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hat j u t e one simple o b j e c t , the photon, i n t e r a c t i n g U;:!T t'te hailii>nic eiei.trDCj^r.ct : j r -

rent in a s ing le e lec t romagnet ic i n t e r a c t i o n with coupling cor a t an : e . bj i o n - r a s t , idror-

hadron s c a t t e r i n g involves extended mul t ip le i n t e r a c t i u u j of [wo very ccmclex ir;on.'.ly 

i n t e r a c t i n g systems. 

In view of the qu i t e spec ia l p r o p e r t i e s of twt- picron i t .= remiikable .it i t car. 

a l so appear hadron- l i ) e . That >a, in BO tie of i t s i n t i r a c t ions vi t ' i na-irons th*1 'hoion be ­

have! an i f - v j y o î the time i t was a hadron i t s e l i , showing the Série gros* -_at'jres of the 

i n t e r a c t i o n s , only scaled down in p r o b a b i l i t y by -e . A photon beam offers en the sane ex­

perimental p o s s i b i l i t i e s , as a hadron beam; i t i* i: neu t r a l hacrou beam in .sguise witl. 

vector quantum numbers (J » J , nixed 1 } . 1; has the nJ i l i t io iu l bonu> that we can 

p r o b a b i l i t y -[ /1 j? 

v i r t u . ' O , J , * , o the r vector ncsons, 

itn, KK, 3* 



- es 

pola r iza t io r . of up to -70 X. Rather intense beans can be produced. Large p o l a r i z a t i o n i s , 

hot-ever, achieved only ior i: ! ^ F _. Furthermore, there i& a f l a t unpolarized ph;tort 

bachgro-j:.d eK-.er.ding up \o E' • E. 

(b) "Acceleraiior." n! f.o?ari?ed i igî i t 

Light from a laser i s Cûwpto:i-scattergd under -160 on high-energy e l e c t r o n s . The 

backsea t tc red photcr.s thereby achieve high energy in the labora tory system. As Coopton 



•Cft t terUg i •• " t'.*;.: U - j r J y ; r r : v i : , che f i r . a l - i i at c 

on the t c a t e .;ij j '-ij..! . ' - ,• n ' . r r i - fp re ci.tmin a n u l y 

t u f f i c U n t ' o . • ; • . . . 1 ; . ; •-« - , - -r,r ,n.! pt..>tc.n . . . ' . . F S . Ir. 

e u l a r ) .-! 1 .- laner ' . i j ' n >• *«-<• t :i ! ly rt- 'air.ed in the E 

90 I pair r u t ; ;c-> r*s t v v , A - . - - . I - - I : , ; SUC. The • b**r 1 

L * S F. R 

CDUiR.<t f r I r e t i m e y ^ * } <•' • 

T !0 Cfï f N A ' 
• ' " t r o " " / , 1 , , , , , . , 

/ 

{:> Coherent a b f . r f t i o - . i p ^ photons i 

HICB a biJn oT h:gh energy p'iotûns i s passed thiough o r i en t ed si:-£if - l y s r a l s e : 

g t .p tu t i : (a : m .::c'< diarond J=uld ao a l s o ' ) , one s : t !• «a l i n e a r polar L ; a : i :r. . ;r pcr.ep.r i 

i t en-tc s t ron^ lv - i l . u r b i J thai. :ht> s che t , Depending on ::-.e r e l a t i v e o r i e n t a t i . : ; o ; ir.e 

p c l a t i ^ a t i-n vf ' - t . i nt\i the c rys t a l a x i s . This i s due to cotin. e « pa i i prnd'_c: ion. 

By t h i s .eattiud also d e high energy poct ion of a bremsst nshWiig spectrum csn ï>o j u l d t i i e d . 

Ore- achieves p o l a r i s a t i o n s c-t • 10 Z. 

' " ' ' ^J^T.: J H - ' C U * ' . y 1 t . i ' . r - t ^ s o ! v » r t u J - phJton beans 

n i r t u a l photcu bedm, «roduced by beat cor ing of (unpola r ized) e l e c t r o n s , i s a u t c -

n j T l C a l i - - j v t i a l l y poUir i i ed . lie e f f ec t i ve d i r e c t i o n of the p o l a r i z a t i o n (a polar vec to r ) 

D; ; ( br t •-lie 5^ ittoT ir-.^ p l a n t In c o n t r a s t to a rea l photon, however, o v i r t u a l photon 

h i ' li>r raiiovtr-.e aed lonçi ' . udinaî ca tponents of i t s p o l a r i z a t i o n vec to r Let us J e f ine 

t !_ . . , (1) 

, . .=ç_^4> , • , < , - ^ , t « . 2 ? 
4F.E' < q 1 

-Iv s ; ; * U n u m a t i a i l q u ^ n t U i s s arc q - maas^oi the v i r t u a l photon, \j - ica energy, 
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t'(E') the incident (scattered) electron energy and 0 the electron scattering, angle: 

: . « • • > 

E ( inc ident ) 

v i r t u a l photon with 

e-. e rgy v - E - E' 
2 2 . , 2 

mass q • (p -p , ) c 0 

'«•Poj. t a r g e t 

I t E ' In p r a c t i c e , e depends c s i n l y on E and E 1 a t shown 
E 

in the sketch at l e f t . 

Then the t ransverse par t of the v i r t u a l photon i s po la r ized to degree c , with the p o l a r i ­

zat ion vector of course in the s c a t t e r i n g p l ane ; in add i t ion there i s a long i tud ina l 

po l a r i za t i on component tha t has t o t a l i n t e n s i t y c times tne t o t a l i n t e n s i t y in the t r a n s ­

verse components, and i s coherent with the t r ansverse component in the s c a t t e r i n g pla'.ie. 

~ti high energy experiments " i t h rea l photons, one could probably as well use v i r ­

tua l photons of very s n a i l q which should behave in a very s i m i l a r wey, but have the ad­

vantages of seing a l ready po la r ized and having wel l -def ined energy. 

3. r 'seudoscalar Meson Photoproduction 

A.-r-ong the simplest r eac t ions of photons with hadrons we have 

IP • (?) 

YP - * Û 

Tp * K A e t c . 

Detailed s tud ies of these reac t ions with inc ident photons (of ten polar ized} of up to 

(6 CeV have been Bade, mainly with large spectrometers measuring only one p a r t i c l e and viiti 

the niss i r .g co t s technique. The basic p r o p e r t i e s f u n d a rc aa fo l lows. The d i f f e r e n t i a l 

cross ser t ior . s are f a l l i n g s t rongly with increas ing energy. They are l a r g e s t in or near the 

rorwrd d i r e c t i o n ; in t i n s gene m l region ( | t j ' 3 GeV ) the approximate • and t dependences 



In the forward d . r e c t i o n (0 - 0; somf of them shou a d ip , o the r s a sp ike . Thec« ; 

( f l a t t e r ) backward peak with s t rong cn»rgy dependence, 

dt 

Between the forward and backward régions there i s a "cer.cral" regior. (-t » -u • \ 

Û - 90 ) where -r~ i s rn thcr f l a t nnd the energy dependence very s t rong, lil.e s" 

The behavior i s summarised in f i g . ] end 2 . 
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The i n t e r e s t i n g ques t ion now i s w i t h e r or n • these photoproduction react: 

have l ike tiadtonic r e a c t i o n s . Fci- hadronic two-body exchange processes we have Reg| 

theory, no we wi l l t r y to apply i t here a l i o . What do we know . ... Re g gel 



Regge t e l l s es that exchange aap l i tudes are deactibed by a superposi t ion of 

St-Bfp t r a j e c t o r i e s , l i ke 

P.A,; w K , - • 
angular nomentun 

of the exchange 

and chat 

dp 2o ( t ) -2 

-1 , -2 a 4 a (meson exchar.ee) 

-a (baryon exchange. {5] 

-10 , . . 

-a (evot ic exchange 1 

I t is fu r the r known from hadronic r e a c t i o n s tha t absorpt ive e f f ec t s (cuts} must alto be 

present: 
absorpt ion , causing e l a s t i c 
d i f f r ac t ion « s c a t t e r i n g 

The s dependence (6) in the backward d i r e c t i o n i s compatible with our expecta t ion 

for baryon t r a j e c t o r y exchange. However, from 

the » * behavior in the sna i l | t j region one 

deduces an e f f ec t i ve e ra jec tory a « ( O = °-

If t h i s i s «n asymptotic proper ty i t i s d i f - aoa l l -u 

f i c u l t to reconc i le with Regye theory , s ince we would expect a - 0.5 neat t - 0 from 

the P, u and/or A., t r a j e c t o r i e s . Thus we assume at present that i t ia due to a superpos i ­

t ion of s eve ra l t e r a s of d i f f e r e n t s i z e s and s dependences, and tha t i t w i l l change even-

tudl ïy dt higher e n e r g i e s . 

We now discuss (he J ip /no dip behavior at the very forward angles . Reggc theory , 

as well ps any theory cf p a r t i e l * exchanges, leads to the following r u l e : 

Let &*.. and a*, be the h e l i c i t y change û A , " A . ~ * l 

between the i n - and outgoing p a r t i c l e s at the 

two v e r t i c e s , then t!:e c -~*AX -X -AT 

«, 1 ' «, 
JtX - AJ , | 

( i . e . dips unless ûX.»ÛA_-0) without absorpt ion 

(U.-ûA_) with «bsorpi: 
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» l . 

