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Teo these leccures wr will da#cuse Row fhe Blruclures and 1nteract.ne ol tLac L oere

experiTentslly investigated Ly grobing thez with photuns wnd electrons. 1t 1s weli xn.wa
how aucceqsfully thivs work, ot the elastic ferm factnrs o the proion and neutrun, The

success

dur to the tact thst the phocon i3 & cooparatively simpie obje=t. 1is .© r.tr

romes fram its velatively weak coupling to ather perticics, being propari.anal ¢

1) .
mentary chatge e » . This mesns thec oie ususlly neecs ¢ voastder saly 7e 1
137
order iz e. Further, the purely eleciromsgnetic interaction is vell undersico! AR}
Maxwell, Dirac 4na Feyaman) and can be calculared, with ut catastrophic :ntis 1blit, Ere
Thus, in electron ha‘ton scattering the dominant lawest arder proceie
het just one simple cbject, the photom, interacting w:th the haliupic miertrogagrer: ar=

reat in a single electromagnetic interaction with coupiing coratant e. By contrast, adron
hadran ecattering involves extznded multiple interactiuns of two very ccmclex sriunuly
interacting systems.

In view of the quite special properties of the ;heton i .¢ remaikayle - at it cam
also appear hadron-lize. That ias, in some of its interactions wich hadrons the hoton be-

haves as if - of the time it was a hadron itseli, snowing the same gross -atures of the

137
interactions, only scaled dowm in probability by ~efia photon bcam offers  en the same ex-

perimental possibilities as & hadron beam; it ix & neucral hadron beam in  .sguise with

1 bonus that we can

vectar quantum nusbers (JFC = 177, mixed 1), 1t has the odditio

provability ~1/1237

v """”‘"""”“::‘GEEZEEEEEEEEEE""’“A“”\N’““—EEEEEE

virew. ' o,4,9, other vector mesons,

", KJ_(, 31, .en



teal pho

%, tte maxs ol T.c Lear particles.

castun tvatures st oo by phaton-hadion interactione ( ‘eleentary”

vafieIv of wavs to edplcre the strorg iatersctions and the ha-

Stroap anteractics.

ttese conze ‘rate irteractions.

© high energy photen b

u eivCtioavnarics, Tesinanse phis..s, amd ¢ o anteracti the latier

ate Gua:

sg treated 17 aweher lectute. The principal Tefcrences on the subject matier, which

have slso been 1reciy used In preparing these lectures, are the sumracy articles in the

Procevo.nps o the Internatiana’  yop siue en Electyon ars Photen Interaciions ar Mip

Beeos {13730, av: Feynman'’s bdook cn "Fhoten-hadeoa Interactions™ (1372).

"2 fre= o diasond mouc cry

Srginary premsstranlung ceams have 3¢ sust a few percent of pularization. However,
in the oremsstranlung of nigh-energy electrons on the atoms of a regular lattice, the

d1ozs cun reze:l coherentiy if Lhe momenzum transfer to the atom coincides with a vector

o
=y

te zeciprocal lattite. because their wave funcrions are then supeijosed all with the

is the Bragp condition). Since thereby a particular recoil direcijon is

steonyiy ent

:anced, the phutons in this case turn out to be linearly polarized,wich a

intensicy

¥ tvpical spectrum

css 7

ess
® 2 &7 scattered
eleciron

polarizatioe of up to ~70 %Z. Rather intense beams can be produced. Large polarization is,

Uovever, achisved ouly for £ I3 F . Furthermore, there is a flat unpolarized photon
5T e

E.“.AX
Y

bachgro

d extending up to

of polarized )iﬂ!:lz

{b) "Accelieratio

Light from a laser is Compton-scattered under -180° on high-enerpy electrons. The

backscattered photons theredy achieve high energy in the laboratory system. As Coopton
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{2} Coberenc abs:.vptivn of J--.‘:otons]

Fhet a boan of high erergy photans is passed thiough oriented si:

¢ diarond s3uld 6o 8lso!), one of the lincar polarizat

grapinee (2 P

e relaiive orientati.u of the

it attc straagly absorbed than the sther, depending on

N . - o
pelatizatinrn vesrsy and che crestal axis. This is due to aoha, e ¢ pair prads

this zethod also ihe high energy portion of a bremsstrzhlung spectrunr can be palarized.

Ore achieves poiarizativas of 10 I.

. . 4
crties of virtual phoren beams

A -ivtual photcu beao, nroduced by scattering of (unpolarized) electrons, is autc~

maricaliv .arcially potarized. he effective dircction of the polarization (a polar vecter)

plane In contrast to a real phoLon, however, n virtual photan

o3¢ be © the soatte

rengverse acd longitudinal components of its polarization vectez Let us define

hac bt
)
] = 3 - 3 7s m
Ve e 1e 20 - Lyean® 3
4EE' < g 1 h

10( the virtual photon, u = its enezgy,

- . n eos 2
b ¢ e Ninematicnl guentities ate g = ma
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E(E') the incident (scattered) electronm enérgy and O the electron scattering angle:

ot 0}

A U‘“‘
E (incident) /~)0/'
Uneidenc) o~

virtual photon with

eergy v » E - B
2 2 2
Q= (PP} €0

Zop [ ]
1 €.poy target
ey > E' In practice, ¢ depends msinly on E and &' shown
E

in the sketeh at left,
Then the transverse part of the virtual photon is polarized to degree ¢, with the polari-
zation vector of course im the scactering plane; in addition there is a longitudinsl
polarization componenr that has totsl intensity ¢ times tne total inteusity in the trans-
verse conponents, and i¢ coherenr with the transverze coxponent in the scaczering plaue,
“n high energy experiments vith real photoas, one could probably as well var vir-
tusl photons of very swall q° which should behave in a very similar wey, but have the ad-

ventages of heing slready polarized and having well-defined energy.

rseudoscalar Meson toproduction

Arong the sicplest reacrions of photons vith hadrons we have

o~ n'p
yo+1p
w2 @
PRER
W K*A etc.

Detailed studies of those reactions with incident photans {often polarized) of up to

16 GeV have bcen made, mainly with large spectroncters measuring only one parcicle and ysing

the misging 23ss technigue. Thi basic properties i1~und are as follows, The differeavial

cross sections are falling strongly with increasing energy. They are largest in or near the

di

forvard eirection; in tins genetal region (Jei § 3 Gev?) the imate s and t d

da 72 % (&)
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In the forward d.rection {0 = 0) same af them show a dip, others s spike. Thore is also &

(flatter) backward pesk with strong ensrgy dependence,

ds -3 @)

Between the forvard and backvard regions there is a "cemcral!' region (-t * -u = 8/2,
Cl do . ~7 -5
6 . 907) where b racher flat and the energy dependence very strang, like s orv & .

; The behavior {s summarized in fig.1 and 2 °.

: e s b s |

(5= 212 120 peGev?:

Fr0. 1. Difforontul oo soctions far soveenl m andh & photaproduetion suactioti,

5 a3 & funchion of four-memeatum transfer syunrel. The kinersotie juantity

- M Freumal 10 & (tha trbortary photon meny) wnsd 1§ used 1 ko
the croas rox Liuted sewiitinlly nidependent of onerigy ovor the fungo 30 16 Goy

.
7 typricennst PR

—e 11 il
S 4

o smpoth curves thiougl dita foy a™n, k9, 17477 ad K¢

o

p Leg 24 Conbined plo ol frc
314 GeV moiden encigy.

i_ The interesting question now is whether or n * these photoproduction reactions be-
have like hadranic reactions. For hadronic Lwo-body sxchange processes we have Reggs

Vhat do we know . . Regge?

theory, sa we will try to apply tt here al




Regge tells os rhat exchange amplitudes are described by a guprrposition of

Kugee trajectories, like

R T T angelar sementum
B prAgi we ey Kopees : 90 = ¢ the exchange
-,-J_-a--
and that L. 2 {meson exchange)
$ . REICIRCINY SSS) (baryon exchange. (5)
_.-ID {evotic exchange®

1t is further knoun from hadronic veactions that absorptive efferts (cuts) must also be

2 — absorption, causing elastic
g diffraction rescactering

" i

present:

M

The & dependence {4) in the backward direction is cobpatible with our expecration

for baryon tIajectery exchange, However, from

-2
the « * behavier in the small [e] region one

deduces an effecrive crajectory ue“(!) = 0,

soall-y

1€ this is #n asympioric property it is dif-
ficult to reconcile with Regge theory, since ve would expect Seff ~ 0.5 near t = 0 from

the £, w and/for Ay trajectories, Thus we assume at present thac it ia due to a supz.rpbli-
cion of several terms of different sizes and s dependences, and that if will chapge even-

tually at higher energies.

