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INTRODUCTION

Io these lactures we attempt to descride the fiﬁl statas of desp inelastic scattsring
as given by QCD. 1In the first section we shall briefly comment on the psrton model and give
the main propsrties of decay fumctions which are of interest for the study of semi-inclusive
leptoproduction.

The second ssction is devoted to the QCD spproach to single badron leptoproduction
First we recall basic facts on QCD log's and darive after that the svolution equations for
the frags ion funced For this purpose wa make a short detour in e's  annihilarion.
The rast of the sectionm is & study of the factorizstion of lomg distence effacts associated
with the initisl smd fimal statas. We then show how vhen one iacludes next to leading QCD

ione one ind factorization breaking and dencribe the double moments useful for

testing such effects. -

The next :1 ins & iew ou the QCD jets in the hadromic £inal state. We
begin by introducing tha motiom of infrared ssfe varisble and defining a few useful examples.
Distributions in thase varisbles are studied to first order im QCD, with some comments on
the ion of logs d in highar ordsrs. Finally the last section is a
Ygzullimaufzry” of jet studies.

.  PARTOM HODEL DESCRIPTION OF DEEP IWELASTIC FTUAL mus"

Iz this saction wa give a sbort zeview of the nsive predictions of the naive parton
wodel coucerning the badrounic final scates In desp inalastic lepton nucleocu scatteving (DIS).
The description of desp inslastic dynamics by means of the partom model was proposed long
.Wl) and has beem clarified in other lectures at this school?’. Wa shall use it without
any fuvther justificacionm.

It is worthwhile to nota that this very sisple model allows us to make vary interasting
qualicativa and quantitative predictions which sre, by tha way, never far from vhat is
observed. This is the ressom why, evem haviug quantum chromodynsmics at hand, phyaicists
alweys like tu tefar back to the parton pictura.

1.1 Cenaral fasturass of the DIS fins) statas

The main ingradient of the parton model is the iapulse approximation which allows us to
describe full hadronic processas in terms of fund 1 hard p which only concern
the pointlike i of tha had t the p . Of we identify these partons
with the quarks amd st a further step, QCD will incroduce tha gluons 2s fairly respectsble
conatituents of ths hadrous.

The partea model states that partous are non intaracting inside the hadron during the
hard processas and deep inelastic scattaring has a space time development to which 2 very
different scales sre rslevant.

The size of the apace-tims regionm whers hard scattering takes placa is of order
QD=1 « 02 being the lerge momentum transfer from the lepton to the hadronic system -
and is therafora & short distance phenomenon. On tha other hand the binding forces of the
had sre ized by long times and long distances, scaled by hadronic energies
a1 GV << /QZ. Thus one considers deep inelestic ing as a ion of well




defined and separated events as follows :
= First one has to find a parton a carrying & given momentum inside the targst N. This is
descrited by a parton denmsiry or discritution funceion Gf(x.kf) where x is the lomgicu-
dinal fraction of the target momentum that & takes and ki its squared transverse momentua.
Ia what follows we ignore this kf depeudence for simplicity, leaving tha parton demsiiies
ae functions of x only. This is justified to some extent by the obsarvacion that in
hadron physica phase space is moatly longitudinal and sharply cut off in the transversa
directions. As the enargy grows phase space is 2 cylinder wbhose langth described by the
rapidity variable y grows logarithmically with tha center of wass enargy Vg, while its :
section ins almont as suggestsd by the obsarvation of a limited
Pr (fig. I.1). Rapidity is the anslogue of the polar asogls in the Lorentz metric, for a
given particle of mass = and 4 momentum (K, Py ;'t)

E = cosby ; p,--tatnky:lt-m (1.1)

repm pE a.2)

Yor this particle the availeble y range is given by

rl s !n:—;

= Second, the selscted parton a suffers the hard scattering and becomes parton b. In the
case of leptoproduction this 1 ion is just the coupling of the partom to tha relevant

This & fen can be pictured in the Breit frame, whers the virtusl somentus
trsusfer q has no tima cowponent and we have for tha currant q " (0,0,0, - 2Px) aund for
the target: !u = (7,0,0,P) (fig. 1.2},

In this referswce frams the spectator constituents of the ctarget continuz on their way
without thair stTuck cowpssion which goes the opposits direction with opposite momentus. The
resglt of the havd scattering is to isolate one or more partons in wocentum space which will

b fter lve imto had in their owa way. This has to be contrasted with the situation
bef the i ion whars the partons wers groupad in rapidity and transverse
Tharefors wa axpect to sea & two jat structura in the final state: oms-jet
sprayiag in che df ion induced by the k p sod her one in the opposite
bemisphere made of the target debris. This is not the end of the story for ss long as only
hadrons are observed, the quarks (partons) bave and to "hadronize" « this

is the third and final act of the DIS drass.
Tha quarks aze dtof into had moving almost parallel to their line of

flight. This is an asswspcion that what is seen on tha left (right) is coming fror tha
quarks soving to the lofr (right). BRow this hadronization takes place we do not know (for
the momant!?) and in vary wuch the same way ae we introduce a psrton density G:(:) for the
praparation of the initlal atate we dafine 2 fragmentation (dacay) function of the quark g
into the hadron H, D'(x). This function counts the mumber of hedrons of type H which are
fragments of the quark q carrying a fraction = of the generic quark somentum. With the

* Py

sABe COmBSNts &8s above, we igoore a possible " P .




This £ ization b the "wave functions” of the imitia) state and the f£inal
state is wall illustrated in the coe hadron inclusive leptoproduction experisents where one
triggars in coincid on the ing lepron and a defirite type of badton H - L + N+

+ 4 + R+ X (fig. 1.3).
Ons obtains in the parton model

ot e n+2t s H+D v I oo™ (o + current + )Df(2) (.3
b 8

The decsy functioms which sppesar bere are uai 1 and ibla in other processas like in
T e 1azye Py hadronic reactioms (figs I.4, I.5).

In view of this universslity un ideal way to proceed would be to

i) Measurs all G:(x) from DIS funati P
ii) Measure all D:(a) from ose hadrom inclusive productiom im o'e” annihilation.

111) Wow predict tha ona had inclusive leptopreduction cross 4 since averything
wa need iz (I.1) is knowm. As far as the large angle had bad ing ia
concarned (fig. I.5) we nsed saother inforration: what is cthe hard scattering cross-
section batween the quarks? This requirss sose insight on quark dynsmics vhersas in
all other processes we have s pointlike coupling between quarks sod weak or electro-
magnatic currents,vhich is known.

