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Lepton pair production.
establish the validity of the (ein?) method as the best one to detect Heavy
high rejection power against pions, thus allowing, already in 1964, to
angle detector able to simultaneously detect electrons and muons with
started in 1960 at CERN with the construction of the first large .solid
searches at energies higher than ADONE. These original contributions
first upper limit on the HL mass at Frascati; v) the promotion of the HL
implementation of the large solid-angle detector needed to establish the
the associated technology and the proof that it works; iv) the
e+e·—> HL+HL`; iii) the invention of the acoplanar (ei“uuB method with
own leptonic number; ii) the search for the best production process:
include: i) the idea of a new lepton in the GeV mass range, carrying its
Heavy Lepton (HL, now called T) are described. These contributions
group to the discovery —— via the acoplanar (ei`;1+) method ——- of the

The original contributions of the Bologna-CERN-Frascati (BCF)
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pair production in hadronic processes was investigated. OCR Output

and physical [11-17] research works performed at CERN where lepton

The 1967 INFN proposal [2] is based on a series of technological [4-10]

2 Lepton Pair Physics at CERN (1963-1968)

(ein?) method was not swamped by background [18-39].
proving that the experimental set-up was working and the acoplanar

(1967) [2] and the publications as from 1970 of the ADONE results

[8-17]. The other basic steps are the already mentioned INFN proposal

series of experiments on lepton pair studies in hadronic interactions

development" method, now called "pre-shower" method [4-7], and to a

[3]. This thinking brought in 1963 to the invention of the "early-shower

fifties during the first high precision measurements of the muon (g—2)

Lepton carrying its own leptonic number started at CERN in the late

As we will see in this report, thinking on how to search for a Heavy

Heavy Lepton.

fundamental idea that there is a new leptonic number associated with the

CERN-Frascati (BCF) proposal to INFN, which is, in turn, based on the

The acoplanar (el`u+) method was the key point of the Bologna
production reaction (1) and the decay channels (2) are given.

the front page of the proposal and Figure 1.2 the page where the

Leptons with the ADONE (e+e_) collider at Frascati [2]. Figure 1.1 is
(2) are on page 7 of the INFN proposal, dated 1967, to search for Heavy

using the method of detecting acoplanar (ei/,1;) pairs. Reactions (1) and

<2>6* e HI —Ci, J. ,U·· + UH + UH!
+ D+ D

and the decay channels:

(1)e+e— -> Hy H;

et al. [1] in 1975, via the study of the production process:

The Heavy Lepton (H I) was discovered (and called 1) by Martin Perl

1 Introduction



to 2.5 GeV. OCR Output

resolution can be as good as 10%, in the energy range 1.1 GeV

electron detection varies from 75% to 85% (right scale). The energy

detector against pions is of the order of 4•10‘4 and the efficiency for
As can be seen from this figure, the rejection power of the new

shown in Figure 2.4.

plastic scintillation counter and a tWO—g3p spark chamber. The results are

of five elements, each one being made of a lead layer followed by a

with a rejection power better than 10`j. This electron detector consists
Figure 2.3 shows the new detector [5], designed and proven to work

future become an electromagnetic calorimeter.

of 10"*. The set-up used is the first example of what would have in the
instrumentation to find a way to improve the 7c/e rejection to order

The Bologna—CERN group continued the development of the

"pre-shower" technique associated with a lead-glass éerenkov counter.
Figure 2.2 shows the spectmm obtained for electrons and pions using this

it/e = 10"3.

electrons with a rejection power as good as

The "pre-shower" technique was able to reject pions in favour of

[4] where the "pre-shower" technique was presented for the first time.

was needed. Figure 2.1 is the cover page of the CERN Yellow—Report

thus a powerful rejection against hadrons, in order to detect (e+e—) pairs,

h + h -—> hadrons
~106 ~h + h —> (e+e‘) + X _

but:

h+h —> (e+e“) + X

The starting point was using collisions between hadrons (h),



Frascati (BCF) group to search for a new sequenual Heavy Lepton at ADONE. OCR Output
Fig. 1.1: From page of ref. 2, i.e. the 1967 proposal to INFN by the Bologna—CERN
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decay Ch3.flI`lCiS fOI'CS€CD to S€21I`Ch fOI` 8. RCW SCQUCFIIIRI Heavy Lepton BIC I`€pOl`[Cd.
Fig. 1.2: Showing the page of ref. 2 where the most favourable production process and

leptons versus E/MH
FIG. 6 - Total cross-section for production of heavy

z/L
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we set at an energy E such that the ratio

e+ e`—• H+ + H

?iduce the heavy leptons reac the o owmg conc usion, II in the processBy studying the t`EHr$l’ msshanismi which could pro



(i.e. "pre-shower") method for 7c/e rejection was presented. OCR Output
Fig. 2.1: Front page of ref. 4 where the innovative "early-shower development"
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lead—layer followed by a plastic scintillation counter and a two-gap spark chamber. OCR Output
Fig. 2.3: The electron detector [Sl consisting of five elements, each one being made of a
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to reach a rr/e rejection of 10-3 [4].
technique, coupled to a total absorption lead—glass (ierenkov counter. This allowed one
Fig. 2.2: The pulse height spectra obtained in a test beam with the "pre—shower"
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channel in (Ep) annihilation [11-12]. OCR Output

The first results were published in 1963 and referred to the (e+e‘)
2.5 and 2.6 are the results of many years of work started in 1960 [4-17].

and muons in order to allow the (cpt) "signature" to be detected. Figures

pairs. The hadronic background had to be reduced in favour of electrons

then to observe the typical signature of the Heavy Lepton decay, i.e. (ey)

to study the abundance of time-like photons in hadronic interactions, and

but only production via time—like photons. So, the crucial point was, first

for this Heavy Lepton there could be no production process like rc —> tt,

would have decayed in a time interval as short as 10`sec. Notice thatU

hadronic interactions, via time—like photons, but never seen because it

mass at the 1GeV level) existed, this could have been produced in

of the fact that, if a new lepton heavier than the muon (we had fixed its

As reported in our 1967 proposal to INFN, we were perfectly aware

number.

of the leading idea: the search for a new lepton carrying its own leptonic

will be discussed below, these are experimental steps essential to the quest

investigation, in addition to the (e+e`) pairs, of the ({.t+,u’) channel. As
A crucial point of the research work at CERN was the simultaneous

in Fig. 2.3 [5].
Fig. 2.4: The 7r (left scale) and e (right scale) efficiencies achieved with the set-up shown

Momentum of Beam in GeV/c
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for the EM structure of the proton in the time-like region was presented.
Fig. 2.7a: Front page of ref. 11 where the first evidence - using the e+e— channel

195

.ii) counter M which ls used to accept single§ and n' meson:. The p rate was about 103 p/ae¤.`
•”' This beam contained approxlmnhly equal mambersd allows klnematical reconstruction;

its performance will be given elsewhere. i) an eight gap, thln foil spark chamber which
•°' A more detailed description of the appuams and nf

telescope consists of three components:Strasbourg, France.
an efficient rejection of unwanted processes. EachSctentlftque nM lnstiuit de Rechercher Nucléaires,

On leave from the Centre National de la Recherche the electron pair from process (1), while providing
the University of Roma, Italy. of two similar telescopes. It is designed to accept
CERN Visiting Scientist, on leave of absence hom The essential part of the apparatus is a system

multi-pion events.
chambers, SC1, SC2, thus protecting aginstlighter particles but not to p of 2.5 Ge\‘/c momen
whole solid angle not subtended by the tro sparkCZH4 gas Cerenkov counter sensitive to picns and
both charged particles and y rays. It covers theA and B and the anticolncldence counter D. D is a
around the target. The veto-house is sensitive toafter crossing the monitoring plastic scintillators
tillator sandwiches which form a "veto·kouse"enter (fig. 1) the cylindrical polyethylene target

The counters H consist of sctntillator-Pb-sctnAntlprotons from a partially separated beam*°•·*
tus to be in the range of 1.0 to 2.6 GeV/c. pulse AED.

tum. Incident p are defined by an anticoincldenceas (1), were defined by the geometry of our appare
the secondary particles of a two-body process such

(—- Q radiation leugdxs) .chosen. The corresponding laboratory momenta br
Cerenkov counters, 85 cm diameter, E0 cm thickof 2.5 GeV/c with z 1% momentum spread was

reaction (1). Consequently an antiprotou momentum tihatora; C1, C2; lead-glass total shsorptton
N . N2; 1 cm thick. 28 cm diameter plastic scin

were chosen to maximise the rate of events from gap 0.025 mm Al foil spark chambers: M1, Mg,
in fig. 1. The beam conditions and the geometry multlpliors) with 1 cm lead lu bewen: S.C.: 8

1 cm plastic sctntillator (seen by the rams photoProton Synchrotron with the apparatus •*• sketched
"vsto-house". They are made of two pieces ofThe experiment was carried out at the CERN
I-I; system of anticoincldence counters forming the

2.5 GeV/c its value ls ~ 0.25 pb. eter plutto acinttllator, beam-defining counters;
point-like proton. At an antlproton momentum of Cerenkov counter; A,B; 1 cm thick, E cm diam
cross section can be unambiguously predicted for ; Fig. 1. Experimental layout. Plane view: D: S am Cgl·l4
recently been pointed out by Zichichi e: al. 1). The
trinsic properties of the reacting particles have
study of process (1) and its connection with the in

The physical significance of an experimental ‘¤“/ y{\ fr
like" proton ln the time-like region.

0 O 20 ben
tlon (1), thus yielding evidence agalnst a "point
places an upper limit to the cross section for reac
form factors. The negative result of the experiment

A Ithe rate of which depends on the unknown time-like

°·’*5+p-e‘+¤*. (11 •· 0* /\ , H YI rw
cess:

We report here the results of u search for the pm
yet on the proton structure ln the time-like region.
tering experiments, no information is available as ““ " H - KNTLLATOI tl
momentum transfers through electron-proton scar
has been widely investigated for space-like tour

While the electromagnetic structure of the pmwn

Received 5 June 1963

CEPN,Gzn¢u¤

M. convmzsr ·, T. msstm, rh. Murtzn ·· ma A. zrcmcm

smacu Fon ·r1u¤-mx: sraucruas or- Tum pnorou

PHYSICS LETTERS 1Ju1y1963V¤lume5,numbcr3

Figure 2.7a shows the first page of our 1963 paper [11].

the proton form-factor in the time-like region was therefore important.
have been a powerful source of time—like photons. The investigation of
OCR OutputIf in thc timc·likc region thc proton wcrc point like, this reaction would
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channel [13]. Figure 2.7b shows the first page of our contribution, with a
One year later we presented in Dubna our results with the (tt+,u‘)

counters.

techni ue cou led with a air of total absor tion lead- lass éerenkov Cl P P P E
Notice that we used for this search the already described "pre-shower"

Fig. 2.7b: Front page of ref. 13 where the results on pp —> ,u+,u— are presented.

sos

Fig. l. Experimental set-up.
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for time-like momentum transfers.
tion: S = 3.5; 250 m sec. spilling time andtic propertia of the muon and the electron

ii) check of the equality of the electromagne se) we get 50000 jg with a n·contamina·
structure of the proton in the time-like region;

i) determination ol the electromagnetic has been during the last week 10" protons/pul—
beam of the CERN Proton-Syncrotron (whichment is twofold:

As is well known the interest of this experi~ with 50% of the total circulating proton
recording:

P+p—>14+i¤· I1) whose characteristics are probably worth
using the new high intensity separated p-beamto the study ol the process:

The experiment I wish to talk about relers The experiment has been performed at CERN,

(Presented by A. ZICHICHI)

CERN. Gemva. Switzerland

M. Conversi, T. Massam. Th. Muller. M. Schnccgans and A. Zichichi

PROTON ANTIPROTON ANNIHILATION INTO MUON PAIR

Dubna, USSR, 5-15 August: 1964 (Ammizdat, Mqscow, 1966), Vol. I, 857
Proceedings of the Ihternacional Ccmfergnce. on "High-Energy Physics"
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in the time-like region.
Fig. 2.8: Front page of ref. 14 on the leptonic (e+e‘, ,u+;u’) annihilation modes of (FP)

(‘) A. Ziemcux. S. M. lizrmnx, N. Ciuunuo and tc. Gu-m; .\`¤»m» Cinmuo, 24, H0 use!).
(") Institut. dc Hccinerelics Xuelenlns. Sirnsbowt.