We novw discuss che lip/no dip behavior gt the very fovward amgles. Regge thecry,

8s well as gny theory of particle exchanges, lesds te the following rule:

Let &1, and A}, be the helicity change BX =x =2
1 2 N 1 7s b
between the in- snd outgoing particles at the
tua vercices, thea the < A,k ) d
27 d
laa |+ fea,l
/T (i.e. dips unless 81 ,~23,~0) without absorption
amplicude ~
Inxl - szl [O]
=3 (i.e. dips unless ahy=81))  with sbsorption
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ian ¢f e cvchar ced

arglatude at high s, the polas

Tn the lvading erg

£ ol che eaterdal parliclea, 1 ¢ to Qs spins, {lnrs feads

syseer is caupled €a 2w

to the highest pouecs of the momeata, and therefore o* s. F.g. for vectry exchansed) n

I R O R R N —e

pot

—— St

Cutnequencly, the spin 0! the exchunged syster doed mor facey aty longitadinal comp
j, of angulsr romentur. This holds s well for Repue orebanges. Thus, it there is helicity
flip of the externnl particles, f.c, rheir jl is cnarged by 20, 10 must he tdrried by

|

orbital snyulsr momentum, and thus the saplitude assunes 3 fautor "J. * ot

for

eack vertex {the longitudinal omentum [ ohvieusly duet 10t contribute to jz). Horwver,

sbsorption effects can smear oot a zers of the ~apl:tude; the only skrice requiresent

'
. - PR B - .
that remains is then a Fuccor ~/"TI 17820 Grick cores from sversil angutar corwtus
N Jrmagl dexgmerg
conservation (the amplitude :untains a factor & N By - © L] for small 0).
i'f
Wow we compare this rule with rhe dara.
() YK+ n'N
Al, -2l
Ve expece n 4 o + Az ¢xchange; since tne 7 pole Y g m — = = == ¥
LE3} t A0
is so near te t = 0, it should dominace there. ]
[
For n exchange by a nucleor, & simple calculaticn ‘I

shous the helicity to ° p due to parity. Thus “Z - )
without absorption a forward dip is expected but

with absorption this i# noz necesesary, and in fact vo dip is observed (Fig. )).

(2) YN + ng
This is the sace as above except chat due to = o &, - a1
the baryon helicity is not forced by cthe pion to llaaa ey ol il
fix'p; thus chete exiscs a “2 = O contribution which E“
vanishes in che forward direction due to angular X ] &
momentum conservation, Thus we expect, snd in facc M, =0

observe, a forward dip (Fig. /1.



http://cor.fi
http://sa.ee

-4~

(SRR
o corni . o
r° exchange is forhidden by C parity; w and p
are passitle eachanges and w should dominate

LE S

hecause >f its larger coupling (I
ecaus & pling (F ey

oTe ) tfoto ferbi -£13 epl i tuds ;
There 35 notaing to ferbid a no-flip amplitude 81, = O possivie
at the nucleon vertex (charge toupling of the
w), thus a torvard dip is expected. This sgain is obaerved (fig. 1); the superposed
very shkarp spike in the «® crass section at very sma}l -t is due to photon exchange.

The shaliow minimum at -t = 0.% cevZ is where the w trajectory uu(l) goes through

mivale) ;o e Regge amplitude vanishes,

zere and the sigaature factur ! - e
Thus ve Find reassnable qualitative sgreement with our expectations, which are based on
our general knowleiee of hadronic reactioms,

Next we remark on che gentral region (Fig. 2). This region shows a strong simila-

N . . . : U P . N
rity with the correspending kinematic region in elastic + p scattering; in fact here

do + .1 dafde(r’p + n'p) v dasde(nTp = 27p)
TR Ay "

where 7%7 is rhe ratio between ﬂlol(yp> and the sverage of ulu‘(w'p) and aloz(“-p)'
This shovs that at the highesr momentum transfers ue seem to have a striking agreemcnt
between hadronic scattering and photoproduction. Models of hadron ccmpasizen(ss’lead to
the prediction that in this central region

dafdr(yN + 3N) - 27

dofdr(an = ) - 670
the pion being composite (in contrast to the photon) causing & faster falloff with energy.

Unfortunarcly the cross sections are getting so swall that it will be hard to check this

over s wide range of energies.

Measurerents with polarized photons

These can give many new types of informatian. In particular, there is & polarizarion

thearem for phatopreduction of p ns:ﬂ

let o and o; be the cross sections for -

¢ PR Ex- ] P

photons with tramsverse polarization vectar Y‘V‘%‘“—d&- Masan: Lokl
] 0,

perallel and perpendicular, respeccively, " s

to the production plane of the pion. Them for high s,



RPN R N —

LnTTes

ay gets cortriburioas erly from natural parity exchsowe '}

oo " *“ unpatural

theore

" excharge (unnateral): reflect on scattering plane (- plase of pageri;

< e 2 >
R 1T f gy~ — " produces = ~V\§,ﬂ—’ -
4
4 i
) ]
‘ t
exchanged » enchanged

the teft pictute rerains invarianc (thus @ 4 O allowed) Wh:le the right cne dovs :

ish.

Tust

(since the polavization wector @ changes into @ (our of plane)), thus N

ange (nalural): the s.2iment is just the apposite since the odd n

+
How for 0 exc
psvudorcalar pions present causes an additional change of sign under reflection,

New fct the geaccal case of arbitrary exchanged spin’:

i Bl
shoton MN\/V\-"WV\-.‘k/ preduced 1
pol.vector ¢
exchange
Tj - spin tendor (for ratural}
i

spin psendotensor (fer urnat

To build a matrix element we can use the vectors ¢ (omce), k, k', #nd the (psaudo~)renscr

r-{ . (which also can occur only once). For the lesding term in s, the | poiarizaticn
peeri >
vector indices of 'rii are coupled to K and/or K’, but not to £ or ~ « k' (vhich is

j
« ki aad therefore small), by the argument given before. fiace the total vatrix ele

must be a pscudoscalar hecause of the pion, if the exchange

© pscudotenser {unnatural) ve must have no cross product, i.e, a term e - k'

is a . .
i tensor {natural) " " " gome crass p-oduct, i.e. & ferm : °

The measursments with polarized y of the reaction
+ N . u-L" 0'
Yp » 3 0 show a polarization asymmetry ]| o ———

a* oy

drowm in the sketch, 01 course it must be zero in the

exact forward directinn because there the production plane

td, We see that a< expected, natural paiity ex-

is undefi
2
0,02 GeV -t

change (p,4,) doninates at rolerate and large el volues.

.
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ces 1 urmp from 0 to «l, instead of -1, whea we go from t = 0 to ;:}——;-f 02 Gev?

vhere we said pion eachange (i.e. unnatural patity) shouid dominate? There 15 another Te-

4~
lered -~ystery. Fig. | shows Eri have & sharp forvard

i do £ .t
spine, althaugh our dip rule calv required “no a eryy +w¥n
forvard ¢ip” and for unabsorbed pion exchange wouid
@ven Tequite & dip there. On the other hand, the fact
that the rapid variation of ¢ and §2 cakes place

— T —

between t = O and == definitely suggests that 0.02 GeV”™ -

this eust have To do with pion exchange.

There is a nice explanation of these odd facts. It is connected with the lack of
gauge invariance of the pion exchange term. -
P o

Naz2ly, the ¥=° vertex cust be & scalar de-

pending on rhe vectats :. L and k'; further-
mwre for a real photon ?li. Thus ooly (¢ - K')

s possible. Bur replacement of ¢ by £ ¢ Ak, i.e.

& gauge transforzatios, gives an additional term A(K - k') waich is in gemeral $ 0. Thus

the a‘agram necessarily violates gauge invariance.

Therefore wve cernot take this diagram by it.eif, but must add other terms to get

an invariant overall exnression. The pion exchange diagram is proportional ta the coupling

constarts e (elegcrie charge) and L.

(pion nucleon coupling constant); gAuge invariance,

4s a wimematic praperty, should not depend on the numerical values of chese conscaats.

