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'ty report to this conference consists of three closely related

subjects:

Experiments to test quantum electrodynamics at small distances,
leptonic decays of vector mesons, and photo-production of vector

Mesons.

As most of what I have to say is based on the validity of
quantun electrodynamics at smell distances, I will present ry report

in the order outlined above.

The important works on electron scattering, muon scattering,
high precision quantun electrodynanmics at small momentum transfers,
photoproduction of bosons, etc. will be conveyed in Prof. Panofsky’s

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

I. Quantum Electrodynamics at Small Distances:

A beautiful experiment from the Stanford - Princeton-
colliding beam group was reported to this conference. (1)
In this experiment, two beams of electrons with 7OmA current each
at 550 MeV collided in an interaction region surrounded
by a large solid anglc counter-spark chamber system (Fig. 1).
Veto counters were used around the detector such that the cosmic-
ray background was sbout 3%. Radiative corrections were kent small
(2~ 10%) by including events with radiated real photons up to rore

then 0.1E for radiation along the initial direction, and to =< 0.GE

for radiation along the final direction.
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The lowest order diagram for Méller scattering contains space-
like virtual photons$ this expcriment can therefore be regarded as
a test of space-like photon propagators and of the electron vertex
function. The Mpller cross section modified by the Feynman repulator
and by a radiative correction is
2

(090 (5|55 G+ So3 Gulq) Glal)

+ ——9'54;2 46?((?02) (1+6)

Where
2

2) _ - 2_ ' 2 2,29 2_ 2 29
Gl q)=(1-F5) , S=4E, q=-bElul%, qi=-4Ew' Y

A value of zero for I™- would be equivalent to sz(ql):= 1
consistent with a point-like electron and no cut-off on the photon-
propagsator,

- 2
The result, based on 7000 events, is K™2= —(-OBf.Ob)(GcV/c)

which is consistent with K™% = o,

A series of large momentum transfer e*e- pair production ex-
periments and wide angle bremsstrahlung experiments were also reported

to this conference,

To first order three diagrams contribute to pair production
(Fig. 2). The first two, the BH diagrams, can be calculated by Q.E.D.
The last, the Compton diagram, cannot be calculated exactly, but ex-
perimental conditions can be chosen such that its contribution is
smell; 1n particular, since the e*e~ pairs in the BI' diagrams behave
under charge conjugation as two photons (C = +1) and the BH cross
section varies rapidly with angle ( ~ 6% o°¢ ), whereas the
Compton term behaves under C like one photon (C = -1) and the Cormnton
cross section decreases smoothly with © ( ~ ©73 ).

By choosing a syrmetrical detector with small opening angles one eli-
minates the interference between the BH and Compton terms and at the'

same time suppresses the Compton term to a few percent level,
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For symmetrical palrs with 6. = 9+ < 10° the momentun
transfer to the recoil nucleus q = EQ* < 100 t'eV/c, while the mass
of the virtual electron propagator t ~V2EQ < 1000 MeV/c.
Thus under these conditions a heavy nuclear target may be used with
relatively small form factor correctlons. The yield goes up as 22
and thus enables one to comparc the mcasured ete™ rate with predictions

of Cuantum Flectrodynamics to & momentum transfer of 1 GeV/c,

The DESY - !.I.T. group has reported a new result on palr pro-
duction with a precision of + 57 and up to a pair invariant nass of
1 GeV/c? (2). This experirient, using the 7.5 eV cynchrotron and re-
stricting the pair production angle to < 7.7°, with carbon tnarret,
and with 4 high precision Serenkov counters to reject pions, using fast
electronies for handling accidentals, yields results, based on
LOO -~ 1000 events at each point, which are in good agreement witli the
predictions of Quantum Ilectrodynamics. The result of their reasure-
ment, together with their first result on pair production with the sane

epparatus is shown in Fig. 2.

Following thean&lysis of Kroll, who shows, that correct applica-
tion of the Ward identities of higher orders requires that modification
of Bl cross section must be of the form 6Gexp/6gu= 1 * (»m/A)n) n>4
where A is a cut-off pararcter used ns a standard of comparison he-
tween various experiments on 0.1.D., the DISY -~ I,I.T. group experi-
ment vields a A > 2 GeV with 68% confidence levcl(rn:hJ

Two beautiful experiments on wide angle bremsstrahlung wers aloo
reported. The diagrems of bremsstrahluns and pair productlon are identic-
al if one interchanges p. —> —p._ in firure 2. Thus the
bremsstrahlung experiments enable one to probe time like virtual elec-
tron propagators whereas the pair production experiments test Q.F.D.

with space-like virtual leptons.
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The experiment by the Berkelman, Littauer group (3) used the
internal bearn of the Cornell 10 fGeV electron synchrotron, carbton
target, and counters to detect the scattered electron and photon
in coincidence. Their set-up is shown in Fig. 3.

The scattered electrons were detected at G.hLO besinmle focusing,
spectrometer , and the photon aperture was defined by a collima~
tor at 6.2°. The photons were detected by lead plass counters.
Time of flipht and pulse height information were used to sclect
the e-y'events from background. 100 events were collected at
cach point and their result as a function of final state mass if
is shown in Fig. 3. The best straight line fit to these points

is R = 0.94 + 0.14 + (0.9 + 1.9) x 10 b M; the results are con-
sistent with Q.E.D. which predicts a straight line at 1.0 with
zero slope.

The experiment of Bernardini,s irroup (4) 2t Feascati used a
hydrogen target and counter techniques to detect the final pro-
ton, electron, and 9 in triple coincidence up to a (e, T )

invariant mass of 100 LbV/cz. Their results also agree with Q.E.D.

The summary of the three latest experiments on Q.E.D. is
shown in Fipure L, which clearly gives us confidence that first
order quantum electrodynamics of electrons and photons is valid,
+~ ot lenat 5% level., in both the space-like and time-like region,
and up to a momentum transfer of 1 GeV/c with a corresponding cut-

aff A~ 2 GaV at a 68% confidence level.



II, Leptonic Decays of Vector Mesons

Having obtained some experimental evidence on the validity of .
quantum electrodynamics at momentum transfers up to 1 3eV/e, we
turn to experiments on the detailed understanding of the nature of
light.

The rest of the talk will be on experiments designed to measure
the coupling betwcen photons and vector mesons (massive rhotons,
wvhich have the same quantum nurbers as the photon J =1, ¢ = -1,

P = -1, but with non-zero rest mass) and the photoproduction of

vector mesons.

MOTIVATION

The purposes of studying leptonic decays of vector rmesons are

fourfold (4, B, ¢, D): (5)

A. lMeasuring the branching ratio BR =

Ve — 27+ L

V® — «ll modes

is the only direct way to determine the coupling constant hntween

the vector mesons p, w, @  and the T rev.

The coupling constant Tv is related to the partial decay width

F(ve— £*+27) via:
X . &L my o ot mv (2)
bt 12 BR: [t 12 F{ve— £*+ 1)

The precise knowledge of 7 or I"(V°—> £*L7) enables us to determine

the w-¢ rixing angles directly via

tam 0 = @ 44,0, = D¢+ O
m¢ mw
#a- 2 2 2 (3)
Mw—£7) = Mo 0 6,- mé_ .20 = Zéz_
Mg—ee) m¢ Mo Tw
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to check Yeinberp' s first sum rule which 1s based on the current nilxe

ins model and predicts

4omp . mw _mg. 1
2 2 + 2 (4)
3 77 Ta T

()

To compare it with quark model calculetions of Dar and Yeisskopf:

F(F——»ee) = 5,0 keV, F(¢..»ee) = 0,95 keV etc,

In particular, the quantity Tv appeers directly in the vector
dominance model approximation, which relates the electromarsnetic

current J/,,(x) of the hedrons tc the phenomenolor:ical fields

ﬁhfx)/ u%*(XJ, ¢z&(x) of the vector mesons via:

2

J-/..,(X)= —[2,_n’;'i- FM,(X) + zmw w/u(x) + Tn;"t ¢/“_(X}] (5)

Tw

mus in the vector dominance model, the knowledge of v is essential
to our understanding of the electromagnetic form factors of nucleons
and of pseudoscalar mesons, and to our understanding of the electro-
magnetic decays of mesons.