(`) Istituto di I-`lsica dell'ljnire|sit3\, Roma.

(4) ¢r,_;., , g = 242 nanobarn

seetiou expected if the proton behaves as a point charge
could be obtained. This number should bo compared with the values of the cross

(3) d§‘§,‘lZ , Q < 0.54 nanoborn (I nunobarn == 10-*** cm:)

that only an upper limit for miirihilation into lepton pairs of
four·momoni.u¤n tiruisfers. In practice the eruss-section was shown to be so low
lenoo of the electromagnetic interactions of the electron and the muon for iimelikc
form factors for timcliko four-momentum transfers and secondly to check the equiva

Tho aim oi the experiment was twofold: firstly, to measure the ¢~1cctrom:zguet=ic
pointlike.
and (2), which was calculated assuming that the proton-photon interaction is
thc belmviour of the cross-section as ai. function oi the ii momentum for processes (1)
knowledge- of the ii {tux as rt function of momentum at the CERN PS, together with
requirement of the maxinnun number of observable events predicted, using the
niomentum transfer oi 6.8 (GeV/c):. 'Hic choice ot this q=-value was dictated by the
2.5 Gc\’[c incident mitiproton momentum, which corresponds to a timeliko four
which wai suggested by Zicmcur ct al. (I). The experiment was carried mu. at

17 + 1>·· it + it .(2)

(U 17 + p—· E + <> .

ccsscsz

This letter reports the investigation of the proton-antiproton annilxilntion pre

(rieovuto il 6 Novembre *1965)

CERN · Geneva.

M. Coxvx-zxsr ('), T. Mwssair, Tn.·)Iur.man (") and .·\. Zicmcm

at 6.8 (Go\'[e)* Timelike Four-Momentum Transfer.

The Leptenie Annihilation Modes of the Proton-Antiproton System

Serie X. Vol. 40, png. GLl0—7nl

scinwrirlousll !e’m•rn Gimenzo
snuvncc u·mronnA1·iox

?l Novombr "lt*’ " ‘° " "
__ C E R A

Iii. Coxvicnsi. ul ai.

2.8 shows the front page of this paper.

(e+e‘) and (_u+;,t‘) pairs were published a year later (1965) [14]. Figure
sketch of the (_u+;L_) set-up. The results with simultaneous detection of
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pairs produced in hadronic processes.

(Fe") { <u+u·> (eil?)

large solid angle set-up able to detect simultaneously

2.10 [15-17]. These are examples of the results obtained using the first

mixing investigated using the (e+e“) channel alone, as reported in Figure
in Figure 2.9. Another example of "standard" physics is the (0)-4))

[ll-14]. The present status of this physics —— 30 years later ——· is shown

(EM) structure of the proton in the time—like region was along this line

accepted standard physics. For example the study of the electromagnetic

simultaneously electrons and muons had to be justified on the basis of

framework of that time, therefore a powerful set-up able to detect

Lepton different from the known ones was outside the theoretical

originally pointed out by V.F. Weisskopf [40], the search for a new Heavy

Hence there were no time-like photons available for its production. As

U [PP ·*{6 Hm]
—> Q+9_ point-/ike > 500 '

—} 8€

G (pp —* ig [fw
+_ \ t/me-/ika structure

Heavy Lepton carrying its own leptonic number, but because

there could not be (eIu+) pairs, not because there was no production of a
lower than the expected point-like value. Thus, for practical purposes,

the time-like region. We proved that the cross section was 500 times

Our result established the non—point-like behavior of the proton in

photon could not be (Ep).

perfectly mastered; (ii) the primary production process for the time—like

worked as expected: in fact the enormous background had indeed been

Heavy Lepton search, it gave two signals: (i) the (eu) pair technology

information obtained by R. Hofstadter in the space-like region. For the

time—like region is a basic one in its own right; it supplements the

The experimental investigation on the proton form—factor in the
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various theoretical expectations.
Fig. 2.10: The (c0—d>) mixing: the Bologna-CERN result [15-17] compared with the

md,1`(q>—>e+e‘)
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the first evidence [11-14] by the Bologna—CERN group.
Fig. 2.9: Thc present status of the time-like EM form factor of the proton 30 years after
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Likewise, the positively charged heavy muon (M +) was given the positive
number identical to the lepton number of the known negative electron.

The positively charged heavy electron (E"`) was given the positive lepton
assignment of opposite electron and muon lepton numbers, respectively.

The distinction with the known "electron" and "muon" was the

advocated were again electron—like (E) and muon—like (M) [43].

attempt to avoid divergent neutrino cross sections, the Heavy Leptons

Even later, when "theoretically wanted" Heavy Leptons came, in the

spectrometer (Figure 3.3).

where heavy stable muons were searched for with a single-arm

for heavy stable muons by Martin Perl and collaborators (Figure 3.2)

investigated, and the first page of an experimental paper [42] on a search

(Figure 3.1), where the heavy electrons and muons were theoretically

let me show the first page of a theoretical paper [41] by Francis Low

ln order to recall the theoretical and experimental thinking of that time,

PV _> NY

e‘—> ey

plus a ty:

These excited states were expected to decay in the known leptons

lepton number.

excited electrons (e*) and/or muons (,u*). None of these carries a new
Heavy Leptons considered worthy of some attention were of the type

Schwartz-Steinberger discovered that there were two neutrinos, the only

stupid to have two neutrinos to do the same thing". VVhen Lederman
vu ¢ ve, Leon van Hove, at CERN, was saying: "Nature cannot be so
theoretical trend was "there are too many leptons". Before the discovery

The interest in Heavy Leptons, at that time, was very weak. The
definite experimental proposal, 3) and proved to work.
studied 2) nor the way to look for it was investigated, worked out with a
group: 1) the idea of a Heavy Lepton with its own neutrino was seriously
To the best of our knowledge, during 1960-1970 nowhere but in the BCF

(1960-1970)
3 Excited Leptons (e*, if) and Long Lived Heavy Muons



electrons (e*) or muons (;1*). OCR Output
Fig. 3.1: Front page of ref. 41, where the Heavy Leptons considered are only excited

of the e' in the several hundred MeV range, (2) The electron might be coupled to a bos¤¤.
perimental point of view. Assuming a mass possibly of the kind referred to tn refere¤¤= 3
This is the most favorable ease from the ex· spending values of the electron•positron mas!.

ron par-proucton cross section ac
JN0 eel v•H·¤- (I) my), as well as an anomalous electron-|>¤$l· uy " tidit orre

(at center-of-mass energies C0l¤|>Z!°}b)c W
form
electron, e', with a magnetic coupling of the Compton scanning ol electron and photons

R to me electron) would be an anomu
me cuhd of me minimal imencuom coupling (1) The electron might be coupled to a heavy alos

A further consequence of the exlstellte of mental problems ln that case are much harder. n
1 heavy una hd of hydrogen equally wen to muon; ‘“*‘°"‘“ the experi
cosiderlon R N be adnuzeous w use of electrons. Evidently, all remarks apply ;;
.hiwhich a breakdown might occur ln the physics feiF; si
. _ We discuss briefly three possible ways in ig;-fcgi: zzzt? guigsg

age rings
of maximum Photon energy or dsc etect 'target without the necessity of waiting for stor- d

ing the electrodyhamic System from the nuclear

cases have the additional advantage of isolat
could again be observed as a missing mass.

direct checks of QED. They would ln many
II the photons are tagged for energy, the c'

tion physics. These experiments would be
and photons just as is done in str¤ng—lnterac Le •y. (5)mass spectrum of groups of final electrons

y ep - p • g eg'
particles by locking for correlations ln the
iments which would search directly tor such the reaction

This point of view suggests a class of exper The e' could also be produced by photons in
to electrons, muom, and protons. mass plot of the final ¢ +y.
the masses of hypothetical particles coupled tron. It could also he observed directly in a
to the coupling strengths and lower limits to mental evidence of an excited state of the elec·
would be expressed in terms ol upper limits gle distribution. This would be direct experi

imental confirmation of the predictions ol QED mass peak in thc recoil proton energy and an
breakdown. In this language, continued exper The e' would be observed as a sharp missing
consistent way that we have to describe a real
matrlx theory), and is the only qeoreticall Le ey (r-·l0*“sec). (Z)
ideas of ordinary quantum field theory (or S

p ee · p •·e'
other particles} This is consistent with the
terms of coupling of electrons and muons to

The simplest reaction to produce the e' wouldly way for such a breakdown to occur) ls in
automatic cutoff.scribing a breakdown of QED (and a more llke·

A much more natural theoretical way of de lng other particles) which would provide an

a "cul-on." remrmalluble interaction (necessarily lnvolv.
ory would reveal a *eutotf.' or perhaps even the low·energy manifestation of a minimal,
guage, an experlmenul deviation from the the nor renormallzable. It would presumably be

Mev. The lnteractlon (l) ls neither minimalthe theory has been found to hold} ln this lan
In terms ol a fictitious "rad1us" down to which lorbldden. Otherwise, we must have men sop

K•¢•v and K-·eru •¤are moderatelyThis agreement lu: usually been expressed * "* '" °
cutoff ls assumed and provided the decaysfound to be In agreement with experiment}

trons, moons, and photons has so hr been pllng strength he/my, provided a reasonable
exlstlng experiments are consistent with a ug.The quancum electncdymmlcs (QED) cl elec

(Received IS January 1965)
Xusachuztu mtime of Technolog. Cambridge, Kassachucm

Physics Depanmnz and laboratory of Nuclear Science.

F. E. Low

HEAVY ELECTRONS AND MUONS•

V¤u:¤:l4.Nc¤¤u1 PHYSICAL REVIEW LETTERS lifrnnuuuxs

muon. All this is shown in Figure 3 .4.

lepton number identical t0 the lepton number of the known negative
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photoproduction processes at Stanford.
Fig. 3.2: Front page of ref. 42 on the experimental search for heavy stable muons in
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(unpublished) and (private oommunintion).
*Y. S. Tsai and V. Whitis, SLAC Unc: Handbook, Part D I at Ru. 98 1962):E W. Bd:. .i.,°°<£!.i"“....‘il; &_%..,$.¤.»...i.

