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FOREWORD

The XIII th Rencontre de Moriond was held at Les Arcs - Savoie

(France) from March 12 to March 24, 1978.

The first such meeting was at Moriond in the French Alps in 1966.
There, experimental as well as theoretical physicists, not only shared
their scientific preoccupations but also the household chores. The parti-
cipants at the first meeting were mainly French physicists interested in
electromagnetic interactions. In subsequent years, a session on high energy

strong interactions was also added.

The main purpose of these meetings is to discuss recent developments
in contemporary physics and to promote effective collaboration between experi-
mentalists and theorists in the field of elementary particle physics. By
bringing together a relatively small number of participants, the meeting helps
to developp better human relations as well as a more thorough and detailed

discussion of the contributions.

This concern for research and experimentation of new channels of
communication and dialogue which from the start animated the Moriond Meetings,
inspired us, starting eight years ago, to organize a simultaneous meeting of
biologists on Cellular Differentiation. Common seminars are organized to
study to what extent analytical methods used in physics could be applied to
biological problems. This year, an introductory talk and a beautiful film
"The Genetic Code" was presented by Professor J. TAVLITZKI (Institute of
Molecular Biology, Paris), Professor DEDONDER (University of Paris) gave a
comprehensive talk on "Genetic Engineering'", and Dr D. FOURME (L.U.R.E.,
Orsay) described the Orsay storage ring facilities for biology experiments.
These conferences and lively discussions make us hope that biological pro-
blems, at present so complex, may give birth in the future to new analytical

methods or new mathematical languages.

The first session of the XIII th Rencontre de Moriond (March 12 -
March 18, 1978) was devoted to high energy hadronic interactions. Special
emphasis was put on the phenomenology of quantum chromodynamics especially

on lepton pair production, gluon physics and multiquark states.



The second session (March 18 - March 24, 1978) was devoted to high energy
A . . . . + - .
leptonic interactions. Particular attention was given to e e physics and

recent discoveries in neutrino interactions.

I thank CHAN HONG-MO, G. KANE, TAN CHUNG-I for the first session,
M. DAVIER, F. HAYOT, F.M. RENARD and R. TURLAY for the second session and
the conference secretaries L. NORRY and N. CORNIQUEL who have devoted much

of their time and energy to the success of this Rencontre.

I am also grateful to Mr TOURAILLE, the hotel Director, Mr MONTEGU
and Ms FERRANDON, who contributed through their hospitality and active
cooperation to the well-being of the participants enabling them to work

in a relaxed atmosphere.
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JETS IN e'e” ANNIHILATION®

Gail G. Hanson
Stanford Linear Accelerator Center
Stanford University, Stanford, California 94305, U.S.A.

Abstract: The latest results on R, the ratio of the total cross section for
production of multihadronic events to the muon pair production cross section, and
inclusive distributions of hadrons from e’e” annihilation in the center-of-mass
energy range from 2.6 to 7.8 GeV are presented. The evidence for jet structure
is reviewed. Inclusive distributions of hadrons in Feynman x, rapidity, and
transverse momentum relative to the jet direction are studied. Particular
emphasis is placed on the method used to measure these inclusive distributions
and the biases which might result from this method.

Résumé: Les résultats les plus récents concernant la mesure de R, rapport de
la section efficace totale de production de hadrons 2 la section efficace de
production de paires de muons, ainsi que la mesure des distributions inclusives
des hadrons dans les annihilations ete- sont presentés pour des energies dans le
centre de masse comprises entre 2.6 et 7.8 GeV. L'evidence d'une structure en
jet est passée en revue. Les distributions inclusives des hadrons sont étudiées
en fonction de la variable de Feynman x, de la rapidité et du moment transverse
par rapport 3 la direction du jet. L'accent est mis sur la méthode utilisée pour
mesurer ces distributions inclusives et sur les biais qui peuvent en résulter.

*
Work supported by the Department of Energy.
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I. INTRODUCTION

Electron-positron annihilation has proved to be a very fruitful source of
exciting new physics. The increase in the total cross section for hadron produc-
tion was the first hint that a new quantum number - charm - existed.l) The ¢ and
y” and their associated states were discovered.Z) A heavy lepton T was found.d
And finally charmed mesons themselves were isolated and found to be produced
copiously in pairs at the w".“’S)

The reason that e+e_ collisions are so useful is that the electron and posi-
tron predominantly annihilate to form a single virtual photon which subsequently
produces a particle-antiparticle pair (e.g., T+T-) or a quark-antiquark pair
which converts into hadrons. These general theoretical ideas have so far been
substantiated by experimental data. One of the predictions of quark-parton
constituent models is that at sufficiently high energy multihadronic events
produced by e+e_ annihilation should form two back-to-back jets due to the limit-
ing of transverse momentum relative to the original quark direction.®) Evidence
for such jet structure is seen in e+e_ annihilation data for center-of-mass
energies (Ec.m.) of 4.8 GeV and greater.7) If it is true that the jet structure
is due .to quark jets, then it is of interest to study the inclusive distributions
of hadrons relative to the jet direction in order to obtain information about the
fragmentation of quarks into hadrons. In this talk I will present hadron inclu-
sive distrihutions in Feynman x, rapidity, and transverse momentum relative to
the jet direction in multihadronic events from e+e_ annihilation in the Ec.m.
range from 3.0 to 7.8 GeV.

IT. DETECTOR AND EVENT SELECTION
The data for this analysis were taken by the SLAC/LBL magnetic detector

collaboration® at SPEAR. The SPEAR Mark I magnetic detector is shown schematic-
ally in Fig. 1. The detector consisted of a 3-meter long, 3-meter diameter
solenoid magnet with a 4 kG magnetic field parallel to the beam direction and
wire spark chambers and scintillation counters for triggering and measuring
events. The detector axis was centered on the beam direction at one of two
interaction regions at SPEAR. Particles entering the detector from the inter-
action region could pass through, in order: a 150 um steel vacuum chamber, inner
cylindrical scintillation counters used in the trigger to reduce background
from cosmic rays, inner multiwire proportional chambers, a system of 4 sets of
cylindrical wire spark chambers, an array of trigger time-of-flight scintillation
counters, the magnet coil, an array of lead-scintillator shower counters, the
iron return yoke of the magnet, and finally wire spark chambers used for muon-
hadron separation. The detector extended over 657 of 47w sr solid angle with full
acceptance in azimuthal angle and acceptance in polar angle from 50o to 1300.

The apparatus was triggered by two or more charged particles which produced

16



MUON SPARK CHAMBERS

FLUX RETURN
SHOWER COUNTERS

TRIGGER COUNTERS
SPARK CHAMBERS

PIPE COUNTER

COMPENSATING SOLENOID
VACUUM CHAMBER

LUMINOSITY MONITOR

229281

| MUON WIRE CHAMBERS
| IRON (20 ¢m)
«—SHOWER COUNTERS (24)
~—COIL

“TTRIGGER COUNTERS (48)

CYLINDRICAL

(e

TRIGGER
BEAM PIPE COUNTERS
SUPPORT—=0
POST (6)

| meter

=

(4)

¢

s

Fig. 1. Schematic diagrams of the SLAC/LBL magnetic detector.
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signals in the inner scintillation counters and in at least two outer trigger
counters and their associated shower counters. This trigger requirement could be
satisfied only by events with two or more charged particles within the detector
acceptance and having momenta greater than 200 MeV/c and is mainly responsible
for the uncertainties in efficiency calculations.
Events from the QED reactions

ete” » efe” (Bhabha scattering) (1)
and

ete” > T ¢3)]
were recorded simultaneously with the multihadronic events and provided a
convenient normalization. Of those events originating from the interaction-
region fiducial volume, those with two oppositely-charged prongs collinear within
10° were candidates for the QED reactions. Those events in which there were two
prongs acoplanar with the incident beam direction by at least 20° and in which
both prongs had momenta greater than 300 MeV/c and those with three or more
prongs were classified as hadronic. Additional cuts were applied to remove non-
collinear two-prong and multiprong events originating from QED processes.
III. TOTAL CROSS SECTION AND INCLUSIVE MOMENTUM DISTRIBUTIONS

The total hadronic cross section was ~alculated from the total number of

multihadronic events detected at each energy Ec.m. from 2.6 to 7.8 GeV, corrected
for losses due to geometric acceptance, triggering efficiency, cuts, and contami-
nation from other sources. The cross section was normalized to the integrated
luminosity obtained from Bhabha scattering events observed in the magnetic
detector. Losses due to geometric acceptance, triggering efficiency, and data
analysis cuts were estimated using a Monte Carlo simulation, described in more
detail in Section IV, in which hadronic events were produced according to a jet
model. The Monte Carlo calculation resulted in a matrix of efficiencies for
detecting a particular number of charged particles for each charged particle
multiplicity in the produced state. Radiative corrections were applied separa-
tely for each produced multiplicity. At each energy a produced multiplicity
distribution was obtained as the maximum-likelihood solution to an overdeter-
mined set of linear equations. The average detection efficiency, given by the
number of detected events divided by the number of produced events, increased
monotonically from about 33% at the lowest energy to about 65% at the highest
energy. The data were corrected for background from beam—gas scattering (<8% for
Ec.m. less than 5 GeV and <5% for Ec.m. above 5 GeV) and from two-photon
processes (<2%) and for losses due to vertex reconstruction outside the interac-
tion-region fiducial volume (5%).

The ratio R of the total hadronic cross section to the theoretical total

cross section for production of muon pairs is presented in Fig. 2. Heavy lepton

18



production, which
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ly to the two-prong
cross section, has

not been subtracted. 6
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could arise from Fig. 2. R vs. Ec.p. (heavy lepton production

systematic errors in not subtracted).

the estimationof the
detection efficiency. The ¢ and ¢~

peaks are not shown and the binningof the
data between 3.9 and 4.5 GeV is not optimized
to show the structure in this region. R is
approximately constant at about 2.6 for Ec.m.
less than 3.5 GeV. Above 4.8 GeVR is again
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5.3. Although the data have been reanalyzed
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using more sophisticated techniques and
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ment with those presented by the DASP col- - Ec.m. (GeV) -

laboration at DORIS, except for the detailed Fig. 3. Mean charged particle multi-

plicity <nch> vs. Ec.p., (heavy lepton

tructure in the 4 GeV region, for the ener
structure € g ? € 8y production not subtracted).

range between 3.6 and 5.2 GeV which they have

measured.1® The R values from the Pluto collaboration are somewhat lower but are proba-
bly consistent within the systematic errors of the two experiments.ln The mean
charged particle multiplicity <nch>, obtained as part of the procedure for deter-

mining the total cross section, plotted versus the logarithm of E is presen-

c.m.

ted in Fig. 3. <n > rises from about 3.5 at the lowest energies to about 5 at

h
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the highest energies. Heavy lepton production has not been subtracted.

Single particle inclusive momentum distributions have been measured at E
values of 3.0 and 4.8 GeV and in three energy ranges from 5.6 to 7.8 GeV. Thi:_.m
momentum distributions are presented in terms.of the "experimental" scaling vari-
able x, where

x = 2p/Ec. m., 3)
and p is the particle momentum. The momentum is used instead of the energy
because 7's, K's, and p's can be separated unambiguously by our time-of-flight
system only for momenta less than 1.1 GeV/c. Only multihadronic events with
three or more detected charged particles were used in this analysis and for the
analyses in the remainder of this presentation. The two-prong events were not
used because they are more subject to background contamination due to beam-gas
and two-photon interactions. Because the two-prong events were not used, the in-
clusive distributions presented here contain little contribution from heavy
lepton production.

The detected single particle momentum distributions were corrected for trig-
ger bias, geometric acceptance, and data analysis cuts using the jet model Monte
Carlo simulation. The distributions were corrected so as to include multihadronic
events with all produced multiplicities, including events with two charged parti-
cles. In addition, the Monte Carlo efficiencies contain a momentum-dependent
correction for initial-state radiation so that the distributions are radiatively
corrected. The effects of this radiative correction are an overall decrease in
efficiency because nonradiative events have higher multiplicities than those in
which there was significant radiation and an additional decrease in efficiency
for large x because events with significant radiation cannot have particles with
large x.

The single particle inclusive x distributions are presented in Fig. 4. The
quantity plotted is sdo/dx (s = Ec.i') which is expected to scale at very high
energies. The area under each curve is equal to scT<nch> «R.<nch> (OT is the
total hadronic cross section), so the area under the curve must increase as the
energy increases, even for constant R, since <nch> increases. We see that most
of this increase occurs for x<0.3. sdo/dxroughly scales for x>0.3 for the entire
energy range. The 3.0 GeV data seem to be systematically.high for x>0.6; how-
ever, systematic errors due to the Monte Carlo corrections at the highest and
lowest values of x could be as large as 20%. In addition, the detected two-
prong events, which we do not use but correct for, form the largest fraction of
the total number of events (25%) at 3.0 GeV. The data for Ec_m.z_4.8 GeV scale
rather well for x>0.2, although there is a spread of about 20 7 from the lowest
energy to the highest energies for x between 0.3 and 0.5. More will be said

about scaling in Section V when inclusive distributions in Feynman x are discussed.
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Our measurements of s do/dx are consis-

100 ! T T T tently higher for all x than are those

presented by the DASP and PLUTO collabo-
rations.!?) The reason for this differ-
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e 7.0<E¢m, <7.8 Gev
o 6.3<Egqm <7.0Gev
x 5.6<Egnm <6.3 Gev
Ec.m. = 4.8 GeV ance is not understood. However, the
Ec.m, =3.0 GeV
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from the total cross section determina-
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tions.

IV. JET STRUCTURE AND DESCRIPTION OF
MONTE CARLO SIMULATION
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In quark-parton constituent models

for hadronproductionby e+e- annihilation,
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T
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the e+ and e annihilate to form a virtual

photonwhich subsequently produces a quark-

0.01 L 1 | | | parton pair, each of which decays into had-

0 02 04 06 08 10 rons, as shown in Fig. 5. At sufficiently
*=2p /Ec . -

high energy a two-jet structure is ex-

Fig. 4. Single particle inclusive x pected to arise due to the limited

distributions s do/dx va. x for transverse momentum of the hadrons with

various E .
c.m

respect to theoriginal parton direction.G)
The spins of the constituents can, in principle, be de-
termined from the angular distribution of the jets. A
review of the jet structure observed in e+e- annihilation
will be presented in this section.
In order to search for jet structure, we find the
direction which minimizes the sum of squares of trans-

verse momenta for each event. This direction will be

ot e referred to as the observed jet axis. To determine how

301449 jet-like an event is, we calculate a quantity which we

Fig. 5. Quark-parton call the sphericity S:

model picture of pro- 2
ductionof hadrons in (%‘pli)mi
ete~ annihilation. §=—2 __mn , @)
2
2 _71:31

where the numerator is the minimum sum of squares of transverse momenta found in
the determination of the observed jet axis. S approaches 0 for events with
limited transverse momentum (jet-like events) and approaches 1 for events with
large mult iplicity and isotropic particle distributions.

Since the magnetic detector covered only part of the total solid angle and

neutral particles were not detected, we needed to use a Monte Carlo simulation to
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determine how jet-like and isotropic hadronic events would differ in the detector.
Events were generated according to either Lorentz-invariant phase space or a jet
model in which phase space was modified by a matrix element squared of the form
-(ZPZ.)/ZbZ
M2 = e ‘1t R " (5)
where Py is the momentum perpendicular to the jet axis for the ith particle.
The sum is over all produced particles. The jet axis angular distribution was of

the form

d
E% « 1+ a cos?6 , (6)

where 6 is the polar angle relative to the e+ beam. In both models only charged
and neutral pions were produced, although some checks were performed using

models which included etas, kaons, and nucleons. The charged-pion and neutral-
pion multiplicities were given by separate Poisson distributions. The simulation
included the geometric acceptance, trigger efficiency, momentum resolution

(o /p = .013p (GeV/c)), conversion probability for photons from 7° decay, and all
otser known characteristics of the detector. Radiation of the initial e+ and e
was included. At each energy Ec‘m‘ the total multiplicity and ratio of charged
pions to neutral pions for both models were obtained by fitting to the observed
charged particle mean momentum and mean multiplicity. The parameter b in the jet
model was chosen by fitting to the observed mean P, with respect to the observed
jet axis. We used o = 1 for the jet axis angular distribution in agreement with
the measurement which will be described.

We found evidence for jet structure in the agreement of the observed S dis-
tributions with the jet model predictions as opposed to the phase-space model
predictions for Ec.m.l 4.8 Gev.7513) The data peak toward low S in disagreement
with the phase-space model. At 3.0 GeV the data agree with either model; the
predictions of the two models are the same. In addition, the jet model momentum
and P, distributions are in much better agreement with the data than are the
phase-space model distributions.!3

We were able to measure the jet axis angular distribution directly for a
subset of the data at Ec.m. = 7.4 GeV. For this data the e+ and e beams were
transversely polarized due to synchrotron radiation and absence of depolarizing
resonances. The beam polarization was useful because it induced an azimuthal
asymmetry through the following general angular distribution for production
through a single virtual photon:lm

g%—« 1 + a cos20 + P2a sin26 cos2¢ , (7)

where ¢ is the azimuthal angle with respect to the plane of the storage ring, P

is the transverse polarization of each beam, and o is given by
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0,.—0C.
a= cT+cL ) ®)
T L

GT and OL are the transverse and longitudinal production cross sections,

respectively. Since the detector had a small range of acceptance in cos26 but

full acceptance in ¢, the polarization was necessary to determine a for the jet
axis. P2 was determined from the QED reaction (2). After correction for incor-
rect jet axis determination using the Monte Carlo simulation, we measured

a = 0.9740.14 for the produced jet axis angular distribution.”»!d 1In terms of

GL and GT this value of a corresponds to GL/GT = 0.02+0.07. The jet axis angular
distribution is consistent with that for a pair of spin-1/2 particles. With a=1
the jet model correctly predicts the inclusive hadron cos26 dependence as a
function of hadron momentum.?s!3)

The jet model Monte Carlo simulation has been found to give a good, although
not perfect, representation of the multihadronic data. It reproduces the
sphericity distributions for whole events and the single particle inclusive
momentum and angular distributions. Its most important use beyond the observa-
tion of jet structure itself #s in the calculation of various efficiency
corrections for the measurements of the total cross section and single particle
inclusive distributions.

V. INCLUSIVE DISTRIBUTIONS IN VARIABLES RELATIVE TO THE JET DIRECTION

The limiting of transverse momentum relative to an axis for e+e- hadron
production is evidence for jet structure. If this jet structure is due to quark-
parton jets, inclusive distributions in variables relative to the quark direction,
which is expected to be the jet direction, may give us information about the
fragmentation of quarks into hadrons. The inclusive hadronic cross section might
be expected to be factorizable into a function of momentum parallel to the jet
axis and a function of momentum perpendicular to that axis. In addition, these
inclusive distributions can be compared with similar distributions from other
processes, such as leptoproduction and hadron-hadron interactions.

In order to investigate such questions we have measured inclusive distribu-
tions in Feynman x, rapidity, and transverse momentum relative to the jet axis.

A preliminary attempt to measure these distribucions was reported previously,lﬁ
but these measurements, although correct as stated, suffered from a bias intro-
duced in order to obtain a good determination of the jet axis. The measurements
presented here are better representations of the '"true'" inclusive distributions,
and the biases which may be introduced by the method of 'determining them are
studied.

For each hadronic event with three or more detected charged particles we
construct an observed jet axis as described in Section IV. The components of

each particle momentum parallel to (p”) and perpendicular to (p,) the jet axis
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are then calculated, as shown in Fig. 6.

We can then produce observed inclu-
sive distributions in py, p,, and et AXis\/
rapidity. The problem then is to cor-
rect these distributions for geometric
acceptance, trigger bias, data analysis

cuts, and incorrect determination of the

jet axis. Studies were made using the et o
jet model Monte Carlo simulation described Q

in Section IV in which we knew the true -

jet axis for every event. It was found b,
that the observed distributions in p for /
all events were similar enough to the / ——
roduced distributions that they could be
P Y Figure 6. Illustration of a hadronic
corrected to give the true distributionms. event from ete- annihilation showing
the jet axis and the components of
the momentum P of a particle parallel

where the true jet direction wasverydif- to (p”) and perpendicular to (p,)
the jet axis.

The reason for this was that in cases

ferent from the observed jet axis the
detected particles had relatively low momenta and were nearly isotropic. The
rapidity and p distributions, howevor, were more sensitive to the correct deter-
mination of the jet axis and could not be reasonably corrected for all events.
The method used for these distributions will be described later.

Since the inclusive quantity s do/dx, which was shown in Fig. 4, nearly
scales, we are led to examine the inclusive distributions for s do/dx,, where x,

or Feynman x, is defined by

Xy =2py/E, (C))

In quark-parton models x) is the fraction of parton momentum carried by the
hadron in the direction of the parton. The distributions s do/dx,, corrected for
acceptance, trigger bias, data analysis cuts, incorrect jet axis determination,
and initial-state radiation are shown in Fig. 7 for the Ec.m. values considered
in Section III.

If we compare the distributions in s do/dx) with those in s do/dx, we see
that as E m. increases the two distributions become more alike because p, is a
decreasing fraction of p. At the lower energies the two distributions have quite
different shapes. When e+e- inclusive momentum distributions are compared, for
example, with leptoproduction, they should be compared in terms of the variable
x| Except for the Ec.m. = 3.0 GeV data, the s do/dx; distributions scale for
0.1<x;<0.8 to within 10% which is at the level of our normalization and system-
atic uncertainties. For Ec m > 4.8 GeV scaling in s do/dx|; appears to work

better than scaling in s do/dx.
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In order to measure the inclusive

distributions in P, and rapidity we need

100 T T 1 T
to require that a fairly high momentum
e 7.0<E.qm <7.8Gev

L L ]¢f

particle be detected in order tobe able 5 6.3<Eqm <7.0GeV
to find an observed jet axis which is x 56<E.q, <6.3GeV ]
close enough to the true jet direction 10 =, Z EZ:::S g‘x E
that we can use the jet model Monte s M“'.. 3
Carlo simulation to calculate correc- 3’ L s ]
tions. However, requiring that a high E_ MA“A |
momentum particic be detected biases the £ ! E A% %
inclusive distributions. A method which % E Mé# 3 ]
can be used to remove the bias is the - %ﬁéi‘%a _
following: o.l if— + M «( E
1. ¥ind the observed jet axis in the ? } p E
ucual way. 5 h
2. Divide the event into two jets 00! \ | \ | l&l
with a plane through the interac- 0 0.2 0.4 0.6 0.8 1.0
tion vertex and perpendicular to n =2y /B m. s
the jet axis. Fig. 7. Single particle inclusive x|

distributions s do/dx) vs. x| for
various E,_p .x|=2pfE¢.p., where p is
on one side of the plane (xm ) the component of particle momentum

a . . .
L. X parallel to the jet direction.
has x greater than some minimum

3. If the highest-momentum particle

value, orient the jet axis to have a direction within 90° of this highest-
momentum particle and measure the inclusive distributions in x), p,, and
rapidity for all the particles on the other side of the plane.

4. Repeat this procedure for the other side of the plane. This means that an
event may be counted twice in the inclusive distributions, but no particle
is counted more than once. The inclusive distributions are normalized to
the total number of jets contributing.

Corrections are calculated by applying this procedure to both the produced
and detected events in the jet model Monte Carlo simulation. For the produced
events we know the true jet direction, so we can calculate corrections for
finding the wrong jet axis in the detected events. The corrections, of course,
are somewhat model dependent. We have some confidence in this correction proce-
dure, however, because the jet model distributions agree rather well with the
data.

As a test of the effectiveness of this method for removing biases due to
requiring a high momentum particle, we apply it to the x distributions which we
have already measured for all events. We used the highest energy data sample,

7.0 <Ec - < 7.8 GeV, because it has the best statistics (and also because it
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should have the best-de-

fined jet structure). In 100 S RS B B B B T T3
Fig. 8 are shown the dis- C o Al Events ]
tributions (}/o)do/dx E & 0.3 <xmox <0.5 ]
versus x| for various + 0.5<xmex<0.7 am W
1
cuts on Xpax (which is at 10 X Xmox > 0.3 s =
= 0 xmax > 0.7 '0 O Xg 3
positive x| and is not - SO ot De 3
r a0,
L ©
plotted) for 7.0< E o r 2 o Q'... ]
< 7.8GeV. o is the cross - .gé s 2%,
. bl F 6 a %
section for jets with UI;; | 'f$ x Y
X within the specified -lb E ‘5‘ ) ]
max [ C) t Q :1
range and the distribu- r & B
tions (!/0)do/dx, are i + # &“ 6 t i
thus distributions of OA
i , , 0.l = ‘|'$ =
particle density in x. E ,H#i 3
The distributions are :’ 2
corrected for acceptance, B T
trigger bias, data anal- 1
i . . 0.0l I S O I T I T S .
ysis cuts, incorrect jet -0 -08 -06 -04 -02 0 02 04
axis determination, and X720 /Ec . -
initial-state radiation
. Fig. 8. Particle density distributions (!/o)do/dx) vs.
using the jet model Mon-  x) for various Xpax cuts for 7.0 <Ec.m, < 7.8 Gev. Xpax

is the highest-x particleon one side of the event and
is not plotted. The jet direction is oriented so that
are therefore our best Xmax 18 at positive x||. The distributions are normal-
ized to the cross sections for jets with xpax within the
specified range.

te Carlo simulation and

estimates of the true
distributions. We see
that these distributions are nearly independent of the X ax cut and agree with
the distribution for all events for negative x| . Only for xmax>0.7 do we see a
significant effect in the x| distribution on the opposite side: requiring a
particle with xmax>0.7 reduces the multiplicity for small |x,|| and increases the
multiplicity for large |x|||. On the same side as the X ax particle we do see a
correlation: the multiplicity decreases as Xpax increases. We conclude that this
method produces a relatively bias-free x distribution for negative x); the xj
distribution opposite a jet with xmax>0'3 looks like the xj distribution for all
events. We choose to use xmax>0.3 for our analysis because the statistics are
best. Of those observed jets with xmax> 0.3, only 4.77 have xmax>0'7’ so the
difference in distributions for xmax>0.7 has little effect. In fact, we have
made a physical observation: we have shown that the x| distribution in one jet is
independent of the X . Cut in the other jet. There is no particular reason why

this has to be so. In Fig. 9 we show the (}/0)do/x) distributions produced by
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the jet model Monte Carlo
calculation. The Monte
Carlo shows a dependence
of the negative x) dis-
cut
ax
used on the opposite side.

tribution on the xm

For the Monte Carlo the
multiplicity for small|x|
decreases and that for
large ]x||| increases as
X ax increases. The X
distribution opposite a
jet with Xiax > 0.3 is
significantly different
from the distribution for
all events.

The corrected (l/o)
do/dx,; distributions for
X >0.3 for various

max

E values are shown
c.m.

in Fig. 10. (}/0)do/dx,
distributions for all
events at the same ener-

gies are showninFig. 11.

Here o is the event cross section.

100 17T 7T T T 3

8 * Al Events ]

- 8 0.3<xmox< 0.5 b

- + 0.5<xmox <0.7 .K'A'. 1

x X > 0.3
10 & mex St 3

- 0o Xmax > 0.7 Q'f x o 3

- 40, ° o o + eo. b

L £ o o+l ]

- [e] x .. 4

’ + A *

i & o :A" )
blz " x %
S5 E o v 3
- F o 1 ¥ T

F o o % i-‘ ]

x &°®
- + x “ —
L + X0 ° 7
+¥xa°
x Y
olf-"ed |
“e E
R 3
0.01 N VSO WU I N S N S I
-0 -0.8 -0.6 -0.4 -0.2 (o] 0.2 0.4
- %= 2R /B, -
Fig. 9. Particle density distributions (!/o)do/dx vs.

x|, for various xpax cuts for jet model Monte Carlo at
Ec.m. = 7.276 GeV.

The distributions in Fig. 10 for negative xy,

agree quite well with those in Fig. 11 for all x| considered to be positive if
those in Fig. 11 are divided by two (because the distributions in Fig. 11 are for

both jets).

tions opposite a jet with Xoax > 0.3 look like those for all events.
(Yo)do/dx  for all events from (1/o)do/dx, for particles oposite a jet with X

We see that the method works well for all energies; the x| distribu-

To obtain

>0.3, assume

that the distribution forpositive x; is the reflection of that fornegative x; about x=0.

Then, since the distribution is symmetric about x; =0, it can be folded over at

xy=0 so all particles are at positive xj .

One observation that can be made

about the distributions (1/o)do/dx|  for various energies is that they scale

rather well for all energies, including 3.0 GeV, for x| >0.2.

scales for Ec
mately constant.

higher energies.

That (}/0)do/dx

m_ilo.B GeV is not surprising since s do/dx| scales and Ris approxi-
However, R at 3.0 GeV is a factor of two smaller than R at the
Evidently, normalizing the inclusive distributions in x, to the

total cross section rather than the luminosity makes up for this difference.

Inclusive distributions in rapidity and p, relative to the jet direction can
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then be measured using

the method just de-

100 E T - T T T T T T
scribed. The rapidity y E ]
® 7.0<Ecm. <78 Gev b
is defined i 4
is defined by L © 6.3<Ecm<7.0Gev ]
+
S 11n Bei) o) | x 5.6<Ecm <6.3GeV .
y =3 Inlg- 0 Ecm.=4.8GeV Qs
P 1o ¢ .
g Ec.m.=3.0 GeV ] 3
where E is the energy F 8AA 40 ]
n a
of the particle assu- r 3§A 28 ﬂ
ming a pion mass andpy L 88 i oy A
is the component of g{-‘;_ | q§ Qg |
particle momentum par- -lo E , 35 3
allel to the jet axis. C 122 5 _
In Fig. 12 are shown [ é éé i
the corrected particle o ¢?§ X
3 A
density distributions E-+ ]
(1/0)do/dy versus y for r f 1
various x cuts for i ]
max | ]
7.0<E <7.8 GeV.
c.m. 0.0! TSN S T (SRR R VU Rt 1
As was the case for -0 -0.8 -06 -04 -0.2 0 02 04
(}/0)do/dx,, fornegative in x=2p /€, sar

Fig. 10. Particle density distributions (!/0)do/dx)
vs. x| for Xpax > 0.3 for various Eq,p,. Xpax 1s at
positive x| and is not plotted. The distributions are
normalized to the cross sections for jetswith xp,.>0.3.

X||, we see that the dis-

tributions for negative

y are nearly indepen-

dent of the x cut.

max

For X ax >0.7 there is a decrease in particle density for y between -1.5 and O.
cut

ax

We then used the

For positive y, of course, we see a decrease in multiplicity as the X
increases, as was shown previously for the x| distributionms.
>0.3 to produce corrected distributions in rapidity density at the other
13.

estimates of the true rapidity distributions; those for positive y are distorted

cut x
max
energies, as shown in Fig. The distributions for negative y are our best

by the Xax cut. The real distributions of particles in rapidity relative to the
13 with the distributions for positive y given
by a reflection of those for negative y about y=0. The distributions (!/¢)do/dy

The distributions for the three highest

jet direction would look like Fig.

increase in width as E increases.

energy ranges are quite'similar in shape and appear to level off to a kind of
plateau for y between -1.0 and 0. The value of (!/0)do/dy at the plateau is about
1.45 and is somewhat energy-dependent. A dip in (!/0)do/dy for y between -0.2
and 0 may be due to systematic errors in our data analysis. Because of tracking
problems, we do not use particles with transverse momentum relative to the beam

direction less than 150 MeV/c and must rely on the Monte Carlo simulation to
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correct for this cut.
Distributions in P, relative to the
jet direction are of some interest be-
cause they are the basis of the defini-
tion of jet structure. Jets occur
because p, is limited as E

Figure 14 shows the corrected distribu-
tions (1/o)d0/dp12 versus pl2 for particles
opposite (negative x;;) jets with vari-

ous x cuts for 7.0<E <7.8 GeV.
it c.m.

ax
The distributions are independent of the
X

max
shows a decrease in particle density for

cut, except for x___>0.7 which
max

p12<0.6(GeV/c)2. The corrected distribu-

tions (!/0)do/dp,? versus pl2 for the

various E

cles opposite jets with x >0.3 are
max

presented in Fig. 15. The pl2 distribu-

tions are very similar in shape for

E >4.8 GeV.
c.m.—

The area under each
curve increases as Ec'm increases be-
cause of the increasing multiplicity.
For Ec o =3.0 GeV the pj.2

distribution falls off

values measured for parti-

increases.
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® 7.0<Egm.<7.8GeV
6.3 <Ecm< 7.0 Gev
x 56 <Ecm<6.3 GeV
Ec.m.= 4.8 GeV
A Ecm.=3.0Gev
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be multiplied by two since
they represent only one
of the two jets.

The distributions
shown in Fig. 15havebeen
corrected using the Monte
Carlo jet model to-calcu-
late losses due to accept~
ance, trigger bias, and
data analysis cuts and to
calculate corrections due
to finding the jet axis
incorrectly. In order to
show how these corrections
might affect the p,2 dis-
tributions we present in
Fig. 16 the uncorrected
observed distributions
(1/Nev)dN/dp12 for parti-
cles opposite jets with
xmax>0' 3, where Nev is the
number of observed jets

with x___>0.3 and dN/dp 2
max 1
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Fig. 13. Particle density distributions (l/¢)do/dy
vs. y for Xpax>0.3 for various Ec,m. yis the rapidi-
ty of the particle relative to the jet direction as-
suming a pion mass. xpzx is at positive y and is not
plotted. The distributions are normalized to the
cross sections for jets with xmax>0.3.

is the number of particles observed per (GeV/c)2? in each p12 bin. By comparing

Figs. 15 and 16 one can see that the effect of the Monte Carlo corrections is to
increase the particle density at high pl2 relative to that at low plz. This is a
reasonable efficiency correction because the detector acceptance makes it more
difficult to detect both a jet and a particle at high P, to it. In any case, the
Monte Carlo corrections do not change appreciably the similarity in shapes of the
distributions for Ec.m.zﬁ'a GeV nor do they change the observation that the
slopes decrease as pl2 increases.

Figure 17 shows the same distributions as in Fig. 15 plotted versus plrather
than pl.2 . These distributions are used to calculate the average transverse mo-
mentum relative to the jet direction <p1> for each of the Ec.m.' Figure 18 shows
<P1> opposite jets with xmax>0'3 versus Ec.m.'
simple evidence for jet structure since <p,> levels off as E

The dependence of <p, > on Ec n is

increases. The
c.m.

value of <p > for 7.0<E,  <7.8 GeV is 364:2 MeV/c where the. error is statistical

.m

To estimate thte systematic error we calculated <p1> for various X ax

cuts).
>0. 3,

only. cuts
for 7.0<E
c

The range of <p,> for different Xax

<7.8 GeV (see Fig. 14 for pl2 distributions for these X ax

cuts was within 10 MeV/c of <ﬂ?forxmax
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Fig. 14. (llc)dc/dp,2 vS. p;z for
particles opposite jets with var-
ious Xmax cuts for 7.0<E¢c ,p<7.8
GeV. p, is the component of parti-
cle momentum perpendicular to the
jet direction. The distributions
are normalized to the cross
sections for jets with xpax
within the specified range.

Fig. 15. (l/c)da/dp,_2 vs. pl2 for
particles opposite (negative x|)
jets with xmax>0.3 for various
Ec.m.- p, is the component of
particle momentum perpendicular
to the jet direction. The dis-
tributions are normalized to
the cross sections for jets
with xmax>0.3. The solid lines
represent the fits, discussed
in the text, to the distribu-
tions for E;,p, = 3.0 GeV and
7.0<E; . <7.8 GeV.
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Fig. 16. Observed (J‘/Nev)dN/dr.i2 for par-
ticles opposite jets with xp,,>0.31in events
with 3 or more charged particles. Ney
is the number of observed jets with
Xmax>0.3 and dN/dpl2 is the number of
particles observed per (GeV/c)? in
each pl2 bin.

Fig. 17. (!/0)do/dp, vs. p, for parti-
cles opposite jets with xpax>0.3 for
various E¢,p.. p, is the component of
particle momentum perpendicular to the
jet direction. The distributions are
normalized to the cross sections for
jets with xpax>0.3.
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so we estimate the systematic error for

<p>to be +10 MeV/c. 040 7 ' ' ! !
1
4

The distributions (I/o)dc/dpl2 B g

versus plz, shown in Fig. 15, do not fit -
single €xponentials in plz, except for 035 I~ ¢ ]
Ec.m.=3'0 GeV. The pgrameters for such
attempted fits are listed in Table I. _+ -

0.30 |-

<p_|_) (Gev/c)

The XZ/(degree of freedom) are very

3 4 5 6 7 8
exponential in pl.2 is a poor fit for Eem  (Gev) sarems

large for E > 4.8 GeV. Thatasingle 0

these energies is obvious from Fig. 15
B & g Fig. 18. Average transverse momentum

since the slopes Yary with P, 2, For relative to the jet direction <p,> for
E, .2 4.8 GeV the p 2 distributions gir ~ particles opposite jets with xpay>0.3
c.m.— vs. Ec.m.

reasonably well to a sum of two exponen-
tials in p ? : (1/0)do/dp1 =c,e -bip,?

+c2e ~bap 2 3 the parameters for such fits are given in Table II. Only statistical
errors were used to determine X2. The distributions given by the single exponen-
tial fit for Ec.m.=3'0 GeV and by the sum-of-two-exponentials fit for 7.0<E

c.m.

<7.8GeVarerepresented by the solid lines inFig. 15. The coefficients of p].2 s b1 and b2 s

are plotted versus Ec o inFigs. 19a and 19b. The larger coefficient b, is consistent

with about 10 (GeV/c) 2 for the three highest energy ranges; it isa litltle largerat E‘__m
=4.8GeVand a little smaller at E com.” 3.0 GeV. The smaller coefficient b2 is consistent
with about 4 (GeV/c)~? for all energies E c.m.> 4.8 GeV. We have shown quantita-
tively that the shapes of the 1:»1.2 distributions are quite similar for Ec.m.i 4.8
GeV.

In Fig. 20 we compare the P, 2 distribution for 7. 0<E m. <7.8 GeV with that
for the jet model Monte Carlo. We see that for p 250.6 (GeV/c)2 the Monte Carlo
distribution is lower than the data. <p,> for the Monte Carlo distribution is

343 MeV/c, about 20 MeV/c lower than for the data. We also note that the Monte

TABLE I

1 do ~bp 2 .
Fits to - =ce L for particles opposite jets with x >0.3
o dp,? max
for various E_ = for p,2>0.01 (GeV/c)2.
.m. )
c.m. c b X deg;ges
(GeV) [(GeV/c)_ZJ E{Gev/c)—z] freedom
3.0 11.08+0.45 | 8.95%0.42 10.40 11
4.8 12.0340.24 | 6.96+0.14 92.19 13
5.6-6.3 | 14.18%0.17 | 6.64*0.07 |240.25 21
6.3-7.0 | 14.99+0.21 | 6.40+0.08 |182.23 20 .
7.0-7.8 | 16.034+0.14 | 6.43%20.05 [472.34 23
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TABLE II

. d - 2 _
Fits to é dp02 = Ccle blpi + c e b for particles opposite jets with
x___»0.3 for'various E for p 2>0.01 (GeV/c)2.
max c.m L
Ec.m. c b, cy b, x2 degrees
=2 -2 -2 -2
(GeV) KGeV/c) ] EGEV/C) ] KGQV/C) J KGEV/C) ] frggdom
3.0 11.08 8.95 - - 10.40 i1
+0.45 +0.42
4.8 9.37 13.18 4.93 4.43 4.86 11
+0.86 +1.56 +0.98 +0.36
5.6-6.3 12.15 10.41 4.13 3.93 23.75 19
+0.69 +0.68 +0.80 +0.27
6.3-7.0 11.53 11.07 5.87 4.25 36.70 18
+1.01 +1.08 +1.17 +0.30
7.0-7.8 13.97 10.23 4.62 3.77 29.86 21
+0.49 +0.44 +0.56 +0.17
Carlo distribution is not a single expo-
nential in plz. What is the reason for
the excess of high P, particles? After
testing several hypotheses, we finally 16 T T 1 1
found an answer. In Figs. 2la and 21b DTS + ~
. §) — ——
~ are shown the K™wt invariant mass distri-~ 3 gl |
butions for 7.0<Ec m <7.8 GeV for both = 4
particles with pl<0.8 GeV/c and for one < f ‘ \ o
or both particles with p > 0.8 GeV/c. — ©
For the first case we see no signal, but IQ - ]
S
for the second case we see a peak near § 4 |- t __4_‘*“—_.__7
the D° mass of 1863 MeV/c2.5 (The only o 2 o
o (b)
other way that has been found to isolate o Lt | | | |
an° signal in the high-energy data is to 3 4 5 6 14 8
P Ecm. (Gev) s7me

require the Km momentum to be greater
Fig. 19. Coefficients of plz,(a) by
and (b) by, for fits of the form
(}/0)do/dp,2 = c e b1Pi24¢,e-b2p,?
for particles opposite jets with
Xmax>0.3 vs. Ec.m.-

than 1.5 GeV/c.15b We therefore have con-
clusive evidence that some of the high P,
particles are the result of D° production
and decay into K—n+. Other D decays have
been studied by Monte Carlo, but of these
the decay of a heavy particle into two
charged particles is the primary source
of particles with p1>0'8 GeV/c. In fact, it is possible to produce a quite ade-
quate representation of the observed p 2 distribution by adding to the jet model
Monte Carlo a contribution from Do*ﬁo*ﬂ+n_, whereDO*»Doyor p°r® and D° decays
only to K-ﬁ+, as shown in Fig. 22. One should note that all high P, particle:s do
not necessarily come from charmed particle decays, and we cannot show that.the

second exponential in pl2 is completely due to charm. Some high P, particles can
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result from two-jet production, and

the jet model pl.2 distribution is not a

single exponential in plz.

We have measured the dependence

of the P, distributions on x,, or
<7.8 GeV.

Feynman x, for 7.0<Ec

Figure 23 shows the corrected distri-

butions (1/o)dc/dp12 versus 1:»12 for

several x, ranges for particles oppo-

site jets with x _ >0.3.
max

butions are normalized to the cross

The distri-

section for jets with x___>0.3. From
max

these distributions we see that par-

ticles with x); between 0.1 and 0.3

are the major contributors to the

high 1)12 region. Particles with xy,

less than 0.1 and between 0.3 and 0.5

contribute about equally to the high

P, 2 region.

<p,> for the x| ranges with xy less

than 0.5; the P, distributions
for x, greater than 0.5 are
too poorly defined because of
the limited statistics to
allow a calculation of <p,>-
In Fig. 24 we present <p,”
versus x|, for three x| ran-
ges. <p1> increases with in-
creasing x| in a manner quite

like the "seagull" effect

seenin leptoproduction. 16)

Fig. 21. Ktw‘_"' invariant mass
distributions for 7.0<E¢, ;. <7.8
GeV for (a) bothparticleswith
p,<0.8 GeV/c and (b) one or
both particles with p,>0.8
GeV/c. p, is the component of
particle momentum perpendicu—
lar to the observed jet axis.
No time-of-flight infom ation
was used; each combination
was plot ed twice - once for
each ma.s assignment.

COMBINATIONS /{20 Mev/c2)

We were able to calculate
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Fig. 22. Observed p 2 distribution for particles
opposite jets with xﬁax>0.3 in events with 3 or more
prongs for 7.0<Ec,m.<7.8 GeV. p, is the component of
particle momentum perpendicular to the observed jet
axis. The data is compared with the sum of the Monte
Carlo predictions of the jet model and a charmed meson
production model. The Monte Carlo distribution is nor-
malized to the total number of particles in the data.
The relative normalization of the two models was chosen
by requiring that the number of high p].2 particles
agree with the data.

The pl2 distributions for x;<0.1and 0.1<x)<0.3 can be fitted to sums of two
exponentials in plz’ and the distribution for 0.3<x;;< 0.5 requires only a single
exponential. The parameters of the fits to (1/0)d0/dp12= cle-blp‘-2+ cze"bzp*2
are listed in Table III. The minimum p‘.2 used in the fits was varied somewhat to
obtain reasonable fits. The fitted distributions are represented by the solid
lines in Fig. 23. The values of the coefficients of plz’ bl and b2, are plotted
versus x|; inFigs. 25a and 25b. Since the single coefficient for 0.3<x <0.5was
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TABLE III

Fits to é ddfz =c e_b1p12+ cze_bzpl-2 for particles in various xy,
ranges opposite jets with xmax>0.3 for 7'0<Ec.m.<7'8 GeV.
) deiiees
*II range [(G:vl/ ey [(G:Vl/ S [(G:\;/ or? [(G:\gl K x freedom
<0.1 8.98 10.37 0.96 3.79 19.17| 15
p,2>0.09(GeV/c)? +0.47 +0.72 +0.33 +0.41
0.1 -0.3 3.09 8.82 2.50 4.17 . 21.64 | 17
p,2>0.04(GeV/c)?2 +0.47 £1.12 +0.52 +0.24
0.3 - 0.5 1.24 3.88 -— - 15.69| 11
p,2>0.16(GeV/c)? +0.09 +0.21
in agreement with the smaller coeffi-
cient for the other two x) ranges, it
was plotted in Fig. 25b. The larger co- ! ' ' I I I !
efficients for x;;<0.1and0.1<x;<0.3 o g . QT<:::gg E
are both consistent with 10 (GeV/c) 2, 4 03<x;<05 ]
the same value that was found for the ° Qf :"zgg ]
p,? distribution integrated over xj. " -
The smaller coefficients and the single o . -
coefficient for 0.3<x<0.5 are consis- 'Q 3
tent with 4 (GeV/c) 2, again in agree- égj .
ment with the smaller coefficient for o ]
the pl2 distribution integrated over j|:
x| . If we were to assume that the ex- o.! E
ponential with the smaller slope is ]
due to charmed particle E}Oduction, ]
then we would be forced to conclude
that all particles with 0.3<x;<0.5" Q0|0 ” PP
are the result of charmed particle de- * . ’
cay, which is unlikely. Unfortunately, e pi RELATIVE TO JET AXIS [Wer)z]

we have been able to study only the
decay D°+K_w+ which has a branching
ratio of only (Z.ZiO.G)Z.S)We are
otherwise unable to separate the charm

production component in this analysis.

Fig. 23. (1/0)do/dp? vs. p,? for parti-
cles in various x, ranges opposite jets
with Xpax>0.3 for 7.0<Eq.p.<7.8 GeV.
The distributions are normalized to the
cross section for jets with xpax>0.3.

We have looked for charge correlations between the leading particle in one

jet and all other observed particles in events with three or more charged prongs.

The data sample used was the highest energy range 7.0<Ec n <7.8 GeV. We plotted

x|, distributions using the same method as was described in connection with Fig. 8,

except that two distributions were produced - one for those particles with the

same charge as xpay and another for those particles with the opposite charge to

37



the X ax particle. 1In Fig. 26 we present

the observed ratio opposite charge of these
same charge

two distributions in x| for two different

X is

max

and, of course, is not in-

X, cuts: x___>0.5 and x___>0.7.
max max max

at positive x,
cluded.

only events in which the total charge was O

For this distribution we have used

if an even number of particles was observed
or z1 if an odd number was observed. In
general, since the detector did not have
complete acceptance, one or more particles
were not detected, so we do not expect to
conserve charge. We also plotted the
charged particle multiplicity distribution
for each x| bin so that we could calculate
the statistical expectation for the charge
ratio. For example, for an event with 3
charged particles and total charge #1 the
probability that any 2 particles have oppo-
site charge is 2/3 and the probability that
any 2 particles have the same charge is1/3,
so the ratio of opposite charge to same
charge is expected to be 2. The expected
ratio decreases as themultiplicity increas-
es. The statistical expectation versus x)
is represented by the dashed line inFig. 26.
We see that for positive x the ratio of
opposite charge to same charge is much
larger than the statistical expectation.
This means that there are same-side corre-
lations: particles in the same jet as the
Xmax Particle tend to have the opposite
charge to the Xnax particle. Suchaneffect
can be caused by neutral resonances and is
expected for various other models. For
negative x| there is no evidence for charge
correlations. For xmax>0'7 the point at x
=-0.85 is high compared with the statisti-
cal expectation, but the difference is not

statistically significant. There were only
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18 events contributing to this point. Of
these 3 had the same charge as X ax and
15 had the opposite charge, whereas we
would have expected 6 and 12. The prob-
ability of observing a charge ratio of 5
or more is about 10%. The statistical
expectation is generally a little larger
than the measured charge ratio for nega-
tive x|;. In principle, when calculating
the statistical expectation for negative
x| we should have taken into account the
observed charge correlation at positive
X)« This would have had the effect of
lowering the statistical expectation
slightly for negative x|;. The effect
would be small because the number of
particles at positive x; is small for
such large X ax CUts (see Fig. 8). Some
quark-parton models predict a charge cor-
relation between leading particles in
opposite jets due to their production
from a quark-antiquark pair. Particles at
x| <~0.5are certainly the leading parti-
cles in the jet opposite the jet with

X .y Yet we see mo such effect. It may
be that to see these leading-particle

charge correlations, both particles must

5 T T T T T T
Xmax >0.5 (a)
4 — -
gt o
2= e . .7
8 r [} . 4 ‘0.0‘]_‘_'
gig!
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Fig. 26. Observed ratio of the number
of particles with opposite charge to
the xpax particle to the number of
particles with the same charge as
Xmax for (a) Xpax>0.5 and (b) Xpax
>0.7 vs. x| far 7.0<Ec,m,<7.8 GeV.
Xmax 1s at positive x) . The statis-
tical expectations, calculated from
the charged particle multiplicity
distributions for each x| bin, are
represented by the dashed lines.

have x very near 1l; unfortunately, the statistics of our data sample are not suf-

ficient for such a measurement.
VI. CONCLUSIONS

Studies of hadron production by e+e- annihilation have yielded very exciting

results.

The data discussed here were taken by the SLAC/LBL magnetic detector

collaboration at SPEAR at center-of-mass energies between 2.6 and 7.8 GeV away

from the resonance regions.

marized as follows:

The major results presented in this talk may be sum-

1. R, the ratio of the total hadronic cross section to the muon pair produc-

tion cross section, shows the following behavior, apart from the y, ¢~,

and §”~ peaks:

below 3.5 GeV, R is approximately constant at a value of

about 2.6; between 3.5 and 4.5 GeV, R shows a complex structure associ-

ated with charm production; above 4.8 GeV, R is again approximately constant
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at a value of about 5.3 without subtracting heavy lepton production.
The single particle inclusive distributions s do/dx roughly scale for
x>0.3 for the entire Ec.m. range 3.0 to 7.8 GeV.

There is strong evidence for jet structure in hadronic events for Ec.m.
>4.8 GeV. At 7.4 GeV the jet axis angular distribution was measured to
be proportional to 1 + (0.97+0.14) cos?6, consistent with that for a
pair of spin-1/2 particles. A jet model Monte Carlo simulation is able to
reproduce the sphericity distributions and the single particle inclusive
momentum and angular distributions for events with three or more charged
particles.

Inclusive distributions in s do/dx| , where x,; (Feynman x) = ZP"/Ec.m.
and p is the component of particle momentum parallel to the jet direc-
tion, scale to within 10% for 0.1<x)<0.8 for Ec.m. >4.8 GeV. Inclusive
distributions in (l/c)dc/dx|| , where 0 is the total hadronic cross sec-
tion, scale rather well for x) > 0.2 for all energies.

The x;) distribution for one jet is nearly independent of the magnitude
of the momentum of the leading particle in the other jet.

Distributions in rapidity with respect to the jet direction have been
measured and show the development of a plateau for the three highest
energy regions measured, from 5.6 to 7.8 GeV.

Distributions in pl2 relative to the jet direction have been measured.
The average P, has been measured as a function of Ec.m. and levels off
at a constant value for the three highest energy regions measured,
giving direct evidence for jet structure. The distributions in pl2 can
be fitted to the sum of two exponentials in plz. A contribution from
charmed meson production needs to be added to the jet model in order to
account for all of the high P, particles observed.

Distributions in p12 as a function of x,;) have been measured for 7.0

<E . _<7.8 GeV. The average P, increases with increasing x|; for x; <0.5.
Evidence for same-side charge correlations has been found: particles in
the same jet as a large-x leading particle tend to have charge opposite

to that of the leading particle. There is no evidence for opposite-side

charge correlations.

The data seem to be in general agreement with the predictions of quark-parton

constituent models. The production of charmed particles complicates the picture

somewhat.

It should be quite interesting to see what happens at the next higher-

energy storage rings PEP and PETRA.

40



3.

10.
11.

12.

13.

14.

REFERENCES
See Gary J. Feldman and Martin L. Perl, Phys. Reports 33C, 285 (1977) and
references therein.

See G.J. Feldman in Proceedings of Summer Institute on Particle Physics,

SLAC-198 (Stanford Linear Accelerator Center, Stanford University, Stanford,
California, 1976), p. 81, and references therein; W. Tanenbaum et al.,
SLAC-PUB~1987, to be published in Phys. Rev.

M.L. Perl et al., Phys. Lett. 70B, 487 (1977) and references therein.

See G.J. Feldman in Proceedings of Summer Institute on Particle Physics,

SLAC-204 (Stanford Linear Accelerator Center, Stanford University, Stanford,
California, 1977), p. 241, and references therein.

I. Peruzzi et al., Phys. Rev. Lett. 39, 1301 (1977).

S.D. Drell, D.J. Levy, and T.M. Yan, Phys. Rev. 187, 2159 (1969), and Phys.
Rev. D1, 1617 (1970); N. Cabibbo, G. Parisi, and M. Testa, Lett. Nuovo
Cimento 4, 35 (1970); J.D. Bjorken and S.J. Brodsky, Phys. Rev.D1, 1416
(1970); R.P. Feynman, Photon-Hadron Interactions (W.A. Benjamin, Inc.,
1972), p. 166.