Wa are, of course, wot in the fortunate situstion whers zil unimowns ers determinsd,
ion functions from ths

nsvartheless we can gat soma religble inf ion on tha £
[ 1 £ of had physics.
1.2 Soma propertiss of tha fragmeatation functions’)

Tha consarvation of momentum and of the third componsnt of isospin gives two sum rules,
which even if they are difficult to test do sarva to constrain the paramatrization of the
decay functions

! -
g L dz 2 n:(z) 1 (L.4)

1 } 4 - q
i 5 L aoim = 1 (1.5)

The integral of n:(s) councs each Sype of hedrons, thet is it messur«s the multiplicicy
of badrons esarging from the quark q

1 .
- J".h o) de 1.6
Ia agresmenct with & logarithmic growing multiplicity ome expacts that, as 2 <+ 0 D:(z) ~ Alz.

Such a behaviocur, slso present in parton densities, is consistent with the obsarvation
of s platesu iu rapidity, swey from phase space toundaries, indesd
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On the othar hand as z + I, the had will inly in its parant quark since
it carries ailmost 11 its somantum. It is just the same for the parton density Gf(x) as
x+1 and 50 ona might nalvaly expect that in the limit x,z2 + 1

@ ~ 30k (1.8)

The factor 3 in (I.8) juet counts the colour degrse of freedom, since for the fragmentation
functions the quark is coloured.

The behaviour of the fragmeatatiom fumctions st the sdge of phase space z + | can be
inferred from the cousting rules derivaed iam the comstituent imterchange -od-l‘), rules valid
also for asymptotically hu £1ald thaories: closs to 3 = 1 the fields which do not parei-

ip to the £ - fislds - take sy soms of tha available
phase tpace, theref D'(l) ing & osupy ion factor
D0 % (1) Pepece™ (1.9)
whare ®pect is tha awmber of spectator fields. Tbis simple tule (I.9) predicts
"
i D, (2) ~ (1-2) (2.100)
5 't
o @ v -0 D, y(8) (I.106)

In (I.10a) only the d field im the * is insctive, while fn (1.104) there are thrae
inactive fialds the 2aremt quack and the t of the sason. Let us uote
that (I.10s) camnot be takem at face valus since ws know that for z = | D: is not zero
but likely a cometast. The rule givem abgve indicates a trend of the frageantation function
it doas oot predice its sccusl bekaviour,

Thare sre a priori meay differest fumcticas D:(s) dapending on the hadron type R
and on the generic quark gq. Yeor ly oms can red this ousber using the symmatries of
strong interactioms such se isospia and charge conjugationm.

Yor instance if W s » cherged pion »° wa can vrite

R
) p;' - p:l.'. - n:. - an .1
n:’ ~ n;'t
and for H = «¢
n:° -3 (n;’ - n;') a2

Thesa considerstions cau be used to reduce the mamber of fragmantacicn functionm for the X
Basons to only six imdapendeac functioms (-u:‘)).
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I.3 Malve pradictioms of the nalve model
Lat us consider the following quanticy

al _g(tewst 2R+ X
Frl (X3 ENER (1.13)
which messures the multiplicity of hadroms ¥ observed with a given z - x is also kept
fized, the ssme upstairs sod downstairs = z is sasily measursd since in the laboratory
refersnce frams vhars f. -0
lak lab
h
raf—n = (1.14)

b @, - £,

or in the rest frams of the hadromic final state (F. +3=0)

b +h 2h,
] » »
T - e, ‘\-T (T.15)

where b, 1s the momestum of K alosg the § direction and W2 » (P + q)2 the squarsd
aneryy of the hadroms. We bave nsglected and in deriving (I.14, 15).

Tha oalve quark psrtom modsl gives very simple predictions for (X.13) in some cases
s) eP+oaiX

PR LAY o 0+ o @ (2.16)
F g dm bu(x) + d(x)

neglecting the sea coutribution. Now assuming that x is Dot too close to cue,'ons oay
guess u(x) v 24(x) for the protom, giving us

&4 [ « 0] - @an
This equation etates that to a good spproximacion, the multiplicity of H  as a function of
s is independest of x. Indeed this is in good ag wich exparf 1 d-us).
b)  Weak charged currests
] - - §

acxy o) + } G o

L PR i bk A | e
d(x) + ¥ 3(x)

R 300 2% + L weo e

5;"‘- Gp+u'm - i 3 4 @€.19)

i + 3 u@)

The faczors | sod 1/3 which appear hare coms from the integration over y of the | and

(1=y)? piaces im the neutrino hard {ng cross ion. Onae can cosbine several
expreassions and isclate in this way definice ion fumeei for i if ona
looks to the =" production in i ing on an iscecalsr target one obtains

L . H]
- wa e 0] @ et (1.20)



and for the ng on Do
dw (- + gn II"{ 3 2(') (1.21)
ds u v

Oue them expects that the /%" tatio with a peutrino beam is equal to the /7" ratio
with an antineutrine besm sud independent of x.

Defining® _
® D: () .2
uls) = T -
D, (s}
we have:
. -
LWL @55y (r.23)

The exparimental data axs in sgreemeat with these expectstions aad slso suggest that

wiz) »1 as s+0 oad w(z) >0 as s~ 1.

Indesd a3 3z~ 1 the quark u ia prasest im the hadren which them camnot be a x , {.a.

w =0, Ou the comtrary im the low x regiom there is no corralation expected batwean the
parent quark and the gemerated badrom which takes ouly a ssell part of the svailable momentum,
one produces squally wall ' sad v hescs w=1l.

II. QCD AND DEEP TMELASTIC PINAL STATES (sasi iaclusive)

e have seen in the previous sactiom that in the quark pertom model ona desczibes desp
isalastic axperiments in terme of partom demsities and of fragmentstion functions which scals
and factorize. In QCD tha f. ization b = and z depend is stfll valid for the
leading terns but scaling is viclated and the distribution functioms GF and D5 becoms
sesle unndcu:n'n.

By leading terms we und d terms of the form u(qz)ln§]. for the o
2 . op
coutribution, which dominate terme down by log's o(Q2)"(2a ﬁzb)” - a(oz)’[c(oz) (o e;-)]

and terms down by powers of 02 which ere sll wegligible in the high Q2 1limit. This
spproxination is termed the lesdiag log spproximation. )

In this saction we recsll what hss hesn tsughz in the other lectures about the log's
of QCD and their ladder Next we davive tha Alteralli-Pgrisi nmtim” for the
decay functions im order to define the affective fragmentation functions which appasr in the
QCD dascription of ona hadrom inclusive leptoproduction given im the last section. In the
present asction the calculations are presentsd lncluding next to lesding terms vhich violate
factorizacion in a precisa wey ble in experi

II.1 The log's of the QCD-Partom modsl

The divergesces which appear in the calculation of QCD p after 1izati
are caused hy the masslessnass of the queata and can be dfvided into two classes.

th order




a) Infrared divergences (soft)

They come from the possible emission of soft, resal or virtusl massless particles.
Such divergemces slso occur iw QED whare charged particles can radiate any uumber of soft
photons. The Block-Nordsieck :hm—” states that in inclusive crosc—ssctions thesa
infrared diverpsaces cascel when cos takes imtec account a finite ensrgy resolution, Soft
raal emissions sre cancelled by the virtusl emissions which dress the vartices. Fhysically
wa slweys do inclusive experiments since the energy rtasolution is never parfect then one
takes an age of tha - ion over soma finite enargy resolution AE. In this way
wa include soft emission aad the cancellation cen taks place to give us a finite physical
amswer.

