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!ty report to this Conference consists of thrce closely related

Gübjeets:

Experiments to test quantun electrodynamics at snall distanccs,

leptonic decays of vector mesons, and photo-production of vector

nesoriG.

As most of vhat I have to say is based on the validity of

quantun electrodynanlcs at siaall distances, I will prenent ny report

in the order outlined above.

The important vorks on electron scatterinp;, nuon scatterin-,,

hißh precision Tuantun electrodynanlcs at small nonentun transfers,

photoproduction of bosons, etc. will be conveyed in Prof. Panofsk.y ;G

and Prof. Richter's talk and will not be referred to here.

I. Quantum Electrodynanics at Small Distances:

A beautiful experinent fron the Stanford - Princeton-

colliding beam group was reported to this Conference. ^^

In this experiment, two beams of electrons vith TOnA current each

at 550 MeV •; collided in an interaction re^ion surroundcd

by a laree solid angle counter-spark chamber systen (Fif:. 1).

Veto counters were used around the detector such that the cosnic-

ray background was about 3%. Radiative corrections were kept snall

( — 10%} by including events with radiated real photons up to nore

than 0.1E for radiation along the initial direction, and to Cf 0.6E

for radiation alonc thp final direction.



The lovest order diagram for feiler scattcring contains npace-

like virtual photons*, this experiment can therefore be reparded äs

a test of space-like photon propagators and of the electron vertex

function. The Miller cross section modified by the Feynnan regulator

and by a radiative correction is

.z

+

z ,-1

A value of zero for l'"-- would be äquivalent to 0^19 / = ^

consistent vith a point-like electron and no cut-off on the photon-

propagator,

The result, based on TOGO events, is K~ 2 = — (. Ofc ± .Obj^GctV/c

which is consistent with K ~ = 0.

A series of large nonentum transfer e+e~ pair production ex-

periraents and wide anßle brerasstrahlung experiments uere also reported

to this Conference.

To first order three diagrans contribute to pair production

(Fig. 2). The first tvo, the BH diagrams, can be calculated by Q.E.D.

The last, the Compton diacrari, cannot be calculated exactly, but ex-

perir.ental conditions can be chocen such that its contribution is

Gmall; in particular, since the e+e~ pairs in the BH diagra^ic behave

under charße conju^ation äs tvo photons (C = +1) and the BH croGG
t ssection varies rapidly with angle ( ^ 9 . . . Q~ ) , whereas the

Conpton tern behaves under C like one photon (C - -l) and the Cor.pton

cross section decreases snoothly vith 0 ( ^ 0~ ).

3y choosing a synmetrical detector vith Gmall openinr, anwies one cli-

ninates the interference between the RH and Compton terns and at the

sarae time suppresses the Compton tern to a fev percent levcl.
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For symmetrical pairs vith Ö_ = Q+ < 10 the nomentun

transfer to the recoil nuclcus o — E0 < 100 fcV/c, vhile tho r.ans

of the virtual electron propagator t — Vif E Ö ^r 1000 MeV/c.

Thus under these conditions a heavy nuclear tarnet nay be used with
p

relatively smoll forn factor corrections. The yield goes up äs Z"

and thus enabler; one to conparc the ncasured e+e~ rate vith prertiction

of Quantum Electrodynanics to u rnonentun trarisfcr of l CeV/c.

The DESY - M.I.T. ^roup has reported n. new renult on pair pro-

duction with a precision of + ^ and. up to a pair invariant riass of

^ . This experincnt, using the 7.5 ^V "yncarotron and rc-

the pair production ancle to < T. 7°, witli carbon tarr.ct,
t . . . V .

and with 4 hich precision Ccrenkov couriters to reject pions, usinp; fast

electronics for handlinc accidentols, yields results, based on

UOO - 1000 events at each point , which are in ^ood a^rccncnt witli the

predictions of Quantun l^lectrod^Tianics. The result of their r.easure-

nent, together vith their first result on pair production vith the sarie

apparatus is shovn in Fi^. 2.

Follovinc the nalysis of Kroll, who shows, that correct applica-

tion of the Ward identities of hißher orders reouiren tht'.t nodification

of BII cross section nvust be of the forn Öaxp/ÖBH = 1 — (I™-/A.) } " > *f

vhere A is a cut-off paraneter uccd .IR a Standard of compari:;on he-

tveen various experiments on O.]]. D., the DKSY - f ' . I .T. f;roup experi-

ment yields a A > 2 GeV vith 63£ confidence levcl(n=ii-j

Two beautiful experinentr, on vide an^le bremnstrahlunf; wer': alno

reported. The diagrans of brennstralilimr, and pair production aro idcntic-

al if one in t erc hange s p_ - » — p_ in ri.'Ture ?. Thus thn

brensstrahlung experiments enable one to probe t ine li.Vrc virtual elec-

tron propa^ators whereas the pair production experinents tost O..K.D.

vith space-like virtual leptons.



.The experiment by the Berhelmari, T.ittauer ^roup * used thc

internal bean of the Cornell 10 GeV electron Synchrotron, carLon

target, and counters to detect thc scattered electron and photon

in coincidence. Their set-up is shown in Fig. 3.
a

The scattered electrons were detected at C.k° by.sin^le focusinp;

spectronntcr , and thc photon aperture was defined "by a collima-

tor at 6.2°. Thc photons were detected by lead nlass counters.

Tine of flight and pulse height Information were uoed to select

the £ ~ T events from backßround. 100 events were collected at

cach point and their result äs a function of final state -lar.s i r

is shown in Fig. 3. The best straight line fit to these points

is R = 0.91* + O.lU + (0.9 + 1.9) x 10 " M; the results are con-

sistent with Q.E.D. which predicts a straight line at 1.0 with

zero slope.
i /1. \e experiment of Eernardini s ^roup \ at Frascati used a

hydrogen target and counter techniques to detect the final pro-

ton, electron, and 'fr in triple coincidence up to a (e, or )
O

invariant nass of 100 TfeV/c . Their results also a^ree with Q.E.D.

The stunmary of the three latent experinents on O.E.D. is

shown in Fip^ire ^, which clcarly f^ives us confidence t hat first

order quantun electrodynamics of electrons and photons is valid,

+ r, 0+ i*»n.st. 5^ level. in both the Gpace-like and tine-like re;;ion,

and up to a riomentum tranofnr of l OeV/c with a correspondinc cut-

A "=- ^ C^eV at a 68% confidence level.
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II, Leptonic Decays of Vector Mesons

Havinß obtained sonc experinental evidcnce on the validity of .

quontun electrodynonics at momentun transfers up to l 3eV/c, vc

turn to oxperinients on the detailcd understandinr; of the nnturo of

The rest of the talk will be on experinents desicncd to ncasure

the coupling betvccn photons and vector r-iesons (massive photonc,

which have the same quantum nuribers äs the photon .T = lt C = -l,

P - -l, but with non-zero rest nass ) and the photoproduction of

vector raesons.

MOTIVATION

The purposes of studying leptonic decavs of vector ricnonn are

fourfold (A, B, C, D): ^) . v°-^ £ + +r
A. Iteasurinc the branchine ratio 3R = ---

V° — * «U modes

is the only direct vay to detemine the couplin^ conntant "hotveen

the vector mesons p, u> f <f> and the j- ray.

The couplinc constant Tfy IG relatcd to the partial docay v;idth

r ( V ° — e+T) via:

?v _ oi* ry> y 06 ^

" 12 ßR- r + 0 t " 12 ' r (

The precise Knowledge of fa or P(V°-* t*l~) enables ur> to deterr.inc

the co-^ nixing angles directly via

™*~ ^ ee
mw

(3)



t o chech 'Teinber,"1; s f Lrst sun rule v/h ich is nased on t he currcnt : iix

in£ modcl aiid predictc

z a z1 mp m w , rna,
-r2- -r2 r +5 ( }

6 Qf T* Tt
To compare it with quark nodel calculations of Dar and Veiankopf:

etc.r(f>— *" <2e) = 5.8 keV, r(0-*cc) = 0.95 keV

In particular, the quantity 9rv appears directly in tho vector

dominonce nodel approximation, which relates the electror.a^netic

ciirrent J ,u ,C x ) of the hadrons to the phenomenolop;ical rields

x of the vector ncsons via:

(5 )

2fo -l

Thus in the vector dominance model, the knovled/^e of TTV is essential

to our understanding of the electronac-netic form factors of nucleons

and of pseudoscalar mesons, and to our understandin^ of the electro-

maenetic deca^-s of mesons.