G. Hanson et al., Phys. Rev. Lett. 35, 1609 (1975).

Members of the SLAC/LBL Mark I magnetic detector collaboration were:

G.S. Abrams, M.S. Alam, J.-E. Augustin, A.M. Boyarski, M. Breidenbach,

D. Briggs, F. Bulos, W.C. Carithers, W. Chinowsky, J.T. Dakin, R.G. DeVoe,
J.M. Dorfan, G.J. Feldman, G.E. Fischer, C.E. Friedberg, D. Fryberger,

. Goldhaber, G. Hanson, R.J. Hollebeek, J.A. Jaros, B. Jean-Marie,
Hartill, A.D. Johnson, J.A. Kadyk, R.R. Larsen, A.M. Litke, D. Liike,

. Lulu, V. Liith, H.L. Lynch, D. Lyon, R.J. Madaras, C.C. Morehouse,

Nguyen, J.M. Paterson, M.L. Perl, I. Peruzzi, M. Piccolo, F.M. Pierre,
Pun, P. Rapidis, B. Richter, B. Sadoulet, R.H. Schindler,

. Schwitters, J. Siegrist, W. Tanenbaum, G.H. Trilling, F. Vannucci,

. Whitaker, F.C. Winkelmann, J.E. Wiss, and J.E. Zipse.

R.F. Schwitters in Proceedings of the International Symposium on Lepton and

G
D
B
H.
T
R
J.

hom R B

Photon Interactions at High Energies (Stanford University, Stanford, Cali-
fornia, 1975), p. 5.

G. Grindhammer, talk presented at this conference.

J. Biirger, talk presented at this conference.

G. Wolf, talk presented at this conference.

Gail G. Hanson, Proceedings of the VIIth International Colloquium on

Multiparticle Reactions (Tutzing, Germany, 1976), p. 313, and Proceedings

of the XVIIIth International Conference on High Energy Physics (Tbilisi,
U.S.S.R., 1976), p. Bl.
Yung Su Tsai, Phys. Rev, D12, 3533 (1975).

41



42

15.
16.

G.J. Feldman et al., Phys. Rev. Lett. 38, 1313 (1977).
See, for example, W.A. Loomis, et al., "Hadron Production in Muon-Proton

and Muon-Deuteron Collisions," Harvard University preprint, submitted
to Phys. Rev.



*
RECENT RESULTS FROM DELCO

Alain-Michel Diamant-Berger
Physics Department, Stanford University
Stanford, California 94305 USA
and

o DPhPE/SEE, CEN Saclay
BP n- 2, 91190 Gif sur Yvette FRANCE

Abstract: The new data from the DELCO experiment give
conclusive evidence for the existence of the heavy lepton. Pre-
liminary results on the T branching ratio and an analysis of the
electron spectrum are pregented. A preliminary look at D beta
decay in terms of K and K (890) is also discussed.

Résumé: Les données récentes accumulées par 1'expérience
DELCO apportent une preuve convaincante de 1l'existence du lepton
lourd t. Cet exposé présente des résultats préliminaires sur les
modes de desintégration du lepton T ainsi qu'une analyse du
spectre d'impulsion des électrons secondaires. La situation
actuelle de notre analyse des desintégrations semileptoniques du
méson D est aussi présentée.
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1. Introduction
The DELCOl)

the beginning of 1977. It was designed to study the production and decays of

experiment has been located at SPEAR, in the east pit, since

new particles, tagged by direct electrons emitted in weak decays. Two kinds

2)

of particles are now known to provide such a signal: the charmed particles

and the heavy lepton 1,3) and DELCO is particularly well suited to study their
properties. In this talk, I will briefly describe the detector and review
older results, as they stood at the end of 1977, before presenting the latest

data which are, of course, preliminary.

2. The Detector

The detectorb) is shown in Fig. 1. The interaction region sits in a
3.5 kG near axial field provided by two coils wrapped on steel pole pieces
85 cm apart. The beam passes through the poles of the magnet and the return
yoke is extended far up and down to avoid interfering with the rest of the de-
tector. A set of six cylindrical multiwire proportional chambers extend from
the beam pipe to a radius of 30 cm. The inner four cylinders subtend 80% of
4m steradians. Four of the cylindrical high voltage foils are divided into
2 cm strips inclined at 45° to the beam axis, to provide a crude depth measure-
ment. Scintillation counters on the pole tips increase the solid angle for
detection of charged particles.

The MWPC are surrounded by a segmented Cerenkov counter filled with
ethane at atmospheric pressure. In each of the 12 cells a double bounce optics
focuses the Cerenkov light onto a 5 inch phototube coated with PTP wave-shifter
yielding, on the average, 10 photoelectrons for a B=1 particle, and a hadron
rejection better than 10—3. Next in the sextants are located two planes of
magnetostrictive spark chambers providing two ¢ and z measurements per track.
Together with the MWPC information they give the following accuracies:
op/p = 10 p (Gev/c)%, c¢ =0y = 5 mrad. Finally, behind the spark chambers,
an array of shower counters consisting of three layers of lead and scintilla-
tor covers roughly 60% of 4m steradians, the inner layer strips being timed at
both ends. Over the last summer, we added two lead walls followed by spark
chambers and scintillation counters to obtain a muon identification over 207
of 4w, for particles with a momentum above 700 MeV/c. We do not have results to
report yet involving this new piece of equipment.

The trigger for the experiment relies heavily on the shower counters: the
coincidence of at least two out of three layers of a shower module, called an
S signal, is satisfied by charged particles, as well as by relatively soft
photons. The basic trigger requires a track in the inner two MWPC in coinci-

cence with two S signals from different sextants within 20 ns of the beam
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crossover time. It is mixed with two other triggers which allow all neutral
final states: three S from three different sextants, or two S with a minimum
total pulse height rejecting cosmics. The combined trigger rate is 0.7 Hz.

After track finding, cosmic ray events and beam gas interactions are re-
moved on the basis of timing and vertex cuts. The remaining 15% of the trig-
gers are real e+e_ interactions and are classified into two main categories:

- QED processes including the final states e+e-, u+u*, YY, e+e_Y, etc.
These events represent roughly two thirds of the interactions and we use them
very extensively for calibration and normalization purposes. In particular,
the eeY events gave us a way to measure the efficiency of our Cerenkov as a
function of the electron momentum, as shown in Fig. 2.

- hadronic events including multiprong events (with three tracks or more
emerging from the interaction region), and two-prong events (if they are acop-
lanar with the beam by more than 50, and one track is not an electron). Parti-
cular attention is given to the subset of events having one electron candidate,
that is a track giving an in-time pulse in both a Cerenkov cell and a shower
module.

The determination of our hadronic detection efficiency somewhat depends on
the "true" multiplicity distributions which we tried to unfold from our observ-
ed events. Thanks to our neutral triggers, it is well above 90% for events
with at least 4 prongs, and around 50% for two-prong events. An averaged de-
tection efficiency at E.  of 3.8 GeV is 0.85%0.1.

4)

3. 0ld Results

0(e+e_+ hadrons)

The measured value of R = in the range 3.6 GeV < E_ <

+ -+ - M
o(e e >uu)
4.8 GeV is displayed on Fig. 3. The errors shown are statistical and the verti-

cal scale may possess an overall systematic error of 20%. The general features
of this plot are in reasonable agreement with those already measured at SPEARS)
and DORIS.6) We very carefully investigated the dip around 4.25 GeV and the

new resonance y'" whose parameter we determine to be:

M = (377046) MeV/c?
I = (24£5) Mev/c?
ree = (180+60) eV
This resonance has been identified as the first 3D1 state of charmonium
predicted in 1975 by Eichten et al.7) Since it sits above the expected LD
threshold,g) but below any Dﬁ* threshold, it decays only into DD states, and

9)

thus provides a very clean laboratory to study the D meson.
It is very interesting to compare the behavior of R with the variation of

+ - 4+
R = 912;2511372;53) in the same energy range, shown in Fig. 4. All the
e o(eTe™ pytuT)
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structures observable in R are also visible in Re’ but with a much smaller
background. In particular, the y" resonance is clearly visible, and this pro-
vides unambiguous evidence for the semileptonic decay of D mesons. The com-
parison of the relative size of the y" peaks in both plots, after correction
for losses into two and fewer observed prongs gives a measurement of the semi-
leptonic branching ratio: .

—H» =11 % 2%

This is consistent with other measurements at SPEAR and DESY.IO)
Finally, the smooth excitation curve we obtained for the two-prong elect-

ron events contrasted sharply with the Re curve and gave support to the hypoth-

esis of a heavy lepton as a possible origin for those events.

4. New Results

Since last summer, in order to investigate further the heavy lepton hypoth-
esis, we first took a lot of new data at energies below charm threshold
(3.5 GeV, 3.625 GeV, 3.684 GeV, 3.72 GeV) and we performed a new analysis of
our older data, in order to gain some statistics. The steps in our new pro-
cedure invole selecting events with only 2 charged prongs and any number of
photons. One of the tracks, the electron cadidate, must have a momentum great-
er than 200 MeV/c and trigger the Cerenkov cell it traverses. The other track
must have a momentum greater than 300 MeV/c and not trigger its Cerenkov cell.
The relative azimuthal angle between the two tracks has to be less than 160°.
Events with a topology compatible with eey (15) are then rejected, leaving a
sample of 660 events. The shower pulse height for both tracks in these events
is shown in Fig. 5, together with the distribution expected for a non-electron
track. To further eliminate electrons which have not been tagged by the
Cerenkov, the X prong is required to have a shower counter pulse less than 3.3
times a minimum ionizing pulse. This leaves 540 events with an estimated
background of 15 events, consistant with the rate of events seen at the y(3095)
and at 3.5 GeV. The contcibution from two photon processes (e-'-e"-> e+e_u+u_)
where only two particles are detected is estimated to be less than 2% by com-
paring the number of events witn like sign and opposite sign particles.

The number of events for different values of the center of mass energy is
given in Table I, and the corresponding rate normalized to muon pairs, L is
shown in Fig. 6. It is already clear from the table that there is a threshold
between 3.5 and 3.6 GeV for the production of eX events, and that this thres-
hold is definitively different from the charm threshold, since we observe 35
events without photons at energies between 3.6 and 3.72, with an expected back-

11)

ground of at most 2 events. The data at the y'" are estimated to contain a

20% background from charm and will be eliminated from all the subsequent analysis.
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Table I: Measurement of the eX production rate as a
function of energy.

E, N:Z eX(moy) r2'(x107%)  ex(all) r (x107)
P 2456 0 0+ 2.3 4 9+5
3.5 1253 1 4.5:4.5 1 4.5%4.5
3.6 207 1 27.5%27.5 3 82.6%47.7
3.625 817 4 27.9+14 5 34.9+15.6
"91(3.689) 2724 15 31.4£8.1 26 54.4:10.7
3.725 2434 15 35.149 23 54%11
y"(3770) 8329 89 60.9+6 118 8147
3.80-3.90 2615 22 48+10 30 6512
3.90-3.98 889 8 51.3£18 9 68+19
3.98-4.24 3841 52 77.1£11 86 12814
4.24-4.28 1856 26 79.816 39 12019
4.28-4.99 4899 76 88.4+10 104 121412
4.99-6.5 1187 23 110.4+23 36 173+29
6.5-7.4 1535 37 137.4:23 56 208128

Charm background at higher energies is expected to be less than our statis-
tical errors and has therefore been neglected. Also shown on Fig. 6 are the
fitted eXcitation curves for a pointlike spin 1/2 particle, letting the mass
and the branching ratios vary. The results of the fits are summarized in
Table II.IZ)
spin O pointlike particle because of the high yield of eX events, or with a spin

It is not possible to get a good fit to the data, either with a

1 particle because of the very slow rise with the center-of-mass energy.

Table II: Results of the fits to the excitation curve (see ref.12)

eX,noy eX,all
2, . +.005 +.006
M. (GeV/eT) : 1.795 7' 0% 1.792 " 7
2b b, : 0.118 + .008 0.170 + 0.10
x2/NDF : 7.6/11 17.0/11

In order to extract some branching ratio information from the asymptotic
values of r , we use the results of the theoretical computation by Gilman and
Miller13) .
prong are well known. This yields a branching ratio to electrons of (16+1)7%

and assume that the relative decay rates for t giving one charged

and a branching ratio to multiprongs of (32+3)7%, where the errors are
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statistical only.

We can now use our two-prong electron events to study the electron momen-—
tum distribution which, in complete analogy to muon decay, yields information
about the helicity of the T neutrino and thus about the V-A or V+A coupling
responsible for the decay. In the same spirit, it is very convenient to para-
metrize this momentum spectrum in terms of the Michel parameter p whose values
are 0 for V+A, and 0.75 for V-A. We first compare in Fig. 7 the mean value of
the electron energy divided by the beam energy, for different energy bins, with
the predicted values:lé) 0.35 for V-A and 0.30 for V+A. Next, we fit the
electron spectrum integrated over all energies (Fig. 8) with spectra obtained
by Monte Carlo, for different values of p. The results of the fits are summar-
ized in Table III. We conclude from those two tests that the agreement with
V-A is excellent, and that if V+A is not completely ruled out, it is at least
very unlikely (<1% probability). We also investigated the effect of a finite

15)

neutrino mass on the electron spectrum and found an upper limit of 250 MeV/c2

at the 907 confidence level.

Table III: Results of fits to the electron spectrum

Hypothesis o x?/NDF
V+A 0 38/18
V-A 0.75 17.6/18

0.73%20.15 17.5/17

We also tried to extract some information on the T from our multiprong
electron events. The problem there is to take care of the very important con-
tribution of the charmed particles to those events. We used two different
methods. First we selected the multiprong electron events in the charm deplet-
ed regions at Ec.m?f 3.72, 3.85 and 4.25 GeV, and‘we rejected the remaining
charm contribution by requiring the electron momentum to‘be greater than one
third of the beam momentum. This gives us 78 multiprong events to be compared
with 29 eX events with the same cuts. After correction for the relative detec-
tion efficiencies and assuming our measured value for the branching ratio into
electrons, we obtain a multiprong branching ratio of (3416)7Z. The other method
relies on the assumption that charm events do not contribute to the highest
part of the electron momentum spectrum: as we cut progressively higher on the
electron momentum, the ratio of multiprong to two-prong electron events should
become constant, when the charm limit has been reached. This is shown on Fig.9.
The ratio of 1.8+.3 gives, after correction for detection efficiencies, a multi-

prong branching ratio of (3546)%.
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It is worth pointing out that our three independant determinations of the
multiprong branching ratio are in very good agreement with each other and with
earlier estimates by the PLUTO and DASP collaborations at DESY.IG) Such a high
multiprong branching ratio implies a very important contribution of the T in
the multiprong events all over the charm region, and in particular a 20% back-
ground at the y"(3770)1!!

Let us finally turn to the D meson semileptonic decays and assume we under-
stand reasonably well the T background under the y'". The multiprong electron
spectrum at this resonance is shown on Fig. 10 together with our best estimates
for the background from misidentified hadrons and heavy lepton events. The re-
maining part has been fitted with D - Kev and D - K*(890)ev in variable amounts.
The best agreement has been obtained for equal amounts of those two decay modes
and the resulting curve is also drawn on Fig. 10. It should be noted thgt this
result is still very preliminary, and that it is very sensitive to the t back-

ground subtraction which we are still investigating.

5. Conclusion

In the present status of our experiment, I have tried to convince you that
the heavy lepton 1 exists and in particular that the charm is completely ruled
as a single source for the two-prong electron events. All the properties we
could investigate so far are perfectly compatible with a spin 1/2 pointlike
particle decaying through V-A into a massless neutrino and other particles,
with branching ratios accurately predicted by different models.

The second conclusion is that the complete study of the 4 GeV energy
region will be very delicate, with a sizeable contribution from charm into the
two-prong class (at least at the "), and a contribution of the same crder of
magnitude from the heavy lepton in the multiprong class.

We are now trying to pursue our analysis using our new muon detector, and
we are still taking data which will, maybe, bring still other unexpected

developments.
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NEW RESULTS ON ee” ANNIHILATION FROM DASPY) (1)

Glinter Grindhammer

Max-Planck-Institut fiir Physik und Astrophysik, Miinchen

ABSTRACT

This report focuses on the following topics:
- a measurement of the total hadronic cross section in e'e”
annihilation between 3.6 and 5.2 GeV,

new data on the cascade decay from the ¢'(3.7),

- a search for the decay y' - J/y no, and

- measurements of J/y radiative decays mediated by two
gluon exchange.

RESUME
Le rapport comporte les sujets suivants:
- la mesure de la section efficace hadronique totale de 1'anni-

hilation ete” dans 1'intervalle d'énergie de 3.6 & 5.2 CeV
- résultats récents sur la désintégration en cascade de la
résonance y'(3.7)

~ la recherche de la désintégration ¢' -~ J/¢ °

et
- les mesures des désintégrations radiatives de la résonance
J/y par 1'echange de deux gluons.
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I. INTRODUCTION

In this talk on recent results by the Double Arm Spectrometer
(DASP) co]]aborationl) at the e'e” storage ring DORIS, the following topics
will be covered:

+_
1. Measurement of R= g(g 2_ : Hagr%ns between 3.6 and 5.2 GeV

and the observation of three resonance 1ike structures above charm
threshold.

2. New high statistic measurement of the cascade decay ¢' » Pc/x’
Po/x ~ /Y, J/y->u'u” and a review of all experimental data concerning
the status of the x(3.45) state, plus a search for the decay y' - J/yn®.

3. Measurement of two gluon exchange in J/y radiative decays

For other results obtained recently by DASP the reader is re-
ferred to the talk by G. kolf at this meeting.

IT. THE DETECTOR

The DASP detector (see Figs. 1 and 2) consists of two identical
magnetic spectrometer arms and a nonmagnetic inner detector located between
the two magnets.

The magnetic spectrometer arms cover a solid angle of
=2 - .04 - 41 and have a maximum bending power of 1.8 Tm. The momentum reso-
lution cp/p2 (p in GeV/c) varies typically between 0.8 % and 2.5 % depending
on the magnet excitation. A particle entering a magnetic arm traverses the
following counters and chambers: a total of three scintillation counters, two
proportional chambers, a threshold Cerenkov counter for electrons, and one
spark chamber in front of the magnet, and five spark chambers, time of flight,
shower, and range counters behind the magnet. Muons are identified by the
range counters. Electrons are detected through the Cerenkov and shower coun-
ters. Using the momentum and time of flight information, it is possible to
separate pions and kaons up to momenta of 1.5 GeV/c and to identify protons
up to momenta of 3 GeV/c.

The nonmagnetic inner detector covers a solid angle of 0.7 - 4.
It is azimuthally divided into 6 segments, each consisting of four modules
and lead scintillator shower counters at the end. Each module is made up
of a scintillation counter hodoscope, a sheet of lead 5 mm thick, and a propor-
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tional chamber. Each of the 6 segments is split perpendicular to the beam
line at the interaction point into two segments leading to a total of 12
inner detector segments. For a 50 MeV photon the detection efficiency is
about 50 % and rises to 90 % at 100 MeV and to 95 % above 200 MeV. The rms
energy resolution for photons is about 14 % for a 1 GeV photon.

The inclusive triggerz) of DASP demands that at least one
charged particle traverses one of the spectrometer arms. The requirements
of the multi-hadronic trigger3) are that at least 3 of the 12 inner detector
segements and at least one of the 22 beam pipe counters fire.

III. THE TOTAL HADRONIC CROSS SECTION

The total hadronic cross section including contributions from
1 T production has been previously measured by SLAC-LBL4) and PLUTOB) using
solenoidal detectors. While these two experiments agree on the general shape
of the cross section, they show differences in detail.

In contrast to the previous experiments, the DASP experimentz)
has in particular two features which help improve our knowledge of the total
cross section and which give different systematic uncertainties. First, we
used a nonmagnetic detector with similar trigger and detection efficiency
for both, charged particles and photons. Second, in first approximation, the
detection efficiency was determined experimentally and not by a Monte Carlo
computation.

We have collected data for center of mass energies between
3.6 and 5.2 GeV. The total integrated luminosity excluding the y' was
about 7500 nb'l. The multihadron trigger requirements as described in
section II led to about 107 events consisting mainly of beam gas and cosmic
ray background and of only about 1 % good events. Several stringent software
cuts were applied removing 25 % to 30 % of the good events but eliminating
almost all of the background. Using the time of flight between the outer-
most scintillation counters of the inner detector, the remaining background
due to cosmic rays was found to be less than 2 %. A remaining background of
3 to 5 % due to beam gas, as estimated from the distribution of the recon-
structed vertex points along the beam axis, was subtracted from the data.
The background in the remaining data due to higher order QED-processes
(e+e- > L7y, efe” » efeL*L” with L = e ,u) and due to e'e” + e*e” + hadrons
was found to be negligible.
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To determine the detection efficiency for hadronic events,
we took advantage of the fact that the inclusive trigger (see section II)
operates independently and parallel to the multihadronic trigger. Therefore
the hadronic detection efficiency to first approximation is given by:

EXP MM
e = Nyne/Niye (1)

where N?:C is the number of inclusive events which in addition satisfy the
multihadron trigger and software requirements and NINC is the total number
of inclusive events. Numerically eEXP
termination of the efficiency is not free of bias (for example, only a char-
ged particle can lead to an inclusive trigger) and has to be corrected for

is about 40 %. This experimental de-

by Monte Carlo. For this purpose a program was used which simulated in detail
the DASP-detector. The production of pions, kaons and nucleons was taken
into account, reproducing the momentum spectra as measured by DASPZ). The
production and decay of charmed mesons and TT was also included. The compu-
tations showed that the efficiency for the detection of heavy lepton events
is only 1/3 the efficiency for real hadronic events. Since the heavy lepton
production should not be counted in the total hadronic cross section, we
subtracted the small heavy lepton contribution (~ 10 %) from the data. The
total hadronic cross section is then given by

B

correction factor) (2)

o(e*e” > hadrons) = T

where N is the number of hadronic events and L is the integrated Tumi-
nosity which was determined from small angle Bhabha scattering. eEXP is

the experimentally determined efficiency as described above.The correction
factor is about 1.07 and turnsout to be rather insensitive to the specific
parameters of hadron production such as jet versus phase-space production or
charged and neutral multiplicities. The overall efficiency (E?XP - correction
factor) is shown in Fig. 3 as a function of the center of mass energy. The
final efficiency corrections which were applied were taken from the straight

line interpolation of the data.

The radiatively corrected hadronic annihilation cross section
normalized to the u+u_ cross section is shown in Fig. 4. The systematic
normalization uncertainty is estimated to be 15 % and is not indicated
in Fig. 4. The data show three peaks centered around 4.04, 4.16 and 4.42 GeV.
The fit shown in the figure was made under the simplifying assumptions that
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Fig. 3 Detection efficiency versus energy. The straight line
interpolation of the data points is indicated together
with the estimated error band of + 12 %.

the cross section can be described by three Breit-Wigner resonances
i i
i_ 3m ree rtot 3
GR_? (/g_ Mi)2+(r'1 /2)2 ( )
R tot

and by a nonresonant background term of the form
6 2
_ 3 F
=035 5t I A By (4)
k=1

where the sum is over the DD, 00%, 0*0*, FF, FF*, and F*F* channels. Ay
is a free parameter, BK is the velocity and F is a form factor chosen as
F = (1-s/(3.1)2)'1. The resonance parametersof the fit are given in Table 1.
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Table 1

Mass Ttot Tete- Experiment
(MeV) (MeV) (keV)

4040 + 10 52 + 10 0.75 + 0.15 DASP

4159 + 20 78 + 20 0.77 + 0.23 DASP

4417 + 10 66 * 15 0.49 + 0.13 DASP

4414 + 7 33 + 10 0.44 + 0.14 SLAC-LBL

Resonance parameters of the best fit to the DASP data as described in the
text and shown in Fig. 4. The errors include statistical and detection
efficiency uncertainties, and some coarse estimate of interference between
the resonance amplitudes.

The structure at 4.4 GeV was first seen by SLAC-LBL4). From the table we
can see that despite the increasing mass and therefore increasing phase
space, the total hadronic widths of these resonance-1ike structures are
the same within errors.

In the naive four quark model, we would expect a difference in R
between its value above and below charm threshold of R = %. Experimentally
we find

AR = R(s=27 GeV?) - R(s=13 GeV2) = 2.1 + 0.3.
In asymptotically free gauge theories the simple quark model result is modi-
fied by gluon corrections. Taking the measured value for R(s=27 GeV%) = 4.5
at face value, we obtain for the quark gluon coupling constant
a_(s=27 GeV?) = 9 0.6 + 0.3
s\ T4y T T

and for the scale parameter

A=1.6 + 0.9 GeV.

(Formulae 19 and 20 for og and R(s) from ref. 6 were used.). The large error
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on ag and A is due to the 15 % norma]igafion uncertainty in R. The value of
A is not inconsistent with A = 0.6 GeV/) obtained from electron and muon
deep inelastic scattering.

In Fig. 5 a comparison between our R-values and the results
from SLAC-LBL and PLUTO is made. Since these groups did not separate the
heavy lepton contribution, we added it to our data for the purpose of com-
parison. Our data agree with those of PLUTO as far as the shape and in par-
ticular the three structures are concerned. However, above 4 GeV the DASP
values of R are about 0.5 units higher than those of PLUTO. As far as
the magnitude is concerned our data are in better agreement with the data
from SLAC-LBL. The structure we see at 4.16 GeV, however, is not resolved
in their data. Below 4 GeV our statistics are insufficient to observe the
structure near 3.95 GeV seen in the SLAC-LBL data. A1l three experiments
agree on the position of a minimum in the cross section at about 4.25 GeV.
Note, however, that the differences observed between the three experiments
are of the order of their systematic uncertainties.

Iv. THE CASCADE DECAYS: y' -y Pc/x s PC/X +y /Y

New high statistics data from DASP on the cascade decays have
become available which I want to use together with older data from DASP8’9)
sLAC-LBLI®*11) | mppssspl?) | pLuTo!3) and preliminary new data from DESY-
Heide]bergl4) to focus on the question of the existence of the x(3.45) state.
Three intermediate states x(3.4), Pc(3'51) and x(3.55) have been clearly
established. An additional state lying in mass between y' and J/y is pre~
dicted by the charmonium model whose level scheme is indicated in Fig. 6.

The total DASP cascade data correspond to about 7.5 x 105 pro-

duced V' states. The final states selected contain two photons and a u+u'
pair coming from J/} decay. A 3(2) C-fit was made depending on whether the
momentum of both (or only one) muon was measured. The background due to
¥+ J/ynwas eliminated by taking only events with MYY < 520 MeV.

In Fig. 7 the J/y v high mass projection is shown, clearly
exhibiting peaks at 3.5 and 3.55 GeV and indications of structure at 3.41 and
3.45 GeV. Note one of the events at 3.45 GeV is also possibly due to the
decay y' -+ J/wno, as seen in Fig. 10. A summary of the DASP, PLUTO and
SLAC-LBL data is given in Fig. 8. This figure also contains some background
from the decay ' +~ J/y w °n°, with two photons escaping detection.
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The clustering of the events from three different experiments is rather
suggestive of the existence of a state at a mass of 3.45 GeV. Naively adding

up the events and estimated background from the three experiments gives a ratio
of 11 to about 4 events. New preliminary data from the DESY-Heidelberg group14)
shown in Fig. 9 also exhibit an excess of events at 3.45 GeV.

The x(3.41) state has been clearly seen in the inclusive photon
from the decay ¢' + v x(3.41) and in hadronic decay channe]sls)
of the x(".41). In Fig. 8 there is also evidence for the cascade decay

v' >y x(3.41), x(3.41) » J/y¢y; however, more statistics would be clearly
desirable.

spectrumlo)
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Table 2 ¢ontains a 1ist of the combined branching ratios for
the cascade decays indicating good agreement within errors among the five
different experiments.

TJable 2

B(yw'> v PC/W) . B(Pc/x + yJd/Y) in %

DASP  DESY-Hei- wppssspi?)  pLuTo 13 suac-teltl)
‘ delberg®
x(3550) 1.6 +0.4 1.1+0.4 22+1.0 09+0.8 1.0%0.6
P/x(3510)  2.1+0.4 2.1:05 50:1.5 12:08 2.4:0.8
x(3415) 0.3:0.2 01201 3.3+1.7 12%08 0.2+0.2
x(3455) < 0.5 0.4+0.2 <2.5 0.7:07 0.8¢%0.4
* preliminary

HH assuming isotropic production and decay

Assuming the existence of the x(3.45) state, one would naively
identify it with the 215O = né state predicted by the charmonium model.
From the photon angular distribution of Pc(3.50) as measured by SLAC-LBL
and the n'r" (K'K7) decay of x(3.41) and x(3.55) as observed by SLAC-LBL
and DASP, it is 1ikely that none of these three states has the quantum num-
bers of the né. Identifying the x(3.45) with the né however, leads to a
serious disagreement with QCD. The né can decay to lowest order via two
gluon emission into hadrons, whereas the ' must emit at least three gluons.
Therefore one expects

F(né = x(3.45)+all) >> r(y' » all). (5)
From the measured product of branching ratios B(y'+yx(3.45))- B(x(3.45)>vd/v)
and the upper 1imit for B(y' - yx(3.45))< 0.025 as measured by MPPSSSD, we get
B(x(3.45) » yJ/y) > 0.24. Making the assumption T(né >yd/ ) < r(y' ~ vnc)
and using the upper 1limit for B(y' +y¢k(=x)) <0.01 from MPPSSSD, we obtain

T(x(3.45) » al1) < 10 KeV

as compared to the usual expectation of about 2 MeV for the “é' If this
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QCD result is correct, then the identification of the né of the charmonium
model with the x(3.45) is not possible.

Looking at Fig. 10 we observe a few events with the invariant
two photon mass around the %° mass, some of them possibly due to the decay
w'*-dlwno. This decay can only occur electromagnetically since G-parity
is not conserved. However, the y' could first decay strongly into a J/¢ and
a virtual n which then turns into a . Thisn- m° transition could be
anomalously large due to a nonelectromagnetic isospin violating term in the
interaction Hamiltonian (1ike in the n+ 3 = decay). Segre and Neyersls) have
estimated 0.05 % = B(y' »~ J/y ﬂo) 20.3% a possible n'-contribution could
increase this value.

To extract the y' - J/y wo events from the cascade decay back-
ground, we can take advantage of the differences in the spread of the two
photon opening angles for ° J/y and YPC/x events. The opening angles
for the photons coming from ° decay are strongly peaked within less than
10 degrees, whereas the distribution for photons from the cascade decay is
essentially flat. This is indicated by the Monte Carlo generated curves
in Fig. 11b. The measured opening angles for those events which give a good
kinematic fit to the hypothesis y'+ J/¢ % are also plotted. The x? for these
events is plotted in Fig. 1la. No clear signal for the decay y' -+ J/y ™ s
seen in Fig. 11b. We can extract a 90 % confidence upper limit of

B(y' »J/y °) < 0.5%.

A preliminary 90 % confidence upper 1limit of 0.1 % was found by DESY-Heidel-
bergl4). These results lie within the range estimated by Segre and Weyers.

v. J/y RADIATIVE DECAYS

Before discussing new and old results on J/y radiative decays
mediated primarily by two gluon exchange, I would 1ike to remind you of the
status of the X(2.82) state!7>18) | 1 e*e” interactions the only evidence
for such a state is seen by DASP in the 3 photon decay of the J/y. Of the
two independent two photon pair mass combinations the highest photon pair
mass distribution is shown in Fig. 12. We observe a 5 standard deviation
signal at a mass
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M(X) = (2.82 + 0.014) GeV and with a width T(X) = (40 + 14) MeV.
qu the combined branching ratios we find
B(J/v +vX) « B(X »yy) = (1.4 + 0.4) 107%.

The two photon decay mode shows that the X has even charge conjugation and
spin different from one. Further evidence for this state has been found in
the reaction m p ~ Mn (MO + yY) by a CERN-Serpukhov collaborationlg).

Fig. 13 shows that our analysis of the three photon final state
really works. Here we plotted the lowest photon pair mass distribution which
shows two peaks due tonand n'. The fitted n mass of (547.1 + 4.2) MeV agrees
well with the known mass value. The fitted width (24 + 4) MeV of the n peak
is in agreement with the expected mass resolution of 20 MeV. The small n'
peak is observed at the correct mass value. The branching ratiosls) for
the radiative J/¢ decays into n and n' are in good agreement with measure-
ments performed by the DESY-Heidelberg groupzq).

Table 3 contains a 1ist of the branching ratios for these
radiative decays together with new results of yf, yf', YW+"_ and YK'K™ from
DASPZI). For comparison the strength of some related strong decays measured
at DORIS and SPEAR are also shown. One notices that the J/y decays into
yn, yn' and yf are of about the same order of magnitude or larger than the
0ZI-suppressed strong decays into ¢n , ¢n', ¢f and wf. Their radiative
decay widths can therefore not be explained by ¢(w) vector dominance. The
J/v decay rate into Yno however, is an order of magnitude smaller. This can
be understood by considering the three graphs in Fig. 14 which can contri-
bute to radiative decays.

Yf
Y /Y, Harari | .

q c— q°¢ Fritsch
ﬁ q € D we @l a5z Jackson| =
» b et al.

Fig. 14 Feynman graphs for the radiative decays
of the J/y into a meson.
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Table 3: J/y Radiative Decays: Branching Ratio B = I‘f/r'tot
Decay Mode B Experiment
yn° (0.73 + 0.47) 107% DASP
- (0.82 + 0.10) 1073 DASP
(1.3 +0.4) 1073 DESY-Heidelberg
' (2.9 +1.1) 1073 DASP
(2.4 +0.7) 1073 DESY-Heidelberg
f(1250) (2.0 +0.7) 1073 PLUTO
(1.1 +0.3) 1073 DASP
yr' T (M < 1 GeV) 0.7 +0.2) 1073 DASP
ye (M <1 Gev) <1.1-1073 DASP
y 7'M > 1.6 GeV) (1.7 +1.1) 107* DASP
Y ' (1516) <3.4-107" DASP
¥ KK (Mg > 1.6 GeV) <2510 DASP
some related strong
decays (DORIS,SPEAR)
o%r® (4.5 +0.3) 1073
#n (1.0 +0.6) 1073
on' <1.3 - 1073
of <37 .10
wf (2.8 + 1.1) 1073
wf’ <1.6 - 107

In graph a of Fig. 14 the J/y decay proceeds via three gluon exchange, in
graph b via two gluon exchange. Graph c assumes the produced meson to have a
small cc component in its wave function. The 7% can only be produced via graph
a where the photon is radiated by an old quark (u,d,s), whereas for example
the n, n' and f can also be produced via graphs b aﬁd c where the photon

is radiated by the initial charmed quark (c). In QCD the suppression of yno

is due to the fact that three gluon exchange is weaker than two gluon
exchange.
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Computing graph a via the measured 0ZI-suppressed strong
J/v »ﬂopo decay and p® vector dominance, one obtains
0
I{d/y > yr) = ?;72? {3/ »1%°%) = 4 eV (6)
which is in good agreement with our experimental value of (5 + 3) eV. Assuming

SU(3) invariance and neglecting phase space, we obtain:

T o :T :T,=3":cos?0 : sin% (7)

™ 'n n

Experimentally we find Fﬂo << Fn = Fn..

Therefore the three gluon exchange contribution to n, n' (and also f and f') is
expected to be negligible.

The two gluon exchange diagram b, where the photon is radiated
by the initial charmed quark, is then expected to provide the dominant con-
tribution for the measured radiative decays J/¢y + yn, yn', yf, yf', and vye.
Assuming SU(3) invariance for the qg-state and neglecting phase space, we
find:

.2 2
Too ¢ Tl = 0: sino : cos©
Ty o (8)
= cot?® = 26 (for a mixing angle of 11°)
1

The experimunt gives a value of 2.9 + 0.9. For f' and f assuming ideal mixing,
one obtains

rf./rf = 0.5

as compared to the experimental upper 1imit of 0.3. These data indicate that
SU(3) symmetry breaking is important. A QCD prediction on the helicity of the
f in the yf decay of the J/y, and the comparison with experiment can be found
in the contributions to this conference by M. Krammer and J. Biirger.

We have also obtained branching ratios for the J/y decays into
n+n-y and K+K_Y with dimeson masses outside the mass region of the f and f'
resonances. They are listed in Table 3. With the extremely cautious assumption
that all n'n" pairs with Mwn< 1 GeV are due to genuine radiative decays, we
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obtain:

B(I/U>yr'm, M < 16GeV) S (0.7 £0.2) 107

Correcting for isospin, we find:

B(J/y> ye) < 1 - 107,
This value is an order of magnitude smaller than a predictionzz) using vector
dominance and the measured width for the decay ¢' + J/vy . The branching
ratios for radiative decays into 't and KK pairs with dimeson masses above
1.6 GeV are found to be

P(I/pr YT (Mpr > 1.6 GeV)) . T(I/ ovK'K (Mg>1.6 GeV)) . 1.
T+ fY) TR +TY) = 10

23) and many others have investigated the

Fritzsch and Jackson
possibility of a cc admixture in the wave function of the meson, as represented
by diagram c. Assuming n. = cC +en +e'n' and E;king the SU(3) syTgetry brea-
king into account, they find via QCD €=1.0 - 10 “ and €' ~2.2 - 10 “. Using
the quark model formula for computing the radiative decay width and assuming
for the overlap integral Q? « 0.1 (as compared to Q2=1.0 for J/y +Ync), they

find

r'(Jd/v>vyn) = 60 eV (exp.: 57 £ 7 eV DASP)
r(J/v->vyn')=220 eV (exp.: 166+ 50 eV DESY-Heidelberg)

in good agrement with experiment.

VI. CONCLUSIONS

a) There are three resonance like structures between 4 S5 %5 GeV with
masses: 4.04, 4.16, 4.42 GeV and with similar hadronic widths and similar
leptonic widths.

b) The measured difference in R between 3.6 GeV and 5.2 GeV is AR = 2.1 + 0.3.

¢) Four different experiments including two new high statistics experiments
from DASP and DESY-Heidelberg have observed an excess of events at a mass
of 3.45 GeV in the y' cascade decay. However, to be firmly convinced of
the existence of x(3.45) more data are still needed.
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Many J/¥ radiative decay widths have been measured and can be used to test
QCD calculations on two.gluon exchange.
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1. INTRODUCTION

New results from DASP on the total hadronic cross section, on the pc/x
states and on the radiative J/y decays are discussed by G. Grindhamlner1
at this meeting. This lecture concentrates on inclusive particle production,
the evidence for F and F*, the semileptonic decays of charmed particles, and
the properties of the 1. Most of the information presented here was obtai-
ned after the 1977 Hamburg conferencez).

2. INCLUSIVE HADRON PRODUCTION AND A TEST FOR SCALING

One of the basic properties of electron hadron scattering is the
almost perfect scale invariance exhibited by the structure functions in
the deep inelastic region. Inclusive hadron production in ete” annihilation
is expected to possess similar properties. First measurements on this sub-
ject were carried out by the SLAC-LBL collaboration who observed approxi-
mate scaling of the sum over all charged hardons produced3). In the DASP
experiment4) the ni, K* and p spectra were determined separately, which
allowed to test scaling for each particle species.

2.1 Kinematics

We start with a brief description of the forma]ism5) for inclusive

hadron production

ete” > ht x (2.1)

depicted in the following figure:

e h
S et 2] e
e
Define: q = p,tp_ four momentum vector of the virtual
photon
q2 = s square of the cm energy
p = (E,E) four momentum vector of the hadron h
€] = production angle of h with respect to the e’ directior.
. 29-p _2 .
X 5 G fractional energy of h
v o= ﬂ—ﬁ—ﬂ = % Vs energy of Y in h rest system
Note that 2m = X.
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The virtual photon, as seen in the rest system of h, has trans-
verse (T) and longitudinal (L) components. As a consequence the process (2.1)
is described by two independent structure functions, e.g. l'vlT (s,v) and
FJL (s,v). The differential cross section has the form

d:(c . %2%%‘ (W (1 + cos®e) + W (1 - cos0)} (2.2)

Special cases of (2.2) are pair production of fermions (e.g. efe” » u+u')
where WL = 0 and of scalar or pseudoscalar mesons (e.g. e+e'->1r+7r'), where
WT = 0. It is customary to use instead of WL, WT the structure fucntions
Wl and W2 which are defined as:

Wl (s,v) = WT (s,v) (2.3)
2
Wy (sv) = -I%F (W (s,9) = W (s.v) (2.4)
Note that in the pure transverse case (WL = 0) the equivalent of the Callan-
Gross relation reads

Wi, = - 20 W (2.5)

From (2.2) and (2.4) we find

adx%ﬁ = “?zsx mW, + 71! 82 x W, sine)} (2.6)

where 8 = |p| / E. Note that le 2 0 since the cross section has to be
a positive quantity.' After integrating over the angles and replacing
4ma?/3s by 9, one has

%% = 3cuu8x {m W, +% 8% x WN,} (2.7)

For E >> m this simplifies to

do _ 1

i 30uux {m Wl +gx sz} (2.8)
If the structure functions Wl and Wz obey scaling they become functions
of the ratio v/s alone. Using x = Zva as the scaling variable and
substituting

- mﬁl (s,v) = Fy (x,5)
W, (s,v) =F, (x,5)

(2.9)
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scale invariance is defined as

tim = m, (s,v) = Tim Fl (x,s8) = Fl (x)
v+ s +w (2.10)
X = const X = const

and similarly
1im vWé (s,v) = Fé(x).

Scale invariance leads to the following expression for the inclusive cross
section:

do. 3o,,% (F)(x) + F X Fy(0) (2.11)

If scale invariance is valid the shape of the particle energy spectra, do/dx,
is independent of s. Furthermore, the magnitude of the inclusive cross
section behaves like s .

2.2 Experimental Procedure

The inclusive spectra measured by DASP4) were obtained employing a
genuine inclusive trigger: besides a charged particle in one of the spectro-
meter arms no other requirement was imposed on the final state. A detailed
description of the particle identification can be found in Ref. 4. Basi-
cally, particles penetrating the iron filter were identified as muons;
electrons were recognized by shower, cerenkov and time-of-flight counters;
pions, kaons and protons (antiprotons) were identified by time-of-flight.
The momentum range was for pions 0.14-1.5 GeV/c, for kaons 0.28-1.6 GeV and
for protons (antiprotons) 0.45-3 GeV/c.

Data were taken at cm energies between 3.6 and 5.2 GeV for a total
luminosity of ~ 8100 nb'l. They were grouped into eight different energy in-
tervals. A total of ~104 nt, ~103 K* and 130 p were used for the analysis.
Since the majority of the protons were due to beam gas interactions only an-
tiprotons were considered. The proton yield was assumed to be the same as
for antiprotons.

The differential cross section for inclusive production in general
depends on the polar angle © (see e.g. eq. (2.6)). In the present analysis
the polar angular acceptance was |cos@| < 0.55. Within this range no sta-
tistically significant cos® dependence was observed and a constant angular
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distribution was assumed in order to integrate the cross section over
coso.

To estimate the possible error introduced by this procedure we con-
sider the 1imit that only transverse photons contribute,wL = 0. In this
case the cross sections given below would have to be increased by at most
24 %. With the angular dependence observed by SLAC-LBL3) the estimated
increase is less than 5 % for x < 0.5 and %13 % above.

2.3 General Behaviour of Inclusive Particle Production

Fig. 2.1 gives an impression of the relative frequency of pions,
kaons and nucleons. It shows the cross sections do/dp as a function of mo-
mentum for the individual types of particles averaged over cm energies
between 4 and 5.2 GeV. (Here do/dp, e.g. for 7 means the sum for m* and
production.) The dashed curves were obtained from an extrapolation of the
invariant cross sections E/4mp? do/dp (see below). They indicate the ex-
pected momentum dependence at low momenta, where the particles are swept
out of the spectrometer due to the magnetic field (pions), are lost by
decay (kaons) or suffer too big an energy loss in the material in front
of the magnet (antiprotons). Below 0.5 GeV/c the o K 2p yields are
roughly in the ratio 100 : 10 : 1. With increasing momenta the differences
become smaller.

Fig. 2.2 shows the same data plotted in terms of the invariant cross
section £ ¢°0/d} = E/4n p* do/dp. To within 20 or 30 % accuracy the ™,
K™ and 2p fall on the same curve which is well approximated by an expo-
nential,

E/4mp? do/dp ~ exp(-bE)

The exponent b has the value 5.4 GeV_l. A similar behaviour was observed
for the inclusive spectra from J/y decay (see Fig. 2.3)6). Inclusive spectra
in hadronic collisions behave in the same way if the data are plotted as a
function of the transvers energy E; = VFEE";—E$i This is demonstrated in
Fig. 2.3 where the curves represent the inclusive spectra from pp collisions
in the central region at /s = 53 GeV. It is surprising to see that inclusive
spectra that come from such different initial states as e+e- collisions, J/y
decay and pp collisions are very similar.
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2.4 Test for Scaling

Since the angular distribution was found to be consistent with iso-
tropy we neglect the second term in eq. (2.6) and obtain

I g By (s.) (2.12)
The quantity % g% is then proportional to the structure function Wl. For
the purpose of orientation Fig. 2.4 shows first the ratio R =qt0t/0uu in
the energy region analyzed herel). Note that the heavy lepton contribution
has been excluded. At 3.6 GeV which is the first energy analyzed and which
is below charm threshold, R is of the order of 2.3. Above charm threshold
three resonance-like structures show up at 4.04, 4.16 and 4.41 GeV. Beyond
4.5 GeV R seems to have reached its post charm level with a value of 4.5.

Fig. 2.5 shows the x dependence of 3 8 3_ for ni(i e. sumof 7* and
), K* and twice the p production as measured in the eight energy intervals.
The 7, K and p cross sections for x 2 2 0.2 decrease nearly exponentially. More-
over, with increasing energy v5, and increasing x the cross sections for the
three particle species become more and more alike. The p data, within large
errors, do not show any significant change with s, i.e. they appear to
scale.

In order to test the pion data for scaling we compare in Fig. 2.6 the
cross sections at the "nonresonant" energies s = 13 and 25 GeVz. Below
= 0.3 the cross section rises by a factor of 1.5 to 2 between s = 13 and
25 GeVZ. At higher x values the two cross section sets agree within errors.
In other words, the rise of R from a value of 2.3 at s = 13 GeV2 to ~ 4.5 at
5.0 GeV is associated with low x pions only.

In Fig. 2.7 (s do/dx) is plotted for = and K* as a function of s
for fixed x. A large increase in the m cross section at s = 16 GeV2 is most
prominent for x < 0.4. The cross sections at s = 13 and 27 GeV2 for

2 0.4 are equal within errors. The K cross sections increase by a factor
of two or three froms = 13 to s = 16 GeVz. For x > 0.4 the K cross section
above the 4 GeV resonance region falls back to its pre-charm level. This
suggests that at high energies (s > 30 Gevz) charm contributions to K pro-
duction are confined to x values below 0.4. Note also that for s = 25 GeV2
and x2 0.3 and K cross sections tend to be the same.
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2.5 efe” > pX and e p + e'X

Inclusive production of a particle h by ete” annihilation and
inelastic electron scattering on particle h are related by crossing (see
diagrams below). At the special point x = 1 (where for inelastic electron
scattering x is defined as 2 p - q /(-qz), q, p four momenta of the vir-
tual photon and the target particle h) the structure functions for one pro-
cess can be calculated from those of the other one if scaling holds. Consider

ete” > pX and e p > e'X. In this case®)

P e e'

X

-
—
—
x
it
—
~
n
1
-n
—
—
x
|

= 1)
ee + pX : ep-+e'X (2.13)
1)

x

n
—
~

i
-n

~nN

—

x

n

However, an analytic continuation which would connect points at x # 1 is
in general not possib1e7).

Gribov and Lipatovg), studying both processes in a field theo-
retical model predicted the following relations:

Fl(X)
P

-1 1
LR, (=
x 1 G (2.14)

7 P (%)

x

A preliminary analysis of the DASP data for Fz(x) is shown in Fig. 29. The
experimental points were obtained by summing over cm energies from 4 to 5.2
GeV. The structure function Fz(x) was determined from the data assuming

the Callan-Gross relation

xF,(x) = -Fl(x) (2.15)
which leads to

do _ 3 , =

=7 ouug(l -B8%3) x Fz(x) (2.16)

The Gribov-Lipatov prediction calculated from deep inelastic ep scattering
data is shown by the curve in Fig. 2.8. It fails to describe the data: the
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theoretical curve is always below the measured points. The discrepancy is a
factor of ~2 at x = 0.8 rising to ~ 4 at x = 0.4. Part of this failure - if
not all - may have to be attributed to contributions from processes of the

type |, _ .
ee> hX,h p+ ... where h=A\ s L s N , etc.

p... p... p ...

which should be excluded from the e'e”™ data before the comparison is being
made. It is this type of contributions which prevent in general an analytic
continuation from the scattering to the annihilation case7).

3. THREE GLUON VERSUS qq ANNIHILATION

Approximately 70 % of the J/¢ decays are direct decays into
hadrons which are believed to proceed via three gluon annihilation. Electron-
positron annihilation into hadrons on the other hand at high energies appears
to proceed via a primary quark-antiquark pair. For this reason one might ex-
pect the J/y to yield more Tow energy particles than nonresonant hadron pro-
duction. DASP6) has analyzed the inclusive spectra for ﬂt, K* and p from
J/V decay and for a cm energy vs of 3.6 GeV (i.e. below charm threshold). In
Fig. 3.1 the cross section 0—1— —é—g—g is shown as a function of the fractional
particle energy x = 2E//5. The data points represent the values at 3.6 GeV,
the curves the result at the J/y. The J/¢ curves were normalized such that the
integrated w cross section from J/y agrees with that at 3.6 GeV for x = 0.3.
Within errors no difference is observed in the shape of the w and K spectra
at the two energies. Most likely the energy of ~3 GeV is too low for the two
mechanisms to produce a noticecable difference. Remember that at 3 GeV the
sphericity distributions for the two extreme cases of phase space and jet
formation are the sameg).

The only difference between on and off resonance data in Fig.
3.1 is seen to occur for antiprotons. The J/y decay relative to the m and
K yields produces more antiprotons by a factor of 2-3. No explanation has
been offered for this fact.
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4.1 The F mesons

The charm model predicts mesons carrying both charm and strange-
ness. The ground state is F*. The GIM favored decay of the F is into an ss system
leading to final states containing KK,? , nor n'.

. S H
-— > - - ,
F = KK,KK®, ¢,7.7".

c s

=N,

Sizeable n production is therefore a hint for F production. The production
characteristics for F mesons can be expected to be similar to that for D's.
Copious D production was found near the D" threshold at 4.028 GeV proceeding
mainly via 00* and D*0* formation. Assuming a similar behaviour for the F

meson one expects large FF* and F*F* cross sections near threshold. Since both,
F and F* are isospin singlets the favored decay of the F¥ is the radiative tran-
sition F¥*-> Fy provided the F* - F mass difference is less than 2 mnlo). The
signal for F production can therefore be enhanced by requiring a low energy
photon in addition to the n signal.

11)

DASP searched for the F meson by studying events of the type

ete™ s oy Tow * 2 2 charged tracks + X

The rwas identified by its decay into two photons. A search of this type
is hampered by the ¥y mass resolution which in the DASP experiment was 80 MeV,

and by the large 7%13 combinatorial background: on the average there are 2-3 w's

produced near 4 GeV leading to 4-6 photons or 6-15 two-photon mass combinations.
The event selection was done as follows: The photons were detected in the inner
detector and their angles and energies measured. The detection efficiency was
50 % at 0.05 GeV rising to 80 % at 0.1 GeV and 95 % above 0.3 GeV. Events
accepted were required to have at least two charged tracks coming from the in-
teraction region and at least two photons with energies exceeding 0.1 GeV. The
vector sum of the momenta of these two photons was required to be between 0.3
and 1.2 GeV. Events containing a photon of less than 0.14 GeV (Ylow) in addi-
tion to the two used for forming mYY were called Tow energy photon events.
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Fig. 4.1 shows the mYY distribution for events containing a low
energy photon for five energy intervals between 4.0 and 5.2 GeV excluding ener-
gies around 4.4 GeV; the 4.4 GeV region (4.36 - 4.48 GeV) is presented in
Fig. 4.2. There is a clear n signal at 4.4 GeV not observed at the other
energies.

The occurence of n production in association with low energy
photons at 4.4 GeV is strongly suggestive of FF* (F*F* production). A search was
made for the two body decay of the F* into nnt detecting the pion in one of the
spectrometer arms. A total of 35 events were found with a pion momentum above
0.6 GeV/c, a yy combination in the n region (0.35 - 0.65) and a low energy
photon (this time EY < 0.2 GeV). These events were fitted to the reactions

ee” + FPF*T o (7n) (FRyg,) = (v1) (Fiypg,) (4.1)
and
efe” > F

T s (P g) BT () B (4.2)

These are two constraints fits because of the mass constraint on mYY and the re-
quirement that for (4.1) wmn and the missing vector must have the same mass me3
for (4.2) the ™Y 0w system and the missing vector must have the same mass Mese -

A total of 25 events gave a fit to (4.1) with a XZ < 8. These
events are plotted in Fig. 4.3a as a function of A, the difference between the
measured and the fitted «wn mass. The distribution peaks at A = 0. Cutting at
|a] = 0.25 GeV 21 events with || < 0.25 GeV are retained. These events are
shown in scatter plots (Fig. 4.3b,c) of the mass difference between the recoil
mass and the wn mass versus the wn mass. The data taken at 4.4 GeV have a cluster
of 6 events with a well defined m mass and a recoil mass some 100 MeV higher.

The background is found to be negligible from the event distribution outside the
4.4 region (Fig. 4.3c). In the latter -data no event with a wn mass compatible with
the signal at 4.4 GeV was found for an integrated luminosity five times larger than
that at 4.4 GeV. Fig. 4.4 shows a scatter plot of the fitted wn mass versus the
mass of the recoil system and Fig. 4.5 gives the projection onto the wn mass axis.
mrecoi1) mass values within errors:
= 2.17 GeV, Mes = 2.11 GeV. Allowing for possible syste-

There are six events which give the same (mﬂn,
mo = 2.04 GeV, Mecoil
matic uncertainties the best estimates are

Mg 2.03 + 0.06 GeV
Mex = 2.14 + 0.06 GeV -

+

The masé difference between F* and F can be directly determined from the energies
of the Tow energy photon:
Mes = Mg = 0.12 + 0.04 GeV.
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By comparison with DD production one might expect to find a strong FF signal close
to the FF threshold (~4.06 GeV). In th.s case no correlation between production

of F and a Tow energy photon will exist. Using the same selection criteria as be-
fore but not demanding a Tow energy photon the mYY mass distribution shown in

Fig. 4.6 (cm energy 4.0 - 4.10 GeV) and Fig. 4.7 (4.10 - 4.22 GeV) were obtained.
The first energy bin shows a ° peak but no n signal. The second energy bin, be-
sides the =° exhibits a clear n peak. Since no n signal is observed at 4.0-4.10 GeV
the n mesons do not come from D decay and DDn production is excluded by kinematics.

