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e+e- COLLIDING BEAM EXPERIMENTS

C. Mencuccini
LNF, Frascati, Roma

The aim of these lectures is to discuss the present experimental
situation of the e+em colliding beam physics. As everybody knows,
this rather young field of activity in elementary particle physics is
in rather fast developing situation and more data at higher energies
will be hopefully available in the near future.

In these lectures experimental details will in general be omit-
ted to the extent they are not essential to discuss and understand
the physical results. A somewhat greater emphasis has been given to
the most recent data coming from ACO, Adone and CEA, since a rather
exhaustive literature is available for the previous researches 1],

The history of e+e_ colliding beam machines begins in the six-
ties and has already reached its full maturity period in terms of
energy and luminosity (see Table 1).

It is maybe worth recalling that the luminosity L represents the
storage rings counterpart of the intensity for a conventional accele-
rator. Namely, an e+e— induced reaction whose cross section is g, in
a set-up whose detection efficiency for this reaction is e, gives a
counting rate
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Table 1.
+ - s
e e storage rings

Machine Maximum Radius L
total c.m. (m) (cm_zs~l)
energy (GevV)

Ada

Frascati 0.5 0.64 2-1025

Italy

Vepp-2

Novosibirgk 1.4 1.6 3'1028

USSR (1 Gev)

ACO

Orsay 1.1 3.4 3-10%8

France (1 Gev)

ADONE

Frascati 3.0 16 7-1029

Italy (3 Gev)

CEA

; 28

BY-PASS 5.0 27 410

Cambridge (4 GeV)

Usa

SPEAR 5.5 34 6-10°°

Stanford (+9) (+10%2)

UsSA

DORIS

32

Hamburg 7 46 10

W.G.

DCI

, 32

Orsay 3.6 v15 10

France

183

Status

Active from

1961 to 1965

1966

1967 ~ (1975)

1970

+

1971 + 1973

1973 »

First injection
January 1974

Ready to go on
1975

The presently available luminosities (W1030) correspond to cir-

culating currents of the order of 50 mA, which means Nloll

circulat-

. oo . . 2
ing e~ with a transverse cross sectional area of a few mm“. The lu-

minosity performances of some of the storage rings now in operation,
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are shown in Fig. 1.

By using e+e- storage rings a great amount of experimental in-
formation has been achieved so far, and it is the aim of these lec-
tures to summarize and comment on the available experimental data
(at least the more recent ones) and give some ideas on what is ex-
pected in the future.

As far as the present experimental situation is concerned, the
most relevant topics to be covered are listed in Table 2.

Table 2
e+e_ storage rings. Recent experimental results on:

1. Q.E.D. tests ete”™ » efe”
+ - + -
ee »
-
e e + YY
+ - + -
> e e v
{.'.-. b o -
e eeee
4+ -+ -
e ey

2. Heavy lepton search

ete” 5 H.L. + H.L.

3. Electromagnetic form factors (m, X, p) in the time-like
region

4.Many hadron production in e+e— annihilation processes

I. Q.E.D. TESTS

This is a subject which has been deeply considered in the past
and here I will summarize the most important results as far as the
first lower-order reactions e'e” » e'e™, ete™ + 'y, ete” - vy are
concerned. This means that only typical results will be presented
with no attempt to have a complete description of the abundant
amount of work already performed. Also, experimental details will be
omitted |1,2

As far as the second order (2 photons in the lowest order) pro-

cesses are concerned, a slightly more diffused description will be
given essentially due to their more recent exploitation in experi-

ments at e'e” storage rings.
. + - + - + -
Ia. Elastic_e_e__(Bhabha) scattering e e 2> e.e

. + -
Several experiments have been performed on the e e - e+e

.
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(+ Radiative corrections)

Experiments agree with theory within ac-
curacies of:
+4% up to Vs = 3 GeV (Adone)} for the absolute values

+8% up to Vs = 5 GeV (CEA) of the cross section

+2% up to Vs = 5 GeV as far as the angular
distributions are con-
cerned

reaction with rather accurate results up to the total c.m. energies
of 5 GeV. These results have been compared with the values predicted
according to Q.E.D. when radiative corrections have been properly
taken into account. (See Fig. 2).