Thetr:fore adding together all passible diagrams that a

+ proportional to & - Baxy times

kinematical factors, should result in a gauge-invariant expression, These diagrams are

e e
Maaa R < L
" + i - [ N
Bavn By

t channe! pole s cheanel pole

u channel pole

JR 1 1 (not pra-
32 - 7 " ™7 sent for
b ] YR yp —rin)

Thia gauge-invariant sum is called the electric Born term

0

(the full Born term would

alco contain the couplinga oi the photon to the anomslous magnetic mo-wnts of tha nucleon

in the ¢ and u channel nucleon exchange Cimgraus). It [ now clear zhac the pion exchange
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cera by itseis hes no precisc meaning, but that some nucleon exchange must always be also

present, Rowever, the nucleon axchange terms sve constant or slowly \lnryin.g with t such

that any rapid varistions near -t = m: ruse ulwaya Le ascribed ta the m exchange term.
The electric Porn term gives the foilowing amplitudes (again H and L refer to

¥ being in, ot perpeadicular to, the production plame):

A

h i
N exchange N exchange
e
o T excinge e P
r exchange

This explains "otk the feruvard spike in :—: - fALfZ + {A“!z by destructive interf{ecence
:wen [he ¥ exchange and rhe rapidly rising = exchange in Ay and the asymcetry [ = ¢)
- m: where inte:ference is complete,

Thut pion exrhange, cnle gauge~invariant by adding the other Born terms, can
describe the bebavior of pion photoproduction &t very seall [el, although naively from
the pasitive valwe of the polarizariun asymmetry I cne would have guessed quite ¢if-
ferently.

Foe -t 2 zf the sizple Born term model fails. Kere, other exchanges begin to
interfere strongly, like p and AZ in the t channel and/or baryon resonaaces in the.s ard
u char.nels”. The highest trajectories all have natural parity exchange and in accord with
this cee finds T ponitive and close to 1 for all pion (aad kaon) photopreduction processes

2
at -t 2 0.5 GeV™,

4. Measurement aof the pion form factor

This is an applicarion of what we have learned about pion exchange in the previous -

section, now extended to virtual photons. The diagram is
scatrered election

incidenc electron

9«0 — — — ¥
i By (kROm)
prn:on~—->——_t~——’—~ neutron
(amall)
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It is elear that we wust choose -t, the romentun transfer to the nucleon, as small as
possitle to have a significant contribution of this diagram, The diagras differs from the
corresponrding one :or real photons in the respect that the ynv vertex is not just propor-
tzonal to the charge e but contains a numerical factor thar describes rhe qz dependence

2f the pdetan~pion interacticn; this is the form factor r_(q2> of the pion (F_(0) 2 1),

1t is the vily unktewn quantity in the pion exchenge amplitude,
We can aise look at this process as an elastic clectron-pion scartering process

-
en - en

via ene-puoicn exchange,susing a target (proton) that contains 4 bound pinn and & neutror
whiuh only ait< as 3 spectator.
Ol course one also has the other Born terms; however virtual photons, due to

their ling.tidinal poiarization (i.e. helicity 0) component, can contribute particulatly

strongly to pica excha~ge &t small angles as deconstrated below:

transverse y Mé)f ) long. ¥ "M“"’M‘/_{’ ’
«;;;? Amet \ 2=0 1?
1

spin exchanged pion pin exchanged pion

:st vanish for 3 ~ O {ang. wom. cons.) does not vanish for 9 - 0

this

Thus ane measures :—:(ep - u'n) in the range of small -t, For various fixed values
2 . : N
af g”; the r2svlr is compared with a calculation of Born terms plus other (hopefully small)

coneributians, and thu. one can deteraine the factor E'(qz) aultiplying the pion exchange

rerc. L T T T T T
. K A
The resulz’ h in Fig. 3. It is com » It L
e resul 15 shown in Fig. 3, is ..,,}\ _m
pared there with the simplest model one can make for |
»
the pion forc factof, namely that it is completely f
i
determined by the ¢ tesonance
- rad 1]
, .
H L 4 . PR
& e T U AT
N Vi 6o
~ Fig 3. Then form factar sersue 0
N n
2
P 2 ) X 2
vhich gives a o propagator, thus F'(q ) - mT__T (normalized to ! at q° = 0).

1f this p dominanca form kolds algo for largd q2, then for large g’

1
Ly
q
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- . N 1
in contrast ty the nucleon farm factors which seem ta behave more like - -F1) -0
"

:
foe 'q°( + = +f crurse means that the pion has zero amplitude to oppear iike a singie

Pointiter thiert. In the classical picture the charge densily is tue Four.er troasfaru of

:
g F(qz), thes 3
: m -ar "2
; v et e e and s - E = 0.6u fa
" art n '\m.
°
while for 1o uuclenn
3 e
[y ~at 2
) - 4 . -
nN(r. i (a 0.234 fa), oy 0,81 fn

. . 7 . N
We picture belue as incuitive argument why }"(q ) may inueed fali less st.eply

)
rlgt] o« otnan FN(q2)1

2 2 Fi moRentun
1 q mamencum Y, q transter
transfer -q~/2
nsfer -q"/ 5273 cacn
e
singie poraclike quark pion = 2 quarks

2 2 1
13 : -
.q(q ) 2 F@Y) -~

q
{one gluon propagator) (tvo gluon propagators)

This is of course very naive; hovever what may be qualitatively right is that tue aucleon

is more complex than the pion and cunsequently has less amplitude ro lald together under

a hard kick (large qz).

For complcteness we consider also the timelike pion form faccor. This is measured

+

" in e'c” annihilation, where ac high s = q°, . o
/,2
F (3°) (only unknown)
e e PR N 1 N
o (e'e  +n'e) = P (aD] ~
. o

tot

2, . . .
P"(q ) is complex for qz > D; the cross section tells us the magnitude but not the phase.
The over: | picture is given in the sketch on the next page. Both in the spacelike and time-
like regions p dominance seems to work rather well, There is no evidence far other large

effects, e.p. no additional peaks have been found,
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P ’
o contribution ~~—a—tTt=X

spacelike timelike

5. Ditfracticn cf photans and o° phatoproduction

It is not really well known what diffraction in high-energy physics precisely is.

To =xplain the general idea we therefora start with the intuicive classical picture.

Consider a plane wave falling oncc an absorbing target of radius R. Remsmber chat

tt  scartered wave is always defined as the resulting outgoing vave minus che unperturded

!H| é%lllmlmlil
RERENENRERER

origiral vave (vhich vould have been presenc vithout the absorbing target}. Thus the shadow

due to the sbsorption, is produced by an elastically scattered wave interfering destructively

4 necessary con-

vith the originsl wave. This is diffractive shadow scattering, oceurring

sequence of absarption. It leads to a lower bound

2
4o N
dt 13}

t=0
on the forward elastic differential crows section. In sufficient distance beyond the to get
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a1

c gt i tvr o ario the gremetrirel sbetuw regins, the pogular «ide- of the scaziering

diatrisnion being o €

1cfivm 3F the e ? of the atsorbing objere.

Yrem this, the basic properties of diffraction follow:
[¢R] do dr 1 peaked at scall ¢, the videh being -t . L/KZ; 1he aifferentia. £TNSS
mestion 18 independent (apart jerhapy from log 5 CEFRs) oo a.

(i1 Cive scaltering amplitude £(0) (not to be co. fused wits ' wave tunction) i3 predami-

cantly positive imagiaary, tnis is the coodition [s* festruziive izterferenze leading
12 shadou,

There is coherence between the incident and the gcattered waves, which necessitates

identice! quantum aumbers of the incident a~d srattered parricles,
Elastic scattering of high-envrgy particles near the foruncd direction shows these expeltes
diftractive features, Erpirically the [ollowing additional observations arc made:

(iv) Counservarion of s-channe) heliciry:

(v) There .s & wider class of reactions, besides elastic scatrering, which show the
characteristic properties (i) and, supposedly, (ii), These reactions are differsat
from elastie scattering in the respect that the nass and/or cthe spin and parity of the
.ncident and scattered partizles differ {ro= cne anather, In these rcactions, the ex-
changed quanrum ngmbers are always those of the

natural - oatural
vacuum (Pomeron exchange). Further, it appears unaatucal - umpacural
as if there is a rule that the narurality (-)IF

. . . vacuun  (pomeron)

of rach of the scattering particles 1s conserved

in the process ("Gribov-Morrison rute"). In

those cases, hovever, where the spin j changes in the scattering process, (iv) daes

not hoid; in ract no simple polarizacion law has been found for these cases.

(kxapples: n p > A (1100)p; ®'p ~ K" (13003p.)
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Fig. 3a. Compton scattering at 17 GeVie (Ref.13)
Fig. Jb. 0° photapraduction at 17 GeV/e (Ref.14)
Tne size of the Cospton cross section is wvery swmall,

Lt
0 (P) = 0.1 b = e T ot (TPYs

vhereas in typical hadronic processes 3,

. - &
proportionalicy to e .