The observed features strongly suggest to associate the n signal
with FF production. A search for events with F* > n¥n revealed one event. From the
fit a value of 2.03 + 0.01 GeV was found for the F mass.

5. SEMILEPTONIC DECAYS OF CHARMED PARTICLES

5.1 Electron inclusive events

The semileptonic decays of charmed particles were studied with
inclusive electron events,

efe” & ex (5.1)

Events of this type can come from charmed particle decays but also from a variety
of other sources, trivial ones 1ike QED processes, Dalitz pairs, hadrons faking
electrons, or from other new particles such as heavy leptons.

The analysis was done for cm energies between 3.6 and 5.2 GeV and for electron
momenta Pe above 0.2 GeV/c.lz’13 The total integrated luminosity amounted to
6300 nb-l. The electron was identified in the magnetic spectrometer by a Cerenkov
counter together with either time-of-flight (for Pe < 0.35 GeV/c) or shower
counters (pe > 0.35 GeV/c). The probability for a pion to fake an electron was
measured to be 4-10 *. Electron pairs from Dalitz decay or pair conversion were
rejected by pulse height cuts on the scintillation counters mounted before the
magnet. Background from QED processes was suppressed by requiring the system X to
contain at least one nonshowering track T* (e.q. w5, 1%, K but not e).

As a result of the selection criteria the trivial background to the events selec-
ted turned out to be small (see table 5.1).

In a second step the charged multiplicity distribution and the
electron momentum spectra.were ana]ysedlz. It was found that by a simple cut on
the multiplicity (shown in Fig. 5.1) a clear separation between events from
charmed particle and from heavy lepton decay is possible. Electron events with
a single charged track (they will be called electron two prongs) are due basi-
cally to heavy leptons; electron events with two or more charged tracks (electron
multiprong events) originate from charmed particles. The relevant numbers are
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listed in table 5.1. The difference in multiplicity (and electron spectrum as
shown below) can be understood (and was expected) in terms of the production
and decay characteristics of charmed particles and heavy leptons. This is ex-
plained by table 5.2.

Table 5.1 Event statistics for inclusive electron events1214

Number of events

efe” »eTny, n2 0 e*e” » eT® + charged + ny, n > 0
satisfying
selection criteria 60 182
trivial background 7+2 28 + 9
background from
charmed particles 5+2
background from
t production <22

Table 5.2 Properties of heavy sequential leptons and new hadrons (taken from

Ref. 15)
L H

Production ete” » LU ete” > H A

(point cross section) (damped by form factors)

efe” > L*L™ + hadrons ete™ > H il + hadrons or H*A*

(neg]igib]e small, less (dominant at higher energies,

than o¢ of elastic pro- cross section will have structure)

duction near threshold)
Decay Modes L+2 51 v H+ 2 Gz

v hadrons (suppressed if the lowest flavour
state has spin 0)
> 4 Gz + hadrons
-+ hadrons

Final States:
ep + neutrinos important, clear signature | negligible

( e(n) from three body (e(n) from a multibody decay)
[ decay
£ 2 + neutrinos negligible, order az at large (e(n) from a multibody
+ hadrons threshold decay)
e(u) + neutrino large, lepton spectrum large, lepton spectrum
+ hadrons computable and hard, soft,

hadrons have Tow hadrons have high

multiplicity multiplicity
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Observed Prong Distribution in e*e = e¥ + X
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5.1 The charged track distribution observed by DASPlZ’13 for inclusive

electron events. The electron is included in the prong number. The
shaded distribution is for events without photons.
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5.2 Electron multiprong events and semileptonic decays of charmed

particles

The properties of semileptonic decays of charmed particles were
deduced from the electron multiprong events. The lepton spectrum associated with
the multiprong sample is shown in Fig. 5.2. The estimated background due to
hadron misidentification or heavy lepton production is also plotted. The back-
ground was scaled from measurements below threshold. The heavy lepton contri-
bution was estimated assuming a t branching ratio of 30 % to decay into final
states with three or more charged particles. It was found that less than 12 %
of the events with Nep 2 3 can be explained as heavy lepton production. The
simple cut on hadron multiplicity therefore yields a rather clean sample of
charm decays.

The electron spectrum contains information on the semileptonic

and the leptonic decay modes .of the Towest mass charmed hadrons. Fig. 5.2 de-
_monstrates that semileptonic decays are much more important than leptonic decays
because the latter, being two body decays, would produce a peak in the electron
spectrum around 1 GeV/c. This is in gross disagreement with the data which peak
around an electron momentum of 0.5GeV/c with only few events above 0.7 GeV/c.

To study the observed momentum spectrum in more detail we consider the spectrum
obtained for cm energies between 3.99 GeV and 4.08 GeV. The charm cross section
in this energy region is dominated by D0* and D*D* production and is below the
threshold for F production. The spectrum, corrected for the background and the
heavy lepton contribution, is shown in Fig. 5.3.

The spectrum in Fig. 5.3 was fitted to three possible channels:
D~ eGen, D~ eGeK and D » eGeK*(SQZ). A V-A current ¥gs assumed and the form
of the spectra was taken from a paper by Ali and Yang™" . Note that the theore-
tical spectra are model dependent. These fits gave a x2 value for 10 degrees
of freedom of: 29.6 for D -+ e;e"’ 6.3 for D > eGeK and 2.8 for D » eGeK*(892).
The decay D » eGen can therefore be excluded as the sole semileptonic decay mode
of the D. The data can be fitted with either D - eGeK or D~ eGeK*(892).

The absolute cross section for inclusive electron production
ete” > et + X, where X contains at least two charged tracks and any number of
photons, is plotted in Fig. 5.4a as a function of energy. The data have been
corrected far radiative effects. The background from hadron misidentification
and the contribution from heavy leptonic production have been subtracted.

The inclusive cross section due to charmed particle production can
be written as:

+ - + + - = - = -
g(e'e” »eX) = .3 ole'e ~» CiCj) . {B(Ci > eveX) + B(Cj > eveX)}
+.. -
Here (e'e - Cicj) denotes the effective cross section for producing the
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lightest charmed hadron stable against strong and electromagnetic decays. These
particles might either be produced directly or result from the cascade decay of
excited charmed hadrons. The cross section c(e+e' > Ciéj) was obtained by sub-
tracting the cross sections for "old" hadron production from the total hadronic
cross section.

Near threshold, where only neutral and charged D production can
contribute DASP finds:

B(D > e + X) = 0.08 + 0.02
This should be compared to the value
B(C ~ e + X) = 0.072 + 0.02

obtained by avering over all energies between 3.9 GeV and 5.2 GeV (see Fig.5.4b).
These values were extracted using the DASP1 data for the total cross section

and the error quoted is mainly systematic. Evaluating the branching ratio using
the SPEAR data17 on the total cross section as input led to an average semi-
leptonic branching ratio of 0.08 + 0.03, compared to 0.11 + 0.03 obtained using
the PLUTO18 total cross section.

The semileptonic branching ratio can also be determined from the
fraction of inclusive electron events containing a second electron. Using this
method the DASP group finds B(C -~ e X) = 0.16 + 0.06. Note that this value is
independent of the charm cross section.

The semileptonic branching ratio of D's as measured by DASP is
in accord with the results by LBL-SLAC19 and the preliminary analysis of
DELCOZO (see Table 5.3).

Table 5.3 Semileptonic branching ratio of D mesons

Experiment B(D > eX)
pAspl3 8+2%
peLco?? 11+3%
LBL-sLACL? 7.2+2.8%

The semileptonic branching ratio is larger than the value of 4 % predicted21

from the weak decays of strange particles. This indicates that the mechanism
responsible for enhancing the nonleptonic channels in strange particle decays
are less effective22 for charmed particle decays. In fact if none of the
available channels are selectively enhanced one expects a semileptonic branching
ratio of 0.20. This number is obtained by simple counting: the W decay can
proceed in five different ways, W + ev, uv and qq' times three because of three
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different colours: Assuming the same coupling strength, each channel has the
probability 1 : 5 = 20 %.

One event was found by DASP with 3 electrons plus hadronsl3. This

number is consistent with the expected background leading to an upper limit of
(ete™ > 3e + X) < 0.1 nb,

with 90 % confidence. Events of that type could arise from a charm changing
neutral current, which allows a charmed hadron to decay into two electrons plus
hadron523. A neutral Tepton paired with the electron in a right handed doublet
would also yield events with three electrons and hadronszz.

DASP12 has determined the number of charged kaons emitted in
electron multihadron events. This provides an independent consistency check on
the nature of the weak current responsible for charm decay. If it is the GIM
current then almost every electror event will haw a KK pair. The measurement
was done with events that had an identified charged hadron (m, K or p) in the
magnetic spectrometer, an electron in the inner detector and possibly other
charged particles or photons. No epX events were seen. From the observed K to
wm ratio and the measured charged multiplicity it was found that each multi-
prong event contained on the average 0.90 + 0.18 charged kaons per event in
agreement with the GIM prediction.

6. T _production
Measurements on lepton events of the type

ete™ » ey + nothing (6.1)

and e'e” -+ e(u) + nonshowering charged particle
+ any number of photons (6.2)

provided convincing evidence that besides charmed particles a new type of weakly
decaying particle, t, is being produced above 4 GeV 24. Conclusive proof for
its existence was recently given by the DASP collaboration who observed t pro-
duction below charm .threshold at the y"'.

6.1 1 _production below charm threshold

1 production at the y' was studied with electron twoprong events
(6.2). The selection criteria for this sample were discussed in the previous
section. A total of 17 events were found at the y' and 1 event at a cm energy
of 3.6 GeV.

The electron momentum spectrum measured at the y' and plotted in
Fig. 6.1 shows two clear clusters of events, one centered around 1.5 GeV/c and
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6.1 Raw electron momentum distributions observed by DASP14 at 3.684 GeV. The events here are identified
_as electron, one nonshowering particle and any number of photons.




the other with momenta between 0.4 GeV/c and 0.9 GeV/c. The first cluster can
be associated with the cascade decay ¢' ~ J/y X s efex.

The electrons in the second cluster have a relatively flat momen-
tum distribution. The background from the reaction e'e” - e'e u*u” has been esti-
mated to contribute (0.6 + 0.2) events. An estimate using data at other energies
shows that we expect less than 0.1 event from beam-gas interactions. Indeed, all
the events originate within the nominal interaction volume. A twobody hadron final
state can fake events of type (1) if the charged hadron traversing the magnet is
misidentified as an electron. For hadrons with momenta above 0.35 GeV/c the
measured probability Phe for this to happen is 4 x 10'4. At the y' resonance
2113 events were observed of the type efe” > ht o+ nonshowering track + > 0
photons where h is either a kaon or a pion traversing the magnet and the non-
showering track is observed in the inner or outer detector. This class of events
therefore contributes a background of (0.84 + 0.02) events. Dalitz decays of °
and n and photons converting in the beam pipe were estimated using the two prong
sample above. A total of (0.2 + 0.1) events were estimated compared to 9 events
observed. The computation of background associated with multihadron events was
checked by searching for inclusive electron events at the J/y resonance. One
event of the type efe” s> et 4 nonshowering track + > 0 photon was found which
is to be compared with an estimated background of 1.3 events.

Further evidence that the electron events observed at the y' are
not true hadron events comes from an inspection of the photon multiplicity.
Table 6.1 shows a comparison of the photon multiplicities for twoprong electrons
(0.4 GeV/c < Pe < 0.9 GeV/c) and twoprong hadron events (ph > 0.4 GeV/c) from
y' decay.

Table 6.1 Photon multiplicity distributions

Number of photons 0 1 2 3 4 5 6 7

et + nonshowering track 4 3 1 1
at the v'(0.4 < Pe < 0.9 GeV/c)

hE + nonshowering track 207 370 440 428 312 199 99 32
at the xp'(ph > 0.4 GeV/c)

e* + nonshowering track 49 17 10 1 2 0 1 o0
/ST 4-5.2 GeV (p, > 0.2 GeV/c)

The distributions are strikingly different. The electron events are accompanied
by a few events as expected for t decay whereas the hadron events have a large
multiplicity.
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We conclude therefore that an anomalous electron signal is observed
at a cm energy of 3.684 GeV which is below charm threshold. This signal is then
assumed to come from tt production. The electron spectrum predicted for a <
of mass 1.80 GeV and a zero mass neutrino fits the data well (see curve in
Fig. 6.1).

6.2 t production above 4 GeV

We turn now to the electron twoprong data at higher energies. A
total of 80 events were found at cm energies between 4.0 and 5.2 GeV. A fraction
of the twoprong electron events observed above 3.9 GeV might result from asso-
ciated production and semileptonic decays of charmed particles. An upper limit
can be obtained by assuming that all inclusive electron events with more than
two prongs are due to charm production. From the measured multiplicity distri-
bution of these events (Fig. 5.1) and the known detection efficiency a total
of (5 + 2) events has been estimated from this source. The direct decay of a
pair of charmed hadrons into a final state with one electron and one non-
showering track is expected to contribute less than one event. The background
from all other sources has been estimated to (9 + 3) events, in agreement with
(7 £ 7) events extrapolated from the 3.6 GeV data.

6.2.1 T mass_and spin

The quantity 201? Be-BnS is plotted in Fig. 6.2 as a function of
cm energy. Radiative corrections were applied and the data were corrected for
the enhancement at the y' due to vacuum polarization. Note the rapid rise near
threshold which is characteristic for s-wave production. The data shown in
Fig. 6.2 were used to determine the mass of the t and its spin14. The cross
section for t7 production for a 1 spin of 0, 1/2 and 1 reads as follows:

spin 0:

3

T

- 2 .

o= = 1/4 O 8> |F| Be an (6.3)
_ 40 :

where cuu =5 and F is the ¢t formfactor.

spin 1/2:
- _2 .

oz = 0, B {1+1/2 (1 ‘31)] B, B (6.4)
The t is assumed to be pointlike.
Spin 1 :

o =0 8 [(25)%+5 S5 +3/4].-8 -8 (6.5)

T up T 4_MZ 47‘42 e hs .

T T

The © is assumed to have the same electromagnetic properties as the W boson25.
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For spin O the upper limit on ZcTT Bean was calculated with F =1
and the conservative assumption that the t has only leptonic decays and Be = Bu'
This upper Timit is plotted in Fig. 6.2 und is seen to be lower than the data by
an order of magnitude. For spin 1/2 and 1 a fit was made treating the t mass and

the products of the branching ratios Be . an as free parameters. The spin 1 curve

.(see Fig. 6.2) does not describe the data; including the data obtained at higher
}énergies at SPEAR excludes spin 1. The data are well described by a pointlike

fermion of spin 1/2. The fit yielded for the t mass
m_ = 1.807 + 0.02 GeV.

6.2.2 The lepton momentum spectrum

Besides electron inclusive events the DASP group studied also n
14. Candidates for muon inclusive events had to have one muon
track in the spectrometer, a second nonshewering track and any number of photons

inclusive events

observed either in the inner detector or in the spectrometer arms. A charged
particle was called a muon if it had a momentum greater than 1.0 GeV/c, gave no
signal in the threshold Cerenkov counter, suffered an energy loss consistent
with that of a minimum ionizing particle in the shower counter and penetrated
at least 60 cm of iron. A total of 25 events with a background of 3.8 events
was found.

After all corrections (21 + 5) muon inclusive events and
(18.5 + 4.6) electron inclusive events were observed with momenta above 1.0 GeV/c.
The ratio of the leptonic widths evaluated directly from these data are inde-
pendent of the form of the coupling. This yields Bu/Be = 0.92 + 0.32 with a
systematic uncertainty of 0.07. The result is consistent with ey universality.

The lepton momentum spectrum, obtained by combining the electron
and the muon data, is plotted in Fig. 6.3 for cm energies between 4.0 GeV and
5.2 GeV. This spectrum extends to much higher momenta than the electron spectrum
observed in the semileptonic decays of the charmed hadrons, reflecting the
pointlike structure of the t and the low mass of its neutrino.

The solid line shows a fit to the data assuming m = 1.80 GeV, a
massless neutrino and a (V-A) structure of the current. The dotted line is a
fit keeping the masses constant but changing the left handed V-A current into
a right handed V+A current. Both fits are clearly acceptable.
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6.3 Leptonic and topological t decay branching ratios
14

The DASP group measured efe” ey + missing energy in the cm

range of 0.4 GeV to 5.2 GeV. Muons of momenta greater than 0.7 GeV/c were identi-

fied in the outer detector (P hy = 4.2 + 0.8 %) by range, electrons with momenta
above 0.2 GeV/c either in the inner detector (P =2 £ 0.9 %) or the outer
(P =4 x 10 ) A total of 13 eu events with an estimated background of

1.2 + 0.4 events were found. Using the known production cross section and assuming

ey universality yield:

Be = Bu = 0.182 + 0.028 + 0.014 for a V-A current and

Be = Bu = 0.206 + 0.033 + 0.015 for a V+A current. The first error is the

statistical one.

The fit used to evaluate the t mass from the electron inclusive
events yields Be . an = 0.086 + 0.012. Using Be = 0.182 + 0.028 the DASP group
derived the branching ratio for t » v, + nonshowering particle + > 0 photons,

= 0.47 + 0.10. The branching ratio B1h for = » vt hadron + > 0 photons
is given by Blh = an - B = (0.29 + 0.11). The systematic errors are small
compared to the statistical error. The average number of photons associated
with © » v + hadron + > 0 photons can be obtained from table 6.1 after making
background corrections. Averaging the observed photon multiplicity over all
two prong events in the higher energy data and correcting for the photon de-
tection efficiency the decay of the type t » vt charged hadron + any number
of photons was found to yield on the avevage 2.8 + 0.7 photons.

The branching ratio B3h for the t to decay into final states
with at least three charged particles can be obtained from B3h = 1-Be - an.
(The number of electron events with Pe > 1 GeV/c and 5 or more charged tracks
were found to be small.) The result is B3h = 0.35 + 0.11 in agreement with the
Pluto26 measurement, B(z 3 prong) = 0.30 + 0.10.

Fits were also made varying the mass of the t neutrino. The 90 %
confidence upper Timits on the neutrino mass are m, < 0.74 GeV for V-A and
m, < 0.54 GeV for V+A. T

T

6.4 Semihadronic decays of the t

A characteristic feature of the standard weak interaction is that
decays involving strange particles are suppressed relativ to decays involving
nonstrange final states by tgzec = 0.05. The DASP group determined12 the ratio
of strange to nonstrange particles in semihadronic t-decays from a measurement
of
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ofe*e” » e¥+ K* + > 0 photons)
o(e'e” + eF + 17 + > 0 photons)

v

It was shown that the two prong cross section including one electron predominately
results from ete™ » 1T + (v, e\')e)(vT + hadrons + > 0 photons) with only a small
contamination from charm decays. The hadrons were identified and measured using
one of the spectrometer arms. The electron was identified in either the inner or
the outer detector.

The results was

o(e¥ + K +20 photons) _ 0.07 + 0.06
o(e¥ + T+ > 0 photons)

Therefore on the average only 7 % of all semihadronic t-decays yield a strange
particle in accordance with theory. This should be compared to multiprong events
where DASP foundlz:

o(e¥ + K¥ + > 1 prong + 2 0 photons)
= 0.24 + 0.05.

O(e; + 'ni +

v

1 prong + > 0 photons)

Since the charged multiplicity is on the order of 4 this is equi-
valent to (0.9 + 0.18) charged kaons per multiprong event. (See discussion in
section 5.)

6.4.1 1> v

We have searched27 for the t + mv decay by studying the process

ete” » 1 » (evv)(mv)

leading to the final state ert Oy. In order to reduce background from charm
production only cm energies W > 4.48 GeV were considered. The electron was de-
tected in the inner detector or in the magnetic spectrometer, the m* was identi-
fied in the magnetic spectrometer. To enhance the t -+ wv signal only ™ with
momenta above 1.1:GeV/c were considered. Two events satisfying these selection
criteria were observed.

From tt production 6.7 events were expected plus 1 event from
background (e.g. t ~ pv where the 7° from t decay escaped detection). The dif-
ference between expected and observed number of events corresponds to a 2 s.d.
effect. The observed number of events lead to

_ + 0.005
Be B1T = 0.004 _ 0.004

or ~ +0.03
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which can be compared to the theoretical value of BTr = 0.10. The data from
SLAC-LBL presented at this meet1'n928 suggest, however, that the nv decay exists
with the expected strength. i

The DASP group has also searched for events of the type
efe” + 1T+ {(kv) (ewv) + (uw) + (mv)}

K+ charged track + missing energy.

Only one event with Pk > 1.0 GeV/c was found27. This yields a 90 % confidence
upper limit of By < 0.016.

6.4.2 1 > pv

DASP measured27 the decay t oV, by selecting final states with
o+ charged track + two photons. Events in which the two photons are compatible
with resulting from a © decay are retained provided that both computed photon
energies are above 50 MeV. The remaining events are plotted versus M(niﬂo) in
Fig. 6.4a. Events with an identified electron are hatched. Events within the
p-band (0.5 GeV < M(ntno) < 1.0 GeV) are plotted versus the momenta of the wa0-
system in Fig. 6.5. The momentum distribution expected from the decay - oV,
is shown as the dotted 1ine. Note the flat distribution above 0.9 GeV/c which
is characteristic for a two body decay of a moving object. The enhancement at
low momenta is presumably due to multihadron events. To reduce the background,
only events with a (niwo)-momentum above 1.0 GeV/c are considered. The n7°
mass distribution for these events are plotted in Fig. 6.4b. These events yield
as a preliminary value

Bp = 0.24 + 0.09

in good agreement with the theoretical prediction, Bp = 0.22.29

6.5 Summary of the t properties

Table 6.2 summarizes the information on mass, leptonic and semi-
hadronic decay modes of the t from this and other experiments.

The observation of the t at the y' below charm threshold conclu-
sively demonstrates that the t signal has nothing to do with charm. The shape
and magnitude of the <t production cross section exclude spin 0 and 1 for the t:
they strongly favor the assignment as a pointlike, spin 1/2 fermion. The best
value for the t mass at present is 1.807 + 0.02 GeV. The analysis of the decay
spectra puts a 1imit of 0.54 GeV on the mass of the t neutrino. The 1ifetime
of the  is less than 3.5:10712 sec.

The Tepton momentum spectra can be described by a V-A as well as a V+A coupling
of- the weak current to the T;T system although the first possibility is
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s DASP

e*te"=n*n+1ch
39 - 5.2GeV
=electron

N

. 27,8 D~

1 1
Prtn®>! GeV/c

Number of events
S~
\

. YW

0 0.5 1.5

. 1.0
Mt ne(GeV)
6.4 a) The distribution of M(wino) observed by pAsp?’ for events with the

topology ete™ + %10 + charged track.

b) The M(n*x®) distribution for events of the same topology as abgve
but with Prtro > 1 GeV/c.
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6.5 The momentum distribution of the (ﬂino) system observed by DASP27
in eTe™ > 70T . The mass of the =tn® system was between 0.5 GeV
and 1.0 GeV.
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Table 6.5

Properties of the
experimental predicted experiment comments
results by theory
mass (GeV) 1.807 + 0.020 pAspl?
Spin 1/2
lifetime (sec) <3.5.10712 2.8-10°13 pLUT0?
m, (GeV) <0.54 stac-LBL3!, pLyto3®
t 31 26
tv_coupling to V-A favored SLAC-LBL"", PLUTO
weak current
14
B, / B, 0.92 + 0.32 1 (seq.lept.)| DASP
Be 0.186 + 0.010 + 0.028 0.18 SLAC-LBL32 from eu; assume Be =B and V-A
0.16 + 0.06 pLUTO3C from ey,uX; assume V-A
0.224 + 0.032 + 0.044 LBL-SLAC33 from ey; assume B, = B
0.182 + 0.028 + 0.014 paspl4 from eu; assume B - B and V-A
0.15 DELCO20 from eX; preliminary
Bu 0.175 + 0.072 + 0.030 0.18 SLAC-LBL from uX; assume B18 = 0.85 and V-A
0.14 +0.034 pLUTOZE from uX; assume V-A
0.22 t 8:8; Iron ba1135 from uu
0.20 + 0.10 Maryland-Princeton from uX
-Pavia
B(x + ey) <0.026 LBL-sLAc3]
B(t -+ uy) <0.013 LBL-sLAC3!
B(t » 3 charged <0.006 sLac-LaL3!
leptons) PLUT036

<0.01
.
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Table 6.5 continued

experimental predicted experiment comments
results by theory

B(x » 1 charged 0.70 +0.10 pLUTOZ®
+ any photons) 0.90 + 0.10 LBL-sLACS3

0.65 + 0.12 paspl4
B(t > 1 charged 0.40 +0.15 pLUT0%6
hadron + any photons) 0.45 + 0.19 LBL-SLAC33

0.29 +0.11 pasp4
B(t - 3 charged 0.35 +0.11 pAspl4
hadrons + any photons)

27

B(t -+ v) 0.02 + 0.03 0.10 DASP
B(t - kv) <0.016 0.005 DAsp12
B(x > pv) 0.24 +0.09 0.22 pAsp?’
B(t + p2n%v) 0.050 + 0.015 0.1 pLUTO3O on sepctrum consistent with A

decay. Including neutral d
modes would give
B(t » Ajv) = 0.10 + 0.03

&cay




s1lightly favored by the data. The measured leptonic decay rates are consistent
with e/u universality. The leptonic and semihadronic branching ratios agree with
those expected from theory for a heavy lepton of mass 1.8 GeV, except perhaps
for the decay t - mv which needs further study.

The consistency with e/u universality classifies the t as either a
ortholepton or a sequential Tepton. In the first case the t has the same lepton
number as e or u. In the second case the t carries a new lepton number. Recent
neutrino experiments rule out that the t is u-]ike37
it is not e-]ike38 either. The t is therefore most probably a sequential heavy

lepton with a new lepton quantum number and with its own neutrino.

and strongly indicate that
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Recent Results of the PLUTO-Collaboration
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Siegen University, Department of Physics

D 5900 Siegen 21, Fed.Rep. of Germany
and

Deutsches Elektronen Synchrotron DESY

D 2000 Hamburg 52, Fed.Rep. of Germany

Abstract:New results obtained in e+e-—annihilation are presented,
concerning the total hadronic cross section, the p-inclusive produc-

tion, the radiative decay J/w<+on and properties of the heavy
lepton T,

Résumé&:0n a présenté& des nouveaux résultats qui ont é&té& obtenus dans
l'annihilation e+e_ et qui concernent la section efficace hadronique,
la production inclusive des mesons p, la désintégration radiative
J/w-+f°Y et des propriétés du lepton lourd T.
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1. Introduction

The results of the PLUTO-collaboration* presented in this talk are
based on data taken in the -runperiod of 1976. In 1977 the PLUTO de-
tector was upgraded with several new components. In the same year

the DORIS-storage ring has also been upgraded to higher energies.

Thus the set of data discussed in the following is the same as des-
cribed in the talk of V.Blobel held at the XII. Rencontre de Mori-

(1)

ond one year ago, where he gave details on the energies we run

and the integrated luminosities.

My talk is organized as follows:

In chapter 2 I shall give a brief description of the PLUTQ detector,
chapters 3 to 5 are dealing with the total hadronic cross section,
with the p-inclusive production and with the radiative decay

J/ - foy, which may be compared with theoretical predictions es-
pecially from quantumchromodynamics (QCD), chapter 6 discusses new
results on the heavy lepton 1. In a concluding chapter 7 a short
review on the present and future programs of the PLUTO detector is
given.

*at present the PLUTO-Collaboration consists of the following physicists:

Ch.Berger, W.Lackas, F.Raupach, W.Wagner, I.Physikalisches Institut
der RWTH Aachen;

G.Alexanderl, L.Criegee, H.C.Dehne, K.Derikum, R.Devenish, G.Fliigge, G.Franke,
Ch.Gerke, E.Hackmack, P.Harms, G.Horlitz, Th.Kahlz, G.Knies, E.Lehmann,
B.Neumann, R.L.Thompsona, U.Timm, P.Waloschek, G.G.Winter, S.Wolff, W.Zimmer-
mann, Deutsches Elektronen-Synchrotron DESY, Hamburg;

O.Achterberg, V.Blobel, L.Boesten, H.Daumann, A.F.Garfinkel”, H.Kapitza,
B.Koppitz, W.Lihrsen, R.Maschuw, H.Spitzer, R.van Staa, G.Wetjen,
II. Institut flr Experimentalphysik der Universitédt Hamburg;

A.Backer, J.Blurger, C.Grupen, H.J.Meyer, G.Zech, Siegen University;
H.J.Daum, H.Meyer, O.Meyer, M.RGssler, K.Wacker, Wuppertal University.

(‘on leave from Tel-Aviv University, Israel; ?Now at Max-Planck-Institut fir
Physik und Astrophysik, Minchen; %on leave from Humboldt University, Arcata,
California, USA; “On leave from Purdue University, W.Lafayette In.,USA.)
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2. Brief Description of the Detector

PLUTO is a magnetic 4m detector at the DORIS e+e_ storage ring at
DESY in Hamburg. The details of this detector are described in se-

(2,3)

veral publications , thus I shall only mention the most impor-

tant features of this apparatus.

A schematic view of the PLUTO detector as used in 1976 is given in
fig.1. The detector consists of a superconducting solenoid provi-
ding a magnetic field of 2 Tesla in its inner volume (1.4 m diame-
ter and 1.1 m length), which is filled with 14 cylindrical propor-
tional wire chambers and two cylindrical lead converters all con-
centric to the beam. Thus track recognition and momentum measure-
ment for charged tracks is possible. The flux return yoke which is
used simultanously as hadron absorber, is covered with a muon de-
tector consisting of plane proportional tube chambers. On the
average a particle coming from the interaction point has to pene-

trate 68 cm of iron equivalent to reach the muon chambers.

superconducting coil _

muon chambers

lead converters _____

proportional —-
chambers

Fig.1 Schematic view of the PLUTO detector (1976) with typical
particle signatures (view along the beamline)

135



The geometrical acceptances of the different detector components
are listed in the table below.

Table 1. Solid angle coverage of detector components

Solid angle in
Detector component % of 4w

Proportional wire chambers

- purely geometric 92
- with trigger 87

Inner lead converter (r = 37.5 cm)
(0.44 radiation lengths thick) 78

Outer lead converter (r = 59.5 cm)
(1.71 radiation lengths thick) 60
Muon chambers 51
- with |cos @] < .55 45

Particle identification is possible to a certain extent with this
apparatus, the signatures of particles used in the context of this
talk are the following:

Electrons are charged tracks giving showers behind one of the two
lead converters.

Muons are non showering charged tracks which can be extrapolated
from the inner detector to a muon chamber having a set wire within
a certain region around the extrapolated track. Charged hadrons
(mostly assumed to be pions) are all charged tracks coming from the
interaction point not showering behind both lead converters. A spe-
cial class of these hadrons are the "identified" ones, having suf-
ficient energy to penetrate the iron if they were muons, and point-
ing towards a muon chamber which has no set wirewithin the appro-
priate region around the extrapolated track. If a photon has been
converted in the second layer of lead, if can be identified by a
shower in the two proportional chambers behind the lead, if this
shower is not correlated with a track. In this case only the deter-
mination of the direction of the photon is possible. If the photon
produces an electron-positron pair already in the first converter,
also its energy can be measured.
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3. Total Hadronic Cross Section

Our measurements of the total hadronic cross section have been pu-
blished in an updated version at the Hamburg-Conference last sum-
mer(4). Here I shall discuss these results only in a brief manner

comparing them with other results.

The data used to gain our cross section include all events with

> 2tracks, having at least one track with an angle against the beam
axis © > 30° and a momentum p > 240 MeV/c. For two-prongs a copla-
narity angle 15° < A¢p < 165° is required. Radiative corrections
have been applied to the measured cross section. To determine all
acceptances a Monte Carlo procedure was used, which simulates as
exact as possible all details of the detector. The data are best
described, if the physical model fed into this Monte Carlo proce-
dure is of the "jetitype, with a jet-axis distribution proportio-
nal to (1+ cos? 0) and an average transverse momentum with respect
to the jet-axis of <pg> = 350 MeV/c(S)-

The overall efficiency and acceptance is for two-prongs a, 40% and
for >2-prongs v 95% giving a total efficiency of ~75% for all events.
Due to these high efficiencies the Monte Carlo corrections applied
to our data are relatively small compared to other detectors.

RL T T T RLUTo -
6.0 - -

: ‘g _
- EFI PO
L0 ;o Ih{H‘l* gt o I

20 - -

0 el g i Lo Vg‘ |
35 - 4.0 4.5 GeV 50

Fig.2 Total hadronic cross section R

tot ohad/cuu
(contribution from the heavy lepton t included)
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In fig.2 the ratio

_ + - + - + -
Rtot = og{e'e =» hadrons) / o(e'e =+ uyu )

is plotted as a function of the center of mass energy vs.

In the framework of quantumchromodynamics (QCD) the total hadronic
cross section (without the contribution from the heavy lepton T)
including the first order gluonic corrections is given by

Riag = 3 g Qi2 - (1 + as/ﬂ)

where Qi are the quark charges (i = u, d, s for /s < 3.6 GeV and
i=u,d, c, s for Vs >> 3.6 GeV) and og the running coupling con-

stant of the strong interactions:

u _ 127 ‘
s (33-2n) 2n(s/A?)

(n = number of quark
flavours)

The only free parameter is A. A fit to deep inelastic lepton-nucle-
on scattering data yields a value of A n 0.5 GeV, which will be
used in this estimation. For vs = 3.6 GeV this leads to a value of
Ryq = Reor = 2-2 and for Vs = 5.0 GeV to Ryag= 3.7. But these cor-
rections are far too small to be measured with existing detectors.

To obtain at the latter energy the value of R one must add the

tot
contribution of the threshold factor of the heavy lepton Tt

R, = (38 - g3) /2 (B = velocity of the 1)

At /S = 5 GeV one has R;= .98 yielding for Rtot = 4.7, because all
T+T_—events contribute to the hadronic events selected. For both
values at 3.6 GeV below and at 5.0 GeV above charm - and heavy lep-

ton - thresholds the measured R is in good agreement with theo-

tot
retical expectations, but one must always keep in mind that an
overall systematic uncertainty of about 10% must be taken into

account, which is on top of the gluonic corrections.

The topology of the cross section shows three distinct peaks. The
results of separate fits to each of these resonance like regions
are given in table 2. An overall fit of the complete energy inter-
val between 3.6 and 5.0 GeV seems unreasonable since the exact
charm threshold behavior is not really known.
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Table 2. Resonance parameters of the resonancelike regions
between 4.0 GeV < Vs < 5.0 GeV

Mass Width
(GeV/c?) (Mev/c?)
4.04 £0.02 55+ 10
4.15+0.04 47 £ 11
4.40 + 0.03 33+ 9

Although within the systematic uncertainties our measurements are
in overall agreement with other results, there are mome differences

The PLUTO cross section is somewhat lower than that of the DASP(G)-

and the SLAC—LBL(7)
preliminary cross section of the DELCO—detector(B). The peaks at
4.04 GeV and at 4.15 GeV are well separated in the PLUTO and DASP
results, but this is not so for DELCO and SLAC-LBL results.

-detectors while it is in agreement with the

4. p-inclusive Production

The quarks are assumed to be pointlike spin half constituents of
hadrons. A meson h is built up by a quark-antiquark pair. So it is
obvious from simple spin state counting that the vector mesons
(spin J = 1) should be produced three times more frequent than the

pseudoscalar-mesons (J = 0) in the inclusive reaction
+ - :
e e -~ h + anything.

(In this estimate more sophisticated items of the theory, like
quark mass differences, are neglected).We compared our measurements

of the inclusive reaction

e'e > p + anything (1a)
+—
T
with
ete™ > 7 + anything, (1b)

taking p(J = 1) and = (J 0) as the mesons with the smallest mass

of each type to test this prediction. Reaction (1b) has been mea-

(9)

sured by the DASP-~collaboration To look for events of the
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reaction (1a) we assigned No. events
5000.0 T T

pion mass to all tracks and
plotted the invariant mass of 4000.0 |
two tracks with opposite I
charge (fig.3a,upper histo-

gram) . The background was de- 20c0.0
termined using pairs of tracks, 1000.0

each track coming from a dif-
0.0

ferent event (fig.3a,lower
histogram). 900.0

T

T

600.0

The invariant masses of the
remaining events have been 3000
plotted in fig.3b.The mass dis- ook
tribution has been fitted

to the po-resonance (giving
mass and width of 767:7MeV and M) Gev

160+40 MeV respectively from

-300.0 - .
0.2 0.5 1.0 1.4

a Breit-Wigner-fit), a smooth  pyg 3 4)Ipvariant mass of n'n -

polynomial background and a system (upper histogram)
and uncorrelated pairs
(lower histogram)

tion of K*(890) which con- b)Difference between corre-

+ -
tributes to the left tail lated and uncorrelated w w
of the po—signal when the

possible kinematic reflec-

-pairs

KK is interpreted as two
pions.

The cross section of the reaction (1a) as a function of the center
of mass energy /s is shown in fig.4 in terms of

R = og(ete” » p°

+X)/o .
P )/uu

Like the total hadronic cross section the po—inclusive cross sec-
tion shows also a threshold behavior between 3.6 GeV < Vs < 4.1
GeV. Above Vs = 4.1 GeV a value of RD ~ 1 is obtained.
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Vs [Gev]

Fig.4. po inclusive cross section normalised to the

u-pair cross section as a function of
the center of mass energy Vs

The energy distribution of the p can be written as

s do _
B 'a'; = f(xE, S)
E
with x_ = 2 Ep/vVs, Ep = energy of the p, and B = velocity of the p.

E
For high center of mass energies scaling predicts f to become

only a function of Xg
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Xp = 2mp//§

The obtained spectrum is
shown in fig.5. Due to the
limited center of mass ener-
gy interval from 3.6 GeV to
5.0 Gev,
been taken,

in which data have
there is a lower
kinematical 1limit for Xg at

~ 3. Events from the reac-

tion
ete™ > p%
Logp'r”

have been detected experi-
mentally’ and removed as a
background which contri-
buts
Xp v
tion
QED.
tion
this
The slope of the curve can be

to theevents in the
1 region. This reac-
can be calculated from
The measured contribu-
is in agreement with

calculations.

parameterized as
fp(xE) o exp (-b-xE)
with b = 8.4+0.8 or as

1 n
fp(xE) a §E'(1_XE)

with n = 2.4+0.4 .

The broken line in fig.5 re-
presents the inclusive T pro-
duction as measured by DASP.
To compare the p-inclusive
production, one must take
into account that a certain
number of observed pions are
coming from the p-decay.
Assuming the cross section
for all p to be

g (p +p +0%) =340 (p°)

one can calculate the fraction of pions from a ¢ decay and can sub-

tract them from the m-inclusive spectrum, obtaining a direct 7 spec-

trum.
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Comparing this spectrum with tne measured p-inclusive spectrum one

¢btains for Xp > 0.4

Q.
Q

|

)
g P

)

= 3.1 £ 0.6

m direct

o
Q| X

|0 | wln

Qi
xR

E
in good agreement with expectation. However, this is an upper limit
since there are also contributions to the w-direct-spectrum from

other resonance decays.

5. The Radigtive Decay J/y > fOY

Radiative decays of the J/Y like

I/~ (2a)
J/y »n Y (2b)
J/y +~n'y (2¢c)
J/v ~ £9% (2d)

are a useful tool to provide information on the mechanism of Zweig-
rule violation. In the language of QCD radiative decays are des-

cribed by two different types of graphs (fig.6)

Iy

- - xl

of

(a)

Fig.6 Diagrams for radiative decays via 3 gluon-(a) and 2 gluon-
exchange (b)
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In the first diagram (fig.6a) the decay is mediated by a three
gluon coupling to an intermediate vectormeson V and ‘a hadronic sy-
stem X with a subsequent transition of v vié Qédtordominance to a
photon. The calculation of this decay scheme leads to re-
"latively small branching ratios. This has been found to be true for
the decay (2a), indeed, the DASP-collaboration found

BR(I/¥ » 1°Y) = (7.3 + 4.7) 107> (10) |

But the branching ratios for decays (2b) and (2c) are considerably
higher. The DASP- und DESY-Heidelberg-groups measured

(0.80 + 0.18) 10~> pasp (19
BR(J/Y + ny) = {

(1.3 + 0.4 ) 103 pesy-up("

2.2 + 1.7 103 pasp(10)
BR(J/Y + n'y) = g

(2.4 +0.7) 10~3 pesy-up(1"

These branching ratios can be explained with the second graph
(fig.6b), where the decay is mediated only by a two.gluon exchange.
The branching ratio into a photon and two gluons has been estimated
to be

BR(J/Y + vy + 2 gluons) ~ 108, (12)

This leads to predictions that decays like (2b) and (2c) should
have considerably higher branching ratios than reaction (2a). The

decay (2a) cannot proceed via this graph (fig.6b) due to isospin con-
servation.

To provide more information it is worthwhile to study the decay
(2d) . In doing so, the PLUTO collaboration - as recently reported(1m
- selected from 84000 J/y events those with two prongs plus one
photon. For the latter only the direction has been determined.

1650 events fit the hypothesis

g/ » ateTy (3-Cc-fit) .
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After QED-background rejection we obtain a sample of 852 events

+n—y or ntu™n® (with only one y of the #° detec-

ted or both Y are not resolved).

which are either =

The invariant mass distribution of the neutral combination n+w- of
events not lying in the pi—band (0.6 GeV/cziM(ntn ) <1 GeV/c?)
shows two peaks (fig.7a). A fit gives two Breit-Wigner-resonances
with masses of (0.78+0.02) GeV/c? and (1.23+#0.04) GeV/c? and widths
of (0.13£0.02) GeV/c? and (0.13%#0.05) GeV/c? respectively, in
agreement with the pO and the £°(1270) mesons. p' (1250) could be
excluded for the second peak, because the invariant mass distri-
bution of the charged combination (ﬂi + X, X = vy or ﬂo)shows no ad-
equate peak in this region (fig.7b) which is expected for the iso-
spin triplet p'(1250).

Charge conjugation implies that the po is accompanied by a m°

and
the f£° by a Y. Using our Monte-Carlo-procedure to determine the

overall efficiency we obtained the following branching ratios:

BR(J/y ~ p%7%) = (1.620.4) %
BR(J y ~ £% ) (0.2t0.07) %

The DASP-collaboration has obtained similar results (14)

. Due to
the fact that the branching ratio for the decay (2d) is of the same
order of magnitude as for the decays (2b) and (2c), one is urged

to study this decay in the terms of the two-gluon-exchange dia-
gram (fig.6b),

(15)

If one calculates this diagram, as done by M.Krammer , one ob-

tains predictions for the angular distributions of the final state.

The decay (2d) is described by three independent fo—helicity ampli-
tudes Aqy, A, and A,. The combined production- and decay-angular
distribution for this reaction W(@p, OM, ¢M) is only a function of
the ratios A;/A¢ = X and A,/A, = Y, where 0_ is the angle between
the f° direction and the é+—beam, OM and ¢Mpare polar and azimuthal
angles of the u+ in the £° helicity frame. X and Y may have values

between plus and minus infinity in principle.

For a given pair of values X and Y we have fitted our data (after
a background subtraction) to the angular distribution w(ep, OM, ¢M)
comparing by x2?-values the distributions for different X and Y

values. Details of this procedure will be published soon(16).
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The results of these fits are presented in fig.8 in form of equal
x? contours in the X-Y-plane. The y?-values assigned to the curves
are measured from the minimum of x? = 26 (25 degrees of freedom).

The best values obtained in these fits are

4 X = A1/Ag = 0.6£0.3
Y = Ay/A0 = 0.370°¢

(crossed point in fig.8).
The values of X = 0.76 and
Y = 0.54 as predicted by
from the QCD-two-gluon-ex-

(15)

change are in very good

Al Ag

agreement with our results.

y:

Fig.B 0

Fit of the f -decay distribu-
tion. Curves arerepresenting
equal Xz-values, measured
from the minimum of x2=26.
QCD markes the prediction

! * ) from the two gluon-exchange
-3 -2 -1 0 1 2 3 model

x::A1IAO
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6. Heavy Lepton

6.1 Introduction

Just one year ago the existence of the heavy lepton, found in e+e--
annihilation in 1975 by the SLAC-LBL-collakoration amn
confirmed by the PLUTO-Collaboration (18’19). It should also be
mentioned that M.Perl named this new particle 1(20) at the Ren-

, has been

contre de Moriond one year ago.

During the last year a very fruitful work on thisparticle has been
performed by several groups, but there are still some questions open.

The PLUTO collaboration can contribute new results on two of such
subjects: we measured the branching ratio of the hadronic decay
mode Tt + pmv and we can give an new upper limit on the lifetime of
the T.

Before going into the details of our measurements let me repeat
some main properties of the 1. As discussed above, in the total ha-
dronic cross section there is need to explain at least one unit of

above the threshold around 3.6 GeV, which is assigned to the

R
tot (21)

heavy lepton t. From very accurate measurements of DASP
DESYvHeidelbergtzz)
less than 1.8 GeV, further we know that the 1 behaves like a point-

and
, we know that the mass of the 1 is a few MeV

l1like spin half particle. In the decays of the T a neutral particle
is emitted, presumably a new neutrino Vo

Therefore it is reasonable to discuss the properties of the T in
terms of a sequantial (heavy) lepton, having its own (conserved)
lepton number and thus its own neutrino (mass assumed to be zero).
Using conventional weak current-current-interactions (with at least
an arbitrary mixture of V and A components in the t-part of the
current), one can calculate the branching ratio into its simplest

(23)

decay modes, as done e.g, by Thacker and Sakurai . Using their

formulae and taking into account recent measurements of the total
hadrenic cross section in the region below the mass of the T, one

3(24).The;measured branching

obtains the branching ratios of table
ratios for the purely leptonic decay modes are in good agreement
with theory: the world's average value, as presented at the Hamburg
(25)
’

Conference last summer is

BR(t - evv) = BR(t =+ pvv) = (18+3) &
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Table 3 Branching ratios of the heavy lepton

Decay mode Branching ratio
in 8

T+ vTe-Ge 15.1

T - vr”-;u 14.7

T+ 7.5

T+ va_ 20.3

T =+ vT+(strange particles) 1.9
T -+ v‘l‘Al 7.8

t =+ v +(hadr.continuum) 32.7
T

But there are still some difficulties with some hadronic décay
modes. The vector part of the weak hadronic current behaves as pre-
dicted. The branching ratio ©_ =+ vrp_ has been me?ggied by the

. But the
axialvector part of the weak hadronic current should ¢ouple to the
A;-meson as the lowestaxialvector (3P = 1*)state and via the diver-

DASP-Collaboration to be in agreement with theory

gence of the current to the m as lowest pseudoscaldr (9P = o)
state. Especially the decay T + vr can be calcula¥ed, because it
depends only on the pion coupling constant f“, which is well known
from the decay n -+ u Uu. The ratio should be

BR(Tt - va) / BR{(t - v e ve) = 0.5

but there is no positive evidence for this decay. Theonly measure-
ment of the DASP(26’27) detector is somewhat lower than the pre-
dicted branching ratio.

On the other hand the decay to the A,-mesgn is problematic because
the A, is in the language of the Particle Data Group(za) a "not
established resonance". But to test the axialvector part of the
current it is sufficent to look for a JP = 1* hadronic final state
(e.g. T » vpn) avoiding discussions on the existence of the A,. If
the braiching ratio of this decay is of the order of magnitude as
predicted it is a strong evidence for the normal behaviour of the
axialvector current.
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6.2 The Decay T + vpu *)
We looked for events with a final state containing an identified
lepton R.i(ei or ut) and three prongs with missing energy and no

photon in the detector according to the reaction

+ - + -
ee > T T (3)

Lig vy

+ 0

TP v

+ -
™

Our selection criteria have been:
For an electron we required a momentum pe > .4 GeV/c and for a muon
pu > 1 GeV/c, a missing mass MM > .9 GeV/c? and the energy of the
3-pion-system not greater than the beam energy. A typical event is
shown in fig.9. After these cuts our sample contained 66 events,
52 of them with an identified electron. Fig.10 shows the mass of
the 3-pion-system versus the lepton momentum. There is no correla-
tion between these two quantities as expected for reaction (3). The
3-pion-mass is distributed in a small band around 1.1 GeV/c . Both
the electron and the muon
momentum spectra are rela-
tively hard. Several checks
have been made to assure
that the observed events
are really in agreement
with reaction (3)(30). As
an example I shall dis-
cuss here only the spec-
trum of electrons (fig.11,
histogram) . From the mea-
sured spectrum we subtrac-
ted the background from
hadron - electron misiden-
tification p(h + e)=1.2%,
taking into account, that

Fig.9.Typical event of reaction (3) the electron detection effi-
(view along the beam-line) ciency is a function of

the electron momentum,

‘SResulﬁig?f this channel have recently been published by the PLUTO
group . Meanwhile we doubled statistics lowering some
cuts and taking also events with a muon instead of an electron.
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Fig.11 Measured spectrum of the electrons.
The hatched area represents background from hadron-electron
misidentification. The curve is the calculated electron spec-
trum of the 1 decay folded with the electron detection
efficiency and normalized to the data.
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which raises from 30% at Pg = 0.4 GeV/c to 65% at Pg = 1.0 GeV/c.
In fig.11 the hatched area represents this background. The ramain-
ing electron spectrum is in good agreement with the ‘theoretical
‘electron spectrum from t-decay (full line in fig.11).

10 ——t—t :+ ——t—t—t——t——t+
GeV’] e*e— ;:_, et T
L;)- -+ ° [ ) .. * [ ) ° ¢ ° o
a 1 R * o -
:.g 05 | . b % . . . ° |
z 1 .:' Fd ° .. ] : . * (] . :-

—t—t+—+ {. ettt
05 1.0 GeV?

M(x*rc) high

Fig.12. Low mass combination versus high mass combination of the
2-pion-system. The full lines at .49 GeV? and at .7 GeV?
are representing the p%-cut applied to the data in further
use.

The Dalitz plot (fig.12) shows a well populated po—band. Thus we

required for our further analysis at least one 2-pion-combination

to have a mass in the po—band i.e. 0.7 Gev/czi M(ﬂ+ﬂ_) < 0.84

GeV/c?. After this cut 42 events (35 with an electron) remained in

our analysis.

The background shows no po—signal. Furthermore one can estimate

the charm contribution to this channel to be less than 3 events.

The momentum spectrum of the 3-pion-system is compatible

with a two-body-decay of the T which supports the interpretation

of the (pm)-system to be the A; resonance. Using our Monte-Carlo-
procedure to determine all acceptances and efficiencies we ob-
tained a branching ratio

BR(T -+ pon_v) = (5% 1.5 %

or if one assumes an Aj-resonance
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BR(T -+ VA7) = (10 + 3) &,

From the 3-pion-mass-spectrum we derived further (under assumption
of a two-body decay of the 1) an upper limit of the mass of the

T-neutrino m, < .4 Gev/c?.
T

From the negative G-parity of the (pm)-system one can conclude
assuming conventional weak hadronic currents with Vand A parts
that the only allowed states have a spin-parity JP =0 or 1+.
This is equivalent to the statement that the weak hadronic current

must have an axialvector component.

If one admits non conventional weak interactions the lowest angular
momentum states of the (pm)-system are listed in table 4.

Table 4. Spin-Parity assignments of (PT)-system
Assignments in brackets are only possible
in non conventional weak interactions.

. = s P
(v} 1 2
J = 0 o
1 1 an oh
2 @) 2h

In fig.13a the 3-pion-mass-spectrum, corrected for background and
acceptance is compared with the S, P and D-wave solutions. No pure
state gives an acceptable fit. The data fit best, if one uses the
S-wave plus a Breit-Wigner-resonance with a mass of 1 GeV/c? and a
width of 400 MeV, parameters which are in agreement with the A; re-
sonance . (fig.13b). Thus we conclude that the A; - if existing would
give a good description of our data.

6.3 Upper limit of the Lifetime

From the standard model of a sequential heavy lepton with V-A decay
structure the lifetime of the T, TO, is determined by
= . 5 L]
Ty = BR(T + ewv) (Mu / M) T
where Tu and Mu are lifetime and mass of the muon. Using a branch-
ing ratio BR(t + evv) = 18 % and a mass of the heavy lepton
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M, = 1795 MeV/c? one obtains

T = 2.8 10“13 sec.
o

The lifetime can be determined by measuring the average decay length
dO at a fixed momentum of the <t. But this length is far too small
(d0 ~ 0.05 mm) to be determined by the PLUTO-detector.

- +
For this analysis we used our (e+e + u- + 1 prong + no photon)

(18) and

event sample as used for our anomalous muon analysis
applied some further cuts to get a sample of events which make a
very accurate momentum measurement possible. Thus we required a
missing mass MM? > 0.4 Egéam’ a coplanarity angle 15° < Ab < 165°,
2 10 coordinates for each track and a momentum for the non-
muon track p, > 0.4 GeV/c. In addition we used a special tracking
procedure, taking into account the energy loss in the matter trans-

versed by the particle.

Fig.14 shows the vertex-distri-

bution from the remaining 65 20
events. For each track the mini-
mal distance to the interaction
point in the plane perpendicular
10}-

to the beam (rmin) has been de-

termined and entered into the

Number of events

plot. The accuracy of the po-
sition of the interaction point
in this plane is Ax = 0.5 mn
and Ay = O.7 mm (FWHM). The ver- -
tex~distribution fits well by a

Gaussian with a ¢ = 3.05:0,15 mm

I

I
(broken line in fig.14). To exa- !
mine the influence of a finite 2y # °
decay length on the width of the !
vertex distribution we used our

Monte-Carlo-procedure and gene- i i {
rated events with different decay -10 0 10 (mm)
lengths, The result of this cal- I min

culations is presented in fig,

Fig.14 Vertex distribution in the

15, showing o of the vertex-di- prlane perpendicular to the

. beam axis. The full linegives
stributions as a function of the a fit to a Gaussian with
decay length. g = (3.05:0.15)mm
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The Monte-Carlo calculations show that the decay length distribu-
tion is compatible with the experimental resolution and therefore
with a zero lifetime of the 1. Further we obtain from the calcula-
tion a two standard-deviation (95% C.L.) upper limit for the t decay
length do < 0.8 mm, giving an upper limit on the lifetime of the
-12
To < 3.4 - 10 sec. (95% C.L.)