Some results from the most recent measurements are shown in
Figs. 3 and 4, together with the expected Q.E.D. predictions (abso-
lute values of the cross sections and angular distributions). The
agreement is very good so that one can safely state that the experi-

nmental results for the e+e— > e+

e  reaction are the ones one could
expect according to Q.E.D. within an accuracy of 4% up to Vs = 3 GeV
and 8% up to /S = 5 GeV (as far as the absolute values are concern-

ed).

This process proceeds via a single annihilation graph with only
a time-like photon involved (see Fig. 5).

Measurements of this process have been performed at ACO, Novo-
sibirsk, Adone and CEA and the results of the comparison with theory
are shown in Fig. 6. The agreement between the experiments and the
theory is good within +10%.
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Monitor: small angle Bhabha scattering (low q2 space-like

process where Q.Z.D. is expected to be valid): <q“> R =
-3 2 Monitor
= 210 ° GeV®. Adone - BCF (M. Bernardini et al. [9]).
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Angular distribution for e+e— > e+e_ at 5 GeV (CEA -
BY PASS, H. Newmann et al. 1973 Bonn Conference). Ab-

e
_JeXp_ _ ) 53 4+ 0.08. Fit: x°= 3.9
O¢p (QED) -

for 9 degrees of freedom (probability >0.9).

solute values:
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The third reaction that has been studied is the annihilation
process e e - YY. It proceeds via virtual electron states and so
tests the electron propagator (see Fig. 7).

A sketch of the results of measurements performed at Orsay, No-
vosibirsk, Frascati and CEA is shown in Fig. 8, where good agreement

clearly appears with the Q.E.D. predictions (both in absolute values
and angular distributions v+15%) .

Besides the above-mentioned reactions, Q.E.D. also controls
processes in which two virtual photons are exchanged at the lowest
order and their collision is the source of final states such as lep-
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ton pairs or hadronic system with C = +1.

These processes are described by simple diagrams, as shown in
Fig. 9. Now, in spite of the fact that the cross section for two-
photon exchange processes is depressed by a factor az with respect
to the usual one-photon annihilation graphs, due to the higher proba-
bility that low-energy virtual photons have to be emitted, it happens
that the cross sections for these two-photon processes increase loga-
rithmically with energy. So, since the one-photon channels decrease
with increasing energy, these two-photon processes very soon become
predominant. Calculations |3| performed in the frame of the equiva-
lent photon approximation (E.P.A.) show that the energy dependence of

two-photon cross sections is of the type «(ln %—)2 (see Fig. 10).
e
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Fig. 9 Two — photon processes
%- e* forward e+ forward
] C=+1 — had
— adrons
. o) \

g e~ forward

Both the incoming e+ and e  irradiate a photon. The two
quasi-real photons interact and materialize into a system.

Fig.10 The energy behaviour of two-photon processes

+

E.P.A.: Both the incident e are replaced by uncorrelat-
ed equivalent photon spectra:

E,EEiLE:ELE 1n(—2-) - dK
™ EZ m K
e
+ o= + - ol E 2
clee ree ) = — (1n ﬁ—) cene

e

where E is the energy of each beam and K the energy of
the virtual emitted photon.

A more quantitative evaluation of the importance of this kind of
processes as compared with the one-photon ones is shown in Fig. 11
(taken from ref. [3]).

Two-photon mechanism processes have been recently experimental-
ly investigated at Adone up to total c.m. energies of 3 GeV by two
groups (the so-called yy and um groups). A first measurement which

+

showed the e+em > e e-e+e— reaction was performed in Novosibirsk |4

I will now present some recent results concerning collisions
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between two photons in the processes:
+ - + -+ -

e e +ee ece
+ - o+ =
>ee uuyu
+ - 4+ =
ree TW
as detected by Adone. Some experimental details will be given in
this case, since they help to understand what has been measured. A
sketch of the experimental set-ups is given in Figs. 12-13. A tag-
ging system has been installed inside the bending magnets of Adone
adjacint to the straight section in order to detect the forward go-
ing e~ and measure their energy.
The main properties of the tagging system are shown in the fol-
lowing table:

*
R _ P _ forward e momentum
Tagging system ¥ = ¥  Peam momentum

Momentum acceptance 0.1<x<0.8 curved counters
0.755<x%<0.9 small

Momentum resolution %E = +4% at x = 0.7
Angular acceptance Aevert. = +8 mrad

Geometrical efficiency ~50%
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Two-photon interaction events have been detected with these set-
ups. Their kinematics is described by the following quantities (see
the following table).