Loudon, England.
frfxe from U¤lmal0l IA¤d¤¤,grl§° §£;.»§·¤..¤...%?f»ré}- £.n.?&‘ g)1,407(l557);S.Il:B¤¤m¢id' ‘M&d¤to2S,&

mentary-particle physia. One is to understand and to F. E. L¤w, 14, 2%%) , F. I. H. Farley. °'‘"‘‘ *’·"‘‘“
In our mind, there are two basic problems in de d y into heavy muo¤s' ing to

F e¤mple,thefactthatKmmnsare tobservedtoPARTICLES
p ction of hypothetiul particls in s c pEHSTENCE OF ELEMENTARY
phys' involved. This is true also of 'mats of theH. GENERAL CONSIDERATIONS ON THE
idus based on our current und ding of the
pected fo 've, wukly-in particlu. Thsewe would have detected them.
preconceived ° ifetimes are to be exof the proton and a lifetirre similar to that of the kaon,

¤ for new partidu should not be inhibited byinteracting particlu existed with a mm lcs than that
its solution. We therefore believe that experimentalmake the positive statement that if such no¤·strongly
unlikely as strangens was, may be required forof Tsai and Whitis' for spin-} particls enable us to
seems so little understood that some new concept uand zero spin. ’I`he ruults of these calculations and those
the strong interaction. ’I`he rnuon·clectron problemmagnetic pair production of particlc of arbitrary mass
an example only, consider the elle-ct of strangeness onalculations, dccribed in this paper, of the electro
which could alter the ruult by orders of magnitude. itshave not found any new particls. We have made
that no radially new feature enters into the interactiontimes that of thc muon. Within these limitations, we
ever, all such calculations make the basic usumptionscc, and with a production cross section at least IO"
tion of its mass. Many authors have done this} Howcharged particla with lifetimes greater than 5Xl0"
its lifetime and its effect on known procxa as a funcmight be found. This experiment was sensitive to
postulate the existence of a new particle and to alculatelimits in some ways the properties of the particlc that
cause the interactions an be ulculated, it is possible toIn any surch for new particles, the method of search
so dissimilar in mass yet alike in all other aspects. Bemd non·strongly-interacting particlc.
existence of both the electron and the muon, particleand provision was made separately to detect strongly
calculated. In particular, there is the puzzle of the¤ted in looking for non·strongly·interacting partidc,
the electromagnetic and weak interactions can bethat beam to be detected. We were particularly i.nter
why these particls and no others should exist, altho· ;hcounters which allowed particls of various massa in
two types of neutrinos. There is no understanding ofsecondary beam and a pair of differential gascerenkov particles are the photon, the electron, the muon, and theThe experiment consisted of a momentum-analyud
strongly, the situation is very different. The only knownhigh-energy photcns—up to 18 GeV in this experiment.

In the use of the particles which do not interactcelerator provides for the first time an intense source of
and predict the multitude of partici:.the incident photon. The Stanford linear electron ac
a correct theory of the interaction would also explainhas an antiparticle and that there is sumcient energy in
part of the interaction itself, so that one can expect thatpairs, any charged particle un be created provided it
nanc¤ in the strong interaction seem to be an intimateward: was that through the photoproducticn of particle
numerous short-lived particlu which appear as racwt have strong interactions. The buic ida behind this
st.rongly·interacting partiels. The mesons and thementary particls, particularly for partida which do
related. 'I`his can be seen most cl¤.rly in the cue of the

accelerator to search for hitherto unknown ele
the possible kinds of particles. The two problems are

E have used thc new Stanford linear electron
what particlu exist and to formulate rula which limit

L INTRODUCTION calculate how the particles interact. 'I`he other is to leam

time lay in a deinilc nngc, did they uisl.
to rule that this upcriment would have detected non-str¤ng|y·int¢rac(ing panklu whose mas and life
No new partida were (ound. Cnlailalions of lh: Bethe-Héder procs: nr: dxribed which mak: it possible

A search lor new particles which might be produced by photons of cncrg up to 18 GeV Is ducribcd.

(R¤¤civ¤d 5 April W6!)
Iligln Eaag Phyriu Eardory, Stanford Uniurdly, Slonfurd, Calafunia PLD}

E. H. Bzuunf

Sinful Linear Aadaolor Caslc, Stanford Unisdtily, Sldnjtd, %U•n•€• NN}
A. B -1:14, _I. ux, F. Mum, M. L. Pur., T. H. Tu, W. T. Town, nm T. F. Zur

Search for N cw Particles Produced by H.igh—Energy Photous

v:·Lu¤z nu, uuunzn s',,y;ncA1.y:•:v1:-;xv xs szrrsnusn nu
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spectrometer used in thc Stanford experiment.
Fig. 3.3: The page of ref. 42 showing the schematic diagram of the single-arm

see a& Rei. L!. national Atomk Eneq Agency, Vknna, WG).
T. F. [yd-. and L W. jenkins, Nadu Hume: (Inau‘*S Pm. D bl¤hed)' · Sanford ¤r...“£.‘E..r‘i.‘§.”..“c:..?‘..‘:°£.*t......, ¤.}.?.."¤..str+,»¤w4

Fig. 8. The three tubs onud counter were fed throughLBuuad¤!.,Phys. Rev.Letterall,360(l961).
Block diagrams of the elecuouic drcuits are shown in

focus F2 is 212 ftfrom the target. C¤unter]was19it night to 21°c din-ing the day.
4 mrad, and a momentum bite of $1.5%. The second doors and the ambient temperature varied from 5’C at
diameteroflm than 10 m,adivergen¤eof&than counters, although the counters were looted out of
dispersiomfree beam in the Cerenkov counters with a sarytornakethemasspeakscoinddeinthetwo
muon·scattering experiment. It producc an almost pipe. We found that no special preautioos were neces
dsigned and built to provide a muon beam" lor a countus were connected together by a common feed
The beam transport system shown in Fig. 6 was counters together. The p&ure vwels of the two

approximately 70% muons, 30% pious. so that we did not have dimculty in operating the two
moment:. of 5.0 and 9.0 GeV/e was measured to be covered at each prmure setting and sumdent tolerance
muons and pions. 'I`he composition of the beam at known partidc, but allowed a Enite mass range to be
charged seeondarics from this target consist mainly of ruolution was adequate to separate out the peaks of the
beam to a few permnt of the muon ilu:. Negatively is the mass and p is the momentum of the particle. This
and to reduce the number of electrons in the secondary counters, giving Am/m~0.07S(p*/m‘)X1D"', where nr
absorb the power (up to 20 kW) in the electron beam, 75 mrad. This dominated the mass rsolution of the
radiation length. The rest of the target was used to ceptance of :l:10 mrad about a mean Ccrenkov angle of
is very little particle production beyond the first 3.6 annular aperture was chosen to give an angular ac·
given in Sec. IV for production on beryllium, since there counted, as illustrated in Fig. 7(la). The width of the
this target is adequately dcuibed by the ulutlations the wrong velocity at an angle to the bum muld bc
lead. The production of weaklyinteracting particle in tube put in autieoincidence. Without this, a partide of
further_ foot of beryllium, and ten radiation lengths of which the aperture is set and is collected onto a photo
by ten radiation lengths of wa.ter·cooled copper, a annular aperture is rehected from a spheriml mirror in
consisted of 3.6 radiation lengths of beryllium followed go through both. Light whid falls near, but not on, the
’I`he target in which the secondaric were produced stray track in the general direction of the beam unnot

B. Apparatus counted. The quartz windows are arranged so that a
phototubes. A coincidence is required for a partide to be

nomraliution is particularly useful. light from each half is collected separately onto two
sepantely" and is understood theoreticrlly, the muon The aputure is split in two auoss a diameter and the
counters. Since the muon yield has been measured correct vdodty is focused onto an annular ring aperture.
tnmport system or the ehiciencies ol the Ccrcnkov 12.5 cm in diam. Cerenkov light from particle of the
which dos not depend upon the xcoepunce of the and the counter is daigned to be used with beams up to
pious provide a basic normaliuticn of the experiment diagram of a counter. The radiator region is N in. long
oprntion of the system. In particular, the mucus and prasures up to 600 psi. Figure 7(a) is a dmatic
HJS. The known particle; provide indications of the sures up to 960 mi. In this experiment, CO; was used at
uuough a mnge of mass, while recording H] and The p&nt counters are designed to operate at pm

closely on a counter daaibed by Kycia and jenkins}me gas in the Cerenkov counters in order to sweep
gxing the beam momentum and varying the prcsure of The diderential Cerenkov counters were rrwdeld
hve the signature HJS. The cxpcrimcnt consisted of focus, 63 ft downstream from F2.

from F2. The scintillation counter S was at the thirdumrber 5 I t thick. Weakly·intencting particla would
upstream from F2; counter H was 33 ft downstream, sdntilhtion counter S was placed behind an iron

..`.L ¢.».L., ,,.,. •· ——-I as ann I
• ::1::~· uu Ilmgy ./·'?' Z
nm.-, I•¤¢•• ; "

- nw»

·` 'et'· ' &d& amen:ntgn
{M ¢¥P°"'“°"'*

I.-,¤_ 6, Schcnunfc diagram of
.\.... QE;/"\ ·'·°·i-¤·

lL$£

Y&§M4 §¥l4AlX |
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production and decay rates, if its mass is given. The best production

its weak properties are concemed. There is nothing unknown in the

QED properties are concemed; and a Standard Fermi Particle, insofar as

particle. Therefore, it is like: a Standard Dirac Particle, insofar as its

would it decay? This type of lepton is supposed to be the least exotic

Question l: What would be the best production process? Question 2: How

known ones —- say l GeV —— and carries its own leptonic number.

ones: e, tt) and suppose that this type of lepton is much heavier than the

Suppose you had the idea of a new lepton (in addition to the known

4 Design Considerations for our Proposal

thinking.

that time and, except for our search, also outside the experimental way of

electron and muon ones, were not within the theoretical framework of

Heavy Leptons carrying their own lepton number, different from the

muon-like (M) Heavy Leptons.
Fig. 3.4: Thc decay modes of the "theoretically wanted" electron-like (E) and

—·) Vu + H&dl'OI'1S -> Vp + Hadrgns
-—> vp + e' +_v8-9 Vu + 9*+%

+ + - * - 1 M"")Vp+LL+V|_[ M*+Vp+],|,+Vp_

——>v9 + Hadrons ——>\78+ Hadrons

·}V|_L+|,l.+V9—‘}Vp'+},I,++V9

E"- ——>Va+G++Vg E- ··+Vg+9`+{’-6



21 OCR Output

e+e‘—> H [ H Y

produce Heavy Leptons was (and is) therefore via the reaction:

hadronic collisions was found to be indeed very poor. The best way to

up started in the early sixties [40]. The production of time—like photons in

(61-,11+) pairs was already working in 1964. The construction of this set
been looked for at CERN where a powerful set—up for the detection of

hadron machines is hopeless. ln fact, as we have seen in Section 2, it had

i) Production: if a sequential Heavy Lepton exists, to search for it at

sequential Heavy Lepton would be as follows.