1 - .
17 10 %ror” Tre explanation is, of course, its

15
p__phracopraduciion

As Fig. 3t shows, p° phatoproduction

a P
[N @ 8)

has a very similar shape of dc/dt as Compton scattering and it also is found Lo be nearly

s-independent; however, its cross section is about 200 times larger. We thereiore inter—
. . : . : ° o
prete it as diffractive scattering of the virtual p component u{ the photon, the g~ be-

coming real! (on-shell) in tne process. This is possible since the y has a component with
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all the conserved quantum numbers identical with chose of the o . The large crcss seccion
of rescticn {B) na compared with Compton scattering (7) ia ¢o be expected sinze it is o
peocess of firsc order in the electcomegnetic interaction, the cross section hcing pro-

. 2
portiaral to e”. We expect, of course, also the process

wzgw.s:: K

but this i» of third order in the ¢.m. coupling and therefore negligible.
Let us now discuss the propercies of diffraccive . photoproduction in somevhat
core detail, The s and t dependences of the differential cross sections are shown for a

range of § values in fig. 4; the curves are from a one paraweter fit of the relatian

do o 2 dz. o o
Livp - y . £ -
TP el v o r =ep) [$]

fictting only By the photon-tho coupling constant which measures the probabilicy ampli-
tude (in units qf e} for a real y to turn into a virtual 5%, The cross section for o°p

elascic scattering is assumed to be egual to the cross section for r°p elastic scactering
do . o o da, o o
P P rap) = ge(np > ) (10}

s suggested by the simple quark model where the quarks making up the meson scatte: om the
target independently of whether their spins are parallel (as in the 0%) or antiparallel

i a N . :
{as in che » ); isospin zero exchange then gives

%(-DP - 1p) = —;‘ [:—:(n*p ~a'm . :—zf'-P - '-P)J an

'S

Fig. therefore shows that ¢ phatoproduccion has exactly the sawe ¢ sud t dependence as
pioa-proron elastic scattering, providing additional evidence that it is a diffractive

scaccering process.
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¢ the caper jeaves the left picture invariant but not the right

Danges sixn, bezoming N “out” (@), thus parity consevvation

Nand ciotiguration, i.é. torbids any coTponeat of A petpendicular to :‘

L. 0% tiw sider hard, ve exchanged JT = 0 instend of 07 the result would be just the

cpposi

, sirce Tefleciior then causes an additional sign change due ta the pscudoscalar

nature ot aged particle; thus in this case any component of ;o parallel to :,
wald be (Zg. the desay 1° « 1y the polarizaticn planec af the phatons aust

S . °
be perpendicular t2 each uther; this :n fact is how the intrinsic parity of the » was

experizentally Jfere

ed.) This arguzent can again bde ¢

ily generalized to arbitracy
exchanged spin in exactly the same uay as in the proof of che polarization theotem of sec—
tion 3. We thus have the parity theorem that

for natural  j' exc .ange, ¢, and £ ave parallel to each other

for unnatural j exchange, ?1 and ?D are perpendicular to each other

The polavizarion vestos I, of the o° is measured by observing the o® decay in the o°

rest fram

. . . - -
there the decay is characterized by the relative womeatum vector LR B

alone, and thus the only possibility for the matrix element of »° decay is

- - -
Me(q,-q.-)- [
Thes if 5 i the azizuthal angle of che relative decay comeatua § . = 4, Beasured wich

illustraced

a . - . . .
re¢SpEct to the § Domentur ab 2 axis and :Y as x axis, then the picture is

here:
vanstural ;g:urnl parity
g exchenge
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Eeiembov  Shower Counter

g B o 1

AL T

Hagnet

Jelire the angles I‘F and L‘L undef which the leptons are observed on the

side; the ragnetic tield allows (o tix the momenta and the electrons are

the Sackyround of picns and cther particles by Cerenkov and shower conters.

“ith his arrangement oac finds a o° peak when the effective mass Mo . 1b

. .-
h shows that o "< are indeed produced and decay into e'e pairs. To

TerieTrace terx, one rtow leaves the gecretry fixed but chanpges the sign {up

ragret ¢ field, this way interchanging the charges of the leptons. The

in the counting rate when daing so is proportional to the interferecce

isciaces the

rference and one finds that, as a function of L

'
it hes a relat.ve

uroat ¥ o= L Since there the phase of the a° Breat-Wigner
funciios is 90°, this deronstrates directly that T,, must be predoninantly imsginary. A

- 17 .
* 07 the Twasurements gives

Re T‘D:
T, ° 70!
'D.l

: 0

a resull vary sizilar to vhat is otserved (by oeasuring the interference with Coulomb

) for elsstic forvard hadron-hadron scattering at similar energies, i.e. in the

10 CeV range.

From all these obscrved feazures of p° photoproduction it is very luong’ly Bug-
gested that indeed it is predominancly diffractive and in fact near the forward direction
behaves just like elastic shadov scattering. Thus, the mass change in the scattering from

2 virtual (mess zero)} to @ real p° does not seem to destroy the coherence propecrties in-

s and t

trinsiec in diffractive scattering. Detailed analysis of the
of the differentisl cross sections, as well as the helicity struccura of the amplitudes,
reveals the prescnce of some non-diffractive scattering elso (e.g. from che energy depen-

dence, or unnatural exchange). Thus in order to quancitatively study the properties of the
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.. it The PROTON mahes 4 transition iate virtu vector mesony, then alvays into this
patticslar superpesition of oY, | and g

Nete. The Veotsr-Deminence-Model claims that the photon alwavs interacts with
Falf.s im o4 viriuael VeItTr mesan state, i.e. never “directly” without intervening resonant

states. This mav not be true as is discussed below and in Tran's lecture.

In divffract:ion praductien of vector mesons by ghoton:s ve should &xpest 10 produde

o
(15 of p , w and 9, provided the energy ia high snough 20 that

Jest the
the rase gifiercaces arc negiigibie and the elastic scattering aeplitudes of the vector

fucludns Mave the same sagnitudcs and

R S
Phases. Ttus ane would expect to find 6%, w

3 ~
1 : 2. The experimental —

° Y

, w and 3, however, are in
L. ’ Loo_wb
[ )} differential cross sectioms in 7)

Gev
i.ere ot the o Only the diffractive pate is taken). This is in violent disagreement with

t; the nusber of :'s observed is tvo szall by z factor of B. A disagreement

the eéxpestati

by s: ng like a facror ? could presumably be blamed on 5U(J3) symzetry bresking but a

facior B cerzainly can nat.

There is, however, a striking explanation fot the smallness of ¢ production by the
quark todel. Assume that in a oeson-nucleon collision at high energy the quarks making up
the zwson scatter independently of each other, such that their total cross sections simply
add to give the toral mesor-nucleon croas section. Ar high energies p and n quarks ahould
scatter equaily (since they belong to the same isospi . doublet) while A quarks may have a

different cross section. This =model predicets (for energies in the 10 GCeV region)

"(u\\py] - 26 ab (exp.)

£\ L
(np) ey

LI Coe ST -l *
coe o (P) zl—atul(n\\P) va,
Z{pp-nd Z{PE+nR) (o5

::w[(:\P) " e ®P) v CP) mo B w12 wb (exp)

- A - -
ax) (p3) {xp) (np)
i.e. nonstrange quarks (p, n, p, n) have total cross sections of 13 mb on nucleons whils
strange quarks (A, X) have only =6 mb, resulting in Oeoelth) = 26 2b, o, (KN) = 20 mb

(oce strange quark) and °:oz(‘N) 2 12 =b (two wrrange quarks). Now uto:(.P) saallar by &
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Ir the Fhotoptodists =7 sPECTrUR,

.-
Yp*2rp,

-resonant backgrouad is found but no other resanances besides the ¢ are v:iearly

vp o+ nte e, (18)

however, tne 4n mass spectrun shous an enhancement (called ¢'(1600)) at H - 1600 MeV with

a width I - iDO MeV {Fig.$). It has
d b N e
rrabi 32w o o encnsed
N
. N 3« 861 aenss
and a total preduction crass section of °
T3 It
>
20 et 1.5 ub e 5 U-ulL
; z |
whick appears s-indepe: at frow 5 to 16 GeV “ o
S . olimbo u ]
incidezt photon energy. As fig. 5 also shovws, in or 18 3 3
: CIN PN 80 T v
its decay the p is docinating, thus F&;
a0
. o s
o' v oA . s
333 weenty
. 20
The I-spir of the o' must be I, since from
©
0+ ~ :
the abserved o' = 0%:% /0" » 0%t branching a UL ot J
or [ 2 3 FE]
ratio of -0.5 it follouws that the v system not (avi Gy

Fig. 3 Four-pon invarint mass dodaibution (oo
Uk SLAC wreamer lambxs caperment oo the
mestion p~z"s 2°xp

: o . R
forming the p wmust have isospin 0.

e T quantuz nuzbers of the p*,1600)
are 1 ; a sicplified argumenr runs as follows:

1 =0,2,...