Kinematics

—_—— g

1,2: wide-angle emitted particles ete”, vhu7, wt17) co-
planar with the beams (|A¢l<10°)
Wide angle particles c.m. velocity = B
(K+ - K_) sin(el + 62)

g = =

K, + K_ sin 8, + sin 0,

The recorded events under different final state topologies
are shown in Fig. 14.

The agreement with the equivalent photon approximation calcula-
tions is rather good, as can be seen in Fig. 14 and Fig. 15 (yy group
results).

As far as the e+ew - e+e-u+u- is concerned, the situation is
summarized in Fig. 16. The agreement with the expected values ac-
cording to E.P.A. is good as can also be seen in Fig. l7a,b.

The conclusion for these two photon reactions is that such pro-
cesses have been detected with the presently existing storage rings.
Therefore, with the high energy and high luminosity machines it be-
comes evident that there is a possibility of studying C = +1 hadronic
states as well as JP= 1~ states accessible via the usual one-photon
mechanism. Furthermore, e-p and e-m scattering can (in principle at
least) be investigated through the virtual photon mechanism.

Another reaction in the realm of the Q.E.D. that has been inve-
stigated at Adone (C. Bacci |7]) is the wide angle electron~-positron
premsstrahlung e'e - ete™y at total c.m. energies of 1.4-3.0 GeV
(see Fig. 18). The results show good agreement with Q.E.D. predic~
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ete™ » efe™ ete Analyzed events: 122

[forward] [wide angles)

+ - + -
€prep eyrey
Detected Measured Analysis
+ -
Recognized quantities
+ - + .
ey’ Sy' ©F 61,82, Calculate B= 6(91,62)+compare with
44 events E.P.A. expected distribution |5].
(168 nb_l) (Yy group) (see Fig. 15)
+ - +
ew, ey’ epe el, 62, K+, K_ - Check the relationship
- (K, ~K_) sin(el+6 )
eF 12 evenfi B = K++K_ = sinel+sin62 (0.K)
(290 nb ™)

- compare with theory |6
(11.6+1.1) events expect.
(uTm group) (0.K.)

;, eyr ©p 81, 62, K+ - calculate Kx of the photon from
64 events— the nondetected forward e* and
(290 nb-l) find:
43 ev from Q.R.P.
9 ev from V.P.
12 ev ambiguous (um group)
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-
uw, uw, enr e 91, 92 - Reconstruct K;ec from Sléz
K., K_ P, + compare with K;ea
Ppr Py as measured by tagging:
(by range)
10 events =3| 0K | = |KTEC-K"®®® |1 0 (see Fig.
- 17)
(290 nb l) - K distributions 0.K.
(+4 events with E.P.A. (Fig. 17)
61’2, K+) - total number expected according
- to E.P.A., = 11 0.K.,
u;, u;, ep s 8,0 Ki' - compare with the expected
Py r Py number: 28 ev.expected
56 ev.tot. ~ O.K.
20 (AR=0)
36 (bkgr.)

Fig.

16



e+e— COLLIDING BEAM EXPERIMENTS 195

Fig.17a
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Photon momentum distribution relative
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stogram is based on E.P.A. calculations.
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AK=(ZKrec - Kmeas) distribution for 10

events (DT-u). These data are due to
Adone=-um group.
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+
The invariant mass of the system (e ,Y) has been

calculated (2 values for each event) and compared
with Q.E.D. predictions in order to look for pos-
sible heavy excited electrons: e* + e + Y. These
data are due to the Yy group (Adone). There are
118 events.

tions. An analysis of the same data looking for a limit to the ex-

istence gf a heavy excited electron e (F. Low l?!) produced in the

+ T > e7e =+ Eeaction (based on the invariant e™,Y) mass distribu-
e Y

tion) has given an upper limit onX (the e@ Y coupling constant) in

the e mass range from 0.6 to 2.2 GeV (see Fig. 19).
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II. HEAVY LEPTON SEARCH IN e'e” EXPERIMENTS
Besides the above mentioned heavy excited electron, other kinds

of heavy leptons might be produced in e+e- induced reactions. Namely,
via the one time-like photon channel any type of heavy lepton can be

produced (see Fig. 20).
The cleanest way to look for these leptons in e e experiments

is to look for their posscible decay modes in which u’s and electrons
are involved. In fact, hadronic channels could be heavily contaminat-

ed by other competing reactions. Let us consider the reac-

tion channels (see |9])

e+e— + H L+ + HL
etuv e vy

+ -
uhvv TERU)

v+hadrons v+hadrons ,

where v means a generical neutrino or antineutrino whatever its
nature (v, Vgs Vyr if any, GU, V_, etc.) is. The quoted group Bolo-
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Fig. 20. Heavy leptons

ete™ » HL + HL

HL H
If heavy leptons are Dirac point particles:
2 2
o(ete™ » HL + HD) = 125 (1 - %—)
+