with its apparent absence." Therefore, production and decay of a new

been discussed. Moreover the lack of stability of this particle is consistent

in pairs via time—like photons, a process of which the low rate has already

a l GeV Heavy Lepton: in proton-machines they could only be produced

product of the rc. There is no equivalent mechanism for the production of

production of tt is copious only because of the fact that it is the decay

could never have been detected as a decaying particle "Moreover the

Heavy Lepton with l GeV mass would be of the order of lO’sec and11

Leptons exist would they have been detected?" The lifetime of a

quote what has been written in the 1967 INFN proposal [2]. "lf Heavy

number would have escaped detection in all hadronic experiments. Let me

hadronic collisions. But a one GeV new lepton carrying its own leptonic

Muons (the heaviest leptons known at that time) are very abundant in

myself.

again in a paper [Nuovo Cimento 43, 227 (1966)] by T. Massam and

"nucleons are very poor sources of time-like photons", as recalled once

But a series of experiments carried out by us at CERN showed that

T/me-/me

process would be via time—like photons:



22 OCR Output

Obviously gb at O implies R ¢ 0, while the opposite is not true.
annihilation [22]. R and ep are the acollinearity and acoplanarity angles, respectively.
Fig. 4.1: Radiative effects with and without "peaking approximation" in (e+e·)

. . Radiative effects: $#0 z·ACOPLANAR
9;*0

Gif-, uV+

Non—pe—aking approximation

. . R=O Radiative effects: COLLINEAR(1):0 }
e`, u'

€+l u+

Peaking approximation

RAD!/\TI\/E EFFECTS

Question 4: What is the background from e+e‘—> hadrons —> el`;.t·TX?
Figure 4.l)‘? Question 3: ls QED correct at these high qz-values?
Do radiative corrections really follow the "peaking approximation" (see

acoplanar (ei`_u`·F) pairs. Question l; ls e+e——> ein? possible? Question 2:
produced in (e+e‘) annihilations. But e+e‘—> eilttiy will produce
this new sequential Heavy Lepton was via the acoplanar (eI[,L+) pairs
research work brought us to the conclusion that the only way to detect

Many years of experimental, technological and phenomenological

6* + UE + UH

to the known leptons, its decays will be:

ii) Decay: as the new Heavy Lepton is expected to be universally coupled
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our proposal (Figure 1.1) and the page where the production and decay

Heavy Leptons at ADONE. ln Section 1 we have shown the front page of
INFN proposal by the Bologna—CERN-Frascati group [2] to search for

were searched for [11-14]. All this work culminated in 1967 with the

collisions where time-like photons able to produce Heavy Lepton pairs

large solid angle set-up for detection of (eip.?) pairs in hadronic
invention of the "pre—shower" technique [4-7], and the construction of the

after the first high precision measurements of the muon (g—2) [3] with the

As already pointed out earlier, the preparatory work started at CERN

Results (1970)

5 The BCF Proposal (1967), the Experiment and the First

despite its large dimensions.

needed. This detector should be highly selective for electrons and muons,

To detect (cfu;) pairs in an (e+e*) collider, a large solid angle detector is
the understanding of hadron production.

high precision QED tests;

a detailed study of acoplanar radiative effects;

the check of the validity of e ¢ y. at high qi-values;
programme was very clear: the search for a new Heavy Lepton needed:

precision checks of QED in the same energy range. Therefore, the

follow the theoretical QED predictions. This means a series of high

ee> _u,u
+" ——+“

e+e“ + e+e

pairs, the proof is needed that the standard QED processes:

to be identified as a clear signature for the production of Heavy Lepton

observed in the experimental set—up, where acoplanar (eI,u+) events have
Moreover, in order to be sure that what is expected is indeed correctly
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shown in Figure 5.2a and its corresponding picture in Figure 5.2b.

picture of the apparatus is shown in Figure 5.lb. The top-view [18] is

colliding (e+e") beam-line, is shown in Figure 5.1a. The corresponding
The perspective of the experimental apparatus [24], transverse to the

was: "Zichichi cerca farfalle", i.e. "Zichichi is looking for butterflies"

electrons and spurious muons (from pion decays). The standard comment

swamped by background: because in (e+e‘) colliders there are plenty of
and the method. Everybody was saying that the search was going to be

was divided. The majority was very much against both the experiment

(ye) method was shown to work), the scientific community in Frascati

favourable. Nevertheless, during the experiment (before the acoplanar

At Frascati the experimental conditions were expected to be much more

rt /tt S 10

rc/e S IO`3

magnitude to allow the identification of electrons and muons:

In fact, at CERN, the rc—rejection needed at least three orders of

had been built and proven to work in conditions worse than at Frascati.

detectors with high rejection power against different kinds of background

On the basis of this work we could show that large solid angle

hadronic interactions.

Our credentials were the CERN work on lepton-pair production in

angle device could be built and could work as expected.

The INFN Officials were asking for evidence that this type of large solid

needed a large solid angle detector specially designed for this purpose.

e+e‘—> HTH? + ei].? + missing energy

e+e‘——> h"`h" + anything

e+e_ —> ein;

e”‘e’—> e*e’ or .LL""LL

study:

reactions were given (Figure 1.2). The comprehensive programme to
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Fig. 5.2b: The photograph mm—:sp0nding IO the Fig. 5.2:1.
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within 0.1 nsec (Figure 5.5) [10].

system consisted of 24 counters and the relative timing could be done

measurements with AT = (i 0.35) nsec (Figure 5.4). Notice that the

The thick plastic scintillation counters provided high precision TOF

events [23].
shaded area is our estimate of the cosmic-ray contribution in the selected ADONE
reconstructed trajectory for (llli/J;) pair events contaminated by cosmic-ray muons. The
Fig. 5.3: Distribution of the minimum distance D between the beam axis and the

10 U (cm}

202 events

C+ e-__ ut uz

the event thus rejecting a lot of unwanted background (Figure 5.3) [23].

The kinematic chambers provided a very clean peak at the vertex of

Let me spend a few words on these essential elements.

iii) a system of heavy-plate spark chambers.
ii) a system of high resolution time—of—flight counters (TOF);

kinematic reconstruction;

i) a system of high precision thin—plate spark chambers for

The essential elements of the set—up were:



28 OCR Output

TOF counters [10].
Fig. 5.5: Showing the accuracy (25 0.1 nsec.) of the relative timing amongst the various

CounI¤r`Ordln¤ry Number For Ona D•|•cIcr

12Ja$6769101112

-0.1

OI. Q °•° " . '

+01

-0.1
_ iz..°l‘ ' ’•·

+0.1

-0.1

0]- _ .

+0.1

achieved resolution [10]: AT = i 0.35 nsec.
Fig. 5.4: Time-of-flight spectrum obtained using a relativistic pion beam, showing the

290 3OQ . 3]O T] in channels

50

100 ’··

l50

200

l ch=>O.l6 ns.

Counter RJ

Counts Ich
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ADONE off [23].
Fig. 5.6: Time—of-flight distribution for: a) selected ADONE events; b) cosmic rays with

-20 -10 0 *0 20 t1 - tz ch. number

$10
tz < t1

gis

lb)20

1 channel = 0.25 ns.

fg > t1

·20 ·l0 0 l0 20 t1 - tz ch. number
25

$10

*615 t1 = t2

1 e

(al
tl [

i 8+1 channel = 0.25 ns.

typical (]u+;t*)—pair event is shown in Figure 5.8.
'e" and ";1" [23]. A typical (e+e‘)—pair event is shown in Figure 5.7. A

The heavy-plate spark chambers allowed a clear distinction between

reject this background very efficiently.

compared with the ADONE (;t+,u‘) rate. The TOF system was able to

shown in Figure 5.6 [23]. Cosmic muons were at the 30% level,

An example of the value 0f this TOF system to reject cosmic muons is
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Fig. 5.8: Typical ,u—pair event, as observed in the ser—up of Figs. 5.1 and 5.2 at ADONE.

at ADONE.
Fig. 5.7: Typical electron—pair event, as observed in the set—up of Figs. 5.1 and 5.2

W 4 i
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reproduced in Figure 5.11.

at the Erice School. The front page of the corresponding preprint is

ln the same year 1970 other results were reported by the BCF group

final states.'

gas interaction, cosmic radiation, or from simulation by (cia;) or (pg?)i

Background sources for this reaction are proved to be absent, from beam

_,_ __ . e e ——> lepton + antrlepton
_ _ S 2-10* with 95% confidence

e+e‘——> cfu;

number of observed lepton pairs, we get:

No events of type e+e—é ey were found, and from the total
proof that the presently known leptonic selection rules are violated.

events with an electron and a muon in the final state would represent a

selection rules for high space—like and time-like qi-values. Collinear
reaction allows one to establish the validity of the leptonic number

number conservation from e+e‘—> eiit? [20]. "The study of this
Let me report what has been published by us on the test of lepton

where the quantitative result is given.

rules (e ¢ it) [18]. Figure 5.10b shows the relevant page of this paper,

first paper on the study of the validity of the leptonic number selection

Lepton production is shown, and in Figure 5.10a, the one relative to the

In Figure 5.9 the front page of the paper [19] on the first limit for Heavy

[18, 20].

for (e+e‘) and (,u+;.t‘) pairs produced in (e+e‘) interactions
showed that everything was following QED expectations

coupled to acoplanar radiative corrections. These detailed studies

leptonic number (e ¢ lu) at high qi-values (time- and space-like),

events were found, these could not be due to the violation of the

ii) on a series of experiments to demonstrate that, if (eljuf) acoplanar
i) on the Heavy Lepton searches at ADONE [19];

were published by the BCF group:

And this is how we reached the year 1970, when the first results

Notice how clean the electron—pair and muon—pair events are.
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Heavy Lcpton in (e+e‘) annihilation.
Fig. 5.9: Front page of ref. 19 on the first limit for the production of a new sequential

ll56

(H Rl. Lkixvmust, T. NAIA!. Tl. llrcuzn and .\. Ztelltlllz .\'uoro Cimenlo. GOA. 690 (M65).
possible eonaeqirenoe of the HLAC results. This point will be dlscusscd turthcr In a torthcomlnq note.
covered at HLA? could alter this statement. However, as yet. no ltrm •xpcrl¤re¤tal results exist. on this

(·) T. M.u•s.t¤ and A. 7.rc•¤¤u: .\'¤m¤ Cimuta. H A, :09 (1966). The deep lnelasue cnet dis

which. in thc one-photon approximation, is described by the Feynman diagram

(l) e‘c‘-·HL+HL.

