () e e e et [y dcy
o setirag bt he higherordes erma re
niing s b, he a1 ot cone: 2 o e e

ower alue,
As in the case of the parton distribution functions, the most com-

Ml tanorme) with repct fo 51
D)= [ de s Die), )
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e Mt st b
Dle)= 5 417 DG, ©9)
integraion contose C i the compie  pase is paral to

S
0o e v of o the lotion B sl
e
B =butiea (£)™ (010)
bt thequastity i the Ml tsalor of o o 2. Th esing.

axd therlore he powe 7 18 clled an anomalws dimersion. For &

e o e v rbos o (1) o o ok g,
e e stton
e
et =i ()™, 4= L, e
which e ke a pover o .
Fo the s rgmetaton uscton
Do= S0+ D1) (612)
o i e nmtaion o e g e i
e b masis riaion 2 n

S(5)-(mmm) (%) ew

B8 B D e D, oo
e ocrrmig nd ths

etions o st ofthe o (5,11 with 74 and 7. in e plceof
R smat 1251, th g g somnon decn
becomes dominant a0d we fitd 7, ey — 90, 7 — 70 = 0. Th
o e sl etmrt S e e o e ok
eton

‘As meotioned ealer, the spliting functions and anomalous dimen-
sions for lngmetaion (lneke brascin) e he e s el
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(epacetie beancing) i lowest e

o 0, s by e Wit rdr. Lo B (4107

S o B oo el s o o il
e spitin fancions (o = 1) are (2

- ,{[u.,n.u—xn

e+ da o=}

e )

soa[Butes Bes -2

+a+ames Ra-n}

scrn{-[nes Wi f0-0} @0
PO = cr(0r-) {rrat-nte)

s e =) @

Nota that P4 i the same s i the spacle cas. Thesinget uncions:
ar

2 = chfrrses (oD Jaronts
+[3ne -2t e 4 21021001 -] pute)
+2p(-2)Si(2)}
soreufSu-a+
“pu(-2)Si(2)}

s {22 (ovines Be)es B2

-2+t [R+2ne] s} (6:16)

e L

Ry R —
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P B

)

-t [
st

sein {521

-0+ 28 st - 2) s
P
[T

2 -0 - 108,00) - 75

o:—,.wmlsr} (017)

= af el (o
+(1-Je) e [ e -y

)

EENETE .

4 2eh(1-2)

s

]
+l-tnatas - -2

R
4850+ 2 4 11 ...w} ©18)
B = m sz B s e B e
R
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saimfi-r (oY) oo

2. S0 s)
m{%udn;(,a

AL 2) o2 4 2 (- 2)S5(e) + [uul-u -

(©19)

(020

S1(6) = ~Lis(1 - £) = Lis(e) + In2hn(1 - ) - (621
Endpoint contibutions i be evaluated using the sum
e (1) s (411 “Thcy are found fo be the same o these

Note that the Mighrrde P,y are more singu

v o e i s, (1159 A sl
i reummation of stkanced trme n (ke Tngnesiaion focions ot
‘small & yieds a completel diflerent behaviour from that. of the

iatefolowing o suboctions.
mplications in the experimental atudy of scaling

iion i1t Fogmetaionfncioe 4, it the cxrgy dependence

of the slctroweak couplings () that Eq. (64) s cspecially
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ey oon ey e sy (= 20906,
frpeahepog A psmar dpendrafituy

docay product of the b-favoured hadron, I expected 10 be substaatially

e o ke e vilion, A sl il compenaig efct

il he inction D,(z,8) n ad-
Py m»_m»« uuuh Anmn e s doe mmmmvy
the slctrowesk order,

e qath trouh evaton: T Trngmentatio an be

facin o Gt U]
compiation corrctions 10 fsgmetation anc:
..,..‘.,f.,.rm. Tt v et S 1t o

Q. Therdore: pabe cotiwions o st shoud
ejaie i thepraeeion v g he sl v

i ans o g it n the chargd badron
w«u.mwmutw ebbmuio ) b o cmpuron o LEP
ta vith those rom o i, e sbon n T 1 A

foll next-todending order Saion

and . e i o 10

x shown by the carvea? The fted power corectons are small and the
e cbsned o o5() (0126 0008 1 bkl e Lo e
2 leading ruied

form sesumed ing 1/? dependence i not ul
a0d 1/Q corretions ae in fact abuent. Av of rosch
o fragmentaton, developed in el (], does indoed suggest that 1/Q

corretions are absent.

612 Averoge multplcity

he aversge number of type hin & e initated by 3
e e e S of e st o

e ot e bt e, e v b
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Fig. .1 Salig vilationin ¢ ragmentation fuctins. Fiarsfom . {5

whic i the = 1 moment n the notation of Eq. (6.5):

)= [ i =D (629)

dimensions 7y a1d 7, in B9, (4.129) are divergent at j =
o that for 1'% 1 the momenta of the splittng functions n Eq. (1.04)
of emall z, where Py(z) has  divergence

multplicity provided w take ito accou

ppresion of soft gl
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T b s iy (.m; "
[ p

oniio s 309, T, et e

L8 may v wrts g o
Diet =Dl +E [ % [ S 2 oaiern), 020
[

oo [ S e

i the-dpendeaschangeof sl o e bnd . Thi chnge
ot important for most values of 7 but we shallse 1 ial
s,

ot e whton B, (30 g o B

pheryetchin
G0 =52 [ e pabG ©20)

Now i vty  solton o the form
Dl ) om

we ind that the anomalous dimension 7(j,as) must satsy the implct
equation

o =22 [[asniey . e

When -1 not mall, we may neglect the 21(,0) in the exponent of

td n, the - 0 behaviour

b= S e o)

and hence

o) = [ -1+ 22 i n]
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[Gaas _ 1 L [F
=G - g U 630

Ths for -+ 1 th glon-gluon anomalous dimension is roportional to

theory, which deals only n inager povers of a7 The antwer is that at
e ey o (B30 & s vy o et

2(G) i e
Tl i o the st o ot gl s i cch
et e, o ecample, corresponda 1o the ac Shat

Ynl ) = FE40) + 0@ . (632)
whre we s from Eq. (4129) that

. (639

7
the dots representing terms thatare ot singular 8 j — 1. The terms dis-

Behaviour of the glson spliting functon Fy(2) given I Ex. (6.22). The

!
slon (630, lewng e e analyscally con

ks 1 i o o o] € (:/nc.n:—n' ) de,

o bhaios vk i S 1 P, = 1 o o .

rsnted by thesere B, (6.31)any mor,evn thogh s lly impled

byt

fo e dometr o o ingmesttn o 1w

determines th omente, . of .

et o e o hich can be done i th s way 0

for the ot e form

DG~ e[ o] .

e have oy 10 repace 7,(7, ) in the ntegrand by 7y
then wee Eq. (25)

[ rutionten = [ 1,




- AP————
where f(as) = ~bo} +..., to find
D ~ e} gg-n

+

B e

In e snion h e { (U ppe it o0 £~ cont) o
any branching) i of the order of the cenre of mass energy-squared

PR U N 3 B

with one len power of 1/(j — Umlkn-umudxhellu.-‘m
{637 il b pove f o)

.m,,[i L )

B il st Ak epeiont
o .r-..m-..w.y B (059) ot
e A s o5(0). v

bebaviour

{nte)

et st b et s
ormponding o os(M}) =
A-‘ |.,a|.,q... Wt forthe ighe rder corect

ottt seon sl st s 8
o o i 3w St 85,

613 Smalle fragmentation

The b of DU.) sy fom =1 detrnines e o of s
2 rngmentaon lcioes v the v Mell twmlormaion (69).

M’l\rhfn(
dispayed in Eq. (636), gves wa.-um..mu.-u-m
ranorms to  Gansan in th varable € & a(1/2)

'D(:d)xﬂp[ ste-er] (639)
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£ iy sl cotlnin which comes rom he nefrncs
oo, Iaegrving o
e o o

pario fagmenta
o G win Ea. (64).
s aod ongtadinl coficint funcions ae 2,15]

) = 812 +0(as)

C@) = Ofas)

CHa) = CrgE+0lel)

G

o) = 4CrgE (3-1) 406, (649

‘which implles that
1as

et [ Slmw a2

Tie the gl fgutstin o D, can b eiacied b g

messsrements of Fr and
e £ s i OFAL [u] o the transverse and longitudinal

)

Dy(s)] +0(d). (6.4

with LEP staisticsthe errors arelage for > 0.3. Howeve, one
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Fig. 66 Givon fragmentaton funclion exesced fom Fr. Figure rom
ot 14
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"l differentiating at w = 1
), = f.»nw - |
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woenocton, < 2] e
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imply

)= 40605 (652
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‘where th st term on theright-hand side comes from thespliting ¢ -
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.3 Muhiplcity distributions
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6.3 Multilicity distridutions 1

Introduce the fllowing sotaion for the mean and first binomial moment
in process .

™, = N
(ain-1), = M (&)
B (083l o et ioeding i sy sd 1 o U
‘moments ose of & quark et
N = 2N,
Mo = 1(M,+N‘71. (609)
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integral eqatons
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+ T (ORNE) - Ny} (669)
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right-
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have similr corrections with conficiets that grow with , making
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would be sen in e decay of & 1Sy heavy quark-atiquark bousd state,
for example, the aalogous calculation gives a actor of Cy in place of O
and therefore

8~ 85110 (®50)
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ormalization scale depandence of the predict
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In the geneating function formaiam of Section 6.2
Inertng the boundacy values (6.106) in Ea. (6.55)
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7
Hadroproduction
of jets and photons

I this chapter we shall considr the application of the parion model to
procese invlving two hadrons n the ntalstate. We will et dicons

Chapter 4) can be wsed in

T o o el o i, Chir 4 w2

. processes volving ing hadron (such
0 R it e e i e o vl ey a.mm. <

profles of
Podactie, Th paductonof bpon pis I adrn daden collins
will be decribod in hapter 3.

7.1 The QCD improved parton model

‘The Nigh-energy interactions of hadrons are described by the QCD -
proved parion model. In this model & hard scaterog procsas between

opyiged Mot



2 7 Hodropraduction of jea and photons

Fig. 7.1, The parton mode description of & hard attrog procee.
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Py The chaaciernti scale of the hrd scattero s denctad by
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7.1 The QCD improved parton model Y
the short-distasce crom secton n given by

o=a 3 e, @)

‘where the ™ are functons o the inematic varlbles and the fctoriza-
tion scale.

the parton ditibution functons, Thi n necesary because the pertur.

‘which occur long beore the hard scatiring. These picces can
Tred ou s imerb o il of e coing Do

thersfore shor times and ditances) and i Inensitive (o the phyics of
partcu

20k depnd o the dcalle fth bdron

e function of the type of the

Py o o oo b el 0 a8 et ¢ ectmtntion
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he next section.
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xpansion, the weaker the dependence o 1
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7.2 Fuctorisation of the cross section

propety of factorzation allows us to use the QCD parton model
e e s secion we sl e x4 sl
S el O Wi, o o o gt

when'

produci h-uV(lnvu(lk.uuﬂMlpm:m
72 W- ot Zboaon) in thecollson of o hdro
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7.2 Fotorization of the crosssection u

el st e e s
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73 Luminosities

At partice collder the rate ¥ at which sventa of  givn type occut s
determine by the luminosiy f the machine, L, muliplied by the cross
aacion for the relevant scatering process,

N=lo. (110

incsity Lia by
For example, for 4  colider we have
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74 Kinematics and jot definiion

As described above,the scatering of two hadrons provides two brosd-

parion-parton scaterag i normally bocatad

“The centre of mas of 1

ot bt For ki s we rodce e iy . e
um pr snd the sl e 6.
et o e oy b it

(i coshy. preind,preosympsinhy), (1.19)

‘where the transvarse mass s defined a8 mr = VF T 7. The rapidity v
n dofined by

(116)

invaciant,

7= lnan(0/2), (an)
wichcfnide with the rapdty n the m — O it 4 » more conve-

energy
Er=FEuing, (r18)
ke tha he v momentum pr b i s the o e
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ary method cam e e o deoe s e by ot f hdron.
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7.5 Tew et crom sctions ur

 concentration oftransverse energy F in & ‘cone’ofradius R, where
R= a0+ (8o . (719
By defiing R I terms of Ay (esthor than, say A6) we obtain  ft
gtadinal boosts. In i né

plane, curves of constant R aro circles around the ave o the jt. The
cone size R can be vaed and the measared jot crosssaction will depend

e e chose. T dependeac of e cros ecion o he e of
R il be dicemed in Scton

7.5 Two-jet cross sections

Iproces centreof-mass rame. If
eyt and i .u.um..._u.nm,.k [
Vete momeatam of hencoming partons he two jets

theaborsory e’
parton scatering proces
parton(p1) + parton (52) -+ parion,(u) + pariom(pe),  (7:20)

|..,4.m.m.; we also show the values of the nvarlant. matix elements
90° in the cente of mass (1 = /2, 3/2). Processes

of the gluons.

T i s et o e pston il b et n Chan 8
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where 27 = 2pr /3. For masless partons the rapdity y; and prendora-
ity 1 may be wid iterchangeably, s may th transverse momentum
.
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mam ystam aregive in terma of the observed raiditio by

Pt w/2, V= (-2 (129
For & masles parion -uw..M....(.m,.,.wgr i given by

s

cont tash 2

The s mtesnt o e s ki o he ot the

T S —— o e rcomin pron 1 184
=31in B, (723) aregiven in terms of pr,
s extemi e T v-'!n(n/m (120

nally, the invaisnt mass of the e system can be v
M3, == dph oy [

2) may be wed
prdicion or ot ...amm Bt llons o crange
the inclusive j.cros section at the parion evel may be obtained by
Inegain B, 1) over e momentam of o of ot

&. _":_ pT Wi, ()

where  and & are fxed by 8 and the centre-of mase scatering angle,
tar). OB

oo e s s b
By o g h o diion oo

Ees _ 1 P
kW ‘/ oy

B S R )

and that no ditnction i made between quark and glson Jea.
7.8 Comparison with experiment

Althosgh large-pr et production has been studied at diffrent patice
of many years, i from th




7.6 Comparison with esperment 1
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k=), Thus, for exampl, from Table 7.1 we have

4 vl 444 (cos)! | 43 (1-cont)
stme = 3 [T+ e | 0

Numerically, the most important
an 51, For tchof thess the - G \hulm-hnvedn

il Rt g cainieof
© ol v
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Teost "~ WD i

To stady deviation from this behwviour it i convenient 10 plt the dats
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e
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77 Multijet production

the final state.
erlzationofthe procedure fo c¥¢- anniiltion explaned in Chapter 3.
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(©) s +3m) > 50+ 900+ 9(p)
(D) slp)+9(p) ~ gl 4ol +olm). (743

The momentum assigaments fo the partons are given n brackei. All
matrix clements for two-to-three parion ampitudes may be ob-
tained by cromsing from the sbov four proceses.

(eumnig)cve e () colowrs d o e
Have set the masses of the quarks equal to zero. With the momestum
Saenmnts o B, (:49) he mtsix cement fo e (4) 1]

Sfuan] = £ (ZEL L) (o, s Jussn).
44)

Thronghon i scion he dsendnce n he SUCN) oot rnp
own explictly (Ca = N = 3, Cp = 4/3). The Knematic vaiabe
defined s ollows:

(149
compactas o cation ve v ntrduce te ol e [
whichis defined s

e e
3
The orgn o e b i i S 55, e
e o i of s
“1, 34) = 2(12] + 2(34] - [13] - [N] - [28) - IN] . UA'”

B Um “This combinaton i therfor fre rom collneat singula.