For example, the niraple vector dominance model calculates the pion

forn factor fron the graph

r

_

,-ivinc the result F (k^) = ?fTnr - - f ((,}

mr~
vhere OWre can be calculated fron the width of P—•• 7TTC and the

G * f

normalization condition f^- (o) ^ l f^ives Oprrrr ~ 2 TTp
a r u r

ana the decay of 7t°—> 2 j accordinc to

u;
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which gives

,'1 , H .2 ^
(T)

m TT */ 4.7T

Thus ( w — »TT depends only On

B, Comparing the rates of V° — »• e++e~ vs. V° — * jjf + if

Cives us a direct check of ^u , e universality in thc tine-like

reglon and at the high momentum transfers of q2 = j^2 >. Q ^

This probes any possible differences in the forn factors F (q1-

and P xx- (o.̂ ) between electrons and nuons in a donain vhich cannot

be covered by either elastic scattering experinents

( /A + p — »• u, + p vs. e + p — *• e + p with q^ < 0 ) or low no-

mentum transfer experiments like the g-2(V) e

C. In principle, studying the e e" mans spectrun fron reactionr,

like j- + C —» C + V°_ s£* + t~ znü e+e- » Tt^Tr'

or e+e~ P- K"*"K~ gives us the best way to deternine the mass Hv

and the width f"v of the vector raesons. This is because the

background contribution to the mass peak V° *. £* + £~ can be cal-

culated exactly.

D. It follovs from (5) that the photo-production crosr, section

of vector mesons can be related to the vector neson nucleon cross sec-

tions directly via

^A — B + C; =
v

This part of the physics I will discuss in detail later on.



There are two wayr, to ütudy the leptonic decays of vuctor

mesons: (A) Fron neasurin - !,:,•' relative rater, of production of

vector mesons (via stronf. intoractionc ) and the rate of vector

"lesor: decay inLo £ i ini.ir.~-. And ( T 1 ) fron rieaauriiv: the rates

of vector rneson dccay^. ia r?1 cra^e riii-rs.

For both cases the l > e : > t way lo noasure the branchirif; ratio

TR - V -— +£*rf\J ~ * ccU i;: t^ detect all f ina l utate decav ^ar-
/ " '

••icles V0 - »• x + y ... w i t h a 'i TT detrctor. In nuch a car.r-

',hc brar.chinf: ratio followr; 'iirectly uithout any pha::e-space and

aceeptance correctionr, . In prnctice , however, Jiince one can only

• ietect tlio final r=t atc p,\r',i ,:.len wi t./, in a rat he r linitod r;olid

onr.le , t i ie an^ular dir.tri bution of all final 5 täte particles nust

j n nea;;ureu in ordcr that \\\^ vield." of V, *t*
all orrc c tu ä f n r di f f e rent acco^t an ce 5 .

( A ) r'or Proüuc Lion i jx r>e r i~ i c jn t ; ; :
(fO

It fo-Llowr, frcr.i a ,-rr o r,-U analysis by ^akes , baoed

on invariance ar^ument:;, tha!, tne -c t pair production fron any

luipolarised initial G täte of ,~ i,ron;-iy-interactini; particlen i r,

corr.plete ly described by fi v.' r e n j ^orr1 ^actor:";, that are sinply

r':latorl to Lhe densi ty-nat ri x e lo:-.erit,r, Tor tiio product ion of a

virtuai nhutou, wl i ic i , thcT, dec:i^"r; in ' . r , the nair. P.y ^ean-^rin,™ the

.1: , ;.;1;; r -!.. . ; J .ri"r. :;M r p : f .r .- : : • • • • , . • r > ,- ,•> t i - • . • '' !,:v pair, nnr can deternine

oJJ f ivu form factorc (<--r t , h " i r den;- i ty-r. -;.trix '^quivn] c - n t ; . ) rnd !,here-

by al:;c investi(-at" the r ' v.;'. ' ..ro of t, h o r.ro-'hict i c r , rroce.ir.

. 'O r . - - - , d; rcctJ.cn a.'! oiif. t - . r , - - • . ^ ] s ,-u , . , ' , , i c ;io.i-: ial t o thn r.rn.ji ic t inn

l-.
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the angular distribution of the decay of a vector meson into two

spinless particles x+ x~ is :

WX + x * (Ö * , ?*) = H1 ( p11 sin 2 ö* + p00 cos2 Q*

1~4 p it *• /~~i
-p x sin 0 cos 2 <f* - \ Re p

x Gin 2 0* cos ?* ) .......... C - >

and the angular distribution of the V° - *. f f is

w ( 9 * . .f* ) = (l- W«*»'(e>W-*jL (10)(^i 3 • • • • •

The follovinc cases of (9) and (10) are of special interest:

1. If V° mesons are produced by an incident beain of hi^h-

energy 7T mesons, in the one-meson-exchange approximation either G-

even or G-odd states can be exchanged. For the G-odd exchange — the

case of p production via one-pion-exchange mechanisn — we have

p° 3 = l and P X»J = 0, where i or j ^ 0 .

Thus we have:

w (f — * TT*7t~) ( 6*, V* ) = -77^ — cos2 0 (indcpendent

of f*) .......... (11)

W p — * ( 0 t V ) = sin 0 x. , (12)
/ n T~*

/7T

For the G-even ex'channe -- the case of co° production via p°

exchange — we have p = PH , p 1~1 f 0, all other p1"3 = 0.

Thus for tu - » **"^~ we have:

(fle?xinds on

(13)

and on averaging over the azimuthal angle V5 one obtainr,

Thus measuring the decay an^ular spectrum of P — *• £ £ {the Ö, tp

dependence) and the value of the density matrix, äs a function of nonent

um transfer, yields us Information on the production mechanisr, of p°, äs

well äs determining the oo - * Z £~ contanination in the p°— >^*£~

spectrun.
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2. For a beam of hich enercy photons incident on conplex nuclei,

coherent production of <f> in the forvard re^ion requires that 0 and

the incident photon carry the same spin orientation, and thus we have

* * •? ^t

^ « ^ (P wave decay)

(l + cos2 9* ) (16)
) wave decay)

(B) For Colliding Beam Experiments:

The annihilation of e+e~ into n. spinless bosons through

the one - photon channel leads ^ to a final state with P = -l,

C = - l f J = l , T = l for n even, T = 0 for n, odd.

If T is the most general vector (pseudo vector for n. odd) forned

out of independent final momenta for even (odd) nunber of bosons

the final distribution can be sliovn to have the general form

J 1 6 (17)

vhere 9 is the an^le formed betveen T and the initial line of

collision, Thus for
f> — » TC^ K~

the only vector is p^ - pz and ve Ret a sin2 Q distribution,

For e e~ — »• to — »• 37T the only pseudo vector i s the normal

to the production plane, and we have the normal with a sin^9 -

distribution around the initial line of collision.

Assuming a Breit-Wigner description for the resonancc cross-

section near its naxirnum, we have then

^ (2£-n)Z + T2/V , where P- . f)

are the rates into initial e+e~ and final state, respoctively.

If the ener^y resolution in C.M. is 2 A E and if P » 2 A E
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we then have
AE

or

= 5(2 mj - U** (2 J

vhere ot' ; ßf are the branchinc ratios for decay into initial
j

and final state, respectively. For our case J * i . % = — — —
' m.

«

/-, o \s the cross section at the peak deternines the branch-

ratio of leptonic decays of vector mesons.

For case of p — »7r*TT~ and <f> — • K K~ pairs the diffe-

rential cross section in the c.m. systen is

ffc E*

vhere ? (K1-) is the e.m. form factor of 7T or K

Thus measuring this cross section also enablec one to dcternine

the e.n. form factors of 7T and K nesons in the time like rc;

The cross section äs a function of energy:

& » C ^ (20) allovrs ur» t o
(VE2- m;jZ + rryZ ^

make a unique deternination of nass and vidth of the vector nesons
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EXPERIMEKTAL RESULTS:

•*• a-
The Branching Ratio of P —t

r.any experiments have been done on the branching ratio of P —»• -c t

nuch äs the experiment done by the North-Eastern -ü.I.T. f-roup at

C.E.A. '"' etc. All these experinents yield resultn consistent vith

oach other. But the resolutions of these oxperinents are not pre-

cise enoueh to make a definite Statement on the width of P° .

