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*  Studies started at SLAC in the
1605 showed that g_qhen NUCLEONS |
wefe». *ﬁiibjombarciea wiUr; LE?Tomclpmbe%l |
the‘ .M\%u\m‘i .’.d\(sk'rl\ad‘l:ion ‘:fm' Uﬂ@
f-ina\' ‘s’ca’ce | leP’c'ons Sugaested
5&0&&&&'&03 oﬁ POINTLIKE conskituents
nstde khe nuelepny
(Cﬁ o RQTHE&FOQD sc.m?e&"u\)é oﬁ Nuc:.ex)

*  The interaction kinemokics is
detecmined by the LeetoN im2ia/ stike
ar\d‘ﬁbazfsfazze_ L~ vectors alone,




=)
* The nucleon constituents turn out
to be Fermions (some oS’(:‘nem'. GLUONS
wi il be discussed later)

The DYNAMICS oj- the interaction
con be gcmmed N terms of the Dirac
eq'u‘o.t{on‘, with some additional
'O\Q\ieiog)ment to toake into occount
the momentum Awste botion O*S? t he
ﬁuc.!écﬁh constituents (PHRTQNQ.

* STRUWCTURE FUNCTIONS deseribe the
momentum distributione for partons

~ of diﬁemn‘c species, ADDITIONAL structure
functions can be defined to spec.ify

feahw’es such as 59{n content.
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In %enera\J MoNy dif{ferent, hadronic

&Cna\ stat es are ?roduced, It s
often mot possible to detect all the
'Pmtic_\es in @ given hadronic Yinal
state, so it s not possible Lo measure
the hadronic 4-vector .
For this reason, conventionally the

\ep’con ang\es ate meosured (in Sixed

{:acgét expesimen te ).



..L'S helicities oare not takKen into
account, the parton distributions
ave described \oy just Two independent

variables.

Tt is desirable to moke thece
L oRENTZ  INVARIANT otuan"citiee,,
Common choices are

QF = - ¢
Y = P.g
M

Note thaot in the Lag frome more
manq%eable &orms for these variables
exist, |

»= E'-E

Q= 2EE'(1- cosh) = 4EE'sin' 8



= P\teﬂmati\/e\y] one can use TNE

dtmans\on‘ess BIORKEN SCALING VARIABLES,

x 0\06\3 In Lotentz - mvationt 5’0"’”

these are

K3

Here o 15 the MWawpersta variable

c . (k) (E W)
The @owesgond'\ng \aboratory frame

C\,uar\t\ti% ore

x= & LAB
ZMy
Froame.
y = VfE

In order ko com?\e‘te this survey
O& kmemcxtxc_ vav\ab\es \Ugn@&_e that

the Mandelsbam Joacables ace e:kejmed as



s = (prk) = w
t = (kb)Y = Q"
w = (p- 'Y

These ave velated to the previcusly
deﬂ"med q{uqntities 0.S &ouomst-—

s+t 4+ o= M o4 W

, 2
S\N _e_ = -{'.'M
L S0,
8y = S+u
2
X = -t
S+u

Note £ hat yois pmpo'\r‘t\'ona] to the

Scatﬁef(n% om%\e 8% in the rest Srom e

OS the (nikial lePhQn and the etruck parton
cos BF = (Hy)/z




L The 'V\ch(cx\o\e x is normally

\nte«(‘we’ned as Jche_ frroc‘uon oj' the
aocleon momentum carried \O\A the

" uc,\g pm’con,

(This iekerpretation is valid only in
Loventz fromes where the momentum

Components 0re much larger than Ehe nucleon

600 (Jcm‘wn W\as.sesb



~ DUMMARY OF RESULTS FROM
~ @ED

The FeEYNMAN fru\es oMow one to
calealake &mp\'itudes Yor fe,c‘mian-ferm{an
nteractions ; {)F'or e W] sca‘tter{n% (so chosen
to  avetd Pcoblems with (dentycal Porbicles

and. ant'\?mtic\e&), we obtain

’(S;(::Cf lA‘f;/"

e X K
ks Pt

Ef} et = ("e)&(h',s') 3}“ lk(k, S) ("‘ Qw/ci})(‘e)a(f?;{')% (jg(t’)g

The unPoLaRISED cress seckion e given bU

dc‘-"’/zz\&rsf!

srsr‘
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Standard Jc_echnfq’ués exist &or orgqn(zing
this e_if.?ress{oﬂ into a product of two

+.¢0ces

lﬁ% v | sol = (%LT %LZ-T( L mvy e m)?’”]z) |

.S’

Nete bthat the btraces correspond to

two éemsors, one Sor +he electron andh

one Jor the wmuon,

Lo
M\*U _ ZEPIHPU 4 Pl.u PH 5 (¢</(>8¢g;w§
(@evj‘ﬁ*ﬂlng the troces). F{nally the

= 2 [ kyy +hy bt ) s

?c@a\ms o & vectors ofe cal cu\aked.