In it appears in Ea. (7.4) suppressed by a colour fctor
/N i to e o makiog it numerical theough
s s, o e e e o sl e
Phes a as Monte Carlo programs.

In the o b o 5 o denicl

e o,
quarks may M written [19]
Cr

Tl = G

(25 (s i+ o + e



= 7 Hudrprductonof ts ad phatns
o (ZEGE) (e e+ orsa)  am

- LUt o) oo, )+ o)
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w
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& e @

|- s
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From the tree
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50 space alone. clearly favour the former. Next-to-Jading.

|. & Olet) Corectons tathe 3 3 miteing ampindes bare
e e 2% 4 pron s

ke peiction o tre ot

ke e s b dpends o b o e el
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The choice R = 0.7 recommended i thi standard agorihs

ically on R 28 A - 0 (similar to the
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Al diret photon data show good agreemer
ey g, e g i 7 o vmn d-u m].,..m.
olon pr disribation for pp — 7X at V&

M) urin oo T ke o i
e ar irined by e di [ he gl .
ections extibit several i

gt fecion D3(0,49 repsein the probaily of o
ing » photon carrying longitudinal momenturm fracton + in a quark et



7 118, Compuion ol on ot ol dret e el ik
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ol Ttk GLAP o i et
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S T i TR e 1
ek

M"—‘m%".‘(np‘.h (7.54)

1=00c) - Aldongh r."...», o, o compred e o the ledingordec
ant.

frent scale
Ceses, b et shrin 12 el 542 w1 P, .1 In conrnt he

ik ige Lo (o) QY nstw  n T
e 3} et of et gt m«t«.l.&nw

) e
130 he conebution s ol of o aa(s)or . the e an the
Jeading.order contibation. A mors detaled diacusion can be found, for
el |
kL estation contebutions ae particaluly mpertant
. for photon prodction at the Tevairon pcalder
84, Fig. 7.10 hows & comparison ange o
Phoion dat 3] it the pedcions of et o e

e oy b s Tcionof the it £ = Zp /5 Thesgree

et cotbelon (<3, fom AT e o,
o e e parene] Ky b o e s
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Electroweak interactions

bt e e decromenk nrcion. Fron b cpemestl
oo i {hey ar nexiricably inked with GCD. e
e day e calders s the sty o QCD s d s e g

s whkh cear & th 7 b esnan.1n idilon g of the

tor bosons o eptons coming from the weak decays o heavy quarks. This
chapter dmcribes the Standard Elctroweak Model [1), which, ogether
“with the discovcy of QD, was the rlamph of the 1960s and 1070w The
model provi ed descripio

th some consequence of the s
plete tratment of the lctroweak sector of th
Standard Modd can be found o exampl, . et 1

81 Gauge boson interactions

In QED,the Lagragian ey b the property of o) e
rapey o QCD wi et I Seci 13 Toe
s o e Pt D 4 o 1t 1ol 4 s,

PB4 D)8, P =0k oA (81)
D s the comriant. m:v.m whichin QED takes th form
=, bieA” (82)

%o’




8.1 Gouge boson ineractions m
The Lgrnian (1) s e ndependos s o e
‘phaseof the ied ¢ at each space-

Vio= upwm vm. (®3)

e the g 4 i s

)

inder translor.

auge group.
based on the more complicated

Wi(i = 1,2,3), asocisted with the gavge group SU(2)
"one masslens smocitedwith the (1) angs grou. The
i o the s s’ vt

Ln—}w‘-yw‘,—gu"a,.' (55)
‘where the fld stength tensors of the U(1) gavge field B aod the SU(2)
nge fieds

= oW u.w' owewiw (89)

e o, svm Tuele -nﬂnLy ‘Sasogous o the uc that gaons

T souplog 5 te fonic matter fekd is imple-
i wio o o et VS

D= 40+ g (T WPy 4 by gi B (58

haper fy the coupling
o e SU) eorasniiion T sud o U() guugs charge Y+ G

te
T e €% sppets n . (0.0 ik componnts s th
stractur contant of SU(2):
11 =i, m 1 ®9)
Defing W} = 9] 5 W)/VE d T% = T £ 77 we have

W, T =W

+WIT T (610



m 8 Buctroweat inerctions
wher the matricn T*aad 75 sy th rltions

) = o

T = a7t 1)

74 and T ace the weak isospin rasing and lowering operators. For
exampl, in the doublet reprsentaton of SU(2) we have.

)= 1)r=(00)- e
e g 5. (31 b i o e e
KA
L
S e e
by e
S e

et oot e o oo o vt oy o consied b e

reaing 1 QCD. T that cae we s tht he b
) for each

o i paries o e comin wilh e crrapeding tnge
bosons to give them mass, 2 wil b explin

8.2 The Higgs mechaism

e el b M, e el S ) do
e i ke b he g mecanio ()
o e f e ey S

‘x(‘.) (13)

be dentifod
elctic h 1o rapeivly bu o he he euper-

 doublt under SU(2). ly g i = wact lopecharen

Rl et rormation propeisunder U(1): u..,n..u..
ik under oo sumaum . ..:.,....w.. B

the feld  to e cowri

Ea.(63) 1

= (04 4 iga W TH + bigh Be)



82 The Higgs mechaniom m

Fig, 8.1, The o poental whic givsris Lo spntancows symmery brek-
ng in the Sandaed Model

oW T4 Yigy Byg) - V#9).  (814)
The Higgs potetial ¥ n chosen o be of the form

V) = A @ - (819

Note thatthis potential ha & different ign for the mass term from that

. As  resalt, ith the parameters J, 4 > 0, this potential

has a classical minimam which i not a6 = 0.

in Bq. (3.13) by four real components

(5)-(412) wn
Sic th ot b o of

Go=R LR+, (@)

clarly nvariast under fourdimensional otations. The stuation
hatrated In Fig. 8.1 whee, in order o represnt 3 four dimensionsl

i nal plot, we arbitrarly st s and é squal to
hova the potential V(#'6) i the 6,4 plane. There




B 8 Bctowe neractions
s vidently i o degenrte i, corspdiog (0

W={5=% ®15)
e —— m.u,.mm. on i il cont 0 nergy and
o e

chooe » pariculr dletion n the ntereal SUT) spce or
i i o6,

) i

The direction chosen I of no consequence; the m
e U . Trnsomon el T+ e e
al

i, .
@ +n@=o. )

th e harg,
qurer=(3 0 62

"m( @ J.ym) 62)
()= expl-iT-€/2) (62)

e four real dogrees of freadom, (thrse € and one
e -1llv-kn( o the b e comple B o now el » angh e
formation

¢ UEw (829
ToW l/r-w-v-wL(ruw-'. (825)
 dagws o Gt a0 g s it P g

degrees 3
Bovo i the any remaiing dynamical i The Hiegs Logangian



2.2 The Higg mechanian P
[a—
i (e
- ooy (0)
g T W, + g BT W + 6B
e

)
where x i & unit vctor along the direction of the vacuom expectation
wlie (.19)

- o

o ss how this vork n pracice, we examin th trrs quadratc
the vector boson filde:

o F{an.‘-p‘-B.)an“-hB‘H?nMW" (©28)
he posaeor o the 5 nd W i o digons, e hrts

el e i e
2. -M-\ propagate independently,
(%)=(2m 2n)(%). o

e the age B (e Weisber o dcroweak i g s et
by the reativ steagthe of the coupling constant

7]

PR a0
At tonh i s e e bn ks e
PO 2,

‘We therefor find tha the W and Z bosons have acquired masees, gven
by

M = duw, =)
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M= /e ®35)

eld A i (831)-Aewehall e b, o nergy e iteractn
to make the identifcation

(34

the Formi constant. The measured value, G = 1168
rtr il i the v expeciion e althe

o mmary e L —
s parclas oin o the cile of minim sy from 6.2 0 and

i b ety e ot o it conporere g
eatn’ by the gauge parice 1o form massve vectr bosons ('
Uher remain a single physical nevteal sal partce — the Higgn
bonon (1)
“The sl couplngsofthe Higgs boson are
Cuge = HIPH - 21 MBS, (835)
and s s My i thereore
My =i =B (©30)

the
thr s, 2k i o the hycal s om0

" My ctssions o the Standard Moded
) rea echanism

complcated Higgs sctors and more Higes bosons.

821 Boson couplings
‘The fundamental couplings between the bosons are shown in Fi. 5.2

weak nteraction strength.
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Va
o 0 (bt (a-T)gat (r-Plan]
i moments ncomin.
W e, bt cor8)
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Fig. 82, Feynman rles fo boos itaacions,



E 8 Blectrowek interactions

s 5 exampe ofthe e of e Fernmsn s, we e he
partal width of the Standard Model Higes boson into W pair, wi

ement squared fo the proces

Hawew s
ummed ove Ssbatat plcton, i i by
e )
Tmr= (1 1yl (638)
i S G R S
o (8.39)
e
vt

e
e o el o s Wi pail v

o) - S (1)} (,.ﬂ;ﬂg) 00

Note that for My > My the tree-eve Higgs width grows and eventualy

T ().

ich Ty > My i st by M.
inally polaized i

T - WHw)

LR S

i growth arie from the

22 The p parameter
From the masse of the vctor bosons and the value of the wesk miing
the parsmeter (4],

of p n ndeed
ﬁmmmukmn(pxlwxnmj Tll-umunprdve




8.8 The Higgs mechaniom m

the particular form of the Higes potetial. For example, the p parameter
‘would not be equal to unty in & model with an scepn triplet of Higgs
o~
1o vt i pint uthr o el o ot wn
-h-r-wv- form o the Higs agrsgian i which o xtrs gl o

o
Se=dlra e, mn
a0 SO(4) aymmetry. Homever, it
i e SO0, ymtey et s SISV, e o
S0 bngomorphc b SU)eS

oct 32 2 matrix out of the doubiet Higga Sl and ita

gl

under th transformation
o u.w' (549

‘whete U, and Up are specil untary 2 x 2 matrice. The lef one, U, i
T b gaugo SO et Th Higs Lagraion b

£= (T (D,8/D°0) + 4T [0'0] T (W0l (87
wherethe comant dairative i the resat ntaton
o o
2. o o Lo o e g b
S0 SUn sy i he W B0 st o e, et

the gauged SU(Z) and 2  singlt. under the gobal SU(2)5. The vacuum
expactation vaue of the Higgs ield e

A() o




0 8 Blectrowak interactions

Afer symmetry bresking, the roup is broken down to  singe SU(2)
(or squivaleaty O(3)):

@-U@U=@), (850

where the et and right transformations are now the same. The resid-
W hdd in

ual O(3) aymmetry meaaa that the quadratic terma in
Eq. (5.31) must take the form

WIWS W WIW = W S W

o () L]

Fermion multiplets and interactions

e corant drve, B (8.9). Bors symeeey
o, o ouping o o rion 0 1 o b

£ Fui(h+ b VaB) O+ Bei(P +iow T 4 VB (859
‘The U(1) charge of thelft- a1d rght-handed fermions, Y, and Y, ace

o ™ rc charge, Q. For the case of
leptons the left-handed felds ae put nto doublets

v () om () om () ®50)




Fermion maltiietsand inerctons -
rmion | 77 | Y2 | 73 ¥a | @,

e Lol o[+

I I K
ANCCIEIED
EEEEIEINE

s
e

e (2)en($)n(d). o
R S

pr Y
‘We s ibat thefermions fll aturally fato thre fariles (sometimes
‘genera

corresponding right-handed felde.

831 Aw‘luulmn
The theoretcal rouping the quarks and leptons 1 shown

e 31 hat comples o el 1 e xsaton
of anomale In the carrents which couple (o gauge felds. Hence, for
‘example, the top quark must exet a8 the partaet of the b7 and 4,
completing the thind faily

e Ward ideatites

the proof that the gaug theory n renormalizabe, are invalidated.




Fig. 8. Disgrama repooeible o the implest anomals

i of e sl o s ot . e et
riangl di

A= (RR, ) = T (B4, 1) (559)
over all possibe fermion riangles, We are

ssserbled i 4 single column vector, on which the matrces L+ sad A*

In e tsho st thecomtiotion g . (539) vohes
pan of st el

the Standard Model, weshal fret dem: of aetal
) T, rn-u. (659
n) (- YD) = 3T (T - (660)

1 i a8 bl e
u.,_.n..(n.m.m- bt T e

and each bloc i o U T
muscaT e chy he s SU() e e vidu ks

i by st v 5, v iyt
“The second reul oo fcta

'Mﬂ QU =T (T 4+l -

Expanding nhm‘nnn-'lk(l‘l']) 0by

B.um‘mi'l\-[rv;y 0 since the trace o each block of 7% with 3
n value of Y, i sro. Hence we obtal Ba. (8.60).




2.9 Fermion muliplets nd interactions: I
o o swomar s he St vt Ml St
ot e Stndard Mol ey ), withall ombnationsof

- (835)
08 U3 mateie T or e U)ot 1, e biain e o of e

tracen of the couplings vanah for ach fermion double (.. separately for
leptons and quarke):

I TN =0, T (Y ©62)
“The other two traces vasish osly for complets fumily [10]
- ¥ =0, T (T ) =0 )

suffcent o demonsirate that
T LT T) = T @I T =0 (580

The s form of b cqusion showsth s conelbtion
occur for a = b, otherwise there are can single
i The s Tt st o 0 = 1 ol

fiekds muat be traccess,
Q. =0,

(885

e between
occur n threecolours and tha they have fractional charges,that i,

3@+ +Qu=0. (609
e Standard Mol b el providen o explaasion of i fct

e te Sadard Model. Such anomlies are harmes sinc they
For exam

corteaponds to & gobal symmetry (i the spproximation m, = m) sad

v 1% (N ety whch i vl tor 4 duky,

discussd In Chapter 1

£ Fermion mewss o oo

e e Ao st ymmaty bk Yl
acon o the form 4,0l 08 rnion
v e 14y et o sl gy Vi T e
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= foin ) ~ 4000 | +
(4 o’ ) ~ 0345 [ —

1
(= +2sin" ) ~ 0036 | -

Tabe 83, Gouplngs o ermion  the Z boson. The mumercl valon of V;
ar for i by = 0250

of the Yukawa couplings required to reproduce the observed pattern of
Table 8.2

Uhe wide range of Yakawa couplings require.
terms of physical fieds

or
“he neracion Lagragia cas be ex

by subtituin for B and ° g Ba. (129
. i

= o (-

= O T 4= W)

= T udiAb - g T - ArZs - (67

7

The coupingsofthe formions o the Z boon are
Vi = T3-20s0%,

A=, (568)
ke @yl the chrge ofthe fermion . i of the o deckic
Chirge . The valoe o  and the weak SUL charge g are eaed by

i (859)

experimentaly; Fg. 8.4 shovs the contr

 on the couplings from the



2.5 Fermion mulipiets and interactions Y

os|

P
=
"
5

s

£ 5
n

Fig. 8.4 Fermion couplings Lo the Z boson s measurd at LEP. Figure rom
. ().

LEP data. The charged leton couplings sl e within the small rectasgle
indicated universaty.

the ol i, s e gy, V24 2 Thoe
Comein o o the e Small
s given in roweh

Fi. 5. thow the Fepnnan e derived from Eo.
by Bq. (8.34). In this gange only real physical partces propagate. To

e cotler e i o the ey 6y A scndng
s given I Flg. 8.5

)70 S0 (-5 4 558) g 070




[P om—

e L84
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e L e

i

(a*-Mp)

~ieQn,

gy o » e
ST e
g py,

Tooss, VAT

(VTi-20sin'ty, A=T)

Copyrighted aternl



8.3 Fermion muliletsand ineractions w
Atlow energie this reproduces the Fermi model,

Crsr - W) S e 67

o
folows:

G m

Note that whereas the Higg bowon couples o the ¥ and Z wit

o the fermion mas. In other words, the Higga boson prefers i couple
o the hesvest avalable fermions. Thia is manifes 1 the paria decay
).