In the lt-adii.g, i 

• •. s coupled to :'.y 

: h ighest powers o 

..r-pl UMÎ- at hi,;h 5, the p ' J l - ' i 

. ul the . ' «u -nu i i-.'.-i :rl< ,, T 1 

sent.1, and therefore :• s. ! . ( ; . 

ipl . - I I p . - c H p / e ) - p -p„ 
po! ' 

IV V 
Cui.Hpquent ly, t l .c spin O.' the cxcLu-i^cd *'.-*!.•- d^-J r.^i ' i r r y .i: v I un^i t j,!ir,,-,l cuap. 

j of angular comentun-. Tliis holds ,-.t v e T. for >•( b , ; j i n ' - j ^ g i - i . Thus, H there is he 

f l i p cf the ex terna l p a r t i c l e s , i . e . t he i r j is cmr-£•-'*' hV '-1 , ' ; nust be ca r i n id 'J' 

o r b i t a l angular momentum, and thus [he a l t i t u d e jssa.-,i-s, ^ i.u.101 p ' " ' us • " ' ' 

each vo r t t x (the longi tud ina l -.on^-.tun p obviously J out not cor. tr ibute to j ) • Howe 

absorpt ion e f i e c t s can smear nut a zara of the «sipl : cude j tr.* only s t r i c t requ: rt—;en 

that renains i s then a Factor -r^T 1*' ' 2 l which cor.fi iiom overa l l angular nort~:u: 
| l -k I | M , - f i ' Z i 

conservation (the anplituJe Contains a fnctnr d^ . (lj) - 5 • Q far s 
i f 

Nov we compare t h i s ru l e with the da t a . 

(!) YN * "*»! 

W*> expert fl • o + A exchange; since tnc -1 pol« 

i s so near to t = 0, i t should dominate t he r e . 

For T( exchange by a nucléon, a simple ca l cu la t ion 

shows the h e l l c i t y to p due to p a r i t y . Thus AX- - ;1 

without absorpt ion a forward dip is expected but 

with cbiorpcion t h i s i s not necessary, and in fact no d ip i s observed (F ig . 1 ) . 

ÛX, - 11 

X « i l X - 0 . 

(2) YN + ni 

This i s the sa.ee as above except chat due to m f 2.. 

the baryon h e l i c i t y i s not forced by the pion to 

f l i p ; thus the re e x i s t s a ÛX, - 0 con t r ibu t ion which 

vanishea in the forward d i r e c t i o n due to angular 

momentum conserva t ion . Thus ue expect, and in fact 

observe, • forward dip (Fig. I *• 

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


o - L J J t ^ - j ° AX, - i l 

r exclude is torbidder. by C parity; u and p • o 

»re p,->iiii'ï* ou-hanjes dnJ «> should daninate i 

bfcause M i ts larger coupling (T «* T ) . 1 

Ther, is iiocn^E to icibid a no-flip amplitude X ~ « - 0 possible ^ 

ar. i:.e nucîcon vertex (charge coupling ol the 

w), thus a forward dip is expected. This again is observed (t ig. 1); the superposed 

very sharp spike in the *° cross section at very snail -t ia due to photon exchange. 

The shallow minimum at -t » 0.^ CeV is where the ui trajectory a (t) goes through 

reto and the signature factor I -- e * in the Regge amplitude Vanishes. 

Ihup wc i-.r.i reasonable qualitative forcement with our expectations, which are based on 

our general knovlelpe of hadronic reactions, 

Ktxt we remark on the central region (Fig. 2) . This region shows a btrong simila­

rity with the corresponding kinematic region in elastic -*"p scattering; in fact here 
do, • , 1 do/dt(n*p -• n*p) + aWdct* p - a p) 
^(TP + T. n) , j n K L - K * -

where YÏJ i s t h e ratio between ° I D t (YP) » n d t h e average o£ o ( o (IT p) and " t o t ( « PÎ-

This shows thai at the highest momentum transfers we seem to have a striking agreement 

between hadionic scattering and photoproduction. Models of hadron eompositeneis lead to 

the piediction that in this central region 

do/dt<YN - *H) - a - ' 

do/dt(*H •«• iN) - a"8 

the pion being composite (in contrast to the photon) causing a faster lalloff with energy. 

Unfortunately the cross sections are getting «o small that i t v i l l be hard to check this 

over a wide range of energies. 

Measurements with polarized photons 

These can give î any new types of information. In particular, there i« a polarization 

theorem for phctoprcduction of pians: 

Let a,, and o, be the cross sections for ^ _ _ - , 

phoioni with transverse polarization vector T *N"^"11 ^ tiro "t* y*~*—v>^ ™ 

0 II °i. 
parallel and perpendicular» respectively, 

to the production plane of the pion. Then for high «, 



fl^ gets con t r ibu t ions only frorc; n n u r a l p a r i t y e x c ! , . ^ ^ j - 0 

liaffie (unna tu ra l ) : t e f U e t on Sca t t e r ing plane (- p I <i 

— j ^ i ^ " " " produced * 
A 
i ' 
• i 

îxchanged r exchnr.S'J " 

the lef t p i c tu i e racnins in \a r i - .c t (thus -.-^ \ 0 allowed) ulivle rh* r igh t one de.es :,. ; 

(since the p o l a r i s a t i o n vector & chan&e* into © (our of p lant - ) ! , thus r, tr.ust \ ; - . ish. 

Now ( J I 0 estohjr.ge ( n a t u r a l ) : the c a n n e n t i s jus t the appos i te since the odd rubber 

pseiirfor.cjlar pions prcsont causes an addi t iona l change of sign under r e f l e c t i o n . 
9 

New : ' c the general case of a r b i t r a r y exchanged spin : 

photon 
po l .vec to r 

produced 1 

exchange 
T j m J spin termor (for 

J [ spin pseudoter-sor (for unnatural ) 

To bui ld a matrix element --e can use the vec tors c (once) , k, k , <.nd the (pseudo-") '.etisc 

T. . (which also can occur only once) . For the leading t e n : in s , the j p o l a r i s a : icr. 
' • • • • ' j j , . . . . 

vector indices of T. . are coupled to k acid/or k , but not ta E cr •,. < k ' Ivhich i s 

- k 1 and therefore sriaU) , by the argument given before . Fi.ice the t o t a l matrix ele-. ; 

:s : In- a pseudoscjLar because of the pion, i f the exchang* 

psoudotencor (unnatura l ) we tnust have no cross product , i . e . a t c r ^ c • k 1 

' some c ross product , i . e . a term -: • (.k x k ' ) . 

, psoudotencor (unnatura l ) we 

1 terisor (na tu ra l ) " 

The m^asur' roentt with p o l a r i ï e d y of the r eac t ion 

• , , V C j -~ °< IP f a n aliow a p o l a r i z a t i o n asymmetry ) - • us 
V 3ll 

drawn in the sketch. Ul course i t must be zero in the 

ewirt forward d i r ec t i on because there the production plane 

i s undefir.td. -e see that a-: expected, na tura l pa i . cy ox-

chflfigc (i>,A ) doninates at r .oierate and large | t | v . ' lues . 

I c 

http://de.es


o.o: c«v 

bu; . es : ;urp fr.ira 0 to * l , instead of - I , when we go fro» t - 0 '.» \t\ — '-r 02 CeV 

whore L-<I sa id f ioa exchange (i.e. unnatural pa r i ty ) should dominate? There i s another r e -

l î t e c - y s t c r y . Fig. I Shows — t o havi- « sharp forward 

spike, ûiths^jsfc our dip rule cc]v ri-quired "no 

forward J :p" and for unobserved pion enchangi' w u l d 

even require a dip t h e r e . On the other hand, the fact 

thnt thif rapid v a r i a t i o n of ! and — takes place 

b t w t n t - 0 ar.d - t - s. d e f i n i t e l y suggests that 

t h i s E-LSI liave to do with pion exchange. 

There i s a nice explanat ion of these odd facts , 

gauge invariance of the pion exchange term. 

Namely, the •*-' ver tex r u s t b«? a sca lar de­

pending on the vectors t , k and k ' ; fu r the r -

oore for a real phoionEJ_k, Thus only (E - k ' ) 

; s p o s s i b l e . But replacement of c by t • XV> i . e . 

a gauge transformât l o i , gives an add i t iona l t e r n X(k * k 1 ) u.iich i s in general | 0. Thus 

Che a-'agram neces sa r i l y v i o l a t e s gauge invar iance . 

Therefore we cur.not take t h i s diagram by i t ^ t i f , but must add other term» to get 

an invar ian t ove ra l l express ion. The pion exchange diagraa i s propor t ional to the coupling 

cons t a r ; s e ( e l e c t r i c charge) and g (pion nucléon coupling c o n s t a n t ) ; gauge inva r i ance , 

as a kinematic proper ty , should not depend on the numerical values of ttwae Constanta . 

Therefore adding together a l l poss ib le diagrams that i . i p ropor t iona l to e • g t imet 

kinematical f a c to r s , should r e s u l t in a gauge-invariant express ion . These diagracas are 

:cted with the lack of 

| W-k' 

K Ï Ï S N 

> 
a channel pole 

ztr. 
u channel pole 

I (not p r * -
2 aent for 

u - n K TTP —«Vn> 

riant £um i i ca l l ed the e l e c t r i c Born term ( the fu l l Born term would 7T)ia gauge-

a lso contain the couplinga of the photon to the anonaloua nagnetic ncotn ta of th* nucléon 

in the e and u channel nucléon exchange Ciagraus) . I t la now c lea r ":h«t the pion «xchang* 

http://cur.no


t e r» by .HK',1 lis» no p rec i se r&eaning, but tha t some nucléon exchange must «lwayi be als< 

p re s ru t . However, the nucléon <*xehange terms are constant or slowly varying with t such 

that any rapid va r i a t i ons near - t • m" mmc ulwaya be ascr ibed to the n exchange t e r n . 