The most favourable mechanism for the production of a heavy lepton HL is
of their form factors as the lou-momentum transfer increases (').
that uucleons are very poor sources of timelike photons (l), owing to the rapid decrease
machines they could only be produced in pairs via timelilce photons, but it is known
mechanism for the production of s heavy lepton with a mass of about l GeV. In proton
decay product of a very commonly produced particle. the 1:. There is no equivalent
tion of the heaviest lepton known so far (the muon) is copious only because it is the
a resonance in the lepton system. Furthermore, it should be noted that the produc
they could never have been detected as a. decaying quasi·stable particle, but only as
and ~ 2·lO‘“s at 1000 MeV mass values. Thus, for masses in the region of 1Ge\',
assumed. then the lifetime of a heavy lepton is predicted to hc ~ 3- l0‘“s at 500 MeV
ments. If universality for the coupling of this new lepton to the known leptons is
fore in order to ask whether heavy leptons could have been detected in previous experi
leptonie states exposes one of the most striking puzzles of particle physics. lt 15 there

A comparison between the long list. of hadronic states and the very short list of

(riocvuto il G Xnv¤·mbr¢· lll70)

/.nI·nmI0rf .\°a.:imur(( ele] ('.\`I;`.V · Fraurulf (Roma)
Inrliluln ali Fisica ¢lell`(`nii·er¤i`lh · Bologna

Ixlilulo .\`u:iouaIr di Fiuira ,\°nrIeare · Sr:i0nr 1H Ifalognn

CERN - Genera

'l`. M.ss:·.ul, l.. lloxsni. l-`. l’.u.nox.uu and A. Zicnicni

\'. :\i.i.v.<-Bmu;r.r.r. Xl. Brznxanmxi. U. lloi.r.ixi, l'. l,. Bnrsixi.

Limits on the Electromagnetic Production ol Heavy Leptons.

I.!-il"l‘l·.|u~; u, vu uni ¤·m•·;sr·• \‘¤u.. iv, x_ is I: l•ia·•·m|nr•· Il|7t)
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Fig. 5.10a: Front page of ref. 18 on the study of the validity of the leptonic number
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f') A. Zrcucut: Suppl. Saou ¢f••¢••l•, I, IH (ilu).
eleamsqarlm mum mg. !.$¥·u{:s (frascau, xomwooi.

t•) 1··. anu: sl st.: Noustqu (rt cxsx. 10. tn fllucln isms 4Do.ws. Ile Fmxult 1.6 oev

((0.38+3.4) (Ge\')*) spaccllke, and ((2.0+4.0) (Gc\')*) tinwlike.
range of momentum transfer associated with the photon at thc (ue.-Y) vortex is
ranging from 0.8 Go\' to, I GeV, in the angular range (45+l35)°. Tin- corresponding

Tho data presented here result from the analysis ot e°e‘ collisions. with energies
numbers. it is of interut to study their validity rs. q'.

However, as nobody knows tho roason for the t-xistonco ol tlwso two leptonlc quantum

(3) p.‘+nucll·us·•(nuclcus)'+u' .

u*—·¤*+·r .lg)

oro th.- unob.u·n·od processes
values (rf :0.01 (G•·\f)*) it ls known that prm:¤·ss (ll is strongly elupn-ssed. Example-s
rule. Both sou of rules would bo vlolntvd by tln¤cxist•·i1c¢·olpnn·t·s•t(ll. l·'or very low q·‘
namely: a) two adtlitivo se·l•.~ctiou rulvs: la) nn aalditivo uml a n•ultipli•:uti\·a• st·la·•:tl•»n
of s•·ls.·•-tion rules G) which distlngnisls tim ecltwrtrun world • from tln·¤ mmm worlrl ·;

information does not allow u distinction to bc ninth- lwtweon the- two alternative c-ltuuuos
currently known lvptonic selection rnlvs nre \°lflli\tL'd. The- m·nilnhh·•·xp•-rinioutal
which. in tho one-photon approximation, can take- place if nt th.- pa-.-; ve·rt•·: tho

(1) o‘e'-·p.‘e=,

nn experiment to look for tht- po•rslbh· cxistvneo ul tho prot-¤·»•
Using the Frnscati (c*¤') colliding·b•·aani ntnclllnc (ADHXE) (') wo lnuvo pe-rfornml

" (ricovnto il 6 Xovcullme lll7n)

Laboralori Nu:iou¢tH del CXEN · Fmsrafi Uhnaul)
Islilufo di Fisica drll`C'nir¢reild · Bologna

Ivlifufa Xauionalr ali Fiuira Nuclear: · Srziose di Bologna

CERN - Genera

T. 1I.tss.xx. L. Alosnm. F. l’.u.xos.uu and A. Zicmcnt
\'. Annu-Bonuu. ll. Bnnsnnorxt. D. Bonus:. l'. 1.. Bnrsisr,

for the (po-;) Vortex at High Four-Momentum Transfers.
Vslldlty of the Leptonlo Selection Rules

Serie I, Vol. 4, pag. 11.31-Ilan

Leflere al .\'uuro C‘inu·»lo

lt llivounbro 1970

V. ALt.zs·Donr·:r.r.x, etal. _
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95% CL limit on the (e+e— -+ ef,u+/ e+e·—-> l l) branching ratio, with l = e, [.1.
Fig. 5.lOb: The page of ref. 18 where the relevant quantitative result is given, i.e. the

F. Amr.u¢, M. Pnncrnr, and their collaborators.
design, construction and running of the oo1liding·beain facility: Profs. B. Touscuax,

Finally our gratitude is extended to those who are responsible for the invention,
mm, J. Bnnmzns, F. Mmrznrr, F. Missnna, G. Monmam and O. Pomnossx.
skilful work and friendly assistance at all stages of the experiment to G. Bsccm:·
of the experimental programme, and we would like to express our appreciation for the

The technicians of our group have devoted their greatest oiorts towards the success
B. P. Gm-zconr, P. Pmziswznx and G. Coccoxr for having maintained the support.
tion has been established. \Ve are very grateful to them and would like to thank Profs.
Prof. G. Purrr Director of Research. It is thanks to their support that this collabora

started at the time when Prof. V. F. lVmssK01>F was Director General at CERN and
This experiment is a collaboration between the University of Bologna and CERN ,

U U i

:.suo•v>‘

F""'(q’) dq*' <10·* .
•.¤(o•v1* F 1

while if only the timelike range is responsible for the violation, the limit turns out to be

o.u<o•v>*

l. F""(q’) dq’ l < 2- 10‘° ;
a.uc.v>’ I r

range then
If we assume that the leptonic selection rules are violated only in the spacelike

tl.¤¢Ilk•

umqv<c•vi*

._' i _F¤~·Y(qz) dqz + I F¤•Yi¢"a{;: I < 2 .10-J _
i.UG•V)’ |.0(G•V)* _{•-fi

selection rules§onr rggiilts imply that
{. l r in tedns of a form factor F“"'(q*) a possible violation of the leptonic

with 95°’ con ence
se ;Q

e*e‘-» lepton + lepton<o,...[
__: -—~~=·"“°"\< + —_’ t $ ——ii—°———~—° H-.-<2·10" I l

we obtain the following; r limit for the branching ratio
From the total numbeiyof rved leptons pairs, N(lepton+ah\tilepton)=1762;}:45,

quoted in Table I, has presented gp-good candidate for a (union-electron) pair event.
g: The analysis of the data, j;gke1i` at the various energi _nd with the luininositiespair event is shown in Fig. 2 an<L;i,,t r—·g{is shown in Fig. 3.

very clear electromagnetic showers in the hea - late chambers. A typical electron
strikingly different and clearly distinguishable signatures. Electrons and positrons give

The selection of e's and y.'s turns out to be simple in this set·up because they carry
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School of Subnuclear Physics (issued in 1971). Figure 5.12 is the first

Cimento and the Proceedings of the 1970 "Ett0re Majorana" Intemational

These results were later published in [20-39]: Physics Letters, Nuovo

at ADONE were presented.
relevant results by the BCP group on lepton and hadron production in (e+e—) annihilation
Fig. 5.11: Front page of the CERN preprint (later published as ref. 20) where all the

New York and London

To be published in: "zlementary accesses nt High·Energy" - Academic Press
price 1 — 19 July 1970

Paper presented at the E. Hajoraua International School of Physics

Laboratori Nazionali di Frascati, Italy

Istituto di Fisica de1l'Universit§, Bologna, Italy

Istituto Nazionale di Fisica Nucleare, Bologna, Italy

CERN, Geneva, Switzerland

(Presented by A. Zichichi)

T. Hassam, L. Honari, F. Palmonari and A. Zichichi

P.L. Bruuini, E. Fiorentinc, P.L. Frabetti,

V. Alles·B0relli, M. Bernardini, D. Bollini,

STUDY or Ltgzcrg FINAL srxrzs rxonuczu IN JJ INTERACTIONS

EUROPEAN ortcmtnriou FOR NUCLEAR iu:s£ARcn



in 1970).
preprint already issued OCR OutputFig. 5.12: Front page of ref. 20 (corresponding to the CERN

ACADEMIC PRESS NEW YORK AND LONDON

I9‘Il

(•) rmeaiea by A. zsanui.

consists of four similar telescopes. two on eaw ide of the colliding beam
Figure 1 shows n nimplined sketch of the experimental set-up, which

I. The experimental •d·up.

where h stands for chadrou ».

,¢
.¢ e*e"—> h*h* + anything ,

e*e·—• h*h*,

(d)my Q Ad ` e*e·—• e*p*+a.¤ything,
we--•c*v·*.

(5)I t Z ¢*¤‘—·•~ it ·
y c*¢’-> e*e*,

tions have been studied:
Using thc Frosmtl colliding beam facility, ADONE, thc following reac

Labovotorl Naxlonall dl Froaeotl · Frumli (lama)
Inttuto dt Flttca dell'Uni¤¢uita - Bologna

lxtinuo Nazionale dl Flsica Nncleare · Dolan

CERN · Geneva

E. Fnoxzmmc, T. Munn, L. Mount, F. Pnwoum md A. Zicu1cm(•)
V. Au.u B0nu.u. M. Bsnmnnmr, D. Bocum, P. L. Bnumm,

Produced in c* e' Interactions

Study of Charged Final States

and the Weizmann Institute of Science
ed by the Regional Slcllian Government

Inter tonal School of Subnucleor Physics H1 Pl-MRST Advanced Study Institute
Tuare M¤jor¤M’ lnlemaubnal Centre for Sclcntmc Culture

ELEMENTARY PROCESSES

later [20].

page of thc 1970 Ericc Lecture, as appeared in the Proceedings one year
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validity of crossing symmetry in QED [21], as shown in Figure 6.3.

(2.8 i 0.4) % in our experimental conditions. We had also checked the

our paper, and Figure 6.2b the page where we established the effect to be

acoplanar radiative effects [22]. Figure 6.2a reproduces the front page of

In 1971 we published our results on the first observation of
ranges

muon family has additional members with masses in the several—GeV

Within five years, through this process, we shall know if the electron

present report).
e+e_ —> ,u’+ + ,u" (ILL' 2 HL of BCF group in ref. 5, i.e. ref. 19 of the

the process

accelerators where charged leptons can be copiously produced through

can be overcome in the newly developed electron—positron co11iding—beam

It is interesting to read what he says: "Fortunately these problems

in Figure 6.1.

ref. 5 (our 1970 results, i.e. ref. 19 of the present report) is reproduced

this first Heavy Lepton paper (1970). The relevant page where he quotes

published a paper in Physics Today [44] (July 1971), where he refers to

Our 1970 paper [19] triggered a lot of interest. For instance Martin Perl

3 GeV to Higher Energy (1971-1975)

6 The Heavy Lepton and the Acoplanar (e,u) Method from

searches, at Frascati and elsewhere.