The results of the DESY - IM.T. ßroup « on the p —+ e.Q is

shovn in Fiß. 5« Thie experinent is done vith a precision cpectro-

meter vith a mass resolution of + 15 IleV/c^, To reduce systenatic

errors, both the production of P° and the subsequent P°—» € e~

decoy vere neasured with the sane apparatus . The experinent was

done at a lov photon ener^y of ?.T r'eV on a carbon (T=0) tarnet,

such that the cu »• €+e~ contar.ination is small.

At lov energy, the bubble chamber data shov that photoproduction of

co on protons is consistent vith O.P.E. TIo o; contamination
. O

was observed and the measured P—* e e width is 120 + 20 MeV/c1-.

The branchinr^ ratio is obtained by dividin^ the area under the two

curves and it yields

I3R = (6 .U + 1.5) x 10 "5.

The result of the beautiful experiment done by Wilson n nroup

at the A.G.S. is also shovn in the sane fi^ure. Tliis exporinent

yields a BR = (5.8 + 1.2) x 10 "5 and a vidth of 97 ± 20 MeV.
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Two beautiful cxperimcnts on the branchinj; ratio and vidth of •Btep°verc

done Ijy thc IJovosibirstt^-and the Orsay collidin^ bean r;roups. "i,". C shovs

some of the iriportatnt characteristics of the storace rinrs used ny these

ßroup*: together with the ring used to teot oj;D by thc Htanford ^roup.

?.üth p;roups neasured the e+e~ - annihilation into Jl*K~ . Thc

t wo experimental set-ups arc vnry sirailar. ri---. 7 shovs tho nrrjay one.

Tliey ur;od tliin plato Eipark chambors to no-:,3uro tho onrlnr, n^ thc particlun,

ranr^e and shover s park chanbers to distin.-uiah pions fron elcctrons ar.<l n

coincidence coiontt.'r arrnn^eMents trir.nered in phafse vith thc Vjeetri unnciic-r ;

and additional veto counters to reduce cocmic ray bacli^round.

'I^ie result of the e++e~ —* p —»- Tt"*"+ K~ spectrun fron Orsay in alno

shovn in ri{j. 7 and the followin," table surmarizcr? thc rcsiiltr; of thc t-.,ro

collidin^ beam experiments togcther with earlier resultn fron DEHY-M.I.T.

and fron Harvard

mr(MeV)

Novosi>)irrak 75^ t 9

Harvard

Orsay 760 ± U

DERY / K.I.T.

(?(M«V; B R ^ I O 5 " I^_«e(keVj

105 + po 5.0 + i.ü

97 ± 2 0 5 . 8 + 1 . 2

112 + 12 6.5U ± 0.72 7.13+0.51
(fror, thcir
f i t )

6. U + 1.5

759 + 100 + 0.50 C.52+0.75
(froin avora/'c

+- 0.0̂

- 0.06

for the couplinc constant v hon the p-me s on i G on t, h o . - 1 anr.^r0 • ' : 11.

. ,n„ 4^ = -ilL fron 7T forn factor T,.ro havo

mass ahell.

~ 0.53 + O.OU for the cnur-lin/-^ constant when ^hoton i :; on
A



The- Branchin- Ratio of 0 — » •£ -i

(16)
An experinent was perforned at DI^Y by tho DI^Y - F ' . I .T. r

ur.in- a precision spectrometer and counter techniquos. The experinent is

vcry sinilar to the experimcnt this croup has done on thc P° "ieson and

i t hac tho follovlnn; najor experincntal facts:

1. Ilornalization and polarization :

They have measurcd both thc production of 0 by photor.r on
** J.corbon (with 10 events} and the docay of <p — * e1^" (with ^0 evontr, ) ,

vitli the sarie apparatus, thus reducin^ the najor systumatic errorn in the
?-uornal'ji zation. Their System has a nass resnlirtion of ± 3 MeV/c ~ for

0 — > K+K~ events, and of + 20 HeV/c2 for 0 — » c+e~ events. Witli 10 ' evonts

they find that photoproduction of ^ on conplex nuclei is via diffraction

meclianinn. Thus the an^ular distribution for K-riairs in W.>,> = -^~ ^tXr 0 .KK yjf t

for clectron rairs ^^ _3

/fc 7T

2. OJ]D pair contair.ination in the yield:

To first order both the Bethe-Keitler and ( <f> -*• e+e~) diafirans

coritribute to the rnaction

-t- C *• C

h'owever, since the BII CTOGS section varic-s rapidly vitli an^le

9 ), vhilo the ^—* e+e~ cross section varies slovly witli nn^lc, the

( 0 * e+e~ )/back^round (Bit - e+e--pairr,) ^ Q3

To reduce BII backßround thc e+e~ -pair was neasured at larp;e

anwies of 22° - 30°. The BTf back^roimd under the narrov 0 peak i K thcn

<- - of the total yield.
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3. oince the p ho,s a lar~e vidth, the p —» e+e~ yicld

contaminates the <f) —> ee spectrun. Ilowever, since the 0 has a narrow

widtli, a good riacs resolution on e+e~ will enable one to pick out the

peak with a sraall O background. Usin^ the p —> e+c~ spectrun neasured

in the same apparatus and with the rieasured dif^raction (pure inaniriar;.'-

amplitude) cross section, they estinate an overall 10* contanination of p

p.luc ( p/ 0 ) interference under the 0 peal:.

8 shovrn the rc?sul^in^; 0 ~* K^K" anrl 0 -* o+o~

spectrun. Integrating the area under the spectra one obtains directly

•* K + K~) = (5.7 ± 1.7) x Iö'k.

one

BR = (2.70 + 0.80) x 10 ~\ beautiful birt difficult experinent on the 0 branchinß

rat i o was reported by i&te Orsay eollidin,^ beam (Jroup. ^Ince they havo "bot!:
r~>

electrons and positrons in one ring two bea^s of equal enercy of 510 reV/c"

collided &nä produced <p * at reat, since each K ncson lir.n a
° ,

mass of — 500 ÜeV/c11", there is very littlo 0-value in the <f) decay anrl the

charged K-pairs do not escape the wall of the vacuun chanljor to be d r : toctnd.

Thia exjjerinent is donc Tyy detectin,-; the TL 7T pairs fron the 0— » K£ K j

dccaj- and by detectinß the 7T tTC~ir0 s fron 0 decay directly.

(Since <fi IG a vector neson (in pure C = -l rstote) it doer, not, decay into

or I^2^2 pairs» ^ only has the (jö — * !'iK0 nodc.)

K^.Kjp ^decay : The KV'o decayS'werG identificd "by the tvo chn.rr>

ed Tt's of the charged decay node of the :!]_. Thie angle 0 between the r? T

ic. close to lßO° and alvays larp;er than a nininin anf;le ^ivcn by hine-maticn

( 0 = 1500 at 2K - TA ). Thir. v äs a very efficicnt criterion for the iden
'

tification of the KI decay s. The ranr;e of the 71 S is rather short and pro viele s

another criterion. The result of thiß part of the experincnt (^asßd on 150

events , and usin^ the feranchinr, 'fatio Q(<f> —* ^^^-x) - 0.339 + H . 031)

yields a BR = (3.10 + 0 .5) x 10"^.

This is in p;ood agreenent with the earlier DE"Y - ''.I.T. result G of



(2.7 ± 0.8) x .10-.

TC* Tt~ TT° - decay: Again two char^cd TC 's were detectod. The cor-

respondinc an^le 0 is not peaked close to 180 and the ran^a of tkes«. 7t 5

, i& usually larger than in the Kg case. ftiere, the kineciatics cannot be

reconstituted. The efficiency of the detection systen for 3 TC-decays is

veaker and has "been computed by Honte Carlo method to be UJ?. Tnis, conbined
tke ,

with.smaller branchinß ratio of the <f) for 3 Tt-decay, leaclsto roughjy thrce
, , b«i't*o , ,

tirncfi ICSG O 51 detoctc-d throufjh this node. Usin^ the value ß(^-*?7T) =
A _it

0.133 ± O.OU3 this part of the measurement yields a 3P = (5.8 + l . U ) xlO .