*b) Mass sisgularities (collinear)

Thase sisgularitiss arise whem messless particles are couplad; this is tha case in
QCD sad ia wessless QXD as was studied by Kimoshits, Lea and Newenberg m.l)lo). Tha origin
of these divergesces is purely kimesacical: 2 sessless particles moving collinaarly have a
zaro invarigat mess. Thera is a theorsm dwe to (KLN) which states that sass siogularities
cancel for wufficieatly inclusive cross-sectious. That is to say cross-sectious in which
one suns over indisciwguishable initisl and final ststes. By indistinguishable we maan that
they srs degenerats es Fock scates. This sumsation is sutomatic in inclusive deep inalastic
scaceering, but for the singularities comiag from regione of phase space vhere internal
particles are parsllesl to incoming ones (fig. II.I).

Thase mass singularities have been shown to be factorizable and universsl
they do not depend on tha hard process. In deep inalastic structure functions they just
tasum to give back the scaling violations as obtained by the wore formal operator product
axpansion. As we said above for a fully inclusive desp inelastic scattering procsss the
mass singularities have to do with the fnitial stete, and can be incorporated into the
distribution fumctions G': which thereby b Q2 depand G:(x.Qz). For a lepto=
producti pari whara oue d a glvea final state hadron there are additiousl
magss singularities vhen Iinternsl particles are collinesr to this trigger particle., Thesa
singulerities cam in tuwim be bsotbed into tha £ ion functions which will exhibic
s-scaling violations iz a way similar to the parton densities: D:(z.Qz) .

63,10 4 ..

Tha scasle brasking for parton densities in QCD can ba analysed dh.:_l:iullylz) and
shown to bave & p sodel | ion., Indeed, if one works in a physical gaugs in
which the gluoms are tramsverssly polarized, one can show thac the lesding log coatributions
coms from ladder disgrsms with nc croesed rung (fig. II.2). The "ladderisation" indicates
that the dominsnt comtributions sre coming from squaring individusl ssplitudes. In this
wey one can still describe processes ia QCD by products of probabilitias as is done in che
parton modal,

11.2 Evolution equations for decay tﬂctimn)’ls)
Our main i in this tion is the leptoproduction of had but baf going
to this topic we need to define QCD £ ion functiona, They ars more sssily accassible

in ofe -m. I, therefore we begia by & atudy of this process and next wa will usa what
we have leatut for tha daseriptionof t+ N> 2' + H + X,



Let us first nots that, whils for the structure functions we can use the oparator product
«xpansion (0.F.E.) techmiques, for the decay functions we csanot bescsuse we are in the time
1like region. Thare is a recent tachaiqus propossd by mcllu“) "tha cut vertex matbod"”
which is equivalent to the OFE in the space like domain snd is also applicable in the time
like ragion. This method is complicsted technically and we rafer the recder to some ralevant
pmnls). Here we ahall aseume that in first order the fragmencation functions obay an
avolution equation us in the cass of psrton dmi:iua). The cut vertex mathod justifies
this approach at tha formsl leval.

Let us consider the process depicted in f£ig. II.3, = II.6., vhen integrated over the

‘of tha had H, tha cross-section is a function of - 2—831 s whers
b is tha é-momsotwm of XE. In the pertsn msodel we obtain

" e -
do do \:4
& o © - L far' da, aag - B2 & @ ar.n

L]
vhare L %3 is the parton saoslogus of b for the hadron and £' is the fraction of

sowentum that H takes from tha parton ¢ i.e. A= &'p',

c
The sysbol @ in the fig. II.i repraseats %_:— »~ which to lowest order in QCD reducas
to the point like eoupling Gy giving ?

do®
o _ 4z a2
L - Eest-z) (11.2)

To l“ order in (CD, ® contains all the disgrams including opa gluon. We thersfors have
to svaluate the disgrams shown in £ig. I1.4. These diag in sass and i d singu=
larities, and the latter cancel betwean virtual and resl smission, whersas the collinear ones
cso ba tamed by giving a mass u to tha gluow.

The total contribution for observing a quark with z is giveu by
3 2
-3 g,{su —osgtfer @ dqq(z)]} a3

vhere :-l.ng;.

Thess result concsing the lesding log term ~ a, t P“(s) wvhere P“ is the probability
of finding & quark imside s quark, as definad by unnlli and Parisi 8

r(z)-‘[d(l-:)o"’z (11.4)
aq 3z =2 .

The subscript + just mesns thet we define a distribution such that

I:dz-(-lii’—:):--.[:dzzz)::l) aL.s

In sddition to che lesding log term we have included ia (IX.]) waxt to leading terms
vag d_(z) which concain no #n Q2 but can become [mportant in sowe phase space regions
like 2z~ 1,

At this polnt it is worth recslling an imporctant fact: the coefficients of a, t are



wall defined, thay can be factorsd ocut and included into effective f: ion functi
vhich sktisfy an evolution equation in €. On che contzary the naxc to lasding terms camoot
all be included into redefined dacay functicns and tu-:thu‘oﬂ they ars not uniquely definsd
but depend on the lization prascription and the chosen regularization scheme. This
gives us some fresdom to fix wuch terms in a given obsarvable - like F, ~ and work out

consiscently other observabled, the differences of naxt to leading term being unambiguous.
16a)b)

This analysis is given in full details in a wery nice serias of papers

In obtaining (1I.3) we have asked for a quark with z. In the same way wa can loak for
the contribution with a gluon carrying 2z and the resulting cross-saction is of order e

1305 _4x 2%
F & ralel .: En [Pu(l)t + d‘q(l)] . (11.6)
Hers 2
R e az.n

is tha probabilicy of finding a gluon inside a quark. We have put a factor }l- for later
convenience, vhen we shall defina the quark fragsentation functiom. Using (II.3) and (11.6)

we can now construct an effective quark ¢ ion function by imposing that, including
the next to lesding terms -d—’! has the same form ae the partom wodel, that is

E ara?