Figs. 8.2 a0d 8.
“The Standard Modelths contain  age sumber ofsbicary Yakava
ing i, doced blow), Loethar vt o more b

3 el et e g on vl e
Higgs masa Mo, T !nlunudm“w--clh'u beerv.

b e rathr . Thus ot low corgy, negctn [rmlon mases, we
have o sapply the values of three physcal observabes to make predic-

he ow enrgy e tucure conan, o he e o he Fermi con

e he maseofthe Z boson, meaaured
i et srurcy 4 LEP. Thes o are 561
o = 137.0389805(61) 1)
Gr = L16630(2)x 10-* GeV~" (874)
My = 9L1885(2) GeV. ®75)

Standard Electroweak Model

(876
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835 The CKM matric

st combiaations ¢ by 3 usiary transformation, V'

() e

The matrix ¥ i known as the Cabibbo-Kobayashi- Maskawa, (CKM) ma-
ix 12)

o Yo Y
( Vi Vo Va ) )
Vi

The oot of unlaty s VIV = 1. Wiin ont ey,
poses nine

‘Eww-Ew'- 1 (879)
T Vim0 (i) (850)
s important 1o atabish how many Independent parameters the

ith n(n 1) dependent e,  follows hat ther e 4n(n - 1
b ca be eprmented by el miing s, The emae:

ing {4 1) prsees e phs. Howeer, 1 of tho can b

cbed it ar wwmnwnnfli-qumim and ¢, eav-
ing A(,._m,.,z, hasen. This means that for n = 3 we have three
independent

et pmeiaion f e VM e

e
st = cusersinpe’t
o

yamea
«u(wcwm-uk)w rh- nd

e ot b one

‘The experimental limits on the magaitudes of Incvidual matrix ele-



8.3 Fermion multipets and inteactions 2
en)

ViV

Vv,

(©0) o)
Fig 88, Unitarity trianghe

ments, taking into account constraint derved from .m..«y, a5
0574509757 0219-0224 0,002
cam-omt oe-oomo oo oo ). oe
0014 00340046 0.9089 09993
nmh—nmw-m 1 angles are amall, and atisly 3 hirarchy

13003830 (859

Tt - angle n to the genersl
Sing . (69 m m Jein i epreentatondu o Vil
.u..[l)mmm. e e Vo o = A i

AR i o i 2 o e

taining tarms mau‘)‘
( G A AN m»)

1w A (58

Vot ViVt V=0 (85

anitasity trinagle remaio

Challenge for experiment.
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8.4 W and 2 decay properties

to the variou fermion-aatfermion fnal

rowesk petarbation
ine 2 voso o e sniermion Pl

20+ /c-)tm . [
1o given (in the Standard Mode)
o S - A (888)

e o o e e

Timr ,Tuvmmm. (8:9)
The sum over the three polarizationsof the Z boso is peformed uing
T 0= -0+ G (890)

The . pricephas sac i v b B (8.39). Th il st o
e pail width
r@1h = i
= MO+ WMV, (s
where i  colowr vormalaton fcto which i 1 for epion aad 3 for
quark. The cormaponding el fo he ¥ boson s
rov -+ 1) = O 692)
The W docay ae efer o the decay o given qurk of
g and s of e §, e 0 uf sl o
ddtion! Tuien V1 o

ot pt idthe o o W 130t £ v 0
e e o the oo e
i show 1 Tl 5.4 Now e e ranhing fcin o by
o ba

e s e brancig st ofthe 7 s nos,
e e et he e f e i o g o




85 Vector boson sctteing =

Frocas
[GEYr
Wiy

Wadratd
EETRT
Zo et | (-t

Zoda ¥ |30+ (- jawt)]

Table 8.4, Vector b decy o femion-anifermion

3 b o st ot b o S i
pc. Toe threcl Tt o he e of the i i one
of nutrino, divided by the width lto one species of lepton

r(z40m)
TP = TH ey 69

ecimenal el 6] o the s of i it o e widh
ato one type o

(a4

00161
At hadron collders one can sormally only detect the decays of the
eptons. Alth
4 bt o b oo o, ot b il L
\....r,.,a,..m.m o the former from normal QCD.

85 Vector boson scattering

leads to strong cancelations In the hgh-energy behaviour of amplitudes
kS bl

T T ot s o h b g o the W a2, h rpcid
e e A T
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Fig 87, Troe dingrams for W+ W= W+ W scntring

odaog the sitag of W-bomn, The st

can be calclated using the Feyaman rules
oo allow o 10 display th role of the
tring.

)+ WHa) + W la.) (899

he 3 . Inthis rame th Kinematc of he reacton may be witien a8
no= (E002),
w = (5,0, psind tpcost), ©36)
7.2 M 1 1 b ot hmu g e, T
e )

water i b, whEh e rpolie
o e e ehaion . i e The angd pocision
vetors o the W

eulps) (—,u 0. ,7)

ale) = (0. g—.m i—ewl) (897
The sl sty he Lorate P
alied 0 that e Highenergy i ve




[Ipep— =
o the g i, 7 vl et v
e (Bl scmo-cntel+ o2 - Bemo-2cote]
it s et by i . T comeehind
A o he dgr with e o o v
r:d{m[—a+a“l4u£l]»ﬁ[fuumlyzm’l]}.
o)

Finally, the graphs invoving Higgs exchange give

ot
) e

i plsnion, e gh ey bebvinr o

B it 57 s o e et s e
4

T =AE) +B(E) +¢ @10

Higgr
Higgs

boson in an ssental way. On summing al graphs the reult '

00 - -kl e

fO Y
P e ®109)
B, (100 vl o g o My 10 i i B (3

and (836). It s 1o accdent that this exi
o the g o n(:&upd i prids. “The gt oo,

components of the Higgs
o 4 The vt o . (G103 . e sy et o

interacing with one massive salar;

Costuens = W, HOPH +10,:0°% 1,00 07
TRy mw
The tro charge s Gldtonsbocas s dectd by w# 1 te
dingrama are shovn In Fi, 85

mental physical limitation due to uaitarity of thescattring malrix. To
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XXX

T

perform » partal vave expans
Te= m);yu»,n.,;.m(-n. (105)

posen the an e contibutions from var-
ous 1ol angeiar moeenta 3. The ifeentialcrw secion, rgiciog
cs massn, s given by

] u.:.nw.nm enersy. The partal wave
expansion d

do .
= mTeor (8100)
polynomiat,
e Prerpete) = e (107)
e it the ot cromsection i gven by
o= 16T+ Do (108)
Using the optcl theores
Lim 7(0,0), ®109)
e that
fosf =1m s i
e e modao o, canst et o, i o conerd
ol vl o e o £

plane-vav incoming tate s



[ — -
Do B (8100, v 0 htthe st o the = 0 el e
aopiie s
G
) = -5 ae M Mo 5]

A7) i

1 the second ln of thisaquaion we havetaken Since

i il i 1 o 3 1 s e < e/,

A sighly moresoptaed s (16 mvehin conierion o 1
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8.8 Vector boson pair production

of vector boson, which allow from the o Abelan symmetry

posdble. As decribed abore, gruge

energy behaviour of WW sctterng, A process which will be subjected

o i et sailtn.
 the

5 W-W* with Feyaman disgrams
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Fig 89, Disgramaor =t W-W+.

the longtudinal polriation, whichis responsible disgram-by-dis
for the lendi e a bigh ner. Wochoos me i wh the
oviging momenta r decid slong the £ axi. Then the polariation

H

(@)

the individual disgrams shown in Fig. 89 wil

I we are only Interestd in the
e iema ve may o vector boson with the eadin term
in Ea. (8.113). mmmmn.maua.... (@) given by

a0 = W) e - ) (8110
o e gt o he ptnon e B, (L13)ad
dropping non-eading tems, we obain

Cion?

o ds = )= lutp-) (6119)

ol of g, 8 304 85,1
i) )0t (- 1lp )
Vo b0 - ete- ) @11
“The contribtion ofthe Z exchange dingram ()
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wale-Jelen) )
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=Pl - ] von. (s119)
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M= G- 0=, (w120
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‘enegy behaviout s cancelled, 38 s realt ofthe reltionshp between the
s
The total crom sction for 1+~ production by » masles fermion-

attornion 3 b n b5 01

22 [(o % )+ (2 ) o
S0 4 B ) S )

R
() s(u.w}, (8121)
i = g = M1 B =TT ot ¥y
e 0 the GI, e ecsry i he can of i e,

(8.121) corrspond
exchange diagram, the intrfrence between o and ¢-channel exchange

Thhlnnn‘luuil?lltw‘m"l
an = Glhet

‘,,v.,-]»mugm.(%)

o - Zi

Bws) = %[%»f;v»w]nu»ml- ).

Because o the singular nature of these functions at small y,individual
term lead to conirlbtions 10 the crom sction which grow lke 5, dve

(6122)
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The production of vector bosons

pad for doep Inlastic acattering coud be extended to certain processe
in “The paradi

0
Hachor o) sd 1) e o drp e siatns, wad
sumniag over sntiquark combinations n the beam and ar

an = T [ deudss o) o) dgarr - o

At lowestorder in pertarbation theory, and sssuming M < Mz, the sub-
processcros section i iven by the annibiatio procees, g9 -+ 7 — -,
‘The formal domain o vaity of Eq. (8.1) s theasymptoti scaling’ it
M o= M, sego o e Bk b, 0 o
2= /2 o of dpindastic satiig.

llastated in Fig. 9.

L .u-a.,_...m...m...u..m-i based on (0.1) and
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crom sction coud be calalated from st principles. The paton model
formalism aao survived the nclosion of perturbative QUD cor

Bre hough collms sguailis o [ the cakaaionof ral1nd
7 cormcions o b ovorder proces, hear ot o
4 Uhose which arse In deep Inelasic scatierng structure
Renction cueuaion, describe 1n Scion 4. They ca thereirs bo
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8.1 The Drel- Yen mechanior a0

calculated o next-toJeading ordet in perturbation theory, . up t0 aad
Inclding he 3, erm. Th DrlYn procs el o b clcnued
0 nextto-next o leading

in e actrion proen We e e the
eiachie 7> -.a W mulhl n mmmy i, Tom
eyt

ey T o0 W iy
9.1 The Drell-Yan mechani

The lowest-order cros aecion for quark-antquark annibilaton into a
termedite offmassshel photon i easly obtained
sction presented in Chapter 3, E4. (3.5):

n o= Laona),

”= X,Cm,n,nr..x
The o e o cllin mr 4 i o e o

gty b= )= o
muk(nynv-mwm

P [ﬁmxxzu.ta,mt:-m«w)

X0 )
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e ey el e et oo ooty o

do indeed exhibi caling bahaviour 1o a good spproximation, see for

o B 88) e rapdity o the o pi (B3 116) i gon i
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=Viep), 5= viepis) (010
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P
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with z, aad 2, given by Eq. (0.10). By measuring the

and hence

quark and antiquark ditrbution f
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momentum into sccount:
41O — Phed PR
i b P )= 1)

ng e e preces oy g

which corresponde to P(fr,€) = &(kr) J(€). Note that this approx.

imation s Implict in the representatons (0.) of the momenta.f the
anibiating ¢ and g in th dervation of the Drel-Yan crom sction given
sbove. Thisau pai has

“Thi astomadicaly imple that te
omstam. s ot cpmrimersshow

tion I taomere i
dtrbation in the parions’  comsider
 simple model n which p(i.‘n;um m) " i ey e dt.

bution n the traasverse momentum i of the lepton par s iven smply
by

152 < [ Pt 60+ - ) bR, (019

e o oyttt s
i tansverse momentam from the CFS collab-

rom fxed arget. pi cllsions with P = 400 GeY, v
rve coresponds t0 2 Gaussian

G
ntinsic &y dribuion

) =& exp(-b4) (014
it (k) = (/48 = 760 MeV. Nots that ubstiatog this o (9.13)
o

fo_b
e ] ©15)

Thedut st amall p e ety vy vl dsribod by ench 3 -
bation, and the magaitude ofthe correspondin ntrinsc traneverse mo-
e s e o h 1o o ] Bk e el ot

the 2 1 2 cattring processes 94 - 1°9 and g9 — 1°g. Historially, the
elaive abundance of Drell-Yan lepton pais with lage trassvecse mo-
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T T T T
Muon pair production. pN collisions
Pured00 GeY, B<H< GeV.

£ o/ap [1/Gev

il 1 it s qui cosd st song,
ersing the traasverse e lpion pai by g 3 lon
T s e, Pt vy e pr 3 B Sl

fo_ osish)
g o

ich gives » much harder dntibution at large pr than the Gavsian

(0e Chapter ), ice.

rget Drel-Yan experments give ressonable sgreement ith the

test of the theory. The situation is somewhat mproved for the ansl-
ogous processs of large-transverse-mometum ¥ aad Z production at
High-energy pcollders (see ecton 9.4.4 below).
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Fig. 03, The leading. ad extto-lndin order dingrama for the Drl-Yon

Perturbative QCD corrections

In this saction we caleulte the O(as) corrections o the parton model

B, b v Chaper 4 Wo bog by covidrin e prswlev
Drel-Yan cross secton fo the eding ondr process4(p)4(5) =+ 11+
L e, 0n)
wher,from Bq. (05),
F0)=qa-n) (©18)

o e B of v i e @ o g, i v
perarbaiv expasion i pavers of th

#0)= .<v>+;—;:.(v;» . (019)
The dingrams which contebate st hown in Fig. 03 There
ar eidently thre clase of contrbations: () virual glon corections

fr‘
o(p) +4(0:) + 3 arkegluon scattering
process mauw iy 1 um 1"1 -1-» it the corapont.
ing g contributon, e i ot
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{ntegrae nfe-red diy from thecontribution (both real aad vie-
tus) o soft. (K 0) gltons, and colinear ivergences from the g — gy

s docemed T haplrs 3 b e e, The s wch

“u.m Iy the collnar divergences fal (o cancl whenal
it e The v ot s 1) o e

e
= @2 [o(-L-wton) 41 20) P90+ D]
- @) ) R+ 04t
o)

e [”-u.«mwm

The functons D, and D, aee [50)

) = cofurea (B2 -

sa-o(2E-8).
YR P EE N P

(o21)

encouatered i the doe inelastic processe 1°9 — g9 and 1°9 -

Thes e o e oo i fencton bt e s m.
Ths when the bare parion distrbutions, which must be convolu

o and 3 oo e sl dpedens et
oo o Secton 43, i gl iy ol o e S

where (¢f. Eq. (4.83))
w2 (1

x [ & [r9te/m(0)+ P e/0m)] + 0l -
oz

)

)

The above calulaton is an explict veifiation at Ofas) of a factor-
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72) which sttt o 3 g

ton scle deper
ctaoined b e GLAP vl syt The i e pr

Junt anfor the e%e~ —shadrons totalcroes section of Chapter 3, forexam.