The e l e c t r i c Earn term gives the following amplitudes (again M and X refer t c 

r b*ir.g in, or perpendicular t o , the production p l a n e ) : 

This explains io th the forward spike in — " t A j J * l A n i b v des t ruc t ive in te r fe rence 

••ten rhi* •'• exchange and the r ap id ly r i s i n g v exchange in A.., and the asynir.etry E * *i 

- m --here in te r fe rence i s complete, 

Th-jt pion edrh.in^e, r.a Je gauge- invar iant by adding the other Born terms, can 

Jescr ibe the beh-ivior of pion photoproduction et very s n a i l | t | , although naively froa 

the pos i t ive v-di.ie of the p o l a r i i a t i o n asyir-'nerry Z one would have guessed qui te dif­

fe ren t ly . 

Tot - t 2 Œ" the simple Born tenu modal f a i l s . Here, o the r exchanges begin to 

in te r fe re s t rong ly , l i ke p and A in the t channel and/or bacyon resonances in the s and 

u channels . The highest t r a j e c t o r i e s a l l have na tu ra l p a r i t y exchange and in accord v i t h 

t h i s cue finds I pos i t i ve and close to 1 for a l l pion land kaon) photoproduction processes 

aL - t ï 0.S GeV, 

b. Measurement of the pion form fac tor 

This i s an a p p l i c a t i o n of what we have learned about pion exchange in the p tevio 

sec t ion , now extended to v i r t u a l photons. The diagram i s 

inc iden t e l ec t ron 

scattered electto 

{•Bttll) 



It is c l e a r tha t wo must choose - t , the romentum t r ans fe r to the nucléon, 41 m a l l as 

pos s ib l e to have a s i g n i f i c a n t con t r ibu t ion of t h i s diagram. The diagram d i f f e r s Erom th« 

corr tspcrt i i - .g one :or re.il photons in the respect that the Y»" vertex i s nùt jus t propor­

t i o n a l to tlio charge e but conta ins a numerical factor that describes the q dependence 

.-.f the phctor.-p.on i n t e r a c t i csv; t h i s i s the form factor F (q ) of the pion (F (0) l I ) . 

It i s the u;.ly unkruwn quant i ty in the pion exchange ampli tude. 

We can a l so look at t h i s process as an e l a s t i c c loctron-pion s c a t t e r i n g process 

e i - en 

via cnii-piioii-n exchange, »usi ng a t a rge t (proton) that contains « bound pion and a neutron 

vhi i f o;:iy u i i ' as a s p e c t a t o r . 

Oi course one a l so has the other Born terms; however v i r t ua l photons, due to 

t h e i r i^-Tj.c^d:;.^! p o l a r i s a t i o n ( i . e . h e l i c i t y 0) component, can contr ibute p a r t i c u l a r l y 

stror.gly to pica esohs-ge at sna i l angles as demonstrated below: 

H 
exchanged pion 

does not vanish for 0 -* 0 

Thus one treasures ^ r ( ep * en n) in the range of s n a i l - t , for var ious fixed values 

oT q ; the r e s u l t is compared with a ca l cu la t ion of Born terms plus other (hopefully small) 

c o n t r i b u t i o n s , and thu^ one can determine the f ac to r F (q ) mult iplying the pion exchange 

t e n . 

The r e s u l t ' i s shown in F ig . 3 . I t i s com- t l j . 1 

pared therf u i : h the s implest model one can make for 

the pion fo r s f ac to r , namely tha t i t i s completely 

(ioteri&ined by the c resonance 

F«t >.7hc «'formf* 

which gives a û propagator , thus F (q ) - -*-2—». (normalized to I at q • 0 ) , 

II t h i s p dominance fora holds aleo for large q2, then for large q 
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in ruflicjst to th* nuiU-on lorn-, tac tors which seem to behave tnnic l ike —r . F '-\ / • 0 
t . ' • q 

Tor ,q~i •* • : f . ' . 'urs' ' ncins that ll>e pion has zero jrcplitude to appear l ike ;. s ingle 
p^ir i t l in* r l ' j e r t . In Mi.» clft*iii:»l p ic ture the charge densi ty is ttm ? c ^ r . t [ tr 0:ist>tL.i ' 

m * -m r , 1/2 i - p 
% ( r ) - - ~ - e D and *r >n - -J-y - 0 . 6 - fa 

vhi le l'or t i .• nucléon 

V r î " h c (» - 0.234 fa ) , -r ^ - 0.81 fn 

7 
Wo pic tuff bolou a-, i n t u i t i v e argument uhy K (q ) may iiu*e<i f a l l l e ss s t - , B »ly 

i - t l q * i • - t r. m. F M C q 2 ) : 

mo me n c un ^ 
t r ans fe r -q~/2 

pion - 2 quarks 

(one gluon propagator) (tvo gluon propagators) 

This is of course very na iv s ; however uhac nay te q u a l i t a t i v e l y r igh t i s that tue nucléon 

i s more complex than the pion and consequently has l e s s amplitude to hold together under 
2 

4 hard kick ( large q ) . 

For completeness we consider also Che t imelike pion form fac to r . This i s measured 

in e e a n n i h i l a t i o n , where at high s - q , e * ^ „ 

»-q *0 ^ > — ^ L ^ ^ f F (q ) (only unknown) 

t o t 3 q / T. e ^ „ 

F (q ) i s complex for q > 0; the cross sect ion C P I I S us the magnitude but not the phase. 

The o w n 1 p i c tu re i s given in the sketch on the next page. Both in the spacel ike and t i n e -

l ike regions p dominance seems to work r a t h e r well i There i s no evidence for o the r l a r g e 

e f f ec t s , e . g . no addi t iona l peaks have been found. 



p contribute 

y -
i>-Breit-Wigner 

S- Pi. l"f race ic:i e t" photons and ? photoproduct Jon 

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

To rxp'.aiti the general idea we therefore start with the intuitive classical picture. 

Consider a plane wave falling onto an absorbing target of radius R. ttetasober that 

cv scattered wave is always defined as the resulting outgoing wave minus the unperturbed 

origir.al wave (which would have been present without the absorbing target). Thus the shadow. 

due to the absorption, is produced by an elaatically scattered wave Interfering destructively 

with the original wave. This is diffractive shadow scattering, occurrinf as a necessary con-

sequei.ee of absorption. It leads to a lower bound 

do 1 . tot 

the forward elastic differential cro«« section. In sufficient distance biyond the ta get 
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tiiitr'S'-'iun l-i-inji t> fi-ncri--" it the size ?. of the ^ t iorbinj ; o h j i ; t . 

l rr-m t h i s , the bas ic p roper t i e s of di t'f m e t ion fallow: 

f i l d-. jr. is peaked i t str-aïl t , the - i d th beiiiq "L - WK ; I '.e m ! ' p re ; , ' U . CfïSs 

sc-,-iL-r. 1.1 independent [»p*rt jerhaps frcm log s cerr.s) - . H. 

|-!ij liip scuxici itig amplitude £(0) (not to be co. fused wi r k : . uavj tunct iani is predomi­

nant ly p o s i t i v e iimaginary , m i s is the condit ion E.T ins t ruc t ive interference leading 

t a shadow. 

i i i : ) There i s coherence between the incident and the sca t t e red gaves, which necessi tfl"-es 

i d e n t i c a l quantum number! of the incident a-d s r a t t c r e d p a r r i c l r s . 

f l r s t i c s c a t t e r i n g of higti-enrrgy p a r t i c l e s near the forward d i rec t ion shows chese expe'.tci 

d i f f raeLjve f e a t u r e s . t ' r p i r i c a l l y th t [ollùwing add i t iona l observations art nade : 

( iv ) Conservat ion of s-channe! n e l i c i t y : 

a b e d 

(v) There .3 a u ide r c l a s s of r e a c t i o n s , bes ides e l a s t i c s c a t t e r i n g , which show the 

c h a r a c t e r i s t i c p r o p e r t i e s ( i ) and, supposedly, ( i i ) . These react ions are d i f f e rP i t 

from e l a s t i c s c a t t e r i n g in the respect that the nass ar.d/or the spin and pa r i ty of th 

. t icident and s c a t t e r e d p a r t i c l e s d i f f e r froa one another , In these r eac t ions , the ex­

changed quantum numbers are always those of the 

na tura l - na tura l 
vacuum (PoToron exchance) . Fur the r , i t appears unnatural - unnatural 

as, if the re i s a ru le that the n a t u r a l i t y ( -} J P S 
. . . , ? vacuum ip^tr.eron) 

of each of the s c a t t e r i n g p a r t i c l e s i s conserved S 

in the process ("Cribov-Horrison r u l e " ) . In 

those c a s e s , however, where the spin j changes in the s c a t t e r i n g process , ( iv) does 

not hold ; in t ac t no simple po l a r i za t i on 1.1" has been found for these cases . 

(KxJinplcs: iTp •• A~ (MOO)p; K+p - K ' ( I 3 0 0 ) P . ) 
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Fig. 3a. Conpton s c a t t e r i n g at ]7 CeV/c (P.ef.13) 

Fig. 3b. D° photoprodoction at 17 CeV/c (Ref.14) 

1 

Tue s ize of the Cospton r ross >al>, 

o < T P ) ; 0 . ! Ub : • 

e.-eas m typica l hadronic processes K) ° to t " I h c e x P 1 * , M , l ; 

p phocoproduction 

As Fig. 3fc shews, o photc-produetio 

TP " P P 

has e very s imi la r shape of dc/dt as Compton s c a t t e r i n g and i t a lso i s found to be r 

e-independent ; however, i t s cross sect ion i s about 200 t ine* l a r g e r . We there fore ir 

(•rtte i t as d i fTrac t ive s c a t t e r i n g of the v i r ; u a l p component of the photon, the P 

cooing real (on-*hel l ) in tne process . Thin i s poss ible since the y has a component 

ea r ly 

t e r -



?nr 
«11 the conserved qunmum numbers i den t i ca l with those of the o . The large c ress sec t ion 

of react ion (BJ ns coeipared with Ccmpton s c a t t e r i n g (7) ia 10 be expected sir.-e i t i s a 

piocetf of f i r - i order in the electromagnetic i n t e r a c t i o n , the c r o i t l e c t î o n being pro­

por t ional co e . We expect, of course, also the process 

hu' chi t ib of t h i rd order in the e.m. coupling and therefore n e g l i g i b l e . 