Couple the twe x together with orbital angular cosentun t_, anslogously the ¥ with [P
call L the orbical angular momentun of the (v ) and (x*3%) systems sbout their comeon

total center-of-ma

. Then J= 1L« I’ + T._. Bose statistics allows only even valuas of B
since the total mass of the p' is not very large, it is ressonable to assume values of

1, = 2 or higher to be strongly suppressed by centrifugal barriers. Thua t, » O and J » L,
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lire a

ard the (v )

suindy on the relotive medew oo ()

1s then exavtiy as (or the ¢ - rr,

Laviour

at g a1l the Jdostritatoons vith the

Qe finds wgrec

{os discussed in serlion 5, e. ) =}, brlicity oo oservati ohd prec
parity c«change.
AL tiese resuits ula Suprvst that the "k A B N

= the obyer T T T N AR E

diffractively produced by pe

{assuming equai truss wections for 1 and o'F plastic s wkteringg &5

' that tor the .

probatility ¢ . of v (3 0" is between { and
1o

ritents

s b LY (ares fres the Frascaty e oo <t tage 1.

which a wide enhanceiwrt s the fractict T

N . P - Sk N
Here it is zlear rhat tne state cust have J = 1 Thus it is probabl

at the ;'Mield) actaally

600). However, no c¢ledr proof exisis

objecc, the

rescnance; ir could e.g. iust be a cc thresheld bump {c is the s-wave *r sigre ar -7

perhaps due 2 a &7 decav acde of the ordinary 5(°70). Even fah

eqn. (17} is not yer saturated.

A1ffractive photopreduction has 5o

The search for stil! heavier vector srates
far beer unsuceessful, This does hawever por necessarily tean that suct stares du ast

v, while or the

at

exist. The problem is that tractive processes ocus

cther hand the kinezaric

9

belypy =

becomes large when the mass m, of the produced rtate becames large, The forrula shows that

the only remedy, as for so many other troubies, is Figher Incident phoron emergy.
¥y ¥ Yy & P

N formula {19):

target in che jaboratory system is << than the ©o-
fi.e. minimur mementus transfer << target masi), then
! H

Derivacion of the lely
If the enargy translerive to the
mentum transferred to the tuTget

je tar

oy - omy LS

T _ i T S T
Melyne = T = Bz Bun® Pz E

. O e B


http://ir.lv
http://bccarr.es

The #(12.0)
I several phol.pic Rectien expecizenis o busp Las been found do tue tifective mass

<1 the tetal Lescnic system in the reastion

ypoeprr 2ot (20
ot Yp 3 o+ missing zass @n
. R d st . .

£14 mass M= 1240 MeV. It is praduced with Tsoe e ata a rotal cress section of -1 oyb,

rndeperdent in the wh-le whserved erergy Tange from 3 to 3% GeV again sug-

o,
e 1re 2 or tvre = s of Toeticn (20, wer

Pivh ueed Burtie ot streater choanbers), only their trtal

decay cf the

DOGCnluT and €nelgy ATE XNOWM ITUZ L LUTSBMCOILn LoRSCVATiuf. Thuw
seutral chiect af 1040 Me¥ (ould not be investigated in detail; howvever 1t vas found that

sre v 72T mass Zisividut ¢ reacticn (20) 1n the Luop region is consistert vith the dis-

o

- . B
s 0f tne t = systez from < deciy inte - Ihis sugse. 3 decay of the

s is true then ! = ! . Tuo itteresting possibilities arise.

v hnown resonance vhich has zams 1240 MeV and lecays into um, ls the

This is a vell-analyzed staze’", copiously prodused in the reaction-

x'p « F'p We thus woule be observing the reaction

vp + 2% @2
with propeviies suwgpestitg diffraction. This is interesting because 1t would viclate the
eopirizal "Gribov-Morrison rule” that maturality is conserved in diffractive resctions

(sec section 55, This rule has nc thectetical justification; for example if it is violatel

it may reverzneless be true char in diffracrive procasses no quantum susbers are exchaugeld

it the t chauael {Pomerat exchange;, since chere can ziways be orbital angular monentuw:

betwern the excherged and the diffracted particle. The only justification of tha rule is &

syetemetics that seexs to be apparent in hadronic diffractive and non-diffractive resc-

tious. This systezatics may then ndt hold for photon reactions, or it may not hold in h.
dronic diffractive reactions either although no exceptions have yet been found thers. In

aay cese, for the under ding of diffractive phenomena in general it is importast to

clear vp this question. Here mgain, hivher E‘ vill be necessary to verify the energy inde~
pendsuce of the cross eection, but photon detectors have also to be installed in the expe-
Timenis in o der to measure the individual »°'s and to ascertain vhether we are indeed

observirg the B ~ wr® with I = 1.



scattering. The same is expected to hrld for ¢ photoproduction

P - P
since, analogius to »° photoproducticn, it should just be elastic scattering of the ¢
coepanent ¢f the photon (no quark exchange dimgrems can be Jravn for o°p - P or wP ~ oP
eitker).

Experimentally one finds, s fcr n° whatoproduction, natural parity exchange and
consistence with s-channel helicity conservaLion; furtherwore :—: seews rather p-indepen-
dent (vithout shrinkage) oh-oughout the whole ¢nergy vange of observation,Jrom 2 2 19 Gev
(Fi8.6). Firring ar effective pcmeron trajectory using formula (5), one therefore obrains

(©) = 1.0, <0,

'
Yett Seff
i.e. a flat pozmeron trajectory. This is to be contrasted with the meson and baryon tra~

jectories vhich sl have slopes of about | GeV 2. The ¢ photoproduction Tesuit seems

cocparible with the observations on proten-protor elastic scattering at the CERN-ISR,
vhere at the highest ecergies a small, perhaps vanishing pomeron slope is found also,
with ;;“ - 0,1 % 0.2, It apnears then that ¢ photoproduction shows this high-energy
(asycprozic?) property already at a much lover energy. One wonders therefore whether @
photoproduction at the highest NAL oy CERN 1I energies may not perhaps hsve surprises

for ueg in store.

1. Diffraction on Suclei

Interesting physics can also be learnt from studying coherent diffractive vector
méson photoproduction on nuclei, e.g.
TR (23)
The basic idea is to use nuclei both sa production targéits and st thr sume time as ad-
sorhing and refracting media of different sizes for the produced vector mesons; t‘hil gives
information on the o nucleon ‘cross section which by other means is hardly seasurabla, due
to the small lifecine (~1072% &) of the p.

Consider a photon with momeatum iy in:ident on a heavy nucleus of radius R, pro-
ducing 0% of womentm ip in a diffrsctive piocess on & pucleon at impact pacameter b and
longitudinal coocrdinate z. If it is indiecinguishable on which of the aucleons the produc—
tion process has occurred, then the amplitudes for production on the individusl nucleons

add eoherently, all leading to the eame final stace. In particular, this vill ba tha case
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We can then pertars the integratian over ¢ using the identicy
Fed
! grimeone oo o 3,0
c
and obrain
izde
dz p(b,1) Jc(h‘\l).

L e

|3
(o) = £ (0) I 2wbdb
o

where ve have vric en the
tranevers: momentus transfer 4; = kD sine

longitudinal

A, "k -k cos0 tk -k
h g L4 Y I

(note that because of the large tass of the nucleus, the energy transfer to the nucleus

is << that the morentum transfer, thus the energy of the p = k‘).