For examplesT'zhc simple vector dominance model calculates the pion

form factor from the graph

~ d Tr
o -~
P
p .
R NANANNC o
7 e
f ? TTIT ~
N
~
.. gperr m3
riving the result F (k2) = 4L . £ ()

2 2z
27, mp- K
where 9’r" can be calculated from the width of P—bﬁ'TE and the

normalization condition FTC (o} = 1 gives gf,m. =P a},

and the decay of  TT° - 23- according to

p ¥



which gives

-1 -4 2

2 < 2 3
P(ne —s2p)= 2% (Je) (Ju) #eiw mn (1)
(T 2?) 192 (‘m') (Mr) 4

r'(w _,-n:o,_?;.) depends only on —L‘i .
F(m® —» la’) ad
B. Comparing the rates of VO — e*+e™ vs, VO —)/u* +/u"

gives us a direct check of & , e universality in the time-like
region and at the high momentum transfers of 2 = !'1,2 > 0,

This probes any possible differences in the form factors T, (a2)
and F/u, {(q2) vetween electrons and rmuons in a domain which cannot
be covered by either elastic scattering experiments

(e +p — /m,+pvs.e+p--->e+pwi1;hq2 < 0) or low ro-

VS

mentum transfer experiments like the g=2 -2
(=) e ALY e S WS

C. In principle, studying the ete” mass spectrum from reactions
like 7+ C — C+ V0 ,€'+4° and ete- ——s TR
or ete® ——»  KYK gives us the best way to determine the mass I
and the width [y of the vector mesons. This is because the
background contribution to the mass peak VO —» %4+ ¢~  can be cal-

culated exactly.

D. It follows from (5) that the photo-production cross scction
of vector mesons ecan be related to the wvector meson nucleon cross sec-
tions directly via {8)

G(p+A— B+C) = g &a‘? 6. (VFA —B+C) (&)

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



LAPERIMENTAL COLSIDERATINS

There are two ways to study the leptonle decays of vector
mesons: (A) From measurin - the relative rates of production of
vector mesons (via strong interactions) and the rate of vector

. : £+£‘ T A T\ N
meson recay into puitrs. And () frorm measurin;. the rates
of vector meson decays ia sforage rincs,

For hoth cases the besi, vay Lo measure the branching ratio
.y £+- ] “' . . . i .
iR V=l /V-—sa 1 bt detect all [inal state decay pur-

Ve, ——> X+ ¥ ... with 2 b T detector., In such o case

o

*1cle

[

the branching ratio follows ‘lrectly without any rhase-space and
acceptance corrections. In practlice, however, since onc can only
detect the final state prriicles witliin a rather limited solid

anrle, the anpular distribution of all final state particles nust

1

be neasured in order thait the yields

of Vo —> Lte- pairs
wia ¥V, > all rnodes be corrccted for different acceptances.
(A) For Producition Lxperiments:

It folilows frem 2 ;peveral analyeis by Oakes 7~ based
on invariance arruments, thal tue £7€7 pair production from any
mipolarized initial state of strongir-interacting particles is
cormpletely described by five real “orrm Tactors, thai are simply
related Lo Lthe density-natrix eloments for the production of 2

-

virtuai photou, wilcl then decays Inte the nalr. By measuring the
aontor Jdiotrihatien sno soarcotioe s % s male o ane cnn deternine
a1l five form factors (er thelr denc itr=ratrix ﬂqnivn]nnth) and Lliero-

by alse inVCSti{jat" tho mirnt Lve of She nrofuact i troceas,

. “ 1= . . . BN

Lieoocenter of et o P raary {(Poline the innllont
boren direction  alongs the c—aln i Lhe nomial Lo the nroduehion
Slene wiong Lhe ezl

| _

é...\‘e l p 1

i \\ .

| e

i -

K o R s 3/
. -



e
the angular distribution of the decay of a vector meson into two

spinless particles x* x- is :

. *x »
wx"'x-(G*:‘f‘)=Nl(fllsm20 +F°°c0529

|
“—F1 x sin® 6" cos 2 ¥ - V?P.e Flo

x sin 2 0¥  cos ‘f‘ ] wseweumanss (9)
and the sngular distribution of the VO — 5 2%~ is
” Wxtx™ o
W (e ¥ ’ ‘P* ) = (1- _Niix_(eltf‘))/'%’g ceves (10)

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

1, If V° mesons are produced by an incident beam of high-
energy T 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~-excheange mechanismn -- we have

F°°=la.nd finj = 0, vhere i or j % O,

Thus we have:
W (f — ntr) (6%, ¢* )= l[-L‘rr cos 0" (independent
of P‘) L AL B B B B ) (ll)

v (p—4L%) (6%, ¢* )=sin20* x,% (12)

For the (G-even exchanre -- the case of w©® production via p e
exchange -- we have pn = ‘5"' " f 1-1 # 0, all other Pl,.] =0,
Thus for w —>s LY2~ we have:

1-400‘32‘7*)

+p- % r_4-i44u29'(4-2;>
W(w =£7) (87, ¢%) = —* 8 /3

LU L B B B AL B AL BB B I B B B N B B B (13)

(depends on ¥¥*)

and on averaging over the azimuthal angle Y’" one obtains

W(w —£2) (0% ¢%) = “Ln (A + coi©F)  cevvenrennnns (14).

Thus measuring the decay angular spectrum of P — 2% (the o, ¢
dependence) and the value of the density matrix, as a function of rmoment-
um transfer, yields us information on the production mechanism ofP°, as
well as determining the w — £'£~ contamination in the F°—9 2*e-

spectrum.
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5. For a beam of high energy photons incident on complex nuclei,
coherent production of ¢ in the forward region requires that @ eond

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

* % 3 . x
w —.KK(G ‘P )= - Sln2° XL LR R ] (15)
? ! g (P wave decay)
x x 3 2 *
and Wgege (O, P¥) = === (1+cos 8" ) ceveiencns (16)
¢ , fer (S and D wave decay)

(B) For Colliding Beam Experiments:

The annihilation of e*e™ into mn spinless bosons through

(lo)to a final state with P = -1,

the one - photon channel leads
¢C=-1,J =1, T=1for n even, T =0 for n odd.

If ? is the most general vector (pseudo vector for m odd) formed
out of independent final momenta for even {odd)} number of bosons

the final distribution can be shown to have the general form

1 ~ 12 . 2
- A (17)
=1 71
il
where 8 is the angle formed between }f and the initial line of
collision, Thus for .o
et+e” — p — W, W,

— ¢ — KTK;

*
the only vector is —P: -“P; and we get a sin? @ distribution.
For etem — w —» 3T the only pseudo vector is the normal

to the production plane, and we have the normal with a sine -
distribution around the initial line of collision.
Assuming & Breit~Wigner description for the rescnance cross-

section near its maximum, we have then

& (2E-m)* + PZ/Q, , where rl,l}

4

are the rates into initial e“e~ and final state, respectively.

If the energy resolution in C,M. is 2 A Eand if '>> 2 & T
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{(mﬁ-AE)
we then have 6';: A_ltE— 6(5)0[5
{-(m-AE)

or

6 = 6(2m) = X (2J+1) BBy

where B;, B; are the branching ratios for decay into initial

and final state, respectively. For our case J=1 ) X = :
m
6g ( Breit- Wc’gn-cr) = 122: . e (18)

Thus the cross section (18) at the peak determines the branch-

ing ratio of leptonic decays of vector mesons,
For case of p —T'M”  and @ — K'K™ pairs the diffe-

rential cross section in the c,m., system is

d6 S 3y [% 2
rra G Gl I

K .

) .
where F (K<) is the e.m. form factor of T or
Thus measuring this cross section also enables one to determine

the e.n. form factors of T and K nesons in the time like regzion.

The cross section as a function of energy:

4
m
£ (20) allows us to

(451— m;)z + m;' [;1

make & unique determination of mass and width of the vector mesons,

& =
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EXPERIMENTAL RESULTS:
. . + -
The Branching Ratlo of f? — 074

Many experiments have been done on the branching ratio of P YA ,
such as the experiment done by the North-Eastern =M. I.T. proup at

c.m.A. () ete, ALL these experiments yield results consistent with
cech other, But the resolutions of these cxperirnents are not pre-

cise enough to make a definite statement on the width of /9".