Let us now discuss ihe proper t ies of e i f t r a c t i v e ,1 photoproduction in sonewhit 

core d e t a i l , The $ «nd i dependences of the d i f f e r e n t i a l c ross sec t ion t are shown for a 

rungs of s values in f ig . 4; the curves are from a one parameter f i t of the r e l a t i o n 

da, o , 2 2 is, o a . ,-,, 
•tf.n - » pi • « •.,„ 3j(o p - D P) <9) 

f i t t i n g only g , the photan-rha coupling constant which aea iu res Che p r obab i l i t y ampli­

tude (in u n i t s of e) for a r ea l Y to turn in to a v i r t u a l p . The c ross sect ion for p p 

e l a s t i c s c a t t e r i n g i s assumed to be equal to the cross sec t ion for » p e l a s t i c s c a t t e r i n g 

da, o a . do, o o . , , „ , 
^ • (p p » o p) - ^ < » p •* » p) O0> 

as suggested by the simple quark model where the quarks nuking up the meson s c a t t e i on the 

t a rge t independently of whether t h e i r spins are p a r a l l e l (as in che p ) or a n t i p a r a l l e l 

(a* i n Che * ) ; i sospin zero exchange then gives 

do , o o , 1 Tdo, * + , da , - - Jl 
^ d P - i P> - -j l ^ U P * * p) • ^ p - « P)J 

( H Ï 

Fig. * therefore shows tha t p photoproduecion has exac t ly the asm: s and t dependence as 

pio i -p ro ton e l a s t i c s c a t t e r i n g , providing add i t iona l evidence that i t i s a d i f t r a c t i v e 

s c a t t e r i n g process . 



0 0,2 0.4 0.6 0.8 1.0 1.2 1.4 0 0.2 0.4 0.6 0.8 Lu 12 1.4 
-l.lGeV/c)2 - l . |GeV/c)2 

Dif i s r e ru i a l cro«B s sc i ion for r eac t ion (B) for d i f f e r e n t inc iden t 
phoion énergie* E ( r é f . 1 6 ) . For th« cu rve i , *ee th* t e x t . 



in plam 

0 (al low»*d; 

*-£ 
K® P*rpenditul«t 

0 (forbidden) 

be perp^ni; 

exchanged : 

t ion 3. We 

foi 

foi 

•/•.<• p U - e J : ït-i ."Jf".'! leaves the U : t p i c tu re invar iant but not the r i ^h t 

' ;:." >"$>• v:a:i^«s a : s n , bc;oc!>.s , "out" (©? ) , ihus pa r i ty conservation 

r.( , u . : îijî-.d .-.:,! igur.it ion, i . e . torb ids any corponent of £ perpendicular to i 

: : ' f r i .ar i , _-c exchanged j - 0 ins tead of 0* the r e s u l t vould be j u s t the 

•r:u r e l l e e n o r then causes an add i t iona l sign change due ta the pscudoscalar 

he exchanged p a r t i c l e ; thus in t h i s case any component of t p a r a l l e l to c 

rb-.^wtn. ( Ig . ir. ;he de^ay n ~ 11 the p o l a r i z a t i o n plan*» of the photon* aust 

CL-IJ: - to each o t h e r ; t h i s in fact i s hou the i n t r i n s i c p a r i t y of the » was 

; :y J^rermir.ed- ) This argument can again b* e a s i l y generalized* co a r b i t r a r y 

pin in exact ly the sane uay as in the proof of the po l a r i za t i on theorem of s ec -

ihus have the pa r i t y theorem that 

na tura l j ext <ange, c and c a re p a r a l l e l to each o ther 

unnatural j exchange, c and c are perpendicular to each o ther 

The p o l a r i s a t i o n vector c of the p ia measured by observing the p decay in th« p 

res t frar.e, there the decay i s cha rac te r i zed by the r e l a t i v e no men turn vector q + ~ q -

a lone , and thus the only p o s s i b i l i t y for tne matr ix element of p decay i a 

« • < ; , • - ?,-> • %• 

Thus if v i s the az i su tha l angle of the r e l a t i v e decay QOtnentua q + - q - neasured v ich 

respect to the p =»D«ntuc as z ax is and e as x a x i s , then the p i c tu re i s a t i l l u s t r a t e d 

a t t i ra i na tu ra l p a r i t y 
exchange 
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- as 

Cvionknv r.hower Counter 

-»-C" '>MI!li!! 

a rrr-u*[ very s imi l a r to what i s observed (by treasuring the in te r fe rence with Coulomb 

scat ter l t \£) for e l a s t i c forward hadron-hadron s c a t t e r i n g at s i a i l a r energies , i . e . in the 

!0 CeV range. 

Froc a l l these observed features ol p photoproduction i t i t very Strongly sug­

gested :hat indeed i t i s predominantly d i f f r a e t i v e and in fact near the forward d i r e c t i o n 

behaves j u s t l i ke e l a s t i c shadow s c a t t e r i n g . Thus, the cas* change in the s c a t t e r i n g fro» 

a v i r t u a l (casa zero) to a r ea l n doea not aeeca to deatroy the coherence p rope r t i e s i n ­

t r i n s i c in d i f f r a c t i v e s c a t t e r i n g . Detai led ana lys t s of Che meagurtd t and t dependence* 

of the d i f f e r e n t i a l cross s e c t i o n s , as well aa the h e l i c i t y s t r u c t u r e of the ampli tudes, 

rev«:alj the presence of some non-d i f f r ac t ive s c a t t e r i n g a l so ( e . g . from the energy depen­

dence, or unnatura l exchange). Thus in order to q u a n t i t a t i v e l y study the p rope r t i e s of the 

' U ' H 

1 



;?,v p^ot.-.; r.(*i-s .1 t r ,•»!!*! t îo:. inin v i r t ua l vector w w n j , then aUays into tftt» 

U t , t perp l 'M
, . i . - ! ! cî ,>*•', _ and }. 

\ c : r - Tî'.o V,'. t jr-lx-cin.T.cc-Modcl claims iluit the photon alvayn i n t e r a c t s v i t h 

-r. j v i r : uo'. vf : i . - r ncsan s t a t e , i . e . never " d i r e c t l y " without intervening resonant 

>:«ïf«.- Th;.f rr..n- not be *. rue a* i s d iscussed below and in Tran'a l e c t u r e . 

1- d i : f r a ; t s . î . p r . ' j ' j fn r r . ff vector rcssens by phatcr.; ue should aspect to produce 

.- :.'th' cr-?-.: ùziçr. (IS) of p , u and s , provided the energy i s high enough ao that 

s Oi!:eri':i.-fs arc n e g l i g i b l e and the e l a s t i c s c a t t e r i n g ac-plitudei &f th« vector 

.-:. \-.\.; '.v* ••> ':av* the sa^e -agr.: tudc s and 

: \ i one would expect to find o , u 

r. ;:.e r a t i o •!: $ : I : 2. The expi.-ciE-.ental 

d.-' .- o 
?: — l e i L, , u and ; , however, are :n 

ub , 

* ~ ~ — " ^ — 

r.ô : !- : 3 idif tcrtfnt ' .al c ross sec t ions 
CeV* 

i>.,ert -^i tf-e w only the d i t f r a c t i v e pare i s t a k e n ) . This ia in v io len t disagreement with 

•-he e>.pe-;a;ior.; the number of î ' s observed i s two scsall by t fac tor of 8. A d i sagreeo tn i 

by s--e::-;r\g l ike a factor 2 could presuaably be blamed on SU(3) gysxetry breaking but a 

fac:or 6 c e r t a i n l y can n o t . 

There i s , however, a s t r i k i n g explanat ion for the smalinesI of a production by the 

quark c c d e l . Assuce that in a cieson-nucleon c o l l i s i o n at high energy the quarks aaking up 

the no son s c a t t e r independently of each o t h e r , such that t h e i r t o t a l cross sec t ions limply 

add to f ive the t o r a ! nesor.-nucléon croaa s e c t i o n . At high energies p and n quarks ahould 

s c a t t e r equally (s ince they belong to the sac* iaospi . doublet) while A quarks Bay have a 

d i f f è r e ^ : cross s e c t i o n . This oodel p r e d i c t s ( for energ ies in the 10 CeV region) 

j ( pp -nn ) ^-(pp+nn) (pn) <np) ^ ^ 

B t o c < « P ) • ° t o t ( K ^ P ) • P " c ( f t " P > " ° C O t f \ ? ) " i Z "* ( " P ' > 

(XX) (p ï ) <*p") (np) 

i . e . nonstrange quarks (p , n , p , n) have t o t a l c ross sec t ions of 13 nb on nucléons while 

s t range quarks ( 1 , X) have only =6 mb, r e s u l t i n g in a <«N) s 26 ab , o AW) : 2 0 > b 

(one s t range quark) and a ($N) z 12. ah (two s t range q u a r k s ) . Sow o (éP) a u l l t r by a 
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tr. ir.e p h c t c p 1 *-'--'• 

s o n a n t b a c k g r o u n d i s found but no o t h e r in . - fs b e s i d e s t h e c a r e < 

,/J^y 

TP • * « • » « p , CI8) 

hcuuvt -r , tr.e *•* mass s p e c t r u n shows an enhancement ( c a l l e d e ' ( l 6 0 0 } ) at H - 1600 HeV w i t h 

a widt!-. ." - - 0 0 Ye\ ( F i g . 5 ) . I t h a s 

da 6 t 

e t 

and a t o t a l p r o d u c t i o n c r r . s s s e c t i o n o f 

3 _ , . • - - - 1 .5 ub 

w h i c h a p p e a r s s - i n d e p e - nt fro-B 5 t o 16 CeV 

i n c i d e n t p h o t o n e n e r g y . As f i g . 5 a l s o s h o w s , In 

L t s d e c a y t h e P i s d o m i n a t i n g , t h u s 

, o + -

The I - s p i r . o f t h e o ' B u s t be I , s i n c e froia 

t h e o b s e r v e d c' ~ o r • ID * -* p » « b r a n c h i n g 

r a t i o o f - 0 . 5 i t f o l l o w s t h a t t h e un s y s t e m n o t 

f o r c i n g t h e o must h a v e i s o s p i n 0 . 