This is in ritron^ disacreeinent with the nore precise result above. TlieOrsay

^roup has also neasured the various branching ratios for <p decay and they

find the values:

3Tr} = 0.^8 + 0.02h / 0.312 + 0.016 / 0.208 ± 0.0^

w-
This is some-what different fron the results obtained fron the Hosefeld

A
Table:

B(K+K") / B(K^K^; / 5(371; = 0.̂ 73 + 0.032/0.389 + 0.031/0.138 ± 0.0113.
Fron this they obtain, nsin^ the K^ events:

= (3.9 j. 0.62) x 10"14; M = (1-62 ± 0.26) KeV.

It is worthwhile to point out that both the DI'SY-I'.I.T. f^roup expcrimcnt

and the Orsay storaße ring experinent are very difficult experiments. In the

DESY experinent the countine rate is alnost one count / day. Thus it was en-

tirely possible to run 3 days vithout any counts. 100 events represent a major

effort to keep the detection systen fron chonginc. The Orsay experinent han

the difficulties outlined already. Thus it is very ^ratifyin^ to see that these

two very different experinents yield the sarae result.

Thc first successful experinent on 0am^.decay and thus dcternininc direct-
^ (18)

ly the nixine an^le was done at CER1J by the Zichichi-ßroup ( V i f , . 9} with a

1.93 CeV/c 7t" bean. They studied the cfecoy Ö)-*e+'e~via the reaction TC'p—»
, , o « / o

et V ^ e ^ C " • Thg nass of V was determined to + 15 MeV by neasurin^ the

velocity and direction of the neutron. In addition, the decay of V°—* e+e~

was neasured by the opening angle and the enercy of the electron pairs. A total
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l"5 '
of 9 ± 3 events was observed. Hormalix» this yield to the prouuction cross

section fron bubble chanber data they obtain a branchinf ratio ER = (6.1 + 2.6)

x 10" and a correspondinc Pf^-^cV) = 2,1 + 0.9 keV (usinr f^ =

3. H + 0.8 keV).

The follovinß table suranarizes the results of measurenents on 0-»< (. .

Toßether with the new results fron Orsay of f^-tot = U . ? + O.y theso re-

sults yield, for the first time, an accurate value of

Groupa r^(M*v; BR . f£? f^^g e (UtV

DK3Y / M.I.T. P. 7+0. 8

Ors ay U . 2+0 . 9 3.9+0.6? l . 6<°+0 . 26
(fror, their
best f i t )

CERN 6.1+2.6

Averaße U. 2+0. 9 3.55±O.U8

From tliese we have: r Ö - » « V ) = 1.^9 + 0.35

(3) The Branchinß Ratio of tu —» i i~ :

. . . (18) .
An experiment vas done at CTIRTT by the Zichichi p;roup'-with the sane

techniques they have used on p (Fir>. 9). Taking the p-w interfcrcnce to V.

7,ero and using the kriovn production angiilar distributions they obtained a,

Äranching fcatio of BK = (O.hö + 0,15) x 10" or f^^ee = O.U9 + 0.19

The Orsay fjroup of Lehr.ann, Jlarin, Lefroncois nac just

a beautiful experiment on C*~t-€~—» o j—»"R7l~Tl° by detectinr the TT*TC~

The three body events were identified and scparated fron two body eventr, and

background by selectine events ^ivinr; two non-collinear tracltn oricinatinr,

froin the bean. The resultinr, spectrurri obtained with the Game apparatuc äs the p

a.nd y experinents, is shown in Fir;. 10. Thic experinent yields a

ratio = (0.05 + 0.16) x \<T^, and a best fit ITu-^eV = 1.0U+ 0.19
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Fron the average of these tvo branchin^ ratlos, we obtain a (ET7.)

(0.6l + 0.11) x 10" . This together vith the world data on the width of (J

(both groups prefer this value) of 12.2 + 1.3 MeV, we obtain:

( T ^ - ) = O.TUU + 0.156 KeV.
tu —> e f_ ü t7

( ̂  / ̂  i, - *•* 1t
(20) +

The Dubna group of Baldin has also observed the e e~ decay mode of

o ,<-^ and ̂  . The experirnent was done by neasuring the reaction
) - o *.

TC + p —^ v -t- ,*L ~^> e 4t +
The conditions of the experiment alloweÄ.to detect. vith high constant

* A

efficiency, the e+e~ pairs in the mass ränge from 500 to 1200 MeV. (Fig.11).

For each event, their System makes it possible to neasure three parameters,
A7 /" \/°the energies £ 1 and &i of electrons fron v decay. And the opening angle

6̂  betveen them. The knovledge of the above three paranejrters allows to

calculate the effective mass of the event. Assuning a nixing angle of 33°

(vhich, äs ve shall See, is a valid assumption, consistent vith existing data),

this experiment yields £>p - (5.3 + 1.1) x 10"̂ ,

ßu> = (6.5 ± 1.3) x 10"5 and &$ = (6.6 +^-§ ) x 10 "**.

(21)
The work of Bimue et al from the Rutherford Laboratoiy used the reaction

7'f/.*?—> c3i /-/vu j at 1,58 GeV/c to study both the production and the leptonic

decay rates of tp . The K+K"" mode was sftlccted by scintillation counterc and

threshold water Cerenkov counter and spark cham.be r s. The e~o decay of the
0

was selected via thin fjiil optical spark chambers, lead plates, and scintilla-

tion counters. This experiment yields a result of BR = (7.2+3.9) x 10"̂ or

0- n- f. -
Uinnie et, al, also raeasured the Sranching Ratio of tO-> f - O , bascd on

3 events. They give a ratio lying between 5xlO~ and 6xlO~ .

These results are in agreenent vith other measurenents beforc.



The lar^e arnount of accurate data on leptonic decays of vector nesons

(p/6 0 / 0 ) fron l)oth production experiments andjcollidin^ bean experiments
Gbirt.tf-A.gl

are in cood agreement vith each other. The^results of the thrce indepen-

dent experirients plotted on the Sakurai circule (based on Ueinberc's first

üun rule) arc shovn in Fig. 12. These renults yield the values of ^cnera-

lized nixinr; .-ui^le p of:

Avera^e

0 = 35./0+ 3.3'

= W.f

h + 0.19
n Orsay)

The average value of

above.

is obtained fron the avera^c values of BR

7h e comparison of the avera^e valucs of V'

retical models is shown in the Table:

with various theo-
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(l) The data a;;ree with the prediction of Weinberr, R firot SLL-. nilc

based on the current mixinp, nodcl. It should be noted, however, that the

Orsay res-iult, without any finite width correction on Fp , are l .fi r.tan-

(Jarrl devißationr> avay fron the predictionn of Weinterp; s firr;t nur-j rulc.

(? ) 7hL- o.vtjra^'; valuer, of tho partiol uidtbc of V —*• e+e~

rer,"ir;:n,hl;- u«] l v.dth tho quark r^odel cs.lciilat ionG of T)ar and TTcinr,!;opf.

(3) loth -yic Orsay data and thc DK"Y/?!.I ,T. data prc^er tlic r.ixin,^

njirjlf? 0 = 39° ,-riven by Das, ."athur, 01;ubo ^ 2 2% whoni.is tl-.o CT]!^! data
f pT \r thc p red ic t ion of Oakes and Sakurai 0 = 28.P°.

( U ) BecausG of the lar.-^e difference betveen the CEPTt rcr.ults and

tho orcay (and DKFY/^' . I .T. ) re^xilts, the averafe valuor, of tho data are

not accurato eno^h to excl'Ho ^,he rnass riixin,^ nodel:; -ivcn by ?troll,
(2i[)

Loe, Zumno . In fact, the avera^e values of tlie data are in rertn.r}-:-

ablo a^reenent vith the predictions of sinple SU (3) .

(5) Thc total vidths o" vcctor nesons detemine^ directly fron

tiieir leptonic decays are ff = 108.0 + 85 IfeV, ^ - lU .O ± !feV,

10 = U , p + o.O T'eV, These values are soinevhat differont fron those ob-

tained from tho analysis of stronr; interaction experinents

( = yO-150 :ieV, fi = 12.2 + 1.3 "oV, f = 3.U + 0.-° r'eV.



TII. Photnproduction of Vector Mesons

(I) Motivation

Fince photons and vector mesons have tho some quantun nur.bers,

it is very likely that at hi^h enerßy and small momentun transfers the re-

action 't A — » V A could havc sinilar behavior an Tt A — » T t A , i.e.,

they should have the followine characteristics :

(D :?r ~ l J<(R^t )T - «*p[a(A,t)tJ, vmere a (A, t)
<** -t smalL
is a meaaure of nuclear density; its value depends sen-

sitively on the t - ränge used and on A.