Ao ducemed n Chapte 4, aber chicn o Gctrivion sheme e
possible. For example in the DIS scheme 5] all the fste corrections
F,

it vt e oot i e o swried i e
Getbutions. Expiety,

D) - 205)
D, -0, 029

where the cosficent functions G aad CF are deined in Eq. (4.5).
‘Substtation then ives

o) =

—ar420+2)

(e
Ao,

D) = Tl - a4 3 5e 4

(020
The full result to O(as), in the IS scheme with u* = M, is
a
e, [ dniderteseseis =)

x[Eai e sagen s v )
x(s0- 0+ 280 ()
+TQ e u-» (s M%)+ Sy, M%)
+agonx 2200,0) . (025)
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et AL o gt v 100

poditive,of the orde of 50% n ths

esgtive) cotebtion fom the quarh
However, in high-n

more important and the

ViSRG e 0(0:1 o et vt bt
Srom sction

e O(e) rron 1t D Yo cos st bae o b
cakalated (7] The expresions are too engihy 1o prosent hre. In add

St The a(-iy cortos e gy amaler thin e
a(.,) rtions,
s s ke 1o e
o ot D an 4... s for the dovble diferential croms
o, M e of y, o for the rested quan-
N, whee o o g o fion
lepton pair,

pai mass,

7!’»*»—).-8:'1:4 (026)
The vaiable 25 is known as ‘Feyniman 2" For theoe crom section,the
Q00 oo ey oowe o o) e 587

Comparison with experiment

The Dl un rom scion s e mosard by oy cxpwimens,

Several mportant. peces of information can be obtained from Dl
Yan crom secton data. Low.mas lepton pair production In Nghenergy

ditebations. In pp or pN collions the croe section is proportonal
to the sea quark diselbution, g(e,). This provides complementary.
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ot 4
e TP Y (N | . %)
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shown in Fig 3.13. In practce lepton pair production with M ~ My is
‘analysed  Lerm ofthe production cross sectio for Z bosons (47 ~+ 2),

ipld y o ko o e dcy o (e it it

(2 = 1°). To see how th

0 e o s

propertional to Ex. (32). In the Bt of vy marem widh
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intheviclty o (.M~ s < & wih Ty < . M) w bt
s Ea. (0.29),

)
4 a05- )
= BR(Z-P'T)élei~2), (930)

/"“"’“" e o  EieMA DI

where
oei= 2) = SVIGMIATH V) S6- D). (o30)

In deviag he st B0 (0.30) e bars v the cpracn o te
leptonic decay width of the Z boson clcalated In Section 8.4.

9.4 W and Z boson production

‘The discovery in 1983 of the W and Z gauge bosons a the CERN pp

Modd decribedin Capler & n thi setonve i he phyics
'Z production in p collslons, with partcalas efrence 10 mex-
remants o e CERN 12 et el wih /5 0
18 TeV respctively. W fist descibe the otalproduttion cross section,
nd then some Kinematic distibations of the ¥ aad Z

841 Producion eros sections

208Gev
n the Standard Model) compared to ther masse, and o it s uffcent
plying the

nsder the production of effctvey stable partices, mul
rinte finabatate branching ratios. AU leading.
48 -» W,Z subprocem crom sections re readily obtained from

oo o lormons derved In Chapter &
FVICH M Wiel' 800 M3)
FVIGMIV] + AiG—
whre Yoy s the apprprste CKM matrix dmen.

mase) presented n Secton .2 — the gluon is ‘avour blnd' and couples
in the same vay to the annihlating quark and antiquark. The Ofo?)
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oo to 5 prodacin sy A, b, el
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the O(c}) theoretcal prdicons for the W and Z

aw.,.m».. e SERS(N et (1] i e o
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Indeed befor the top quark was dicove et
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B
oo W -

o = gy = O e

he resormalzation and factoration sl
1o cmenha amalr o h i s i, The 2 it
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ard Model, see Chapter 8. Hence, wing Eq. (0.33), 2 measurement

o i omatos ov T
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Fig 0. WH, W~ and 2 opidity dicibutions o pp collions /i = L3 Y.

dibuions o W%, prduction I cellons . .= 18TV e
own in Fig 8.7. Here we have defined y > 0 o be the direction o
While o

aymmetic about y = 0, thesamels no ruefor W production. Neglctng
=tk conribions 1 e croms secon i tined o e
evibiton of » (minc) s quk from the proton and 4 (o) &
ok bt g, S« s ¢ procm o s gl
,,..:..mn.mm . 3 hown n Fig 9.7 Likewise, W~

bosons are produced preferentialy in the antproton irecion. In fctthe
W ropidity esymmetry,

= do(W)/dy — do(W-)/dy
A l0) = O T de N )
o the relative shape f the w and d
,M o 1], 1n aricaar, Aw 5 oty et oih

..mmum v coniote i b progicton
e v (i e soaion sy
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o)) d(xutey) _ Rl
o SRR - R, oo
where R(e) = d(e)/s() and
nmnepi),  menepn),  s=Men. (039
can w213 20 & o + .. and R(ei) = R(eo) £
Pt P

) - B b (040)

T sy linea in y for smal , with
iy Ah-ll-we Ay v o+

m/f ond . metry i slighly redsced by the

e Do o sty o b 4 bt

of the undotectod seuteino in the inl state. What can be messured

2 sddiona complcstion: b of e V'~ 4 vt of ho wenk

charged currnt, the. produced lotropially n the
ot e n parinar, for th poces

)+ < () +0() (041

‘where the momentum Iabela e indicatad n bracketa, we obtsn (using

TiMus o) = 16(v6rM3) Vadl

(satiproton), then fo the above matrix

o o
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‘Stondord Hode (WRSA)
+ COF OATA (110 p)

T e

Fig. 09, Angular dribution o lplon from Z-bowon decay essired by the
cllborstion. Figre from e, 13,

oymastc sbout = 0. Howes, becaee the couplin of e 2 1o
oo s oabinuion of . wd g banded i e ton
g dbion 0 v wimiire of " cn L the eaine
amounts being deermined by the weak mixiag parameter i’ . Fig. 0.0
showsthe angla disibuion o ectron pa it 15 GoV < Mo <

T curie s the Sandard e predicion with s’ fy = 0.232. The
that

of that obtained from the anslogous distib
LEP and SLC, see for example rf. (19].
943 W transverse mass
nthe ot frame of e decyng I, the oy of
(-m ol o ekl b ctrn) by M,
he W

can b atilzed to make a preciion measurement o the ¥ mas.
B b vrktns b o Gy doed et
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‘momentun of e decron,which s it under il b
o car ation o0 M.

W e sen (50, (043 hat i th W et fum th ol i
bation o the sctron
L = e, (0.44)
e a4 s e, (e cond e n s o b
ranvers momest (. of th elctton by
f
wr = (122" e

10 that

1 do 3 E-A 29,

.a:'m‘(“”;) (-5). ow
‘The distribution (9.46) is strongly peaked at pr, = Mo /2 (the Jaco-
b eat) s1d b

Gopndenc of he disoution on . Henkliog e gt nd

verse momentum, one can define the ransverse mass,
} = prllpnl(1 - condd) (047)

At leading order (ic. ' = W — ev) and In the sbaence of any quark
vt s, we v (] = ] = B, A = %, 00 40
2D, verse mase distrbation thereore also has a Jo-

term of messring My, the sdvaiage

v e (3o he W b H . e arverc
mometaof e lepon I te by snd i o s s
related by a. lesn transformation:

(048)

orradtothow s o bsdia arde n A, B4, (047)
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g 90sboms thsrsene s disbaion or W - oy profucion

mssred by the CDF calaborsion st the Toriron  coldr (3] A
P i s oored o W o o e the sl

ool

v
CDF: My = 8041 4 0.18GeV. (0.49)
The corrsponding (preliminary) resst from the DO collaboration (for
W e onl) s 28]
DO My = 0331 £ 0270GeV. (950)
Conbina thee vl ih s messremesta by COF (6] 224 UA2
27]give the worid average value [25)
My = 8033 £ 015GeV . o)

i, Charged pions wilh e rapdly e P

in practice w the tranaverse mass distribotion i the

Losrlymirhpimg Homers n the preene o »ci, he
o longer independens

the

iy o e ey v
i s o e o e s e
s e

W= v-&v‘ 5l
= Fn(2) ¢ b osm

‘whete we have used Eq. (0.9). For a given cont” (squivlently pr),there-

he llowed range of . 1 factthereslin transverse mas disribution

rapidity seymmetry discussed In Secton 9.4.2. This allows the ke
mmetry 1 discimiaate betwsen parton disributions wed in fiting
the measured My disribution [24.25]

944 W and Z transverse momentam disributions

Like Drell-Yanlepton paie, most W: and Z bosons (collectivly denoted
Ve S iy s e L
M. Howeve, partof the tota croes section corresponds to the prodc.
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production at large pr
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0 sk P, 818 i he e doding i OCD
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the leading order theoretial crom section to iverge 12 pr —
behaviour at. uﬂlnw-(’wﬂﬂ!uﬂ\-n‘dulﬂ“l‘ﬁﬂ)
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R e N ) )

where A snd B are cacslable coefficinta aad C i an integra
o e bre ey s vt 1t ot O] el s

0 g7+ V only contbute st pr = 0, . do¥ dpk o ), wd e
constaion b the il dcuion sy e o i
prescripton’ on the angular part of thegluon emission cros

7 - () afy] ) om0
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b e A ke oo e i he e
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"
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r ~ 15 GeV.
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e discusoed in Chapter 3 —
00 (621652 The cochdeni A vt b st i ot e

at small pr. Indeed the tesummed doubl leading logarithms give (f.

et s gl =0



2.4 W and 2 boson prodcton s
Eq. (6.96))
PR,
o ot M) !
= H exp (~g2cr 4) (©30)
A vt pr = 0. Hovor, o el s i, The St
opraion o o tre G e v o the

ama.,..uw.n.m.nm,,-uummumwm.m
ted gluons aresof, merely that thei vecor tram
o a1 pricalaty th doubl edin gt reul (629) omie

ek = . Suh addionsl conrbatons
rdictad by (69).

" the dip t pr = 0

ision (1] This a scheved by ntroducing the two-dimensonal mpact
‘vector F, which is the Fourler conjugate of r, and writing.

1 bpe T[ S5
m/ﬂ. 4 Gl L)
b cin o st o The Ston e it s
o ) et

" Mo eve ovnt devloped
o i o o |....|.w 1) g i she et
o bl (32384 pcicr, Gl ot el ()

.ﬂ = Sott§ [ b atoon) exp(-S(6, M)

[ oo 2yl ) e )+ 4 09
e

+ /() )
) o = Q4T oo, T esion
fom it e s 35

5,0 = j:_ 3
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el (3335,
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i In practic, b ere

the resummed hgher-orde contrbutions st smal r, and theexact next-

both experiment and heory evidenty ares el
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Heavy quarks

One of the motivations for colider experiments is to diacover sew heary
objects. It is thereore important to derstanding of such pro-
o by rdciin the prodcion e for e o bewy s

o e o, ot o compare the predic-
o with epeime eats.

s o the rodcinof by, s 4~ b bave
lready boen considered i Chapter 3, We shll concentrate hre on the

present and futur accelertors can be obtaine from Table 10.1.  As we
ahal
/QCD when the mass of the prodced quark s large compared to 1 GeV,

el g, b ercions ol the poinil 0 prduce he
Targe number of beavy quarks necosary to study thelr decays in detall,
However, . present, much ofthe information o0 states containing ¢ and
o come o e s, b o e betr -
background ratios at ete~

of b podcton. Tor rample, f the P Teiron i 3t 3
uminceity of 2 10° e are produced at 400 Hz. This

g o ' oy o Soro CF e h s o

T o i b i f g b o, T

£



10.1 Charm and bottom quark decaye El

Proces | V4 [GeV] | Croms scton | aga/vue
Noa| » W 1%
Woa |
N i I3
CETHERT b
FECENCT) b
B | 0 e

o] 08 b

G| o »

FEYE N T
ot | 10 | sosh

G| w0 | s

Tube 10,1, Approimaaerate o heary qark podctin,

‘hadrons contining b quarka aod to messare B, ~ , mixing. In ddition,

Iaciding meone otaio b bt sd carm () and bryonc

ot - machi s
e TS e e oy Ut o 5 B s
produced.

. The diadraatagy ofbadroscallyprodsod ekt quaia i that they
o distinguihd from a lrge background of other hadrons. Ta-

Ths i e by g b pcl proerie o ho decy prdict 0
trigge on the Intresing event

101 Charm and bottom quark decays

The cxasce o badsons conasing by aua s educed by ooy
ther dacays. Therelore ny expariment which measure the cros:

asmumptions concering the branching frction to the observed mode.
we will bogin by diacusing sembleptonic decaye.
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o b v
a a

a !

Fig. 101, CKM.favoured pectatr dingrarm o  and b mescn dcay.
0.1 Semileptonic decays

The sl aptech i o e he s epoic e of hdrons
" and b quar I snsogy il the dacky of e on. Thl

Quark Q i the hadron o sssume 10 play 10 ol in the decay:

s the normal V- A stracture famil rom muon decay, apart from the
S by s (CHM) s
consid ciot

factor Vg coming rom the Cu
defived 1 Section 833, For the moment e consder nly the
favoured decays, for whih the Lagrangians are
o
€0 = -SVarri-nern-nle,  (102)
o G
0 = Gvaepa-mpaa-ne. (09
The g e O s dea b, 7
s sl for b decar e hows g 101, Tho mae
Gebensfor s and b dcyy ain i st b Fai hsmes o the
quarks,
TIMOP = 4Gl eretoor,
fww - G bpene, (03)
i e mn.m...un...(md..,....,mmr. o)
our dicosion of e
ey ot . 1 n..\..a..«y_u e
:.,...:.ka..,.a..m. rnt determine tht fermions participting
i ek dcy e ey il ..a..v.u‘ ices o
Corsevaon

‘manly ight-handed. Consequently angular
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The endpoint coniguration n whichthe e* rocolla aganst the paallel o
7 i bt We e wyet £ s r e

2 hard spctrum for the newtin (or fo the sciron comin rom the

B (103),

phase space and ux fcor e follows:
149 = 29 | dudy o= 50) (e = 2=y +0) DM (10.)

£ 36./ma,y = 3E./m i e frame i which te by qurk @
s Th Moema odpin of the spcium s desoid by 2 and
i va & Vb = /g The paiir ¢l o
e o <Gy 300 ot e T vt b e
semilptonic width of the ¢ aad the b

o

a(mo)li2e(en - 2)]

= WalTo(m)lizy(en - 9)) (105)

&y
Wwhere Ty s the rescaled muon decay rate,

EEY -
The lpton spctr calelaed from Ex. (103) ace
. \V.A'r.ml[%ﬁ‘_—,,’x (107)
B e

(108)

These spectraar plotted n Fig. 102 Note tha,a xpoctd, the c*
charm docay has st spctro. The fom of the lepton spctru from b
ron M. dnfavoursd
with nerge beyon
e et el 6 £ 1. e g ko S

o the form of the lepton spectrum in the endpolnt region, which my
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T T

K

5

T

Fig. 102, Shapes o thelpton spectes i ¢ and  dcay.

ot be wel predicted by thesimple spctator model (2] Allowinfor thia

‘Afer integraton of sither Eq. (10.7) or Eg. (10.), te semileptonic
wideh Including mas efects s ound o be

O = WP Ta(ma) () y
T = WadTe(ma)/(Z) (109)

wherethe function / a iven by
JO=(-A0-8 A -nhe (010)

Including the CKM-difavoured mode ¢ - d the reult for the semi-
leptonic docay of the ¢ quark s

= Vel + SV 7 ey

o frthe cha ok i Thers o ko b o strng
reted

Ta= 11X 107 Mev. (1012)



10.1 Charm end bottor quark decays ar
T T T
B . L.
o’ . .

B
ol .
A .

