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jjnowcnow 

In these lectures w* attempt to describe tha final stataa of deep inalaatic scattering 

aa given by QCD. In the firat «action we ahall briefly comment on the parton nodal and give 

tha main properties of decay fuaetiona which ara of interest for the study of seed-inclusive 

leptoproduc tion. 

The aecood section la devoted to tha QCD approach to single hadron laptoproduction. 

Firat w« recall basic facta on OjCD log's and derive after that the evolution aquations for 

tha fragmentation function*. Tor this purpos* «a arnica a short datour in **e~ annihilation. 

Tha rast of the section is a study of tha factorization of long distance effects associated 

with tha initial and final states. Bo than show how «ban one includes next to leading QCD 

correction* one induce* factorization breaking and deacrib* tha doubla moments useful for 

tasting such affects. -

The next section contains a review on the QCD jata in tha hadronic final state. Ha 

bagin by Introducing tha notion of infrared aafa variable and defining a few uaaful examples. 

Distributions in. tha» variables are atudlad to firat order in QCD» with some comments on 

tha rasumaation of logs encountered in higher order*. Finally the last section is a 

"gaullineufry" of j*e studies, 

I. PAXTOB HOCtL DCSCHPTIOW OF DEEP IMELaSTIC FTTAL STATES1* 

In this section wa give a abort review of the naive prediction* of tha naive parton 

Modal concerning tha hadronic final states in deep inalaatic lapton nucléon scattering (DIS). 

The description of deep inelastic dynaades by means of the parton. nodal vaa proposed long 

ago and baa bees clarified is other lecture* ac this school . 0e shall use it without 

any further justification. 

It is worthwhile to nota Chat this vary simple nodal allows us to naka vary intereating 

qualitative and quantitative prediction* which are, by the way, never far fron what is 

observed. This ia tha reason why. even having quantum chromodynamies at hand, physicists 

always like tu refer back to tha parton picture. 

Z.I Cenaral feature* of the PIS final states 

The nain ingredient of tha parton nodal ia tha lopulse approximation which allow* us to 

describe full, hadronic processes in taras of fundamental hard processes which only concern 

tha pointlika constituents of the hedronai tba parton*. Of cours* w* identify these partona 

with tha quark* and at a further «tap. QCD will introduce tha gluon* aa fairly respectable 

constituant* of tba hadreme. 

Tha parton nodal atataa that parton» ara non interacting inaida tha hadron during the 

hard processes and daap iatlastic scattering bas a space tin* development to which 2 very 

different scales ara relevant. 

To* size of tba space-time region where bard scattering taxas plaça is of order 

(^zy*l - Q£ being tha large •omentum transfer fron the lepton to the hadronic system -

and is therefore a short distança phenomenon. On tha other hand tha binding forces of tha 

hadrons are caracterisad by long times and long distanças, scaled by hadronic energies 

t< 1 CaV « v^2*. Thus one considers daap inelastic scattering as a succession of veil 
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defined sad separated sweats as follows : 

- first one has to find a parton a carrying a given aoaentust inside the target N. This is 

described by a parton density or distribution function GY(x.k*) where x is the longitu­

dinal fraction of the target aostentua that a takes and k* its squared transversa aoaentua. 

In what follows we ignore this kj dependence for siaplicity, leaving the parton densities 

as functions of x only. This is justified to soae extent by the observation chat in 

hedron physics phase space is mostly longitudinal and sharply cut off in the transverse 

directions. As the energy grows phase space is a cylinder whose length described by the 

rapidity variable y grows logarithmically with the center of aeas energy fi. while its 

transverse section reaaine alaoit constant as suggested by the observation of a liaited 

P T (Hi* I-D> lapidity is the analogue of the polar angle in the Lorentz metric, for a 

given ptrticle of aass a and 4 aoaentua. (K, p», p^) 

Z - e^ coshy ; p # - *j. alnhy ; e^ - « B T ^ (I. I) 

and 

' • * * K £ • a.» 
Tor chis partiels tha svailsbla y riqt U given by 

- Sscond, ch« salactsd parton a suffira cha hard scaccaring and baeoats parton b. In cha 

c w of lapeoproductiou this interaction ia juat tba coupling of tha parton Co tha ralavant 

currant. Thia iataraecioo can ba pictursd is ch« Irait fraaa, whara tha virtual aoaantua 

tranafar q, ha» no tiaa consonant and va hava for cha currant o - (0,0,0, - 2Fx) and for 

eha targat: » p - ff.0,0,») (fig. 1.2). 

In thia rafaraaea fraaa tha apactator conatituanta of tha targat continua on chair war 

without chair •truck coapaaion which man cbo opposita diraction with opposita noaantua. Tha 

rasult of tha hard scsttariag ia to iaolata ona or aera parcona in aoaantua spaea which will 

tharoattar m i r a iato haarona in thair own war* Thia has to ba contraatad with tha situation 

bafora tha currant intaraction whara tha partons wara groupad in rapidity and transvsris 

reaantua. Tharafora wa azpact to saa a two jat structura in tba final stata: osa-jat 

spraying in tha currant diractiou inducad by cha struck parton and anothar ona in cha oppoaica 

haaispbara asda of cha targat dabria. Thia is not tha and of tba atory for aa Ions u only 

hadrona ara obsarrad, tha quarks (partons) bava soaawbara and icawhov to "hsdronits" - thia 

ia tha third and final act of cha BIS draaa. 

Tha quarks ara sxpactad to frsgaast into hadrons aorlng almost parallal to thair lins of 

flight. Thia is an assanpeiou that what ia saan on tha lsft (right) is coning fror thi 

quarks aoring Co tha loft (right). Bow thia hadroniiation tais» plaça wa do not know (for 

tha sonant!7) and in vary auch tha aaaa way aa wa incroduca a partem daniity G||(x> for tha 

praparation of tha initial atata wa dafina a fragaantacion (dacay) function of cha quack q. 

into tha hadroa I, D~(s). This function counts tha nuabar of hadrons of typa B which ara 

fragaants of tbs quark q carrying a fraction z of tba ganaric quark aoasntua. With tha 

•aaa coaaanes as abova, wa ignora a poislbla cranayarsa swaantua dspandancs. 



Thie factorisation batman tba "wave functions" of tba initial atata and tha final 

atata ia «all illuatratad in tha ooa hadroa inclusive leptoproductiou axperiaenta where ona 

triggera in coinsidanca on tba outgoing, lepton and a dhf icita typa of hadron H - l + S -*• 

* V + H * I (fig. 1.3). 

Ona ofataina in tna parton nodal 

ffU + " * V * • * X) * £ Gj<x)o h* r d (a * currant •+• b)D^(z) (1.3) 

Tha decay functiona «bien appear bara ara universel and accaaaibla in othar procesaas lika in 

e * a * * H « and large p T badronic reactioaa (flga 1.4» 1.5). 

In via* of tais universality un idaal way to procaad would ba to 

1) Maaaura all C*(x) froat DIS atructura furstfon expérimenta. 

li) Maaaura all D. (a) from ona hadroa iacluelve production ia a a annihilation. 

lii) Vow pradict tba ona hadron inclusive leptoprcdufctlou crosa-seetiona sinca everything 

wa naad is (X.l) ia known. As fax ae tba large aagla hadron-badron acattaring ia 

coneamad (fig. 1.5) wa naad aaotbar information: what ia tha hard icattaring croaa-

•action batwaan tba quarks? Thia requires son» insight on quark dynanica whareai in 

all otbnr procaaaaa wa bava a pointlika coupling batwaan quacks and waak or clactro-

aagnotie currants, which ia known. 