( 2 ) As in the case of TC p - scatterinp;, the total crosc section

should be oither slovly decreasinp with increasinn enerfy or "be al^.oct

con starrt.

(3) For diffraction scatterine, the produced vector niesonn CF-.TTJ

the sarie polarization äs the initial photons, Thus the an^ular distribution
j ' afl*of the decay K-pairs in photoproduction of <p riesons should be "v -d< î ü ,

where 0 is the an^le, in the 0 rest System, betveen the decay K-meson and

the recoil nucleus direction.

To study the detailed nechanisn by vhich vector nesons are

produced at high ener-"y and low noncntun transfer on cor.plox nuclci, vc con-
(25)

part; the data vith the predictions of the diffraction nodcln of Urell and 7rc-

fil, Hoss and Stodolsl:y, IIar/:;olis, and Trefil, in vhich the forvard productio:

araplitude is exprcssed (in the laborator^»- syntem) äs

fA .Ä f„ l .b i fc e ^ ^ «*p-f fUMM (2l)
— v> 0 a\ a\ / ' \e the factor */vp(A'A-*/p(t , *•) cories fron nuclear shnpo, t^.p(< &m- */

comes fron the difference in initial and final nasst &Atpf~ % /?(*', &) °^*' /
« .

fron the attenuation of the vector neson by nuclear natter nfter its produc-

tion. 5 = 6"vw is the vector-neson-nucleon total croRs nection. Tho nodel

of Drell-Trefil, Hoss and Stodolsky assur.es

T < R

0 -r >ß



Thun the nucleus is treated in an avera^e way ns an absorbinc ncdiun, rather

tliaii a3 a collection cf individual nucleons. Clearly, the nodcl is best for

nuclei in which A is

an
7he ""ar^olic riodel, based on approxinatc summation of the nultiplc

:;catL<;rin£ Berief, of Glaube r, use:; a Voods-Caxon dintribution

for the nncloar dcnnity.

In thc I'axv^olis nodcl tenns l/A and the cffect of each individual vcctor

ncson nucleon scatterins tern —7— ( Tfp—*Vp) - a exp (bt) is dropped.

Thua the nodel is best for production on hcavy nucloi o.t snall nonentun

tranr.fers, but will not apply to A £ 12, vhen l/A - te'ms are inportant.

The nodel of Trefil uses a density distribiition

A
*f'l" / 3 \ I I l T — . / O l l

7 - || €o*p ( - | _T ; /K l /
'»^ i \ / ) p _ detemined by rric nuclear

radius.

Tliis nodel keeps terns 'v A and b/1?, and thus in principle should

apply to all nuclei for both cohcrcnt and incoherent production.

^t r ^'-r.v; nuclei at srtiall nomenturi trcmcfr-r: , there are vor:/ Jittle diffe-

rencriG betwcen the three nodels abovc. Tlic difference bet'jo^r thc nodel r,

occurs at lar;;e t or on s^all A.

In 'dl three nodeln, the follovinr, inportant properties are to bc noted:

( A ) To deternine Gyy one conpares the relative yields (&i)'
dü.dm

for a set of nuclei ( Be, C, AI, Cu, Aß, Ta, Fb ) for a narrov nasr,

"band ncar the peaJ: of the reaonance so that the relative hackcround con-

tribution is sraall. Coiaparison of relative yields is the best way to de-

tcrmine; ÖVN . It corres:-.onde to tho classical way of ne a s u r i n^/t ot r.l\a. J

cross section ;rith different tarnst, thichr.cs-.



(B) In principle, one can also deternine 6VN by matchinp; the relative

yields of

on each nucleuswith

AV°)
' dt

In practice, however, there are some difficulties associated with

this methodÜ

(1) The function | fA ( R , t, 6VN J | t -0 ~ RV , therefore

I p / x l ̂
*A / **H l anä the correapondinr value 6^ -for large R

depends critically on the nuclear radius paraneters used. For example,

äs shown in the follovinß fif^ure token fron the calculation of üar^olis

and Koelbifi;^ on the dependence of 60^ on the ratio ^A/TH| » i-n the casc

of Fb an Q% change in nuclear radius would correspond to a chanp;e of

fron 30 mb to UO nb.

(2 ) For a wide resonance like the p meson, the absolute nor-

malization of the experimental data cannot be accuratc to more than — 25/5.

This is due to the fact that there is no reliable way to describe the

shape of a wide resonance whose reported width varies between fp = 90 and

rp ¥ 150 MeV. The value Tp and thus the amount of pure p nesons in the

obaerved "TC TC~ pairs depends sensitively upon the assumptions of Breit-

Wif^ner form and back^round function. The two most coinraonly used ipethods are:

The Soedinß mcChanisn
. . .

, vhereby a photoproduced K pair is elastically

scattered off the nucleus (diap;ran A). The interference between (A) and (B)

below introduces a distortion in the resonance shape.

(A) (B)
Tl'

TC
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The Hoedinr, nechanisn not only caiinot he colculated cxactly, but also it

conntituten serious double counting, since the TC^TC" in dia^ran (A) roust

bc in a p state in order to interfere with the pure p diagram ( B ) . Tho nethod

where one nodifies the spectrun by a ( mp/mTtTZ ) factor (Hoss and
(27)Htodolsky) and uses an empirical backßround to fit the data, is also some

vhat arbitrary, since the resultant cross section is sonewhat dependent on

t, h r.- nackp;round fiinction used.

Thus , depemUn," on the nethod the data vas analyzed, the rfttio of

inte/rat ed cross section

L
d6 , d6.m —— (xp—^pp") can easily vary by

ctadm
or more, äs shown by the

fi^ure above. In the case of Cu, a 25% Variation in the ratio corresronds

to a c:iarif;e of 6t>N from 30 mb to Uo nb.

(C) Witli the knowled^e of 6"vN » fm'^ '"'i'th the assunption of pure ina^inary

soattcrinp; anplitude,one can now uce tlic? vector doninnjice nodel prediction,

equution (8), or its equivalent term:
-i _ ^

de
dt

to extrriet the value To /4-Tt and conpare it with the values obtained fron

7t neson form factors, analysis of TL+; K~} TCÖ photoproduction etc. where

tho photon is also on the raass shell.
i.

Since nt finite enerp;ieR the ninirmn monentum tranafer t =

in far awaj^ fron zero (typically on lead nucleus ct6/cH

the procedure of extrapolatin^ <iö/ci-t U = o fron the neasured d6/di has

all the difficulties (i.e. R dependence, uncertainty in nomalization, etc.)

outlined above. These difficulties can be overcone , howcver, if one notes

that in the optical nodel one has
OO QO

(23)

and if one now calculates ( d6/dt)'2 fron eq. (2l) with exactly the sane

sot of density parameters R and&.(fc>.z) one haa:



CD OO

ölt

' L '

'A ' '
0 -oo

for A = 0

Hole that both 6"T(VwA)and ( d&/di) 2 have the nnne functional
dependence on K. Thus it follows fron (22) thatt

$£_ = J_ ^L 1 oC

VTT

ctt

(25

irvctepead.cn.-t of R;

• //Therefore, the best way to obtam TP/T""^ from photoproduction of voctor

raesons on nuclei is to deternine 6yn from rc lat ijve j^ijslds^ for a

set of nuclei in a narrow mass "band near the peak of the resonance whcre

the backfiround is smaJ.1 and where no absolute norraalization IG necesnary.

the 6"vw 9O obtained one then calculates 6f(V°A) fron (23) and

extrapolates «tff/cL'tL.Q from the measured total cross section d6/d£l with

I ^ C ^ ; ^ / ^VN^|3 ' - - with exactly the sane values for P and p ( z ) . In this

case it follows from the analysis of (25 ) that one has a uniqne r« / k-'

dependent of R and p ( z ) .

d6/di (H) = 150ub/GeV'
' * = o

in-

For exanple with

One has:

(1) If the relative measurenents yield a
2

follows from (25) ff /4-TC =0.5 for all A.

(2) If the relative measurenents yield a

Sl.O for all A.