(e—”*,u+) pairs, became known the world over and stimulated other
group) and the method to look for it, i.e. the detection of acoplanar

first as Hf later as HLI, and finally as LI in the publications by the BCF
on HL published in 1970 [19] the notion of a Heavy Lepton (indicated
neutrino was clean and not swamped by background. From the first limit

method to search for a new Heavy Lepton accompanied by its own

The results proved that, in an (e+e‘) collider, the acoplanar (ein?)
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published by the BCF group [19] is referenced as ref. 5 (supcrscript).
Fig. 6.1: The page of the article by M. Perl [44] where the first Heavy Lcpton paper

mvsia Tooav / Jutv uri 35

__ .. an ··•—‘ m *

Figure 1
Sao also cover photograph and figure 6.
atorooscoplc vl•w (lower set of tracks).
chambers (right). Mirrors provide the
center) and then through six spark
left) pass through the magnet (left
a hydrogen target (out of sight at the
scattering at SLAC. Muons scattered in
Measuring muon-proton inelastic

F Numerous experiments, many hav propertis of the muon and then discusstors where charged lepton: can be copi
techniques I will first discuss the statictron-positron colliding-beam acceleraThe evidence can be summarized:
surveying the ruults from thk range ofovercome in the newly developed electhis knowledge docs not go very far.
scattering at energies above 10 GeV. InFortunately these problems ·can bethere are no other charged leptons, but
muon-proton elastic and inelasticunsatisfactory answer; as far as we know charged leptons were not available.
1.9 X l0"‘ GeV) to measurements ofcharged leptoru'?" we must give an `that could copiously produce heavy
·muoniuru“ (4500 MH; equivalent toness of past searches is that reactionsthe electron part of a larger family of
ments of the hyperfine structure ofTo the question: "Are the muon and 3. A second reason for the incomplete
range from radiofrequency measurethe decay processes in equations 2 andAlarger family?
have been used. These techniqueslifetime of about 10"‘ seconds due to
the tremendous range of techniques thatton with a mass near l GeV will have atype of measurement.
search for muon-electron differences ismore and more difficult} Thus a leplater, B an illustration of the second

One of the beautiful aspects of theand shorter, making direct detectionmnt (see Ggure 1), which I will describe
increases, its lifetime becomes shorterThe deep inelastic-scattering experi· Static properties
that as the mass ofthe charged leptontration ofthe first type of measurement.

ma ~GeV ranges.One reason for this incompleteness ismagnetic ratio of thc muon are an illus
rs withhas additjfor such particles have been incomplete.yrccbion mt:asurements“ of the gyro

GeV have been found. But all searchPreviously measured. The recent high· we shall know if the electmwmuon
Within live years, through this pgeasure properties that have not been > No leptons with masses above [5

masses below 0.5 GeV.gg with greater precision or one must e* + ¤' "‘u" + u"
have shown no additional leptons wione must either measure known pr0per·

usly produced through the proc¤°ing to do with the decay of the K meson,br this scccnd direction to be fruitful,
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at ADONE.
Fig. 6.2a: Front page of ref. 22 on the first observation of acoplanar radiative effects

149

iltb puking approximation.gular distribution properties stated above.
dlctloe bssod on the llrstwrdor rsdlstlve correctionscentre·of-mass system, which results ln the an
energies. The dotted histogram ls the theoretical pretlal state impart s non -zero velocity to the e*e‘
Fl;. L Cdllnesrlty dlstributlon integrated over all

ltnearity ol the pair; photons emitted in the lui
emitted ln the final state do not destroy the col
tron or positron llne ol Illght. Thus, photons

0 ¤• D' W 1D' Q' 0 V Us
whose direction ls assumed to be along the elec
to any one of the tour electronic legs, a photon
ing approzdmatlon essentially consist ln adding
The tirst·order radiative corrections with peak

X.
•* •' •t

by their Interference:
is described by the two Feynman diagrams and

• HIn the one-photon approximation. reaction (1)
tal apparatus has been described elsewhere [2\.
tering angles from 45° to 135°. The experimen ml

ITIS wsc.m. energies {rom 1.6 to 2.0 GeV. and lor scat
•'eL• ego:cati colliding beam facility ADONE for total mr

We have studied reaction (I) using the Fras
be in a plane containing the colliding beam axis.

¤ I
pair could have a large acolllnearity angle. but
predict that the IInaI~sL¤te electron-positron

(1)e*e' -• e*e*

tion

ing approximation [I], when applied to the reac
w »First-order radiative corrections with peak

In radhtlvc corrections Is measured to be (2.8 »0.·I)'.§. In than avrimunul oorditlona cf observation.
ar mul ccnnru-of-mass energies from 1.6 Gcv no 2.0 Gu'. The uuduquacy at the peaking approximation

49 e*e' nan-collinear, non-ccplanar events have been observed in a andy of Iuzl u°•` Interactions

Received 5 July I971

Laborutori Aiziunali all Fmscsti, Italy
lsliluln dl Fisica dell'Universil&, Balagu, llaIy

Islilulo Nazionale all Fiaica Mwleare, Bologna, Italy

CERN, Geneva, Suilzcrlad
F. PALMONARI and A. ZICIUCHI

P. L. BRUNINI, E. FIORENTINO. T. MASAIM L. MONARI,
V. ALLES BORELLI, M. BERNARDINI, D. BOLLINI,

APPROXIMATION KN RADIATIVE CORRECTIONS

EXPERIMENTAL PROOF OF THE INADEQUACY OF THE PEAKING

23 August 1971PHYSICS LETTERSV¤lum• JGH. number!

sC1£:ar1•‘tQx‘:.
unvncr. n·r>»··nm.u*•··>

cunr;
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radiative effects measured at ADONE is given.
Fig. 6.2b: The page of ref. 22 where the relevant quantitative result on acoplanar

isi

planned to calculate radiative corrections for

ssl.that the work of Bonneau and Martin, originally
[4] G.Donneau and F. Martin, Nucl. Phys. B 27 ’1971)satisfactory [P(x2)~ 15%]. It should be noticed

A. Zichichi, Nuovo Cfmento Letters 4 (N70) 11:30.data in tig. 3, and the agreement appears lobe
Brunlnl, ’l`.Mn.ssam, L. Monari. F. Palmonari anddistribution is compared with the experimeuul

[3] \'. Alles Bcrelli, M. Bernardini. D.Bollinl, P. L.
of Bonneau and Martin [4]. This expected lof lished.
distribution for (e=e$) events following thework in e‘e' interactions at high 42 values, to be pub

F. Paimonari and A. Zlchichl. Direct check of QEDtions, we have computed the shape of the lol
lsruninl, E. Fiorentlno, T. hlassam. L.)lonarl,tion ln the calculation of the radiative correc

{2) V. Ailes Borelll, M.Bernardini, l).B¤l1inl. P. L.counted for by removing the peaking approxima
Iii G5/7 (1.965).

In order to see lf these events could be ac (1] S.‘l'avernler, These do Doctoral me cycle), Orsay,
of these events is shown in fig. 2. Rcfcrcuccs
point-like cross-section. The R·¢ correlation
background level as high as ~ 1007 of the pim
cross-sections where they contribute a lata

been measured to be (2.8: 0.4)%.
the measurement of mu1ti·hadron production our experimental conditions of observation has
[3]. They are also of particular importance in tion. The inadequacy of this approximation in
leptonlcevents, as for ezmmple the heavy Iqton tions without the so-called peaking approxima

urces ot non-collinear. non-coplznar it is necessary to calculate radiative correc
point of vl ut also in connection with other one cf the cleanest QED processes, reaction (1).
events is cru , not only from the pure QED

We have thus show that in order to understand
Obviously the erstandlng of these 49

the same it initial or final leptous radiate.
peaking approxlma . and this spectrum is expected to remain almost
is our measurement the inadequacy of he momentum spectrum of the radiated photons,

tribution is essentially given by the angular andZ. (z.¤ * 0.4)%
(e+e-) state. However, the shape ot the ]¢| dis_ number oi coping: (e*e¥) events :175
the radiative emission occurring ln the finalQu- of non~co§;nzr (e*e*) events 49 (e+e·) annihilation into hadrons, did not include

Volume 2 PHYSICS LETTERS 23August1971
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Fig. 6.3: Front page of ref. 21 on the study of QED crossing symmetry at ADON E.

376

(·) 11. Gzu.·¤sx¤ sad ll. L. Gournuon: Hu. Rev., 96, tn: (D50.

which have been studied at Frascati using the colliding·beam facility Adone.

i2) ¤*¤’··u*v·* .

(1) e*a" -· e*o* ,

comparison of tho following two loptonic processes:
The experimental check we propose for this QED crossing synnnetry is based on

being the value of the variable q'.
tion is the same analytic fiuictinn for tinwlikv and spaeelike processes. the only change
tion between the lepton and the photon, crossing: synmwtry says that this vertex func

lf we- call F “·V(q’) the vertex function which aleserilws the eleetronnngnutic interac

ll) Spscellke dlagum.I) Tlmcllko

L-,r ~s` L L- /

L"•` ,z L"

or muon.

approximation. this is shown in the tliagrmns below, wln•r¤- L stands for either electron
comparison between tinielike and spacclike lepton-photon proe•·s.u·s. ln the one·photnn

A straightfurwarel cheek of QED crossing symmetry would be possible through a
being the only working example ol lielel theory, it is in•h·•·¢l crowning symmetric.

.\ hundnmental theorem of quantum liolel theory is cro••••iu;: nylunu·tr}' (‘). QED

(ricevoto il 2 Luglio 1071)

Labomlori Na:ionali · Fmnmli
Islilulo ali Finim drll`Uuirersilo - Bologna
Islilalo Na:ionalc ali Fisim Xurlrarr · Sc:io••c di Bologna

CERN - Genera

T. lhssna. L. Moxsiu. X-‘. I’.u.nox.uu and A. Zrcnicni

\’. Annu Bonmu. M. Bznsauuixr, D. litmus:. P. l.. Dnrsixi. l-I. Flonuzsrixo,

Interaction of Leptons.

Experimental Check of Crossing Symmetry in the Electromagnetic

u·:·r·nnu: .u. ncovo cuausro voi,. 2, x. 7 14 Agosto 1971
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at ADONE.
Fig. 6.4: Front page of ref. 23 on thc study of thc clcctron-muon QED cquivalcncc

(2} •·"' t·' -—•·°•·' .

uml its mxnpanrisunn with the xp;u·e·lik<· aluntiuauvel pn·•we·»¤

m ¤F—¢f

We report here- at study uf the tinwlike pro<·•·xs

1. -· Introduction.

heavy electron. within the accuracy nt the present investigation.
cleetrnmaznetic interaction ut lt-ptonn and the muon behaves liko a
(ourmnotncntum transfer. No sian nt QED break is detected in the
the pair uf linuhatate leptnna. in two wry ditierent ran¤e• ni invariant
tions. abeolutc mtu. enemy dependence and anmtlar correlationn between

E to eatablish the validity of QED in terms of production annular distribu
comparison with thc spacoliko dominated reaction e•e'-·e*e* allows un
Summary. — A study oi the tinnelike reaction e·n'-;r·;t* and of its

(ricevuto il 28 Maggie 1971: manotoritto reviniouato ricevuto l`S Luglio \97l)

Labomlori Xeuionali - Frarcoti
Istituto ali Fisico d¢ll'L°ui|:¢r:i!&· Bologna
Istituto Xo:ianale di Firico Nuclear: - Sedona di Bologna
CERN · Geneva

E. I-`1onz;.vrxx0. T. 1Lxss.ut. L. 3Iox.uu. F. P.u.1xox.uu and A. Zxcmcm

\’. A.1.1.1=:.<-Bunm.1.1. AI. Bmzx.ummt. D. BULLINI. P. L. Buvxtxx.