(E energy of each e beam, B velocity of H.L.)
For E >> MHL' B+~ 1
~-32
c+c(e+e - u+u ) & 2x10;~— cm2

E?

(See Review article by Perl |8]).

- o(nb=10" Berrd)

mm=QSGeV

4L

0|
f) e ——

5 6 7 8 .9 10 12 Egey,
Fig.21

Calculated heavy lepton production cross
section versus colliding beam energy for
different Mo (search for anomalous thre-
shold-like effects in any channel).
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gni—CERN—Frascati collaboration looked for mixed leptonic modes

{(u= e*), where non-collinear and non-coplanar (with respect to the
beam axis) e~like and p-like tracks in the spark chambers of the set-
up should appear (see Fig. 21). They find no good event in a total
integrated luminosity of ~450 nb_l.

Furthermore, the energy dependence of the reactions

e+e_ + 2 leptons + anything
=+ lepton + hadron + anything

was inspected looking for anomalous threshold-like effects since the
production cross section as a function of energy, is expected |10]
to show peculiar patterns when the available energy is such as to
produce a heavy lepton.

In order to put a limit to the production rate of possible heavy
leptons, the decay rates for the leptonic and hadronic modes must be
estimated. If one assumes pure leptonic modes (heavy lepton coupled
only to ordinary leptons) the first-order weak interaction theory
gives T (HL =~ VL + 9+ vy) & T(HL » Vg t e+ ve) with typical life-
times of the order of 10”1l gec in the mass region of 1 GeV and a
lower limit for the mass of the heavy lepton is found to be:

me > 1.45 Gev (952 confidence level).

In the case of hadronic decay modes (that is if the heavy lepton
is coupled to both ordinary leptons and hadrons) the estimate of the
relative weights of the various decay modes is less direct and as-
sumptions have to be made on the coupling heavy lepton~hadron. (Va-
rious estimates give as a reasonable |11| proportion 1:1:1 for the
uvv, evv and >2 hadron modes, respectively). In this case a limit to
the mass of the heavy lepton can be found, that is

Mo > 1 Gev (95% confidence level) ,

50 much as far as the present experimental situation is concerned. It
is clear, however, that more energetic e+e_ machines that will become
available in the future, will constitute one of the best tools for
investigating the existence of heavy leptons. Among the main advan-
tages of this technique are the relatively large production cross
section and the threshold~like energy behavicur which makes it pos-
sible to obtain clear excitation curves.
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III. ELECTROMAGNETIC STRUCTURE OF HADRONS. TIME-LIKE FORM FACTORS.

e+e— storage ring annihilation experiments of the kind

efe” B

o4
-~

where B, B is any couple hadron-antihadron, provide a suitable expe-
rimental tool for measuring the hadron electromagnetic form factors
in the time-like region,whereas lepton elastic-scattering experiments
give the space-like part of these form factors.

In fact, it is known that, under general hypotheses, the ampli-
tudes for pair production in e+e‘ collisions and "lepton elastic scat-
tering can be expressed in terms of a few form factors, analytic
functions of the variable qz, the square of the four momentum trans-
fer.

Analogous connections hold between inelastic scattering process-
es in the space-like region of the momentum transfer and many-hadron
production processes in e+e_ annihilation (time-like).

In the following, the situation of the e'e” » BE measurements
will be discussed.

The space-like region is explored by electroproduction experi-
ments. As far as the time-like part of this form factor is concerned
its connection with the cross sections for the reactions (one photon
approximation) :

is given by the relation

3
do _ ma’ Pn,x 2,12 _, 2
ol Fp g (@D [ stn 0,
o3
_ 7o m,K 2,2
9= ) —5 1P, g@H 1.

