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INTRODUCTION

These lectures will consist of three parts; A. The interaction
betﬁ;en photons and electrons or muons, - The study of guantum electro-
dynamics. B. The interaction between real photons and vector mesons. -
The queétions on vector dominance, And C. The inter;ction between virtual

photons and hadrons, - The gquestion on scaling and structure functions.

EXPERIMENTS ON QUANTUM ELECTRODYNAMICS

on the high q2 test of gquantum electrodynamics most of the experiments
are done with e+,e" storage rings. Most of the low qz test of QED has been
reviewed in many international conferences and will not be discussed here,
The Delbrilck scattering results from DESY tests QED to very high orders

and shall be discussed in detail.

None of the experiments have found any deviation from the predictions

of guantum electrodynamics:

2.1 Study of et 4 a + e+ + e : to first order two diagrams dominate:

et et

-q?=48250 a?=-4£2sin6/2<0

"time like" "space like"

e e

For scattering angles 6 < 150° - the "space like" diagrams dominate
and the "time like" contributions are only few per cent.
To compare with experimental results the theoretical cross sections

1)

were corrected for radiative effects according to a formula of Tavernier
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This calculation uses the "peaking approximation" which predicts that the
azimuthal angle between scattered particles differ from 180° by 4¢ = 0.
2) ' '

: The experiment at the CEA uses 2 Geérelectron and positron beams
‘collided_head-on in a straight section of é bypass to the synchrotron., The '
neasurement of luminosity was based on the event rate from

et +e + et e+ 2y. This process |is dominaped by low q2 where the
‘wvalidity of QED has been verified.

Figure 1 shows the detector of this experiment. It is similar to other
set ups of all the first generation non-magnetic detectors in é+,e_ storage
‘rings. It uses spark chambers to measure coplanarity of two body events and
range energy relations to identify particles.

Figure 2 shows the result of the CEA experiment compared with the
predictions of QED. They find with 230 events, a ocexpt.ATQED = ,88:x:10. One
way of determining the significance of this result is to assign any possibie
deviation from QED to a heavy photon of mass A with either a positive (A+)
or a negative (A~) metric. This model leads to a modification of the photon

propagator by
2
F(q2) S T S
2 .2
g -A

with 95 % confidence they find h+ > 12 GeV, A_ > 4.5 GeV., If A2 >>4E2, we

find F(qz) = 1 % qz/hiz, which is the conventional parametrization. Then the
CEA results yield, with 95 ¢ confidence, A +-> 12 Gev, A_ > 6 GeV.

A precise and important experiment was done by the CERN-Bologna-Frascati
group3) at ADONE, where high statistics were obtained in e+e_,+ e+e— in the
total c.m. energy range 1.6 GeV to 2.0 GeV. This experiment compared the
angular distributions, collinearity, acoplanarity, and absolute cross
sections and their energy dependence with QED to £1 % level. This experiment
shows that peaking.approximation can be applied to 2-3 % level, Figure 3

2

shows the 5 = 4E® dependence of ete” events compares with prediction of QED.

As seen, excellent agreements were observed. The data corresponds to their

. results in s = 1.44 to 9.0 Gevz.

Taking into account experimental correction factors, the data in Fig. 3

-{1992.02)

yields an energy dependence o = {1.00:0.02) & in good agreement

with o = é from QED.
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2.2 Study of e* + &7+ yF 4

In this reaction ohly the time-like diagram contributes: comparing this
;reaction with et + ¢ + et + & where the space-like photon dominates
enables one test crossing symmetry. Or, if one assumes cross symmetry
;comparing et + e o u+ 1 with et e 5 &' & checks pe universality.

AV

4E

fie
1

- +

Two éxperiments were done at ADONE. The Conversi group's4 result is shown

in Figure 4. Where R is the ratio between corrected number of e+e—+p+u— and
e+e-+e-e+ events from the same apparatus, plotted as a function of 2E, after
normalization to the corresponding theorctical cross-sections integrated
over solid angle. The dashed line responds to estimated systematic
uncertainties, ignoring radiative corrections, with

4 - =+ + - 4 - y
R = I(e+e_+n+u_)/(e+e_+e+e_}}exp and 400 oyt events,
[(e’e sp'p )/(e'e »e'e )]OED

and 7192 e'e+ events. As seen, the results agree with predictibns of QED.

Quantitatively we can compare this result with the hypothesis of
5)

negative metric”’ "heavy photon" of mass m, with

1
2

1
T4 T3 2
q g q "mr=

NID—‘

The best fit of Figure 4 yields mr>~10 My

Alternatively we can view this experiment as a direct comparison between
pure time-like process at q2 = 2,2 - 4.4 Gevz,'and essentially space-like

process at -3.5<q2!-0.h5.

This will provide a check of crossing symmetry in QED with the gaasured
R= .96 ¢ 0,065 in good agreement with R = 1 from crossing.

A similar experiment was done by the CERN-Bologna-Frascati groqu) which
compares the ete »ete” (—3.4<q2<~.38 cev?) Qith ete sty (2.562q2<4.0 Gev?).
The result shows ppy and eey vertices are the same in agreement with other
checks of pe universality. Figure 5 shows the result of this measurement. The

flatness of this distribution shows that the muon behaves like electrons in
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.thevi)SG < q” < 4.0 Gev region;-

An interesting experiment on e‘e +y*u” at mass of ¢ was done at Orsayv),
;where they observed a deviation from the %,dependence of the cross section.
‘predicted from QED. A good fit to the data require one takes into account
of y+$+vy transitions. Thus this experiment provides a first evidence on
‘wvacuum polarization effect, -

To see this more clearly, one recalls that the K4lléh-Lehmann

representation of the complete photon propagator.