A2 e
Lol I N
0z 4 e iz 8 112141818 222

Charm wtetime o) Bt et (p5)

Fie. 103, The messured ifeties of hdrons costinin ¢ sad § quac [5.4]

Using the mesored semi-leptonic branching ratis of the DY and DF,
which are 172 19% and 7.7 & 1.2% respactivly (], and the measured
fetmen shown in Fg. 103, we can calculae the semi-eptonic wid

(1013)

i o of e st
We may repest the same exercse oo g deas of B

e The theoreical decay wdh i,

¥ vl

=Tulm/(GVal'r (014

8 Inersction
‘ar(nd) g, are sxmmatied b the facor o 057 [ The cper.

ratonof the B and B, which are 101 1.8:41.5% and 109407411
cespectively 6. When combined with the fetims in Fig 10.3, thesemi-
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)
/

Fig, 104, Amplitudescotibing 1o D? decay.

eptonlc widths of the B mesons are found to be

Mev. (10.15)

rampl, choosing the
04 one abta

Fy= 27 109Vl MV = 044X 0 MeV . (106)
For farther detaile and refoences o the original papes se et 7],

10,02 Hadronic decaya

of )
Bacaase of the thre colours of quark, the hadronic dacay of the W 1o
i thre times as kel as the docay 10 ev, o vy, 0 that

'
BRe~ eX) = iy
ignoring srong ntraction ofcts. Therfore

i e smb ot A (1) by . T e 10 o

feiime fo charmed h
mu.uemmmmnm..-uma o oo st b
the same. Thia predicton i not borne out by the data, s can be seen

t by 0
from Fi, 103, ot examle v e of e D and th D sens
are very different.



10,1 Charm and bottom quark decags a0

Sine the sembeponc widih (1019) v spprosimaly e, v an
conclude that the falure of the spectator model s due to diferences

o hadronic B hadron decays. A prior, one might expect the B lfetime

the factor of Va? which occurs In the expresion for the width. The
calculation o the sem-leptonic bran
el o o the e becasse

i co arge enough to be measured with a particle
detector Thus the fact that Va is 0 smal (c/. Ea. (10.16) allows the

B T —
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102 Top quark decays

1021 Conventional decays

At Pl Teizo opring t 5 = L 1oV sbout 50  pair

will be produced per 100 pb-! of integrated luminceity. Ths estimate
e s the il producton cros s for 8t qark of e

75 GeV is bout 5 pb. A more refined etimate will be given Iater

I order o dentily thee top quarks we must know thic
et to quark i the San
& decaysprodominaatly Into

(1018)

019
e L)

‘whee he charged epon, | comia from the decay f he W can be an

ey e ihe e, he top ek evnt will b hd o ey
p in channes in which one or both of
e oo dcs ety The st
contain cithe a single charged lepion and Jts, or two charged le
. Forth ntircue e Background e et ebe one of

a A

2 2 8 o e o o ik e gl
he primary.

e decay modes of the W, (i 5, 70, ad thoe coloars
vt o, .0)

BROV %)= =%

1
373
Wih o prectdtcior the number o v axeced s V5
per 100 b~

Niew +iot) = 2 11 11 x500m 12
Ne + jow)= 2x 1% 66x500%72  (1021)



102 Top guart decaye s

The wisenc of both of them decay modeswith the comet rsio b &
kbt of e g e

o e be s b )0
h-dt-dmﬂy o) o p«m—d “The invaiaat mateix lements

T = Lo a2 490

2Gom e
- Loty - -y -], 0z
T W) = ﬁ Wal I(2,9), (1023)

whers
16w =[0-0+2) -2 -2 - M) (020

s Alebi = (¢ 04+ e (0. Kol sones b man
in the caculaton of the totl width leads 0 & correcton of sbout 0.3%.

In the limit m, > Mo, we can aleo neglct the ¥ mase and the otal
width is iven simply by

reson = St i (ig) . o)
From B4 (1020) e corcon okl et (/).
: . ;

clation (/. Eq. (879))

Val? 4 Vel + Vel = 1. (1026)
_ T Wy
LELE LN (o)
iha tagging ffcincy s known,the raction o aven

v D e e cng o . (1527
nd

e D(Mdﬂ‘:mnl process  — s requres knowledge of Vy, which
another unitaity reation (cf. Eq. (8.50))

Vot Vil + ViVa =0, (1028)
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quark width vs. m

Total width

idth 1o o longitudinal ¥

£ leal

T T T N R
m e

. Top quark total width an the width to » ongtncina .

lotag to V. Vel The brscin o o
fore ex 75 Toe v whih b ame emin wit e
fotsortg

Fig. 0.5 shows the width ofthe top quark sa s functon it mase. The
{opauckbaa b weak'decay e, . aelavhing uly one pover
of Becamse of

. We thereore have a novelsituatior

ke gt the i o e The i e of the top
ok ony of ordr 10 seconds s 1 therfore decays beors t b

st coiin Lo qurs bt hadrss coain e e quk re
ot formed.

Note that the contribation of longtudinal
i b 2 sitcant fnclon, s shewt s Pig. 105 |.,n,m,...m ot

mponnt a7 apped by the synmery beking mechsaism
A g S 0 S et s et I hopir 8. 1
AndaEy e the rancin e o8t tp quak o oot



102 Top quark decoys W
Wa can be calealated from Eq. (10.2). Neglcting m, we obtain
(4 :

_m

T o) -:uu),‘ )

It e importast to check this predic s s of e Y
mmwmthmmm.uu-kml- “which it docaye.

oy o o N g 1, Ak b ¢ e o e o

travlof the W (i ati-paalel o the reslng ). e

Jotis idetifid, this angle periment

T

in an obvious notaton where {8 ¢* and v repreent four-momenta.
be obtained

tix slement squared fo both the decay of the top and the decay of the
0. Thla can b i b sy b B, (113 e reinatng
the momentum dependence and width in the

P e s w
TIMOP = 646} Wl t-e* v o
unau
The four-momentum of the W bason lie i denoted by 0
The fciorconiag e the W prpagio o gt when u......a
= (¢* + 1) s squil o the m

e mrrow wih sppoximaion, B (528), we ey repce he Bt
Wi dacbton by dde o

TR T - M) (1032
m»n-mmvd-nd-uxhd—uwl-m:r-ﬂld-

48 (Ppny.ipy) = (30)%(P - 3 ) ]'I w-tz-:" (1033)

be expresse recarsvely as the product o two-body decays. For the
..dun...,f.m.mq...n A s f e e e

W) = 5 [ 4 () s (1030)
where pzs = 3 + pa. Therefore the decay width is given by
T o= o [ 467 d8i(08,0) dby(o, ) TIMOT. (1035)
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o wing B3, (1030) 1
Ty = [flw'x 10+ Mol x um‘]
3t

Here Mo, My e given n Bg, (1022) with
ey mpltades fo the dcay o 8 ongi

10 = el

R (0an)

- M) (1036)

a0d Dy, D are the
nd lfi-handed W

We can perform the phase space ntegration in Ex, (1035) g

(1038

2.
e
i i he ot of e dcy prfc n e e
L e i i o i L 01 e e

(P pp) =

i it
e v b roch o o O s W i
ruAm)-rqxalw;ﬂwnﬂl, (1039)

where (cf. Eq. (892))
s« S e

The normalized asgular distribat
siven by,

of the chasged leptons i thereore

FY oS T
(1041)
a8 shown in Fig. 10.6. A sample of 1000 tagged tof its will all

low
el o brnchig fcion s oo W Wb 3
ol pclenof .1



10.2 Top quark decaye s

Lepton angular disteibuion in Lop decay.

/N o dooss”

Fig 10, Laplon angule distibtion n top dcey.

102
The xperimentalrato

d-u‘whn I(t— e + jots)

ST

i itormaton ot the aio o the et epanic and aowepcnic

i of e v . I e Sanda Mol 1 pprcimaes ove

Unconventional decays

R=

nvaves the i
et Top quark decay in thie model has been invest
eI o v ld svamgrencoagiog mlnlumnh[n]

s e g v e, s e B
a1 0 v snte om. e Luangan rposie o e
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2 3
178 Gev
o
s 100 o wa 160
e foeV)
Fig. 107 Brancing fraction to W with chaged Higs docey.
dacay of the top quark containsan extra contebution given by

o A e St B (1048
where gayz = §(1:74)q and tan i the ratio of the vacuum expectation
My < e
o charged g s wih pasial v
T by

(1044)

here
Jewn= [(,l.u's)my' 4:')4«#],\5(1,:‘" (1045)
inimom fo (a0 = /7 ~ 6. The branhin
e charged iges b, -
[N ST TR
Fig. 107 shows th braachin facion nto W boson (10.46) s  func-

The width has




10.3 Heawy quark production ur

e
O O

Fig, 10 Lomestordr Feyaman diagran o heaey qurk production.

e docy mode of the I detrnie the igmtare for i detection:
it shoukd decay predominaatly to ¢ and 7, with a predominance of the

are taken o be equal (tan 3 = 1), the branching fraction into ci e
o e o ST

103 Heavy quark production

1031 Leoding order
W ow turn 1o the mechasiams by which hadrons contaning hesvy

quakaan gy s
o e prducio of hewy etk o mae . s badon o el
ity

© a0 +70)+ Q) + 350

O s ) 2901+, (on
b e o ot o he ptn v e bt The e

Iatmu‘ -umhmmmnlnﬂu’)mm
}-P‘( Illf ’Illa:"-lw'ﬂl’lhmh- matrix d«nwh@n-d(ll 4]
Wk e 1 s dgra i i, 103t given 1 Tl 102, Tht

colours and spins, a indicated by 3= . We have introduced the following

T i o e bt b
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Prooms DIV
s1+ql e+
1907 ’)(vmv,*/'j)

102, omatord e by vk e T b
avariant mateix cement sqoard. The o e gl
vt )

aotation fo the atios o sala prodcts

u m,m_(wmu-rrhm L ..)Ew:4 o
10
T ot o b fctor o s cming i, The
otherterrncom fom he phase space or
o st th b il cs o, e o he

franidiaion e i i by gt
2 syl (050)

be writien sn

P am S hlew) e T M (1051)

d gy o he oiging
the ces the nconiag hadrons

te the componenta of the parion four-momenta 4

n o= 40,0

P o= e 0,0,-5)

7= (mrcoshn,pr,0,mpsinhys)




10.8 Heavy qark producton o
Po = (mzcoshy, ~pr, 0, mrsinh ). (1052)
Applying anrgy aad momentum conseration ve
- %mu‘ﬂ, - %{.---n--ﬂ, #=2m}(1+ cosh Ay).
(10.53)

By ==y in ity diflerence between them.
ua.. B 031) ...a X s:),“ may writ the cros section fo the
antiquark pai, calulated in lowest-order

Teton the

o s
Ty~ GRS E
X nblens) stens) Ml 0050
Expresed in terms of m, m and Ay, the matei emens for the two
procesn in Table 102 50
ey (ben+ 55) . 03

(AmbAD =) (bl + 225 ~225). (1030)

By between the two heavy quarks becomes lage

TiMaf ~ constant, TIMpl" ~ expay . ()
The o ton o B, (1054) s therr dampd s g By s he
domisant contrbation o the total o the

Sy<i bemte 07w e ok by ot e B o
correlated n rapdity those produced

B tonghen fuion.
should be deacibed by parturbation n-wy 15 We comtie e o

. =xm,um.:A,>,

-hn - —m,u Yo s

Note that the propagators are antity oflesst of rder
e i digaines theprsucdo f + b ok
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s by o Whe o bt o o prdand
Ly thes diagrams the lower cat-ofon the vriu
is provided by the light quark mase, which s l_.n..u-ncu..n

the production of

arton fux decreases becaase of the ncresse of 2, a1d £, according 10

sction comes rom traasverse momenta of the rder f the masm of the
heavy quark.
Ths for a euficienly heavy quark we expect the methods o pertur-
o "

che rapidly fallig parion fuxe. Finakstace

et e o e ey sl oottt

igh spi i il pcure voud be the teracion of e podaced
of the adronn. However these

...m.....upp-—a W povem et m 1], For

arge enough m they can therfore be igaored.

“The theortealaramente summasied bovedo ot addrs the s

iom o darmd b ase space is el described
recans 0] and () s i et oo
.p.wawuy o these caleins o charm prodacin il b dicassed

1038 Higher-onder corections

expansion i the runnag coupling. For simpicity we will oaly discus the

to diffrential cross sections have beca dicussed I refs. (1715]. The



10.9 Heary quark prdaction a5t
Sadroiccrom secion n deermined 4 el by
U= [ desdes e en) ulomt) (1030
whee
agtom = B 7,

T M) oty b shshor e e o e
ark of mas mn terma of thefunctons 7, where

(1050)

etndem s and s heypn ot oo paroms. T b
X i riaad Tin role i described
Tater in tis section. The dimensioniess functions 7 have the following

Pt cpanion
Fulp22) = AP) +anenl 704 F )

v dtnd B, (104)

) 0w
Gos1)
+ vttt yion 7 et . 08) et by
e o, (104 s 1 el of T
0 =2[ern].
)::’mx','—f;[;y,-m,mp. 'n—sx,]‘
#6)= 79061 =0, (06
4849 = /T, Th ucions 740 v bt . sl (350

et o o e
e fncs 71 b [luu] B o the e of o
e i cniie e shown n i 105, The 1 caletion

For fall detile wo refr the
ettt (19 I rds o ket te 7y 1 pereebdon o ve
ont perfor of mase singulac-

o e i
tarm i displayed explcitly in Bq. 10.01).

