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Cur naderstanding of large Py phenomena from the poiut of
view of tue guark-parton model ié reviewed in this thesis.
For this purpose some necezsary experimental and theroetical
background related to low Py phenomena is given in the firct
chapter. VWe show in particular thet the inclusive single
particle cross section at low Py follows a simple curve but
that this falls far below the dsta when it is extrapolated to
high Pt. This suggests the existence of small copstituents.

In the seccond chapter we show hew the existence and properil

)

S

of these constituents are established in the simpler situation

. The constituente are

wm

of lepton-hadron scatterirg processe
approximately point-like, spin one-hslf, guarks.

In the third chapter we see how large P. hadronic
processes can be used to brobe the small scale structure of
hadrons, and how the experimental results confirm tih= guark
structure. We discuss several vérsions of the model and cshow
that a rceasonably consistent picture ermerges. There are,
however, csome difficultiés which cén hopefully be overcome
by the introduction of QCD (gluon) corrections.

For this mixed experimental-theoretical review, kinematics
concerning two-body end inclusive reactions are given in
Appendices A «nd B. Also, rclated to the low Pt discussion
of the first chapter, some theoretical background (e.g.
sceling, limiting fragmentation and nNegg -Mﬁller formalism\

65 4

is given in Appendix C.
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CHAPTER T

Preliminary Remarks concerning
Low and Large Py Phenhomena

I.1 Introduction

To elucidate the forces between particles and their overall
size and shapes we look afier their elastic scattéring. But the
structure and excitation of matter have to be obtained through
their inelastic scattering. 1In this way, we see that the
detailed study of the complete final state of three,'four, or
mmore particles has been done through quasi-two-body processes
with one or two resonances in the final state. Through thase
so-called exclusive processes lots of information on decay,
correlétion; and energy dependences have been gained. On the
other hesnd, via inclusive interactions where we look at one or

few final states and sum over everything elsej; e.g.:
ab——x  zero-particle inclusive process (I.1la)

which is just the total X-section, é;tgt, depending only on the
' a
incoming energy, and:

at———cx . one-particle inclusive process (I.1b)

and:

ab———cdx two-particle inclusive process (I.1c)

with x :;:ZE (all possible final states except those which are

presented), application of ideas closely related to two-body
phenomenology, throngh Kinematics, can be considered. 1In this

properties are scaling and

field, the simple and genergl_
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working at large asngles and energies. This violation causes
consequences which are showintg onset of a somehow different
ecsentisl fesature of the dynarics of the hadrcnic intersctions.
Experimental enhancements to this, hcowever, will be reviewed in
Section (I.4) after tracing out the degree of success of the
ideas based on the aforementioned hypothesis in Section (I.3).

Betore embarking on above experimentsl implications,
typlcal two-bLody reactions st large momentum transfer data
which ére also showing some disbéhaviour from what they used to
do at smaller |t | are given in Section (I.2).

However, related kinematics of two-body and inclusive
resctions will be reviewed in Appendices A and B. Also scne
theoretical aspects, such as scaling, limiting fragmentation,
and Reggn-Muller formalism are reviewed in Appendix C.

I.2 Theoretical and Experimental Remarks Concerning
Two~Body Reactions

(I.2a) Remarks on two=bodv reactions at small - It

Phenomerologically, we subdivide two-body (TB) and
quasi-two-body problems (QTB):

1 +2 — 3+ L4 (1.3)"
where 3 and/or 4 may be particles or resonances, into(l)'two
classes;

(i) The processes of diffractive type which proceeds by
Pomsron exchange (e.g.: Iy = By = St = 0, Cg = +,
P= (-1,
(ii) The reactions which proceed by meson or baryon exchange.
Elastic scattering may be considered sas proéess of type (i),
while charge exchange scattering is of type (ii).
The high cenergy elastic differential crocs sectibn is

dominated by a peak at small momentum transfer, ‘t\ . This

“ small |t | peak, a universal propsrty of all such systems



3.
thst have heen stﬁdied, is ‘aseribed to a very general process:
diffractive elastic scatteriﬁg. Following this orientestion,
the small |t | pesk is found to be called "diffractive pezk"
and the region is czlled ﬁthe diffractive region" wherein the
differential x-éection is roughly fitted by eBt where t = —q2
is the invariant momentum transfer variable. As |t | increases
beyond the exponential region, d¢/dt begins to flatten out
SOmetimeé(l) smoothly as in PP scattering in 3-7 GeV/C ranges

(2)

shown in Fig. 1, somefimes with bumps or dips as in K P
data shown in Fig. 2. However, mostly diffractive region is
taken as |t | varying between O up to 1.9 (GeV/C)Z,

Having been guided still by the invariant variable t

which can be given in c.m. as:

é :-Qf(l_gm@) Py ?=\T_'|=|1’=i (T.u4)
we see that at the other end of the angular range from the

diffractive region, the béhaviour of the differentisl cross
section at @ = 1800, which is called "the backward scattering
region" wherein data are étill fitted to an exponential form
like eBu, is extremely variedy sometimes there is a vpeak at
180° such as that shown in Fig. 2 for K P and KP, for other
systems‘at other énergies there may be seen smaller peaks.and
dips or a flat region. But in no case does dg/d{ approach

the size of the diffraction peak.

(I.2b) Scattering at large angles

Ihe Data - Energy. dependence of d&[dt in TB reactions
is obvious, such that: if we move on with energy further we find
a kind of power law behaviour in s, roughly like s™" ot fixed t
for &GH}. The power has dependence on the rcaction mechanism.
As an example Fig. 3 siiows the characteristic behaviour of |

deld{of elastic scattering of the pion and nucleon. This wide



L.

angle -~ roughly at 30° in c.., 50 in the t- (or u-) region
greater then 1 or 2 (GeV/C)2 - elastic scattering shows(a)

that the diiferential cross section tends to be flat. Under-
.standing nf the decrease of this cross section with enefgy which
is approximately as s'(8il) is believed to be in the framework
of forthcoming models which will consider large angle scattering
as due to the interaction of the pointlike constituents of the
hadrons. However, Fig. 4 shows(l) tlie energy dependence of the
differentiesl cross section of pp scattering at various values of
t at ISR energies. 1t is evidence that at low energies and

high four momentum transfer the s-dependence is much ' weaKer
than at high energies and low four momentum trzrnsfer. Thus one
may see that part of the energy dependence is of a kinematicsal
nature, connected with sort of thi=shhold effect on high

momentum effect.

Regge Pole Picture - Of models explaining the small andé

(6)

large angle data of TB reactions is the Regge pole pinture
in which, for instance, we may consider a sort of core plus a
periphery and apply the Pomecron trajectory discussion either to

4) (5)

the periphery( or convercely to the core. However in the
task of'constructing(7) relationships between the Regge model
of high energy two body reactions and the one particle evchange
model of these reactions; theorists have been succeeded by
different experimental observations confirming stability of the

following relations:

da/dt . f(l) s (T.5)
>

for the exchange of 2 simple Regge pole in the t-channel. 1In

eq. (I.5)/4 (t) is some function of ﬁ'containing the awnplitude

of the process, and = (%) is the pole trajectory function
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“xing the exergy dupondencs of Jﬁ/déot seeh vidne of ¢, loreover

cocerning with problaums relatad to the contribution of other
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defdt - At s % (1L 6)

. (7)

But ai sufficiently high energics , “e_,.,f.(t) is expected to
L
the leading trajectory for the process; i.e. ¢ the

leading trajsctory is the one which is dominating over the other

highest Ke &{t) at any givan %.
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nergy dependence of the differential
charge erchanze cross section of this pross from & to 100 Gev, thut

1

the ener;y behaviour of th.s process

Process shovs & narrow Torvard poox

ncz of the present nicture with
that of ome perticle exchange model, Thes:z all confirm the validit:, of

eqe (I +5). However, ths anticipatsd t-chann:l sxchange and the effective

valuz of o baing deducsd from the appropric

follovwss




(@)

Exchsnge Effective &
/ G.4120.07

However, the value of ot~ 0.4 - 0.5 ig seen to be in good
egrcement to fitﬁ@yithin the experimental errors, to a lineer
Rugge trajectory « = 0.5,% which, as it is seen in Fig. 5b,
passe§ through,ﬁ(J =1, n; = 0.58 ¥ 0.1C GeV2J and g(J = 3,

mz = 2.82 ¥ 0.27 Gev®). This S—trajectory, and other experi-
mentsl evidence oh existence of ‘such trajectories, which

extrapolates closely to / -meson position at <= 0.5 t (GeV/C)2

confirms the cornection of Regge trajectories with particles.

Shrinkage: and very large {t | -region - Consulting Fig.

5a, it is seen that the roughly smooth behaviour at "low"
energies of the cross secticons graduslly evolves into structure
at ‘t|~l-2(GeV/C)2 at higher energies as the x-section "shiinks"
(i.e.: becomes compressed to smaller and smsller t-values).
This shrinksge of the cross section is attributed(lO) to, here,
%7 (t){ 0, 2nd the reate of shrinkage at each fixed-t is said

to be given by the value oft%f(t) at that vslue of t.

Shrinkege may also be described in terms of "slope para-

meter'" B, defined by:

B(s, &) — %(1%,,(45/&)) (1.8a)
this at high energies has been preicted by the Regge theory
as:

Bis,d) =2——-§%—‘-&-‘— leys + B o (I.8b)

For PP -.PP, eq. (I.8b) is the normal Regge shrinkage as well

as the exponent ol the observad exponent al vehaviour of

dg
T (PP-——+—PP) down to t = -1.3 (GeV/C)? whera the clear dip



of d46/dt appears. As it is seen in Fig. 6 beyond |t | =

11
2.5 (GeV/C)? (up to 6.5 (GeV/C)?) first of all( ) shrinkage

(12)

has stopped (Fig. 6a), secondly throughout the entire s-runge

. . . dg
considered there are no further minimum in Ty

change in its (observed) logarithmic slope D = 1.8 (Gev/C)~2

(PP —e~ PP) or

(Fig. 6b). Notice that drawn curves in Fig. 6a are fits to the

data from two-amplitude model(13) of

Philips and Barger:
elastic scattering in the large ﬁ—region is described by
coherent superposition of twc exponentisl amplitudes, where the
second one is energy independent (represented by slope D) and
the first one is shrinking with increasing energy (represented
by B of eq. (I.8b)):

) a
.j_f_ =YK exp(8t[2)4-VE en(P/2 + (&) (1.9)

This parametrization of the scattering to exponentials with 2
relative phase of £ gives the s-dependence of d6/dL at a fixed
t, when C and D parameters are kept constant, in terms of.other
parameters independent of any interference effect - such as an
interference between single and doutle pomeron exchanges -
causing the dip.

Hoyever, falling off of the different large angle crocs
section at approximately the same rate, that is: the =absence
of any shrinkage effects beyond |t]~ 2.5 (GeV/C)g, indicates(lh)
the possibility of factorizing the cross sections in this large

angle regime approximately as:

46 ' - £t5) 3o )
I(S’C“G,’\‘coae + £1 (1.10)

For example Iig. 7 which shows the PP c¢ross section data at

-different energies normalized to 90° cross cection is the

possibility of this indicated factorization. Moreover, in

~ comparison with Regge regime which operates at smaller |t |



(15)

than 2.5 (GeV/C)2 or at smaller @ cm. than 10°, taken data

at large 3 and large t or large 6 cm. may belong to a region in

(16)

which the peripheral compchent has died away.

T.3 Single Particle Inclusive Experiments

In analyzing the experimental data on invariant Cross
section, by consulting the kinematic, one may be mainly
starting using one of the two sets of variables (x, Pt) and
Vs Pt>' In each case, expérimentally, one of the variables of
the set is kept cénstant vhile the other is varied. Hence we
may start by following the phenomenological subdivision of
f = £(Py) as illustrated below, where P,< 0.1 (GeV/C)2 is
devoted to the small Py region. In this region, the lower
energy datas and general analytic considerations are suggestive(17)

of a weak Py dependence of the invariant cross section.

T

£\ Small Py

\» - Intermediate Py

r— Large pt
-0

'
[
i
:
H

Diag.T.1l: JTllustration of the shape
of the Pt distribution

(I.3a) Intermediate P+ region: 0.1<P;<1 GeV/C2

Here the upper limitation on Py may grow up to 1.4 or 1.5
GeV. For instance: for reactions PF ———-(Tr*, K s p¥) + X,
emitted particles in the angular range 8o"-Trad. o ¢ 300M-Tad.
with momentum 1.5 (P ( 10 GeV/C are corresp§nding to the
range of O.lS{lﬁ;(IJS GeV/C at ISR(IB). At this range of Py
and where on a sign of no major energy dependence, the data

group togéther either global (i.e. studving all the experiment-



g,
-ation) or differential(studying of the shape of the Py dis-
tribution of the nroduced particles will be done by keeping
constant the x or the Y1ab variablegn In this way the following

expressions have been fitting the dsta:

g - .
f:fdis; cheh , (I.11a)
- 2
cce & | (1.11b)
~F m, 12
= Ee ; m‘-,;(&a.._mﬂ‘.’ (I.llC)

Using (I.lia) to fit the data (on ' at fixed x = 0.075, 0.30)
results in the shown dashed-straigzht lines in Fig. 8 where the
other dashed-curves are the results of using (I.11b) and (I.llc)
to fit the data on %, X%, and P. Nofice, when P >m,
naturally eq. (I.lle) is equivalent to eq. (I.1llz). Also in this
region P; is sometimes so small that plotting versus Py gives a
poor statistic to each bin. For this reason, these data are
fitted by eq. (I.11Db). In'this sense, egs. (I.11) are rep-
resenting a kind of universallcurve. Basing on this univers-
ality, Hagedorn(lg) and his co-workers used to extrapolate down
the curve for gaining some more knowledge about the hadronic

interactions at higher energies which were not svailable at

their time. We return to this subject in Section (I.4) below.

(I.3b) Limited transverse momentum

In the transverse direction all types of particles tend to
be limited in Pt' This can be numerically evaluated using the

following definition of « P.>>

<n> =J; Tdn fﬁdP: (I.12a)

By assuming factorization of the cross section with the para-

metrization (I.1lla), we compute < Py > by keeping fixed either



lo.
2(50, < Pyiz ) or yy,p (therefore< Py>y, ) from
< P> = 2/B (T.12b)

Apart from 'seagull effect" rigon - nemely: a dip at x«~ o
which disappesrs letting <P¢>, to be approximately constant
from x 2 0.2 onward - of pions in (< Pe> o %) plot of Fig. 9a,
the guick increase of < P> in the fragmentation region [(frbm
lab ¢ 1, up to Y1ab € < 2) where large transverse momenta cannot
be found _ana slowly increase of < Pt>’Y1ab with yy,p after
Yiab~2 (which means eq. (I.1la) is only a first order approxi-

wation even for large ylab) in (<Py > ) plot of Fig. 9b

Yiab!? ylab _
we may find mean values of transverse momenta of the crder of
< Py > = 0.33 GeV/C for pions and < Py> £ 0.4-0.5 GeV/C for
+ t ) (21)
K™ or P°. However, even st very high cenergies, there is seen
little variation in< Py > . 1In fact, the most common strong
interactions and even E.M. phencmena are cheracterized by low
mean Py <1 GeV/C.
This smallness of< Pt>=m3y, however be assigned(21) to

peripherality interactions of hadrons through exchanging a soft

quanta as the dominant mechanism.

(I.3c¢c) "Multiplicities

From the topological cross section(22) for the production
of events with n charged secondaries, it is seen that the
theoretical(23) models are predicting the energy dependence of
the multiplicities to be of the (log S) type in the high energy
region, while a2t low energies it is predicted tc be of 2 power
type,§* . However, combination of both fypes has also been
used to fit Hhe multiplicities over the complete range of

energies; 1i.e.:

< hc = A -+ B 'L‘s-ds 4+ C S"l/s - (I-13)



11.

<m>=A+3L%5+c§WL%s (I.1%)

" With some £1ts(24:25) pade to the mean number of charged

hadrons per collision of PP at ISR energies, these fits show that
< DN, > grows much less rapidly than the maximum rate of

growth N;%\fg' which may be possible. However, as it is seen
from Fig. 10, the pions, at high energies, are taking over the

bulk of miltiplicity and rise in' proportion to the total<:nch>

(I.3d) Longitudinal Behaviour of Inclusive Distribution

So far we have seen that there is a Py -limitation for all
particles .in their transverse motion, and aslsc not a lot of
energy goes into particle production. Hence the influence of
energy is obvious in altering the longitudinal momentun
dimension, Pll'. The mean centre of mass longitudinal momentum

grows in proportion to /5

SR> =70 | (I.15)

With respect to the Feynman scaling hypothesis which comes
later, it is seen that: f = <xp > . This is equa1(28) o
0.5 for the final proton in PP — Px.

Longitudinal momentum distribution of a single particle
inclusive reaction data in an invariant cross section § (x)
versus x plot afe seen all contracted in a small interval
around x = 0, the width of which decreases with increasing
energy. This plot is, then, used to stuay the production of
particles with very high longitudinal momentum. On the other
. hand, the variable-y, the range of which increases logarith-
mically with s, allows a rather well description of the over-

all distribution in a f (y) versus y plot.



The Y-distribution can be divided into three parts, two

"fraguentation regicns', at the e.iremes of the plot, with

('\

rapidities close to the rapidity of the incident varticles,

and for whicnh the limiting fragmenﬁetlon(dg) and scallng(39)
predictions can be suminarized as:
C

&
§db (Y y?ro’zct-lo ’ -l) —-\-"(S‘—)_;)— gdb ()'l‘rnjed;nle »%)

which can be approached by roughly a s-%'dependence as is pre-
dicted in the Fuller Regge formslism. For the third region
which is centred around Yom = 0, the "eentral region", in which

the scaling hypothesis prediction may be read as:

¢ c
gdb(v ’ X:..m,'?J.) b g

T ah(Tﬂ i the Platew arovnd %, ~0
VI($)

the aforementioned formsliswm predicts that the approach to this

J=-3

at 2 ¢

limit takes place ower rate than in the fragmentation
. 21
regions, as a s 4.