& o
R R g
¥ 3 ¥ K A Q4K -ie
where Imn(dEZF — [Ef g ] with Ef a is the total annihilation cross

section for e+e_+f. This propagator can be tested if one chooses a pure QED

. + - + -
‘process like e'e > ¢ + p y ,

The o‘(e+e*+u+u_) taking into account of modification due to ¢ mesons is
: 2
. M T
o'(e+e "IJ+U ) = El - %E_ZHJGZ-HL__ i 5(e+e "U+il )
M- -iM. T
s 4E7-i sTs

with P¢ is the ¢ width, B = leptonic branching ratio .z3 x 10—4. We expect a

12 & deviation when 2E = M¢ + r¢/2.

The experiment was done at the Orsay storage ring with luminosity
measurement by ete™s efe™ + 2y to 15 % level and energy calibration done by
detecting e+e“ - K+K-. The result is.shown in Figure 6. Comparing the
data with ¢' formula we obtain B = (2.93 + 0.96) x 1(}—4 in gdod agreement
with direct result of B = (3,01 + 0.12) x 10*4. This is a direct cbservaticn

of hadronic vacuum polarization,

2.3 Delbruck Scattering

a)on elastic

A very important experiment was done recently at DESY
scattering of photons in the Coulomb field of nuclei via virtual electron-
positron pairs, It is one of the nonlinear processes in QEP which are a direct
consequence of vacuum polarization. They are characterized by cleosed fermion
loops and are forbidden via Maxwell's classical electrodynamics as a result

of the linear form of its field equations and the principle of superposition

The lowest order diagram is & order
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8) that in the GeV energy region

It has been pointed out by Cheng and Wu
‘the:ﬁigher (- 6) order diagrams make a large contribution to the measured
cross sections.

By performing this experiment one checks the validity of QED to higher
orders.and particularly the expansion of Za when 2 is large.

The experiment was done with a photon beam from 1 to 7.3 GeV. Scattered
photons were detected in the angular range from 1 to 3 mrad. with Cu.Au. Au.
U. targets. Figure 7 shows the experimentél set up of this experiment. A well
coll}mated bremsstrahlung beam from DESY ﬁith beam divergence of +.15 mrad,
sport size 6 x 6 mm2 hits the scattering target. The scattered photons were
converted into e+e_ pairs and measured by a pair spectrometer. The momentum
resolution is ~1 %, space resolﬁtion on the pair converter was +3 mm. The
angular resolution was +.25 mrad given by combined effect of reconstruction
errors, bheam spot size and beam divergence. Photon energies were measured
from maximum E, down to 0.75 E, with 1 % resclution.

0f all the backgrounds the following 3 are most serious.

i) Compton scattering on electrons which can be calculated exactly
and found to 16 % of Delbrdck scattering.
ii) secondary photons from showers

iii) photon splitting A

AAAR,

Process ii) and iii) are inelastic and do not contribute to the counting
rate at the edge of the bremsstrahlung spectrum. By using 3 % wide energy
band just below E, one rejects most of these backgrounds.,

... _Figures 8 and 9 show the result on Delbrick cress section for Au and
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U targets, compared to theoretical prediction with and without Coulomb
-correction. The measured values are a factor 2 to 7 below the 6 orders Born
approximations and are in good agreement with theory including Coulomb

correction.

INTERACTION OF PHOTON WITH VECTOR MESONS

The physics of photoproduction of vector mesons can be visualized

10)

1through the Vector Meson Dominance medel (VDM} where one relates the

electromagnetic current of hadrons with the fields of p,u,%,v etc. via the

relation

m2p m2m m2¢ mv2
Jp(X) = - (5?; PR(X) + 5?; wu(X) + E?; ¢H(X) + f;; Vu(X) + ...}

‘where m, is the vector meson mass and Yy is the v - v coupling strength

2 2
[ =] mv mv
3 = 4ma ——
Yy Ty

This model has proven to be a useful guide in understanding of many of
the photon induced reactions., For example, one can relate the compton

scattering amplitude to transverse vector meson photoproduction amplitude:

A .- l”“ ATrans- C (1)
YPHYP Yy
v .

Yp*yp

We shall go over in detail some of the problems involved in checking
the validity of (1).
We make the following observations:
i) One need; to know the coupling strength Yy
ii} It may require more than p, w,$ mesons

iii) Equation (1) is an amplitude relation involving AYp+vp and AYP*TP

3.1 Measurement of y

v

The measurement of coupling constant Y, has been carried out from

11) 12) 13)

DESY ; ORSAY  NOVOSIBIRSK

The Orsay results agree with the earlier DESY measurements and are



listed below:

0.6410.05 4.8+0.5 2.810.2

There are also very precise measurements on the forbidden decays of
$, w *+ 27 by the DESY-MIT grouplé) (Fig. 10). w and & are 3z resonances with

1 = 0. It decays into 2r via electromagnetic transitions of the type

w 7\ P S I P e

O Ry ==
N ~
T

The DESY-MIT experiment measured both the production and decays of these

mesons with the same apparatus and studied the non-resopant background by

doing the experiment on many nucleax targets.

Their results are: Tw+2n/Tw+all = {1.22:0.30} %, Té+2n/T¢+all = 2.7x10~ %

with 95 % confidence.

3.2 Search for new vector mesons

The first indication on the possible existence of new vector mesons

15) et al. where they

at 1.6 GeV comes from the work of H. Alvensleben
studied the reaction vy + C +~ C + st + ¢ and found a strong enhancement at
mass 1.6 GeV.Figure 11 shows the result of this measurement.