This upper limit excludes models of the heavy lepton predicting re-
latively long lifetimes (e.g. models mixing lepton numbers (31),

-11

predicting a lifetime of about 10 sec) .

Since the lifetime is a very important parameter for testing theo-=
ries, and unfortunately none of the existing experiments is sensi-
tive enough to measure Tor it might be worthwhile to design a detec-
tor specially for this purpose.

f{ 2 3 4 5 6 7 8mm

Fig.15. Width of the vertex distribution as a function of decay
length obtained with a Monte-Carlo-procedure. In the in-
sert the Monte-Carlo function is scaled down to the experi-
mental value to derive the 2-o0- upper limit.
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7. Present and Future Program of the PLUTO-detector

During the last year PLUTO was upgraded by installing a new system
of shower counters of the lead-scintillator-sandwich type, covering
a solid angle of 92% of 4n. The lead converters, shown in fig.1,have
been removed. The new shower counters are equipped with proportional
chambers to determine the position of the shower.

In addition,the muon detector has been enlarged and covers now 65%
of the full solid angle.

During the same time the DORIS-storage ring has been upgraded to
reach energies of more than 3.0 GeV per beam. It was operated from
December 77 to February 78 at an energy of about 4 GeV per beam in
single ring single bunch mode. During the time of this conference
the energy will again be increased to reach a center of mass energy
of 9.5 GeV to measure the T-resonange in e+e- annihilation. This re-
sonance, recently found at Fermilab(32), is supposed to be a bound
state of a new quark-antiquark pair. The resonance energy will be
reached mid April. After a short runperiod of five weeks at the
T-energy region PLUTO is scheduled to move to the new large e+e_—
storage ring PETRA at DESY which will come into operation next autum.

Note added after the conference

The DORIS-storage ring reached the energy of 9.2 GeV in schedule. An
energy scan between 9.35 and 9.5 GeV center of mass energy was per-
formed. PLUTO found the T-resonance at a mass of (9.46 + O.O1)GeV/c2
(fig.16) . The observed width of the resonance is compatible with the
expected energy resolution of the storage ring. Thus we conclude,
that the T is a narrow resonance being in agreement with the hypo-
thesis of a bound state of a new quark-antiquark pair. From the va-
lue of the peak integral we further derive after applying radiative
corrections an electronic width of the resonance of (1.3:x0.4)keV,

which favours a -1/3 charge assignment of the new quark(33).
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FUTURE PROJECTS IN FRASCATI:
1. ALA STORAGE RING.

2. MDA EXPERIMENT FOR ALA.

G.C. BARBARINO
Istituto Nazionale di Fisica Nucleare, Sezione di Napoli, and

Laboratori Nazionali dell'INFN, Frascati, Italia.

ABSTRACT
A proposal is given of the high luminosity ete” storage ring
and the experiment for it to investigate the physics in the
C.M. energy interval between 1 and 2.4. GeV.
On présente une proposition d'anneau de collision ete” a haute
luminosité et de l'experimentation associeé qui permet d'étudier

la phisique pour des valeurs de C.M. énergie comprises entre

1 et 2.4 GeV.

161



1.1 Why are we looking to the 1-2 GeV energy region?
In the last months there have been very interesting results
from many laboratories. The principal contributions come from
e+ e colliding beamsl) and photoprodpction experimentz); there
are evidences of structures also in p; statesB? The following

table summarizes the observed resonances in this energy region.

M (MeV) r (MeVv) experiment
1097 31 Desy- Frascati Yp
1266 110 Desy~ Frascati Yp
1470 10 Adone e e
1498 4 Adone e+ e_
1462 190 DCI &' e
1662 25 pCI e e
1676 170 DCI e e
1769 53 DCI e e
1792 79 Adone e e
1812 34 Adone e+ e_
2130 30 Adone e’ e
1930 9
2020 24 in pp
2204 16

All these measurement show that there is a very rich fia2ld of
physics in the 1-2 GeV mass region. According to Veneziano Mass
formula, some of these resonances might be interpreted as radial
excitation of p,y, ¢ mesons. In this outline a tentative energy

mass position a'ssignement might be:

X , 1498,1470? . 1812 . 2130
¢ family ¢ T ¢ ? o' ’
( narrow resonances) K decays ? K decays ? K seen
o family p' 1250 0": 1550

(even number of 7w )
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w'. 13507 w", 1769
w family

(odd numbers ofw )

However the experimental informations are generally poor and
many questions at the moment are open:

- decay modes are not well known.

‘¢(A§Spectroscopy might be like Y(cg) spectroscopy

- nature of these structures: recurrences ofp,w,for NN bound

states?
1.2 The luminosities of the colliding beams machines available

between 1-2GeV C.M. energy is shown in fig.l.1.

Lumi ity . . .
umlT351 jl | J DCI (2 rings), project
(e “.sec )} —

ALA: this project
1031 D e s

4+t

VEPP 2M
1030
1 DCI ( 1 ring)
2
10 9 1
ADONE
2 E/beam

In the same picture and in the following are presented the main
features of the proposed machine ALA. The new ring could have a

luminosity from one to two orders of magnitude higher than that

obteinable from machines presently operating in the same energy
rarge.
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1| -
I sec l)
s
ALA: luminosity and total current
as function of energy.
.1 +
.05}
I —— 1 bunch/beam
:___2 bunches/beam
f + g +—t+—+
5 6 7 8 .9 111 1.2
MACHINE CHARACTERISTICS
Energy (GeV) 5 | .62| .78 1] 1.2
Luminosit 1031 (cm_z -1)..1 bunch .15 .36 .90 1.17 1.4
v v $ 7..2 bunch .30 | .72 .9 - -
.. 1 bunch/beam 40 75 150 150 150
Total current (@A) " ) \\nches bean 80| 150 | 150 - -
Lifetime ( hours) 16 14 12 11 10
C.M. energy resolution (FWHM, MeV) .45 .69 1.10| 1.80 ] 2.59
r.m.s. bunch length (250 KV) ( mm) 49 67 95 103 117
Experimental straight section length (m) 3
Orbit length ( m ) 70
Radiofrequency system Miz 2) 51,4
INJECTION®? Direct from | Through ADONE
LINAC
Positron injection rate (mA/min) 5 30
Electron injection rate (mA/min) 150 -
ALA: Paraweter Summary
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Supposing to work on ALA for 17 hours/day with a large solid
angle apparatus the expected counting rates are:
multihadronic events v15.000 evs/day S (1500) » 7500 evs/day;
4"(1800 ) 7500 evs/day; p" (1550)~ 12000 evs/day.
2.1 MDA experiment for ALA (FRASCATI- NAPLES~PISA collaboration)
spokesman: G. Bellettini.
The general features of this apparatus are:
-large solid angle.
-longitudinal magnetic field.
-high efficiency for low energy photon (as low as 50 MeV)

-good 1 K separation.

OSSR SITR S S A8 3 SANSRANAY
160 cm :§
outer detector \\\
w ‘/goll \

Inner detector r \\— <

—_— 80 cm N\ \\\
\* joke
B=3.,82 KG
—
10 cm i ‘
). |

e/ 2]

—
2.2 Inner detector: kinematical region.B and wires

-B: 3.82 KGauss (solenoid) - coil radius: 80cm

-Joke radius: 160 cm -max local disuniformity: 3-5%
Inside the coil:

-10 drift chambers, 96 sense wires/chamber along beam axis
0.8-5 cm. spacing; - 5 of them give information on second

coordinate by current division. In total there are:
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1000 drift time read out, 1000 charge read out

B measurement.

-time of flight between 2 hodoscopes of scintillation counters
allowes identification of " and K on 80 cm. path inside the coil.

In the worse condifion (p~ 500 MeV/c) the difference between

the time of flight isnlnsec. The resolution required is :BOOpsec.

Features of kinematical region

Ag;é SZ-»Z% n “27% at typical momentum emerging multihadrons.

Tof

2.3 Outer detector: particle identification region=.

28 907 o + 300 ps
47.‘

It can be made in two ways:

resistive tube calorimeter:

-8 telescopes arranged in quasi cylindrical geometry

48 ~ 803

LT

- each is made of 20 resistive tubes layers in quasi-
Geiger mode operation interlived the same numbers
of Pb sheet plus Pb-scintillator sandwiches (total

r.1.=8) )
/’9 strips read out (2 cm wide)(12000)

\\’¢ strips read out (1 cm wide) (6000)

figures of this calorimeter are:

-High accuracy in shower vertex localization (1l cm) and photon
direction measurement

-poor energy measurement (worse than 507)

liquid argon calorimeter

4000 channels in the same geometry

-each is made of 32 wired- or strips
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repeated in depth 4 times. The H.V. plates are divided into
strips 2.5 cm wide and with a 3.2mm spacing (in total 4.t.1l.)

Calculated resolution for y's

E (MeV) ¢}

50 107
100 7%
500 37

figures of this calorimeter are:
- high energy resolution
-good 7 k identification: in the worse conditiomn, p=500 MeV/c
the overlap is £ 87
-poor y direction measurement.
Both calorimeter will be tested. The apparatus will also be have
ay filter and a tagging system for Yy events.
2.4Typical efficiencies of this apparatus

+
for 4nevents: at least 3 prongs seen

907 (geometrical)
. -80% (reconstructed event)
the worse case:2m 2n°at least 3prongs 767 (geometrical)
seen of which 2 charged 607 (reconstructed event)

NOTES AND REFERENCES

1) C. Bemporad and F.Laplanche talks given at the 1977 Intern.
Symposium on lepton and photon interaction at High Energies-
Hamburg, August 1977.

2) S. Bartalucci et al; Desy report 77/59.

An additional evidence for the presence of -a resonance at M
2130 MeV in the KT KW mass spectrum, comes from the CORNELL
LAME exp. The data were presented by L.Hand at the Hamburg
Symposium, August 1977.

3) V. Chaloupka et al..; Phys. Letters 61B, 487 (1976)

W. Brickner et al.; Phys. Letters 67 B, 222 (1977)

P. Benkheiri et al.; Phys. Letters 68 B, 483 (1977)

For a review see Montanet, talk given at the 5° Intern. Conf.
on Experimental Meson Spectroscopy, Boston, 1977, CERN preprint
EP/Phys. 77-22 (1977).

a) Machine performance could be further improved by raising the
R.F. frequency. At higher frequency would shorten the bunch
leugth (which is itself an advantage for physics experiments)
allowing also to-increase the luminosity.

b) From the machine point of view, injection using ADONE as
booster is preferable.
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PHOTOPRODUCTION IN THE CERN Q@ SPECTROMETER.

F. Richard

Introduction.

Since August 1977 a British-French-German
collaboration has been taking data with a tagged
photon beam (20 < k < 72 GeV/c) and with a large
solid angle device, the 2 spectrometer. The results
which I will present in this talk are still prelimi-
nary and are based on 15 7 of our data. In the
final experiment we will reach a sensitivity of

70 to 100 events per nanobarn.

169



I. Experimental set up.

a) The y beam is obtained in two stages : we produce an electron beai
(p »w° >y > e) which is analyzed and transported to the Q ; we then convert
these electrons into a beam of photons. Electrons'momentum and direction are accu-
rately measured before and after radiation giving the direction and momentum of
the photon.

This method has the advantage of giving a pure and well defined photon beam at

the expense of intensity. The main caracteristics of the beam are listed in tablelI.

Protons 210 GeV/c
Electrons 80 GeV/c
Ap/p + 27
elp 3 1076
Radiator 7.6 %
y/e 6 7
Vert spot size at Q 20 mm
Horiz. spot size at Q 40 mm
Tagging accuracy (o) 2 mm
TABLE I

We usually work with 2 10° Y/spill.
Comparing the Q measurement and the energy predicted we presently find og ¥ 400MV.
The best possible figure is like 200 to 300 MeV.

b) The Q apparatus is a well known set up (fig. 1 ). The main improvements
from the PS set up are :

- High precision chambers in the beam region.

- Two lever arm drift chambers at the exit of the magnet.

- A large lead glass detector covering a surface of about 7 m2. Photons are
converted in 3 Xo of lead glass. Their position is measured horizontally and ver-
tically in two hodoscopes of 800 scintillators giving an accuracy of ¢ = 4 mm.
The shower is then absorbed in an array cf 340 blocs of 20 Xo of lead glass
14 x 14 cm?2 each. 7° and n (fig. 2 ) are measured with this device. The electron
signature is obtained by cut on the energy deposited in the first 3 Xo of lead
glass and by comparing the total energy deposited to the momentum found in the
spectrometer. The rejection factor against pions is already better than 1000. In
order to increase the acceptance to electrons we have reduced the nominal value of

the bending power to 3 Tesla-meter.
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ILT

main emege 1,2 et X, leed ¢° 0" veto counters

magnet ‘ V1, EV2

21 7

S\ optical spark

L kil
LHT -8 90N NR-15

1 2345 ]
S oom—
MWPC

HV1, HV2..beam halo veto counters

7R
CV1, CV2...charged particle veto

counters | |

LHT........... liquid hydrogen target [] Sm PO PHOTON DETECTOR:

surrounded by scintilator o) lead glass shower samglev
aray b) scidlator hedoscopes
H1,H2 ,H3 scintillator hodoscopes ¢} lead glass array

LAYOUT OF THE OMEGA SPECTROMETER FOR MMOTUPIRIALTOM EXPERIMENTS

Fig. 1. Q set up for this experiment.
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Fig. 2. yy mass distribution. Both y have more than 3 GeV and combinatori-

al background is eliminated (i.e. y giving a 7° with an other y having less than

3 GeV is not used) .



c) We trigger selectively on hadron interactions : the requirement is four
charged particles at the target plus the same requirement 1.3 m downstream. Our

trigger cross section is of 65 ub and 80 7 of these triggers are hadronic
Other triggers : - 3 prongs
- PP, k+k_
- High pay

II. Exclusive channels.

Elastic events are defined by energy balance within * 1 GeV. The recoil pro-
ton is not required, due to limited detection efficiency around the target, so that

no pa balance cut is added.

a) k*~ , pp.
In both cases we ask for double identification, this means :
5.5 < p < 16 GeV/c
20 < pp < .33 GeV/c

which puts a severe limitation on acceptances.

Mass distributions in k*k~ are shown in fig. 3 and fig. 4 indicatinga strong
¢ signal and two secondary bumps at 1270 MeV and 1500 MeV. In pp, we see a clear

threshold enhancement (fig. 5 ) with a cross section of 40 * 15 nb.

A carefull study of Cerenkov inefficiencies, using the Yyp -+ pp reaction, was
performed. We concluded that p misidentified will reflect as a small bump at
1270 MeV in k*k~ and at 2000 MeV in pp (see fig. 5 ).

+ +

b) wto o, atr ot awta
In four prongs a bump is seen at the p' mass (fig. 6 ) superimposed on a
broad "background". The region of the bump (M < 1.7 GeV) is more peripheral with

2

a t slope of 5 GeV “ than the rest which has a slope of 3 Gev™2. Since we expect

o' > p°n*‘n’ , we cut in the p region and use a substraction method with the
result shown in fig. 7 . The pmw channel above the p' region shows an indication
of a Ajm contribution (fig. 8 ) Renard and Layssac 1 using a VDM model have

indeed predicted a large coupling of the photon to Ajw.

The 67 mass distribution is displayed in fig. 9 . A sphericity analysis has
been performed on the 67 in their center of mass showing, at masses above 3 GeV,
~a clear non spherical behaviour. The effect is manifest in fig. 9 bis where <p*\.> and
<p®> variations versus mér are clearly different. Further investigations of this
jet-like structure is underway and fits rather well with theoretical predictions

a la Feynman and Field.

Such a behaviour could allow some elimination of the non resonant background.
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Fig. 4. k¥k™ mass distribution for elastic events with three prongs seen,

above the ¢. The enhancement seen at 1270 MeV could be due to a reflexion from

misidentified p events.
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The dotted curve represents our estimate for the reflexion coming from misidenti-

fied p events.
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Fig. 9 bis. Average longitudinal pt and transverse momenta pi with respect

to the sphericity axis plotted versus the mass of the 6m system.



We indeed observe an increase in the average sphericity at the p' mass in 4.
In fig. 0 we show the 67 mass distribution at low momentum transfer with a cut on
sphericity.
: . . | 2] . RO s A . PR

Spin parity analysis using pn’ + p as an analyzer in the s channel
helicity frame confirms the 17 nature of the observed bump (fig. 11). The back-
ground is not structureless and gives a negative contribution to < Y;> . It is
of interest to note a similarity between the structures observed in 67, and those

appearing in < Y‘Z’ >.

III. Charm.

Although we expect a relatively large charm total cross section of | ub,
charm "visibility", that is to say the number of events we can identify, recons-
truct and separate from the combinatorial background,is quite small.

To reduce the combinatorial background we look at D° -+ k™" channel.

Very crudely, we expect :

Ocharm x 2 x BR (D~+km) x K detection x Trigger x Reconstruction = 1.4 nb
all
800 nb .5 .02 .5 .6 .6

From this estimate we get a feeling for the visibility fer a particular channel.
In the data so far analyzed, we should see about 20 k 7* from charm. Fig. 12
shows the raw data where we have already 40 events per 20 MeV bin in that region.
We then demand a leading D with large x or equivalently small momentum transfer
t between y and D : |t]| < 1.5 GevZ. This cut, which reduces considerably the

background, assumes that charm quarks are photoproduced in some kind of Drell

mechanism :
v c
; where we expect one of the c to be fast
to minimize the propagator appearing in
P P this process.

Furthermore we have eliminated events with slow 7 which experimentally dominate
in the high mass km combinations. We do this by putting a cut on the center of
mass decay angle of the D : cos 6X > ~.30. In fig. 13 , we can see the result of
these cuts on the background and notice an accumulation of eight events in a mass
bin of 20 MeV centered at 1870 MeV. Since we do not know the production mechanism
and thus the effect of our different cuts it is hard to make a good guess on the

total cross section. It should not be, at least, much smaller than I ub.
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Fig. 13. Inclusive k 7 mass distribution in the high mass region after
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cos 8% > -.3 where 6% is the 7 angle with respect to the

direction of the D in the center of mass.



Summary and conclusion :

- The data suggest a resonance in k*k~  at 1500 Mev.

- pp is photoproduced with ~ 40 nb cross section mainly near threshold.

- 47 data show the p' - pmm resonance. X

- 67, and through spin parity analysis 47, suggest a series of structures
above 2 GeV. .

- Charm, in k_w+, seems present at the expected level.

-~ 7° detection is operating and will allow to increase the number of
channels explored.

-With fives times more statistics and with significantly better analysis, we

should explore rare resonances (¢') and a wider variety of charm channels

References.
|1| Lettere al Nuovo Cimento 1, 197 (1971).

|2] G. Smadja et al. LBL report 991.
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RESULTS OF A BEAM DUMP EXPERIMENT
AT THE CERN SPS NEUTRINO FACILITY

Te. HANSL, M. HOLDER, Je. KNOBLOCH, Je. MAY, HePes PAAR, P. PALAZZI,
Fe RANJARD, Do SCHLATTER, Je STEINBERGER, H. SUTER, We Von RUDEN,
He WAHL, S+ WHITAKER, E.GeHo WILLIAMS,
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A+ SAVOY-NAVARRO, Re TURLAY,
DPhPE, CEN-Saclay

FoLe NAVARRIA,
Istituto di Fisica dell'Universita, Bolognae

SUMMARY

We report results from a beam dump experiment performed at
the CERN SPS facility. An excess of electron- and muon-neutrinos has
been observed. This new source of prompt neutrinos gives 2 1077 yg
or Ve per incident proton with > 20 GeV and neutrino angle smaller
than 1.85 mrad. ossible explanation would be the pair production
of charmed meson.Dg with an inclusive cross section of the order of

40 ub.

RESUME

Dans une expérience de Beam Dump utilisant un des faisceaux
du SPS au CERN, nous avons observé un excés de neutrinos-électron
et de neutrinos-muon. La nouvelle source de neutrinos ainsi mise en
évidence donne 2 10~7 ve par proton incident pour une énergie de
neutrino supérieure & 20 GeV et un angle de production inférieur a

1485 milliradians. L'expllcatlon la plus probable est la production
en paire de mésons charmés DD avec une section efficace inclusive
de 1'ordre de 40 microbarns. R
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1 INTRODUCTION

The Beam Dump experiment 1,2,3) at the CERN SPS Neutrino facility

was performed to search for long-lived neutral particles promptly
produced at the target.

New types of penetrating particles could be produced either directly
in the primary interaction in the target or in the decay of short-

lived particles.

Such processes had been suggested recently by several experiments

i) Part of the dimuon and trimuon events detected in high energy
neutrino experiments 4) might be explained as due to the interaction

of new neutrinos, coupled to new heavy leptons.

ii) The existence of the T lepton 5) implies the existence of a T
neutrino. A large production of Vo in the Dump would give an abnor-
mal ratio of muonless to charged current events.

Axion production 6) might also be detected in such an experiment.

To be sensitive to such a small source of prompt neutrinos, one has

to suppress the conventional beam component of v induced by w and

u
K decay.

This was obtained by using a large copper target where the secondary
pions and kaons were absorbed so that the v fluxes were reduced by
~ 3000 7D,

The CDHS detector 8) recorded events provided the energy deposition
was larger than ~ 7 GeV.

Events were retained if they occured in a fiducial volume (9.3 m of
iron, 1.6 m @) corresponding to a target mass of * 580 tons. In the
final sample a cut in visible energy was applied above 20 GeV. In
these conditions and after double scan for event selection, we obtain

the final event numbers summarized in Table I.

2. MULTIMUON EVENTS

We observed 6 dimuon events in the fiducial volume. The rate of
dimuons relative to charged current interactions above 30 GeV is
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Table I

Summary of event numbers

Number of protons
E > 20 GeV

Single muon events

Dimuon events*
Trimuon events
Muonless events**

850
187

372

* Evis > 30 GeV

#% Fiducial cuts and selection criteria are

different from single muon analysis.

The quoted numbers differ from those of a previous publication

because of some data overlooked in a first scan.

Table II

Summary of muonless event numbers

Observed muonless events

Expected NC events from
v, (435 % 0.3)

Expected muonless events

from known Ve in the beam

New source

372
130

45

197

30

| +

10

| +

+ 15

15)
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single muon events. The dots show the prediction of a
Monte-Carlo simulation including 16 % antiquarks.



Nu'u?) _ .
Ny = (0.7 £ 0.3) 3

This ratio is not in disagreement with the measured rate in the

9)

Narrow Band Beam Data . The kinematical distributions of the

dimuon events are shown in Fig. 1.

We do not observe any trimuon event. In order to give upper limits
on multimuon production by new neutrinos, we compare the rate of
multimuons in the Beam Dump and in the Wide Band Beam running.

In the same detector, using the same trigger and the same energy of
the primary protons (400 GeV), we have recorded :

n 1500 dimuons and 12 trimuons

017 10)

corresponding to 2.1 protons on the target .

We can conclude that, in the Wide Band Beam sample, less than 0.3 %
of the dimuons and less than 10 % of the trimuons (90 % CL) are due
to prompt neutrinos.

3. SINGLE MUON EVENTS

A total number of 850 u~ charged current and 187 u+ charged current
interactions with Pu > 5 GeV/c has been selected. The x and y
scaling distributions are compatible with those observed in other
neutrino beams (Figure 2).

The energy spectrum of the single muon events is drawn in Figure 3.
The expected neutrino and antineutrino fluxes due to the remaining
background of w and K decay+) are also shown. Absolute flux is dif-
ficult to compute. However, we think that the relative flux of anti-
neutrinos to neutrinos is estimated with a reasonable accuracy. The
expected ratio (0.14 + 0.015) is not compatible with the measured
ratio (0.22 + 0.02). This shows an excess of antineutrino interac-
tions which has to be attributed to prompt antineutrinos. In the
following we will see that there is a reason to believe that this
new source gives as many neutrinos as antineutrinos. If this is
assumed and if we use the experimental cross section ratio m
UG/Uv = 0.48, we find of prompt signal of 210+ 86 \)u and 91 + 40 Gu'

+) We wish to thank Dr. H. Wachsmuth for making these calculations
available to us.
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4. MUONLESS EVENTS

Muonless events have been analysed using the standard technique

already used in our detector 12)

without any requirement on muon
reconstruction, all events with shower energy larger than 20 GeV are
classified according to their penetration length in iron. The fidu-

cial volume is ~» 70 % of the one used in the single muon analysis.

We find 372 + 30 muonless events and 435 + 27 muon events giving a
ratio

R - muonless _ 4 g6 4 .08
> 1 muon -

This ratio has to be corrected for the interaction of ve/Ge in the
beam due to Ke; and hyperon decays. However this correction cannot
account for the difference with respect to the ratio R = 0.30+ 0.01
measured in Yy beam 12)

The known contributions to the signal are summarized in Table II.
It can be seen that there remain 197 +35 muonless events which are
not v, or Gu neutral current events. These events could be inter-
preted as

i) Ve interactions due to a prompt source

In our detector electrons induce electromagnetic showers which are
seen as muonless events,

ii) V. interactions

Charged current interactions of v, produce t leptons which decay
with emission of either hadrons, electrons or muons

v + N > +
T T X

+ hadrons + Vo v 60 % i 80 % muonless

events
et v, v 20 %

>y o+ vu v 20 %
iii) If axions 13) exist, with properties similar to those of 7°'s,
their interaction in iron would produce hadrons much as neutral

current events of neutrinos.

It is important to note that in the case i) a large fraction of the

energy is transferred to the electromagnetic shower. On the contrary
in hypotheses ii) and iii) most of the energy goes into the hadronic
part.
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In iron, as the radiation length (1.7 cm) is substantially smaller
than the interaction length (18 cm), the longitudinal shower deve-
lopment looks different for electromagnetic and hadronic showers.
We have compared the shower development of the excess events (solid
curve in Figure 4) to that observed in Vi charged current interac-
tions (dashed curve). The early shower development is clearly dif-
ferent : normalizing the two plots for .hicknesses above 40 cm, we
find that only 57 % of the visible energy can be attributed to
hadron showers (including 7° component). The remaining 43 % (dashed
area) can be attributed to electromagnetic showers. The shape of
this excess is in agreement with the development observed for elec-
tron induced showers measured with a test calorimeter 14) in an
electron beam (Figure 5).

This large fraction of electromagnetic energy is expected from Ve
(Ge) interactions and in disagreement with the v_ \and axion hypo-
theses.

Using the ratio R = 0.3 and taking into account the cut
Eshower > 20 GeV, we conclude that we observe a prompt signal of
171 + 31 charged current (e*, e”) events and 26 + 5 neutral current

(Ves Ge) events.

5. SUMMARY

Adjusting the muonless sample to the same fiducial volume as for
the single muon sample, we obtain :

Ny, + Nje = 236 + 40

e

Ny, + N, = 301 + 126%) .

H
The magnitudes of the two signals are compatible with equal fluxes
of prompt muon and electron neutrinos. If we assume further an equal
number of prompt Ve and Ge in the beam, then taking into account the
difference in the cross section

Ny, = 158 + 27 , N5, = 78 + 14 .
The absolute number of prompt Ve within the angular acceptance of

the detector (1.85 mrad) and with the cut Eshower > 20 GeV may be
computed on the basis of this result, the neutrino cross-section

+) This number is obtained assuming equality of prompt vy and Gu

fluxes, see section 3.

197



861

30

>
[
K 20
o
~
~
"
s
[«
o
>
w
10
Figure 6

1 | ! | 1 ! ! |

20 60 100 140 180 220
Ewvis [GGV]

: Total visible energy distribution for the charged current events from prompt

‘)e and Ve The line shows the prediction of our charm pair production model.



and the measured proton flux :
Nyo/incident proton = (1.9 + 0.4) 1077

The prompt flux may also be compared to vy flux from K decay. We
attribute to K, decay 367 + 39 events so that

Nyg/Nug = 158/367 = 0.43 + 0.09

6. INTERPRETATION

The only known process, which might be the origin of this prompt
neutrino flux, is the production of charmed particles. Approximately
20 % of charmed mesons decay semi-leptonically, giving equal fluxes
of electron and muon neutrinos, as supported by the data.

In order to make cross-section estimates, we need additional assump-
tions on production mechanisms as our detector covers only a small
fraction of the phase space in the forward direction.

We have used a simple model for DD pair production

- invariant cross section 16)

d?o -ap}

_— (1 - XF)3 e QPT
dxF de

where xg is the Feynman variable and <py> = 0.7 GeV/c

- equal branching ratio
BR (D + Kuv) = BR (D + K*uv)
BR (D + Kev) = BR (D + K¥ev)

10 %
10 %

The computed energy spectrum of the neutrinos is in agreement with
the visible energy distribution of the excess muonless events
(Figure 6).

Then, using the observed ratio of v, from K decay to prompt Ve
events, we can give an estimate of the inclusive cross section for
pp ~ DD relative to kaon production at 400 GeV :
_ N\)e E(VuK)
o(pp - DD) = —= &# ———— * g(pp + K) where € is the acceptance
Nvg elveD) of the detector
= 3.107% & o(pp » K)

Using o(pp = K) = 13 mb we find that the charm production cross sec-
tion is of the order of 40 ub per nucleon. If we assume different
production mechanisms, this number may easily change by a factor two.
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One should note that o(pp + K) infers a AZ/3 dependence for the’
cross-section.

Finally, the data can be used to set upper limits on axion produc-
tion. From geometric acceptance of our detector for °, we obtain

g(pN + a°) # o(a’®N = X) < 10767 cp (90 % CL).

The production rate of axions relative to n° would be

8

nae -
(&) < 0.5 10 (90 % CL).
nﬂo
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BEAM DUMP EXPERIMENT AT 400 GeV

GARGAMELLE COLLABORATION

(Aachen, Bari, Bergen, Brussels, CERN, Ecole Polytechnique Palaiseau,
Milano, LAL Orsay, Strasbourg, UCL London) presented by

F. JACQUET
Ecole Polytechnique - Palaiseau

ABSTRACT

Results on tbe beam dump experiment using Gargamelle are presen-

ted.An excess of ve ’ ve production is found corresponding to a production
SN
\Y

of Sﬁ_g = 4.6 10‘2 per proton and per steradian in the forward direction.

Some models for D D production are discussed and a comparison
with other experiments is made.

RESUME

Les résultats sur l'expérience beam dump utilisant Gargamelle
sont présentés. Un excés d'événements ve y ve est mis en évidence, corres-
ON,
Y
-2
pondant & une production de 35—2-= 4.6 10 vers l'avant par proton et
par stéradian.

Des modéles de production de D D sont discutés et les résultats
sont comparés a ceux d'autres expériences.
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The beam dump experiment (ref.1) has been performed to look at

the reaction
pp>( )+VvV+ ...

Gargamelle was filled with heavy freon C F3 Br (radiation length = 11 cm).
The fiducial volume was 7 m3 corresponding to 10 tons of detector. Around
70 000 pictures have been taken corresponding to 3.5 x 1017 incoming pro-
tons. With this dump experiment the classical source of neutrino events

is reduced by a factor v 2 000 (compared to the usual wide band beam) .

After the analysis the following number of events have been

found (table 1)

Table 1
\Y V. or V v VvV or v Neut.Curr.
H H Y H e e

E . > 10 Gev 12 2 2 9 7

vis
E >

had 10 Gev 8 1 1 7
E . > 10 Gev 18 8.9 5.1
vis

corrected

The main correction on the raw numbers are the following :

- 2 events have to be transferred from neutral to charged current

because of the EMI efficiency (73% for Ev = 10 GeV ; 99% for Ev = 50 GeV)

- .1 event have to be transferred from ve ’ Ge to neutral current.
This corresponds to the background of N C with a Y ray simulating an elec-

tron.
The expected number of ve ’ ;e events due to classical sources

and using the Vu ' GU events for normalization is 1 event. So there

appears a significant excess of ve B ve events.
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An origin of this excess of \)e ’ \_)e events can be the D D produc-

tion in the dump. Monte-Carlo calculation using models (Bourquin-Gaillard
compilation Ref.2) gives for B = D> semi lept & 10%
D + all

+150 s
«100 Ub (statistical error)

o v 300
In order to compare with D production on hydrogen and assuming
that the D production cross section on a nucleus is v A, the corrected

+ 40

cross section on H is g " 300/ v 80 _ 25 ub.

A1/3

This result appears higher than previous estimates but is model

dependent.

In order to estimate the model dependence of this value a very

simple formula can be used :

oy 02 x
N = -—— BN — K2Yp (1)
v ag, Pinc 62
int TOT o
where GD is the D production cross section
. . "
OTOT is the pp total cross section OTOT 40 mb
B ie the b . ., DHV 4.
—_— . N
is the branching ratio D> all B 10%
N is the number of incoming protons N = 3.5 1017
inc Pinc
0 is the angle seenby the detector O = .75 mrad
Oo is the caracteristic angle of emission in the lab. for the
D desintagration : - pJ. is the transverse
momentum of the D
2
2 1 Py 2
eog—2<1+—-‘2=) where -y is the Y of the D
M
v in the 1lab.

- M is the mass of the D

K is a coefficient relating the number of produced V to the number

of detected V in Gargamelle.

n =KE n
v v
x det v prod
p is the average momentum of the V in the D frame .
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using x

Relation (1) can be expressed as follows

BN 2 KE —Dpf . (2)
1.2

61 +'7)
M

3
B

%»'m*
x

pIl
- (EB is the incoming proton energy).

E
EB B

Fig. 1 and 2 show, using Monte-Carlo calculation, that these for-

mulae are a very good approximation for the acceptance dependence on x and

gl . Its appears that the p‘L dependence is not very crucial (factor

30%) but the x dependence (x ) has to be examined carrefully.

As an example an x distribution for the D like (1 - x)n gives a D

cross section from 100 to 300 pub when n goes from 3 to 8. Furthermore the

average observed V energy (< E

v = 72 GeV) gives another constraint
det

which favour n = 4 to 6.

In conclusion the model dependance for the D production can give

a factor 2 to 3 in the D production cross section.

In order to compare these results with other experiments (Ref 2

and 3), the D D cross section is not used but only the Vv production rate

in the forward direction.

where N

Using the following formula :

§ N
v

d

N, =K N E_ N =K 6O N —_prod
vint Pine v vprod P &

inc

is the number of producted Vv per proton in the solid angle of

prod

the detector.

GN\)

gﬁ—gzeg-is the number of produced VvV per proton and per steradian in the

forward direction.
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The table 2 summarizes the results of the 3 beam dump experiments

(1)

Table 2
o ) M(TON) INPinc N\)e’ Ge Nve prod éNe 2
10—6 10—12 1017 int 10~/ 82 10
GGM 1.71 2.45 10.5 3.5 7.3 .8 4.6
BEBC 11.2 .62 13 3.5 12 5.1 4.6
CDHS1 10.8 26.4 626 4.3
CDHS2 10.2 20.1 450 4.3 112 1.2 1.2

A discrepancy on the number of produced in the forward direction can be

observed between BEBC-GARGAMELLE and CDHS to be of the order of 3.8 * 1.4 .

To conclude, the beam dump experiment shows that :

- there is a signicant excess of Vv , Ge events
e
- there is no signficant excess of neutral current events
- if this excess of ve , Gé is due to D 5 production, the D 5 produc-

tion cross section seems higher than previous results.

(1) The number of events NV quoted in table 2 are determined assuming
e int
the cut-off Evis > 20 GeV. Further more we assume N = NO
e prod e prod
and Gv =2 00
e e
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FIGURE CAPTION

Fig. 1

Fig. 2
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A STUDY OF THE INTERACTIONS OF PROMPT NEUTRAL PARTICLES
EMITTED FROM A BEAM DUMP AND DETECTED IN BEBC
K.L. WERNHARD

CERN, Geneva, Switzerland
Aachen-Bonn—-CERN-London(I.C.)~0xford-Saclay Collaboration

ABSTRACT

In the CERN beam dump experiment eleven e and four e+ events induced by neutral
primaries were observed in BEBC. This number of electron events cannot be due
to electron neutrinos from conventional sources (K, A, I decays). The flux of
the addtional (prompt) neutrinos is evaluated. Possible origins are discussed
in terms of charmed particles, T's, and as yet undiscovered particles.

RESUME

Onze événements avec un e et quatre événements avec un e+ ont &té trouvés
dans BEBC pendant 1'expérience beam dump au CERN, Ce nombre d'é&vénements ne
peut pas €tre expliqué par des sources conventionnelles (désintégrations de K,
A, Z7). Le flux des neutrinos additionnels est évalué. L'origine est analysée
en termes de particules charmées, de T leptons et de particules pas encore
découvertes.

209



1. INTRODUCTION

Recently a proton beam dump experiment has been performed using the CERN
SPS neutrino facility. The aim of this experiment was to search for new
penetrating neutral particles or neutrinos other than from 7, K and hyperon
decays. The flux of neutrinos from these sources was strongly reduced
(v 1/2000) by absorbing secondary particles in the large dense target (dump).
Prompt neutrinos produced either directly or in the decay of particles with

lifetime < 10_11 s are not affected by this procedure,

2. EXPERIMENTAL LAYOUT AND DETECTOR

Fig. 1 shows the experimental layout. The 400 GeV/c extracted proton
beam of the CERN SPS was directed onto a copper target (27 cm in diameter and
2 m long) at zero degrees. A 1l m and a 3 m long block of iron both placed
downstream of the target made sure that any flux of m and K mesons escaping
from the dump did not enter the 300 m long decay tunnel. The muon shield
consisted of 180 m iron and 170 m rock and earth. During the run the muon
fluxes were continuously monitored at depths of 10, 30 and 50 m in the iron

shield.

The bubble chamber BEBC was filled with a 727 neon—hydrogen mixture
(density 0.66 g/cm3, radiation length 44 cm). The distance between the target
and the chamber was 820 m. Muons originating from interactions in the chamber
were identified by the External Muon Identifier (EMI)I) consisting of two

planes of proportional wire chambers.

3. CHARACTERISTICS OF THE OBSERVED EVENTS

A total of 70 000 photographs were taken corresponding to 3.5 1017

protons on target. The background from cosmic rays was investigated by taking
14 000 pictures without beam. The film was scanned twice for any interaction
induced by a neutral primary with at least one forward-going secondary of more
than 1 GeV/c. The scanning efficiency was calculated to > 987. The relatively
short radiation length made it possible to identify electrons with an
efficiency > 907. Seventy events with visible energy > 10 GeV were observed

in a fiducial volume of 19 m3 corresponding to a target mass of 13 t. Events

s ., . +
were classified as charged currents p~ if they contained a y~ of momentum
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greater than 5 GeV/c identified in both EMI planes. If the secondary lepton
was an electron or positron, the event was classified as ei and events with
neither muon nor electron were called neutral currents (NC). The energy
distributions for the five event categories is shown in fig. 2. The composition

of the 70 events is given in table 1.

Table 1

NC H H e e

21 | 29 5 11 4

No abnormal V° rate was observed. The y distributions are compatible with
what one expects from (V - A) theory (flat for v interactions and ~ (1 - y)2
for v interactions). The ratio of neutral current over charged current events
. _ + c s s .
for Ehadron > 15 GeV is NC/CC = 0.42 + 0.17. This is in agreement with the

results recently published by this collaboration: (NC/CC)V = 0.32 + 0.03 and

(NC/CC)g = 0.34 + 0.072,

P . = +
However, the striking feature is the large number of e and e events

relative to the number of U events.

+
EXCESS OF e  EVENTS

The expected ratio of e_/u- events from 7T and K decay neutrinos can be
accurately predicted independent of dabsolute flux calculations. It is given
by the K/m production ratio, relative Q-values, absorption lengths and branching
ratios. Assuming the same production spectra for K° and K* a ratio of
e-/u_ = 0.06 is obtained. To calculate the ratio e+/u+ one has in addition to
take into account the neutrinos from A and I decays. A similar calculation
gives e+/u+ = 0.1. These ratios have errors of ~ 107 due to uncertainties in
the K/7 production ratio and relative absorption lengths. From those ratios
and the observed U events 1.8 + 0.4 e and 0.5 + 0.25 et events with Evis > 10 GeV

. - +
are expected, to be compared with eleven e and four e events observed.

Absolute event rates have been calculated replacing the nuclear cascade

in the beam dump by a decay path of one absorption length and using particle

3)

production spectra from the thermodynamical model™’ corrected in order to fit

4)

available data ’. The predicted spectra are the curves shown in fig. 2. The
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observed event rates are consistent with the assumption of equal amounts of

prompt v“, vu, Ve and ve fluxes.

The flux of prompt neutrinos necessary to account for the excess of e
+ . .
and e events is calculated using the energy of the events and the charged

current cross sectionss), ove = cy\)u = 0.6 E 10_38

2 P
cm = 2,1 GGe’ where E is in
+
GeV. From the known pion flux the ratios ve/w are obtained. The results are

shown in table 2.

Table 2

. + .
Fluxes of prompt neutrinos ve and ve/ﬂ ratios

\Y) \Y)
(<ve> - Z after subtraction of background)
E, GeV 10-50 50-90 90-130
-11
10 . <ve> 1.33 £ 0.6 0.83 £ 0.4 0.53 £ 0.2
104 . < >/1" | 0.34 £ 0.15 | 0.17 + 0.08 | 0.11 £ 0.5

5. THE SKEW BEAM DUMP EXPERIMENT

Additional information on the production of these prompt neutrinos is
given by the wide-band beam background (neutrinos from 7 and K decays before
the momentum selection) in the narrow-band beam antineutrino experiment, In
the narrow-band beam the neutrino parents are sign and momentum selected and
wide-band background is largely reduced. The relatively large number of e
events and u_ events observed in the antineutrino narrow-band run could not
be explained by normal wide-band background but can now be interpreted in terms

of a skew beam dump experiment,

In this experiment the 400 GeV/c proton beam was directed on to the target
at 15.6 mr with respect to the direction towards BEBC in order to reduce the
wide-band beam background. The layout of the target and the first collimator
is shown in fig. 3. This set-up represents a dump for v 2/3 of the incident
protons with an average decay path of v 1.3 m for long lived particles produced
in the target. However, prompt neutrinos will reach BEBC if they are produced

within 13.8 to 17.4 mr with respect to the proton beam direction.
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Fig. 4 shows the energy spectra for the observed e and u_ events. It

can be seen that the spectrum for the e events is softer than the one observed

in the beam dump experiment at O mr. However, the calculation gives approximately

equal fluxes of prompt Ve in both experiments.

INTERPRETATION AND POSSIBLE SOURCES

6.1 DD production

The observed prompt neutrinos could be due to the production and
semileptonic decay of charmed mesons produced in the dump. Several models for

6,7

production (thermodynamicalB) and phenomenological ) have been assumed to
estimate the order of magnitude of the cross section for D production.
Different decay modes (Kev, K*ev, Krnrrmev) have also been considered. As a
result production rates of (3 to 12) . 10-3 D's per incident proton are
required to account for the observed ei events. This corresponds to a cross
section for pp - DD + X of 100 to 400 pb based on a total inelastic proton-
proton cross section of 33 mb and neglecting cascade effects. Such large
values seem to be hardly consistent with published upper limits on charm

. . . . 8,9
production in strong interactions .

6.2 Charmed baryons

Another possible source of prompt neutrinos could be the reaction
PP Y D+ anything, where Y is a charmed baryon. If one assumes charmed
baryon productlon to be peaked at large x (x = pL/me ) then a production
cross section as low as 20 pb would be enough to explain the number of e
events observed. However, the observed number of events at 15 mr in the
narrow-band beam experiment is inconsistent with what is expected from such
a production spectrum (Nobs ~ 20 - Nexp)' It is therefore concluded that the

production of charmed baryons cannot be the dominant source.

6.3 Heavy leptons

Prompt neutrinos from the decay of heavy leptons could also account for
the characteristics of the observed events, but the production cross section
required is of the same order as for charmed particles and this seems unlikely.
In the partlcular case of T's the high branching ratio for T -+ v + hadrons
(v 507 )) would lead to an anomalously large NC/CC ratio (> 1) wh1ch is not

observed.
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6.4 Other sources

Light particles (of less than the kaon mass) short-lived and as yet
unknown, cannot be excluded as a source for the prompt neutrinos by the data.
In this case the production cross section could be much smaller than in the
case of D, depending on the mass, production mechanism and decay modes of

these hypothetical particles.

. CONCLUSIONS

The production of prompt neutrinos in proton-nucleus interactions has been
observed both in the beam dump and in the antineutrino narrow-band beam
experiment. The data are not inconsistent with equal fluxes of prompt vu,
vu,
as the source of these neutrinos would require cross sections in the range of

Ve and ;e' The production and subsequent decay of charmed particle pairs

100-400 pyb. Tau leptons as the source are incompatible with the data. The
decay of short-lived light particles of a new type could account for the prompt

neutrino flux with much smaller cross sections.
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I. Introduction

The subject of multimuon production by high energy neutrinos and anti-
neutrinos began more than three years ago with the observation of dimuocns
by the HPWF collaboration at Fermilab.l The opposite sign dimuon events
were interpreted as evidence for a new hadronic quantum number - charm.z'3
Much has been learned since then. Recent experimentsé not only confirmed
the earlier observation but also supported the 'charm' interpretation. The
origin of the like-sign dimuons (uiu") remain, however, unknown. Because
of the smaller observed rate for these events, decays of pions and kaons
from ordinary deep inelastic neutrino interactions might account for a
large fraction, if not all, of the observed events. It is important to
determine whether 'prompt' like-sign dimuons exist, for the rate and nature
of the prompt y p  events would provide important clues to the overall
understanding of another facet of multimuon phenomena, in particular, the
recently discovered trimuon events.5

In this talk I would like to report on recent dimuon data from the
FHOPRW collaboration (E-310) at Fermilab. The issues I will concentrate on
are: Is there a prompt like-sign dimuon signal? What are the nature of
these like-sign events as compared to the opposite sign events? How con-
sistent are the rates and properties of the opposite sign events with charm
particle production and their semi-leptonic decay? The trimuon events ob-
served during the same runs from which the present dimuon samples were ob-
tained have already been published and reported at various other confer-

ences and therefore will not be discussed here.

II. Beams

The data samples reported here were acquired at Fermilab in three runms,
using a quadrupole triplet (QT) and sign-selected bare target (SSBT) beams.
In the QT beam the secondary hadrons produced in the proton-target colli-
sion were focussed by a quadrupole triplet and left to decay without charge
selection.6 The resultant neutrino flux contains a mixture of vu and ;;.
The SSBT beams employed no focussing elements but did charge selection of
the secondary hadrons by means of a '"dog-leg'" arrangement of bending mag-
nets.7 Hence the resultant beams contain only vu or ;L depending on the
selected sign of the parent hadrons. These will be referred to as the
SSBTv and SSBTv beams. The calculated spectra of vu and ;; froT :hese
beams are shown in Fig. 1. The QT and SSBTv runs yielded 199 u u events

- - — - +
and 46 ¢t p events. The SSBTv run yielded 49 u+u events and 2 u+u events.
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Fig. 1 Calculated neutrino and antineutrino spectra for the Quadrupole
Triplet and Bare Target Selected Beams.
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III. Detector

The detector of E-310 is shown in Fig. 2. It is an enlarged version
of the earlier detector of E-1A with important modifications. i) A target-
detector of three parts, an iron target (FeT), a liquid scintillator calo-
rimeter (LiqC), and an iron-plate (4" thick plates) calorimeter (FeC), each
part of different density. This makes possible an empirical determination
of the pion and kaon decay background in the multimuon data. Table I shows
the hadronic absorption length and fiducial masses of the three target-
detectors. ii) A large solid angle muon spectrometer consists of three
large area toroidal magnets (24' diameter) in addition to the existing 12'
diameter toroids. Muons of angles up to 500 mrad relative to the vu beam
direction can be detected, compared with the limited angle of 225 mrad of
EIA.

IV. Like-Sign Dimuons

1. Existence of a Prompt Signal?

The issue of foremost importance is to determine whether the like-sign
dimuons are indeed all due to pion and kaon decays. This can in principle
be inferred from the observed u u~ rate produced in each target. The rel-
ative rates R(y p )/R(y") are difficult to determine because of differences
in acceptance, trigger requirements, etc between the targets. The ratio
N(u_u-)/N(uﬁﬁ) is, however, insensitive to these target dependent syste-
matic effects, for to a good approximation these are the same for both the
u-u+ and ¥y events. The numbers of observed u_u+ and y § events are
shown in columns 3 and 5 of Table I for muon momentum cuts p>5 and 10 Gev/c

obs obs

respectively. The ratios N (u_u+)/N (u_u+) are plotted against absorp-

tion length in Figs. 3a and 3b. To simplify the interpretation, we sub-

- -+
obs(u u+) the calculated numbers of the u p events resulting

tract from N
from 7 and K decaysg, also listed in Table 1. The numbers of prompt u—u+

events are then given by NObs(u-u+)-Ndecay(u_u+). In Figs. 3c and 3d, we

- - -+
ObS(u u )/Nprompt(u u ), again for the muon momentum cuts

show the ratios N
p>5 and 10 Gev/c. Linear fits to the data with both the slope and intercept
as free parameters, are also shown. We observe that i) the decay of pions
and kaons account for a significant fraction of the u 1~ events for the
case pu > 5 Gev/c; ii) the fitted slope decreases as the minimum momentum
cut of the muon is raised from 5 to 10 Gev/c, resulting from the reduction
of pion and kaon decay backgrounds as expected, and iii) the intercept of
the fits at zero absorption length (infinite density) are different from

zero in both cases,
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riouciaL| aBs. || n°P2(uTvh ndecay,mty f wobs Ty | ndet iy
TARGET MASS LENGTH
T >5 >10 > 1
(Tons) (cm) Pu P, P, 5 pu> 0 pu>5 pu>10 pu>5 pu>10
GeV GeV GeV GeV GeV GeV GeV GeV
IRON
(FeT) 198 31 75 50 11 3.5 12 8 6.1 1.6
IRON
CAL. 42 61 42 23 10.5 2.6 10 4 5.9 1.5
(FeC
LIQ. :
CAL. 36 120 56 32 22.2 7.7 16 6 12.0 3.2
(LiqC)
TOTAL 173 105 43.7 | 13.8 38 18 24.0 6.3
TABLE 1. Fiducial masses, absorption lengths and numbers of observed dimuon

events in the three targets.
of dimuon events from pion and kaon decays.

Also shown are the calculated numbers
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Fig. 3 Ratios of observed numbers of p~u~ events to that of the u~p*
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It should be noted that although the analysis described above depend
to some extent on the correction to subtract m, K decay contribution from
NObs(u_u+), the value of the intercept from the extrapolation is relatively
insensitive to this correction. The reason for this is that = and K decay
contributions are relatively much smaller fraction of the u_u+ events.

This is true especially for the FeT point which carries a lot of weight in
determining the value of the intercept. Nonetheless, we have checked the
reliability of the w, K decay calculation by comparing the density depend-
ence of NObs(u_u+)/N(u_). This comparision is shown in Fig. 4. The calcu-
lated slope is found to be very consistent with the data as shown. We fur-
ther note that the fitted slope for the p_ > 5 Gev/c data in Fig. 3c is
(3.0 + 1.0)x10 >cm ™t o
(2.7 + 0.7)x10 e ?

shown in Table 1. These agreements check the validity of the decay calcu-
decay (=)

, also in good agreement with the value
obtained from the calculated numbers Ndecay(u_u_)
lation and gives us confidence in using the calculated numbers N
to determine the magnitude of the prompt u u_ signal in each target. The
result is shown in Fig. 5. The ratios Nprompt(u-u-)/Nprompt(u-u+) are

seen to be systematically non-zero and independent of absorption length.
Averaging over all three targets we obtain Nprompt(u—ﬁ3/Npr0mpt(u-u+) =
0.10 + 0.05 for P, > 5 Gev/c, and 0.13 + 0.05 for P, > 10 Gev/c.

In a run using the dichromatic beam at CERN, the CDHS collaboration
reported the observation of 257 u_u+ events and 47 u-u- events which satis-
fy the muon momentum cutoff of 4.5 Gev/c.9 The ratio NObs(u_u_)/Nprompt
(u_u+) for Pu>5 Gev, obtained using the reported9 7, K decay contributions
and the slow muon momentum spectra, is 0.17 + 0.03. The target detector
of the CDHS experiment is primarily iron with an average hadronic absorp-
tion length of 30 cm. The CDHS result is plotted on Fig. 3c for comparison
with this experiment. The good agreement between the two experiments sup-
ports our measurement in the iron target.

The tw01Tu+ events observed in the SSBT(G) run have-very low~ energy
muons (%5 Gev/c). Pion and kaon decays are estimated to yield 4 + 2 events.
Hence the two observed events are consistent with being backgrounds. If a
prompt u+u+ signal were to exist at the same rate relative to the u+u-
event as the u u~ signal, we would expect to observe 5 events in addition.
So from this sample there is as yet no clear evidence of a pronmtlfu+

signal.
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2. Properties of the u_u- events

The important properties of the u u_ events are shown in Figures 6 -
10. Figure 6 shows the scatter plot of the momentum of the fast u  against
the slow 4 . A rather large momentum asymmetry between the two muons is
observed, similar to that observed in the u_u+ data as shown in Fig. 7.
The distribution in the azimuthal angle between the two muons is shown in
Fig. 8a and 8b for the u-u- and u-u+ events. Both distributions tend to
peak at Ad = 1800, suggestive of a hadronic origin for the second muon.
Fig. 9a shows the distribution in piw, the transverse momentum of the slow
# with respect to the direction of the W-boson which is defined by the
directions of the incident neutrino and the fast u . Again for comparison
we show in Fig. 9 the distribution in p:w of the u+ for the u-u+ events.

No distinctive differences can be seen. The distribution in the Ev s dis-

tributions are also similar between the p u  and u_u+ events as shoiu in
Fig. 10a and 10b.

It could be argued that since a significant fraction of the W
events are in fact from 7 or K decays, the properties of the prompt events
could be largely masked. For this reason, the u U~ events which satisfy
the 10 Gev momentum cut are shaded for comparison. Contamination of pion
and kaon decays are much smaller in this case. We note that although the
statistics is very limited, the distribution exhibit the same general
features. Properties of energetic y W events where both muons have

pu>15 Gev are shown in Table 2.