Ha are, of coursa, not in tha fortnaata situation whara all unknowns ara determined, 

narartbalasa wa can gat son* raliabla information on tha fragmentation functions fro* tha 

ganaral faaturaa of faadsoa phyaica. 

1.2 S o — properties of tha fragmentation functiona 

Tba coaoarvatioa. of ncaantua and of tha third component of isospin gives two sua rules, 

which «van if they ara difficult to teat do serve to conatraln tha paraaetrization of tha 

decay functions 

E fX da x o"cx) - I (1.4) 
H Jo 4 
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The Integral of 0*(s) counts aach ïypn of hadrona, that is i t Mesuras tha aultiplicity 
of hadrona emerging froa tba quark q 

*•* - f l D5C*> d* (1-6) 

In agreeaaac with a logaritbaic growing aaltiplicity ona expects that, aa x - 0 i><*) * A/r. 

Such a behaviottr, alao present in parton densities, ia constatant with tha observation 

of a plateau in rapidity, away froa phase space boundaries, indeed 



On cb« other head «a x * I, eh* hedron will certainly contain its parant quark tinea 

It carriae alaoat all ita aoaantua. It la juac tba aaae for the parton deneity Gr(x) aa 

x •*• I and ao ona sight naively axpact that in tba liait xtz * 1 

<£<x) «. 3 BJ(») (1.8) 

Tba factor 3 im (I.S) juat esuata tba eoloar degree of treedoa, ainca for tba fragmentation 

function* tba cuark ia coloured. 

Tba behaviour of tba fraaaeatatioa faactioaa at tha edge of phaaa ipaca s •*• I can ba 

inferred froa the counting talaa derived ia tba eoaatituaat interchange aodal ', rulaa valid 

alao for aavaptetically fraa field théorie*: close to s • 1 tba fialda which do not parti­

cipât* to tba freaeaatatioa aroeeea - epectatar fialda - take eaay *oa* of tha available 

paaee •pace, therefore D (a) centaine a eappreeaion factor 

»J(e> •>. Cl-a^eeeet" 1 (I.9> 

whara a § ia the aaaeer of apactator fialda. Tbia eiaple rule (1.9) predlcta 

DJ (a) •>. (l-a) (1.10a) 

Bj (a) % (l-a)5 ,, Dj ±

1(a) (1.10b) 

la (1.10a) only tba î fiald ia tha »* ia inactiva, whila ia (l.IOfc) chart ara thra* 

inactive fialda tba parent quark and tba counterpart of tba craatad aaion. Lat ua nota 

that (1.10a) cannot b* takaa at faea val.ua ainca w* know that for a • I D* ia not tan 

bat likely a eoaataat. Tba tula given abov* iadicataa a trend of tba frageaatation function 

hot doaa not predict ita actual beaavionr. 

Ibara ara a priori aaay diffamât fonction* D~(») dapaadiai on tba hadron type H 

and on tha generic quark q. fortunately oaa ean reduce thia uuaaer uaiug tba eynaatriee of 

atrong intaractioaa auch aa iaoapia and charge conjugation. 

For inatanc* if I ia a charged pion ** w* can «ita 

u "B "d ^ 

*ï* * "5" - °J" • *$ «•"> 
B. -or 
a a 

and for B ' 

o," - Ï »>;*+»;") «•>« 

Thee* coneideratian* can ba uaed to reduce the naaoer of fragaaneacion function for tha X 

aeaona to only fix indépendant function! (aae ' ) . 

http://val.ua


Z.3 M*IT« prediction* of tbm MÎT» qmrfc aod»l 

L«e TU eouitiftr eh* followinc quantity 

j ( l * » -» l' * B • X) , T , „ 

ahielt aaaauraa tba multiplicity of hadroM • obaarrad with a fiTan a - x ia alio kapt 
fixad, tha aaaa upataira and dovaataiza - a ia aaaily aaaaurad ainca in tha laboratory 
rafaraaca fraaa ahara ?, • 0 

S - 1 (I.U) 
". (I, - « t . ) 1 -

or ia tha raac fraaa of tba badroaie final atata <tg * q . 0) 

a *a " 

wbara h^ la tha aman t i l of • alone, tba q dlraetlon and S* • (P * 4>z toa aouarad 
aaargy of tba badroaa. Ha bava naglactad craaararaa aoaaaea aad aaaaaa ia daririag (1.14, 15). 

Tha nalva aaarfc partem aodal giraa *arf aiaala pradietiona for (1.13) in aoaa CMII 

a) mt- al~Z 

d»« I «Î <&M •>£<«> ««<*> ° f <*> + * « »fcrt „ . i 6 ) 

o T " "• 
I «| < ^ W «•(») • d(<) 

naglacting tba aaa eoatribation. Ko» aaaaaing that x ia not too cloia to ona,-sna «ay 
fuaaa u(z) *• Jd(x) for tba pro toa, |iTia( u» 

d»*" £ [»oJ"{x) • »!["(»)] . (1.17) 

Ibia aquation atataa that to a toed approximation, tba multiplicity of H~ ai a function of 
% ia indaaaadaat of a. Tnriaad tbia la in good agraaaaac vitb raeant axpariaantal data . 

b> Waak charged carraata 

d » " , . _ d W ^ W ^ u - W ^ . ) 
* - (vP * iiTX) 2 p 2 s (1.18) 
" " d(x) + £ 3(a) 

£ - ( v f * ,*n> -J! p i i— (1.19) 
3 * " ï(x) • fuOt) 

Tha factora I and 1/3 which appaar bara coxa froa tba integration orar y of tha I and 
(l~T>z piaeaa ia tba nautrino hard acattering croaa-aaction. Ona can coabine «everal 
axpraaaion» aad iaolata ia tbia «ay dafinita fragmentation function», for Inatanca if ona 
looha to tha »* production in nautrino icactaring on aa iaoaealar targat ona obtain» 

r* £ 
S — (v, A » urTC) - D*" (*) I .*(») (1.20) 



and for tha •eattarim <m antinautrino 

S _ (5 A •» p V » - B f (a) i «*(û> (I.21) 
us u u 

Osa than axpaeti that tba **/*' ratio «1th a nautxiso baa* ia equal to tha *'/* ratio 
aith an antinautriao basa and independent of x. 

Deflniag3) 

.<a) - - 5 a ^ - (1.22) 
KM 

Tba exaarlaaattl data axa la aaxaeaaac with thaaa axpaetationa aid alao suggaie chat 

H(Z) •» I aa a - 0 and «(a) -• 0 aa i * I. 

Indeed aa > * 1 tha eaark u ia praaaac in tba kadron which than cannot bit " , i.a. 

• • 0. On tha contrary la tha low a region thara ia no corcalation expected batman tha 

parant aaark and tha geaeraeed hadroa «hich takaa oalr a •Mil part of tha available aoaentua, 

ona prodacaa eeuallv «all a aad a* baaca w, • 1. 

II. oca AMP D M Ilaltle m m M i l l (aaai inclusive) 

Ha have see* ia tha previous «action that in tba «nark partoa nodal ona daacribaa daap 

InaUltle «xperiaeata in cam* of partoa daaaiciaa and of fragmentation functions vbich acala 

aad fectorila. Ia QCD the factorisation between x aad a dapandaaea ia itill valid for cha 

leading tara* bat scaling ia violated and tha diatrlbution functloaa G* end u? bacoaa 

•cala dependent ' ' ". 

%f laadint taraa «a uadaxataad tara» of tba foca |a(q2)la 5£ j for tha n ordar 

contribution, «bleb doainata taraa don by loi'. a(Q*)s<ta 4->*"* - a(q2)p[a(q*Ktn ^-)] 

aad tans down bp powers of q2 «bleb ara all negligible in tha high Q* liait. Tbia 

eperoxlaatian 1* csraad tba laadiaf lot approximation. 