Recently at Frascatilﬁ) a 4n enhancement were observed at the same
mass region from etir e 4 2nt 4 247, Figure 12 shows this result. The
Frascati observation implies that the enhancement is in a 1~ state,

The 4y enhancement was also observed in the Berkeley-SLAC collaboration

(Figure 13) analyzing the reaction
+ -
Yy+p+p+ 2r + 21
with a 9.3 GeV, ég = +3 § linearly polarized monochrematic back scattered

laser beam. The experiment established that the 4r state is reached via
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decay into p~ + o where o denotes a isospin Zero s-wave 5 ' n system,

It should be noted that neither the e+e_+4n nor the y + p + p + 43

experiment can decide whether the p' is a resonance or a continuum, A possible

way of distinction is to measure the phase of p' via vy + p + pp' +

I_).e-e
interfering with QFED pairs. Such an experiment is being performed currently
at DESY,

If we interpret the p' being a vector meson then we have the

foliowing parameters:

: i} From et + &7 5 pions
Mp' = 1.6 GeV, TFp' = 0.3-0.4 GeV

(Jggli 2 4

i1i) From yp + p + 47

Mp' = 1.4320.05 GeV, TIp' = 0.65t0.1 GeV
[ ]

(122, 612

"p

There are many other experiments looking for new vector mesonsla)’lg).

So far the experiment has been not successful and are limited by statistics,

Two large scale experiments are being planned at Brookhaven

+

(p+p*e+e_+X) and at DESY (y+p+e+e_+x) to search for new e'e enhancements

38

with sensitivity down to ¢B=10 cmz, and mass resclution AM 5 MeV in the

mass region 1.0<m<6 GeV.
To see how such an experiment is done let us look into the BNL

experiment. In this experiment one uses a slow extracted 30 GeV external

2 per pulse. Since the invariant

6b, * . ) .
+ and independent of P,*. The

proton beam with intensity of 4 x 101
particle production cross section ae
maximum yield is at P * = B, * = 0. I,e, at rést in the c.m. system. Since

particles are produced at rest, most likely it does not carry a polarization;

let us loock into 90° decays.

[

7.5 GeV, m* produced at

We have > ml*g E*



rest decay into e'e  each with P,* =5 " p,*=0. ‘
*
‘Transferred into laboratory system we have P/= B *} E, = Ef . 7%% = 2m*

“Thus the e+ or e _has a laboratory emission angle of
m*
>

tan 8 = o5 =

independent of the mass m*

k|

A pair spectrometer with opening angle of 30° and vertical bending
to decouple P and & is the best way to search for e+e_ enhancement: the
mass search is done by magnet exciation alone, the high incident proton

38 cm2 level,

beam enables us to search vC+e e’ down to 107
The DESY experiment is done with a 7.5 GeV photon beam, measuring
+ -
ytp+pte e . It has the added advantage that one can study the phase of new

+ -
e e enhancement by measuring the interference with QED pairs.

3.3 study of the amplitude of Ayp+yp and Ayp+vp

3.3.1 Study of Ayp-+yp

Let us now return to equation (1) and look into the physics of
measuring the amplitude of compton scattering Ayp+yp. Beside the VDM
equation {1} the measurement of Ayp+yp will provide us with a direct check -
of the Kramers-Xronig relationzo)’zl).

The measurement was carried out by the DESY-MIT group last year at
DES?. This being a very difficult and important experiment, we will go into
some detail of the physics, the techniques and the analysis involved.

20) was first derived more than 40 years ago

21}

The Kramers-Kronig relation
from the causality principle. Gell-Mann, Goldberger, and Thirring obtained
the same result from field theoretical considerations., It relates the real
part of the forward Compton scattering amplitude, Re fl’ to the total

hadronic photon nucleon cross section O+ via the relation

p g oy (k) (2)

[ V]

x
202 k' 2-x
kn

Re £, (k) = .+

where P denotes the Cauchy-principal value of the inteqral, k" is the one
pion threshold energy, a is the fine structure constant, and M is the mass
of the proton. The explicit evaluation of equation (2) has been carried out

by Gilman and Damashekzz) using the known total photon nucleon cross sections
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Jéf—Thé purpose of this experiment is to measure Re f; directly and to
compare it with the prediction of eguation (2), th?reby to check the
validity of dispersion relations for photons.

The classical way to study the phase of'the amplitude of np and
pp scattering is to measure the interference between the elastic scattering
amplitude and the Coulomb amplitude. For Compton scattering the scattered
photon, being a neutral particle, does not interfere with the Coulomb field.
To study the Compton amplitude we consider the case where the scattered

. photon is "almost real", i.e., we study the asymmetric pair distribution

from the reaction

¥y +p—+p+y (virtual) (3)
+_
b ye e
where the invariant mass of the pair is almost zero. To first order the

amplitude for the reaction y + p + p + et + e is

‘ A= AC(Y) + Ap.(2y)
X . : . + -
where Ac(y) is the Compton amplitude with the scattered y decaying into e e .

ABH(2y) is the ordinary Bethe-Heitler amplitude which behaves like two

photons under charge conjugation. It follows from charge conjugation invariance

that

2do EA(e+,e_)E2 - A{e_,e+)]2 = 4 Re A_{y)Ay, (2y)

int
is odd under exchange of e+,e“. Following Gell~Mann, Goldberger, and Thirring,
we write the forward Compton amplitude

T x e

A, =£fe ' +1if X

2
where ¢ and ¢' are the pelarization vectoxrs of initital and final photons,
respectively. If we average over nucleon spins in the amplitude, we are left

with £ At ¢ = 0, or in forward direction, the imaginary part of fl, Im fl’

1°
is Im fl (k) = (k/dn)oT(k), and the real part of fl is related to the Im fl
via equation ({2).

Since the interference cross section dcint is asymmetrical under
interchange of 4-momenta of electron (P_) and positron (P+), it can be
observed by taking the difference between two yields, N+ and N_, for settings

of opposite polarity of an asymmetric detector. The resultant yield is then

independent of the Bethe-Heitler and Compton yields. The contribution from
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“highey order diagrams has been estimated by BrodskyzB) and been found to

be small compared to the interference term, d“int' and has been neglected.

To compare the results with the dispersion relation calculation

directly, the following facts should be noted:
i) The scattered photon has to be "almost real”, i.e., the electron-
positron pair's invariant mass should be claose to zero.
i3) The momentum transfer to the recoil proton has to be vefy small.
-t =m ﬂ2
-4ii} The incident photon energy should be well above the nuclear
. resonance region.

