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ABSTRACT =

vrﬁis'pheéié dealé“with Ehe'naive quérk parton model ésv
méans of'explaining'deep iﬁelastic scattering phénbmena.

The.fofmalisﬁ-of the quark model is reviewed'as_is ﬁhe parton
 'm§dé1 énd itg:main fgsults. '.Tﬁe Kuti-Weisskopf quark parton model
isbintfoauced,and used to makg-pfedictions for charged and neutral
buf?ent ﬁeuﬁyino expefiments.

An atﬁempt-is made to improve thé Kuti—Weisskopf model
predictions an? we propose a modelAin wHich.ngw hadronic constituents,
_bgéides.the ﬁ;n,x and chérmed p' quarks participate, In this
mddél.ﬁhé new~pattiéleS-are,classificd in SU(2) triplets of the
'_Wéinberg'model.' | |

_Wc analyse ébarged and neutral current neutrino experiments
~and cdﬁstrﬁét a model which is a modificétibn of a quark model
.7proposed by R.Mc, Elhanéy and S.F, Tuan; |
In the light of recent work on ﬁonleptonic interactions of the
' elecﬁroﬁ we consider both electron positron annihilation'and'deep
iﬁeiastic scattering.

Finaliy; we propose a scheme in which "naive quark parton model'
techniques can give (lqgs)2 behaviour for the hadronic total cross

. .sections, -



" How To va_.AVD THIS THESIS
'.ihé‘thesis'is diviéed intq five:chapters and ﬁihe aﬁpendicesf
' _Expressiqns."eﬁcoﬁﬁtefed throughouﬁ this thesis até labeile&‘by_'
‘ i : 1' :_7 tyo ﬁumbefs ’ the;first of them indicating thé corresponding
/‘:: _chapter, or aﬁpendix, whichvthe‘expression belongs to. Appendix
/ | j'fﬁrmulée:héve>thé.létter A standing in front éf thesé two nﬁmﬁérs
>in31céting ﬁhus~that they_bgloﬁg to an appepdix.‘
~ For ﬁhé'coﬁQEpiéﬁée;of the reader all'fiéures.and ﬁables:aré

f o  } - included as parts of«thé text.,: -
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INTRODUCTION

 Tﬁe internel strucfefe ofﬁattervﬂae_beenbthe object of -
speculation of the human maﬁkind for about three tﬁousand years,
o Demdcriﬁus* was the first to put forward the problem as to what
;vconstituted the smallest part of matter, - - He: argued thet
‘Amatter cannot be subdlvided indefinltely but there are fundamental
:Lconstituents which he called*ﬁ "atoms",
' " The beginning Qf our'ceetury_deserveé'the name of the
4'ﬁGdden Age" of the 'atemic;‘approach to Pﬁyéics;‘ :In_tﬁe'early
fnineeeeh hundreds, aiﬁost two and a half_thodsaﬁd yeafe éftee:
Democritus, Rutherford'pfopoeedAhis model for the hydrogen<atem which-
_conéisted af a proton.andvohe.electpon moviné;afbund~ie iﬁ an
:,keliptical orbit. In order to explain the sbect;a of emissibn
- and absorption of the atoms, as well as many other phenomena, phy51c1sts
were forced to adopt new concepts, such as th quantum  The
: elassical theorles’of mechanics_and electromagnetism seemed to be
inadequate in the'worle>of the micfocQsm and a new theory.waé

: jdeveloped that of'"Quaﬁtum Mechanies", . For some time it was thought

- that the end of the physics would be in the very near future ‘and all

problems w0g1d be solved,v Unfortunately things didAnot turn out
.~ this way. = Nowadays, almost fifty years.éfter the development and
" establishment of the quahtum mechanics, things seem to be more

- complicated. than ever,

A+ Greek philosopher born in 470 B,C.

+1 The word atom comes from the Grcck word ' &touov' (atomon) and it

neans gomethxng not bPL% SEIB be cut,
QW emece -
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In this interval of fifty years a plethora of other particles

' fbesides the proton and the electron have been discovered ' The.laws
- governing-the interactions of these particles among themselves is
A~} not knoun at'leastiup to the time:of writing. | “
In7the meantinethe.smashing of the atom has become a fact and
the vord 'atom'ihasvlost its original meaning; o |

With this largefnumber of.particles discoveredfso:far,'the'problem,

er of Democritus still remains unanswered " Are all these particles

':elementary, in the sense that they constitute the fundamental blocks -
htof matter, or:not7A | . | )
To bring order to the’chaos of many apparently unrelated particles,
:Gelmann in’ 1964 p*oposed the SU(3) symmetry grOup The basic
"representation of this group consists of three fundamental psrticle
" ‘the well known quarks p,ln andpl. These quarks‘carry fractional

B electric charges and they have baryon number equal to /3 The known

"‘-mesons are supposed to consist of quark antiqnark pair (qq) and the -

'3rbaryons of three quarks (qqq)  Thus the known hadrons are.

| claasified in representation of the SU(3) group

| Later this SU(3) group was enlarged to SU(6) so that quark-spin
A effects vere taken into account, However the group SU(6) x 0 (3)
-seemed to be more realistic since the mot1on of quarks was taken into
- account as well | according to it hadrons behaved as bound states,
with orbital excitation, of a quark—antiquark pair (mesons) or of
n.‘three quarks (baryons).

 Various theoretical difficulties lead people to consider other




L sue) x 0 (1,

1

-groups such as’ SB(G) and SU(6) x 0(3)
| ‘: It is evident that larger groups can be found -by assuming ‘the
:existence of.additional quarks carrying new quantum numbers which
r'accommodate more hadrons For exanple_the SU(3) group ie,containen
7j in the bigger SU{&) whose basic'representation?consists of the'three'
‘:quatke p,‘n.end.h:piue:another-quark the p’ nhich'ie eSSuned_to'certy
a new ouantumlnuéher~called chatn'iAthe necessity of.ueing éU(4) rather -
‘than the SU(3) has experimental support after ‘the’ discovery of the new
particles ¥ and ?' which are supposed to be charm-anticharm bound-
‘hstates, |
| ”»The way quarks heVe beenptfeateo SO;fattis that suggested by
Zhhadron Spectroscopy : .Theée quarks'are.called "constituent quarke"
" and 1t is not: the only way quarks appear in the context of modern
physice ' During the last few years much. has been said about |
'"current quarks" vhich is a notion quite- different from that of the
onstituent quark, According to it there is a group, the
cutrents’ which gives us the currents of the theory
. (electric, veak etc) in'terms'of the-"current,quarhs", to be
‘idistinguished from the [SU(6)X 0 (3)]const1tuent which ie the
_classification group for hadrons. Attempts to connect these two
'bhgroups by a unitaty transformation have been made in the 1iterature
.The 50 called+ "Melosh transformation" hd° exactly thlS property.
So far quarks kave not been observed experimentally ‘Pethapo~
this.can be achieved in the near or temote'future when there are

experimental machines of energies higher than those available

4+ H.J. Melosh: Caltech Ph.B. Thesis (1973)
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'Ac‘pfeégn;; In the meantimerdexperlments_are in nrogressﬁsearching
.for the‘fundameneal_consﬁitnenr-of marter or-the""atom“ of_Democritns
£ you itk o
-'_ If hadrons are reellyncomposed of more fnndamental'constituents
theniby bomharding-a hadron by high energetierbeam welean go»deeply
intolie'and'probablyvbreak‘lt'into lte:eonstitdents ' This is the
sort of experiment carr1ed out" at SLAC where thev study the 1nc1u31ve
"-~proeess e +-p ae + (Anything) Theoretlcally thls-process is
;'aésdmed to occur via the exchange of a spacellke photon whlch hits
. the target proton | Hav1ng large photon momentum, wh1ch in the language
‘of quantum mechanics means ‘small wavelength we would be . able to see
"detalls of the protonvstructnre or we.could bréak the proton inco'its
'leonatituen:s; Free-quarks were'not detecred,in-this experiment but
the data revealed a Qery_lnportanr'phenomenon thar'of "Bjorken scaling".
Invrhe meantime oeher.eXperimental-grouos at NAL'and-at CERN; using
fneutrino or antinentrinO‘beana, have studied the_reactions
' v(;)'+»N *‘PZ“ﬁf; X in whieh the probe ia notla-photonvhut_a W-boson,
Tbe'sane scaling‘nhenomenon nasﬁalso observed ir these experinents,
Roughly speaxlng, Bjorken.scallng is the statement that the structure
£unctions Fl 2, 3(v,q ), -associated with the processes mentioned before
are not functlons of the_variables.v and q2 alone but they are -
' funetions of‘the ratio"{/_q2 whennn-and>d2 are large while v/dz is
‘Fixed; the varlable qz'is the momentum eduared of the prohing particle
o 2 2 :

':and v is the variable v = E:%ﬁ:ﬂ— ,,Where s denotes the probe and

ta roet partlcle center of mass total energy squared The kinematical




' ;egion v;gzliarge an"d:v/q2 fixéﬁ; in whi;h scaling ée;g ih,jisAcalléd |
_"ﬁjorken scaling'liait". ) - | ‘
 -'Thi8 ﬁhenoﬁénon has_been a éuzzlé to'anyftheoréticiah_and‘thfs
;is éhe reason why dee# iﬁelast;c'expériments have concen;fated‘maﬁy'
| peobié;s.intereéf the last few fea:é. | | |
“Among.;hg déeﬁ ineiasﬁic experimenfé perfo;méd-ié the experimént.
-measut;ng the neutral to charged«curfen: fétiosidéfingd as
oy 4N 4y 4 X)/olv +N 4+ %) and o3 + N 57 + 0)/o(3 + _N. RS
‘fThe-importancé-ofsthis-e#perimgnt‘mugt be particulariy stressed since
ZJin ihis way it.is broye& that thé.neutral'cdrfénts'which enter in
”’1$omefgaﬁge theoriés.do-e#istliA |
. Iﬁ the ;ontent’of‘this thesis:wg deal‘wifh the‘héiQé quark
' parféﬁ»mddei as means to-interprét théidata regarding ﬁhe_&eép
1né1astic electrOproductidn'and neutrindproduétioﬁ éroée#éeé. To
.ﬂeéliwith'the éxis;gnée of theinéuérél é?rrenté_WeinSerg‘s rénofmalizable'
theory i#vassumed{”

We also consider eleétnaﬁ-positrqn annihiiétion phenomena;. non-
'.leptOnic iﬁteractionsvof'thc.éiecfron aré considéred, iﬁ the ;énpext-
of §hefnai§e quark-pérgon model, in order to iptetﬁret some of the e-e+-
‘data, |

Finally, we make an attempt to expléin thé.rising high energy
béha§10ur bf'thé'hadrénic croés éectione éppi§ing quark partdn model
-techniques. Altﬁough'we dedl with'scaliﬁg and neutral current
‘ phenomené,Awhiéh constitute one of the most exciting parts of -
elementary particle phygiés for the lést detade,‘ﬁe liﬁit ourselves

to the~quarkvparton modeiiapproach,Ain combination with-Weinberg's




-theOry'fot'weak and electromagnetic -interactions, Other
" theoretical approaches used to interpret 'scaling and neutral .

current phenomena”are not discussed,
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CHAPTER I .

Introduction

- In this chapter we presentfthe basic ¢oncepts, physical.
quantities, and formalism, with which we deal in the following
chapters,

" We discuss in brief deep inelastic electron-proton scattering

_1and the significance cf the structure functions, For the related

. et - L

reactions, p+ p aup + Xand e + ef ~+ Hadrons, we give the
experimentally measured quantities-ﬁhich will be of interest to us-
in forthcoming chapters,

Neutrino induced reactions,such as vN 2 p X and WN - p+x’are'

:, discussed briefly and an introduction to the Weinberg model is given,
‘4Bjorken scaling, neutral currents and the existence of éhaymad
'f.particles are also briefly discussed,

'« : We have consciousiy omitted many other theoretical considerations

in the field for two main reasons;. first, because of the enormous
nuhber.bf them exiSting in literature, for which a detailed account

would“require‘a‘great deal of space, and second, because we wish to

state only those ones immediately connected with what will be said

in the remaining part of this thesis,

I1) Electromagnetic proton, Neutron Form Factors

‘Before considering the deep inelastic electron-proton scattering,
we think it appropriate to say a few words concerning elastic

electron-proton scattering,and.to discuss the .electromagnetic proton




“and neutron form factors,

' the following Feynman diagrém,‘

"~ To lowest order of the hyperfine structure constant, &= ze;_’
. . : ’ . 1

the el_aspic process e 4+ p 4e. + p is représen‘ted pictoriaily by

- FIGURE 1:° Kinematics of élaétic electron-proton scattering.

- -

. where (g, K) and (y',K) are the momentum four vec_to'rs of the incoming

-+ -

'~ and the outgoing electron i-éSpectively, and (E,p) and (E',p') are the

_CO_rrespohdingAr‘noménta‘ for the incoming and the dutgoing proton,

"To find the differential cross-section of the above process we

- need the matrix element <‘F',$'|jr(°7iﬁ'$> , where jH(x) is the

electric current and |3,3>, 'f)",s'> the proton's initial and final states

re'Speétively, - The indices s and s' denote the spin of t_he proton, -
"If the p_rotoﬁ wag a pointlike object, like the electron say,
then its ele_étromagnetic current would be given by j'r(x) - eY(X)ZF\P(X)

where Aql(x) is the proton field,




o

Experiments'haVQ'shown.that the proton has a structure and thus
its current should hqt be of the above form,

. Chooéing our states hormalizedVcovariantly,fhat is
,- -~ A;. 5(31. - -
we write for the current maérix elements [1,2,3]'
- . ,~,’ . . (P’ . A (?) . _. . .
/4 , - P N - — 1! . . } 14 ) .
(?}s ,JISO) !'p); Q_u(bs)[ E(Q)erx—%- Fz(qj)G;‘,, CL..I-U(P;S) . (1.2)
S R P ' '

In this formula th§ Spino:s are norﬁalizad to uﬁity,~tﬁat is
'-.{I(P;)\JQﬂ§)=ugnf; the four vector*ﬁ“ is the Qomentum transfer
q = K ~.K', Mp‘ig che proton masé, :up.is the'brotéh's'anomalbu§
magnetic momént, and e'the‘physical proton charge, - The functions
Fl(p)(qz) andvFé(p)(qz) are called electroﬁaénetic_form factors and

dépend only upou the variable q?. " At zero momentum transfer they

have the values '

(r)

F (2)°3 . I (1.3)
: ) . .
_In literature [1,2,3,4] one finds the Sachs form factors defined by

- -
F ?‘l'+ —?’- Mo Fz(f) : (1.4a)

‘ﬂ -]

F(gH(AE(?) o WS

-

. In the coordinate system in which the time like vector p + p' has

no space component Lhc two combinat;ons ot Fl and bz g1vcn in Egs. (1 4)




RS

'7'vcorrespond to. the electric charge dlstrlbutlon and the dlstribution of
the magnet:c moment . ThlS is. the reason G and GM are often

calltd electrlc and magnetlc form factors respectlvely
Tht dlfferentlal cross sections do -and dg in terms of
- dQ'dE" do!'

K GE and GM are glven by the expre551ons [see for example Ref 1,2]

4_ S( ¢ ??) E (GC AM‘(’) o -
JOAE—I | q‘_ 2? Mr . (]_ ) 2
(; Sln - " |

-2Me 2;

) . -lle - ., K .1;. i(;) l R .
ds o [ @7 \\(H 25;;:_9) {((JE 442 3 1on® % (1.5b)
2 b J IV LR 2 '
L (1_1}%;‘?) I

In the expressions above g is the laboratofy scattering angle and

(1,.5a)

.E_ the energies of the incomlng and outgo1ng electron respectively,
Tho tross«sectlons given in Eqs (1,5) can be measured

‘ exptllmentally and consequently we can have 1nfo*nat10n concerning the.

* behaviour of the form factors,. Had the proton been a p01nt11ke

' particle we would have found quq 5 = 1 and F (q ) = 0 or the same

:C (q ) = 1 and G (' ) =1 which does not happen,

Expexlmental data [5] give the following emplrical fits for the

~ electric and magnetic form factors of the proton

6(?3 ( -———-1-—{,—* )

i'f—ﬂ

({') ’ . q))‘l
Gh(i): (s +Hf) GE(Z)

2




- where q2 is in units of (-EE!\» - The form factors Gép)and Gép)given

:”by:Eqs (1. 6) decrease as fast as 1/q4 fof high momentum transfers.

(P L4 c(P)

We give another fit to the data in which GE M

'exponential._fau-off behav»iour,for high q [6]

| . —lcl/oul—i |
(;U)— nse (1.72)

NP
Gﬂ(q}):(i*ry)(;&(g) Loam

~ Form factofs for the neutron can be defined in the same way.

as for the proton, Because the charge of the neutron is zero

(n}

' tn} : An) .
F (qZ) and GEn(qz) must vanish while F;n(qz) approaches 1 in the

1
limit 02 + 0. Data from electron-deuteron scattering give the

follow1ng empirlcal f1L for the neutron form factors [5]

P | | (y)

w | o
GE(f):, ’1 PhG (Z‘) | O (L.8a)

€2

- -
' G()“P G(Z

( P)G( . (1.8b)

o . m (p) R
In Eqs. (1.8) GEp and GMp are given by the Eqs, (1.6), The
constants pp'and u, arc the anomalous magnetic moments of the

pfoton and neutron respectively and in units of the Bohr magneton

" they have the values b, = 179, p = -1,91,

For larger q2 a better fit is obtained [7] for the neutron electric

form factor usiﬁg.the formula

(w , (9 ‘ k
G = - -—yé—“———‘ An( (‘f) (1,9)

G .

have an.



‘folicwing'Feynman.diagram.

* gection
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-12)”'Inelastié'Eiectrdn-Proton'Scattering‘

‘We procéed_now_to examine the inelastic reaction e + p -+ e' + X,

. The interaction is assumed to be purely electromagnetic and in first

 order of perturbation theory the process is represented by the

(E,7)
. FIGURE 2: Kinematics of inelastic electron-proton scattering.

“In the proton's Lab, frame the unpolarised differential cross
. , _

%Egdo, is.givch.by [see for éxample'Rgi. § and A.3.9 ]

R oy I‘ ' - -
iﬁ__, = éﬁ:v"wg"{lw(v,d){mlg +‘W;(\id)coslg} . (1.10)
dEde - @' M b z -

In this formula the variables Q2 and v are defined by

o 1 2 | A‘
. Q:~<Z: ~(k~«) - (1.11a)
y= % | (1.11b)

M

-+

_ - ' :
‘va = (E,K) and k'™ = (E',K') are the momenta of the incoming’and outgeing

electron respectively,: M is the mass of the proton and p"its momenturm,




I~

Wl and Wz called. the structure functions, are .real dimensionless

“and depend on the Q and v var1ab1es ’
In terms of the Q and v the differential cross section 4a

S dQ dv
is given by the cxpre531on .

Jl 3 l{nd E {ZW(\J Ql)s;n—+w (va)cosz} . (1.12)
" _
AQA\:, e} MC | o -
- Note that the variableeQzAin’the physical region of the precess
: e-'+'pv4 e + X is timelike; "This is. seen from the fact that
~in proton's Lab, frame,Q2 = 4EE'sin2'é%-2 0. . Comparing(1,10)with
(I.Sa)we see‘that for-elastic;electrbh»prbton scéttering the structure

functions wl.and w2 are - -

(el.) (p)-

W= 5(----\,-) -

\

W Q Q)“ (H "_1) X(_«-v){e( &+ (» (-u?}.(l.wb)

So far we have dealt with unpolarized phenomena, It would be
useful to find expressions for the differential cross sections when

the proton target and the electron beam are polarized,

a2t

dz'd0’

 electron and theftargeﬁ proton are parallel is found to be [see

The differential cross section when the spins of the beam

~ for example Ref, 9 and A.3.15 1.

ds{m '_cf_ {me (C')‘t'L(A)W Sy (1.14)
JE’Jd Togt vE L , |




oo -

o

The cdrrespoﬁding»ekpression when the spins are éntiparailel'is

(see A.3.16-).v

do(ty) _ & N {L“(s)w (§)- L(mw (A)} . (1.15)
JEAO" 2Q" ME.
The tensons L“V(S), L“V(A), WPV(S) and w“ (A) appearing in Eqs ﬁ 14)
and (1, 15) are defined in. Appendix 3c.
- A useful measurablerphySicél quantity is tﬁe'asymmetry defined
by | | A'
S de(t) - de(ty) |
A= . (1.16)
dett) +.ds(tl) | |

Using the analytic expressions for va and wpv-the aéymmetry,A takes

on the form

(E-f Ewse)c;(\’d')-r(E EC°59)0(V, )
Aw,(v,c; 1+ T, 0@ ot 2

(1.17)

" where the functions d(v,QZ) and g(y,Q ) are scalars depending on v
and Q2.

The deep inelastic region (DIR) of the process e~ + p+e +X

- .18 defined as the region where

Qﬁv ) )

In fact this is the definition of the DIR of'any,process of the

_Q))M1 ol (P+7) ))M otxly (

.~ form £ +h < 4' + X, where £ and #' denote leptons, -




"in general h

Ref, 11 and 12],

o

. \

‘13) The Reaction p + p o u p + X and hlectron-gositron Annlhllatlon

Phenomena

Another process of . 1nterest is the’ reactlon p +p a4 p + X or

1 2 1 2

antilepton pair - This was the process used at Brookhavenifor the

observation of the recently dlscovered W partlcle-this was first
: detected [10] at Brookhaven as a resonance with a mass of 3,105 GeV

._whlch annlhilates into an e e’ pair

If we forget for the time being_the problem of the new y patticle‘
2 .

then the above process, in lowest order of a = 7o is assumed to take

place as is shown in Fig, 3,

FIGURE 3: The lepton pair production process hadron;hadronz—+ég+-)(

That is the two hadrons hi and h2 collide and the lepton-antilepton

pair. emerges from the annihilation of one photon,

‘Experimentally the differential cross section QEZ is measured,
. ‘ dq .

where Q2 is the mass of the iz pair,

The differential cross section QEZ is given by [see for example

dQ

W Wed s
j%l ANO*ZM)( _4_7_;1) W6, . (1.18)

{[5’. (unflls- -Hz)l]jz %

+ h, 4 LL + X where h and h denote hadrons and zz a lepton



..Ml_and M2 dénote'thé masses of the hadroné-hl.andAhZ'

‘respectively, m is the leptonic mass and Q2 is the mass of the 24
- pair, The dimensionless structure function w(s;Qz) is given by

the expression
' W(gld): -{c{‘ i S(i <PRT7-(M) IJ(X]J (o) !F'P'l('")>- - (1,19)

pi and p, are the moménta of hl and h2 and the variable s is glven
by s = (p1+p2)2, ~In Eq, (1.19) the state [plp (1n)> of the incoming
hadroné»is normalized covariantly ( see .~A.1.29 ).

' Finally‘a:few-wqrds coucérning the reactioﬁ e-+ef 4.Hadrons which
1s of greét importanée in the currente-e+ culliding:beam experiments,
Again putting‘asidé érbglemglconnecfed with tﬁe Y particle
:thisrﬁrocééé_is supposed to occur through fhe-formatién of a photén

~which in turn anﬁihilates to give hadrons, The pi;torial

-

representation cf the process is shown in Fig, 4.

FIGURE 4:  Electron-positron annihilation into hadrons via the

-~

e

et
.formation of a timelike photon.

The total crnés-sections o(e--e+ — Hadroﬁs) is given thus by [13]

6( “+X ) - ’gd JT(Q) ﬂ (‘1.,2'0)

i

whefe :n(Qz)(Q Q‘J-Q23§AV>

< @

(2’“3%8(& Q)(olj (o) 'n><hlj (o) m} . (1.21)




1,h2'being the four momenta

of the electron and positron respectively, 1In Eq. (1.21) the

Q“ is- the four vector. (K + K ) with K

oy - ,
summation - 2: is over all final hadronic states;
. . n ' . .

The total cross-section for the reaction e-+e+ 4'p—+ p+ to

lowest order of quantum electrodynamics is giveﬁ.by

R -
5(ee—aﬂj- 34 o 2
_Thﬁs-thé ratiévR definedbas
, ~ 4 ‘
fR: 5( & “"Hae‘row) (1.23)

LG

on accouﬂt of Eqs(l 20)and(l %15 g;\en by the follow1ng expression
- R= 1211 :n(Q) . (1,24)

RéCEnt'experiﬁentsA[see, for example, Ref,lé]_ha&e measured this
. raﬁio for Q2 up t§ 25 (Ccv)z. -~ This ratio as a function. of the
e variaﬁle Jb2>rises and for /QZ'= S.GeV takes a Qal#e between 5 and 6,

' Data fof even higher energies are.expeéted to see.;he asympfbtic |
behaviour of this ratio for high Qz; |

:_The_reaétion_e~ + et - hadron + X is &isé interesting and will
bé diécﬁssed later on when applying parton mcdel techniques,
Excellent reviéws oﬁ.electron-positrqn anniﬂilati&n plienomena

'dan. be ‘found inlthe literature [see for example Ref. 15,16,17 1.




C14) Bjorken Scaling and Physicalvsignificanée'of the Structure

-Functiong wl and w2

~a) BJorken Scaling -

In deriving the unpolarized differential cross-section given

~ by Eq. (1,10) use was made of the tensons LMY gnd-wpv, (see

' Appendix- . 3a . In fact the‘differeﬁtial_cross-section

2 o .
%ang; is pr0portiona1 to Luvav_i.ef : | |
1 . . ) .
ds L W . (1.2
dolE -

The tensor W"” ,which is dimensionless,depends on the variables P

(proton 8 momentum) and q(=K- K ). Ita'genefal form, obeying

durrent}conservation Aggd parity invariance, is

Wi =-(g-TF )W

_ v >(1,26)
:4—'@”»—%?- ")(p )W(VQ) |

‘The variable v' which appears in (1,26) is the invariant v' = p.q

which is related to v = R;f-,defined before,by v' = My, The reason we

prefer to work with v' instead of v,in this section,is that v' has the

. . 2 o N
same dimensions as q and thus more convenient in handling dimensional

*analysis arguments.

T . : .
Because W is dimensionless it seems reasonable to assume that

W'Y scales under the transformation . P 4P, q = Aq, provided all masses

and all dimensional coupling constants are zero, In order for the

tensor w“” to be invariant under the above scale transformation




- 'fhgffﬁnCtions wl and WZ should‘unde;go the follqwing.tfansforﬁations
_-\A/,(V)Q-) —a\'\/;(_v)ﬂ) o  (1,27a)

-_ o .(.l 1 - “2w(l 7.) . : -
\"/’z ,.)Q) =1 W, vl oo (em)

From Eqgs, (1.27) it is easy to see that.;he functioﬁsrwl(y',QZ) and

v'wz(v',Qz)/M2 scale uﬂdér the.transformation viog v, Q2 - AQZ i.e,
' 12y . by .
. w,(v)(l) - W(V)Q) - (1.282)

. (1.2éb)

n by I (e
y'W1(V,Q)___¢ Y \’Jz(\’,a)
» 2 ‘NA2 '
M M
. Using the variable v.insteéd of v',from(1,28%we have that the

9 -VWZ(V,QZ)
functions wl(v,Q,) and —
. - L

v 4 Av and Q2 -+ AQZ; thus they are functjons of the dimensionless
: _ 2 - . '
variable x 2 _ . So from dimensional analysis arguments we

scale under the transformation

T My
-+ deduce that

| \A/’(v’d)‘? E(X) | | ,;1.29a)

(1,29b)

YW | E
Y :

with'Fl(x) and Fz(x) dimensionless functions depending only on the

variable x. .




o Bjorken [20] proposed that Eqs (1. 29)m1ght hold in the 11m1t
V;Q ‘4 and x = fixed in which case all masses and dlmen51onal
f.V.coopllnévcohstan;s'become irrelevant. | The limit v,Q <+ ® and

, : / :
= fixed is called "Bjorken limit",

Experimental'daﬁa seep to support this scaling.hypothesis [21].
. We look for scaling behav1our in the. daa by studylng the functions
(v,Q )/M and W, (v,Q ) for fixed value of ¥ and varylng Q
:'I‘ these functlons tend to limitlng values as Q becomes large then
weAsay that we have scaling,

Fo: inelastic electron—protoo scatberiné this'phenomenon was -

observed for values of Qz-é'l GeVzand W= 2 GeV, where W is defi ned

by

CWzlrg)= MGy . (L

Q.EJZ‘GeQ'means that we stay away from thelregion with the prominent
peodeon ?esoﬁaoces, because W represents the virtual photon - proton
.eqergy.souareo, |

4Thi$ ecéliog phenomenon is one of‘the most exciting parts of
todayls phycics, It tells us scmething about the hadronic structure’
bot what‘exacply Anobody knows, |

- Physicists have tried to tackle the problem of scaling in various
Qa&s; -Some people use dilatation invariance techniques [see for example
Reéﬂ‘ 18 19], some others prefer to work in the area of the
light cone physics [22,23,24] or asymptotic freedom [25,26], ﬁe
.will not choose any of these ways but we will limit'oorselves to the

parton medel which will be discussed extensively in the next chapter,




b) Physieai Significance of WI(Q,QZ) and wﬂ®3Q2)
e - i —Z

The‘structure functions wl-aﬁd w2 are the'absorfive parts of'tﬁe

, forward Compton scatterlng amplitude (Spln averaged)
' If we . deuote by UT and o the total cross sections ‘for off- shell'

(Q # O) transverse and scalar photons reSpeCtIVEIY then we. have -

i the follow1ng relations [see for example Ref. 8,27, 28]

;, \af(v )= ——2—— Q . | _('1.431 )
: and also, o . 4T74

g

Q-w )(5 '*'55) . (1.3 )

:The flux factor K becomes equal to v when Q = 0, »thét is when we

Have scattering by real photonu, whxlc for »irtual photons- K is

1
arbitrary. lemaa i29] :akes this factor to be K -M(v2 + Qz) /2
2 S
while Hand [30] takes it to be K= My - %~ .

The~funct10n WT(V,Q.) must have a zero for Q

n

0 [see for example Ref.

31]; this is obvious frbm '(,1.32b‘) from which it follows that

zm (Wz)_ gim. k(67 +65) . (1.33)
"d""O - QF Q—»olh‘* (Qz-rv‘) '

Sinee_31im T # 0'awd lim o =0 we get,
o o § 5 .
, , Q2 %»0 .. Q 40
.v from (1 33), 11m< ?> # 0 and consequently

Q-»O

&rn W(v Q) O

CQ—#C)




Another 1mportant physical quantity is the ratio R =

'”Hﬁlmqlf j‘~< -

h'hwhich is 1ndependent of the choice of the flux factor K
This quantlty has been measured and data show that R has a-

.rather small value in fact R = 18 + 05 when O < W =-l <:10

. and does not depend strongly on u,or Q or v [32]

In the next chapter we shall see that the smallness of the

"qnantity R means that the majority of the charged‘censtltuents

: inside the_proton must_carry spin »/2.

iS) Neutrtno Induced Reaetions.

So fzr:we have deait'onl; withAelectrohaénetic.intetaetions which
faté*hediated'by.the_exehange‘of a‘photon and 1n which thehonly'
Jleptons'pattieinating are the elettron the mndn'and their-‘
antiparticleé.l o | o ;". v -

“ In the recent:years new techniques haye been deneloped [at
h CERN and ﬁAL]:whieh allow the nroduction of neetrind and antineutrino
k ,beams'and'high energy neutrino eXperimente canvhe perﬁbrmed..
TheAinclueive reactions v + N,* poo+ X and ; + N Fouf-+ X,'with :A
' h-denotingaa neucleon and p-(g+)'a nnon (ant;muon), have been studied
both at CERN and NAL,
Te'ldnest erdef,the'interaetions.are-aseumed to go via_the

jexchange-of W - boson as is shown in . Fig. 5a and 5b,

B P L
Wt o AW
\ o v
N =1x M=}
(a) ()

FIGURE 5S¢ _w—bOSon-exchange diagrams contributingAto the charged

. . - - . +
current reactions a) v+ N-=+p +X and b)) V+ N+pu +X .




The leptonic vert:ex has the structure ~{m’2|-g,)v +(r4 ..e)}w

'ieand the coupling constant is 8, The wH is the charged vector

o is that 1t contains a strangeness changing (AS 1) and a non;hanging

-boson field mediator of'the weak processes and analog of the_photon' |
_in quahtum.eleCtrqdynamics. .

~ The interaction Lagrangian descfibihg the above.processes has

fhe.forﬁ;[sée’for'exampie Ref . 1,2} A .
3.,., [ 3 W "‘ Jr W ] L3Sy

ihe eeak currentgjﬁ-)~ﬂonsiets of a lepeonie and a hadrenle part,
';he leptonic being

()&P*- - 'V S

Jt‘ = eb’r“ zgs)v + i g (i—gs)v  '_<'1_36)_

A The-hadtonic'nart'is not known explicity,what we know from experiments

(AS = o) part,
" The maés‘of the vector boson W is assumed to be heavy and from this
we have the cornection between the.currentneurrent theory coupling .

‘constant G and the_ratio’gw/MQ
G . gw)
‘Itiis.well'known that G has a value which‘approximately is -
6 ~1,01 z 1072/ .
proton

‘The differential cross-sections for the reactions v + N =4 p™ + X and




’v + N -§p + X are calculated in exactly the same - way as the»
‘ correSpondlng expressions in the process e + P e + X
The dxfferential cross sectlons have: the - fOllOWlng forms[see

: -for example Ref 8 and A3, 19]

d 4 G E ZW(VQ)San—+w<vQ)(o§

: dE-'alQ’ 2n M b(1.37)
T ,(E*E)W(VOz)sln_. |
: 3 ) 2
M A
‘ The —(+) 81gn stands “for. neutrino (antineutrino) In terms of the

' Q2.= fq?.ahd v =p, q/M variables ve have

_5&3_:"9 V ’{2 W(V Qz)fn W (vQ )Co; i~
dtdv 211 E | (E-rE)w (lehn:eg Lyser
™)

-

The structure functions’ w are-again'dlmensionless, Similar

. 1,2,3
'_arguments to those used in electroproduction to derive the scaling 1aw -
of the'functions W (e p) and w (e p)/w can be uSed'in the neutrino case;

"The reSult is that in the Bjorken limit, Q + o and x = fixed, the

rfunctrons ”17 vwz 3/M scale, that 1s.' |
Wod = Fw o
sz,z('vQ) _ ﬁ,(x) R S VTS

Note that a 5uperscr1pt should have been used in the Wl 2,3

(1.39a)

\

and nl 2 3 functions to indicate that we are dealing with neutrino or
t At X .
aﬁtlneutrlno processes and which have been omltted for simplicxty reasons.