The J quantum n u n b e r s o f t h e o ' , l 6 0 0 ) 

a r e 1 ; a s i c p l i f i e ' l argument r u n s a s f o l l o w s : 

07 1.5 !.S 3.1 

F«. } Fou.-p 1 0 n in%.runl nu.. d,..<ib„.H,n n M . 
UK S LAC iifcjinti iluintm cipciimcm on iht 

1-0.2,... L i : o " - • / • . • a . ' . -

Couple the two « together with orbital sngular noDentun t_, analogously the I with t + ; 

ca l l L the orbital angular toooentum of the (* * ) and (w a ) system about thair coneon 

total center-of-maes. Then J - î + Î + t_. Soie s t a t i s t i c ! allows only even valuta of t + f 

•ince the tota l aaas of the p< i s not very large, It i» raaaonabla to assume valuta of 

tt » 2 or higher to be strongly suppressed by centrifugal barriers . Thus t . • O and J - Lj 



Due lu .ds «t-.r vi'(!••«• sit m .ill ;lu Ji it r il j t ions with W'.<-

(as d i scuss rd in soiLum i l . . . e . j ' - >", h . ' l i c i t y c. 

p a r i t y f-tclianti-. 

di f T t <*<-1 ivvly produced t,y p;...:_r. s. y^r. ihe oh*erv..i , 

(•ssuninK *.-qi.... i i-.is'. -..•; rums l a .1 ' anil ,i ' !' c l a s t i c 

probiib i 1 i t ) f , of » u .•> ' i s b i i w c i 

C.w-Ai 

vhich a vide t-n 

'j 

• t r . r . r . i ! 

loOU J 

Heri' û is c l ea r ri'.at t i e Mate cost havt J - 1 . Thus i t is probably .'.-t- t s ::..• >u-r 

o b j e c t , the . - ' ; !600J . However, no c lear pr^of c* i s : s tr.at the •'' ioC-.'-'i a-zij j . ly j , à n -

resnnance ; i t could e .g . ; m be a ; t threshold bu-.p (: i s the s-uave T i t j t e i t -700 >V 0 , 

perhaps due U a in decjv T.OJC ol the ordinary ; ( " 7 û ) . Even i.iVn-.j the ;• ' < l sC-OÏ, : h : . i ' . , 

eqn . ( l 7 ) i s not yet s a tu ra t ed . 

The search for s t i l l heavier vector s t a tus in di f t r ac t ive photoprcd'-.-t i or, >KI •: so 

far beer.* unsuccessfu l . T!ii a Joes however r.~i necessar i ly cean that sue! s t a res &J nat 

e x i s t . The probU-m i s that di : t ract ivc processes OCJJT at s r a l l ' i ; ir.lv, vliile cr the 

e the r hand the kînes.Jt ic ai ni BUT. o: : , , : 

' E I M I N : 

2 2 \ 2 

"2 ' V 
M1N ' I -..LAB 

(19] 

becomes lari;e when the mass m̂  of the produced s-tate bccarr.es l a rge . The formula shows that 

the only rer.edy, as for so many other t r o u b l e s , is higher incident photon energy. 

Der iva t ion of the ; t | ,^ formula (19): 

If tin.- energy t rani l erf L-u to the t a rge t in the iaboratory system i s *< than the tr.o-
•nentim t r a n s - e n e d to the t j r ^ - t f j . e . minimum n^i^cnt»- t ransfer << target w s O . then 

m 2 " n ' ï "'2 ' ~* 
H1N «I »2 P , M * \\l2 2E, ' 

http://ir.lv
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t i j Tie un',y known resonance which hn sa»5 -I2t,0 MeV and decay» into wit, 1» the 

P •» 20 
B ( J 2 - G ; v i t h J - 1 . This i s a well-analyzed i tace , copiously produced in the react ion-

a 'p - F'p We thus would be observing the r t . c l i o n 

-YP - B°p (22) 

with p r c j n - n e î ,i J t,£cii:i.i-g dif fract ion. This i s i n t e r e s t i ng became i t would v i o l a t e the 

e t ip i r ;cal "Gribov- Koi t isor. r u l e " th j t n a t u r a l l y i s conserved in d i f f r a c t i v e reac t ion* 

(aec sect ion 5 ) . This rule has nc thecTet ieal j u s t i f i c a t i o n ; for exsnplc i f i t i s v io l a t e . ! 

i t cay r .evurtneless be t rue tha t in d i f t r a c t i v e processes no quantun numbers are exchange J 

in the t char.r.al <Po:aeron exchange), since there can slwaya be o r b i t a l angular •oaentutx. 

betwtrr, the exchanged and the d i f f t i r t e d p a r t i c l e . The only j u s t i f i c a t i o n of the rule i s a 

sys temat ic ! that seexs to be apparent in haoronic dif/ractL- 'c and non -d i f t r a c t i ve r e a c ­

t i o n s . This sya-.eiatica may then nat hold for photon r e a c t i o n ! , or i t may not hold in ha -

dronic d i f f ra i . t ive r eac t ions e i t he r although no exceptions have yet been found t h e r e . In 

any CHK*, for the understanding of d i f f r ac t ive phenomena in general i t i t important to 

c l ea r up t h i s ques t ion . Here again, h i t he r E v i l l be necessary to ver ify the energy i nde ­

pendence of the crosa s e c t i o n , but photon de tec to rs have a l so Co be i n s t a l l e d In the expe­

riments in o det to measure the individual t ia and to a s c e r t a i n whether we are indeed 

observing the B - u» D with J • 1*. 



s c a t t e r i n g . The same i t expected to hnid for S photoproduction 

s ince , analogous to ; photoproductic-r., i t should jus t be e l a i t i c s c a t t e r i n g of the é 

cocpor.ent of the photon (no quark exchange diagrams can be drawn for p P * »f or wP * »P 

e i t f . e r ) . 

Experimentally one f inds , as 1er p ihotoproduct ion, na tura l p a r i t y exchange and 
do c o n t i n e n c e with «-channel h e l i c i t y conservat ion; furthermore -j— sscsis r a the r s- indepen-

dent (without shrinkage) in-oughout the whole energy range oi observât ion,Tron 2 to 19 CsV 

CTig.fc). p i t t i n g , r . e f fec t ive pcaaron t r a j ec to ry using formula (5 ) , one therefore obta ins 

. .„<« - ..o. „; [ f . o. 
i . e . a f la t poEeron t r a j e c t o r y . This is to be contras ted with the toeton and baryon t r a ­

j e c t o r i e s which A11 have slopes of about I i>eV . The a photoproduct ion r e s u l t seems 

cocp«c:ble with the observat ions or. proten-proton e l a s t i c s c a t t e r i n g a t the CERN-ISR, 

where at the highest energies a s s u U , perhaps vanishing poaeron slope i s found a l t o , 

with a ' , - O,1 t 0 .2 . I t appears then that é photoproduction shows t h i s high-snergy 

(asymptotic?) property already ac a nuch louer energy. One wonders therefore whether a 

photoproduction at the highest KA1 or CERN I I energies may not perhaps have su rp r i se s 

for u : in s t o r e . 

7- Dif f rac t ion on Suelei 

I n t e r e s t i n g physics can a l so be l ea rn t froa studying coherent d i f f r a c t i v e vec tor 

u s o n photoproduction on n u c l e i , e .g . 

TA •> p V (23) 

The bas ic idea i* to use nuclei both sa production t a rge t s and a t t h r suae tisM as ab ­

sorbing and r e f r a c t i n g tied i a of d i f fe ren t c i t e s for the produced vector sataons; t h i a gives 

information on the P nucléon cross sec t ion which-by other swans i s hardly Measurable, due 
-2* to the cna.ll l i f e t i t se (-10 a) of the p . 

Consider a photon with •oaeatusi k in r idant on a heavy nucleua of r ad ius *.» p r o ­

ducing a p of s»nenturn k in a d i f f r ac t i ve pioceaa on a nucléon at l^spact parameter b and 

long i tud ina l coordina te z . If i t i s ind is t inguishable on which of the micleona the produc­

t ion procesa has occurred, then the amplitudes for production on the ind iv idua l nucleona 

add cohe ren t ly , a l l leading to the sane f i na l s t a t e . In p a r t i c u l a r , t h i a w i l l ba the case 
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;ing the i d e n t i t y 

US) " V 0 ) I 2 ' M b I d ï ( , ( b « , î J

ert*i>« 

trpr-.^versa nomentun t r ans fe r û, • k «inO 
- 1 P 

longi tudinal " " i h - k - k cos6 - k - k -JP 

. _ £ _ . 

- a s 

(note that because cf the large sas» of che nucleus , tha energy t r a n s f e r to the nucleu 

i s << than the naMntun t r a n s f e r , thus the energy of the p « k ) . 