These conditions are the main experimental éifficu1£ies. One is forced
to study zero opening angle electron-pairs near the forward direction, where
the siﬁgle arm electron rate is greater than the pair rate by a factor 2x104.
The accidental coincidence rate becomes a serious problem.

'Figure l4a shows the schematic of the double arm spectrometer, where
M, MDl, and MD2 are large aperture dipole magnets. RF, RB, Rl, R2, R3 etec,
are scintillation counters, RC and LC are threshold Cerenkov counters and LS
and RS are lead lucite shower counters used to distinguish pions from
electrons. OM is a specially built small guantameter which provides the
clearance for forward e+e_ to enter the spectrometer.

The incident beam with k . = 3 GeV and an intensity of 2x109 equivalent
quanta per second had a sport size of 6x6 mmz. The beam was defined by two
adjustable collimators and cleaned of charged particles by bending magnets.

In order to minimize accidentals it was desirable to run the experiment
at low intensities. The large acceptance of the spectrometer allowed us to
do so and still obtain a sﬁfficient event rate. We had Ak = 1 GeV, at = 0.025
(Gev/e)? (), (K> = 2.2 GeV and &) = -0.027 (Gev/c),

The acceptance of the spectrometer was defined by scintillation counters
alone. To reduce dead time of the system to the percent level, the "hottest"
counters LF, RF, LB, RB were split into hodoscopes. The rates in each
hodoscope were about 300 kHz. Additional hodqscopes at locations R1, RZ2, R3
were used to determine the kinematics of each event.

To reduce the background from the reaction
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Y + p—aX + 1° (4)

+ -
: ———e e

which peaks strongly at zero opening angles, the mass acceptance of tﬁe
spectrometer was deisgned to peak at 25 MeV with Am = 20 MeV (FWHM).

To control the accidentals, the triggering time of each counter was
measured separately by a time-of-flight system. Thus we could determine
time distributions of accidentals in each arm separately ("single arm
accidentals") as well as distributions of double arm accidentals. Because
of the large acceptance of the spectrometer, neither firs£ nor sececnd
order transport equations could be used; instead, a three dimensional
magnetic field mapping of the spectrometer was made and quadratic
interpolation methods were used to calculate the acceptance. The accuracy
of this calculation was further confirmed by floating wire measurements,

During the experiment many checks were made to monitor the functioning
of the spectrometer. We list the following examples: .

i) The spectrometer polarities were reversed every 3 hours.
A proton resonance meter was used to ensure that the magnetic
field returned to 1 part in 104 of the designed value. The single
arm rates were recorded continuously and found to be reproducible
to 1 %, l _

ii)} To ensure that the accepténce of the spectrometer was.really
defined by counters, we sytematically moved the shielding away
from the accepted region by 2.5 cm. To an accuracy of 1 % no
detectable effects were found.

i1i) Target out rates were measured and were found to be approximately

3 8. )

iv) The stability of the gquantameter, the hydrogen taiget and the
incident beam direction were monitored by a pair of spectrometers
locking at the H, target (Fig. l4a). The rate was constant to 1 %
with respect to the flux measured by the quantameter.

Half the data were taken at each spectrometer polarity. These yields
are denoted as N, and N_. 14b shows the time-of-flight spectrum of all the

detected electron pairs. As seen, most of the events are contained within
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i;i'ﬂél The accidentaié outside éﬁe béék were eéﬁal fﬁr béth polégiéies. They
do not contribute to the observed asymmetzy N -N_. The smallness of the
accidental background in Fig. 14b enables one to subtract the accidentals
with confidence. The validity of the background treatment was checked by
analyzing the asymmetric yield N -N_ without background subtraction. Our
final result was not significantly changes. Fig. l4c shows the total event
distribution N_#N_ as a function of mass.

The s0lid line in Fig. l4c is a theoretical yield of ete” pairs. For
pair mass below 20 MeV, a systematic uncertainty of 130 % comes mainly from
uncertainty in the cross section for reaction {4). For invariant mass greater
than 20 MeV the contribution comes almost'complefely from QED pairs, for
which the systematic error is small. The agreement between theory and
experiment indicates that all systematic uncertainties have been understood
and taken into account, The spectrum shown in Fig. 15a can be compared
directly with the predictions of dispersion relations. The §olid line in
Fig. 15a is a dispersion relation calculation foilowing Gilman and Damashek.
The data of Fig. 15a yield a value for the real part of the Compton amplitude
of -12.3+2.4ub"'GeV.

As seen in Fig. 15b, this value agrees well with the diSpersion

calculation as a function of k.

3.3.2 Study of Ayp » vp

Let us look into the measurement of Ayp+vp of Eguation (1). Up to now

most of the measurements are of the type
\,r-{-p-)vo'fP

hadrons
to obtain the cross section for. photopreduction of vector mesons and check§
of vector dominance are made by sguare both sides of equation (1). The
comparison on both sides of Equation (1} are difficult to make because the

cross section from y + p + Vo + P are model dependent on the mass m,,
Lyhadrons
width rv' the shape of the resonance R {m), and the analytical form of the

nonresonant backgrounds assumed.
; . + - .
For yp + pp: In using the reaction y+p»r r +p to obtain y+p+p°+p cross

section one commonly assumes two kinds of nonresonant backgrounds.
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a} The Soding type background with photon split into 2n and one
elastically scatters off nucleon. The 2 are in a p state and interfere with
,5; the p + 2n amplitude to produce the

-~
- observed mass spectrum, The difficulty

~ with this model being on how to avoid the
.
/)iI;\\JT double counting problem ¢f distinguishing

the 2» in the p state from p + 2r amplitude.

b) The other more phenomenological approach is to assume the y+p-+nnp
spectrum are all from p »2n and the p » 2rn spectrum has a (Eﬁ—)n{t) factor

LE
in it. The two approaches can yield cross sections which differ from each

other by 30 % or mor824).
For narrow resonances like vy + p + w + p and y + p » ¢ + p the back-
ground problems are much less (<10 %) and a reasonable model independent

analysis of the data can be made and the data yields:

For y + p + w + p: The total cross section can be separated into

contributions UN, UU form natural and unnatural parity exchanges in t channel.
N,u_ 1
o = 3 (liPU)
24) .. u . -2 .
The data (Fig. 16} shows that ¢ decreases rapidly (Ey ) with

increasing energy while o is approximately censtant.