Ia chin sactisa «a racall «bat baa basa taught ia tba othar lactarta about tba loi'a 

of QCD aad thalr ladder semenra. Mart «a derive cha Alcsralli-Pariai aquations ' for cha 

decay functions ia ordar to dafiaa tba effective fragmentation foaetiona «hich appaar in cha 

QCD daacription of oaa hadroa inclusive leptoaroduction given in cha laae aaction. In tba 

praaant aactioa Cat calculations ara presented Including naxt to landing taras «hich violata 

factorixacion la a praciaa way tsatabla la «xpariaanta. 

II. I tha lo«'a of tha OCD-Partoa aodal 

Tba dlvorgeacee «hich appaar ia tha calculation of QCD proeaiaaa af car ranomalization 

ara eauaad by tba aaaalaaanaaa of cha quanta and can ba dividad into two claaaaa. 



a> Infrared, divergences (soft) 

Tney come from the possible emission of «oft, reel or virtual nas*la*s partiel**. 

Sock divergence* also occur in QED where charged partiel»* cas. radiât* any uumber of 10ft 

photons. Tb« llock-Xordsieck theorem ' statu tbAt in inclusive cross-section* these 

iafrarad divergences cancel when ooa tafcaa into account a finit* energy resolution. Soft 

raal emission* ar* cancelled by tba virtual emission* which drass the varticas. Physically 

v* always do inclusive experiments sine* tha energy resolution is navar perfect than ona 

takaa an average of tha crooa-sectioa over.some finite energy resolution HZ. In this way 

va includ* soft emisaion aad the cancellation can take place to giv* ua a finite physical 

' W Mae» «imgularitiaa (collinear) 

These sinmulsritie* arisa wham massleas particle* are coupled; this is tha cas* in 

QCD and in aeasleas Q O aa vaa studied by ttsnehita. Lea and Mmenberg (ELH) . Tba origin 

of the» dlvarg**)C*a la purely bineslatical; 2 seas leas particles moving collinaarly have a 

saro invariant ansa. There is a theorem dew to (Hit) which states that mass singularities 

cancel for sufficiently inclusive eroee-sactioae. That la to say cross-aectious in which 

ona suas over Indistiacuishable Initial and final states, ly Indiatinguishabl* w« mean that 

thay ara degenerate a* Fock state*. Thia auaawtion ia automatic in inclusiva deep inelastic 

scattering, but for the singularities cosing from region* of phase apace where internal 

particles ara parallel to incoming one* (fig. II.1). 

These nes* singularities have been shown, to be factoriseblo and universal ' • ' i.e. 

they do not depend on the hard process. In deep inalaatlc structure functions they just 

restas to give back the scaling violations as obtained by the n o » formal operator product 

expaneion. Aa wa said above for a fully incluaive deep inalaatic scattering process tha 

nes* singularities have to do with the Initial state, and can be incorporated into tha 

distribution functions C][ which thereby becoae q 2 dependant G J ( X , Q 2 ) . For a lap co-

production experiment where on* detect* a given final state hadron there ara additional 

•ass singularitiae when internal partiel•« «re collinear to thia trigger particle. These 

singularities can in turn be reabsorbed into the fragmentation functions which will exhibit 

a-scalisg violations in a way similar to the oarton densities: D?(*,Q a). 

The scale braakiaf for parton densities in QCD can b« analysed diagraaautically ' and 

shown to have « pert», aodel interpretation. Indeed, if one work* in a physical gauge in 

which the gluons are transversely polarised, one can show chat the leading log contributions 

coae fro* ladder diagrams with no croased rung (fig. II.2). The "ladderisation" indicates 

that the dominant contributions are coning from squaring individual amplitudes. In this 

way one can still describe processes in QCD by products of probabilities ae is done in tha 

par ton modal. 

II.2 Evolution equations for decay function* * ' * 

Our mein interest in this section is the leptoproduction of hadron* but before going 

to this topic wa need to define QCD fragmentation functions. They ara mora aasily accessible 

la **e~ •* • + I» therefore we begin by e study of this process and next wa will usa what 

va have laarat for the description of £ * * * t ' + H + X « 



Lac ua first nota that, while Cor tha structura function» va can uaa the operator product 

axpanaioa (O.P.E.) techniques, for tha decay fonctions va cannot bacauaa va ara in tha tiae 

lifca region. Thara ia a recant technique propoaad by Mueller "tha eut vertax method" 

which ia equivalent to tha OTB in the apaca lika domain and ia also applicable in tha time 

like région. Thia method ia complicated taehnically and va refer the reeder to raw relevant 

papers . Bare v* ahall assume that in first order the fragmentation functions obey an 

evolution aquation as in tha casa of parton danaitias . Tba cut vertex method justifias 

this approach at the formai level. 

Let ua consider tha procaaa depicted in fig* II.3. * II.6., when integrated, over tha 

transverse momentum of the hadron H, tba croae-aection ia a function of *„ • Q£° . where 

h is the 4-momaotma of K. In tha parton modal va obtain 

% ( v «*> - i / « ' %"** - 5 'V St- «s»"2»*"*' «*•» 
vhara a - -fcS Is cba parton analogs* of tg for tba badron and Ç' ia tba fraction of 

•ornant!» that E takaa fro» tna panon c i.a. h • î'p'. 

do c 

Tba sTabol a) in tba fig. II. I rapraaants J J - ,' vbicb to lovaat ordar in QCD raducaa 

to tba point lika coupling cV,e giTing 9 

do! . 4* a 2 

sç-rfr'ïw-v <u-2) 

including one gluon. We therefore Have 

to evaluate tha diagrams shown in fig* II.4. These diagrams contain mass and infrared singu­

larities, and tha latter cancel between virtual and raal amission, whereas the collinear ones 

cam be timed by giving a masa u to tha gluoa. 

Tha total contribution for obsarving a quark with i is given by 

Sr - £ •«. £ | *<« -*>•£[« v » * v » j | ( n- 3> 
vfeara t » ta 3L . 

r 
Tbaaa raault conuina tba landing log Cam * a. t ?..(<) vbara P.. ia cba probability 

of finding a quark inalda a quark, a< dafinad by Altaralli and Pariai ' 

Tha subscript • juit aaani that va dafina a diatribution inch that 

In addition to cba laading log farm va bava included in (11.3) naxt to loading tana 

*• a d U ) vhich contain no tn Q 2 but can bacoaa Important in aoaa phaaa apaca ragiona 

lika H I . 

At thia point it ia worth racalling an important fact: tba coofficianta of a t ara 



«all defined, they can ba factorad out and includad into effective fragmentation function* 

which eatisfy an «volution aquation in t. On tha contrary tha naxt to leading tami cannot 

all ba includad into radafiaad decay function* and furtbaraora they ara not uniquely dtfinad 

but dapand on tha ranomalixation prascription and tha cboaan régularisation scheae. Thia 

gives ua eoaa freedoa to fix such tara* in a given obeervable - lika F, - and work out 

cousis candy other observables, tha diffarancaa of next to laading taxa baing unambiguous. 

Thia analyaia ia given in full datailt in a very nice leriaa of paper» . 