The scallng behaviour(l 39)can be easily ‘tested as ‘we shall see )

later,




- Using the’ Call'an—‘Gro.ss [33] relation

Usmg the variables x = Q_ and y = % and assum:.ng scaling

2My
we -vhave . , : :
Coh vy (w ' , (v ,) -
- J_(A‘? - _I’ - (’,y) 2E \ (1. 40)"
R A +‘3(j(1“-—) (x)} . -

E(?):hﬁml . aw

Eq .(1 40)' takes on the’ fem o (V\-l) o Wiy
Je"_ GME (§-¢° F+__ ‘(F.-:;E .
7/

T ; EYRAY I
.3. G?M XJF((*:O' SRR >(1.§z)

B )

" In (1 42) the sign +(~) stands for neutrino (antineu’fririo). Egs. (1. 40)

M

_ and(l 42)hold when the beam energy E satisfies I-é( 2 3 in the -

case we have high beam energies suchk that E ~ ZIW, then in (1, 40) and
¥l

: (1.',’_42}we make thesubstltution

2

6o —
(j-‘ Zx)E_M/M:‘)_,

’ Thé total cross—sections ov,v follow directly trom either (1 40)

or (1 42) by mtcgratlng with respect % and y

3 VY vy
SE= AT E+ B




- iThus if scallng holds ; linear behaviour of the total cross-sections
ein the neutglno (antlneutrlno) energy'ls expected.for energles such
fthat E<(' Ezﬁ' | ThlS linear behav1our is supported by data frmm
CERN [34] where we have energles up to E a-lO GeV and from NAL [35]
where the beqm,energlesereach E =-200 GeV,
| . The:serucﬁure feeCEioné W1,2’3 are connected‘w1th the absorptlon

CTOSs- sectlons for 1ong1tudina1 (0 ), 1eft7handedA(cL) and

’-,right-handed (GR) w-bosens in the folldwing way [see'fpr example Ref. 8,27 ]

~ 7 Qw o
'_ ds.:'?[:( G )W’l 1] o (1.44a)
,GR:P,[W +(Q'”’) I S (1.44b)
K ™ |
6, = 37_[\)\/, - (Qlﬂ) WJ ) (Lsbe)
B T
- _Froaxﬁ.4qb and(l 44c)we have o = 9L 3,1n the: photon case no

-
W3*structure function appeared beause in electromagnetlc 1nteractlcns

_parity is conserved and so 9 = O which implies W3 = 0,

‘From the p031t1v1ty of the o one obtains the following

L' %»* %

- inequalities

hlw l) . (L4s)

(j.?___) W> <Q +v')

In this section we discussed the neutrino induced reactions
v+ Nop +Xand v + N *,P+ + X. The exchanged object mediating
'these_proeesses is a charged W-boson and for this reason they are

- called "charged current" reactions,




In the next section we present the Welnberg—Salam model and

its neutral current predlctlons

16) The Weinberg-Salam Model and Neutral Currents,

 The Weinberg-salem model [36,37] belongs to a class of gauge

'-‘_theories,which-have been proved to.be renormalizable'[38]. In

these theories the massless scalar Goldstone bosons, thr0ugh the
Higgs mechanlsm [39], appear. ‘as longitudinal degrees of freedom
' _of thergaug: hosons nhich in this way become n3331ve, while the
.iphoton remains massleee,‘v The weinberg—Salaﬁ modei is a.
"renormalizable theory of week and electromagnetlc interactions,

-which involves neutral currents as we ohﬁ)l see in this sectlon

vThere ere clsc gauge theoriesvwhich do not involve neutral curfentS'
"as a representative of such a theory without neutral currents, but
1nv01ving heavy leptons instead, we mention the Georgi~Glashow model
| "'_'[4_0].
| For a detailed discussion ot those gauge‘theories we refer the

. reoder'to-a report by E.S. Abers and ﬁ.w.‘Lee [41] and to B, Zumino {42].
— We wiilAnot 20 into.the'details_of the model; thernly thing we
require'is the Weinberg-Salam (w-S)Vmodel interaction Lagrangran which
: will be used in forthcoming cnapters

o The W-S model interaction Lagranglan is glven by the expression [361
) _ g9 (" ' 4, h
Iw_s'—--—[ﬂr W".qtlJr W+

iV

™ o (tn
v L[5 s, T ]2 4 g0 T

(o Sew




' The con.st:;‘u.]ts Ag én}d ‘the 'angl.e 8, t_he"'so‘ ca’ligd We‘irﬂ)erg' anglg,
-are ‘the ..two. paréxﬁetérs of'.the tﬁeory; ; Wp is .t':he W-b;aso-nb field , B
“ A“' the -ele.c-trromagne't.ic field jand. Zr é ma»ssive spin-1 fiéld. The
‘éurrentsipartici‘patiﬁg.in the f:hedry,aré. defined in the }féllowing'
"way;" .‘"tﬁejg'auge grou_p of the t-:heoryv is the SU(2) x U(1) and the

1eptons and hadrons of the theory are grOuped in SU(2) "1sosp1n"

A o _
~mu1t1p1ets. . The current J (J J ) is defined as

e L
jt‘.: ?v::U";XrT% e aen

. The index i runs over all the left-handed multiplets and

-+ , , ‘

T=(T,, T., T ) ‘are the ‘-wellknown SU(2) isospin matrices .-
. 4 L

trc

r

the follouing relation .

At (3 (B o |
j = J&‘ iijr' C ey

The current  J. , coupled to the Wu-boson field, is- defined by

j (em) is fhe u5ua1 electromagnetic current,
There is another current 1n the .,C S)whl_ch is the so called
n'eutral current interacting with the Z“-vectdt boson, The neutral

curfcnt is givpn by

(h Lu & qu

de (3) ) (em .
J‘f“ ' l‘f 2(3—? "Snne ]' ) (1.49)

~The left and right handed components of the leptons are grouped in
SU(2) isospin mulitiplets as follows

(Y - £ (¥ o -, : : -
L_. ( § 25 )( o -isnspin— -;:— (1,50a)




N _ )
L= -
""'_:._’P\(e_)'z. ( ‘—*—5’-)8 om0 (L)

4

isospinr-% o _ (1.50b)

- ’P\ = ( H-—-i&)r iSOSpi.n;'o | | . (.l.SOd) :

 1t,is easy té verify that ‘the leptonic part of the current: 3;(+) is
‘given by ..

| | j“ = \_{zr (_l_:iz_s) o + Dr"Xr (1=t

(L5
L)«
and thus From Eq, (1.46)we identify the first term of the Lagrangian

s aslphe well-known inferaction Lagrangian'governing the weak

processes,provided . that _5- = 8, The hadrons involved in the
thebry are assuzed to bezﬁie'three quark fields p, n, and A,wellfknown-
from‘SU(B) consiéeratidns, ané another fourth quark denoted by p'

_ inffbduced by S.L; Glashow, J, Iliopoulos and L, Maiani [43]
characterized by a quantum number called ‘charm,

" We wish to.say a few words about this new quark, The SU(3)
gréup can bc enlarged to a .SU(4) group if one introduces as the fourth
member the new quark p'. This new particle is assumed to have a new
qﬁantdm number, called‘%harm: equal to one, We can group the meéons
aﬁd baryoﬁs in representatiom of {‘&@{E} | and {#}e{u}e{4}
’réspectivély [44]. 1t is obvious that new hadrons are predicted in
ftﬁis new SU(4) scheme which had n&t 5een observed little time ago;

however in November of 1974 a new particle was discovered at NAL [10] having

a mass 3,105 CeV, This new particle called § (3.105) was also




detected at ADONE[45] and»SLAC[AGI.. The v particle ennihilatee
"into e e+ as was said prev1ou31y in this chapter Little time’
_'after the discovery of y (3. 105) another new particle A hav1ng a
 mass 3, 7GeV was reported to have been observed [47] It is. A
‘Abelieved that the new particles are new.mesons which belong to ‘the

) {15} representatlon of SU(4) and 80 "charm" appears to be establlshed

by the discovery of . 'p and y'.

The four hadrons p,n, A and p' are organizedlin left and right- .

handed SU(2) isospin multiplets as follows

(2 E .1_ ' P L o
L :(——KL) ) " .isos'pin--;- T - (1,52a)

2 O

1sospin- ~ (1.52b)

\
|

R (%&)P, r‘((r"_:(1+x§)],' -'isospt}n-oij_ ) (1.‘52c)
(

QAo

. _(n). | A ,
' /R = (1+X’)n<,R :

. «“ . '
H—Xs)_,k isospin-0 ,  (1,52d) -

The "Cabibbo~rotated" quarks are defined as

hc‘: Y)CO‘Sec'f‘ 'ASW\GC -- o (1.53a) -
l(_:'“s;"et + ’ACOSG(_ b: : e (1..531))'

e(':' is the well~known Cabibbo angle, It is a straightforward_f
caléulation to prove that the hadronic contribution to the

curreut 3_“(”

wo-?Xr(} xs)ncose +?X (J Ks)'l,me

T
P (Sl nsinbe+ g ((f)Aeor

(1.56)




b.The»first two-terms of theeeurrent are recognized as:the
' hédronlc current of weak interactlons contalnlng aAs =0 and a
h’A$r=-1'part Tho last two terms describe the weak deceys of the
charwed partlcleq con51sting of a AS = O AC = 1 and AS 1, 'AC =1
part,,where C denotes the charm quantum number, | |
| Aq we said earller two parameters g and e enter the theory,
We hth already seen that for the first term of.£ S_to describe
the neak interactions we must have £ = B, similarly in order
:for the last term of Lh-s to descrligzthe electromagnetle interactlons
we must have g sine :— e,where e is the electron's charge,

fhls relation rcduces the number of the parameters of th° theory

from two to one, The masges of the W and Z bosons in terms of the

Weinbery augle‘are given by the following relations

‘/2 | o |
- e - Mw Lo
W (g(, ) ls('m6w[ ) M2= |cosOwl B

G is the current-current theory coupling constant- (G = 1,01 x10-5/mp2).
‘Because of the relations (1.47) the masses of the vector bosons

havellower bounds given by
Mw},37.GQV). My ) 74 GeV . (1.56)

After reviewing the W-S model we are reedy to talh about‘the
inclusiveAprocesseS‘v +Nav+X andv+Nav +X,

" The second term of the‘ﬁh-s’ the neutral current term
-S( h‘j~(nentra1)'zp), allows, to first order of~thekcoup1ing_constant o,

the inclusive processes mentioned before to occur, Diagrammatically




o
o

~ the interaction .is given by the following Feynman graph.

- FIGURE 6:- Z-boson exchange diagram contributing to the

.neutral'current reactions v(¥) + N » v(¥) + X

: vNvX ;;NJJN
. . iog S — have been
| ExpgrimenLally the ratios UVN-pX and &}N-pfx
- measured both at CERN [48] and NAL[49]. The detection of

those ratios is of great importance since it shows that neutral
currents exist,

Though the existence of the neutral current does not prove the

validity of the WQinberg—Saiam‘theory, it tells us that a good theory

of weak and electromagnetic interactions must involve neutral

currents, We shall see later, when dealing with parton models,

SR : , vNwX &VNJWX
that measurements of the ratios ————  and -—— might lead
: ' - gNTX SN

_us to a determination of the Weinberg angle,




Discuséibn;

In thisvchapter_we»discgssed_inélaétié'processes in which
- leptons and hadrons were participéting.: The inelastic ptoceééés
eps+eX WN 4 X and W 4 p'X in fheir;déep inelastic region are
of gréét[impértance, sinqé they might lead us to. the solution of the
probleﬁ.és_to Qhét a hadfon is made of..'_In these proce;ses'éithef :

' a.pﬁoﬁoﬁ or a w;boson éaﬂ be used'as a probelfof examining the

.,‘internallstructﬁre of hadrdpié matter, |

Tﬁe eérly daﬁa from SLAC, one’p heX scaftering, reveéled a
 new feature in_ghé»area'df hadroﬁic'physics Fﬁat;of'scaling;

According to it the deep inelastic electroprdduction functions -

wy(v,d) - |
and wl(v,Q ) are not functions of the two variables v and

:szbut they are functionsof-the fétio # = ggv,'when'Q2<é 1 GeVZand
;(p +Iq)2 2 4 GeV% Bjorken had proposed such a scaling law in the
kinematical region, Qz,v + o and x = fixed, the so called‘%jorken limigl
Bata with neutrino and anpineufrino beams soon followed and the
reactions_vN 4'p-x_.;N -{p+X were studied, Bjorken Scaling
‘hypothesis applied to these processes gives total cross-sections which
~are lineaf-functions‘of the beam energy,  This linear behaviour

is indeed cénfirmed by the experiments; During the iast years
experiﬁental data on the deep ineLastié regioﬂ_of the reactions

‘e p + e X, vN'4 p X and N ~;p+x have been accumulated and Bjorken
.sca;ingbséems to bg very well supported, Undoubtedly "scaling"

_ is a sfriging phénomenoﬁ of the»hadroﬁic physics and makes the physics

of deep inclastic phenomena one of the most exciting fields of research,




Thé inclusive processesAvN.; vX and.VN + vX in their deep

inéiastiq_regiqn ére also important, In tﬁe last few yé&rs:mﬁch

' prﬁgressvhés beén.made'in fhe areé.of gauge theories and many'

' £he§rie§ fof weak'énd electromagnetic iﬁteractioné have been proved fo
s 'be fenofmalizable,r ‘$ome of these'involve heavy ieptbns not detected
50 fér, andlsome others involve neutral cufrentg,f Thé Weinberg-Salam
: quel f§£~§eak aﬁd‘electromagnetic interactions belongs to the 1a§t 
'1Acategory. ' 1f neutral currents exist then eQentsAwithfno muons ;n the .
‘fingl Staﬁg_should be.observed in the reactionQQPN - vpxiand

vaAqﬁ; X; TVSuCh muonlesé events were réally observed first at'CERN
'gnd_later at NAL,and the ratios of‘the number'bf_muonless.events to the
'numbef of_eyeqts wiﬁh ohe muon in the final state, for both neutrino

and a5£ine;trino,_wer¢ measured, This proves that neutral currents

d§ cxist_apd ﬁells us that a good theory pf weaklahd electrémagngtic
.iﬁteractions must involve ﬁeucral currents,

Another great discovéry, characterizéd by many és the discovery

..”of the decédé,'is that of the new particles ¢ and. ¢', If‘one
enlarges the SU(3) group to an SuU(4) by the introduction of a ne@

qﬁark p{,'in,additibn to the well known p,n and A, which car;ies an
additive quantum ﬁumber called Eharmt then the hadrons are classified
“in repreﬁéntations of this new.gfoug. : Littie time ago there was not
any experimental gupport for the necessity of SU(4); in.November of 1974
tﬁe ¢ patticle was discovered and a little iater ¢' which decays

into wiplus two pions.

.‘ These new particles can be classified iﬁ the representation {15}
qf,SU(a) which is the SU(4) extension of the SU(3) mesonic octet, |

According ‘to SU(4) classification qf hadrons further mesons and baryons ,




sbmg.of themﬁcarrfidgbana gharm qﬁantuﬁ»number,ﬁuét.be QbserQed; .
‘:it is‘worth mentioning thatlthe';harmedfquark p' h;d béen proposed
~long time befo;e-the discovery of.¢‘s.and'its necessity is met also
:ih the Weinberg-Salam: model. |

-Scaling, neutral'qdrfents and the new partié;eé were the basic
‘ parts'of fﬁe‘firét chapter thoughvnot discussed ext;nsiveiy._‘

| The séaling béhaviéur of the étructu;e functions,-the déteétion
-of the neutral currents and the discovér} of the new particles open
| néW'paths to the hadronic physics; ﬁpwever much wérk-should be doﬁe

in this area and this makes this part of hadronic physics more exciting,




* CHAPTER II

' ‘Introduction

A léfge Qérietyvof theoreticalrmddels have been proﬁosed in the
,,lgst years in order to. understand the pﬁysics of the deep inelastic
‘.pﬁéqomen§. ' Amoﬁg tﬁem is the pafton model whose baéiq poinﬁs are
:'b;iefly discussed in this chApte;; | |
| The parton:quel idea was first_applied in o;der'to understand
v'fhe»physicsvof.thc prpcess é-p_q é’x in its deep inelastic region.
~and is due o;iginai1y to Feynman [50], - ﬁe gSSuméd that the hucleon
fis built of fundamental ﬁointlikc constiﬁuents which he called
"partons";_: If the time of interaétion of tﬁg photon with the
- pointlike constituents is»shoft,so that the constituents.do not
interact whiie‘the photon current acts, then the.nﬁcleon is viewed
by the incoming photon as a bunch of free,stafic, componénts. This
is the impulsé approximation applied to inelastic electron-nucleon
scattering, and holds in a fra@e in which the nucléon_has infinite
momentuh..> When viewed from this frame the prdper.motion of the
'constitéénts_isrslowed down becausé of'time.dilatation; on the
other hand thé nucleon is Lorentz-contracted in such a way as the
incoming photon'finds'one parton with which it interacts while

the remainihg constitﬂenﬁs,because of the time dilatation,are just
'ﬁspectétors. vThus the scattéfing of ghé viftuél photon by ghe
3nﬁc1eon is seenlas scattering by the individual constituents,

This ig, in brief, the naive pafton model; = we shall applj

it to deep inelastic processes and make predictions, As we shall




see parton model impliés qcéling i.é,_gi§eé the scaiing behéviéur
-fbf:thé.iﬁelgstic eiectroproductidn aﬂd ﬁeutrinoiproduction strucéﬁfe
:functions{ In this'chaptér‘the main pa;ton formulae to be used -
" subsequently are given and the Kuti~ﬁeisskppf [5;] éﬁafk» parton.

model is discussed.

- 111) Thé Parton Model
- In this section we discuss the parton model iﬁ»mQre detail and
“in‘the ne#t section we shall see its_predictioﬁs.fof the structure
func;ions of deep.inelastic eleétropfodﬁctidﬁ and neutrino production
"sc#ttering. 7 There are many articleS‘on.the model Qhefe its principles
énd thé fundamental formulae één be fbund [see for éxampleRef. 8,12,27
28, 52-59]; since the model hés been well advertized; here we limit
ourgelves to the most imﬁortaht features of the model,

We turn our attention to the electroproduction process

e .+ pae + X - H  things &re not altered substantially for other

~reactions like yN 41 X or VN -op+X, say, The.process ig assumed

to take place through the exchange of a photon as is shown in Fig. 2.

Because the parton‘mOdel is supposed to apply in frames in which the

momentum of -the proton is -infinite,we work in such a frame and denote

. . ..’ B . -
"the proton's momentum by P, If the proton consists of a number N
h -+

of partons then the it parton carries a momentum Pi such that,

- = 4 _ ‘
P, = %P + K, witho 5 x, <1 , (2.1)
i i . i i
. _— o . .
with K, . a small transverse momentum, -From momentum conservation

i




‘we have that

- write for the differential cross section

Z.‘x;.:':f'~" "<z_.z)

The bhyeical picture we want' to employ‘is‘the'follbwing, The
prqbe; a virtual photon, hits the proton-aﬁd interacts with one of

its constituents.  During theé interaction the remaining -constituents

‘are considered as free as we have said before. After the.interaction

takes place the partons are converted in hadions-fsee_Fig. 7].
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FIGURE 7: Parton-current interaction mechanism contributing

to the process e+ p > e+ X .

I1f the acatterihg from the individual partons is incocherent we

EEZ_ of the process

dEd?’

» e-p - e X

._é..c_;_. - Z. S f(’&) C}G(XJ Cl)(-. (2.3)
dEde v o dEdY »




"In Eq. (2 3)the 1ndex i runs over the kinds of.the partons -and f( )(x)
denoLes the average number of partons of i-type carrylng fraction x
- of proton's momentum; ‘45(*) vl& the dlfferent1a1 cross section
o dEdQ’ | |
for elaspic s;;tterimg by this parton, Thus provided that there is
-a kinemétical region for which incoherent»scattgring of the
cmnSC1tuent8 occurs we will, perhaps Se able to make a prediction
.'for the dlfferentlal cross section of.the process ep ae X
The Bjorken region is such a kinematlcal region The best frame'CO

see this is the Breit frame of the parton and the photon it interacts

with, as is represented in Fig. 8 [8].
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.FIGURE 8: Parton-current interaction mechanism as is seen in

parton s Breit frame.

: , -+
The proton is moving along the z axis, say, having momentum p,

Each parton travels almost in the same direction with it (small
-3

tranverse momentum), Tf the photon has momentum q then the interacting

-

partons have momenta - % and % respectively before and after the

coilision, - Note that in this frame qp = (0,65 so that the Bjorken
. 2 : A -
variable x = v b4 _lﬂi_ . The Bjorken limit is attained

A -+
when |P| 4o keepiga x = fixed; thus after the interaction the parton




4 A
-has .a large momen tum leI -and travels to the negative ‘P direction

wh11e the other partons travel to the opp031te d1rect1nn This
scattered'parton does not interact with_the remaining constituents
:after its interactiqn with the phonon. 

AAC this pnint_lét_us say éomething about the spin of partons.
The Bréit'frame is the proper one for such a discussion. As is
seen in:Figure 8 ﬁhe parton absorbs a pnoton-which is virtual and so
éaﬁ be either longitudinal of transvefse, If the parton has spin zero
it carries no angular monentnm along_?‘éndvtherefore it cannot absorb

. . Lot (o} .
. , - O
~a transverse photon, thus o, = 0 and consequently R = — = for

T -
‘spin-onpartons.' 1f the‘parton'has.spinQ%-because its Eelicity is
unchanged ny~the elentromagnetic interaction in the limit of large [3])
it follows that it must absorb one unit of spin from the photon; hence
in this case o ='0 and.R.= 0. Experimentally we know that this

| ratio R is small, in fact R = 18 + ,05 [32,60] and the majority, if
not aLI of the partons would appear to carry spin—%

The vanishing of o, has another consequence, From Eqs.(1, 3D and

- (1. 32)or(l 44a) in the Bjorken limlt we have

| :Zx\;x/‘(y Q) = vw (V Q ) .
| | I M (2.4)
br’if scaling holds,

F(X) F(X] _ N (2.5)

This is the well-known Gallan-Gross relation [33].
. Having discussed the géneral ideas of the parton model we now

proceed to the point of calculating the physical quantities of

interest .




. cl&‘('?(.) AJ {’lw (VQ)Sm-— -{-W (VQ)COJ—-}
R | _

- with M'v= X.M,
: i

' The functions W

IIZ) Parton Model Calculations

t .
JG(n)

As it is evident from (2.3) the cross sections
dEde

must be calculated “when Q 13 large and x=fixed (Bjorken limit),
.in order to calculate the electroproduction.different1a1 cross

vsectibn

_ , - o
In the limit of large proton s momenta i.e, [P| 4 00  the

'momentum of the i type parton is Piu ==-xiP“l where PH is the ‘proton's

'momentum.,'

" From Eq. (1. IO)We have~

——-—-——.

(2.6)
i

(1)

1,2 are given by(1.13a)an§ 0;13b)with GE, GM replaced

. by the unity,since partons are assumed structureless,

If Q is the charge of the i-type quark we find,

W(VQ)" Q X S(v( ')U : (2.75)
VM(".d) SQ % S B (2.7b)

M

. _ )
=
with X3 My

. From Eqs.(2.3), 2. 7a) and (2. 7b) we derive the pértqn model

élecfroproducéion structure functions
(ep) ‘ S
Wo e Z.Q i— W | (2.8a)
(e) : ;
B; (r) . _ :
1("Q1’ = % ZQI( (x) . (2.8b)
M-;




'expressions are va]id in the Bjorken limlt Note that w
vand vw

, from here on we shall denote them by F

igll'é'gw[ZJ T WP +~h c. ], ‘the ‘leptonic and'hadronlc'pattsof J“

-The symbol "Bj" above the equality sign indicates that these o

(ep)
(p)

/M are functions of the variable X alone i.e. they scale;

l(ep)(x) and F( p)(x) reSpectlvely

l(eP) and FZ( p) satisfy the- Callan-Gross relatlon as can be verified

from (2 8a) and (2 Bb)

We “now ‘turn  our attention to neutrino reactions and try

to 'derive the _ correSpOndlng unpolarized‘cross sections - As

: we have seen (see 1. 46) the Lagrangian tnteractlon “has the form ‘

=)

. . Ha
.are 'given'in (1.51)and (1. 54) respectively. To calculate the ds_.
‘ 1 Jedo’
for the process vN + i X we nced again the cross section c8(x)
o . dEdY’

.?6f‘the,individua1 Quarka{ For the scatterlng vn o p we find

' (vm . | o .
dEJO’ . J? M SV 2
P1X ‘ 9 EZ'fEi 'jhﬁ ;téjg } :Q‘i y ;

26* )S"2 ( M )'T‘,‘.?. o (ztg)"

p Comparing (2.9) with (1. 37) we have for the structure functions

' (V ) regardlng the gcattering vn 4 p in the Bjorken 11m1t)

123;

(\lm

'W(VQ)" S(x % ) mG (2_;10a)

ALY _ - | _ ,
w'z(.\*!Q) 1~ S(X-—’X.:hos7 6.  (2.10b)

QVn

Vl"f (" 25('#1 )cos 9 ';_ | -(2..100.)‘
| M




" For the acattering vp .;p n the structure functions are the same

except for a minus sign in the W3 ' -The remaining structure functions'
- can be derived easily. In general if a term : f?xr(i -Xs)ti
, (vq)
: appears in the current ]- ’ then the structure functions W ‘and
') I 1,2, 3 :

-wl 2'3 'f-or scattering vq U q and vq - p q reSpectively) are given
“

by the following expressions

W fSwn eno
vW, (V,’Q’: 24 X.S(x-,x;) 0 (2.11b)
o)

vwa.(’id’ - - 2¢,4 S(x%) . o

‘In Eqs (2 11)8 denotes either a q or a q &nd 6, is +1 for q
and -1 for q'.
The structure functions for the: inclusive processes vh- 4 "X and
. : :
vh 5 p X with h denoting either a proton or a neutron ~are ca‘culated
in t:he same way as we d1d for the e1ectro production case. When the current
N is given by Eq. (. 54) the structure functions are given,_above the charm

.production threahold bv the equations

F(xl = ]((xl +3,' (x\ +f (x) +§ (xl - | ’(z.izia)_

wh (m (\) -. R |
F(X)--?{f(x)%»{ (ﬂ- (x) f (x)} o 2125 "




.faﬁd_A”

Gk e w W W
F("() f (x).q-S- ('x) +f_(x)+)(' (7() - (2,13a)
@ (m S O IR (0 (l-n - o ,
F x)= '—l{fr(x) +4 ,(x)—f (x)-—)‘ m} (2.13)
A '
fhe‘ 2(vh Vh) -are glven by tte Callan—Gross relat1on F (Vh Vh) = 2x FivP ,vh)

Before closing-thls section, for completeness_we g1ve the |
ﬁaftbn medel fesuit’for the cross section 292 of the process
- -dq e
'»p<+ p - zz + X, where /b is the mass of the g7 pair [see for example

 Ref. 56].

. ‘1'. . .

: (p) -

oL ﬁl’.".‘l ..L_jé?(olj 5(13 -'C)Z(»l f(x)f (3) (2. 14)
Aa_zlso | o

:In thlS expression the variable T i8 defined by 7= Q" /s . Note

that Q4 dgqt scales, that is 1t is a functxon of the variable gt only,:

dQ”
having given the basic parton modelformulae we are ready to make
predlctlons ptovided that the explxcit form of the dlstrlbutlon functlons

i(h)(x) is given,

o IZ3) General Results of the Parton Model - Relatlons Among the
atructure Functlons

(h)

" There are sevcral relations the distribution functlons £ (x)
should‘satisfy,and thus any-reasonable quark parton model should
respect then,

' (h):
Since the physical meanirg of the distribution functions £ (X)

is the,average_numoer of querks of type i carrylng fraction x of

-hadron’s "h" momentum, it follows that for any additive quantum number A




- we have

,e.

(2.15a)

ro (b : o A
RIS OIS

{.Ah’is tne,quaneuminumber ofdthe=hedron'"n“‘and A the cdrresponding‘f

"rnumber for the quark i, Momentum, -charge, baryon number, strangeness

'_third component of 1sospin and charm are additive quantum numbers and
.so from (2. 15a) several sum rulea can be derived From (2,15a)

- ‘weAhave’when A is the momentum,

gixfi(x)h:i_' e

‘The proton and neutron distributidndfunctions are connected by

isospin‘refleetion and'one has the following reletions_

| (2 (w (m BT 2 B S T |
' B f(ﬂ_'—"—f (x)‘ f (X} (x) fﬂi’x)"f (x). (o160
f(xl f o "Zx)-g‘“lx; f m- (?,x) L (2.16p)

'There'are alsc several relations,connecting the structure functions

of thevprocessea'éb-q €X, €n 4 €X, vp 4+ X, vp -+ p'x, vn - u—X.A

" and ;n -;y+x: We consider the case in which the Cabbiboangle-%:

-is zero_(for the case'e i# 0 see [8land references therein).

The following relation is easily verified using our expression

for the structure functions (e = 0)

—

ey, _lyp wn) o
)"’ 3 — 3 B (2.17)

e
Jl(n -




‘This relation depends on the charge of the constituents In: the

,_Sakata (or Fermi-Yang) model. the A-quark is’ neutral and we f1nd

——
-/

&ﬂ ( w) : wm'

e (2.18)

© Using th @ L) | N
_ .Using the fact that fl s fl 2 0 the following 1nequa11ty is

derived (below the threshold for production of charmed states) °

. (2.19)

F" " ¢ g(s +E7)

-In the Sakata {or Fermi-Yang) model A and A do not contribute to

(ep.en)

1 _ since they are neutral; in this case the 1nequa11ty sign

in(2 19)18 replaced by equal1ty sign and %E is replaced by 2.

- The following relation-known as Alder sum rule [61] also holds

' ’CJ‘A (an (vri o : B
j ;—{E - F; }'—1 2 e o (2200

- Another sum rule is [62]
b (;P) (vnl- - | : . B 3
| f {F, +F }dx == . S (2.2D)
o =~ S _

In the Sakata (or Fermi-Yang) model 6 4 -2.. Except the above
relations and sum rules eome'useful inequalities can be also derived,

One can'easily verify that

(ep em (Pm o
fo}x ‘Ex) (an chlx xf (x)

(2.22)




fatéresting béing

' In (2 22)'q' runs over all the ‘charged constituents, - ASSumi'ng' that
:'the only consistuents are the p,p ,n and x quarks plus some’ neutral

o (pw .
-ones, "gluons", we have min Q = % and : ZjlfJx { (X) =J-€

1

where e is the fraction of the proton's (or neutron' s) momentum

: carrled by the gluons

s From(2.22)we have then'the inequality

.(éi;cél S S

! -0 .29y

(%) X>/ —_— 0—-6~J o« 0 (2.23)
9 -

C}"-"-~..

" .Using the isospin: feflecﬁion _rel_ati_ons (2, 16a) and (2. 16b) and the fact -

‘that max Qi = .gﬁwe»derive the inequality

| _ ) )
L _Gem SR
| g{ E -rE V}d-x é o (2.24)
(o] - : - . o :
Several inequalities have been derived by_Néchtmann_[63] the most

(en?

Y < o w0 L
| F(x)
. ) fen)
As we shall see'latep for X = 1 the experimental data show that the .?%¥‘
: . . 1 ..

retio tends to the lower limit of Nachtmann's inequality,

- of the distribution functions fi

' 1I4) The Kuti-WeisskqpfAQuark Parton Model

We have seen that all parton model formulae are expressed in terms

(h)(x);

so in order to make predictions

and to compare with experiment one has o know explicitly these

distribution functions, In this section the Kuti-Weisskopf quark




partoh modei-[Sl] is presented? this model based on simple

‘e-assumptions leads to a determ1nat10n of proton and neutron

dis;ribution functiOns.
. The firs; assumption is thatfprotbn (or neutron).is made of

three quarks the so-called "valence quarks", élus a sea of quark-

- 'entiquark pairs which is called "core", The valence quarks give

proton (or neutron) the quantum numbers whlle the core carries

" vacuum quantum numbers, As we shall see later the valence

~quarks contribute to the nondiffractive scattering of the ﬁroton :

(orvneutroﬁ)'and the core contributes to the diffractive scattering;

thia_?iil become clear when we have the explicit form of the .

v distrlbutionefunctions.

Except the quarks and antiquarks it is assumed that ‘there are

 also additionalAcore consﬁituents; carrying zero chaige, which are

used to-bind the quarks together to form the nucleon, These

"constituents are called "gluons".~f

Kuti and Weisskopf assumed that the: probability distribution
of Quarks in the coare isvproportional_to the phase space and is

given by

A'P(’O"B‘ ik . o (2.265
6 (x -H‘/1)’2

"P is the proton's momentum and p the quark mass; x is the .fracticn

- L - Y :
of proton's momentum carried by the quark. The factor 4 which’

‘appears in -the denominator has been put for convenience,

The corresponding distribution for :a_ valence quark is assumed

" to be

ek B
‘olf!i(x) =X - dx

(2.27)




' as:"

'_.The‘distriﬁution of gluons is the sémé és.in (2,26) but the

factor g is different, The gluon distribution is therefore written

A
(X'f ("/p)/z

J'P (x\“ 3

I 1)

B With these assumptlons the proton 8- distribution functlons are

calculated to be (for details see Ref. 51)

S R ‘P’z o B

f(’() - ;.u(XH- &0 ) fh(x) = _U(xH- c(x) (2.29a)
® p

(x) f (x) f (n = (-x) Tax) (a0

f (x) E c(x) _— S 1S

" where the functions u(x) and c(x), known as valence distribution

and core distribution functions, are given by

- | ~
) -Hg—r?(J o))
RIOE BG ), y+20- Ao») =) oo
o I 3(1 o)) -
«x) = -62 « (_1- %) ”ﬁ L . (2.30b)

The constant y is given by y= g + g', In Egs.(2.29) the

supet8¢ript denotes a proton and the subscript the kind of the quark;

g stands for gluon,
Note that in the limit x - O the core contributions are the

dominant ones while when x -+ 1 the valence contribution dominatc

provided that a(0) <1,




‘_”Ihe;cofre§é§nding_distrib@tion fqn¢tions féf:the neutrons
v'are”foﬁﬁd if one uses ﬁhe isosPin reflection relatiops(Z.lGa)_
~and (2.i6b)? a_nd.-'tt-xe fact fg(‘_’)(x.)‘= fé(n')(x). |

' V-Note that in the‘original Kuti-WeiSskopf model.no charméd:

'qﬁarks éppear the onlf constituénts being the_c0nventioﬁal qﬁarks
'vplusztﬁé gluons,
The modél.has»three‘parametétg g;g' and a(0). The .