’

For low values of q2 (lower than 1.1 (GeV/c)z) the governing process
is the production of unstable vector mesons p, w, ¢ according to the
well-known mechanism |12|

e'\\~\\ v _~ 1K
. /MN“I:O<

“~T.K
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It is worth noticing that the assumed one-photon mechanism for the
process imposes the value %=1 for the angular momentum of the final
state. In the case of the pion, the ntn” system has to be in an I=l
state, so that the F"(qz) form factor is really connected with the
coupling of isovector photons with hadrons. This is not true in the
case of the kaon form factor which is also related to the isoscalar
photon coupling.

The vector meson role in the meson-antimeson e+e_ annihilation
processes shows up very clearly in the region q2 <1 (GeV/c)z, where
bumps in the c¢ross sections have been found just at the vector meson
masses. An extensive series of measurements has been performed at
ACO and Novosibirsk |12]|, and the main results are summarized in Fig.
22. The dashed line is the best fit to ACO points using a Gounaris-
Sakurai formula in which the w contribution (w+2w) is taken into ac-
count. The parameters entering into the fit:

mo = (775 & T)MeV, T = (149 + 23)MeV,
+ - _ 1/2
Llzee) - (4.040.5) 107>, |F2I ™" = 0.240.05
P
Phase £ /f = {87.5+15.4)° .
wrn’ Tpmw -
sol (@ 0 ACO
et =TT’ D NOVOSBIRSK
¥15ub
40r ---GOUNARIS ~SAKURAI FIT
Al (VDM + w CONTRIBUTION VIA w=2TT)
30 1/

Electromagnetic form factor for mesons as measured
at ACO and Novosibirsk |12].
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As far as the kaon is concerned it turns out that at energies
around the ¢ mass, the kaon (K+) form factor ]FK|2 is governed by the
mechanism

e+e— > ¢ > K+K_.

The main results of experiments performed at ACO and Novosibirsk are
given in the following table:
Kaon Form Factors (from a compilation of B. Bartoli et al.,
Rivista Nuovo Cim. 2, 242 (1972))

Values at the ¢ mass

ACO Novosibirsk
o (ete ™+kTK") (2.4140.13)-1073°%  (2.1340.17) -1073° cm?
o (all modes) (4.99+0.40)-1073°%  (3.96+0.35) -1073° cm?
Ty (4.09+0.29) MeV (4.67+0.42) MeV
I (¢>e¥e™) /F (¢>all) (3.52+0.28).10"% (2.8140.25) »10™%
r¢~ete™) (1.4440.12) ReV (1.3140.12)KeV

In addition to the above-mentioned series of measurements which
refer to energy regions such that q2 Y (GeV/c)z, in the recent past
data have become available outside the p, w, ¢ vector meson region.
These data essentially come from Adone and cover the four-momentum
square region ranging from 1.4 to 9 (GeV/c)z.

The results from this generation of experiments suffer either
from difficulties encountered in separating 7 “s and K“s (no magnet
used), or from the very low values of the cross sections (few nano-
barns). In spite of this, interesting results have been reached in
Frascati either for ;he m or for the K+ form factor |13

As far as the K is concerned it has been recently proved (M.
Bernardini et al., Adone BCF) that time-like photons produce K pairs
with rates that are comparable with the ones for 7 pairs, so that a
first set of data about the XK~ form factor is available. The experi-
mental principle of this measurement is the identification of the
K”s by range comparison with pions (at the Adone energies the two
equal body final state particles have definite energy and in ~90% of
the cases one or the other of the K mesons reach the end of their
range without a nuclear interaction. This allows a discrimination
against pions). This kind of /K discrimination works up to q2 ~
N3 (GeV/c)z. Above this value and up to 9 (GeV/c)2 a separation m/K
has been made on a theoretical basis (according to an estimate made
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by N. Cabibbo, making use of SU(3) and linear, zero width, pole terms
for known vector mesons), which proves to be in agreement with expe-
rimental data in the energy region where the comparison 7/K can be
made experimentally. Experimental results are shown in Figs. 23 and
24.

The Gounaris-Sakurai fit which is reported together with the
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data of |Fﬂ| is in reasonable agreement with experimental dat:a. The
systematic tendency of the points in the region E ~ 1.2-1.5 GeV could
be explained either in terms of other vector mesons with the same
quantum numbers of the p (p”, 0" etc.) or in terms of a p meson pro-
pagator with a different high-energy behaviour (for references see
Gourdin ‘s report at the 1973 Bonn Conference) .