Also
el = Af‘ + Ai (energy transfec negligible)
thus .
85 = ] - 1:[)"". (25)

Ve see that the angular vidth of [£(6)|% = do/dR, or equivalently the width in t of the

conwrent forward pe.x, is detercined by the Bessel function Jc(b- =t HIN); for unifore

density 2(b,z) the integration lesds to the well known distribution

3, (r2p)] 2
1
7 Ry

with  <[t] - I‘]mn’ = . (26)

The factor eiZ2N expresses the fact that due to enmergy conservation and B, > e the mo-
sentun of the o° is up B J(: - nﬁ < k' and thus the »° has a longer wavelength. This leads
to a condition on longitudinal coherence for an inelastic process: even in the exact forward

direction ve obviously will have constructive interference of all the single waves only if

R-4&,%1, or /| <

thay an

1
R
Thus I:Im;'“ is the coherence lengeh. It is 0.8 fm (i.e. nucleon radius) already at the p
production threshold of k' « ).1 GeV, and increases proportional to k1.

We nouv consider also the attenuation of th outgoing ° wave by further {nteractions

wizh the nucleons. Since attenustion of the coherent, nearly forward travelling wave is de-

termined by the total 2% aucleon crons section up", a factor
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very striFing ani {s &9 indess oere. 3+t besutiful confirmation of the quark acdel

concep: .§ sca‘tericg CiacuES.d 4% snltian 6.

Tre total praton-rucleon croes section bebaves, as a function of enevgy, quite
similar ro hadronic total cross sections; Lhe only difference is its much smaller size.
Thus, at high energies it assumes a value of
<120 ub far bot™ procons and %o (TP $ub
nevtrons, vhich is adout ~2—2]3
of the picn-nucleon troes 400
section. it is vorthwhile

to note that "total photon pro- 200 /l\
———
léD ub
to the interactions with the — T T - - T
H 4 6 Ey {GeV)

ton cross section” refers only

proton that are not of purely

quantuz-¢lectrodynanic type, i.e. to all meson phozoproduction ptoces and their elastic

Compton “shadow”. QED processes in which the proton takes part only with its Coulomb field
are uninceresting in the present context although one of these processes, e e pait pro-

ductior, hzs a total crogs section on pretous
+
P

of about 21 mb at high energies and accounts P :

.
Coulemb (amall q2)
P -

essentially for all the atrenuatior of a
photon beaz in a target. This oeans that
rotal photon cross section Seasurepents

are not sizple attenuation measurements; the hadronic tveaction rroducts have to be

fied in each interaction. . '
¥r now discus: photoproduction on nuclei. From the small high-energy photon-nacleon
crose section of 120 ub the attenvacion length of photons in nuclesr mutter is #rpected to
be of the order of 500 fm, Thus esch nucleso in & nucleus sees the full unabsorbed teans,
and one expects a totsl croks section
A AP

u“th“ I W
s 3

s
!
i




high enctg cs, (hen

N e e —— e - L

Bl te vnpr Ted. The etlelt ghould

Inttrare ~ Y the pROTon enhergy «. un:il At

2/3

Pre Shadie. g with - \x“A) - A

Bigh o oo

is reated.
it v interacts, 1L converted
The meas.rv’ plotan shal @R providew far in front of the rucleau

te divect evidence t the , dies not

Just inferact lo ally, Put that thr irter-

aczior is spresd out over « distance ‘2z which, it oul interpretation, is due to the prior
Transition 1ato @ virtua! nadron state. The shadowing as observed expericentally in the
$ - 15 GeV region i3 10t corplete, however; it looks like -20 T of the interactions is

BiinoLt etadSuiTg (AT, i. (%P3, due (o very large hadran masses m ). 1t the shadoving

reares far real pheions with erill higher momentus, this would indicate that rather

not, then thin may be

V¥ YeITOr states, cou,.ed to the photon, must exist. 1f it do

a hin: o & drect, local ('bointlike”, photon interaction perhaps with ona of the quarks
.nside the stIucn fuciean.
: N . . . o, .
The juem:icn way arise here whv in our discussion of the reaction yA ~ o A in

sertion £, be did NOT a.s0 consider absarption of the phaton as, €.g., 4 virtual 5°
nothe nuclieus ;.eearg ruc’nng the interacting nucieon. In fact, we could as vell

ne .3 sas prestnt aiready b:{nre the nucleus; but then we have to
Cax 5Aas e astic shadaw scaitering. The ;O vave incident on the
atsarbed -\.a\. and this produces s o° shalou; i.e. a scattered ¢ vaye
ucleus whirh is_the difference hetween the outgoing (absorbed) 2°
cperturbed 0 vave. The result 1s che same, according to Babinet's
ottir.ed, Optical Concepts in iligh Energy Physics, CERN 72-20,p.22).

For virtual spucelike photons (q2 < 0), the srguments given above are expected to

2 g2
ST ( i T
th the oniy differcace that now £E = »k° = =: - 4. qz T

be vali alsa,

and i(herefore the chasarteristic longitudingl spread of the interaction becomes smaller,

B e T (30)
TR T

e experipents do not shcw shadowing, even st rather small

BLT 2 new pavadox wppears

n

k4 . N 2
values of -@° - V.4 e 1t seexs that the shadcwing cisappears very rapidly as q° be-

comes % 0. Do virtual pistons perhaps have very different properties from rzal photons?

No reason {:r this can be seen, sa long as -q is of the order of or smaller than the

-qzsnﬁ. This ques-

tior. has to be further scudied experimentally, in particular for higher k end small -qz.

squared masses af the Ladrons coupling to the phoron, i.e.

s long
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3

|
3

Np ST 2o EE' o gl 2 2ay
vhere L R e Bl - T
()% 205" - gD svE’m | (~q")

e umbe~ ¢f virtual transverse photons “radiated” by one electron par qzv {nterval

>
as caicuistes trom Q.E.0..°0 For g7 < O, ve must have c_ =

T utat('P) for real photons,

and o 0.
Theze 1» another equivalent notation which is inrpired by snslogy with elsstic

eieciTIn Froton scattering where

¢laceron I"-:ruczu:u"

dz de i 212
=TT Fplai™ XE)
L ) 5%
puiat v
Here, the sguaie of the form fector :Fr(qz)fz P procon

descrides the atructure of the scattering
hedron, in as muck as it differs from & simple paint charge. For inelastic scattering
one uriter .srrespondingly

1
[Uz(qz,v) + 2(cand)? H‘(qz:v)J , (34)

. . . ? H N
therely defiri~g two "structure functions™ Hl(q ,v) and vz(q ,v) which are analogous to
squared form facters. It is clear that there must be two such functions, since they ex-
press the ncn-QfD szructure of the electron scattering cross section and thus oust be ic a

c@e-ta-ome carrespondence

: the twe total cross seccions co(g”,v) and aL(q2,v). From #

comparison cof (33} witn (34) one actually finds

2

,

ua sy e 1 opfa?)
4x’e

(35)
2 2 1
? ) - 2
LA o Lal P,(qz.v) to,(q .v)J .
‘e vo-q
The QLD point cross section
'
_do_z o hxe (msg)z ;:_ 36)
dq tpoint 4

in (34) is the differenrial cross section for elnstic scattering of a (spin %9 electron
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The zotal cicss sezrioas o and °L‘ or equivalently the atructure functioas Ul
T

and W ‘e detercined enperimentslly as functions of qz and v by maaguring do/dq de

tor tte scatteied clectron, e.g. in single-ara spectrometers detecting only the elactron,
It 15 nrtotriveal t- separate 5, and ¢, or W, and W.; as wve see from equ.(33) this must be

3
done var a3 ixed @7 and v, the value of ¢ (given by equ.{1)). In ordar to obtain sall

ct v, cue zust cake E'/E relatively scall thus 2 large, dut under this condition the

al crosy section for a4 fixed solid angle interval of the scattered electron be-

cames ratler small. The separation of or and o is therefore more difficult than the meas-

co, (where, wsually, ¢ - 1). For the owst recent gummary of the experimental

in aciord with our general intention in these lectures, we discuss only

the dats above the rescrance region {-q° between @ and 70 Ge¥?, /3 hecween 2 and 5 Ce¥ for
the SL&T ¢aza).