(I.3e) S-dependence of the Intermediate Py Particle
Production Spectrs In The Fragmentation Region

Attempts for observing experimentally the concepts of
scaling as well as Pomeron factorization (i.e. cross sections
which are independent of the incident projectile) is for
simplfy?ng the problews of describing secondary particle spectra
produced in the collision of a projectile and target particle
and gaining information on the nature of the Pomeron singul-
arity and on the validity of the secondary trajectory exchange
‘process for a single particle inclusive resction. As is seen

in Fig. 11, which shows analysis of the data(27) of the

(0]

reaction P-—Eﬂ'K?With a= w, K, P, Ty and Y ranging from
an incident momentum of 3.7 GeV/C to 400 GeV/C, in' the frag-
mentation region sost of the resctions exhibit falling Cross
sections in disagreement with the hypothesis of limiting

freogmentation, while the spproach %o scaling behaviour in the
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1imit of infini energy sppears (from above) consistent with

()

ks ot
w

the expected s dependence, and having hold a factorization

in the limit of infinite energy 1s rot rejected since the data

. -k
appear to converge st a common point 85 § ¢ s 8a

(I.3f) S-dependence of the Intermediate Py Particle
Production Spectra In The Central Repion

:Experimental observations afe all shpwing(za), depending
on type of produced particle, an average increase'of the
differential cross section over the ISR energy range at x = 0.
This is in contrast to what is éxpecte& from the invariasnt cross
section at fixed values of P, and x(y) at high energies according
to the Feynman s;aling hypothesis. Also the displayed data(28)
on Fig. 12 for (PP —— twx) experiment at Py = 0.5 GeV/C
versus s"% being taken as an approach %o scaling, are zll

consistent with gn approsch like s 2. This ig not inconsistent

Wl

with what has been predicted from Regge-Muller formalism for

V7]

central region. Certainly(gg) by taking into account all the
appropriate contributing double-Regge diagrans (see Appendix C),
the correct approach to scaling limit, and hence an asymptotically
constant cross section being implied by the significant vio-
lation of scaling at x = 0 in the.available energy range, can be

obtained.

I.4 Large Py region, Py > 1 GeV/C

The following certain elements of the Table below character
(30) 4,

izes he low Py domain of a production

m

T R,
Decira.

m
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Low P, OSpectrs Behaviour P;r?}cle
L AL10S8
Dependence on A rapid expenential de- Mostly pions
increasing Ps crease. The e—independent N
(ot fizxed s) slove of which is larger EK ~log
for lighter particles i
than for heavier ones. T/~

. Dependence on Approximately very weakly
increasing s rising/none.
(at fixed Py)

Notice that: In general the Average Trasnsverse Momentum
<Pg> = 0.3 - 0.5 GeV/C

On the basis of these features, the Feynman scaling hypothesis
has beel: tested to gain-some ideas about the essential_feature
of the dvnamics governing the nasure of hadronic intersctions
in the low- Py domein. But once this domain has been passed to
high Py domain from s transition region at .0 to 1.5 GeV/C,
things are different as such none of the elements of the above
tsble works, and then the aforementioned transition region must
be the onset of a new hadronic interaction dynamics. This is
enhanced by the following experimental facts.

(I.4a) Pg-Dependence of the Large Py Particle
* Production Snectra

Extrapolation of a proposed 1ow—Pt steep exponential
decline to large Py spectra demain gives, say, a w° cross
section at Py = 6 GeV/C which i seven(Sl) orders of magnitude
smaller than the observed actual amount a2t high energy and a%
the same Pt. This transverse momentum dependence of the in-
variant PP —— 1UX cross section at fixed large centre of mass
angle 6, = = 90°, snd different fixed values of the ISR range of
energy has been displayed on Fig. 13. The slower fall-off,

comparing with low Py, of the events with increasing Pf at
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fixed s has also been obsePVed(BO) for other particles in a

PP .. K*, P, P'X reaction at large angles, the result of

which at y = 0, 6y = 90° and S = 45 GeV/C can be seen in

Fig. 14 where sll of the cross sections are showing the samz
general shepe with the exception that the kaons and nucleons cross

sections do not have the steeper slope at small Py 55 do the 's.

This large P; type behaviour of the datas at fixed s has
(32)

also been confirmed by all other experimental groups.

(I.4b) S-Dependence of the Large Py Particle Preduction
Spectras Empirical Fit Functions

- Fig.15 shows the variation of the invariant cross section
bf'm , which has been produced by a proton incident on a nucleon
target (W) at FNAL(33), by increasing s at each Py~ value. It
1s obviously seen that the cross section is increasing by
increasing s at each fixed Py, confirming that the output of
high Pt particles 1s several orders of magniiude higher than
thé extrapolation of the e-th behaviour found at small P,.

The same effect has also been found(3o) for charged pions as
well as all other heavier particles (e.g.: K,N) at the ISR
where at Py = 3.0 GeV/C and diffgrent energies the invariant
eross sections of particles are found increasing by a factor
of about 3.

However, s- and Pt-dependence of the single particle in-
variant cross sections at high energy, large angle data of w’
of reference-(31) have been fitted empirically to:

g =At:~ 1:“’-I-Iﬁ‘) 3 A =15 £o.c6 N = 3.24 £o.0f

_bh/VE |
F(f/vs) = e L/ © b= 24.10 *6.05 (1.16z2)

-

which by including the associated systematiczl errors, the data

agree with N = 8. And if 3 mass term.as large as M~1 GeV is
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included in (I.1l€a) for demping the behaviour ot low P, 2bove
fit reads as:
3 20 ™b/G e ’

EJG ) 120 eV ~13 % v

2 XY~y —— L € =St B ) (1.16Db)

r 2" il Ge)

a (]l + 2%

g 1

where 0i1< %4 = <o.4 . Above the upper pari of x4, ub

to 0.72, the measurements of the data have been aveilable only

at FNAL(Sj) where this fit to the data of Fig. 15 reads the

following normalization:

3
-E.%_G- ~ s-n f(-ﬁ 70¢m"9°.)
d P 7 s . -
~ "}.Nfr("‘u"’m) P £=uff A =an (1.17)

which gives a high value for N(~ 11.0 ¥ 0.4). However, the

same experimental group has also used a hydrogen target giving
lower values of the parameter_N, compatible with %he ISR
results. The data indicate that the atomic number dependence of
the particle yields observed préviously is 2lso P, dependent
s The values of X(Py) are shown in Fig. 16 for w*

ané v~ productions. In (I.17), the power of s is sensitive

to finite mass effect for low x4, and for xp = 0, and‘it must

be equal to zero in order to agree with Feynman scaling. However
at ISR where the target Is a simble proton, the invariant cross
sections of all detected particles (pions, Kaons, or nucleons)
have been reported being(3h) fitable to functions as in (I.16)

or (I.17) confirming n ~Y%. The fit to the w° and =" da%a are

further illustrated in Fig. 17 and 18 respectively. Here the
udls
3
on each figure. Over the range of x{ between 0.08 and 0.35.

M N s‘
function of } (x4, © 90%) ~ T ( ) is displayed versus xi

$ (xt) in Fig. 17 is cbserved to decrease by a factor ~ 20 on

such parametrization of the type;:

Liny =N en (=B xy) (1.18)
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w]'_th A' = '(]_)-}-.8 t 0.6) X ].0-27 rnd B = 12.61. 0.2 or

guli ~ e l-%,_)m : (T.21)

with ¢ = (12.9 ¥ 0.6) x 10727 and m' ~ 10.5 £ 0.2 giving the

-invariant cross section in cm203/GeVa. Cn the other hand, by

consiulting the straight line in Fig. 18 which is a fit to s
much newer renormalized neutrzl pion data, one may hope that
the data on éharged pions probably are approzching the same
gcaling limit.

However above experimentel results, within their accuracy,
are confirming the factorization of the empirical fit formula
2s well as the stability of n ~ 4. Relying on experiments done
at ISR we give some more features of large Pt domain of cherged
particle production spectra in toe next coming Table. To see
the difference betweeﬁ two domeins (low- 2nd large-Py) it is
necessary %o consult the previous Table as well as to know(30)
that in large Py domain the fraction'of the crose section for
chazrged-particle-production (e.g.:(Ed’s/dsr)i/zf(Ed’e/dh)i , where i
and j 1indicate the particle type), which goés inteo production
of a given particle type whken 5oth signs are taken together,
at a given Py is independent of energy, while in contrast the
charge; excess (i.e. the sum bf the cross sections for posi-
tively charged particles minus the sum of the cross sections
for ﬁegatively charged-particles divided by the sum of the
cross sections for all charged particles) fbr 2 given Py
depends on s, but for a given x4 it is approximately independent®
of s. These two points can be seen in Figs. 19 and 20,

respectively.



Large Py Spectra | Behavicur Particle Ratios
Dependence on A slow inverse power Tik/N ~2[1]1
increasing Py law decrease

Cops o Ay .
(at fixed s) “*/T( S nPf

2ollisions.

Dependence on Strongly rising
increasing s
(st fixed Py)

Notice that: In General The Average Transverse Momentum
<Pi> ~ 0.3 - 0.5 GeV/C

I.5 Conclusicn

It is clear that in a certain stage, all experimental
mechanisms are different developed ways of answering to a
fundamental question of "what is the matter made of?". And 1
common feature of 21l these mechaniems is seen %o be the
probing of ever shorter distsances which is synonymous with
scattering beams of ever higher transfer of momentum to the
target under study. In the other way round, one may say that
the large momentum transfer events result from violent colli-
sions of the elementary particles, and that in such collisions
the intérnal structure of the particle is probed :1ost deeply.
This is first of all 2 classical idea as ve know that 2 violent
collision of them, bresks them oven and then-exposes the
internal structure of the object. Seccndly through guantum
mechanical conceﬁts, for instance: according to the uncertainty
principle, a spatial structufe as fine as Ax can be detected

only if:

A X
P % 2

and when a right momentum trensfer is choser. However, trends

of the data are showing that there wust have been chosen such
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a right transfer of momentum 2t large s, large angle hadronic
reactions. Indeed occurrence of fixed angle features and
absence of prominent fixed |t | (or fixed E | ) structure
associated with hadron exchange mechanisms in two-body reaction
dats, and on the other hand, the violation of Feynman scaling
at large Py inclusive reactioné are all indicating above argument
has been set on, and, further, they are then, »a manifestation of
a constituent structure of the scattering hadrons.

Here we have a casc remarkiﬁg the possibility of probing
small transverse distances by a large transverse uﬁmentum,
whose significance is in the same footing as that of the famous
Rutherford(hh) o - and # - particles scattering experiment
through which the structure of atom has been seusrched. In the

next chapter we will show how far this hint of the data has

resemblance and can be accepted.
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CHAPTER 11

Parton Model

II.1 Introduction

Violent collisions of hadrons have shown that their
corresponding data disobey the usual theoretical and experi-
mental expectations valid at smaller P, (see first chapter),
causing a hint that the hadrons may be constituted from
some point entities. To see this more clearly, in what
follows the data from violent collisions of a known point
particle, a lepton, and a hadror will be looked into. In
this way, easier by nature supplying the only four non-
strongly interacting, hence, leptons: e, Ve » #sY and their
antiparticles which are sll fermions with spin %. Neutral lep-
tons i.e.:\% and %-interact.only via weak interaction while
the charged ones i.e. € and  have both electromagnetic and
weak interactions. |

However, our first hint of a deeper than atomic snd
nucleaé underlying substructure of the matter, through
consideration of deep inelastic scattering, comes from
detailed systematical studies of hadronic spectroscopy
suggesting that the substructure ihvolves duarks with spin
% coming in thfee (or four) flavours with fractional charges.
The point like nature of quark is exhibited by significance
of scaling stating that “"no more resolution of any structure
within the quark can be msde."

The solidity of each of the above renmarks will
be met within the contents of the 0ld fuark Model, namely

the data below the charm threshhold which will be discussecd
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here. For this to be clear, some remar¥s including ocur
usual idea about form factors wil® be touched on brisfly in
Szction I11.2 being followed by a brief'discussion on classti-
fication of hadroné in Section J1.2 in quary model relevant
to the next coming subject, namely €N inelastic scattering.
This will first be treated kinematically allcwing us to
understand the relative data in Section IT.4. The parton
model will bé given in Section II.5 which includes also
relative discussion on env scattering. What can be expected
from this model in interpreting the V(V)N scattering can
be found in Section II.6 which starts by some preliminary
remarks on V(G)A/ kinematics. This sectiqn also includes
most of the sum rules discussed in literatures. To éee how
far the jparton model idesoclcgy is workable in the other
fields, we present the lepton pair production in Section

11.7.

1I.2 [Llastic 1N Scattering

(I1.2a) Introductorv remarks and nota*ions

In an electron scattering by an applied field A, taking
it to be that of proton, which occurs through exchange of
photons the characteristic strength of the interactions of the
photons with the field is given by y& = yed/hc where o ,
the firie structure constant, is of order of —%- & 1. Since
this coupling strength is very smell, it is sénsible to con-
front the experimental results with calculations (based on
the Feynman graphs) to lowest order in X . |

When the beani of electrons scatter from a stationary

preton target in the Lab framc;
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k A5
%
(M;Q:H%?:

Dieg.JT.1l: 'Electron-Nucleon scattering
in the Lab frame (nucleon at rest)

we have!

P=(M0Q), =(E,k) » k'=(e',.g') > P'-.-:(P.u]) v 9 =(k-k) (11.1)

Here © is the scattering angle. Now if electron mass effect is
neglected then four-momentum squsared of the virtual photon may

be written as:

2 ;
q =(k—k')a"’ —-2k.R

- 'I- 2'/ B P-T'
=r-1 2 (IT.2)

— _1;55'8"3 "?' <« Y E..-.' 'y ~|&l 4 E'shb"‘“_l'l
Thus, for scattering, qaso (i.e. spacelike photons). For con-

venience we define

q° = -Q° (11.3)
In Lab frame;
p.qg = M (IT.4)
and since P = (M,Q), theﬁ
9, = E-E = 2 oM (11.5)

which is the energy loss to the recoiling hadronic system. Also

with respect toMwtg. II.1 we have:
M(E-E') = E E' (1-Cos ©) - (11.6)

However, if an elastic scattering is concerned, then

(P +q)2 = P2 = M ' o (31.7)
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which leads to:

oMY = Q2 FElastic scattering (17.8)

Thus, here, v and Q2 are not independent. For inelastic

]
scattering to a system of invariant mass W°

P12 _ ye Just fixed for each experimont (11.9)
therefore:
M5 4+ 2 My - Q° = W2 Inelastic Scattering (T1.10)

and of the three invariants Q2, V- and We only two are inde-

pendent (M stands for the mass of proton).

(IT.2b) Unpolarized Scattering and the Rosenbluth Formuls

If €,¢&°,2 and A are the spin projections of the
electron and proton respectively, zccording to the usual
Feynmen rules the elastic scattering asmplitude could be written

down as:
2 7" 3{‘\) TR S
A~e<i,6 lJrfo)‘k:G>-;;<P:t\|J (o)) PoA> (11.11)

Here, 11/11 is the photon propagator. For leptonic vertex

function, which is just the matrix elements of the electro-

magnetic current operator ‘er being evaluated at the origin in

.y? .
space-time(‘i(1,= é‘k“-4(m o kx ), we may write:

<Kol ol Le> = (K6 % ulk6) _ (I7.12)

where u and U are the ususl 4 component Dirac spinors and !,
the 4 x 4 gamms matrices.
For hadronic vertex, the two following types of targets

way be considered:

(1) 1f_we_ suppose that the proton is 2 spin %, mass_ M

structureless particle (like # ) fthen & similar forw as the




ok,

leptonic vertex could he assigned to the hadronic one, as;
* oy |) bt nl ’ { ' .
<P eyl By = WAEHX) & u(e,y) (T1.12)

(ii) If the target is actuslly 2 reslistic »roton then the

general form of the electromagnetic current taken between single

proton states may look like:
<Pyl 8,180 Poa> = WLEHYY T, uie,n) (T1.14)

Here, /v covers any linear combinations of functions which are
built up from P, P' and Y-matrices. The number of these

functions may be reduced down (by using the Dirac eguation for

eliminzting multiplicative scalar factors such as ( Y- ) or

( Y.P')) to the three functions: yf

y P=P+ P'. 3nd q = P' - P.
For a precise form of /, , each of these should be multiplied by
a form factor F(QZ) due to the internal structure of the proton
generating such a dynamical Q2 dependence. Thus, if the current

iid

b)

conservation requirement, %aﬁ(,)=o y is notified, then:

/ P47 171.15
7 =4 (5t e Rah) - kR (11.15)

with the quantity K being tiie anomzlous maghetic moment of the
proton (= 1.79 Bohr magnetons).

For the cross sections, we may start from the transition

matrix element;

S - e) (Pyv - .
oo = _L/J; (%) ’b‘_(,‘_.a)a' ) d"d:’ (11.16)
where the Feynmain propagator for electromagnetic radiastion,

Dp(x-y), looks like:

-4 o . .
IF(‘K-'a) zza{2Ty) [ e "’(')‘ 1)/(4‘2.'_(&') A(' (II-l?)

Then, the differential x-secticn could have the'followjng form-



after translating the currents to the origin in space time=:

n , s 2
46 ~ 5 (Rap-it -P) |Al. d{pPhase s7ace)
Flyx
a ’ ’
~ MM (rarow-p) (A K M
WP)® = mis® eve and e (11.18)

PRoTON

.If no information regerding thé pclarization is sought, then
the absolute square of the matrix element is to be averaged
over the initial spin states and summed over the final ones.
Now by making use of the complefeness relation for positive

energy spinors:

’ . Y
i = (22 = 3 Ko 11.19)
Z atwerl e =(522) =), K=Yk (11.19

m
and trace theorem, we present a general examplez to obtain the

differential x-section: subppose;

2 3 . |
’Af-i l=]ﬁl£)r v | = (@ rua)(@a Fud) 5 F = y'rty  (11.20)

then: '
= he. - Aol 3\ ut
2#.1\_;;& ="£2;“~‘$)(T"EF‘ )“ﬂ Ue($)

(o BAE o Mok

(11.21)

4
s slikd

Now if the same procedures apply to cese (i) above, we get

a2 = L owh' . - (11.22a)
v .

PV

,4-
where each of the leptonic, Lﬁv y, and hadronic, W , tensors

recads as:

I'rv =4J—m;'1: K ) ‘4- (I +m) Yy =>'-1IF (k»k’v + k;klv "gpv(”"._mz)/\ (11.233)
"o

W = b ' d V 1 ]
T T (/f/-rm) VM) ¢ oy —;}F (Pr Pt arv(?P-Mz)) (IT.23b)



Tn Lab where (IT.1), (77.2) and (TI1.6) hold, (II.22a) resds as;

gvxv*“:.&res'(Fmignm-iTﬂaﬁﬁ) (¥1.22h)
: e am’ -

By introdvecing thic into (II1.18), after'carrying out the phase-
space integrals such that the electron would be slloved to

emerge into a solid znagle dfL , the result reads as:
3 > ]

4% o (/o o L Qa8 _
SR T Y O T- K RE- (17240}
dnde  HE Aw%g am aMm , .

where the gawfunction is for satisfying the conditions (I7.8).