6p N - 30 mb then it

6pw = Uo nb then



-26-

EXPERIMENTAL RESULT5:

*• Fhotoproduction of p mesons:

a. On hydrogen

Large amounts of experimental data how exist on photoproductiön

of p on hydrogen, deuterium, and on complex nuclei,

The experiment of Ritson s group (SLAC, CIT, Santa Barbara,

Northeastern Collaboration) used a bremsstrahlung photon beam and a

hydrogen target, and observed the recoiling protons produced irthe tarnet

vith a 90 bent spectrometer. The data vere obtained by the photon sub-

traction technique. The results fron U to 18 BeV are shown in Fig. 13.

They are consistent vith dG/d.t = dc/di \±^0 * exp (Bt + Ct2) vith

B = 8-10 GeV/c2.

The experiment of Mozley's *3 'group at SLAC used a 2.2 meter strearaer

chamber to study the multibody photoproduction. A collimated bremsstrahlung

beam of 16 GeV peak energy and 3 mm diameter was incident on a 3 atm hydro-

gen gas target extending through the chamber. The chamber was mounted on a

large magnet with anö IcG field and triggered with a h fold coincidence array

of scintillation counters.

The experiment of Silverman's ^ 3 Jgroup at Cornell used a bremsstrahlung beam,

scintillation counters and spark chambers to measure the positive and nega-

tive charged particles which traverse the spectrometer. The entire magnet

system is mounted on a platform which rotates vertically about the target

thus enabling them to vary the production angle.

Fig. llt sumnarizes the results of d6/d^\n the above groupr,
^°0

together with the results (32) fron the DESY bubble chamber collaboration,

the SLAC HBC group of Ballari, and the DESY counter group of Heinloth. As

seen fron the figure, the value d6 , _Q decreases slowly with increasinp;

energy, thus implying that 6^p also decreases with increasinp; energy. Fig.15

shows the suminary of published values of 6f>p fron the various -roups. These

data show two interesting features:

A. At lower energies (2-3 GeV) the value $pp depends, to^25#, on the

asGxnptions of fits, and

3. Within the errors the data are consistent with a slowly decreasing 6>p

with increasing energy?
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The DESY group of Criegee and Timm has measured p production with

polarized photons. Measurements with polarized photons provide a stronp;

check on p production models. In a diffraction process (cross sections

6^ in Fig. 16) the decay pions tend to emerge in a plane containin^ the

polarization (electric) vector of the photon, while in 0~ exchange pro-

cesses they come out perpendicularly. with cross sections 62 . This group

Bas determined the ratio R =—~'by measuring the 7ttTt~ pairs on hydropen
Ö-f

with photons of two different polarizations. For photon energies betveen

2.0 and 2,5 GeVj and squared raomentun transfers between-0.0? and -O.*i07they
O

find R = 0.17 ± 0.07. This ratio indacates that p photoproduction on hydrc-

gen is dominated by the diffraction process. Since non-resonant Tt pairs

have not been subtracted from the data, R represents an upper limit for
_o

non-diffractive ' production.

b) On deuterium:

Fig. 17 shows the summary of the data on deuterium from the DESY

(32) bubble chaaber collaboration and from Cornell * . The bubble chamber

data agree with the coherent diffraction model calculation of Trefil with

6pN — 30 mb. Hie Cornell data exhibit coherence at small t-values. In the

large t-region, the Dg data have the same t-dependence äs hydrogen and
er i

the ratio of cross sections — — — 1.9. The Cornell group also measured
6>

deuteriura to hydrogen ratios at Q=0 , and äs a function of E. To an accu-

racy of about 5%t this ratio is independent of energy from k GeV to 9

and averages to 2.87 £ 0.09. This ratio is different from the expected

value of — 3.5» based on coherent production and Glauber corrections.

Ihe .Cornell result indicates that photoproduction of p on hydrogen cannot

be completely diffractive.

c) On complex nuclei:

As discussed before, measurin^ p production on complex nuclei en-

ables one to compare the relative yields with equation f2l) and thereby ob-

tain 6o/v • With the value C^N, one can then proceed to determine the coup-

ling constant y//^-Tr and compare the value with the analysis of otherfpho-

toproduction data when the photon is on the mass Shell«
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The experiment done at DRRY by t he DESY-M.I.T. ßroup ̂ ) used a double
<x

arm spectroneter with mass resolution of + 10 MeV. The relative yields vere

measured at 3 different ener^ies of 2.7, 3.5, and ^ .5 GeV. To reduce the

back^round contribution, comparison with (2l) was roade at the central peak

mass rep;ion between 720 and 820 MeV. The results shown in Fip;. 18 yield

011 averaCe value of 6p^ ~ 31.3 ± 2.3 mb for this eneiy™ re^ion.

To obtain TTp/^-Tt > they inte^rated the forward cross section —^-—
^f ailctm

over their spectroraeter acceptances ( 3 . 0 < p < 6 . 2 GeV, 8°< 0TrTC<26°). They have

( / \f
rr*p/minzl factor in their mass distribution to fit the spec-

trunf Their integrated cross sections over

their acceptances are: ot6/aiI(C]= 5.0 + O.U mb/ sr-nucleon,

cL6/ctn(Cu)= 11.2 + 1.1 rib/sr-nucleon, de/d.n(Fb) = 10.0 + 1.0 mb/sr-nucleon

Fron their spectrometer acceptance vrindows they then calculate an average

value of f A ( R = 1.35 A1/3f, 5fN = 31 mb, t)|2 whereeach Monte Carlo

event in wei^hted by the production mechanism of p. The values

are apain calculated using eq. (23) vith the jsanie R = 1.35 A f , 6y»w = 31 mb.

Frorn this infomation the values v%, /^fTC follow directly via:

4t- i JL. ^(R-

These numbers, a3 discussed before, depend only on 6]pN and the events/

acceptance, and are independent of any extrapolation procedure used. ---

the FP factor cancels out in this case.

The experiment done at Cornell used the spectrometer discussed

previously, Their measured A-dependence of forward cross sections forEv- =

6.0 GeV is also shown in FIR. 18. The curves in the fip^ure are the optical

model calculations for various assumptions a.bout 6pn . They used in their

analysis the nuclear density distributions p (b, z) äs tfiven by Kofstadter

for electron scatterin^. The value they obtained this way depends on A,

beinp 30 mb for copper and 37 mb for lead. The authors attribute this dis-
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crepancy to the neutron size bein£ lar^er than the proton size.

It is clear fron the published data that the values of 5pwdetermined

from DESY and Cornell do not contradict with each other.

To deduct TfJ?/^^ the Cornell ßroup proceeded in a manner quite dif fe-

rent from the DESY method. They extrapolated the value do~/cH |-t = o

with the function T X v t , R " electroma^netic radius,6j?N = ^0 mb) | .

For £>T( j )A) they used the published values of Bellettini et al. on proton

nucleus total cross aections, ie. , they take 6T(pA):= £T(pA) . In this

way by extrapolating the ratio 62(p&)/(d6/dtl± = Q) to A — »• oo
o

they obtained a value " f / V n : = 1.05 + 0.20.

It is interesting to note that if one usea 6~T(pA) = 6(rxA) in the

Cornell analysis, i.e., if one takes the measured values fron Lonf^o '35)

et, al. or from Pontuev et. aX, on neutron-nucleus total cross section and

thus avoids the difficult problern of subtracting the Coulomb interference

term from proton-nucleus total croRS sections, then the value of

is much closer to the results obtained from six or nore other way s under

similar kinematic conditions when the photon is on the mass shell (Fi^.19).

The experiment of Leith s'-^ 'proup is one of the first successful coin-

cidence experiments done on the 20 BeV RLAC. They used a large acceptance

wire spark chanber spectrometer and a 9 BeV monochromatic photon bean to

study the photoproduction of ö on hydro^en and complex nuclei (Fif% 20).

The resolution of the monochronomatic peak is — ± 1.5#- The spectrometer

itself consists of a wide aperture, uniform field mahnet, followwd by a

set of trißger counters and four wire spark chambers interfaccd on-line

with an IBM 1000 Computer. Fig. 18 shows the result of their preliminary

analysis on the relative yields of p on complex nuclei. The data are con-

sistent with 20 ^ GpN < hO mb. Usinß the assumption 6 T (pAj =

and not extrapolating to A — > oo , they obtain an avera^e value

= 1.2 + Q.3.
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An experiment on electroproduction of p was done at DESY "by

the Heinloth ^ ' ' p;ro\ip. The enerpy of the prinary electron was U . 9 OeV,

the ener^y of the virtual photon varied between ?.. l and U . O OeV. The

monentura tranefer vas | <J2 |<0.3 GeV/2. The result a^rees with a Breit-

V/ir;ner x ("^p/f^TiTC) distribution function and its t-dependence aprees

well vith the predictions of vector dominance .

l'he followinp; table summarizes ^u sor,je of ^^e results of various

ways of determinin^ the couplinf^ constant T



?ffiSOJJ ON MASS SHELL

Reactions

PHOTON ON MASS SHELL

n:

0.52 + O.OT
- 0.06

-31-

Peactions

2. Tt meson form factor

3.