The results of the DESY - !, I.T. group () on the f? — eo'e” is
shown in Fig. 5. This experiment is done with a precision spectro-
meter with a mass resolution of + 15 MeV/c2, To reduce systematic
errors, both the production of f" and the subsequent F"—) ete”
decny were measured with the same apparatus . The experinent was
done at a low photon enersy of 2.7 GeV on a carbon (T=0) target,
such that the w —s e%e~ contanination is small.
At low encrgy, the bubble chamber data show that photoproduction of

w on protons is consistent with 0.P.E., No w contamination
was observed and the measured f7 — ete”™ width is 120 + 20 IieV/c‘?.
The branching ratio is obtained by dividing the area under the two
curves and it yields

BR = (6.4 + 1.5) x 10 ~2,

The result of the beautiful experiment done by Wilson' s rroup (13)
at the A,G.S, 1is also shown in the same fipure. This exneriment

vields a BR = (5.8 + 1.2) x 10 =% and a width of 97 + 20 MeV.
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Two beautiful cxperiments on the branciing ratio and width of the joovore
done Ly the I-lovosibirs}gl&r)d the Orsa;yglgc?llidin,z beam prouns. “ir, C shows
some of the importatnt characteristics of the storage rings uscd by these
groups together with the ring used to test OFD by the Stanford group.

*e= - annihilation intoe TUY ™ . The

Toth groups rieasured the e
two experimental set-ups are very similar. Tig, 7 shows the Nrsay one.
They usnd thin plate spark chambers to ncosure the angles o the particles,
ranze and shower spark chambers to distin-suish plons from elecctrouns ard ruous,
coinecidence counter arrangenents trippered in phase with the heer bunches

and additional veto counters “o reduce cosnic ray background,

e result of the et+e~ — P —» Y+ 7T~ spectrun from Orsar is also
shown in Tig. 7 and the following table surmarizes the results of the two
colliding beam experiments togcther with earlier results fron DEGY-M,ILT.

and from Larvard groups.

o s
mp (MeV) [;(MQV) BR =10 r;;..ee (keV)
Novosibirsk TSk + 9 105 * 20 5.0 + 1.0
Harvard 97 £ 20 5.0 + 1.2
Orsay T60 % & 112 & 12 €.54 £ 0,72 T.13%0.51
(from theilr
fit)
prsy / .ILT. 6.4 £ 1.5
Averagc 759 + 4,0 108 + 8,5 GO £ 0,50 6524075
{Trom avera; e
pR)
pa
Y - £ mp = 0.52 + 0.0%
LT 12 Ff"'“ ~ 0.06
for the coupling constant when the p-meson is on the mass ololl,
2 z -2
Weing —IL = _._.",_E:_ (1 - j—“mf—) from TC form factor we lhave:
) I*Tt Mg m°
2 . the .
g = 0,53 + 0,04 for the coupling constant when nhoton i on the

mass shell.
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(2) The Branching Ratio of 525 — {
(16)
An experirent was performed at DIITY by the Doy - M,I.T. froupn,
usins a precision spectrometer and counter techniques. The exmerinent is
very similar to the experiment this groun has done on the f?" meson and

it has the following major experinental facts:

1, Normalization and polarization:

They have measurcd both the production of‘¢ by photonn on
carbon {(with 10“ events) and the decay of ¢ — e%e” (wvith 40 events),
with the same apparatus, thus reducing the major systematic errors in the
normalization. Thelr system has a mass resolution of % 5 ?*o\f/cg for
¢ — 77 events, and of + 20 I-’.eV/c2 for ¢ —» c*e™ events. With lOJ* events

they find that photoproduction of ¢ on complex nuclei is via diffraction
3 2 9&

mechanisr. Thus the angular distribution for K-mairs is WKK: o A s
TC

for clectron palrs 2
! w“:..ﬁi;(4+me*)

2. 0D pair contamination in the yield:
To first order both the 3Rethe-Heiltler and ( ¢ - ete~) diaprans

contribute to the reaction

3~+C~———>C+e*+e‘

£ P+ R ~P- £

- P"‘
Pr

However, since the Bl cross section varics rapidly with angle
(~ B°°) . . . . .
» vhile the ¢ -—» e%e™ cross section varies slowly with ansle, the

signal ( ¢ —>» ete- }/bvackpround (BI1 - ete"—pairs) v 93

To reduce BIl background the etem -palr was reasured at large
anrles of 22° - 309, The B! background under the narrow ¢ neak is then

< % of the total yield.
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3. fBince the Po has a larze width, the f) — cte~ yicld
contaminates the @ —» ee spectrum, llowever, since the ¢ hAas a narrow
width, a good mass resolution on e'e™ will enable one to pick out the

peak with a small p background. Using the p — et

e spectrun measured
in the same apparatus and with the measured diffraction {(pure imesinary
amplitude) cross section, they estimate an overall 107 contamination of P

pius ( P, ¢ } interfercnce under the ¢ neak,

Firure £ shovs the resulting ¢ —» ¥~ ana ¢ — cto”

spectrur, Integreting the area under the smectra one obtains directly

C(@-e*e) /T(P—=KKT) =(5.721.7) 1074,

Using F(¢-’K+K-)/r(¢“’a“) = 0,473 one gets

BR = (2.70 + 0.80) x 10 =V,

A beautiful but difficult experiment on the ¢ branching
ratio was reported by the Orsay €olliding Beam group(.l?’;;ncc thev have both
electrons and positrons in one ring two Leams of equal enerpy of 510 rev/e”

collided end produced ¢ % at rest, since each ¥ meson hos g
mass of = S00 MeV/cg, there is very little Owvalue 1n the ¢ decay and the
charged }{-pdirs do not escape the wall of the vacuum chamber to bhe datectead,
This experiment is donc by detectins the TL'TT pairs from the Qﬁ—. K: Ke

) s
decay and by detectinr the Tt 's from ¢ decay directly. r

(Since ¢ is o vector meson (in pure € = -1 state) it does not dccay into

KiKy or Ko¥p pairs. It only has the ¢ — IClK2 mode, )

YKo decay: The Klffg decays were identified Ly the two charr-
ed T's of the charged decay mode of the 1. Te angle € Ybetween the 2 M-mesons
ir close to 180° and always larger than a nininum angle given by kinematices
( @ = 150° at 2F = ¢ Ye This was a verr efficient eriterion for the iden-
tification of the X1 decays. The ranre of the TS is rather short and provides
another criterion. The result of this part of the experirment (Lased on 150
events , and using the Branching Patio B(¢ — K,Ky) = 0.38 + n,031)
7ields a DR = (3.10 + 0.5) x 107,

This 1s in rood agreement witl: the carlier DERY - ", 1.7, results of
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{-rio%)x‘o-h
wrnTwe - decay: Again tvo charped T'’s were detected., The cor-

responding angle © is not peaked close to 180° and the rangz of these TS
(s usually larger than in the K; case, Phere, the kinematics cannot he
reconstituted. The efficiency of the detection system for 3 TW-decays is
veaker and has been computed by Ifonte Carlo method to be 47, This, combined
w1thA:ma.ller bra.n:iiunp ratio of the ¢ for 3 T-decay, leadsto roughly three

times ¢ SAdete%tcd through this mode. Using the value 3(¢-9 3T) =
-l

0.130 + 0.043 this part of the measurement yields a 2R = (5.8 + 1.,k) x107 .
This is in strong disagreement with the rore precise result above, TheOrsay
group has also measured the various branching ratios for ¢ decay and they

find the values:

B(p-k*k)/B(P-KK,)/B(P~3m) = 0.48 + 0,02k / 0.312  0.016 / 0,208 + 0.0k

. 3 - . n
Thils 1s some-what different from the results obtained from the RoseAfeld

Table:
B(K*K') / B(K,K,) [ B(3T)  =0.473 + 0.032/0.380 + 0.031/0.138 & 0.043.

From this they obtain, using the K; events:

BR(¢-‘O+€.) = {3.9 + 0.62) x 10‘1*; f;s,gﬁ (1.62 + 0.26) KeV.

It is worthwhile to point out that both the DISY-~!,I,T. group exporiment
and the Orsay storsge ring experiment are very difficult experiments. In the
DESY experiment the counting rate is almost one count / day. Thus it was en-
tirely possible to run 3 days without any counts. 100 events represent a major
effort to keep the detection system from changing. The Orsay experiment has
the difficulties outlined already. Thus it is very pgratifying to see that these
two very different experiments yield the same result.