. . [
By integrating over d& , we get

H
-—3—%— = —%—%o&%l- +2T *aﬂ’_g:) > CT:= 7'%;— (IT.24Db)
where:
ds \_ &?yg e fM N
kmkl‘ﬁuﬁ§0+%mm§) - 17.25

Eq. (I1.25) describes the scattering in a static Coulomb field,
then the term in the bracket of (I1.24b) is a correction %o
(11.25) arising from the magnetic interaction between the
electron and the mass M structureless protons. When case (ii)
is considered, w" which reads now as:

My y Ly v : :
wh? o Zl? T F ) (P+m)T - (I1.23¢)

————

20
to have the double differential x-section as:

e £ S’(fﬁf—)x

dNde’ T sErande

where with respect to (I1.15%), ;"';—_ .X’r?‘(q’)_*_ e B a?) c 79(, causes
- i
Pk

X (“fg'(i(freff%‘CEH5)+2t(ﬁT¢\+KﬁUﬁim#g>(11'263)
which by integrating over d , we get:
. N ' )
_4—5.—.' = (;-I?'I)MDH <( Ry +T KF:(‘q")) + ‘lf(‘ﬁ 4"+ KT (‘123) Yla«-’-f-) (1I.26b)

For avoiding cross term (FyF,), cnhe may re-write these ex-
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nressions in terms of linear cowbinations of F1 and Fp defined by:

G—F(q") =R — TrEMY 0 Gle) =1 ' (11.27)
and
Giule) = F th +R(49 2 Glo) =pw= gk (11.28)

These are ~alled, respectively, electric - and magnetic - form

factors in fterms of which

2 . - 3 2 2
dOR T aETmrg N am \ T "7
and
_d_<§_=(_J4_.\ CetTln yar Gy latl | (T1.26b")
d df Aﬁnté | +E .

This is known as the "Resenbluth formuls" which if primasrilv
. . . : . . 2 2
interests are in the high energy approximation; s = m*,s=|Q),

then (I1.26b') may be given as

ddg‘:(tl:t‘:}((Gé -|-'C'6-;)/(‘t,_-€9 s (I1.26b'!)

(ITI.2¢c) Some Predictions frowm Form Factors
(10)

GE,M satisfy the scaling laws
d R .
Gl =Cn Cn . . - (T1.29)
oo

and the dipole form

GD ~ __._.._l_--.z—-_—...z ' A = 0.7l
{1+ QY/AY (11.30)

0¢ G <ol

This empirical fit in which / stands for the static magnetic
woment, has been useful for determining the Gg.up to Qg&'k and

Gy up to more than 3%~ 20. However, the trends of the data of
N

. . . L
G, , (N for nucleon) in Fig. 21 appear fo show 1/Q+ behaviour
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which reads as G(_Qah:f—@\.ahen Q2 >> (experimental parameher

0.71 = A) (GeV/C)g. N
G Qg) may be considered as a2 measurement of the probability

amplitude for, say, nucleus to remain a nucieus after absorbing

a virtual photon carrying QZ._ This, on a plot of cross section

sgainst, say, E2 = E' appears as clastic peak due.to coherent

elastic scattering from the nucleus (see Fig. 22). lore loss

of energy tu discrete levels causes the appearance of the

coherent excitation of nuclear resonances to the left of the

elastic peak in Fig. 22. Now if we insist on increasing Q2

such that @2 33> A (see eq. (I1.30)), as the sharp fall off

the probability amplitude (2s fest as l/Qh) ensures, the cross

section dies away. This means, physically, the onset of

another reglon where the preference of the nucleus to breask up

is satisfied. As a result of this is 2 large quasi-élastic

peak at the far ieft end of Fig. 22 due to electron elastically

scattering off the constituent nucleons within the micleus.

This quasi-elastic scattering occurs when W = & = N where N is

I‘;

i

the number of constituents to which scattering depends on only,
m the nucleus mass, and M the proton'or neitron mass. The

area under this quasi elastic peak is relsted to the sum of

the squ;red charges of the constituents.

Since Ap<Il , there exists a regiﬁe of Q2 where the proton
form fecter takes over. Here is actually onset of the repet-
ition of history by nucleons. £And as we see later in this
chapter there appears tc be no more scaling in this region in

>

where quarks are believed to be scattered.

IT1.3 dadrons' Quari Model

(59,62)

Gell-Mann and Zwelg have stated thst the wide range

of different particles have built up from just three tynes of
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fundamental entity, the so called up, v, down, 4, and strange,
s, guarks each of which hzs spin %. They are characterized by
isospin, I, and strange, S, quantum numbers. The u and d quarks
have S=0 and are members of an I=% doublet, while the.s quark
has I=0 and S=-1 (see the following -table). |
We know that hadrons sre of two types; baryons (B=1),
decaying radioactively leaving 2 proton or a neutron as their

end result, and mesons (B=0). +

However, the relation Q/e = I3
(B+S)/2 - the Gell-Man/Nishigima formuls - relates the charge,
isospin and strangeness of baryons and mesons.

According to the following rule, the particle states are

made out of quarks:

Baryons are built up from 3-duark contributions (qqq)

Mesons are built up from a guark-antiguark centribution (gg)
therefore the baryon number = 4 to each q and = -4 %o each g ic
assigned in the following table.

Quark/Antiguark Quantum Numbers
C Anti
uarkignin g Bl 1,13] s | ChaT8e| quark| Spin J| B|1,1,| s|Charge
W37 e |7 - 73] 7| 9/e
Label : Label -
1|1 2 3 - 1 3 .
u e 3l3,2 |0 +5 u & -4|%,-4] © -5
d % 1 5]%,-3]0 -% d = -3{3,5 | 0 +5
5 % | 4]o,0 |-1} -3 5 5 |-4]0,0 [+1] +3

For the baryons, the different 3-quark combinations may be

grouped into multiplets, consisting of octets and decuplets of

states with a particular spin and parity, J?, and 3 well-defined
symmetry with respect to interchasnge of quark labels, spin and

space coordinates.
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As an example, we recall the quark model family description
of proton (P) snd neutron (n). NMembers of this family have S = O
and form sn isospin doublet, the I=% nucleon (N). Still they are

members of =z bigger family calléd octet of baryon states of

+ . . . M .
JP = 17, in which the three guarks sre in a2 relative S-state

(1=0), with two spin parallel and one antiparallel. For the
nucleon only u and d quarks are involvedj a proton consisting
of the combination uud and a neutron, ddu. This octet together

with quark labelling is given as:

|
@iy ;=== vy
/I \ /' \
/ \ / \
/ \R Wi \

\ +
rd [/ N /i° \“Z

or r!
tsdd)\ “l e fes
\ / /

dss) T quss)

Disg.I11.2: Schematic diagram of the
octet of barvons of spin-parity

I1.4 Electromagnetic Deep Inelastic 1N scattering

(IT.4%2) Inelastic el kinematics

By -assuming one photon exchange for the reaction 1 + N
—~ 1' + hadrons the amplitude;

’ 2
S=Mi+2MV - Q

Diag.I1.3: 1Inelastic electron-proton
scalttering via one photcon exchange

factorizes as:

' I ’
A~ g‘ TiK,s") {,‘ Vi k6! —:|-= <P nld (P> ' (I7.31)

.

. 2 X . . .
by taking | Al® and summing over the hadronic states, n:



ds ol W gy | (11.32)

If no polarization is sought, then, L}V, is the same as (I1.23a)

. LY
while W now itsvy be written as:

ww(pq - ("DZ (Pslgiglns <ntd Yl p5> (2'“) 5* (P+A=Tn) (I1.33a)

L
2
where Y4-momentum % ~function is included since there is no

restriction on the energy of the scattered electron from its

scattering angle. P, g, and metric tensors can only fori two

. . - by
combinstions which satisfy the current conservation, ;\M =
R . '3 v/
7, w = 0, and symmetry property, W = W ', requirements, such
that:
Fy €m
) vw o als . pa ) W, (¥, v
Wl ln = (—‘d 4L w,em (.5 -t--{(f’_. .E:_ "_'r)( P‘)_E.__i cfv)) -—’:-—g-z——o ) (I7.233h)
¢t voor P* M

Upon constructing this and (I1.23a) the result after neglecting

leptonic mass at high energies reads (in Lab frame) as:
v ' e
huw'——ztr@h (WP AL W, (\hy)gfg) (I11.34)

which by introducing it into (I1.32), the differential cross
sections for the final electron, with energy in the range of

a

N . . !
dE', to.emerge into 4 re=ds as:

2 2 3 .

'JF% = 4:45 ( \.uf'"(\;,gz)(_mi_’f_" +2w (\J,Q)/Im‘“‘ G’) .11.35a)
(This would be the Rosenbluth equation when ¥ = %; )
alternatively it may read as:

_{E s g . ;@ y /€M A ' (T1.35D)

dgidy ¢ e (o i 2T )

However by cowmparing with (IT 262), tho forms that W1 5 can
_ y

take for the elastic scatterlng read as:



Wl =6 (g )S(-—- -v) (I1.363)

N 5 | )
Wty & G Q)+ G, (Q)S(Q-_.v) (I1.36b)

|+ T

while, by comparing with (11.24a), for elastic scattering from

a spin & pointlike coupling Wi, p read as:
23 N
W9, oty —-'c'§ —.\)) a (IT.37a;
] 3 . Q . '

: em . .
The structure functions, W, (v,Qﬁ y which summarize our
?
lack of knowledge of the dynamics in the vertex YCP — hadrons,

depend on q2

and q.P = Mv.

wﬁv is the contribution from the hadronic Vertex, therefore
another way of looking at our- scatderlng is by treating the
electron beam as a "source'" of a beam of photons whose méss
and energy can be tuned by varying the energy and scattering
angle of the electron. Ve are then studying total photo-
absorption cross sections aé 8 function of energy and mass of
the photon. However, it can be shown that the inelartic

lepton-nucleon cross section in terms of the photoabsorption

cross séctions, 6’7. and 6, , reads as:

d6

i = I (c-', €6, » (I1.35¢)
with
- [ L/ . TT
];" = The Transverse Virewal Thototon Tiux =~.':-?-. Lo (I7. 38)
_ At E ey

However, the relative size of contributions from a trans-
verse photon and a longitudinal photon to the cross section is

given by:

r,(,;};; _ M (,4,-1’;_)_: (11.39)




|9'5)
(UY)

(IT.4b) Deev Inelastic Scathering Daka: Scaling

e . . . . . v
The data(+’) in deep inelastic region looks like that of e-p
in Fig. 23 which is reminiscent of our previous discussion
concerning Fig. 22 as well as proving that if we had had 3

nucleus target, then, since:
2 A 2 => A L0
Q2 >> Proton > Ql Nucleus (I1.40)

a new regime of Q2 has been reached as a result of which the
scattering on nuclear target can not be in deep continuum
region. In this way, Fig. 24 shows that at fixed missing mass

W3 2 GeV the cross section falls off roughly like %2 and not

like %g (the nucleon form factor squared) which means whatever
has been met inside the proton by our highly virtuslized photon
does not show any structure. Tho other point is that: from
integrating the spectrum over v at fixed Q2 a large value for
cross section has been obtained which is the same order of
magnitude of the Mott cross section. But first of all as long
as fast fall off the proton fbrm factors is regarded as an
effect of the structure of the proton due to strong interaction
(otherwise it should have remained at unity for 2ll Q2) it 1is
jmpossible to have a point proton. Secondly, the obtained large
~value o% the cross section must be due to electrons scattering
off the point like constituents within. the proton. Up to now
there has not been found another Qi'regime for the far end left
of (II1.40). This means no observation of the constituents of
proton. However, a conjecture which is known being made by

(46), .

Bjorken ; l.oe.s

Lo PWE™( Q) e K (Eﬁﬂ

R@v-ra o) 2MY =
> TR ET=
«2’;, 2M\A/em( @y ——F (_2_»:12) (IT.41s)
H ! 2 .
@avsm o)

is a way of geining information about proton governing dynamics.
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This "scaling" or "scale invariance" arises very naturally in
a model which 2ccepts proton as being made of pointlike con-
siituents cor partons (see next sectiocn). To see this we have

to measure the cross section at various € for the same valuczss
.2 . . '
of Q° and vV in deep continuum, then extracting \qe“(ﬂu &) 5 at

large angle, and w,™{hes6) at small ©. However, relying on

SIA _ o
” =(|+g;(l/(%”+€%9 (II,&2)

we see that if R has the proper functionsl form %o make right-

hand sides of the equation function of the dimensionless variable w

then, scaling of VW, and Wy will mutually occur. So if we have
&, and ¢ separated experimentally, then judging about R gets
easler. Fig. 25a sh‘ows(h"?) determination of & .- and - data —~
trends of which are in consistent with the underneath
assumption of one photon exchange in the definition of the
electromagnetic structuré function implying the linear depen-
dence of((dzéldn.ds')/r}) on é for a particular point (QQ, v ) (here
Q2 varies from 1.0 to 11.0 GeV2 and w from 2.6 to 4.0 GeV).

The measured values of R 2re in the range 0 to 0.5 which on the
assumption of it being roughly constant in this kinematic
range, the proton average value of R is 0.18 ¥ 0.10. 1In Fig. 25b
the meaéured R is shown as a function of W implying no clear
dependence of R on any kinematic variable. The smallness of R
causes to accept it, only conveniently, edual to zero as it is¢
the case in presenting scali?ﬁ8§f YW and 2mw, in Fig. 26a

which shows sppropriste data well heyond the prominent

resonance regions i.e. with cuts of Q2 > 1 GeV? znd w2;> L GeVZ.

(IT.4c) Precocious Scaling: Scaling Violation;

Relation (II.41) will nct hold in the rescnance region

where there are enhancement at particular values of W, nor for




suall 02, since Y Wo(W, 9°=- 0) —- O. Put by the following

dimensionless variable for which the lower limit goes down to

W > 1.8 GeV and Q%3 1 GeVe:

Y

2
’ M

—me W3 IR Bjopren limit (IT1.43)
3 o

(49)

Bloom and Gelman have shown that the low energy reson=hnce
electroproductions have a behaviour which is correlated with
that of ﬁhe deep inelastic scattering. This has been tested *n
terms of a constant Q2 finite energy sum rule (rooted on
getting the sgaling hold for ail w'!' as long as Qg—p 1 when

interchangability of the Regge - V ~—= o , fixed Q2 - and

Bjorken - ¥ and Q2 —-*-m,—lf fixed - limits is assumed):

2m -, ) )
F dv W (v, oY) = dw’ h, (wh) _ (17 .49)
. o 1 .

where wmax is in the scaling region and is given by:

max

Vo o= (W

2 a2y/oM  w . :
mex max - M© - Q%)/2M. For a range of Q° from 1 to k4

GeV2 and for Wpax from 2.2 to 2.5 GeV interpolating the experi-
meintal values at fixed Q2 in Fig. 26b indicates that the evalu-
ation of this sum rale is satiafied.

| While plotting of the data in w' extends the scaling to

smaller-value of w2, by introducing a variable(50) such as:

lM(-\)-l—m : . - :
ww T — -—F——-;:ﬁ- =2» O op \‘u' P Qz >~>V\‘.|; (II.SO)
v o+
s

L3

2
scaling at large Q2 will be obtained. And for Q$"§ it hacv been

. W . . . .
found that -the function 1:—-9W& exhibits scale invariance even
w .

down to Qa 0 (see Fig. 26c).

However, by making our attention restricted to data below
threshhold for production of heavy hadronic degree of freedom
sucl: as charm, in this introduciory remarks we, then, are not

going to be concerned with the renormalizable field theories
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which give 2 complete exuplanation of the behavicur of the dafa

such as those shown(51)

in Fig. 26d exhibiting quite 2 vast
scaling violation for nucleon structure functions in meson

deep inelsstic scattering at 100 and 150 GeV.

(IT.4d) Data on scaling in neutron

Determinations of the neutron cross section from proton

[ =4
cross section has been done through(’g) subtracting the proton

cross section from deutron cross ssction. However, because in
a ratio measurement many sources of errors (e.g. solid angle
uncertainties, radiation corrections) tends to cancel out,
determination of 6,/6, is mostly preferred over &, alone, as is
the case in the présentation of the data on Fig. 27a versus

x' where, although &, and 6, rativs are consistent with a

single function of w' i.e.: 6, exhibits scaling but significant
difference between them( hence, \)h{';ﬁ\ngr, say) is seen over
the entire kinematic range shown, and thus provide evidence for
a significant nondiffractive component in the scattering process.
This is seen confirmed in Fig. 27b where V (wg - w2n) versus
x' for Q2;> 0.9 GeVe, W > 1.8 GeV, and assuming R, = R,

represents a peck at x'~. 0.3. The curve goes to zero at x' = 1

and x' £ 0. These two points confirm &(¥r) ~B(Yn) >0 at large ?