In obtaining (II.3) va hava aakad for a quark with «• In tha aaae way we can look for 

tfce contribution with a gluon carrying a and the resulting cross-section ia of order a . 

ir-fis[',«"V.H (II-6> 

, (l, .*i_i_ÇL-£li (».7) 

•*» — — 
£e the probability of finding a gluon inaida a quark. We bave put a factor y for later 

convenience, whan we «hall define the quark fragaentation function. Using (II .3) and (II .6) 

we can now construct an ef fec t ive quark fragaentation function by imposing that, including 
tha next to laading terae 22» haa the aaae fora aa tha patton aodel, that ia 

dz 

>artoo -H. .1 ftj - £ { £ I a | D » ( V (II .8) 

l j aat ini t iou in QCD | f - - £ j £ £ a* !>*(*,,,«> ttl,9) 

Thi« iapliaa that tba C d i p o d n t I m p u t a t i o n function takaa t h . (allowing Cora 

(II .10) 

Thia «quaeion can be «expressed in the fora of a maiter equation aa given by Altaralli and 

Parlai '* To leading log approximation the evolution equation for the quark fragmentation 

function reada aa 

^•^^m^ih^^mi «I. m 

Lot ui juat raaurk thic th. only chant» vita raapact to tba quark danaity caaa ia that ? 

ia raplacad by r . W» «ay rapraaant (II.10) pictotially to u k a iti physical aaaninf nora 

tranaparanc. 

• / r [ - ^ (11.12) 



Va have not derived tha «ffactiva gluon decay function bacausa it only contributes to 

ordar n^(t) iu tha process we axa looking at. Needless to say it obey* also a master 

aquation and one obtains it frost tha one for tha gluon density by changing P into P . 

Ihesa dacay functions «mist still satisfy sua rules lilta (1.*) and (1.5) which give cons­

traints on the P. 

and (1.5) 

and d . . functions. Hoawntusi consaxvatiou implies 

< 0 

J. <" [ v r t • v 4 • ' 

f "• »«» j>v> 

(11.13) 

(11.14) 

GiYan th. axpraaaiona for F (a) and P „ ( « ) on. can chaclc chat tha firat «quationa in 
qq iq 

(11.13) and (11.14) ata aatiafiad. All tha aboTa analyaia ia aiailar to tha study of parton 
daoaiciaa. Ont caa dafin* aoatnti of dacay function» 

l£(n,c) - f l da a 0 " 1 D*(a,t) (11.15) 

and acudy acaling violation pattarna in t n w of thaa. aoffMnta. In analogy to tha caaa of 

parton danaitiaa, on. dafinaa alao for convaniaoca non-singlat and ainglat niacaa 

D œ ( Z » t ) - D q i ( ï ' C ) - D | i ( ï ' t ) 

D?(i,t) - £ 0*.(«,t) 
a x-| q* 

(II.16) 

Ona can obtain tha evolution aquation for the awawnts of tha non*singiat and s ing le t frag-

•cotat ion function» at tha leading log andal 

'n>.tA 

k.4(«-« J 
^K -Oft"] 

(11.17) 

* - £ dz r* - 1 P.^2). (11.18) 

Than taking ratios of different aoaents as functions of t ona can compare data with the 

predictions of QCD as is dona for deep inelastic structura functions. But raaambar that this 

ia only justified if tha x and 2 dependences factorisa. 

Wa do not go furthar in this direction, retiring tha raadar to the lectures given by 

D.H. Parkins at this school for a sore careful and detailed review .17) 
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II.3 Single hadron inclusive laptoproduction 

After Chia detour in a a annihilation we go back to our nain topic inclusive deep 

inalaatic scattering and ita QCD description. Let ua consider the following procaia 

A + N(P N) -*• V + H(h) + X (fig. II.5). 

The crosa-taction for observing the outgoing hadron H is a function of the following 

variables 

V * 02 h.P» 

The subscript H just reninde ua that these variables refer to the hadronic process» in 

contrast to 

, "d^T «* K -14- (11.20) 
i 2p.q p p.q 
P 2p.q 

which rafar to the "partoiiic** process. 

One can write 

,_8 - - J £ « b _ 

CII.2I) 
with p - ç.îjf ; h - ç' .p* 

d ab 
Th. partonic crssa-saction . ^ • has been pictured as a blob ® since QCD 

P P 
correctiona nean that it ia no longer pointlike and partons acquire «ome structure due to 

interacciona with gluona. Therefore thie cross-section can be expreased in terms of struc­

ture functions aa done for the hadronie cross-ssction 

and 

3 _ ^ - f £ |[. • (, - .,q ̂ f e ^ . - ,* ,* ^ . v o ( OI.23, 

The F'e ara the longitudinal structure functions F T • F\. - 2xF,, all vanishing in lowest 

order. Using (1.22) and (1.23) one easily obtains the hadrnnic structure function» in terms 

of the partonic ones, for instance, defining jjrJOc.x.t) - F^(x.z,t)/x 

i w - j£ i; t * < (5 ̂ w * (5 
The lowest order QCD contribution to theae generalized structure function is the pointlike 

tarn which yields: 



The i f n t u i conscrvAtlon SUB ml* (Ie4) iatpliu that 

th« right meet tara being juet the usual structure function of inclus!** deep iaelaatic. 

to» dut me her* fixed some definitions M go fu'ther and calculate the f i n e order QCD 

corrections. 

The corrections to j ' " asd J 1 " are g i n s by the diagrams with an incoming quark 
2 . 2 

(fig. II.6) asd that te 3TO coaai fro» diagrams in f i t . H.7. 
2 

For consistency • * chooee the sane régularisation netbod end the one in the proceeding 
section, for enc decay fonctions ne obtain the folioving ra&ultm: 

5«<x,x,t> - a* ^1 [t ï w ( x ) « I - s) • t JC1 - x) » B W + £ „ <*»*'] tH.M) 

J^tx.x.t) • «J J? [« «<> " *> »„(*> + f

a t

( x > , > ] ( I I * M > 

5™(x.x,t) - a* ^ Jt ? w ( z ) S(l - s) + f M (*.*>] (11.30) 

«a nan omitted the aubeeript p on x asd i fer clarity. The functions f^Cz.z) are 

the next to leading corrections juec as the d c(z) «ere fer the fragmentation functions. 

If f . (z,i) «as aede of terse contsinisf id - z) or 4(1 - l) we could factariie che 

z sad s dépendance: unfortunately sot all terme bare tail property and some contributions 

from the f,, «ill break factorisation, as explained in section II.1 the next to leading 

terme come from sou ladder diagrams. la first order they ere ahoen in fig. U.S. 

Clearly for each configurations, the parton picture is ne longer true; they do sot 

correspond to severe of probabilities. Therefore it is of so surprise that tbeae contribu­

tions «ill Induce e breaking of factorisation. The exchanged glum couple the Initial and 

the final etate on* then expect that z and s dépendance ara no longer decoupled. 

Being the definition ef effective parton densities and decay function» one can rewrite 

(II.2*) aa fallomi 

The ? ~ era modified atractara functions «nich account for the redefinition of c" 
• 2 a 

and 11̂  aa functions of c. They no longer contain the explicit leading log tare» absorbed 

in S* end D? but era celculeted using the running coupling cosecant a (t). More 

explicitly 
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Sm(*,m,atlt» - SO -x)«<l - i) + «,(« [*„«*•*> " 4C - *>*,(«> - « ' " *> f,< x 5] O I . M ) 

^(x.r.a^t)) - «,(')['„(».«) " « 1 " «>*,(*>] (11-33) 

^"(x.z.a^t)) - «.(rtlf (»,«) - 5C1 ~ x)df(x)] (11.34) 

It ia clear that to landing lot approximation only ton 5(1 - z) s(l - x) tara in (11.32) 
survitaa which giraa fall factorisation, vharaas tna inclusion of tha nut to laading con­
tribution obviously spoilt cnia proparty. Lat na nota alao that in (11.32 - 34) thera only 
appaax diffaraocaa of naxt to landing taraa which ara unaabiguoualy dafinad, all «norm­
alization arhaaa and ragularization procadura dapandenca bainf cancallad. Tba ralation 
(11.27) iapliad by (1.4) can ba cnackad to ba T.lid - • a n 1 6 b ) . 