Equivulcncc.

A Check of Quantum Elcctrodynamics and of Electron-Muon

:1 Gcunaio 191:IL NUOVO CDI!-INT0 Vox,. TA, N. 2
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I tpl > 5°
ADONE [25], showing the acoplanarity angle (ep) distribution for 429 (e+e*) pairs with
Fig. 6.5: Measurement of the acoplanar radiative effects for (e+e‘) final states at

I qi I

10** 20° 50° 70°

50 l

100

150 I

200

Experimental Result

250

—— -Theoretical Predictions

in Figure 6.9.

[45], and on the study of the acoplanar e+e` —-> rc-fx? + X reaction [20]
(e ¢ ,u) leptonic selection rule at the 7•l0"° level is shown in Figure 6.8
dependence of e+e` -—-> ;t+;t‘ [30]. The final result on the validity of the
dependence of e+e" A e+e‘ [24, 26]; in Figure 6.7 for the energy
Figures 6.6a and 6.6b for a high precision QED test of the energy

statistics, of the acoplanar radiative effects for (e+e‘) final states [25]; in
equivalence [23]; in Figure 6.5 for a measurement, with ten times more

and muons as shown: in Figure 6.4 for the electron-muon QED

Later on wc published all cur results on QED checks for electrons
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of U (e+e·—> e+e‘) at ADONE.
Fig. 6.621: Front page of rcf. 26 on thc precision measurement of thc energy dcpcndcncc

S10

reaction (1) and the beam uls.tamination from beam·gas interactions and comic
planes, which contain the two particles of the Gul state ln

fully analysed in order to exclude background con event. The acoplanarity angle • ls the aiu between the two
These events have been reconstructed in space and `] R ls the deviation from o¤1linearity:R · 0 means oettbm

based on the analysis of l2827 events.
magnetic coupling.tigated with the present work. The results obtained are
lish if QED is valid to the third-orderin the elecnor-ranges, corresponding to the various energies inves
results with the theoretical predictions we un estabthe total number oflarge-angle (e*e‘) events, and the
emier [4] and of Ca1va·Tc11ez [5] ; so by comparing ourin a previous work [2]. Table l shows the luminosities.
These have been calculated following the work of Tavplications of this study have already been discussed
contribution due to lirst-order radiative corrections.of -2 X IO'] GeVz (spacelike). The theoretical im
cussion of backgrounds). What is not neglig’b1e is thewith an average r-value over the small·angle telescope
shown to be negligible (see refs. [2] and [3] for a disluminosity measurements and cover a very low r-rarge,
rays. The background level of these sources has beenfrom reaction tl). The small~an§e data are used for

parison between "large-angle" and "small·angle" data
The QED check we report here is based on a com

12827Totals 431.57
been published [l. 2l and will not be repeated here.

794triggcr purposes. Details ofthe sct·up have already 1500 B1.64 -(1507 - 7.49)

l200 44.90 684 -(0.965 — 4.79)f or accurate time·of·lligItt (:0.5 ns) and for other fast
1050 186.09 4240 -(0.739 — 3.67)terns); iii) a system of plastic scintillation counters
970 23.61 668 —(0.623 -3.13)

pions and kaons produce the typical hadronic pat
950 60.95 1900 ·(0.605 - 3.00)

makc showers; muons show only Coulomb scattering; 850 13.05 516 -(0 .484 - 2.41)

800 10.23 460 -(0.429 - 2.13)spark chambers for particle idcntilication (electrons
1565750 27.lS ·(0.377 — 137)chambers of kinematic reconstruction: ii) heavy·plate

700 l0.95 765 -(0.328 -1.63)The apparatus consisted of : i) thin-plate spark
650 8.02 665 -(0.283 -1.41)

GeV:. 570600 4.98 —(0.24l -1.2)
check the validity of QED in thc r-range 1.44-9.0

tot < Schinc in Frascati. The purpose of this work was to
has bccn studied at the ADONE colliding beam ma· (mv-, (nu"; ne 1o• to¤v’y

Enum '-t Nwees) t-range
(I)c*'+e"—·c°+e:

Table 1Using the Bologna-CERN set-up, the reaction

data fultaw QED, with Fnmorder radiative mneaicn induded.
energy dependence of me •:r¤ss·secti¤n for the mast apical QED process. with :2% accuracy. Within thk limit the

The analysis of I2 827 c° + e`-• c’• J evenu ohcrvcd in the wang: l.44·9.0 GeV} allow: measurement of the

Rcccivzd 14 June \973

and Laborarcd Nazionai del CNEN. Fr¤:¤¤¢l·R0ma, naly

lulnuc dl Flxlu dd ‘Unlvem’ta. Bologna, Italy
lxtlluto Nazionale dl Him Nuclear:. Bologna. Italy

CERN, Gmcva. Swlrurhnd

T. MASSAM, L. MONARI, F. PALMONAR1, F. RIMONDI and A. ZICHICHX
M. BERNARDINI, D. BOLLINI, P.L. BRUNINI, E. FIORENTINO,

c* + e‘ -• c* + J, IN THE s-RANGE 1.44-9.0 GeV
ACCURATE MEASUREMENT OF THE ENERGY DEPENDENCE OF THE PROCESS

Volume 45 B, numbcr S PHYSCS LETTERS 20 August l97J

acxnmrnuc
s¤v1c: ¤·n4r0auxr1¤u

cum





- OCR Output

bi-ancning ratio (e+e·—> ,nie+/ e+e·—> l l), with l == e, ii, is reported.
Fig. 6.8: Page of ref. 45 where the final, lpgh-statistics limit obtained at ADONE on the

e+e· -•- lepton + antilepton
e+€—_,,,,_,_¢c¤= ——- "·10·‘ . < I NA L

ing ratio:

N (lepton -|— antilepton) = 15 000, we obtain the following limit for the branch

are given in Table II. From the total number of observed lepton pairs,
where ~14 000 (e*e·) and 1000 (py.-) were observed. The ranges of s and oft

value of rp. \\'e have looked for collinear (y.*e") pairs in our sample of events,
there is no place for this selection rule, a way out being its violation at some

in the Pati-Salam [35] theory with the leptonie number taken as the {th colour,

quantum numbers, it is of iuteixst to study their validity vs. q’. For example,

However, as nobody knows the reason for the existence of these two leptonic

yi-l-nucleus —» (nueleus)'+ e'

e* —>¢*+·r.

E stfoiigly ileliessed. Examph: are the unobserved processes
For_ve1I low T values (rf: 0.01 (GeV)=) it is known that the transition y.<-•e

e*e" —> p.*L:` .

existence of the process

a mulciplieative selection rule. Both sets oi rules would be violated by the

e muon world •: namely: a) two additive selection rules, b) an additive and

classes of selel-tion rules [37] which distinguish the u electron world • from the

slows not allow 'Finade between the two alternative

bidden by the known leptonie selel-tion available experimental
In the lield of weak interactions we know that th<%nsition y.<·—>e is for

9. - Validity ol` thc leptunic selection rules.

€lY'l’T!of gs

1·[i;;h-encrgfy machines will certm] lg have the privilege of taking up this held
the determination of the turning point in the production angular distribution.

There is a straiglitforward way [36] to detect C=’+1 states; this is via
observed at Novosibirsk [34] and Fraseati[35].

y,e*e" —> e+e‘.*y.·

e*e‘ -> e*e‘e*e‘

of the purely electromagnetic processes

observed, and the experimental investigation has just started with the study

OCR OutputNow the point is experimental. So far no states with C= +1 have been
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are given.

on the ADONE energies and the corresponding integrated luminosities

Lepton via the study of acoplanar (ein?) pairs. In Figure 6.ll the details
This is in fact our 1973 final result on the limits on the mass of the Heavy

final Frascati paper [27], whose first page is reproduced in Figure 6.10.

Heavy Leptons was proposed by theorists, as we have reported in our

By the time we concluded our experiment at Frascati, a new class of

searched (eI;1+) acoplanar events.
This hadronic channel was particularly relevant as a background for our

collinear, non-coplanar events correspond to e+e‘—> 7Ui`7Z`+ + anything.
outside the coplanar band (i.e. I ep I > 5°), as observed at ADONE [20]. The non
Fig. 6.9: R (acollinearity angle) vs. 42 (acoplanarity angle) scatter diagram for (min?)

_____so -su -tu -2:1 -2u -i`u° 6° in° 2.0° a`n° Ln° s`o° sb° CD
O ‘0 ‘¤ 'D '0

1+

@5 1 ht`?{'*?·+
*4-+.;%-*++ }ME+ 4-%+QI I |++++&+

+ +1***
++++ ++*+ + + L I++~ ++$:+}+ + +${

+. P' 4.+;. 0 +++ Q0· '+ *I· + ’ }+ t
+ _ + ++ J,I

++ +¢ ++1 }
+++ ++ +

+

++

3| vi

$3] (157 events)
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the BCF group at ADONE are reported.
Fig. 6.10: Front page of ref. 27 where the final results on the Heavy Lepton search by

383

L*+L".

E*+·`“°‘ QQ e+-{-e` —>>1*+M·,
the reaction

All these types of heavy leptons can be produced via timelike photons in
ith respect to the long chain ot hadrons.

'ong time egg in the hope of understanding why the chain of leptons is short
s le tonic nuniber diderent from t of t ' ry eptonp wer d 4.;.g;$ " " ·" 7*1-- !—? '
a different type, each one w' its own ass ' d neutrin9——and therefore with
another triplet with leptonic number of the ordinary muon. gg}; leptons of
would be a triplet with leptonic number of the ordinary electron, and (M`*, v,,, p.')
opposite to that of the same charge state of the ordinary lepton. So (E"', v_, e")
be of two types, electronlike and muonlike, and would have the leptonic number
theories of weak interactions. These tbeorgtjgally lepton; would

Great interest in heavy leptons has recently begH revived by the gauge

with 95% confidence.
ooupled to the hadrons, its mass must be greater than lGeV, again
ordinary leptons, its mass must be heavier than 1.4 GeV. It it is also
iidence, that, if a heavy lepton exists and is universally coupled only to
storage ring has revealed no events. This establishes, with 95% con
Summary. — A further search for heavy leptons at the ADONE e•e'

(rioovuto il 9 Luglio 1973)

Laboralori Nazionale del CNEN - Fraecali (Roma)
Istituto di Fiaica dell'Uni¤erritd - Bologna
Istituto Nazionale di Fiaioa Nucleare - Sezione di Bologna

CERN · Geneva

T. Massm, L. Moruuzr, F. P.u.u0xAm, F. Rurouni and A. Zxcurcm
M. Bnuumnmx, D. Bo1.x.uu, P. L. Bnumm, E. Fiosnurmo,

Limits of the Mass of Heavy Leptous.