For vy + p » ¢ + p: This reaction is thought to proceed only by Pomeron
24),25)

exchange in the t-channel. Fig. 17 shows the differential cross sections
and the observed slope is «4 Ge\."”2 smaller than the p, and w production
slopes. The integrated cross section is shown in Fig. }8. As seen, the
producticon cross section may increase slightly with energy.

Finally we discuss the "best way" to study photobroduction CXoss

section and the photoproduction phase of vector mesons:

With the reaction

y+pa+p+V°
l——)e+e_
measuring e+,e— and recoil protons will enable us to reject all the inelastic
contributions of the type vy + p + p + N*. As discussed earlier, the total
. _ . 2 1 2 1
amplitude comes from A = ABH(Zy) + Avp(y) with EABH(27)|~«E§, IAVpl 84
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where 0 is the opénihé anéié-lhvthé laboratory with reééeéf to incident
direction. When & + large IABH(27)E2 + small and can be calculated exactly,

and there are no other backgrounds. The interference term :

p
Thus for a wide enhancement like p' the phase measurement is the only way

Ih(e+,e_)|2 - 1A(ef,e+)lz = 4Apy Re A, measures the phase of AY + vp.

to distinguish it from a real resonance.

ELECTROPRODUCTION
The electroproduction data will be discussed in terms of the standard
variabiesa '
e e
W
P
e = (&,E), e' = (&',8") four momenta of the incoming and
scattered electrons
8 = e' scattering angle in the Lab.
system
P = (Ofmp) - target proton
-Q" = (e;e')2 = - 4EE' sin® % mass squared of virtual photon
; =E - E' Lab. energy of virtual photon
Wz = (e-e'+p)2 = 2mpv + mp2 - Q2 mass squared of ogtgping hadron

) system
For virtual photons (—Qz) < 0 the photon polarization vector has a
transverse as well as a longitudinal coﬁponent. The differential c¢ross
section for electroproductioh, dzo/dQZdw, can be expressed in terms of the

cross sectionsﬁ& andﬂi for scattering of transverse and longitudinal

photons:
%o =¥ b e (QZW)-i-ed(QzW)}
¥ ! !
d_TQ aw EE' W, T T L

with the transverse flux, T being defined as

TJ
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and ¢ ={1 + 200% + v} 0% ¢q? 9}‘1

2

In terms of structure functions Wl, w2 we have

do__ o (W, + 2 tan? & y } with ¢ 2 & + o_._(8)
GWdQE mott 2 271 T v Q2 02 o Yp
-

Much of the experimental work at electron accelerators is now concentrated
on the study of inelastic electron and muon scattering in an effort to
understand the cross section observed in the deep inelastic regionzs)'27)'
While the nucleon electromagnetic formfactors fall rapidly with Q2 the total
inelastic ep scattering cross section decreases only slowly with Q2 (see
Fig. 19) and appears to have a pointlike behaviour. There are now

experimenters to measure individual inelastic channels in order to see

whether the observed Q2 behaviour is caused by specific final states,

4.1 Electroproduction of vector mesons

There are two main interests in the electroproduction of po mesons:

i) VDM relates vy + P+ p + p with the virtual compton scattering
Yo ¥ P+ y, + p and through optical thecrem to the total inelastic
cross sections, and

8) that the hadronic interaction radius of

ii) It has been suggested2
the photon shrinks as 02 increases.
Figure 20 shows the result for e + p + e + p + ﬂ+ + 7 as a function

29)

of W in different Q2 intervals . Qualitatively the same W dependence is

30). The 02 dependence of the cross section for

observed in photoproduction
epn+nh is approximately the same as that of total inelastic cross section
(Fig. 21}.

To study the cross section for e + p +.e + p + po from
e+ p->e+ p+ ﬁ+ﬁ- one encounters same uncertainties as for photoproduction.
And again in the absence of any reliable theory, one tries to fit the n-n+
spectrum with a relativistic Breit-Wigner with a p wave width, multiplying

by a generalized mass shift factor
(m 2402-t)2

(mﬂﬁ+Q —t)
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No attempts to solve the problem of p~w interference has yet been made,

and Fig. 22 summarizes the various measurements of the diffractive slope

for vy, + p+i{p.su) + pal)plotted against the dimensionless inverse lifetime
parameter 9§ﬁ§ﬂ—. The data indicate that the slope decreases to less than

half of its photoproduction value,
A decrease in slope has been predicted for electroproduction as the
photon makes the transition from Q2 = 0 where it has an effective hadronic
"gize" determined by its virtual vector mescn components, to large space
like 02, where the life time #v = (Ep - v} ! = _.,32," .
(0" +m_")

meson state becomes short and the photon-proton intefaction becomes more

of the vector

pointlike.

4,2 Multiplicities of Charged Hadrons

The data {Fig. 23) from 16 GeV SLAC track chambersaz) shows that the

average multiplicity’ scales with ' = 1 + s/Qz for [Q2| >1 GeV.

4.3 Inclusive Particle Spectra

Several experiments have been focused on the Q2 variation of inclusive
7, k, p momentum and angular spectra. The results are usually presented in
terms of the transverse momentum PT and the Feynman variable x = I;*/P*max

where B} and P*ma are the longitudinal and maximum possible momentum in

%
the oms for the particle in question. All guantities refer to the process

Y virtual T P -+ hadrons

At high energies we expect to find three distinct X regions with

gqualitatively different behaviour:

x ¥ -1 particles from target fragmentation
x »n +1 particles from beam fragmentation
X » 0 central region with particles coming - in terms of the

multiperipheral model - from the middle rungs.

v
Y beam fragmentation

central region

target fragmentation
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 With this picture in mind we expect e.g. the pion distribution in the target
region to be independent of the nature of the beam particle. Applied to
electroproduction, at large energies the pion distribution for x < 0 should

not depend on 02.