First of all, the general tendency of both ay nd g, ac high energies v ix to 5.1'1
Gith increasing -0, very roughly like 1/q°. Thus, virtual photans have smaller crass sec-
cions. Further, the ratio R £ aL/vT is alvays << {; on the average ic {s =0.1?. The depen-

; A N 2. . N
dence i the total cross sections on v or s ar fixed -q° is illustrared schematically below:

| W

- Pt
o Tt ,

L " large
s,

-q

s

Y
For srali -g” there fellows, «fter the Tesonauce region, the region of “high" energies where

< is zearly constact, ax fer real photons {section 9). On the other hand, for large _qZ

‘ : v cev? . ; . . : .
{of the orler of seversl GeV™) the behavicur is “unusual", since we find a strong increase

with s even at large valses of s, in conrrast to g (yp) for real Y's aud to all hadronir

toral ¢ross sect

“hese experizentel resulrs can be berrer summarized in terms of the structure func-
tions W an2 ¥,. One {inds that in the "deep inelastic region", which iy defined as the

region
-q% 2 1 cev?, /s 2 2 Gev,

the quastities 2u¥, ans v, do not depend significontly on the ..o variables 9 aad v sepa-

rately,but only on their ratio (39), i.e. on the variable w = 1/x = val(-qz)- Thus thess
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Fa0f v 3T v as anown in fig. 7. Thie fact s called

“3e, for the Tollowir teasun. We car

> 3v 8 “sealing var

2
2aM (o” b))
—d
furrtion of
¥ineratic tactor w enly
tor spin 172,
aea (37)

relat wa v nterval

, and :.'I are functiors only of the dimeneio=-

asiealesy o

de of thin equation does oot

« Deans that the riyht hand

a5
Csite s b v f.ved absolute zass or lespth scale; 1t only depends on the pointlike cross
recl . tos of winesatic variables. This zizustion ia to be zontrasted

- elastic «p scattering, where the elastic fora factor contains A fined

the =ean squate radius of the proten; ot with diffraction scatiering

which g.ves rears of \=ore or less) fined wideh in €, thus again contsaining aa energy or

is case the effecrive size ct the interaction. The absence of such

1n the ~ross scctien for jnelasti. ef scatterimg,i.e. the independence of

Ath s.ale, sLzgests that the target in effect acts as if it had no  mize. We will

¢ in the next section in order o deronscrate wviich conclusions

parton pic
one ron draw sbout the struccure ot the target from the scaling property. It is alsa
(aters ativg that vk, is of rclazively large «bsolute site, its zaxicua heing abauc 0,35

i+ forecla (40) this means that even a: high ~q° the cross section iz of the

aczo

same c:der i magnitude as fer a paint charge, quite ia contrast with e.g. elastic ep
scattering wvith its strongly vanishing form facror.

The latest inelastic electron scactering results from SLA. indicaze deviations
from exast scal:nszs; for example N, iz faund to fall somewhat when o iy held fixed in
the region betseen 1.5 2nd 3 acd ~q? increases from 2 to 15 Gev? (fig. 8). Alwo, re-
sul:s?7 free FRAL on jaelascic musn scattering at 150 CeV muggest that sz at large v
“nd -7 (small w) is perhaps 20 % smaller tham predic'~' by scaling the data from lower v

4 -q°. These results have still to be confirmed further


http://th.se

- oy -

vNl

£.06
oco4

Q.2
0.10

0.16
[=RL]

b2

o.say Coc,, 00* ]
ool * E

032
o2e -

036 ;
a.3z o

- d
0.34 ‘.o"'ﬁf‘l
o3z}
~ 1 111

q 8 N 2
0?(Gev?)

o

Fig. 8. Procon structure functions versus Qz - -qz €or fixed y (Hef.2(].
Nate that the scales have suppressed zeros.

10. Partons

In Jrder to betcer understand intuitively what one learns from inelastic elcctron
scactering, we again compacre it with elastic eP scatcering,

In clascic eP - aP, one finds a scrongly falling form factor rptqz). The proten
scetcers like & diffuse composite syatem, comparable to & nucleus as discussed in sac-
tion 8. 1L there are constituents, they all scatter coherently since the gquantum state of
the target hadran remaing unchanged and we thus cannot say on vhich of the constituents
the slectron was scattered. Therafors, the scattering distribuiion reveals only the over—
a1l spazial diecribution of the gcattarars, tima~averaged Lecausa many scattering events
aTe averaged over in one experiment. Scattering into large angles or with large -qz is

addition of the amplitudes cancels it out

d b

strangly P the

(Huygens’ principle).
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On the other hand, in inelastic scattering ef = ¢ ¢ anything the scactecing on

the individual constituents (if they exist) will be incoherent if the energy transfer is
[

80 large that the struck particle is "marked" by its large tevoil energy. Thir of course
destroys the coherevce. The target hadron “breaks up'. The observed scatte..ng distribu-
tion can then reveal only the properties of the individual scatrering particles (“partuns™)
but does not depend at all on their spatiz) arrangsment, and therefore also scattering
under large sngles or large -q, can occur without the destructive interference from the
other particles.

luagine nov that the proton indeed has pointlike (or st least very scail) o, -

28,29

stituencs (partons). The number of virtusl partors in & nucleon is of course not

fixed but fluctuates since Cue to the strong binding forces partons can ke virtually
created and annihilated. In thia respect they are anslogous o the virtusl photona in the
field of an electron.

Let us consider an inelastic eP collision st very high comentua (p = =) in the mms.

Iy

Y

&
&V parton carrying fraction x of tocal
& 4-momentun p

proton,
4

pl:lanlAlller ¢
scattering, maRe @

still with

final staze [ /

interactions

The transverse oomenta of the partons before the collizicn can then be neglected reiative
to theair lorgitudinal oomenta. Call x the fracrion of lomgitudina! momentum * fraction of
total four-pocentun of the proten, carried by a particular parton (assuming the partons
have finite vest mass). Assume that the scartering electyon traosfers & very hard kick and

sufficient energy so that incoherefice results. We can then apply the impulse approximation,

i.e. egeume the scattering takes place on an individual point parton that behaves az if it
was momentarily free during the time of interaction with the electron. This is jusci€ied
due to pur assuaprion of very high momentum p which mesns the relative torions and the time
between iné:rlc(inns acong the virtual parcone are sloved down by the vy factor; tharefore
they behave like long-lived non-inter;cting pirticles vhile the electron acattera on one

of them,
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Comparison with (40) shows that in the parton model

.
wys T (for spin 0 or § of the partons)
- b
. ) “n
=W o Q :’(n) (for spin 5 partans only,
: H

2 0 for spin © pattons)

Thus

as a function of x = ~ directily gives us E’ of the partons times

the distr:* t:c. of fractioral Isngitedinel marentuz x of the partons, while sz is Q_i .

ri7es the o " of partoas of ‘racticnal motentum a to the total momentun. From che

Sortienality of

Lobith oo o= % at large u (small ») (fig.?) ve see that ths

cumhes T opartots with o seall tradticnal soventun x is large  -dx/x; this had slready been

ant:<ipated by Teynman in crder to erplain the characteristic properties {e.g. slowly v

2tal cross se:tions) ! hadren-hadron interactions in rhe parton

tram {11 1o fall-us chat (Callan-Srass sus rule)

e g2
- eQi i o, (x)ax ,
S——
fraction of proton’s total comentum B
carried by the i-th parton "
- Q: of the partons,

taking & weighrel average preportional to the momenta of the partons, Experiment gives 3
0.18 for proto:s and 0.)2 for neutrons. 1t follows that if all partons are charged thair
wverage charge must be rather smeall; e.g. if they are quarks, few p quarks but many nor A
quarks must b2 present. A better assumption is peThaps that there are slso nautral pac-
ticles (“gluons"} by the exchange of which the quatks are “glued" together in l'hid:on
state.

EQn.(42) also shows that if the partons are really pointlike then scale invariance
should hold exactly at high ecergies. The recent)y suggested violations of scaling can of
course be interpreted ms being due to '
a finite size of partons, i.e. zo partan form fsc-
tors. Io soalogy to the proton form factor FP(q:)
it may be caused by sn interaction of the virtual

photan via an unknoun neutral vector particle

(e.g- & "gluon"). A factor
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higher and higher ereriica, then s.rtual phetoman thas o regiou 2leas iy brhave cocpletely

¢ pointed out 1n ieitjor ‘0. Yhis is now .

different from anv Vnesm hadtons, as vas olTes.
seen to be connrctrd with the wrmall valve of "“'2 for small wfar x ¢ €.7 }, i.e. with scat~

mard" patiins kith large fractional momentuz x) o0 vFieh (heon afe oply

Ter:y
a few
s omva -+ rmcreasing ihe deeprinelsst’ - roricy {taph ’q"md Iy
- ~ E acreasin
¢ & Tt (not Toneran for Wt bl o ~———-\
FRRACE. W)

iun‘innuJ)’ .