V. Opposite-Sign Dimuons

We now turn to the measurements of the rates of opposite-sign dimuons.
The observed Evié (:Eh

the QT run is shown in Fig. 1la. The energy spectrum of the single muon

+ Eu- + Eu+) distribution for the u-u+ events from

events from the same run is shown in Fig. 11b. Figure 11 shows the rela-
tive rate R(u_u+)/R(u—) as a function of E . Two things were further taken
into account to obtain the data points shown in Fig. 13. First, the dimuon
events were individually weighted by a factor which corrected for the geo-
metric acceptance and triggering biases. This weighting factor was calcu-
lated for each of the observed events by azimuthally rotating the event in
the detector. Secondly, the contribution from w and K decays had been‘sub—
tracted from the data. Figs. 12 and 14 show the corresponding data for v
induced u+u_ events from the SSBT(;} run. We note that the apparent rise
in the dimuon rate relative to single muon rate with energy for both the v

and Gysamples are predominantly the result of the 5 Gev/c momentum cut.
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Fig. 6 Scatter plot of the muon momenta for the like-sign dimuon events.
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Fig. 7 Scatter plot of the muon momenta for the opposite sign dimuon events.
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FNERGY

RUN TGT (GeV) TRACK 1 TRACK 2
FRAME | MOD a e =
vis h QP Px Py QP Px Py

117 Liq 127 | 24 -86 | 1.87] .21 | -17 |-1.42}) .07
15365 13 +7.3 | +.13) +.04 | +.7 | +.06 | +.05
120 FeC 114 | 19 -57 271-1.22 | -38 52{1.21
18783 21 +5.7 | +.13] +.23 | +4.4 | +.17]+.11
137 FeT >110 {>46 -48 | .50f1.05 | -16 | -.23| .27
31940 2 +3.2 | +.04] +.11 | +1.2 | +.08]+.09
141 FeT >48 | - -33 | .87}-2.02 | -15 351 .
35757 1 +12.8 | +.23] +.65 | +1.2 | +.14] .05
146 FeT >67 | - -49 | 1.94| -.09 | -18 | -.82| .15
39767 2 +3.8 | +.11] +.06 | +1.5 | +.06 | +.06
279 FeC 12 | 83 -26 | -.69) 1.34 | -16 .52 -.59
145416 | 20 +2.2 | +.12} +.13 | +1.3 | +.05] +.05
282 FeT >58 [>11 | -28 96)-1.33 | -19 | -.83] .15
149196 | 3 +1.4 | +.05] +.04 | +1.1 | +.04 ] +.04

TABLE 2. Properties of the energetic u u events (pu >15 GeV).

Units of all momenta are in GeV.
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Fig.1l1l (a) Distributions of total visible energy for the v-induced opposite-
sign dimuons, (b) Distributions of neutrino energy for the v-induced
single muon events.
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for the v~induced single muon events.
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The relative rates averaged over the corresponding beam energy spectra are

2

(R /RWTT v(30-200 Gev) = (0.4 + 0.08) x 10”

and

(R /RGN T(30-200 Gev) = (0.27 + 0.09) x 1072

The average V dimuon rate is lower because the SSBT(V) spectrum is sub-

stantially softer than the QT neutrino spectrum. For a given energy bin,

we observe that the y u' raté relative to single u rate is approximately
the same for the v and v data. At high energy, say Evis > 80 Gev, where

acceptance due to kinematic cutoff is less limited we have

2

{RG W) /RGT)Y v(>80 Gev) = (0.65 + 0.13) x 10~

and

-+ + —_ -
{tra ) /RO V(>80 Gev) = (0.70 + 0.25) x 1072
If we assume 0\)/0\)= 0.5, it then follows from the data that

RGO R Gt = 2.

To compare this with the prediction of the GIM model, we note that in that

model, charm quarks are produced by neutrino through their interaction

either with the d(valence) or with the s(sea) quarks, namely,
- } 2
v+d->u +c;(c¢><sinec)
- . 2
vV+s +u +c,(oo<fscosec),

where ec is the Cabbibo angle and fs is the fraction of momentum carried

by the s(or s) quarks relative to that carried by the d quarks in the nucle-

on. In antineutrino interactions, however, the charm quark can only be

produced by the process

—_ - + -
v+s—+u +cs (o xfscoszec).

Therefore ov(u_u+) /cv(u+u-) = 2 provided that fS = tanzec = 0.05.

The xvis is distributions of the v and v induced u_u+ events

are shown in Figs. 15 and 16. The Yvis distributions are similar for v

and Y
v

and v and aré consistent with kinematic and acceptance cut-off in the low

and high-y regions. The v induced dimuons, however, have a sharper xvis
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distribution when compared to that of the v data. This is also consistent
with the GIM model since only the sea quark (s) play the role for charm
production by antineutrinos.

To give an overall perspective of the multimuon physics, we present
in Table 3 the rates for neutrino inducedlru+, u u and u-u—u+, all rela-

tive to the charge-current interaction rate.

VI. Summary and Concluding Remarks

In summary, we have presented evidence for the production of prompt
u_u- events by neutrinos. The rate of the prompt uv_uT events relative to
the prompt u—u+ rate is measured to be 0.10 + 0.05 for Pu >5 Gev/c, and
0.13 + 0.05 for pu> 12 fev/c.' The properties of the u u  events are sim-
ilar to that of the u u events. No clear evidence has as yet been es-
tablished for prompt u+u+ events from v interactions.

What are the origins of the prompt u u~ events? We remark that only ,
u-u+ events are expected if chamm particles are singly produced by neutri-
nos. Mechanisms to explain the u u  events which invokes new physics be- :
yond charm must be measured against the following alternatives: (a) radi-
ative or direct muon pair production in deep inelastic charged-current
interactions;lo (b) associated production of charmed particles.11 Only
trimuons can in principle be produced by mechanism (a). However, u_u—
events could result from this source if the u+ escapes experimental detec-
tion. Then one would expect R(u_u_)/R(u_u_u+)< 1, contrary to the experi-
mental observation (see Table 3). Therefore mechanism (a) is unlikely to
be the dominant source for the u u events. In associated charm production,
both u u~ and u-u-u+ are expected. The ratio R(u—u-)/R(u_u_u+) should be
about {BR(c » u + x)} 1. 10. The properties of the u U events shown
earlier are qualitatively compatible with the mechanism. The problem may
lie in the absolute p u~ rate.l] If the measured y u_ rate are confirmed
with more data, then a large fraction, if not all, of the trimuons have
to be attributed to associated charm production. More trimuon data is re-

quired to check consistency.

We have shown that both the rates and properties of the opposite-sign
dimuon events are consistent with the GIM model. Based on this model, we
may use the u—u+ data to determine fs, the amount of strange quark relative
to valence d-quark in the nucleon. The data gives approximately

f ~ tan29 = 0.05.
s c
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No E cqu E > 100 GeV
Vv v

-+ - -3 -3
R(w p ) /R ) (4.0 + 0.8) x 10 (6.5 + 1.3) x 10

I -4 -4
R(u w )/RCu) (4+2) x10 (6.5 + 3.5)x 10

- -+ - -5 -4
RGwww) /R (9+5) x10 (2.6 + 1.5) x 10

TABLE 3. Multimuon rates relative to the rate of deep

inelastic single muon events.

+ Obtained using R(uw w)/RG ") = 0.10 + 0.05

ttAveraged over the Quadrupole Triplet Spectrum
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The data shown in this talk is the result of a collaboration of physi-
cists from Fermilab, Harvard, Ohio State, Pennsylvania, Rutgers and
Wisconsin. Individual members of the collaboration are A. Benvenuti,

F. Bobisut, D. Cline, P. Cooper, M.G.D. Dilchriese, M. Heagy, R. Imlay,
M. Johnson, T.Y. Ling, R. Lundy, A.K. Mann, P. McIntyre, S. Mori,
D.D. Reeder, J. Rich, R. Stefanski and D. Winn.
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NEUTRINO-INDUCED TRIMUON AND TETRAMUON EVENTS FROM THE CDHS EXPERIMENT

K. Kleinknecht
Institut fiir Physik der Universitdt Dortmund

4600 Dortmund 50, Germany

ABSTRACT

Experimental results on multimuon production by neutrinos from the

CERN- Dortmund - Heidelberg - Saclay Neutrino experiment are

presented: a) 76 trimuon (u_u-u+) events are compared to different models
assuming an electromagnetic, hadronic or purely leptonic origin of the events.
The data are consistent with being due to hadronic and electromagnetic u-pair
production in a charged-current neutrino reaction b) a first tetramuon event

vV + N> u_u+u—u+ X has been observed.

RESUME

Nous préesentons des resultats de la collaboration CERN - Dortmund - Heidel-
berg - Saclay concernant la production des evénements avec trois ou quatre
muons par des neutrinos: a) 76 evénements 4 trois muons (u-u_u+) sont
compares 4 des modéles supposant un origine electromagnetique, hadronique
ou leptonique. Les données peuvent etre expliquees par la production
hadronique ou electrcmagnetique d'une paire de muons dans une reaction du
type ci urant chargé; b) un premier evénement tetramuonv+ N + u_u+u_u+ X

a ete observe.
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1. INTRODUCTION

)

has now been in

2,3

The neutrino detectorl of the CDHS Collaboration®
operation for one year at CERN, and results on neutral currents
charged currentsl‘, opposite-sign dimuonss, like-sign dimuonsG, trimuons7,
and a tetramuon event 8 have been published.

This report will be devoted to the multimuon events, i.e. events with

three or four muons in the final state.

2. BEAMS AND DETECTOR

There are two neutrino beams at CERN (fig.l!). In the narrow-band beam,

7 and K mesons produced by 400 GeV protons impinging on a Be target are
entering a beam line of 120 m length which selects particles of given
electric charge in a narrow momentum band around p = (200 * 10) GeV/c.
These mesons are then allowed to decay in an evacuated beam pipe of 300 m
length and 1.5 m diameter. Behind this tube hadrons and nearly all muons

are absorbed in 350 m of shielding material consisting mainly of iron.

On the other hand, in the wide-band~beam (WBB) there is no momentum
selection of secondary mesons behind the proton target. Instead, a
magnetic horn and a reflector are used for focussing of positive
(neutrino beam) or negative (antineutrino beam) mesons. Decay pipe and

shielding remain the same as in the narrow band beam.

x)The members of this group are: M. Holder, J. Knobloch, J. May, H.P. Paar,

P. Palazzi, D. Schlatter, J. Steinberger, H. Suter, H. Wahl, E.G.H.
Williams (CERN), F. Eisele, C. Geweniger, K. Kleinknecht, G. Spahn,
H.-J. Willutzki (Universitdt Dortmund), W. Dorth, F. Dydak, V. Hepp,

K. Tittel, J. Wotschak (Universit#t Heidelberg), P. Bloch, B. Devaux,
M. Grimm, J. Maillard, B. Peyaud, J.Rander, A. Savoy-Navarro, R. Turlay
(CEN-Saclay), F.L. Navarria (Universita Bologna)
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The neutrino and antineutrino energy spectra for the WBB focussing positive

secondaries are shown in fig.2.

The neutrino beams impinge on several detectors, as indicated in fig.l.
The one labeled "counter neutrino experiment" is the detector of the CDHS

collaboration.

In this detector (figs. 3,4) the functions of neutrino target, hadron calori-
meter, muon identifier and muon magnetic spectrometer are integrated. It
consists of 19 toroidal modules of magnetized iron plates interspaced with

19 triple plane drift chambers. The diameter of the toroids, 3.75 m is

matched to the 90° c.m. decay angle of neutrinos from w - pv decay such

that nearly all = decay neutrinos hit the detector, while about half of

the neutrinos from K decay miss the apparatus. The thickness of these magnets
is 75 cm, composed of 15 plates of 5 cm thickness for the first seven modules
and of 15 cm plates for the other twelfe. In each gap between two plates is
inserted a plane of eight 6 mm plastic scintillators viewed by two phototubes
at each end. The sum of right and left pulseheights is used for calorimetry,
while their ratio serves for determining the shower position along the counter.
Pulseheight calibration and measurement of light attenuation in the counters is

done using cosmic muons continously between machine bursts.

The iron weight of the detector is 1240 t, of which 800 t are used as a fiducial
target. The average magnetic field in the toroids amounts to 16.5 kG. An average
density of 5.3 g/cm3 is obtained, which is important for the suppression of
m -+ p and K > y decays of m and K mesons from the hadron shower.

/
The drift chambers are hexagonal and.consist of three independent gaps with
wires in the vertical direction and at *+ 60° relative to fﬂé vertical. The
wire spacing is 6 cm, the measurement accuracy | mm and the efficiency

typically 99.5 7% per gap.
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We study the inclusive processes v + Fe - n (ut) + X

(n = 3,4), where X is any hadronic final state. The hadron energy Eh of

X is measured in the Fe-scintillator calorimeter. The response of this
calorimeter to incident hadrons (and electrons) has been determined in a

test calorimeter of smaller dimensions (150 cm long, 60 x 80 cm transverse
size) exposed to hadron beams of energy between 15 and 140 GeV. The resolution
is AEh/Eh = 0.9//Eh(GeV) for 5 cm sampling and v3 times larger for 15 cm

sampling.

The resolut}on in muon momentum as measured in the magnetic spectrometer

is determined mainly by the mu}tiple scattering in the iron and is depending
on the length L of the muon track. Using the measured value of the magnetic
field, one obtains Ap/p = 0.2/VL(m).

The angular acceptance of the spectrometer is large due to the integration
of target and spectrometer. Since we require an event to be detected in at
least 5 consecutive drift chambers, this corresponds to an effective cut
in muon laboratory angle around 400 mrad and to a cut in muon momentum at

about 4.5 GeV/c.

3. TRIMUONS

0 and CDHS7 experiments. We report

Trimuons were observed in the CITF9, HPWFl
here on 76 u_h_u+ events and 5 u—h+u+ events obtained in a wide-band neutrino
beam run at the CERN SPS. Apart from the trivial case of dimuons with an
additional muon from a pion or Kaon decaying in the shower, trimuons may

originate in several kinds of processes:
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a) a charged-current interaction with electromagnetic production of a muon
pair, either from the outgoing muon or from the incoming or outgoing

quark 2> 1314

v M Y M X M
ut
e mt +
“-f'
M ,a;
/L&

b) a charged-current interaction with hadronic production of a muon pair,

e.g. by the decay of a vector meson

)4 /A—

c) a charged-current interaction with charm-anticharm production at the

hadron vertex and subsequent decay of both ¢ and ¢ to muonsls

/u'f‘

gF

“

251



d) more exotic possibilities involving i) a heavy lepton <:ascade]6’]7

ii) a quark cascade and iii) lepton-—hadron models18

o //u“" V /U.

- L/wi/a_

Vv

More complete ré&ferences to theoretical work can be found in a review of

Bargerlg.

We then turn to experimental data. One example of a trimuon event

Vv Fe » u'u-u+X in the CDHS detector exposed to the wide-band beam is shown
in fig. 5 in three 120° views. From the measured vector momenta of all

three muons, the hadron energy Eh and the neutrino direction we can recon-
struct the kinematics of the event. In particular the total visible energy

is E = Eu1 + EUZ + Eu3 +E. A plot of trimuon event numbers vs. E is shown in
fig. 6 for two different exposures together with the corresponding dimuon-
and charged-current rates. The measured ratio R (3u/lu) ranges between

5 at 50 GeV and (9 * 2) x IO_5 at 120 GeV neutrino energy,
4

(1.2 $0.3) x 10~
which seems lower than in figure 5 x 10”0
The energy dependence of the ratio R corrected for background from w/K decay

quoted earlier in Refs. 10 and 20.%

is shown in fig.7. The background in the trimuon sample due to dimuons with a
m or K meson of the hadronic cascade decaying into (uv) was obtained by
measuring the n/K decay rate of hadronic showers produced by pion beams in our
detector. We expect 6u—u_u+ events and 6.6 u_u+u+ from this background in our
sample. The 5 observed u-u+u+ events are compatible with this number, while
for the u_u_u+ events this amounts to a background of 8%. The calculated rates

12,13, 14 are around (|1 to 2) x IO_5 including

for electromagnetic processes
dlS

experimental cuts, and the charm—anticharm production is estimate to be less
than 10-6. A simple model on hadronic U pair production was made using
experimental dataZI on dimuon production in m N reactions and assuming a

resemblence between the interaction of the virtual W boson and this mw - N

. . . . . -5
interaction. The resulting trimuon rate is 2 x 10 .

% A revised number R = (9t5) x 10-5 averaged over the neutrino spectrum in the
quadrupole focussed beam was given at this conference by Dr.T.Ling.
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Fig. 5 Trimuon event display. On top, pulseheights. Next lower,
horizontal drift chamber wires and scintillator hits. Bottom,

drift chambers at + 60 ° to horizontal.
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Fig.6 Rate of 1u, 2u, and 3y events versus neutrino energy for 350 GeV

and 400 GeV wide-band beam exposures
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We see that from the rate alone a reliable choice between different
production mechanisms is difficult to make. We therefore turn to kine-
matical properties of the trimuon events. Since there are two U and

one u+ in these events, we have to choose the leading u amongst the two.
In analogy to the dimuon events, we define here as leading muon (u;) the on
for which the sum of the absolute values of the transverse momenta of the
other negative muon (u;) and the pgsitive muon (u;) relative to the
direction of the virtual W-boson, W = v.— |1 is minimal. Fig. 8 then
illustrates a difference between the leading and non-leadinglf. Here the
invariant dimuon masses M__ and M__ are plotted against the trimuon invaria

mass M__ . For M_  there are two possible combinations; the one indicated

by a cro;s is the one between u+ and u;, the one given by a dot is the
combination of u+ with the non-leading u;. It appears from the data that
there is little correlation between the leading u; and both11; and u+,
while the invariant mass of u+ with u; is bounded below 1.5 GeV, indicating
a possible common origin of those two muons.

A similar conclusion can be drawn from the momentum asymmetries Oy =

(pi - Pk)/(pi + pk) of pairs (i,k) of muons shown in figs. 9 and 10. While
the combinations ( u; u+) and (u: U_) are asymmetrical as the one from
dimuons (top), the combination (u2 Y ) is symmetrical within the experi-
mental error. The invariant masses corresponding to these combinations are
displayed in fig. 11. They again show the striking difference between the

(u; u+) pairing and the other combinations.

The low values of m (u; u+) are of course reproduced well by the electro-

12,13,14

magnetic upair production models and by the experimental data on

hadronic y pair production2] which are dominated by p production. The

16,17 can only reproduce the data if the mass df

leptonic cascade models
the neutral heavy lepton L, is around 1.5 GeV, which means a severe
restriction on these models. Also the heavy quark cascade models with a
b-quark mass o = 4.5 GeV predict a higher average invariant mass of this
pair. We conclude from this that less than 10% of the events are due to

a heavy quark cascade, with 907 confidence. A more decisive test can, as
in the case of dimuons, be done on the basis of the projections of the
muon momenta on the plane perpendicular to the neutrino direction.

I we then compute the angle Ay1 23 in this plane between the leading
’

e

nt
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Fig. 8 Scatter plot of invariant 2u and 3y masses for trimuon events
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Fig. 9 Muon momentum asymmetries Oy for dimuon events and for the three

two-muon combinations of trimuons (subsample of 28 trimuon events).
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Fig.10 Momentum asymmetry e)q for all
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p; and the vector sum of u; and u;, we expect quite different distributions

for the models in question: the electromagnetic models yield a distribution

in AmI,ZB which has enhancements at 0° and 180° and a minimum around 90° due
to the interference of amplitudes from the radiation of the leading ¥

and the in - and outgoing quarks. The relative strengths of forward and

backward radiation differ slightly between the models]2’13’]4

16,17

. Lepton cas-
cade models yield a rather flat distribution in 4¢ , while the hadronic
production will occur predominantly around A¢ = 180 °, Fig. 12 shows
distributions according to several models and the data. Here we require that
all muons have a transverse momentum of at least 200 MeV/e relative to the
neutrino direction in order to improve on the resolution in A¢

60 events survive this cut. The curves are normalized to the same event number.
It appears that the large peak of events around 180 © is well reproduced by
the hadronic p pair production model, while the component of events around
below 60° could be due to electromagnetic production. If we fit this
distribution by a sum of hadronic and electromagnetic production mechanisms,

we obtain a rate R (3u/lu) = (0.8 + 0.5) 10_5 for trimuons of electromagnetic

origin and R (3u/1u) = (2.2 * 0.5) ]O_5 for trimuons of hadronic origin.

The distributions in the azimuthal angles between M and Uy (fig. 13) and

between M, and Lé (fig. 14) show the same qualitative behavior as the one

1
discussed above.

Additional information is obtained from the distribution of events in pi 23,
the transverse momentum of the pair (uz; u3) relative to the shower axis
(fig. 15). This transverse momentum is, for all but two events, below 2.2
GeV/c, which is difficult to reconcile with a lepton cascade origin of the
events, as indicated by the full line (for masses m(M ) =9 GeV and m (LO)

= 1.5 GeV). This leads to an upper limit on heavy lepton production: with

90 % CL less then 17 % of the trimuons are due to such a heavy lepton origin.

Summing up the results on trimuons (u_u_u+), we conclude
i) The experimental R (3u/ly) rises from (1.2 *0.3) lO_5 at 50 GeV to
(9.0 £2.0) ]O-5 at 120 GeV neutrino energy, where the variation is

mostly due to the experimental cut of 4.5 GeV on muon energies.
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ii) The 76 events can be explained by a sum of two mechanisms: internal
pair bremsstrahlung with R 3p/1p) = (0.8 + 0.5) 10_5 and hadronic
pair production with R ( 3u/ip) = €.2+0.5) 10

iii) Upper limits for other mechanisms are: - less than 17 7 of the
events (90 7 CL) are due to a heavy lepton cascade (M'/Lo)
- less than 107 of the events (90 % CL) are due to a heavy quark

cascade with m = 4.5 GeV.

4. THE TETRAMUON EVENT

In the wide-band neutrino beam exposure a first example of an event with
four muons in the final state8 has been found. The computer reconstruction
of the event is shown in fig. 16. Since the number of charged-current
events in the same exposure is estimated (on the basis of a sample) to

be 3 x 106 events and the dimuon number ~ 7 x 103, this tetramuon event
corresponds to a rate of 1.4 x 10-4 relative to dimuons. The measured

parameters of the event are contained in table I.

The largest background contribution comes from trimuons with a T > u
or K> i decay in the dadron shower. For an averagell Eh = 28 GeV we

expect (1.2 * 0.4) x IO_2 background tetramuon events from this source.

If we now consider possible origins of the event, three conventional
processes can.be invoked (fig.17): 1) charm production together with
electromagnetic U pair production from the leading M; 2) charm production
together with u pair production in the hadron shower; 3) charm-anticharm
production by a charmed quark produced at the weak vertex. For the total
contribution of processes 1) - 3) we estimate a rate of 0.2 events.
Additional processes involving new particles could include a quark cascade

with new flavours




)]

Fig. 16 Tetramuon event display a) On top, pulseheights; next lower,
horizontal drift chamber hits and scintillator hits. Bottom,
drift chamber hits in + 60 © views to horizontal b) Drift
chamber hits projected into the plane perpendicular to the

neutrino direction.
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Fig. 17 Conventional sources of tetramuon events.
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or a heavy lepton cascade together with charm production:

Vv

For the processes 2) and 3) and the quark cascade only one o is
associated with the lepton vertex, while the other three are pro-
duced in the hadron shower. For those processes we would then expect
small transverse momenta of the three non-leading muons relative to
the hadron shower axis. For the two possible choices of leading muon,
these transverse momenta are given in table I. At least one of them
is rather large in both cases. This gives slight preference to the
other mechanisms listed, though it is premature to make a definite

statement on the basis of this one event.



TABLE

Measured quantities of the four muon

Total observed energy

Hadron shower energy

Momenta of the muons (GeV/c)")
Muon 1 (+)
Muon 2 (-)
Muon 3 (+)
Muon 4 (-)

.

w
Muon masses, pair-wise

Muons 1 and 2
Muons 1 and 3
Muons 1 and 4
Muons 2 and 3
Muons 2 and 4
Muons 3 and 4

’

Three muon masses

Muons 1, 2 and 3
Muons 1, 2 and 4
Muons 2, 3 and 4
Muons 1, 3 and 4

Four muon invariant mass

I
event.
P P

b4
0.50 0.20
-1.52 -1.69
-0.93 -1.12
-0.24 -0.63

91.4 £ 7.3 GeV

58 *7

4,1 GeV

GeV

%) The momenta and the masses have the following errors due to

multiple scattering and measurement: Ap/p

M /M = 0.12;
UU/ HH 12; AMUUU/MUUU

i}

0

n

123

=0.165 AM /M = 0.20.
4 [

Transverse momenta with respect to the hadron shower

direction for the three non-leading muons.

Leading Pron,1 Prom, 2 Pren, 3 Pron,4
Muon
2 , 0.29 ’ - 1.71 0.80
4 1 0.48 I 2.33 1.52 -
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OBSERVATION OF TETRALEPTON (it e e e ) PRODUCTION

Berkeley-Hawaii-Fermilab-Seattle~Wisconsin Collaborationf
Presented by H.J. Lubatti

Visual Techniques Laboratory, Department of Physics
University of Washington. Seattle. Washington 98195

Abstract: The observation of the production of two electrons, one
positron, one positively-charged muon, a neutral K meson, and seven gammas
in neutrino interactions in the Fermilab 15-foot bubble chamber is
reported.

PN .
Résumé: Nous discutons un evenement avec deux electrons, un protons, un
mu plus, un meson K et sept gammas produits dans une interaction de

neutrino dans la chambre a bulles (15-foot) de Fermilab.

i The members of the collaboration are: H.C. Ballagh, H.H. Bingham,

W.B. Fretter, T. Lawry, G.R. Lynch, J. Lys, J.P. Marriner, J. Orthel,
M.L. Stevenson, M.D. Sokoloff, G.P. Yost, Department of Physics and
Lawrence Berkeley Laboratory, University of California, Berkeley,
California 94720; B. Chrisman, D. Gee, A. Greene, G. Harigel, F.R. Huson,
T. Murphy, E. Schmidt, W. Smart, J. Wolfson, Fermilab, P.O. Box 500,
Batavia, Illinois 60510; R.J. Cence, F.A. Harris, M.D. Jones,

S.I. Parker, M.W. Peters, V.Z. Peterson, N. Wyatt, Department of Physics,
University of Hawaii, Honolulu, Hawaii 96822; T.H. Burnett, D. Holmgren,
H.J. Lubatti, K. Moriyasu, H. Rudnicka, G.M. Swider, E. Wolin,

B.S. Yuldashev, Visual Techniques Laboratory, Department of Physics,
University of Washington, Seattle, Washington 98195; R. Benada,
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In a partial scan of events produced by neutrinos and antineutrinos,

we have found an event with two electrons, one positron, one positively-
charged energetic muon, one neutral K meson and seven gammas.l) One four-
muon event has been observed in a previous experiment.Z) This is the
first reported example of tri-electron production by neutrinos and the
first multi-lepton event in which the details of the accompanying hadron

shower can be identified.

The event was observed in the Fermilab 15-foot bubble chamber which
was exposed to a beam of neutrinos and antineutrinos. The chamber was
filled with a 47% atomic mixture of neon in hydrogen for which the radia-
tion length is 54 cm and the pion absorption length is 1.9 m. The target
mass within the fiducial volume was approximately 9 metric tons. A two-
plane External Muon Identifier (EMI)3) was used to select events with

muons .

The neutrinos were produced by a 400 GeV proton beam incident on a
beryllium oxide target. The resultant mesons were focused using the FNAL
guadrupole triplet beam, which enhances the fraction of neutrino flux at
high energy.4) The average ratio of the flux of antineutrinos to that of

neutrinos is 0.30.5)

The event is shown in Fig. 1 together with a magnified view of the
vertex region showing the KZ - n+n- decay, which occurs 1.7 cm from the
vertex. The electromagnetic processes which signify the electron identi-
fication are as follows: (1) trident production (TR); (2) non-visible
change in curvature due to bremsstrahlung with an electron pair which points
tangent to a track but not to a vertex (NVB + EP); and (3) visible change
of curvature due to bremsstrahlung which may or may not have an accompa-
nying electron pair’(VB + EP). In addition to these electron signatures,
each electron spirals at the end of its track. The measuvred momenta and
energies of the tracks and the identifying signatures and some of the
invariant mass combinations are given in Table I.

Except for three short stubs, presumably protons from fragmentation
of the neon nucleus, tﬂere are no charged tracks leaving the vertex other
than the four leptons. Each electron originates at the vertex. Seven
gammas from the vertex convert within the fiducial volume; other gamma
conversions are bremsstrahlung from the direct electrons. Some of these
gammas can be interpreted as resulting from the decay of 7°'s produced at

the vertex (see Table I).
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Fig. 1.

The neutrino-induced event with two electrons, one positron, one
+ - . .

muon, a Ks + m 7 decay, and multiple gammas. The insert pro-

vides a magnified view of the vertex showing the leptons origina-

ting at the vertex and the K: decay.
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TABLE I

Momenta of tracks from the vertex, electron identification signatures, and
invariant mass combinations. The neutrino is incident along the x-axis.
Bremsstrahlung corrections are included for the electron tracks.

Track Px Py Pz E Signatures
(GeV/c) ———— (GeV)
1. u" 21.68£.43 1.54:.06 .65 +.02 21.74*.44 EMI (2 planes)
2. " 1.95¢.18  .32¢6.03  -.46 .05  2.03:.18 TR, NVB + EP, VB
VB + EP, VB + EP
3. e .74t.06 -.48+.05 -.24 .03 .91#.08 TR, NVB + EP, VB
4. e  2.27+.20 -.26%.03 .08 +.01 2.29%+.21 NVB + EP, VB + EP
5. KZ 1.95+.04 -.35%.02 .31 +.02 2.06+.04 3C Kinematic fit
)(2 = 1.6
6. v, .04+.004 =~.23%.02 .12 +.01 .26%.03
7.7, .10+.01 .07+.01 .004+.001 .12+.01
8. v, .54%.05  -.03+.005 .0l £.002 .54+.05
9. v, .16+.01  =-.17+.02 .08 +.01 .25%.02
10. v .08+.01 -.02+.003 ~-.04 +.004 .09%.01
11. v, 1.60£.14  ~-.20£.02 -.20 +.02 1.62+.15
12. y, .005:.001 .04%005 =-.06 01 .07¢.01
13. p .33+,07 .02+.01 .32 .07 1. 05%.04
14. p .21+,05 -.17+.05 -.12 +.13 .98%.003
15. p -.09%.01 .12+.01 .08 +.01 .95%.001
Invariant Masses
(GeV/cz)
My, = 1.15% .08 my, . =2.19 ¢ .10 miygyg) = .13 + .02
my, = .96 % .07 m, =1.24% .05 mlyyvg) = .15 .02
m, = .82%.05 m. = .98% .05 miy,vg) = .13 + .02
my, = .79% .08 m,_. = .78% .05 m(y,;v,) = .14 £ .02
me = 2.49% .05 m,. =4.09¢% .10a) m(x°y5Y6)= .89 + .03
1 = 7.46 + .06

Ma11 =

a) Excluding proton stubs.
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The muon track was extrapolated through 9 absorption lengths and was
recorded in the two-plane EMI. One chamber in each plane has a good match
to the extrapolated track. There are no other hits in either chamber
within 1 usec. of the muon signal. The probability that this muon comes

from pion decay is 0.004.

Among the background processes which can simulate direct electron
production are Compton scattering, internal conversion of photons and
decay of charged K nesons by the Ke3 mode. Since the invariant masses of
the e+e- pairs exceed 0.8 ﬂev}s) the Dalitz decay of a "o or no meson can
be ruled out. The probability that there is a Dalitz decay followed by a
large angle electron scattering is < 10_8 per event. The probability that
any one electron originates as: (i) compton electron within one cm is
< 10-4 per event; (ii) an asymmetric Dalitz pair whose partner is unde-
tected (E § 3 MeV) is 5 0.4 X lO-4 per event. The probability that any one

-4
electron is produced by Ke decay is § 3.3 x 10 per kaon. Therefore, the

interpretation of the eveni as an ordinary interaction or a dilepton inter-
action with the additional electrons produced by these background processes
is very unlikely. The estimated probabilities of various specific examples
of this interpretétion are < 10_9 per v(v) interaction.

The event can be interpreted as a charged current antineutrino inter-
action. The u+ has the largest momentum of all the tracks and has a
characteristically large momentum transverse to the v direction,

PL(H+) = 1.67 + .06 GeV/c (see Fig. 2). The missing momentdﬁ transverse
to the neutrino direction is 0.34 * .11l GeV/c. The scaling variables and
other kinematic quantities (assuming an inelastic v interaction) are
presented in Table II.

A few possible interpretations of the event and the estimated rate
per antineutrino charged current interaction are listed below.

(1) Charm production with inclusive vector meson prcduction

Gu+N->p++D Vv o+ x
+ -
Ke\lf'ee

Assuming the rate of inclusive vector meson production is 5%,

we estimate the rate to be 10_7.
(2) Trilepton production with associated KK production.

- + + - -
vu +N—+uee + KK+ ¥

L-o
e T V
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P, (GeV/c)

-4 0 +4 +8
P, (Gev/c)

ig. 2. Momenta transverse to neutrino direction. The dotted line shows

the missing transverse momentum excluding proton stubs.
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Assuming the rate of trilepton production above 30 GeV is 10-4 and
that the electron comes from K decay, Compton scattering or
asymmetric Dalitz decay, we estimate the rate to be 10-7.
(3) Production of the charmed F meson with KR.7)
Gu + N > u+ + F- EK + X
+pe v

I

Assuming a 1% rate of F production, a branching ratio into ¢ev of

4+ -
“+e e

15%, and the rate of associated production of 20%, we estimate

the rate to be 10-7.

+ -
(4) Charm production with a radiative e e pair. The large invariant
mass of the pair makes this interpretation improbable. The

-8
estimated rate is 10 .

Other possible production mechanisms for tetralepton production are

8
discussed by Roger Phillips in these proceedings. )

TABLE II

Summary of scaling variables assuming an inelastic antineutrino interaction.

E . = 32.0 GeV

vis
Yvis = 0.32

X . 0.21

vis
v = 0.068 + 0.004

2 2 2 2
W = - (Z = + .

o (éisEh) (Visph) 14.3 + 1.1 GeV

W2. =2mE ., y(l-x ., ) + m2 = 16.0 GeV2

vis vis vis

Qz. = 4,11 GeV2

vis
Missing transverse momentum = 0.34 + 0.11 GeV/c
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[
We note that Experiments E-172 and E-180 at Fermilab have observed

approximately 8 x 103 V interactions of which § 1/2 are above 30 GeV.
Thus, using the estimates given above, ] 5 x 10-4 is a "back-of-the
envelope" estimate of how likely it is that such an event might have been
observed in experiments to date.

In conclusion, we have observed one example of neutrino-induced
four lepton production in an incomplete analysis of an exposure obtained

using a neon~hydrogen bubble chamber.
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RESULTS ON CHARGED CURRENT DATA FROM C«DeHeSe

(reported by Aurore SAVOY-NAVARRO)
DPhPE, Centre d'Etudes Nucléaires de Saclay,
BP 2, 91190 Gif-sur-Yvette, France.

SUMMARY

We present results on the study of the reaction
V(9) + Fe - M (ut) + X by the C.D.H.S. collaboration at the CERN-SPS
with a narrow-band beam of 200 GeV. The X- and Y-distributions
integrated over all O -energies are in good agreement with the parton
model ; they give a maximum value of 5 % for Callan-Gross violation
and they confirm the results on the sea, obtained by this group,
from the study of dimuon events. The Y-distribution, <Y> , <Q2/E>
and 0/E do not show any clear dependence on the 9 energy, while the
X-distribution clearly shrinks as the v-energy increases. This is a
first evidence of scaling violation,

RESUME

.On présente des résultats sur 1'étude de la réaction
v(v) + Fe » p~(p*) + X obtenus par la collaboration C.D.H.S. au
SPS-CERN avec un faisceau a bande étroite de 200 GeV. Les distribu-
tion X et Y intégrées en énergie, sont en bon accord avec les
prédictions du modéle & parton ; elles donnent une valeur limite
supérieure de 5 ¥ pour la violation de la régle de Callan-Gross ainsi
qu'une confirmation des résultats sur la mer obtenus par ce méme
groupe danS 1tétude des événements dimuons. La distribution en Y,
<Y>, <Q*/E>, o/E ne laissent apparaltre aucune claire dépendence
en énergie, la distribution en X par contre, présente un net effet de
rétrécissement quand 1'énergie augmente. Ceci est une premiére indi-
cation de violation de 1l'invariance d'échelle.
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The results reported here on charged currents are obtained
rom data taken last year in the 200 GeV v and V narrow-band beam
(NBB) at CERN by the CERN - DORTMUND - HEIDELBERG ~ SACLAY Collabo-
ration (CDHS).

First,we briefly recall the main characteristics of -our data .
Then we present the results on the data ihtegrated over all energies,
on their energy dependence and we end with very few remarks about

scaling violations.

I - CHARACTERISTICS OF OUR DATA

The reaction we are interested in is : v + - u~ + X

\%

{reaction 1)

hadron state X with
mass W

o (p)

Let me first tell you what we can measure with our apparatus.

(p")

I-1- : Characteristics of our apparatus.

Our apparatus (Fig.1) is made of 19 modules, each one composed
of iron plates with layers of 8 scintillators (5 or 15 cm) inserted
in and a triple-plane drift chamber at the end of each module.

so, its main and powerful characteristic is to be a big
v-target, a p-spectrometer and a hadron shower calorimeter at the
same time.

Each module (Fig.2) is composed of iron plates of 3.75 meters in
diameter, with an iron thickness of 75 cm corresponding to a target
weight of 65 tons.

From the pulse-height (sum of right scintillators + sum of left
scintillators) we measure the hadron shower energy (Eh).

The digitized information of the drift chamber and the magneti-
zed iron (a toroidal field of 16.5 kG on average) allow us to
determine the angle of the muon (qﬁ) and its impulsion (ﬁu).
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So, for each event we measure the following set of quantities
Eh,‘Pu, eu , With our apparatus.

I-2 : The narrow-band beam.

This apparatus is traversed by a dichromatic v or Vv beam, the
main features of which are quoted in Table 1.

Some kinematical properties of the NBB provide us with useful
information ; the main sources of vy are myp and Ky, decays. Because
of the two body kinematics, the v-energy spectrum from Ty and Ku2

- _ 2 2 .
decays is flat between zero and E _, = En,K (1 - m, /mn’K) (Fig.3).

The v- energy is related to the vemiscion angle by

Ey = B ax (1 + Xz S%)_1 ; from this relation, and provided that the
parent beam divergence is small and the decay region small enough,
we can determine the v energy (E,)event by event. But since we have
another way of determining E,, namely by adding P, and Eh that are
also measured for each event, we have a possibility with these two
methods of cross-checking our determination of Ev . The correlation
indicated in Fig.4 between E,, determined a: the sum of E, and Py,
and the radius G.e.,the distance of the vertex of the event to the
beam axis) shows a good agreement between these two methods.

I-3 : Resolution.

I shall now discuss the resolution in the three quantities we
measure.

The resolution in the hadronic energy has been measured experi-
mentally by a calibration of some of our heavily equipped modules
in an hadronic beam. The results quoted in Fig, 5 give the following
parametrization (hereafter in the formulas, energies and momenta are
taken in GeV units) :

AEh 1
4 = —— for the 5 cm sampling and,
h /EH -
AEh 3
—=— = \[~=— for the 15 cm sampling.
Eh Eh
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Table I

Main features of the NBB
PROTON ENERGY 400 GeV
AVERAGE PRCTON INTENSITY 2 x 1012PPP
PARENT ENERGY 2C0 GeV
sp/p (rms) 5%
ANGULAR DIVERGENCE 0.2 mrad
DECAY TUNNEL 300 m
LENGTH FROM PROTON TARGET | 2= 900 m
SPILL LENGTH 23 Psec

Table II

Statistics on the data

<|

TOTAL NUMBER OF
PROTONS ON THE TARGET

TOTAL NUMBER OF v (V)
NUMBER OF Vv WITH E, >100 GeV

NUMBER OF V AFTER CUTS

3 x 10"/
36000
16000

22500

6 x 10

12000
3000

5000

17
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FIG. 3. v(V) SPECTRA
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The resolution in Pu and ep depend essentially on the multiple

scattering, and they have been estimated to be

— f—

’

2[1/2
APy 0.1 (0.0S X Pu)

P n n2

u
(vhere n is the number of modules taken into account in the fit

routine). Typically, APU/PU is of the order of 10%.

The resolution in the x-and y-projection of the QP angle is well
reproduced by :

(88,)*"Y = 0.0035 x (430 + 270 1n Eh)1/2 .
(so it essentially depends on the hadron shower length,) This gives
a typical A8, of O.2/Pu .

From these resolutions, one derives the formulas for the errors

in the determination of the X and Y scaling variables by :

(22 = 2 [4 )+ v Fe]” + a-p? (i—i)z}

Oy By
i AEh 2 ABE \2
2007 (2] ()]

The graphs of Fig.6 show that the error in Y is always small with
respect to the average of the Y-distribution in v and ® , while the

It

(av)?

resolution in X is worse at small Y.
I-4 : Cuts

In order to select really clean data, we have applied the
following cuts

i) the vertex of the event is required to have a distance Ffrom the
beam axis smaller than 1.6 m (in order to avoid side leakage of the

hadronic shower).

ii) The interaction must take place in the first 11 modules so that

we remain with about 700 fiducial tons.

iii) The muon must hit at least five drift chambers in order to be
measurable, so that we restrict B, to be > 6 Gev/c and q“to be
¢ 400 mrad.
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iv) A hole cut derived from experimental study is done in order to
avoid the surroundings of the central region where the hole creates
a poor resolution region.

v) The two first planes of our apparatus are excluded (in order to
avoid SPS muons).

In addition to these cuts, we also require 20-30 GeV <
E,¢ 250 GeV and that the scaling variable Y is less than (1 -7/E,)
(to avoid poor acceptance region) ; in addition, for some special
studies (for instance, a Y-distribution study) we require a cut at
low Q2 (i.E., Q° 5 1Gev?).

I-5 : Statistics

The statistics obtained in our 9 and 3 runs are quoted in
Table 2.

We have described how, and how well, we measure the three
quantities Eh’ ﬁu' QP which allow us to determine the following
kinematical set of variables, for each event.,

2
s = (k+p)° = 2 ME,
2 . .2
Q° = -(k-k') = 4Eu E, sin

n|®

v = pq = MEh

2v . Eh
Y = — = ==
s Ey
2 2E E 8
X:—Q—z vusin22—u
v MEh

and therefore to study the reaction 9+ oP = M + X.

Below I report the results we have obtained from these data.

IT - RESULTS
Let me first recall

II-1 : The rules of the game

The theory of weak interactions tells us that, if Q2 is much

smaller than Mé, reaction (1) is decribed by :
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2.9,V S v

d—g—— = ﬁﬁ [ 'v (?,v) +2 sin? % w\;’v (@)

dQrdy (1)
Ev

+1

sin® % v v (Q%,v J

Testing this formula is not such an easy task for the experimentalist;
but a simpler formulation of equation (I) can be obtained with the
help of further hypotheses.

i) Assume scale invariance, so that the differential

cross-section can be expressed with a very simple Y-dependence and
with structure functions depending on the X-variable only :
(11)
- 2
d2o\),\)_ G™ME,,
@XE¥ " =

g«q)F;U(x)+XY2F?U(X)¥XW—%% %WV(Xﬂ

ii) Assume charge symmetry, then for an isoscalar nucleus :

F. VN _ g VN i=1,2,3

iii) Asswne the parton model, with nucleons being composed of
valence quark, a sea of qQ pairs and gluons. Quarks being spin-
half objects, one has the Callan-Gross relation : 2XF‘1 = F2, and

2 G2ME
%XL\;? = — > [(14{)2 9(X) + Q(x)J
(111)
2y G°M
%ﬁié? = — v [6(x) + (1-v)? Q(Xﬂ
with : Fy(x) = Q(x) + Q(x)
xFa(X) = Q(x) - Ax)
and : Q(X) =X [d(x) +u(X) + s(X) + c(xﬂ
A0 =x [30 + 80 + 3(0) +Sx]
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[where da(x), u(x), s(x) and c(X) are the X-distribution of d, u, s
and ¢ quarks, respectively, discribing the way nucleon energy is
shared amongst the partons] .

I this way, the theory provides the experimentalist with a
very simple method (namely equation III) of extracting the structure

function from a%¢“'V .

daxay
Then, the experimentalist's routine consists in :
1) check each one of these hypotheses, step by step ;
2) if all the hypotheses are true, determine the structure
furiction Fi ;
If any hypothesis is not true, try another one and go to 1.

This is what we c¢hall do in the following sections, by first
looking at

II-2: The Y-distribution integrated over all energies

We can rewrite equation I1 in the following way :

2
v G°ME _
LY [+ 2102 + k(1))
0 (117)
v G ME
.511% = Yo[@ s 01?4 k(1))
where

Il

\ST B

1 1
Q = j Qx) dx f (2 xF, (x) + xF3(x))dx
o]

o

1
f (2 x F‘1(X) - xF3(x))dx
(o]

ol
1l
o
of
=
o
=
I
o=

]
f (Fy(x) - 2 x F,(X))ax

e}

ol
1
o™

=
X
[aN)

=<

1l
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The first question we can ask ourselves is : Do the data verify this
Y-dependerice? From a first look at the data (Fig.7) we notice that
in we have a very important flat component, while the contrary is

observed in the V -data.

By fitting our Vv data according to equation (LI'), we can check
this parametrization and determine the amount of each one of these
components. We obtain,

[F, - 2X F 20
K-= 2 1 _ L ¢y
Q+Q /¥y oLt op
S = 0.16 + 0.02
Q+Q

Now we go a little bit further, and look at the Y-distribution
in v andV separately, in the framework of the parton model.
Neglecting Cabibbo 's angle (error of about 5%)  and charmed partons
inside the nucleus, and making the isoscalar approximation for Fe
(error of about 5%) ; one has :

%% (vd) = (E%Q +5) + E%é (1—Y)2

L Gy = @ 102 + (s + B
where
v v
Q E%§ +s E%Q
A fit to our data gives :
v v
2| 0.08 + 0.04 | 0416 + 0.02
Q+Q §
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from which we determine :

u+d
S 0.05 + 0.025
u+d = e

At this point, we remember some of the results we obtained in the

NBB from our study o©f dimuon opposite sign events. It was desmonstra-
ted1) that the main origin of this type of events is charm production
according to the GIM mechanism ; they can be explained by the follo-
wing graphs

and the elementary cross-section for each of the processes are

Process do/dx «
o(v+d = 1 +C) sin® 8. d(x)
o(v+s = n +c) cos? 8. s(x)
o(v+3 - uT4c) cos? 8 s(x)
o (v+d = ptio) sin? 8. a(x)

R
S 2 21
oz = R tg Scﬁ -1
21
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where R =0Y/ oY for the charged current

01 u 01 in

21

k|

From our dimuon events we get :

S —_—

m = 0.04 i 0.01
which is in good agreement with what we have derived from the
Y-distribution of charged currents.

This $mall violation of charge symmetry due to the s - contribu-
tion (different for v and Vv ) is consistent with our previous
results for the test of the charge symmetry 2) (verified within
+10% error).

II-3 : The X-distribution integrated over all energies

By fitting the X-distribution according to equation III
(Fig.8), we get :

i) Q(X) is compatible with (1—X)6'510'5 . A restriction can be
made here concerning the validity of such a fit in the very low
X region (namely X < 0.05) ; the data seem to flatten.

ii) Q(X) - Q(X) is compatible with /i'(1—X)3'5IO'5

iii) We observe a shrinkage of about 15 % when we compare our data
with ed data (Fig. 9). If now we look at the variation of the
X-distribution for different Y-bins, equation (III), if true,
would imply that at low Y, the X-distribution for v is essentially
Q+Q as well as the one for V ; for high Y, the X-distribution for
V is essentially Q while the X-distribution for v is essentially
Q. By looking to our data (Fig.10) we see that this is nicely
verified ; the V X-distribution is slrunk from <X>= 0.22 at low
Y to<X>=0.13 at high Y, while the v X-distribution does not show
such a big variatione.

So by looking at "high" Y events (say Y ‘> 0.8) in ¥ , we get
EXPERIMENTALLY, a X-distribution of the sea and <X> sea.
= 0413 + 0,02 (Fig.11).
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30< E, <200 GeV

FIG. 8. Q+Q as a furction of X
Q as a function of X.
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Here again, we can compare with another interesting way we have,
in our experiment, to get that distribution. As the v dimuon events )
are essentially produced by the processus V+ S = wt 4T x
(and © > n~ Gﬁi), the X-distribution of these events is essentially
the X-distribution of the strange sea (Fig.12). Taking into account
the n and K decay background, estimated to be 13 % + 4 %, we get
<XYsea =013 + 0.02 (consistent with the result of our previous
method) .

We can now make some concluding remarks on what we have learnt
from X-and Y-distribution integrated over all energies.

i) From the Y-distribution

Callan - Gross violation is less than 5%

i_ 2 0,16 + 0.02 for ¥
Q+Q

£ ~ 0.08 + 0.04  for v
Q+Q

S

u+d
m >~ 0.10 i 0.05

ii) From the X-distribution

Q(X) is compatible with (1-x)7

Q(X) -0(X) is compatible with V§(1—X)3
v
2

<X> . 0.13 + 0.02 for Q and

ed

F, shrinks about 15% compared with Fy

<X>

[

0+.22 + 0401 for Q@

In addition we can note :

iii) A nice consistency between the predictions of the parton
model and the experimental X- and Y-distribution.

A nice consistency between the results from dimuon events and
those from one - muon concerning the strange quark sea, as well as
the mean X-value of the sea.
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By pushing our analysis a little bit further, we now look at the

II-4 : Energy dependence

If we first compare the fit of the Y-distribution in two energy
bin ‘regions (namely v, region and QK region) we get (Fig.13 -a-b),

and

E, (Gev) -—Q_ for v
Q+Q

30 = 90 0.15 + 0.02

90 - 200 0418 + 0.02

In addition, the ¢Y> is almost flat (Fig.13,c). If then we look at
the X-distribution, we notice that F2(X) clearly shrinks as energy

increases (Fig.14) and :

E, (Gev [Fs

30 > 90 | 0.44 + 0.03
90 -» 200 | 0447 + 0,05

Q(X) seems to become steeper when energy increases. Another interes-
ting quantity to look at, as a function of the energy, is :
<02/E9><<XY> « Our data are consistent with a flat behaviour
(Fig«15).

Finally plotting our total cross-sections versus energy, we
notice again the same kind of shape : o/E, for »and © (Fig.16)
as well as o>/o° (Fig.17) are almost flat.

Therefore our data show a shrinkage in the X-distributions for
increasing v-energies, while the Y-distributions, <X> , <XY> ,
cross-sections seem to be almost insensitive to E, .
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c) <Y> versus v(V) energy both for v and v.
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FIG. 14. F‘2(x) for 30< E,(GeV)<90 and 90< E,(GeV)< 200
§ (x) for 30< Ey(GeV)<90 and 90< E,(GeV)< 200
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some concluding remarks :

At this level we can ask ourselves what the pattern of the
eventual scaling violation is in our data. At the time this report
was written, our group had not finished yet this part of the ana -
lysis ; but, at a preliminary stage, there is some indication of
scaling wviolation in the variation of the X-distribution with the
neutrino energy. It seems to fit well with what is found in ed and
our study of the energy dependence suggests that it should not be
very strong. We must notice here, that some theoreticians3) expect
the Y-distribution and <Y> to show a very weak energy-dependence
while X-distribution and <X > would show ‘stronger energy dependence.

This is just how our data look like.

Our high statistics, our large Q? range (2 to 200 GeV2) will
certainly allow us to answer this question in the very near future.

These results were obtained by the collaboration of :
T HANSL, M., HOLDER, J. KNOBLOCH, J. MAY, H.P. PAAR, P, PALAZZI,
A. PARA, F, RANJARD, W, VON RUDEN, D. SCHLATTER, J. STEINBERGER,
H. SUTER, H. WAHL, S. WHITAKER, E.G.H. WILLIAMS (CERN),
F. EISELE, K, KLEINKNECHT, H. LIERL, G, SPAHN, H.J. WILLUTZKI
(Dortmund),
W. DORTH, F. DYDAK, C, GEWENIGER, V., HEPP, K., TITTEL, J. WOTSCHACK
(Heidelberg),
P, BLOCH, B. DEVAUX, S. LOUCATOS, J. MAILLARD, B, PEYAUD, J. RANDER,
A, SAVOY-NAVARRO, R. TURLAY (Saclay),
F.L. NAVARRIA (Bologna).

'

References

1) M. HOLDER et al., Physics Letters 698 (1977) 377.

2) M. HOLDER et al., Physical Review Letters 39 (1977) 433.
3) A.J. BURAS, K.J.F. GAEMERS,TH-2322-CERN.

305






SINGLE PION PRODUCTION IN CHARGED
CURRENT NEUTRINO INTERACTIONS

Presented by C. VANDBER VELDE-WILQUET
Inter-University Institute for High Energies-Brussels.

Neutrino Propane Gargamelle Collaboration

Abstract.

Results are presented on all three neutrino induced, char-
ged current reactions with a single pion in the final state.
These reactions are observed in the Gargamelle bubble chamber,
filled with a light propane~freon mixture, and exposed to the
wide band v beam at the CERN PS. The relative rates on free
nucleons are calculated, taking into account nuclear reinter-
actions. Implications of these results on the isospin struc-
ture of the charged current are investigated.

Résumé.

Des résultats sont présentés concernant les trois réac-
tions de neutrino de type courant chargé, avec un seul pion
dans 1'état final. Elles ont &été observées dans la chambre i
bulles Gargamelle remplie d'un mélange léger de fréon et de
propane et exposée au faisceau a large spectre du PS au CERN.
Leurs sections efficaces relatives sur nucléon libre sont
calculées en tenant compte des réinteractions nucléaires.