21 Settembm 1973IL NUOVO CIMENTO Vox,. l7 A. N. 2
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Meeting.

Frascati Meeting and at the 1973 Bielefeld International Discussion

Wiesbaden Conference, at the 1973 Pavia Symposium, at the 1973

was promoted in a series of conference reports: at the 1972 EPS

[27], the proposal for further searches at energies higher than ADONE

After the final results by the BCF group were published in 1973

(at 95% CL) 1.0 GeV/c

universally coupled with ordinary leptons and hadrons the mass limit is

synthesis: for a Heavy Lepton having its own neutrino and being

In Figure 6.12 the Frascati results are presented in a graphical

final results reported in ref. 27 on the Heavy Lepton mass limits.
Fig. 6.11: Details on the ADONE energy and integrated luminosity used to derive the

mm 2 1.0 GeV

the 9,5% confldenee level for the mass ls:
ordinary leptons and adrone,If the heavy lepton ls unlveraally coupled to both

mm 2 1.45 GeV

the 95% oonfldence level for the mass ls:
(wlth the unlversal weak coupling constant),

leptone
lf the heavy lepton ls o0upled‘only to ordlnary

1 50 0 800

1 200 449

1 05 0 18-61
970 235

950 630

85 0 1 30

8 0 0 1 02
75 0 1 75

700 74

650 80

600 50
(MeV) x 10**2 cm°’)

Beam Ener Integrated Lumlnoslt
Table I

Limits on the Mass of Heavy Leptons
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and 6.15b.

Lepton from the "theoretically wanted" ones, are shown in Figures 6.15a
spectra and decay rates in order to disentangle the sequential Heavy

where I discuss the importance of studying decay correlations, decay

the present report) is reproduced. The pages of my (e+e‘) synthesis,
'theoretically wanted Heavy Leptons" (already described in Section 3 of

Heavy Leptons. In Figure 6.14 the relevant page with what I say of these

page is shown in Figure 6.13, I discuss the newly "theoretically wanted"
'Why (e+e‘) physics is fascinating" [45]. In this review paper, whose first

I decided to publish a synthesis of all these reports, with the title

for two types of universal weak couplings of the Heavy Lepton [27].
Fig. 6.12: The expected number of (ein?) pairs vs. mm, i.e. the Heavy Lepton mass,

m HL (GeV)
1.0 1.2 1.4

17A,_38a, (1973)
Nuovo Clmento {

.In
Results publ/shed g

.............._....., ...............
I eval

O 5
95% confidence

rn HL21.45 GeV
mm.21 eevE *0

E; ] Leptons and Hadrons
with ordinary.

wlth ordlnary Leptons5 [ HL universally coupled
__ '5

HL universally coupled
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the BCF group on (e+e“) collider physics at ADONE.
Fig. 6.13: Front page of ref. 45, i.e. the final review paper on all the results obtained by

498

(°`) On leave of absence from the Universit
nion Meeting on (e+e·) Annihilation, Bielefeld, 19-21 8 tember 1973.
ments in High-Energy gms, ascati, 26·31 March 197}; iii) the lntematebnal Delma
High-Energy Physical Batag2` l Ill.; 19zg; ii) the In/ormal Meeting on Recent Dev¢lop·
on o(e*e·—»hadrons) have been presented at: i) the XVI Inte-rnzhional Conference on
posium on lLQti m'j_g¤ [gpg; gl August-4 Septe The dlta
at the EPS Qgglerence, Wiesbaden, and at the I V International Sym
(°) This paper is an updated version oi two unpublished invited review papers presented

consists only of leptons, and more precisely of a lepton-antilepton pair. The

The purpose of this talk is to show what we can learn when the state

can be investigated when the initial state of a reaction consists of hadrons.

At this Conference you have heard how the basic laws of hadrodynamics

1. — Introduction: (e+e‘) machines in the world.

phenomena.

show the impact of (e+e·) physics in understanding the laws of subnuclear

about three years of work at Frascati are reviewed and taken as a basis to

The results obtained by the Bologna-CERN-Frascati Collaboration during

Summary

529 10. Conclusions.

528 Validiw of the leftouic selection rules.
527 Production of OS`-} 1 states.
524 The timelfkeelectromagnetic structure of the hadrons.
523 tudy of SE symmetry breaking.
520 New vector mésoE

515 Are the hadron: uiede of euperslementary constituents!
508 Ie it possible to reuormalize weak interactions? Other heavy leptonsi
500 Why should wo believe in local relativistic quantum Eeld theory!
498 Introduction: (c+e‘) machines in the world.

(riccvuto il 12 Aprile 1974)

CERN - Geneva

A. Zrcrx1cn1(°°)

Why (6* e-) Physics is Fascinating (‘).

ruvwn Du. Nuovo uu1r;N1·o vox., 4, x. 4 uu¤brc·Dm·»uure IQ74
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Heavy Leptons is outlined.
· ll ' II Fig. 6.14: The page of ref. 45 where the relevant po1nt about theoretically wanted

],Such lepton: have nothing to do with t o lcptous required by the gauge theories

muonlike. When there nre compared
·puzzled by thc existence of only two tmc; oi lentons: the geegxlnhke and the

A word ot caution is needed hero. For ¤. long time DhY¤l¤i¤l·¤]¤¤·"° b°°“

3. - ls it possible to renonraliu veal: inteructimu? Other heavy lcpwru?

used lor the more complex phenomenal. involving Imdrons.
describing proewsxes where lepton: are involved. This is why this tool can be
believe that loenl relrttivixtivqnnntnm lield theory ix indeed an excellent tool lor

\\'o can close thi: Section by st-ating that so lar we have every reason to
Held theory [2].
zu implied by cxoauing symmetry, zi basic theorem ot local relativistic quantum
we eonelude that :1. timelike vertex behaves like zi spneelilzc vertex within t1%,

¢’+¢‘—> y·*+v·'

From the dam on the reaction

4. ucuwur

wm- (em-) rumen u uacuvuuo
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decay correlations and decay spectra to identify the new sequential Heavy Lcptons.
Fig. 6.15a: Showing thc main items presented in ref. 45, i.e. the importance of studying

1.* decay l$* decay

\Q . —-; forbnldcu

d forbidden for E"' decay:
Decay cpgra. lie liigliut-energy configuration {or e+ is allowed in the

correlations.

but along the E* spin, respectively. This is an interesting source {or decay
electron wil.l be emitted in the opposite direction with respect to the L* spin,
Owing to the dillercnt neutrinos emittcul iu the decay of IF and E"', the positive

V, v, V. W

L*—o*+v_é-VL E"—~·u"-|-v,+v,.

Decay cowclutions.

spin, a single arrow indicates momentum).

ample, let us consider the decay of L"’ and E" (the double arrow indicates
various leptons, ri:. decay correlations, decay spectra, decay rates. For ex
established hecause there are three sources of information, which dillcr for the

(c*u`*) pairs were observed, their origin in terms of E, RI, L could finally be
which to search [or heavy leptons. It is perhaps interesting.: to recall that if

Nevertheless, colliding (e*e·) heams will remain a very clean tool with

of the old standard type exist with masses below 1.0 GeV.

leptons required by the gauge theories ot weak interactions nor heavy leptons

quoted above. The present investigation thus establishes that neither heavy
Notice that the ahove mass limits apply to any type of heavy lepton (E, M, L, l)

mm_> 1.0 GeV .

hadrons, then the 95 ‘j{, confidence level for the mass is

If the heavy lepton is universally coupled to both ordinary leptons and

mm_> 1.-15 GeV .

weak-coupling constant), the 95 ‘}{, confidence level for the mass is
It the heavy lepton is coupled only to ordinary lepton: (with the universal

the observed number of events were both equal to 2.

statistics and taking into account the fact that the calculated background and

S13
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channels [45].
Fig. 6.15b: Same as Fig. 6.15a, concerning the HL decay rates for the purely leptonic

which is the result quoted above.

rate (E+ -+ e*‘v_v_) = 2’·§·rate (E*' -> y.*V,,V,) ,

of the two identical particles in the iinal state, i.e.
neutrinos, labelled vf" and vf” in the diagram above), times one-half, because
(because ot the two amplitudes obtained by interehanging the two identical

When compared to the p.*-channel, the rate of the e*·channel is therefore 2*
because the two neutrinos in the final states are not equal.

€\ /"’*

while for the p.*·channel there is only one diagam

°'? °*’/Y/\\*
. W-; ,

E·2’ ;,g»\[\/

there are two di;i;,··i·axn.s contributing

To sec the origin uf this factor of 2, let us take as example the Et decay;

rate (Mt —+ p.*v“vu) = 2 rate (ll" -> e*v_v“) .

rate (Et ~» c+v_·»_) = 2 rate (Et + u*v,v_) ,

But

rate (L*·-> e*v 9,) = rate (Lt-> y.*w“9,_) = rate (15*-+ n*v“v_) = rate (1I*-> G+‘l_‘I“) .

follows:

Decay ruins. The [lecay rates for the purely leptonic channels compare as

Q"

R`-}- E°c¤se

AP I L'c¤se
N(e’)

configuration must vanish for E* decays:
The Michel spectrum will obviously be dilferent because the highest-enorg

A. zxcmcnx
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the acoplanar (ey) method, from Frascati to SLAC.

The period 1971-1975 represents the crucial transition: the HL and

and the first results.

The time interval 1967-1970 is characterized by the INFN proposal

electrons, muons, pions and kaons.

fact conceived to distinguish clearly between all known particles:

the time-like range allowed by the ADONE energies. Our set-up was in

experiment the EM form factor of the pseudoscalar mesons (rr and K) in

Frascati set-up was so good that we could determine as by—product of our

Figures 5.7 and 5.8 is indeed an example. The selection power of the

clock and the quality of the (e+e‘) and (,u+,u") final states reported in
mounted around the ADONE interaction region was working as a swiss

a new sequential Heavy Lepton in Frascati. The experimental set-up

experimental studies at CERN it would have been impossible to search for

energies simulating ADONE final states. Without this extensive series of

performed at CERN with known beams of (e, lu, rc) at the correct

calibration work (TOF, heavy—p1ate spark chambers, rc/e and rc/,u) was

Frascati. In 1967 the BCF group presented its proposal to INFN. All the

From 1963 to 1970 the technology was transferred from CERN to

operative at CERN already in 1964.

to observe (el`,u+) pairs produced in hadronic interactions was fully
technique published in 1963. Notice that a large solid-angle detector able

innovative key—point of this work was the invention of the "pre-shower"

(,uI;1+) and (eI{,L+) pairs in hadronic processes. The technologically

possible thanks to a powerful set-up able to simultaneously detect (eief),
leptonic number and thus producing the (ein?) signature. This was
time-like photons able to produce Heavy Lepton pairs carrying a new

describing the experimental work at CERN dedicated to the search for

The period 1960-1968 is based on a series of published papers

leptonic number. The time sequence was as follows.

key idea was the existence of a new Heavy Lepton carrying its own

I have described the foundations of Heavy Lepton searches where the

Let me summarize this report and conclude.

7 Summary and Conclusions
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