Pazton modsl 5"; “F el sy ane
i .
do_ _ 4z a? q (IL.9)
By definicion in QCD d—x; -3 3 z li Dc(ﬁ,t)

This implies that the t dependent fragmentation function takes the following form
n - as {1 dr’ ) 'l} : P
Bergee) = Beag) + 32 [, B [rgq ()= + 2 (] ofeen
ag 1 gg* b - 2y q2,.,
o3 ] 5 [ (B 4 (] e
This tion can be reexp d in the form of a master squation ae given by Altarelli and

Pll‘llls)' To lweding log approximation ths luci quation for the quark fragmentation
functiou tesds as

|
a0, (sgat) o, (2} I; %; '}:u,:)r“{?l]» Di‘l(c.,),“[iu (11.17)

(11.10)

dat 2x £

Lat us just remark that the only chaunge with respect to the quark density case is thac P
ie replaced by P 5" Ve say reprasent (II.10) pictorially to make its pbysical meaning mora
transparent.

e ——— +f%§l[__é=a . ~_‘54=u] (T1.12)
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We hava not derived the effective gluon decay function bacause it only contributes to
order ui(:) io the process we are looking at. Naedless Lo say it obays also a master
equation and ons obtains it from the one for the gluon density by changing P“ into qu.
Thess decsy functions must still satisfy sum rules like (1.4} and (I.5) which give cons~

traints on the Pij and dij functions. Momentum conservation implies

1
J'D ds [r“(z) . I’“(z)]: -0

; (I1.13)
J‘o dz [dqq(n +* dm(:)]: =0
and (1.5) ,
J': dsz @ - Jj dza () =0 (1.14)

Giver the expressions for F_ (z) and 1'“(:) one can check that the first equations in
{11.13) and (I1.14) are satisfied. a1l the sbove analysis is similar to the study of parton
densities. (me can define moments of decay functions

Bo,e » [N az &1 0B, (I1.15)
e .o 3

and study scaling violstion pattsrns in terms of thess soments. In analggy to the case of
parton dsnsities, one Gefines also for couvenisnce non-singlet and singlet pisces

D:s(z.t) - D:i(z.:) - Dgi(:,t)

{II.16)

2t
S - ]
D’(:,:) i.El in(z,:)

One can obtain the eavolution equation for the moments of the non-singlet and singlet frag-
mcotation functionms at the leading log model

o o
Mg (0,0) wo [ 2 a3 Haq(a,e)
& il I 2 (zra7m
W @e & 8N eo
where L
a o d o-1 3 . .
I L T ) (11.18)

Then taking ratiocs of differant moments as functions of t one can compara data vith the
pradictions of QCD as ia dons for deep inelastic i 31 But r ber that this
is only justified if the x and 2 dJdspendences factorize.

We do not go further in this direction, refering the reader to the lectures givem by

D.H. Perkins at this school for & mors careful and detailed rwiw”).
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II.3 Single hadrom inclusive leptoproduction
Aftar this detour in s'e” amnibilation ve g0 back o our main topic inclusive deep

inelastic scattering and its QCD description. Lat us comsider the following process

L+ N(Py) > ' + H(b) + X (fig. I1.5).

The crosg-section for observing the outgoing hadrorn H is a function of the following

variables
P.q 2 h.P
- -3 -t
y ?F’; » Xy ZPth and T Pn'q (II.19)

The subscript H just reminds us that these variables refer to the hadronic process, in

contrast to

- - PPl
3 ‘i%f—q wd 2, (11.20)

which vafer to tha "partcuic™ process.

One can write
B ab
do - . _ ¥ g H
T e 9 Jimy o8 ay 06" 80y - ex) 80ey - 8z o 60 e e B

(Xr.21)
with p= E-PN s heg'p

Al
Tha partonic cross-saction T :: = has besn picturad as a blob @ since QCD

corrections mean that it is wo longer pointlike and partons acquirs some structure due to
interactions with gluons. Therefore this cross-section can be exprassed in terms of struc—
tura functions as done for the hadronic cross-saction

Pz,
- 222 {[l + - 1Y ‘—";-:"—”-- 7 B 2 :)} (11.22)

dy dxﬂ dzE F
aod
B Lzt
3-,—:-:—1—’ 2ra? {[l + (v - N?] ——LP—— ,z (x 2 ,:)} (11.23)

The FL'I are the longitudinsl structurs functioos !‘L - l’2 - 2:!'1, 21l vanishing in lowest
order, Using (1.22) and (I.23) one sasily ing the hadronic e functions in terms

of the partonic omas, for imstance, defining g-';'(x,:,tj - l-:;"(x_,z,:)/x

Fliggzg,o = I::_:: I:ﬂ d_’: R ["a] .-;h(,gp,zp,c)n: [%] (11.24)

The lowest ordsr {CD contribution to these generalized structurs function is the pointlike

tarm vhich yields:

Tl my2y0t) = €2 601 = 2) 60 - %) (11.25)



H B
F eyt = 5 o2 Gy (xg) DE(2p) (11.26)
The momentus consarvation sum rule (I.4) implies that
1
§ Io dxy zlfg(:n.zn,:) -z -: G:(xl,:) - fz(xn.:) (11.27)

the right most term baing just the ususl scructurs function of inclusive deep inslastic.
Now thet we have fixed some definitions we go Zurther and calculate the first order QCD
corTections.

The corrections to FI1 and SF:“ are given by the diagrams with an incoming quark
(fig. I1.6) and that to 5?‘1 come from diagrase ia fig. II.7.

Tor comsistency wa chocse the same ragularizaciom mathod and the one in the preceeding
sectiou, for the decsy fumctions we okisin the following results:

.’F:‘(:.s.e) - -: ;5- [: !“(z) & - 2) ’_ t 8(1 = x) r“(z) * !“(x,:)] (I1.28)
.l

:F‘z"(:.z.:) - o: = [: 50 -x () ¢ !“(x,z)] (11.29)
a

5?‘(:.:.:) - = [: LRI (‘q(z.s)] (I1.30)

we bhave omitted the subseript p on x aod z for clarity. The functions f‘b(x.z) ars
the naxt to leading corrections just as the dc(:) ware for the fragmentatiom funccions.

It f.b(z,z) was made of terms comtaining 4(1 - x) or &(1 - ) we could factorize the

x and 3z depend $ ly oot all tezms hava ghis property snd some contributions
from the tu will break factorizaticn, As explaimed in section II.! the next to lesding
terms come from nou ladder diagrame. Ia first ovder they ars shown in Zig. II.8.

Clearly for ssch configuratioms, the parton pictura is pa longsr trus; chey do not
corraspond to squars of probabilitiss. Tharefors ir is of o surprisa that these concribu-
ticas will iaduce a braskisg of £ izaci The b d gluon couple the initial and

the final stste one then expect thet x and z dapend ars po longer decoupled.