(ep)(x) is found by using

. electroproduction structure function F,

' (2.8b)and Eqs(2.29)and has the form.

, (epy : . Z‘ - - -
;_E(xh:XUU%r214XI-;a (2.31)

vSibilarly for the ﬁeutroﬁ 

~ (ew) : _ R .
Ew=2xv@+dxcn . @m
! 3 3 | |

: Note that the ratio Fz(en)/F7(ep) has the value 2/3 for x = 1;
this is in disagreement with the data which show that this ratio is
’ -] . .
close to “/4 for x ~.8 [77] .
» (ep,en)

"The asymptotic Sehaviour of F, neér x =1 is'given by
_ (ep en) , ,j+x+2(l-o(7
- F (x}) —~~ (1-%) L (2.33)
1 e Cr S » , : :

Kutirand‘Weisskopf using a relation found by Bloom and Gilman [64]

find that

-1+ g+ 2(1-4@)":3 - (2.34) :




'énd thus:the numberiof-pérameteré is reduced to one,.
Applying Regge phenomenology we oan heve an estimate fof

the parameter a(O);_ | ' : |

| | The Regge 11'nit for the v1rtua1~ processes lAX(d)"T—' X(d»)*]’
and X(Gf)-i-n-o X(Q)-f\'\ is _approached when the mass Q2 of the
photon'ie kept fixed'while_the energy v tends to'infiniey. Thus the
‘ _Regge iinit is obtained for Q = fixed and x 4 0, | The structure
.functions Fz( p).and Fz(en) are the 1mag1nary parts of the ennp.lltudes'r
for'the processes mentioned before - -+ In the limit x 4 0

the’core part approaches a constant value suggesting,it'to be the

‘"diffractive" part of the process, - The valence parts of F (ep)

(en)

and F are different; the dlfference F (ep)_ (e-n)nsh'ould he medi-

2
S
..ated by the exchange of an A2
intercept @, (0) ; ' » So we conclude that o(0) must be taken equal

2
o 1/2<a-t least for vaIUes-of x-close,to zero, .

Regge frajectory whlch for t = 0 has

Taking thie value for the parameter «(0) the functions U(x)

" and c(i) have the forms

v=BE,4) (kx)'- o (23s)

Xy = -6—7( (1- x) . . (2.35b)

~There is only one parameter left now and this is estimated by
fitting the electrOproduction data, A good fit is~obtained by

taking g = 1 [51] and consequently g' = 2, This tells us that

- wmr m— - —. o f— mm s w— o e e o

¥ In the forward di:ection.




’i the hhmber'of_giuons,inithe core is twice the number oflquarks
"and antiqharks in the core. - With the'saﬁe'yélue.for the parameter
4v.‘- . ,- R "+. . +V. ‘ A
g a good fit to the P+paap b+ X data is obtained,

We do not w1sh to discuss the model any further, the details of

it can be found in’ the Kut1 weisskopf paper [SU

. 1I5) Neutrino Induced Reactions and the Kuti-Weisskopf Parton Model

'.in”the;p?evihus séction weZdiscussed;che.kp;i-Weisskopf (K-W)
}quafk.parpon modei._.ilts successes ih fittihgithe‘deep inelastic
':eleCtrOprhduction data and dafa‘regarding the process p + p - pfg+ + X.
afe discu;sed'threferénce[}1], B |

In::hiS'section.we would like to see the predictions of the model
- when one employs the WeinbergSalam theory of weak and electromagnetic
ilinteractiong,' When one assumes the W-$ (Welnberg -Salam) model then
‘thé electrdproduction Scatteting_predictichs are altered, The reason
is ;hat in the process e p 4e X the Z-exchange term.contributes as

well,in addition to the one photoh term,as is shown in Fig. 9.

‘iFIGURE 9: Photon and Z-boson exchange diagrams contributing to the

process e+ p-+e +X .

do :
* © The’ Il* of Rcf [SU is fox the quanuit~r e Where mu—u+ is
et dmu + .

the wass ¢f the y y'  pair .




Howévér the‘contribution of the second.diagram of Fig. 9 does not
‘. éignificéntiy alter the results since it is a small term .

" The félevant structure function has been calculated by others [65]

cand has the form

(QP) ‘ ((?) : '
E(,'X)':' F (X)'*‘(R (X) . (2.36)
: X . A
2 (ep) is the one photon-exchange term and the Ry-z term is due

.towchc:exchange of a Z-boson which is small in ccmparisoh'with in(ép);
The séme]happcns in~thc reaction pp -;p~“+‘+ X as well; that: is tg;
Z-cerm_does not cignificantiy alter che_results anq we can scy that in
gencrai wa model predictions, in the contcxt of W-S 'model are still
valid. |

We foccs our attention to the "charged'current" reactions wN - p X
_andva D X | whose total cross sections will be denoted by o° (v)
a;d occ(;) from now on.> After that the total cross section oNC(v)
and.UNC(;)}for the "neutrcl current" processec'vﬁ -+ vX and WN - vX
reSpectiveiy will be considered, The structure functions F1 and
F for the neutrino and antineutrino charged exchanged reactions,

3
are given by Eqs(Z 17)and(2 13

* For convenience the muonic and electronic neutrlno Vp and Ve

will be denoted by v and v' respectively.

~




Followmg the- K-w model we write for the distnbution function

“"( )
o COR

o - i g— (x\ = N U(’(H”C("’ (2.37a)

- wheré thé. functions_ »U'('x) and c(x) are giv’en‘by+
e Bl s |
v(«) = 8(2,4) X _-‘(1‘ X)) " (2.37b)

-1 2 o
cx) = GB % (1-%) B O (2.370)

.c(x) is the core distribution function for the charged quarks (not the
gluons) and the value of the constant Gg will be determined by fitting

" the electroproduction data,

The factors Ni(h) appearing in 2,37a takes the following values
- N(F)..- N(h) 2 'N(P) N(m | _
- P " - ) L' - P = (2.38)
(]’) i (w ) .
N = Nd =0 : when if#p or n quark.
v . :

Thus the structure functions for the charged current reactions, when

we are above the threshold for charm production, are given by

sl | (\.M 3 | . '

R 0=F = Zud the (2.39)
MY (vM ' ' ‘

F (x) = (‘K\ ~ 3 u(~) . (2.395)

Cp— — o e . Smam e e - — o

‘i‘ B(d h) is the wellknown bLta function, see for instance "Ta_ble. cf
Integrals,Series and Products. by I1.S.Crandshteyn and I.M.Ryzhic,

(Academic 'Pres'&; 1965)




(v v) ‘
‘ The(Fé structure functions ‘are calculated by the Callan Gross

' relation F2 = ZxFl} When we are below the threshold for production -

of charmed states we have

i) G

(x)= E (xX) = —%v(’ﬂ +2cx) (2.40a)

M (G

f‘; (x) = F; X)) = -3 v (2.46b)

o~

. Egs, (2.40) hold in the approximation e ~ 0. On account of Q. 42)

the charﬁe current total cross svctlons are glven by the relations

‘ , o
L ec "« Wy !
Ty :_Q.E’E_{_j;f F(X)c‘x*j E (x)cl«,(}T
) O

'z ! ' ' (2.41)
5 zF‘ (X)Jx o, |
’lm o S
The functions F+ are defined by |
(vv) w3l (",;'
! ie:f. F '.,'. E ‘ .
y =Lt 2 (2.42)
2

To make predictions we have to estimate the value of the constant

Gg. - With the introduction of the charmed quarks the core

contribution to the electroproduction structure function is

(cp 2n)

F(x)“l;G (1 " ,

(2.43)

As we saw in the previous section the core contribution was given by
(tpw

F () = /;; A (0= -~3 (j- vc) (2.44)




"and ‘a good- fit ﬁas obtaihéd by taking g = 1; thus comparing with

(2. 43)we see that a good choice for the paramter Gg is Gg = i‘o '

: Thus the predictions of the K-W model for the charged current reactions

above and below “the charm product1on threshold are given below :

(see A.6.24 _,A.6.25 ) -

'Below threshold: , 6C<(w = GME .39 (2.A45a)"'
§(5) =GME 7 (2.45b) °
bove threshold: Stz GME: 45
Above threshold: 6 W= B1E 45 (2.46a)
J
¢“(v) = GME 23 (2.460)

I

The last term of Eq. (2.41)has been omitted because it is small and

negligible for high energies.

are given below:

The values of the ratio U(V)/o(v)

Below threshold: = 6! - .43% (2.47a)
. ) 6(‘(V) .
L, _
Above threshold: 6 (W - .51 (2.47b)
| c“m

-The average values <X§>v; are experimentally measurable quantities
h ) ‘

and are defined by

4%)>
(5(\! vl o d%dﬁ

jho‘j clsww "‘_‘)

(2.48)




The K-W model predictions are given below (see A.6.24,A.6.25 )

for two cases below and above the threshold for pfoduction of

charmed states :

_ Below threshold:

Above threshold:

(2.492)

. (2.49b)

(2.Sba)

(2.50b)

In Table I we summarize the predictions of K-W quérk pafton model

for the quantities acc(v); occ(;), 5?3)/3?v) and'<fxy:;‘;
. V.

TABLE I

: Above threshold

Below threshold

o°S(v) CHME 5

: n
o°¢(¥) GAE . 17

: n

cc
acc(V) . 43
o (v)
<RY> . 128
<xy>_g . .070

GAME . 45

_n

GAME . 23

.ﬂ
. 51
1120
074

TABLE I: The predictions of the Kuti-Weisskopf quark parton model

for the two cases of below and above ﬁhe charm threshold.




We examine now the neutral current reactions N -»vN, vN -ovN

-whose total cross sections are denoted by c (v) ‘and. oNC(;)

: 'respectively. What have been actually measured experlmentally)

NC
o

‘afe'the ratios (%g) vy defined as (NC) - = ___LX;!l

CCr v, ;c o C(v )

Data for the neutral to charged current ratlos (EE)V - are now
2

’

~availab1e [48 49] " However when comparing4w1th-the-Gargamelie
' data.[48].one must be cautious for the foildwing'reason;

~In the Gargamelle‘experiment'the hadrons in the final state have

min

cut-off festricts the values of the variable y to lie in the

‘an energy:which exceeds e‘minimum-value E = 1 Gev, This energy

range Ein‘s y s 1; the selection criterion for the Gargamelle
experiment is«ﬁmin =1, " The ratios measured in this experiment,
‘ i - INC cut . . . .
denoted by (EE)V " from now on, are the ratios of the number of

. ] . . .

the neutral current events to the number of the charged current events

ﬁith,energy of the final hadrons.EH >.1 Gev,
N

If one writes the differential cross sectlon d;

(v v)

“in the following form.

4 J Al N '
'do’d(v,\" = G _S__.E {(l—.j) d(l',f)'i,‘b(\',?’}? (2.51)
S -. | |

. - NC cut
where the superscript « denotes either NC or CC, then the (EE) _
. . Y,V
ratios are given by [66]
. : ve
Cat - :
(J‘i‘i) - (3 A)cl(v)-l-b(v] | (2.52a)
v (L-p)dor+bw
(-~ )aw)+ b
( ) (2.52b)

('Ig‘fﬂ)a"(G) + b ‘@)




- The constants A and A are estimated from the nentrino and
'antineutrino spectrum of the Gargamelle experiment and they have the

values A'= ,185, A = 200[see Ref. 66]. Note that in the absence

of this cut in the energy of the final hadrons A=A-= 0 and (gg) j
'hecome-the ratios (%g) - .  So we aee that in order to_compare "
the theoretical predictions with-the experimental values we must
calculate the’ conatants ac (v,v), A (v v), b (v V), (v;?). Note

that the a~ (v,v)_and b (v,v) are functions of the parameter finzqw.

: ' € - cc, _
~ For the param#ters 'a (v,v), b (v,v) we have

(v\ .‘

d(v) = J (x)clv( 0 (2.53a)
[
l)(v) a.(v :)( E(x) dx | (2.53b)
. © '

and a similar definition holds'for'the-aNc(v,V), bNC(v,U).

Thus we find

- « (ol 4 - . : :
Below threshold: a = b o) = .o44 (2.54a)
b (v) = a ‘@)= 378 (2.54b)
' <« < _
Above threshold: aw=bWw)y=.089 . (2.552)
. | .
bq(v) = aF = 422 , (2.55b)

To évaluate aNC(v,;) and'bNC(v,;) one must recall the neutral current

‘term of the Weinberg-Salam Lagrangian given in (1,46)

(neut m‘:)

{’l:f - 2sin O, :"”}Z" 4. (2.56)

" 2esb 50,




R ¢ .
The :R‘ current is given by (1.47)

Lo B L :y(}) :z: - _T}il ' ‘ ‘.‘
T4 Y Xr VY- (2.57)
 where the summation index i runs over the left handed . mﬁltiplets,

The neutral current Lagrangian interaction term given by (2.56)

can take the following'form

(wewkral)

- ___‘L_ Z“Z;_“ CIT’LX,AR%’ZZQ)—%XS}(P  , (2.58)

2(0“\ ot .

77\

~The index i now runs over all fields participaCing in the
theory (leptons and hadrons); Qi is the charge of the ¢, and

'z = sinzcij 'ni is ‘a constant depending on the SU(2) multiplet

_ (L%ZZ)?% belongs to,and on the poéition of it inside the
multiplet, Thus when the only hadronic constituents are the quarks
p, n, A and p' we have

‘n_=n, =1, n =n=-1 | (2.59a)

For the leptons e , p v, and v, we have

’ne = n“ = -1, nv = ﬂv = 1 (2.59b)
: ¢ ¥
- vh, vh) vh, vh L
. The structure functions Fl()h’ Y )-and F3()h’ vh) for scattering

vh 4 vX and.;h_qlcx are given by the following relations (see

) A405016j_A'5.18 )




(\,M m' - (h

F (X) = Z § (X)A (2.60a)
(v%v% - e

F 0= asz u)g ¢t s

When i denoLes a quark the constants A B i, C i are givén»by

. the relatlons (see A.5, 2 - AL5.4 )_

2 2 AREE. 2D B B (2.61a)
C :% (%_QZQL) S (2.61b)
§.= +5 L (2.61e)

' Fol-_anAantiquark'i_we have - ‘
A‘—'A, C,‘C‘r,lif:‘.j' © 0 (2.62)

From Eqs,(Z._éO),_(Z.tSl) and (2.’62)we 'fin_d the rélevant structure functions

for the processes vN - vX and yN -fJX: o

MY oM 70 . x
- Fw=F (*’"( 3 z- 22”)(4 v *ZCM) (2.63)
e Gm o
E o= E o= - 5(-22—&-5) U(X)_" R (2.63b)

°1 __ _ e : . .
The constants al\c(v v) and bNC(v v) are given by the following

.relatlons,lf one talfes inte L.ccount Lhe fact that [’x b(x)rb( ;;-
and ;‘/C(Y)J*’ = s - (sce A.6.23a,A.6. 23b )
& 2 : '
cl(v) bcv (2’ —'—-Z-t-.f.) 3
\ 81 45 45 (2.64a)
8 A

d\

B(v)-* d(v)? ¢(\!)+i( 2.1: i) | . (2.64b) . |
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O.66 - 0.les  ~ - 0.811 O e Y
S 0067 - DBalss M. 130 _ 0,204 ©0.572
0.5% - Jelb6 - Uaks50 00287 0.584 "
Co9 . UaloT 0,871 . G.209 - G596
0.70- JolsT 7 0,832 0 0,210 , 0eh09. .
0471 -0 Duleb . D.913 . 0.212 A Noe23
04072 0.168 SoB.03s 816 S AN
T 0.73 delss 9,757 . 0.216 04550
0. T4 - G170, . 0.04n : o 0.219 Db S
NS Ggel7t 1. 003 0.221 YenT
N PO S T I o 1l.027 0,224 ‘ Den G4
S 0.77 - 0.l74 0 1i0Hh1 - L6221 S e
Dere - 0,176 . 1.37 - 04230 - D.775
0079 0,17 1.190 0 L 0.733 ' T 0L Tal
Dabsls- A A Lel126 - - 0.236 QWTET
0.81 . J.1el l.152 - 0.260° 0774
0.82 - Q.18 S R S r.2437 S, Tey
0.3 O.lB6 1,205 0 00247 T D.s)R
0084 0 0.lEE 1,232 0 S 0.250 . 0.82%
2.85: D.19L 1.260 0.255 N.543
.65 0 Jd.l%e l.2ss S 040260 APy
0.67 S0.157 0 Lele - 0.264 T 1380
0.88 . 0,200 7 1,445 047269 0.4739. -
0489 0.233 o 1.375 S 0.273 . . 0.91¢C
le9C L2007 C Lohua L 02T EPTETS
. 0.91 0.219 , 1.435% ' U.284 o - 0.958
C0.92 0 0.216 1.466 : 04289 . . - 0.978
G.63 . 6,218 1.497 C.294 04958
0464 D.222 0 1.52¢9 - 0.300 T 1.012
0,95 - D228 _ 1.501 © 04306 S P
0.96  $.230 C 14593 04312 S 1.062
0.97 .  8.23% le6z6 . 0.31A S 1.064
0.9 (.23 letha. . 0.324 - 1.196
0.29 | D.dé4 - lotid 0.331 SRS P WAL
1.00 S G.249 S lL7280 0 Le33b ' lelbn2

~ TABLE II. The predictions of the Kuti-Weisskoﬁf model for the fatios_
'(NC/CC)Cut, (NC/CC) The values given‘cbrréspond to the case
of being dbove the rharm threshold. 1In this tab1e RQNEU CcuT,

' curL
R-AKEU CuT, R-NEU and "R-ANEU denote ‘the ratios. (NL/VC) ,

7(NC/CC)%“L, (NC/CC)v 'and ,(l‘vC/CC;G respec;ivelyf




TABLE III

panota ponsnnsoahd oﬁ##o&ﬁau&q# shgo0de GHouRBDaROR M4 BOpgpoand

P-MFU CLT.  P=ANFH CUT 7 RP-tFy CUT . R=ANFI. CUT
aaanﬁq HOBDADILOOS pHdpaleHs a0 avboo0 foonboanant eedddggoaaad
.n‘ .QQF e . .756 T .gn o?‘? opqq
on? : .:.LQ' ; o ..7’-07 oq‘ : o?nq 0875 .
.03 N T (L .52 207 .£34
N4 G823 AL LS 204 .915
w05 o517 . , L7072 A 207 L93k
. N7 Y /2° - B «RRNY S R -.198 .981
<NA LR JATD «ST «1G¢ 1.004
AN LEZ - _RSY .56 . 163 1.057
.‘] .“S? . .641 ’ .60 .‘Q? ].07ﬂ
W13 ol 34 RN - Y Ve J160° 1,130
14 A?L _ o k77 - A3 . 1R9 Y.18R
.15 - AT o dF17 Y T « 183 1.1R¢
16 JANT A17 . b5 . 186G . 1.214
n17 .?99 . ."09 - ""6 . .]PP ]o?l‘“"’ :
.19 “aRP DY Y - B Y T . 1AR 1,305
20 .74 ' #600 "o F9 +1R9 1,23,
-3 JIRA .59#8 o1 «1RG 1.3AR
72 . 263 - .,898 71 2160 1,40
«23 L€y - .898 |- W12 7 <161 1,424
YL 1Y) T ..597R 13 .18?7 1,448
L capg . JR07 - ] eI « 1G4 1,839
- ,29 - .30G - JE17 e IR . 199 - 1,880
T T 1. £ k17 .19 «?201 1.£818
231 29T L6?7 A0 203 1.727
37 . .26} JR2R oA o PNS . 1.767
";3 ' . .?P‘; +F3C .R? ,708 - ,‘.907
234 R0 (642 .23 211 R RYerda
01‘; '.?75 oéqi ‘.9_14 o?,3 ' -)OPQ(’
« 36 «PFG JRAN RS 1R 1,937
.37 JPEh <6h9 Rh 220 1.97%
« 38 759 " oF79 o A7 «?73 - 2.016¢
« 39 'S4 JEGN AR o P2F P NFL
00 . 749 L7027 .R9 o220 2.1089
A ,P4LS <114 «90 o734 ?.158
4?2 Loun « 177 <91 .22R 2.7201
043 W22k ey :92 .242 W Yendn
Y. 222 . 756 - .92 . 247 2.729F
.45 279 .17n <94 281 745
Jbh e P75 786 .95 o256 2.364
w47 2727 LA0D .96 . P€) 2 444
LbA 218 .A19 ,-g; .;;?- ;.222
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. 215 e 37 .96 P16 2.5978
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'TABLE I1I . The predictions of the Kuti—Weisskopf model for the ratlos

'V(NC/CC)CUt_and (NC/CC)CBt “The values given-correspond to the

case of being bclow the charm threshold. In this table R-NEU CUT
cut

cut

~and *, R-ANEZ CUT . denote the ratios (NC/CC) .and (NC/CC)

Aréspectively;




“Thus ﬁaying_escimated'the-aNc(v,;):end b“?(v,V)'we can, by virtue
o o (NC, - cut : S g
: Qf-Eqs.(Z,SZl’find the'ratios(. /cc) —  for different values of the
- paremeter _ = $1n qu ~ The corresponding ratios withOut the
ienergy cut are given by Eqs (2. 52)but with A = A= 0. . In Table II

‘the ratios( Icc)cu

”and. ( /cc),v;VII :aredgiven_fer values

. "of the parameter T ;inz% ranging from .01 :';oil'.oo.' " Note
_:rhet”ne;nave nssumed_that we are above tne charm produétidn rnresnold'.

’,dDafa'from‘the CﬁRN—GargamelIe group endnld be compared aIsd Q1£$‘

| ﬁthe case in Whlch we. are below the’ charm producrion threshold in |

cut-
NC : . .
/CC) are ‘given assumlngv

. Table III the values of the ratios(
-that we'are below this threshold, Before any comparlson w1th the .
--experimental data is made we-shall review some of the neutrino and

antineutrino,data;

- 1T6) Data on Beep Inelastic Jeutrino and Antineutrino Induced Reactions.

Much deta on neutrino and~entIneutrinp indueeddreactions in the

>.‘ deep Inelaetic regionvhevedbeen-accumulared Ehe'last'yeare [see 67,68].
':Inrthis section we review some of these regarding the processes

vN 9 u'X, %3 a3 J\ and vN 4 vk, W 4 vX in their deep 1ne1asL1c

'region._ In Ihble IV we give data of the CERN Gargamelle group -taken

Hfrom Referenccs 34 and 69v The quantlties A B B' appearing in the

'etable 1V are éefined as follows o . .

: _'A:inE(xux/[ﬁ(*??"‘ s
- B= ‘fx_F;(x)JxAﬁ(v()c'l'\ . - (2.65b) -
_"B's—fx’Ewc*“/fxE(xux; e




| if-#he'gnllan-é;oés-relapion“Fz(g)n;.2xFi(x)_hoidé nhen the
right.hand iimi;s ofiA nnd B aré valid,(T&Hé hO; |
d jNote:aldo_Fnat”Bédauéé of the‘relafioan 2MExy we have
g:Q?>§;; = HQﬁE:;;xy>;’;,: In the Table IV the elechonlc and ©
: méconiq neutrinné_ve‘nnd n‘_are denotgd by‘v'and Q reSpentively_
- (see fodfndte oflpage 47- ). |
i; Be31des fhese data from the Cargamelle gronp newer data weré
Vreported at higher beam energles, up to E ~ 20 geV [70], by the
game group.v_ Also the Harvard—Pensylvanla-W1scons1n experiment
:(HPW) and ‘the. Caltech experlment prov1ded data for ‘even hlgher
energles [71] In tables IV;,b,c wg glve some data nf the three
.Jgroups.Garganelle, HPw,and_Calﬁech répdr;ed ?y D-C; Cundy'[721 at
the Londdn>Conferdncé on High Energy Physics 15'1974. |
Finally’fon.the parameter 'z =.Sln2Q# an upper bound  z <.3
:is found from a study of the. reaction. A;e +.e 4 v + e [68].- This
'11m1t should be Ldken w1th some cautlon ‘because the Ve flux ié n¢£

jmeasured but is known by calculations,

Also from 1n° analysis the;foilowing result is obtained [68]

z > .2—.5

"~ The result depends on the correctlon chosen for the nuclear effects,

In thia section we brle‘lv reviewd some of the neutrino .. .

and antineutrino;data. For more data and detalls regarding the
eipérimentai éetfup we'refer the reader to Ref. 67,68 and 73..

_...—..—..——.-—.._.....—--——-—.—.—.

- % The measure of the nuclear effect is done by the observatlon of the
. o(v + nap “+rte n) 4 o(v + p oo TIRE 1 + p)

quantity r
S o(u + o0 p + 70 4 p

3 "he experjmepLal value of r from the, CERN freon ererlment'&S
r= 2.3+ .9,




TABLE IV

Phyéical'quantity - Experimental value ' Referéncé
oec ‘ +.a L I : '
g v) (.77£.09)E '(In units of 10 “3cn?) (34) .
cc ; g e 38 2, . :
o (9) (.32+,06)E ' (In units of 10 ~cm”) (34)
- CC_ . cC + .
o (¥) /o-(v) .38+.02 (34)
2. e N
<y (.21£.02)E ' (In units of (Cev/c)") (34)
S, e o _
<q?y (.144.03)E"(In units of (Gev/e)®) |- (3u)
<xy>,, .121.01 - (34)
cxysg .074.01 (34)
.. €eC - . L -38 2 : '
o (v) . (.93+.17)E (In units of 10 ~em") (67)
¢C : - S
. (9) (:37+.09)E (In units of 10 8 em?) (67)
O N
o (V) fo vy T 404,12 (67)
 cc, ce # _ .
o (V) o (v) 1.264.23 (67)
- . €CC 4, cc t ' ‘
o (V) Jo (9) 1.32+.32 (67) .
(m:/cc)cut 8 .214.0% (48)
(Ne/ce) é:‘ .45+.09 . (48)
A .87¢.05 £ A%l (34)
B .874.65 £ B £,904.04 (34)
B .87+.08 (34)
(VE)

(x)dx

O——
1 N

491.034 (R £ .51+.03

(34)

" TABLE IV.

Experimental values of various physical quantities of interest.

In the last column the corresponding references are given.

——— m—— o——n e - —— o m— -

t This is the fit of reference (34) for>E>2

Gev.

# The actual fit of reference (34) is of the form aE+b. Here the constant

b 1is omitted.

The electromic and mumnic neuurinos are denoted by v/

rebpectlvely

‘and v -




[ TABLE IVa -

. ‘ . C .¢ ’ . cC_
Experimental group o c %v) N %v)
o ' 1 ATV T L +

Gargamelle : (.763.08)E - - (.284.03)E
“caltech .- | (ssane’ | (.281.08)E"
'upw'* - o okt | ’(.28¢.09)E'
w . *\ . . . * . ) . . *
¥ean valiue : (.78+.07)E .7 (.28%.025)E .

L E o o cc
TABLE IVa. Data for the charged current total cross sections ¢ (v) and

cc_.
o (V) as measured by three different groups.

-t In unitsvof 10-§8cm .

- * Harvard-Pensylvania-Wisconsin collaboration.




- TABLE IVb

. . . . - cc cc .
Experimental group Energy region . e (@) /o v)
Gargamelle |  1-10 Gev .| .384.02
Caltech . {'ﬁO‘Gev | {.Hot.ll
' . : {110 Gev. - .23+.11
ww ¥ _' 10 - 30 Gev - o s

A value of R estimated from the slopes is R =.36+.05 .This
gives limits cn the values of A and B : .

L92(+.1)EAL1 , .92(+. 1) B4

The. experlmental value of ?he quantity ; dx is (see Ref. 77)
(vN) 0
Sp(x)dx 2.51+.,05

o v cc cc o '
TABLE IVb. Data for the ratio R=zo (v) /o (v) as measured by three
different groups. Bounds for the quantities ANand B as well as.

. , v ,
the experimental value for the quantity |F (x3dx are also

given.

—— e wvw e w— avn . Ame e e amma e e an Gy e — —

¥  Harvard-Pénsylv&nia—Wiscgnsin collaboration.




TABLE IVc

,ﬁxperimeﬁtal group : (NC/CC)V o (NC/éC)g
'Gérgameile"i B -J;zzt;éa':._'4 .433.123"
  c§i£éc£._ R 'ii 22 e
l_HPﬁ o '7'_{ , | '} .123;Qu _'. _ - .32i.08 

. In these ratios the energy of the outg01ng hadrons is greater than 1 Gev.

** These results should be mainly taken as a demonstratlon -of the ex1stence
. of neutral currents.

TABLE IVc. Data for the neutral to charged current ratios (NC/CC)v.v

‘measured by three different groups..




- II7) Kuti-Weisskopf Quark Parton Model Predlctions and Compar1son

with Exper1menta1 Data,

" We ‘give thezpredic;ions of the K-W quérk parton model for the

| -neutriho and-antingutrino reactions N 4 X, N 40p+X, vN'-»vx and
o ;Xj-o;k. B Thé predictions of the model for the processes e-p 4e X
and pp - p p + X,in their. deep 1ne1ast1c region,can be found in.

- Kuti and Weisskopf's paper [51]

, In Iable V the predictions of the model are givén for the two

cases qf above and below the threshdld for ptoduction'of charmed states,

For the evaluation of B and B' use was made of the relations

[ ] .
: : 9 Y | .|
(x)dx = -_ . f" ulxddx = L . fxc(x)di z =
["" ) T ) T e

and jXC(X)J ’95._ {see A46.23a A.6.23b), The

i precht‘ons of the madel for scattering by electronic neutrinos and
.antineutrinos (v',vf) are the same as those for muonic neutrinos

. and antineutrinos from vﬁ-ve universality,  The first column of the

Thble”Jv ahould.5e4compared only with data from,the Cargamelle group,

~ 8ince data from Caltech and HPW groﬁps are for-high energies and surely

above the charm productioﬁ threshold.  The second column must be

compared with data from all groups. -

i) Below the Charm Production Thréshold,
- Comparing with the experimental values of the Table IV we sec

. : : CC .
that the physical quantities « v), < Xy >- ) A, B, B' are in good




agreement, The cross section ¢ (v) is smaller than the experimental

one given in the Table v

: -~ . ON) : S o :
- The quantity SF;(*.)J* is not within the limits given in’
o . (< : S
the same table, The situation is even worse with the quantities

€ . cc : cut cc _ c
o (v)/o (v) and'(N-c/cc)v il "The ratio o '(v)/ac (v) is more

than two standard deviations removed from the experimental value
’ ' : cut '

"~ .38 + .02,  As far as the ratios (NC/CC)Q'; areAconcerned)we

. . . . . oo sV . .
' - ;. ' L, ) : NC, - .cut
observe from the table III that in order to have ( ./cc)v < .25

cut

' (see'Tabie-IVc) we need Z > .39 whiqh'giﬁes.(Ng/cc);' > .69 a

'.reéult:tdo far away from the experimeh;al yalﬁe (Nc./cc)éut = .43 + 12
(éee Table IVc). | .

: TﬁeﬂponciuéionAiS'that thé k-W hqdel does not fit.thé data in
the case wHe§e ve a;e-below.the charm production threshold. ‘This
_ mighg be dﬁe'to the fac£ that thg‘Cargamelle data afe above tﬁe charm
production-thréshold; thus a comparison of the K-W mbdélipredictions,

~  given in the second column of Table V, with thé: experimental data

-should be made,

ii) Aboﬁe the Charm Production Threshold

- cc : cc —- : -

- o (v) and ¢ (v) are in agreement with the experimental values
-given in the table IV.  However the value of ¢ (v) is a little larger -
' cc — . o

than the mean value of o (v) given in Table IVa, <:xy>; 5 are.in
. . R b

good agreement with the values given in the Table IV,

‘The quantities A and B satisfy the conditions B < .90 + ,04




and A < 1 and thus they agree with the data given in the Table IV

:and IVb ‘ B' has a value smaller than that given by>exper1ment and.
" ghown in the Table 1v. N The integral : {F (x)dx has the
'Avalué 511 to be compared with the limits _given in the Table v

‘and with,the value given in the Table IVb. ‘.'For the ratios:

NC cut - : '

_ ( /CC) — we see from the Table,II that good fit 1s obtained - .
with the experimental values measured by the Gargamelle group, and given |
'in the Tables IV and IVa; note tnat there are values of vd for
:which ‘the expe*imental ‘values of the ratios ( /Ce)vfgt' measured.by

_the Gargamelle group, and the value of ( /CC); meaSUted by-the HPW
group)are fitted_simultaneously; V Unfortunately, for these~values of Z
weihave (.NC/CC)v 2’.21..- Thusvno value of Z fits simultanecusly

‘the four ratios.

Finally for the iatio AFC(U)/UCC(V) we have to observe that it
disagrees-badly'with the experiment; the values'of this ratio given
‘by the Gargamelle gr0uo is .38 + .02 (Table 1IV) while in the Table Ivb a
value of this ratio equal to .36 + .05 is given, The theoretical
'predietion_ogc(;)/occ(v) = ,511 in no way is compared with these values,
'iThus the conclusion~is-that the Kuti—heisekopf quark parton model

does not fit the neutrino and antineutrino induced reactions data

given in the Tables IV - IVc,




" TABLE V-

Below charm threshold _ Above charm threshold
| - . . v, 38 2 -38 2
g (v) - ] (.596)E (In units of 10 38cmz) (. 688)F (In unlts of 10 38cmz)
g (v) - (;260)51(In units of 10 cm )| (. 352)E (In units of 10 cm)
c c .435 o 511
o ?i)/o () o - S
v o . ‘ , . : ,
<xy>_. 070 . : © 074
'(ﬁc/cc)v.g - ~© _ _ See the tables II and III
’ ’ L '
A _ 1 o1
B < N I o 652
BI o o .8“9, S 738
1 (uN) ' o ' . . _
U422 : .51
SF(x)dx N A - | H
2?2 ’

TABLE V. - Predictions of the Kuti-Weisskoéf model for the mainpphysical
.quantities‘concerning deep inelastic neutrinoproduction ex-
periments The predictions in the first and the second column
correspond to the two cases of below and above the charm threshold

~respectively..

— —— Gmm . —r — wn— ey wmve T e e et e Sy

2 -38 2 2 .
t GM/r=1.53x10 cm/Cev for GM = 1.01x1¢
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model will be considered in the third chapter.