) Tn the Lne frome the ~esult
o& Knis C(mbar'«ous} contraction s

Ly M7= lent e 3co’p - 9" sin'e]
3 L w2

We new move to the intvoduction

og styucture Qj"\mc.\:(ons n 3 \O%ica\

ste?s,

. Sc.at{:ering from 0 STRUCTURELESS ?robon.

Same  Sorm ae  above, (SEill

":ma’r.hednS of structureless Serm'\ong_)

* Elastic electron proten scattering,
The matex element has the same 'jornr\
as bedoce, However éhe .Q«mm tensor s re\v\aced b\/
L) =% Y (plem) TR (gam) T



T The term hi contains two avrdiTrary
fgunc{:ionél khe J';orm facéor_s ¥ (C\}‘) : FJQ}):
(8= AP G + « E_,_z.{_,&ﬁi ="
(Cj' v\&-ig\* «S‘orq Mmuon)

Contmc{(ng the \evton omd Pfo’con +onsors

as beﬁo're, one obtains

do %F‘ )K Fgm 56~ 35. (F +F )smf“ “‘\
A 45‘%‘*6 E 4t & e R

This is known as the ROSENBLUTH Fermals

:S'or ep -» ep elaskic sca’(‘,‘terln%‘ Nete £hat

F, K Ae?end on ac

)
(In this fmmu\o\ we have token into
a.ceount e FLux and Punse SPAace :fCAChOfS.n

b = L (MR = 1, e L
v |\l“—-\_)51 26, Eq, () 26, (2x)"2E,

sc)( P«@;—-?C.D’)




w,]’n elastic electron proton sco.’c’cczring.

An ‘alternative . and ectu'\\)a\en’c way o
weiting  the proton tensor, deseribed in

ATedisoN & HEY o

L5 = & AL p " (a8 1L p”-((pe) g2 ]
£ 2 B(g) (g %*‘%/% )

From this one obtainsg

do o oF R (F\ con O +5A‘:ﬂz-@>
A3 4,,,}W«~e * : z

80 7
AGH) = TN = (¢) R Y
RGN = (FGRGV)G
ZME

The second form IS mMore convenient
ﬁor o\eualopment \n the WNELASTIC Case.

Tn this case we write a tensor \A)w(q,)g)

WW(%P} = (- 3 Y+ qP?[a )W, (@5 )
[6 (e0)ar T e (P9 )e ) 4w )



G . |
U Le, the same form AS jor the electron
proton ELASTIC scattering Case, Following the

Same ?rocec\ures) we obtain
_ng _ o | W, b8 4 ZW, sfn&,@:'
ASLAE'  4ETSnG = Z
Aes  we ofe Now dea\lng with  (NELRSTIC gca"’cﬁerivg

Q* ond 2 OfR nNow '\nde?enden’c Jvotiables

The abovr {ormula is GeNERAL , and does
not build in any meodel dependence.
‘ Ex&r'\menta”\)) 1t was joumd\ that
O and v were velated. Moking the
substitutions ’
MW, (@%0) -2 F (x)
Wy (@) — F, &)

with
X < QI/ZM-%) ”



®The cave form for FiG), FL () iy found
for dijjeren‘c values of Q

This iy known as BIORKEN SCALING.
The (A’cermetaﬁior\ Of Bjorken scd.\(na s
due to Feynman, The key step {s ko see
the fixed ratio o& @ to» as indicative
of Etrsmic collisions with nucleon
constituents, COMFaT\ﬂS directly the
fermion-Jermion and inelastic electron pm’mn

Cross Seckions

L_EQ" = T ol | (e cos 8 + Q" 251:’\"6)
AQ% 4 kS sintel) rh 2T G >

X &(v- Ql/Zm)

[FeRmion FeRmion)

s ( W

| ¢ W, 2 g&_@)
Ay Q_n"'s n'*‘(B/L) k)&‘ Z

" 2

[INeAsTIC € LectRON PROTON ]



) We obtan the Cor«es‘bono\ev‘\ce

w = e _g’;__, 5 (v- @ /2vx)
, 4_M'L
Wi = el & (v- Q)

for the ith Partov\-~-s?ec-ies, Here we assume
that the Pfotor\'s moss (and momentum)is
shated meong Enhe partons, with the struck
Pavton veceiving a rackion -