9.

from 3 t o 8 GeV

i*. 7T /TC" ratio from deuterium

5. <i6/at( rA-»^A)cc pb

DESY '

6. -rftt,-»

T.

Cornell

(38)

IW/UIRKCT MEASUREMKNTE

0.5 + 0.1

0.53 ± O.OH

0.1*5 + o.io

0.1*5 ± 0.10

0.5 + o.l

0.65 ± o.io

V0.5

0.1*5 (f<T t.hl
Fis- 21

1.05 + O . P O

equiv. = 0.1*5 + 0.10

equiv. = 0.6 + 0,1

etc.
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It is important to observe that the coupling constant fp/^'K = 0 . 5

determined from direct measurenents of leptonic decays of p when the p

meson is on the mass shell is almost identical to that determined from

various other measurements vhen the photon is on the mass shell.

The idea that the coupling constant varies slowly with q^ seems to

be quite valid.

II. Photoproduction of <xj mesons:

For photon enerpües 2.K Ey < 5.8 OeV. The result of the DESY

'•^'bubble chanber collaboration is shown in Fif% 22. The cross section

for xp—>pu> can be described in the follovinr; form äs a function of E*-:

This expression was chosen because it is the behavior expected

for the sun of two production nechanisms : 1) One meson exchan^e ~ E v- >
, . . r~ - O.oe

2) diffraction production ~ Ly . Thus below 3 f»eV photoproductlon

of tu is dominated by one meson exchanr;e where äs at higher ener^ies it is

dominated by the diffraction mechanism.

III. Photoproductlon of ̂  mesons:

a. On prptons:

i {29}
Fif,. 23 shows the summari'- of the results from Ritson s

at 3LAC, from the DESY ^ ' bnbble chanber proup at lover

(2.5 to 5.8 OeV), and the result from the DESY-M.I.T. ^3 rroup at Eg-

= 5.2 OV and t X 0.

The Ritson data and the bubble chonber data both yield a slope

-r- ^exp (5 t), The DESY-M.I.T. data i.s consistent with this. But itctt
ip also consistent with a higher slope, Bay exp ( 8 t ) . The bubble chamber

data can be summarized äs d6/d± = {1.6 + 0,6) exp ( [3.5 + 0.9] t)fib/OeV2

with the intep;rated cross sections: 60 (2.5 - 3.5 r,eV) = (O.Ul

64, ( 3 . 5 - 5.0 GeV) = (0.1*5 +



In analyzing the 0 production data on hydrohen it is irnportant to note

that the competing reaction ^ f p — » p + 0+TT -t-TU has a total cross sec-

tion 6T(3.5 - U . 5 ) = (0.2 + 0.1)^, 6T(U.5 - 5-8) = (0.6 + 0 .2 )^b .

This makes the analysis of counter experinents with bremsstrahlung beams

difficult,

b. On cornplex nuclei:
(3*0 -The DESY-M.I.T. group nas just completed an expenment studying

the reaction

j + A — » A + K + + K " (26)

a.t an incident photon energy of 5.2 GeV.on targets of Be, C, AI, Cu, AK,

Ta, and Fb. They detected the K*K~ pairs vith k large aperture Cerenkov

counters and with hodoscopes in the spectroneter to provide a mass reso-

lution of + 5 MeV. A total of 20,000 K+K~ events vas observed. The K+K~

mass spectra from Be, C, AI, Cu, Ag, Pb are shown in Fig. 2h. Tlie nas s

resolution of the hodoscope System has not been unfolded. The errors in

the figures 2b and 25 are statistical only. ,An additional nomalization

uncertainty of ± 16JS is not included.

As seen fron Fip. ?.ht in the K K~ invariant mass region 1000 to
p1085 MeV/c , reaction (26) is doriinated by 0-neson production. VJithin

the statistical accuracy, no othor enhancements were observed.

To study the mechanism by which 0-mesons are produced at high

ener,rO'" and low monentum transfer, they conpare the data vith the pre-

dictions of the diffraction models of Drell and Trefil, ROSS and Stodolsky,

Mar^olis, and Trefil, in which the forvard produntion cross section is

expressed (in the laboratory System) äs ctG/tKUtotal) = ct6/dfl.(coherent) +

ctcr/clÜ (incoherent),

olff/cLO. (coherent) = C (A)p2 | -fA (R, t, 60N )| (2)

where p is the momentum of the 0 meson, R is a set of Parameters which des-

cribe the nuclear density distribution, t is the square of the momentum

transfer to the nucleus, and C (A) is a norraalization constant. The co-

herent cross section includes those reactions in which the nucleus remains

in its ground state, while the incoherent cross section includes reactions

in which the nucleus is excited or fragraented. The function r A ( R , t , 6"$ N )

defined in (2l) is chosen such that \fh(R,Q, 6pu)\, ^ .



By measurinp; d6/c{{l äs a function of A, t, and p, one can conpare

the experimental data to thddifferent theories of production, and determine

the value of 50 N .

The results of these comparisons are äs follows: ^They restrict the

analysis to the mass region 10l6<m< 1025 MeV/c^ äs defined in Fi/% 2h).

a) A - dependence

The cross section d6fd£l(Q$<S°}w8.s measured on tarp;ets of Be , C,

AI, Ou, Ar,t Ta, and Fb, at <p> = 5.2 GeV/c. The relative crosa sections

•//A
- ete/eL.ß(8e)» normalized to Be, are shovn in Fir;. 25a. The A-dependence

of the production cross section yields Information on the mean free path

in nuclear natter. To obtain 6"^N the data were first corrected for con-

tributions frora non-resonant background and incoherent production. The

back^round ( *"» 5$) was subtracted by matchin g a Monte Carlo calculation

of the non-resonant mass spectra to the data outside the peak. The inco-

herent contribittion to-^-vas estimated using the model of Trefil by
cti»-

calculatinp; the difference between the cross section summed over all

nuclear states and the cross section due to the f^round state only. For

the heavier elements, this a^rees with the sartie calculation frora the model

of Ilar^olis . The deternination of 6$N was carried out usinp; three

different theoretical raodels. The measTired coherent production cros? sec-

tion was matched both to the Drell-Trefil model, usinp; a step function

donsity distribution to describe the nucleus, and to the Marftolis model,
S

usinp; a Wood-Saxon density distribution. The data without incoherent

subtraction were also matched to the model of Trefil.

The best value of 6"^N is then

6$M = (12.0 + 3.9) mbarn

There is no significant difference in the value of 6ßN obtained

fron different theories of nuclear photoproduction. The value of 6"^^ is

to be compared with the quarlf nodeafnrediction of T^C.^'*.
r <JUU^ O N = 11 nbarn.



^ ^ t - depen dence

The typical behavior of dö/dt äs a fönetion of Wiorientum

transfer squared t = (p-k)2 at a fixed central 0°laboratory momen-

tiim of 5.2 r;eV/c is shown in Fig. 25b for the C tarnet. In the t-rep;ion

of this experiment .009 < K l < .016 (r,eV/c)2 the data are fitted well

by a form d6/dt^ Q with a = (50 + 12) (GeV/c)"2.

c ) n - d.ej>endence

<P><ft> de
The behavior of T , r i , i ^ äs a fiinction of n over

p J rA l dil
a momentun ranp;e from U.7 to 5-6 fJeV/c is shown in Fi^. 25c. The fit

of this quantity to the data yields V^\^^ -^ = (129.2 + 2 .0 ) -
p l M da

(15-7 + 9 .2 ) (p - 5.2). This quantity is relatively independent of p,

conr.istsmt with -~—varyin^ äs p^ in a^reement with the predictions of the
dfi

diffraction model. However, due to the limited p ranp;e available, a

srnall decrease in the total cross section with increasinr; n cannot be ex-

cluded.

d) 0 — ._p_olariz_at_ign

As a consistency check of the di f f ract ion proihtct ion of 0 mesons,

they show in Fiß. 25d the an^ular distribution of the . decay kaons in

the (p rest System. As seen, the data ap;ree well with the distribution

function

( 0 i s the an^le befcween decay products and the recoil tarfet,

narticle measured in the K+K- CMS.) . The data show that, the 0 mesons

produced are transversely polarised, which is consistent with the other

evidence that they are produced via diffraction off the whole nuclous .