IT.5 A Model and Predictions From 1%

(II.5a) The Parton Model

Eq. (I1.35) with respect to (IT.41a) and j::—%— reads as:

2

_d% . anx i .
MLEEE = (Eu» h_a)+h(w)g‘u') (IT.35¢c)

There is no fixed dimensional parameter on the right-hand side.
Therefore, deep inelastic electron séattering is independent of
any =cale of length. Meaning thsb the nucleon's structure

responsible for scattering must be pointlike in character



~

leading to the idea that the nucleon is composed of pointlike
constituents - the partons. This will be discussed more in the

(
(kindergarten) parton model®

53) as_fnllows:

In this model the rolevof impulse epproximation is
apparent; such as demsnding the parton being scattered off by
a sufficiently large momentum transfer, Q2, allowing to con-

sider the scattering as:

n, ! 3 e Q
L ! = !
2 A=t ;":’-.':.—:'.- 3 B Z : .
"n P :" p A 41(” E .A(P)

Digg.IT.L: Eguivalence of sum over
intermediate states =2nd incoherent summation of
scatterineg from individusal constituents of the

proton in deep inelastic electron-proton_scattering

That is the.nucleon is thought as con51cL1ng of partons, very
much the same as nucleus which is composed of nucleons. But
the mein difference betweeb the two is thsav 2 nucleus is rather
lightly bounded weaning that the nucleons are nearly reel
particles, while by studying the ratio of binding energy to the

rest energy of the partons in a proton;

. binding energy . 100's MeV _ ,

rest energy 1C00's eV

we see that partons are tightly bounded inside the nucleon znd,
so, are highly virtual (hence, changing their charscter from one
Lorantz frame %o another). Apart from the tinding energy, there
is one more frame dependent ﬁotion; namely'%he lifetime, T,

of the parton  which should be grester than the time of inter-
action, & , between a sudden pulse carrying a 1arge ENErgy

tranafer from the projcctile and the parton® if the 1mpulse

approximation has tec worl”. Becasuse in the hadronic systems, the
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time scale governing internal motiocn is comparable to the light
transit time, therefore internal motions is comparable tc the
light transit time, therefore only a fuzzy picture of the
instantaneous states of the hadron seems obtainable. However,
the solution is to have our hadron in a frame in which it cen
move with nearly the speed of light in, say z-direction. In
such a frame (which is, at hiéh cnergies, the overzsll centre-of-
mass system) the Einstein.time dilation effect diforms the
proton into 2 pancake (i.e. it suffers longitudinal contraction)
énd slows the iﬁternal motions of the partons to a étandstill
position. ' Now '"seeing" 2 scatiered parton speeding away freely
frqm the interaction of the rest, in a relatively transverse
direction,"séems probable if a sudden pulse propagating in the
transversce direction with a large transverse momentum hiss it

elastically, i.e.:

. ew)

xP_ ] q;l)
4
i N D I
5)&3&,‘; l‘i!llal‘i*\ ~
Tt % e
- Morisnd, i <<
'77‘»1»;(, i\i
N<<h “_\"

—

Digg.II.5: Tnelastic electron-proticn
scattering in the pnarton model. The proton breaks
up into constituent partons, onlv onhe of which
collides elastically with the leptons

(contributing w*® for the itN parion)

In brief, conditions ‘are reslizable ss:

R

I g I . _
Trawmn,x = %7 ‘ Z "c_ﬂ*""" (11.51)

where X4 1s the finite fraction of the infinite momentum which

. th ca 3 ; S e
coch (1" parton has when it is viewed in infinite momentnm
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frame if the partons in the rest freme of the nucleon sre

limited in the magnitude of their momentum. Moreover, viewed
" from overall centre-of-mass frame (see above for this approxi-

mation) the T and Z are of order, respectively;

Teee' = 26~ 22/(2 (0 amiye) =) (T1.52)

T = 41/ (amv— GF) (11.53)
Thus provided that

2My — @° =mamy (1~ -L) >>"Z£ (1 emi)feg) = M (1I.54)

we have T3 ¢ . But (II.54) is satisfied if 2Mv and Q2 are

much greater than any transverse momentum - or mass - squared

with their ratio, w = Zﬂf , Tixed. Consequently the fractinn

of the longitudinal momentum carried by the scattered parton

in the infinite momentum frame has to equal the scale variable

w™! with respect to which we may write:

o®

1
rﬂ-PQ:On,L

a
ok 20 R Dy

v s .
2xP 4P P )'v T+l : (11.55)

:'(xp +

which means the four momentum is conserved acrcss th2 photon-

parton vertex.,

’

However, we employ above ideas in inelastic lepton-nucleon

scattering as follows.

(I1.5b) Parton Model Predictions About the Deep
Inelastic e-P Scattering

With respect to previous discussion, the deep inelestic

e-P scattering may be presented as:

(a

Wi (V0% = 2 'W,f " (v1¢) , (1I1.56)
A

Contribution of each parton, carrying charge ey to ‘each of the

electromagnetic structure functions is given by:



Lo.

o E ' (17.372")
. .2 C \ -
W, 2= C%:S@ﬁ%"wv
o) , 2
, M a2 (\ .
A I - . (I7.27b')

where m = xM is the parton mass. Now if the prohability of the

ith

existence of parton between xM and (x + dx)M masses is f;(x),

then it may be shown that (I1.72) reads as:

em 1ot F 2 o y
MW, (s Ql‘) =n—)v-.z'-.2_>_§.(fn e. = F, (n) (II'r’?a)
em , - > - ) -
W, (v,Qﬁ —— &(z F.o 0 5 (I1.57b)

These remind us (II.41a) mezning the Bjorken deep inelastic

limiting region satisfies the conditions for anplying an

impulse approximstion to electrol scasttering fror partons as

viewed from infinite momentum frame, or vice versa (see Fig.

26a). From comparing these equations we get the following re-

[
lation(’h):
22 F W) = Flw = 5« 1,-?.(.,.,;.\_._",‘1 (11.58)
A "

In generelized perton rodel, hcwever, if Py stands for the
probability of N existing partons inside the proton, each with
different distribution in w ;e %(ﬁJSHCh that;

!

) = . (11.59)
/ -CN (%) dm&. ==/ 59

then (I1.57b), for example, reads as:

-~

'
. =_'°° N a ( £ &, .
W, Ve =V T S, S }d"-' 2 () o(v- QL/ZMQ\)
1 B

A~

i o A 2 | - «:—W
—Fz( LS (x.)/?—‘v'\)':'w“. ; >k ..57}31‘)
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and the assumption of having the same longitudinal momentum
distribution for all partons becomes:
C
— r ' ! e
< > == v L (no du. = e (11.60)
4 T[\I L3 A N
[+

(IT.5¢c) Partons as Quarks: Sum ruless Duality

a
Equations (I1.57) lead us to: Vbem/uqe“ =-£é which by
D
inserting this result into (1I1.39) we get:
g w 2 o _ am _
- Ro= % =24 2)=| =~% === (T11.392)
| Gf !n/l QZ ) Q v

But from Fig. 25b suggestion of jRQSL)ﬁ>C>in the limitation

of either Q2 F;;-oo,ﬂ fixed or V wep- ur,Q2 fixed is consis-
tent wiih having our partons as spin & objects. Because(55) by
looking at the virtual photon (cirrent)-parton interaction in
their Breit frame, the improbabilivy of a transverse current

(with helicity 1) to be absorbed by a spin-0 parton comes from

its inability to carry any angular momentum in or out along the

direction of current. Hence,.gl-:,o s R-+poo, In manifest dis-
agreement with the dats, meaning little of the protcn's charge
is carried by spin zero partons as far as R #Z O but very small.

On this basis, partcns are accepted as auarks of Gell-Mann and
? ] 4

Zweig.
However, with respect to (11.59) and - %;-:-%i,eq. (11.57b")

may be written as:
-]

r ' '
— \’/ 1’12 m—— -‘— X ' ‘ | | -
z_[zw.;ndv__ [m h(w)ég.—;:% i ('2; ef) . (11.61)

= expected value of the sum of
the squares of all the parten's
charges in the nucleon.

(56)

In this sum rule y the left hand side integral diverges

logarithmically if the constant part of the (large Vv , finite

Q2) experimental value of Y% is not excluded. This constant
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part of the (diffractive) virtual photon-nucleon scattering is
believed (at nigh energies) to be due to the isoscalar Pancron
exchange term in the t-channel which is.dual to the non-
resonant background in thé direct s-channel (at low energies).
However, to avoid the logerithmic divergence 'we should only
consider the non-constant part of the (nondiffraétive) virtual
photon-nucleon scatfering corresponding (at high energies) to
ﬁhe ordinary exchange terms in the t-channel which are dpal to
the direct channel resonances (at low energies). Therefore in

dx. P —h - v 2

x 4p on
we do not confront with any divergence difficulties. To see

this in the context of the quark model we recall that acccrding
to this model proton and neutron each consists of three quarks

which sre sﬁpposed to be associated with the nonccnstant part of
the virtuzl photon-nucleon scattering. As these valence quarks

contribute differently to eP and en scattering, then, they cannot

describe the constant part of scattering. To have this constant
part described it is assumed(57) that proton and neutron each
also consist of neutral guerk-antiguerk pairs which are assoc-
iated with the aforémentioned constant part. However, provided
that the qq pairs possess zero net strangeness, baryon number,
and isospin, their combihed effect will be zero as far as the
.hadron multiplets are concerned.

To get the result of (II1.62d),by recalling (II1.58) with wiw

now standing for the guark flavour, we define;

£,(x) = ulx)

No. of up quark with momentum
x to x + d§ in, say, the
proton = u

No. of down guarks with momentun
x to x + dx in, say, neuuron (by
isospin rgflcctjnn\ = g"

= 1 (11.63)
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Mow, to use (IT.7%) it should be noted that the virtual photon

Yp 1
1

LFY = Z(uall) 4+ (ded) L (S45) (1T.64%a)
% 4 . ! 9 9

| Yn 4 : ,

=¥ _,_:_;__ (d+d) .;.-';(u-g_a) +—?;'-($+S') o (17.64Db)

As 1t.is seen there are six terms for each structure function.
On the other hand to get the net number of each kind of quarks
we pfoceed as follows: thé tetal charge on, say, a proton is
'+1, then; | |

R
| = -32-}[(2(U.—6) - (d-d) 4(S-~§)) du
[+

and as I* + /a2 4 then;

- !
<

N

f (=T = (d -3 dx

o) y

also SP:: O 80 ;

'
0= {(S—-g)cl%

P

]

The solutions result in:

I(U-G:'Av. =2 (11.65a)
)
(de g )dn == | : : (11.65Db)
6‘ .
[{S—’S")n!%‘: o (TI.65¢)
[/]
However, by using the duality requirement(57);
A . :
9w =‘/!hf.) +Sq('t.) P Vs =0

(11.66a) .

- q.
Fray — S NP
qw) = S () (11.66b)

and noting that the sea is supposed to have zero isospin and be

even under charge conjugation,

s § :
=5 =35 =5 ' (11.66b")
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(11.65) may read as:

/ VU{-,,)J';-\ = 2 ' . (II.I’)S&.')
°
j{ ‘.’d'.'ﬂ'x dw = | (IT.65b")

on the other hand, after subtracting (T1.6kb) from (I1.6ka)

with respect to (11.66) the result looks like the following:

] cr e ©W
',;'(E' () = b (x)) = ..;_(v“-.v")

whose integration with respect tc x and equations (II.652') and

(I1.65b') read as:

p o, (II.62b")

o
AV .

|
er _.en [ 2 3 .
fb .Ii(‘]:; {n) _..Ez' (“))JV. = —3' - - ((e‘.)f’ - ( e[’n) s

. (52
This sum rule is compatible with the dats in Fig. 27b and yields5
0.28.

>
x

L 3]

Now if VU and V9 have the same functional shepe, then egs.

(IT.65a') and (II.6%b') demand that:

u
Vo =2v‘!m te= 2V ' (11.67)
. , ) er _en
with respect to which the curve of Fig. 27b' is F - § ;:-% v
But;
eP
F,” = V + contribution from the sea (11.68)

which is plotted in the lower part of Fig. 27b! where_the
difference between this curve sud the data guoted on the figure
is the centribution from the ses (which is ﬁegative). This
mcans that (II.67) must break down at least near x = 1 where by
taking the data literally, v&(x) is very much less than V%(x)
and, hence; V guarks, here, 2re dolng nearly all the scattering.

Also adjustment of the curve to data near x = 1 shows a nearly

Zero gontribution of the sees there and it could not become im-

portant until x £ 0.%. That is to say that the "wee" partons
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having fairly =mall fractional longitudinal momentum give the

sea contrivution going towards a constant value as x gets smaller,

corresponding to Poumeron eVﬁhangu

Eq. (1I1.57b') with respect to -Jﬂ-f%u%; and (T1.60) can be

integrated as:

I t
2

(_:) j -a - AN z« &
'2';4' | ._l;. V/zc,)’g) dy = f-':h” dx =; 0:1( o ) (TI-698)
=4 .

[

= Meah-square charge
per parton

[y \

' Experimentally(’SI, the SLAC/MIT data for the left hand side
of this equation give the following results:

!
Y,
f‘FY(x)dx =o.lt o002 j F "m)du =ol2%0.02 (11.69b)
() A .

a

Considering the nucleon as made up of three quark-partons, ihe

right-hand-side of (1I.69a) predicts that:

/G.F:ﬁ(”d" = 2 3 '))/ ['F (ydn = (")“2 —'))/

' 4 - 7
= 0-33 = 0.22 (I7.6%9¢)

each of which is nearly twice its corresponding experimental
value. Following the picture of three valence quarks, and a

uniform core of qg pairs we see that
]

& . 2
f};f’(,mdv. =2 0 (2(%) +(3) » T F M i )(” 3’)/ =(§egy) 2o

39/ 2§ el (TT.69d)

each of which is still larger than the corresponding experi-

! a

]T{(v)dx-z i, ((3)+z(—) ('2‘)

mental integrals. But the Kuti-\ 1eqkopf model(s ) which

includes the neutral gluon (something to hold the targets'

constituents together) in additiorn to valence guarks and the
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sez of qf pairs predicts a value for (II1.69a) which is com-
parable with both experiwental results in (IT1.69b). However,
unless we disbelieve in symmetric momentum distribution (i.e.
eq. (IT.60) would be wrong) otherwise the gluon or neutral
parton exists and have no weak or electromagnetic charge but
carry mecmentum as hypothesized.

When having had the neutrino scattering discussed, the

amount of the momentum carried by gluons will be given.

IT.6 Wesk Deep Inelastic 1N Scattering

(IT.6a) Xinematics of ¥{SYAN scattering

By neglecting the nearly zero mass of the incoming

neutrinos on account of being at high energies, the unpolsrized

inelastic neutrino nucleon double differential cross section

feads 38!
2 2 '
e _@ My \_E_L »v“’(f-fE _.'T‘:.) (TT.’?OP.)
JD-JE'— (:?)A(M:.;.Q‘/ £ M vk -k,

where in contrast to electron scattering the propegator has
' ]
infinite mass meaning there is no Q'* in the cross section and

a rmuch larger fraction of the data is at large Q2, However the

leptonic tensor could be written down as:

: ) , , X A6
L, =k Ky Rk, —k-R G e Kk (11.71)

where the extra term which is seen multiplied by the fourth
rank Levi-Civita symbol denoting to the separate existence of
the left-handed neutrino (hence, upper sign) and right-handed
antineutrino (lower sign) beams is cancelled out in electron
scattering due to averaging over the two-co-existing right-

and left-handed electron spin states in the initial beam. This
is also the reason for not having s factor of % in front of

. , »y .
(I1.70). bkoreover, W'  may be writhen as:
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vvpv'vi<nlamb%w,?>|‘.,<p L3 Noyins<nt 577 oy P> (11.72a)

but, becsuse the weak interaction current is not conserved, and

as 1t i1s a mixture of vector and axial parts, the expansion of

. o

; ! : v re  pYRA
w ™ now involves all the basic tensors 7., 1”7"11'723 y E (27

with which the same procedure as in electron case, leads us to:

o vy

rv W, . & TP
w' o= L AT S L/ : s
. i W +77 el ‘\A o Wi e aen (11.7(10)
\ :
- | ' “ &
=7 JE=N ~ 2 ,/Ek\ _
"Y P if the lepton is serving

as gn external source of
the virtual meson field

W, coupled to a hadron
current J’_‘H).

In contrast to the electromagnetic structure functions which

are purely vector-voctor (VV), w1,2 arennow each the sum of two
parts, (VV) and axial-axisl (AAj. But w3 is the vector-axial
vector interference term only, with one of the two currents in
the right—hand term of the above graphical representation of
‘vabeing vector and the other axial.

Contraction of (II.71) and (T11.72b) yields (in the Lab.):

LMWW'-: JEE'(Z m;.‘.;’ w, + Ca*S w, F E;E /u.:“;g W,) (11.73)

) . M
Note as the (V-A) interference term in W couples to the (V-A)

interference term in pr , hence two d;fferent signs appesr in
‘front of W3. This involves a E; wnich effectively changes sign
when we go from lepton (V-4) to éntilepton (V+4) i.e. replacing
a neutrino beam by an antineutrino beam. Introducing (11.73)

into (II1.70a) yields:

d% v) _ @’r-."-( M),

dS'ldET\E w M:;“'Q’ + Y — =l

2 ’ ,
\. w 428 aw (ot & W, E+E .28
/ [ A Y A (17.70b)



which may slsc be represented as:

!Zé-‘ (\7 "nE'

’/‘\4\} \9 s

. E+g’
ni& .. 26 "

(J\A/, Ap> !

nil :_?e

The hypothetical abtsorption cross sections &, , g, , ancé
are respectively defined for the right-handed, left-handed, and
scalsr intermediate vector boson,¥W, in analogy with the electio--

magnetic case. In terms of these, the structure functions

(11.74a)

(17.74b)

(IT.74%c)

B,=%., 1.e.: conservation of parity

Sy

=8, as it is the case in electiromagnetic

(11.6b) Quark-Parton Picture of Inelastic ( Y+ V )P Scatterine

Eq. (I1.72a) may 2lso be rewritten as (with p and n dencting

the relevant target nucleon, 1 and 2 being SU{2) indices):

LY

1-42

2] ap i 2
WI".V = & (1")Jdl" e <7l J_p {n) Jd“’A to) 7> (]]' 753)

. Ag :
er - -ﬁ;(n{) (A[*xc <n|;’|+42

V-42
] Ly & te) | >

which satisfy the strangeness couhserving ( 65=0,8I=\) com-

ponent of g(m_, the hadronic current. From (I1.75) and isoc-

spin invariance it is seen that:
,vn Vi - ,
W' o= W, =) (17.76)

In the (kindergarten) parton model point of view of the deep

[N

nelastic neutrino nucleon scattering the weak current acting
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2t the parton neutrinc vertex changes the charge of the parton
as such that AQ = 1 (the basic reaction is supposed to resi as:
VoL — } f ). Therefore for spin -4 partons we have:
parton parton
! |

P . Etn) _
W, [de., T T [dr Ber Yy (1=T5)u W, Y- ) W, f.t,e !)(hq §y 11.72¢)

LT Mg
d

(for antipartons W —"V ) here eiw is a weak charge which is
unity if the parton belbngs to an isospin multiplet and can be
raised by en isospin raising operator to i', otherwise eiw
vanishes. On the other hand ej in the following relation(s)
is unity if the parton i can be lowered to i', but vaniches

otherwvise:

2 d:’ J“ B U-g) T et L Va7 (17.72d)

Still these two equations may be brought to situstions like that
of eq. (II.72b) which enables us to compsre the relevant co-

efficients and get:

Juw

%M ,\olwl(-;) g i? 2? (&3 -2.\,,, : :F;(i)(a) (11-778)

2w ] o :, ' .
pl[é:m \,Wl(;) —_— Z Q’NZE(?—) g;.w 2z = E(sl'(\)) (II.??b)
-J . A
2 p\wW

€

. - v .
a% vy (3) —a—)'_'lﬁ,zg g 20, =5 ) (17.77¢)

4

here 7;15-3 signature which is negative for partons and positive

for antipartons. There is the following interrelation between Fs:

‘,'Q ] .\’r\-’ ) -
¥ =7 (11.78¢)
v,V : = - _
saF g g? v : - /e
2/ = %72‘ _7; (11.78b)

here the upper (lower) sign refers to parton (antiparton) con-

Yoo
tribution. With Z

vy . .
sp and % - being the contributions of parton

' - v c1s s
(#) and antiparton (%) to 73;' , the probsbilities for
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finding parton snd 2nti pqrﬁon at a given x read as
;;,3 - ,.-‘3_'37 +}:, _ (17.79)
- which with respect %o (II.lQOb) we get the following relations:

5 | (I1.78b")

Now, if

. 3 .
M o> 3~ 4eE ML s 0l (i) B2 > dQMY =AMy,
w - 2 2 g

72

then, bracket 1nvolv1ng ot y €an be dropped out, and we may write

(I1.70) in terms of F and o6 <Y :%- <) (the inelasticity
which is the ratio of the actusl energy transferred to the

maximam transferrsble energy) as:

¢ 3 1,2 %Y
0:/"-‘ d¢ , amy ds'n IMIEE’ Wy

- __._‘f..lf . A) e
Grghvpe S9N gy T dnde‘)' T ("- 7+ () 3 30 MF) (11.80)
P fraed - .