Alio 
i t | ; û„ • fix (energy t r a n s f e r n e g l i g i b l e ) 

thus 
&1 -- | t | - | t | . MIN' 

Ve see chat the angular width of | f < 0 ) | - do/dfi, or equ iva l en t ly the width in t of the 

coherent forward P > J H , i s detercined by the Bessel function J ( b > ' | c | - [ t | M I „ ) i for uniform 

density PCb.i) the in teg ra t ion leads to the well known d i s t r i b u t i o n 

i R4L 
< | t | - | t L 

»2 ' 

The factor e " expresses the fact thaC due to energy conservat ion and m > m , the no-

Dcntun of the • i s k -At - tn « k and thus the p has a longer wavelength. This l eads 
P T P Y 

to a condit ion on longi tudinal coherence for an i n e l a s t i c p roces s : even in the exact forward 

d i rec t ion ve obviously wi l l have cons t ruc t ive i n t e r f e r ence of o i l the s ing le wave* only i f 

I , ''MIN - R ' (27) 

Thus | t -1/2 , the coherence length . I t i s 0.6 fm ( i . e . nucléon r ad iu s ) a l ready a t che p 

production threshold of V - 1.1 GeV, and increases p ropor t iona l t o k . 

We now consider a l so che a t t enua t ion of th outgoing p wave by fu r the r i n t e r a c t i o n s 

with the nucléons. Since a t tenua t ion of the coherent , near ly forward t r a v e l l i n g wave 1* de ­

termined by the cota i p nucléon cross sec t ion a , a f ac to r 



very s t r i V ; n g an 1 i s *•! in. 

concept -:" *ca* te r-.i / disc-

: beaut i fu l confirmation of the quack audel 

8. Sh*. 
.22 

Tf-e t o t a l photor.-r.ucleon croai sect ion behavus, as a function of energy, q u i t . 

• i o i l a r to hadromc to t a l cross s ec t i ons ; the only d i f férence i s i t * sweh t a i l l e r s i z e . 

Thus, at high energies i t asaunea « value of 

- t20 ub tor b o i s protons and o (YPI 
;o t r 

neutrons, which is t^out -r^j 

of the pien-tiucleon cross 400 

section. If is worthwhile 

to note that " t o ^ i l photon pro- *°° 

ton cro is sec t ion" r e fe r s only 

to the i n t e r ac t ions with the 

proton that are not of purely 

quantuE-electrodyaaraic type , i . e . to a l l meson photoproduction processes and t h e i r e l a i t i c 

Coepton "shadow", Q£D processes in which the proton takes pa r t only wich i c i Coulomb f i e l d 

are un in t e re s t ing in the present context although one of these p roces re s , e e p a i r p ro ­

duct ion, has a t o t a l c ress sect ion on protons 

L 

E v (0.V) 

- < : 
Cculoah ( s n a i l q-J 

of about 21 mb at high energies and accounts 

e s s e n t i a l l y for a l l the a t tenua t ion of a 

photon be»= in a t a r g e t . This aeans tha t *" ' * " ~ 

t o t a l photon cross sect ion seaiurenents 

are not s ixp le a t tenua t ion measurements; the hadronic reac t ion r roducts have to be i d u r t i -

fied in each i n t e r a c t i o n . 

W'c now discus; photoproduction on n u c l e i . Froa the sna i l high-energy photon-njc*ton 

cross sec t ion of 120 ub the a t tenuat ion length of photons in nuclear « i t t e r i s o .pected to 

be of the order of 500 fa. Thus each nucleoo in a nucleus sees the fu l l unabsorbed beam, 

and on* expects a t o t a l cross sect ion 

o,„.(-rA) -' t70 nb » A. 



• Uisinncc "i which, ii oui i n t e r p r e t a t i o n , i t due to the p r io r 

hadron s t a t e . The ihadcuinfi as observed expet i cen ta l ly in the 

o^p le te , however; i t looks l ike -20 Z of the i n t e r a c t i o n * i s 

-.sp», due [a very large hflCror. ^ s s e s si >. It the shadowing 

. n t h « t i l l higher aonMtus, cM s would ind ica te that r a the r 

• <L to the photon, must e x i s t . If i t do«a no t , then ch i i may be 

"t*ointliWe"i photon i n t e r a c t i o n perhaps with one of the quarks 

> cay a r i s e here --hv in our d iscuss ion of the r eac t ion TA - D A in 
n a.so consider absorpt ion of the photon a s , e . g . , a v i r t u a l p° 
i netore reaching the i n t e r a c t i n g nucieon. In f ac t , we could as wall 

: es - j l ; i en phùton shadowing there and t r e a t e d the process from the 
:•» .- ' uas present already before the- nuc leus ; but then we have to 
CA - „°A as « ' .«st ic shadow s c a t t e r i n g . The r ° v i v t inc ident on the 
rbed away, and t h i s produce* a .-° shaiou; i . e . a s c a t t e r e d o wave 

.ur'.tas u-hirh i s the d i f f r i m c e between the outgoing (absorbed) a 
ii ur.p.'r curbed o° vave. In* r e s u l t is the sane, according lo Babinet '« 
.•r-ottir.ed, Optical Concepts in High Energy Physics , CERN 72-20 ,p .22) . 

e l ik . e expected to • photons (q < 0 ) , the arguncnts given abo 
f% T /2 

difference thjt not' ;.E - -V* - a. - A • i 

:t:- longitudinal spread of the interaction becom*s smaller 

• / TT;. 
(30) 

HIN 
1 paradox appear: experiments da not shew shadowing, even at r a t h e r s p a l l 

;es ci -q* - o. i C t V , :.- s t s = s [hat rhe shadeving disappears very rap id ly as o, b e -

?s » 0. Do v i r t u a l tUiLor.i perhaps have very d i f f e r e n t p r o p e r t i e s from r a a l photons? 

reason f ; r t h i s car. be teen , sa long as -q i s of the order of or anal1er than the 

:areJ rcasses of the Cadrons coupling to the photon, i . e . as loan a* -q sm . This ques-

: has to td Further studied exper imental ly , in p a r t i c u l a r for higher k and small -q . 



d l ' ^ dq'dv 
_ ( q - , ) * * r, (q ,v)i 

"""•VV W . [<-,!> J I ^ 2 - , ! > J *«».LlV> J '-
i :;-.* iLjabc- i?f v i r t u a l r ranaverae phot on I " r a d i a t e d " by ont e l ec t ron par q v In t e rva l 

« calcuiBteJ «roc Q.E,D..* For q - 0 , v« auiat have o * o.._t<TP> tor rea l phot on a, 

There i i another equivalent no ta t ion which ia in rp i r ed by analog? with e l a s t i c 

i ec i r ; t : prctor. s c a t t e r i n g where 

, . , ' ' " " r ^ / " « r u t i 

*, :<it ï î u i î t -.' the fora factor .F p (q }( 

.cribes the s t ruc tu re of the s c a t t e r i n g 

iron, in as such as i t d i f f e r s f'om a simple point charge. For i n e l a s t i c i c a t t e r i n g 

• wr i t e - .?rresf>ondmgly 

dp'dv dq 
poir> 

V 2 ( q ' , v ) • 2 ( t a n f ^ Wjtq^v.) (34) 

thereby d e t i ^ i - j two s t r u c t u r e funct ions" V (q*,v) and W,(q ,\>) which are analogous to 

squared far» f l i e r s . It i s c l e a r tha t there must be two such funct ion! , since they ex ­

press :he nc-.-QED s t ruc tu re of the e l ec t ron s c a t t e r i n g cross sec t ion and thus nu i t be in a 

I 2 
: n c - r ^ - ) w correspondence vim the two t o t a l c ross sec t ions c (q ,v) *nd 0 , (q , v ) . Fro» * 

;oBp H r i i r , r . c: , J J ) wim (34) one a c t u a l l y f inds 

(35) 

V , ' i V ) . ^ , ( 1 + Si, 1^1 Lrfrt • 0 { , * l V ) ] . 
' ' « v -q L J 

The QtD point cross sect ion 

in (34) i s the d i f f e r e n t i a l cross sec t ion for e l m t i c «cat ce r i n g of * (spin •*•) e l e c t r o n 



The t o t a l c u i s t e s t i o n s ;>,. and o , o r r q u i v a l t n t l y the « t r u c t u r s (unct ions W. 

eni » ,. .Jr. -r îeXrrr \r,r i e »pe ri ir-eiit a 1 ly is functions of q and u by M a t u r i n g do/dq dv 

l . t t ' r s ca t t e r ed , - leciron, «-g- in s ingle-arm apect ro iwt r r* d e t e c t i n g only th* e l e c t r o n . 

îi is r.:: i r i i . î ! t - -.ppA:ate -. and r„ or W, ar.d W\ ; AS we see *rotn *qu.(33) t h i a must be 

done varv îsp , a; Hxfd q" and u, the value cf < (given by «qti.{>)>. In o rda r to ob ta in small 

vs'.-^s et i , r-:.e xust -jkif E'/E r e l a t i v e l y s ea l ! thus ? l a r g e , Out under t h i a condi t ion th* 

i\ tîeïi-î.ii.* 1. .TOSS sect ion for a fixed «o l id angle i n i e r v s l of the s c a t t e r e d e l e c t r o n b«-

can*s i-3t>er s ï â l l . The separa t ion of o and a i s the re fo re more d i f f i c u l t than the oe»a-

ure-rr.i .-; •• * co (wher*. usua l ly , c - I ) . For th* most recent lunuury of the experimental 

Ti-t u-1 ; «ef réf . ; - . Ir. accord wi th our general i n t en t ion in these l e c t u r e i , ve d iscuss only 

2 2 — 

the da;* above the reference region {-q between 0 and 20 CeV , • » htcween 2 and 5 CeV for 

the SUC d a t a ) . 