To suanariza tha aituation ona can writa tha atructura functiona in tha following way 

Tba unfaetoriiabla part JC(x-,,i-,t) ia oC ordar a (t) and inrolvaa all tha complicacioaa 
of tha nazt to laading tara* a 

4 good way to taat thia bcaaklnf of factorization la through doubla aomanti in x_ 
and x- of tba inclusiva croia-saction and «lao aa shorn se tha and of fiction I Co study 
5j- aa a function of x and z. In fact noaanta incarnat» >ll tha QCD prediction!, ona 
dafinas tha noraalizsd doubla aoawnt as 

f\ dx x°~ l / da a""1 y(x,«,t) 
D„(C) - -2 ^ 2 (H.36) 

If factorization vorkad ona ahould hara D (t) • D_,(t) which doaa not «aaa to agraa vith 
17) tha data"'. 

Anothar taat of factorization waa propoaad by Sakai ' who auggastad taking doubla 
ratioa of doubla noaanta 

D (t) D,v(t) L o. (t) 

CM «£<«> " , + * ~^~ c«>* m , m 

Tha C , ̂  ara nuabara givau by QCD, talatad to tha doubla noaanta of tha non-factorizad 
parta. Tha advantaga of Sakai'a doubla ratio ia that unlika in (11.36) va do not naad to 
know F | in tha n noaant of 3£. Than wa do not raly on axtra piacaa of axpariaancal 
information. Mora praciaaly. Ha can vrita: 



Cleerly any reference to F has disappeared and one can readily use data coming juae 
froei cha experiment «c hand. The factorization between x and s dependencei has nothing 
Co do with tha factorization t h e o r e m * ' * . as long aa ont can writ» D _ - r tf 0 the 
theorem ia verified. Since 7 Q and D^ ara «till seperated whatever W ia. The ctit 
W M - t ia tha x,z factorization. It ia more problematic to aaaart that tha factorization 
thaoraai will ha trua at higher orders if one takes into account tha kineaatical logs which 
sake tha scales in structure functions and in fragmentation functions x and/or z 
dependent. 

We do not discuss hare the double amant analysis of the data in neutrino scattering aa 
this is dona «ore competently in the lac curas of D.H. Perkins . Let us just say that next 
to leading tens can becoaw important in SOBM regiona of phase space and there need to be 
rasussMd . Ones this it done, tot natural variable ia not Q 2 but rather (I - x)Qz in 
the parton density tad (Î - x)(l - x) Q 2 in fragmentation functions these reaults are 
related to tha transversa momamtum occuring in the QCD laddera . This fact nay swan tost 
ona should not expect a simple Q 2 dependence, but that in soae case W 2 * Q 2(— - I) nay 
he a «ore relevant scale. 

til. QQ> JtTS Dt P O P mtaSTIC SCATTPDIG 
In the leading log approximation, the final scats ia nade of two jeta aa the nasi 

singularities tend to favour configurations in which radiated quanta nova collinearly *.o 
tha quanta participating to the hard process. Of coarse this two jet structure is only 
expected assuning that the badrooixation mechanism will not involve large momentum transftr 
which discord the picture. 

Away froat tha collinear configurations one expects to see a third jet initiated by the 
radiated hard quantum (to first order in a ) . These 3 jet events are one of the nain 
Characteristics of QCD. is e +e" they were predicted long ago ' and seen lest year at 
K t U t in deep inelastic scattering the situation is at present sore confused. Indeed in 
• «" jute looking at raconstructsd events one can see the 3 jets, wnerees in uIS no such 
clear picture baa yet emerge!. 

In order to have real QCD predictions to confront with experimental data one has to 
get rid of the infrared probiens which make QCD perturbativa calculations unraliabl» in 
certain circumstances. We are also faced with confinenent effects which we do not know bow 
to treat. a way out is to treat the jet as a whole with the hope that the observed hadrons 
will remember what tha original parton jet was. 

III.l Infrared safe variables 
With the recant H T M data on 3 jet éventa a large number of variables sensitive to 

QCD effects have been proposed In e*e~. We do not give tbea all and rafer tha reader to 
Che other lectures " at this school for a wore cowplste description. 

As required by the KLM theoroa in order to insure the cancellation of nsss singular­
ities one should choose variables which do not distinguish between differsne calllaser 
configurations» but only depend on the properties of the jet as a whole. 

For Instance sphericity, 5', ia not a good variable to be calculated in QCD 
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perturbation theory 

Indeed, simply becaua* Jp,|2 + |p | 2 i* |pi + P2I 2 on* bas 

and therefore aphericity distinguishes energy degenerate final stetee which ii contrary to 

tha applicability of tb* KLM theorem on eolliaaar singularity cancellation. 

The remedy, bar*, is simply to sua momenta and square tbaat efterwarda, obtaining tha 

apherocicy variablea 2 2' 

•w-ëO" * - IT I ** \-M «"•*> 

Lifca apharicitTs apharoclty ia dafiaad auch chat wa hava 3 - 0 for a patfact 2 jat 

avan? and S « I for a ipbarical avant. It ia elaar chat S •» 0 cannot ba raachad in tha 

rail world «acatita of turn» Pj_ apraad ia hadronixatioa. S givaa a aaaaura of tha cranivaraa 

•saantua broadaning of tha jata and if a gluou. ia aaittad, tha affact ihould ba dataccabla. 

Ra can alio characcari» tha longitudinal atrnctura of tba avtm» by dafining eba thruac 

variabla 2 3 5 

I • 2 Max 4&4- (III-3) 
£|Ptl 

r tuna ovor all tha parcielaa aaictad in cam baaiaphara which ia daliaitad by a plana par-

pandicular to tha axil which aaxiaisaa T, tha thruac axia. Iha p^ ara praciaaly tha 

coaponanta of tba particla aoaanta along thia thruat axia* T » I for a 2 jac avant and 

I • 1/2 for a apharieal avant. S and T giva «aplwaantarj Inforaationa on tha itructura 
24) 

of tba final itata. Anotbar intaraating variabla ia tha acoplanaritv A ' •m A - 4 Min|- 'J*.' I (III.4) 

Bars one minimises this quantity with redact to a plana whose normal is ft. A gives a 

measure of tha relative monsntum flow out of tha avant plana* la tba casa of idaal 2 and 

3 Jat avants A - 0 «harass A • 1 for an isotropic avast. One réalisas easily thee A 

will differ from aero because of non perturbetive effects, but if the hadrons emerge U o -

tropically around their jet axis tha affect will be smell. Another contribution to A 

coaes from hither order QCD correction» whan you have k jets or mere and the event ia no 

longer planar . 

We remark that to firat order in a , where we shell stick from now on. the T axis 

and the S axis coincide end lie along tha direction of tb* most anergic of tha 3 jets. 

All we Have said op ta now ia not specific to deep inelastic scattering and applies 

equally well to *%" annihilation, ifeverehelese there ore very important differences 

between the 2 types of experiment, which affect the way one analyaae the events. 
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a) Tliara is a favour ad axia which la given by the currant direction in DIS and jets will be 
colliaatod along this diraction in tha laboratory. There are several frames of reference 
which are obtained by booat along tba «changed vector boaon momentum* 

i) Tha lab frame p - 0: this ia the fraae where tie experiment takes place and the final 
sts.ca analyaia ia complicated because all the hadroaa - both tba current fragmenta and 
tba target debria - all tend to go ia tba #a»e direction. 