With respect to (I1.78) and (II.79) we get (IT.80) as:

v 2, .
¥ d'e G'ME ( v
A = B () (1= ‘r"_u,)
- d!d'x ™ 2.'7;A + ﬁ) s 7
E)S'gl}‘“:‘f (TI-SlH)
y= JG G/wr
|-
£y gis s dxdy (( o "’( R ‘“’) (II1.81b)
ﬂ:ﬁfh-)
Integlaf1ng these w1th respect to y and then x 1eads to:
- G}hu v
i . — i -
ﬁms AT S ¥SDLL (17.82a)
, y G ME v ] '
A ) =
gime‘ oW (3‘4»‘*’*':,; () dw (11.820)

which means under the scaling assumption (IT. 77), the cross

sections should rise linearly with incident beam energy. How-
) c

ever., the data in Fig. 28 are from experiments(’9) done at

CERN in energy range € = 2-15 GeV and from FNAL in the rarge

E = 20-100 GeV. Both neutrino and anti-neutrino cross sections



are rising linearly with ehergy supporting ahbove theoretical

predictions.

(IT.6c) Experimental Evidence

The CERN experimentzl data of Fig. 28 indicates that:

&) :
= 0.3 X 0.04
(18] ©-38 0.0 (II-833)

34+ A-28
3+A 42p (IT.83Db)

"

3~ 43R
33 =R

I '
/27¢FJN %nF dx
Ao Lo~ ' B8 o= Jo "3
/!f" d ’ ' r Bob= e:R”'//(GR +6 +26)
3 T, dx

(I1.83¢)

where :
R asks for the reliability of the assumptions (I1.76) and (II1.77)
accepting the inequalities ogjslg A £ i which is followed from the
positive definiteness of the probability. However, the imposed
limitation on the magnitude of A of this incauality, fronfR ,
reads as:
0:87 *o0'lo == —;—f—%r%)— <A s (I11.84)

" showing how corfectly the Cz1lan-Gross relations (11.78a) are
satisfied. A=l follows if the longitudinal cross section, & ,
can be neglected in comparison with the transverse ones (i.e.

6,<< 6,6 ) in which event R+L = 1 causing R to be between
4 (if R=0) and 3 (if R=1). (II.33a3) confirms the lower limit
of %, suggesting again that most of the constituents inside

the proton are of spin -% entities. Also’R~% hints a factor
3 reduction for antineutrino cross section haé the following

explanation in quark-parton model wherein by V-A theory par-
ticles are lefi-handed and antiparticles are right-handed. For
a system of two spin & particles {or antiparticles), such as

V9 (orV{), colliding colinearly in c.m. there is no angular



A

restriction whatsoever, since the total angular momentum J=0.
Hence, the y-distribution is isotrepic i.e.: d&fd4 (vq,; )~
constant as it_is the case of fhe data(6o) for E ~ 50 GeV in Fig.
29 - the straight line, being referred to as A - from FNAL which
is consistent with the data for E ~ 30 GeV from CERN for various
‘region of x. On the other hand for a c.m. colinear interacting
system of spin -3 particle-antiparticle, such as Qii(with J, =-1)
and V4 (with J, =+)), isotropic interaction is impossible since,
for instance to have our sntipafticle,ﬁ s Sscattered backward

by the particle q; there is a needness for d, to be equal to -1

resulting in AJ,=-2 ., Through emerging initials and finals:

ot
Iz'-.-.:---l /Jz’ =+

I"-
-ﬁs /
(B g
4’4
S -~ /L
y

3
<

zf ans J‘z i Y q Jz"" +1
7 /5
Mmg. I1I.6: Emerging initisls and finals of 2 system
" of two interacting (2) particle V¥ -antiparticle g and
(b) antiparticley -particle q of spin +

the angular momentum conservation may be worked(él) out

resulting in an angular distribution of the following form:

(1 +ese)

2 2 - -
ldv o] = = (1-3) ~ij (37 ; 1) (I1.85)

which vanishes for @ = W (equal to impossibility of DJ, =0 ;. S€EC
above) rand yield'the factor 3 reduction upon it being itegrated.
However, the (1-y)? gistribution for ¥ induced resctions can.be
seen in Fig. 29 (the cufvey line, being referred to as B).

For an isoscalor target above argument leads us to
differential.cross sections (7I.81) being baséd on the con-
ventions {(I71.78) and (I1.79) to which adding the definition;

. I
v, 0
Q - [E” (1) dx

(11.86)
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revesls the role of B, whose magnitude has the following

limitations:

2(v-R)
14+

087 x0.10 £ B = = 0-90 & 0.08 (11.87)

Ly} Ot

Q—
Q-
Accepting only the spin 4 entities results in to have the

upper limit of (IX.87) fcr B. Therefore, as B measures the
amount of antimatter in the nucleon, we may have the spin 3

antipsrticle cross section contributjons as:

TSN L G (17.89)

Q+5 2 T 2(R+)

which is a few percent showing the relative importance of quarks

over antiquarks.

(I1.6d) The Gluon Momentum:

With respect to (II.64), for nucleon we have:
en ; ]
T, H):Qwuw+;+n+%4hsg§ (11.90)

. oW
and with respect to (II.77b), ¥ which is a measure of the

number of scatterers inside the nucleon mey be written as:

W : )
Bt = (wsrdati+d) ‘ (I1.91)

Comparing the integrated form of (I1.90) and (I1.91) we get the

following prediction for "the mesan square quark charge"f

}
en
/Ti () dy

a
! Y
N
/T;_ o d
()

The experimental values of the quantities in eq. (I11.92) are

2 — 5 :
Q> = B =073 (11.92)

{0y
\oY% 4,
:

1 . |

en v
[T; (w) % = 0.15 % o.0l f'a (W) do == 6.5] £ 6.08 (11.93)
v

o

with which < @° > = 0.29 * 0.03.

However, we know that u, d, s are the probability of



finding, respectively, up, down, strmnge quarks and hence xu,
xd, xs shculd represent the fractional momentum distribgtions
of the target's momentu@ among the guarks. Therefore we expect
that the integration of (11791) expresses the to%al fractional
momentum (or mass) carried by the constituents of the proton,
and hence to be unity. This is much more than what has been
found experimentally in (I11.92).' Also from (1I1.90) we expect

13

. en - . N . . .
to have :"]fﬁ(ndx equal to unity, which its numerical value is
> (e . )
. N S ]
something roundabout C.52 - 0.03. This nearly half the momentum

is believed to be carried by the gluons.

11.7 Lenton Pair Production

(63)

It has been shown that: 1if at high energies, s, when
kinematical constraints allowing application of the impulse
aporoximation have been met by a process in which two hadrols

A and B (e.é.: pD, e‘é*,rv , and YP) interact absorbing or
producing s lepton pair (e.g.: r+F', e°e+, rv, and ev ) of huge
mass, Q2, such that Q7/si=T is finite, then the governing
subprocess in which %the quarks have been assigned conditionally
a limited finite mbmentumltransfer, is named as the cuark fusion
‘model; since a quark (from A or B) fuses against an autiquark
(from B-or A). However, by neglecting the hadron mass in account
of being et high enérgies, and if %_and P2 are four momenta of A

and B which are supposed to be protons, thenj
— - o 2 A ~ »
s = _(rl ' P2) 2P P, | _ (T1.94%)

Also if X1,p ATe the fraction of the longitudinal momenta of
parent protons carried by the pértons, then from conservation

of the four-momenta at each vertex we see that:

. )
Q = (7‘17’, -i-%zﬂ) ~ oW NS P o< %, < ' (T_r.C);)
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fhis is the formal condition for a pair of mass Q2 = mib =
(Pﬁ + R@ )@ being formed in the reaction: P+P —~ (3 o

.} . B
fy + hudrans for which the differential cross section is:

e pY :
(Y
: = 4 : o
.‘!C’(...fi’..’. =..'§. Zﬂge(.i[[fq.(x,)f:(x,) XiMa %(n,,,_z.__z‘_)dn.dxz (11.96)
do? < 3Q e ‘v o* $ .

Here, ﬁ.\.u‘)(f;x(m) are the probzsbility of finding qi(ai) with
fraction x,(x,) of momentum Pl(Pé), and xlx2/Q2 stands for the
ﬁroton flux. The factor 4 comes from coloured gquark model
wherein each quark 1s found in three versions: red, green, and
blﬁe.

However, in the present process which proceeds via a massive
timelike virtual photon, both partons are having spacelike
momenta.

By writing (I1.96) as:

. 2
L 7e /"«""-’ Tota Sy = 2) dndm (11.972)
dQ v
where 9. =, §,x) (H"d CT(-(M)'—‘-M {, “‘:J) stand for the quarx (snti-
quark) distribution function, with respect to (11.66) and
neglecting any contribution from the strange quark (II1.923) re-

sulte in:

-4%"[(4\’(.(1(.)+Vd(x.\+103(l.))§-(2 + (H-V“(x,) + V() +1o S(ﬂﬂ) M] (II . 97b)
dg 9 3

Now, with having the rough estimate of the shape of v (x) and s(x)
(for instance, from ceclectron scattering data of Fig. 27) the data.
on present'reaction are giVén(3u) (the presented) theoretical fit
(in Fig. 30). liowever, the sharﬁ fall off of the calculated
curve in Fig. 30 is traced back to the asntiquark -distribution
function, s(x) (see (1I1.66)) being zero for x & 0.4%. Moreover"
the discrepancy between the data (at fazg.2.5 GeV) and the

éurve is assigned to {EF values being low for the aSsymptctic

theory to be valid. Of other'several.facts for such dis-
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crepancies is the basic assumptlon of zerc transverse momenta
assigned to the quarks in order to see them free of their

binding energy. This has heen corrected by attributing a "finite®
transverse momentum to each guark. £flso in qguantum chromody:ia-
'migs(éh) (QCD) based on some experimental facts, such as depen-
dence of the average transverse momentum of lepton pairs

produced in pp collisions on the méss of the pair, there have

been given several corrections to the a2forementioned leading
Drell-Yan diagram confirming the auark transverse momentum 3ss
_well as having quafks and gluons responsible for forming the

basic (previously discussed)subprocesses.



CHAPTHR TIY

Large P, Phenomena

TIT.1 Introduction

In the last ftwo chapters we presented some experimental
and theoreticsal discussion concerning the existence and
properties of hadronic constituenis. These constituents are
of course approxinmately pointlike spin % quarks. ©Such a
gquark structure of hadrons will be used in this chapter.
This will ke dene by means of locking into the single- and
many-particle data at large Pt from the point of view of the
predictions coming from specific theoretical models. 1In
Sec. III 2 we introduce scme theoretical idea which will be

apter. Experimental observations

o g

used in the rest of the ¢
defining the stricture of the large Py events are dealt with
in Sec. IT1.3, and the theoretical predictions are compszred
with experiments in Sec. IIL.4. Sec. IT1.5 deals with recent
experimernts where the process is triggered not by a single
perticle at large Pt but by a large Py "jet". The last
section is devcted to a summary of thelconclusions.

’

ITT.2 Some Theoretical Femarks

(I11.23) Preliminary Eemarks

Cf lots of verious phencmenclogical functions giving
experimenial parasmetrization to the invsriant cross-section

distributicn one is the following (see Ch. I):

3. Y .
;E—-LB = A T'Lv S’(.'X-.LJ@) - (II]-].-?)

dr’

or in order to take into account also the low Py region it can



be eguivalently seen as:

5 i
T = AC ) L SERN' (I7T.1%)
?

However, the scsling function, (. ,¢y , which is expected in
parton models to be -energy independent at fixed reduced trans-
verse momentum, %, ~ 2P /y§ , 1s offten approximated at 6 = 20°

as.:

g ,_ §
(N> Ox 90} = (1-x) ~ (I17.23)
or, equivalently, ss:

Yoaor ~ S0 (1w, )F (117.2Db)

*y >l

(65)

The parameters N, M2, and F, as obtained in-various
experiments, are given in Table I. This table, in summary,
shows the value of N to be equal to ~ 8 for pions, 8-9 for
kaons, 10-12 for pratons, and 9 for antiprotons. (Apart from
recent experimental measurements(Su) of inclusive nevtral
pions (up to Py = 16.5 GeV/C) production at c.m. energies of
. 53 and 63 GeV, @ ~ 90%, from PP collision) these values are
generally compatible with those suggested by the dimensionsl

(66)

counting rules, a subject which has also shown a good
success in predicting the value of nz=N/2 of the asympiotic
form(67) of the differential cross section of the exclusive

hadronic reactions, at wide angle, as:

' .3..3.(;\3_,>h,b)~5_“§(,®) | (ITI.3)

. . (68)
This, however, could be correct at not too large energy

(S <100 GeV2, |t] > 2.5 Gev?).
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(ITI.2b) Parton Models and Counting Laws

Given experimental facts in Chapter T and conclusion there-
in encourage the ides that hadrons are made of constituents,; or
partons if we consult as well the success of leptons in pro-
viding an ideal tool for investigating the hadron structure
(see Chapter II). It is, however, believed that the destruction
of the coherence of the initial hadron states and their sub-
sequent evolution into many new hadron states have the following

underlying mechanism:

TV oy

Diag.TI1.1: The structure of the large
Pt inclusive process AB —= hix in a hard
¢ollision modzl where there is an
underlving 2-2 subprocess

Here a and b erc some sort of constituent of A and B, respec-
tively, which undergo a wide angle collision - depending on

the forthcoming models - either elastically or guasi-elastically
to ﬁroduce ¢ and d. Either these products themselves or their
fragments apEear as two final hadronie jets in one of which we
trigger on BF==LI at large Pt. Then the scaling behaviour of
the-inclusive cross section, AB — X, at large Py reflects the
scaling behaviour of the subprocess ab — cd which is given by

the dimensional counting rules defining:

N = N/2 = DPaetive <2 ‘ (TTT.4)
Foo= eny

passive ~1 . (T11.5)



- ., . p _ . . 4 -~y 1
In these equations, nNgagiye = 0, + Ny + 0, + 04 1s the total

c
number of elementary fields (g, 1, Y) in the high Py hard
subprocess ab —~ cd and Npaggive = n(ak) + n(bB) + n(hic) is
the number of elementary constituents that "waste!! the momentum

in the fragmentations A —w 2, B~ Db, and c—~ hy.

(III.2¢c) Specific liodels
(69)

If it is supposed that the wide-angle auark-quark
elastic scattering should satisfy the demands of the dimen-
sional counting rules fIII.3), this gives N = 4 in (III.1) in
contrast to the experimental result. Als> it can be proved(7o)
that the understanding of the exclusive processes, in the
context of the dimensicnal counting rules, needs suppression

of the guork-quark scattering. On the other hand, for the
counting rules there is no firm experimental evidence, for
ipstance the consegluences of these rules are only applicable(ég)
in the limit of x4<+1 while bulk of the data are in the region
Xt € 0.5. Tollowing this orientation, we see that Feynman and
Field (FF)(7O) have proposed that the behaviour of the qq._,_gq
scattéring should simply be chosen in such a way as to fit the
single particle inclusive data. In other words, it is the
experiment whnich provides the reassonable form of the differ-
ential wide-angle quark-quark elastic scattering of the sub-
process and not the counting rules. In this approach the

correct Py and @, dependence in (ITY.1) has led them to

i

chose the form:

de - .
—_— &)/ -533 (I111.7)
T x1/(-3%) .

where the invariants §, % (and 1) refer to the qq — qq
amplitude. In this model, the proportionality factor, A, which

'is used to fit the inclusive cross section data up to Py

= 5 GeV/C
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has the followinz numerical value:
3 .
= 2.3 x 10° mb Gev’6

However, of the data which favour (III.7) are those of the
angular dependence of the invariant cross section for
reaction PP — 10 X at 53 CeV in Fig. 31 (as a solid curve).
This figure confirns:s that the more peripheral the partqn
scattering, the more peaked is the behaviour at € = 0°. How-
ever, in this class of model, the rarity of the high energy
wide angle parton scattering ic claimed for the rarity of the
crocss section.

Despite the aforementioned failure of the counting rules
it may be claimed that they still work and accept that at

present energies guark-guark scatiari

-}
=3
ou
=
<
m
ct
lag
[¢]

sappressed for
some unkrown resson. Then accepting the other choices for
a, b, ¢ and d seems perinissible. Biased towards this appronch,

of wide variety of proposals are the Constituent Interchange

(71 : o : .
Model ) which in i%s language the quark-psrticle scattering
. U . : L, (72)

is supposed to dominate, and the JQuark Fusion model in

which two constituents fuse *o produce the detected final

state particle. Im these classes of

3

0dels one of the engaged partons
is supposed to be at large Pt and

RN gy a s mln e = > 31 >
ciie rarity of such pzitors inside the

© the rarity.of the cross section.