Using the deflinition of effective parton densities and decty functions one can rewrite
(11.24) as followa:

oy -L:l ‘—:: J’; '—:f 5o [;:") #0000, 0 {-:f.:] azan

nln ?‘b are wodified strecture functions which for the redafinition af c:
and l:b as functions of t. They mo lomger comtain the explicit lesding log terms sbsorhad
in G: and n: but aru calculated using the rumninmg coupling consatent a-(l:). More

explicicly
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?:‘(x.z.a.(c)) = 8(1 ~x)&(1 = 2) + a (¢) tqq(x.z) -4 - x)dq(:) - 80 ~ :)fq(x):' (I1.32)

lxszsa,(0) = u.(t)[f“(x.z) -8 - :)f’(:)] (I1.33)
#i¥x200,(0) = a (1) [r“(:.:) - 80 - x)d‘(:)] (11.38)
It is clear chat to leading log app ion only the 4(1 - z) §(1 - x) term in (II.32)

survives which gives full factorization, whersas tha inclusion of the next to leading con-
eridution obviousiy spoils this proparty. Lat us nots also that in (II.32 - 34) thers only
appesr differences of next ta leading terme which are unambiguously defined, all Tenorm—
alization scheme and regularization procsdure dependence baing cancelled. The relation
(I1.27) implisd by (I.4) can be chacked to be valid - see!®®),

To summarize the situation one can write the structure functions in the following uay
(x)
g ez a2t TR il
¥, (xgr2g,t) = E & C,(xy,t) D, (2,5) + p Xlxg,2y,5) (11.39)

The unfactorizsble part .l(la.ln.:) is of ordar u.(t) and involves all the complications
of tha next to lesding terms.

A snod way to test this breaking of £ izatioa is ch gh doubla in
nd 2y of tha inclusiva cross-section and alsc ss shown st :hu and of seccion I to study
3—— as a function of x and z. In fact moments incarnate =11 the QCD predictions, one
defines the normelized double woment &s
fi dx ! fl ae 2%} F(x,z,t)
D0 = T o 2 (II.36)
,f° dx x 3‘-'1 (x,t)

If factorization worked one should have D-(c) - Du(t) which doas ot seem to agrae with
the :hn")

Another test of factorization was proposed by Slluim) who suggested taking double
ratios of deubls moments

D (t) D, (t) a (t)
mn Lk h 8
- + —_— .
5*(:5 D“Zd l+y = cn.nk (11.37)
The C ars numbers given by QCD, related to the double of the nom ized

‘al,nk
pacts. i’hc advanctage of Sgkai's double ratio is that unlike in (IX.36) we do not need to

koow r: in the ot moment of ?z'. Then we do ot rely on extra pleces of axperimental
information. More precisely, Wa can write:
2m(t)

D-(t) = -rz—n-(a— (11.38)
and then:
Oaa(t) Dy (t) Fomn(€) Fopy (€}

T8 0 (& © F LT, [

(11.39)
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Clearly any refarence to sz bas dissppesred and ooe can resdily use data coming just
from the experiment at hand. The factorization betwaen x and z dependences has nothing
to do with the fsctorization :hnnn-” 1D . As long as ons can writs D o = o o Dy the
theoram is verified, since r and D are still sepavated whatever L is. Tae cass
LA I is the x,z factorization. It is mors problemetic to assert that the factorization
theoram will be trua at highar orders if one takee into account the kinematical logs which
make the scalss in scructure functions and in fragmentation functions x andfor 2
dependeant.

¥Wa do not discuss hers the double moment analysis of the data in nautrino scattering as
this is done more comwp 1y in the 1 of D.H. Perki 1, Let us just say that osxt
to leading terms can becomse important in some regions of phase lmon) and thers need to be
resemed’?’. Once this §s dove, the macural varisble is mot G2 but rather (I - x)? in
the parten density ssd (1 - x)(1 ~ 2) Q2 im fragmentation functions thess rasults ars
ralated to tha transverse momemtum occuring im the QCD laddars’™ . This fact aey mesn thst
one should not expect & simple @2 depssdence, but that in some case W2 = Qz(-;- -1 may
be a more ralevant scale.

I1i. QCD_JETS 1IN DEEP INELASTIC SCATTIRING

In che lesding log epp ion, the final stats is made of two jets as the sass
singularicien tend o favour comfiguratioms im vhich radiated quenta mave collinearly ‘o
tfie quanta perticipating to che hard process. OF course this two jet structurs is oply
axpected sassuming chet the badronization wechsnisa will not involve large aosantum transfer

which discord the picture.

Away from the collinear configurations one expects to ses a third jac initiated by the
radisted hard quancum (to first order in c'). Thess 3 jat events are one of the msin
charsctsristics of QCD. In a's™ thay were predicted lomg ..020) and seen last yesr at
PEPA, in desp inalastic scattering tha aituation is ac present more confused. Indesd in
o just locking ac d ty one can ses the 3 jete, whersas in vIS no such

clear picturs has yat emerget.

In order to have real CD predictions to confront with experimental dats ooe has to
get rid of the infraved probless which meks QCD perturbative calculstions unrelisble in
certain circumstances. We ars also faced with confinesenc effects which wa do not kuow how
to treat. A way out is to treat the jet as & whole with the hope that the observed hadrons
will remember what thae original parton jat was.

111.1 Infrared safe vaviables

With the racent PETRA data ou 3 jet svanta & lerge number of variablas sensitive to
QCD effacts have Leen proposed in e'e". Ve do not give them all and refar the readsr to
¢he other lumruz” &t this school for a more cowplete description.

As Tequired by the KLX theorem in ordar to insure the cascellation of mass singular~
ities ona should choose varistles which do not distinguish betwsen different collinear
configurations, but only depend on the ptoperties of the jat as a whole.

Por instsses sphericity, 8', is not & good variable to be calculated in QCD



perturbation theory
' =3 sin L (111.1)
z tle, |2 :

Indesd, simply because lp1|2 - ]pzl2 % [py *+ £2|2 ocus bas

(=<

and thersfore spharicity distinguisbes energy d final states which is contrary to
the applicability of the KLN theorem on collinsar singularity cancellation.

The remedy, bers, is simply to wum and 3q) them af ds, obtaining the
spberocicy variables??
im2
tlp
Y ! .
8= [;] Min H (111.2)

Like spbaricity, spherocity is defimed such that we huve 8 = 0 for a perfact 2 jet
aven: and S » | for a spherical event. It is clear thet 8 = 0 cannot be reszhed in the
real world becsuse of some Py spresd in lLisdronizsticn. S gives & measure of the tranaverse
scsgntus brosdening of the jats and if a gluon is emicted, the affect should be detectable.