[£9)

The first successful experiment on ¢anc(decay and thus determining direct-
ly the mixing angle was done at CERN by the Zichichi-l{;roup (Fige 9) with a
1.93 GeV/c T~ bean. They studied the dccay ¢-—»e*e' via the reactionA TC“P —_—
nY_ _, e*e” . The mass of V® was determined to + 15 MeV by measuring the
velocity and direction of the neutron. In addition, the decay of V'— ete™

was rneasured by the opening angle and the energy of the electron pairs. A total
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of 9 + 3 events was observed. liormalize this yield to the production cross
section from bubble chamber data they obtain a branching ratio BR = (6.1 + 2.6)
x 10'l+ and a corresponding r'(¢ —»efc‘) = 2,1 + 0.9 KeV (using Ftot =
3.4 + 0.8 KeV).
- . + -
The following table summarizes the results of measurerments on ¢—»i f .

Pogether with the new results from Orsay of lCeot = 1.2 + 0.9 these re-~

sults yield, for the first time, an accurate value of a*;/‘fn::

Graups F¢(M¢v) BR x 10* I—;g_,“ (keV)
DESY / MJI.T. 2.7+0.8
Orsay 4,2+40.9 3,940,062 1.62+0,26

(from their
best fit)

CERI 6.1+2.6
Average 4.240.9 3.5520.48
From these we have: r‘(¢~e+c‘) = 1.49 + 0.35 keV.

2 _ +1.07
3"¢/4TC = 3.0’4 ~0.66

(3) The Branching Ratio of w— e

. e (18) .
An experiment was done at CERN by the Zichichi group with the same
techniques they have used on ¢ (Fig. 9). Taking the p-w interference to be
zero and using the known production angular distributions they obtained o

Branching katio of BR = (0.40 + 0,15) x 10% or woee = 0.49 + 0.19 KeV,

The Orsay group of Lehmann, !larin, Lefrancoi(sl%)as just finished
& beautiful experiment on e¥+¢ —w — MM NM® by detecting the TTTTT .
The three body events were identified and separated from two body events and
background by selecting events giving two non-collinear tracks originati{x;
from the beam. The resulting spectrw.‘.’obtained with the same apparatus ns;:the F
and ¢ experiments, is shown in Fig. 10. This experiment rields = branching

ratio = (0.05 + 0.16) x 107%, and a best Fit [goeete = 1.0h% 0.15 KeV.
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From the average of these two branching ratios, we obtain a (B%) v
(0,61 + 0.11) x 10-4, This together with the world data on the width of ()

(both groups prefer this value) of 12,2 + 1.3 !leV, we obtain:

(/) + 0.7hk + 0.156 KeV,

w ~> & ¢« ave

(Yo /4w ), = beo *L.2

~0.81

The Dubna group of Baldi#%&& also observed the ete- decay mode of
S)\ua and QL . The experinment was done by measuring the reaction
T+ P Vi > ¢ty ¢ v e
The conditions of the experiment alloweg;ggldetect, with high constant
efficiency, the e*e™ pairs in the mass range from 500 to 1200 MeV. (Fig.ll).
For each event, their system makes it possible to measure three parameters,
the energies 4;7 and 152 of electrons from \/adecay. And the opening angle
é; between them, The knowledge of the above three parameaters allows to
calculate the effective mass of the event. Assuming a nixing angle of 38°
(which, as we shall see, is & valid assumption, consistent with existing date),
this experiment yields f%p = (5.3 + 1.1) x 10'5,
B = (6.5 ¢ 1.3) x 10~° and éiﬁ = (6.6 :g:g ) x 10 =%,
The work of Binnie et aie%lom the Rutherford Laboratory used the reaction
7f‘+74_¢.qﬁ + o, at 1,58 GeV/c to study both the production and the leptonic
decay rates of ¢ . The K*K™ mode was sélected by scintillation counters and

+

v
threshold water Cerenkov counter and spark chambers. The e"e¢’ decay of the

: . 0. . < s
wes selected via thin fail optical spark chambers, lead plates, and scintilla-
tion counters. This experiment yields & result of BR = (7.2+43.9) x lO'h or

/;;,Cfc- = 2.14 t 105 KeV ot

T - +2,9
( ¥y [w)=1.9 1500
o v ;N $o-
Dinnie et, al, also measured the Branching Ratio of W ->¢&'¢ , based on

3 events, They give a ratio lying between Sx.I.O"S and 6x10-h.

These results are in agreement with other measurements before,
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The larze amount of accurate data on leptonic decays of vector mesons

(P,cu, ¢’) from both production experiments andcolliding beanm experiments
- . Gverag .

are 1n good agreement with each other. Thepresults of the three indepen-

dent experinents plotted on the Sakurai circule (based on Weinberp/s first

sunm rule) are shown in Fig, 12. These results yield the values of senera-

lized nixing wnigle 7, of:
o
CIRU (o) = p30 i go
ORSAY 0 =35+ 33°
(-]
DEGY-1ToT. 0 = 40°t5 (uwing [w-ee =
7% 1.0% + 0.19 kev
from Orsay).
e 4 3.9
Average 0 = 34.6
€ - 4.9°
The average value of Q iz obtained from the averape values of BR
above,

The comparison of the average velucs of V®— P~ with various theo-

retical models 1s shown in the Table:

Average ExPerCmen\‘:a{ Results Theoretical Models

DCCuy 2 -2 ‘

BR ntot r{/*tﬁ av 'a"'v ‘chour SU3 Sakuvr. DMO Quarkl Mess mdx.
(MeV) | (keV) | BT ! D.W. . K.L.2.
.04 { +.0% DEsy-mT : [Voce vece
- 108.0 1 6.52 |
see |+ 52 NOVOS!B. 57

pee _.‘SOS 195 1 2¥5 0_ 06 9 ORSAY 7 7 : 7
x40 ] HARV. keV | keV
365 | 42 |1.49 | t1.0% +43]CERN

Pete |Tu8 | o |4 gs |30 | ASH pgvr| 2 | 4.33 1434 1095 | 1.2

«{07* o =66 ~H0| orsay E !

6.1 |
12.2 | 0.7 | H1.24 +.24

ead |22 s oo | YL |
L 1.3 |46 |77 g1| 24| ORSAY |

= 10 ' ' |

0.65 1 1.21 | 0.61 0.6

-
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In conclusion:
. . . . ) .
(1) The deta asree witlh the prediction of 'einbers s first sum rulce
based on the current mixing model. It should be noted, however, that the
Nrsay result, without any finite width correction on F} , are 1.0 stan=

dard devieations eway fron the predictions of Weinverg’s first sue rule.

~n values of the partial widths of Vo e'e” arree

s

(P) The avers,
rernricably well with the quark nodel caleulations of Dar and “elsshopf.
(3) Tothgie Orsay date and the MY/ IL.T. data profer the nixing
3 e.. 0 . T [ X 0y (22) 1. o) ™ t n
meolie = 39° riven by Das, !athur, Okubo , whereas the COTI data
2
( 3) G - 08.20.

[

prefer the vprediction. of Oakes and Sakural

(L) Because of the larre difference between the CERT results and

“h Nroay (and oReY/:I.T.) reswlts, the averare valucs of the data are
1.

not. accurate enough to exclwic the mass mixins modeis ~iven by ¥roll,

Lee, Zumino (2h). In fact, the average values of the data are in renmark-
sble arreement with the predictions of simple 5U (3).
(5) The total widths o” vector mesons deternined directl; from
their leptonic decays are [p = 100.0 + 85 lev, [, = 14,0 + eV,
r& = L,2 + 0,2 eV, These values nre somewhat different from those ob-

tained from the analysis of strong interaction experiments

[ = 90-150 eV, [ =12.2 + 1.3 e, (g = 3.5 + 0.0 reV.



III. Photoproduction of Vector iesons

(I) Motivation

Since photons and vector mesons have the same quantum nurbers,
it 1s very likely that at high enerpyr and small momentum transfers the re-
action 0] A — V°A could have similar behavior as TCA —»TC A s Le€o,
they should have the following characteristics:

(1) i.l_f ~ I J(R V-T)[z :L gxp[a(A,f)tJ, vhere a (A, t)

t sma
is & measure of nuclear density; its valuec depends sen-

sitively on the t - range used and on A.