As discused i Secton 7.1, s an unphysical parameter. The physical
preictions should be invariant under changes of  at the approprate




10 Heavy quarks

\ﬁmjz

Real amission diagrams

Virtusl emission disgrams

Fig, 103, Example of igherorde corrcion t heavy quark producton.
it e M b i o G

Woho=0lal). (1083)

o) = ,%,[A-W,"m- [

- [ e o) (080

forth runing couplin, B4, (27)

i ort) = b+ .. (1065)
a0d the lowetonde form o te GLAP eqution, . (90)
apttnat = S [ ‘—‘n'."mmf,m o (1080)

illsraten an important poi

™

g st o o
et

mallation group i
of the pertarbative correction depends



o [pb]

20

WG]

P, 1000, Sk e o e b e o o g sl
ext-tlening order ofparts

5 bt the e depedomc changs th vk b such 4w cht the

physica reult I ndopendent of that choice. Thus the scale
oo i o,

o bt he e dpendnce i iy el sl for l e

Teriaton s
‘We laborateon this peiat by showing the scale dependeace found in
B i 1010w

7S
e et ot = 3TV el The i

ton
i qite diffent |.mmm.—n.a..m.x.m..mmqm
et bied

appacent that the prediction fo bottom production a¢ collder energion
aresub

cerainty.
We now tarn to the queston of lvout exciation. Tn the fiavour ex-
ctation model the heavy quark is consdered to be already present n
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T T
Bottom cross-section va. scale
Va =18 T
) ase=0.1124 4

=5 Gev

E)
s B
I L L
2 10 £
b (Gev)
Fig. 101 Scale dependence of thebottom qustk crom sction i ending and
g i ot ey

theicomiag badon. 1t e by he xchangeof » cn i the

changed glvon. Thereorethisgraph appesr to
i e v dows 1y e o e (. st
5). Thi cast doubt on the applicablty of perturbative QU to these

‘We now sketch an analyss (15] which leads an important conclusion:

chuded. The net contibation of these diagrams s
...4, yhebeyory bigherords corcion o he ghongon eion ,..,
e analysi begins rom the sbservation

Fig. 10.12(5). Doce the favour exctation approximation accuraely rop-
i o par 3




10.8 Heary quark production £

oo

(4) Example of flavour excitation graph

these i
We hal s ikt wh the 1/ bekariout b ol rsn o e
10.12(b).

ien
sircars xpacied from QD fcoralon, The remaiing sty
v b actrd cut ad sisrbd in e pron i
Let us defne the l.a-'...a “minus’ componenta (sso caled
Eomeon oot of s vor o

el o=

~¢ Pt e, (106)

» 7

ofhesryqaar i the Tagrmentaion
ar shove th thrahod 8 > 4m

produced heavy quarks are large and exchanged glvon

e small, ] € . I the vitunkty of e xchnged ghon e,

192 o the popaaionof e 10120) e hrd
i We therefore

In the smalkg? region the ‘plu’ component of g s amall, bocasss the
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Tower aakstat glion s onabel,

(1068

ntr-of-mas system pt = 55 = V3. The ‘minus’component
nllunrwmh‘lmlltmulhnunnmnﬁuh ass of the Q

ill become arge an

pres the cros sction,

(ut o mam’, ¢ (1069)

i s sl e = . e b i
U 1 the sgmentation i of incoming had
¢ By (1070)
The a1 o whc the xchnaged gonof momentum ¢ cou
by the upper paria of the three i
nthe rme..-.m i the s’ ompon
projected ont by

of >
provimaion, v actr of 55 Becaen of th coren comemiion
Telation,
PhET T e i =0, (01
whichis a propery of the sum of allthre disgraima, e may wiite
(1072

.I‘-"
st € ¢ and S < .,,m.,.,....m.(.,..‘...,.....u;w.».
“matix ement quared i iven
o Ller-del?
M~ "'1—' (1073)

o

e 5. /75 . 10) cplily dhows the te 1/ bbarons
cancld: I idan, st worging o il diions st
evnvr plan and i ok o 3159 th con
these dingrarms to the crosssection may be wrltten 48

(4 [k U5 om

e time 3 croscionfor e scntia ofgons i rasverse
olsaion r ad gl momesu scton thereore
Tacioried n thestadard wa. Fo furter detals we reler he eader



104 Charm and botom guark prodsction a5t
o et 15, The clclation o re.19]provides n expici veriicaton of
hin cancelstion in the otal crom secton

104 Charm and bottom quark production

In e cion il compre h et i hoy onlned sbore
o experimental data on bottom and charm production. Forthe purposes
of e compuicn I o Inporant o e he hcrin e o e

st proiion, which cas be 0 e o th cpeimetal e
Tore, The e of the beavy Suark s m i the pincl s

marked than the 1/m? depandence In the shortdistance crom secton ex-
pecedfom B 1040). A the mas dcrne the oo  f which
i oo Ao sy e b s (5, B, 1848

For tom hadroproduction by pions the range
B

60 MeV < Ag(5) < 204 MeV (1076)

n The

G0V i we el f v o et hory, X s
ofthe theoretial erto on charm prodaction croms secions in this way s



(@ (1]

100 ETT) w0 70 1000

Fig. 10.13. Dataon pion Badopeoducton of ¢ and 8w, beam energy com-
thory. Aduped om rt. (2]

ower lmit on the factoriation scale i taken to b
mm.m»..qu--.k s i par-

eularly u-ucmnu-.m I fct, varation due
s 1 he quark e, B umy e thas the

roopintion
the following question: Is there

majorty of the data?
1 Fig. 10.13, adapted from re. (2], we show the theoretical predicton

g o the e e n e hereca i, Ao plid




104 Charm and bottom quark prodction ;0

L T T T T
Photoproduction of charm

~E691
oNALS
~E687,

)

igher-order term we abtain preictions fo the total croe
function of t “The pris

90 Me < Agy(5) < 250 MeV

and.the scale i within the range 1 GV < s < 2m for
e chrm quark ma. Thecomparins i he dia o th hoiors
ducton of charm Fig. 10.14, indicates

explasation o the data.
I o, il o s e s e 1 s
caltimate, modern data on the product
-munn-muntm—nlmm-ns(}-v s vt e ool
adroproduction il he ler xprmeste

S reew o ot exprmental sato v s ot veer 16
e 30 W ermcion b sl he ot p i
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prodced heary quk and aniuack, For o comparie of e ot
ith theoreical prdictons we reer the reader to re. (2

At fxwd target energin the crom secton

roducton of btiom I on besms st e urg

ducion at collder enrgis s very uncertain. The causeof this arge

o e probed. I T 4 rent cellder e . (V=18 TV),
o crom st 4 sl the o dtbation fnctlon
0. Messrmese o i fneion
ool e o o ot e et and
s

g . oo B, (10.8) e wee
sections, 710, tend 10 2o i the
onsequence o the fc a thy vl a sk

e gt e < e shomn .. 105 The bhar i

ey avlve e xchange e channl. The ot digra o
ey procar e dhowa o i 10, 0 he gh vy B
i iapndat o ey 0}, Narty s
y the
he pron bt 4 .»nu.' energis the

betwee
amal-x behaviour of the luon ditrbution function
i 9]
ditrbations of the ane heavy quack inclusiv crom
Ahough the reiction of th ol botam crom secion a sl 40
7 el e e e e of o v e
tum snd rap it

pe of
h transvere momentum 404 rapidiy dtebuion. AL xd v of

by a constant factor Simiar resuts hold aa fo the shape ofthe top
cuar ditrbaton 1]



104 Charm and botiom quark prodction 1

10 is
r lGev)

Fig. 1015, The shape ofthe . dtrbaion for bdtom auark production
Figur fiom . (1],

Ll

ancion o he lowe e o 7 i o i raevons ety of
u.nq..n T o curm [ s rctions b ey
‘quka. The data have been corrctd for
A ot e B v 1 benc o e compred ey w1
- The crom secton a¢ e Born leve & O{a) 10
there i evidently  consderaie emiti eoreical predction
e chonen g (ot for ). Th rngeoffve-favour 1 the WS

g, (A 150 MoV) s the v prfrd by xprimerts
mzm A 0T T muh s rpinh ad th
to Fig. agreement

e wd ey 1 i 1018 sty
The commponding prelcion (o th pr dependence of the botar

i the CDF sn DO solerton, bl v i
methods to detact the b quarks. The data tend to e on the high side
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T T
P collisions, Vs

T T T
083 Tev. <15, prog (min)

1
2 1
: 4
b

H 1

o High mass dimuons
™k« Low mass dimuon:
= Muon-jet. samples (1990)
o L L L L
W Tw, e w e
By e GeV)

Fig, 1016, The crom secton fo btom quak production at CERN (32,

b thonti!peiction. Fooumaaion o e+ b (3]
e o e cabancemen of e Ut prefcion, per

£ 30%. hmdlh!wlmmwhllnw(
Dekmeen theoy 20 Sxpesimen can b considred MActor:

105 Top quark production

e bl he o b b exit was b ot e el
evidence. Tha theoreical motivatin i that comy
u.,. s are roquired for the cancellation of ancmalies in the currents

ofthe b, and , was nesded to complte th third faily

sy be se
e Torvar-backeard apmmery o bt €€ asiiton ¢ th £



105 Top quark production »

T T T
9P collions, Vs = 18 Ta¥. yct. piosh (mie)

ot min) Gas]
T

Bt vt SO

G, e 180

T R esoouet
I |
el o

Fi. 017 T crom o o bottom gk prdscton o Prmla 1334

o

by coupigs 3
WA 2,
A= AT (1018)
On th othr han from Eq. (5.91)the total widh of the Z ino b quarks
o gen by

v =20z ).

g e coup o et o hve et i s e
o e the - g
ek i of the b qurk. An ey desrmination ofthe cupligs of
TS gurk oo e dcvery of o ) s e s 30,
- bty To- s (0
The it bpths b hat el bt ok
AT it = o o oty sk o

(10:19)

cotriat on thewek gl ofthe b qurkscete dhcorry o the
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B —
[COF [ Toa s 70a0 £ 700 |
I e e |

“Tuble 103, Curent rnlt fo 0p qunk prcucionfom Fermieb 41,42

Indiect constaints on the mass of the top quark are obtained from
precson electroweak measurements, such as the W mass measurement.
‘As decribed in Sectc top mas eads to. on
op quark msa from precion

e u
the  parameter. The currnt imits
elctrowesk messurements are [38]
B GeV . (1081
Th i extrced G the dp gk s a0 dopendccs on
el el exrcied fr M
i

ancertan. In the following setions we will discuss the comparison of
rermetal onls i hery,wivg e o of 13 GaV.
105.1 Top crom section
The expected croms section for the process
pERLHTEX (1082)
fashown n Fig, 10.18 s s functon of thetop maseat 5 = 18 and 2ToV.
The errors on the theoretical it

o e s ek s prodicion S




2]

I | L I ot
160 0 w0 w0 a0
m, (Gev]

Fig. 1018, Thecrom ecin or top quark prodoctcn vrse .

saction shosld be wel determined. Nextto-esding ord
i o procm s vad i o, i b it ilhmlmlbﬂ

hresbold and a Nigh energy
by the paton umincaity deine in Eq. (112

a1 p

= g | deen

(o020, 21£P 2, 80) + 1 04 2)]8(r - 2125) (1089)

o 1 th ety o o of 1 bdrn . 1 trmnof
uxs the hadronic cross-section is given by

r¥=£”r1>:-':%‘.';—‘1’~t’,' 2

LT, thetop qark s podeced e

(1034

D 08 et 5

= 175 GeV, about 90% of the crom ection i due to g aa
i gl ha clon of h rm o shoud b qus i,
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T T T
Top quark production

‘ peme78 Gev |
g, 1
i ]
3

Fig. 10,10, 0(a3) curves (i) and Ofo) curven (dnshd)

use they dopend on well-messured quask distebution functioss.
o b (30, h el fo b enctos 71 dend i
Ea. (1061) are

o -

m_.,.f,,[""u(|n.’m,§w-y)] (1085)

a0 7, 7§ = O(5). The normalization constante are deined by
|f}'

7
M, e (1036)
e b e v B (1080, T e e
gk m
mm-. "The constan roo saction near threshold
e of e ol ety T ot repulive in




10.5 Top quark production 7

T T
Top cross section
Va =18 TeY, m, = 175 G
veriation of ay+parton distributions
ton ont

P

o (o)

L L L L
0. m Ty 12 i )
i)

Fig. 1020, Thecrom sctonfort quak producton vers s (M3). Adspted
o v (4],

e oo st I prt b o ot ebves 35 od
bt

8, Thelaut prses vl v v 0 ey e e o of U

B i, ity Sl rmalzation
the MRS() ﬁ-u\uun as(M3) =
124, the sl o oy 175 GV w2 484'pb. The

ity bochum e top quark o preiominatly produced by the wel-
essred gk ditbuion, The el of e o wacrsty

important. Increaiag ag e o diuios e
ot el care i, 1020 TV o of e dperdencs o
a5 1a an overetimate sinc it dows not take into account the Incroased

from lower energy where they are measured (8] Fig. 10.20 shows the

14 i b o e wth it e e of . Th e
dependence of the crom secton on the vale of s a quite amall. Wo
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2 < i o ot 2.2 B L s e crometon
il v e b et ST T s o
op quark crom secion s
o =175 GeV) = 484137 pb. (107)
The crom sections quoted b ar givenin he narrow vidth approxi-
maton.

1052 Prowectsfor top tudies
s o in e previoes o, the crou ecion o f prodacon ot
Tt

e ey v

e ity  (or o).

o Y= 30 e ety il incresn o sbout 40
per ek For = 178 GV the
ton by about 37% relative o s

Therefore in the early yeas of th next centary one wil have dta

The constainta o the Standard Electroveak Modelfom the op auck
W mass messurements which will e possible with these data can
s n i, 00, el g . 5. The band of e st

e o the clectromagneic e siuciure constant at the Z mas (5]
oM} = 128.89.£005, )
With 215" ofdats, CDF etimate measurement etor of M = 40MeV
and ém, = 4 GeV (52
" shown in ig. 10.2,the expected crom sectin
WV

o= TeS pb. (1089)

the Towiron, primarly due o the age fue of ot camig gone. Mor
9% of e cow et ¢ the LHC s da o prcms wih coning.
Som. Thrs 3 4 i et sbont
i produced po scond. The lrge crom ection
eminoat i e ke HC et e b oy e s
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10.5 Top quark production

Fig. 1021, Tesing the Standard Fctromenk Mol

T
Top quark er

T
suction va. Vs,

I L

T
175 Gov

)
Va V)
The crom sctonfo op quak production verus enery.

Copyrighted aternl
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fJ:>M<”>—<,

Fig 1023, Dingrars for ingle t producion.

e top quark s s heary, we can thik of payl
o s rsctor Inmwnnw-dmuu-ﬂ';rudwdunlyn
e 1o (5. Threprsie sl o qua producion e

(@ We 8, (1090)
® @ -6, (1001)
© o oW, (1092)
eremnaive dgram v s in i, 1023, 1 foud ot e
raw e for these in the lepton + jea channel

o biow the andard podcion meckiniom 8¢
V4= 18 oV shown n Fi. 1024, A mcsarrent ofthe s op
son wilpace & contrait on Va

10,8 Heavy quarks in jets
1041 Frogmentaion functions for heawy qars
Farton model calaaions prdictthe e o ety g
C

k prod
1t o, e dcay e Nadro hat re acally
et T pe o getation, i e atachmen o 5 10

I ol 6 vt can e v b ey mring
Moty quark Q of momentam P o ragment o 3 hd ]
ponch vy .p...a.u..u,“....(pu mm.,m;..,,..»..m‘-,
ernce beor and

AF = Bo-Er-
= P /mu P
~ Bh-1-re (os3)
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R e
~e_&"4jets trom Lop production, Va=18 TeV

Fig 1035, Mode fo beay quark fsgmentaion

yherscq = mifm sad v b taken = mo o sy, The
tramiton am modeled by the energy
Squain the ampliade e incuing 5 ftor

obtln the P

heavy hadron

conanin the heay quack:
);_‘/m;gm-x. (1095)



106.2 Heavy quarks in gl jets

esion of experimental interest is the froquency with whic
ks are found amongst the fragmentation producta of  light
hadrons contining

H
of

u energy regon give a emal conti-
bution to the total eavy quark croms section.
>
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Fig 1027, Howvy quask productin n jets.