We csn also charscterize the longitudinal structure of the events by definicg che thruet
vu‘ilbl-u)

g
T = 2 Mex ElRel L.
:’Pil

£ runs over all the particles esitced iz one hemisphers which is delimited by & plane par=
pendicular to the axis which maximizes T, the thrust axis. The p, ara pracisely the
componants of the particle momenta slong this thrust axis, T = [ ior & 2 jet event and

T = 1/2 for s spherical event. S end T give complementary i fons om the
of the f£insl stats, Another interssting wvariable is the scoplanarity A 24)
‘2
A =4 Min (——i—-ﬂ’:""J (II1.4)
- .
a Lzlp’l

Bers one minimizss this quantity with respect to a plane vhoss oormal is 2. A gives 2
sessure of the relative momentum f£low cut of the event plena. In the casa of ideal 2 and
3 Jeac events A = 0 whereas A = ! for an fsotropic avest. One reslizes essily that A
will differ from zero of non per ive effacts, but if the hadrons emarge iso-
tropically around their jet axis the sffect will be small. Another conmtribution to A
comas from higher order QCD corrections when you have 4 jets or mors and the avent is no

longer plmrz”.
He remark that to firet order in o, whers ve shall stick from oow om, the T axis
and the S axis coincide and 1ie along tha direction of the most snergic of the 3 jets.
All we have said up to now ia nor spacific to desp inelastic scattering and applies
equslly well to «'e” ennibilaticn. Nevarthelese chere cre very important d° fferences
bacwesn the 2 typas of experiment, which affact cha vay one soalysas the events.
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s8) There is a favoursd axis which {s given by the current direction in DIS and jets will be
collimated slong this dirsction in the laboratory. Thers sre several framas of refersnce
which are obtsined by boost along the axchanged vactor boson momentusm.

i) The lab frams F' = 0: this is the frame where tie axperiment cakes place and the final
stice snalysia is complicated because all the hadrous - both the current fragsants and
the target debris - all tend to go in the same direction.

ii) Thba Breit frame: the curreat is spsce like along the 3z axia (ses fig, 1.2)
and the struck parton goes in the forward direction while the target resmnants go back-
wards, which sakes easy to separate them.

111) The rest frame of the final state hadrons ¥y + g = 0: this is the frame where the jer
structure is the most "open" and the kinematics is the same as in e'e” annihilacion.
Note Lowaver that the energy is W end ot Q2 and thet one jet (the targer jat) fa
made of more thaa s sisgle quamtum.

b} The 2 leptous define & plane - see fig. III.] - with vespect to which the hedroma will
be distributed. Latar on wa use this fact to study sngular corzslacions pradicted by QCD
between this plsse snd tha svent plans.

IIT.2 Stermam-Weinberg jet forma1a?®

Sterman sad Weinberg define the fraction of 2 jet events £{c,d) in e'e” as follous:
Oge cslculates the fraction of events la which lass than 2¢Z is emitted outside 2 cones of
apertura angle 28 (figx. I1I.1). For a detsctor with sngular (energy) rasolucicn &(e)
this is s perfsct 2 jet event. In the case of desp inelastic scattering instead of 2¢E we
cake ¥ 27). Ons might also take 2 cones of di!!..nnt spertura & and A to disentangle

tha targst sad the current ju:”).

As long as ¢ and & ¥ 0 the resulting cross-section is finits. Indeed sllowing soma
enargy to be emitted outside the 2 cones Cakes care the su’c gluon emission and the raquired
apartura gets rid of the collinsar singularities. Of course as ¢,8 + 0 the divergances
reanerga and also closs to the zerces of thesa variables one camnot trust a parturbative
calculation, therefore this approsch sust be used with some care.

To tirst order ia a, the quancity (1 = £) is fust tha thres jet evant f:-action.
The tesults of the calculation includimg the finite terms (oot divergent in ¢ and 6)28)
is prasented ia fig. III.2 vhere the dsshed lines rep the 3 of a non perturbative
2 jet sodel with

fple®) =1 - SJEEDT L s 2 (211.8)

n(¥) is the sversge multiplicity at the snargy ¥ and <p > » 300 MeV cthe standard
cransvarse somentum cut oil. You can sss that the non psrturbative background completaly

the p ive contribucion. As W grows, lﬂ(c.!) will strink more rapidly
than its parturbative snalog and one can haps that vith higher W, the purturbative effects
will show up.
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Ths explicit axpressions for quark and .1m26) »29) jets are

a (@ i
-z T-{t[m 2c + 3] x tas + finite m—} (111.6)
and
C.(Qz) 2
(1= £) e Sme {[mn - (-3 £)] 208 + finice m-u} (111.7)
T

This suggests that the gluon jets srs fatter than quark jet, since the coefficient of the
double log term tn 2c¢ fud is larger in (II1.7) than in (III.5) uafortucataly for ¢ and
§ finite, the contribution of non simgular terme could chamge this trend. The double log
terms cam be rasummed and showm to expomeatiate, giving a Sudakov like fors !utorao) for
finite & that applies to finite p, inside the jet. The p, brosdening can be sesn by
studying 4 as s functiom of @ %0) | which shows that gluon jets shoald indesd be softsr
and brosdar tham juark jats.

IIT.3 Thrust distributions snd sagulsr ecorrslations (v,v scatterivg)

fia have sesa in section III.l thac thrust is an infrared safe variable, it is there-
fore intecssting to calculate it in QCD to sse how tha gluon emission will changs its
distribution. Wa present tha rasulta with soms details to show bhow tha calculation goas
i the deep inslastic case. The case of o's” smmihilation has bean completsly trasted
hz‘ . Basides this momentum distribucion, gluon bresmestrablumg can give rise to significant
sngular correlatioms. As slready pointed out the 2 leptons define a plane and so do the
hadrons emerging from the quanta in tha fingl state. Iz QCD the firat order calculations
give noa trivigl correlations between these two planas as we shall ses at the eud of this

ssction.

s) Thrust diseritutions )32

Fzom oow on we work in the frame (f,f q = 0) the rast frame of the hadrons in the
£inal state, in which the kinematical configuration ls shown in fig, II1.3. In this frame
wa define the usual variables

Py Py P, 2
@ 2. y2 2: yuote; -l 3, ..29_
megd; We(Peris ¥y Tl %, e Sl e

aud x - %‘- Teprarent the fraction of the available snergy carried by the it pacton.

Glabal couservatiom of energy just says that = +x, v 33 -2,

As ve have slresdy sean in the case of simgle had leptoproductica the ion
1s obtained fzom the parton cross-section in the following way

i
da _ dg
TE a0 Jor fix sy - w01 {0 T ET arz.8)

with - !az—. 7"
The partom cross-section is essily obtained from the diagrams of fig. 1II.4. The
result takes the following form
i 2 Qz
&t - 2 5F
m - 5-(Q ) z-.jy— ﬂ.‘ + Hi. cosy + li. cos$) (111.9)
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ths index i raefers to ths oature of the incoming parton quark (disgrams s), antiquark

(diagrame b) and gluon (diagrass c). The coefficiants L;s M, N, are fuoctions of y, x

sad z, whosa detsiled exprassion can be found in many plp.!lsl) i”

As said befors, in the cass of 3 jets thrust is just the largest snargy fraction
T = Mex(r ,x,x) ad FSTsH a0
while the lower limit was i- for isotropic events.