(2) As in the case of Tp = scatterings, the total cross section
should be cither slowly decreasing with increasing enerry or be almost
constant.

(3) Tor diffraction scattering, the produced vector mesons cerry
the same polarization as the initial photons., Thus the anpular distribution
of the decay K-pairs in photoproduction of ¢ mesons should be ~ 4on 0% .
where 9' is the angle, in the ¢ rest system, between the decay K-meson and
the recoil nucleus direction,

(4) To study the detailed mechanisnm by which vector mesons are
produced at high enerrsy end low rmormentum transfer on complex nuclei, we com-
parc the data with the predictions of the diffraction modcls(%?‘) Drell and Tre-
rfil, Ross and Stodolsky, liargolis, and Trefil, in which the forward production

amplitude is exrpressed (in the laboratory system) as

:mffdtfbdb et (4, 8) eap(- ff’(* g)de') )

where the factor axp (4B ‘)F(t £) conmes from nuclenr shepe, u‘{;(»( Am2)
comes from the difference in initial and Tinal mass, MT’( % ff’(%f&) dt)
fron the attenuation of the vector meson by nuclear matter nf‘tc!r its produc=-
tion, & = &yn is the vector-meson-nucleon total cross section., The model

of Drell-Trefil, Ross and Stodolsky assures

1 P(T)

= const <R

pr)

W

0 * >R

v



Mus the nucleus is treated in an averasge way as an absorhing medium, rather
than ns a collection of individual nucleons. Clearly, the nocdel is best for

nuclei in which A is large.

an
e Mareolis model, based on approximatc summation of the nmultinle

sestlering series of Glauber, uses a Yoods-Caxon Aistribution

-1
P('r) =P (1 + MP[('r-c)/a])
for the nuclear deasity.
In the !'arpolis model terms 1/A and the cffect of each individual vecctor
ori d& .
neson nucleon scattering term 4t (rp --DVP) = o exp (bt) is dropped.
Thus the model is best for nroduction on heavy nuclel ot small momentun

translers, but will not apply to A < 12, vhen 1/A - terms are inmportant.

The nodel of Trefil uses a density distribution

A
2
r] = ” ('?’R )
P( ) o1 f [ ’/ ] ) R = determined by rms nuclear

radius.
. =1 . .. .
Tils model keeps terms A A and b/?, snd thus in rrincinle should

o

avnly 4o all nuclei for both coicrent and incoherent production.

ey “wenve nuclel at small momenturn tronsfors there are very little diffe-
rences between the inree models above, The difference Letieer the nodels
ocecurs at larze t or on small A,

1n 1l three models, the followins important properties are to he noted:

(A) To determine Oyy one corpares the relative yields do A'/ d6 A
N P 7 q0dm ™Y 20 (A

for a set of nuclei ( Be, C, Al, Cu, Ag, Ta, Pb ) for a narrow nass
Land necar the peal: of the resonance 5o that the relative background con-
tribution is small. Comparison of relative yields is the best way to de-
termine Oyn . It corresionde to the classical way of measuriqilfsgzi\g;/

cross section with different tarmet thichnoos,
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(B) In principle, one can also determine 6yp by matching the relative
; d¢ ° dés °
ields of Lo — A —-!
Y o T leno (FA—AVY) /28] (yp—pV°)
on each nucleus with
2
| fa(R, t,6un) /fi | ¢ =0-
In practice, however, there are some difficulties associated with
this method:
. 2 4 .
(1} The function , ‘FA( R,t,6yy) 'tgo ~ R » therefore
2
the l'FA/‘FH | and the correspondine value Syy for large R
depends critically on the nuclear radius parameters used. For examnle,
as shown in the following fipure taken from the calculation of !Marrpolis

(25)

. . . 2 .
and Koelbip on the dependence of S)oN on the r&tlo,ﬁ/ﬁ." » 1n the case

of Pb an 8% change in nuclear radius would correspond to a change of 6pN

_ from 30 mb to 40 mb,
2 T RS P e

ot it S i e v g e e e

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

malization of the experimental data cannot be accurate to more than = 25%.
This is due to the fact that there is no reliadble way to describe the
shape of a wide resonance whose reported width varies between r} = 90 and
r;: 150 MeV, The value f} and thus the amount of pure p mesons in the
observed TVTC™ pairs depends sensitively upon the assumptions of Breit-
Wigner form and background function. The two most commonly used pethods are:
The Soeding methanism “':6), whereby a photoproduced T pair is elastically
scattered off the nucleus (dimgram A). The interference between (A) and (B)

below introduces a distortion in the resonance shape.

. (A .
& -7 £ T
W\/\(\ a2 % %" 4

~ A ~
A_E— /\\E+




=Dl
"he Goeding mechanism not only cannot be calculated exactly, but also it
constitutes serious double counting, since the TCTT™ in diagram (A) must
be in a p state in order to interfere with the pure p diagram {3). The method
where one modifies the spectrum by a { mp / MuT )h factor (Ross and
Ctodolsky) (2T)and uses an empirical background to fit the data, is also some-
vhat arbitrary, since the resultant cross section is somewhat dependent on

the backpround function used.,

Thus , dependin;; on the method the data was analirrzed, the ratio of the

interrated cross section

dé ds
n d0dm & _ (yA—=AP°)

d6 d6 ° LR . o
h Todm dm T (H‘P—,PF ) can easily vary by 25¢

or more, as shown by the

figure above. In the case of Cu, a 25§ variation in the ratio corresronds

to n change of GfN from 30 mb to 40 b,

(C) With the knowledge of 6y , and with the assumption of pure imaginary
seattering amplitude,one can nov use the vector dominance model prediction,

cquation (8), or its equivalent term:

2,~1 2

ﬁ% o (FA=AVY) = i :_n(ﬁyt) 67 (V°A) (22)
to extrnct the value 6?,/4Jt and compare it with the values obtained from
Tt meson form factors, analysis of TE+,Tt',Tf° photoproduction etc. where
the photon is also on the mass shell.
Since at finite enerpies the minimum momentum transfer t = nwc/usz
is far away from zero (typically on lead nucleus dG/fo‘v zxp(400t) ),
the procedure of extrapolating :iﬁ//d{:rt=o from the neasured d6/dt has
all the difficulties (i.e. R dependence, uncertainty in normalization, ectc.)
outlined above. These difficulties can be overcome <28), hovever, 1f one notes

that in the optical model one has

67(V°A) = 4Tt fbd.b 1 - exp(- 5v~[P(b %)d‘)] ~ R* (23)

4 ¢
and if one now calcula.tes (dG/dt) 2 " erom eq. (21) with exactly the same

set of density parameters R andnp(bg one has:
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o _;: (a-b tAm 7
[%(UA VA)} 2nch, fbdbfdz e “p(b,2) exp(- 5V~/2de’-)

[ ]
for A=0 = 1-exp[—6\m P(b,z’) de‘}) ~ R2
o
o 2 (24 )
late that both 61-(\/ A) and (dﬁ/d{) have the same functional
dependence on R. Thus it follows from (22) thatt
2 2 ©
Jr . 1 = 6r(V°A) =1 & & (25)

4T 16 4T 46 (IA —V°A) 16 4T ds!toﬁp V%)

t'nc{epenolen{ of R, P(b,%).

. 2 .
Therefore, the best w to obtain 41t from vhotonroduction of vector
» ey J}’ N

mesons on nuclei is to determine Evn from relative yields for a

set of nuclel in a narrow mass band near the pesk of the resonance where

the backpround is small and where no absolute normalization 15 necesseary.