F i r s t of a l l , the general tendency of both o 1 *-nd a a t high énergie» v •? to f a l l 

with incr^asitig -<j* , very roughly l i ke : /q* . Thus, v i r t u a l photons have «mailer c ross aec-

t ; o r s . Fur ther , the r a t i o R : ° i / 0

T *• «lw«y« ' * ' ! on the average i c i s =0.17. The depen­

dence ai ihe t o t a l cross sec t ions on v or • at fixed -q i s i l l u s t r a t e d schematical ly below: 

For snai l -q" there fel lows, . f ter the resonance region, the region of "high" energ ies where 

c i s r.early cor.star.t, a* for rea! photons ( sec t ion 9 ) . On the o ther hand, for l a rge -q 
2 

(of Lhe o r i e r of scve t r l CeV ) th t behaviour i s "unusual" , s ince we find a Strong increase 

with s bver. at large va1, jes of s , in cont ras t to o (YP) for r e a l Y** *nd t 0 »H hadronir 

t ions H 

régi or. 

Eci.-.i". r e s u l t s can b t b e t t e r susaMrizec' in terras of the i tTuc tu re func-

t inds that in the "deep i n e l a s t i c r eg ion" , which i s defined as the 

-q i 1 CeV , A i l CeV. 

tiie q u a n t i t i e s 2nW. and uK, do not depend s i g n i f i c a n t l y on the . .o v a r i a b l e s q and v «epa-
2 

r a t e l y . b u t only on t h e i r r a t i o (39) , i . e . on the v a r i a b l e ID - 1/x • 2ttw/(-q ) . Thus t h e » 
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i-eft. • H.-.J :Ï- ; : r * i n rai.ù* cf l . ;ne=atic v a r i a b l e s . This s i t u a t i o n i s to be - o n t r s s ' a d 

foi . u - , . ( - l i t - e l a s t i c ,p s c a t t e r i n g , where the e l a s t i c fora factor contain» a fised 

;--£;!• P J : J - . ' ' - : , the : . j n squsr* radius of iht proten; m ui th d i f f rac t ion sca t t e r ing 

which g.vos r.fii. s ,<f vMre or less) fixed width in t , thus again containing an energy or 

si; t» parar.jet i-r, ITJ t h i s c u e the e f fec t ive s ize cf the i n t e r a c t i o n . The sbsence of such 

t.xed p < i . - f . . : * in the T O S S sect ion for i n e l a s t i , ef s ca t t e r ing , i-e. the independence of 

ar.y l i .- , :;^ s .a ' .e , suggests that the t a tge t in effect a c t s a« if i t had r.o l i i e . We wi l l 

dijcL-s.' ;'".c p-irton p ic ture in the next sect ion in order CÎ> demonstrate •riiich conclusions 

one '-.'"- draw about the s t ruc tu re ot the ta rge t from the sca l ing property- I t i s a lso 

..nier- 3 t i .£ th.se .'W.r i s of r c l a t i v e l ; ' l a rge absolute s i t e , i t s saxinuo being about 0 .35 ; 

acci-r = . -ç -. • fcrcula (iO) t h i s twans that even a-, high -q the cross sect ion i s oT the 

sane t : c<r ci r^gni tude as for a paint charge, qu i te in contras t with e .g . e l a s t i c ep 

s c a t t e r i n g v i t h i t s s t rongly vanishing faro fac tor . 

The l a t e s t i ne l . i s t i ï e lect ron sca t t e r ing r e s u l t s froci SLA- indiefctr deviat ion* 

fro;, ^xact sca l ing ; for c».jcrple ••»' ir. fjund *o f a l l somewhat when t> i s held fixed in 

the region between 1.5 end 3 and -q2 increases from 2 to |5 QeV2 ( f i g . B>. Al io , r e ­

s u l t s " !rcD FNAL en i n e l a s t i c -,uca s ca t t e r ing at 150 CeV auggest that vtf, a t la rge v 

--id -q" ( s^a l l u>) i s perhaps 20 X s t i l l e r than p r é d î t ' ' by sca l ing the data fro» lowar v 

i; i -q . These r e s u l t s have s t i l l to be confirmed fur ther . 

http://th.se
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Fig. fl. Proton structure function» versus Q - -q for fixed w ( 8 e f . 2 t ) . 
Kate chit the sca les have suppressed zeros. 

10. Partons 

In jrder to better understand in tu i t ive ly what one learns from ine las t ic electron 

scat ter ing , we again compara i t with e l a s t i c eP scattering, 

Xr. c l a s t i c eP •* eP, one finds a strongly fa l l ing form factor F_(q ) . The proton 

scat ters l ike « di f fuse c o p o a i t e aysten, comparable to a nucleus as discussed in sec­

t ion 8. H there are const i tuents , they a l l scatter coherently since the quantum state of 

th« target hadran remains unchanged and we thus cannot say on which of the constituents 

the e lectron was scattered. Therefore, the scattering distribution reveals only the over­

a l l t p a : i a l d i s tr ibut ion of the scattarera, tiate-averaged because many scattering «vents 

are avtraged over in one experiment. Scattering into large angles or with Large -q i s 

strongly suppressed because the coherent addition of the amplitudes cancels i t out 

(Huyget)*' p r i n c i p l e ) . 



On the other hand, in inelastic scattering eP - e * anything, the scattering on 

the individual constituents (if they exist) will be incoherent if the energy transfer i l 

•o large that the struck perticle ia "marked" by its large retoil energy. Thir of Course 

destroy» the coherent.*.. The target hadron "break» up". The obier\ed scattering distribu­

tion can then reveal only the properties of the individual scattering particle* ("partuna") 

but docs r.oc depend at all on their spatial arrangeant, and therefore also scattering 

under large angles or large -q can occur without the destructive interference from the 

other particles. 

Imagine nou that the proton indeed has pointlike 1er at least very small) L. -
28,29 stituents (partons). The nusber of virtuel partons in a nucléon ia of course not 

fixed btl fluctuates since due to the strong binding farces partons can be virtually 

created and annihilated. In this respect they are analogous to the virtual photons in the 

field of an electron. 

Let us consider an inelastic eP collision at very high coaentua (p * *) in the cas. 

a? 
f parton carrying fraction x of total 

t? ,4-Komentuca p 
r* proton. partons after ( . 

acattering, I ^ 
s t i l l with J + 
final state i ^^^ 
interactions L **̂  

The transverse oocienta of the partons before the collision can then be neglected relative 

to their longitudinal accents. Call a the fraction of longitudinal momentum • fraction of 

total four-momentua of the proton, carried by a particular parton (assuming the partons 

have finite rest mass). Aas'jme chat the acattering electron transfers a very hard kick and 

sufficient energy so that incoherence results, We can then apply the inpulse approximation, 

i .e . assume the scattering takes place on an individual point parcon that behaves as if i t 

vas momentarily free during the tide of interaction with the electron. This is justified 

due to our assumption of very high momentum p which means the relative notions and the time 

between interactions among the virtual partons are slowed down by the y factor; therefore 

they behave like long-lived non-interacting particles while the electron scatters on one 

of them. 



i 0 or - of the parfont) 

'.•tîed by 

, h-.fh e- , 

0 t for spin -y partons only , 
i 0 toi spin 0 pat'.on») 

incu?Ti of x - - d i t e c t i l y gives ui Q of the partons time* 

• nul 1Î*»BI fjdin»! -uin-ntiiB! » of the pa r tons , uh i le vW, i t Q 

lar iJM oi ' : i . c tnT .» l ruru.-i>tuD * to the t o t a l Montncun. From cha 

:---, witii _ - - at U r g e u (small a) U i g . ï ) we ice that tb* 

. tia^Lio'-.al »OM*?iuuft * is large -dx/x; th i a had al ready been 

rder to m p l a i n the c h a r a c t e r i s t i c p rope r t i e s ( e . g . alowly 

loss se:tior.s) wl hadron-Jiatiron i n t e r a c t i o n s in the per ton 

(Callan-Ccoss *uo r u l e ) 

t «i 

f rac t ion of p r o t o n ' s t o t a l i 
c a r r i e d by the i - t h par ton 

* Q. of the p a r t o n s , 

taking a w i gr* '.-J average pre port ior.al to the moment* of the pa r tons . Experibent gives 

0. IS for p r o t c . s and 0.1J! for neutron*. I t follows tha t i f a l l par tons are charged t h e i r 

average charge s u i : be ra ther s c e l l ; e . g . i f they a r e qua rks , few p quarks but many n. or i 

quar t s oust be present . A b e t t e r assumption is perhaps tha t there are s i r o neu t r a l pa r ­

t i c l e s ("gluons") by the exchange of which the quacks a re "glued" toge ther in a hadron 

s t a t e . 

Eqn.(42) a l so shovs that i f the par tons are r e a l l y p o i n t l i k e then scale invar iance 

should hold exac t ly a t '"igh ene rg i e s . The r e c e n t ) ^ auggeated v i o l a t i o n s of sca l ing can of 

course be i n t e r p r e t e d as being due to 

2 

a f i n i t e s i ze of pa r tons , i . e . :o parton form fac­

tor* . In analogy to the proton fora f s e to r F p (q*) 

i t nay be caused by an i n t e r a c t i o n of the v i r t u a l 

phocn via an unknown neu t r a l vector p a r t i c l e 

( e . g . a "g luon" ) . A fac tor 



(• i 0 Ç20 •.> -10 0 A 0 0 6 0 t.Of' 

oi 
0 020 o-iO 3«> . -w CO 

Fig .9 - «c i t ron /Pro lon r a t i o o: A' , . Fig. 10 - Ptoton-Nuutiori d i f ference of vW-, 
p lo t t ed 4 S a i n i t * • - ! / « ' *.-here - ' * l * » / ( V w - a 3 , ' ( - q 2 ) . Otaf -A) 

*-e cay cancel out the dif t r a c t i v e (I » 0 exchange) par: ion of the v i r t u e l photon-* j. 

nuclcoii i n t e r a c t i o n by considering the difference of vU_ for protons and neut ron! (F ig .10 ) . 