Proton form factor
The first measurement of the e+e_ > pﬁ reaction was performed
at Adone Il4 . On the basis of (25+6) events at q2= 4,4 (GeV/c)2 col~

lected at a rate of the order of 1 event/day a cross section

o(ete™ » pp) = (0.91 + 0.22) nb

was obtained.

After this first-generation experiment, other more complete and
systematic measurements are planned to be performed in the near
future either at Adone or at Spear.

IV. MANY~-HADRON PRODUCTION IN e+e- ANNIHILATION PROCESSES AT HIGH
ENERGIES

A very interesting result of the first series of experiments
performed at Adone has given evidence for an abundant ete” production
of many-hadron states. A term of comparison for this abundance is the
fermion point~like pair production (e+e_ > u+u—) cross section.

This result (references in XK. Strauch’s talk at the 1973 Bonn
Conference, and V. Silvestrini, the 1972 Batavia Conference) was
found at Adone (1971) and has been recently confirmed at higher ener-
gies (5 GeV) by the CEA people |15

It is worth remembering that the experimental arrangements of

the first generation of apparata active at Adone (the so-called um,
Boson, Yy, BCF) were not properly designed to face the unexpected
abundant production of many-body final states. In particular, the
rather small solid angle covered by the set-ups (AQ/4m ~ 20% typical-
ly) made detectable only a limited fraction of the produced parti-
cles: the lack of knowledge of the momenta of the detected particles
{(no magnetic analysis available) did not allow a proper estimate of
what was missing of the reaction products. Therefore, apart from some
particular case, there was a substantial lack of knowledge of multi-
plicities and content of the various reaction channels.

Thus, in order to estimate production cross sections from the

rough data, a certain number of assumptions had to be made, all this
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resulting in somewhat model-dependent analyses.
In spite of these difficulties a certain number of interesting
results has been achieved.

The ete” + 771 n™1” has been kinematically isolated (Adone-um)
and its energy behaviour inspected in the total c.m. energy region
1.2-2.0 GeV (see Fig. 25). The production cross section for this
particular channel shows a peak, with almost no background, centered
around an energy of 1.6 GeV. This behaviour, together with other ex-
perimental information, was interpreted as a strong support in favour
of the existence of a higher mass vector meson (p”) with the same
quantum number of the p meson. Our present knowledge about the p~
meson is summarized in the following table. (See Moffeit’s report
to the 1973 Bonn Conference).

About the existence of the p” meson

Reaction &£ oM Mewm T (MeV)
S —— e
ete >0 ,po“+“ 1 1 ~v1600 300 opeak v 20 nb

Adone
Yp + 0P A 1500 n600 o N 1.6ub

o_+ -
pom T
r(p-»ntn)
SLAC-pol. y beam 2T T <o0.2
T{p~ » all)
mp+atn n 11 1590420 180450 7
T phase shift
CERN p~ analysis
inelasticity
IR
Toom m )  _ 0.25 + 0.02
T(p~ + all)

(influence the =
e.m. form factor)

Another interesting result has recently been reported from ACO

where the reaction e+e_ +> ﬂ+ﬂ_ﬂ°ﬂo has been detected and the beha-

viour of its cross section as a function of the measured energy 116

The energy threshold effect in n+ﬂ-n°n° production is obviously in
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good agreement with what has been expected on the basis of the two-

body production ete™ + wOr° (wn® threshold at 919 MeV) and VDM. This

point has to be further tested, since recent results from SLAC (Mof-~

feit’s report at 1973 Bonn Coaference) on the photoproduction reaction
Yp > pw+n— + (neutral missing mass higher than 1 m") show a clear en-
hancement at M(v+ﬂ- + > 2n°) % 1250 MeV and give the indication of a

preferred w°n°® final state at this energy. These elements might be

the first support to the evidence of another (p") vector meson of a
mass around 1.2 GeV.
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It has been proved that the many-body reactions so far observed
involve mainly hadrons (nonshowering behaviour, pulse-height analysis
in scintillation counters, nuclear interactions, etc.) with very
small possible contaminations from u“s or e”s (< 10%). However, a
distinction between 7°s and K”s has not been achieved.