Using the 6yy 80 obtained one then calculates 67(V°A) from (23) and
extrapolates d.O'/df lttO from the measured total cross section dG/dﬂ with

2
IFA(Rﬁtr SVN)'
case it follows from the analysis of (25) that one has a unique D‘;’/lﬂc in-

with exactly the sane values for P and p {z). In this

dependent of R and p (z),

For example with dG‘/cH:t_(g) = l50p.‘b/GeV2

one has:

s

(1) If the relative measurements yield a EFN 30 mb then it

2 “
follows from (25) TP /¥TC £ 0.5 for all A.
(2) If the relative measurements yield a 6PN = L0 mb then
2 -
b},/lm-.:l.o for all A,
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EXPERIMENTAL RESULTS:

I. Photoproduction of p mesons:

a. On hxdrogen

Large amounts of experimental data how exist on photoproduction
of p on hydrogen, deuterium, and on complex nuclei,

The experiment of Ritson's group (SLAC, CIT, Santa Barbara,
Northeastern Collaboration) (29) used a bremsstrahlung photon beam and a
hydrogen target, and observed the recoiling protons produced 1rthe target
with a 90° bent spectrometer. The data were obtained by the photon sub-
traction technique, The results from 4 to 18 BeV are shown in Tig. 13.

They are consistent with dG/dt = dd/d{',t,o x exp (Bt + Ct2) with

B = 8-10 GeV/c2.

The experiment of Mozley's (BO)group at SLAC used a 2.2 meter streamer
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-
men gas target extending tkrough the chamber, The chamber was mounted on a
larpe magmet with an8 kG field and trigpgered with a 4 fold coincidence array
of scintillation counters.

The experiment of Silverman’s (Bl)group at Cornell used a bremsstrahluﬂg beam,
scintillation counters and spark chambers to measure the positive and nega~
tive charped 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.

*ir, 1k summarizes the results of dﬁ/iqufrom the abowe proups
torether with the results (32) from the DESY bubble chamber colleboration,
the SLAC HBC group of Ballam, and the DESY counter pgroup of leinloth. As
seen from the figure, the value 36 /df’t=o decreases slowly with increasing
energy, thus implying that 6?? also decreases with increasing energy. Fip.l5
shows the summary of published values of GPP fror the various sroups. These
data show two interesting features:

A. At lower energies (2-3 GeV) the value 6pp depends, to=~25%, on the
assunptions of fits, and
B. Within the errors the data are consistent with a slowly decreasing 6pp

with increasing energyw
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(33) has measured p production with

The DESY group of Criegee and Timm
polarized photons. Measurements with polarized photons provide a strong
‘check on p production models. In a diffraction process (cross sections
64 in Fig. 16) the decay pions tend to emerge in a plane containing the
polarization (electric) vector of the photon, while in 0~ exchange pro-
cesses they come out perpendicularly. with cross sections 6, . This group
Has determined the ratio R =%by measuring the o pairs on hydrogen
with photons of two different polarizations. For photon energies between
2.0 and 2.5 GeV,and squared momentum transfers between-0.07 and -0.L0, they
find R = 0,17 # 0.07. This ratio indicates that pophotoproduction on hydro-
gen is dominated by the diffraction process. Since non-resonant TU pairs
have not been subtracted from the data, R represents an upper limit for

o
non-diffractive f production.

b) On deuterium:

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

(32) bubble chmmber collaboration and from Cornell (31). The bubble chamber
data agree with the coherent diffraction model calculation of Trefil with
6pny = 30 mb. The Cornell data exhibit coherence at small t-values. In the
large t-region, ¥he Do data have the same t-dependence as hydrogen and

the ratio of cross sections gd— =~ 1.9. The Cornell group also measured
deuterium to hydrogen ratios at ©=0°, and as a function of Ey. To an accu-
racy of about 5%, this ratio is independent of energy from 4 GeV to 9 GeV
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,

The Cornell result indicates that photoproduction of p on hydrogen cannot

be completely diffractive.

¢) On complex nuclei:

As discussed before, measuring p production on complex nuclei en-
ables one to compare the relative yields with equation (21) and thereby ob-
tain 6f’~ « With the value 6pn, one can then proceed to determine the coup-
ling constant I,"/ 41t and compare the value with the analysis of othe:fpho-

toproduction data when the photon is on the mass shell,
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The experiment done at DFSY by the DESY-M.I.T. group (3*) used a double
arm spectrometer withchass resolution of + 10 MeV. The relative yields were
measured at 3 different energies of 2.7, 3.5, and 4.5 GeV. To reduce the
-background contribution, comparison with (21) was made at the central pesak
mass region between 720 and 820 MeV. The results shown in Fig, 18 yield

an averare value of Spy= 31,3 *+ 2,3 mb for this enerpmy repion.

To obtain ‘5?/44t , they inteprated the forward cross section —&f%E:;

over theirbspectrometer acceptances (3.0<p< 6.2 GeV, 80<6WK<26°). They have
also used an (rhp/nnnn)“ Tfactor in their mass distribution to fit the spec-
trun, Their integrated cross sections over

their acceptances are: d6/&£1@3= 5.0 + 0.4 mb/ sr-nucleon,

ds/d.Q(Cu)= 11.2 + 1,1 mb/sr-nucleon, d6/d(Pb) = 10.0 + 1.0 mb/sr-nucleon.

From thelr spectrometer acceptance windows they then calculate an average
value of |fa(R= 1.35 A°f, 6py = 31 mv, t)|®  whereeach Monte Carlo
event is weiphted by the production mechanism of p. The values 6y, (yA)

are again calculated using eq. (23) with the same R = 1,35 A“gf, 6P~ = 31 mb,

From this informstion the values K;/lfﬁ follow directly via:

N 2 2 - Y3 =
_a K 67 (R=1.35A"F 6pn 31mb) “ 0.50%0.10

41t b fec* d6 YVag = 2
a0 A/, (R=1.35A ,BpN=31mb, t
d ( )/J A( P ’ )I for C,Cu, Pb.

These numbers, as discussed before, depend only on 6pnand the events/

acceptance, and are independent of anry extrapolation procedure used. w—-—
the RY factor cancels out in this case,

(31) used the spectrometer discussed

The experiment done at Cornell
previously, Their measured A-dependence of forward cross sections forEﬁ~=
6.0 GeV is also shown in Fig. 18. The curves in the fipure are the optical
model calculations for various assumptions about 6pN .« They used in their
analysis the nuclear density distributions [ (b, z) as pgiven by Hofstadter

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

being 30 mb for copper and 37 mb for lead. The authors attribute this dis-
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crepancy to the neutron size being larger than the proton size,

It is clear from the published data that the values of 6pndetermined
from DESY and Cornell do not contradict with each other,

To deduct 3‘?,’/‘#“‘ the Cornell group proceeded in a manner quite diffe-
rent from the DESY method. They extrapolated the value ds/d":'tw '
with the function H"A('t,ﬁ= electromagnetic radius, 6pn = 4O mb),z .

For 6;(pA) they used the published values of Bellettini et al.on proton
nucleus total cross sections, ie., they take &.(p A)= 5(p/\) . In this
way by extrapolating the ratio 62(pA)/(d6/df,t=0) to A—> 00

they obtained a value T;/lr'rc = 1.05 + 0.20.

It is interesting to note that if one uses 6T(pA) = 6(nA) in the
Cornell analysis, i.e., if one takes the measured values from Lonpgo (35)
et, al, or from Pontuev et, al, on neutron-nucleus total cross sectlon and
thus avoids the difficult problem of subtracting the €oulomb interference
term from proton-nucleus total cross sections, then the value of 37’,'/4TE(A-oo)
is much closer to the results obtained from six or more other ways under

similar kinemstic conditions when the photon is on the mass shell (Fip.19).

The experiment of Leith's(36)group is one of the first successful coin-
cidence experiments done on the 20 BeV SLAC. They used a large acceptance
wire spark chamber spectrometer and a 9 BeV monochromatic photon beam to
study the photoproduction of p on hydrogen and complex nuclei (Fig. 20).
The resolution of the monochronomstic peak is = % 1.5%. The spectrometer
itself consists of a wide aperture, uniform field magnet, followed by a
set of trigger counters and four wire spark chambers interfaced on-line
with an IBM 1800 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 < Opy £ U0 mb. Using the assumption 6r(pA) = 6(pA)
and not extrapolating to A—s oo , they obtain an average value

zr;/lnc = 1.2 + Q.3.
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An experiment on electroproduction of ff vas done art DESY by
the Heinloth (37) group. The energy of the primary electron was 4.9 GeV,
the energy of the virtual photon varied between 2.7 and 4.0 feV. The
momentum transfer was [q2[<0.3 GeV/2. The result agrees with a Breit-

Wirner x (n1p/rﬁqtn)4 distribution function and its t-dependence aprees

well with the predictions of vector dominance.