‘pDiscussion. -

‘The basic ideas and the derivation of the most important formulae’

of the naive quark parton model verevgiven in this chapter, Sum rules

‘and relations among the distribution functions were also considered,

. The mainvcharactefistics of the Kuti-Weisskopf quark parton

" model were presented and the model predictions for the charged current
reaction vN 4 u X, vN 4 u X and neutral current reactions vN 4 VN
vN 4 vN were given. Towards the end of the chapter we reviewed the
- main experimental data on neutrino and antineutrino'induced reactions,

“and a compariéon of the K-W model with these was made, -

'Thé,conciusipn was that K-W quafk parton model fails to fit the

existing neutrino and antineutrino data. - ‘‘hus the model must be

"_either abandoned or modified.

In an attempt to fit the data on deep inelastic electron and

neutrino scattering;‘modifications of the original K-W quark parton




CHAPTER III -

Introduction

In the second chapter we. briefly reviewed the Kut1-We1sskopf
quark parton model -and th° predictions of . the medel for neutrino and
»antineptrino induced reactions were conSidered .

In thenfirst pert cf_this chapter wevmake an attempt to improve
the predictionevof,the-K-Q model by changing the form of the currents
involved.in the theory; - This is dcnedby adding new hadronic
f‘:constituents whose left-~handed components ate'érouped.in sU(2)
triplets_in the Weinberg>mode1:

General cbhments on the model are discussed-at,tne end of the
first pért'cf this chapten:

In,the‘eecond ;ért.anvanalysic of the dua;k parton model is

“made without using any specific parton model.

“Based on the results derived from this analysis we build a quark
parton model whose predictions for neutrino (antineutrino) induced

: reactions and deep 1ne1astic electron—proton scattering are dlscussed

PART A

IIIi)' A Modlfled Kuti-Welsskopf Model Using Addltxonal Hadronic
Constituents, :

In thé‘previdus section the K-W quark parton model and its
predictions for neutrino and antineutrino induced reactions were
discussed. In this chapter we make an attempt tclimprove the

predictions of the model by chénéing the form of the currents involved

in the theory.




N wé Begin our éiscnesion~with the ratio.occ(v)/occkv) which was -

) found to be foo lange in the originai'K-W model " The charge curfent
-total cross sections have the forms o'C (v) =u +¢ and oFC(v) 3V+c,
where U.and c ere the valence and core contributions respectively

- If one wishes to reduce the value of the rat;o.oFA(v)/o (v),then a “
pleusible eay would be eo decrease either,ehe cofe or the valence
conefibu;ions{ :Bnt-in'ﬁnisznay the cross section'oFC(v) oecomes small
.'and doesAnot agree with thelegperinental,Vainee given in the Tables

- IV and IVa, Thus_we come to the conclusion that another scheme must
be ;nventen which enlerges only cﬁé value of the Eotal cross section

v o‘c(v) and not that of oCC(;) ~ We are. able to do thlS by introducing
additional hadronic conbtituents in the We1nberg Salam model,

It 18 well known. that the gauge nroup of the Weinberg theory is the
'SU(Z‘x u(l). According to. it partlcles are classifled in left
hénded nultiplets and':-- right handed singlets of SU(2) In the
' Weinberg~$alam modef there are four 'undamenta1 nuarks p, n, A and p'

" as ne saw in the first-chapter. These quarks ane classified in left

. handed isoépin doublets as follows

(né(szs)(n); “:(1—%&) L) oo

<

= . » = 4 ~ C .
with n, nco's 8, + Mi.n ec, ~Ac' nsin ec +- ACos ec. |
We assume now that in_addition to the conventional quark fields
p’pv’n,a‘ﬁe hayefanothe; six quark fields pl,,pi, nl’vkl’ ¢i,¢&»[74].

1’

triplets as follows:

The pl,pi; By A, g&; ¢2 quarks are classified in left handed isospin

!/

K | Lur [

..'67.71 Lff | _(i=¥ N |
L (2); L _()% e




The réaéon ‘we~ introducé'néw'tripiet»s in thentheo‘ry'will beéomé
_obvioﬁs’ later, | ' The r1ght handed parts of the above flelds‘
are SU(2) singlets o

" The new badronic coﬁstituents induce alteratlons in .the weak
‘and neutral currents; in (1 47) we define: the current - |

Z‘{’ XFT\{" ~ where T runs over all the isospin

(1) w (!r)

multiplets and T= (T T, -are the isospin matrices,’

~The weak and neutral currents are défined by the relations

+) Weak B |
dp = 3 + L J ~ (3.3a3)
(h(u{rq()

- "J', o= 2(3— - sm (Q ,) . (3.3b)

o - : : ' + .
In the representation {1} of SU(2) the matrices T= T 41T and

) i
T are given by

o § o0 ! oo .
@ o e o |
T =V1{o o A (3.4)
- o o of o o -l .

,Thus we have'

¢

LU= {7y (o) e wige(52) pf e

/
—a 3 @V

L‘X T L=V2 {]7 Xr(’;%’)). —H.' Xr(i_‘il’_)%} . .(3.5b)

It is-'evident now that the hadronic part-of the weak current takes

3 Rl B ]
*E{P‘Xr(j oS + 7y (F x;};‘ SARE ERD
Xr(%)‘i?‘”“ér(%)%} .

b



()

’ The'hadronic part>of'the 'Tj} _current is given by the expre331on

Ur ?xr("”’)wxr(' by "Xr( =¥ Ty (1)1 +

(3.7) -

* rx,.o ¥ P+r. (- XS)P.‘?XF(' 5509 -y (- 450§ 3

Itvis-evident.that'the-constants>ni_pf.(2.58) have the following

values:

np = np, = —nn = -nx: 1 . - '. (3. 78) |

n_ =n,=-n = -n,=2 - ©(3.7b)
PpoPL b ~

n = nx= 0 S _ . (3.70)

In the weak current of the expression (3.6) the first term is the
well-known Cabbibo current which consists of a-AS =1 and a AS = 0 ~
part-(etrangeness_changingiand nonchanging).

The second term is due. to Glashow, Iliopoulos and Maiani [43]

~ who introduced another fourth quark p' which carries a new quantum.
 number called "charm" equal to one, The second term is the 1AC, =

- part of the weak hadronic current,

In exactly the same spirit the particles Pqs p1 are assigned a

&
new quantum denoted by h and equal to one,

Similarly the quarks ¢1 and ¢§ carry another ‘quantum number

¢
denoted by h' and equal to one, The part1c1es n1 and Al carry

~h=nh'=o0, As fer as the other quantum numbers of the quarks -

pl,‘pi, s Al are- concerned they are the same as those of the
P, P', n, A qnéfks,

In this way, the weak hadronic current contains also |sh| = |ah'[ =1

© parts, -

The reagon we introduced these new. quantum numbers will be

explained in the next gection,




II12), Predictions of the Modified Kuti- Weisskopf Model for the
Charged Current Reactions

We come now to the point of calculating.thevcharge current
reactions total crosé_sections; The calculation is straightforwara
because the additional terms in the-weak cﬁrrent have a form identical
) té‘tﬁe'usuél Cabbibo current.

We are able to fit the data by requir1ng that the terms

A'Xr "Xs_)?‘s - and ’Xr(j b’s)% do not give any

L contribution , This can be justified by saying-that at present

'energies the ,Ah', = 1 term of the weak current 1s suppressed in other
words we are below ‘the threshold for the. productlon of states having

h' # 0.° Thus the effectlve weak current is

(’ﬂ WCQ‘\

.'J'r_ = P (5E)n, *?xr<"“)" *
*ﬁ{ﬁxr(":z‘“)'." g "f))'}

- Note that the ,Ah, = 1 part does give its own contribution unlike

(3.8)

~ the 'Ah’, =] term; thus the role of the new quantum numbers h and
h' introduced in the first section of this chapter now becomes
apparent,

" Without difficulty we can write down the expressions for the

structure functions Fl th» vh) -
+ bk G (ST u.r -
: F| (x)= {)( (x) + (x)—rf(r)-f ,(,()f .L
+2{ f'tz)-* ::x)—e« “()X)-% (x)? (3.92)
. o h) (h) (L; o -
E (x) = «2{§ (x)—rf 0 -f0-faaf- | (3.98)
(8] (L) %n : 'i:,; : _

i !

"'/-1{)((*)* (x}- (xi (x)’

W ks At G e w mam mm e tm e ha - — —— —

See footnote of the following page




‘_ (1} { (x)+f ('U'ff (u()-r](' (xl} e
o e (E S C I '
ot Q{f (x]-+f'(x)+f-(x)—+f (x)}
(x)— | ’2{£ (thf, ) f (x) —j" (x)
e , Ty (3.100)
*Lti{ x) +f (x) f (x) f (i) j :

We then assmne that the n-type constituent quark of the SU(3) triplet

> (A3. 10a)

is a mixture ‘of the n and- n1 quarks, which are grouped in SU(2) doublets *
“and tfip_leté; and will be denoted by a', - 1Its wave _function can be
written then as
ey = wswlod +smwley (3.11)
" where W is a mixing angle.
» _.The_con_st'ivtuents »pi"P'l" ai, ¢2 can gxist only as core
constituents since all‘knbwn hadr'bns ‘are assumed to carry h = h' = 0, -
| Thus the wave functmn of the p- type constituent quark of the

o SU(3) tr1p16t whic& is denoted by p', is written as
- ,tf'): cosfy\P> +$§"3!p,> T (118

with the miicihg an-gle‘-(f' "having thé value P = O '
, It_ is obvi_.ous now. that the proton and neutfon wave functions‘
'a'ré given byA,
.l?ro-{or-): l ?'?v“‘l + Corc> -_—_ CoSWw IFP n" + cgr( > -+
- S;hw\PPn 4(07-() _(3.12a)'
- ‘ : . D 2 ' T - . ’
'n’cu‘:ron)':{?hn-t@ﬂ) P COSwan,n,-u_orc)-l- ’
' S;#Qw}.?lrnn +Core ) + Sin' u».le,n -H'ér() as? 12b)_

— o — o —— o — . —— —— w—aw  m—

‘%  We assume that we are above the threehold for the production
of charmed states, :




Tﬁe dis;ributibn.functions fi(h)(x)~are written as

. (b - b - L ’ .
f=Nov@+«x) G
";with u(x) and c(x) given by Eqs (2. 37) The féEtOt'N (h) hés'the

'
‘ -'following mean1ng
' Ni(h) = (average mumber of valence quarks of the i-type in the hadron”’R) -

. Thus for the prbton_ and neutron we have

gy ' . (y)

_' ) o (r)' - oy
N 1 . V- . . ,
Nﬂ"“coSw ,);IN“‘—cmw ) NP—Q, A }(3 14a)
On)
(l(aw-l-s:n?w)m N -(ZSmw-Hm QW)M N ‘j}(B 14b)
(?n\' o
. C whe:.r. : \#?,n,'h' quark e }(3.14c_)

~ The factor Mz wh.ich.appea_rs in the expressions_'_above is given by
7'_.( 4 L4 12 -1 L .
M “NCosw +Simvw + Sin dw, . - (3.15)

From Eqs (3.9} we nave for the neutrmo and antmeutrino structure

g ,f\fm_:tio.ns Fl ng VE) |
F(x)a(—~i9u00+12dx) s
(i) |

| R (7(}- - (3-#2‘_,.)1)(‘:(3 | 4 | _(:3,'16b‘)




. % In units mf,lﬂim e’ .

F u(] -v(10-ri7.c(x) T (3.160)
T f‘; )= -390 L Gy

~ The éonstént_ pis give'n By_ -

(h))

""(p)
E""I ot

| e o (3.’17)]_‘ i

As we said before the valencn and core dlstributlon functlons are

,given by the Eqs (2 37) and theit flrfxt moments are (.,ee A.6. '73a A.6, 23b)
;xubdc!x ' j‘a(c(i _2. 65 e (3.18)
9 R

,_-The tonstant Gg is estimated by f1tt1ng the data for the structure

i function F (e p)(x). . In the Kutl—_Welsskopr s paper [51]'a good f1t A
- : 2 2 S -
' -is obtained by taking (ZO )G = “9" where the index i -
| runa over a11 quarks and antxquarks with charge Q " In our model
(Z‘Q -and thus Gg = —é—i " With this value for the
: constant Gg and for u = % we have: '
G (V".-;T 513 =.73E S R
GME X
6 (.v} - 180 27E | (3.19b)
c”(")/S(v) | - o (3190)

mE uame ma v — — —— —— — . w—— - —

3




"
<

' These'ualues are tO'be COmhared.withvthe exuerimentalioneshéinen‘in
_the Tables IV, IVa, and IVb of the second chapter | |

- The appearance of the u-term in Eqs.(3 16) 18 of vital importance
the‘enhancement of the value of the charged current cross sectlon o (v)
?:is due: to this term. . No p;term appears. in the structure functions :
(WN)

.“F ‘

13 and ‘this has a consequence the reduction of the ratio o (v)/o (v)
?

One could ask whether this scheme is able to fit the data by
grouping the new constituents in SU(2) doublets instead of triplets
thus the.mndel would bermore-economical in the-sense that it wouid ‘
brequirehless'number of constituents; Unfortunately'this'is_not'-

"~ the case; the structure functions F. (v¥)

i3 would be given by the

expressions - -

i (\'N‘ )

7 (‘(\""‘(N -tN -+N -+N )U(x)+80(’<’ (3.20a).

R GRV) . | (h) , S -
RANE —(N -*N +N m Jotx) L3200

S : S ' : . T <

. and consequently no p-term appears to enlarge the value of o (v),
‘because N ép)+ N (p)+,N tn)+ N (n)
. ey

with the data would be obtained. For this reason we abandoned the

= 3, and'therefore'no fit

E SU(2) - doublet idea and preferred to. work with the triplet scheme
In the,Table VI the predictions of the model for;the charged
v!current.reactions vw(v) + N -pp-(p+) +}X are»giuen.'..They are in:

bd'agreement'nith‘the experimental yalues;of-the Tables IV}'IVa,hIYh‘

 of the second chapter,




 TABLE VI

’ ) .1."... . ﬁ‘ . ) | :
T e € ~:: __.GZHEV-IBO .:." L2TE -10-38 en”
0 o ' - B
I , o o
/ ” crcc( )/c (v) IR X
' ,<.xy>v R | - .072

'TABLE V1: The predictions of the modified Kuti—Weisskopf _ A
"~ for thie quantities C";(v v) 'occ(v)/occ(v) and (xy) 5

s

III3) Pr°dictions of the Modified Kuti—Weisskopf Model for the A ,'
Neutral Current Reactions. . ) .

-. We proceed now to examme thc predictions of the model for the

neutral 10 ..harge current ratios ( /cc)

The structure functions Fl 3(VN V\‘_) are calculated usmg the -

expressions given by Eqs (2. 60) and (2 61) Using ('3.13)_.and the fact
(p) ' o

that HE (N

F(),:l’:;n { z(h?féf\n.) - t‘(Aﬁ‘ An’)}’ U(:x) *{ Z A‘} ) (3.21a) |

A J

+‘i (n )) we get
o m ,

o e o |
| F (.q_ -2 {Z(C.-rC)—Iq( Ch)}U(’“ e (3.21p)

- -The_parametversAi,-Ci, which are functions of the variable Z= Sin ew,'

ai:e gi\./en'b.y Egs., (2. '6.1) By a straightforward calculatlon we find
(#p ulV) 7 ‘
F (-4) {15 ( E)Z-f( )}u(xh
i3 a0 (3.22a)
-'r".l{ '“’z’.«loz—rf}c(ao f

*_(VF;W'B . —5 A ' _
T hm= '—2{f (% —_133)2 + ( 3;1:)} ved L } (3.22b)




" Thus the constants aNC(v,;) and bNC(v,V)'defined by the _rélatio_ns' ‘

| & (V) "'b(v)“f(F +-'-F )JX A'-(3.-23a)
LN((Y)_:.‘Q(”_)—_-I' Fl"iF;)J"( : '(3.?3§). _

~ receive the following forms

d (v)'_.b (v)-{l'5 }U*Z {'ZAZ —10245‘} }(3-}'24:3)‘

b(v) acv)— d (v)-tQ{ (%-—g )Z-f(a—z-‘—t')}" }(’3.2%)

" In Eqs (3 24) u and c are the first moments ‘of the functions U’x) and

,.c(x) reSpectlvely ; Putting p= %’;U % %.and C= E%Z we_have from
Eqs. (3.24) -

M :-'NL__’_"' ) r S

. d‘(V) = b (V)= .29392Z - ¢854 2Z -+.2427 . (3.252)

-b (v) 2= &' + (. 1389- 23432) (.250)

cut

The ratios ,(NC/C’c)v S are .given by the Eqs, (2,52) with A and A
. ? - .

having the Values .185 and .200 respectively. The ratios ( /cc)

’
are given again by Eqs. (2.52) but with A = Z(=' '0'. The a (v v),

«, - . ~ ~ : '
b '(v,v)’ne‘cessary in calculating these ratios,are given below.

aw = l:(w)_ =.0513 |
..b‘(v"_‘,—'ﬁ-4997 )a(v): 3849 ) . (3.26) :

- T - o NC h cut NC S
In the Table VII the values of ( ,.'CC)V 7 and - ( /cc)V - are given
o : o 3 L s Y. o

" for values of Z = _Sinz,ew' rangiﬁg from .01 to 1.00,

cut
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. we have (NC/Cgv

cut-

' The ratios (NC/CC) for. 174 z £ .32 agree with the experimental
va_lues & /cc)cut 22 + .03, (M¢/cqycut 43 + .12 of the

"Gergamelle group given in'the Table IVC. . For the value Z =28

fqt cut

=.20 ("/coSt ~ .52 and Creas = .40;

Cut

7thus.f6t this value of the parameter Z ' the ratios ( /CC) ” and-

’

., ) ( /CC)— -are £xtted’ simultaneously : N-ote that this value of z

is less ‘than . 3 the. upper bound of Z estiﬁated from the study of

the reaction v + e 4 v + e as dxscussed in the second chapter
Unfortunately for - Z,a- 28 we have ( /cc)v >~ ,21 while experiment

requires,(t -/CC)v sA.16;

cut

g For no value of 2 the four‘ratios ( /cc) - ( /CC) v

'are f1tted simultaneously as were not in the or1g1nal K-W model elther

tIII&)A General Comments on the Model.

(i) By introducing new hedrenic'constituents the form of the hadronic

"partlbf the‘weak current is altered, - In fact additionel terms appéared
‘in the wellknown form (see 1,54),which were interpreted as the
. IAhl =1 andt,Ah" =] parts of'theecurtent,after the introduction

of the new quantum numbers h and h'.  All known. hadrons_are

assigned h =_h‘ = 0 and so the new terms does not participate in

theit_decays.

. N ' on Ow :
C(ii) The Adler sum rule ‘ f{ jJK 1 -~ (see Z.20)
- is replaced by another sum rule in whlch the right hand side of the
;equation above ie a function of the engle w (see 3.11). For - the value.

of M= % ,whicn corresponds to cosw~ .45 (W~ 63° ) we find

f{ Fz(Yn) (Vp)} f6
(e S




. (111) For:the_value m %

TN

we find from“eﬁua;ion'(3.l4)

) . p - o y
CNT=.203 - NT=.797
L ) n . .

(3.27a)

'N(h)-:l .7<" .

n,

: tw "

N"= 1204 . Gam
) n : :
-'If':he new quarks are assumed to be heavier than the conventional
“ones p,p', n, A then because there are almost four times as many

ny "valence" quarks in the neutron as there are in the'proton'de

might naively expect the neutron to be heavier than the proton,

(iv). .The intfoduction of the new constifﬁents.introduces Jackiw-Adler

"tybe aﬁOmalies [75] and if oﬁe Qishgs @o eiimihate cﬁem*ﬁe must introduce.
an equal nﬁmbér of 6ther hadronic.;onstituents or .new lepﬁons.
Remémber.thatlin models bésed on SU(2) x'U(l)'symﬁetry the condition

o . : i . A i .
- that there be no anomolies is - Z(I,)Q;:O . [see for example Ret. 76]

o . ot g : : :

(v) For the'ratio_R-= o(e-§+4 Hfdions) (see .1,23) the model

' gle e app) S
predicts a value which is R =.§z ~ 5.8 to be compared with the

experimental value which lies between S5 and 6 for an incoming energy

»/b =5 GeV.(s,= (pe‘~+ pef)z).

and - the colored

wir

The three quark model (roncolored) predicts R =
three quark mcdel R =2, Also the Han—NamBu‘f model gives R = 4

[see for example Ref. 567,

— eRE  romme m— them GEmet ARI RS e SR Sew e e W

+ M.Y. Har end Y. Nambu: Phys, Rev. 139, B1006 (1965).




In the . next section we try to make an- analysis of the quark

. parton model based on the available so far neutrino and antlneutrino

data, 'No additional constituentS'will be'assumed.excepc the

‘conventional four quarksp,n, A and p'.

© PART B

i III11)  The Quérk'Parton Model and Neutrino Réactions.
= - - -

Based on some of the neutrino and antineutrino data,we make an

analysis' of the quark parton model without recourse to ~any specific
~model.  The only assumption is that the momentum distribution
. functions split into a valence and a core part, No additional quarks.

- except the p, p', n, A are introduced in the theory.

- We write once again the distribution functionsfi(h)(x) in the.

i‘following_form (see 2,37a)

() e

'f.(x) =N. u(x) +clx) O (3.28)
v : .
with Ni(b)'havingirhe valués (see 2,38) '
' ' N(f) 2 N(r) ‘b
g (3.29)
P! MI . . ‘ 3.29
N" tN.;\-:' O when I#P)h quark
| ' 4o CONC
The d1fferentia1 -cross sections E; are written in the

form (see 2,.51)

olb’(v v GME {(J 3) &(vv)-!'lb(»"/)} (3.36)
| .gj _ |




T

“have the forms.

" where the superhcript " a dehotes'either CC~or:NC For the

' ‘definition of a (v v) and b (v V) see Egs. (2 53) of the second

chapter , The structure functions F1 3 for the charge current

'reactions v(v) + N ap (p ) + X are given: by the expre551ons +

(see Eqs. 2.39)

(vaN’ | o
(’0 =9 (?’U(’( *8“’()) (3.31a)

@MVN)

‘:3 (1’(] ‘._. _3_U§?¢_) . (3.31b)

“_In some parfon models the distribution functions fi(h)(x)

¢ ()

f x)=f, (x)'“2v(x)-+ c(a(? T
f(w(v()“fp ZX): Uy (x)+c(x) | (3.32)

g(Y'( )*' (%) wﬁen {'-f?,\n» quark .

in thie case the forms of F1 3 given by Eqs. (3.31) do not change

t‘we simply replace 3u{x) by (Qu(x) + y(x)). So whenever in an expression

we see a v(>) it is e1ther u(x) or (QU(x) + q(x)y3 From the Eqs.

(3,31) we have for~the constants a°© €(v,v) and b°© (v,v)

A_d ‘= b (v?"llc | | © (3.33a)
L)q(y)? a.“(\“z)-:gu-rzic_ . (3.33b)

.+', We ‘asgume that we are above the charm production fhreshold




. -CC
The cross sections 0 (v v) and the ratlo R=o0 (v)/o (v)

In the'expressions above U and c dehote the first moments of

v(x) and c(x) reSpectively, that is v = J)(U(“)J" -, c >=["C(“’J’( .
o : (6] .
cc,

‘are given by. the following .relations

- 58\)):.(2_“_5 -.;(B-rléf)'-z o((v)E (3.34a)

_ . . 3 i ‘ : : |

6 (v}"' C’ME v(j —r-—f) of(V) E | (3.34b)

-‘ 66’ | ._ 3+1£P . | : | (3. 34¢)
..‘1; /4;(V) | ?‘fléf? ; .

"The constant P in Eqs (3. 34) is- defmed by,

p= C/u A (3.35)

 ‘ To calculate the ratios’ (NC/cc)vc'%c . and (NC/CC)W ” we need the
’ . ’

Yy

~ constants aNC(v,;) and bNC(v,;),

(vN,wN)

'The néutral current reactions.structure func-tions F1 3 are

‘given,-by::the expréssion'(see Eqs,i?_-.63) :
(vN,"7 ' ’ _ -

F ()= ( 32 2z "rﬂ) (—%v(ﬂ +Z‘C<x’) (3.35a)
- (wyM . S -
- F (‘lz 1) ylx) : . (3.350)
and thus we have o

<1(‘J) b(u)"{l-z 1-‘2(2_‘2. ’22-{-1)30} ' (3.35¢)

°)
_[,(\;) :,a(g) {(1[;2 ~37 '23‘) 7*"22,“1)j’}'u . (3.35d) |




‘Remember that by 7 we denote the variable sinze',
- : o - v

. o NC " . SRR :
The ratios (. /cc)v " and'(NC/Cc):qs are given by the following
: . 'V ’ . L ) o

expressions

(.C y 9 \quepl 2
(.;,) .20 (31% )7 24)
iy 9 3tk
(l&)@t ("J 93+ 5.10p )7_ —7+4
«ly o\ 3004059 2
| (b&f‘k—; ( 88 +5'°"f’)z’~z+ i
iy 4o+4.55p _2.

(3.36a).
(3.36b)

(3.36¢c)

-(3,36d)

o : : o ¢ .. cC - .
Note that for a value of the ratio o (v)/o (v) equal to % and

consequently‘for p= 0. .. we have

('iﬁ) _ 25 _74+d
e 7 2

| Eﬁi) = 04 - Zﬁf-L' .
ccly 9 . 2

(3.37a)

(3.37b)

Eqs. (3.37) are the same with the ratios found in Ref. 56-and 66. In

the Tables VIII, VIIIa,b,c,d the values of the (NC/CC)

cut-
v,V

and

(NC/CC)V 7 are given for values of 7 = sinZQw ranging for ,01 to -
s :

' ' L cC —
1,00 and for R = o (v)/occ(y) equal to .36, .37, .38, .39 and .40,
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N.482 - -
Je 74
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0.449
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D, 438
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D.437
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0.448
Je 453
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0.4T1
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0.518 -
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0.542
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e l25
L0.416
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0.391
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0.407
0412
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}.4 8R4
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D.4956




TABLE VIII (continued)

epnooo §6anuoao¢nb‘ avvtdaanaons doaptpbade | pduanebpiad
7 - R=MU. CUT. H=ANF1: CUT RF-NFU F-~ANFL
L po0aUe SDOQBOQRNROD pReddygpuoun gpgaoooRad - dhunpuanigd
Detd 0,170 D.230 . - S 0.194 - .50 4
0.4 GaleT SRR L AP D T.514
0.5 0.163 . JeustT R PO LI Cu2Y
0.51 0,160 .  1.017 - 0.147 _ S 0.536
De52 0 UL lYT S T P A S B T n.nan
0.53  "3.153 “1en70 T0.182 0 . 000D
0.54 . 0« 150 - telll 0el8l 1,572
0.55 - 0.148 o Laleq ' 0.179 . De5H5
0.55 D.145 t.l78 0.177 0.5GF
N.5T - Uala2 S 1.21% o Gol785 0 L Geh 1l
0.53 ° 0.140 - o l.248 : N.174 L 04626
S 0.59 - 0 0.137 B S T : 0173 - 0.0641
.67 Tel35 - 1.321 tel72 VoS
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0.62 0.131 T 1.397 0L T0 L ebET
Qed3 0,129 - le 437 . - 0.170° . 0.703
CDHY D.l2R . le77 . 0,169 0.726
0465 O0.l20 L.518 Golbs - C UL T37
Dbt ' LI e . . 1e 5460 : : 0. 167 . Ne 754

S 0.67 0 0.123 0 - l.002 e 00169 N.772
Debl - Lel22 : Lo 6 0,169 S I Sl
0.53 0.1l _ 1.639 0017 d.000
0.70 C0.120 1. T34 07 2.8 28
0.71 0.119 1. 750 0,171 SN HLR
0.72 J.119 le#26 0172 D.5LE
Ge73. CellH 1,874 n.173 Yo
0.74 0.113 1.922 C0.176 2,900

S 0.75% D117 © - 1.970 . 0,175 0.931
Ue76 D.117 2,020 : ConLL76 ' D.352
0.77 J.117 2,070 Col78 T 0.974
C0.78. - 0.117 2.122 S 0150 14357
0.79 O.l1¢ _ 24174 . 6.112 o 1.370
0.8 J.11p 26226 0.104 T 1.0427
0.31 - 0.118 2.280 S R : 1.0R7

S 0482 J.119 T 24336 L 0.135 1071
0.83 . 04120 - 24389 0.191 1.116
.84 Nel2l C 2,445 f1.193 1,141
0.85 - 0.l¢2 2.502 ' 0.196 T l.165%
0. 85 0.123 2.560 . 0.199 le142
0.87" 0.124 . 2.618 0.202 1.216
0.98 0.126 2.677. . 0.205 1.24%
0.8  0.127 2.737 I 0208 1.272

- 0.90 - 0.129 2.797 . 0.212 1.300
0.91" 0.131 .. 2.859 . 0.216 _ 1.328
.92 G.133 2921 T0.220 - 1,364
0.93 0.13Y% 2.9t4 0.223 S 135
0.94 -~ 0.137 3.048 0.2728 o LJ4 4
0.5 0.139 ' 3.113 0232 1.b4Gh
0.95 . 0.162 3.178 _ 0.2%84 . T lea T4
L0487 DJlbé4 3,204 (24l 1.505
0.68 0.167 3,311 : © 0,246 o 1.5%A
0.99 0.15%0 3.379 0,251 ° A 1.567
1,03 (.153 R RN , S L7560 L.5799

iéﬁkﬁ.!lll' The' quark parton>model predictions of the Weinberg woael
for the ratios (NC‘/CC)ﬁfg, and - (NC /CC)V'v . The .value of

the ratioc R ~='a“(,\")) /c{'c(v) is equal to .36. In this table

R-NEU CUT,R-ANEU CUT,R-NEU and R-ANEU denote the ratios

(NC . CC)Cut,(NC /CC)?ut,(NC /CC) and (NC /CC)- respectively.
\Y vo. v v




TABLE VIIIa
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DR F R RO olom Rl omA Mok zegad ok S Rk R x Yodom okl v
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Neld 0.305 - 04434 ‘ 0.367 T30
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0.20 04326 Cat4S o 0.3320 D302
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0,22 ~  0.312 Deéb51 . 0.317 : De350
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T 0.24 N, 248 Ne415 a de30¢4 0,378
025 S 0.291 0,693 0.298 ~ 0.27S
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0.28 0.272 0.512 ©0.280 . 0.381
0.29 De265 0.524% 0.274 ’ 0.383
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0.32 . 0.248 0e562 (4258 361
0.33 0,242 0,576 0.253 N.354
0.34 ~ 0.236 © 0.591 : o248 : S 0.3%8
.39 Qe251 Ne &7 {.243 Dt ?
L 0.35 0.225 . 0e623 0.229 : 0.407.
" 0.37 0.220 0ottt ] (e234 0.412
De38 0.215 d. A359 ; 0,230 C0.L17 .
0.32 - 0.210 J.ATT 0.2206 _ 0,423
0.40 © 0,205 De69T L DW222 D629
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042 0.196 ©0.738 C De214 Okt

et 3 r,192 VI Lt B . nL21r S 86D
0.44% 0.188 - 0,732 7 . 0.207 . 0,458
Onteh olbis D.8205 0.204 - Ve 6HT
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TABLE VIIIa (contlnued)
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0.5% 0149 L.o78 . O.1480 S 0.572
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0.5¢ Oelt? 1179 N P O ) LT TR ]2
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C 055 . De129 ' le426 - 0.172 - 0718
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DenT Qel26 e 5J& o 0.172 Ve T5G
0:58° 0.1cS5 . - l.54% SR ¢ DO B 47 ' 0,771
Ne b9 Celld ' le536 . A i 1eTHG
0.72 - Del23 l.4524 S D173 D RDF
0.71 0el22 ' 1.670 = GelTa 04527
N.72 G.122 1. 717 : AP Y A PRI
0.73 D121 1.758 S DG 1TA et
F0.74 O0s121 1807 0177 _ EPERI
0.75 0.121 1,848 0.1 78 AN
0.75 Jel21 loavsa D.l00 DG
Ue77 121 LTS S.ldl. ey s”
0.75 0.121 1.956 SIS Y972
O. T4 2.121 2,78 7 0.195 T 0.3
Ne 50 "Oele? 2,087 DelB7 1.7
(el Daled 2,137 SN E L T L l.24c
0.82 Dele3 . Z2elR2 0.192 1.062
084 0.1c6 24237 ’ 0,174 : Lous7?
.64 N.125 2.792 “0.197 A RRE
0.8% | Delibh 2.345 04200 1.1306
0. 86 0.128 2430 : ';.2ﬂ1 l.lol
.87 J.129° 24453 029 ‘ 1.177
0.U8 0.131 . 2.508 ~ n.zoo 1.713
0,89 0.132 24564 0,213 1.21%9
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0.91 O.1306 - 2.6790 0.220 1.223-
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0.94 Osla3 - 2.356 "~.233 1.37%
N0.95 0,145 2,915 4 0,237 letus
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Ce97 Gol50 _ 3,039 ?.?aa Pot
0.98 0.193 S 3.100 0.251 . 1.t
0.69 0156 30165 0.25% ' L"“
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" TABLE VIIIa. The quark parton model predictions of the Weinberg medel

for the ratios (NC /CC)CUC

the ratio R = Cfv)/o (v) -, is equal to .37. In this table
R-NEU CUT,R~ANEU CUT,R-NEU and R~ANEU denote the ratios
(NG /CC)CU:,(NC /gg)i”t (Ne /CC)Q and (NC/CC)Q respectively.

and (NC /CC% G.The value of
’
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TABLE VITIb (continued)
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0.79 0.125. 1.9ty r.1ay 0.359
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Oetts Oe 30 ) 2.156 _ 0.221 1086
D.85 04,131 2,26 D206 1.10#
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" TABLE VIIIb. The quark parton wocel predictibus,of the Qeinberg model

for the ratios (NC /CC)Cu;'and (NC /CC)v g The value of
: ’

’

the ratio R = ocivﬁ/oc'v)b- Ils equal to .38 .In this table

R-NEU- CUT,R-ANEU CUT,R-NEU and R-ANEU denote the ratios

(NC /cc)ﬁ“t,(xc /cc>§“t,(nc /CC) , and (HC /CC)g'respeccively._
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| ”}AéiE'VIfIc The quark parton model predictions of the Weinberg model

| for the ratios (NC /(c)cuf.and (e /CC) 5 The value of

the ratio',R‘z (0)/0 ‘(v) Ls equal to .39, In this tabie
P-mdU CUL,&-A»LU FUl R—JLU and R~AN£U denote the ratios

(NC /cc)CUt , (v /cc)59§ L(NC /CC) and (NC /CC); respectively.
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TABLE VIIId. The quark parton: model'predictionq of the Weinberg model

for the ratlos "(NC. /CC) and (NC /CC‘ 5 The value of
J

The ratio Civ)/o n\. is equal to .40. In this table

R-NEU CUT,R-ANEU CUT,R-NEU and R-ANEU denote the ratios
(e /CC)CUt,(VC /CC)S“‘,(NC /CCy,, and (NC/CC)g  respectively.