Les implications de ces résultats sur la structure en isospin
des courants chargés sont envisagées.
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Single pion production in neutrino interactions is one
of the simplest reactions to study, in order to investigate
the isospin structure of the weak current. Results are pre-
sented on all three neutrino induced, charged current reactions
producing a pion in the final state :

- +
V+p->u +p+orT

v+n-+>y +p+7°

- +
v + n->p + n+

Examples of these three reactions were observed in the
Gargamelle bubble chamber filled with a light propane (CBHS)_
freon (CFaBr) mixture of about 10 molar 7 freon. This mixture
leads to a 60 cm radiation length. The liquid was exposed to
the horn-focused wide band v beam at the CERN PS. The neutri-
no energy ranges from O to 10 GeV with a maximum around 2 GeV.

The relative cross sections on free nucleons of the abo-
ve channels are estimated taking into account, by means of a
Monte Carlo calculation, the secondary interactions of hadrons
created in a complex nucleus. For this analysis 100.000 pic-
tures were used. They are double scanned and completely mea-
sured for all kinds of interactions. Candidates of the 1 7-
charged current processes are then selected using very res-
trictive rules. The most important criteria are the following:
1) a u candidate is a non interacting negative particle.

2) a 7% meson is a positive particle identified either by

its decay at rest, or by a mass dependent fit along its tra-
jectory, or by the characteristic interaction features in the
liquid, or by 6§ ray emission.

3) a proton is any positive particle that is not identified
as a .

4) a n° meson is detected by the observation of ome or two
materialized y rays of more than 25 MeV pointing to the ver-
tex. Whenever two y rays were observed, they were required
to have an invariant mass between the limits 80 and 180 MeV/cz.
5) events with an additional proton emitted after a nuclear

reinteraction are rejected in order to reduce the channel
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mixing due to secondary interactions.
6) the total visible momentum of the event along the beam di-
rection,p&,must be greater than 600 MeV/c in order to elimi-
nate background due to incident charged particles.

The numbers of candidates selected for each reaction are

shown in table I.

Table I Results.

- + - o - +

u opw u op n o
selected 332 109 89
2 7 background
W/ -(1724) -(8%3) -(3t2)
p/n’ -(289) -(218) -
missing ©° -(21%2) -(16t4) -(5%1)
m absorption -(8%1) -(4%.6) -(.5%.1)
remaining 258+21 60t14 8010
corrected for 258+21 6114 92411
px cut

1

corrected for par—| 354,35 8219 162425
ticle detection
corrected for nu= | ,g5,55 15641 34656
clear effects

The contamination of the v beam by V was estimated to
be less than .5 % and can be neglected in the present analy-
sis. The selected sample of candidates is mainly contamina-
tec by two sources of background : neutron and neutrino in-
teractions producing two pions in the final state. Such in-
teractions can simulate one of the selected topologies either
if a ™ meson does not interact and is taken as a u_ candida-
te, or if a 77 meson is not identified and is taken as a pro-
or if a ©°

ton, escapes detection,or again if a pion is ab~-
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sorbed in the nucleus. All these backgrounds have been esti-
mated by selecting neutral interactions with two identified
pions in the final state. The contribution of each of these
background configurations to the selected sample (see table I)
has been calculated using measured pion detection efficiencies
(see next paragraph) and pion absorption probabilities calcu-
lated using the same Monte Carlo program as the one used for
other nuclear corrections.

The numbers of events remaining after background subtrac-
tion (see table I) must still be corrected for signal loss.
A first correction is made to account for the different ef-
fectsof the cut on the total visible momentum along the beam
axis P> since for the u- p n° and u_ n ﬂ+ final states the
momentum of the neutral particle is not known. A further cor-
rection is made for pion detection efficiencies. These have
been measured(l) for the 7° using the numbers of events with
1,2,3 and 4 converted y rays, neglecting the contribution of
events with more than two 7°. For the ﬂ+ detection correg-
tion, we used a sample of #* tracks from events satisfying
a kinematical fit to the reaction v + p = i P + 7" on a
free proton. For the m detection efficiency, a sample of m
tracks obtained by the antineutrino propane Gargamelle ¢olla-
boration has been used.

A Monte Carlo simulation has been performed in order to

(1

study nuclear interactions It is based on a classical
cascade model where the nucleus is described as a totally de-
generate Fermi gas in a square well potential. Fermi motion
and the Pauli exclusion principle are taken into account. The
parameters of the model have been calibrated by comparing
the Monte Carlo prediction to measurements of the hadron-
nucleus inelastic cross sections. The model has then been
successfully tested by comparing its predictions with several
other data(]).

Applying the Monte Carlo program to the conditions of
the present experiment, the transition probabilities for a
given hadronic state (Nm) into another hadronic state (Nm)'

are obtained. The numbers of events in each channel, taking
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® this experiment.

O reference (2)

b reference (2) for
events with an ha-
dronic invariant 2
mass below 1.4 GeV/c“,.

Fig. 1. 3 Plot of the twg cross section_ratigs
R, = a(p p n°)/o(u p 7 ) and R, = o(k n w)/oW p .
Dashed stralfht 11nes correspond to points of equal values

of R = IA / /IA . The curves and the full straight line
corresponé %o glven values of the phase angle . The dashed
contours around the experimental points correspond to one
standard deviation.
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into account the nuclear corrections and also the ratio of
neutrons to protons in the liquid, are shown on the last line
of table I. They are proportional to the cross sections on
free nucleons and allow one to calculate two independent ra-

tios of cross sections; for example

R, = olu p )/ oy p w+) and R, = o(u n Y oy p ).
The values of the ratios R] and R, were found to be .32+.09
and .71+.14 respectively. Note that these ratio values are
not statistically independent. There are correlations. Further-
more, the errors quoted do not include the possible systema-
tic error due to the nuclear correction. This error is expec-
ted to be at most a few percents.

If no isotensor exchange is assumed the amplitudes of
single pion producing charged current processes can be written
as a function of two isovector amplitudes, A3/2 and AI/Z’

where the subscripts refer to the isospin of the final state :

A (u P n+) = /2 A}

- 3/2
A (1—1_ P 7T°) ='§‘ (A3/2 - A]/Z)
A non’) = lgf (Agyp * 2 4,/9)

The relative abundance of both amplitudes exnressed by the

ratio R =|A1/2|/|A3/2| and the phase angle 1 between them can
be easily calculated from the cross secsions ratios R1 and R2
The values R = 1.03%.15 and y = 73°F :éo
sult is reported on Fig. !, showing the variation of R and ¥

were found. This re-

together with the result obtained by the ANL
The curves for y = 0° and ¢ = 180

with R1 and R

experiment

¥

° correspond

to the triangular inequalities resulting from the assumption
that there is no isotensor contribution. Both results do not
contradict this hypothesis. A more important contribution of

the A amplitude is observed for the present experiment.

1/2
This can be explained by the contribution of the spin 1/2 N
resonance as our experiment is performed at higher neutrino
energy.

References.

(1) W. Krenz et al, Nucl. Phys., to be published.
(2) S.J. Barish et al, Phys. Rev. Letters 36, 179 (1976).

312



MEASUREMENT OF (V + n) TO (V + p) CROSS-SECTION RATIO

FOR CHARGED CURRENT PROCESSES IN THE GARGAMELLE PROPANE EXPERIMENT

AT THE CERN-PS

GARGAMELLE neutrino-propane collaboration, presented by

T. FRANCOIS

LPNHE, Ecole Polytechnique, Palaiseau (France)

ABSTRACT :

The ratio of V + n to V + p total cross section for charged cur-
rent processes in the energy range 1 - 10 GeV is determined by two indepen-
dent methods in the Gargamelle propane experiment. The combined value is
R = 2.08 = 0.15 .

RESUME :

Nous déterminons le rapport des sections efficaces V + n et
V + p pour les courants chargés par deux méthodes indépendantes. La valeur
combinée est : R =2,08% 0.15
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.- ODUCLZUN
(=)

Most of data in 'V - physic concern interactions on nucleons -a

neutron and proton average-. There are only few results for vV + p in char-

ged current processes (CC) and nothing in neutral cur¥ent processes (NC) .
g(Vvtn, + U +...)

Here is a contribution to the determination of R = ————~———iér———
o(vtp =+ u™+...)

integrated over the CERN-PS neutrino energy spectrum (1-10 GeV). The ex-
periment was done in the Gargamelle chamber filled with a light propane-~

freon mixture.

. 1],
Contradictary results on R [ ere reported up to now, as can

be seen in table 1.

MYATT-PERKINS BNL ANL
CERN-1.10 m 70 12!
1 - 10 Gev 2-10 GeV 1.5 - 6 GeV
+
g(vtn) 1.5 + 0.3 1.48 + 0.17 2.02 * 0.23
o(v+p) cc

present determination of R

TABLE 1

II.- GENERAL OUTLINE OF THE METHODS

Two methods can be imagined to determine R.

The first one is based on a kinematical separation of events
on free protons, allowed by the 33% ratio of free protons to bound protons
in our mixture. The sample used, selected from 256 00O photographs, con=
sists of 2082 "hydrogen-like" events, i.e. events for which the charge of
the final state is 1 and with no more than one identified proton. The

selected events are required to have an energy greater than 1 GeV.
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The second method starts with the naive idea that events with
charge O occured on neutrons and those with charge 1 are on protons. This
ideal conception is distorted by the nuclear reinteractions inside the
target-nucleus. Correcting for nuclear effects in a purely experimental
way, we can give the number of events on protons and neutrons, and thus the
ratio R. The sample used consists of all CC candidates with an energy

greater than 1 GeV found in about 40% of the films, namely 2584 events.

In what follows, we shall focus only on the main problems in

each-method. More details can be obtained in reference [2]

III.- DETERMINATION OF R BASED ON INTERACTIONS ON FREE PROTONS.

In this method, R is calculated using the number Nf of inter-
actions occuring on free protons and the total number Nt of all CC inter-
actions in the same neutrino flux ;i

d Nt d N

=f, __R. _t.
R WETE 0.312Nf 1,264

where dp , dn and d_ are the proton, neutron and free proton densities in

£
the liquid.

The number Nt is obtained from the number of CC-events observed

in 40% of the photographs, using the measured neutrino flux,

The number Nf is obtained by a kinematical separation of events
on free protons. These events can be classified in term of neutral parti-

cle multiplicity in the final state :
i) events with no neutral particle ; they must satisfy generally

3 kinematical constraints (3C) and sometimes 2 (2C) if the momentum of

one particle is unknown.
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Number of Number of Corrected
REACTION .
constraints fitting events|events numbers
3 259
V+p >y +p+ nt 353 + 22
2 98
Vepapu +n+m o+w 2 11 41 £ 13
\)+p+u_+p+n++w° 2 32 130 £ 26
3 13
v+p->u_+p+n++n++rr' 21 = 7
2 8
Vaparu +n o+ menenten 2 1 5+ 5
- + + -
V+p>U +p+ T +T +T +7° 2 2 1o+ 8
V + p > | + multi-neutrals - - 39 + 13
V + p > | + strange particleg - - 18+ 5
TABLE 2

Charged current interactions on free protons
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ii) events with a neutron or a T° in the final state.
(31 £ 4)% [2] of the neutrons are observed by an interaction and (30 % 2)%[2]
of the T° are detected by the conversion of the two decay gamma rays. These
events must satisfy a 2C fit (the momentum of the neutron is unknown and the

Y energy is considered as badly measured).
iii) multineutral channels are evaluated assuming the rate of
"hydrogen events" in the sample of "hydrogen-like events" to be the same

for these channels as for the preceeding ones (30 * 5%).

Channels with more than 4 pions in the final state are negligible

and the rate of events with strange particles is found to be 3 * 0.7%.
This kinematical analysis, corrected for nuclear events fitting
the constraints, for the charged particle measurability and for T° or

neutron detection efficiency yields to : Nf = 627 + 41 (see table 2).

Finally, we find :

IV.- DETERMINATION OF R BASED ON THE OBSERVED CHARGE AND PROTON MULTIPLICITY

DISTRIBUTION.

Since the sample used in this method consists mainly of neutrino
interactions on bound nucleons, the total charge of the final state does
not allow a direct separation of reactions on neutrons and protons. But,
adding the information of the proton multiplicity, it is possible to

account for nuclear effects.

Thus, for each event, we note the total visible charge (Qv) and

(1)

the number of proton(s) in the final state (PV).

(1) The problem of ﬂ+/p ambiguity is detailed in ref [2] and is solved.
In any case, it is not very important for determining the ratio R, the

total charge being unaffected by this ambiguity.
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The (QV R Pv) plot

Q =

Fy

visible charge

PV
6 2
5 5 15
— 4 9 37 20
3 13 120 69 12
2 11 310 168 26
1 6 587 577 51 4
o 2 42 321 149 1
QV -2 -1 [¢] 1 2 3 4
TABLE 3

number of visible protons.




In an ideal case (free nucleons) only the cells Q = 0,1 and
P = 0,1 should be filled. The observed distorted distribution (see table 3)
is due to nuclear reinteraction inside nucleus target (mainly carbon).
Using in a highly constrained fit a small number of free parameters descri~
bing the nuclear effects, it is possible to determine the original numbers

in the 4 cells Q = 0,1 , P = 0,1, and then the ratio R.

Observing table 3, it appears that a dominant effect seems to
be transitions along the diagonal M = Qv - Pv.

The only processes changing M are the following :

. + - X

i) m , m absorption

‘s + -
ii) m , m , m° charge exchange

iii) production of additional ﬂ+ or T .

The various probabilities for process i and ii are experimentally
known [3] when a T interacts, and the third process is negligible (less
than 1% of the total m production). Thus, we introduce the probability
aﬂ for a T to reinteract inside the nucleus target as a free parameter in

the fit. The fitted value is o = 0.36 +* 0.06 .

The AM = O processes (representing 83% of the events as it is

shown by the fit) are explained with the following parameters :

i) the probability p for the reaction proton to remain undetected
if its energy is too low (fitted value : p = 0.043 * 0.011).

ii) the probabilities Pges-eer Py for an event to exhibit O,1,...,4
additional protons. The fitted values are observed to follow a Poisson law

(mean value : 0.49 * 0.02).

The 10C fit gives a good x2 probability of 57% and yields the

following results :
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R = 212_1_2_:;E:_1;;;) = 2.03 + 0.18
o(V+p+pu +...)

p=Ntn2p *PH ) 670+ 0.02

Boogvenp 4+ .y

JOW+P W +PF...) 2 0.85 4 0.02

Pp

OV + P> +...)

V.- CONCLUSION

The two determinations of R are in good agreement. The value
pP = 0.89 * 0.03 obtained by the first method is also in good agreement

with the one of the second.

In the first method, the dominant error is due to the number of
events on free protons. These events being a very small fraction of the

sample used in the second method, we can combine the two results
R = 2.08 £ 0.15

This value agrees with the ANL result [1] but is in disagreement

with the BNL one

Due to the energy range of our neutrino spectrum (1 - 10 GeV)
quasi elastic and one T channels represent about 50% of our statistics.
Thus, we are not in the scaling region. Meanwhile, the prediction for
R is [4]

1
1 -
x|ux) + =4 + ... dax
o 3

R = = -
1 1.3 2.4

x[d(x) + 5 a0 - ] ax

(o]

This prediction is in good agreement with our low energy data.

Up to now, the value of R for neutral currents is not known and

cannot be determined by kinematical constraints. The second method presented,
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found to be in excellent agreement with the kinematical one for charged

currents, can be, and will be,extended to the neutral current case.
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STUDY OF v, v INTERACTIONS IN CERN BUBBLE CHAMBERS
EXPERIMENTS AND ANALYSIS OF THE NUCLEON STRUCTURE FUNCTIONS

Aachen-Bonn-CERN-London-0Oxford,Saclay Collaboration
(presented by Be TALLINI)

DPhPE, Centre d'Etudes Nucléaires de Saclay,
BP 2, 91190 Gif-sur-Yvette, France.

SUMMARY

Using the CERN bubble chamber data onv, V interactions on
nucleons in the energy range 2 < E, < 200 GeV, the structure
functions Fp, 2xF; and xF3 are determined as a function of x and Q .
The Callan-Gross ratlo is"measured to be A = 2xF{/Fp = 0.89+0.12
in the range 3 < Q2 < 30 GeV2, The Gross-— -Llewellyn-Smith sumrule is
tested : we measure > 2,5+0.5 valence quark per nucleon., Deviations
from Bjorken scaling are Observed in Fp and xF3 and their Nachtmann
moments are quantitatively consistent with predictions of QCD, The
value of the strong interaction parameter is A = 0,74+0.05 GeV. The
moments of the gluon distribution indicate an x distribution of
gluon comparable to that of the valence quarks.

RESUME

Les données des chambres & bulles du CERN sur les événements
v, v -nucléons dans le domaine d'énergie 2 < B, < 200 GeV, ont
permis de déterminer les fonctions de structures Fo, 2xF] et xF3
en fonction des variables x et Q2. On a déterminé la relation de
Callan-Gross : A = 2xF{/Fp = 0,89+0.12 dans 1'intervalle 3 < Q2 <
30 GeV2, La régle de somme de Gross-Llewellyn-Smith nous a permis de
déterminer que le nombre de quarks de valence par nucléon est supé-
rieur a 2,.5+0.5. On a observé des déviations du scaling & la Bjorken
dans Fp et XF; et les moments de Nachtmann de ces fonctions sont en
accord quantl%atif avec les prédictions de QCD. La valeur du para-
métre A des interactions fortes est 0,74+0.,07 GeVv. La distribution
en x des gluons, déterminée & 1l'aide de ses moments, est comparable
a celle des quarks de valence.
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I - In.roduction

In the following we present an analysis of the structure functions

xF1,F2, XF describing the charged current v, v interactions on iso-

’
scalar targets, as a function of x = 02/2MEH and 02 in the widest
possible range of 02 from 0.1 to 100 GeV2, in order to study devia-
tions from Bjorken scaling in v, v interactions and compare them with
both the results found in e, u scattering and with QCD predictions.

The 1list of the physicists who carried out this work is given in 1).

II - The Data

The data used are the published data from Gargamelle filled with

Freon exposed to the CERN PS wide band beam 2,3)

consisting of
3000 v events and 2000 V events in the energy range 2 < E < 12 GeV,
together with the latest v, V data from the CERN SPS narrow-band
beam in BEBC filled with 74 % mole Ne-H, mixture. The BEBC data
consists of 1160 v events and 277 V events in the energy range

20 < E < 200 GeV. Results on total cross sections from BEBC have

4) where details concerning the narrow-band beam,

been published in
BEBC itself and the EMI can be found. Here we ﬁgmmarize the points
on experimental resolution, relevant for the present analysis. Both
the angle and the momentum of the muons in the v, v events are well
measured in BEBC thanks to its magnetic field of 35 kGauss and space
resolution € = 200 4 in space (Aeum 0.5 mrad, (Ap/p)u "+ 4 % for

P, =100 GeV/c). For p's with short track lengths the additional
information from the corresponding hit measured in the EMI was used
to improve the (Ap/p)u with the lever-arm method. The result of this

is a uniform (Ap/p)u throughout.the fiducial volume.,

Concerning the hadronic energy EH' detailed study of the trans-

verse momentum un-balance P% - Pg

as well as the analysis of n~ interactions in Ne at 70 GeV taken in

in the p-v plane in the v, VvV events

the same film and measured with the same criteria as v, V events,
resulted in an accurate determination of the energy resolution func-
tion and of the mean correction for energy loss :

EEORRECTED = EEEASURED * £ with £ = 1.20 + 0.04 independent of the

total hadron energy EH and the same for v and Vv events. These results,
which were satisfactorily checked against the (known) beam energy
values, were included in a Monte-Carlo program used to unfold the

smearing effects due to measurement errors from the x, O2 distribu-
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tions from which the structure functions are determined. These un-
smearing factors are less than 10 % for x < 0.6 and at most 30 % for
X > 0464

III - Evaluation of Structure Functions

Assuming charge-symmetry and taking eCABIBBO = 0, the differen-
tial cross sections for inelastic reactions can be written as

2 yy 2
aT—dxo;v = G:ME E1—y— %EX)FQ(X,QQM ¥_2XF1 (x,0%)+ y(1- %)xF3(x,02):I (1)
with x = Q%/2ME, , y = Ey/E .

We assume for the time being the Callan-Gross relation 2xF‘1 = F25)
which, as shown below is compatible with our data. Using the known
v, V fluxes ¢(E), T(E) one can integrate (1) over E and y (which in
a given (x,Qz) bin is function of E : y « 1/E) and we obtain for v,

V respectively .
2
NObS = N2(x,02) Fa(xvo ) + N3(X,Q2)XF‘3(X,02)
2 2 2 2 (2)
Nops = Fp(x,Q%) Fp(x,Q%) = N (x,Q%)xF,(x,Q%)
where N b represent the number of v, Vv events observed in a

obs? “obs >
given bin of (x,Q<), and N2, N3 are the flux integrals given by

2
N2(X.02) = f[‘l’(E) GiME (1=y- S—EY + %) dyde
(3)
Ny(x,02) = [ a(e) CME ; (1 %) aya

and similarly for V.
Solving equations (2) yields Fa(x,oa) and xF3(x,02) which are

shown in Fig. 1 as a function of Q2 in different intervals of X. We
observe that ¢
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a) wherever they overlap, the Gargamelle values of F2 agree well
(within 10 %) with the BEBC values; this represents a good test of
the current-current interaction hypothesis implied in equ. (1)

for a given (x,Qz)value, the F2 function has a unique value indepen-
dent of the incident v energy which in the two experiments differ
by -a factor ~ 30,

b) The BEBC data when compared to the lower 02 range covered by
Gargamelle show a marked 02 dependence of F2 which implies devia-
tions from Bjorken scalinge.

c) These deviations are similar to those found in e, p scattering
data also shown in Fige 1 by the broken line from Ref.6 .

d) The values of ng(x

Ref.7), multiplied by the factor 9/5 predicted by the quark model,
agrees satisfactorily well with F;(x,oz) in all intervals of X.

,Q2) determined in e-deuteriwn scattering in

F1g.1bpresentsxF§x,Q ) which shows the same general behaviour
as Fa(x,Q )e The errors indicated, which are purely statistical,
are larger for xF (x,Q ) since xF
between v and v data.

3 is determined by the difference

Finally Figs. 2a, 2b, 2c represent respectively the integrals

3

[F‘de, [xF‘ dx and their ratio B = [xF‘3dx //F‘2dx. We note that
jFa dx represents the fractional momentum of the quarks and anti-

quarks whereas [xF3 dx represents that of the valence quarks; also
the quantity 1 - F2dx represents the fraction of the nucleon
momentum carried by the gluons. As expected in QCD we observe a
gentle increase of 1 - 4/F2dx and a decrease of B with increasing
02, which indicates that an increasing fraction of the momentum of

the valence quarks is transferred to QQ pairs and to gluons.

IV - Callan-Gross Relation

If one does not integrate eque. (1) over y it is possible to use
the detailed shape of the y distributions

J 4 %g) in order to determine xF‘1 and F,_ separately as a function

& 2
of x and 02, in order to check the Callan-Gross relation. The
result wusing all BEBC data is summarized in Fig, 3 and table I
which give
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BEBC DATA
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Figure 3

Callan-Gross ratio A = 2xF,/F, plotted
versus Q<, for various inte}*va s of x.

TABLE 1
Values of A = 2xF‘1/F‘2 from BEBC data

be Qz(GeVZ) A
0 - 0.1 3 1.01 -:E 0.25
Oe1 = 042 10 0,93 I 0.25
002 - 004 15 0071 :_ 0019
04 -1 30 1453 = 0651
weighted average <A > = 0.89 £ 0.12

TABLE II - GLS sumrule /1 xF‘3(x,Qz)dx/x for
X min

different values of Xmi as a function of Q2

n
02 (Gevd X .. = 0.02 = 0.06 X . = 0
min Xmin‘ * min= O¢1
0.3 - 1]2.94 2 0.56 | 2.33 2 0.16 | 2.01 2 0.15
1 = 32.79 7 0.51 | 2.04 T 0.33 | 1.38 T 0.11
3 = 10| 2.69 = 0.41 1..96 I 0.26 1.20 + 0421
10 - 40 1:39 - 0.17 1.07 T 0.11
40 - 100 0.94 £ 0.17
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A = 2xF1/F2 for various values of x and 02. The weighted average is

A = 0489 + 0412 and corresponds to a value of
0. 1 + 4M%x%/Q%-A
_ 8 _ = + 0.18
R=—= = ———— = 0,127 o/
OT A « 14

V - Gross-Llewellyn-Smith Sumrule

From the values of xF‘3 determined above one can determine fF3dx
which is predicted by the G-L-S sumruleg) :

1

. dx
p | e =3 (4)
Q> o JO
and measures the number of quarks in the target. Table II summarizes
v 1
dx -
the results of f xF3 = for various values of XMIN e As

XMIN
expected in QCD at fixed xypy the integral decreases with increasing

02 since the valence quarks slowly shrinks towards x = O and an
increasingly large proportion of the integral is lost below Xyyy.

VI -~ Higher moments of Fo, XFg3

Fig. 4 shows the higher moments of F, and XF 4 with respect
to the Bjorken x variable :

1 .
Mi(N,Qz) = xN=2 Fi(x,Q2)dx
0

or xF

where Fi = F2 3.

The strong Q2 dependence of these moments for small 02 is mostly
accounted for by the target nucleon mass correction terms as shown
in Fige 5 which represents the Nachtmann moments9)

2x
to the variable ¢ = (which tends to x for 02+m).

(1+y 1 +4M2x2/Q2)

with respect

These latter moments have the form1o), for F2 and xF3 :

2.2
1 (N2+2N+3)+3(N+1)V1+4M2X2/02+N(N+2)£M§§"

F,(%,0%) & dx
(N+2) (N+3)

2
MQ(NQQ ) =

0
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1
1+(N+1) /144M°%x2/q2
ax

N+1
M, (0,0%) = | B xro(%,02)
X (N+2)
0

For N=2, moments are shown only up to Q2rn 20 GeV2 since for larger

(5)

O2 the interval x < O.1 is not accessible at our energies and thus
F, and xF3 are not determined., On the other hand for large N> 7
more than 50 % of the integral comes from x > 0.6 where smearing
corrections are < 30 %.

From a comparison of Figs. 4 and 5 we note that for O2 > 2 GeV2

the two sets of moments are essentially the same and that for each N
they slowly decrease as O2 increases., In what follows we will make

a quantitative test of the Nachtmann moments determined in this
experiment with the predictions of QCD.

VII - The moments of xF3, tests of QCD and determination of A

In QCD the quark-gluon coupling constant is given by :

og 12 1 (6)
n (33-2m) 1n(Q%/A%)

where A is an arbitrary parameter and m is the number of quark fla-
vours. In what follows we have taken m=3 since c-quarks make only
a small contribution to the cross sections in our energy range.

The moments of F2 and xF

can be expressed as the sum of three
terms11)

3
, with arbitrary coefficients, each varying as a known power

of a, in the region 02>> A2, where o, is small. One term is non-

singiet with respect to flavour (corrzsponding to the valence quarks)
and two are singlets (for the gluon and sea quark contributions).
Since xF‘3 measures the valence quark distribution, only the non-
singlet term contributes to its moments which have therefore the

particularly simple form (valid for 025> A2) :

2 constant
Mz(N, Q%) = ——— (7a)
(1n(Q%/22)3Ns
4 2 N 1 ( b)
ith d. = - 4 - 7
YR s T Gaeam) [1 N(e1) % i
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Two specific predictions of equ. (7) can be tested experimentally :

- The different moments of xF, should follow a power law behaviour;

3
this can be tested by showing that, independently of the parameter A ,
M, (N,0%) (M)
the ratios (where P = — (7¢)
5. Pn,1 N,L d (L)
Ma(L,Q0%) 7 NS

are independent of 02.

The result of this test for various values of N and L is presen-
ted in Fig. 6 where second order effects in ag are indicated12); we
see that, for 02 > 1 GeV2, the appropriate ratios of different
moments of xF3 plotted vs. Q2 are indeed constants within the statis-
tical errors, Alternatlvely one can measure directly the Py,L's by
plotting 1n(M (N,Q )) VSe ln(M (L,Q )) as shown in Flg. 7; again
we see that the points at dlfferent Q° lie on straight lines the
slopes of which determine the PN,L'S' In table III the PN,L'S values
thus determined are compared to those predicted from equ. (7) : in
all cases the agreement with QCD is remarkably good.

- Bqu.(7a) can be re-written as a linear relation

2 "1/st

M3(N,Q ) = 1nQ2 - 1nA° (8)

The data are presented in Fige. 8a for N=2 and N=4 and in Fig.8b
for N=3 and N=5, and show that the linear relationship is satisfied
in all cases. The value of the intercept with the an2 axis gives A.
Fitted values of A for various choites of m and N and for 02 > 1 GeV2
and 02 > 2 GeV2 are summarized in table IV where we also indicate
the effect of possible systematic errors on the X/n ratio, anda 2

S
corrections., Our best estimate is A = 0.74 + 0.05 GeV,

VIII - The Fo moments and study of the gluon distribution

Concerning F», the predictions of QCD are that all 3 terms
mentioned above - two singlets and a non singlet - contribute to
its Nachtmann moments11)
NS + C+ + C-

2 d 2, 2,\d 2
(1n /)W~ @ 0%/, D)% T (/)%

If one neglects the contribution of the 8 and § quarks the 3

terms in (9) can be expressed in texrms of the moments Q(N), T(N)

(9)

My(N,Q%) =
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values shown are those predicted by QCD.



TABLE III : xF, moment ratios (0% 1 Gev?)
observed slope QCD prediction
d 1n M(N=6)/ d 1n M(N=4) | 1.29 ¥ 0.06 1.290
d 1n M(N=5)/ 4 1n M(N=3) | 1.50 ¥ 0.18 1.456
d 1n M(N=7)/ d 1n m(N=3) | 1.84 ¥ 000 1..760
b) /|
a) = /
200} . N 200/- Y / h
M(NQ2)" e y M,(NQ?)" /
/
1501 // - 80|~ / -
——/%L N=5
) / P
ol //N=4 . w00 / et
% AN
/ / I/’
7%—— N=3
so} Q=N _‘( 4 sol- Q% A7 _}/ //
| ¥ o V ¥ 4
¥ = — " N=2 ijgpiéf
-lé‘#"++q_l 1 pZai L
1 10 100 1 100
Q2 Gevi—» Q2Gevi—>
Figure 8

Nachtmann moments of xF3., The reciprocal of the moments M (N,Qz)
raised to the power 1/dNS(N) plotted versus Q2 (see equ.8§.

a) even moments, N 2 and N = 4; b) odd moments N = 3 and N = 5,
QCD predicts a linear relation with intercept 1nA2 on the x axis,
The dashed lines represent the results of the fits for Q2> 1 GevZ,
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TABLE IV - Fitted values of A (in GeV) from the
xF, Nachtmann moments (eqn.(8) in the
te%t) for various values of N,m and
with different cuts in Q2.

02 range Q2> 1 GeV2 02> 2 GeV2
N=3,m=23]| 0.70 ¥ 0.07 0.85 X 0.18
(xt/n%) x 0.9 0.67 ¥ 0.07
“i corrections 0.62 ¥ 0.07 0.82 ¥ 0.18
N=5 m=3| 0.77 ¥£0.07 0.70 ¥ 0.18
N=7 m=3]| 0.75 % 0.07 0.95 ¥ 0.20

Table V : Gluon moment G(N,Qg) at Qi =5 Gev? based
on data with Q2 > 1 GeV2.

3

N G(N,Q5) - Q2 range Moment of xFq

2| +0.62%04a5 | 1 - 20 Gev® 0.45 % 0.07

3 + 0412 ¥ 0,05 1 - 100 ® 0.12 ¥ 0,02

4 + 0,03 ¥ o0.02 17 - 100 " 0.045% 0.010
5 + 0.02 £ 0,01 17 — 100 " 0.027% 0.007
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Determination of the gluon moments from the Nachtmann
moments of F2. Plot of Y(Qeg.Mz(N,Q2 against X(Q2).
The data are evaluated at Q§ = 5 GeVe, The slopes of
the d%stributions should be equal to the gluon moments
G(N,Q5). The magnitudes of the N = 2,3,4 and 5 gluon
momen%s are indicated in the figure and in table V,

The errors indicated are statistical; those in brackets

arise from the uncertainty (0.07 GeV) in the assumed
value of A.
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and G(N) of the quarks, antiquarks and gluons respectively at 02=O§= -

CNS

1 —
% 1o
(1n Q2/x2) NS

C
+

3
(1n Q2/2%)*
c

(10 02/4%) %~

5[ (1-ay) (@43) + 3@ | (10)

= %[AN(Q+5) - BNG]

where dyo is given in (7b) above and d+, d_, Ay and By are parame-
ters which depend only on N and m and are defined in the Appendix,
It is convenient to recast equs. (9) and (10) in the linear form13)

My (N,0°) .Y = M,(N,Q5) + G(N,Q2).x (1)

where X and Y are suitable functions of 02 and are also shown in the

Appendix, Therefore, plotting Y.M, vs, X for a given N should give a

straight line w1th slope given byzthe moment G(N, O ) of the gluon
distribution at Q « The results are shown in Fig. 9 and summarized
in Table V where the values of the gluon moments are compared to
those of the valence quarks. Thus we conclude that the gluons have

approximately the same X distribution as that of the valence quarks.,

Appendix
The anomalous dimensions appearing in Equs. (9) and (10) are given
below, in the notation of Hincliffe and Llewellyn-Smith11

4 = %[dws + dgg +\/ (dug=dgg) >+ 4450d0; |

dn~= o, 2 [l -2 - 4 + 4 g %]
2J

66" (33-om) = (33-2m)!3  N(N-1)  (N+1) (N+2)

4o _~B(N%Ne2)

GQ™ (33-2m)N(N2-1)

a - —6m(N2+N+2)
(33=-2m)N(N+1) (N+2)

N
IR

(33-2m) N(N+1) J
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The quantities A

A

B

N and BN are defined by

(@, - ag)/(d, - d)

il

N

N dQG/(d+ -d)

The quantities X and Y are defined by

2 dy a-

X=3By(x - x ).¥

dy | dns
e Bt AL

where X = (1n Qé/AZ)/(ln Q?/Ag),
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QUARK FRAGMENTATION IN HIGH ENERGY NEUTRINO AND ANTINEUTRINO REACTIONS

Aachen-Bonn—-CERN-London-Oxford-Saclay Collaboration
presented by Y. SACQUIN

DPhPE/SECB, Centre d'Etudes Nucléaires de Saclay,

BP 2, 91190 Gif-sur-Yvette, France.

SUMMARY

In a study of the hadronic system in v(V) induced reactions in BEBC, the
quark fragmentation functions are found to be essentially independent on Q2, W, X
for Q2 52 GeV? and W > 4 GeV. A ‘simple model by Feynman, Field and Fox gives an
excellent description of all distributions, except for the correlation between
transverse momentum and relative energy.

RESUME

Dans 1'étude de la gerbe hadronique produite dans des interactions de
neutrinos (d'antineutrinos) dans BEBC, les fonctions de fragmentation des quarks
sont trouvées indépendantes de Q2, W, X pour Q2 > 2 GeV2 et W > 4 GeV. Un modéle
simple tel celui de Feynman, Field et Fox fournit une excellente description de
toutes les distributions, 3 l'exception de la corrélation entre les impulsions
transverses et 1'énergie relative.
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In this experiment performed at BEBC filled with heavy 1iquidl), using the
Narrow Band Neutrino Beam of the SPS (200 GeV transport momentum), we have looked

for data at very high energy (Ev > 100 GeV) on the hadronic system.

In the quark-parton model, hadron production by neutrinos is described by

structure functions :

2
d“o N 2 h
TazN > uhx) = GNq(X’Q ) Dq.(Z) Q)]
P E ’ 2
z=_h‘~:h X=__..Q
Pq, Ehad 2Mv

where G gives the distribution of quarks q inside the nucleon and D is the

fragmentation function of the quark q' to hadrons of type h.

We are interested here in the D function and due to the fact that in neutrino
the flavour of the scattered quark is known, this function reveals itself most

clearly.

We compare our results with one of the different models for the hadronic jet,

2)

the "standard jet model" by Feynman, Field and Fox“’. This model is mainly a
parametrization of electro- and neutrino-data at lower energies, and gives

detailed predictions.

I - The quark fragmentation function

Following Feynman and Field we define the fragmentation function by

h _ 1 dN
Dq - NE az (2)

with NE : number of events

This function 1is a multiplicity. We first eliminate target fragments in
the hadronic jet by a cut Z > 0.2. Then we define a kinematical region W > 4 GeV
in order to eliminate the coherent quark scattering and Q2 > 2 GeV2 where the
average multiplicity shows no variation. In this region the integrated function

1.0

f Dh.(z) dz
0.2 ¢

shows no variation with the variable X (fig.1).

The quark fragmentation function DZ(Z) for v and V are given in fig.2 as a
function of Z, with the prediction of Feynman and Field (dashed line) and points
3) - 4)

+ . . . . .
from ep and e e scattering. The agreement is excellent, indicating the
universality of the D-function, for Z < 0.6. Above this value the comparison is

meaningless due to the global correction applied on hadronic energy.
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Looking in more details by separating positive and negative particle, we
found a definite enhancement of positive over the negative in neutrino data, as
predicted by the quark-parton model (fig.3a) and in antineutrino the effect is
less conclusive, but consistent (fig.3b) with a slight enhancement of negative

over positive particles.

Feynman and Field use also the function

w(z) =—x (3)

As we are not able to separate charged pion and kaons, neither proton of

high momentum (> 800 MeV), we note that isospin and charge symmetry imply

mt R
D, (2) = Dy (Z) (4)

and, assuming a similar behaviour for kaons and pions, we approximate

w(z) = - = = (5)
DT D
d d

So we can compute this function undistorted by target fragments and obtain
a good agreement with Feynman and Field at low Z (fig.4). The ratio ®w' computed
from neutrino data alone shows the effect of target fragments. A parametrisation

by Sehgals) gives also a good agreement.

II - Comparison with a standard jet model

From definite assumptions on relative coupling strengths and relative amount

of different produced mesons, Feynman and Field have predictions for the hadronic

jet.
First we show the distribution in Zp of the fastest and second fastest par-
. . . . E . .
ticles (fig.5). Th% variable ZR Echarged is natural for this ‘study and, as
had
Feynman and Field refer to a 10 GeV fragmenting quark, we restrict our plot to
the interval 5 < Ehad < 40 GeV. Without other cut, the agreement with the model

is good, as well as the distribution of the sum of ZR of the two fastest (fig.6).

Reflexions of the different flavours of the fragmenting quarks are studied
in the ZR distributions of the fastest positive and negative particle (fig.7).
The leading charge effect is well pronounced and nicely reproduced by Feynman

et al.
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Table 1 gives the mean value of ZR for the fastest tracks with the prediction
of the model. In Table 2 we have the mean charge of the hadronic jet compared to
the prediction. We see clearly an excess of positive charge for neutrino and anti-
neutrinos data, probably caused by positive target fragments not yet removed by
the cut Z > 0.1 made in Feynman model. Higher cut in Z or higher energy reduces
this excess of positive charge and can be used for later comparison with the

predictions corresponding to lower cut.

Table !

Mean values of Z_, for hadrons fragmenting from u-, d-quarks
(Prediction of F.&. for Pq = 10 GeV/c,
Experimental results for 5°< E < 40 GeV)

had
v v
u-quark d-quark
F.&F. exp. F.&F. exp.
fastest charged part. 0.54 0.53+0.01 0.53 0.53+0.02
2nd fastest charged 0.21 0.22+0.01 0.22 O.ZB:Q.Oj
fastest two charged 0.75 0.74+0.01 | 0.75 0.75+0.01

fastest positive part. | 0.45 0.47+0.01 0.31 0.33+0.02
2nd fastest positive 0.12  0.15+0.01 .08 0.10+0.01
fastest two positive 0.57 0.62+40.01 [ 0.39 0.42+0.02

o

o

fastest negative part.| 0.27 0.22+0.01 [ 0.41 .39+0.02

.1040.01

o

2nd fastest negative 0.07 0.05+0.01 0.11
fastest two negative 0.34 0.27+0.01 0.52 0.49+40.02

Table 2

Mean charge of the hadronic jets in the fragmentation region
(Z > 0.1 except for last line).
The prediction of F.&F. is for pq = 10 GeV/c.

u d S
F.8F. 0.39 ~0.22 -0.28

5 < E,_j < 40 Gev 0.67+0.04]-0.07+0.08

70 < E, , <100 GeV 0.41+0.06
had —
<
5 < Epaq < 40 GeV 0.43+0.03 |-0.15+0.07
Z3% 0.15 - B
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Finally we show a study of the Z distribution of the mean transverse momentum
of the charged hadrons. Fig.8 shows a strong increase of <pT> for Z < 0.2, whereas
for Z > 0.2 the distributions flatten out. The plateau for the different charges
agrees within the errors and reaches a mean transverse momentum of 600 MeV/c. The
Feynman and Field description, based on limited transverse momentum (<pT> = 323
MeV/c) is consistent for the antineutrinos data but fails to describe the neutrino
‘data. Averaged over Z, the mean value of Pp agrees with the model, but the ;xplicit
Z dependence clearly disagrees. We investigate this behaviour in slice of Q and
W for the combined positive and negative tracks and see that disagreement occurs
for high Q2 and W (figs. 9 and 10). This strong Q2 and W dependence cannot be re-

produced by Monte Carlo or explained by kinematical effects.

IIT1 - Conclusion

Our results show that the longitudinal dependence of the hadronic jet agrees
with simple models using longitudinal phase space. The Feynman and Field para-
metrization of the quarks fragmentation is consistent with the data. We observe
a rise of <PT> with Q2 which cannot be explained by kinematics or conventionnal

quark fragmentation model.
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MUON NEUTRINO - ELECTRON
ELASTIC SCATTERING

G. Carnesecchi
EP Division, CERN, Geneva
WAl4 Collaboration: Bari, CERN, Ecole Polytechnique, Milano, Orsay

Abstract: A search for the reaction v, + e~ > V,, + e was performed in the
bubble chamber Gargamelle, exposed to the wide-band neutrino beam of the
CERN-SPS. Ten isolated e~ were found above 2 GeV energy with a background
of 0.2 * 0.2 events. Results on the cross-section are given in terms of
vector and axial-vector coupling constants and a comparison is made with
the standard SU(2) & U (1) model.

Résumé: La recherche de la réaction v, + e” > v, + e a &té effectuée dans
la chambre & bulles Gargamelle exposée au faisceau neutrino 3 bande large
du CERN-SPS. Dix e~ isolés ont &té trouvés avec une énergie supérieure i
2 GeV et un bruit de fond de 0.2 * 0.2 événements. Les résultats sur la
section efficace sont donnés en fonction des constantes de couplage vecteur

et vecteur-axial et une comparaison est faite avec le model standard
Su(2) 8 U (1).
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The purely leptonic reactions

vy teT oy e” (¢))

and

v te Gu + e (2)

are of great importance for the study of weak interaction processes

induced by neutral currents since only the leptonic current is involved.

However, only limited results 1,2,3) have been obtained so far, due
to the exceedingly low cross-section and to difficult background problems.
Reaction (1) has been searched for in the heavy liquid bubble chamber
Gargamelle exposed to the wide-band neutrino beam of the CERN-SPS which
peaks at 25 GeV and extends up to 200 GeV (fig. 1). The chamber was filled
with a mixture of propane (90.5%7 in moles) and Freon CFBBr (9.5%), yielding
a radiation length Xg = 61.5 cm. This value ensures an excellent efficiency
for the signature of electrons, either by spiralization or by electromagnetic
shower development, although large enough to allow a clear separation between

Y-rays and electromns.

The experimental set-up was completed by two MWPC placed respectively
upstream and downstream against the chamber body (fig. 2), for detecting
particles entering or leaving the chamber and by two planes of MWPC inter-

persed with an iron shielding for the identification of muons above 2.5 GeV.

A sample of 128,000 pictures, taken during the end of 1977, was scanned
for spiralizing tracks or electromagnetic showers, with no visible source
in the chamber. The events were retained only if they occured in a fiducial
volume of 5.09 m3 inside a visible volume of 7.2 m3 and if they satisfied

the conditions E > 2 GeV and 0 °, No good event is cut by the

<3
(beaiu—e)
last condition which takes into account the kinematical constraint for

reaction (1) 62 and the angular resolution for electronms.

< 2me
(beam-e) Ee
The probability for an electron to be signed by electromagnetic processes
is then > 987 at 907 CL. A sub-sample of 367 of the films was scanned
twice giving a scanning efficiency of 857 per scan, within the cuts, or
(90 + 6)7 on average in the total sample.

' candidates if just a single

The events were classified as "isolated e~'
. . + - .
track was at the interaction vertex. No bremsstrahlung e e~ pair above
30 MeV energy was allowed on the first 7 centimetres of the track and no et

above 2.5 MeV on the first centimetre of the track. Events which did not
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satisfy these two criteria were classified as "isolated y-rays".
The probability to misclassify as a y-ray a genuine electron by the selection
criteria was estimated by a Monte-Carlo method and found to be equal to

(8 + 3.7 Log Eg (GeV) )Z -
Ten e~ and 13 y-rays fulfilling these conditions were found (fig. 3).

The separation between events with 1 or 2 electrons at the vertex was
checked by counting the bubble density near the vertex relatively to that of
the electrons at minimum ionization in the same shower. A ratio between
08 and 1.2 was found for each of the 10 e candidates, while the same ratio
was found to be greater than 1.5 for identified y-rays. We can conclude

that our 10 e  candidates are true single electrons.

Three background processes could give rise to isolated single electrons:
i) high energy y-rays, by asymmetric ete” pair creation, Compton effect
or annihilation of the e* close to the vertex of the e*e~ created pair;
ii) isolated u 's or T 's which by emission of 6-rays can develop an
electromagnetic shower and simulate an electron;
iii) charged current interaction of vy (or Ug) with nuclei in which hadrons

escape detection.

The photon background was estimated experimentally using a sample of
183 e*e” pairs or et in the 2 to 20 Gev energy range, associated with inter-
actions of neutrinos in the chamber. Indeed, no signle e or et was found
is this sample, thus giving a limit on this background process of 1.27 at
90% CL, in excellent agreement with theoretical calculations. From the
sample of isolated y-rays, this background is thus found $maller than 0.13

events.

To estimate the background ii), it was checked that. none of the 18 e~
candidates were associated with hits in the EMI. Since the EMI efficiency
was already determined to be almost 1007 for muons produced in the beam
direction, it is concluded that the background from muons is negligible.
All the negative leaving particles without any shower were found to hit the
EMI, meaning that no leaving isolated T 's along the beam direction were
obser.ed. Since the probability for a m to give an electromagnetic shower

was estimated to be < 27, also the background from 7~ is negligible.
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The charged current reaction Vo + n + e~ + p could fake a
vu + e > vu + e~ reaction if no protons are seen. The probability that
all protons escape detection has been computed from the similar reaction
vy +n * u” o+ p. The ratio

H (eu < 39) + unseen proton

o+ p
has been estimated in two ways. First, the q2 distribution of U”p events

was compared to the prediction of a Monte Carlo using MZ = 0.9 Gev2/c4 for

A
the axial mass M, in the form factor and taking into account the nuclear
re-interactions. From the loss of events at low q2, attributed to event

classified as isolated U, we compute RU‘= 6 + 3)7. Secondly, R]J was
computed from the observed U1 events.- At energies above 1l GeV, some of
the isolated Y 's are producted through the reaction vy * e” + uT + v,
This contribution has been estimated 6 * 3 events, using the theoretical
cross-section, and it has been subtracted from the observed 15 u~ events.
We estimate with this method that R, = (5 * 3)% in agreement with the
previous determination. From the 3 e p events observed in our films
this background therefore amounts to 0.2 + 0.2 events. Other background

sources such as n + e + n + e have been found completely negligible.

Another source of isolated e~ is the reaction Vg + e~ > Vo + e”, which
is allowed by charged and neutral current processes. Nevertheless, these
events cannot be experimentally separated from the uue_ events and further-
more the Vee contribution depends not only on the experimental .cuts, but
also on the vector and axial-vector constants which are related to those
of vje reactions. So it was chosen not to .subtract a possible Vee contribu-
tion to our signal, but to compare the signal to the sum of predicted

Vu and v, cross sections weightad by the corresponding fluxes.

To summarize, the signal of isolated e~ consists of 10 events; with

a total background of 0.2 * 0.2 events.

In order to obtain the cross-section, the neutrino flux has been
computed by a Monte-Carlo method. The production spectra of the m and K
parents of the V's were taken from the thermodynamical model 4), taking also
into account experimental points obtained by hadronic experiments at Fermi-

lab 5).
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From this flux, and using for the total cross—section the value

+N-+pu + x)=0.7 10-38 E

6)

2
g \Y cm“/nucleon
tot ( U \Y] /

as measured in other high energy experiments The total number of
expected inclusive charged current vU; events is 23 600 in the fiducial
volume. This number was checked counting in a sample of pictures the
number of interactions in the fiducial volume with a U~ signed in the EMI.
After normalizatian to the total number of pictures we find 24 500 * 3 000
in excellent agreement with the previous estimate. The calculated flux is
also in very good agreemeut with the observed u™p events. The error on the
flux is estimated to be 107. The calculated Ve flux is about 27 of the

Vy flux, confirmed by the observeh rate of Ve events.

Assuming that the weak current is made only of V and A terms, the

cross—section is written as:

do G*m, 2 2 E 2}
do | Gme - - Ee
dE, 2T { (gy + 80" * (gy ~ g (-5

where gxeA =1+ g:;“A, the constant 1 for the Ve reaction being due to
’ ’

the charged current contribution. Thus, the number of expected events is

v
dg’¥ dg’ e
N (g,, 8,) @ gd’ —— + ¢y 7 B(E,) dE_ dE
v oA Ee > 2 Vi dE, Ve dE, e e v
where B(Ee) is the electron detection function product of the different
efficiencies defined above:

B(Ee) = 0.90 (scanning) x (0.92 - 0.037 Log E,) (misclas) x 0.99 (ident.)

Fig. 4 shows the limits at 907 CL of the domain in the 8ys 8y plane allowed

by the signal of 10 events, using the Poisson distribution.

Depending on the gy/gp ratio, the value of the slope

Opot (v, + e vu + e”)

S =
Ey

is always found in the range

(0.73 +0.33 -41

2 +0.37
-0.26) 10 cm®/GeV ¢ S € (0.82

-0.28

41

) 10 ' cm?/GeV.

It must be remarked that the signal is higher than what was foreseen

. : 2
from the results on the same reaction at PS energies ’3).
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In the framework of the standard SU(2) & U (1) model, at 90% CL

sin28w is found to be greater than 0.74.

With the currently accepted value si.n29w ~ 0.25, 1.7 * 0.2 events

are expected whereas 10 are observed.
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LEPTON AND CHARM PRODUCTION IN THE 15 FOOT FNAL BUBBLE CHAMBER

Report by R. B. Palmer
Brookhaven National Laboratory, Upton, NY, USA

A. M. Cnops, P. L. Connolly, S. A. Kahn, H. Kirk, M. J. Murtagh,
R. B. Palmer, N. P. Samios, M. Tanaka
Brookhaven National Laboratory, Upton, NY, USA

C. Baltay, D. Caroumbalis, H. French, M. Hibbs, R. Hilton,
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ABSTRACT

The report is oh v interactions in the FNAL 15 foot bubble chamber
filled with heavy neon. Inclusive production of nt+, m=, KO and A° is
shown. Limits are given on the production and hadronic decay of A.. The
rate of D° production and decay to Kontn— is reported. Events containing
a u- and et are observed and interpreted as leptonic decay of charm.
Events with single et or e~ are reported and found to be consistent with

;e and ve interactionms.

Le rapport traite des interactions v dans la chambre a bulle FNAL de
15 pieds remplie de neon lourd. On y montre la production inclusive de
nt, 77, KO et de A°. Des limites sont attribuees a la production et 4 la
deSintegration hadronique de A.. Le taux de production de D° et de des-
integration en K71~ y est rapporté. On observe les evenements comport-
ant un seul et ou un e~ et on trouve qu'ils sont coherents avec les inter-
actions ve et ve.
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1. INTRODUCTION

The following report is on our experiment done at FNAL in the 15 foot
bubble chamber filled with 64% (atomic) neon and 36% (atomic) hydrogen.
The chamber was run in the ENAL two horn "wide band" neutrino beam whose
energy distribution is shown in Figure 1. With this combination a charged
current rate of about one event per two pictures was obtained, much higher

than that obtainable with the quadruple triplet beam (again see Figure 1).

v FLUX x o

WIDE BAND

LINEAR SCALE

QUAD
TRIPLET

(0] 50 100
(GeV)

Figure 1. Energy distribution of flux times cross section, assuming
cross section proportional to energy.
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In addition, the use of neon provided good gamma and electron identifica-
tion (the chamber is 3.6 meters diameter and the radiation length is 40 cm)
and moderate hadron identification (the interaction length is 1.25 meter).
The following results were obtained from the analysis of 96,000 pic-
tures containing 46,400 charged current events. All events containing a
Ko, a A° or an electron were measured (approximately 3,000 events). In
addition a smaller sample of charged current events was measured without
the above requirements. This report will cover data on inclusive produc-
tion of 7's, K's and A's and the search for hadronic decays of charmed
particles. Events containing an e+ or e will be analyzed in terms of con-
tributions from charm decay, Ve and ;e interactions and possible contri-
butions from heavy leptons.
2. NON CHARMED HADRON PRODUCTION

For charged current events, Figure 2 shows the corrected K°® + R and
A+ 5° production as a function of ins (the visible center of mass energy

of all hadrons). The mean value of wv for this experiment was 3.3 GeV

and the mean fractions of events with ;g's and A's/I's were 13.6 + 1.5
and 5 * .5%, respectively.