The c¢slculated specific forwm for the hard scattering cross

section in CIM £till looks like (III.7). We note that the QF

ble CI¥ term which is specisl in many ways.

e

(=2

model is & poss
In C1¥ a pair of guark-antiguark is exchanged in the t channel
while in QF cases, the exchanged objeci in the % channsl is a

single quark.
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CTil and 20 wodels give goﬁd fit to the valus of N and
the form of the function §(w,,@)in (T1I.1). Ixperimental
evidence for this stntement comes from fit to the 90° data
2t 200, 30C and 40U GeV, ot Fermilab, and 90° IS8k data ' 7 at

)

31, 45 and 523 GeV which are shown in Fig. 32.

(ITI.2d4) A Probehiligtic Formuala

Py

Constituents of hasdrons =re belizved to ac

ct

freely if ;heir
pzrents eser is having lerge enough momentum. lowever, the
commﬁnicatioh betwean these {reely scting constituents (in

the duraticn of short %ime and distance scales) form the basis
of the hard scattering in each of the aforementioned specific
theoretical models (see Diag. 11T.1). Based on the validity of
such an idea we can give 2 probabilistic formula %o describe

the inclusive processes, AH —sh 1 X at high transverse
L b] ?

momentum. To drive this fornmulz, we may write a convolution

ot

2 4 . oy et ~ L. . ("
integrel over the struc “ulg functions “a/h(xaakta)’ Gb/B

h . .
c' (Zn’ktp) times the square of the matrix
1 A

(xp,k¢p)y end D
element for the subprocess ab — cd. Functions G /g4 des-
cribe the distributions of constituent A inside the initial

hadron f#, and functions D, describe the distribution of

’

hadrons ﬁ’within the jet (see later sections for the definition
of jet) cominrg from the constituent & . Notice that this

incoherence between the strocture of the initiel state prior

to the hard scattering process and the subseéuent evolution of
the secattered constituents ie central %o the basic imnulse
approximaticn approasch to the inclusi&e nrocesses at high
transversc momentur.
-However, vith respect %to above remarke ahd if the masses
5,40

~ 2
of a,b,c snd d are neglected (i.e.: lh(ab-_,.cd)|‘ jElab-hd\ =)

then the invariant cross section corresnonding toDiagg. T17.1
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given ag:

15

may be

| . by d& s -
Ed(;/er(s_,{,u;As-,s-h,x),u'z dx,d2y Gajn Gorg % -d-f(sjé,u sdbsad) (117.8)
- _d (4
2)
where it is supposed that the transverse momentun distrib-

(

o p

ution is independent of the longitudinal momentum distribution

which means, for instance;
"' 2 "‘u . )
Dz) = | d Ry B (2es ko) (177.9)

In above formulss the notations read as follows (all defined
in hadron beam target c.w.): Xa,b are longitudinal momentum
fractions and kta,b transverse moments of constituents a2 and
b in parent hadrons A and B respectively. The outgoing con-
stituent ¢ fragments into =2 hadron hy which cerries momentum
fraction 3. and transverse momentum ki. with respact to c.
The invariants s, %, u referring to the hadron nrocess

AB —~ hix are defined in Appendix B and ;, ;, u may be given

as follows (when mza,b,c,d-= Q):

§ ~ 24 X, S = Rigq Ry (ITI.109)
L~ (Rl 4-kpa hyn, (I11.10Db)

U~ (pf )+ ab Run, | (1T1.10c)

For the forms of the structure functions Guhgand TL? in
diffused quark scatitering of Feynman, Field, and Fox (FFF)(7O)
we should relay on a careful analiysis of the lepton processes.
Indecd, ss can be judged from Fig. 33, their choices about the
quark decay functions ﬁﬂf”( are fitting s veriety of different
lepton data. On the other hand the proposal(83) of the Ccn-
stituent Interchange Model (CIM) for the G-functions is‘as
follows - if the dimensionsl coupling constant is giver by

g and ?dl“ stands for the fraction of f's momentum which is

carried by o :



d« :
(“'7‘ ) — e d_
Gap ey = (148) x““ (f,‘m ==_L»¢ G ¢ M A)

af)-1
TR - (TTT.11)

2R, “—a—l

Here n (XA is the minimum number of spectat-r elementary
fields left behind when x is extrzeted from B. Alsc in these

type of models the D-functions have the following propossl:

Pf(zm ~ S22 $p,u (177.12)

As it is seen from (I11.8) the inclusive cross section
for AB — h,x at high transverse momentum equals to the sum
of the cross sections for contributing wide angles subprocesses,
such as ab —- cd, weighted by the fractional womentum frag-
mentation probability functions Gxf and bf . Therefore scaling
of the inciusive spectra reflects the scale invsriance of the
subprocess ab —~ cd. However, as it'was discussed in previous
secticn, particuler models differ in the choice of the basic
intersction (defdl(5E:a>cd)) | But definitely, as it was

. . -4 X , . .
discussed previously, a ® dependence of the inclusive

spectra-coming froem when the subprocess reads as Qg + Qp ——

'
a3

calculations based on inserting (I11.7) into (I11.8)-=is not

g' + gq! with the standing for the quarks, and, hence, the
b q L Q ) ’

true from point of view of the experimental results asking
rather for a Pt-8 dependence. This means the involvement of

six elerentery fields in favour -¢f models as like as the CIM
and the quark fusion model (QF). However an important way of
distinguishing between these models is to relay on comparison of
the cross sections for different interactions with what is
predicted from these models, a subject which we turn to sftér
consulting experiménts for krowing how the large Py events are

constructed.
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711.3 Experimental QObservation Remarks

{1I1.3a) Structure of Large-Pt+ Events

In the context of the hard scattering model the
result of the collision has the following picture in

the momentum space. In this space, the final hadrons
appear in a coplanar jet configuration (collection of
several-hadrons coming from constituents which are in-
1tially isolated in momentum space) with jets of hadrons
aligned with the directions of both the scattered and

unscattered constituents. Moreover, these jets are four

in number. The first two are defined with respect to a
*

A o mMin

] %
charged or neutral particle, hL° , 2t large 7" > 1

( ~ usually 2.0 GeV/C) which is triggered upon in space

Lt

of (4> w*s ¢) . This trigger particle, #* , is 4

+ h

correlated to tge otBer products, h; , which are at T
¥ .

G . :’;
such that if ¢ . R' >0, then h' are forming the jet
he * &
Lo A + .
towards the trigger. Otherwise, namely; if % -1° <cy,€

‘.

form the jet away from the trigger. However, these two

large Pt Jets do not have to be colinear in the c.m.,
since the c.m. of the scattering constituents is moving.
Thg other two jets are at siall Pt and resﬁlt from thé
break up of the beam and the target:hadrons. These
small P, Jets are called the soft hadronie ﬁackground

(or the low P, cloud) and retain the main properties of the
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"mormal" cvents where no particle at large Pt is nroduced.

As far as the experimental difficulties are
concerned, events at 1arge'Pt are compared ?o normal
eventsy (that is, for instance, normal inelastic pp
collisions).. These are obtained by a minimum bias
trigger (see later section) which should trigger on any
ineléstic pp collision.

Howvever, in'what follows, we present sb&e experi-

mental results supporting the above ideas.



(ITIT.2b) Viewing the Normal Component Exnerimentally
~

Due to the experimental difficulties little if known
at.out the behaviour of the seccndaries a%t low Pt in the events
at large Pt. _iHowever, of subjects discussed in this part irs
the effect of the léading particle being defined as those
secondaries which are carrying the zame charge as the beam
particle énd most of the besm momentuw. As.it is seen from

(74)

Fig. 32 increasing transverse momentun of the trigger
causes the reduction of the fraction of events with a leading
particle in the large Py events. Also shown is the equality
of the possibility of observing =2 leading perticle for

different triggers.

(IIT.3¢) Viewing the -‘Towards Jet lLxperimentally

1

Fig. 34 showq(7 ) the rapidity spectrum of particles

. O . .
produced within a 25 azimathal range of a trigger particle
at high Pt‘ As it is seen, at narrow azimuthal wedge around

the trigger particle, the secondary particles have formed a
£
sharp narrow (a84~1) peak at %4 = qh which rises when the
&
secondaries are selected to be at high Pt and when GA is

inereesed. These peaks are present for zll sorts of charge

.

corcbinations. They are however three times bigger for
opposite charge combinations of trigger and secondaries than
the same cherge combinations of them. Also it is seen that far

+
}.c

from %~ , the distribution coincide with that of normal events.

This excess 1s usuzlly referred to as the towards jet in which
o vy 2 (76) ‘
particles have a limited transverse momentum (of about 30C

MeV/C) with respect to the vector sum of their momenta (i.e. the
jet directionj. This statemernt hss its confirmation from the
presented(76) background subtracted data in Fig. 35, where

6 (pl)*
. S . -6(r/)
the data are describable by o function as like as €
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representing the aforerentioned value.
Coincidence of the two-pion invariant cross section for

. ) : an® . N s 4.
alongside production at S0 which may be written as:

——~
—
Lomd
i=4
L]
o

(9]
~—r

' : -
BE,d6/430d% % (Py+Ry)  § (g + %a2)

with those of the single perticle inclusive spectra (being
shown as solid curve in Fig. 3§) exhibits the fect that sll
meunbers of the jet come froi: the same parent. This parent :
. . S . . (77)
cannot just be the resonsnce decay. For instasnce, estimated

Al 1y L] 3 ] I} . s t t
from the data on the invariant mass distribution M(T = ) and

M(¥r1C ), (represented in Fig. 237) just 16% of T's with

Pt > 2.C GeV/C can come from jt-decay.

1—

ewing the Awav Jet Exwvorimentally

[

(111.34) Vi
Independent of the trigger rapidity and centred at 4 ~o
are the data(75) éhown in Fig. 38 representing the rapidity
distribution of particles opposite in azimuth to the trigger
directions which is named aS'éway side jet. This rejects the
idea(78) of a back-to-back correlation in rapidity giving hope
to the idea of having s configuration in which the awayv and
towards jets tend to balance their transverse and longitudinal
momenta.’ Comparing the presented dsta in Figs. 34 and 28
gives this idea that the away jet is covering 2 wider angular
range. Indeed, as it is seen frox the azimuthal distributions
(79) ! . + A0
data of Fig. 39, there is a broad bump (= 90%) over Ehe
background of the normzl events which is rising with 11“0 .
Thie & . s , . (80
This may fean that the multiplicity of the away jet grows !
with TEko_ when it is integrated over all Pt of away produced
particles. This can be seen from Fig. 40 whére the datz are

fitted to a linearly rising function;



*.
ne , -
ML 0ae) = A +BUAR +¢ 1 lyg(F%) o V5 =47 Gey (I7I.14)

with h denoting the trigger species to the nature of which the

behaviour of the shown dat2 do not depend.

It mey be noted that if in c.m., @ is defined as:tang=T2
A*: e 2 ) . F
‘ such that (7 ) = L +Ty with P, end P, defined as:
: l""’z | .
A —p—y : e B e 4_ Away a-X=z Projection
i ¥ Towards
4
. h
- - . Towards MP°@
b- x-y Projection -— 2 e - AWAY
4% e % =
- P« =% h fd
= ey PR
S

Dipp.IIT.2: The coordinate svetem used to
apscrﬂbc the nroduciion ﬁ* H) h P+ in AR
¢ollision., X-7 nlane . is that of the
beam_ A, and trigger hadron 4&

HJ

1
4o
then, the shrinking of @ distributions with % in Fig. 39 may
mean that the component P, .'” PV, out of the triggering plane,
(M)

is limited. More clearly, the shown Pout distributions

(for different P, intervals in the case) of the 90° =°
trigger; as it is seen in Fig. 41, are independent of P, and
show an exponential cut-off in pout,c'?lpoutl in favour of the
expected coplanar structure in parton models.

Among the away particles, and through the correlaticn
consideration therein, it is possible to find out that *he
away particles exhibit(81> a strong short range correlation
in rapidity. This confirms'the case Lo be Lhe same as wvhen
the away particles have come from a narrow jet (8%~1). How-

ever as it is seen from Fig. 42 a stronger (by about-a factor

of 2) correlation exists for opposite charge pairs than for




/0.

the particles of the same charge. This has been assigned
o a substantizl resonance »droduction. Therefore we have

1

evidence confiriing previoiis ones that there exists a narrovw
jetlike structure in the awsy side region which itg axis
changes direction from one event to anouher (this ste

sometimes for the name of =2n awav fan-like jet).

TII.4 Theoretical Predictions

(III.Ha). Heuarlks Helated to the Gingle Particle Cross Seciion
In this part vwe are concerned with the beam ratios.
However, we know that in aforemenftioned specific theoretical
models, most of the Py dependence of fthe cross ssction arises
from the scattering rule chosen, while the angular behaviour
riginates in the break up of the incident hadrons. which in
turn depends on the distribution of momentum among con-
stituents making up the particles. Therefore, for two
different beams, A znd B, the production ratio of a given

type of large Pﬁ narticle, e.g.:

e e .

ede (AP —=T¥) /dp®
?\ A 1 = _ 11 15

samples the ratio of A and B structure functions. TFor

v

instance, if A and B are, respectively, proton 2nd pion, then

Fan
=0
~
=
v

we need to have (;W/Tﬂf when we are fitting the data on o
from the viewpoint of the diffused quark-model. In this model
(97/p is given from the lepton induced processes (see Fig. 42a),
while (-,,, has been assigned o constant value (~ 0.25, dashed
line in Fig. 43b) from the thecretical predictions; becaus se
there is no experimenteal ihformation on ¥ vgﬁn. With these
choices for C}q/hﬂ we get a poor fit to thc data on R(P/7v)

(dashed curve in Fig. &4). However, to fit the data properly,.

we may suppose thnt the (valence) guark and antiguark
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[95]

distrivutions in pion go not %o zero (like (1-x), a
stated in counting laws) as x —1 but to 2 constant (as in

i : . . (70) | 4
Fig. 43b, the <o0lid lines) resulting . in a better fit to the
beam ratio R{P/1 ) which is seen as a solid curve in Fig. Uk,
On the other hand, based on a refined versicn of the G-functions

ac
(85). fitted the

in the CIM and QFM, Chase and Stirling have
data onthe same ratio. This 1is seén in Fig. 45 where the JF
curve is already an order of magnitude too sumall at x; = 0.3.
This dissgreement is because of the involved type of antiguark
needed for the fusion which changes from valence to nonvalence
when the beam is changed from a proton to a pion. This is

against 2 predicted VV/VV (V for valence) shape of R{(PAt ) from

the other two models (:= diffused nuark model snd the CIM). This
(86)

o2

idea is supported y comparing the inclusive, higi Py,

.
LSO

]

-

np production spectra from , K, P and P beams at 10C and 20C

A

GeV/C for-e_  ranging from

e © to 115°, and Py < 4.5 GeV/C (see

2

Fig. 46). As shown in the bottom row of Fig. 46, the ratio
R(ﬁ/P)is close to 1. This value is what is expected when the
subprocesses emitting a single high Py quark produce as many
1%as those emitting an antiquark. In the other Qords, this
value of R(P/F) cannot be anticipated by the quark fusion
model since here we expect to see the enhaﬁcement of the
cross section in PP interactions (three valence § in the
initial state) relative to PP interactions.

The behaviour of the ratios in Fig. 46 also suggests
that the quérks scatter without regard to flavour (i.e.:
u,d, or s). Otherwise there would be just a reduction in the
magnitude of the 1t° cross section relative to the pion proton
interactions and the shape would be the same. However, the
variaiilon in the ratics originate in the larger probéﬁilit"
for tne éuarks in the pion and kaon to have » greafer portion

of the incident momentu.



"(ITTI.4t) Jet Cross Sechion: Trieger Bins: Smearing

Strong pvesaking of particle density in the trigger
direction (in the Fig. 34) means that the number of correlated
particles is small - that is: wmwost of the jet momentum should
be. carried by the triggering particle. ZBased on proving this
point is the experiment done by BFS group(87) who have estiated
the momentum flow following the trigier h§ = h , which is
emitted at 90°, as a function of ?&u and the trigger ftyne.
Consistent with the data, a linesr dependence on ﬁ_o is seen
in Fig. 47 where the mean value < 2> of the total momentum

carried by all charged particles following the trigger withi?

o

the rapidity interval |4l < | 1ies plotted as_a function of ﬁ? .
For the most relevant points, i.e. for ?Lku;: 2 GeV/C, however,
only %the slopes for «* and T triggers are well constrained by
the data, such that: d<'27',.>/d!il't = 5.6 £ IZ . DBven
allowing for unseen negtral particles, this number never
exceeds 10% which by itself means that the trigger carries at
least 9C% of the total jet moﬁentum.

- However, this peculiarity of jets is believed to be 2
distortion introduced by the siﬁgle varticle trigeger at large
-Py, that is, the trigger bias effect. To see what this is, we
recall éhat the fragmentation function, D, scales (i.e.: D =
D(z)) 2nd ignore, conventionally, the transverse wmomentuw of
the partons within the hadrons and of the jet fragments

relative to total jet momentum. We may then parametrize the

-cross section for the production of =2 pair of equal and
opposite transverse moumenta Pt 35(88) follows:
: +
EJG/J& = Afpu-i ; B o= 11“0 (I11.16)

With (ITI.16) the single particle spectrum at large -Py is

glven by the following convolution integral:
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hi'
) 1A . AN-2 - . — . ;
eds /iy, = ",,,f.szz Mm ; h=h (111.17)
LA
.l' P

This is true if and only if the fragmentation functions of

Lo

+
-
1
on
A
m
e

jets are th rom (TI1.17) it is reaslizable that the
single particle cross Lcofﬁon hzs the same nover dependence as

the JGG cross sechtion if and only if D(z) scszle with FPyo Also

o

N being blg means that the small values of z can not contribute

22

. A \
C ot a . . N-2 .
much to this integral because of *he term z (experimentally

-z

<z> =0.%). However, the larger the value of N, the nmore
marked is this trigger blas effect.

However, it is chown that the cross section for triggering

.on-a jet of particles is two orders of magnitude bigger than
the cross section for triggering on s particle with the same

transverse momentum such that a large ratio R = Jet/single of
the order of 100 can be obtained. For the naive CIM we get

R =1, while in the diffused guar¥k mocdel R of order of 100 hes
the following explsnations: In (I11.7) JG/JE falls off |
rapidly with transversc momentum of the outgoing quarks with
resnect to the ftransverse momentum of the incoming ones. For

s fixed f , the differential cross section dé&/df enhances

O

the configurations in which the internsl transverse momenta,
k, b point towards. h" (Diag.III 3a, belmﬂ whilst pro-
1]
z
duction of h’ would be difficult when the transverse momenta

of the peartons, k,'s, are santialigned (Diag{III.ab,below)-

L
The enhancing effect ofDing. II1.3n cxceeds the depressing
effect of Diag. I11.3b, » net enhancement results. However, »ll

together this effect decreases the transverse womentum on the

away side (see Dags. 1i1.3a and IIT.3c).