Thin d i f ference should, in Hie cost simple quark-par ton w.-i^l, show Che p rope r t i e s of the ( 

30 ï-
v i lencc quarks , i . e . those quarks that determine the ikot-piu p rope r t i e s of the nucléon i 



li:_ b-.d.-'-u': p\c-;ssfs by highly vittuai p' -'ton! 

We hn\'i> up to ww l t i t out OL;-'IM-:OIN ut the f inal i .droti ic n a t e s c r i i t f d in 

deep . p . r l j f . . r e!«-.-ire;; reduct ion. L: tf-e p a r t e : :d r* j n c co» r . e t - then why do îhe par t i r . ) 

or q^ark» not ;omc cut? This i " , together uitti th.: coo l^rge c roa i auct ions observed in 

c e j i ï i . lh i l ï t ion i i t c v ' r o ^ s {see ReTard's lec tuTc) , :h* m ; r r rher . rc t ica l problem with 

[>- ; t . juth free quarks are net seen. «* -!••• l .^k i ' tt"c l in-tl h»dronic s t a t e» 

r - w r w of ; ^ F r r - , ' , l t M t e - * s c a l i n g , ht i t due te ci-.* vk l ike subs t ruc ture» cr r.ct. Thus, what 

pre tti* new ( i - j iu t f j ?\al appcit as enr go«-s frf>r r v • ' oprcduct i.'n vh i i i . at we >'i^cut*ed 

is "VaCr^r.ie" in na tu re , *c react ion* induced ïy prn>!ctu of very high -q ' ? For t \ ; -* . ; ip , 

point l ike subs t ruc tu res could show up through production of hadrons with high p. • Or, t.he 

" l ea - i ng" hadrons e jec ted in the d i r e c t i o n of the ostsentuc t r ans f e r r ed by the highly 

v i r t ua l chctoft, could be r e l a t e d to fragmentation of the par ton tha t absorbed t h i s œoir-on: ur. 

The efcperiaents on v i r t u a l photon-nucleon i n t e r a c t i o n s are d i f f i c u l t because the 

cross suc t ions are email (about another fac tor e compared with phot^product ion, see 

eqn. ' . i9}) and electromagnet ic background and r a d i a t i v e co r r ec t ion» have t o be d e a l t w i th . 

Fsr c e r t a i n exclusive ; -hadron f inal s t a t e s , counter coincidence or spark chamber e x p e r i ­

ments have been iar.t in which the e l ec t ron plus u sua l ly one of the hadrona are measured. 

Sttr.ilar arrangements are used to treasure the s ing le i nc lu s ive n , K and P d i s t r i b u t i o n s for 

fixée q and f' ci the sca t t e red e l e c t r o n . To meas'ne Wdron mul t ip l ie . ! t ie» and for un ' 

b i a s t J i nves t iga t ions cf t r e ^ross p r o p e r t i e s , as v e i l as (or exc lus ive f ina l a t a t e i , t r i g ­

gered bubble c.'.-.-.bcri end s t n ; ^ ; -naniers have been used. 

J n t î ' now L.IC experiments au p a r t i e l s product ion by i n e l a s t i c e l e c t . o n aca- . ter ing 

have icainly shown the typ ica l features of hadronic p rocesses , v i t h a fe'i caae i however 

uhere po-;sûhiy s .g i î ; ca r . t r»«f t vends appear. An exattple of the foraser type i i the pion «x-

change itivosxi potion froin wn:«-h one ©otains uie pion fo re factor (as discussed in sec t ion M. 

Another exaa-pU i s the m u l t i p l i c i t y of the charged hadrons . I t i s found to inc rease Like 

In s v i t h coef f ic ien t 1, very much l ike in hadronic r e a c t i o n » ; 

i 0.90 + in * (q 2 - 0 , pho 

0.66 » l n i (0 .3 < V < 

Coproduction) 

3 GeV , vlectroprarfuccion} 
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Jif ftait-^r. «e have the longitudinal cohe-ance condition (eqna. (27) and (19)) in ths 

Ikbot.ttaiy surets 

: 2 2 j 

,•:. " — . 1 _ U !!* • <-* > . /rri 'i • • . 2 « : 
• M IN ' 2v 2v 2 v | C 1H1N y » ' i:, 

| r « l T 

vhert* R,. i s -.he target radius, tfe can a l i o aay: Ai aiming th* t turns into hadronic s ta tes 

i i r j t *r;d r.iese are domina Led by the p (a very reasonable "iit-uption tot di f fract iva o 

pt^d'j.-tlo-i), then the average distance in the lab travel led by the virtual p° of aais q <0 

(»IM pqn. 30) csust be ' 

<ii> : ;

2 V

 ; - | > Rp « I f« = * w Î 4 (46) 

for d i f f rac t ion to take p lace . If th is i s f u l f i l l e d , the d i f fract ive o amplitude w i l l ba 

proportional to 

"S. -FT-? <"» 

uhic.i i s dec<;mii 

expect the C pri 

!>• the û propagator '-ececiber K was defined at q • 0 ) . Thus w* 

:.i-"'ti cross sect ion to be 

-2 

o (q ) : ff <q - O) 
P P 

Fig. 11 »ho'Js tha; indeed the observed 

o (suns of transverse and longitudinal 
P 

cross s ec t ions ) behaves roughly as 

expected for p doninance ( s o l ' j cur'e) . 

Hot* thfct the t o t a l cross 

sect ion for v ir tua l photons on protons 

i t obviously not doainaced by the 0, 

since It decreases core l i k e —j rather 

4 
than l ike the square of the p propagator (47). 

Thus, the " e l a s t i c ' V t o t a l rat io 

o ( T P * P°P> 

, " 1 («> 

decreases from 13 Z at q - 0 (a "Padroniike" val'.e) to -1 :. LK -q " 3 CeV ' . Thia dots 



or ig in ( i . e . • \-' . M <--tt«cO or due only to the »vi tching on of the long i tud ina l photon* 

or to the . [ d r e s s i n g s° con t r ibu t ion , and that thf effect g*ts more pronounced when -q 

Fig- 3- Dis t r ibu t ion of the • invar ian t c r o s s - s e c t i o n over 

p , for d i f f e ren t ranges of u ' and x, «here x - Pfl/Pu.» 

of the pion in the Y P c e s . Refs. 32, 33. 

From what vt hav e discussed i t seeus probable tha t a t high energ ies v , the 

var iable u • — „— ; l * -— i t e s s e n t i a l in determining whether a photon-tiadron 
<-q*J (V) 

i n t e r a c t i o n i s predotsinancly "hadronl ike" or n o t . Thus for u >> 4 , inc luding u • • 

( rea l photons), V H . Ï Î : hadronic s t a t e s of the photon can appear well before the i n f r ­

ac t ion v i t h the ta rge t takes place (eqn. 46 ) ; accordingly the hadtonic f ea tu res of -he 

incident photon dominate, in the parton o i c t u r e , the parton which i s h i t c a r r i e s only a 

so* 11 ' t a c t i o n x of the t o t a l noaentua of the t a rge t nucléon; t h i s does not d i s t u r b the 

nucléon much. High energy hadton-hadron i n t e r a c t i o n s a re a l so prédominai .ly involving 
only these low-* ("wee" *) pa r tons , accc-r^iug to Feynman's parton « d e l . 3,34 



(• pn) : p robab i l i t y • (~) » 2 > 

I ? 

7 7 

«hi« 

u l t i n g r a t i - s for leading > ' and K~ depend on the unknown fract ion of these ncaona 

ome from decays of p r imar i ly produced resonances l ike p , K , A , . . . . Nevertheless 

<^>J<'.>.. 

w« 
a q u a l i t a t i v e tendency of the data tc show 

increas ing - /•* and K / « * r a t i o s for fas t 

forward going raesons when -q* inc reases or 

u decreases ( i . e . when [he p i c t u r e discussed 

above becc-^aes a p p l i c a b l e ) , i s expected and 

indeed observed ( f i g . 14)- Note that foc a 

photon behaving hadronl ike one expects about 

equal numbers of leading r and i as f t ag -

iwntatjo.T produc:s of the neu t ra l photon 

(see equn. 151: t h i s i s in -ccord with ex­

periment for q" - 0 (photoproduct ion) . Thus 

the observed charge asyrssetry a. s c a l l u, 

which can be explained by tho d i r e c t i n t e r - f i gu re , x - f y ' l ^ x 
r ' cms. 

ac t ion of the photon with the charge of l a rge-x quarks in the nucléon, could be a s t r i k i n g 

dynacical Kar . i fes ta t ian of the unequal charges of the p and n quarks . Of course at present 

energies {*T < 5) the leading p a r t i c l e s have considerable overlap with o ther fragacnt» 

but i t w i l l be extremely i n t e r e s t i n g to follow these and s imi la r other quark fea tures to 

h igher energ ies in the fu tu re . (A grea t many i n t e r e s t i n g ideas in t h i s connection arc d i s ­

cussed in Feyaman's book.) 

F ig . 14, Charge r a t i o for s c a t t e r i n g on a 
proton t a rge t for d i f fe ren t measurements. 
The curve corresponds to a quark par ton 
nodel f i t by Daxin and Feldnan (36). Tn th i : 
f i gu re , x - p ï /P Î i v D * t h e pions in the > ,P 
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