To_ obtain the ﬁu\\ ckracture SunCﬂOﬂ)

W €
. Sum over ol antor\ g\oecie.s

o integrake over all  momentum frockions,

Dejining l&i('ﬂ as the ?roba\oi\ity that o pacton
o species | corfies momentum jmctloﬂ x

we obtain
Wy (o, @) =7 |4 e 6 (- /e
\ A



(e \Ale deal with the $ ﬁunction by
using  the Q(OQQ(’Q\}
S () = _&(x-zo)
| 934 |y,

where,
&CXCQ =0

Thus
S (- Qz/zm) =z 5 (x- %2mp)
| 2D

Su \ost\tu‘\:'\ng,.
W, (2,Q%) = Z_jdfx T () &7 x 8 (x- QM)

Py

. \ ‘\
N R, L QiR b Q*
T el x ¢’ (L ( Y —np
V& | ja ) ALY

|

W, (9@ = 2 et x £.(x)3 F,(x)




A
2 Polntb:-

\

() uDeep (nelastic behaviouy emerges
as QY increases (eadlnﬂ toa fegs‘.ovx
whece %3m\<en scaling helds, Q" can
be Ehoug\\h o& a.s SQ’c{:mg) the de %roghe
wcwe_\ength 0(&' the virtual \?ho(:cm, At
\ow Qv’ ’che Prokoﬂ 1S Seen as S(‘.mc{w’eejs_
AL R 1nereases £he structure oj the Fro{nn
\s fevealed.

W) The &orvmx\tsm kas been deve\op@d

us'm3 cerres?onc&ence between ﬁunctmncxl

dependences in \Boin{:\lk? and sabskracture
cases, the form of the structur Junctions

remains unknown and must be deterwmined

\Dy experim ent
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THE CoaLaN- GRosS RELATION

The same ;ke()s can be ﬁ—oHowed
for the otructare function W, :-

W= et & g @Yem)

7 P
5o |
W, (v, Q) = Z Xdz:&(:@ éfq_g&S(v-Qz/aMx.}
Using

S (v- Ql/Zi;im) =X & (- Q%/2tA01)
we obtan

\'J(:) Q) - ch\xﬂ' (x)e @ 1§ Cx- Q/ZMLJ

ALY
-\ L ZM;) R N
fﬂ%) o el §i(x) *gp\;éifz(’&)
R‘o \N (U Qz"> Ft (x.)
™

Fi) = 4 2 eff 0o




| - |
) Compating this with the previously
obtained expfessior} for B(x) we obtain

Py

F(x) - xF @) =0

This (s known as the CALLAN- GRosS

velation As it was derivec throug h

the ma(:c_h{ng 05 fung’cio\na\ depend@nce

with f@ﬂrmicm- fewmim scatter{n%) et
G Consequence oﬁ the Spin- V2 natuve
cs& the conetituents,

EXPERIMENTAL TESTS
The usual test for the Callan

oss relakion 1o to ob udy the cross

>cattering vio \er\%{tudlna\ly (tmnwérse\\/)'
olatized vittual photons,

seckion qotio K= 3 | where oy (o)

s the c¢voss section j'cw AQQP ine}astic

+
!



&Y ,
,b,*
17@“‘*’"125 . ap-X
X

Our 'stmt{ng PO;nt s  the c_foss
section fo«( ?o\m"\z.q{.‘\c;ﬂ A -

oy (e > X) = &g e ey WH

[Amenisons &HEY p.q6]

T he eH(?O one /'DOZan,'zm?z'on vectors ,

For Virtual \’Jho‘towﬁs the :g'luxf ﬂ'actm’
K (s ARBITRARY, The normal PfOC@d(ﬂe
& to ?ut |
K = (wm?) [am
as ‘fo»( tea \ Photons. K Cotresponds to the

energy (‘g the RenL F\n@{:oﬂ needed to
create &he skake X

This iy known as the HanD Convention,



The polatization vectors ore
e (=2 = F 2% (0,1 £ ,0)

eP (A=0) = 1 (g C)O >
@ qu Y

The Zransverse po larization cross section

s the sum of &he A=+l and A=-1 contributiong

) | , V)
. - (‘%}%Zﬁel‘imé”@‘) wt

G,
f)\ - \

The Pfoton tensor 15
W o ot ‘M(/ W, @)