TABLE IX

" Rz.36 . . Rz38. . 1 CRzu0
: ~ cut cut| = cut| cut| - ,cgt[ . cut
z | (NC/QC% (NC/CC% (Nc/cc) - (Nc/ecy | (ne/ee) + (Ne/cc)
20 | .o.338 | 530 | w7 | .ssa | Las7o | Lson
22 | .323 | 541 332 | .560 | .3u2 574
24 | .308 .55 | .318° | .s63. .| 327 | .se0
.26 | 295 574 304 | 582 | .313- | .s88
.28 | 281 | .ses | 290 | 397 .| 300 | .00
w0 | .269 | .e16 | 278 | le1s | .287 | .61
32 | 257 | Lew7 2266 | 638 | .275 | 632
3w | ous | .78 | .25 .eeu. | 263 | 652
.3 | .zaw | 713 | w3 | 692 252 | .75
38 | L2aw | u7syo | 233 | 723 [ .2u2 | 701
w0 | |ou7e2 | 223 | 1se | L2320 | L7an

TABLE - IX. The quark parton model predictions of the Weinberg model For
the ratios (NC/CC)cuE for the below the charm productlon thresnold.
The values shown correspond to values of the ratio R=0" (0)/0 %v)

equal to_.36,.38 and 40 respectively




) The best fit to the experlmental data for the ratios ( /c )CUt

is for R = 40 and for values of Z such that 30 $ A $ .35. For

_these values of Z_ we have ( /CC) s 24 and ( /Cr‘)— ~ .38; the

' .last ratxo 1is within the expenmental 1imits (see Table IVc)

' unfortunately the ratio (NC/CC)V is in disagreement with the

v' :experi'mental value-',12 + ,0'4 (see Table IVc). Thus for no value of z

cut

-the four ratios'( /cc) NC/C'(;)v 7 are _fitted simultaneously,

B NoteA thét'the val-'ue A 2.%..30 is consistent with the upper bound

' 'Z< 3[see Ref. 68]-V

So far , 1n thls section , we have assumed that * we are

above the’ threshold for the production of charmed states.'i‘hé Gargamelle

‘data should ‘be -éompared with ‘the below the charm production céé'e as

cut

) ...wel‘l Invthls case the ratios o (»)/o (v) and ( /CC) aré
given by‘ the followlng relatlons |
- R '5(?)/6“(\/} = 2% ©(3.382)

-85
"

l}E‘) ) ('172#45‘721’ )Z N (Soo-rq:;qf,)( z""') ~ (3.38b)
\NCC/y 27.00 +20.ébp 3.00 12 79p | A

(E;C_) = ([’27.5 -1-3!-10.40!:)22. ( o+34 Of’)( Z~-r ) (3.38¢)

/s 270 +153.0p 3.0 +47.0fp

It is casy to verify that if we replace .P by Zf in the

denominators of the expressions (3.38b)and (3..38c)ue get the

corresponding ratios for above the charm production threshold. In.

the Table IX the values of (N(’/(_c)sus-" are given-(b'elow'the charm.
p:oéuc_tipn threshold) for Z wvarying from .2 to .4 and for the values

e - . . o _ A
of R=o0 (v)/c'C (v) .36, .38 and ,40 respéctively, We observe that

there is no value of Z for which the ratios (NC/CC )»:u% are consistent

s

with the Gargmnelle greup data, '




-

-Choosing the value a't(v)/og (v) = .40, for which the best fit

“to the_neutrallcurrent data is obtained, we have for thefcharge current

. . R <« C —.
. .reactions total cross.sections o (v) and o ’(v)

(5 (v) C’J’:E ‘:59 o((v)E ('3.39a>

6 (V) = -—M-E -Z-LU‘_-:. o((?) E . (3.39)

From the Thble IVa of the second’ chapter we see that

"'o((v) 78 + 07 and fX(v) = .28 + 025" thu's .71 so((v),s .85

’and7{255 sii(V) s,.305 from which it follows that*U*must'lie within

+

the rangev
M9 {ud o L Gan

= ,111 which is outside

O

The Khti-heisskopf petton quei.gives U=
the limits gi'\'.'_et\. by (3.40).

. We end this.seEtioh by concluding that:goqd agreemeht with the
¢ha£gé ehrrent ané-neutral cutrent reactien data 18:obtained when
16 (this corresponds to taking R = .40) and .139 sV '<.15.

1
In ‘the next sectlon we try to build a quark parton model which

' fulfills these tequirements{

IiIZ)D A Modification of the R.,Mc.Elhaney-S.F.Tuan Parton Model.

_Guided by the results of the preVious.éection we try to fit the

b-"Adeta by considering rnodifications of the original K-W qdark pafton_

" model, Unlike the modified K-W model, which was discussed in the first

. m—— p——— o a—— A" foon  ma awn mas a— —

GM . .38

-‘+ — = 1,53 x 10 ~cm /GeV




’lpart of this chepter, we do not 1ntroduce any additional hadronic’

constituents except the four- querks pPsP', n,A, R In the f1rst

e‘chapter we briefly’dlscussed the K-N parton model The details of

" the model and its predlction for the deep 1ne1astic electro -production

’scattering can be found in the Kut1 ‘and Welsskopf's paper [51]. The

.model prediction for the ratio. Fz(en)( )/F (ep)(x), with Fz(ep) and
(en) being the deep inelastic proton and neutron structure tunctlons

'respectively, gives a value equal to /3 when X approaches 1.

_ Experimentally [77] thlS ratio seems to tend to the 1ower limit of |

1>‘Nachtmann s-inequality-as;x -+ 1,_thet is

‘“’( )
(ep)( )x"ll .’ Z

R.Mc, Elhaney and S.F. Tuan [ 78] mod1f1ed the or1g1na1 K-W model, They

‘assumed that the n-type quark valence: probablllty dlstrlbutlon is .not

: given by_Eq,(Z;ZZ);but by the relation

| 4(i;x)x1—a(0)' ‘ | .
d_Pu(x)y = _E—_ZT T . (3.41)
(X /pT) B '
The p-type quafk valence‘ptobability distribution is again given by

| (2.27L The distribution functions fi(p)(x) and fi(n)(x) are found

to be :
| '(p).:' - | L , |
(x)= f (X)-‘—' Zut(x)-t- c(x) ' (3.422)
-g“’(x) “f (x) = 4060+ c(x) : (3.'42b)'
L) (3.62¢)

%)= C\X) when ' "‘.'-f P’i'l. quark




‘where u(x) d(x) and c(x) are given by the following expressions .

2G-o? -
U(’() B(I-d l+x+2(1 4)) X ({- ',() A4yt X7
X{ -4 (i-x)}‘ - (3.432)
D AL | o

' ' r20-4 <) S
cJ(v( BG d]-t-x-r?(l--‘)) x (1 'x)x | . }(3.431:)
' | —l+x1'3(| 4) , | B ' .
c(uo = ng Y4-%) | | o }<3-43c)

n~The constant ais equal to: /2 as in the original K-W model. Also
from the behav1our F, ( p)( ) ~ (1 x) of the structure function'-

. (ep), 21
kz (x) near zero we have -1 + v+ 2(1-q) = 3 and because a = 3
this implies Y 3, For these values of the constants y and a,
»-the first moment of the function (2u(x) + d(x))/3 has the value .106
~ which is too small to be within the limits given by (3.40). " Thus

the model»does not fit the neutrino and antineutrino data. As far

"as the electroproduction data af soncerned we see that because
en

d(x) (X) -
* 0 it £ollows that ———————— * 3 agreeing thus
Cu(x) x (eP)( ) Kl .
'with experiment [77].  The model fit ‘to the electrOproduction A

structure function FZ( p)(x) can be found in R,Mc,Elhaney and S.F.-

'_Tuan's paper’[TB].- There we see that the model does not fit the

data very well

We modify the model by assuming that the valence and core
..distribution function v(x), d(x) and c(x) given by Eqs_(3.43) have
the following forms | N '
? ' 1 L _ .
V{x) = Cos w U (X] +sinw Y, (x) (3.44a)
A(x)é coctes dy o) = sintw dafx) (3.44b)

o 1 ' L2 :
%)= Cos w () +sinw Gix) . (3.460)




v (x), d (x) and ¢ (x) are given by the expressions(3 43a) G. 43b)
and (3 43c) respectively for y =3 and a = -;— .. The functions v (x)
dz(x)- and c (x) correapond to different values of the parameter_s a
o and Y; ‘ We obtained good agreement with data by taking a =40 and

v = 2 having thus )

5o |- ’(1 x)} O usa)
'_"‘ch(x)— 5(1- e .(A3.4‘Sb)

cz(X): 63 x (1—'7()", ' _ - . - (3.450)

. The decomposition of the valence and core distribution functions
‘into two parts, ‘as w,;itten in Eqs. (3.44),-,can be justified by saying
that. the proton's and neutron's wave -functions are written in the

" form

lro L,h): oS W !an'f(dﬂ>+ S;nw]ﬂ)n -twr<>2 (3.46a)
o A ] '
e = ' P P (3.46b)
)ngu‘kron} oS lfnn -M°rc)‘-mew[an _-uoft)._z‘
The states ’)’ and l>z are assumed to be orthogonal to each other
and they .only . differ in the way the constituents are bound
to form a hadron " Thus for the state ]) the probability to find a
valence p-type quark is v (x) while for the state |> is Uz(x), in
general different from v (x) The same happens for the other quarks,
It is evident now that the probabiuty to find a p- quaik as a valence

constituent is given by (3.44a) .




‘m S1m11ar1y the n-quark valence diStribution;fuhctioh-is
given by (3.44b),

" Note that in order to have the minimum number of pérameters
ve take the_cofe'fuhction CI(X) and cz(x) to have the same conétants,‘
that is G1 G2 g

The ch01ce a=0. for the functlons U2’d2 énd'éé?can nbt correspond

‘;to either a Regge trajectory paSSLng through a =0 or to a fixed

| pole at J?'OJ At,any'»rate,ln this ‘model ,the choice a =0 s -
a 'pafamétrizat1on'thch fits,aé.wé shall see, the deép inglaStiéa

 _héﬁtfinoiand-électron dat;>énd:nged‘ ﬁot be . related to ;Reggé'

. d?n#@iCS.A' | |

| _ Hifﬁ this rhoice for the'fun;tions-u(x),.d(x) and c(x) the

_ .asyﬁptotic behaviour of tﬁé functions Fz(ep?(x) and Fz(en)(x) at

S e, P

x.k:O'and x =1 1s ﬁot altered. Aléo'the.rétio F
'vténdé to % as itq-l, |
Tﬁé deﬁérﬁination of thé‘angle w is'doﬁe by requiring that the
..first momeﬁt_of the funétion Vix) = (Zﬁ(x)'+ d(x))/j lies within the
.;imité gi#en-by-(3;40).” Aiso'the constant G;of'fhe’core
‘distribution function is determined frém the value of tﬁe fatio
| 4 (= c/ﬁ) : | . We téke‘ b2 to be equallto P ; %6’ the

cut (NC/CC) _

"value of p for which the best fit to -the ratios.( /CC) V.3
. T . . H)

' 18 obtained, ‘In the Table X the prediétidns7of the model for the
‘neutrino and antinuetrino fgactions are given for three different
values of the parameter A = Cos%J% ' Ehe values of ) are .624, ,559,and
..500 ’whlch correspond to taklng , jxv (x)dx.eQuaIVCO'.139, . 145,

[+
and 150 respectively, The value .139 is the low limit of (3.40) and

;150 is the upper limit,

—— rar v — o — vt o —— e . ——— ——

ot This is a consequence of the fact Lhdt the forward amplitude T( v,Q )

- for the virtual’ procpﬁ : Y(Q2)+p > Y(Q2)+p is crossing symmetric.




TABLE X

A=.624 A =.559 | X =500
cc | o . , 4 . : '
o vy | 7 (.T10)ET - (.739)E - (.765)E"
cc . L T _ ' T .
o (9) - (.285)E (.296)E" (.306)E
C cc . - . -
.  0,%9)/0 (v) ) 11 _ 40
cayr | a1 | s | R T
x> 075 : .079 | ©.076
. . » . . . T s —I
A N R ST I |
B L oesr | 857 | .857
B w810 | 896 . | .913
5 (“N)( ydx T A 507 .525
jF(Vp’(x)dx | - .,308 S S S .332
° {un) o
2.161 2.161 12,159
5l SR ~
_-® For the ratios: (NC/CC)sué_and (NC/CC) ,y See- the table VIIId
. ’

TABLE X. The predictions of the modified R.Mc.Elhaney-S.F.Tuan model,discu~sed
" in the second part of chapter iII, for the ﬁain physical quantities

concerning deep inelastic neutrino and antineutrino experiments. The

three columns correspond to the three values qf the parameter A =cos2w

- .624,.559 and .500 respectively.

— . - e v me G e e o e e om m— Sa G—n w aee Swaw —

v -38 2
In. units of 16 cm .

2 =36 2 - 7
"G M/w=1.53x10 cm/Gev for GM =1.01x10 -




- In terms of the first and second moments of the functlons '

' V(x) and c(x) the quantlties B and B' are given by

- _ 3
B 3V+86 3+8y » S (3.47a)
v’ : _
’B— 3 Qc ) S (3.4m)
V‘f o
= e vy V&) ., -
V, V', C and C are defined 33', { }:, f“{ }Jx ' ind
| | " LG L et ) ,

. {Z'} :ix"{:,:)}dx : -,-l.’_v

~ The ‘quanﬁity_ A 15 equel ﬁo A-= 1. because. 6f -t-'he 'Ca_llan-Gross_
| rel‘et'ion F,(x) = 268, (x) [33].’ " The quantities iFZ(yN)(.x)dx,
‘B and B' agree”wiAth _ﬁh’e[data given in the Tab.'les‘ 1V, 1Va,
| For the quant:llt'y %xy >, werobserve that is a 'litt.ie larger
‘thanr the .exnerinlentai valne .12 + .01 (-eee Table IV of the second .
chepten’)‘.. 'We will see later that the.best f'itA t‘o the electroproduction -
daed qcc'uns_ for A = ..>624; for this value ef A we have < ny>v =, 141,
The c.orrespending Qa'luee for A= .559 ‘and )\:500 are even larger than
* this one -as one can see from the Table X. | |
.The valne' of <xy> = .141 gi\)est for the duantity <Q2>v‘

'<Q2>v = ,265E, This value is also a little larger than the

— G — o —— o —— — o —— S — ——

4+ The values cf the V,V', C,C’ in terms of the parameter ) are given
in Appendix 6b..

# <Q2>v = 2ME <xy>V and M = ,940 GeV,



'expexl-iment‘aln ‘value _,me'asur_ed 'by the ﬁaf\;erd-Pensylv.an.ia_-Wieconsin
eolleboration group [seeffor.inseanee Ref. 79],
. ‘For completeness we alsolglve the values of the 1ntegra1
i ( Z(Vp)(x)dx and of the'ratio i Z(Vn)(x)dx/ i F, (?p)(x)dx
’ Before closing the neutrino experiments we should say something

about the y- distrlbutions, defined as 1 do . From Eq.(Z.Sl)we have

o dy

' e I T I
{1 dew _ 3 (-9) aw) + b(v)

- — — © (3.48a)
U(V) dy a (v)~+-3},(w. -
B S doG _ 3 - 3 (1-y7 bw) + av (3.48b)
ROP : .
sm dy o+ Ba.m
or beCause tne core moment j;‘ﬁﬂdti.>is small compared to the vaience
(xc(t)dx, we have
: cl A
j 6(” ~1 - (3.48¢)
so dy AR
4 de'w _gg-)t 0 Gusd)
e - =27 .« |
c W) Jg ' oo

Date enhibit this behaviour as it can be seen in figure 13 of
Ref.'[72].

After having examined theineutrino and antineutrino induced
feactiona v(v) + N 4 u(p+) + X and v(;) +N 9 v(V) 4 X we go over to
the electroproduction region and.see the predlﬁtions of the model

.The relative structure functxons ( p)(x) and F

z(en)(x), regardlng

the processes epayeXand en g€ X, are given by the following

relations ‘ _
(<p) o
F, (0= ngm-'rq xel( 422 e x) (5549a)
(&w)

F (x) = -z-yuu} g-’)(cl(‘()'i'ci XX} . (3.49b)

0




The functions xu(x),'xd(x) and xc(x) for the three cases A = ,624,559

' »and”. 500‘-are g1veﬁ“bé16w  We rémiﬁd the reader that the thstant

_ Gaof the core distribution function is estlmated from the relatlon ‘

16 )or the same !ycoqu = oezs{ggV(x)dx}

<IQ

S
| _, 'xu(x)- %(1* X) ‘{.»096‘3(7+x)\/§1.1u78('5+x)7<} ~'(‘3.50a) :
Q=24 14(%) 9(1-0". 0853V +.209x}  (G.sov)
: _':(;(x) :%(1—1)-/7{..0'964 —i-_.vo;qo(x_-x)_“h} o {g.soc)

= 'XU_('(_-, _'= % (1f-'X)3{;.O7U{ (7+'K)F(’t’.’4qbd (31707(} (3 51a)
1:;5’5'9 - xd(x) = q(x-x)“{.0744 G+.,’2A;$‘ox} . (3.51b)
| ‘.'xc(-)()-,'-'i‘jc_,z.(px)"h{.és;o -9'.0‘113(]—_7()"‘1} S (3.51e)

V) = .;?. (1- 0'{- 0483 (Z+2)% +.5555 (34 ) x} (3.52a)

Y=soo{ xd()=q (-0 (ote3 4.k} (5
. .'x.'(,()()‘:z—?; (3‘1)%{-0"‘13'}'-r-OHqBC!-X)/z} (3.52c)

- In the Table XI the values of the function Fz(ep)(x) are given for the

'different values of x. In the Tébles-XIa and XIb the values of
the ratio Fz(en)( )/F (ep)(x) and the values of the d1fference
(ep)< ) - (en)(x) are also given In the Fig. 10 the functlon
.'F 2(ep)(x) corresponding to A =624 is plotted against X. AAThe
2
this reason the plots of the } = .559 and A=500. cases are not shown.
. In the‘Figs. 11 and 12 the pibts'of the ratio<F2

and the d1fLerence F (e p)(x) (en)(x), for the A = .624 case, are

also shown,

F (QP)(X) for .= .624 is closer to the éxperimental data [80] and for .

€™ )5, %P0



TABLE XI

. : e
EE , F(ﬁi)?
A =624 A =.559 A =.500
.00 - .osow | - .08 | - .0986
05 | 287 - | L2695 | - 2700
.10 | 3267 - | 3318 = .3361
.15 1 . .3ues .3585 - . .3665
20 ¢ .3s00 | .3619 - .3726
.25 / " .3350 3u88 | L3612
30 | . .39 w0 Laen2
S .35 L2770 2916 . | L3047
40 L2406 2544 o .2668
s | L2027 CL2152 . .2265
50 . L1653 A761 ) .1859
.55 .1300 ©.1389 _ .1470
.60 | 0979 .1050 L1114
.65 | L0700 .0753 .0801
.70 1 .0469 .0506 .0539
5 | L0287 | L0311 o ©.0332
.80 | .0155 .0168 : .0180
.85 - .0069 | .0075 ~ 0080
.90 - o021 , .0023 . .0025
1.00 .0000 .0000 - .0000

TABLE XI. The.predictions of the modified'R.Mc;Elhaney—S.F.Tuan model,
discussed in the second part of chaptef III, for the deep
'inelastic electropfoduction étructure fundtién F(gplx). The
thfee columns correspond to the three values of the parameter

‘A =cos?w ., .624,.559 and .500 respectively.




TABLE XIa

AR - F:en%x)/Fiep%x)
A =.624 A - 2559 A =500
.00 o 1.0000 - | 1.0000 . 1.0000
05 T2 ~.8003 - .8057
10 .7511 N N - . 7595
;15__v. S Lm0 L7205 7285
.20 . .6859 . 6886, . .6909
.25, | L6562 6583 | .6599
30 | 8272 .6288 , . .6300
.35 o L5988 ~ .8000 . .6008
.50 L5708 S s .5721
.45 5432 su36 | 5438
.50 - .5158 5159 - | 5159
.55 .3886 | 4885 . |- 4883
. .60 4617 L4614  Luell
85 | L4350 1 4346 | L4341
.70 4085 L5080 4074
75 . .3822 1 L3816 : .3810
.80 3561 .3554 .35438
.85 .3301 .3294 .3289
90 | Laou2 o .30% . | . .3031
.95 o .2781 L2776 2772
1.00 2500 .2500 .2500

TABLE XIa, _Thé predictions of the modified R.Mc;Elhaney—S.F.Tuan model,
‘discussed in the second part of chapter III,'for the. ratio
F(gvzx)/F(gplx) . The threg cclumns correspond to the three

values of the parameter _ A :coszw, .624,.559 and .500 respectively




TABLE XIb '
x| PPyl
: 2 2
A =.624 A =559 | A =.500
.00 . .0000° .0000 " .0000
05 - .0553 - .0538 . .0524
ST 0813 | 0810 .0808
as ] .0989 o002 | L1013
20 | .09 [ a2 | s
.25 SO 13 L1191 © 1228
.30 L1153 o .1203 1247
.35’ C.1111 ' .1166 _ L1216
wo | L1082 g0y | L1141
45 1 L0926 .02 | .1033
50 | . o0 | 0853 . | .0900
.55 | Loe6u L0711 - . .0752
. 60 | .0527 . .0565 .0600
65 .03% o426 | 0453
70 0277 .0299 .0319
15 S .0177 ' .0152 ' .0205
80 | o100 0108 L0116
.85 . .0046 . .0050 ©.0054
.90 ' .0015 | , .0016 .0017
.95 ©,0002 ' .0002 .0002
1.00 |- o000 - .0000 .0000

TABLE XIb., The predictions of the modified R.Mc.Elhaney-S.F.Tuan model,
| discussed in the second part of chapter III, for the difference
. F(SPQXE—-F(gnlx). The three columns correspond to the three

values of the parameter lzcoszw,'.624,;559 and .500 respectively.
. - ) /




TABLE XII -

. j A = .624| A =.559 A =.500 _Exp.value _Reference
o iép '.iss,i 172 178 .17+.01 (21,80,81)
t 1% g 205 | 110 118 | .074.02 f21,8o,91)
t g |27 278 .278 .28 (71,79)
oL |
i (ep) (en) : .
zS{F1 -F,}}dx 173 1/3 1/3° .27 (82)
1 |
'i

|

V

TABLE XII, The predictions of the modified R.Mc. Elhanev S.F.Tuan model,
d}scussed in the second part of chapter III, for the quantities
pepsen  peN, N zj{F(ep) (e")}d , and for the three

values,of the parameter A = cos?i, .624,.559 and .500. In the

f

. ﬂast two columns we>give the corresponding experimental value

. %tanding against the reference(s) is taken from.
|
|

fmh)
(x)dx

denotes the integral SF
. - °



TABLE XIII

cc : : S - : _ o
o (W) | 6*ME/g (aet) = (L710)E 10 38cn?
. 2 : : -
%) |  GME/ (.186) = (.285)E 10 8 om’
B A Y7 ) o | 40
’. <Xy, N : ' 41
_<xy>v E 1 - .075 o .
- , , . )
<Q2>v k . - (.265)E (In units of (Gev/c) )
‘ . - : : - 2
<Q2>$ s - (L141)E (In units of (Gev/c) )
A 1 .
B .857
. g .910
ooy : 487
t VP . 308
T pve ‘ o 2.161
ot P - » .165
t - sen - L1085
) ’+ IeN/IvN , S .278 (= 5/18)
R (ep)  _(en) '
2{{F P~ F " yax - 1/3
. £ 1 1 . , A
. o g }
wo - | | =150
L (NC/cc) see the. table VITId
o _ ViV -

TABLE XIII. The predictions of the modified R.Mc.Elhaney~ S.F.Tuan model,
discussed in the second part of chapter III, for the main
‘physical quantities regarding deep inelastic electroprdduction

and neutrinoproduction experiments. The values shown correspond

2

to ac value of the parameter A= cos“w equal to .624.

+ The symbol Imh denotes the integral 'fF 2 (x)dx

[}
| o <
¥ This 1s the value of w, for 90 /o saturation of Adler sum rule.
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FIGURE 10

Cep)
ENCE

1 1 L I 1 _'i 1 t

000 ’ 001 0.2 . 003 0.4 0'5 0-6 0.7 0-8 -_009
. i . . : (ep) : -
~ FIGURE 10. The structure function FZ (x) as plotted versus X.

The.curve‘shéwn is the fit of the modifiedAR.Mc.Elhaney—S.F.Tuan'
ﬁodél,discussed in the second part of chapter III, for a value of

 the paraméter A zcos?w  equal to .624 . The data points

have béen taken from'refercnceé. [21] and [80] .
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. FIGURE 11

0.0 0. 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

FIGURE 11.

- ( (ep) | |
 The ratio . (x)/FZ (x) as plotted versus X .

"+ The curve -shown 1s the fit of the modified R.Mc.E lhanéy'S F. Tuan -

. model,discussed in the second part of chapter III for a value

of the parameter A.-coszu ' equal.to 624 AThe data ppints

have been taken from reference [80}
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~ FIGURE 12

((ﬂ (uﬂ
o) - F (x) -

0.0 0.1 0.2 0.3 0.4 0.5 0.6 07 08 09 1.0

(ep) . (en

_FIGURn 12, The difference F2 (x)- Fz _(x) as plotted versus X.

The curve shown is the fit of - the modified R Mc.Elhaney-S.F. Tuan
model discussed in the second part of chapter III, for a value of'
“the parameter _ Az:cqszw equal to .624 , The data points have

been taken from reference: fBO]




(ePA)(.x) are to be _c_,omp_a'r‘e_d. with

: “OurxValueSVfor the'fnnction F2

the experimental ones [80]. + |
The shape of the theoretical curve follows smoothly the experimental

(e “’( )IE, (e‘”( )

one, having a maximum at X =-.2 As far as the ratio F
is concerned we see that for values of x 2:.2 it 1s almost a straight

tline passing through the point L, at x =4l. The curve

4
"is in agreement with the experiment data [79 80].

(en)/ 2(ep)
For the difference F ( p)( ) - (en)(x) a discrepancy-from
: the experimental points[80] is observed which is- higher for smaller
l:values of x. : o |
| In the Table XII we éive the model predictions for the various
nhysical quantities,fOr the three‘different.cases 2= ,624, .559 and ,500
reSpectioely. iln'theAlast tolnmn ef the table:the'experimental value»

_is given with the corresponding reference it has been taken from,

- The quantities gf‘(ep)(x)dx, gF (en)(x)dr are in agreement_
“ with the experimental values [21,80 81] _
i:.The ratio ‘F (eN)(x)dx/ [ F (VN)(x)dx as is seen from (2, ‘9)
’ is greater“or equal'than %E when we are below the threshold for the |
| production of charmed states and 51ne ~ 0, ’Above the charm threshold
b'this ratio is .‘equal to. :%é, l- In both cases the eqaality Slgn
'holds neglecting effects from A A, p' and p quarks Experiment :
."[B.C.>Parish et al:[]l],_see.also_Ref;w79] gives this'ratio a oalue

5

very close to 1,7; and thus we are in agreement_with the data,

'+. For k <: 624 better fits to the data is obtained bLt in this case
we are not inside the wanted limits’ given by 3.40) .




The difference . f dx (ep)( ) (e“)( )){— 2 r dx (F (ep)( )=

(en)(x))}is equal to l ~ 33 to be compared w1th the new
1 1 3 |

”experlmental value for thls quantity which is=,27 [82]-

F

In the Table XIII the predictions of the model for the case
- ;X . 624 are summarlzed The value Y of mjifor wh1ch 90% saturation !
Q;gf:Adlertsum rule is obtained, that is | fdx[F (V“)(x) (VP)(x)].—. 9,
| is also:gipeu; The value of w, is close to 150 much better thanA '
.hthe eorrespondihg value found in R.McElhaney and S.F, Tuan' s.paper
[781 whichvrs @ =416, . Houever our value ié stiil'larger_than that
suggested by Sakurei et al [83] and which’ must be < 50 .f--Iu a duerk
parton model proposed by R.P. Bajpai and S, MukherJee [84] a value of
'u% = 124.is:reported ‘which.is close to ours. -
So:fer we have tréaced the.functiohs Q(x), d(x)-ahd o(x)-ee
COneistihg:of tuo_parts; 'one correSpondihg to ah A; Regge trejectory _.'

.(G(o)*a-;/2)-andvanother -one eorresponding ' to @(o);,o

. keee Eqs, d}AA‘and-3 45). “IhStead of ehoosing o a(o)::O.
‘lwe could ‘have taken a Regge daughter trajectory passing thr0ugh
ao) = - /2 which,pernaps._is a more plausible scheme We trled
" this alternat1ve but the fit to the electrOproductlon data for the -
bfunction r, (¢ p)(x)]was not very'good;- In fact thevvalueAfor-

2

2( p)(x) at x = .5 was_found to be 2 which is away from the
experimental value which is about =,15 [see Ref . 80]

Before closing this part we give the predlctlons of the model

: for the quantitles Q ——2 and 4o 9 ,regarglng the process

- dg, &/qQ’
P + P 4 p p + X,where Q is the mass’ squared of the u u pair,

These quautities_are calculated for the case A_— 624 ; the cases

A = .559 and A = .500 do aot differ substantially.

— e e . e mma e —— — — o ——




'.ﬁsiﬁg'the forﬁula.(z.ld) welfiédiﬁbat_- :
| - Q ‘T;’i = %d KIJJ(J :(XS -'C) F(f’ C(:’) (3 53a) '

| wi;h F(x)‘giVeh, iﬁ_an'obvioué_noﬁation; by theuéxpfeséipﬁ
F - f J | -
(’A) 8\)(7() '+ (’K) -l'ioc,(‘l() (3.53b)

:‘Uging ;hé explicit forms of the functioqs u(x), d(x) and c(x)

and performing the ﬁntegratlbns.in (3.53a)7we £ind (see . A}7.12 )

dljg A”“IZ‘A (3 bh,C”‘c) | (3.54) 
& 3 .- L |

A Arg‘constants (séé' V A.7.12 » )': _andA& is the

0 B 1 -

: :variablé T §.Q2/s. The function- C(a; b; c; q) is defined as

b e

+c-d

G(ab C; 1;) (1-1) F(a L-ﬂ b»c+2 u—t)) (3.55)

'where'F(v, p, A z) is ﬁhe well known hypergeometric function, In the

are given for 1's ranging
dQ2

:from 05 to 1.004in the same table the predlct1ons of the R.McElhaney

| Table XIV the valuedTof the quantity @

_and S. F Tuan s model [78]* are also given as well as those of the

- Kuti-Weisskopf [51) model,

.—'..——.—.————.—.——.—————_——

+ The constant e of reference 78 ‘ie taken equal to 1/2 .
+t+ The data were obtained by taking a cut of the events leading to 2
- given 1epton pair of mass vQ? [see Ref. 85 and 51] . If we take

into account this cut then we find smaller values



- TABLE XIV - - ._.' ' 3

pair production process proton +proton--+ ee + anything,for .

T oo 40
_/» . - . _ < - ) .
gl B S : =7 - =T
/' : .05 ‘6.63x10 - 5.33x10 ) 11.16x10 :
L1000 ) 3.78x10 3.04x10 6.37x10 .
AR a7 A FE =7
W15, 2.131210 . . 1.70x10 - 3.55x10
. L 27 R - o -7
.20 . 1.15x107 0.92x10 1.92x10 .
B : -8 -8 , . -8
S W25 -] B.082x10° -~ 4,88x10 ] 10.15x10
— -8 . -8 I -8
w30 U 3.,13x10 ) - 2.49x10- ' 5.18x10
o -8 ~, -8 ' -8
.35 - 1.53z10 _ - 1.22%10 - . 2.54x10
o : -9 - _ =9 - -8
.40 7.27210 - 5.80x10 ' 11.99x10
o .=9 -9 ’ =9
45 3.27x10 .. .2,60x100 1 5.37x10
S -9 -9 o -9
.50 - 1.38x10 . 1,10x30 . ' 2.27x10
‘ ~10 ' -10 - -10
CW85  F 5.47x10 _ 4.,35x10 - _ 8.95x10
" : =30 - : =10 : . - =10
. .60 1.97x10 : 1.57x10 . '3.22x10
- : -1l - -11 - C -11
.65 . 6.36x10° _ 5.06x10 : 10.37x10
: o -11 . , -11 , S 5
" .70 -1.78x10 _ 1.40x10 , 2.87x10 o
: : ’ =12 . -1z . -12"
%75 . . 3.98x10 o 3.17x10 - 6.47x10
S _ -13 : -13 . =13
.80 ] - 6.57x20 5.30x10 10.79x10
C . ~-14 ‘ -1y . ~-14
.85 . .| -6.72x10 b 5.49x10° . 11.13x10 .
] ' - -15 . -15 : . . -15
.90 2.8510 - 1 2.35x10 4.77x10
' -17 . ~-17 . ~17
. .95 . 1.38x10 : . -1.17x10 - 2.36x10
| 100 Lo 1 .00 : .00
. TABLE‘XIV.,' The values of the quantity. Q?SET yregarding the lepton '
: d

values of the variable T ranging from .05 to" 1.00 .

The column A corresponds to the modified R.Mc.Elhaney-
S.F.Tuan nodel of the third chapter. The columns B and C
corréspond‘to'the original R.Mc;Elhaney—S.F.Tuan model, and

‘to the original Kuti-Weisskopf model - respeétively.




N | T
"/QZ(GQV/C) _ B p "10810‘33Q2
» I
1. N 423.{£;,;" .  »¥33,21.1 B IR
'*fg.. . -3u.25 o ‘faugss -~  aw0s
. _ 935;2p B TIPSR
'4; '; o -36;21 o } -36.30 ',: T . -35.99
s  ‘. | fjé7;4u, : | -37.54 -~ . | - -37.22
':s; :; ‘: -39.13 o ae2s | -as.e2
f.'7.' . | | -42,20 | ' -41.89

TABLE XV. The values of the'quantity log1 E%%E— ,regarding the
LT 0 ) )

Iep;on pair production process proton* proton -» I +anything,
-~ for values of the variable YQ? ranging.froml‘l. Gev/c
7. Gev/c . The columns A,B and C are as in the table XIV.