11) Tba Brait fraae: tba currant ia space like along tba a axis {see fig. 1.2) 
and the struck parton goes ia the forward direction while the target remnants go back­
wards» which sokes easy to separate them. 

ill) The raat fraae of the final atate hadrona F^ + q - 0: this ia the fraaa where the jet 
structura is the most "open" and tba kinematics is the saae aa in a e~ annihilation. 
Sots tnwevar that the energy la tf and not V*QF and that one jat (the target jet) ia 
made of aore tbaa a siagla quantum. 

b) The 2 leptoas define a plane - aee fig. III.3 - with respect to which the hadtona will 
be distributed. Later oa wa uae thia fact to study angular correlations predicted by QCD 
between this plana and tba event plane. 

HI.2 Seeraaa-Weinbera jet formula2** 
Sterana aad Weinberg define tha fraction of 2 jet éventa f(c,5) in e a" as follows: 

One calculates tba fraction of events ia which less than 2cE is aaitted outside 2 cones of 
aperture angle 25 (fix. 111.1). For a detector with angular (energy) resolution 5(c) 
this is a perfect 2 jet «vent. In the casa of deep ineleetic scattering inatesd of 2cE we 
take eW '. One night also take 2 cones of different aperture 5 and & to disentangle 
tba target aad the current jet '. 

Aa long as c and 5 l4 0 tba resulting croas-saction ia finite. Indeed allowing lone 
energy to be emitted outside the 2 conae tafcae care the so't gluon emission and the required 
aperture gata rid of the eollinear singularities. Of course as t,5 •* 0 the divergences 
reeaerge and also close to tha aaroea of these variablea one cannot trust a parturbativa 
calculation, tberafora this approach enst be used with son* care. 

To first order ia a tba quantity (1 - f) is just tba three jet event fraction. 
• 9\ Tba results of the calculation including the finite taras (not divergent in c and 5) 

is presented in fig. HI.2 where the dashed lines represent the estiaate of a non perturbative 
2 jet nodal with 

f„Ct.5) - 1 - . - « 2 / ( " > 2 ; M * <n<H)> ^ (1II.5) 

n(U) is the average multiplicity at tha energy U and <px> * 300 MeV the atandard 
transverse aoaaatu» cat ««"*. Tou can *— that tba non parturbative background completely 
Sttbaarges tba perturbative contribution. Aa W grows, f^(c>5) will strink more rapidly 
than its perturbative analog and one can hope that with higher W, the parturbative affects 
will show up* 



Th* txplicit «xprassiona for quark and gluon * * } jeta ara 

(1 _ f ) - _S UQtn 2c + 3] j tnfi + finit* tana [ (III.6) 

•ad 

(1 - f ) . _! J[l2tn 2c - (II - | «]infi * finie* tarsal (III.7) 

This suggasts that the glwm jets ar* fatter than quark j*t, aine* th* coefficient of the 
doubl* log tara tn 2c Jtnd ia larger in (ZZI.7) than ia (III.6) unfortunately for c and 
« fiait*, ta* contribution of non singular taxa* could chsag* this trend. Th* doubl* lag 
term* can b* tttaawd and snow* to exponentiate, giving a Sudakow lik* for» factor ' for 
finit* d that applies to finie* p, inaid* to* j*t. To* p r broadening can be seen 07 
studying S a* a function of Q* , «nidi show* that gluon jets should indeed b* softer 
and btoadar than quark j«ta. 

III.3 Thrust distribution» and aaanlar correlation» (v»v scattering) 

Da bar* seem in section III.I that throat ia an infrared aaf* variable, it ia there­
for* interesting to calculât* it in QCD to s— how th* gluon «nission will change its 
distribution. 0* pr***nt th* result* with eon* detail» to show bow th* calculation go*a 

in tb* d**p Inalastic cas*. Th* cas* of • «" annihilation ha* been completely treeted 
241 in . lesldee thia momentum distribution, gluon bremcatrablung can give ria* to significant 

angular correlation*, aa already pointed one th* 2 leptona defin* * plan* and ao do th* 

hsdrons emerging from th* quanta ia tb* final state. In QCD th* firat order calculations 
giT* non trivial correlations b*tv**n these two plan** as w* shall see at th* end of this 
section. 

*> Throat distribution*3**'32* 

From now on w* work In th* fraaa (? N+ q • 0) th* rest frame of th* hadrons in the 

final a tat a, la which tb* kinaaatical configuration ia shown in fig. III. 3. In this fran* 

wa d*fin* eh* usual variables 

V -q , *r qj . y ^^, ? p ^ q , » p 3 ^ 

and x. • Z&L reprieve tb* fraction of tb* available energy carried by th* i parton. 

Global com erratic* of energy just says that x + x + x • 2. 

As w* have already s**n in tb* casa of single hadron leptoproducticn th* traea-Bectiou 
is obtained from th* parton croa»-s*ction in tn* following way 

iri£i*i*ml fa fa '<* ' *> ^ IT £i* « ( m - 8 > 

Th* parton croaa-section ia easily obtained from the diagrams of fig. III.4. Th* 

result takes th* fallowing farm 



tba indax ï rafars ta eh« nature of tb« incosdns; partem quark (diagrams a), antiquark 
(diasrwa b) «ad gluon {diagram* c) . Tba coefficients L.» H.» M. ara function» of y, x 
and x. «hosA datailad axpraaaion can ba found in «any papa» 3 '• . 

Aa said before, in the caaa of 3 jata thrust ia just tba largest tnerey fraction 

T - Mn(x i ,x 2 ,x 3 ) and | 4 T < I {III. 10) 

«bile tba lover liait wee j for isotropic events. 

Row using «iawla kinsaatical relations lilea 

x i ^ x i 

at i 

croaa-aactioa, to obtain tha auaaar of avaata vita a gitan throat 

Oaa iataraatiag (act ia ahaaa ia tig. HI.5 : it ia claar that jf ia alaoat Q.2 indapan-

daat «hich ia at fixât light rathar aurariaiag» aiaea tba quantlcv «a bava calculated ia 

proportional to a ( ( Q
z ) . Oa tba otfear haad the B 2 dependence ia claar, fig. III.6, a 

point «hicb aar aaaa aatural aiaea H ia tha available energy that tba jata hava to abara 

aaoag tbaaealvee. Thia aeeaadeace caa ba aadaxataod to thia ozdax by kiaaaatical coneider-

«eiaaa. If partoa daaaitiaa ara paakad «rouait ana* lg, than oaa faraira a value of T 

vaich ia T 0 * O - î0)(l + §{!•) «hen > t ia tha faataat jet. Aa q 2 incrceaae, ao doaa 

ï and tha distribution iacraeeea, largalr coaeenaating for tba dacreaea of s(Q 2). On 

tba contrary nothing coaaa to contrary tba W 2 dapaadanca. 

Thia applanation la vary auch ralatad to tha apaeif ica of tha calculation and Chita ia 

anotbar axplaaatios for tba U 2 dependence aaaa ia tha data. 

la tha ladder diagraaa giving tba doainaat contributiona, tha noaanta ara ordarad and 

tba kiaaaatical liait ia given ay tba arrlaiai tranevaree aoaaatua • f K u -* J- (1 - x ) . 

Recalling that H 2 • Q 2 ^ " ") ona aaaa that ia raalitjr naltbar Q 2 nor H 2 ara ralavant 

but for x not too aaall oaa ia cloaar to H 2 Chan to Q 2. 

Tba thruat diatributioa for 2 jata ia a dalta function localiaad at T • 1. Of couraa, 

dua to hadroniaatioa there it a p A aaaariag «nlch acattara tba éventa to lover T valuae. 