{7 and o prarbutn mthoeshond be aplca o iy
heavy quar able
r

o e th raion obay o o il o ke B
s,

The number of gluons of virtual mass-squared K inside a glion Jet
produced at scale 57 i given by [55]

=GR (G- )

g ’5‘.‘» (1097)

o B (S0, bl St et

poe i
in Chaper 5. In fact B, (1096) i coely reated o the average ot
iy (6110 o s (67581 o o detaed docaion o o
o et o g ek i

Deaing Reg. m.......,..b..«ovw.-.—zumm..a

:L,,-/_. = (1098)

£ Yora ]
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Fig 108, Hewwy quark n o e compare with OPAL dat on charn
[
h,,,r.,.m n .u...,.,uum-nu -
Al Fut g

e ncde o Iy it (5 9. Pt
the  Itegration, one then obtains

2 1 4

M=$L.Fa.m[u

Tie st sinbs o o s sl i o  hoes o
1alse of the charm quark mas in Fig. 10.28, wing & value of AU =
300 V. Ak shova s the preicion o th mumbe of botiom qucka
per ot with (% = 20 MY The OPAT data ot [9) wa oianed

o v o g hre ot o



107 Quarkonium s
107 Quarkonium
1071 Quarkonism apectrum

In November 1974 a nartow vector state of mass 3.1 GeV decaying o
e~ aad s~ was iacovered simaltancouly at Brookhaven a0d SLAC

below.
In 1974 the srprise waa tha the /¢ had a width of only 88 keV, much

s & ih . By Uhortal vk (7 rovided an i,
e e it bousd it shoui b
bocause of asymptotic freedom, expoiting the
‘which is  QED bound stae of an eetron and a paitron.

tronium It may be helpfl o recall some formalae for the latier ystem.
In thess formulae 1 denotes the reduced 7y
formalae are

Morworr b 4 bl e oeml ot e ¥~ v
rom th vl e s b e e o th Ktk 200
potential nergis ae related by

=+, (10.101)
where T and  are the Kinetc and potential energes respactivly. There-
fore for a Coslombic system we have that

et = 2(T) = ~2F, = pa (10.02)
and hence that the average velocity v o of order a. Therefore, in a0
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much s the coupling i small, the aystem will b mon-relativitic. For a

factor and » radial wave fonction. Thus for the lowes Iying &-wave state
e have

'
90609 = Rl n.m-z({) expl-rfag),  (10108)

‘where the subecrit indicates the angular momentum quastum number,
L he radial wave unction at the orgin

satels
1RO = = 4a%s" (10100

e T
1RO = 75 = 35

(10.105)

by C'= (~1)5+1, o that the 'S, state (parapostronium) has the shortst

b et o oo pobaiag o st adthe by
of fnding the ¢+ and e nll-m

105, 2) = IR0 (10.106)

B of . Cputy e, st ot

ey toan 4 numbr ofphtons. T

o v o o e ey et o v
1S3 = S D o= LD, 20

Wl o prcnd e m-mh our dicussion of quarkorium.

), Th ol
and the octromagnetic fine structure contant by as times coour fac-
or. Th e 1 b s et withth iyl wlociy 3 given

‘ealuated at 5 scale corresponding 1o the typical iz o the bound

wmarlt/e), en (10:108)

Since the veocity o s arger than (), higher-order cor
e 2o et sppromimelion . poeRIAly mers imparat tha



10.7 Quarkoniam an
it o EC)
ey (o e T
WL e 09
/i) -
o) r

higheronder perturbative corrctions. Detalled resuls suggest that for
1236 aad.

tum number, . In paricalar, the 2 aad 1P levels are spit, whereas for

e o, (10.10) Thrors s more generl ptenal
o v peced e B e i of el - g/

‘apply. The spectra o charmonlum and bottomonium are snsitive to the
potential at radii bebwoen 1/4 fm < r < 1fm, The result of a cacula-
Preated

Section 2.
Lt durton f st b hisnd g etil
‘which has a2 approximately Coslomb form at

(10.109)

(10.10)




tances and an interpoation between the it of amall and lago .

1022 Quarkonium decays
Gonerlng B (1010) o e com o dra b e g, v B
potentil model that the vidth of the °5, tate, J/6

SR Do, ony

e e f the quah. The extsclonr fctr i rapct
o 0107 b gven b

r1‘s. =3 gloone)

[bmen o] (on)

‘where Eq. (1.20) has boen used in evaluang the saticommutators. T

e g i i i o
ity 2 Ba. (10.11) predc the with o the 776 and T o
proe ponding omua o th 15, st

105, = hadron) = 224 RO (o3)

‘where thecolout fctor fs

imeen] sy

B (10119 and (10.15) e t0
by afcor of
T(/8 - ght badvom) __ 5 -0)
Tl Taht Radron) ~ v o)
The wave fancion a the i can b dedced from the eponkc wth

105, + ) = SR 0. (0116)

predicion that the J/¢ shoukd be

The sbove decay formulae are based on the non-relatvstc poten-
lmodl thr tha g deivd o Q. Th moder thy of
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I¥a)= ouuoﬂrs"’)»nr-»wrr"*mmwnovrsl"m
+OWNGTLSH s+ 0@ Man)

in spctrncopic otaio. In each component of the wave functon the

e T vt e . he vy e opaponi

o the wave function of the non-relatvetc potential model and Higher

e comped 1o Fok componny v sl s
o

‘nd their X
e than the typical time asociated

the typical Ineracton time A6
with the ineractions o the quarka
887 1/(me) € Bty ~ 1/ (%) (1018)
xtra gluon in the wave functon

‘ffacts are suppressed

M..,nm,-.m.h.wms,..,...mh....n

In the 2l Sk s e et
10 the derivative of the wave fu
e b e B 10300 v
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contibaion ca ako b abtaned by taing a octet GO component of
\ which For

1 e e i NGCD o i oy e 6]

T RS M)

TCR -~ badron) = B2l :x)\x )

10P s badrong) = 6ZE RO+

PP+ hadrons) = 5%\&(0"’4-2‘(:&0-1’5."){.-7‘
SplmOP 55
TCR - hadron) = FEN =00 j0,05m). (o9)

corractions
ol i (,(,y du\u- e e

o e vl n e *and sre

e ders i o ecng oot st e vy ok s
metey,

X101 )xer) = (IO SR (140(), J=0,1,2. (10.120)
Ao sl ot ot rder i %, clycn s et s s

g Tt e et o i el

15 Guetenin s

bﬂn—wﬂhe_d‘rwnumlpmduﬂdnmn At
there e on quarkor ction in hadronic reac

Revensof e he st e ot 678 The s
come both from fxed-target experiments and from highvenergy collders.

he et o e i ot

Quchoniun producion i s mportan beaie 1 peopomd u

detalls and eference o earler erature we refr the resder o 1. o,

tem lending to ho, izongly nteracting matter. Thia matter can sither
be I confined hadronic phase or in & deconfned phase known as the




10.7 Quarkonim £

coour quastam numbers e adjonted n....«.mmm
in et and with m,n...(.: s pﬂ] m iow for
the producion propor.
ot th e ofpoducin of b quae I e spprpae e
nage

o, “

= [ dma — (10.121)

e constan ndpendnt of 7 whichaxpremes h ottt nly 3
fractio of the croms secton n the appropriae m

for the colour evaporation model, Neverthelss, the model h hod some

e it Sl sttt o et
croes sections for J/$, 9/ and x producton t f
rd vtk chrlons 67 i

A more sophit :gmun colour siglet mode in which

arve st colout inglet i

Fig. 1
m.x.m.u.;m..[ X oty
o o example et (13)

ston-+##01,) = BN v, gy s aen, (101



£ 10 Heawy quarks

®

>:< | >@ |
® ©

Fig, 1030, Feynman dingrame i the colour singlt. model.
where misthe m a0d M 5 2m s the mase of the QT state.
From Eq. Unxm el the o il st e

production of the |5, state i therelor
B IR 8- M) (10423)
ate to the production of P states, X, and
. Prom o, (10,19 we i tha the parinic crom sectins r g
13 he o eativitic povental modl by (1]

3r'a}

olos

donsx) = Lehmopsa-se), (0120
sog ) = ‘;:f R(OF§-MY).  (10425)

The x i can dcy ol it contaling o/ ad b con
production.

x producion sre o
I th light of the discusion given above for quarkonium decays, the
inget model hould be consiered to be superseded
n QCD.

detipon o guhosium prodcton o b o
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iatance pices. Rather than discusin
et of RRQCD b e vl o secion v sl o the e of

e ot et el 7]
I ot mde 3 e e the dingrame o . 1030
<=> it 976 podnon T, Mot bowens b e
ence of the two diagrams i it different. The dagram

o theatln b e o o) bt e s oo oion which e oF
u I dingram only thesingle exchanged gluon

ey domat oo therore camesfxm e di
fragmen hie

gram which dsciben entation o  gluon ot GG pai. T
5. 1030(0) or
D(e,2m) = (2, 2m)(OCS{") + &% (5, 2m)(OCS() . (10.126)
-+a.
P (L (o1

it
“The sl o the coloursnge mechasiem shown n i, 1030() i given
1 [52,83). Snce t involves & QQ par and two gluons in the final sate
i mor complcte s e xprion i (101 ngies
element in Eq. (10.126) can be determined by relating it to the
v fancion a the g of he potenil model
auoesm»m = RO (10.128)
whers (R0 can rom eponic widh, Eq, (10.16), Since
m.(:y"_u ot e -u-a-« e vt i o
30 ot Wbee the suppeion
o povesof o 1 e 1 the ° apprson of the cve 35, s
l! (10.117).

o mgmentation oty o 101 3]
[aeDteams = savn -k e,
+ 130010024 000 (10129)
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0 i e i i i i ki

o ¢/
e 0 he daca. Figurefom e 1]

Fig. 10318
e e of e et ey s v i B4 G012 o

1000} ~0.11 Gev* (10.130)
(dotted curve)

thew

o ough e Fvgmeroon fion o b ek tope
Good sgrament s b b Sl b iou ot g

o Toe vl of e mare demnt i . (15120 st 15
e data e 51

OIOCS{")I0) = 00062 Gev* (10131)
f i thery of i producton il e n with
the it o the 12 e ad ik inior o e von
perts
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Higgs bosons at high-
energy colliders

tcted in high-energy hadron-hadron and e*e- collions. The Higes bo-

Inesal gk ey sy Th LEP decron pnion cllie prvds
deal

the
igh de I pricls the Lare
B, whe p <o a

e rchs ill be

VA 14TV, The Phesonealogy o
dowcribed in thi chapte

The b proprinof the Stndard Mode s b bave iy
been described in Chapter 8 mthods s detcing e Higs

s the most important
W e iy comrne b wih s i Sandad Mos ahh
has a single Higgs boson, although masy of the remarks abso apply o
“models.

A comprebesivereviw f all apct of Higgn

cnbelowd n vk (1 A b e o s s e oo iy
some aspectsof Higgs boson production in supersymmetric extensions of
ied

£



1.1 Higgs mass consirwints m
101 Higgs mass constraints

the

"new high-energy collders. One of the main diffcltes s that
e it o ey et it o polirionof st

e ighet- ey hdron collders Hoveer, e st b bca
canlycarifed by rcent expaimetal s

s o i o e 6

T B e

My > 652GV (8%cl) (1

e
.
< (42)! ne wa

“Thisia not, however,  igorous it — it merely tatestha the ¥ sctor
becomen sicongly inerscing at this scale. 1t o tive usitarity,
ather thaa unitarty s, that breaks down. Neverthelea it i trve that.
very massive Higgs bosons are not narrow resonant states, and the
their detection in isvriant ms datibutions becoren iffclt.

ed X parameter which appears i the Higgs potentia, Ex. (8.1). Like

scale . Explict calculation gives
0 _3 .
o= WAt
where g s the Higga-top-quark Yakawa coupling (see Sction 83.2),
a1y

(13)

On the bt band e of B, (13) v bave delyed thrspetentialy
portant contribations. The fnt
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henh st s e b

e el of B (53

man which depeds on m nd s v Spprosimasly by (4]
e 3 m 0G0, (e

s the dit T
i blow the Phack

fo top masees n » range consistent
menta (se Chapter 10), and aso

Further rsimenta oo o My cay o b chaned fo
. "As a5 exampl, consider the oneoop

i o s S e e i
fundamental parameters (a, Gir, Ma):

wn

An explicit calculation gives (5] (see also Section §.2.2)
A,“..%[.m:.,muumﬂ], S
e iy o <
tb: [ iuh-nd side, Ao 1 - n/B(M’) = nm‘ mu- from
gt bl e i
o o in o o o 1 e s o
e el 5 B3 s
e ey 3155 o iy s o




1.2 Decay channels and branching atios a1

m
pendence). There are many other quantites (partal 7 decay widths, 7
i, neatrino scatering croessctions,el.) which can be

i, with o
befited. u-xau.....,‘ it the o 00 te mean el e o e il
auit lrge st prasent (s Chapter 10), the informatio

racted on Ay by this method s not et staitically .a«m. though

il
143 Doy chanc s brcin s
T —

et
it A depher
per st e
CGpmiMn Amp\ ¥
- e
reeah - S (o)
rwewy - S (1)} (4G
GeMjMy (, _4b\} M | 12M]
rnen = SRR (-5 -5
(11.9)
leptons. The H — W+~ width was de lwx-ysdﬂy in Section 8.2.1.

being an oveall symmetry facor of one hlf for identcal bosons. Note

each case. Enpecilly fo the W~ s0d ZZ, decays which occur elow

nomenologicaly, se Fi. 111 be
i)
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—
We illatrate the above dicussion fo the H —» 8 decay width, which
has been calculted to O(e3) 6] The rosult echeme,

)

-8

EY (;7""“‘ )
[14+1.803 au(M}) + 2053 (M) +O(a})]

[eo(mm)]. a0

b quack mafor e Savours i given by, (. B9, (2.34)
(M) = i s ()
XUt ot o)+ o) (120

s vl

cement comes simy
Ervis uwcev)’)/m:(v-!) o wheh e th I putl
width when
" o t he g oty o o (1) coran rre

ol iportan, i he I - 7y decay i s medited
by termdinte W and quck rsags loop:

07 = S 5, (7 )u,(,‘;)\, )
whr 1y e et o e by
1) = 4sl2+ (s - DF()]
Iniz) = -2 +1 u:(a:- nﬂr}l
i = om0} o (LATE)
04z = 12 fsin(1/2v3))" (13

‘The pertarbative QCD corrction tothe quark loop part o (11.12) have
been caeulated and found to be numericall small 7}



11.8 Decay channels and branching raios :u

e Ce
Fis 1.1, Brancing ot of the lght Standard ModelHiggsboson.

e encion o b ot 75 Gy n i
corresponding tolight nd heavy Higgs bosons respectively [5]. F
mwn_lwu-uaﬁ‘whmlm‘n o an i

for  light Higgs boson i °1- ng o pocemsd by
factorof 3mi/m). As the o rshod a¢ My = My 16
e i, Rl 1 WASw 52 ducy g o
dominate the decay width
Asshownn g 1.3 sbor ke WY bl he Higs bosn decays
redominantly ino W+19~ and 27 paits. Away from the thrsholds,
i e s e approidy e b o B (190 The

WHW=, 22 braaching ratics around the # threshod. Of coure the W

50 the actua firal sttes conist ofletons and quack jeta. Table 1.1

e mach race parey ptaic ol saentht 3
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o B

o I | |
i w e o
W
i, 12 Bucing s thebs Standrd Mod Higg b, Th
e

dicovery.
Ak po o e et b
collde mhnhni-huur-«ymmhqmv)‘n-nn
bl he e st wound 1 T, T o e o i 13,
‘which shows Ty a8 a funtion of My for m,

11

Higas search at LEPZ

e bave sty e that the oot aprimental v s o he

i mas omes o he LEP e i, v e proces o3

2570 f]H. n.r.znwa with contre of mass energies up
10200 GeV), extends the search to higher maseen 0] mfm,m.

e niaie 7 bon e o st o st U

section s

ot 2= G 3 gy 2 LR




11.3 Higgs search t LEP?. £
chanael ww-[ 7z | &
[ e (128
2jets 410 1
ot 7
38
73
03
11
1

e 14, Bvcin o 1 8) o My =300 GV Higs b dcing
aod epton (1 = , 7)ol saen.

o E W R
Ny [cev]

Fig. 113 The total Higsdocay wideh, o m = 173 GV,
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kY

| L
f o o _we ' e o a0
va'fGev)

Fig, 114, Crom section or ZH production st LEP2.