The following table summarizes (38) some of the results of various

.. . 2
ways of determining the couplinp constant 3?,/HHT .
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p MESON ON MASS SHELL

-*

Reactions ﬁz/ a1
e++e- :__—’ P° 0.52 i 80(32

———— —— - S

PHOTON ON MASS GHIILL

.

Reactinns yﬁ/ﬁqr
2 de 0
1. 51(3‘P)/—&-%-(3'P—*P p) 9.5 + 0.1
2. T meson form factor 0.53 + 0.0k
3. rp —T'n , YM—-Tp 0.k45 + 0,10
from 3 to 8 Gev
4, Tt+/1't‘ ratio from deuterium 0.45 % 0.10
5 dS/CH:(a"A—'F"A) C Cu Pb 0.5 ¢+ 0,1
DESY e
6. -r(w-—»na')/r(w —3mr) 0.65 + 0.10
de oy/ d6
Te ‘EE(TP_"KP)/:I{(WN »P_LN) w0,.5
d + d6 (- g)
8. ‘df(a'P —»Ttﬂ) Vs, E(HP“’PO"-) 0.45 (;Or thls comparicir: g
ig. 21)
9, de/dt( yA —p°A) 1.05 + 0,20
Cornell

- —— - -

IN/DIRKCT MEASUREMENTS

1. M@ — K'K7) fbv;'/lnc equiv, = 0,45 + 0,10

+
o
L 2
)

2. F(KLb KTT-) B_Fl/,_/_n equiv, = 0.5

etc.
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: 2
Tt is important to observe that the coupling constant 3?/4Tt = 0,5

determined from direct measurerents of leptonic decays of P when the p

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

various other measurements when the photon 1s on the mass shell,

The ides that the coupling constant varies slowly with q° seems to

be quite valid,

II. Photoproduction of W mesons:

For photon energies 2,1 < E3'<' 5.8 GeV., The result of the DESY
(32)bubble chamber collaboration is shown in Fipg, 22. The cross section

for yp—pw can be described in the followins form as a function of EF:

6(yp—pw) = (18.4 2 5.0) * ET—1.6 + (1.940.9) Er-o.oa b

This expression was chosen because it is the behavior expected
. . -1.6
for the sum of two nroduction mechanisms 1) One meson exchange ~ EZ‘ s

. . . -0.08 .
2) diffraction production ~ Ev.o . Thus below 3 GeV photoproduction
of w is dominated by one meson exchanpe where--as at higher energies it is

dominated by the diffraction mechanism.

IIT. Photoproduction of ¢ mesons:

a. On Qrotons:
Fip. 23 shows the summary of the results from Ritson's (29)
proup at SLAC, from the DESY (32) bubble chamber group at lower enerries

(2.5 to 5.8 GeV), and the result from the DISY-M.I.T. (34) rroup at EU

= 5,2 GeV and t = O,

The Ritson data and the buhble chamber data both vield & slove
fg% ~exp (5 t). The DESY-M,I.T. data is consistent with this. But it
is also consistent with a higher slore, say exp (8 t). The bubble chamber
date can be summarized as d6/dt= (1.6 + 0.6) exp ( (3.5 + 0.9] t)pb/’ceve
with the integrated cross sections: &g (2.5 = 3.5 GeV) = (0,41 + 0.1k )b ,

6¢ (3.5 - 5.8 GeV) = (0.45 + 0.13)pb
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In analyzing the @ production data on hydrogen it is important to note
that the competing reaction a’p-—’p+¢+'ﬂ3++n' has a total cross sec~
tion 67 (3.5 = b.5) = (0.2 + 0,1)ub, 67 (k.5 ~ 5.8) = (0.6 + 0.2)ub |
This mekes the analysis of counter experiments with bremsstrahluns beams

difficult.

b. On complex nuclel:

Sh) o . .
The DESY-M.I.T. fr,roup(ﬁag just completed an experiment studying

the reaction
¥+ A— A+ K*T + K~ (26)

at an incident photon energy of 5.2 GeV.on targets of Be, C, Al, Cu, Ag,
Ta, and Pb, They detected the K*K~ pairs with L4 large aperture Cerenkov
counters and with hodoscopes in the spectrometer to provide a mass reso-
lution of + 5 MeV. A total of 20,000 K*+K~ events was observed. The K K~
mass spectra from Be, C, Al, Cu, Ag, Pb are shown in Fig. 24, The nass
resolution of the hodoscope system has not been unfolded. The errors in

the figures 24 and 25 are statistical only. An additional normalization

uncertainty of + 16% is not included.

As seen from Fig. 24, in the x*k= invariant mass region 1000 to
1085 MeV/c2, reaction (26) is dominated by @-meson production. Within

the statistical accuracy, no other enhancements were observed.,

To study the mechanism by which @-mesons are produced at high
enerry and low momentum transfer, they compare the data with the pre-
dictions of the diffraction models of Drell and Trefil, Ross and Stodolsky,
Margolis, and Trefil, in which the forward production cross section is
expressed (in the laboratory system) as d.é’/d.Q(total) =d6/dﬂ(coherent) +

d.b'/dﬂ (incoherent),

do/d . (coherent) = C (A)p° HA(R, t, 6¢gN )‘2 (2)
where p is the momentum of the # 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 normalization 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 fragmented. The function fA(R,t, EgN )
defined in (21) is chosen such that [fo(R, 0, 6¢n) =1,
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By measuring dG/cLQ. as a function of A, t, and p, one can compare
the experimental data to the'dif‘ferent theories of production, and determine

the value of Ogwn .

The results of these comparisons are as follows: §They restrict the

analysis to the mass region 1016<m < 1025 MeV/c2 as defined in Fig. 24).

a) A - dependence

The cross section d6/d£7.(9¢<.5°)was measured on tarpgets of Be, C,
Al, Cu, Ar, Te, and Pb, at {p> = 5.2 GeV/c. The relative cross sections

1/A - d6/dSL(A)
1/9 . d&/dQ(Be)s normalized to Be, are shown in Fip, 25a. The A-dependence

of the production cross section yields information on the mean free path
in nuclear matter. To obtain &gy the data were first corrected for con-
tributions from non-resonant background and incoherent production, The
background (w5%) was subtracted by matching a Monte Carlo calculation

of the non-resonant mass spectra to the data outside the peak. The inco-
herent contribution to :ld%wa.s estimated using the model of Trefil by
calculating the difference between the cross section summed over all
nuclear states and the cross section due to the ground state only. For
the heavier elements, this agrees with the same calculation from the model
of Marrolis - The determination of &gy was carried out using three
different theoretical models. The measured coherent production cross sec-—
tion was matched both to the Drell-Trefil model, using a step function
density distribution to describe the nucleus, and to the Marpolis model,

using a Wood-Saxon density distribution. The data without incoherent

subtraction were also matched to the model of Trefil,

The best value of 6',5~ is then .

6gn = (12.0 + 3.9) mbarn

There 1is no significant difference in the value of 6¢~ obtained

from different theories of nuclear vhotoproduction. The value of 6gN is

to be compared with the quark modelrprediction of Joos(8)5¢ 11 mbarn
N = : .



b) t - dependence

The typical behavior of d&6/dt &s a fwiction of h-romentum
transfer squared t = (p=k) at a rixed central $° laboratory momen-
tum of 5.2 feV/c 1s shown in Fig,., 25b for the C tarpet. In the t-region
of this experiment .009<|[t| < ,016 (GeV/c)2 the data are fitted well
by a form d6/dt~ ™ with a = (58 + 12) (GeV/c)=2.