Kow using simple kinematicsl relscions like
‘-l-’_-;‘—‘l. .l-x-'_'i

*i
it ie sn easy to obtain the th distribution, which we normalize by the 0™ order
cross-ssction, to obtaiz the oumbar of eveats with = given thruse
2
% - ;z'}-:@;’- 4‘0—%'9—)‘ (I1I1.11)

One intaresting fact is sbewm in fig. IZI.5 : it s clear that -g- is almost Q2 indepen-
deat which ia st first sight rather surprising, since the quancity we have calculatad is
proportional to a (0?). Cu the other hand the %2 dependence is clesr, fig. IIL.6, a
point which ssy seem matural since W is the available energy that tha jats have to share
smong themsslves. This & d can be und d to this order by kinematical consider-
ations. If partom demsitias are pesksd arouad some £y then cne favours a value of T
which is ‘!° L 3 !o)(l + 3r) whea x is tha fastest jat. As Q2 iucresses, eo does
T, and the distribution incresses, largely cosp ing for tha d of afQ?). Om
ths contrary nothing comes to coutrary tha #  dependancs.

This explanation is very such ralated to the specifics of the calculation and there is
snothar explanation for the 42 dupendence seem in the data.

In cthe ledder disgrams giving the dominsmt contributious, the -nnnn aIe ordered and
tha kinematical 1imit is ;ina by ths d se Max %— = x).
Racalling that R = Qz( = ‘) one sess that in reslity neithar 02 nm: W2 are relevant
but for x not:oo-llmllchurta W than to Q2.

Tha thrust distributiom for 2 jets is a delta function locslised at T = 1, Of coursas,

dus o hadronisatios there is a p; ing which tha ts to lover T values.
Thie 12 what is cslled non perturbative (NP) in fig. ITI.6 and corresponds to s simple minded

gaussian parsmecrization
[g]" - ‘(mz'; "P[-'%ﬁ;m]u -n (111.12)

The facter (1 ~ T) secounts for the fact that sassive particles cannot sova collinaasrly
in & jet, hence thers can be 0O events at T = | and the geussian width T yp is related
to the average hadronic p, = ses IILS5 -.

It is clear oncs more that the non perturbative effects ars largely dominant ac available
¥ and ocne should weit for larger ep colliders (EZRA?) to ses the 3 jet tail.
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One can be mura asbitious than giving an ad hoc parametrization like (III.12) to des-
cribs the hadronization and make 2 resmmation of the lesding terms ic % which correspond
to drassing tbe 2 jets by gluoms and q; pairs. I this way ona takes inco account the
dominsnt coptriburion dus to tha jet avolution.

As thowa in fig. III.6 wvhan T spproaches 1, the QCD prediction for %g- grovs very
fast snd we encounter a divergence. Indeed gven though T is infrared safe, its distribution
is singular and for T = | we recover tbe infrared problems because we force the emitted

gluon to become soft or collinear. Per iop theory breaks down as we approach 1 and
the first order calculatiom is larger than the lowast order. We bave
1
wr) = [ Feran - 32 1201 - 7)) + fiaice corms (.13
o

This behaviour is similar to the behaviour of the Stermsn Weimberg formula, being doudly
logaritheic. These doubls log terms have beem uu-d“) sod shown to axpouentiata, giving
the analogus of the Sudakov form factor in QUD. Ths rssultiag distribution takes tha
following fore:

a.. fagleh) 1201 =D [— 23592—) 220 ~ 'r)] (TI1.14)

The resulting curve is given in fig. III.? &ud is clearly better Sehavad than the '“are"
firaet oxder QCD. Let us just remark that thie is onlv the leading log rasulc and it would
be interesting to include next to lesding avd terma to comp with the dats.
Unfortunately this is & difficulc task.

Coatrary to % the avarage valua of (1 - T) caa bs relisbly calculated as 2a(l -« T)
is fucagrable. Tha results are givem in fig, III.3 vhere the wiggly linas ace the contri-
bution calculstsd frow the double log correctsd forsula. You cam ses once more that the
imy ia ging. The wormslizatiom cross-section is just the 0.)gh order cross—

section not including corrections = this is consistent bacsuse we did wot lauclude nexe to
lesding aud constant terss in the calculatiom.

B  Asgulsr esym cries31)#33),35),38)

In deep inelastic we are, to some s ina s situation b of the
i ics of the iom which gives us 2 planes. Of course this is only true to this
order and for bare and hadrouization will epoil this idealized picturs. Angular core

relations are given by QCD in terms of the mean values of cosé and cca2é and wers advocated
as clesa teats of gluoam -hlh-“). Howaver in tha nafve parton sodel if ona incorporatas a
priscrdial p_ we ohtsin about tha same asswer™® 3P, Tne gluon emissicn dass nothing but
to give a transverse kick to the partons. The dize b these 2 effscts is
their @2 d in p ive QCD they vary 1ike the rumning coupling constaat

while the nalve parton model tells us that

2
<Cos$> N put /A <cong> L) (III.15)
q &

We ghow the results of the two approaches in fig. III.D:").
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The behaviour of the quark and gluon jet asymmatries appear to ba very differant, the
od quark is duced with 2 transverss momentum opposite to k, " while the gluon

tends to be produced on the same side. At present it is difficult to claim thac chese effects
will provide clean tests of QCD even st higher energy, since oua canmot yst disentangle
quark jets from gluom jets. BEowsver the calrulations mentioned sarlier indicate that the
multiplicicy aod che P, width are larger for a gluon jac than for s quark jet, but these
differences could well be diluted by non perturbetive effects. To end up let us mention
that it has besn proposed that in some region of phase space quarks are frequent and could
be used ta trigger ou the gluog ;ia::‘9 .

Another angular correlation which could be of interest is the distribucion in 9 the
angle between the 2 plasss aad not the momeats, |#] 53 sod fs diffarent from 4. It
ouffers from am infrared divergeace as T + 1 and thon the effect is enanced in some

ragions. Lat us justc meatiom that we louln)

ccopt> v 10 =52 for T 50.9. (111.16)

Iv. MISCELLANEOUS

In this last section we Just pressst s collection of snzlyses which have been proposed
for tbe study of jets withost any detsiled discwssion. Ua rafar tha reader to the original
rafarencea for mors cowplete informatiom.

Iv.] Tranaverse sosencus

Alcarelli smd &umni“” give detailed predictions for the etmv;ru sosentizm of
the jecs in elactroproduction. I particular they study the quaaticy ‘—;-F which caz be
cast in the followiag form

>
#— v a,(0?) g(x,y) av.n

wherea x asnd y are the ususl varishles.

Tha result of their cslculatiow shows chat g(x,y) depends slowly on y whils chey
abtain a sharp x depesdemce relsted to tha variation in %2, which sppear to ba the rele~
vant scale for <p}>. This W2 influesce has baen obsarved in experimental dan“), and

contrasts vith nalve parton wodel expectation.