Thia la «hat la eallad BOB partttrbetive (HP) ia fig. III.6 and corraaponda Co a aiapla aindad 

gauaaian paraaatriiatioa 

(sL-^-c^e1]-1'-" 
The factor (1 * T) accounta for tbo fact that aaaaive particlaa cannot aova collinearly 

ia a jat, haaca tbara caa ha no m a t a at T • I and tba gauaaian width (oTJgp ia ralatad 

to tha average hearoaie Pj_ - aaa III.5 -. 

It ia claar oaca a n a that tba BOB pamrbatiTa affacta axa largely doainant at available 

W and ona ahould «ait for largar ap collidara (BZIAf) to aaa tba 3 jat tail. 
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On* can. b* aura ambitious than giving an ad hoe paramatriaation like (III. 12) to das-

crib* tba hadronixation and ask* a risia—rîmi of to* leading tara» in -j» which correspond 

to dressing tba 2 jeta by gluona and q£ paix*. In this way on* takes into account the 

doadnant contribution due to the jet evolution. 

Aa shown in fig. III.6 when T *ppro*che* 1, the QCD prediction for ~ grows very 

fast and we encounter * divergence. Indeed «ven though T is infrared safe, its distribution 

is singular and for T • 1 we recover the infrared ptoblam* because v* foret the emitted 

gluon to become soft or collinaar. ferturbatioD theory breaks down as v* approach 1 and 

the first order calculation ia larger than the lowest order, we have 

•<TJ y " I H d T * l " 3? t f t 2 ( I " T o ) * f U i t * tmxmm (m. 13) 

Thia behaviour is similar to the behaviour of the Stermna Weinberg formula, being doubly 
34) 

logarithmic. These double log ten* have beam r**umm*d ana shown to exponentiate» giving 

the analogue of the Sadakov forat factor in QB). The resulting distribution takes the 

following fora: 

S • - ̂ ^ f ^ -» [- ̂  •*« - *>] 
The resulting curve is given in fig. III.7 «ad is clearly better behaved than the "v.«re" 

first order QCD. Let ua juac remark that thi* ia only the leading log result and it would 

be interesting to include next to leading and constant tara* to compare with the data. 

Unfortunately chia ia a difficult task. 

Contrary to na* tb* average value of (I - T) can be reliably calculated aa «n(l - T) 

ia idtagrable. The résulta are given in fig. III.8 where the wiggly lines are the contri­

bution calculated, from the double log corrected formula. You cam see once more thee the 

Improvement i* encouraging. The normalisation cross-section is just the 0 order erase­

lection not including corrections - this Is consistent because we did uot include next to 

leading and constant tea» in the calculation. 

In deep inelastic we are, to seme extent, in a fortunate situation because of the 

kinematica of tba reaction which gives ua 2 plana*. Of cour** this is only true to thia 

order and for bar* quanta and hadronixatioa will spoil this Idealised picture. Angular cor­

relations are given by QCD in terme of the mean value* of cos* «ad cca2e and were advocated 

as clean teats of gloom emission . However in the naive parton model if one incorporates a 

primordial n we obtain about tba same answer ' ' '. Tb* gluon emission doe* nothing but 

Co give • transverse kick to the partons. The mala difference between these 2 effects is 

their Q 2 dependence, In perturbativ* QCD they vary like th* running coupling constant 

while the naive parton modal telle u* that 

<cos«> * ZEt ; <cos2*> * £i (III. 15) 
q Q* 

W* show th* results of th* two approaches ia fig* III.9 • 
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Tha bahaviour of tba quark and gluon jat aijawitria» appaar to ba vary diffaraat, tha 
«catcarad quark it producad with a cranevaria aoaentun oppooita to k, ahila tha gluon 
taada to ba producad on tha M M lida. At praaaot it la difficult to claia that chaaa affacta 
will provida elaan taaca of OjCD aran ac hifoar aoaray, siaca one cannot yac diaantangla 
quark jata froa gluon jata. Howavar tha calculation* aantionad aarliar Indicaca that tha 
Multiplicity aad tha p width ara largar for a tluon jat than for a quark jat, but thaia 
diffaraacaa could wall ba dilutad by non parturbativa affacta. To and up lat ua aantioa 
that it baa baaa propoaad that is aoaa ragioa of phaaa ipaca quarks ara traquant and could 
ba uaad to trifxar on tba fluon jat . 

anothar angular correlation which could ba of intaraat ia tha distribution in 4 tha 
aagla batwaan tha 2 plaaaa aad not tha aoaaata, |*| < j and ia diffarant froa *. It 
•uffart froa «a iafrarad diwargaaca aa T * 1 aad than tha affact la anuancad in soaa 
ragiona. Lat ua joat aaatioa that *a found ' 

<»••> * 10 - S X for T s 0.9 . (111.16) 

IV. HTSm.UaTW» 
Ia tola laat aactios wa juit praaaat a collactioa of analysas which hava baan propoaad 

for tha aeudy of jata without any daeailad diaeauion. Ha rafar tha raadar to tha original 
rafaranca* for aora coaplata iaforaatioa. 

IT.I Traaararaa aaaautwa 
AltsralH aad Hartiaalll ' giTa datailad pradictiona for tha transversa aoaantua of 
jan ia alactroproduccii 

caat ia tba following fora 
tba jan ia alactroaroductisa. Ii particular tbay atudy tba quaaticy — J - which can ba 

-4- •<• *tl&> ifc.y) (IV. 1) 

«bars x aad y ara tha oaaal rariahlaa. 
Tha raault of Chair calculation abowa that g(x,y) dapanda alowly on y whila thay 

obtain a sharp x dapaadaaca ralatad to tba yariation is H 2, which appaar to ba tha rata-
Tant acala far <p£>. Thia B 2 iaflaaaca baa baaa obiarvad in axpariaantal data ', and 
eontraata with aalva partou nodal axnactatien. 

IT. 2 Quark aad iluoa lata in tha trait fraaa*** 
Tba Irait fran givaa a nica plctura of what happana in tba bard scattering ainca ona 

can aalact for iaataaca tha forward haaiapbara which should contain tba quark and tha tluon 
jata. Cluoo «mission glvea riia to 3 poaiibla typas of avants 

forward backward ^? 
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Claia A : Than ara partielaa in tba forward baaisphare wbosa transvaria aoaanta caapansata. 

This class also contains tba naîva psrton aodal avança but hara ona should expact 

a ratbar larga average p because of tba gluon eaiaeion. 

Class B : Thara ara particles aoving forwards but their p ± ia unbalanced sod presumably 

larger than expected froa priaordial tranaverae aoaantua affacti. 

Class C : This is a peculiar, though aaall class of events with no particle in tba forward 

diracticn but everything is going tba opposite way* 

Tba T^tult» of calculations ara prasaatad in fig. 17.1. 

VF.3 grant shapss*3* 

These obsarrablas bava basa dascriba ia a aarias of buga papars by Fox and Wolfraa for 

a**~ annihilation. Tha idaa is to introduce rotationnally invariant ouantitiaa 

s-û^P-wtëJL l?il 
r«.°v . (IV.2) 

«feu* tha m runs n n cha hadroaa ia cha final seats and ? t la tha t t h Lagaodra poly-

ooaial. 

Tba sacoad axpraaaloa shoiis that aach nadron i auks m poiac on a sphara dsnocad by 

fl* and go. vaighes cha diraccad ray by cb« fraction of aoaaneon carriad by cha psreicla. 

Xt ia a taaaralUatioa of tha barycsatar «ad bighar aalcipolar quantititi. Thii ia comra-

uianc fgr c a* aaaiailacioa bue ia daap inalaacic acaetaring tba aoaantun of cba utchangad 

currant givas a prafarrad axis aad oaa aodifiaa tha at Co daieriba tha hadron diitribucioa 

arouad ehia diractioa 

<H> j ^ l a ^ r (rr.3) 

anara «, aad p,, glva tba projaccioa of tha hadron aoaantua sa tba plana parpandicular 

to tba currant aad cha c, eharacearisa cha eransvarsa aoaaneua diseribucion. 