(873
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The basic internzl transverse momentum dependence, in the

formalisms, is carried out by a function like fuhg when the

transverse momentuw distribution is independent of x. This

means that the quark probabilistic function F (w,k) (i.e. either

guark distribution or guark fragmentation functicns) can be

decomposed &S

Finohy = Frofin (1771.18)

"R
where the carried energy fraction, %5, is defined as:
2 2 y 2 . !

oay = Mob ¥ 5~ Maw | (117.19)
For k) mostly an exponential form;

im, =b €xp (-bl'm)/mr (TTT.20)
is chosen such thatg

<k > = 2/b : (171.21)

Choices may typically be; b = 6 (GeV/C) (< ks> = 330 MeV/C)
- )
or b = 4(GeV/C) l(<k;> = 500 MeV/C). Experimentally(75’ for

hadrons from quarks, for exsmple, the SPEAR data have been

found to be fitable to €xpl-tk) (see Fig. 453) while for
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NN

quark frem hadrons popair data (shown in ¥Fig. 48b) suggest 2

larzer <<k ~ 720 MeV/C then <k ) .
2 ho g q >

However, by introducing aporopriste cut-off, extraordinsry

ef fects of gusrk transverse momentum can be minimized.

Feynman et al (FFF) by introducing a very large s and ¥ cut
off ( My .wlzﬁ-e\‘n,Mg ~2 For &h> ~506 Me/Co )

* hay in their

modified versicn of (II1.7) nsmelr:

2

do/dt ~ 1/ 1S +rag)iig - 1) (I11.7a)

force the hard scattering of quarks still to be the dominant

onel )

(I1I.4%¢) The Pgyt Distributicn

‘e most sensitive experinentsl gquantity to %he transverse
womentum of the guarks within the initisl hadrens is the degree
to which the collision deviates from coplanzrity. This is
called the Pyt distribution (or 4 distribution of Fig. 39).
The shown data on this in Fig; 41 are too broad. This may be
becaiise of considering it without naying attention to the
transverse moticn of the partoné in the naive opsrton »icture.
However, by consulting (ITI.18) it has been argued that,

firsst of‘all3 away side outgoing guark receives P ,+ (see’

Drag. I1I.2) (from <hy>, ., and from the trigger side Jet
hadron wansverse momentum spread, <?u5’q¢$ ), which, secondly

i1s treznsferred to the hadrons fregmenting from this away quark:

[
joy

(after being scaled down by Xgs bShe ratio of hadrons momentum

relative to %the quark momentun (see Diag.l71.2)). Also the

fragmented hadrons recelve a component due to <:k¢>?_*h
o=

Hence;
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which with respect to mementum censervation demanding for the

b

e a d a [ <
validity of % =B +%'-% where Ty =<kx,,/2 , ve get:

- o (< hy 5 = 4L (w2 +| <k = /1(2)”2
SToue > = Xe < F & vyiXeTU<y,, /e (IT1.23)

This is calling for the dependence of<.Pout.?.on Xg. fowever

“>h

(82) Xe dependence of L Pyt > is quite clearly evident

if < k_L.>q ~ 330 MeV/C (see Fig. 35) and <hJ_>h_’q?: 500 »eV,/C
then,

from Fig. 49 for the validity of (IT1.23).

(ITI.4d) The Towards Component Structure

For the CIM to have the chance of predicting the experi-
mental dats this model has teen extended 2s such that, for
instance, in terms like Q + M - Q + I the system M can energe
either as a single stable meson or as an excited ng system,
that is a resonance. To accept so, it is necessary to intro-
duce a decay function .34&0 to fit the datsz, and, hence,
exhibit that the produced associasted narticles to be just the
remaining decay products of tﬁe aforementioned system M.

This D-function, which is similar to the one shown previously
for the diffused quark model, sboils(75) the successful single
particle cross section predictions of this nodel (it changes
the powe} of (1-x ), see (I1I.11)). Also practically the
resonénces are absent in the invariant nass épectra of Fig.37.
On the other hand, in the diffused qaerk model the repeatation

of the spectrs of the sczthiered parent parten could te 2n

explanation eppropriate'for interpreting the cecincidence of
the data in Fig. 36. However, the two particle cross sections

\
/

can be obtained( from (117.8) with respect to the following

mechanism in parton picture: !
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Diag.J1J.4%: Unambipuous mechsnism for
trigger meson with a valengce guark structur

where the D-function in (IIT.8) now reads as

heh, h, k : .
IZ; (=) ‘-“"_qu Azz) =N (?—.)Dq:(z,/(\~z,})/(\—z,) (111.24)

For the case of Diag.III.4, for insﬁancep z, 21, and zo read
o g « - = =g
T N oo T

as follows: =z =L, +P ' _ P+ P* > Z= P and z,= [ ZF
T PV P ok T h-2)P

These determine the z —+-1 hehaviour of the D-funchion e*n €

we can have. (I-zQ,_(,z) ﬁ”/ P+r U zo Now, by being
concerned just, for example, with the,high Py, pion productions,
we suppress configurations containing the same charge combing-
tlons with respect to those_which contain the unlike charge
combinations. This i3 done.in account of the smallness of
say, ﬁd +. Also we accept 2 faster decrease for‘h:- relative
to 1F‘ to be due to the production of (++) being smaller then
(+-). However, based on these ideas are the prosented(82)
theoretical ﬁredictions for the rapidity spectrum of associated
particles -in Fig. 50.

In this model there exists a2lzo a factor of six rise
between /5 = 19 snd 53 GeV for secondaries with Pt>1 GeV/C,
while for secondaries with Py > 0.3 GeV/C it is only a factor
of about 2.5. #uantifatively, this has been related: to the
increase of the lower bound of the z integration in (III.S3)
reflecting the gradual flattening of the'single pnrticle Pt

distribution with increasing energy. This can be seen from

+

§
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Fig. 51 showing " a measurement of the charged particles

in

produced in ascociation with 2 single particle ®° frigger at
90°.

With noting that the consideration concerning Fig. 40 can
alsc be considered for towzrds particle it .can be seen from

the figure that the toward multiplicity is higher for the

proton trig

ger than for the pion trigger. Ift is because of the
. . b : ~t
faster decrense of D7 relative to Dgt when z —— 1, namely, a
I . .
proton carries a lower fraction of the parent parton momentum

than a pion, and, therefore, lezves more energv for other
particles to be produced in the following certsin forn of

production;

i
he
L ) R L (ITT.25)
<' /\/{owA&M -~ J LEx st [11.25

This meat's that the coupensation of the incrense of £ 7z » with

+ *
[+ .
Tgh is done by the ﬁﬁo fzetor itself. Apuart from practic=al

absence of the existence of double-charged (or many particle)
resonances corresponding to the double charge correlsztion in
the CINM model, above idea concerning multiplicity can be

argued to be valid in *he constituent interchenge model as

well.

(ITT.4%e) Awav Component Structure

'(I31.8) should be modified in the presence of the away

omponent for which we can have:

. ! l‘:'_ .
—pa /c‘] 1\)1|(‘) -(-1-:-‘-'-‘— P WV u= '}.’.ez (ITI.26\'
Ld i‘

Therefore (II1.21) could read now as:

h h
: ::'.5 N ! .
ae /c! flh,‘ff'l},;!ﬁs,,‘*é’h, Y _,[1245Ga,’a("’w)@blb("‘b)%gi’"’. =% (e (I71.27)




where with respect to the relation P, + P, = P, + P, it may be
: . a }J C d ’
proved that:
4
o M ,‘f“ 7'1)/ i Pl ) ‘
ty =\ = & =g ) A B D) - (117.28)

(I11.29)

. z § z. ‘
:Jc--';]d b —. {; 0"%-{-6)-{? ‘; b ’)CK=7!“-W‘$7;${ (III.BO)

+ ok -
° =h)+{h=h,) + x (2 and B are

However, if for A + B == (h
protons) GLe/j goes to zero at the lower and upper bounds of

. e A : A 2
the allowed region (I17.23C), and as we can have Go‘[ﬂ, "'(\-x),

then the maximun can Te shown to be at the point of rapidity

equal to what follows:

(1%} 1 © (II1.31)
(1= %) %,

Eun (28man) =

or equivalently at

~~
o)
=
b=
L]
(UV]
no
p—

Inymax ~ ~(0ShE/2

We see that the peak should be centred near ﬁh2~*° and
shifted a little opposite %o ﬂkif u is small._ This is the case
of the maximal periphernlity, because shifting of tha: peak to
the trigger side occurs - in the diffuseu ouark model of
Feynman‘et 2l (FFF) - if *the differential quark séattering
amplitudes read as (II1.7) being svmmetric about ﬂh;==° in
agreeuent with experiment, see Pig. 52. TFrom Fig. 52a it 1is

clear that the-experiment is lower than the theoretical curve.

However by choosing < h‘a\ greater than 32C MeV/C (or nesarly
. h->q - ’
equal to 500 #eV/C) the size of thecretical curve goes down in

becoming comparable with experiment.
From Diag.IIT.1 it is evident that the situstion on the
away side of the diffused quark model of FFF and CIM of EBG

loo%s similar with each other. For instance their predictions
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for norialization on the away side is siwilar. tiHowever, with
the normally quoted form for the CUM model we get a "back

pidity

v

in
[
jo}
(0]

ra

-

antiback" thecretical prediction for the away

shape shown in I which ig clearly in disagreement
‘o . (75) : s
with experiment, DCCLnE proposal which concerns this

point agrees more with a form as like as (ITI.7) for spin

& quarks.

TI1T.5 Mznv_Perticle Fvents

(ITT.%a) Manv Particle Trigrer Experiwent

It is believed thet in measuring the total hadron energy
derosited in a given solid 2ngle and therefore the total jet
energy (independent of its unknown fragmentation function, D)
no trigger bias could affect the experimentztion. This sort
of measurement, however, has bteen done by using a2 hadron
calorimeter at FNﬁL(egj (experiment E 260). The device con-
tains two four-section calorimeters. ©Tach of these calorimeters
triggers when the total Py > 0.75 GeV/C. Horeover, what is
suggestive of a jet ftrigger can be seen in Fig. 53b denoting
a cum over all events in sections c¢f one of the calorimeters és
a jet event at lerge Py. Also, triggering on a single perticle
trigger’had been done under satisfying the condition of having
a.signal from any one section %c exceed a preset transverse

momentun biszs of 3 GeV/C - s

©

e Fig. 538 where the second section

in the left x-axis calorimeter shows s single trigger Py of

(X )

3.81 GeV/C. A typical E 260 jet, shown in Fig. 52b, consists

(1) Charged hadrons (mean cherged

mnltiplicity three) - . 57%
(i) Photons (1T?,? dzcay) 30%

(1i4) Neutral hadrons (13 = 8)%



(I11.5b) Menv Particle Fvent and Specific Models
We first recall that the ratic of the jet cross section
te the single particle cross section (R = Jet/Single particle)

can be expected toc be R = 1 in the naive corztituent inter-

[

change model. This is not certainly confirmed by the reported

QD

preliminary results of E 260 from & short run vn a Beryllium

. )
target (at moments up to 200 GeV/C). The R which is predicted(gg‘

to depend on x, and @ for €, 90° is about 370 at

[

c.m.? oilia
x, = 0.4 and rises to 1000 2t X, ~ 0.7. This is just the

order of magnitude we expected from previous discussion on

the trigger bias. Particularly the jet crosé section in Fig.

54 which is greater than 1C0 times the cross section for producing
charge particles (sumrced over all cherges), is in excellent
agreement with the diffused guark model predictiors of Feynman

et al (FFF). This mezns that the jets observed in hadron-

hadron collisions should arise from the fragmentation of quarks

just as tne jets in lepton-hadron processes. To show that this
last statement is a fact, there should be resemblance between
the distribution of hadrons within hadron- snd lepton-

initiated processes if quarks fragment into the hadrons in a

b

T

universal manner. Indeed, as it is seen from Figs. 55a and 5

there aée similérities between the unbiased inclusive z-distri-
bution of the charge jet fragments of Fig. 55a and the similar
distribrvion of quark jets , induced by lepton processes, of

Mg, Sﬁb., To see this conclusion more firmly, we contiqpe the

comparison of L 260 data with the predictions of the two wodels

about then.




(I1I.5¢) Comparison of Jet and Single Particle Triggers

"A particle trigger on one side see a jet on the other
cide, while sz jet trigeer should proeoduce cut a single psrticle
on the away side," this is what can be imposed on us if we
want to compare the jet and single particle triggers in con-
stituent interchange model of BBG wvhich is in sharp contrast
with whaﬁ has been observed experimentally by E 260 pre-
liminary dete. Namely the failure of CIM, this time, is
indeed so much the worse than the previous times. On the
other hand, the only difference, in the diffused quark model
of FFF, between a jet and single particle trigger - due to
their originsl guark momentun Zc - can be appropriately re-

moved and, hence, have the experimental results reproduced

\

(see Fig. 5€). As is the case in Fig. 56, when jets are
Awey Hedron

triggered on directly, instead of the variable Xg = —Px ,
Trigger Jet Trigger

P T L b /e sy 88T we may use directly the

variable z = _px/thet for describing the away jet fragmenta-

tion. However, in the case of two identical jets with Py
(Towards jet) = Py (Away jet)(i.e.: ki = O, see Diag.III.3c)
an identical z distribution of the trigger side and of the awsy

side, nzmely:

) e (e
gdz AW&)’" 542 / Towards (I117.33)
is expected. Cn the other hand, if the mechanism of Disgs.III.

3a,b is &% work (i.e.: ki # 0), then;

e ) ds .
(Gdz i}vv"x): \ 84z Aowarss (III.34) |
what is judging this discrepancy, however, is the experimental
away z distributions on Fig. 97 for two different values of
Pi(jet). The towards 7z distribution is rerresented by the

dashed curve on this figure which is standing above the away
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digtribution in favour of *the mechanism of Diags.ITT.3a,b

{1.e.: L 0).
I7I.6 Connclusion

In {his chapter experimental results of - the single- and
many- p“rLlCWe nadronic events at high ftransverse.momentum hove
heen intcerpreted from the viewpoints of the following three

main theoretical notiong (see Sec. (TiT.2¢)):

(1) Quark Fodel ({QM) a+q — 149
(ii) Quark Tusion Model (QFM) qaq = MM
(1ii) Constituent Interchenge q+M = q+M
uode] (CIM) g+M - M

However, from what is known as the counting rules (see Sec.
(I11.2b)), we see that the first of these theoretical wmodels
contains four elementary fields (= Quarks) giving cerainly
very poor theoretical fit to the inclusive rpectrsz at high
P, beccause these kind of experimental results are behaving
much more like (IIY.1) with N-= 8 (see the first chapter
This mezns the involvement of not tniore than six elementary
fields in the favour of the other two theoretical models,
(ii1) and (ii1i). However, of these two (3F ,4puq CI) models
the CZii.also has been capsble of predicting some other aspects
of the experimental results; such as the beam ratios, a
subject whiéh has already ruled out the guark fusion model
(see Sec. (ITI.ha)).

Fros the wany particle experiments view poin%, on the.
cther nand, there is no evidence to confirm the predictions of
the neive CIM, namely that the away éide from a jet should be
a sinpgle particle, but that the sway side a single particle
{see Sec. (IiI.SaY). Instead there :re

experimental eviﬂences( in favour of z two-jet sltructure o

=%
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3.

large P+ events which are similar to &
nuclecn iiterectidhs (see Sec. (IT1.5)). This'means also that
the jets in the large Py éventé muist be quark jets. Therefore,
it is concluded that the first theoreticzl model, the GM, is
the only one which is worth modifying to fit -the data, In this
way the qusrk-quark elastic differential crcss section given
by (IIT.7) is preferred over a foru such as (II1I.3) for vre-
dicting the experimental results correctly.

By recalling that indeed the gluons exist (see Secs. (II.5¢)
and (II,éd))we miey cleim that sowe of the produced particles z*
large Pty may be the results of the interactions of gluons. In
fact; these type of reactions (namely - if g stards for the
vector gluons; gg —- g8, 88 =+ 43, £§ — B3, 89 — £49,
GG —~ E8y 90 —~ g3, 0F —= ga, and ag —a qg which for each to the
lowest order in the perturbatioﬁ theory 2 calculated cross

(92,93)

. . . s -l
section exists )approxlmately contribute 2 Py to the

invariant cross section. However, even by regarding the
guatum chromodynamic processes we caznnot predict those experi-

mental features which are at Pt?’ 5 GeV/C where nearly a Py

dependence for the inclusive spectra (at Py ~ 17 GeV/C) has been

found-(gh) One more difficulty is tha% neither the propor-
tionality factor A of (II1.7) which is too large nor the guark-
gluon coupling constant which is given as: KS(Qa)=0-5/(1 +0.36 Log 3._3)
can be-proddced by any theoretical afgument. Hence, as is clear,
our theoieticel models still need some correction to explain the

entrie date.



APEENDIX A
(7,20,35)

Crogs_Sections: Two-Bodv Kinematics
In what follows the free particle states are normalizod to

one particle per unit volume. The phase for a single particle is

thus daP/(2“)3 .

Lp cross_sections

1. ITwo particle collisi
Awstipay o =03,0, 00000 sna2)

A.l - Tnvariant or Ievnman Amplitude M

The invariant amplitude, M. is related to the s-matrix

through:

Sy = 0g =4 0 Koy My [ e S (D
where 4 and S are the labels for the initisl and final states

and products of factors (2E55 is over all the particles in < and

¥ states. The implicit in the s~-matrix element are tlie con-
servation of energy and momentum dela funrstions. M has these
factors excluded. 1Its various arguments are thus to.be evaluated
taking the conservation laws into account. With the presence of
the square root of the Vﬁ}zgj) and tﬁe single particle normsal-

ization stated above, M 1s Lorants invarisnt.

A.2 - The differential x-section

It can be written in its following invariant form where the

projectile and the target are labelled, Jespectlvely 1 9nd;£ 2.

w42

3n. -
(21¢) l M-t\ d E_.., . - ’
a = ayh - uw”mdg(%% %) (A.2)
4({_‘)".?1) —minl)i ey T 5

clc—_'.(r
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A .\ '
The factor ((ﬂ-h) -"ﬁ‘“i) is called fiux factor. The differ-

ential xz-sectlion can be expressed per unit interval in inveriant

- 2 2
momentum transfer t = (P) - P3)% = (P, = P,)° as:

46 T dg 2 :
it ‘Tc.m. 1’cm d -Q tm 4TS ?Cm ‘ ) .

)
Note that sP7,,; is just the squere of the invariant flux factor.
For elastic scattering the standard c.a. scattering smpli-

tude gch is related to the invariant amplitude by:
'gc.m. =—MfENW : (A.W)

For inelastic two-body processes conventions vary, but ususlly
, 12
an additional factor (%Pec.m. /Tw) appears on the right-hand side

of (A.4).