4.3.1 n Spectra: Fig. 24, 25, 26 showed the ﬂ+, 7 distribution integrated
over PT for given Q2 intervals for DESY and SLAC energies, and we observe

that:

i) for X < 0.3 the data is independent of Q2
ii) for X » 0.3 the data is decreasing with increasing Qz.
The X > 0.3 data is namely from two body channels like po production and
va+ﬂ+n, ﬂ+Ao, ﬁ+N* (1520)
4.3.2 K Spectra: The limited data on the inclusive k' spectra in the forward

33)

direction increases with Q2 due to two body reactions YyP Kt (%}, K+Y+.

No systematic study of 'S spectra as a function of X has yet been made.

4.3.3. Proton Spectra: The yield at backward going protons X <.5 is shown

in Fig. 27. The backward peak at Qz = 0 from yp+(pw)+p disappears with
increasing Q2.

34) assuming. spin 1/2 partons inside

The model of Drell, lLevy and Yan
protons thus predicts the forward proton yield should increase with Q2 is

not yet observed at DESY energies {Fig. 28).
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FIGURE CAPTIONS

e

Fig. Layout of the by-pass on-line detector, showing a typical event.

Fig. 2 Experimental angular distribution of Bhabha scattering events
-we oo —- - compared with the normalized prediction of QED. — -
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S-dependence of ete” 5 e7et compared with QED, data from the
CERN-Bologna-Frascati group.

. 4 - + - + - ot
Results from Conversi group on e e -+ y vsee +ee

u
Results from the Zichichi group u+u"/e+

e ratio accepted in'fhe
apparatus at various energies.

Best fit of ete™ » & -+ u_u+ with the Kallen-Lehmann representation
The excitation curve for &+ K K’ for calibration

Experimental set up of the DESY Delbriick experiment.

Measured differential cross sections for Delbruck scattering

vs t for Au compared with theory.

Measured differential cross section for Delbriick scattering for

U at small t

Cross section of y+A+A+n-n+ £rom DESY/MIT. The solid line is fit
with pw interference. The other curves are a) no uw contribution,
b) and c¢), &) backgrounds. See {(Ref. 14}

Mass spectra for y+c+c+n-ﬂ+ enhancement at 1.6 GeV is clearly seen.
Cross section for e'e »2r%2:” for Ref. (16)

y+p+p + 2n+2n" at 9.3 GeV, 47 mass spectrum. The shaded histogram
has events with A" removed

Plan view of the spectrometer

‘Difference between arrival times of e and e+ for all detected

pairs.

Distribution of all events as a function of mass. The solid line
is the theoretical prediction. The size of the vertical bars
indicate the theoretical uncertainties. For m>20 MeV QED dominates
and the theoretical uncertainties are negligible,

Distribution of interference events as a function of mass.

The solid line is the prediction of dﬁint ‘

Comparison of experimental results with dispersion relation
prediction. .

Reaction y+p+pw. Total cross section as a function of the incident
photon energy. The points labeled ABBHHM (P.R. 175, 1669 (1968))
and SLAC Annihilation Beam (?.R. D5, 15 {1972)) are earlier work.
The full and dashed curves give the contributions of a diffractive
process and OPE respectively.

Reaction y+p -+ ¢+p

Reaction y+p + ¢+p. Total cross section and exponential slope A

of the differential cross section as function of inecident photon
energy.

Total electropreoduction cross section GEOt + soTtOt, as a function
of 02 for various W. Figure taken from G. Wolf, DESY 72/61.

Total cross section for the reaction ep+epn+n_ as a function of
the total hadron mass W for different Q2 intervals, Ref, 26,
ref.29, ref. 30.

Reaction ep-ep + nfn-; 02 dependence of the cross section for



Fig.

Fig.
Fig.

Flg.
Fig.
Fig.

Fig,

22

23
24

25
26
27

28

- 21 -
different W inter%aiéu(ref. é9f:Jfﬂ;762ﬁ;70 points are from
Ref. 30. Fig. taken from Ref. 29 .
Measured slope of the t distribution for p° and o production
plotted against the dimensionlesé inverse life time parameter .

2 2
Qiﬁﬂp“ Figure from Ref. 31.
v

Average charged multiplicity vs 1ln W' from SLAC track chamber data.
The normalized n yield for e p+em +... at W = 2.6 GeV and

02=0, and at 2.0<W<2,7 GeV for different 02_ The curve shows yield
at Qz=0 when Yp+pp° are removed (Ref., 33, Fig. 28)

Normalized n yield from 16 GeV SLAC track chamber data (Ref. 32)
Normalized ' yield from 16 GeV SLAC track chamber data (Ref. 32)
The normalized invariant cross sections for inclusive proton
production for x <-.5 data from Ref. 32

The normalized invariant cross sections for inclusive proton
production at P2<0.02 Gev?, W = 2.63 GeV, Q% = 0 and Q% = 1.16
(Fig. from Ref. 33)



&-VIEW OF B.0.L.D.
(Upper ond Lower Quodronts Removed)

&-VIEW OF 8.0.L.0.

. AU . ' -
TIME-OF -FLIGHT - T
j\ COUATES r i
1l Mamer J 45§ ouren
| l QUADRARTI| * fouADRART |
LOWER | ¢
QUADRANT | {
by (B Yy - J \!JME oF |
L LIMIT OF ACTIVE AREA \ﬁ// U e leut
COUNTER
INTILLATORS
¥ N e 1.0m ——{
i |
BEAN PIPE — ~ R
H ” Bé”éﬂ”é”ﬂgﬂgu ~— ORDER OF UNITS i QUADRAKT
IRTRIR TS DU - -
e Twse R RAa

Fig.