~2aM} - 2M}, - 2MIM]) . (11.15)

1 Mo s o i of 3 for three diferent

muk
oty b ey viag s Higes production to be
ditingue anmz«ﬁy—ols-lmumqﬂls
0 o My ) Aas e

Tk sprtmtety
My < V3 - 976GV, (11.16)

sighty on the valable luminceity.

the exac it depen




1.4 Higgo production o the LHC 7
114 Higgs production at the LHC

1141 Producton mechanioms

be LHC,
the Higgs boson's preferene ta coupl to heavy partce:

(8) vector boso fuson: gq - Hg via W*W -, 27  H,
(©) amociated production with vctor bosons: ¢ -+ WH, ZH,
(8) amociatad prodsction with top quarks: 59,47~ HH.

o e g it e MAS(R) i s 10 deend
in he B wcheme i Agl,smu.v,.....d The sty o e
o et o paton ditibtion b iy i

Section 1

1048 Gluon-ghuon fusion

it paly o e hur e b, e doisat rdition
H, va sn intermediata top quark loop, Fig 11.5(s).

g 0P = UGy (N
wher 1) dimeono fncin e by
1(2) = 3:[2+ 4z - )F()]. (1.18)
‘The function F(z) is defined in Eq. (11.13). Th factor \I(rl\'
2 e i
s vy 5.  rewonale appmai 1 5
ek w
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@
Fig 113 Thedomau g production et bdron e (1)
ghonghon

(i)mub-hd—u-l i producion with (e
W, 2 bomon aad (0)

800 M3) Mlgg -+ H)P = Can (M ) (6 - M3)
(120)

cton 0.4.1. The hadron-hadron crom secton i obtained
wnal way.

s, incading the approximate nextto-
eadi corrections, s shown in Fig. 116 a a function of My for
=BGV

el e dpstnce o the o s b e e




184 Higgs production at the LHC m

10

o lpe)

T

o001

=0 a0 w0 om0 i
o (o]

Fis. 116, Higg rodocton crom sectons i ppcllionsat the LHC I8
g 0 i T G B s il

o du 'l te 1 s of the g i
e e Hgg s

s p i m...n.,...miw
.mvlm..a..... negligible, spaaning the
02 b for My = 100 300 GeV.

1043 WW, 22 fusion
Alhongh oot o gy the domlast mckien o
producton st the LHC, thres a com

Hagspetcion o WF o 52 oon . 150 1 ot e
doay midh 0 st to0 s comperd o1, te oo

calculate from the 2 -+ 3 process g9 — Hag with inermediate W

7 o T macis drvent v o 5 o i) 1003

T y—————
R e St asied
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T T T T
B, Hye100 GV (5 or 53
(1. Hy=T00 GeY (5 or 57

2 e °

Fis. 117 Biggs boson poduction crom ectons s  function the collider
anegy 8]

A0+ 20+ H v VY mw V=W

p mppt Gl
P = sviciup SR mp OB (2

= AV = AV (Ve A Ve ALY
o= A Ve + Ae)"+ (Ve - ArY]
[

ok A (Vs
)
with the vector and axal quark couplings of Table 8.3. The nextto-
eadi corrctions 1o thessprocesses have been calculted in
16, Thy e mall v enbrcement o he
ron com o7 3 14 10 ot by
i clmenta with threebody

saction I shown in P, 118,
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1044 Associaed production with W, Z bosons
The crom secton fr Higp prodacion in aociton wih W aad 7

dcyig 1 o v, e U Tigs co b g by dtc

. The bz o 7] s s

5 e dag i 11360) 1 iy e e
R i B

storwm = GV_hL;v,v"‘”“"
(GrMp)*

G

g 22 2 WA )

oei-s 78) = e

WEME) (2

ot e
o Z (s C1
increased by O/(20%).
4 T0) e shows I P, 114
formly ahoe tic s g a tht o ZH.

o W2 e
Fig 117 for g9+ W 100 GeV.
Tevtron ,au.-vﬂmwm.mu-um 0002 i
M To0” a0 G

1145 Associated poduction with

1 the s pit e the previous mechasie,  lges boson can be -
w183 7,09 W3 15 ot of e Fotaman dogun s showe
in Fi. 1.5(0). T crom sacion dependa que ssstivey o th top
onck . Akhough the 1o quark Higg coupin i g (o arge
ngy e T i OGO
.,...u_...su..-.nm The lowest.
ot o cln b o 173G w1 i 1.8 Oves e o
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T
pepeiX

wk Vemie Tev ]
et

11.4.6 Theoretical uncetainties i the cros sectons

Apact rom he chrios dependnce o M, ad to
I thre are fow othe anesiuinte v 1t the .,.ua.z...,. croee
acion from

Ccuaios. All e nportant Hggscre s
s

e, spart
cton with tF, are known 1o nexttoeading order. The

{in th orapondn prarbudin sl e nyshin ther thun e
e ‘Jm..r,mw..u

ety doe b .....-x.. Oflage fnabstate Invariant mases from

e el surce of thrica ciny
avtk and o ditioni oo T ve prabed in
e com oo s b 3 VFS 2 M-//‘ n. e LHC,
i g L it ki

e from the




1.5 Search stateies and backgrounds w

85 > 00D, For uak dtbutions, e precsy the rehon
whor fumargs doey wm: chieag xpeimente ponde siong

cereiny o pre n««”ud"«WﬁZ’lﬂH
At vy o s dpan 33+ procn, b goon
o 2. rogion beiow thas o Had arget promot phoion P

on it o OO G
o the wnceiainty i the Higgs crose

predicions for the gg -+ H cross ecton [5].
fime the LG come i opraon, ey tht b
o i e s brierdeerm

115 Search strategies and backgrounds

e b s (11620 51 e <k, s s o

from the othes in tht they appear to provide the ‘best” chancs for di-

oy o o i b ¢ 1 LHC, T e

0 98- 77, M S 150,

4 B s 220 B, for My 2130 GeY.

(Cartan othr channels may aleo be el fo example

) og+ W - 18,

and, i auficienly high lumincsity is sailable

() 0~ WH — 107y, 99 (0) 68 - WH+ X =+ lhyy + X.

Mot thet i came . (1) and, ) the bamcig e e ee
o docay mode

extremely small. For example, the H ) ofs
Ty e o i s o oy 015 Tl 111

Fig. 111112 s0d Tl 111 ih the crom seconsof

vu ue Am--u-,n. ahows the cros setion imes branch-
for “diret’ pp m« )% X podecion, and i, 1110

lepton

p«.n.,-, s he LAC. Note

el gy, o i depene o e e vt
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a

PpHCIX

" Ves1a TV

z o
o
o0
Fig, 119,

uncton of My, t the LHC

reflection of the behaviour of
1. AL the high mam end, the rate

section. There 1 a dip i the rate at My = 170 GeV due o the W*W =

sbove channels s free of background. Tt

Siiion] (& Hlsion a1 impact paremetan) cis on
artculrly

e WS rdtion ek i ol o ble
ind for H -+ WHW", but wl e e 11 4 when

r.,m ..,...q.a... mi‘lly b b b
Al backgrounds ot e ey ik




1.5 Search totegien and backgrounds s
1
0
o
2
&
% oo
o
L | TR |
loo EZT) w0 700 1000
i (Gev)

Tunction of My,  he

g 1110, Crom o e i i o 1 -+ 574 4+
) LHC

sl cia o te it aae s, whie sl win the btk
rlepton chanel offers

mu.v<~.<ms=v (11.25)

I only f£ = 10 pb" is available the upper limit drope to aroun
800 GeV. An example of the detection of  heavy Higgs In ths channel

dncion 1nd redncil bckgroun rom hadroe ot 1o hosons (i

g o oy o oerved b I conorn bachgronnd 1
Mo ki I vy Nl T, 11,13 s the sk of
S simulation of this proce for My = 120 GeV 10d [ £ = 3
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B 1L Bt s s nd bz e,
LA i s G, = Gt [ =
e At
il «....n, i ne e 0 s (G )t
(e o). i o e 2

lohr i the e continn, 71 prodocion, b the AT
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Measurements of the
strong coupling constant
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Procem QN _a@) | _eatil) | Toeory
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Tabe 121, Summmary of a5 messrements
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of By and R i below the Standard Model prdicton, although
4l within two standard deviatons of i

Rt R, = 037624600076 (SM:03430) (1228)

channels, would imply an increase or a decreaa in the fttad value o .

1862 Event shapes
Determinatons of a are available sing e*e~ event shape aad jot rate

i resummee o ol orders as discussed in Soction 6.5. The rsul

anlyaed o
including resummation [39. Although thes two methods of analysi use

TR ) v s el s g st i
The conscion btwen e petstiveprdcons of vt dhaps

i i, el e Mo
e i s bt 10

ror n ag. Note that, despte the m energy, pover

mwr—d erme g s ol vl i iy e
ecay rae, fo

g pove ey prrad o o i A b

Cussed above.

3 Scalng iolation in frogmentation

The st of sl vt

discumed in Secton 61,1 Here the errors are

M Inclastic scatering because ihe typical sal @ w..a
jon data have been obtalned only at Q = M. The




126 Hodron-hadron scatiering o
[41) w1 ixed-order matrx element model with a cutof, while that of

in Table 12.1
12,6 Hadron-hadron scattering

Dursisie of s 1 bt e (71 9 ldes bars b
petomed by irect photon, heavy quark, and W boson plun

crom ecins wkh e okaing onderprdicion. Messarmera
cakcalations of the NLO corrctions o multijet prodsction have not yet
been comy

S0 fr e precion aclred i Badonbuirn deerminatins bas
een e than that in e*e" and lepton-hadron processs, owing to the
g exprmenal s teretcl snsintssoced i e
ing hadrons. Firs of ll,there are intin ssociated with the

those that do not partcipae in the hard subprocess, and thl
e Prbermort o e e o s s of e e
subproces ar lss wel know:

o boron d s bonplo o producton, s xlied i Ch-
v ot e o fr W Lo, e U1
{00 A3 4 ctaboans o CERN diemined
as(M) = 0127+002600t) 00Meys) (UAD),
(M) = 0123:+0018(tat) £0017(eyw) (UA2). (1224)
Combiaiag thess results and tranalating from scale My to Mz gives the
reult shown in Table 12.1.

Tions, dscussed in Section 7.9, has been used for the measurement of

butions in the proton n wlence part
e by e vt e of h oo~ GV g
e reslt shown.

48] obtained




AU 12 Measurements of the sirong couping constant

i comparns bt st 15 precionaxd e O(08)
cllaion 1. 7 oo sttt to the Jetjet.

127 Conelusions

Evolving all of the 0y messorements 0 Q = My, we obtain the re-
Jy o ot s o ol 3t homs gkl
Fig. 123. The ndicated
cal companet, o 1 1 el Uy Quaniy the vl a..........
etween the diflrent methods of measurement. If ane ignores
e, chisqaared minimiation gvs a 004 (x3/40.0 = 13/21) with

b o g 22 ity el to s of » il mssrement by 3
rlisble method. Ths leads o ou

-.(u};;nnnawﬁ. (12:25)
‘whichis cloe to the one given in el [40]. The corresponding value of
e v Tavou cle, dehned acording 0 E. (122, 7

A=t 8 Mo (1226)
T i g 83 i e
of energy scae,

e (g
hm;i:‘_, i o cnouh Ly be ke vy ey prent Nev:

‘One obvious possbilty is that the running of a Is ot 4 expected.

penymatic o oo um‘ Slght hino (50, Hovever,
maseain 6 aredisavoured by other data (39,51
g, st " 4 4 i e found 10 g of the prodvction

At oy i ek here i st difersncebeen hard
rocee i which e e momestum sl o sl 0 dee

catering, and ke ition

l»z] T 1t sandation of v o5 (1) ih ow el ol p be

S, bing sy i of b it op okl s

T Ao (30) b e, he i e 317 45 M.



187 Conclusions e

DIS (Bjorken sum rule)
DIS (G5 aum rue]

” (]
Q@ irzs-is)
poorex

al

Fig 123

mesaurements, evelved o the eale My, Thelnes
D B G

i of a s not 3 expectad, this process should yeld 3
et o f o e It e i ol e g
valse becaase it
All!liwdhl-mrunl'dmylmh-h—ll‘w[l]h

in b nermedie rogon a e, ey ks st o ply
Most Nigher-order QCD correctons b calclated

An exception n the loia e~ hadronic rate (53], making a preciion
measurement of thia quaatity at an intermediate scale very deirable.



42612 Meassements o th sirong eoupling constant
References

1), Bt o 90084 Contrnn, Montel b 1684, Mok iy B (P
Sl S ]

ko, Nl Py, Bats (147) 7.
SA St 0. bt 1 o, e o B (197930, 0,

» S

R b T S, P Lo B9 100 0,
1) E Bratn 5. Moo and A, ik, Nk Py BaTE (1003) .
F B T R A e e
) AP D Bl . Tl Gt 7 )01
Q30 S o, i 9 el P B P o 6

L B3 (1o 3.

29 . A, . Moo 1 0. Ridl, . Py Cob (158 07
30 7. Wk, b Prc. k. Sympest o Lt i Thery, Milbure ol 199

A LA i R s

! P R e 74 ) 2
) T i Kk O s, e, s S, P




References o

0 35 e . K, . .o, i . D08
T D, A1 e, P N, K ottt P e, ) st
R b T R R ST

) DELPH cbarion, 7. b s, iy, ot DAL (1) 8.
) ALEPH cobeuicn, . Bk o, P Lot BAST (158 kT, 4 Dose
(i) e
Lindge ot o, Phs. o DO
44 UAD cobraon, 1 Al o o et )
) U ceboraon, . Bl L. Py Lot D37 (185 0.
40 U cberin, . A o, Php. Lt 3

9 P Dt Grot, . Masiaoe o s, R o Patde Pepris, P R D30
10) G Fara, Ph. . D31 (198 804

)8 D . Gt o g o, P, ot

633l D Naopin snd DA Rom, Py Lt B307 (191 132
K0, vy, 1. Kibn md M. b, Py, o, BATS (19) 5



Index

g
ot 173
average multipcit, 27 cobeen, 178,182
hadron, 200 pace,
e, 21 apelik, 165, 172
il g, 11 e, 168, 165

Conyrigtegygaer



Bretfrme of e, 211
Breit Wignr disibaion, 312

—c—

Inder

croming, 90,47, 57
Cumodia symmeiny, 280




0 Indes

fctor, 257 e, 24




drin 4167175, 14
b ol 15,2

g v 7, 81



roduction, 285, 200

g Nachma R s, 8
S, Sl v poemtion, 13
g 70
od's s arn,
Aot 4 v b
v, .a;..a-n,n e G, 7, 10
i g,
l-vmhn- 7, 12,13, 18 —o—
1 Err—
35
—r—
e——
= [T —
b o o et 194 e
oy ring 159







™ Inder
Rutberord satering, 250

—s—
sl g, 58,7, 254
Py

SU@),
suy, 15
‘Sodabon form fucto, 170,172,184,

Bl Jafe 1
Gt iy

i, 1, 185,20, 22

o v b forecegrn

i 3 saperymmte, 408, 434
<alinenr 57
it 57

el

Syt 11
epontansouly brlen, 16,272

Hrscare fantion, 87 width, 41



w. Yongsthorem, 331
T, 1,18 Yol coupings, 26, 89




Copyriohied Mat

ons e o
@Dy

Ol

Thi bk g orhi
onthe sy o OCD. Q0D Lagang

2 e s of efence il ol i pyscts

Ul and corectonswil e mde bl .
i b e oy et (D bt

GE

CAMBRID!
NIERSITY PRESS

e

opyrightea atsrial ' lsn'stsnvl