2. Two-Rody Kinematics

The genersl notation is indicated in Dirg. A.1l for the

process flj + My —== i3 + my:

The invariant s, t, u, are defined by

S = (Pl + P2)2 = (P3 + P4)2 )
6 = (P -P)° = (P, -PY% (A
w o= (P - BT = (P, - Y2 |

with the constraint equation:

a
s +Lb. = n% '
+ "U\ Z.“ v (A'6)
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In Lab frame where the particle 2 is at rest, the ilnvariants

are:
2 2
s = omp o+, 4 2“‘12 ( El ) Lab
g ® e m? - on (B) 7
- ]I]2 + “])-l- - 21!.2 ")+ I_,Bb (A " )
- 2 i 2 - om (B
a I, + n3 amz(b3)Lab

" For reactions in which my = m, or elsstic scattering, the

2
momentum transfer t simplifies to: t = "QmZ(TH)Lab where T,
is the kinetic energy of the recoiling particlez;%‘h

In ¢c.m. frame where energies and moments of'parficles'are
Ey, Ep, E3, Ey, and Py = P, = P, Py = P = P, then, W2 = § =
(E; + E2)2 = (E3 + E)+)2 snd the two monentum transfer variables
are:
==(a,-egf-(r-v11

é '.:“!mm -2p¢ (1~ Cos @) {

min

(A.8)

‘l = aﬂ"" -2 er ( ‘+C°S G)c.h..) :’ uM“\ e (E' - E“_),—-. (P- P’)'.u

Oom 1s the angle between 21 and 23.

In c.m. (P -P;) can be expressed in terms of the invarisnts

s, t, u, in the s-channel of Disg. (A.l) as follows:

3 2 2 2
(mi=my Y{my =)

S

’
41:;'1,‘ COSQ; =-L-U C o (A'g)

For the t- and u-channel processes, where t and u are, respec-

tively, the squares of the total c.m. energies in these

channels 2nd the other invarisnts are momentum transfers, the

correspoinding expressions are:

1 2
(g my) (my~my)

I+ 'P{:'P*' Cos 9; IR S el o ) _
2 2
4T 'P(\ Cos ®y == bas a Lt = my) (s =) (4.10)
I

The angle 64 is that of 2 and 1 in the c.m. of the t-channel of

the process 1 + 3 —» 2 + 4, 6, is the angle between 1 and 3

in the process 3 + 2 ~~1 + 4,
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APPENDIX B

(7,20,36)

Kinemgtic and X-Secticn of Inclusive Frocesses

For the simplest inclusive reaction (I.ib)

Diag. B.1

we specify the frame of reference, the number and types of

variables, and the x-sections.

B.1 The Lorsntz Frame

Commonly used are the Laborstory (ﬁab), antilaboratory
(anilab), and centre-of-mass (c.m.) frames. In what follows,
only quantities in the c.m. will not be deno%ed by any sub-

scripts.

B.2 Independent variables

With given masses of a, b, and ¢ and unpolarized bezms, we

need only three kinematical variaktles: energy, transverse, and
longitudinal variables, to describe the X-section. The transverse
s defined with respect to longitudinal sxis given by the incident

particle directions in the c.m.

'?an']" - ’ anarz

Diag.B.2
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Also similarly in the other Lorantsz frswmes only P,, changes,
Pt is invarisnt to boost along the beam direction.

(B.2.1) ¥or the energy veriable. we may use either
P, 1.1y the totel c.m. energy W, or its square:

)

8 = (Pa+ P = chn | (B.1)

(B.2.2) #or the transverse variable we mav use the
" trensverse monentum of rarticle ¢ -

He

i

fi =; PSI'"@ r—‘T’;La}, S"“4OCL5}, . (13.2)

where P and € are c.m. momentum and production angle of particle

c3 Pc 1ab and Qc

Lab system.

1ab are the corresponding quantities in the
-
The invariant four-momentun transfer is:

t = (Py - Pg) (B.3)

which for x ~ 1 (see below) and when my, = mp = Oy, Tq 15p 18

small, then the four momentum transfer is given by:

. 2_- ’.)a
{ o =Ry ~ - % (B.4)
In eny Lorantz frame ﬁ? moving uniformally persllel to the
incident direction - say, z-axis-particle ¢ naturally has the
three mwomentum Pc with components Piy and Py. Now, if there is
another Lorantz frame(f moving with a relativistic velocity

parallel to the z-axis in which particle ¢ has only transverse

component of momentum, Ec = Bt,.then the energy of particle ¢
is Eg. = my where:
L .3 12
My = (Bt ome) A (B.5)

is sometimes called the transverse or longitudinal mass and is

denoted by W,y f y O K. Tetrics are chosen so that P12 = mj2

-
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which helps to have the effective mass associated with the

longitudinal mowentum if we use it in B.5;

l.@.3

(B.6)

2. a 2
E, = T +Mc
(B.2.3 For the Longitudinagl variables of which are the

following where quantities are 21l referring to particle ¢ whose

subscript will be omitted:

i. Longitudinal c.m.
Mementum
2. Missing mass

3. Feynman x-variable

414

," = ’T Cos ®

(B.10) and(B.11) are equivalent only to the extent that

Ma,b,c

and | Py | can be neglected compared with s

(B.7)
Mz My
. X .
= S+ m ~2EVS ﬁ; (B.8)
i‘:’f ~ 2%
S ~ {S-' (.B'/)
P
— d
PEom e (5.10)
n
27}' ar I-ﬁ
s> Ys (B.11)
and M°.

Clearly x, ~ 1 and Xy~ -1, and if x ~ 1 1t means that c has

acquired most of the momentum of z,c is a 'fragment' of a, or if

x ~ -1, c is 2 fragment of b.

that ¢ is approximately stationary in the c.m. and so is not

directly connected with a or b.

4. c.m. Rapidity
variagble
5. Lsb rapidity

varisble

. E~+T
b =119 E__,,""
o
=lﬁ(f5+%ﬂwu)=§>—~-ha(%?) (B.1za)

T s>wi
With the range of variability as:

(B.12b)

| blog o £ 8 + My
s+ by S PR 'L°3.—,;:'

Y = = —_ "
. gﬁea e = Vu " 0,

(B.11a)

With the range c¢f variability as:

(BR.13h)

The "central region" x ~ 0O implies
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Formala (R.12b) and (B.13b) are valid in the limit of
large s. We add thst .the extreme values of (B.1l23) occur
when P reaches its exireme values (which occur when

ME —= O and ® =V3 [z, P, = £v¥ila, iwm! arc negligible).

Then, (B.1l2b) can be rewritten as follows:

Tk S ..§-
If f’c. miy = ‘.'l— LO,}( —E) é Axr_ min = .”.'5_ Loa ( m")
_ M‘L I
Then range of Yo is:
s e - lon i S
Yo = gt mex r}f; Witn  — l°5 ‘.";"Ji. (B -12b)

Yo will be meximum when C is a fragment of a; 1i.e.: c¢ takes
on the longitudinal momentum of a, while yo will be in its

minimum value when ¢ takes on the longitudinal momentum of

b - heaice, ¢ will be a fragment of b. y, = 0 corresponds
to ¢ being at rest in the c.m.

In terms of central and peripheral collisions, the
central region arises from the central part of collisions
which is mainly occupied by pions with low c.m. monenta,
while the other two fragmentation regions arise from the
peripheral parts of the collisicns.

Table B.l: Frane of Leference and Set of

-Varjiasbles Cften Used for the Ansalysis of
Inclusive Reactions

Frame - Set_of Variables
Target or Lab Frame P e P
(rest frame of a lab, “c lab, “c lab
particle b) P, 1sb, Py y Yo 1lab
Projectile or Anti- Symmetric of Labh frame

lab ¥Frame (rest freme
of particle a) :

C o I‘i L] lill'.aﬂ]e V\i, QC 3 Pc
Py, x
s, Py, T
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"B.3 Fhase-SBunaces Invariant ¥-Sections

The single-particle inclusive X-section is given by

?

(A.2) integrs

lJ
ct

ed over all final state norienta except

2

particle ¢ snd summned over all final states ¥ which contain
¢ and are kKinematically allowed. The cross section thus

appears as:

lorant = Iﬂrélrfrl.n{ J"]’L.

&(‘SC' = - (]3 . 1)"')
ab Flox Faetor ';c

By defiring the invsrisnt differential cross section for

(ab -~ ¢ anything else) as:

4

£ '-5’.-% =E, '-{3@:5/43!1 (B.15)

b

and by using the different interrelation of the invariant

phase vpace dF/6 which may be glven as followvs:

Pofe = deidn Je = A%y = R n & b = dmide s (.16)

(B.15) may be written in the following aslternative forms

where the quantities are all referred to a2s cj

2 Zg
€ _Ed% _ _EdE_ & _sd’ 264

= Ve dnde (B.17)
T TiRdn | Rdgepr mabdm® T wysdxda’

Here, presence of factor w is for giving the cross section

per unit azimuthal angle.
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APPENOTX C

Theorebicsl Frapework Assuming a Finite
Correlgtion Length: Scaling and Limiting
Frzppentzation Hynpothesiss: QOptical Theoren
and iLs Generaiizstich: Fectorizationy
Sope ‘fheoretical Medels

C.1l Theoretical Framework Acssuming a Finite
Correlaticn Lenzth

If the phese space &34FL represents (Py, y) spacé of
multiparticlé production processes, then, the base length, y, of
this space is limited by the possible kinewatical range of
variable y, while its height is limited by the dynamical effects
on Pt' In this plot, by making the hypothesis of the existence
of a correlation length in rapid/ty over which s given particle
can be iafluenced by another one, L (hypothesis(37) of short
range order) the single particle spectra in different regions
may be separated. For instance, it may be assumed that two
particles produced in a high encrgy interaction are uncorrelated
if this relative rapidity is larger than L, and then saccordingly

define the following three regions:

"
i 1
;-2 (V)2
1 T Py
N yoAc P
Py . P
L] _dki [ i,y
."L;,'-“‘; L—L',—bi q—d-p

Diagg.C.1l: Tllustration of different
regions in_the (Py, v) space:

Target fragmentation of fixed length L about Y, -
Projectile fragmentation of fixed length L about Y
Central region of length o~ logs (a2ctuzlly this is

predicted to be as lengthy as Y-2L)-
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If L ~ 2, th (8)

a
’

:n the central region starts

N

to develop oniy for

(

laboratory momenta larger than 100 GeV/C. At lower energies we
have only fragmentsation of ingoing p2rticles.

Of the immediate consequences of this hypothesis are the

(39)

scaling andllimiting fragmentations(38) discussed below.

(C.la) Limiting Fragumentation snd Scaling at finite x

W.r.t. (B.12) and (B.13), f,::f:b( Ja=dv s &-90 » % )’
depends on three variables§ the first being'equivalent to the
c.m. energy, W, and the other two to the moméntum P of psrticle
¢ in a frame related to the incident particles. However, the
assumption of a finite range of correletion implies that: if
S(Y) is large enough, the produced particle ¢ would not know

the position and type of particle b on the rapidity axis;

< pC ’ '3 .
vé{k»m ﬁug (7 -3 0 =% G-t =T 0o (gL

’L_gcl F""-ed

The first form in (C.1) is the statement of Limiting Fragmenta-
tion(38) of particle a, while the second equivalent form is the
stétement of Feynman Scaling(39) in the region x » O.

Similarly, we may write down the statement for production

of particle ¢ in the vicinity of particle b when x < 0.

(C.1b) Central Region

In centfel region of Diag. C.l1 and while the produced
particle is many correlstion lengths awsy from either projectile
or the target, then, the produced particle does not know what
are the sitﬁations of the incident-particles with respect to‘the_

rapidity axis as S(Y) ~eo ;

& £ 1K
Lo (v, & 2B ) = Yy L)
Yc—;eo ob o . (C'2)
Gy > Ly @ Jamlle > ha |
In this region the invariant cross section is seen to bLe

flat and depends on the incident particles a and b only.




(7,35,40)

c. Optical Theorenm and Tfe CGeneralization

Of the relation which is satisfied by totzal cross section

ab —~ X is the so called optical theorem. In brief, if
. \ ,

3 . .
=4 ig the diagrzmmatical representsation of the ampli-

' - N fod
tude of 6™(abrx) , taen 5.  REEEEEEST ~ 6,1 yhich is
f1

naturally obtained from multiplication of the amplitude by its
éomplex conjugate and summnation over all possible intermediate
states. Now, if the émplitude TTT# " is Hermition (or real)
analytic, then taking the diScoﬁtinuity across the branch cut
associated with particles in the intermediate stéte (compatible
with conservation of 4-momentum) of our elastic amplitude ab-—m
ab in the forward direction ( @g=» ¢=0 , where subscript s
refers to the reaction in s-channel) is possible;. t.e.:

Lot Sy ”

Dise AL : .
éab(5)~{ e\ b é=: . Notice however, that the resl snalyti-

city of amplitude implies that: Disc(amplitude)= Im(amplitude).
As it is seen a complicated situation (i.e. sum of
exclusive processes 3ll with varying energy dependences) is
converted into a managesble one (i.e. the energy dependence of
Just a2 single physicel amplitude). Thiz advantage has been
tried to be reslizable in relating one~particle inclusive cross
sections to the discontinuity in the intermediate state of the
forward 3 — 3 amplitude which then by itself a2llows us to
make Regge predictions for inclusive distributions. 1In hioping
so, the predi;tion of the Regge Theory for the asymptotic
behaviour of the amplitude of the ftwo-body processes through

.exchange of a single Regge pole which may be sketched out as:
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is in our mind. However the completeness relaftions helps us to

get f nE ﬂ’)a :j%%éf* the single particle inclusive

distribution, after squaring and sumining over all possible

intermediate states of the inclusive reaction =zmplitude

a ——— <
::::33%3; . In turn we see that the analytical continuation
b o S
of the amplitude from an outgoing c¢ to an 1ncon1ng ¢ is a

MM
crossing property vhich allows us %o have %b(s.'i’c) ~ ga.”.é ~

C') Here the applicability of the unitarity

equations §'S = 1 = 8% to the particular ini%ial and final

states of the process abc — abc, that is:
) 4 4 + - .
{(K;;M*; .'>)...(<f.un.:.>)) = - (1) 2“3 (Ta=To) <P IATIN>CAE R} > (CL3)

where scattering amplitude A" and A" are representing, respect-
ively, + and - bubbles, and being supposed to be Hermiltian

c
analytic., may be used to see how SUhcan can be proportionsal

to the discontinuity of the forward elastic scattering amplitude

- - ¢ o’ 3 E:fz\' .
abc — abC as: iw(sﬂﬁ ~ Disc v . Moreover, doing so
b

demands the equalltj of the initial and final states which

means t, = % =t = 0 where t, )2

aa' “bb! ce! ir = (Pi - P




C.3 Factorization

iany theoretical models assure or obtain the factorizstion
property. For instance the finite range cbrrelation picture for
n-particle distributions has implicit in it the idea of factor—
ization. Thus'in (C.1), f, when normalized to G;%t , depends
on a and ¢, but not on b, and in (C.2)_it is independent of both
a and b. Practically, factorization in, say, (Pyy ¥yap) means

that the invariant cross section may be written as a product of

two independent functions of Pt and Yigpi 1-e-:

f (Ys T s ‘yl-a.t) = F”l’ Glztu) | (C.4)

In Regge language, the factorization is said to be a natural
consequence of the assumption of Pomeron-singularity dominance of

the total cross sections.

C.4 Some Theoreticzl Models

Following a very phenomenological feature of inelastic
collisions, that is: the cutoff in the transverse momentum
distribution, classification of the .models us:d to predict the
particle production spectra may fall intoc the following two:
(A) Models in which the transverse momentum cutoff
is a deep conseguence of a bootstrap hyoothesis
(e.g.: Thermodynamic Models snd Dual Models).

(B) Models in which the transverse momentum cut-
off is explicitly imposed from outside (e.g.
Diffractive fragmentation models, Multi-
peripheral and Regge-exchange Models, Field

| Theoretical Models;)
The following are s list of such models, defined in a very

loose way.


http://may.be

(C.4a) sti [ iodynamic M (4+1)

The reaction products are considered to be originated
from a state of statistical equilibrium of "fireballs",
each one being made of others including particles and
resonances. However, the model considers hadron matter
at "the boiling point" (the limiting temperature - 160 MeV),
where all kinds of objects are supposed to be present inside
the interaction region (or hot spot), because all the c.m.
energy is assumed to be concentrated in a small volumé of the
interaction region in a very short time. During this time,
larger energy densities (and thus, mass densities) than
whatever they could originally be, could be found.
(C.4b) Dual Models‘™*?’

It i1s a3 requirement of the property of duality that
each term contributing to the scattering amplitude should
be invariant under a cyclic or anticyclic permutation of
the external momenta. Resonances in the s-channel generéte
Regge trajectories in the crossed channel. The conjectured
idea is that the "normal" trajectories are generated by
particles and resonances, while the Pomeron trajectory is

built by the non-resonant background part of the amplitude.

[ ]
(C.4ec) Diffractive Fragmentation Models(ul)

In general these models describe a reaction in terms
of the excitation of one or of both incident hadrons.
These exclited states carry the same quantum numbers of
the corresponding incident hadrons.

Fragmentation models give a picture complementary to

that of the statistical models because they explain the

production of particles at forward and backward angles,



(Xe
0

i.e.: 1in the fragmentation regions. These models, then,
give a clear picture of what 1s happening in the veripheral

part cof the collision.

(73

(C.4d) lultiperipheral and Repmge Fxchsnee Models
Baéed on the singly peripheral idea which is abstracted
from the factorizablility of the smplitude and stablishﬁent
of a bound on the momentum transfer, these types of models
are 1llustrated by the multiperipneral graph where the
particles in the chain are ordéred in such a way so as to

minimize the momentum transfers.

(C.4te) Field Theory Models(”3)

The progran, here, would be 1o resolve the inelastic

reactior into a sum over infinite sets of Feynman diagrams.

However, in these models, hope is to get eventually an

"eikonal form of the scattering amplitude.
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