EVENTS PER 4°

nN
O

o

Tllll;[rllllllrl

1 i 1

F IS W WY VR NN UENY UNUNT URUN SN EUU TN N S | 1

60 76 92 108 124
SCATTERING ANGLE(DEGREES)

" Fig, 2



n barn.

250, ~

200.-

150.-

100-7

50.4

1.0 2.0 3.0 4.0 5.0 60 7.0 80 9.0
) s { GEVY)
Fig. 3



1.0f— =
0.5
0 i ] | 1 1 ]
1.5 2.0 2E(GeV)
Fig. 4
N(p*p®)
I N(e‘e‘_l
I5F
[¢] 8 { } } THEORY(QED)
b ::_;:-T-J"It:_" ~
Jd T {-"'T'FF"“T‘\EXPER:MENT
o} [ 1 1 1 t | 1 -
20 25 30 35 40 45  50s(Geve)

Fig., 5




H
T

= (a) J 1

3

Sl Dakd
.QS“‘% {.{.-__f--
2

T |

o
¥
—
o
—

L€ ]
T

\
=4
=]
O
£
Lo
-
o
| =
=2
o

K* K~ Yield (arbitrory unit)
)
)

0 -5 o 5
Total Genter of Mass Energy-M’

Fig. 6



7/// MWPC o
Se.
i, Bl . Mi/

B

Fig, 7



03

—

dg ( b
dt | Gev?2

102

10.0

10

Fig. 8

3 | I P | I I i
I Gold Data i
i Cheng+Wu i
\\\\
i Cheng+Wu i
S Including ™ .
i Coulomb Correction 1
! - )
t L 1 I ! |
W0 20 30 40 K0 60  7.0A(MeV)

S U VR S S P



da/ b
dt \Gev?2

L] 1'1'!]

Cheng+Wu
Including
Coulomb Correction

I | | |

Uranium Data
at small MomentumTransfers

{ Moffat and Stringfellow
' {90MeV)

+ This Experiment

1 ]

i_{llllll

II|I!II

4
I'llllll

L1t L i 11

1 n 4

i

i

1.0

|
20 30 4.0 50
A{MeV}

Fig. 9



d_tddﬂrﬁ’l..umk',psuwk *

b
{&V'}:' !-(e\b’r.’l

0.7
061
05
0.4+
0.3
021

0t4

-0.9¢

+

650 750

3 "

3o
Fdtdmit, omGerkl p-6.4 Gk

owRbaier}

o~

¥ &0 700

Exd
Gtadmit 0001 Geviclp sbLGek

m._( G:\v”l}g Hewc’)

R W e v 9o

“- D e

iy
¥

Trijﬂ Mewc?’sbo

Fig. 10

U U



E d : 1 T ¥ )
4 dfdm
] o
] N
_ “‘A -K
X
10.03 \
J “‘
‘\
101 N
- \
] \
T LY
] \t‘..
e,
0104 W e
3 “ +9
N \\\ ¢
] o ',
- \\\ ] '
) N, i
\\ 4
0ot N
] NN
o \\‘\*
. Mrr (MeVic2) | B
*""g00 ' 800 ' 1000 | 1460 = 1600 1800

1200

Fig., 11




ete —21tt+ 21

o(nb) AORSAY
50 - [] ADONE (boson group)
® B ADONE(ur group)
40
30 =
\
20+ /I \\\\@
10- e N
?‘—:ﬁ,,:...ga\hﬁhf.;s,
10 15 2.0 25
-~ 2E(GeV)
Fig. 12

yp—em T T P
Ey = 9.3 GeV

100
80
60
40

EVENTS70.15 GeV




(a)

Shielding
L2

L3S

Events
1500 (b)
moo:
: —""'"—1.2“5
_ (c)
500 -
: | <} T I I T I I
T 5 10 t(ns) 10 20 30 40 50 60 mee(MeV)

Fig. 14



Fig. 15

05 }iO 2i0 3.|0 4.{0 5i0 k (GeV)
1 .
- N.-N.
: 120 { 1
a 80— ‘
(a)
40~
“% } ] i ; |“—}_} :
- 10 100 20 30 40 50 Mee (MeV)
.15 Re (k)
(ub-GeV)




yPp—pw

® This Experiment

+ o oN O g
4+ ABBHHM |
+ e SLAC Annihilation Beam
\ +
\
\
\
\
-
. i : | . | ‘“T““T‘""—ﬁ;:,
2 4 6 8 10

Fig. 16



0.l

(b/Gev?)

dt

©

ST

0.l

0.0l

YpP—p¢

T

LI R RALE)

4

&+

® This Experiment
o ABBHHM 2.5-5.8 GeV
s DESY-MIT 5.2 GeV

— .

T T T T3
Ey=28/47 Gev (a) .

L trtantl

[ERELT

| |

T TTTT

T TTITTT]

,l‘“‘I TTTT] T T TTTIT] T

*?_+_

® This Experiment i
v Berger el al. 8.5 GeV

x Anderson et al. 1.5 GeV
o Anderson et al, 12 GeV

% J( 1
¢‘f )

Ey=93Gev  (b) ]

ol

Ll

L

08 L2 1.6
It (Ge\’z) - 202600

Fig, 17



¢ This ExperimentA o ABBHHM

0.6

2 04
0.2
0

O'()u,b

6
4
2
0

" SLOPE (Gev~?)

yP—=pop

v Berger et al.

Fig. 18




| S B N R I IS S S NN S BN S R T T T T T 71 i This Experiment
500 |- R ¥ Moritz et al.
_ - ¢ Brasse el al.
- 13<W <14 GeY - § Miller et al
100 k= P oy - 1K x 18<W <19 GeV =
5 i} boog P f e 3
50 - i iy F t i a =
14<W <15 GeV [ 7
ool ¢ oag ] 19<W<206eV |
3 z = ¥x3 y 4 I E
s0f f {ﬂa e E i 3
¢  15<W<16 GeV [ 20<W<22GeV |
100 3 ¢ Ix !f 3 1 X 3
— m = [ | . -
50%5 f E ! t, t L E
" . 1 g 4 N
100&_ " z ‘! _lf‘w': 7 GeV “ - 22<W < 24 GeV -
{ a g = r ¢ ¥ 3
S0} i = £ F =
B 1, x 17<W <18 GeV & 24<W < 26 GeVY ]
100 £ x
2 £t o E 1 E
50 iﬂ { g x} f -
| I NN A NN N N I T | t I IR N S R RN VR NN WO N TN N AN O N |
0 05 10 0 05 10 18
a2 (Gev?)