Figure 3, again for charged current events, shows the multiplicities
of n+, T, K° and A/2° as a function of Z, where Z is the corrected
fraction of hadronic momentum carried by the particle in question. The
correction is given by the formula:

P,

i
x 1.4+ P

zZz ="
Eother i

(1)

where P, is the momentum of the particle in question and E the total

i
hadronic energy excluding P

other’
it This correction is not exact and will some-
what distort the resulting distributions shown in Figure 3. Nevertheless,

orie may note the general feature that as Z + 1 the production of 7 , K°'s

and A's are all similar and all a factor of about 10 below that for n+'s.
This may reflect the fact that the ﬂ+(ua) can be formed with one ocean
quark, the other coming from the fast valence quark leaving the initial
interaction (v +d + u_ + u). For the 1, K® and A two quarks have to
come from ocean in each case. It should be noted, however, that these
characteristics may arise simply from mass and charge conservation con-
siderations and do not of themselves prove anything about leaving quarks.
3. HADRONIC DECAYS OF CHARM

A search was made for hadronic decays of the D and Ac charmed hadrons.
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The modes studied were

+ -

AZ(ZZSO) + A 7t (2)
& > At (3)
[}

g > Kort (%)
D0 > K°1r+1r_ (5)

Plots of the observed effective mass distributions are shown in Figures

4 through 7. No signal is observed in reactions (2) and (4). A small
signal is apparent in channel (3) but is not observed if a cut is made

of helicity angle (CosBﬁ > -0.6). This cut was chosen to remove the
large background from events with a slow A and fast pion, and should have
enhanced the signal to background ratio. The fact that this does not
occur suggests that the observed enhancement is a fluctuation. From
these results we obtain the following 907 confidence level limits for

branching ratios times fraction of charged current production:

A>T < .27 (6)
A A < .12

e <

D+ - K°w+ < .27

In reaction (5) D+ - K°n+n- (Figures 7a and 7b) a clear signal is
observed at the expected mass value. A fit using a gaussian on a poly-
nomial background gave a signal of 64 + 15 events, a mass of 1850 * 15
MeV. The width was 23 MeV which is consistent with our resolution. This
signal corresponds to a branching ratio times fraction of charged current
events of 0.7  .27.

Comparing this with the limit on D+ productivn and using the SLAC
branching ratios of 4 * 1.3% for p° + K1 and 1.5 + .6% for K°w+ we

obtain the ratio
(D+ ducti
olD_production) _ 5, 4 < .76 (907 cL) )
a(0° production)

*
Using this sample of D°'s we have looked for evidence of D 's by
- *
plotting D°w+ and D°n+n masses. No evidence of D 's were seen but an

enhancement in the D°n+w— mass spectrum at 4.9 GeV is present (see Figure
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8). This might be considered evidence for a meson containing a quark of
the type present in the T(9.5). However, if the enhancement were of this
origin then its branching ratio times fraction of charged current events
is 2.5%. A branching ratio greater than 10% seems unlikely thus implying
that the production of the state occurs in 25% of all charged current
events: a very unlikely situation. We conclude that the effect is
probably a statistical fluctuation.

4. LEPTONIC DECAY OF CHARM

Charm is expected to be produced only in charged current events and
the AC = AQ rule requires that with neutrinos only positive charm can be
made and the leptonic decay will then give a positive lepton (e+ or u+)
and a neutrino. Thus production and leptonic decay of charm will appear
as events with a u~ and u+, or ¥ and e+. The y identification in the
chamber is not sufficient to identify the former but the latter can be
identified with high efficiency ( 85%) and low background (< 14%). 164
events with u_ and e+ were found. When corrections are made for scanning
efficiency and identification we obtain a ratio of u_e+ events to all
charged current events of 0.5 * .15%. The y (E—v) and x (gm) distribu-
tions for these events are shown in Figures 9 and 10. The y distributions
can be seen to be consistent with a normal V-A interaction and inconsis-
tent with V + A, The x distribution may be compared with that expected

(continuous line) for production from a valence quark:
v+d+pu +c (8)

The agreement is reasonable, but one does note a slight enhancement at
low x which when fitted (broken line) indicates a 25 t+ 25% contribution

from the strange quarks in the sea reaction:
vs-u ¢ 9

We now consider the strange particle content. 33 of the 164 events
also contain a V° i.e. 20 * 4%. This may be compared to the fraction of
other charged current events with a v® which is 6%. The excess is ex-
plained if the events come from charm decay by the expected dominance
of charm decay to strangeness. If reaction 8 dominates then the expected
excess (after correction for decay modes, efficiencies, and assuming
equal charged and neutral strange particles would to 15%. At higher
energies reaction 9 should eventually become dominant, two strange

particles would be made 723 event and the visible excess would be

in
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about 30%. In Figure 11 and Table I the fraction of VO's observed by
different experiments are plotted against an estimate of the mean neutrino
energy in each case. The lowest dotted line indicates the expected con-
tribution from associated strange particle production (unrelated to the
charm); the second dotted line includes the contribution from reaction 1;
and the dashed line is an arbitrary guess as to how the ratio might vary
if production becomes dominated by reaction 2 above 60 GeV neutrino
energy. This line is not the result of a calculation but shows that a
higher ratio in the BEBC narrow band beam experiment (point 6) is con-
sistent with what should be expected.

TABLE I

Fraction of v°'s Found in Dilepton Events from Different Experiments

*
Average+ Total Total Fraction
# Experiment Beam E, Dileptons VO's With vO's
1 Gargamelle, -+
Freon/propane WB Ps 3 14 ue 3 .21 £ .11
2 CERN BEBC, +
Heavy Neon WB SPS 20 21 e 6 .29 + .10
3 NAL 15', -+
Light Neon WB NAL 25 17 u e 11 .65 = .12
4 NAL 15',
Heavy Neon -+
(E 172) WB NAL 25 6 pe 1 .13 £ .12
5 NAL 15', -
Heavy Neon QT NAL 40 9 pwu 1 .11 £ .10
6 CERN BEBC, NB SPS 75 7wt 4
Heavy Neon -+ 5 .14
5ue 2
THIS .
EXPERIMENT WB NAL 25 164 y e 33 .2 + .03

Abbreviations: WB Wide band horn focus
QT Wide band quadruple triplet

NB Narrow band
NAL FNAL (Fermilab)
* Errors given are statistical only.

+ These values are approximate only.

0f the 33 events with strange particles 23 * 3 are K°'s and 10 + 3
and A's or °'s. The errors arise because of ambiguities. The expected
numbers from associated production are 5 and 4, respectively from which

we obtain a ratio of charm decay to K° over that to A/Zo of 6 + 4.7. The
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errors are large but suggest relatively small charmed baryon production
relative to meson production, a result also suggested by the limits on
hadronic decays (equations 6).

Assuming that the events with a K® do come from D decay, we can plot
the effective mass of the K°e+ system and compare the distribution with
that expected for different decay modes. For this purpose only unambig-

uous K°'s are used (Figure 12b). If the decay were
pt s et v k° (10)

then the distribution should be as shown by the dashed line (the curve
is 3 body phase space but calculations including guessed form factors

give very similar curves). Alternatively if the decay were

D+ > e+ v K°n° (11)

or
p° + et v Ko (12)

the distribution should be as given by the continuous line (four body
phase space). The distribution strongly favors this latter hypothesis.
One explanation would be that there are far more D°'s than D+'s as
suggested by the hadronic decays (equation 7). If this were the case
then decay (12) is dominant and one should be able to find the 'S by

requiring the N-K°e+ mass to be less than the D mass. Of the 16 events

with unambiguous Ko's, 12 have only one candidate 7 and 4 have two such ~

candidates. The 7 K° mass for these events is plotted in Figure 12a.
the distribution observed is consistent with the phase space curve in-
dicated. There is little evidence for the m K°'s being from the K*(890).
Finally we can compare the hadronic and leptonic decays branching
ratios. We obtain
D° + K°n+n_

> 1.4 .7 (13)

Do hd ve+ etc
where the limit is reached when there is no D+ production. The above

limit may be compared with the SLAC observed ratio

° - K°n+ﬂ— (4 *1.3%) _ 0.56 + 0.28 (14)
+/0
>ev...(7,2 + 2.8)

‘D
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The apparent discrepancy between equations (13) and (14) could be
explained if the semileptonic decay rate of the D® were much less than
that for the D+. One notes however that the errors are large.

5. ELECTRON NEUTRINO EVENTS

Events were selected with an e+ or e but no W candidate. 28 such

events were seen with an e+ and 187 with an e . Such events can come
from ;e and ve respectively but could also come from the decay of heavy
muon type leptons. In order to set a limit on this latter hypothesis
the expected numbers of Ge and v, events were calculated and thus any

excess caléulated. We obtained:

-28 + 60

i

excess e = 187 + 14 (observed) -215 + 60 (calculated)
(15)

10

n
wv
I+

excess e+ 28 + 6 (observed) -23 + 8 (calculated)

Clearly there is no significant excess. An independent test as to
whether these events are indeed due to Ve and ;e is provided by the

viz® viz (Eviz _Ee)/Eviz'
These distributions are given in Figures 13 and 14 where the continuous

distributions of the events in y where y,
lines indicate the expectation for ;e and Ve interactions and the broken
lines indicate that expected if the e's were coming from the decay of a
7 meson (eg., T > e_GevT), where the T is assumed to have the same
distribution as a 4 in a normal charged current event. The events
appear to be due to Ge and Ve with no evidence of heavy leptons.

Quantitatively, these results give the following limits:

N < 31073 for e
No. of e~ from heavy leptons (16)
all charged current events -3 +
< 110 7 for e
> 7.5 GeV for L~
Mass of heavy lepton Lt (if 8y = &y ) { (17)
u Ay
>9 GeV for Lt
9 < .025 for 1
18
8y /8, (or tan"8y) { . (18)
" < .01 for 7

The last result may be considered as a limit on a possible mixing

angle OM between the Vo and vu, in which case the limits apply to
2
tan” 6M.
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6. OTHER EXOTIC STATES

Finally we can report two non observations: We have seen no tri-

lepton events of the type u_e+e_. From this we obtain:

-4 -
Rate vu - u ee etc. < 10-4
- (19

Total charged current rate

where < E > 20 GeV and Me+e_ > 500 MeV. Such events would be made
if there were neutral current charmed particle production. Thus we can

obtain the limit:

Neutral current charmed particle production <« 2% (20)
Charged current charmed particle production

The second non observation concerns long lived neutral particles
of the type reported by the Serpukov bubble chamber group.l) We have
searched for neutral particles decaying in an e and u with flight path
greater than 5 mm. We have found no such event in 40,000 charged current

events. Our scanning efficiency for such an event is greater than 507%.

This research was supported by the U.S. Department of Energy
under Brookhaven National Laboratory Contract No. EY 76-C-02-0016.
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NEUTRINOS AND COSMOLOGY

Gary Steigman

Astronomy Department, Yale University

New Haven, Connecticut 06520

ABSTRACT

In the early Universe weakly interacting particles were in thermodynamic
equilibrium and neutrino-antineutrino pairs were copiously produced. These
pairs subsequently annihilate in the course of the expansion but, some relic
neutrinos survive to play a role in the evolution of the Universe. The
confrontation of weak interaction theory and cosmology with astronomical
data can lead to constraints of value to both disciplines.

The basic processes underlying the production and survival of relic
neutrinos are outlined in this lecture; some specific cosmological conse-
quences of such neutrinos are also discussed. It is shown that massive,
stable neutrinos (neutral leptons) cannot have masses in the range 100 eV
- 2 GeV. It is also shown, in some detail, how considerations of primordial
nucleosynthesis and observations of the abundance of 4He can constrain the
number of neutrino flavors (including the e~ and u- neutrinos, N, D,
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INTRODUCTION

Recent developments in weak interaction physics have not escaped the
attention of those whose research interests are in astrophysics and cosmol-
ogy. To ignore these developments would be perilous since it is necessary
to use as input in astrophysical calculations, the best available basic
physics. The relation, however, between particle physics and astrophysics
is not entirely unidirectional. Astrophysicists are not merely consumers
of new developments in particle physics. There is, rather, a symbiotic
relation in the sense that astronomical observations can provide a check on
astrophysical predictions based, in part, on the latest innovations in
particle physics. The distinction between particle physics and other
branches of science is, to some extent artificial and, the Universe may,
on occasion, provide an alternative to the accelerator as a laboratory in
which to test new theories.

Neutrino astrophysics provides a specific example of the symbiotic
relationship between particle physics and astrophysics. The role of
neutrinos in cosmology has received much recent attention and is the subject
to be reviewed in this lecture. Cosmological neutrinos have been dealt

1)_12); here, the more limited goal is adopted

with in many recent papers
of exposing and clarifying some of the details of this rapidly developing
subject. Only a few specific results will be discussed; the interested
reader is encouraged to consult the references for further details and

references.

RELIC NEUTRINOS

If neutrinos play an important role in the physics of the early
Universe then, the study of cosmology may provide information of value
to the study of weak interaction physics. There is at present, however,
no direct evidence for a universal background of primordial neutrinos.
This is due, entirely, to the extraordinary difficulty associated with
detecting neutrinos, especially low energy neutrinos. The neutrino
counterparts to the relic photons of the well observed microwave background
radiation, will elude detection in the forseeable future. Nevertheless,
the glimpse of the early, hot, dense stages provided by the relic photons,
strongly suggest that such neutrinos are present; if the right places are
searched carefully enough, traces of their "footprints" may be found.

The bridge connecting particle physics and cosmology is provided by
statistical mechanics. The crucial point is that, in thermodynamic equili-
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brium, the physical state of a gas of elementary particles is described by
macroscopic quantities (density, pressure, etc.) which are independent of
the details of the specific interactions among those particles. As long

as the interactions are capable of establishing and maintaining equilibrium,
their detailed nature is irrelevant. This is a great simplification and it
permits the analysis to be sufficiently general that the role of neutrinos
in cosmology may be established with some confidence.

The approach, then, is to consider the early evolution of the Universe
and to show that weakly interacting particles were once in thermodynamic
equilibrium. Statistical mechanics provides us with the means of calcul-
ating the density of such particles during such equilibrium stages. The
expansion of the Universe and the evolution of neutrino densities is
followed until the weak interaction is too slow to maintain equilibrium;
neutrino survival then depends on the competition between the expansion
rate (t-1 % the inverse of the age of the Universe) and the weak interaction
rate (A ¥ nov). The observable effects, the "footprints', depend on the
abundance of surviving relic neutrinos (e.g.: on the ratio of relic neutrinos

to relic photons).

EARLY EVOLUTION
A useful analog of the early expansion of the Universe is the free fall
collapse of a homogeneous gas of noninteracting (except via gravity) particles.

A gas in free fall with uniform density p at t 0, will collapse to a

singularity (p > =) at t = t(p) where t(p) ~ 0_1/2. Similarly, the age of
the Universe (the time from the singularity) and the density are related
by th = constant. The basis of this simple result will now be reviewed in
some detail.

On sufficiently large scales, the Universe is remarkably homogeneous
and is expanding isotropically. These observational facts have led to the
general adoption of the "Cosmological Principle'": To a good approximation
the Universe is and always was homogeneous and isotropic. It follows from
the Cosmological Principle that the Universe is described by a unique
metric, the Robertson-Walker metric (see, for example, the discussion in
wéinbergl3)). Through the metric, the expansion of the Universe is
described by one function of time, the scale factor a(t). The distance
between particles (e.g.: atoms, galaxies, etc.,) which are participating
in the general expansion, changes in proportion to the scale factor (i.e.:
R(t) ~ a(t)). The (observable) Hubble parameter is related to the (unob-

servable) scale factor through
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H(t) = 1 da
=& . eN

The present value of the Hubble parameter (often called the Hubble '"constant')
is uncertain. To reflect this uncertainty it is convenient to write: H=100h
(kms-lﬂpcﬂl) with, 1/2 § h < 1 (note that 1 Mpc ~ 3 x 1024cm; it is °
conventional to indicate quantities measured at present by the subscript zero).
The Einstein equations (General Relativity) determine the time variation
of the scale factor. Substituting the Robertson-Walker metric into the
Einstein equations yields two differential equations which may be cast in

the following suggestive forms

2
L QQE) =M + constant; M = 41 a3p, (2)
2 'dt a -3
2 3
d(pcV) + pdVv=0 ; V~a”. (3)

In terms of the Hubble parameter, (2) may be rewritten as

Hz = 87 Gp + constant

3 a2 ' . 29

From (2') it follows that there is a critical density P = 3H2(81rG)_l such
that for p = pc, the constant term is zero; for p < pc the Universe will
expand forever, for p > Pe the expansion will ultimately cease to be followed
by recollapse.

It is convenient to recast equation (3) as

d(1np) + 3(1 + ) d(lna) = 0 3"

P
bc?

Notice that there are three functions of time (a, p,p) and two equations;
an equation of state p = p(p) is needed to close the system. Two simple
equations of state will suffice.

For a noninteracting gas of nonrelativistic particles

p =nkT ; p= mn P - kT
pe2 Tmz <L ®
It follows from (3') and (4) that: R a_3.

For a noninteracting gas of relativistic particles

2 4

p=21pc” 3 pvT . (5)
3
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It follows from (3') and (5) that pp v a=% and T ~ a-l,
Returning to (2') and (3'), for early times and high densities

1/2
ot/

vH=1 da 1 dp
2 @ o re (6

2= constant. Furthermore,

As advertised then, in the early Universe pt
although the Universe is a mixture of nonrelativistic particles (e.g.:
nucleons, galaxies, etc.) and relativistic particleés (e.g.: photons ,
neutrinos, etc.), the early Universe is "Radiation Dominated". Sufficiently

early on (a -+ 0), PNR << pR(since p.. v a~3 and PR a_4) so that p & pg.

NR
Then, since t ~ p~1/2 and p ~ T4,

t(T) = A ; A% 1 sec Mev2, 7
(T) 4, X o m

Turning from the expansion rate to the weak interaction rate, consider
as a prototype the following neutral-current weak interaction: e~ + e+ :
v + V. In the early Universe, for kT 2 mecz, ei pairs are copiously produced
and are as common as photonsla): n, ~ nYﬂ:TB. Neglecting any energy
dependence in the cross section (the conclusions are strengthened if ~
g E2 N TZ), the reaction rate is

A=A(T)=necv'\:T3. (8)

Comparing the reaction rate with the expansion rate

A(TE(T) v T2 - T2~ T, 9)

shows that, sufficiently early on (t - O, T + »), the weak interaction is
"fast™ (At + ») and neutrinos will have been in equilibrium.
In equilibrium at temperature T, the number density and mass density

of massive neutrinos are

n, (T;m,) =n_ (z)=g ,1 kT, 3 x2dx
A% % v v v ('E.H.Z) ('ﬁ—c) J: exp[(xz_'_z\%)] /2]+19(10)

. = = 2, 23172 2
Y (T,mv) = p\‘zv) =8, _1_2) _13'[)3 f (x“+2z,%) x“dx
27 (ﬁc o exp( (x2+23)1/2]+1- (11)

In the above, z, = mvczlkT and g, is the statistical weight (one for each
helicity state; e.g.: for Ve and 3;, 8, = 2). For photons (massless bosons
with gY = 2), analogous expressions yield
_256(3) k.3 3temd): o &
nY =7 (ﬁc) & 20T?(cm )3 pr\, 2.7(%5_)&Y .

(12)
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It is convenient to compare neutrinos to photons. For massless neutrinos

and/or low mass neutrinos in the high temperature limit (mvc2<< kT;zv<<1)

v_3, . Pv_ 7
ny 8% % 5 & (13)
Y

In equilibrium, then, "light" neutrinos are as important as photons

N "
(nv o, Dy).

For massive neutrinos in the low temperature limit (kT<< mvcz; zv>>1)
5/2

2y 3/2 2 v % 0.10 2V
T N 0.26 8,2 / e ™V Y i 8%y & .,

- ; 14)
"Heavy" neutrinos are always rare (nv << nY RS pY). In collisions
when the average available energy is small compared to the rest mass, few
pairs are produced.

The cosmological role played by neutrinos depends on the numbers
surviving the early stages. Neutrino survival depends on the details of
the departure from equilibrium. Though the basic physics is the same,
there are quantitative as well as qualitative differences in the survival
of "heavy" (m\)c2 % 1 MeV) and "light" (m\)c2 X 1 MeV) neutrinos.

For z, < 1, neutrinos are as abundant as photons and, in this case,
the reaction rate and expansion rate become comparable for kT & 1-10 MeV,
The considerations here apply, then, to neutrinos with mvc2 < 1MeV. For
later times (kT < 1 MeV; t > 1 sec) the Universe expands too rapidly for
the neutrinos to remain in equilibrium. Subsequently, then, the neutrinos
are decoupled, they are neither created nor annihilated. If not for one
complication, the "frozen-out" ratio of neutrinos to photons would be
that given by equation (13). The reason that the present ratio of relic
neutrinos to photons differs from (13) is that for kT S 1/2 MeV, electron-
positron pairs annihilate and the associated energy is thermalized. In
the process of thermalization, 'extra" relic photons are created; the
neutrinos, recall, have decoupled and cannot share this energy. By
considering entropy conservation, the ratio of "new" to "o0ld" photons may

be found (see, for example, ref. 14).

ny(now) = (l%) ny(then). (15)
Thus, the present ratio of light (mvc2 ; 1 MeV) neutrinos to photons is
Dy -3
C¥) 55 By a6
Y now
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If TO v 2,7 °K then, Oy % 400 cm™3 and the present mass density in light

neutrinos is

pv(now) No1lx lO_31 g (gcm-3). (17)

viey
2

In contrast, "heavy" neutrinos (mvc 2 1 MeV) are not very abundant

(for z, R 1) and, since their density is low, they decouple earlier at a

higher "freeze-out" temperature which depends on the neutrino mass (and,

on the strength of the weak interaction). For masses in the range of a

few GeV, Lee and Weinbergb) and Discus et als) find: kT, & mvc2/20. The

£
present ratio of heavy neutrinos (plus antineutrinos) to photons is found
to bea)

v, Y -7 -3

(ny)now ¥ 2x10 Meay* (18)

The present mass density in heavy neutrinos is

29 -2

ne2, (gem ) (19)

p,, (now) ~8x 10

Although rare compared to their light counterparts, heavy neutrinos may,

nevertheless, dominate the present mass density.

LIMITS TO THE NEUTRINO MASS

The present total mass density may receive a significant contribution
from massive relic photons. Limits, then, to the total density will
constrain the mass of such neutrinos.z)’a)’s)

As a benchmark, consider the present critical density

2
o = 3HS o -29 2 -3
co g2 X 2 x 10 ho (gem 7) (20)

The dimensionless density parameter Qo= po/pco separates those models
which expand forever (Q0 < 1) from those which will ultimately recollapse
(Qo >1)., To assess the importance of relic neutrinos, define Qv= pv/pco'

Then, for light neutrinos
gn % 200K 5 mc’ S 1 Mev (21)
vV vol voo v :

In (21), m, is in eV and g,m, is summed over all neutrino flavors. For
heavy neutrinos

" 2,-1/2 | 2 5
Moy N 2(tho) 5 mc” 31 Mev. (22)

Since Q,, < 90, upper limits to @, provide constraints to Qv and, through
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equations (21) and (22), to LN The absence of observable deceleration in
29 2<

the expansion of the Universe suggests that [ ~ 2 x 10 (Qo o N 1.
The neutrino mass is restricted thereby to
Light neutrinos: g.m < 200 eV,
Y (23)
Heavy neutrinos: LN m 2 GeV.
4)

It has been assumed in this analysis that massive neutrinos are stable .
If, however, the neutrino decays in a time short compared to the present age
of the Universe (to v 1-2 x 1010yr.), the restrictions on the neutrino mass
are inapplicable.5)»7) The cosmological consequences of unstable neutrinos

3) 2 who relate the

have been studied by Dicus et al™® and by Gunn et al
limiting masses to the assumed lifetime; the interested reader is
encouraged to consult those references for specific results.

Neutrino degeneracy is another complication which has been swept under
the rug in the foregoing analysis. The choice of a vanishing chemical
potential in equation (10) guaranteed equal numbers of neutrinos and anti-
neutrinos. It is not known, however, whether or not the Universe is
symmetric between neutrinos and antineutrinos. In contrast, it 1is well

14)

known that the Universe is not baryon symmetric. Although, by analogy,
neutrino asymmetry is not unreasonable, such an asymmetry would have
assoclated with it an arbitrary free parameter for each neutrino flavor.

For simplicity, the "standard" assumption is to choose zero for those
parameters (equal numbers of neutrinos and antineutrinos); any other

choice complicates the connection between particle physics and cosmology.
If, however, there were a degenerate sea of relic, massive, stable neutrinos
then, the limits to the mass would be even more restrictive than those

given in (23).

A related question concerns the present momentum space distribution
of the relic neutrinos; is it that of a degenerate Fermli gas? The answer
is no for the following reason. The neutrino distribution in phase space
was established early on when the neutrinos were hot; a Maxwellian
distribution was set up. Afterwards, the neutrinos decouple and, as a
collisionless gas, their distribution evolves remaining nondegenerate.

There 1is no observationally determined lower limit to the present mass
density in neutrinos. Truly massless neutrinos play a negligible
dynamical role at present (p pY < p ) For the nucleon contribution
to the total density, it seems likelyls) that: Qyf h m 0.01; Py 22x10 51
gem 3. If neutrinos are to be dynamically important at present (there is

no evidence which compells this assumption) then p,, & py which leads to the
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restrictions

Light neutrinos: g,m, i 10 eV
(24)
Heavy neutrinos: m X 20 Gev.

To play a dynamically interesting role at present, massive, stable,
relic neutrinos must have masses in either of the two narrow ranges: 10 §

g,m, <200 ev, 2 % mv§ 20 GeV.

PRIMORDIAL NUCLEOSYNTHESIS

During the early, radiation dominated epochs, light neutrinos contri-
bute significantly to the total density (DV R pY). The quantitative effects
of such neutrinos on the early evolution depend on the number of lepton
flavors through the neutrino multiplicity g, (for 2-component neutrinos,

g, = 2 for each lepton flavor). The impact of these neutrinos is greatest

on the abundances of the light nuclei produced in primordial nucleosynthesis
3),6),10)

To better appreciate the influence of "new" neutrinos, it will be of
value to briefly review the basics of primordial nucleosynthesis in the
"standard" model in which only e- and u-neutrinos are considered (gv =4),

For details, the reader is referred to the review article by Schramm and

Wagonerl62
Photons, electrons and neutrinos are in equilibrium (TY = Te = Tv)
for kT 2 1 MeV. The neutron-to-proton ratio is maintained at its
equilibrium value
2
n _ -AMc
2= exp () (25)
by the reactions
- - + - -
pt+te Zn+ Ver P + v, Tn+e, nipte + v, (26)

For kT : 1 MeV, the reactions (26) can no longer maintain equilibrium and
the neutron-to-proton ratio "freezes-out" at a value n/p % 0.22 corres-
ponding to a neutron abundance by mass: Xn =n( + p)—l Y 0.18.

All the while, neutrons and protons have been colliding and,
occasionally, forming deuterons which are quickly photodissociated (n + p
Z D + y). The deuterium abundance is kept low for kT 2 0.2 MeV by the
presence of large numbers of photons capable of destroying the deuteron.

As a result, there is a bottleneck to the buildup of heavier nuclei. Only
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Consider, now, the effect of ''mew" neutrinos (e.g.: the neutrino accompany-
ing the t-lepton; see Perl, this conference). The density differs from
that in (28) due to the extra neutrinos.

2 2
prp' = Ep;y E =1+ 7% dg 5 g, =4+ lg . (29)

The expansion rate changes in the sense that the age versus temperature

relation is changed from t(T) to t'(T) where

2(m _ elt) 41/2 _ -1
- ! . S

The speed-up in the expansion rate (t'(T) < t(T)) leads to an earlier

freeze-out at a higher temperature (T!>T ) and, therefore, to a larger

f
neutron- to—proton ratio. 3) 10)
B L0y e (gl/3 @), n (31)
P P P ka P

A higher helium abundance results from enhanced neutron survival. The
helium abundance by mass (Y) depends strongly on Ag and weakly on the

29

nucleon density (pN v2x10 7@ h gem ) The detailed calculations

0)

of Yang et al may be fit by the relatively simple formula

-4

= (0.276 + 0.00SAgv) + (0.020 - 10 Agv) log (QNhi)' (32)

For two component neutrinos, the number of neutrino flavors is: g /2
=2+ Ag /2. 1In Table 1 (following Yang et al )) the minimum abundance
of primordial 4He 1s presented for several values of QNhi and Nv' The
present cosmic abundance of helium is Y % 0.29 but, there is strong evidence
(reviewed by Yang et al )) that the primordial abundance was Y 0..5.
Several interesting conclusions may be drawn from the data in Table 1.
(1) If, indeed, Y  0.25 then, the Universe is open and will expand
forever (Qth : 0.1; QN X0.4). The e-, p- and t-leptons may be the only
leptons (N 5 3).
(11) Even for the more conservative limit Y 5 0.29, the number of

lepton flavors is limited to Nv N 7 since QNho 3 10_2.
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for kT & 0.1 MeV will photodissociation become unimportant permitting an
increase in the deuterium abundance. The formation of the other light

nuclei can then proceed via reactions such as

p+n-+>D+y, —--,D+D->4He+‘(, -— 27

The gap at mass—5 where there is no stable nucleus provides a bottleneck
to the formation of heavier nuclei. As a result, virtually all the
neutrons present at freeze-out are incorporated into AHe nuclei. As the
Universe expands and the temperature and density decrease, further nuclear
reactions are rapidly suppressed by the low density and high coulomb
barrier. The gap at mass-5 cannot be bridged and most of the action is
over by t § 103 sec.

With the exception of 4He, the abundances of the light nuclei are
determined by the competition between the expansion rate (mt_l) and the
two-body reaction rates (wn). The abundances of nuclei such as D and 3He,
therefore, are very sensitive to the nucleon density at the time of
nucleosynthesis. The higher the density the fewer D and 3He survive and
the more 4He produced. In contrast, since virtually all neutrons available
at freeze-out are incorporated into aHe, the helium abundance is only
weakly dependent on two-body reaction rates (and, hence, on the nucleon
density) and is most strongly a function of the frozen-out neutron-to-
proton ratio.

Observations, then, of the D-abundance constrain the nucleon density
(since nucleons are conserved, the present nucleon density may be related
to the nucleon density at the time of nucleosynthesis). In contrast, since
the 4He abundance is relatively independent of Py observations of AHe
can provide useful constraints on the physics of the early Universe. The
point is that the 4He abundance constrains the neutron abundance at freeze-
out which, in turn, depends on the competition between the weak interaction
reaction rates (known from beta decay; see equation (26)) and the expansion
rate. During the radiation dominated era, the expansion rate depends on
the number of different relativistic particles present (e.g.: the number
of light neutrinos). The helium abundance, then, constrains the frozen-
out neutron abundance which constrains the expansion rate which depends on
the number of neutrino flavors.3)’10)

With only e- and u-neutrinos (gv = 4), the total density at early
times is

p = oy o, tet Pon = 4.5 Py (28)
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Table 1: The minimum 4He abundance as a function of the present nucleon
density (pN =2 x 10-29 QNhZ) and the number of neutrino flavors

(st 2 + Agv/z).

2
1og(ﬂNho) Ag N YN

0.24
0.25
0.26
0.27
0.28
0.29

-2

N o un s W N lc

0.26
0.27
0.28
0.29

-1

[ N N U

2 0.28
3 0.29

=
NOG\«L\NOOWG\«L\NO‘

FURTHER ASTROPHYSICAL CONSEQUENCES

It has not been the purpose of this lecture to present a complete
survey of neutrino astrophysics. Two of the most important consequences
of the symbiotic relationship between weak interaction physics and
cosmology have been considered in some detail and limits were derived
to the mass of stable neutrinos and to the number of neutrino flavors. In
this concluding section, brief mention is made of some of the other
interesting results which have emerged in this active field of research.

The dynamical consequences of a background of stable massive neutinos
have been studied by Gunn et 317) and by Steigman et a1.9) If heavy
neutrinos dominate the universal mass density at present, they may contri-
bute to the so-called "missing mass'. Such neutrinos would participate in
those stages of collapse of galaxies and clusters of galaxies which are
dissipationless. Since, however, such neutrinos constitute a noninteracting
(except for gravity) gas, they are left behind during any fragmentation
and collapse involving dissipation (the neutrinos are unable to radiate
away or transfer to other components their internal energy). This
inflated gas of heavy neutrinos may, therefore, form halos around galaxies
and ﬁay dominate the mass in clusters of galaxies. If our own Galaxy is

surrounded by a halo of heavy v pairs, occasional annihilation may produce
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an observable flux of gamma rays.7)’8)

It is fortunate that in the dissipative collapse of gas clouds to
form stars, heavy neutrinos are left behind?) The reason is that neutrinos
could transport energy so efficiently that stellar structure and evolution
would be altered by the presence of a neutrino component some ten orders

9)

of magnitude smaller than the nucleon component;
Finally, it 1s interesting to note the important work of Dicus et alS)
on the consequences of unstable neutrinos (see, also, Gunn et 317)). If
neutrino decay results in photons then the mass and lifetime are restricted
to: mv é 10 keV; Tv X 1 year. Weaker constraints apply if the heavy

neutrino decay channels produce no photons.
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DEEP INELASTIC PROCESSES IN QUANTUM CHROMODYNAMICS

G. ALTARELLI
. Istituto di Fisica - Universitd di Roma
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Sezione di Roma. _

Abstract :

An introduction is presented to the results of QCD concerning
deep inelastic processes. We consider the predictions for the scaling
violations, the longitudinal cross section and the transverse momentum
of jets in leptoproduction. We also review the status of the Drell-Yan
formula in QCD and the analysis of the transverse momentum distributions
in lepton pair production from hadronic collisions.
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1. INTRODUCTION
1)

The quark parton model provides us with a very useful and simple
description of the physics of deep inelastic phenomena. On the other hand
non abelian gauge theories are unique among renormalisable field theories

to predict approximate Bjorken scaling. Thus the modern foundation for the
parton model is the gauge theory of strong interactions based on the color
degrees of freedom (Quantum Chromodynamics : QCD(Zb. Indeed in QCD scaling
is predicted to be broken by logarithms (a fact well consistent with present
experiments), and these deviations from scaling are computable. The results
can again be phrased in the parton language, by assigning a specified Q2
dependence to the parton densities. Thus although the naive parton model,
strictly speaking, fails in QCD, a suitably modified parton language remains
the most effective and physically transparent way of phrasing the content

of the theory.

The first part of the present lectures is devoted to a euristhic
but quantitative derivation of the QCD predictions for scaling violations
in leptoproduction in terms of parton concepts. For this part, I shall
closely follow my lectures in the last of ref. 5 that the reader may find
useful for further details and applications.

(2)

The standard approach to this problem is somewhat more abstract
and formal being founded on renormalization groups equations applied to the
coefficient functions of the local operators which appear in the light cone
expansion of the product of the two currents. Although less rigorous and
general the method I shall follow here is more transparent and has the
further advantage that it can provide useful insights to problems that

cannot be solved by the operator method.

In the second part of these lectures I shall deal with some of the
most recent developments in the direction of enlarging the set of predic-
tions of QCD for deep inelastic processes. Precisely I shall consider the
transverse momentum distributions of jets in leptoproduction, and the

effect of gluon corrections to Drell-Yan processes.

2. BASIC VERTICES OF QCD

QCD(Z) is a gauge theory, with gauge group SU(3) color (unbroken)

of colored quarks and gluons. There are eight colored (spin one) gluonms,
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the gauge fields, one for each generator of SU(3) color (they transform as
the regular representation 8). There are f flavors (p, n, A, p'...) of
quarks (the matter fields). For each flavor we have a triplet of colored
quarks, belonging to a 3 of SU(3) color, and of course the antiquarks

belong to z.

All vertices in the theory are specified in terms of a single
coupling constant. The quark-gluon vertex is given by :
- Wa a
g qu A inU (1)
where A? is the gluon field and sums over a and i are understood a =1,
....,8 1is the color index of gluons ; i = 1,...f is the flavor index

for quarks , q is the quark field, A2 are SU(3) color matrices with the

normalization :

Te(\®PY = % §2b

2)
They obey the commutation relations :
D\aﬂ\bj - ifa'l:'c re 3)
with fabc the structure constants of SU(3) color.
In analogy with electrodynamics (QED) we define :
o = gl/um )

s

and the true expansion parameter of perturbation theory is as/n.

The quark gluon vertex, but for Ehe A matrices of color, is
completely analogous to the QED vertex. However, in QCD we also have three
gluon and four gluon vertices, typical of non abelian gauge theories. The
difference is that in QED the photon is coupled to all charged particles
while it does not carry charge. In QCD the gluons couple to all colored
particles but they also carry color and therefore are self coupled. The
three gluon vertex, of order g, is linear in the structure constants fabc’

which shows its relation to the commutator. On the other hand the four

gluon vertex is of order g2 and bilinear in the structure constants.
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3. THE NAIVE PARTUN MODEL AND QCD

In this section I shall review the physical content of the naive

parton model and make clear why it fails in QCD and how it must be modified

in this theory.

Consider the total cross section of a virtual photon of mass —Q2
on a proton target. Since the virtual photon is spacelike we can choose a

reference frame where its four momentum has the simple form :

a = ©;-Q 0 )

The first entry is the energy, the second the z component of the
three momentum, the third the bidimensional vector of transverse momentum.
The proton four momentum can be parametrized as follows :

2. Q2 3
RO 6
where Q is assumed large enough that the proton mass M can be neglected.
Note that :

®.q) =My =L Q)

Therefore X in eq. (6) is the familiar scaling variable :

X=x5t— (0sX<1) (8)

We now summarize the assumptions in the naive parton model. The
naive parton model contains two crucial steps in its derivation that
require for their validity a high degree of convergence in the underlying

theory.

First the dominant contributions in the limit Q2 >> Mz, X fixed,
are identified with the class of diagrams in fig. 1. What is special about
this class of diagrams is that no interaction takes place between the final
parton k' and the lower blob. In the light cone language it corresponds to
picking up the operators of minimum twist, i.e. those with most singular
coefficients. In a sufficiently regular theory all other terms are suppressed

by integral powers of m2/Q2, where m2 is some typical mass.
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FI1G.1

As a second step one focus on the intermediate virtual parton K.
We assume the rest mass of K as negligible. Then its four momentum has

the general form :

_ . > 42 2 2
K—(EK,KZ,IZL),EK- KZ+PJ_+K 9

where K2 is the virtual mass of the off-mass shell parton. K, is a given

fraction y of the proton longitudinal momentum (see eq. (6)) :
-y 2
K, =¥ 3% (10)

In the naive parton model one assumes the distributions of wvii :ual
masses and transverse moments for partons inside the proton to be enough
damped that terms of order KZIQ2 and/or Ri/Qz can be safely neglected, i.e.
they lead to corrections of order m2/Q2 after integration over the final
state. When KZ and Qf can be neglected K acts as a real on mass shell quark

and its momentum is proportional to the proton momentum :

b

,0) (11)

=
13
i
o
0o

Pl

Being K quasi real the diagram factorizes into two parts (before

integrating over y). One factor is a function of y,q(y) which depends on
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the lower blob in Fig. 1 and describes the probability of finding inside
the proton that kind of parton with a fraction y of the proton momentum.
The second factor is proportional to the point like total cross section
for the scattering of the parton on the virtual photon and corresponds

to the upper part of the diagram in Fig. 1. For the structure functions

one thus obtains :

2F (X)) = Fy(X)/X = / ;1,—}' q(y) (X + q)

(12)

point

Moreover © is proportional to a S-function. This is because

point
(K + q)2 must be equal to the squared rest mass of the final parton. Taking

this rest mass as negligible, we have :
2
®+@? = fa-H = o a3)

This means that only partons with a fraction X of momentum can
interact with the photon in the reference frame of eq. (5). Taking all

factors into account we get :

2
Opoint K+ @ = e 8 & -1 (14)

where e is the parton charge (in units of the proton charge). We thus

obtain from \eq. (12)
2 F (X) ~ F (x)/x = I q(y) e (X 1) = e q(K) (15)
1 2 y

which is the well-known result (we are dropping for simplicity the sum

over all kinds of possible partons).

We now consider the parton model in the context of QCD.



About the dominance of diagrams in Fig. 1 in QCD one observation is
crucial. The struck quark carries color and the same is true for the state
emerging from the lower blob. But colored states are confined through a
mechanism that we d¢ not know precisely. Therefore some kind of final state
interaction is indeed necessary to reshuffle the quantum numbers of the
quark jet and of the proton fragmentation jet. Lacking a theory of confine-
ment we must assume that this process of color neutralisation (presumably
a long wavelenght phenomenon)does not alter the structure of singularities

on the light cone.

The next question is whether QCD does indeed provide enough
convergence in Kz and pf to allow the neglect of terms of order pi/Q2
and K2/Q2. We cannot directly compute the P distribution of quarks and
gluons inside the proton because this task is beyond perturbation theory.
But we can make a simple consistency check on the parton model assumptions.

Consider the diagram in Fig. 2.

FIG.2

This contribution is a particular case of Fig. 1 with a gluon

being extracted from the blob and analyzed separately. We can compute this
diagram assuming an initial parton k with negligible 18 and check whether
the parton r that interacts with the photon has a P distribution
sufficiently damped. More in general we can go back to eq. (12) and add

to opoint’ which is of order zero in Ogs the next order contribution
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oordet o computed from all possible diagrams for Yy + parton + all of which

Fig. 2 is an example (we shall later list these diagrams). If the parton
model works, these corrections should only add terms that are either non
leading (i.e. of order mZ/QZ) or that can be recast in the form of eq. (15).

We therefore consider the modified equation :

= . [ 25 - X 2
2F % Fp/x = [ 3 q(y)[e SE D ¥ Opger o Gp V| A6)
o e . . X . 2
As indicated © is a function of = and in general of Q.
order as y

In fact the total parton - y cross section can only depend on the photon
mass -Qz and the total center of mass energy squared (k + q)2 = -Q2(1 - %).
We do not need at this stage the explicit form for Oorder as. The essential

point is that in QCD o has the following form.

order o
s

X 2, _% 2 X X 2 an
G =g e K3 B + £() + 0(1/Q )|

a
order as

2,2
t=1
with nQ"/u (18)

2, . . . .
where U~ is a convenient but arbitrary normalization mass.

The function P(X/y) is uniquely defined as the coefficient of anZ,
while the definition of the scaling term f(X/y) depends on “2. Changing u2
into u'z adds to f a term lnu'Z/uzP. Note that terms of order l/Q2 can be
directly dropped, being of the same order as the already neglected non
leading singularities on the light cone. Finally the factors of oy and e2
are obvious while 1/27 is inserted for convenience. Clearly the essential

feature of eq. (17) for o is the presence of the factor of t. This

term violates scaling andozizzczges the failure of the naive parton model
in QCD. We can easily reconstruct its origin. It is the same as the term
proportional to lnE/me in the total cross section for Compton scattering in
QED, that one finds in books. For example consider the upper part of the
diagram in Fig. 2. Let us parametrize the momenta of the initial quark and

of the final gluon in the form (see eq. (11)) :

=~
1]

: -1 Q
;0 =% P
b2 (19)
L - L . -
p' = (2P + w5 5 ZP , - P))
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Note that by momentum conservation at the gluon vertex, P} is the trans-
verse momentum of the virtual quark r. Also, the energy of p' has been
expanded up to the first order term in EEJPZ which is sufficient for our
discussion. We can compute the virtual square mass of the intermediate

quark r :

= (k - p')2 = -2(Kp') = - Pf/z (20)

The virtual mass and the gf distributions are thus related for the
quark r. When the absolute value squared of the amplitude is taken, a
factor 1/(r2)2 arises from the propagator of the virtual quark (of negligible
rest mass). By eq. (21) this is a factor of 1/(3&)2. However this singularity
in Ei is partially removed in that the numerator vanishes as Pi: This is
because helicity conservation at the lower vértex forbids the forward
emission of the gluon. In fact the quark gluon vertex is of vector nature.
It is a simple property of this coupling that a fast fermion conserves its
helicity while emitting a gluon (or a photon) when terms of order m2/P2
are neglected. In the forward direction helicity and spin components in the
Z direction coincide and the spin component (helicity) of the forward
emitted gluon should be zero, which is impossible for a massless vector
particle. Thus the total singularity in 3{ of the diagram is reduced to
l/gi. On the other hand the upper limit of the integration over dgf_is of
order QZ, being Q2 the order of the total energy squared in the center of
mass. The effect of the upper limit is thus to induce a log. Q2 dependence
of the integral :
2

o
!

2
P 2
O raer as,q,_f N (21)

Note that the divergence at the lower limit of integration can

’_N

P

be cured by restoring the physical mass for the quark, or by working with
off mass shell quarks of zero rest mass (indeed the quark inside the
nucleon is a virtual particle). All of these complicacies can be lumped
inside f(X/y) by introducing the normalization mass uz that appears in
eq. (18). Thus while the function P(z) in eq. (18) is well defined even
in the massless theory, the function f(z) depends on the regularisation
of the infrared singularities of the massless theory. Since the precise
regularization mechanism has to do with the nucleon wave function we
shall always limit to properties of f(z) that are independent on that.

For the moment we concentrate on the terms in log Q°.
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The moral of this discussion , which of course can be fully demons-
trated by a totally explicit calculation, is that the P_|2_ distribution of
the quark r is not sufficiently damped to suppress the effect of the upper
limit of the Pf integration which is of order Q2. For the naive parton
model to work a decrease in P_f faster than 1/PJ2_ is necessary and this is

not the case in QCD.

How to cure this problem ? Let's start by trying to absorb the
anomalous term into a modified parton density. We rewrite eq. (16) in more

explicit form :

2P @ = [ W2 s -1 + 8y + ] 22)
) : y e ef e

o) = =
o

Note that the lower limit of integration is set equal to X. This
is because in general (k++ q)2 >0 (see eq. (13)). Precisely it is larger
than zero when the final state is not simply a quark, but there is also a

gluon.

We want to cast eq. (22) into the form
1

/ —dyq(y) 2B &-1 +u—st &) + o]
X y bt X 2m y

K]

2 Fl (X)

1
=] L o + saG,0] e 6@ - 1)
X y

(23)
= e? [ax) + 4q(x,t)]
This is certainly possible provided that :
o 1
= s dy X
Aq(X,t) = =t X} LA PO+ e (24)

where the dots stand for the neglected terms with no factor of t in
eq. (17). We see that lowest order perturbation theory suggests to replace
the density of partons inside the proton by an effective density as seen
by the photon which depends on t :

qX) — q(X,t) (25)
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We understand the t dependence as due to the fact that a photon
with larger Q2 explores a wider range of Ei inside the proton. Furthermore
the variation of q(X,t) for an increase dt, which is due to probing a new

infinitesimal interval of Ri is given by :

dg(X,t) _ s
dt 2m

MK

dy X, 26
v q(y,t) P(y) (26)

Note that this equation is insensitive to f(i) in eq. (17) and is
exact up to terms of order ai . Eq. (26) with suitable generalizations
will play a central role in what follows. An equation of this type for the
densities is in fact the end result of the more conventional approach and

was originally derived in ref. (3).

An important property of the integro-differential eq. (26) is that
it implies a simple differential equation for the moments of the densities.
Defining the moments as :

1
M (6) = [ ax X q(x,t) (27)
0

We can multiply both sides of eq. (26) by xnn1 and integrate from
zero to one :

o

1 1
d -2 w1 dy X
T M0 = 5 é dx X }f( . q(y,t) P(y)

By inverting the order of integration on the right hand side,

we obtain :
dM (t) a_ 1 y
n s dy n-1 X
dt 21 Jf y Q(Y,t) j’ dX X P(;)
0 0
By the change of the variable Z = X/y in the second integral we get :
dMn(t) %y ; n-1 p n-1
T = f dy y q(y,t) f dz z P(2)
0 0

Recalling the definition of moments in eq. (27) we finally obtain

dMn(t) oy (28)
dt = 7 An Mn(t)
where 1 -1
A = (j; dz 2" p(2) (29)
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We thus see that the moments satisfy a simpler differential equation.
For each n a constant An appears and the function P(Z) is the generating
function for the entire set of An' As we shall see this is the origin of
the known result that the predictions of QCD on scaling violations are

much simpler for moments.

4. IMPROVING PERTURBATION THEORY

The reader may wonder at this stage why I am so much interested
in results, like eqs. (26, 28) which are only true in first order pertur-
bation theory. Even for oy small, terms of order ait for large enough t
become eventually larger than terms Qf order as. Thus lowest order pertur-
bation theory cannot be directly relevant. The reason is that eqs. (26,28,
29) become exact asymptotic results by the simple replacement of o with
as(t), i.e. the running coupling constant of QCD.as(t) is the effective
coupling constant for any quantity that obeys the renormalization group
equations for the massless theory. In turn the massless theory is the
relevant asymptotic limit of the actual theory in the deep Euclidean

).

region

The precise definition of as(t) is given by :

a (t)
do' 2, 2
B(a") (t = 1nQ"/u") (30)

a

(ad
n
®n ‘“—wn

where the function B(a) is computable in perturbation theory :

B =-bo? @+0 @) ' o1
and
33 -2 f
b = iy (32)

The negative sign in front of b 1is crucial and implies that the

theory is asymptotically free. In fact from eq. (30) it follows that :

das(t)
35— - 8 ,©]
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For as(t) small enough B is negative by eq. (31) and so is the
derivative. Then increasing t makes as(t) still smaller. Note that the
lower limit as in the integral eq.(30) is the value of as(t) fort =0
i.e. at Q2 = uz. By choosing uz large enough so that aS/ﬂ is small, we

can explicitly perform the integration in eq. (30) and obtain :

o, () .
do 1 1

t o= [ 82 = (= - )

a -baz b 0‘s(t) as

s
and therefore
Og

0Ls(t) *T+ ba_ t (32)

We thus see that as(t) decreases asymptotically as 1/t.

An alternative form for as(t) which is much used in the literature

is the following :

1
a (t) = —————
s b 1n Q2/A2 (33)

By comparison with eq. (32) we see that AZ is in fact independent
of Q

AZ = uz exp - l/bots (34)

We anticipate that the observed pattern of scaling violations

implies for A the range of values :

A = (0.2 % 0.6) GeV (35)
or equivalently

2., :
as(l GeV)® = 0.5 + 1.5 (36)

Note that as/ﬂ is already small in the few GeV range (precocious
scaling).

By replacing oy with as(t) the basic equations for the densities

and their moments become :
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1
da(x,t) _ % dy X (37)
Tde o T Tam o ({ y 90,0 PR
a_(t) as(t) (38)
Ta - T Ane®

with Mn(t) defined in eq. (27) and An determined from the function P(Z)
by eq. (29).

By taking as(t) from eq. (32) we can easily solve eqs. (38) for

the moments. The solution is :

“ %nb
_ s i
Mn(t) = M (0) Ezjzjl (39)
%
Note that by eq. (33) the ratio T t) °an be written as :
s
O _ 1n Qz/uz (40)
ag(t) 1n u2//\2

The moments behave as powers of logarithms of Q2 and the exponents
are generated by P(Z) which is determined by lowest order perturbation
theory. The initial value Mn(O) must however be fixed empirically. It
corresponds to our ignorance of the matrix elements between protons of the

local operators in the light cone expansion.

5. PHYSICAL INTERPRETATION OF P(Z)

Going back to the integro differential equation for the densities

eq. (37) we point out an illuminating physical interpretation of the functions
P(Z)(S). This intuitive picture will be very useful in the following and
in particular can serve as a basis for a very direct calculation of the P

function and of other similar quantities that will be introduced shortly.

The results of first order perturbation theory in eq. (24) can be

cast in a slightly different form as follows :

(X,t) + dq(X,t) } f [ %s )
q(X,t) + Aq(X,t) = dy [dZ 8§(Zy - X) q(y,t)] 8(z-1) + 5t P(2)
0 0 27 4
(41)
The quantity
a
_ _ s
P(Z,t) = 6(Z - 1) + 5= £ P(Z) + ... (42)
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can be interpreted as an expansion of the probability density of finding

a quark inside a quark with fraction Z of the parent quark momentum.
Consequently %% P(Z) appears as the lowest order variation of the probabi-
lity density for unit t. The variation of q(X,t) is given by the number of
quarks of momentum y larger than X times the variation of the probability

of finding a quark inside a quark with momentum lower by a fraction X/y.

We point out that with our definition of P(Z), it also contains
terms proportional to 6(Z - 1). The coefficient of §(Z - 1) in eq. (42)
is in fact modified by terms of order ag because the probability for a
quark to remain a quark with the same energy is lowered by the interaction.
These terms are included in P(Z). In our gedanken derivation of P(Z) from
Oorder o’ the §(Z - 1) contributions arise from the interference of the
point liﬁe diagram with the radiatively corrected (to order as) amplitude
for a final state with a single quark and no gluons (see fig. 3a where
gluons are marked by a G). If therefore follows that P(Z) is directly
proportional to a probability (in particular is positive definite) only
at Z <1 ; while at Z = 1, §(Z - 1) contributions are present which
spoil the positive definiteness. At all Z the real probability density
is P(Z,t) and not P(Z).

6. THE GENERAL MASTER EQUATIONS

In this section we start from our prototype eq. (37) for the
densities and generalize it to the actual level of complication of QCD
by taking into account the effects of the gluons and of the presence

of several flavors.

First of all it is immediate to realize that there must also be
a gluon term in dq/dt. The effective number of quarks inside the proton
as seen by the photon may take a contribution from a gluon in the proton
that makes a quark-antiquark pair and one of them interacts with the
photon. This is seen by observing that both the diagrams in fig. 3b and

3c are contributions of the same order tog . Correspondingly in

order a g
dq/dt we shall find two terms. One is proportional to the number of

quarks times the probability for finding a quark in a quark. The second

is proportional to the number of gluons in the proton times the probability

of finding a quark in a gluon :
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We have thus introduced a new P function, which is non diagonal.
With no interaction there would be no chance of finding a quark in a
gluon. Therefore the corresponding probability density PqG(Z,t) starts

with PqG(Z) (with no 6(Z - 1) term)

(¢}
S
Pt = g0t P+ ... (44)

We observe that eq. (43) by itself cannot be solved because the
variation of the quark density also involves the gluon density. An equation
for the variation of the latter is also needed in order for the system to
be closed. An equation for the gluon density is readily obtained by
following the same logic as above. Only we must imagine a different probe
because the photon is not coupled to color. But we can imagine a virtual
spacelike gluon of mass -QZ probing the proton structure. It is than
straight forward to write down the master equation for the variation of

the effective gluon density :

(45)
dex,e) _ % 14y X X
=T T ){;1 [(q(y,t) +a0,8) Bg (@) + 6(y,8) Pog )



The first term is proportional to the total number of quarks and
antiquarks times the probability of finding a gluon in a quark or in an

antiquark.
The two probabilities are the same by charge conjugation :

PGq(Z) = PGE (Z) (46)

The second term is proportional to the number of gluons times the

probability of finding a gluon inside a gluon.