¢) p -~ dependence

2\
. <pLfay  dE .
The behavior of 2 fflf dfi as a function of p over
A

a momentum ranpge from 4.7 to 5.6 GeV/c is shown in Fig. 25c. The fit

2y £2
of this quantity to the data yields <F¥?ﬁ§%§ i%%— = (129.2 + 2,0) -
P A -

(15.7 + 9.2) (p - 5.2). This guantity is relatively independent of p,
consist&nt with i%%jvarying as p° in agreement with the predictions of the
diffraction model. However, due to the limited p range available, a

small decrease in the tctal cross section with increasings o cannot be ex-—

cluded.

d) ¢ - polarization

As & consistency check of the diffraction nrodnction of $ mesons,
they show in Fip. 25d the angular distriobution of the decar  kaons in
the ¢r rest system. As seen, the data apree well with the distribution
function

Wik (6°%) = —2— 50n"0"

( 0% is the angle between decay products and the recoil tarret
particle measured in the K*K- CMS.,) . The data show that the ¢5 mesons
rroduced are transversely polarized, which is consistent with the other

evidence that they are produced via diffraction off the whole nucleus,

In Summary, the dependence upon p, t, and A of the hirh enerpy, small

anple @° photoproduction cross section is in agreement with the peneral
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Peatures of the diffraction model and the cross section can be exnressed

in the simple form

2 2 _at
-:—g— = C(A)Pz [fa (R, t, 64n)| tm:»OC(A)P e

The ¢ -nucleon cross section obtained in this experiment arrees

well with the quark model nredictions.

IV, Total Photon Hudron Cross Techicns:

In the vector dominance model one ecan relate pnotoproduction
cross sections of vector mesons with the vector meson nucleon cross sec-
tions,eq.(a). In particular, the total 7 p cross section can be ex-

pressed as:

Beat (yp) = V41T oL (

"g-g-lﬁo(a'PIPP))% +(df f,o(a*Ple)f*_ (%f‘ tsc(FP|P¢})%

3;74W Iﬁ/ﬁn' ‘Fé/4n
Since ds de de are all
Elm(ﬂ"f’f’) y dt Lw(arplpw) ,:{{L.O(IPIP%?’)
measured values, and since 3?/4Tt, yi/#nj y;/#n: are determined

from leptonic decays, measurement of C&gt(aTﬂ thus enables us to compare
it directly with the prediction ofAvector dominance model. This measure-
ment provides the most direct confirmation that the counling constents

2 .
/U?/4Jtemc. have almost the same values independent of whether the F or

the photon i1s on tne mass shell,

: (32)
Two experiments were done on 5@n{JP% The one from S.L.A.C. was done

at 7.5 GeV, The method used was to expose the S.L.A.C. 40" HBC to high
enerry positron-electron annihilation rediation, (plus a background of wide
angle bremsstrahlung) and to subtract out the bremsstrahluns contribution
by making an identical exposure using electron induced radiation instead of

that from positrons. 'Their result (s Ce(yp) =(151 + 2&};1b,
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The DESY experiment was done on the 85 em HBC, Usins a tagred photon
beam, they have measured the cross section from .5 GeV up to 5.0 GeV.

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

Also shomn in Fig. 26 is the reglion predicted by the vector domi-
nance model, As scen, the data apree well with the vector doriinance mo-
del end provide sn excellent consistencycheck on the interrelations of

the vearious experimental numbers obtained so far.

V. Upper linits - Rare Decays of Vector lMesons:

Finally, the following upper limits on rare cecays of vector

mesons are obtained:

(39) R, = N(w — nx)
.

From DUBNA: = .22 +,11
N(w — %)

R,Z: N(w-—»‘rt"n' I‘) = .25 : .15
N(w—1°y)

(40)
From PISA: BR(@ —»my) < 1.2 x 1072
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11

12

13

Apparatus and brief review of the Princeton - Stanford

e*e~ scattering experiment.

The Feynmen diagrams, the apparatus, and the results of the

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

The Feynman diagrams, the apparatus, and the results of the
experiment on wide angle bremsstrahlung by Ash, Berkelman,
et al,

Surmary of the results of the pair production and wide angle

bremsstrahlung experiments.

. +p-
Inveriant mass spectra on P—auf'f from DESY-M,I.T. and
from Harvard, The p-—TC*~ spectra measured by the DESY-
M.I.T. group under the same kinematical conditions are also

shown,
Summary of characteristics of various storage rings.
Experimental set-up and results on e+e'—’P—>TL'+TL"from ORSAY.

Invariant mass spectra of ¢—'e+e" and ¢ —+ K¥K" nmeasured

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

Experimental results on w - e*e” and ¢—-e*e' from

the Zichichi group at CERN,

Experimental results on mass spectra of ele” — w —T T ® from

ORSAY.

Experimental set-up and results on leptonic decays of vector

mesons from the Baldin group at Dubna.

Comparison of the world average on leptonic decays of vector

mesons with Weinberg's first sum rule.

Experimental results from the Ritson group at S.L.A.C.

—‘% in (GeV/c)?2 versus t, for the reaction  + p—sp +p°

at incident photon energies from 6.5 GeV to 17.8 GeV, The lines

drawn through the data points are the best fits to the expres-
ion 46 _ p o Bt+CtZ
sion o = Ae

energy are shown in the fipure, Their units are prQGeV/&)Z,
(GeV/c)=2, and (GeV/c)'h respectively.

+ The values of A, B and C found at each
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Fip,

Fig.

Fig.

Fir.

Fir.,

Fie,

Fig.,

Fig.

Fir,
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15

16

17

18

Summary of Jiﬁ_

dt
value with increasing photon energy indicates that 6p decreases

£20 ( PP Po) . The decreasinr, of this

slowly with energy.

Summary of total cross section 6¢0t(a~pﬂppo) . Note that in the

low enerpy reglon, Eas,S L GeV, the value 6,.depends sensitive-

ly on the method of analysis used,

Experimental results of the photoproduction of the p meson on
protons with polarized photons, at an ewmergy of 2,2 eV, See

text for further explanation.

Summary of photoproduction of p mesons on deuterium, The straight
lines on the d&/dt plot are the predictions of the diffraction
model of Trefil. See text for details.

Summary of relative yields of production of p mesons on complex
nuclei from measurements at DESY at photon cnergies of 2.7, 3.5,
and 4,5 GeV, from Cornell at 6 GeV, and from S.L.A.C, at 9 GeV.

See text for explanation of the solid curves.

Comparison of the coupling constant 'a§/4Tt determined from the
DESY analysis and from the Cornell analysis, The solid line is
the result of the Cornell analysis if one replaces 6pA  with
the two results of 6,A . The region bhetween the dotted lines
is determined from various other analyses of experiments where

the photon is on the mass shell.

Schematic drawing of the S,L.A.C. (Leith) spectrometer,
Energy spectrum of the annihilation beam as rmeasured in the mnair

spectrometer mode Tt Al — Al + e" + e

Comparison of the vector dominance model by Derado and GQurapossian,
The A are the predicted gja—onTt* cross sections using the
measured 1t'p-—*rlp° cross sections and the vector dominance
model, The O are the experimental results on TP —»nTmt

from Boyarski et. al. at S.L.A.C. The agreement 1s 7ood.
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Fipgure captions = cont’a

Total cross section for rF+rp—ptw from the DESY
bubble chamber group.

Invariant mass spectra of the reaction TP —>P+¢ from
the DESY-M.I.T. group and sumary of the data on d6 /cl'c
(FL/G..V") versus t from S,L.A.C., and DESY.

Kaon pair invariant mass spectra d6/dQ dm

( gb/sr.nucleon. M:V/cz) at {p)> = 5.2 GeV/c for target
nuclei of Be, C, Al, Cu, Ag, Pb. The dotted lines are the esti-
mates of the non-resonant background contributions. The solid
curves arc the @ -»2K mass distribution produced via a Monte
Carlo program which pgenerated @ mesons (m¢ = 1019.5 MeV,

r‘¢ = 3.#M¢V)&t the target).

Dependence of dc/di upon A, the atomic number of the target.
The results are shown for average § momentum p = 5.2 GeV/c.

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

The typical behavior of d&/dt is shown as a function of t,
the square of momentum trensfer to the nucleus, for a carbon

target., The solid curve is the best fit to e“f R

. <DL 6 ,
The behavior of 2 |t 12 m as a function of p. To a
P A .
pood approximation, the cross section dée/d is propor-

tional to p2. (See text for details).

The angular distributions of the decay kaons in-the ¢° -

L I
rest system, ©" is the angle between the decay products and
recoil tarpet particle in the ¢ ~-CMS, As seen, the data agree

. v Ak . . . .
well with the stn @ distribution function.

Summary of experimental results on total hadronic cross-sections
from DESY and from S.L.A.C. The shaded regmion is then prediction

of the vector commance model (Eq. 27).
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