It can also be stated that the dominant production mechanism is
the one-photon annihilation channel (two-photon processes have been
detected and their possible background on a many~hadron sample, e-
valuated). A typical statistical situation is shown in Fig. 27.

e+e_ + many hadrons
Typical statistics (only recent data)

Experiment Vs Number of Cross

______________ GeV___events ____sections

Adone um 2.85 523 ~ 18 nb

Adone YY 2.95 179 ~v 24 nb

CEA 4.0 88 ~ 27 nb

CEA 5.0 108 ~ 22 nb
Fig. 27

Now, in order to evaluate cross sections from rough data, due to
the above-mentioned limitations, a certain number of assumptions has
been made by experimental groups involved in these studies. One pos-
sibility is to assume an invariant phase space momentum distribution
for the produced particles, to neglect kaonic channels and to solve
a system of equations which link the number Nc of events detected in
a certain configuration ¢ (for instance, 1 charged + 2 photons,

2 charged + 1 photon, 3 charged, etc.) to partial cross sections
(Si’so That is the system

where L 1s the total integrated luminosity and €ic is the efficiency
to detect in a configuration c¢ an event from the i-th process whose
partial cross section is oy (This is the procedure followed by the
Adone boson, Adone Yy, Adone um and CEA groups). Due to the rather
poor statistics collected and to the requirement that the ci’s from
the solution of the system Nc = L Z eicci have to be positive, the
"optimal” solutions are such that partial cross sections o, are not
well determined, whereas the total cross section GT = Z oi is much
more reliable.
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Another approach (followed by the Adone-BCF and for the 2.85 GeV
points by the Adone-um group) consists in assuming that the relative
weights of partial cross sections in the e+e- annihilation into ha-
drons are the same as in the case of pE annihilation in the corre-
sponding energy region. Furthermore, an invariant phase space momen-
tum distribution is also assumed.

The results of the analysis performed on these lines are shown
in Fig. 28 (where some grouping of nearby points has been done). The
ratio R = [o(eTe” » hadrons) /o (ete” + 1Tu™)] is also reported (Fig.
29) as a function of s = (2E)2 for s > 3 (GeV)z.

It appears clear that the ratio R is larger than 1 in the region
3 <s <9 (GeV)2 and substantially larger than 2 at energies 9 < s <
< 25 (GeV)Z.

In Fig. 30 the average charge multiplicities as a function of
energy are also given.

It is evident that a substantial improvement must be achieved
for measurements. It is not only a matter of statistics but clear re-
quirements must be fulfilled by the second generation of experiments
(identification of every reaction channel, determination of rates
among channels, study of correlations among final-state particles,
etc.) in order to disentangle questions which are just showing up. In
this way it will be possible to reach positive conclusions con the
many hadron production wia the one photon annihilation channel whose
interest is known to move from the problem of the structure of ha-
drons and its connection with the deep inelastic lepton scattering.

V. FUTURE DEVELOPMENTS

The physical motivations for further researches on the ete” in-
duced reactions are in a way obvious and very naturally following the
indications so far obtained and presented in the previous sections.
It is almost useless to recall that some of the most interesting ex-
perimental results of the recent past, such as the deep inelastic
electron scattering at SLAC, or the e+e- annihilation in many hadrons
at Adone and CEA, or the neutrino-nucleon collisions at NAL or CERN
(Gargamelle) have shown how the use of point-like probes carrying
known interactions is necessary in order to reach a really deep in-
sight, relatively free from secondary effects, in the world of
hadronic matter.

It is clear that in this context the role of the electron-posi-
tron colliding beam storage rings is fundamental and unique. Some of
the main subjects which such high-energy machines will be able to
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cover are the following:

- structure of the electromagnetic current of the hadrons;

- many hadron states of pure angular momentum (production cross
sections and multiplicities as a function of the total c.m.
energy)

- search for leptonic-like particles (constituents, heavy lep-
tons, etc.) up to large masses;

- Q.E.D. studies;

- weak electromagnetic interference effects (enhanced by the
beam polarization);

~ semi-inclusive processes.

In this perspective it is clear that the energy and the luminosity of
a future electron-positron storage ring play an essential role. As
far as the energy is concerned an immediate term of reference is the
total c.m. energy. In the next table the present situation of the
available c.m. total energies W (GeV) is shown for some of the va-
rious operating accelerators.