S e . G — —— — — O — — — —— — ——— —— ——

t The differential cross secti@n e 1s in units of

em 2/ (Gev/c)




Note that the three models give‘almost'the-sahe results, at least
as . fér as the order of‘magnitude is'cohcefned | The thfee ‘
predict10ns+disagree badly with the experimental data [85 79]

in fact data ‘give much higher va‘ues for the quantity Q4 dcz

_This is not due to the Spec1fic quark parton models mentlgged before
but it is a general behav1our of any. quark parton modelA[see Ref, 75v
| :and references therein] which 1nd1cates that the Drell-Yan mechanlsm
[see for example Ref, 52] does not have much to_eay»fo; the proces§ :
p+p-opu + X |
| The predlctionsfof the model for the quantlty do 5 are given
in the Table XvV; the predictions-of theltwo modelsdﬁgntiohed:befo:ef
‘are also given in the~semeitab1e; The_values.given in.the.Table Xv.
| correspond te‘an incident C.H, squared energy s ; 60.(GeV/c)2.' :

We observe again that the predictions of the three models are

close to each other,

—— - — — — o — — — — G — — — ——

See footnote *++ of page 90




' Discussien.
o This'cnaptef'wes'divided intc tuolmain:péfts.
._In' tne; first part an attempt wes‘made tc improve the predictions -
' of'the'Kuti—Weisskopf model which.was discussed in the.secend chapter.

&evuhedronicvconstituents were addediwhose‘left~handedbcomponents'
wvere c1assified in isospin,triplets.in the.Weinberg-Salam'model. Two
new quantum numbers h and h were introduced and their necessity was
' also discussed Because of _the new constituents additional ‘terms appeared
: in the hadrohic part- of the yeak current identified as lAh}= 1 and
nle 1 'pafts. The predictions of the model for the neutrino and
‘ antineutrino induced reactions were given and. general features of‘

the model were discussed in the end of the first part.

In che second part we made an analysis of the naive duark parton .

.model based on the evailaulé neutrino and antineutrino datasNo ad-

. diticndllhadronic constituents were assumed‘, we on1y~assumed.weinberg’s
' _renormelizabie tneofy of weak and electromagnetic interéctipns.’-?rom'
the results of this:analysis we built a model a variation of the
R. Mc.Elhaney—S F.Tuan quark parton model. The predictions of the
model for Geep inelastic neutrino (antineutrino) and electron

‘processes were discussed
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'CHAPTER IV.

~ Introduction,

So far parton model-techniqoes nere employed in order to
e:interpret the observed scaling phenomena in the deep inelastic -
region of the reactions e + Pae +X. and v(v) + N ..p (p ) + X‘
| The neutral current reactions v(v) + N o5 v(V) + X -are of great
'1mportanceland wererexamined:also in thevcontext of the quark parton
uAmodel. | | | -

In. the last few years we were abie to have high'energy electron
'beams and theireactions»e- +et Hadrons and e~ + et 4 (Hadron) + X
.} have been etodied. | B |
in this chapter we first review‘some;of the electronfpositron’
' annihilation dota and then we giVe.tneApredictione.of the naive quark
parton_model for the'electron-positron reactions mentioned above;
' f-we.see that the naive quark parton model fails to'reprodoce the
experimental data and one hés either to abandon'the parton model, at
' ienst as far as e e. phenomena are concerned of to adopt new theoretical
. ideas and -apply them in ‘the quark parton model picture ChOOS1ng |
ithe second alternative and mot1vated by recent works in the f1e1d .
,[86 88] we try to interpret the data assuming nonelectromagnetic
interactions of the electron. The.conseqoences of such an assumption-
are discussed and some predictions are made;

Excellent:reviews on eet annihilation phenonena-are available .
in the iiterature [15-17]; In this chapter neilimit ourselves to 1
, examining the e7e+ phenomena-in tne context ot the'naive_quark parton

model,



N IV1) Review of Some Data on e”e’ Phenomena,

'Before any theoretical consideration'we think it,appropriate
““to review some of the e e’ data,

-+ (i) The ratio R = o(e e 5 Hadrons) (see 1,23) is_very-important;‘

| o(e’e" 4 ) -
'it,has,been meésured'fOr'energies up to /s = 5 GeV . [14 89] A rise
of this ratio is observed as the energy /s increases " For- /é = 5 GeV
this ratio has a value lying between‘S and‘6. As we shall see
in thé-next‘secﬁion the naive dnatk parton model predicts a_censtant
'high'energy behevipur for this ratio, Fnrthen~data is being ewaltedA
'in onder.co eee the benavionr of thislratie fer even highe; enérgies)
and whether it approaches a constant or not, | However the prediction
:‘.15 made assuming that the annihilation of the e ,e+ péir:inte'hadrons
takes place via-the formation Qf a photon which~ln turn annikilates

to give hadrons.

(i1) The total multiplieity of the produced hadrons seems ‘to be

rising rapidly, while the charged multiplicity and average momentum are

rising slowly with the energy [89].
(iii) The majority of the produCed hadrons are pions, The average
numbers of the prodnced n's, K's and p's follow approximately the

relation w/K/p ~ 100/10/1 [89].

(iv) The inclusive reaction e-+e+ » (Hadron) + X has been studied as

well,  If we denote by i_the_variable z = ZB, where p is the magnitude

/8



o oflthe-mementum of the outgoing hadron, then the quantity s gg is
, a'functioh of the'variables' z'and 8, that is s g% = f(z,s). We '
| shall ‘see later in this chapter that the naive quark parton model

';.predicts for" the quantity 8 g— to be only a functlon of z, that is

dz

“the quantity 8 do scales
Experimentally this scallng behav1our is observed only for

z22.5; for z < ,5 we have a strong 8 dependence [89];

. (v) The cross-section of the ptocess_e-+e+’4 (Hadron) + X

o
- _ dcosb
~is also of interest, Note that if_this'process takes place through

:the.fot@atioa of a photoa,.théﬁ g:oseils:propertioaal,to 5,(l_+ COSze),
"-The”experimeﬁt3for fihding the angelar.distribution has been perfofﬁed
"for Cos g varying between -.6 and ,6; ao such A,(l + cos e) beha»xour
: was found, ' In fact the angular dlstribution is iSOtroplc [89] Newer
| data are awaited for smaller values of 0 perhaps up to g z-9 so that

n.we can finally decide whether the angular distribution is isotropic

' for-all angles,

' V(Qi) Finally the quantity E §%3v(e-e+-.h-+ X) scales in a manner
Aresembling hadronic physics [89]. N
'These, in brief, were the main experimental data concerning

A.electron-posittdn annihilation phenomena, . However new experiments

are already in progress and newer data are awaited,

IV2) 'e-+e+ » Hadrons and the Parton Model,

In Lhis section we shall see how the parton model ‘could he used.

: +
in order to find the,quantity-R;— ole e ..Hadrone). We do not -

a(ee -1 p_)




‘1insis¢ 6ﬁipf6v1ng°formu1aezsince,all'éf ﬁhemlqan'be_£0und in the
o litefafufe [see féf example Réf.:57,:581,: |
. { If welasshme that,the inte;a§tion is>of'e1e;tromagnetic nature
. then tﬁebdiésintegration of the e”et pair-ingo hadrth'ié done -through

‘ _the,fofmation of a timelike thCOn“as is shown in . Fis; 13,

  FIGURE 13. e-ef annihilation into~hadroh§ through the formation

-+
of a timelike photon  in the e e center of mass frame.

Thé.ﬁadroﬁ-photon vertex is the unknown part of fhis diagram,
i: is at this point wheré sbheone eqpldyé'the.parton picture, What is
assﬁmediis that the photon is coupled tp‘a_quark-antiﬁuark pair, which ‘
are hadronic constituents, and this pair is converted intd hadrons .
' |
\

(sce . Fig. 14),




: Tﬁe“quarks metamotphose_intoohedrons in the same way as in
\;.theuelectrOproduction'scattefing.
B - It is not difficult to see»toat‘in'this way the quantity R

- isAgiveh by the follooing relation [see for example'Ref.13];

Z Q. +—--Z. Q )
5!"\'\‘/‘1 - Y spie0 o '
v?qvb'\‘ ?qfiohl v

Thefsum@aﬁion is over all oaftons and theif entiparticlee;
_ Qi is the:cﬁarge (in.eleetroh-onits) of theﬁifA parton,

From (4,1) one sees thet the quantity R ﬁae.a constant value
'depeoding.on the eha}gevof thelconétiﬁuents"k In the'previous section f
we saw th at the experimental situation is qu‘te dlfferent a rise
of the quantity R is observed for energles up to /s = 5 Gev [14,82].

One can say that the high energy 11m1t has not been reached yet and
'nhat this constant behaviour is attained for hlgher values of- the
energy /%; thus we must await further data before any f1na1 decision

is taken,

"1V3) e-+e+ .{(Hadron) + X and the Parton Model.

We_examinelnowvthe inclusive ieaction eet +h + X where h
stands for a hadron, | |
in terms of the parton lengoageAthe process is described as
._follows; : The eet pair annihilates into a time-like photon which is

-eoupled to a querkiantiquerk pair {see Fig. 15),

FIGURE 15. Parton mechanism for the orocess e“e+-»(Hadron)+ Anything

o



“‘)m*

If we denote by D the average number of hadrons "h"
,-produced from a parent parton "i" and carrying fraction x of the

parton's momentum then:we find*¢~[57,58]

Ab’(ee—»\a#) 3101 (j +(.os 9 ZQ D (Z) (4 2) |
dzdcose |

U In the.expression above the-angb 8 representsithe hadron's

vg"hﬁ scattering_angle in the.e- el center of mass system, and z is the
Vvariable z = 73 defined in the first section of this chapter, /%
'.is the center of mass total energy. The summation-index min in

(4. 2) runs over all partons and their antiparticles,

The first thing to notice in the expres:ion.(4 2) is that the

"quantlty jzdcose
vbehav1our prOportlonal to (1 + cos 9) As it was discussed previously
the angular drstrlbution is constant for cosg varying between -.6 and
:.6 [89]. However the situation may change when measurements are
performed for values of ,cosg, approaching unity,

The second thing is that from (4.2) by integrating with respect

cose we get an expression which is a function of the variable z only,

G
)
d5 (e hex = bl Z.Q;D;(Z) (4.3)
dz 3.0 o
+ In terms of. D, (h )(z), the multip11c1ty <nx of the produced
hadrons’ "h".is given by [58]'<:n>h = ; i(h)(z)dz where m is the
: | i 'a
VL

mass of the hadron "h",

+3+ From now on we assume that all charged constituents carry spin 1/2 .

A.(l + cos 9), and thus the angular distr1bution has a



‘fhﬁs the quantity S—%g écales, th;t is itldepends on z and not on
‘the variable s, -E#perimentalAdétaOexhibit.this §caling Sehavioﬁr
dnly'for 2‘2:.5; for z < .5 Qe have a‘sﬁrong s-depéndence for
énérgies up‘to /3‘= 4,8 GeV [8?]. :'Tﬁe conclusion is tﬁat the
predictibn.of the quark parton model do not agfee with_the_existing
data, " 0f course we can éay that the high energy limit has not beén
at;aihéd yet* ana;that fhe ngive quark_pqr:on model.predictions .
'hoid fpr even higher eﬁéfgies.

Another alternative would be to aSSume Fhat there are
'_interacti§ns of the electron which are not of eléctromagnetig nature ,
: Métivatea‘by works of Pati aﬁd Saiam [86]-wé assuﬁe coﬁpliﬁg.of the -
‘ élect%&n ﬁo hadronic cdnstituedts; With this éoﬁpiing séheme all
the prediétioﬁs of tﬁe quark pérton‘modei on the efe* annihilaticn
ﬁhenomena will be éltered. .AIn—the tést of this chaéter we will see

. ’ : ' -+
the consequences of such an assumption te the reactions e e 4 Hadrons,

e et 4 hxX ‘and ep +e X,

IV4) Nonelectromagnetic Interactions of the Electron .

In this section we assume that the electron is coupled directly

to hadronic constituents so that there .are vertices involving electrons,

— — m M- — "t m— — o — A —

% Iﬁ'this'case we have to explain why Scaling sets in very quickly
. . '
for spacelike Q2> 1 Gevzbut not for timelike Q2~s which reach

‘values up. to 25 Gevz;




quarks éﬁd tﬁé médiator of theAnonelectromagnetic iﬁtéractions
Thus omittlng yumatrlces the nonelectromagnetlc Lagranglan interaction
has the general form J: Sﬁf (e” qX ), where q is'a quark (or gluonic)
field and Xq is d new field cogpled to’e and " q flelds.

The simplest thing is to assumé that the electron is coupled -
'_diféctly td‘a gludn'¢;§ﬁuch is assuqu“tb be cﬁargless and carrying

spin = 1/2, through a field X having spin O or spin 1.

.a) First case: Nonelectromagnetlc Coupling Through the Interaction -
-with a Spinless Field: X,

The simplest Lagrangian interaction in this case has the form
L :f(ecf)(-*rh.c.).- (4

where f is the coupling constant, The superscript (an,) stands for
"anomalous" just to indicate that this Lagrangian interaction is the
anomalous or otherwise nonelectromagnetic part of the total Lagrangian
interaction of the électron. : It is obvious that this term gives its
own contribution, via ‘the process e"et -+ ¢.E; to the reactions
- TG

e +e . Hadrons and e +e 9 h + X, The reaction e et + ¢ ¢ is

represented pictorially in Fig 16 &
| -
|
¥X
|
|
|

FIGURE 16. The process efe*-ygluon-rantigluon _medigted by the

exchange of the object X ..



Forilarge values,of'ﬁhe incoming enefgy /s we find (see

‘A.8.6 _) ~, for the process e'e” 4 ¢ g,

P' 5 f(‘b) g(r i’)( t ) s

d’ol 50 32r t-M

The notation is as followsj p' is the magnitude of the momentum
of the outgoing gluon and:e its.scattefing angle in the center of
nessiframe of the e and e+; ‘t"1s the momen tum tfansfer.variable
)2. If the mags Mx of the exchanged

¢ Pe

- particle x is 1arge compared with the energies available in the

defined by t =(p

laboratory then (4,5) takes on the form

"

FJs 2o g(&' )E0-es0’ e
dchoSe 32f 4 4

where g is given by

QD
i
o~
=
[

. (4.7)

in the expreseion (4.6) the t variable has been'replacedvby
- 2 (1-cosg). i

- From (4.6) we .can now, using parton model'fotmulae, calculate

. do . . . - +
the cross section iz for the inclusive reaction e +e o4 h + X,

dcos g

. - +
and also - find the expression for the ratio R = ale e - Hadrons)

U(e_e+.-. p—p-*_) '
2 .

' o . . do - ‘
' ati a iated with
We seart by calculating the cross section dzdcos ¢ eSOC1 ted w

the process e—+e+4 h+ X, It is known that {57,58]‘
[ ol L W
- .
P delee, b _ ZSJ’(;P' JG(‘:(:) D. ) (4.8)
C!P d"”a -t S ol]z; deos 8 '
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(h)

 As was explained earlier D, " ’(xy) represents the average number -
of hadrons "h" emerging from a parent parton "1”, and carrying
. fraction xi'of parton's momentum; 'thus‘p = x.p..

Combining (4.7) and (4 8) we easily get*

s As(ee _aHX) - T“’( (Hcos@ ZQ D(Z)+

dz deos 6 (4.9)
+ ..._(__) S (1- (059) (D (2) +'D_(z)) L
qu o, -

: We»observe ‘that s consists of two parts; the first

dzdcos g
part is s-independent and is due to the electromagnetlc 1nteract10ns_

" while the~second comes from the anOmalous interaction term of the

Lagrangian (see 4.4) and has an o2 behaviour,
- hp

dzdcos g

o ' iyq . 2 -
The cross-section still remains cos g-dependent,
In order to calculate the ratio R we need the total cross section

for scatterlng e e + ¢ % From (4.6) we easily find (see A.8.8-)

'd(ee*.a.cpg?) B  (4.10)
| ) 49T |

, aﬁd';hus

2 2 2 |
'z\-"*Q’-,‘f‘ (%) 5 | (4.11)

" 4 From now on we assume - that all charged constituents carry spin 1/2.




' 3i'we‘sée that the:rétio R behaves as.wtsz for large values of the _

energy s but still small compared with the mass Mx of the heavy-

object X.' ngt-energies s:;essz by integrating (4 5) w1th reSpect p'
".al_n'd@:oseve find." o o . _ o _

Thus we geé]that for very higﬁbenérgies suchfthét.s-:$>ﬁx2, R is a
'cdﬁttént‘nhqse value is given byt(4.12). :Befdre'pro;eeding anyz‘
7f§tthér tﬁléxamiﬁg how:tﬁis "éno@altds""intef&ction-of the glectron
»affectt tﬁe‘éle;trdproagctidn proéessie’p +e X we will discuss another

| ‘poésible cbupiinétécheﬁé'in Ghich‘thé ﬁediétingtpartiCie X cafties
| ‘,._spm 1 _ _ S ‘

b) Second case: Nonelectromagnetic Coupling Through the Interactlon
w1th a Spin-1 bleld x :

" The simpleSt Lagrangian interaction has now thé form

| -(an)

§(5x ¢Xr '*LC') S e

The field xﬂ now carries spin-1,

s We follow the steps of the first case (spin 0 for the f1e1d X)

" and find (see . ABLLE ) - o o .
| . et a2 M
S ds(eeolnn) 17_;'52. (1+cOs76)ZQ3'D‘;(2)+ :
| Azclcose 2 | >(4.14)
b ) :

+ .'!;_(Lm) 2 (512(.%6 "f Cos 9)(’9¢ z) +D (1)

_-_-—.-..-.._..__.._.._..__._._.__




- For Iafge.valuéswof s but §u¢h_th;t s{Qg:sz we have? (see . 548-16 ) o
B T
.'R-—_*Z.Q; 4‘2(-%)5 . (4.15)

Y A A I A
T-For values of s such that s >0>Mx2 we Havé_(seé '-A;8.18, )
e ;22 I
1 2 5 L
'R—EZQ'» ‘-*-3(4(;1)1('#)- . (4.16)
ol I e Ml

'j'théfthat.unliké the fitsticase-the,quantity R'fiSeS'lineariy_with s .
for s >>M_ .
These anomalous couplings of the electron to gluonic matter do
" not leave the electroproduction process e p + e X unaffected; ‘our
~ task s to investigate the consequences of these new coupling schemes

‘ vto_theiptbcess e p ;oe-x in its deepAineléstic regidﬁ,-

' IV5) Deep Inelastic Electroproductlon Scatter1ng and Anomalous
Interactions of the Electron

",j.In‘this'section Wevexamine the conseqtenceé of tﬁé énoﬁaldus
inttrattions of.the‘electroﬁ' discuséed in-the-ptevibus_sectiopélin the .
deep inelastit electroproduction region - |

Our objective is to find the fOrm of the structure functlons

VWZ(é?)(V.Q )/M and WI( p)(V’Q );applying qua;k parton‘quet techniques,

_—--———_.—._.—.—.—.__._—

.'>v} -




The structure functions will be caleulated fbr'ft'he two cases
‘ d1scussed in the previous sections and which will be denoted by (S)*
and (V)* hereforth

‘:_Inv _ Flg;. l7a and 17b the Feynman graphs (Born terms) of the

o—

"processes e ¢ 2e o) and e ¢ - e’ [ are shown and "whose contribution-
.to_ the structure functions,vwz(ep)/M and w (e p) ‘is wanted,
o t, X :
FEEEEET B SR —r—=-
@ RN (b)

-

" FIGURE 17. a) The process e’+ gluon—» e+gluon mediated by the
o exchange of the obJect X, » "
b) The process e+antigluon — e +antigluon via the

formation of the_objec_t X.

If E! and'O" is the energy. and the scattering'angle (,in the Lab.frame)of the

.outgoing electron in the process ep - e "X, then the differentlal

(X1)

cross sectlons for the scattermg of . a gluon (or- antlgluon)
' : “dE'dO"
"carrying fractlon xi of the proton's momentum, are given by the

».,followuxg expres‘sion (see ,_A..B_.ZB )

* (S) denotes the coupling f(e¢x + h,c)
(V) denotes the c_ouplu‘ c(cY ¢X + h.c) -




B ¥ et}'-»e'i’ |
Je‘(x.) - ﬂ_ .E__ S(X—-x) X
et X { Sm.. +,B COS —.} (4.17)

" In the expression above the 'supersc’ript ¥ 's‘tande for either ¢

or ¢ and Aw,' BY are given by the’ following formulae (- see A.8.29-A.8.34 ) |

@ A=) e D)
: (V) f\t: Q‘l(g’)(i};‘ﬁ7+xME+g) ("4'.18b);
(): A":»,g@g)(ﬁ%ﬂ.’_,me)_ G
) AP= Ql(“z?;‘f)_(i}_;ﬁ-foE-taz)'v O sy N
o .(5')_:_ Bf’ 'B;: ((l:) (9;1)%— | o ('4.18e)"f“.
o B QI L e
: 2 e-‘¢ .,e.-v o .
. The cross section—a (x{ ) ~ has been written in‘such a form
© dE'd0' . : (ep..ex)

as to remind'us the. d1£ferentia1 cross section E_(FdE'
(see Eq. 1.10). It is easy now to calculate ‘the: electroproductlon '

s'tructxire functions, ' assuming that the gluon distnbutlon functions

(P (p)

‘fé(x-), ¢ © (x) are equal to each other,and equal to ¢ (x) we have
| e g’ L,
(R a)= xZQ f(x)+7‘)9 xCx) (4.198)
_ | 2 .

BRCE h) | |
: (7( Q ZQ f (") + -2; % -fXM C(’() (4 19b)

e D

F(‘XQ’ XZQf (’()*( )Q c(x) _ . (4. ZOé) . A

F (XQ " ZQ f (XH* i) +3xM)c(x) (4,206) |
A ) _~




The nonscaling part due.to the anomalous 1nteract10n term of the

Lagrangian, has been separated out in Eq& (4 19) and (4 20).

e?
the two cases (S) and(V) respectively

o @

W (32 4 S
W (3= s .(12 2 29%)

The value of ( g ) is estimated from (4. 11) and (4 15) for

. (4.21a)

- (4, 21b)

Giving R a value A,S for /h

5 GeV and assuming Lhat p,n,A
and p ‘are the only charged constituents ‘we get

o cev”

¢ gy L 22a)
) [ 9Y~ od GV (4.22b)
.(v)_.__ o '(zi)’. od GV

Writing the distribution functions f (e )

(x) in the wellknown form
| i( )(x) = U (x) + ¢ (x) with c (x) given by the’ expressxons ¥
C (‘7() g{'. c(x) , 1,: quark or antiq’uarki (4.233) |
c 3' . ' ’ ' ) - V
.t(x)r = 2 ;(x)_ A X 7»  (4.23)

_';'; is the total number of - quarks plus_their antipart1c1es- In the
. Kuti WEIGSkOpf model c¢(x) = x~ 1(1- x) /




e get from (4, 19a) and (4 20a)

((p)

(S) | F(*Q XZQU(xH{(%) 3 + & 8 ZG }xc(x) ..(4.24a).

(V) F(-(Q’) ‘KZQU(x){(_ g +2 9' Z'G }xc(x) (4.24b)

’
"’

The values of Q for which at most IOA,say, v1olatlon of -scaling

‘18 observed, are given by the relations

lOn

- K1Y N ‘
%)' (;_(.),) s (4.25b)

( 10n

@ 2

-whéfé-k.is given by X sgfl/gl;
The right hand éide of the (4;25a) ahd (4,25b) can be.a large
":_ﬁumber if dne'assumes that iﬁ additién :o'tﬁe gluon‘¢, to which'thg
| élétt:dn is coubled to, therg are gluons ¢ thse-dist;ibution functionAis

" ‘given by

%(x)‘-: E’ C_QQ '.  (4.26)

In such a case the number A can be as small as we wish and thus

' the right hand sides of (4 253) and (4, 25b) as 1arge as we like

To see this_note ;hat ‘the sum y = 81 + g1'+ gi’ is a positive number*

— e e e amet e awm e o Sow w—  aea s — -

¢ In the Kuti-Weisskopf model 'y = 3.

For the Kuti-Weisskopf model or for the R, McElhaney and S.F. Tuan
model d‘scuUsed in the chapterlﬂ , Y 1s given by y = 4- 2(1-a(o))whcre




" and the constant 8; is fixed by fitting electroproduction data;

' thus taking gl" to be very close to (Y"gl) the constant g, becomes

1

. very Bmall and consequently A= (gllgl) very close to zero. 1In
~ the absence of the ¢' gluons when 8 is given gl is’ fixed because
.81 + g = vy 80 the ratio A does not become necessarlly small

“In the Kuti-weisskopf model for. example A 2, ,

: Ihus though we expect a Q violation of scaiing,-due_to the

' anomalous interaction of the electron, nevertheless aSSuming.the

existence of some meutral-gluons'(¢') inside~the proton, we can

.arrange things so that the. scaling break1ng effects are very

_ small even for very high values of Q

‘IV6) The Reaction p+p a4 p + X and Anomalous Interactions of

the Electromn,

 The consequences of the anomalous iateractions of the electron '

in‘the‘pair leptonic production process p + p - pfp+ + X are discussed,

We assume that thecmuon is coupled to.the gluonic field @ in the

 same waﬁ-as the electror (p - e universality); thus we examine the

two cases (S) and Qv)fﬁ_discussed in the previous sections,

o ame wm— - —— —— —— —— — —— — — —— — —

k3 (S) denotes the coupling f(pgk + h, c)
(v) " " f(py7¢ x + h, c)




It: is evident- t:hat the leptonic pa1r p p, can be produced -

from a gand a ¢as is shown in I'lg. 18.

FIGURE 18 Contribution of the X- excbange dlagram to the

" process gluon +ant1gluon — U u+

$ do
dQ”

The. differential cross sections for the process ¢¢ -+, p. p. ‘are

'~ glven by the following expressions (see -.A,8.42, A.8.43),
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'do B

x, ‘and z, are the fraction of the proton's momentum carried by the

1
' gluoo and:' anti'gluon reSpectively, and g is defined as g = %n'

Compare the expressions',abo’,ve with the aoalogous expression
"in which the pair p-p+ is created from a quark-antiquark pair which '

annihilates into a photon (see Fig. 19 in page 111 )
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% . Q2 denotes the(mass) of the p p,+ pair,




. FIGURE 19, Quarké_éﬁtiquafq annihilation into a u ut pair -
‘ _ via the formation of a timelike photon.

As (22 _,-f):ézw_ogj ST L

D § & is obvious now that the quark parton expression for
| do : . ,
(PP ol p + x) is -given by”* o : _

dQ _
‘ (»
@) ds _ TZfdexj(x,)f‘(,x)Q Fn e
o JG 30« ;o Q) ‘ -
- 4 L‘ TICJX,J{'; f(m))‘s(xﬂ X(x.xz-';) [

o For'the'(V):gase we repléce (g—) bj (2Q4).

From (4.23a) and (4.23b) we have

ez () =gt et =5 ¢ =G0 S (4.30)

‘ g ' '
where ) = .l/gl.
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4 In formula (4.29) the summation index i rumns over the partons
only (not antipartons),




It is easy to see that if (4 30) ié takeh-into_accohnt then

: (4 29) can be written in the follow1ng form*

cl i 4_115 -chJx,olx,Q u(x)cq(g)X(x.xl-t)—r
SR (¢ LR ¢ L 2 (4.31)

Zmd 9. {ZQ +( ) 10 }QX\JXIC(@C(QS(X‘XLJ)

For the (V) case the (9—) inside the’ brackets is replaced
by(ZQ% | '

if (-g/lez)' ~ io

{éiQf*(%)"E‘d}”““m eV 5w

"L Gev? and A ~ 107 then

rso roughly speaking the anoma10us 1nterattion term does not

‘ 4signif1c«rt1y alte“ the results of pp -+ p p + X scatter1ng,prov1ded

3 2 2 »
Q < (Q F ) .

For example in the: (S) case if the right hand 51de of (4 25a)
" has a value ~20 Gevz, and the only charged constituents are the known
quarks P, D, )\ and p', then we find for A a value ) =10 2'provided

.»:that we take .35 e .16 GeV (see 4.,22a), In this case we find
- 1 9 2 1)" 4 <5 4 -4
"{2__-‘-'@;4(_1) nAG }"‘ 1+(10 Q )Ge (4.33)
o ¢ : 14 16 »

% In formula (4. 31) the summation index i runs over the ‘partons only
. (not antipartons) :
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Thus we conclude that the scaling breaking effects of the

anomalous interaction term to the PP ..u p + X scattering can be

negligible, even for high values of Q 2#_p+, under the same

circumstances met in the deep inelastic electron-proton scattering.

V IV7) Direct Coupling of the Electron to the Quark Fields

So far we have dealt with nonleptonic interactions of. the

-velectron in which the electron was coupled directly to gluonic.

.matter. Couplings of the electron to ‘the constituent quarks can be

also assumed. Anomalous interactions of the form .C(m, Z% e0 1X "’l" <.

are possible and one expects that the results are qualitatively the .

| same as in the cases discussed in the previous chapters However -

the arguments which lead us to the conclusion that the anomalous
: interaction effects can be negligible in the ep +eX and

pp - u u + X scattering -do not hold,_in general, in this case,

'The reason is that the factor 1/YX, which appears in. (4.25),1s
.something;like h./gl, in this case, and this is estimated by fitting
.the electroproduction data on Fz(ep)fj Ihus'the factor 1//1'18
fixed from electroproduction data and its smallness, which was very
important for the arguments stated in the previous sections, is not
guaranteed | _ | -

| Effective Lagrangians of the form l:a,(eo e)(qO uq) have been
studied by Ikaros I Y. Bigi and J.D, Bjorken [90].- A,Soni [91]

also has studied the consequences of some anomalous Lagrangian interactions

'_tojthe‘decays e e et and n - o u .




In this section we briefly-discusé the anomalous interaction
'given~by the following expression

(an )

-—Z‘f ei)( + ‘nc . | (4.34)A

In'fﬁelexpreséions‘abOQe the indeg q runs dver»the quark.fields
P, n and A.

 As iﬁfﬁas;said‘previously the resultsAare expéctgd‘to be
qﬁalitativelz_the‘same as in the fwo casesviﬁ which the electron was
§0up1ed to a gluonic field. Hére‘ﬁé’onlf wish t&isee how the

anomalous interaction (4.34)‘§111 affect the decays_of 7° and n

_into e7¢+ and p7p+Arespective1y.

o(e-e+_;Hadrons)

The quantity R.= is needed for this purpose -

-+ -+
olee 4pp)
‘and is given by.the following expressiqn* (see” A.8.46 ) .

RE Z{wa ‘. g_s.f o
12 q .
. - - £ 2
The constants fq are defined as fq-= (Eﬁ ) where Mq is the mass of
‘the Xq particle which is assumed to be heavy,
The decay of x and n mesons into an e-e+ pr'p-p+ pair, goes

through the mechapism'depiccéd in Fig; 20 (see page 115 ).

e e e e et s e ) e A e = —— v—

£ The -index q runs over the quarks only and not their antiparticles,




: FIGURE'ZO; Electromaghetic and Anomalous contribution to
—— N .

the decayé "ﬂ*ﬂg'e+.‘andA n-uu’ .
The fifst diagram of the - Fig. 20 represents the
electromagnetic decay and the second is due to the anomalous
interaction of Ebe electron (or muqn)." The decay width of the
_anomalous intefaction term of the Lagrangian (4,34) is given by
(see” A.9,14 )
‘ ' _ ’ 1', ' |2 : .
" (1mn 00) = 0| T (g 2] (3 A (Z {),
[;_,(“f"‘ : HM, 2 M j“'-ﬁ" ' Mﬂ- 10617, * (4.36)
In the ekpression above M is the mass of the decaying meson and
'me.that:of the lepton ¢ (either ¢~ or p~). The constants % are
SU(3) Glebsch-Gordan coefficients,

~.The !f(M,o)lz has a value which is approximately [92]

(4.37)

o'~

~3i

with mnlthe mass of the x° meson,
"The values of the constants fq are determined from (4,35). The
- simplest chéice is to assume that all of théAﬁis are the same,

, _ 4 . o
In such a case we find fYn°+e e ) = () because ap’= -a = 1//2 and
(an) : )
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See A:gals - A.9.18 » .




' ,a)\ = 0 for the no_mesonl; that is  only the first of the two diagrams
in  Fig. 20 contributes, For the decay of the m meson taking

f equal to ¥

LI

o value v('from 4,35) fo_r the coupling constant -f

-1 - -
£ ~1 x10 GeV 2, we: find# I:-an)(n -01.1 H ) == 25 eV; this

width is too large compared ‘with the experimental value r(q -+ p, L ) >~
_ .057 eV [93] Thus prov1ded that the electromagnetic interference
‘term does not alter significantly’ thls_reSult, the Lagrangian

| 1Vnt'er;acti‘on (4. 35‘;-).wivth fp. = fn-.= f}\ is ruleo out}» Howeve; if we
‘._us,e"coupling constants such that***' fp - fn = 10-1GeV"2 and |
fx, = "1.25x 1"0flcev"2 cllen wc f.il.ndA [(:m('\ "_“,-“-F):‘ .06 .eV which is
very close t‘o'.the experimental value 193]. For 7° 4 e-e;"
we find a»gain‘ '(:n)(no - e_-ef). = | |
So we see . that by adjusting properl')-' the quark-electron coupling
: conécants we .cén ‘be 'in agreement with the é;cperi'ment and so this new

anomalous coupling scheme.m-ight' be a reasonable physical picture,

4+ For th1s value of f we have R =~ 5, 5

+3+ By using A,9.18 ,

EZ: This choice of the coupling constant corresponds to taking R = 6.3 at
/s 5 GeV, . ,




'Discussion.

E NonelectromagneticAinteractione of che-electron’nere-considered .
in this chaprer in order to interprer the recent_data on efe-
. annihilation into hadrons. We-coupled the eleetronidirectly to a-
gluonic field ¢ -and a field X, the meoiator of this'anonalous

interaction, so that the anomalous part of the Lagrangian had the

' general form ﬁan)'v 3 -Z¢ Xor ~ f',e-y"¢Xf, . "The consequences
of these coupling schemes were examined in the context of the
'qoark parton model,

et » o o
ole e - Hadrons) was found to behave as

The ratio R‘= - -7
‘ ole e app)
R ~a+ bs? for hlgh 8 (but & <3:M )

"‘The cross-section do(e :z"h + x) had the form A>a(z).+'323(z)

. exhibiting thus a strong's2 dependence-" remember that a strong ’s®

dependence especially for z <.5 is exhibited by the data [89].

do(e” e - hX)
dzdccs g

The €Yoss section ’ Q;s ~ found
.to' depend on CQsze while as we saw data [89] require this to
be cosg ihdependent; at least for cosg varying from -.6 to ,6,
The deep inelastic process éf 4 p_* e” + X and the'reaction
‘p + p ; p-p+ + X are affected by the enomalous electron coupling.