In Summary, the dependence upon p, t, and A of the hirth ener/^y, small

an^le 0 photoproductlon cross section is in a^reement with the r;eneral
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features of the diffraction nodel and tho cross soction can bc exprcssed

in the ainple form

The <P -nucleon cross section obtained in this experiment arrees

well with the quark riodel predictions.

IV. Total Photon H'idrnn Cross "ections:

In tho voctor donin ancf; r<iodel one can rclate photoprodMction

cross sectionsof vector mesons with the vector meson nucleon cross sec-

tions; ĉ .(6). In particular, the total g"p cross section can be ex-

pressed äs:

Since i _/*. r J^ i are all

d-k -t-0

measured values , and since ^ T p ^ T t , ftw/^K , ^/^Tt are detennined

fron leptonic decays, measurenent of €>t(/t(r-p) thus enables us to compare
•Wie

it directly with the prediction of. vector doninance model. Tliis neasure-

nent provides the moet direct confirmation that the couplinp; conctexits

^Tp/4-TT etc. have almost the same values independent of whether the p or

tiioton is on the uass shell.

(32) f |
Two experiments were done on Ö l p J . The one from S. L. A.C. was done

at 7.5 Ge V. Tho method used was to expose the S. L. A . C . ^0 " H8C to

enerf^y positron-electron annihilation rediation, (plus a backßround of wide

angle brensstrahlunc) and to subtract out the bremsstrahlunr contribution

by naking an identical exposure usinp; electron induced radiation instead of

that from positrons. 'Cheir result ts ^ - ^ ^ "t1^1 + ^ ^ -
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The DESY experiment was done on the 85 cm HBC. "Usin,^ a tap;red photon

beam, they have neasured the cross section fron .5 GeV up to 5.0 GeV.

Their result, together with the S.L.A.C. result, is shown in Fir;. 26.

Also shoim in Fig. 26 is the re^ion predicted by th-,- vcct.or iloni-

nance model. Ar. seen, the data a/^ree well vrith the vector doninancn TIO-

del and provide an excellent consistency check on the interrolations of

the variouK experimental nuribers ohtained so far.

V. Upper linits - Rare Decays of Vector Meson G:

Finally, the follovinf; \inper liriits on rare üecays of vector

mesons are obtained:

Fron DUBNA: R. =

(1*0)
From PISA: ß R - * T t c - < 1.2 x io~2
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Figure captions:

Fig. l Apparatus and brief review of the Princeton - Stanford

e+e" scattering experinent.

Fig. 2 The Feynman diagrams, the apparatus, and the results of the

DESY - M.I.T. vide angle electron pair production experiment.

Fig. 3 The Feynman diagraris, the apparatus, and the results of the

experiment on wide angle bremsstrahlung by Ash, Berkelrian,

et al.

Fig. k Sumnary of the results of the pair production and vide angle

bremsstrahlung experiments.

Fig. 5 Invariant mass spectra on p -» -£ l from DESY-M.I.T, and

fron Harvard. The p — »TT^IT" spectra measured by the DESY-

M.I.T. group under the sarae kinematical conditions are also

shown,

Fig. 6 Summary of characteristics of various storage rings.

Fig. T Experimental set-up and results on c+e" — » p -> 1T+TC" f rom ORSAY.

Fig. 8 Invariant mass spectra of <fi — »c+e~ and <fi — * K K measured

in the same apparatus, bj^the DESY-M.I.T. group.

Fiß. 9 Experimental results on co — ̂  c+C" and 0 — »• e+€' from

the Zichichi group at CERN.

Fig. 10 Experimental results on mass spectra of c*€~— * to — *-TT Tt~TC° from

ORSAY.

Fip,. 11 Experimental aet-up and results on Leptonic decays of vector

mesons from the Baldin group at Dubna.

Fig» 12 Comparison of the world average on leptonic decays of vector

mesons vith Weinberg s first sum rule.

Fir;. 13 Experimental results from the Ritson group at S. L, A.C.

-%r- in (GeV/c)2 versus t, for the reaction ft + p — » p + P°

at incident photon energies from 6.5 GeV to 17.8 T/eV. The lines

dravn through the data points are the best fits to the expres-

sion -~ = A e Bt+ct . The values of A, B and C found at each

enerfy are shown in the figure. Their units are ^i \*( GeV/c ) 2 ,

(GeV/c)-2, and (GeV/c}~^ respectively.
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Fi p;ure c an t ion s - cont d

lU Summar of ( #"p-*PP°/ • The decreasinr of this

value with increasinp; photon energy indicates that 6f> decreases

slowly with energy.

ie. 15 Summary of total cross section 6tot (yp-»pp°/ . Note that in the

low enerf-y re^ion, E^ < h OeV, the value &tot depends sensitive-

ly on the raethod of analysis used.

iß. 16 Experimental results of the photoproduction of the p meson on

protons with polarized photons, at an ener^y of 2.2 GeV. See

text for further explanation.

17 Summary of photoproduction of p nesons on deuterium. The straip;ht,

lines on the ctö/cH: plot are the predictions of the dif fraction

nodel of Trefil. See text for details.

Fi/r. 18 Sumnary of relative yields of production of p mesons on complex

nuclei frora measurements at DESY at photon onerf^ies of 2.7, 3.5,

and U .5 GeV, fron Cornell at, 6 GeV, and from S. L. A.C. at 9 OV.

See text for explanation of the solid curves .

Fi,";. 19 Comparison of the couplinp; constant Tp/4-TC determined from the

DESY analysis and from the Cornell analysir. . The solid line is

the result of the Cornell analysis if one replaces 6pA with

the tvro results of G^A • The rep;ion hetween the dotted lines

is determined from various other analysea of experirnents where

the photon is on the nass shell.

Fif1;. 20a Schematic drawin^ of the S. L. A .C . (Leith ) spectroneter .

20b Enerfiy spectrum of the annihilation hean an neasured in the nair

spectroneter raode TT -t- AI — *• AI + e f -*- e.'

21 Coraparison cf the vector doninance model by Derado and Gurap.ossian.

The A are the predicted 2Tp— »-nTU^ cross sections usinp; the

measured TC p — »n f>° cross sections and the vector doninance

raodel. The O are the experinental results on "r p - *-n.TC +

fron Boyarski et. al. at S. L. A.C. The a^reenent is



Figure captions - cont d

Fig. 22 Total cross section for j- + P—"P "*" ^ from the DESY

bubble chamber group.

Fip;. 23 Invariant mass spectra of the reaction T "*" p—*P + 0

the DESY-M.I.T. group and summary of the data on d.6"/ctt

f 2 ) versus t from S.L.A.C. and DESY.

Kaon pair invariant mass spectra d.6/ d.H. d.m

at <p> = 5-2 OeV/c for target

nuclei of Be, C, AI, Cu, Aß, Pb, The dotted lines are the esti-

mates of the non-resonant back^round contributions. The solid

curves arc the ^ — *2 K mass distribution produced via a Monte

Carlo progran which generated 0 nesons ( m^ = t019.5

the target).

25a Dependence of dodk upon A, the atonic nunber of the tarnet.

The results are shovn for average 0 "lomentum p = 5.2 GeV/c.

The crosses are best fit points to the model of Drell-Trefil.

25b The typical behavior of <io"/cti is shown äs a function of t,

the square of momentum transfer to the nucleus, for a carbon
x

tarnet. The solid curve is the best fit to e .

25c The behavior of P/ ; rAX --- T7T äs a function of p, To a
t diip

good approximation, the cross section aß/dß is propor-

tional to p . (See text for details ) .

_/o
Fir. 25d The an^ular distributions of the decay kaons in'the y) -

£)*rest System. " is the angle between the decay products and

recoil tarpet particle in the 0 -CMS. As seen, the data apree
• *a* . . .well with the sta ü distribution function.

Fif;. 26 Summary of experimental results on total hadronic cross-sections

from DESY and fron S. L. A.C. The shaded re^ion is then prediction

of the vector commance model (Eq. 27).
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