. +rg"' ((m)/cl})cv'\l[_‘) ‘(((”@/ t\\% \M \JJ&(Q y)
and , in khe LA frame

?['\‘ = [_t‘\ 0,0 03

=1t

a "‘[‘1«1 l

(««v oeB W,

(Lﬂ\)c (A=0) e))(?\ c:b\k ("r_i‘)v\*- »>\x \&z

S, =



2D Converting to F and R

VW, » €,
Mw, = F

'

%o (n +the "deep ineld s kic \imit‘\) Q' and.
\ar%e with x-= GIL/ZMU &inike

O.T ""“) T(Zo( Fl
MK

Sy — 47w .LYFL—&xFQ

MK (2x

Thue as QF Bemmes *cw':je) the Qa”an;Gross

velation yields

- A curent  algebra calculakion for petnklike
Spin O partons yields

St 5 O
Ss
Thus to test whether the \)aftohs,
ofe sein O or SN Yo one tast s whether

R tends to O 6r 65 as Q increaces.



, /8'* .>?4,_

Zz2 — /\/\/\/\/\C p

9, = (0) 0,0, (Qt)vt)
o,= (Eq,0,0,-(@)%2)

%= (E‘Sz G 0,7 (@) VVZ)

4+ =P

Cohsidef ghohon— Fo:(tof\ sca’t’cering (n £he
BREIT fmmE, Thn this fgmme (eloo known as

the BRicK WALL -Smme)

. the virkua) photon has Zero ENEREY

. the parton reverses diveckion (n the
collision,

Consider ANGULAR MOWE NTUM conservation.

. P sen zeRo parton cannok absovb angular

momentum  but a t ronsversely polanzed
\Neo MmN Q\no’con bf\ﬂgs one unit of angular
memen’c_um, 0 Or >0 as QN> e,
« R st pacton absetby o6ne wnit of
angulas momentum by reversing its SpIN
S0 OnF O as R'-—> e,



Ex‘aerimen’m\\y , the tatio R

e emall but non-zero, This & taken

ko show Ehakt (Jm‘han.s ore s(-‘ir\ ‘/L O\ajec.m

Recenhw) wnkerest has‘ﬁowsseck on

deviations § com the Callan-bross prediction,
Three possible efjecks are \isked below,

Q) “TMSO_‘E Mase " Effects, T.j fc\ftcns are no t
massless  buk have an intrinsic mass m o
R teceives o contribution

°
Rom ™ beol/Q |
i Tabrinsic Ry, Rgeois the inbrinsic Eransverse

momeakum for pactons inside the proton,
ond would %'we o contribution
Ry, = <> Jy-
Gid Highe ¢ Twist effecks, These arise from
binding effects between quarks ina proton,
€.q. DIQuUARKS, fh@y gve Yise to cont vi bution g
of the Form
Rur = h(v, Qi)/Ql

T’hub- o\l the cerreckions Pm’wﬁ ko a ‘/Q'L NCIRSE
in B as QF becemes small.



DE\JELO?V\EM OF THE
QUF\RK PARTON MOPEL .

Su MM ARY

The main vesults obtained
so Jof ave:- .

¢y 1he Proton (nu_c\eoﬂ) consists
Oj ]303‘777%22_‘;2{5: scatteriﬂ% centres
called  PrrTONS, |
| BIorken SCALING)

(D The Pcvf \:ons'(O{ some c>]L Uﬂmﬂ)
ove SPIN-Y/z OBIECTS,
[ CaLian- 6Ross RELATION,

o:r/cf as Q- =3

Cons\de(a\o\{ mon con EQ \eO\fHEC}\ ﬁron
o suitable cheice oﬁ beanr\ ano ta(ge{:
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The MASTER - Forvu.LA of the Quark
?m’com model (s | |

Pl = 7 et e fl)

ExPcch'\n% thig out, we obtain

E % - 3 [t + )+ 20|

ﬁ"[d@f;@% scmgc,-c_)]% .

jov (d’mraed) ]QPJCon_ PROTON 1nteractio

.'\)\“’\Ot abou{: NEQTRON J\’_Q(gets 7

T(\ FY\(\C\PlQ - one COU\\C’\ rewtite

the ex?(ess\on j‘of 7 noking that
. Now the exfressmns by () Ay, (x)

ofe di ﬁe tent fyrom those ( Up <s<) amk c& (
| 5’0'\’ sca‘c’cefmg oﬁ ?\'ojaons,



@ HOV\JQ\}Q\() the «x- d\‘stﬂba‘t\ons ﬂof

the w and *d q/uoxks n neptrons
ond \Dfotons. e .ﬁre}oﬂceohby

~ Jo0sPIN INVARIANCE,

Thus .
G = Ay () E uED.
d ()