For 2 jat avant* an bava C, • 0 vharaa. for 3 jat avant, wn obtain 

**:*•: 

«£i«t 
e2t-*^r (17.4) 

as uaual fraaaancatioa affacta aad iatriaaic p, of cba partona can give daviations froa 

thia Idaal acbaaa. All tbaaa quantifiai ara icfrarad « f a and tba iocaraiead raadar nay 

look to tha original papars to saa all tba aiouta datails in which that» distributions hava 

baas atudlad. 

d) Pointing vector 

Tha pointing vactor ' aaaauras tba marry J l o w In tha hadron plana aa a function of 

tba aagla aaaaurad frea tba thruat axis. Ona proceads aa follow.: in th. avant plana ona 

cbooaaa 9 • 0° along tha thruat axil! tha bardaat jat direction and put cha aacond hardaat 

jat in tha quadrant 90* < a < ISO'. This is to ba ralatad to cha alnor, aajor axis aaalyaaa 



in a a annihilation. Ona than definae 

P(Q2.W2,T,a) - p(8> ^ | M ( I V.5) 

This quantity depends on toe valu* of I. Tor I close to 1 you axpact 2 jata back to 

back and aa 70a lower I, QCD «ill give a T shaped pattern du* to tba emergence of tha 

third jat. Ii u " such events bar* b*aa observed at to* higher PITTA anartiaa corres­

ponding to th* expected production of qqg «rants, but in da«p inelastic experiments, there 

is little hope to s u such beautiful patterns unless one joes to ver; larie H (fig. IV.2). 

To end thia section let us nantion that in the sane spirit antenna patterns or energy 

«sighted croaa-aectiom* here been proposed in the literature '. 

Besides these observablea a jet calculua formalism has been developed to a high level 

and seen* to allow to calculate reliably cany jet properties like colour content, p ± 

broadening, Multiplicity and so on. This foraelien providee aleo a picturesque description 

of the space-tins evolution of jata '. 

ccmcimzcm 

There is one lesson to be dram fron the previous aectiona: nore work on hadronic 

final atate in deep inelastic scattering is needed both in theory and experiments. 

In theory we have aeen chat neny leadiïig order calculations can in fact be nialeading. 

The infrared divergences of QCD nek* the perturbation theory very difficult to handle, in 

particular sons regions of phase space call for a rasuenjacion of tha perturbative expansion. 

These kineaatical log's ar* very important since they can change the relevant energy scales 

which govern cha dynamical evolution of the observables. (For a lucid review of these 

effects a* rafer th* reader to .) It is also clear fron our acudy of chruat distribution 

that a clever and mora accurate treatment of reeoametion method nek* QCD close to experimental 

data because it takes in» account the evolution of QCD quanta (quarks and gluona) in cha 

ereconfining phase whereas leading order prediction faila grossly, a, lot of work renein to 

be done in single badron leptoproduction where the interaction between the initial and final 

atac* could spoil the parton picture. Tndood when taking into account all non leading cor­

rections there ar* two attitudes: one can factorisa out the uaual InQ 2 and preserve the 

factorisation theorem for aass linfularitiee but then very lerge corrections, x and z depend­

ent, have to be considered. Or on* usas scales of evolution which are x and/or z dependent 

and this makes tba factorisation D - r. B _ D invalid (aee section II.3). In both csaaa am n nn • 

higher order corrections seem to weaken the clear parton picture of the "naive" leading log 

calculation. 

As fsr ss the experiments are concerned the lesson is clear we need higher energy and 

larger machines. In the prisent range of Q 2 and W 2 QCD is difficult to test becsuse 

what we call non perturbative effect» are dominant, for insts? s the three jet event con­

tribution emerges only for W » 20 CeT. The evolution of observables in QCD is logarithmic 

in q 2 and/or V 2 w* therefore need a long lever era in these variables to draw definite 

conelueion on the relevance of QCD. 

A suitable machine for these purposes will b* S U which is designed to collide 820 GaV 

protons on 30 Ce* electrons (in its extreme version), tie available Q 2 being there 

0(10* CeT 2). 
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With such a ««china it will b« eaay to study tha final acata dapandenca in Q ? and W 2 

(steraoscopy!) and saa their relative importance. 
An important taae ia alao tha <p.>2 broadening of tha jata which ia a. measure of tha 

coupling a^. 
Tha icructura of cha final atata in deep inelaatic seatcaring is «ore complicated than 

in a e annihilation bue it ia richer» ona baa aura variables and ona can study cha final 
stace in different frases. 

In DIS it ia easier to study fragmentation functions of light quarks vhereae in e e~ 
annihilation tha prasence of heavy flavour thresholds complicate the situation. Ac HERA 
jata are mora emergetic end one hopes that leading particle identification allows the 
identification of the flavour of Che fragmenting quark. This flavour sampling ia at present 
only possible in neutrino DIS. 

At last let ue say that tasting QCD calls for information from all possible aourcae and 
the study of deep inelastic final states is a promising one. 
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FIOTKE CaPTIOKS 

Fig. 1*1 Fhas< 

Pig. Z#2 Tha pareon picture of deap iaalaatic acattaring in tha Brait frase. 

Tig. 1.3 Singla hadron leptoproduction.. 

Tig. 1.4 Single hadron production in a •" annihilation. 

Tig. 1.5 Hadron production at larga angla in hadronic colliaiona. 

Tig* II. I Laddar disgraai which gives a laading log contribution to first ordar in deap 

inalaatic •cattaring. 

rig. H . 2 Doedment and subdoainant diagraaw in deep inelastic scattering. 

Fig. IÏ.3 Single hadron production In e a~ annihilation a a" •*• H + X. Tha 4-aoaenta 

ara indicated inside tha parentbesea. 

Tig. IX.4 Tirat order QCD corrections to | 2 - . 

Fig. It.5 Singla hadron laptoproduction. 

Tig. II.6 Tirat ordar QCD contributions to 7 q < 1 and j ' q -

Tig. IX.7 Tirst order QCD contributions to ?**. 

Tig. XI.8 Diegrane firing a non leading correction which braaica the x end z factorization. 

Tig. ni.l Definition of tba (c.J) jets. 

Fig. XII.2 (1 - O aa a function of « at fixed c and Q 2. 

Fig. IXX.3 Kinematic configuration of leptou hadron scattering in the hadronic final state 

rest fraa». 

Fig. III.* Contribution to the first ordar QCD perturbation theory to tha three jet events. 

Fig. 111,5 Q 2 dependence of |y at W a - 100 GeV 2. The dashed curve is tha Q a inte­

grated veraion of this distribution. 

Fif. III.6 T T for various values of H. Data points ara froat 1BCL0S collaboration. Tha 

dashed curve is the QCD estimate smeared over bina of width (ûT)™ shown at 

tha bottom of the figures. 

Fig. III.7 -jS at the leading double log level for v scattering, the dashed line is tha 

bare QCD eatimate. 

Fig. III.8 <1 - T> as a function of Q 2. Data from ABCLOS collaboration. 
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Pli. Hi.9 Angular eorraiaeions for cha quark and tna gluon jac. Tha daahcd curvaa ara 
ara tha centributioa.givaii by a parton aodal with intrinaic p ^ 400 HaV/c 

Fig. 17. T Fraction of avança of tha 3 différant typaa as a function of x. 

Fig. Vf.2 Pointing vactor eroM-aactiona for daap inaiaitic a-p scattering from QCD 
at BEBA> Tha «MOthing fro» fragmentation affacta haa not beau included. 
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