Machine Reaction W (GeV)
Adone ete”

Spear I +e—

(SLAC)

SLAC ep 7

(20 GeV)

PS CERN PP 7
NAL 19 28
(400 GeV)

ISR CERN PP 60

Thus, for instance, a 2x15 GeV e+e- storage ring would provide for
the many-hadron production channels more or less the same c.m. ener-
gy as NAL or SPS-CERN could precduce in the pp * hadron reactions when
working at 400 GeV.

As far as the luminosity is concerned, values of the order of

32 -2 -1

10 cm s
give largely satisfactory counting rates for the most relevant chan-

are presently conceivable and this would be adequate to

nels: for instance, around 20 GeV total c.m. energy the counting rate
for the reaction e+e— + u+u— would be of 1 event/min, whereas a cross
section of 10_4 nanobarn would give typical rates of 1 event/day.

A very high interest in the field of e+e— storage ring develop-



212 C. MENCUCCINI

ments is widely diffused in the world, so that a series of feasibili-
ty studies has been started in several laboratories and a certain
number of preliminary projects are already under the first approval
procedure. It is enough to guote the e+e_ 2x15 GeV ring designed at
SLAC as a first step toward a more complete P.E.P. device which
should hopefully include an electron-proton storage ring; or the Fra-
scati SuperAdone (2x(10%12) GeV e+e— ring which should make use of
Adone as an injector; or the first stage of an English, large e-p
project (EPIC) which should be a 2x14 GeV e+e— storage ring built
within the Rutherford laboratory; or the German project PETRA with
its 2x20 GeV e+e_ colliding beams foreseen in the Hamburg-Desy area.

This trend seems to indicate that a very high energy colliding
beam facility will play, in a not too far future, a significant role
in the development of high energy physics.

REFERENCES
|1] V. Silvestrini, Rapporteur talk: in Proc. XVI International Con-
ference on High Energy Physics, Batavia, Chicago 1972, Vol. 1V,
p. 1.
|2] K. Strauch, Rapporteur talk at the 1973 Bonn International Con-
ference.
|3] s.J. Brodsky, references quoted in the rapporteur talk at the
XVI International Conference on High Energy Physics, Batavia,
Chicago, 1972.
|4| V.E. Balakin et al., Physics Letters 34B (1971) 328.
|5| €. Bacei et al., Lettere Nuovo Cim. 3 (1972) 709;
Frascati Report LNF-73/50; presented at the 1973 Bonn Conference.
]6| G. Barbiellini et al., Frascati internal report 73/63 (submitted
to Phys. Rev. Letters).
|7| F. Low, Phys. Rev. Letters 14 (1965) 238;
H.J. Behrend et al., Phys. Rev. Letters 15 (1965) 900;
C.D. Boley et al., Phys. Rev, 167 (1967) 1275;
C. Bacci et al., Physics Letters 44B (1973) 530.
|8] M.L. Perl, SLAC-PUB-1062 (1972).
9| Alles Borelli et al., Lettere Nuovo Cim. 4 (1970) 1156;
M. Bernardini et al., contribution to the 1973 Bonn Conference
|10| N, Cabibbo and R. Gatto, Nuovo Cim. 20 (1961) 185.
|11] Yung-Su Tsai, Phys. Rev. D4 (1971) 2821.
|12] ACO: J.E. Augustin et al., Phys. Rev. Letters 20 (1968) 126;
Physics Letters 28B (1969) 508;
D. Benaksas et al., Cornell Conference;



[13]

|14]
[151
l16]

e+e- COLLIDING BEAM EXPERIMENTS 213

J.C. Bizot et al., Physics Letters 32B (1970) 416.

~-- Novosibirsk: V.L. Auslander et al., Physics Letters 25B
(1967) 433; Sov. J. Nucl. Phys. 9 (1969) 144;

V.E.,Balakin et al., Physics Letters 34B (1971) 328; Physics
Letters 41B (1972) 205.

v.
G.
M.
G.
R.
G.

Alles Borelli et al., Physics Letters 40B (1972) 433;
Barbiellini et al., Lettere Nuovo Cim. 6 (1973) 557;
Bernardini et al., contribution to the 1973 Bonn Conference.
Di Giugno et al,, Lettere Nuovo Cim. 2 (1971) 873.

Averill et al., the 1973 Bonn Conference.

Cosme et al., the 1973 Bonn Conference.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