IV.2 Quatk asd gluoe jets im tha Breit !t-nu)

Tha 3rait frame gives s nice pictuss of whet happens in the hard scattering since ons
csn selact for isstance the forward hemisphers which shonld contain the quark end the gluom
jate. Gluon emission gives riss to 3 possible types of events

! ¢
— '
—_— X

L}
forward backward
A 3 c

L4
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Class A : Thare are particles in the forward hemisphers whosa P .
This class slso containg the nalve parton wodel events but here ous should expsct
& tather larze svarage p ', because of the gluon emiseion.

Clsss 3 : Thare are particles moving forwards but their py is undalanced and presunably
larger than axp d from pri ial affects.

Class C : This is a psculiar, though ssall class of events with no particle in the forward
direction but everything is going the opposits may.

The Tssults of calculations are preseated in fig. IV.I.

1¥.3 Event lh_lﬂ")

These observables have been describe in a series of huge papers by Fox and Wolfram for

«*e" sonihilatiow. The idea is to intrsduce rotaticonally imvariant quancities
IF‘”; l - [ &z ];l. z IF‘I 2 2
) @ [— —_— .
. " & l(’i":) ey RN Toafay) 7 (1Iv.2)

vhere the sum runs over the hadrous im the final scate and P, is the 28 Lagendre poly-
oomial.

Tha second expression shows that sach badron i marks a point on a sphare denoted by
8y aod cue waights the directed ray by the fraction of somentum carried by the particls.
It is a gecaralizstiom of tha barycemtar and higher sultipolar quantities. This is conve-
plent for '« ammibilstiom but im deep inelsstic ing the of the wxch

gives a pref d axis snd one modifies the H, to describe tha hadron distribution
around this direction

a

@y a2
c‘-{f-—'—. 1 (rv.3)
whera L and ¥ give the projectiom of the hedron momentus on the plane perpendicular
to the current snd the C, ize che distribucion.
For 2 jet events we have C,mo sh for 3 jet avents we obtain
. Pijec
Copey =0 5 -Cpp =4 =~ (1v.4)
As usual £ iom eff asd intrinsic p, of the partous can give deviations from

thia idesl scheme. All these quantities sre irfrared safe and the incaresced reader may
look to the originsl papers to sas all the sinute details in which these distributione have
been studisd.

d) Pointing vector

The pointing vector®"’ measures the energy flov in the hadron plana es a function of
the angle messured from the thrust sxis. Que proceeds as follows: in the «vent plane one
choosas @ = 0° slong the thrust sxis, tbe bardest jut direction and put the second hardest
jet in the quadrant 90° < 6 < 130°. This Ls to be related to the minor, major axis snalyses

%)



in a'e” amnibiletion. One then defines

P(Q2,92,1,0) = p(a) 42{) (av.5
This quantity depends on the value of T. For T close to 1 you expact 2 jets back ta
back and as you lower 7T, QCD will give & Y shaped patcern dus o the esargence of the
chird jat. In ¢'e” such svets bave beem cbearved at the bigher PITRA emargies corres-
poonding to the axpacted production of qqg events, but in deep inelastic experiments, thara
is little bope to see such besutiful patterns umless one goss to very large W (fig. IV.2).

To end this section lat us mantioa that in the same spirit antenna patterns or energy
weighted cross=sections have beea proposed in the li:nnturn“) .

Besides thase observables a jet calculus formslism has beea developed to a high level
and ssems to allow to calculace relisbly cany jet propertias like colour content, P
broadening, multiplicity and so on. This formeliem provides aleo s picturesque description
of tha space-time svolution of jnn‘”.

CONCLUSTON

Thete is one lesson to be drasm from the previous sections: more work on hadremic
£inal state iz deep inelastic scattering is needed both in theory and experiments.

In theoTy we have sesn that many lssding order calculations csn in fact be misleading.
The infrared divergesces of QCD saks the perturbation theory vary difficult to handle, in
particular some regicns of phass spsce call for a ion of the p ive jiom
Thase kinematical log’s are very importaat since chey can change tha relavaut energy scales
which g tha & fcal luticn of the cbservables. (For & lucid raview of thasa
affects we rafer the reader to "’).) It is also clear from our scudy of thrust discribution
that a clever and mote of i hod saks GCD close to experimencal
dats because it rakes int> sccount the evolutiovm of (CD quanca (quarks and gluons) io the
’ fining phase wh isading order predictiom fails grossly. A lot of work resain to
be done in single hadron leptoproduction whars the interaction between the initial end final
state could spoil the partonm picture., Indeed whem taking into sccount all non leading cor~
rections there are two attitudes: one cam factorize cut the usual InQ? end preserve the
factorization theores for sess singularitias but then very lsrge corractions, x and z dspend-
snt, have to be comsidersd. Or ome uses scales of svolution which are x and/or ¢ dapendent
sod this mskes the fsctorization D- =r, H_ L invalid (ses section 1I.3). In both cases
higher order correcticns seem to wesken the clear parton picture of ths "nalve” lesding log

calculation.

As far as ths experi are d the lesson is clesr we nesd higher enargy and
larger machi Ia the p raoge of Q2 and W2 QCD is difficult to test because
- what we call non bative eff are domi Yor insts» a the thres jet event con~

tribution smerges ouly for ¥ > 20 CeV. Ths svolution of obsarvables in QCD is logarithmic
fn Q2 and/or W2 we tharefors nesd & loog lever arm in these varisbles to draw definite
conclusicn on the relevanca of QCD.

A suitable mechine for these purposas will be HERA which is designed to collide 620 Gev
protons on 30 Ce¥V el (in its fon), the available Q2 bsing there
0(10% cav2).
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With such & machine it will be easy to study the final stats depsndence in Q” and W2
(stereoscopy!) and sas their relative importance.

An important test is also the <pJ_>2 broadening of the jets which is & measure of the
coupling ag.

The sctructute of che finsl stace in desp inelastic scattaring is more complicated than
in e'e” asmmihilation but it is richer, ons has more varisbles and one can study the finsl
state in differest frames.

Io DIS it is easier to study fragmentation functicus of light quarks vhereas in N
smnibilation tha presence of heavy flavour thrasholds complicate the situation. Ac EERA
jats ars wors emsrgetic apd one hopes that leadisg particle identification sllows the
idengification of cthe flavour of the fragmenting quark. This flavour sampling {s at prasent
only possible in neutrinc DIS.

At last let us say that testing QCD calls for informatiom from all possible sources and
the study of deep inelastic final states 1is a promising one.
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Angular correlacions for tha quark and the glucn jet. The dashed curves are
are the coitribution. given by a parton model witk intrinsic p v 400 MeV/c.
Fraction of events of the 3 diffsrent typas as a funccion of x.

Pointing vector cross=sections for deep inelastic e=p «cacttering from QCD
at HBERA. The hing from fragm ion effects has nat beeu included.
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