Il

CL?G(-) = WUy (I)
\e. we use Jche Protov) Mmevs to \abe.
H\Q ﬂuc\eon %u\‘d"fk O\is{'ri\aution%,

\ith this convention, one has for

| Ln  scottex 'mg‘)

\:f () = 'L%%—[O\(ﬂ-\- dx) +clo)+ ’C(fxﬂ
) ‘\‘z;-[u(m)%— L)+ (%) +§(1>]YS‘ |

o +thak the 7atio fof steacture fgo\nd(on&
1S 3Nen bg



s

) L] + & [6aesehew)]
| FZQ?(Z) - % [u(z_)+ R(x)u(;.)*a(x)} }\ [0\(1)*&(,@ 1500 42 @1

With no &m’c\\u d\e’ml\ed 'm:focma‘cion,’we

see the 1atic s bounded -
(&\) If ‘H’\Q A CLU\O(\L‘ (}\‘U&’Cﬁbation dDm'iha‘th/
Fzg.ln <’"> / in€(1.> — V4

() ’H Ehe i) OLuark eistr bation dommajces
il 7/\:2?(1) —> 4
(c) ISL NEYTHER u(ﬂ novY d(x) dominates

the ratio Eokes wZermedz ate values. 14

e\’chef () or c"(ac_} dominate,

Fin(z) / F}f’(x) - 1.



6

Thus

{n
’L < Fz'(1> \<
¢ & gy $ 4

It s instructive to sepamte the
ot ond & C{/uafk distributions

Not ol sca’c’ceﬂ‘ng ’co\kes_' EI&CQ onL
VA LENCE q/um\(s} 1.2, Ur\o,s:e' \,)_\\_ose ,abcmdcmce 3

s 50\)@.{60_(\ \)B the ¢latic SQ(@ Cbuafk |
mooel. Tn adA{Jc}‘b,\ there s a "SEp
0& ojf- mass- ste(] cm: im\b (Oj all j\m}ouf&) |

Thus |
n(x) = o, (x) + 0 ()
a) = 4G 1d¢ (x)

Wﬁ\e al that s strectly  tequifed fo the
- sea q'(m(ks s that '%:\9(1) = %‘é (2)



\r‘ov\)e\Jc)f lJC \S usv\o\ﬂ\/ assumed
U(‘\alc the SEA q/umfk dls{mbu’m()ﬂs JCO(

u, d and s ctumks ate AL equo):

@) = T = d (@) = d ()= 8 )= 36) [ e)= T &)

- Move accwo\{e\\)} the ¢ quark

diskeibutions  shuld  be different from
 fhese for & and O %uarks omn% to /che MaL
o) the s quark,

The ¢ cLuwr\c contributions are g mere
exkreme cqse; éhey & 1@ neg\lﬁ\&l@ unless

Q" s well abeve charm g(odudc{mn Lthoshe!

I ———————

Reing ’chése we\a{i&r\s SES |
“ ?OSS\b e to test eict ’(:hQ ‘Dguadi on Ehe
- Yatio F /F &miher



1
|
|

@ 15 the SEA contribution dominates

in
2

T —————— . epm——

o
. [The SEA 1S (mgest ok sma” X, x—;O,:

Iﬁ the \aLevce  Con Evribakion dominates

L
4

LThe' yaence contrl bation is stronges

fg‘of % O,%,-l |



® [ SuM RULES

| Cons{ro\ints on the relative |
maqnitudes  of quotk distribution
o i‘unc_t(oﬂs ore | Oltteﬂ QKP(QSSQd ‘\n |

terms of 5uM RULES.  These

ote 2’772@97’412 eguazzz'm?s oj t he

Forem

J-; '%(x)o\ac = K

9(x) s 0 sum/dijferenc.e o} ct/uafk
distribution ﬁun‘ctioiﬂs or structure
fuﬂc\:ions,

i Fox example , £he _,.req/uifr_e ment that
- net  strangeness be zero  yields

\
| 4J($(1)~§(1))d:c =0.



The ctuark distribution "juncﬁc{oz
%(m} ave not d'lrec/cly accessible
‘I;Q exFer{ment. Structure ]((md:ione
qive linear combinations of the
q,i(’JC).

5cattevm3 with' charged leptor.
uses o Phofoﬁ' as  an exchange'
| \9&(‘(7(6\6, The ccux\al{ncb 1S PrOfcf‘t{m
to the square of the quark

chdr%es,

Sc_a{ter\ng with ‘o\'\ﬁetent Probes
Qs ise teo ’diijfeﬂ{Z Co'up'({ ngs, o@“ominf
- ceparotion 0% aquark disteibation functior