- TN
w
PITSSR LR 314 .2
iq
. ctior
R <

Another indicarion of peculiar, nor-hadruniibe 4 h erergy behaviour in the

15 sewn in the ratic al %, !or peutr.ns .ad protons (£15.9). At high

foemt Pyraror decinance =1 = O

energy all Cress se

exchange) and thus equal on prot:a and newtron targets Sut v, scuws, in particular at
small o (large x'), & very strong isospin Jependence which persists to the Lighest enerics
re¢. - ox-
'
'
107

]
Qze 30 060 08B0 LO¢ .
® ¢
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<
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© —————

0 D20 LAl LG ny K
Fig.9 - Ne.tron/Proton ratio of wW,. Fig., 30 - chlon }u.uuun difference of V-'
plotted against x'=1/u' chere -)o‘/(—q ).,_.;, 2(-q ) (Ref 24)

We may cancel out the diffractive (I = 0 exchange) poriion of the virtual photoa~
nucleon Intecaction by considering the difference of \Mz for pratons and neutrons (Fig.10).
This difference should, in the cost simple quark-parton n:l-1, show the properties of the

valence quarks, i.e. those quarks that determine the iscspiv properties of che nutleanm

I
{
|
{
{
1.
!
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11, Hadeonic precasses by bighly virtsal piotons

We have up to> now left out diz~us~:on ot the final | idronic wtates crented in
deep .rnelast.c electroproduction. 1I the patto: :deas ate corrcet - then why do the partans
ar guarks not come cut? This i-, togerher withi the too large cross sections cbserved in

1ilatisn §intc hactons (see Renard's lectuTe), the maisr theoretical problem with

Farion
[vr  thuuph free querke are nct scen, we cri l.ck 1t the tinal hadronic states

w tre phyaics wrorlying the phe-

Cren.a” Lu dedp 1neladtic Soaltleting I gainm 1

csmeren of {2pprexamate?’ scajing, be it due to cuarklike substructures or nct. Thus, vhat

Fre the new features Thal eppeatr a8 cne goes fror pt.otopreduction whick sy we Jiscussed

ST

2
n fature, ¢ reactions induced Yy phorcus of very high -q°? For ex,

"hagronie”

fointlike substructures could show up through produition af hadrons with high P Qr, (he

“leading™ hadrons ejected in the direction of the mormentur tranaferred by the highiy

virtaal gheton, could be retated te fragoencation of the parton that absorbed this momentu~
The experinents on virtual photon-nucleon interactions are difficult because the

crass sections are small (about anccher factar ‘2 compared wich phataproduccion, fee

eqn. 149}) and electromagnetic background and radiative corrections heve co be dealt with.

al states, counter coincidence or spark chamber experi~

For cerrain ex

hich the electron pius usually one of the hadrans are measured.

rents have been dose in
Similar arrangements ate used to measure the single inclusive », K and P distributions for
fixed q° and £' f the scattered electron. To meassre hadron muitiplicities and for un-

biased investigatisas of tre qross properties, a5 well as for exclusive final states, trig-

ers gnd strinte s chamhers have been used.

gered budble ci

nei' new cae experiments on particle productinn by inelastic elect.on acattering

have mainlty shown the typizal features of hedronic prosesses, with a fe's cases however

uhere possihiy sigificant ace tvends .ppesr. An example of the former type is the pion ex-

change investigasion from unich one odtaina the pion form factor {(ap discuseed in section 4).

Another exazple is the multiplicity of the charged hadrons.Jz 1t is found to increase tike

i

In s with coefficient 1, very much lite in hadrenic reactions:

0.90 + In » (qz = 0, photoproduction)

0.66 + 1n s (0.3 < -q% < 3 Gev?, wlectroproduction)
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difftact-on we have the lengitudinal coherunce condition (eqns. {27} and (19)} in the

Taberatury $yatem

a
+R2. 0
-

- RS - 'f—“l‘.
N I 2w o]
realy

where R!_ is the target radius. We can also say: Assuming the Y turns into hadronic states

fivst and rnese ave dominated by the o°(a very reasvnable rusixption for diffractive o®

predustions, then the average distance in the lab travelled by the virtusl 0° of mase q’<0
{sec pqn. 30) nust be
2v
<:\x>:—z—?.§3l{?=lfn = ek {a6)
® - q
o
for diffraction to take place. If this is fvlfilled, the diffractive o° amplitude will ba

proportianal to

eg £ «n

which is determin:. > rhe p propagator [recenber "p wvas defired ar q2 = D). Thus we

expecs the 2% proi. :.1vn cross seccion ta be

2 2
uu(q )= vp(q 0) . (s8)

Fig. 1! shows thai indeed the obaerved :
!
o, (sum of transverse and longitudinal — ’

1) Ryer @ Lme tmAamworay

ctoss sections) betaves toughly as Aavnw o ianmwo -+

v o bt e D -

expected for ¢ docinance (301°2 curvre).

.~

Wote thet the total cross

section for virtual photons on protons . 1

¢ otvicusly mot dosinated by Che o, 4 . 5\’\_;
: . oo 3 Y

since [t decreases more like =5 rather N ]
L r i T R o A R I T T

Py
s’

a s
than like the square of the p propagator (47). Byl
" san c AN p* eiectionmdocion 1061 crow-sections.
Thus, the “elastic"/total racio -,‘Q’],l(hx‘htvlﬂun 4> 4GV Rel. 1120,

oy F ~ o°F)
T —
o yvl’

tot

decranses from 13 1 at qz = 0 (a "adronlike" value) to -3 % st -qz -3 Ge\-". This does
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ctitect) ot due only to the avitching on of the loagitudinal photons
2

I o
origin (l.e. « % MiN

or ta the Jecreasing +¢ contridution, snd that the effect gets more pronounced when ~q

increases oore.

Y= X

-0z <02
25<yeE s awied 1~wets
v

e

i
a ‘.\ 3 \

-

a

=
..’l,? yatarw 4c?81-0? ot oros
£ N s, 2518
.“4_‘ jot gy jolars $ofos-t

03 <X =07

403002« 10Ge? §03407<076ev? to3<0’<05Gev?

F +90s07<10ev! §07<0te 150! ] 0SaOTe15Gev?

b . o

—g gy dy o 3T 3Ty 6c o1 87 o oZ
o loavl]

Fig. 3. Distridution of the »" invariant cross-section over
.
p}_ for different ranges of w' and x, where x = pn/p;“

of the pion in the y P cms. Refs. 32, 33,

From what we have discussed it seews probable that at high energies v, the

variable o= -2y, 2
q7) (SR

interaction is predominancly “hadronlike” or not. Thus for w »> 4, including w = @

is essential in determining whether a photon-hadron

(resl photans), var. hadronic states of che photon can appear well before the in*er-

action with the target takes place (eqn. 46); accordingly the hadronic features of .he
incident photor dowirate, In the parton picture, the parton which is hit carries only &
scall “caction x of the rotal momentus of the targer nucleon; this does not disturd the
nucleon ouch, High enecgy hadron-hadron inceractions are aslso predominan.ly involving

only these low-x {'vee" x) partons, accerding to Feynmin's parton model, 3,36

i
H
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£ ., F 4 «sos (= pR): probability =
Yoo o (= nb):

LM =Pl

¥, k.. (= p):

etc.

+ 3 .
The resulting Tatizs for ieading ¥~ and K~ depend on the unknewn fraction of these mesons

o .
whick come from decays of primarily produced resonances like o, K, Az. cee

a gualitative tendency of the data e show

increasing - /+  and x'/-’ ratios for fasr
forward going mesons when -q2 increases or

w decreascs (i.e. when the picture discussed
above becomes applicable), is expected and
indeed cbserved (fig. 14)}. Note that for a
photor behaving hadroniike one- expects eboul
equal nusbers cf leading r° and © s frag-
menzation producis of the neuttal photon
{see equn. 15); this is in .ccord with ex-
perimeat for qz = D (photepreduction). Thus
the observed charge asywweiry a. szall w,

which can be explaired by the direct inter-

« Hevertheless

e
'R B S s g
e —_—
rhinue
Qutem ww 11
& Damwware 2 413:28 B
an
s

“
v

»n - =)

Fig.i4, Charge ratio for scattering on a
proton target for different measurements.
The curve corrasponds to 8 quark parion
model fit by Dakin and Feldman (36). Tn thi:
ilinfure, x-pﬂlp,'ux oI the pions in the \ P

action of the photon with the charge of large-x quarks in the nucleon, could be & striking

dynarical warifestation of the unequal charges of the p snd n quarks, Of course ar present

; -
energies {rs <

5) the leading particles have considerable overlap with other fragacnts

but it will be extresely interesting to follow these and similar other quark features to

higher energies in the [uture. {4 great many inreresting idezs in this connection are dis

cussed in Feyaman's book.)
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