(e p)

' It was found that the structure funetion F did not scale

~but it had the form Fz(ep)(x,Qz) ~ £(x) + Qa,g(x). By introducing
~ some other gluons éu as eonzconstituenté of the hadron,we could arrange

(ep)(

things so that the non- scaling part of F ,Q2). gave very small
contribution even for very high Q This is an explanation as to

- why this strong Q non-scaling bchaviour has not been seen,




‘The same arguments,applied to the pp + u - + X reaction as well

:in which the quantity Q (Q zp-p+) was found not to _scale,
dQ

that is not to be a function of the variable T —-Q /s, but had a
Q-:dependence. Under the same assumptione~aslin the electroproduction
‘cese ‘we'can say that the effects of the anomalous interaction of the
A-electron are negligible and in this case.as we11 even for high
9 : :
values et Q (-— m u'u+)' |
Finally we considered the_andmalous coupling given by a

‘Lagrangian o ,C~qu(-eq)xq and we - examined their consequences

to ‘he mesonic decays r° aeet and nagp.




" CHAPTER V.

" Introduction

N In the previous chapters the ‘quark parton model was applied
tolelectromaonetlc and weak processes _also in the fourth‘chaptef
anomalous»interactions of the electron.we¥e considered.A The

| quesfibn is.whethef'the naive qu;rk parton model can belapplied
to strong interactions as well,
In this.chapter, which occﬁpies a small pOftionlof this thesis,
we adopt a strong interaction scheme 1nvolving quarké in order to
~explain the rising of the total cross sections in the hadron- hadron

collisions,

V1) Hadron-Hadron Collisions in the Quark Parton Model and Rising
Total Cross Sections; .

‘We are interested in finding the total cross sections ahth(s)

~+ Anything, where h, and h, denote hédrons,

of thé,piocess h.h 1 5

12
V applying quark parton. model techniques,
Any reasonable model should give é total cross section which
'is_ah increasing function for high values of the energy s qonsisteﬁt,

at least qualitatively; with the data [see for example Ref. 94] .

Conéidér a Lagrangian interaction having the following form [95].
L= f LGyt )d+h
= f +h.c. . (.1

The index VQ“runs over the quark fields; the ¢q's are fields,

having masses larger than those of the q's, for reasons which will

\

become clear later, and the same quantum numbers as q.




The fielddqi is the mediator of.this'kind-of interaction
and carries_zero quantum nunbers‘but has spin-l; ',ihe couoling
aconstant-rhhas_a value which is much larger'than the-electromagnetic.
or~§eak conpling constants |
| , The total cross-section for the scattering of.two hadrons h1

and h2 is given by ‘the following expression

W by G G Gy
6(51 =3 Z fdxclj 6(&)){f(x)f(j)+f(x’f(3) . (5.2)

The‘processvtakes place through the mechanism shown in Fig. at
In (5.2) the indices i and j denote quarks or antiquarks and
j(x,y) is the total cross~-section for scattering of the quarks i

and J: *he variables x and y denote the fraction of the momen tum

"of the hadrons hl or h2 ‘carried by the quarks i. and ] reSpectlvely

The functions.fi( )(x) are the wellknown parton momentum distribution
'functions_
| hyh
In order to calculate the. total cross-section %ot (s) we need’

ithe contrrbution of the processes qq’ 4-vq¢q,, qEq‘* q'wq, etc

weak and electromagnetic effects are omitted because f is several
orders of magnitudetlarger than the electromagnetic coupling constant
e2/4n (= 1/137)-or~the weak coupling constant C(a-lo-slmzp).
Consider first the process qq' -+ quq' with q'# q', and consequently

Y # @q,; and whose the Born term is shown in Fig. 22 .

v G — — —— —— S ——— o —— — —

See in the next page
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' ' tyz
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, . ' _ Yy

(hadron)1+(hadron)2 — Anything.

of the spin-] field 9; .

FIGURE 21, Mechanism contributing to ﬁhe»process ,

FIGURE 22. The process q q’—-> wq wq, mediated by the.exchange




The cross-section for the process qq'’ E w w (q f q ") has a

constant behaviour for large values of the incom1ng energy, in fact

. we find* 0(8)0( f /M where M is the mass of the particle ¢.
This_behaviour holds as.long as s >>'M2)and provided that q # q'.
/_ o In the case of q = q' the amplitude is the sum of the two

diagrams of Fig;.23'

4

FIGURE 23. 'The-process qq -'¢ w in lowest_ord¢r of

. perturbation theory.

} In the high energy momentum limit,in which the masses of q‘and ¢q.are

' pug‘equg1 to zero, the cross-section for the pr§cess qq -+ ¢q¢q,is
fdentical to that of the e e” 4 éfe--process'provided that the
cdupling constant e is repl&éed Sy’f‘and the photon has a mass M
.equéi tb'that of the ¢'-pértic1e. ‘The differential cross section
for .the. process e e s e e is given by¢#

| de _ £ [1reoh  jastly .

d2 ge*l w9 o8y S (5.3)

y
+ .‘16 10
Sln'/&FQS /2

— - - e - — e - — — — —— —— — — —

+ See . A. 8.17 with e replaced by ¢ apnd ¢ by w

+4 See formula (7,84) of the book "Relativistic Quantum mechanics",
J.D, Bjorken and S.D. Drell: ,McGraw-Hill, New York , (1964).




',‘In our case;o-Shouﬁ'be repiaced‘by {; ;nq sinz-g , cosz-g by o
sin2'$-¥_e,-coez'§‘f e,where € is'orop0rt10nai to M2/s,‘ thet is
¢ a:Mz/sn It 1s evident that'the enpression in the‘brackets
of Eq. (5. 3), after the above replacements, has a behaviour ~ /M2
A'when integrated with respect e,v_this behav1ourtcomes from the |
first‘ ] term. of (5.3).‘ Thus the totol-croSs-section in the case
qaq - wqﬁq hes a behaviour o(s) ~ f4/M2.{a1eo ;'  o | -
No need to eramine the asymptotic high energy behaviour of !
other*.quark diagrams because we have enerything ne‘need for the
»argnnent we want to.out forward, FromA(S.Z ) ne have
: ' gy ¥y (e (o (e (W . '
= 0’(57" Z(&(@G(x,)) {f (X’f,(y)-rf (x)f ())}-r(o.’r.) . (5.4)
W 243 T 9% v
 'In tne exoreseion.above by (OfT) we mean "other cerms" which
come from other querk proceesee or from weak and electromagnetic
(h)

interactions of quarks, The distribution functions fi (x) can be

written in the form, -

o _U(h' - | -

ﬁ(x) m+cg(-<) C(5.5)
where Ui(h)(x) and ci(h)(x) denote the "valence" and “core’ contribution
Jvrespectively,. When x tends to zero L&(h)(x) and ci( )(x) behave as

+ In fact only the qq' 4 w w ' process would be enough as we shall

see la;er .




Ui(h)(x)t~1x-a(o> and ci(h)(i)*~ xnl; «(0) is the intercept of the
ieeding non Pomeron Regge trajectory [51].

| | | q' 4y b, '

The total cross-section o?my, q'q' is given by the following

lexptession
*n—»‘}"? SR
S (x, 3) =9 9(7(39-‘«) e (5.8

g2 is constant having dimensions of inverse mass square (g acfz/ﬁ),
and s is the variable 8 = (ph + ph )2; ph and ph are the momenta

1 2 1
"of the two hadrons h and h, reSpectively and x,y the fractions of the

1 2.
hadronic momenta carried by the quarks as explained earlier in this
chapter.

The'theta'function appearing in (5.6) has been put in order to
have zero cross-section when we are-telow the threshold'for the.
prodnetion'of iq and ¢q,_partie1es.‘ In fact a theta function
os8' . - 4m 2) must appear where s' is the total centre of mass energy
of the q,q' oait. For high s the vatiable s':is given by
'fs' >~ xys + ¥ (quark mess)z. Taking into account the fact that the
¥ 'o ate_neavier than the conventional quarks the cross-section
'aqq'*'¢q¢Q' receives'the form given by Eq. (5.6) with pz >0, From

Eq. (5.4) we get, on account of Eqs. (5.5) and (5.6), the following

. hlh2
" expression for the total cross-section o (s8)
_tot
hba (o - (h
c )= g f 9(7( - YL, (y) 4
3 G 74 ) 4“‘33 ys-p] Y tx (3)

) (ha G (b | .7
+ Lgl(x) C (3)+C(x)c,(3)} -1- (O.’l'.) . (5.7)

It is easy to see: that “JXJ)) ]((X"#j)e(”& ]4) is equal to
{
Jﬁng fea ‘75(3() - . As 6 - this integral is dominated by the

fs Vs
behaviour of tho functlons f(y) and #y) near x ¥0 and y = 0 -




. '_tespectively » Thus ve ha\}'e»

4 " (as) (Q’.) s : )
fd“jc‘j f(’()¢(y) dfoy f(x)¢ (_\’) + (L 0. T) (5 8)
% i‘/sx,'_,- s—w»l‘/‘l‘/sv. | I
(38)( ) and ¢( )(y) we denote the asymptotic behaviour of

'Byf

' f(x) and ¢(y) (L 0. T) is the contribution of the "ower order

(h) o (h)' (as

'. terms""‘ When f(x) = q' (x) and ¢(y) q (y) then £ )(x) ~ /x

and ¢(as)(y) ~ /y . It is obvious that in this case yfrom Eq (5. 8), .

we have
(L) G K
f&"ij C (’(‘CI(J) < (enP) +(LoT) . (5.9)
- Simi‘larly -
' [ | o .
%% (W :
(ijJ U(x)c()ec‘a -)-l-(LO‘T) i'
) g nl (5.10)
|4/s t'/Sx : - _ 4 . : '
| (h1> | S (hy) |
When f(x) = U’-il and y) = Uq" (y) the integral of the left =
: T - (hy,h,)
hand side of Eq. (5.8) has a cons tant value because u(x) 172, x.'“((_’)
: B X 40 '
' and- «(0) '<-1- thus .we have
S ' A -
QR A R
v /Sx S—’m h

. o hihy

It is evident now that the cross-section o (s) ,for large values
3 ' tot '

‘of the variable "s' has' the behaviour

:-6\‘25) (e\n—-“) l;(en——) | . :.-5.1.2')

: {o% S-—vo>




',Thus’a (Iogs)' behaviour for the total cross -section was derived
This high energy behaviour gives a riSing total cross section and
it is consistent with the Froissart bound [96]

. Phenomenological fits to the data for the total cross ~section
h h
1 2(s) having this. (log s) behaviour can be found in the literature

tot _ :
[see for example Ref. 97] .

-AV2) General Comments on'the Model,

In order to derive this (log s) behavxour of the total
h.h ‘

- cross- section atlt (s) we needed basically three things- First

- of all a strong interaction scheme dictated by the Lagrangian (5 1)

fsecond the quaik parton formula (5 2) and third- that the masses of w E

:-,_are larger than those of q¢’s .

One might worryfbecause only'the BOrn terms were taken:into
acconnt or‘to say that we have’ violation of unitarity,because#
o9 Csiea.const and so on, This is not really a problem, For
‘:our calculation the only thing we needed was a mechanism giving constant
"total cross sections for the processes qq - V ¢ ' which is zero when‘
the total incoming energy is 1ess than a certain p031t1ve number Thus.
~ any Lagrangian interaction giving o(s)qq - anything g 9 (S-p ) would |

do for our calculation and problems associated with the specific form

 of the Lagrangian we have chosen‘should not worry us,

¢ As long as a- tinite number of partial waves contributs to a process

we have form unilarity o, (s) < constant. See for example
"g—“f—‘ :

YElementary ?article LhOOIy" by A_D Martin and T.D. Spearman,
- North Hollaad Amsterdam, 1970 : .




Note»that the (log '8) behaviour of the total cross section is -

" a consequence ‘of the /x behaviour of the core function c(x) near x ~ O;
4 In other words this (log s) behaviour is due to the statistical
"distribution of the core quarks inside the hadron and not to dynamics
'hThe only thing we require from dynamics is to give some |

. (quark) + (quark)' -.(Anything) cross- sections behaving as

TS anything( ) ~g 9(3.p ). for high 'values of s.

Diecussion :

In an attempt to interpret the r151ng of the total hadronic
l-_cross-sections atoh (s) en interaction scheme was assumed in which
the constituent quarks were interacting strongly with»sone,other
iheavier qnark fields through_a'spin-l field'cerrying-vacnum-quentun .
nunbers,'- | | | '

: h . Av(log.s)z hehavionr nas found-for thehtotal cross section

1 2(8) which is consistent wzth the observed risxng [94] and does

- not violate the Froissart bound [96]
This - (log s)2 behaviour 18 not a dynamical effect but is due to

-Athe_statistical distribution of the core quarks inside the hadron.




APPENDIX 1

: é): Units

on
..

Naturél units afe used thfoughout this thesis with h =

o _ e

. One natural unitAof length = 1 Gev
-27 .2 ~ _

1. mb = 10 = ,3893 natqral units,

= 1. 973 X 10 14cm'a_.md

' b) Nofation

:‘Ihe Ebta;ion'> is:tha; of Ref [1]. . Hence our metric tensor
'isﬁgpv =‘g“v = (1, -1, -1, -1) and the contravariant four vector I\
" is defined as'A“-=:(Ao A), The corréSponding'covariént four

. - . . R
_vector 1is Ap~=“(A°- ) ‘The momentum operator is pH =1 = b o; -iV ).

. The_Dirac mat;icéa.yr satlsfy the antlconﬂutatlon relations
{X X} ?% a4y

and‘are g1vén by;the fqlipwing exﬁressions

4()) N -() _E?A

: = | . a2)
.)Xy;-E’O . - 1

S . o . _ |
o stands for the vector o = (cl,az, 03) where the Pauli matrices

a;;az,'o3 are'givéh by the-fdllowing expressioné;

' ) ) (3
= : = « = . . A. o
d 1 0/ 9 o/l =

. The antisymmetric tensor: ™Y is defined as o‘y =‘%[§H,YV] and the

6123

YS matrix aS'NP_? 1y vy Y = ~Y5;~ EXpliClt calculation gives




- for the Y

Fpe(lol e

The scalar' product of two vectors A and B* is defined as

A »’.v'B = N5 = 3w’w’* _A%o’ ?"3‘ o G

AAThe slash £ of a vector A“ is defmed as A \}lA - The -
'-Klein-Gordon equatlon in its covarlant form 13 given by the following

~ expression

(D’{'Y'?)(ﬂ’():o (A.1.6)
where '~D -ﬁ2+ Vz.

The Dli_fac',‘_equation is given by
E ( iv—‘m)i{f(x)%—‘o . (LD

The Dirac spinors u(p,s) u(p,s) used throughout are those

g __found in Ref [1] multiplied by a factor (2m) / They satisfy

the equations

(F‘—-W)U(Pﬂ'o (f’“ U(Pﬂ' . (aL®)

© In terms of the adjoint spinors‘ u =-u,+-Yc.),‘ v = _1_J+Y° we have

'ﬁ(?,s)(?QYh)‘; O)';ﬁ(?})(f? ™ =0 (aL9)




. The ‘projection operators are

o v j{'}.'(p,-s)' = ({t_q-.,) ( |+ Y€

N '.U-(T’) ) 17 (s ): (f!-t ™) (

2.

. .s{ ...' .

(A.1.11)

where the Vector'su represents the direction of spin of the

32 =-1, 8,p = 0 '

The fol;owing identities hold,-

Z u(Bs)u(ps7 = (?’—fn)
: z u(Ps)v(Ps) = (}‘h-n)

| 'u(r)xru(r)— u(P){(P:) + z.___(P P }y(p)‘

- T (g,

Tr (aK)= vad 4a b
v (Kd’xdz&.) —‘1(&, a3 %, -2, d.,a,<1,+a,¢‘al a,)

_'.ti

¢y = dE-Lc F AN

i) =

Trtwfw o

T ( Ys AHJA) = AQ%decJ
4C"2$')» O )

T ( ML
¥ Xr

gAY

X”(Xr =-2d

Adl»

Xr¢u4¢&;-a{%dy¢*¢vxxf

- Telgg e

- #o) = T (4.

)

?cJJ

'noJJ

. "physical particle in its rest frame and has the properties_

ha) .

L (AL12)

- (AJ1,13) |

(A;l;lé)

(A.1,15) |

(A.1.16)
(A.1.17)

(A.1.18)

(A.1.19) -

(A.1.20)

“(A.1.21)
S (A.1,22)

- (A1.23) .

(A.1.26)

(A.1.25)
(A.1,26)

- (A L.27)

(A.1,10) -




|

Other useful formulae»and_identitles cén'be found in Ref, [1].

. ¢) Cross-sections

" The differential cross-section fdr‘é proceés.l +.2 4.3 + 4'+-;,
has the form -

@

+n

] ST W
AE ('.an S(P B ) | §TT % dy; lM»l.‘(A.l.ZB)A

I, - vz | (QE,)aEu 5 5(2,,)3(15\

'.'The notation is as follows;

. ,-P; and-P; are the total four momenta of the initial and final
. R -» ‘

" states t_es_pectivel_y.’ Yy and UZ are the vélocities of the particles 1

“and 2'reépectively.‘

'Ifhe"norrmaliza:tion of our states is the covariant pne-, that 1is

<‘|>.",gl"|'>':s’>"_—‘('2.n)2(2E).S(F—F') e . (A1.29)

" The spinors u(p,s) and U{p,s) are normalized to 2m so that we have

UGG TGNz o

In ealculati'ng Feynman diagrams-we must be careful as far as the

- external lines are concerned which are not multiplied by the factors

-3/2 -3/2

(2n) ¢ for' a boson) or (2m) (%) (for a fermion ). In

2w
calcularing the amplitude M in (A.1. 28) we apply the Feynman rules

' by puttmg 1 (unity) for a spin-0 particle ,the correSpondlng

and ¢ for a photen,

L R ' _ 1
" The statistical factor/S is obtained by including a factor: /m!

1f there are m identical particles in the final state;

"u, u, u, or y spinor for a spin - %— particle (normalized as in A,1,30),




'APPENDIX 2 -

 The following identities hold o
. |.£_(\<,\<_)" Z u(n ’XU(Ks')u(K s);;u(ks) =g
.“_--“ {W5+KK'3”KK+M3} ‘}mzn
Suw)- s gs)u(us)u(\fs)bﬁ ules) =
8{Krl‘$ + KM 9 K'K‘ftf’mquh'p} }(A 2.2
| M (KK)“ Zu(h ) “a- 5’)\4(!15)1.4(\«5)5 uKks') = | o
-{S(K,KHS 5} - .-.4 }(A23)

' rPrdof of A.-2.1

._Lp'.v(k'k') = ;l'r (K" + m)y“(l( + m)y by using the first of Eqs (A 1.12)
~ Using (A.1, 16) (A.1, 17) and (A 1.18) the identity (A 2.1.)

" is derived,

Proof of A.,2,2

Spv(k k') = Tr(k' + m)Yp(l-Y (K + m)Y (1- ) by using the’
first of Eqs (A 1.12) . ‘ |
Using the fact t:hat YS anticommutes with Yp and also (A 1.16)

~and (A.1.21) ve get
SEVCk,k') = 2Tk Y - K VYY)

from which by applying (A.1.18) and (A.1,20) the identity (A,2,2) is

. derived, Lo




Proof of A, 2'3.'

It i8 a straightforward calculatlen if one uses (A 1 16)
(A.1, 18) (A 1.17) and (A 1. 20)
'In order to fi;nd the corresporicij;ng identiti-es when either
- u(p,s) is replaced by u(k s) or u(k',s ) by u(k',s') or both we
. must observe that from Eqs A, 1._1_2 we have g u(k,s)u(k,s) = (f+m)

whi‘le - Zu(k,s)u(.k,s)_ = -(-f + m).  Thus we are lead to the
- s - : : ‘ o _

following rules, .~

| "If u(k 8) .;u(k s) (u(k',e ) -.u(k',s ) then the 1dent1t1es
. (A 2,1), (A 2, 2) (A, 2 3) still hold prov1ded that in the right
';_hand sidc of each iden_tity k <k (k' 5 <k') and. the overall_resul-t :

18 multiplied by (-1)."

Rule II ‘

nf u(k s) +v(k,s) and u(k',s' ) ..U(k',s ) then the 1dent1t1es
(A.2.1), (A.2.2), _(A.2.3) _still hold provided that in the right
ﬁénd side of eac‘l_n-ide.ntitf k -0 -k, k' 4-k'",
| Iri célculating -eross-“sect:ioﬁs we' ehaii 'freciuently use ‘the
folio_wing "i,d'entit}ie-s whose derivation is st'raightfo:rwa‘rd if one

_ takes into account (A.2.1), (A.2.2) and (4.2, 3).

L(mmL K.KI -32{KK ot +

1 1
4 K.-Kz K-;.K,’-+sm- K K -~ m K*\‘.z_’*?tnm'} (A.2.4)

| S(K.x\)S},(wl) (0§, Kl ko (4.2.5)
1l ) S0 (K )= safiek, Kb bk K,K K Kz} (82,63
L" (t:. K = 9{%‘ K- Kz} o (A.2.7)
St_‘r (K K = - 1 ¥ | .

. ’ . _~‘ A (A.2-8)




APPENDIX 3

"~ a) Unpolarized Differential Cross-section for the Inelastic.

Process e +p 4e + X.-

We work in proton's~1aboratory system, By (E-K)’and

S -+ o
: (E " K') we denote the incoming and outgoing electron 8 four

_momenta M is the mass of the proton The differential

cross~section for the process e +pae o+ F where F is a

:Vdefinite state of n part1c1es, is given- by (see A, 1,28),

e Serdn 1 1Q, ZZIM; R
(v 'u,l qEM ('19)(‘)_5') ’As ) . .

—

52 _dénotés avefage'over,the initial'spins and ‘E; sum over the
~ final electron spins, The phase space dQF_is given by,

Jf
AQ”- 11:! @’ QE)
' The matrix element MF is given by

(em)

M;: e u(m\)g u(lt 2). “3 (Fl 3'(‘”'?‘) w2
9

In (A 3, 2) J: )(x) is the electromagxetic current four

vector and q = (K-K )

Using the identity (A.2.1) we get

_ (4) , S 2 v . ‘ -.
(21_1)“ }S(Kﬂ)-K-,r,,)‘z:. %lMFI = 47;:51 Lr“‘,*"_ﬂ"’r.”:) C(a3)

W(F)=7 1700 5<2+P ?F><rs'3<°>|F><F‘1‘°"Fﬁ? (h.3.4)




. The differential cross-section (unpolarized) for the react:.on

; e + p -.e + (anything) is S _
0‘6 Z 36 o © (A.3.5)

.- so that we get

J6 ! J* 4ne ( “
: AEM lU U I (,'ID)!(‘ZE) i L(KK)W P‘L) (A.3.6)

W

. o | |
w,(?)tﬂ’:(h)z: hZ S(PJ«?_ T,)(?flj (O)In)ln!]'( )lps)_ (.3.7)

- The most general form of the tensor WHV is

ww ¢ w?:%)w *K«J‘("f‘ 5 )(R.tzi.)wﬁ

1

(A.3.8)

hieepY w t ?r?vw#% i) WGP,
M M a
The wl 2. 6 are real and depend upon the variables v'= P-qy

and Q =
. Note that current conservation and parity gives

._ W3 W4 WS W6 =0.

- Setting the electron mass equal to zero we get

ds _ud E' {zw@q’)w Wodeie] . e
dEde @' ‘M 1 2

8' is the scattering angle of the outgoing electron,

+ Wu'v is dimensionless




" b) The Tensor W“V(P;d)'

= p.A _

iP x

Using the’prOperty e J uf(o), where

P is the momen tum Operator, we get _ , : :
 Welgp = ZJA,(Q zf,snrrm;coum
a'l?i ';:_jax (rsl[J' @) Jvle)] lfs)

(A.3.10)

" In(A.3.10) ‘Ju(x) denotes the eleétromagnetic Currgnt .,

‘¢) Differential Cross section for e +p + e + X Scatter1ng with

Polarized Beam and Target

We seékthe'expressibns for the difféféﬁtial cross éect;ons’
“when the beam electron and the éroton ﬁaQé parallei spins (do(11)).
and when Eheir-séins are‘anfiparallel (do{ti)). “ |

..fhe'tensor LEy(k,k')_in (A.3.3) is now replaéed by the tensor

[see Ref. 51 for instance ]

\J v'. R . - | |
L= \r(ﬁ)-rL(M R - (A.3.11)
with o v o - , | , o " _ '
ettt e
| I_tw(h)"-'-?i,ikﬂc K,\K‘; . (8.3.12b)

(S stands for;symmetric and A for antiaymmetric.part)

Similarly-the’tenson wp is now replaced by

W= W<s'>+ww-_' s




where_Wﬁv(S).lsogiven by Eq,’(A.3.8?,(w1th w3—w4-w5 w6 0) and .

 H: (A) is gioénoby.the expression
W‘(v(A) - 12“ \G {5 A(VG )‘fv (2 §)8(ya )} (A.314)

In (A.3.14) the fonctionsod(v,Qz) and g(v;Q2)<are'sca1ars.and:su
isntﬁe opin.foor veoﬁofiwhich in proton's rest frame is |
¢ = (0,0,0,1). | |

: The dlfferentlai cross-sections do(ff) and do(t&) are given

by the following expre351ons
As(m -4 E FEOW L)L (W .‘(A)} an15)
| m EM r A

AG(?})“ —, {E(f)w,(S‘) L(A)W A)} e (A.3.16)
T QCM R

<

d) Differential Cross sectlons for the Nzutrino- (Antineutrlno)

Processes v(v) + N 4 u (p ) + X
o VN 4 p~X S
In caICUlatlnng,d ' _ ~we must take into account

the fact that the Lagrangian interaction is

£ :-'Sw"{-j:?w”a h. C} S <A-§-17>.

‘and that the leptonic part of J -)

(=)
Iy

has the form.

|.1y (1- 45, + cy AT 7% RED




"We must also use the fact that the neutrinos (antineutrinos) are

always left handed (right handed) and thus a. factor 1 “instead of

R
2 must.be put. when averaging over the 1n1tial neutrmo and antineutrino

spins

- The expression for the different:ial cross section vp TS ¢

orvp -op.X1s

2 yps |
ié— VE: (_‘7_ _E.{2W(VQ)Sm...|.W(vO,)(oS—+
n M 2
(E'fE)W(VQl)S\ } .
2

~

dE

(A.3.19) -

The current tensor W v’,the .analo_g of (A.,3.1'0) in the electroproduction

ca'se,has' the following form

W («,; sze zy,sw:nlo :rj*(l)]n»o o

(+) ‘. J (-) . «._ i ‘ - e

-In(Aszo) J
m M

(dfed‘.lve)

W‘n’( T’)W‘ %Dyt )W*ﬂ

A;3.21)

2 ’ ) .
with W W, being real functions of v and Q_. . The differential

1°%20%3.
cross sections for vn 4 p'x and yn’ ..p“‘x have the same form as (A.3.19)

where 'vl-l 9.3 are the corresponding functions for the neutron
) : . 14 :

_case and M is the neutron mass. The differential cross sections
2 yN VN ) '

do e . )

dE'd_o_' are defined as - - -

vN : 1V1’,v~y " ivn,?n | ‘ A
o|" - L ds S 4 3'5 ) } . (A.3.22)
dE aQ' 2| Jede’  dpde | |




. APPENDIX &
In this appeﬁdix:we first  calculate the differential cross section °

for the process LQ 4 L'Q' where the Lagrangian interaction is giveﬁ

by the following form
DC": 3{ L.Xr(ﬁv‘ﬁ‘\xf.)“ QXI‘(&"“,XS)Q}X'* h.c. . (A.4.1)

- The Feynman diagram. (Born term) for the process LQ -+ L'Q' is shown

in  Fig. 1AL -
S L B S
| o
- 'l , )
‘92:1—4——“'1“‘¥$-;£21f)“
[ - d

“FIGURE 1A. Kinematics of the process LQ—~LQ which is mediated
by the exchange of the spin-1 object X.

We assume that L,L' are leptons and take their masses equal

to zero. Thg mat;ix elémen£ IM,Z of (A.1.28) is given by
.-’ X .l .

' | =9

: le, (, = lu (“Ux(gv-gags)ul(“ 2 X

X u (y',’)x,.(f fhgs)uq(r,s)l :

(A.4.2)

Averaging over the in1t1a1 ‘'spins and summing ove;-the final yields

4 A

f z i M;‘s A {QSL—H) (2644 l)}' I(L1 iﬂz

x Z.u (P's')g"(f fAXs)u(ys)u(ys)g(fv ff\xs‘ u( s})i A.

—~
>
R B
(%]
~—t

e XZ';U (\t xr(g 3kx5)u(n)u(ﬁl)x,(3 ﬁx)u(t(x-)",




Using (A.1.12) and (A 1.13) we get " -

o 22 ‘M—M. {(2S+l)('1§q-il)} g x -
o (iz M")l '

| X -rr{(K-l-Y“ )x (3\, 3 XS)(’K-H'T )x(gv 3AX’)} )(A.Q.A) |
x -rr'{(wmq,)gr(fv—fhgs) (“'qu)‘x"(f{'fh X"}

T ‘and also from the trace properties ( A.1.12~A.1.27) . we get,

o -l: {(K—*Tu rVV_AX"J)(K_{_‘m)jxv(v",Ale)} | L
Tf{ Ramy VoAl R+
- (R ) (V-A ) (v +A5’)5}
Tr{ (!VHIM Yok )R- 2R CUN o) R g+

4 ,,,(Wg |p.. (K+N){g412m1-(v/\)(«‘*“)”5 }

= (using the identities A.1,16 to A.1,27) =-

(Wl*lh 1) Tr (/K' rﬁz v)_. Q'Re(\/ﬂ’)_l; (i'f({/«{)-l'
+ M (- AF) T (')
o 4,(ivzl+iA|2)‘(K K_+K*‘K"-3“K-K )+l4mM(lv1-lAf)3":._
- Biﬂze"(VAf)equv K&KF. .
Thus:we have = - | | -

\r{(k—m)x(v Af)fk&Mg(va*?}- |
L«{(szmﬂ(ww KK* g KK') + 0 4-4-42

g wM (witaf) +2L’Re(VA) WM}

| The expresaion (A4, 4) in the approyimatlon _ mL mL' =0 is




written as  ; ' ‘ o | o
g; IM:\n {(25L+1)(2SQ+1)} ﬁ‘__)z'. X
($ "1 .
Cox {(l3,|+I3AI YK+ K 3"KK )% e (9,98) "% “ Ka}
/ {(\Wlh")(vwv B9 P )t mqung (6115, ’er
B Re () puptt'

{(2s+l)(2§+1)} ég
' (2 M)

{(l3,!+I3A|) l;,ulg,u ey § ) Brpp- 3,” )+ |
-H'n'm (lgvm&h((;n lhy )(~2KK) Im(g '*)Ye(gwg;){“z Kk pP};
| | | {(2&*:)(‘25 +ﬂ} _]fﬁ_ X

{2(13,”13,\; )i, +|5A| )(PK;» x;f K pi-)“ )qu\m(!y-flg,\u)x
% G UAT)) 4 8Re (3,85 Relf) K<]>p Tggh- 53%)} (.4.40)

" where we have used the identity

RIS :
o ir,AB--Z(gﬂgy 333A) . (Ab.be)

" In the tes;-f:ame'of the Q-particle the énérgies of the
'incoming'and outgoing electron are denoted by E and E' réespectively,

I1f we denote by g the scattering angle of the lepton L')then we have

-

\ {P'K’PK ""[”-KP-'K'}:QW;EE,‘{L* E;ﬂi’siv?g} (A,»/4.'5). A




‘ .

{PK?K PKPK} 'ZMQEE(E*E)Q#Q -(A.4.6)
o tmel 2 ‘
- ‘Using*(A 4, '5) and’ (A.4.§) we ._write' -
ZZI n _{<2s +1)(‘zsw} 7mq ee’)x"

‘),s Xy

e) e ()
e ) ng,) Xp (8.4.7)

.1’- 2 .29’ : ’ X o8 . . :
(i) 2+ (55 TRe ({46)_(%_‘% ) sm’%} .

K

- The diffefi_e.ntial_cross-section for t_he’procesé IQ +1'Q'

has the form ('see A.1.28)
3 ’
K3

' m-»ua w o — _ :
ds (2 X( _TLJ "K L (as.7a)
" ” l’ 4EMIU,| (2n)(2E ) (o (€, )ég‘fm”*" ‘

._-Integrlating with respect p' and.putt.ing.mL = mL ‘= 0 we finally

get

ILQ_.,LQ ' 2 '

°l6 S(Q 2]"[-”“ - 1) 24 mak X

| JEJQ' : (2&-&1)(75@]) QM)
X {Aw?-‘? [A(1-+E E :‘n“:’B-r(E;E')C]SmZ} (A.4.8)
' .‘with Q%= -¢% and ) _ .
‘ k= (|9,|+|3Af)(lgvl+lsA|) S ¢ WD
fB:.(lg,,H'lg,u)(l{v 1 (A.4.1o)_
C,-; Q'Re_(g,cb: )'Rc(fvf,f) . (asaD

In the case in which the interaction is of electromagnetic nature




. process LQ’ 2 L'Q we must notice that the spinor u

"m. 4 -m. and m'

and L = L' = electron while Q = Q' = pointlike‘brotog of mass M,

Cwe get from (A, 4.8)

7 ep-=ép - ’ ,
-J—g._ S(Q—?fﬂ) e ME {Cos + E__E < 9}
polaiqg- gt 2 m )

- or using the variable v = p‘q/M

‘dgd: ev‘g: {c“ose (Ad)h' g}j(@ ) 'A(A.a.-iz)

. ‘ S 2
‘ In»order to find the differential cross-section‘gfgdo, for ‘the
Q.(p',S') is

replaced by U= (p,s_)» by U—(p »8°). © Thus in the course

Q' Q Q

of the calculation the expression (p' + m'

(p,s) and u

Q)‘must‘be‘ replaced by

(p—m'Q) and (p + mQ) by (p' - mé), 'i The'necessary_changes in the

expressibn for the matrix element z |M,2 "(A.4,4b) are p = p'
- ' : spin

Q " Q ..-'Q'; this has as an effect A 4A, B 4B and
C 4 -C and consequently we have |

2 (G- ' . ' A

de X(Q ?F 2+m; W) 2% meF
dEde . "(25,,-01)(');0:“) (Q4+MY)

Ly , P(A.4.13)

- { Acgs _g'_'. [A (54- E-—E ) "“QI'B (E+E") C]gm } .
. mq’ mg Mg g

s

To find the differential cross-section for the process Z'Q .;fb’

we only need to interchange the role of k and k" in (A.4.8) having thus

T N N
5 Q- Ypgmpry) 2 _maE
aIE_'olQ' - I 7 (2s:41) (254 (G4’ A4, 14)

X { A:c‘.os‘lg -+ [/\ (4+ E_’__E).. B - (E+E") C]G;}.i } .