Fig, 19



o+ €0, {Hb) ep—sepmtn”

¥ T T T T T T T 1 1 T T T H T I

f X

4 Q220 (ABBHHM) ]

ht 4 T
g 'y i
byt

Pog P

10

30
20

10

0 r

20
10

30

20
10

q
t 03<Q?<05 Gev?

b=

15 20 25 30



DESY
ep — epntn-

_____ ot

L0 S s A s s s Sy e B e
50 - -

R 13<W < 16 GeV

|
= -i""--.‘i\\ ~
10:2._ }\""‘E
sof ™~ =
A : ~.  16<W<18GeV -
- ! f T\'\i'-._,.__-“ { -
10 = =
50{—"\_ J
- e~ 18<W <20:GeV
B e N
_ ] \i--,__.____{ -
) | E
/E :
50 - ]
N ]
= ~.. 20<W <26 GeV
“'!--..__F___‘
0E T"“‘%-i..____z
5 C | I T OO S I A O O T S S T
0 05 10 1.
Q? (GeV?)

Fig, 21



To]® }’+p_—p+p°0r w do/dt N eB'
® (Cornell

sh A A SLAC
- ) O DESY
% 3 4‘5 A SLAC-LBL-Tufls | Bt
w ol
S + ¢
@® 4+ ﬁ + $

2 L ]Eepp/4

1

0 0.1 02 03 0.4
X, (QP+ m3) /2My

Fig, 22

AVERAGE CHARGED MULTIPLICITY vsdn w’
5.0
. [ | I

404 0%=10-125 —
6 Q2:1.26-2.0 +/.//

306 @%2:2.0-3.0 8- /{ .
<ND ~ i
N 2.0 /él\ ~

(.91 +.93 fnw’)

1.0+ Xx2/DF = 0.8 —

X2 Prob.z 65%
| I

0 1.0 2.0 3.0




(Yp—=T1-+...)

| I i l i

20<W <27 GeV |

TETTTIRET

o~ — - . \ o o" 2.0 g
% N ¢// ) \ N'.: : -

b :?iq 0.3 ’: ----- #/— _____ - “"——ld{-\— _\.\

|5 E iR /( }\ + + \ ;
% 1% C 4/ \}\ 03<G?<05GeV?]
e o4 th :
g }Xt \th l‘#k')p°lt‘.’t2 0 ;a

| / Y
AN M

1t 1l1|||

1

Fig, 24



¥, p—=T1"+anything

L+ 4]

1.B<W<2.5 W>25 .
(W) = 2.l GeV W) = 3.4 GeV
-~~~ Photoproduction

T I T T L’t T
Ol 4~ - e T
?- },4 f+}?+\ f ; / +\ 3
oyt oy T 0J5<Q2<05Gev2 [ 4t a
UN—] 00l :ﬁ . <Q2>=0.28 GeV? | .,f. X
b o = g E i =
ol 2 = : - .f; 3
2 - ] - ]
3 i [ ] K ]

&!‘Q_E 0.00| 4— ' TR N—

Ak T T T L B T T
—¢ o M E A N
-8 = 4 E 4 M
. g f ﬁ\j o -
£ - 1 Q2>056ev2 | ﬁ +i
T OOlE 3 02=1.05 G2 f E
- s C i -
: i WA 3

o000 —1—1 ! Lt
-0 0 1.0 ~-10 0 1.0

X X

Fig. 25



1.8<W<25
WY = 2.1 GeV

¥, P—=7*+anything

W>2.5
W>:=3.4Gev

~- - Photoproduction

T

1T IIIHI

T 1177

~
\\.-4_
e

RN
e
&, 7
+
R

.
—)?—
<71 ul

1 11 "-‘---.-—

YT

T T VTTT

Ot
&
O
o - 001
e
©l o
5
"{_‘J %_E 0.00!
k=
. O
5
: —6- 0.l
%
0 ‘
0.0l
0.00I

(IR

1.0

0.15<Q%<0.5 Gev?

{02>=0.28 Gev?

Q%>0.5 Gev?
<Q2>=1.05 Gev?

Fig, 26

T I !
r‘.’t"’;\

.

T Illlll[

LR

T™T llil[l]
oy

*

-

T T
Ll

i
o

x O
[}



34 GeV

wW>2.5

W

¥, P —p +anything

2. GeV

.8B<W<2.5

WD

o —
e

-0.5

AR B iont e e, e SN loeeemeed | D R e . —— e
5% © %
o & > D

(&) QO
To R o @
c g Te)
J
V o~ o
% S T
Fa
v N AN
W od : [4¥]
0> Qo
o N N

-1.0

——— Photoproduction

:
:

.Fig, 27

-05

< y <" —t
T T e e - T T R i -0
© . o o © <. oy
S o o oS o o
c
Tap Tdpxp X*Wau “[ioLp "



100 L T T T T T T T

i } y ]
%ﬁ}g _
N §i§ .
1011 |
<';T‘ i i _
g [ - {*i
o i §* _
s | ro
2 |
3 i
: i
T YP — pX |
ul 3 W= 2.‘63 GeV ]
N o qZ=116(GeV/c)2(Ret ) ]
: o q2= 0 (This experiment) D
i | I
o |
1'0-3 }| £ } 1 1 | i

4 -2 0 2 4 6 8 w0

 X=p{™ Pmax

i ee . _..___Fig, 28 . L o