Finally for the proces E'a' 2L Q " we have the interchanges

p p ’ ko= k', mQ _’ .-mQ; mQ' -~ .ahd tvhu's --
7-"_;;'_.1'_@ | | ?.“ - ',_’,._1
o cl6 | X(Q 'Zfi-hn- ‘).‘ 3 . quX'
Lo e TG G
o % { Acqsl_e. .é _[A(l-f.———»-E_El)'- ‘.Y_“f':'B‘f(E"'E’) C]gi,,‘Q}




- APPENDIX 5 -

‘ih this apﬁendix ﬁewfind the cross-eectidns for fhe
T processes v(v) + 9 v(v) + ¢ -and v(v) + ¢i -+ v(v) + ¢
/_ "-where the . interaction Lagrang1an is given by (see Chapter 11, 2 58)
S ;C‘ _ ?{(-—--220 Xh¢; R | (A.5.1)
e ‘lc.ost v |

t-eCose is tne well knowm We1nberg angle

The Lagranglan (A.5. 1) is useful when calcelating eross sections
':for.neutralﬁcurrent procesees, ‘When i‘é_V'(neutrinorfield) then -
‘o, = 1 and Q, =& im order Eb fine the'croeszsections menrionedA

‘above we use the rnsults of the Appendix 4 with the replacements
_ an- n

:8 4 /2cose, gA " 8, /2, fv‘ e 2z Qi and fA i

Thus from (A 4, 9), (A 4 10), (A.4.11) we find-

A;- '% (5 "QZHQ 'i'[fZQ' ) ' ’ (ASZ) |
3. = -;-( szn. ..+42Q ) - (A.5.3)
C,'—‘- ;3,— ( 'Jil_’lan ) - . <A.‘s.§')

If the gi is a parton carry1ng fractlon xi of the hadrons momentum

- then we f1nd+ (f:em A4, 8)

2 v vt 1 S
de( CIGA) * 5(7(—')() {2/\ WM cos 2 19 +
o dEle M v 55y
~2 ) XM ] E+E md 29 } N
42 A ‘B) ]s| ( ) ! s > o
....-.......‘_.....2.‘_.. ______ :_._.........._...__




. 'fq derive '(A.S._S) use was m.a'd'e'_-o,f thefact A

s NV*G?'-‘ s
21(Q+Mz) T

o which holds as long as M 2 >>Q

 For antiﬁeutrinos by virtue of (A. 4,14) we have 4

In the B_]orken 11m1t we have‘ I v ¢)
vé Ve iy
dBES S © E{wm,2 1
AEJO ‘ %M o Sasyy oo
(v C Seasn
: +2w "m_ _ (E+E)sm_}s-»
2. M )

. where the "structure functlons" (‘2'¢;‘) are given by the relations
. _ L2, L : _ .

A.,S(QMV s - -‘(%\.'5.8)..
.vw ? 2A S(--..x~ 7( S s
My B .

"w (’ 2C S( ) E (A.5.10)
- A'N, L lﬂv . |

'For the process in 4 VE we use (A.lo. 13) and find

.. -' (,71) _ ).  (v?")'4:-'_‘~_

¢ Vg (5 -
c’d‘;m - S(’K-—'x.) G E {W; ‘#c)osg +
JE’O!O' . .

2(A.5.12)

2ty (e |

.,with : o .
= '(_99‘.’] (V#;\._

Y13 = ‘w&;_ S » . (A.5.13) .

(]




o where the structure functions w

For the case v ¢i v ¢i (A. 5 12) holds but with

A (ycﬁ)v (v‘f;). (v?t) . A(Nf.‘}‘ o o :
It is obvious now that for the neutral current processes+ yh -;'y-x'.
- " and yh o yX we have R 4 '-: | _—
" R (vhvlﬂ D ¥

2 (vk;,h) 'l

443 ® am 'M-{ W2 i+ .
Ede a " el .' Y Ya.s.15)

| +2w‘”""s.n12 W, "(E+E');;.;‘9}’. 2

. .J
1, 2 3 are given by ’ '
(vb vh) (v\t vl-) ()

\N; (x) = Z-f (x) . - ’.('VA.S».'16).-

E %vm (,»,,;,» Y SRR o
vw = F (X = ‘27( Zf (X)A (AT
M | .

] h“l»)‘ -, (VL’G\»" R SRR
- vW '-v'._- f;(_{q ':‘-'-2 Zf;f{'(z{) C; B B (A.5.18) '

®

o To 'derive' (A. 'S 15 -A,5. 18). psrton model te'cl.'miqu.es wereuseo
The - (+) sign in (A 5 15) stands for neutrinos (antineutrinos) he
| ) §i in (A.5. 18) is either +1 or —1 for parton and antiparton
respectively. | The constar'ts A:L and C , when i= antiparton,are the .

_8ame -as <those for the correspond»mg_ parton; that is Ai A", ¢ =C",

: . ,
+ h is either a proton or neutron,

f




- APPENDIX 6
. , CC,NC o .
The differential cross- sections -—-(v v) (see Ch 111, 3 30)

are given by the following expression -

Jd(yv)- C’HE {(1—3) d(vv)-t":c (vv)} . (A.6.1)

,with
Cﬁp{:. V '- 1' 'A~. .”. _A..

(F'+ 6 ) wen.
M o : o

(F'= gzr)_‘clx L e

In Eq (A. 6. 2) the + is for neutrinos and - for antineutrmos ‘In
: 'Eq (A 6. 3) the role of + sign 1is interchanged
We .assume- that there are only four constituent. quarks namely
.P, n, A and P .
€cc ¢cc - - - o
In this case the constants a b~ are given, for the two cases
of above and below charm produc__tion threshold, by 'th_e 'followingi .

"expressions -

e . & _. T e
Above charm (\)) - b w) :l‘C S (A,6.4)
"threshold. _' L : ) - o
: ’ b (V)_Q(V)—BUTQC o (A;G-S)
Below charm d‘(v) b v v) = 2C ' - (A.6.6)

threshold

o« o
[7 (v =~ Ay 3'\) +'lc e "(A.6.7)
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The c?nstants\J and ¢ are defined by v = j-xu(x)dx and o

c = fxc(x)dx where U(x) and c(x) are the valence and core
. (7]

. distribution functions respectlvely ' From Eq.(A.6.1).and

' (A64-A6 7)wehave~-

_}A. o ..__‘ L e '1 G}ﬁﬂs . : jélfhﬂi ,..H' B
" Above charm . , O(V)= ———(BUT—-C)» " (A.6.8)
threshold f. _ ¢ » '137 . 7,‘3 T
: . : ¢ . : .
- 5(7’:-% (U+‘-4C) .  (A.6.9)
{ e@=CfE el ae
= 7"] (v-r C.) -
=Y - T 32__. (A.6.10)
c (‘5u+—C) | :
" Below charm 6" (v) GME(?u-r-C) (a6.11)
_ threshold _
5 (y) Gf“'E(u-r c) (A.6.12).
:5(V' (U?%C‘ 4 . (-'A.6.13)' .

- T«
ol (Gursa)

For the qnantitieé <xy>. = we .have:

- . ) .

' A':JG'(V.J) GME -y (F IE. (F; E C(A6.14)
dxdj B { D( 2) ) -

From (A. 6 14) we have .

Jalxd) 'xj f’l__%_(l’_!_ -

(A.6.15)

dxdy 1 . o .
_’ (L._EJJX'X{—% ti') '(FT ’)}
""Equation (A 6. 15) yields '
oy o 40 G (3 T0) e

°o dxdj - n




'fo!xclj -xj d&G GME( U+ZC’)1 . (A.6.‘.].6b)
R clxdj J 143 S .
| fhe'expressions'(A.6.i6a f;A.S.i6B)f' are valid when.we are aboVe-
the éh#rm prodUcfioﬁ threshold, ) f§r the'be1Qw the charﬁ prodpctibn
thfeshold %c’_sthid_Ee'repléée&:by-gc;; - The cons;aqts-v' and c'.
- f are defined as u' = f#zu(x)d#, c'AF'-lizc(x)dxf R

. )
‘Thus for the quantities <:xy>;.; we have
. . . - 9 . .

Abéve charmi o, 47(9))":(?\1,1’1[(6')/( JSU"I’;ZC) : (A._6.‘17)>

threshold

| (*3)53(3V'+'13€')/_(J2v164¢) O (A6.18)

Below charm . (‘ijv :A(?U,-f 7(_' )/(181_) ‘f‘l‘ C) ' (A.6. 19)

threshold

B O e c 10 s/ R DN

(a) Ruti-Weisskopf Qpark.Parton‘Model'

In the Kuti—WeiSskopf quark parton model

v = r( /2) x (-7 = GS’K(J-‘X) . (A6.21)
x. ~ ons) - -
' ‘The constant Gg has phe'vaiué Gg ; ;/10.> Using the iﬂﬁégral

© expression

j* (l <) J‘K - r(}a-rl)r(V-H) <(R€(rl?n 'Re(v.u) )0) (A 6.22)
] K3 | | r(rwu) _

(see 3, 191(1) in “Table of Integrals Series and Products" by 1.S.

"Gradshteyn, I.M. Ryzhik [Academic'Press 1965] ) we find for the.




Us U'iscsc'A- o

N S L
v=goyvEgm o wesw
=62 = — ¢ =6~ = = . (As6.23b)
7T %9 EG ) 99 " 45

. 'Using Eqs (A 6 8) to (A 6. 13) and (A 6 17) to (A 6 20) we find

- : 'i 8 (v) = GME 45 D’(v)-' C’ME 237 "
- & -?(A.j6.24)
;\-.53 <X3>y .'20 (Xy> 0714__ '

6(v)—GME 39 O’(v):cﬁg- 17 A
1} pR

R— 43 (Xj) _.128 (7(3)._. 070 f(A6 25)

" Eqs, (IA.6.24) and (’A_.._6.’25), corresp_ond to the two cas'es of above ‘and

" below charm production threshold respectively,

(b) Moc‘lifi‘ed R;Mc..Elhaﬁey;S.F.Tuan Model (Chapter III,section 2B)

In 'thi‘s-‘part we give the expressions for the moments
] 1 ]

- V= ij(x)dx, Vo= Ixzv('x)d;{, C = 5 icc(x) dx and C' = fxzc(x).dx
: [ °

o

(I
which are. used in calculatlng the physucal quantitles glven in Table X

. and XI of the main text

- The function V(x) is g1ven by the expression "

,"V(X)"—‘ %(ZU(X)-fJCf’) : L (A.6.26)
- where (see Chéptef 111, Eqs,(3,44)).
.U (7{): AU.(’Q"" (l" 1) V() (A.6.27)

A=A nd0) aes
L= TaE 10N a) L e




—— s e e - —— ——— G— o — — — o—— —— —

F t=1- o (o) and t' = 1-a,(0) with al(O)—l/z

. Thg f;nctioné Vs dl,' ci are giveﬁ by EAIqéA (3 1'43.) foria(c->). = 1)
Y='3 ;o \)2', d2~, éz ~ are given by the same- expressions but - |
. with 0((0) = 0; v = 2», Using (A 6. 22) ‘we f1nd+
R ¢ -
V= < { 3—:; + (1-2) ;—_%,} (4.6.30)
C = {') =) —1—3 (A.6.31)
GB 4+t 4
V= 9—{) i+ +(-2) f_(.'_fy_)- } (A.s.zz)
L sty (‘Ht’)(é-ft‘) |
C ‘263{‘)‘ ! +(1 1) } (A.6.33)
CERICL A (‘{'ft')(‘?-ft) |
“For t = 1/2 and t' = 1 we have
B ,:__7_'.11-93 | C—'G'l 94y e
v < '-———~A & Y 74_6‘__ . ‘.(A.6.34)_
'V": 4 143-900 - C -G 33+72 " (A.6.35)
3 3003 | 3 970 -




APPENDIX 7

- From the Eq (3V53a) we find for the crosa¥section 922 regarding ‘
. | T
- the process p + p - p p + X :

o 'wivth

EJE; IQT7J1 T S;JX\J) ER?XS 1;)‘;&()C(vj) (A7, 1)
JQ T ' o | |
F_'(x:); e Su(x) ;%dm-{ 7 c“(x).' |

Cand, c -
(x) = qg B (' 'yz(»j-x)’{f—i(j-x)g
| + (- 'A)’B(a 5){1—--—(1—10}(1 X

(A.7.2)

d(x)- c”\ B (' ) (\-.-x)»-r(l—'z)'B(l 5') (l'-") (A.7.3)

clx) = G,{qw A ts-2) 70 S/ iy

( v(x),d(x), and c(x) can be found in Chapter III,Egs 3.44a-3.44c) .

Using the fagt'thap,
fofa ot o f Rt

we get

-:fijo\BF(é)cg) S(Xﬁ”"’?)_i =

o

10
! o a2
1'(‘ 9G




I

{ ) G fJx * (1-%) (x-t)/ +2 8 ',\(t Q?G v,
| 3( a0 T B
o ,
| fJx X A(l X) (x ‘C)A ')‘(' ”C’ fJx * (l-x) (X—‘t)h-i'

- 73(1,5

T . . _
- +‘):lG jcli * (l-'x) (K—'E) +'A(l l)GfJx * (l-x)q(x—tlh+’

+ ‘)(J -‘))G fdx"‘ (1 x) (1( 1:) -1-6 0._3)_&. X

X 5Jxx (1-%) (rot) 2 (26 Ve Jx?\ “0- x) (X—U'* -
T 9'3(15)1 |
: - 1 ‘ s 1 2
+ A4-0)G 5‘4xm (1-7,0 (x~t) +0-2)G6" %
R &, a4} | T'

o X’SJ%’K (1-% (x~7) } . - (A.7.6)

It 'ié obvious that we need to calculate the integral having the -

"foliow_ing"geheral »frdrm
A O G SR T

I I( V}l“;d) = )dx % (l— 7_()‘(')(—-_'_5) AL

g By...changi'ngv the variable of inteération x as.

%= (J—T')(I-Z) T A.7.8)-

we get, - ) .
t4 ﬂ N R P 4 } _
I(v)r’ﬁ‘) (‘ -C) r J(Jz 2 (1“2)(1"0(2) (A, 7'..9> :




) wifh a = 1-1, Becéuse lql = ll—T[ = 1-} <1 we have.for-the
| integrai ébove (see 3'197 (3) in "Table of integralsSeries

‘and Products" by 1. S Grandshteyn 1. M Ryzhlk [Academlc Press 1965])

fo\z 2" 270- dz)—Bq.ﬁsﬁ)x } o
A 7. 10)
X F(V)‘,-H,rnsﬁ-l a() {or ’Re(wl) (v-n))o lo(l()

- So for the I(v;p,o) we have :

: €+ +

I(V o’) = (l T) 'B(G-H r.-rl)F(V pﬂ) twd‘-rZ I- t) . (A 7.11)

. The function F(...) appearing in Eqs. (A.7.10) and (A.7.11) is .
.. well-known Hyperggomeﬁric:function. - For the valueﬁk = .624 and

G = .0407 we get )

.. . : 2 * ) Lo
¢t %, = 2 (9 x1077)x

x {qs.‘ 748 G l4;32-1) 1234440 G(2 -3;—7 'T.) -
- 13. 782 G(; 42 'c)-r 2.670 G(l) i3 )+
+]. m Cs( Z5T) tAaL4a3H G(1~3-4’1) +

_ +lol uqs(s(q 3.4; 1:) 6‘636 G(I-M:‘t )+

+ 1172 G(5,2 'c) + -4 584 G(Sqq T)} (A.7.12)

)2.’

Theifunction G(a;b;c;1) appearing in (A.7,12) is defined as -

Lacs!

o G(_a_’-AL et 1;) (1 T F(d ;b+); L+G12 )- I) (A.‘7.1'3') "




APPENDIX 8

In this appendix: we éé_li:ulate the basic formulae given’
1in chapter V.
8a)

'In t;hfs part we .ca‘lchlaté thé cross-seégions d:_?g;:os 5
o(e”e’, 00, regarding the procésa e"ety ¢ where p' i's- the o
imagnitude o,_‘f the ¢'é ﬁoment.ﬁin and ) i'ts'.scattering angle in the-
'e;g+‘ l"cente: of masé s‘ystem,' The Ainterecéibn.Lag:ang-ian. is assumed -
to be L=f (Zés‘-'_,x + h..c)':or L= £e Mg x# fhe). |
The Born term for this process.is ‘éhowr;'beioﬁ (Fig..ZA)
) ()

£ 2
W?l;‘l)

>

e-t' L : 5

FIGURE 2A. Kinematics of the process e~e* - gluon +antigluon.

When the interaction L.agran'gian is | L = f(E¢;«X + h.c.) ‘then the

‘scattering ' 'amplitude cqg_responding to this diagram is

. o ) 4 : — . ‘ 1y — . | T .
T = —-i(hf}?S(mn'-r-r’) u@udalulcoute)
s JRE | _ (11_ M:) » e




The momenta and spins are labelled 1n Fig. 2A - Summing over -

‘ the final and averaging over the initial splns yields+
, ) _
-(t"q_=("_-K))

9

W w L '
) « . (A8.2)

Z |T g-l ‘(?n) g(o)S(Kﬂ( r-y)f(

$pn‘

'sz |"'

Thus according to (A.1,28)

M1 = £ ttn) B 0.2

ne~

| 3From tﬁe Eq. (A 1, 285 we have '
| W :
c‘.S (Qn) S(‘“ K K'} ‘M' S(f M)S(P—w)J?Jf (A' 8.4)
‘4E1Eih44 o

where m is the mass of the ¢ -particle.'

Performing the integration over p and taking‘into account the
fact that 4E E ,u el | = 28,(8 s (K + K')z),we gétr
. N 2 o ’
Js- (" WE-p)f () dpdesd (4
us R P

and from this

(A.8.6)

/ JK : Qn) | -E"I :k, z:
?J?JCosB §32F 2 F)( ) |

4 All masses have been put equal to zero since we are working

- in the high energy region,




~ amplitude is.

The mass. Mx is assumed to be very large; " For largé s such that
8 <M " we have fromA(A.8.6)

/ Js o (2“) S ,) & 5__.(059)2 |
FclP'Jcose 332(‘ (2 Y:q_( o ‘(A.8.7)

where g = ( /Mx) .

By integrating (A.8;7) with respect p' and cosg we get for the

~ total cross section o(e’e’ 4 ¢ @)

1

6(é‘¢,~a¢¢)=4—39—;$ RN (A.8.8)

’Eq.‘ (A.8.'8) ~is valid for large s but s <<Mx2. For energies
such that s > sz Eq. (A.8.7) ‘yiel_ds" | |
- s, - .
5(e‘€‘—a¢¢) = _.f S . (A.8.9)
- - ¥pns -
We now examine ~the;case in which the interaction Lagrangian

has theﬂform‘ L= f(EY“¢-x"l + h,c). : In this case-the scattering

1G]
'T; e n('zn)f S(Kﬂ(-?.P) (™ |
' (2 M’ (A.8.10)
X wr,s ) UL T g s)

W_ c[?)

-Sum'mi.ng over the final and averaging over the initial Splnst yields

> | lu,l—(m S(o)ftw ) S5 x
Srm' . ' X Q(t'M;) - (A.S._ll)
% [Ll-r(HcosG)_] B . |

LS e N A G e G e G TS Mt e eme W — — — —

+ See footnot-e of page 156 .




" Thus according to (A;l.-zs)

| 4||\4|‘l [A +(1+Co59)] B (4.8.12)
1({ MJ |

and consequently

| F""Jtev _ Q" 5 )fs [4+(l+cn56)]
© dpdesO .3.2‘r 7 N L

.- (A.8.13)

~ For large é;but 8 <M 2 , we have

o : JG’ un) S ’) 52 (5— A , . | o
2 (5+42¢o56 tcos 9)
| r df Ja;B 3'52»/"_ '('2_ ! | (A.8.14)
“hete'g'is given b} g_: (f/Mx)z,

n .Fo; the cross-section o(e-é+4 ¢'B).we.find ’
2 ’ .

for large s,
' The contribution of this cross-secticn to the quantity

: R = o(e-e+* Hadfons)/c(e’e+l.p-p+) is such that it gives

R=g Za+2(d)s .

v

For large 8,such that s >>»M2,wé have

¢

et 97) =




" from whiich_

U - 1 s "A g o
’R’--TZ‘.Z-Q&TB(%)*‘K? e (A.8.18)

v _ ¢ Mx . '

ab)‘- |

F.ormulae' for the diffeféﬁtiai cross-section ESI?,T-' associated |
with'the .1.>r‘ocebss e —¢.; 4e'-a are calcu_lated' in this—part; E' and
o' is the energy ;nd-'the. scattering angle of the .ou‘tgoing ellectron.v'
: ‘Thei Lagraﬁgian interactions assumed are those of the previous section
of 't-hi's._.Appen.dzi'x.. N | | | |
| . The Féynman graphs for the two processes e-_é s ¢ énd
e -¢'... e o ‘are shown in Fig., 3A .

i

) +
e aaa® WLt
fx ceed
S N L X 359
;——'—_",—J\\‘ : .
K I R o ?
@ | )

" FIGURE 3A. a) Kinematics of the process (e +gluon —» e +gluon.

b) Kinematiés of the process e +antigluon —se +antigluon.

- When the interaction Lagrangian has the formd{ = f(eg X + h.c.)

then the matrix element for the 'ﬁroce'ss ei¢'-o e ¢‘is given by

(&) .
.Tq‘ -

IR _ o |
N :--((217)“5 § (rp-K-p) UGS Iul, 1 Ulps L)
B L M)

J(A.8.19)




Ffom, tﬁis ‘we have' in. the usual way

3\‘"

Z I'T l‘(Zn) $ (o) X‘?K-p*g)f A(P“)(P K’)

o (A.8.20)

spw P I ( g'- Mx)z

In Egs. (A 8. 19), (A.8, 20),q denotes the momen tum transfer
-q = P-K' = p'-K,

In order to apply parton model techniques we need the

' differential cross section g—E-?%l when ¢ (or ¢) carries fraction
xi;of >proton’_s momentum, In the course of the derivation we omit

all lé,p;cin masses (m"3 = 0), Putting Py = x,p we have for the

" amplitudet ,M¢|2 (see A,1,28)

*

lM (X.)l = 45 x; MEEiMX +( ?C)‘Sm' } : (4.8.21)

Mx

- ' 2
In (A._8.21)-/,x_\denot'es the variable x =2§v_ .

'Thev.differential cross-gsection do(xi) is .written"as ‘follows

(A.1.28)-
3 Suc 90: 24 M -
clS(Xt)"'('z“)‘ (K- ‘P’) "w Mol JI"S(P"‘*’” *(A.8.22)
| | 4EMK,  Om@E) T |

Integrating upon d4p' we get

?

(]6‘(1.) - 4o E'z{ Q' ‘M (x1] } g( x:) |
dEdo Q" M LBEE! e (45 29




"In the expression (A, 8. 23) ‘o denotes the Hyperfihe. structure
constant o = —— ,
: . 4

Repl‘a,cvi.ng lm¢(x)lz (from AA.'-8.2‘1)' in: the e'xp‘_ressic'm (A.8.23)

dee _ L‘“ E S(x—v()( ){ M(Q‘:’.(_)io}g + :l

GIEJO' Q MQz v ':2 _ (A.8.26)
o ( XME+2)25inQ} . ( :

2

we have

| The amplitude [M¢(x)| f_or the process e _¢ - v e E is given by
;"l -'2 -___'A"_ o .20
Mol = 43 % MEE {an-r'ZEsm%z *©  (A.8.25)

In the case in which the interaction Lagra 1glan is L“ f[e\}l¢ X + h.c]

' _we get for the amplitudes lM¢(xi)l and lM¢(xi)|

‘M(x.)l = 83 «.MEE {Mx, ( -r,l-c—;- +Mx;)7§i§g} A(A.8.26)

IM (n)l 83 % MEE’{MX +(-2E+ ix -er\)?sm—-} (A.8. 27)

It is a straightforward calculation to show that

\l-'—)e_ | |
AG(xJ [hM E. 2A sa +’B coS } K(X -%i) . (A.8.28)
Cdede’ T d M 2 |

In (A.8.28) the symbol "y" denotes either a por a "p particle and

the functions ‘Awl,‘B"p are given by the following expressions




(S') | . Af:_? (%)(iiM_xME+—§-) o ..(A;'8‘.29-)
o A )
o ,}Ai.gl(_gi)(v%“_’. oxtE) . o
L
(S) BﬁrBi@') %3% o e
| o : ,'Bf=?$= (%)(%—% e,

‘In the expres‘si»ons'@.8,29)’- (A.8.34) the (S) and (V) denote the two
cases in which the interaction Lagrangien is L = f(3¢ X 4+ h.c) and

L= _f_(EJ‘qs X"l + h,c) respectively, -

The differential cross-section -d— (¢ @ aup ) is calculated
dQ . :
in this section where Q is the mass of the p p pair.  This

‘ cross-section 1s of interest because it is applied when considering'
- the prbce"ss' p+p p-p+ + X in the context of the parton model,

Omitting masses, t:he general form of the 922. is

dQ

- In this cxpfessiqn "g" ig. the usual s-variable and ]M,z is the

o scatterihg‘ amplitude squared in the no't'avt,ion' of (A.1.28). Q0 denotes




the solid angle in which the Outgoing 0o is scattered into and the
“ integration is over all- the directions 0. |
The amplltudes [Ml for the cases (S) and (V) def1ned in the

' previous'section, are given'by (see A.8.3 and A,8.12)

l» (s)- Ml "f (';&M )2’ A_ | | (A.8.36)

B\ L [M' =4 [l*"(”“”e)]f. . asan
h (f"Mx) 2 .
The»mass Mx.is assumed to.be.large andfthus we eohsider the

cese-in'ﬁhich’q2<3:xgz;.the Q2 is equal to 8 because of the'b(s-Q?)

| appearing in (A.8,35) so that we are really considering the case

8<<M2

Thus the amplltudes IMI in Eqs, (A 8.36) and (A 8. 37) are written

as

(.9_).?-’ o lMl 8 "'(’ “59) - (A.8.38)
(V) o ,’ lMl = 3 S (5+2c039+m: 9) (A.8.39)
vwhere g ¢ /M ) ' ' .
| Putting the expressions above into (A.8,35) and integrating

with respeet 0 we get

‘f(s)-..' _ _-_-_ _;l( )(QG)S(S G‘l T (A.8.40)

(V) o c'al -' _3.1._ ) (JéQ’)S‘(S- Qz) . (A;.8.v_41)

The cerrespondlng cross-sections when the ¢;6 partieles carry

~ fractions Xy and X, of the proton'é'momentﬁm are given by




[ “%c m)-_‘"” (@r)nm_r) s

- dor 2Q" o
W de (x:,m, hog (iot)sm-“-’ s,
. _ .GlQI_ N ‘ gq“' : : : ‘

In the expressions above r is the variable T= Q /s where 8 is the .
" center of mass energy »squared of _the p-p system, and g is»'defined.as.'

| g = 8/4ur.'r
- o

8d)
In this section we assume an interaction Lagrangian term given
: by L= qu (eq)x + h c. Our aim ie to. calculate the ratio
' R- ole” et .. Hadrons) ' ' -
o o(e eta p m ) ‘ , '
' The amplitude for the process e +-o qa is given pictorially

in Fig. 4A. where the first diagram represents the electromagnetic

tern.

"njFIGURE 4A. The electromagnetic and the anomalous interaction

contribution to the process e e+.-w.q q

Omitting mass terms the _am_plitude ZIMI 1s found to be
~spln

ZIMI = {(g s+23 cQ f-rQe Qz)(g cosB) +
Spiws
" + QeGQ(LMMG)} o,

s (A.8.44)




’;In Eq.l(A.8.4'4)_Qq is thé chargeu(invelectrbn units) of the d-éuark}

| .fﬁuﬁ Q' = - 2; Qﬁ = Q ;»l. g is the éénst;nt+ g 5 (fq/M‘)2 where
. P 3 A 3 q S -q- 1q A i

*_Mq is'the mass of the'xq field '

~ From (A 8. 46) and (A.1.28) we get
" U(QQ—) )"lmd{ Q Q}, |
et 11 q flgz-r : -(jA.8.4‘5).

. _ 8. - f
withqu = ;?/ez = ( q/euq)z.

. Thﬁs the-:afio R is given by

R’%{O;i'le -25-‘*'2-?1:} ('A.8.4_6)

+ We assume that S'<3:Hq2
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- APPENDIX 9
‘In ,ﬂthis a'ppendix'.we 'ealculate the decay rates [:. ) (n ...e-e+) '
1: 9

=) An-ap 3 * due to the Lagranglan interaction terms _‘

"L=-f Z(eq)x +hc and J:=-fZ(pq)X +hc

The decay rate of a particle m having mass M- and which
1

‘disintegrates into a u. pair (z = lepton) is given by (see for

' example Appendix of ‘Ref. 1 )

:  :i [zm_,g()_ (2“) gJK _th S('P R)Zl‘f'ﬂlm)]-m 9.1) .

': ] covariant ly

M0/ aB) (25) i

‘_In this expression If > is the u stace rormalized covariantly (see

A, 1,.29);k and ku are the momenta of the Ieptons z and 2. The

symbol-' Z -denotes summation over the spin indicesvl an-ldA A
spin ' S '

| _of the £ and 4. A

The state lm > of the decaymg particle is also normalized

To find the’ amplitude [< flem>, we apply techniquea found

in section 10,3 of Ref.[93]. -Because the states |f > and [m> are

' _covariva‘ntrly ,nq-mal.ized we find (see the above R'ef'_erence) o
g net = am) [fuol flg;‘.cz(r,r)-{{-\M\g(a‘i(:))\».(A'g,z)-

"The state lq(r)q(r )> 18 the q-type quark-antiquark state where the

| '.quarks carry no momentum and their spin indices are r and ',




'_ The constant C (r,r ) is spin-unitary spin Glebsch Gordan
coefficient; r,r' take the values 1 or 2 for Spin up and down -
- respectively,

The matrix element <:f[M|§(r5€(s)> is given by

| .lflM|<L(r7<'[(r"))'-'32 duln) O ut) L a9
In (A 9.3) gq‘is the constant gq = ( q/M )7, and the spinors u, U
.for simplicity are labelled only by their spin indices

. By virtue of (A 9, 2) we have .

> l(f‘Mln)l Om Lol X

Spies o (A.9.4)
T & ") )
o %12‘,-“:2(” Cz(“'gj R(rs)rs)
__where qu'_(r,s; r',s') is given by
'R (rs rs')= —E((Km)u&m(s))'ﬁ((lk—m‘)w )vG'))

A.9.5)

(KﬂnJ (u(,)u(s)) (K- wg) (U(s’)u(r'))

It is easy to verify that
(U(r)am?«p: S?'S*S_ )(UB')QWL?-S:,),',,-S,.;’,q (A9.8)
: ‘having thusv

B + ' |
Rrs s’ :,(K.m) ({(_m ). . (A9.7)
| 17) ) 9v,r«2 4 _

» The'shash'vector K is giveq-by_the expression-(see A1.2)

Cee(EED e




So from (A.9.8) we have,(Ki =6_ k and similarly (K )s +2 42"

s'r'kq :

‘It'is evident now'that' o o :
3 IR |
| 'R (rs'rs) ﬁ+ Sudy o9
i abgcauée k ' M/Z :. _ | | | |
" The amplitude l<:f|M[m>1 of Eq (A 9. 4) is written now | |
sz: \lf-mlm)l = (M lg(Mo)I (M +ml) o
e P (A.9.10)
X Z Z 313 szrr'ic (ep) }

e 1&”
| When we deal with Jp = 0 mesons Cq(r T ) = -Cq(r ,r) and thus -
T [ Ml 1= (2m). lg(mn( ,\m‘) X7
}(A 9.11)

- spw
L % 2 ]Zgzc (¢ z)l
_’4 gThié'isﬁécaqse Cq(},Z)A= -Fq‘Z,l}{énd Cq‘;,l) = Cq(2,2) = oL'.
. The expréssion (A.9. Il)can be alSo vritten~as A :
Z KHM]W)\_H(MO)) M(:-ﬂm«) ¢ 7
. irm’ (Z M } (A 91_2) |
L 312 ]

©In (A.9.12) 'gc'xé =N Cq(1,2) being thus an- SU(3) .
o Clebsh-cdtdan coefficient; the coupling constants gq have been‘z
. taken - feai

‘ The integral (ln) JK 4ﬂ w. in Eq. (A,Q;l) has the value

(2E) (1:3 'A
Al (- ) Y _ k
"(2“) j"jﬁ 'J_L‘ " Qn) ( l_{_p_,;_)/z R (,A._9,-13),'

Japygey” T At M




'so that thé'final'expreSSion for f-km -+ LZ) is -
: (an)

l:(yy-,ﬂ()- nd lf(uo)) M (1-4:“()/2

X (1+ 'lm) ( Zd f ) (A.9.14)
M
o . g » '
._fq'is defined'a_s 'fq .= q/e H the c_onstan: a_is the hyperfine
sﬁruétufe constant,
~ For completeness .ve give ;he SU(3) ﬁave'funcpipns for the -

o B
n and-q‘mesonSs

ln)"’ —l— lﬂ’)--—-lnn> - e (A.9- 15-):

iﬂ.) ((me + 5';9) (‘rfﬁ*ln ))*( 3;_?9. ‘ge)h'h).(A 9.16)

The value of the mixing angle g is 11

“From (A. 9 lS) and (A, 9 16) we have

o (nc) °(l’:‘_°'("_é_’/ﬁf- 1A_°(‘r\::°f" o (‘;-9'17?'
o W) : dp=d.=.5n , !‘?‘(af—'—-é‘il" (A.9.18)
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