Up to now we made no reference to the variety of flavors that

exists. There is no difficulty in taking it into account. Let us label

by q; (i=1, ..., 2f) any quark or antiquark of all flavors. In full
generality we should write :
[2¢
dq.(X,t) a 1
M 2 VIR TR I 3 (47)
dt 2m x ¥ |3 qjqi qiG
J
o 1 [2£
dG(X,t) _ s ( dy .
ac . "7 ){ v g i PGy + CFgg (48)

However a great simplification is introduced by the facts that
color and flavor commute and that a sufficiently large Q2, masses can be
neglected. Thus quqi is really diagonal because the emission of gluons
can neither change the flavor of the quark, nor transform a quark into an
antiquark. Furthermore in presence of no mass effects the diagonal terms

are independent of i :

P (z) = (z2) (49)

- § . .P
q1q) qiq} 4qq

Similarly the probability of finding a quark in a gluon is

independent of the flavor of the quark (or antiquark) :
Pin(Z) = PqG independent of i (50)
The same applies to the probability of finding a gluon in a quark :

P Z) =P independent of i 51
cq;® = Toq p (s1)

411



When eqs. (49,50,51) are taken into account the master equations

eqs. (47) and (48) take the simpler form :

dq; (%, ) Ot(t) 1
—r— f

%I%

. X X -
Fu(y,w P+ C0nE) ch(;>] (52)

i, t) %0
dt 2

X 53
(Z qJ) PoG) + C(t) qu<;)1 3)

All the information on scaling violations in QCD is contained in

the above equations, when the functions P(Z) are explicitly evaluated

(from first order perturbation theory).

It is convenient to write down separate equations for singlet and
non singlet quark components. A non singlet component (under the flavor
group) is any difference q; - 4: for whatever i and j (i,j =1, ..., 2f)

J
or any linear combination of differences.

Denoting by p, n, A, p' the densities of up, down, strange and
charmed quarks in the proton (sumed over colors), examples of non singlet

components are the "valence" quark densities :

pyX.t) = p(X,t) - p(X,¢) (54)

ny(X,t) = n(X,t) - n(X,t) (55)

Let q.. = q. - q.. By substracting the equation (52) for qj from

ij i i
the equation for q; we remark the cancellation of the gluon contribution

and obtain the diagonal equation :

dql.(x,t) ) as(t)
dt 27

1
dy X (56)
J 7 95500 qu<y)

The simplest equation discussed in the previous sections is thus
obtained as appropriate for all non singlet densities. Note that qu(Z)
is a single function that determines the same scaling violations for all
non singlet densities. In particular all moments of any non singlet
density are of the form in eq. (39) with exponents An determined by qu(Z),
through eq. (29).
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To extract the remaining content of egqs. (52,53), it is sufficient
to sum the equations for dqi/dt over all i. Denoting the sum of all quarks

and antiquarks by I :
2f
! %o = ] q(x0) (57)
1

We obtain a closed system of two equations :

(t) 1
a0 _° ay & ]
o - . ;‘ [%(y,t) P ) + 2f G(y,t) P ()
(58)
dle) _ Psle) }‘31 20,0 2o & v co,0) o
d& T gy |00 Bey 758 Pec (] (s9)

Correspondingly for the moments of Z(X,t) and G(X,t) one obtains a

system of two linear differential equations :

1
<ty > = fax ¥ nex,e) (60)
0
1 -1
<6(t) > = [ a&x X" G(X,t) 61)
o0
A“ 2£ A"
4 [<z(o>) _ %D KU <Z(t)> (62)
dt <G(t)> 2n <G(t)>
with :
1
- A" = [az "l (63)

as in eq. (29).
It is straight forward to derive the expressions of a given parton

density in terms of singlet and non singlet components. Assume for example

SU(3) symmetry for the sea and define :
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pv(x)t) = P(X’t) '_P(X,t)

o (%,t) = n(X,t) - 0(X,t)
S(X,t) = P(X,t) = WX, ) = A(X,t) = A(X,t)
C(X,t) = p'(X,t) = p'(X,t) (64)

The evolution of the sea and charm densities is easily obtained in

terms of that of I and of non singlet components. Defining :

V(X,t)

Py(X,t) + ny(X,t) (65)

A(X,t) S(X,t) - C(X,t) (66)

We immediately have :

Z(X,t) = V(X,t) + 6S(X,t) + 2C(X,t) (67)
and

s(x,t) = £ [EX,0) - VK,t) + 20(%,t)] (68)

cxt) = & B0 - V(X0 - 65X, 6] (69)

The t behavior of Py, Ty V and A is obtained by the diagonal
equations (56) while for I the system eqs. (58,59) has to be solved. Finally
from the evolution of the parton densities the t behavior of structure

functions is obtained by the familiar parton expressions for them.

7. CONSTRAINTS ON THE P FUNCTIONS

(5)

In this section we shall introduce a number of simple constraints
on the P functions which are important in themselves and can be used to

simplify their computation.

The parton densities are positive definite functions of X for all t
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that are only bound a priori to satisfy the sum rules of conservation for
the proton quantum numbers and of momentum. These sum rules read (see
eqs. (54) (55) )

1 1
aX p,(X,t) = 2 ; [ dX n (X,t) =1 (70)

OI Py ) Xy

1 _ 1 - :

[ aXQAX,t) - A(X,t)) =0 ; [ dX(p'(X,t) - P'(X,t)) =0
) 0 (71)

and

1

[ dX.X (Z(X,t) + G(X,t)) = 1 (72)
0

where I is defined in eq. (57). Conservation of charges and of momentum at
the basic vertices of QCD preserves these sum rules from being spoilt by
changes of Q2 so that they provide constraints on the P functions that
determine the Q2 dependence of the densities and their moments. The sum
rules for the conservation of charges involve the moments with n = 1 of

q with n = 1 given byzeq. (63) in
terms of qu(Z) must vanish in order for the charges to be Q independent.

non singlet densities. The exponent A:

We thus derive the result :
1
[ az Pg® =0 (73)
0
Recalling that for a diagonal P function the relation with a
probability density involves a §(Z - 1) term (see eq. (42))

[0}
Pyp(Z,t) = 8,5 8(z-1) +2—s £ Pyp(2) + ... (74)

We explicitly see from eq. (73) that the terms proportional to
8§(Zz - 1) of order g in qu(Z) make this function not definite positive.
qu(Z) is made up of a regular definite positive term and a § function at
Z =1 with negative coefficient. Eq. (73) can be used to fix this
coefficient with no need of diagrammatic calculations, which however can

well be done as a useful exercise.

From the above discussion we also obtain the following set of

inequalities for n > 17:
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1 1

n-1 n
0o > dz Z P z) > dzZ 2" P Z 7
Cf w® é @@ (75)

In fact the regular term at Z < 1 gives a positive contribution to
the integral which is smaller when n is larger, while the negative term
from the §(Z - 1) contribution is independent of n. Therefore from the
vanishing of the n = 1 moment of qu(Z) the whole set of eqs. (75) is
obtained. This fact implies through eqs. (32) (39) and (63) that all non

singlet moments with n > 1 go to zero at t + ® (faster for larger n).

We now consider the momentum conservation sum rule in eq. (72).

The corresponding contraint is obtained by going to eqs. (62). Taking the

d <I(t)>,
dt

d <G(t)>»
and T

and

n = 2 moment, summing the equations for

imposing the separate vanishing of the coefficients of <E(t)>2 and <G(t)>ﬁ

on the right hand side leads to :

1
Of dz.z (qu(z) + qu(Z)) =0 (76)
1

of dz.z (Zf PGq(Z) + PGG(Z)) =0 a7

Eq. (77) can be used to fix the coefficient of the §(Z - 1) term
in PGG(Z).

8. AN ALTERNATIVE CALCULATION OF THE P FUNCTIONS

We have seen in the previous sections that as a matter of principle

the functions qu and P__, can be obtained from a calculation of the diagrams

qG

in Fig. 3a, b, ¢ that contribute to O This method can also be

order ag

Gq and PGG' On the other hand we have given

a physical interpretation of %% t. PBA(Z) in terms of probabilities of

extended to the calculation of P

finding the parton B in the parton A with a fraction Z of the A momentum.

This interpretation suggests that it should be possible to extract %% t PBA(Z)
directly from the lowest order basic vertex of QCD involving the fields A

and B. This is in fact necessary for the consistency of this interpretation

which asserts the independence of P_, from the probe that interacts with the

BA
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with the given parton B, which only determines the value of t. In other
words we stated that the effect of the P terms can be taken into account
by a redefinition of parton densities that thus acquire a Q2 dependence.
But parton densities are useful if we can relate different structure
functions for the same process or the same structure functions for
different processes, say electroproduction and v or V scattering. It is
thus important to show that the P functions and consequently the effective
Q2 dependent parton densities, only depend on the target and for each
fixed Q2 are insensitive to whether the probe is a photon with one or
another polarization, or a weak current with any mixture of vector and
axial vector couplings. This fact was explicitely demonstrated in the
second article of ref. (5) where the whole set of P functions was derived
from the basic vertices of QCD and the constraints introduced in Sect. 7.
The method is a generalization in QCD of the well-known Weizsacker-Williams
calculation of the equivalent number of photons in an electron in QED.

The strategy is to compute the regular part of PBA(Z) at Z < 1.
The §(Z -~ 1) singularities that are present for the diagonal cases (A = B)
can then be fixed by the constraints derived in the previous section.
The diagrams in Fig. 3a and b contribute to qu(Z). Those in Fig. 3a can
only contribute §(Z ~ 1) terms and we can avoid to compute them. As for
the diagrams in Fig. 3b, the one with the gluon emitted by the final quark
(after interaction with the photon), seems superficially to contradict our
philosophy for the P functions, while the other one is directly of parton
type in that the emitted gluon could be considered as part of the proton
blob. Actually both diagrams are necessary in a general gauge to ensure
gauge invariance of the amplitude. But looking more closely one discovers
that the second diagram is only necessary to cancel the contribution of the
unphysical longitudinal and scalar gluons in the parton like diagram which
are present in a general gauge. In other words if we only sum over trans-
verse gluons the contribution of the parton diagram is the only relevant
one for the terms which contain t 1i.e. are logarithmically dominant.
Moreover the parton diagram factorizes into a contribution from the current
vertex and one from the gluon vertex and the latter is the one relevant

(z).

for qu(Z). A similar discussion applies for all PBA

More recently the universality of the P functions and the possibility
of factorizing their effect by a redefinition of parton densities has been

further elucidated in refs. 6 and 7.
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9. TRANSVERSE AND LONGITUDINAL STRUCTURE FUNCTIONS

We now pause for a moment in order to summarize the main points
in the long argument in the previous sections.

We started from the lowest order result (naive parton model) :
20,0 = efa@ = [Fam efsd - (78)

(the non singlet structure function is considered for simplicity). We

then added the correction of order ag to the point like cross section :

—

= o a
2 F (X,0) =£%Z a(y) e? La(é— D+ 52 ¢ P(%) + o £ (%):I (79)

The necessity of including the t dependent term in q(y,t) arises
because ot cannot be considered as a small parameter (even if we could
replace Oy with as(t)). On the other hand, the independence of the P
functions from the detailed structure of the probe leads to effective
parton densities that only depend on t and on the target. In turn the t
derivatives of the effective parton densities start with ag and are small
when O is replaced by as(t). By replacing q(y) by q(y,t), one obtains
from eq. (79)

as(t) '

2 - }‘-’1 2Zls& -1+ £ & (80)
F& 0 I q(y,t) e y Dt Y

The possibility of implementing the above factorization to all
orders is the key result of the renormalization group approach.

In most cases, for Q2 large, we can neglect the f term and the
naive parton model form of the structure function is restored in terms
of t dependent effective parton densities satisfying the integro-differential
equations (52,53). However, in some cases the f terms are important and

we shall now discuss this matter.

First one may ask why we do not absorb the f terms in the
definition of q(X,t) as well. The answer is that the f functions contrary
to the P functions are not independent on the detailed properties of the
current. Thus if we were to compute FZ/X instead of 2F1 we would have
found the same P functions but a different f term. In fact the complete
result for the two structure functions would be (we restored the non

singlet components as well) :
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(81)

F0,0) 1 2 X a (t) a (t) oo
- 9k 2 s X
—i—" @ 1 4 (v,t) iS(; D+ —= fz(y)]+ g e; G(y,t) = f2(y_)}

s

a_(t)
q.X 2 s G X
@]+ 1 ¢ cono 5 f1<y)}

<&

1 a_(t)
oty 2 X 5
28, (%,0) —XI Pl oo [s& - n 5

(82)
where the index i runs over both quarks and antiquarks of all flavors.
The importance of the f terms becomes manifest if we are interested
in the longitudinal structure function :
,FL(x,t) = E‘Z(X,t) -2X Fl(X,t')] (83)
In fact FL is zero to lowest order, while to order as(t), by
subtracting eqs (81, 82), we find :
F. (X,t) o (t)
L d 2 X 2 G X
i i
where
q,6 = q,G - q,G 85
fL f2 fl (85)

This is a very important result that shows that the longitudinal
structure function in QCD is only expected to vanish logarithmically at
Q2 + o . This is to be confronted with the prediction of the naive parton

model of a power behavior at large Q2 : FL v mZ/Qz.

We alreday mentioned in Sect. 3 that the f functions are not well
defined in that they depend on the regulator mass that makes the integral
over Ri in eq. (21) finite near Rf =~ 0. But this dependence on the regulator
mass cancels in the differences in eq. (85). In fact fg and fg can be
directly related to the longitudinal structure functions for parton-virtual
photon scattering and computed from the diagrams in Fig. (3) (referred to
a longitudinal photon). The independence on the infrared cut off manifests

itself in that the parton longitudinal structure functions are well

defined even in the massless theory and one finds(a)
q - 8
L@ =32 (86)
£ @ = 220 -2)
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For an arbitrary process (e-P or v, V scattering) we then obtain

the results(g) (a part from terms of higher order in as(t) )
a_(t)
2 8 X
FL(X,t) = —— X —g' {} FpX,e) + 24 A -y G(y,t)} (87)
1 o (t) 1
oy (1) :of dz F (Z,t) = — {9 J’dx Fy(X,t) + ¢ )’ dX G(X,t)

(88)

where A is the sum of all coefficients of quarks and antiquarks in the
naive parton model expression for F2/X. For example, with four flavors
beyond charm threshold, A = 20/9 in electroproduction, and A = 8 for

vV or V scattering on matter.

We can easily understand why QCD leads to o, as(t) and why the
infrared singularities cancel in this case. In the naive parton model,
(i.e. for as set to zero), the point like longitudinal cross-section is
zero in the limit of zero P, for the quark in the nucleon. In fact in the
frame where the spacelike current carries no energy (see eq. (5)), the hit
parton reverses its momentum and since the helicity is conserved (vector
and axial vector interactions for mass less fermions) the spin is also
reversed. Thus, being the process collinear the current mustcarry a unit
of spin component in order to conserve angular momentum and the longitudinal
cross section is zero. If EE (or m2) is not exactly zero, but the gf
distribution is sufficiently damped, as one assumes in the naive parton

model, then one obtains by a precise calculation :

o )+ m2 .
Loy = (Naive parton model) (89)
Op Q2

If we now allow for correction of order o as in the diagrams of
Figs. 3, then the intermediate quark that actually interacts with the
current has a gﬁ distribution that only drops as P]? (recall the discussion

in Sect. 3 and especially eq. (21)). We then have schematically in QCD

2 .2
Q" dry 2
oT'\:1+qSI mel+asan (90)

2 de

< pi> N / pi_ ‘j£ v Q2 + constant

Py

(91)



OL Qz P_f_ dpi 2
= vag J' 5 5= v oag* e (1/Q7) (92)
T Q" pp

We thus expect in QCD OL/GT N < Pi> /Q2 v as(t). We also understand

why g, is regular in the massless theory for partons : the singularity at
P_L = 0 is cancelled by the vanishing of the numerator for a collinear

process.

We stress that the verification of this QCD prediction is of the
utmost importance. Unfortunately, the present experimental situation on
FL and o, is confuse. A precise experimental determination of these
quantities is also a most direct way of measuring the gluon content of

the nucleon.

10. JETS IN LEPTOPRODUCTION AND THEIR P; DISTRIBUTIONS

A strictly related set of consequences following from the above

discussion is about the PJ_ distribution of jets in electroproduction. Here
we deal with the first example of more recent problems attacked in QCD,
which were not solved by the renormalization group method. As we shall see
the relevant QCD predictions are quite naturally derived by the present

approach.

In the naive parton model, neglecting the P spread of quarks in
the nucleon, which is damped by the wave function and does not increase
with Qz, we expect two hadronic jets opposite in rapidity, arising from the
fragmentation of the quark parton on one side (current region) and from the
debris of the nucleon on the other side (target fragmentation). This is a
two jet process with small P . The P; of hadrons in the jets arises from

two effects : the IZL of the quark parton and the PJ_ with respect to

the parton axis from the fragmentation of the quark into hadrons.

But we have seen that in QCD the possibility of gluon interactions
provides the intermediate quark (and therefore the final quark because the
current carries no P:L) with a hard tail in its Pl. distribution. This tail
is small (because it arises from a fraction of events of order ots(t)) but
extends up to Pi N Qz. The leading term of < Pi > in eq. (91) is due to this
effect and can be predicted perturbatively, while the constant term depends

on the wave function effects and cannot be evaluated. One thus expects a
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fraction of events of order as(t) with the topology of three jet events :
the target fragmentation jet with small 31 and two jets with large and
almost opposite P, from the quark and gluon fragments or from quark and
antiquark fragmeA;s for parton processes started by a gluon in the nucleon).
For a quantitative discussion(g’10 ), suppose we want to compute
a moment of the P, distribution for the parton jets for thtee jet events
in electroproduction, for example <El? as a function of Q , Xand y. y

is defined by :
y = \)/E2 (93)

where Eg is the laboratory energy for the incoming electron. As well-known
Y enters because it rules the proportion of longitudinal and transverse
photons according to :

dxdgy = E Tyt YZ/ZI (K Fp) + (1L -y) F (%)

with F defined in eq. (83). From the previous discussion, it follows
that we can compute the leading term at large Q of < gi > (i.e. the one
proportional to Q ). We saw that the physical origin of o and of < Ei >
are related. Their computation is also very similar. Just as o is obtained
by computing 23 for partons in lowest non vanishing order, i.e. order Cgs
then convoluting the result with t dependent parton densities and finally
replac1ng o with a (t), the same strategy is followed in evaluating
<Pl > /Q We evaluate the angular distributions j 2 off transverse and
longitudinal photons for both an initial quark (anthuark) or a gluon. We
then obtain the relevant moment. In particular for < Ei > we define :

o L,T 2

7 Tq:G @ = é ZU arf (95)

B

with the integration from zero to the maximum allowed Bi of order Qz. We
finally convolute with t dependent effective parton densities and replace

as with us(t). The final result has the form :

< P_|_> o_(t)
2z = o (t) g(Xy,t) = = g )((x 0 {J' [_F (8 T @

1
+ (Z eh) (u 6w, ) TT(X)] —2———J’d‘21 F,(u,t) T & « (Z D) (e, t) T (—)B
/2 X u
(96)
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The T functions are explicitely evaluated in ref. (9). As is clear
from eqs. (21, 95), they are well defined even in the massless theory and
consequently no infrared cut off dependence affects them. Note that the t
dependence of the function g in the previous equation only arises from the
effective parton densities. The main results of the detailed computation
can be read from Fig. (4,5). There we neglected the t dependence of parton
densities and inserted standard parton fits in the present range of Qz.

One finds that the result is fortunately not very sensitive to the badly
known gluon density in the nucleon (this is not the case for OL/GT). The
naive parton model prediction in eq. (89) (with m = 0) is found not to

be true quantitatively, but only as an order of magnitude relation. As for
the properties of g(X,Y) in eq. (96) the y dependence is generally negligible,
while the X dependence is very important but can almost completely be taken
into account by saying that < Bi > is not proportional to Q2 but rather

to w2, the total hadronic invariant mass squared :
w2 _ 2
= (®+q 97
with P the nucleon momentum. For almost all X, we roughly obtain :

<> @ a0 w232 (98)

gl. ~

Recall that to this linearly rising (in WZ) component, one should
add a constant contribution (a part from logs) originating from the
intrinsic P of partons in the nucleon. At small Wz the ;onstant component
is expected to be dominant while at sufficiently large W~ the first term
takes over. Note however that the slope in Wz of the linearly rising term
is small, as apparent from eq. (98). Thus it is not a surprise that at
present energies (hg,s 200 GeVz) the presence of the hard component is
still not visible.

Note also that the available data(ll)

refer to < Pi > of one given
hadron in the jet, while the QCD result in eqs. (96,98) concerns the

< Pi_> of the parton that produces the jet. The P distribution of the
hadrons in the jet is also dependent on the fragmentation properties of
the parton into hadrons which cannot be calculated in perturbation theory.

. S . . . P .
By summing the P of the hadrons in the jet, one can in principle reconstruct

4
the ?L of the parton and be freed from the dependence on the fragmentation
12
functions( ).
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Fig. 4 : Plots of (p_L>/Q o @ )g(x,y) for y = (—), J " 1 (-=-),
of F, (x,Q )/F2(x Q2) v @Q%)r(x) and of 4(pL)/W for y = 1
(and w1th a (Q ) =1).
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0. 2’! 0-;0 0."'5 "
Fi 55 Wi 2 402 a, 2 . .
ig. : With (EL?/Q " as(Q )g(x,y) we separate at y = 1 the contributions

of quarks and gluonms, gg(x), in the nucleon.
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11. DRELL-YAN PROCESSES

In this section we consider lepton pair production in hadron-hadron
collisions. The usefulness of the QCD improved parton language is best seen
in this case which is outside the range of application of renormalization

group methods.

In the naive parton model lepton pair production in hadron-hadron

(13). A quark in one

collisions is described by the famous Drell-Yan formula
hadron annihilates with an antiquark in the other hadron and produces a

lepton pair with point like cross—-section :

2 . DY 2 x. dax. | £ 99)
Qdg _4md g dX) A 2 1, =2 T
7 79 T oef qi(x) Q5X) + 142 8(1 - =)
dQ Xl X2 j=1 373171 ji72 x1x2

where Q2 > 0 is the invariant mass squared of the lepton pair, S the

invariant mass squared of the incoming hadrons, T = QZ/S, Xl’2 are the
fractions of longitudinal momentum carried by the parton quark or antiquark

in hadron 1 or 2, the labels 1 and 2 on the parton symbols refer to the

hadron they belong and the sum over j runs on quark flavors (i.e.j =1, ... 4).
Starting from the Drell-Yan formula, we can compute the effects induced by
gluon corrections in QCD, just as we did in leptoproduction where we also
started from the naive parton model approximation. In particular, two

problems can be considered. The first deals with the relation of the

parton densities that appear in the Drell-Yan formula with those measured

(14)

in leptoproduction. The result is that in the Drell-Yan case also t
dependent effective parton densities are induced by gluon corrections
which turn out to be the same, in the leading logarithmic approximation,
as in leptoproduction at the same |q2| (i.e. there is no influence of the
current being spacelike in one case and timelike in the other). The second
problem is the study of the B distribution of the produced lepton pair.
In this case the gL of the pair is directly related to the transverse
momentum of the incoming partons with no hadronic fragmentation function
obscuring the result. The problem is solved by computing the angular
distributions for the parton processes and then convoluting with the

0
effective parton densities and replacing g with as(t)(l ’15’16).

Gluon corrections are evaluated from the basic processes

q+7 —>c+y* (100)
@ + 6 —>q® *+v*
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where Y* is the virtual photon of mass
virtual corrections of order g to the

we did for electroproduction we add to

‘] 2 .
Q" . One must also take into account
lowest order process q + E -> Y*. As

the point like cross—section

result for © .
order Og

for both processes in eqs. (100) has a term

appearing in the Drell-Yan formula the Ignoring

2,2
povers of m" /Q", Oorder ag

that increases logarithmically with Q2 and a finite term. By omitting all
obvious factors and sums the result for the corrected Drell-Yan formula

is of the form

2 . DY 1 4dx, 1l dx
Q° do 1 2 1 ) . _
“wlx lx {_E; @) T@p + 16>2] 18 - 21
dQ T 1 "2
X
a a o
s DY s DY 1 -1 2 s
+a-t 2 qu(zlz) + fq (leiI + [Eq (X)) +79(X))6 (X)) + 1£2] &=
DY DY
E’qc‘zu) e+ £ “12&} (101)
where
2
T Q
z = == <1 (102)
12 X1 X2 s

with s = XIXZS the invariant mass squared of the incoming partons. It is
clear that the total cross sections for the parton processes in egs. (100)
can only depend on Q2 and s, and thus when an appropriate dimensional

factor is extracted they are just functions of Zq,-

An explicit calculation(la) shows the identities
DY
P~ () = P_(2)
qq qq (103)
DY -
PqG (2) PqG(Z)

where on the fight hand side we have the familiar functions introduced for
leptoproduction. If we neglect for a moment ng in eq. (101) it is a

bl
simple matter to show that we can reabsorb the terms in ot into effective

parton densities, as we did for leptoproduction ;

DY
2 do
Q 2 v
dQ

[=}

X

[=9

X

A
>
.

1 2

HNI"‘ \.'—-’H
7
N

(104)

{(ql(xl) + gt (X, 0)@%(X,) + Aaz<x2,c))6(1—zu}
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with

o 1
] >4 X 2
Bq(X,t) = 5 c){ 7 (300 Bgq )+ 6 P g (y)] (105)

We thus obtained the quoted result that the same effective
parton densities describe both leptoproduction and Drell-Yan processes
¢ terms also into
account and replacing g with as(t) we then end up with the modified

when the same Q? = |q2| is considered. By taking the sz
’

Drell-Yan formula :
DY 2 1 dX dx f
2 do 4o, 1 2 2 1 -2
Q- L - I—I—{ I et a3(xp,t) q3(X,,0) +14>2][81-2,,)
sz 9s T xl T X2 j=1 j o3l jt2
X

a_(t) [ a (t)
s DY 1 2 s DY
-% fq (lez‘ + [ZFl(xl,t) G (Xz,t) + 1é->2] o fG (212) (106)
where Fi is the electroproduction structure function, F1 for hadron 1
(that originates from z e?(qj + E&) in eq. (10)).
3

+

While the f corrective terms proportional toe{ (t) are certainly
negligible for P-Nucleus collisions they may be important(17) for P-Nucleus collisions,
where the leading term is small being proportional to the sea densities. The precise
determination of these corrections depends somewhat on the definition of parton densities
beyond the leading order, as a consequence of the infrared subtelies connected
with the f terms. After this meeting this matter has been discussed in
Ref. (18).

We finally consider the problem of tne r distributions of muon
pairs. As for the B of jets in leptoproduction, one obtains from QCD

a detailed prediction for the hard component of the P, spectrum. That is

L
to say that for example we can predict the coefficient of S in the

expression of < Ei >, This is of order as(t) and is a function of T :

< pi > = a (t) § 6(1, a(t) + ... (107)

A part for terms of order ai (t), the dots stand for terms with
no factor of S, which cannot be predicted because they contain the
information about the intrinsic component of EL from the nucleon wave

function. At sufficiently large S the first term dominates, but the
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magnitude of the terms in the dots at present energies is still non
negligible, because the linearly rising term has a small derivative of

order as(t)

(15)

One starts by computing the angular distributions for the
parton processes in eqs. (100). From these one obtains the moments of the

gL distribution :

that are well defined and convergent even in the massless theory(for n > 1).
Convoluting with the effective parton densities and replacing Oy with o (t),

one ends up with the result (for PJ.for example)(ls)

h

DY o2 O (t) lax, 1gx
2 2 do l 2 3 2 1 -
<p;>Q - I——~X 2 a-z) e? a5 (%, 0) T (K, ) 416
T T

dq? 2 a1
Xl -

z -

1 12 1 2 3 1 1

.16 (3 + —~——————§) + ZFl(Xl’t) G (Xz,t) + 1e92 STt Z(l—zlz) - 2212
(1-212) 12

(108)

I shall not go here in the details of a comparison of the above
formula with the data because this subject is discussed in full in the
lecture by PETRONZIO at this Meeting that can be found in the companion
volume of the Proceedings. The conclusion is that the component due to the
intrinsic gL of partons in the nucleon is still substantial at present
energies, but evidence already exists for an hard component that increases

with S at fixed T.
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QUARK JETS

U.P. Sukhatme

Laboratoire de Physique Théorique et Particules Elémentaires

Université de Paris - Sud, Orsay, France

Abstract : We discuss various aspects of jets resulting from quark
fragmentation in the framework of the cascade model, in which the
jet is formed by a succession of breakups (quark -+ meson+quark) .
Among the topics discussed are jet multiplicities, inclusive mo-
mentum distributions, the leading particle effect in jets, the
behavior of fragmentation functions as x + 1, a comparison of va-
rious methods for finding the jet axis, and how the jet angular
distribution in e+e_ collisions can be used to discover new quark

or lepton thresholds.

Résumé : Nous discutons les divers aspects des; ets produits par
la fragmentation des quarks. Dans le cadre du'ﬁodéle de cascade,
le jet est formé par des "breakups" (quark -+ meson + quark) suc-
cessifs. Les sujets traités sont les suivants : les multiplicités
des jets, les distributions inclusives, la présence d'une parti-
cule dominante, le comportement des fonctions de fragmentation
quand x » 1, la comparaison de diverses méthodes pour trouver 1'
axe d'un jet, et comment peut-on découvrir des nouveaux seuils de
quarks ou de leptons en observant la distribution angulaire des
jets dans les collisions e+e—.
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I - INTRODUCTION.

This article deals with several aspects concerning jets of par-
ticles arising from quark fragmentation. First, we provide a theore-
tical framework for the discussion by briefly describing the popular
cascade model for jets (Sec.II), and formulating it in terms of
integral equations.(1_4) This enables the calculation of all quan-
tities of physical interest. In particular, one obtains logarithmic
multiplicities with a universal slope and the inclusive momentum
distribution for mesons (Sec. III). From this, it is easy to compute
how often the leading particle in a jet contains the jet-initiating
quark (Sec. IV).(2) This question is of experimental importance,
since one would like to be able to identify the flavor of the quark
which produced the jet. Sec. V contains a derivation of "power coun-
ting rules" which g%Z? the behavior of various quark fragmentation

functions as x +~ 1. These rules are different from "dimensional

counting“,(S) and are in good agreement with available experiments.

In Sec. VI, we discuss various possible methods for finding the jet

(6,7) The inherent uncertainty in

axis in a given jet-like event.
such determinations is estimated. Finally, in Sec. VII, we show

that the observation of structure in the eccentricity of jet angular
distributions is probably the quickest way of establishing the exis-

tence and position of new physics at PETRA and PEP.(S)

II - CASCADE MODEL FOR JETS.

Let us first give a qualitative description of jet formation.
Quarks and antiquarks in a hadron can be regarded as relatively
free to move around in a region whose spatial extent is the hadronic
size. Suppose that for some reason (typically a high energy colli-
sion) a quark acquires a large momentum and tries to escape from
the system. A complete escape would result in the observation of
fractional quark-like quantum numbers. Since they are not seen, it
follows that the confinement forces must be responsible for sorting
out quantum numbers - the final result being the transformation (or
fragmentation) of the escaping quark into a jet of particles. Thus,
jets are a consequence of confinement.

More specifically, jet formation is assumed to proceed via a
succession of fundamental "breakups" of the form quark -+ "meson" +

quark. For example, the first breakup is
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q; (P) ~ M, (xP) + g4, (P ~ xP) (1)

Here, the initial quark q; with flavor i and momentum P undergoes
a breakup into a "meson" M1 = 99y with momentum xP and a left-
over quark q;. with flavor i' and momentum (1 - x)P (see Fig. 1).
At each breakup, the quark momentum decreases. When it falls below
a critical value ulpresumably of O(mﬂ)J, the quark remains comfor-
tably in a hadronic system, without any tendency to escape. At this
stage, jet formation is complete.

It is important to note that in principle, all properties of a
jet should be derivable, if one knows the fundamental breakup pro-

cess. We now demonstrate how this is done quantitatively.

q. (P)

= qiqi 1 (xP)

Figure 1 : The fragmentation of a quark qi(P) into a jet of mesons
Ml’MZ’M3"" in a standard cascade model. The mesons
are formed in successive breakups of the form
quark -+ "meson" + leftover quark.
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For simplicity, let us first consider the case of one quark
flavor only. Furthermore, for now, we ignore the complications due
to quark masses and spins, the production of resonances and baryons,
and the transverse momenta of particles in the jet. These compli-

(3'4)For our simplified,

cations can all be satisfactorily handled.
one-dimensional jet, the breakup process is fully described by a
single function f(x), for which we have assumed scaling. Note that
f(x)dx is the probability that a breakup yields a "meson" M with
momentum fraction in the interval (x,x + dx). Since f(x) describes
how the incident quark momentum is shared between the meson and
leftover quark, we shall henceforth call it the "momentum sharing

function". Clearly
Mex)ax =1, (2)
o

since each breakup gives one meson.

ITI - JET MULTIPLICITY, MOMENTUM DISTRIBUTIONS.

Since the cascade model is a recursive process, it is reason-
able to expect that all quantities of physical interest satisfy
appropriate integral equations. This is in fact the case. The meson
multiplicity n(P) in a jet initiated by a quark with momentum
P 2 u1 satisfies the integral equation

n(P) =1 + fl dx'f(l1-x')n(x'P). (3)
u/P
The term unity on the right hand side corresponds to the meson pro-
duced in the first breakup, and the integral corresponds to the mul-
tiplicity coming from the leftover quark, which has momentum x'P.
Similarly, if we denote the inclusive single-meson momentum
distribution dn/dx by F(x), then for P 2 u , we have

l 1]
F(x) = £(x) + /7 ' £-xn)F(x/x). (4)
X x'
Again, the two terms in eq.(4) have a simple physical interpretation.
The term f(x) corresponds to the possibility that a meson with mo-
mentum fraction x is formed in the first breakup. The integral cor-

responds to the possibility that the first breakup produces a
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quark with momentum fraction x' 2> x, and this quark yields a meson
at x in a subsequent breakup. Note that integrating eq. (4) over
x yields the multiplicity integral eq. (3).

Similarly, the two-meson inclusive momentum distribution

dn/dxldx2 = G(xl,xz) satisfies the integral equation
f(xl) x2 f(xz) Xy
G(xl,xz) = F + F
l—x1 1 - Xy 1 - Xq 1 - Xy
1 ' X X
5 = raexne]| 2,22 (5)
X)X, x' x' x'

We now present the salient features of the solutions to inte-
gral egs. (3) - (5). The general solution to the multiplicity inte-
gral equation (3) is

P 2 -1
n(P) = afn(z) + 0(%) ; o = (6)
u p2

lax: f(1-x") 2nx'
o

Note the very general result that one always obtains logarithmic
multiplicities at large energies for any choice of the momentum
sharing function f(x). The slope o depends on f(x), and one can
see that if f(x) is such that the meson tends to take a larger
share of momentum in a breakup, then a smaller slope a results.
Since 2nx' is large near x' = 0, the slope o is sensitive to the
behavior of f(x) near x = 1.

Next, we solve integral eq.(4) for the meson distribution F(x).
It is a linear Volterra equation of the second kind and a conver-

gent solution is obtained by successive iteration.

Fix) =¢ FI)(x) (7)
j=1

where,
F ) = £(x),

. 1 .
Fi3* ) = I - e P w2, (8)
X
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The index j in eq. (7) labels the breakup, in the sense that F(ka)

th breakup. Similarly, eq.(5) can also

is the contribution of the j
be solved iteratively to give G(xl,xz).

The jet-initiating guark is of course a part of the "meson"
M1 produced in the first breakup. Let us note that if the contribu-
tion of the first breakup F(l)(x) behaves like (l-x)B as x > 1,
then it is easy to see that the contribution of the second breakup
F(Z)(x)isﬂ>(1—x)8+l, and in general F(j+l)(x)-§:i(l—x)e+j. Thus,
one gets an extra factor of (1-x) at each breakup. We will make use
of this simple rule later [in Sec. V] , when we examine the behavior
of fragmentation functions as x + 1.

In order to get a feel for the behavior of the inclusive dis-
tribution, let us consider the following simple but realistic choice

for the momentum sharing function :
£(x) = (148) (1-x)° (8 20). (9)

For this example, the multiplicity and momentum distributions

are :
n(P) = (1+B)&nP + constant (10)
dn/dx = F(x) = (1+8) (1-x) °/x (11)
- 2 B
dn/dxldx2 Z Gxy,x,) = (148) “(1-x,-x,) /Xlxz (12)
For concreteness, take the case B8 = 1 [which is roughly in agree-

ment with e+e- inclusive meson distributions]. Fig. 2 shows how

the full meson distribution F(x) = 2(1-x)/x is built up from the
contributions of successive breakups : F(l)(x) = f(x) = 2(1-x) ,
F(Z)(x) = 4(1-x+ x%nx), etc. Note that for x 2.5, truncation of the
series solution [eq.(8)] after 2 breakups is adequate.

In the discussion above, we have solved integral eq. (4) by
successive iteration, since each iteration corresponded physically
to an additional breakup. An alternative mathematical procedure is
to take Mellin transforms and treat the resulting algebraic equa-
tions.(l)
(10)-(12) .

This procedure can be profitably used in obtaining egs.
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Figure 2 : A plot of the meson distribution for the momentum sharing
function f(x) = 2(1-x). The graph illustrates how succes-
sive breakups build up the full distribution F(x) = 2(1-x)/x.
The first breakup gives curve 1, the first two breakups
give curve 2, etc.

IV _~ LEADING PARTICLE EFFECT.

For this article, a leading particle is defined to be that
having x 3 i . Consider those jets which contain a leading particle,
and let us gsk for the probability that the leading particle came
from the first breakup and hence contains the jet-initiating quark.

This probability r is given by(z)

r=/>* f(x)d)/fl F (x)dx. (13)
1/2 1/2

For the realistic choice f(x) = 2(1-x) of the previous section,
r =+*6. Therefore, in 4 events out of 10, the x )»% particle came
from the second or subsequent breakup, and does not contain the
quark which initiated the jet. By a similar calculation, it is

easy to check that there is a high probability (= 85 %) that the

\
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jet-initiating quark is contained in the fastest particle only if
it has x 2 .75. This is a useful, practical criterion which expe-
rimentalists can use for identifying the quark origin of a jet by

looking at the fastest meson.

V_- QUARK FRAGMENTATION FUNCTIONS AS x + 1.

We now make the cascade model more realistic by allowing the
quarks to have several possible flavors.[The treatment given below
is for an arbitrary number N of quark flavors]. The momentum sha-
ring function fii,(x) acquires flavor indices [see eq.(1)], and
this leads to matrix integral equations for quantities of physical
interest. A detailed discussion can be found in Ref. (4).

It can be shown that the multiplicity of "mesons" qjak pro-
duced from an initial quark q; with momentum P is

njk;i(P) ~ (a ij/N)ﬂn(P/u) (14)
where,
N
o= =N X sfax £, (0 n(1-x)17" (15)
i,i'=1 ¢
- 1
ij = 6 fjk(x)dx. (16)

The quantity ij is the probability of having a

(qj - qk+"qj§k") breakup, which corresponds to a connection bet-
ween flavors j and k. Eg.(14) for the multiplicity is a genera-
lization of eq.(6) to an arbitrary number of flavors. Note that

the multiplicity is logarithmic and has a universal slope inde-
pendent of the initial quark flavor i. This is a reasonable result
when the multiplicity is large, since information about the initial
flavor i gets diluted with each successive(g) breakup.

The momentum distributions (fragmentation functions) Fji;i(x)
for various "mesons" qj&k can be found(4) by successive iteration.
This gives a generalization of egs. (7) and (8). Here, we wish to
point out a simple general result as x + 1. The point is more
clearly made with an example. Consider the fragmentation functions
of a d quark into nt and m . A m = (ud) can be produced in the
first breakup, but in order to form a n+ = (ua), at least two
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breakups are necessary. As we have seen in Sec. III, one gets an
extra factor of (1-x) with each breakup. Therefore, as x - 1, we

have the simple rule

Frtia |, pug(1-x) (17)

Fﬂ—;d

More generally, one can say that "unfavored" mesons have one

power of (l1-x) more than "favored" mesons - where "unfavored" refers
to a meson which cannot be produced in the first breakup. This
result is not affected by the presence of resonances in the jet(4).
Eg. (17) is very different from dimensional power counting,(s)

where a ratio (l—x)4 would be expected in the absence of resonances.
However, phenomenological determinations of fragmentation func-

(10)

tions are consistent with the power of unity in eq.(17).

VI - FINDING THE JET AXIS.

Given a multiparticle event (for concreteness, we consider
an e+e_ collision), one would like to find the jet axis. The cus-
tomary procedure(e'll) has been to compute the sphericity =
31 Pfi /@ z pi and define the jet axis to be that which mini-

miZes the sphericity. Another recent proposal(7)

has been
to find the jet axis by minimizing the spherocity =
[4 7 | P /73 b ]2. So, it is very relevant to ask whether
1 11 1
both methods give the same results, and to re-examine the criteria
for finding the jet axis.
The sphericity method minimizes a quadratic expression

z P 2 , whereas the spherocity method minimizes a linear combina-
iFyy
1 _tion ZIP |. In principle, an expression of any power

i 'y

E Pl? cai be i minimized. However, note that if a particle with
momentum P fragments into a jet, conservation of momentum implies
that the particles in the jet have no net transverse momentum. In
other words, the physics criterion for determining the jet axis

is to require conservation of transverse momentum - the jet axis
being the one such that § bli = 0. This is the correct procedure
if one knows all the particles in a jet.
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Figure 3 : A two-dimensional, four-particle jet with total momen-
tum P = 10 GeV/c at 0°, and < p, > = .5 GeV/c. The com-
ponents of momentum parallel and perpendicular to the
0° line are (1,0), (2,.5), (3,.5) and (4,-1). The axes
obtained by minimizing sphericity and spherocity are

marked.

As an illustrative example, consider the four-particle jet
shown in Fig. 3. It has a total momentum P = 10 GeV/c and
<Pl> = .5GeV/c. Note the discrepancy between the true jet axis
(0°) and the axes determined by minimizing sphericity (-3°) and
spherocity (+7°). Although we have not made a detailed study of
jets generated via Monte Carlo methods, it seems from numerous
simple examples of jets with P = 10 GeV/c that the axis from
minimizing sphericity is usually not too far from the true axis
(A6 = 3°), whereas spherocity minimization gives poor results
(A® = 8°)., This is presumably related to the fact that sphero-
city is not an analytic function of Pli'

In principle, requiring I Pli =0 is the proper way of
finding the jet axis if all the particles in a jet are known. In
practice, in an e+e_ event, one would need to cut each event into
two hemispheres by a plane perpendicular to a trial jet axis, and
take all particles in the hemisphere on the side of the axis as
belonging to the jet. The true axis would be that trial axis which
has ; P o= 0. In such a procedure, there will often be an ambi-

o -guity about whether a particle in the middle (near
the flat boundary between the two hemispheres) belongs to the jet
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. . . + - s s .
or not. This will always be the case in an e e collision, since
a quark (or antiquark) jet must have a connection with the other
hemisphere in order to conserve quantum numbers. This intrinsic

uncertainty will give rise to a typical angular error given by

pe = SR (18)
I?l
and this could be present in most events. For < p, > = .3GeV/c and
a SPEAR energy (s = 7.6 GeV, A®gppag = 4.5° whereas at a PETRA
energy |5 = 20 GeV, A® ~ 2°, This estimate indicates that,

PETRA
in practice, transverse momentum conservation and sphericity give

reasonable determinations of the jet axis, but spherocity is not
good. One must also keep in mind, that event by event there is an
uncertainty in the jet axis given by eq.(18).

VII - FINDING NEW THRESHOLDS.

In this section, we discuss how the angular distribution of
jets in e+e_ collisions can be used to locate new thresholds at

PETRA and PEP.(B)Assuming one photon exchange, the angular distri-

bution of jets is given by(lz)
do = 7 [A;(s) + cos®8 B, (s)] (19)
da|sers 1

where, for spin 1 quarks,

|
2 .7
2 2 4m,
Bpls)_qy |t mg [ R (20)
Bi(s) 4s s S
GJ is the angle between the jet (i.e. quark) direction and the

e+e_ beams. The index i runs over all active flavors at energy
JS. Note that when the energy is just above a new threshold at
s = 4m2, the contribution of the new quarks is spherically sym-
metric, whereas when s >> 4m2, the contribution is 1 + coszeJ. In

general,

do

2
~[1 + a (s)cos®@_.] ; a-.(s) = I B.(s)/Z A.(s), (21)
aq| JETS J J J PR S

where aJ(s) is the eccentricity of the jet angular distribution.
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Figure 4 : A plot of the eccentricity a., of the jet angular distri-

J
bution (from quarks only) as a function of CM energy
(on a logarithmic scale). Note that o7 takes a downward
jump whenever a new threshold is crossed.

A reasonable choice for the masses of the strange, charm, and
bottom quarks is mg = .5GevV, m, = 1.9 Gev, my = 4.5 GeV. This
gives an eccentricity aJ(s) as shown in Fig. 4. The figure also
shows the expected behavior of aJ(s) assuming the existence of a

"top" quark of mass m_ = 15 GeV and charge + % . Note that when-

t
ever a new flavor threshold is passed, the angular distribution
becomes more spherically symmetric and o takes a noticeable down-
ward jump AaJ. This jump is not a local effect - the dashed lines

in Fig. 4 show how o. would have behaved if a new threshold had

not appeared. The efgect of a decrease in o due to a new thres-
hold persists over a large energy range [the scale is set by
4mi - see eq. (20)1].

The sawteeth in aJ(s)~correspond to the steps seen in the more

conventional quantity R = O(e+e_ - hadrons)/o(e+e- > u+u-).
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From egs. (19) to (21), it follows that

AuI ~ - AR (22)
OLJ R

Thus, detecting AuJ is not a more sensitive method of finding
new flavors than R, but as we shall see, it is an alternative
method with numerous advantages.

How can 05 be determined from e+e_ data ? The procedure used

at SPEAR consists of an event-by-event sphericity analysis to

(6)

find the jet axis. This is tedious and not very accurate, but

the value aJ = 0.97 X 0.14 at fg = 7.4 GeV is consistent with

Fig. 4. At higher energies, one expects jet structure to become
more obvious and it should be possible to have a precise deter-

mination of o However, we will now show that a considerably

J*

simpler method of finding o. can also be used at high energies.

Consider the eccentricity Oy of the meson angular distribution
1 + aM(s)cosze in ete” collisions, and let us study how it is
related to aJ(s). To do this, we take a simple factorized model
for quark fragmentation into a meson jet.
2
p9 *M(x,pl) = F(x) exp TPy (23)
4<pl>2

For the one-dimensional case, <PL> = 0, the mesons are aligned
along the jet axis, and Oy equals Oge This simple result is
slightly altered in the realistic situation where <pl> is finite.
One finds that the eccentricity of mesons with momentum p >> <PL>
is essentially equal to Og- Physically, this result is qualita-
tively evident, and corresponds to saying that the fast particles
in a jet are approximately on the jet axis. More quantitatively,
if <bl> = .3GeV/c, then aM(P) > .98 o for mesons with momenta

P » 3 GeV/c. This provides an easy method of determining Oge

If two identical hadronic detectors are placed at angles
8 = m/2 and 6, and mesons with p > 3 GeV/c are counted, then the

meson eccentricity is determined

N(8) - N(m/2)

o, ( p 2 3) =
M ~ N(n/Z)cosze

(24)
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It will show a drop in value with the appearance of each new thres-
hold. Qualitatively, this remark is independent of all detailed
assumptions going into our analysis. It simply says that the con-
tribution of a specific particle-antiparticle pair just above its
threshold is isotropic, but at higher energies becomes (1 + cosze).
Quantitatively, the magnitude of the drop in aM(p » 3) is essen-
tially given by eq. (22), but it also depends to some extent on

our assumptions about quark fragmentation and jet multiplicities.
This is, of course, a disadvantage compared to the traditional
quantity R. However, there are numerous advantages too. In parti-
cular (i) one does not need 4m detection and no extrapolation

into the blind reg;ons of the detector (as is required for R).

The angle 6 can be chosen slightly .away from the forward direction
so as to avoid troublesome background problems, which are a major
source of error in R ; (ii) one does not need to detect all the
produced hadrons, and in fact the type of trigger mesons can be
chosen at the experimenter's convenience (it is probably most

easy to detect either all charged hadrons or only nc's);(iii)since
one only takes the ratio of hadronic quantities in eq. (24) to
obtain aM(p 2 3), normalization errors will be small. In particular,
we will not have energy-dependent systematic effects (which cause
considerable uncertainty in the determination of R).

The observation of structure in aM( P 2 3) will correctly in-
dicate the location in energy where interesting new physics lies.
However, the interpretation of this structure (in terms of new
quark flavors, new heavy leptons, resonances, etc.) will need

further work.(B)

Since 0y Mmeasurements have less energy-dependent
systematic errors than R and can be carried out with available
detection equipment, they are sepecially suitable for an initial
energy scan at a new accelerator like PETRA or PEP in order to

establish the existence of new physical effects.

I have profited from numerous discussions with my colleagues
at Cambridge University and at Orsay. In particular, it is a plea-
sure to thank Prof. P.V. Landshoff, Prof. J.C. Polkinghorne and
Prof. J. Tran Thanh Van for collaboration and helpful discussions

on several topics treated in this article.
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MECHANISMS FOR TETRALEPTON PRODUCTION

R. J. N. Phillips
Rutherford Laboratory, Chilton, Didcot, Oxon, England.

Abstract: Mechanisms that might explain the reported tetralepton events in
neutrino scattering are evaluated and compared. The CDHS WwN -+ p~u~utu*X event
looks like normal charm production plus an electromagnetic ptu~ pair. The

BHFSW WN + pTete”e™X event may also be charm production plus vector meson decay
+ -
to e"e”,

Résumé : Quelques mécanismes qui pourraient expliquer les événements
tetraleptoniques sont évalués et confrontés aux résultats expérimentaux.
L'événement VN + p p ptu*X du groupe CDHS, ainsi que 1'événement WN + ptete~e™
du groupe BHFSW, peut Btre interpreté comme production du charme plus une paire
%2~ d'origine électromagnétique ou hadronique.
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- -+ 4+
Several tetralepton events have been reported; two W - p p y u X from

the CDHS and FHPRW groups and one WN »> u+e+e_e-X from the BHFSW group.l)_3)
All so far have lepton charge signature --++, The rate is

o(v > hw /oty > )~ 107° m
within a factor 10 anyway, since CDHS see one 4u to seventy 3u events 4 and

quote a rate v 5 x 10_5 for the latter, for E > 30. Let us look at mechanisms
that could give this signature and rate, concentrating mostly on the v + 4u
case, (The results presented come from a collaboration with Vernon Barger and
Tom Gottschalk at UW Madison.s))

Note that the 4y mechanism does not have to explain the 3u events too
(the latter are pretty well understood already 4)) but it must not predict 3u

too copiously or with wrong properties,

Quark Cascade (QC)

Suppose we have a third quark doublet
[u c t
[dL SJL oL

where moov 4.8 GeV (so that T-resonances are bb composites) and m v 8 GeV

(2)

say. Mixing of d,s,b is understood. Then neutrino production of t followed by
cascade decay t + b > ¢ > s can give 4-lepton events as shown in Fig. 1; there
is a similar story for antineutrino production of t. Other quark cascade

P . 6 . .
possibilities exist ) but seem much less promising.

Some remarks.

i) Cascade decay is not inevitable; there are short-cuts like t + s or t + d
(the couplings that manufactured t in the first place). Model-builders
must take care with mixing angles and masses, to keep the cascade
competitive.

ii) Tetralepton production is suppressed at low E by many things: by threshold
7)

kinematics (t is massive), by the slow-rescaling variable
x' = x + mi/(ZMEy) that puts small-x' regions out of reach, and by lepton
acceptance cuts EQ > Emin' Averaging over the CDHS or FHPRW spectra with

E > 100 GeV, the QC mechanism can give a v - 4u rate of order 10m6 (the
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Figure 1: Mechanisms for v + 4y production.
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iii)

iv)

v)

asymptotic rate would be much more, the Vv + 4y rate would be less),

Wrong-sign trimuons. Because one of the decay steps could be hadronic

instead of semileptonic, QC predicts
o(v + u-u+u+)/o(v > 4p) = 5-10. (3)

CDHS sees essentially no wrong-sign trimuons (4 events with an expected
contribution of 5 from dimuons plus 7, K decays) compared to one tetramuon,

which is bad news for QC.

QC has a high threshold. For m_ = 8 it requires E > 40, W > 8 and cannot

D withE . =32, W . =4, (If
vis vis
m < 8 Lederman should have found toponium; if m, = m the cascade would

easily accommodate the BHFSW event

not go.)

Calculated invariant mass distributions are shown in Fig. 2. The arrows
correspond to the CDHS 4u event : QC has difficulty explaining the lower

of the m(u—u-u+) values.

In short QC is not very happy, either with wrong-sign trimuons or with

the two tetralepton events for which we have numbers.

Lepton Cascade (LC)

Given two new heavy leptons M, M° in the muon sector, we can get 4% and

5% events from WN + M X followed by M~ - Mou_ﬁo, M2 - u-X+, M > u+X_ (where x*

+ t . . .
can be yv, e v, or hadronic) as in Fig. 1.

i)

ii)

iii)

452

Some remarks.

This can give a substantial v -+ 4p rate, as high as 10-5, but only in a

fancy scheme 8) with an extra lepton and right-handed couplings
v W© M° W°
- - - - (4)
iy My Wy Mg

with mixing of the two L and two R doublets understood.
Pentamuons: LC predicts
o(v > 5u)/o(v > 4u) ~ 0.1 - 0.2 . (5)

"Wrong-sign" tetramuons: none have been reported but the statistics are

small! LC predicts

v w ) = o puuH (6)
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Figure 2: Invariant mass distributions in 4u events for the QC, LC and yc
mechanisms at E = 200 GeV (the E-dependence is not very strong for
QC and yc, zero for LC). The arrows denote the corresponding values
for the CDHS event with E i = 91 GeV.
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iv)

v)

vi)

. = +,- . .
Since the scheme above does not allow MC + e'X it does not give
- -+ + - + + == .
V>ueee norVvV>ueee like the BHFSW event. (We should have to

. . - -= = +,-
introduce an extra E° with M_ + M% E° and E° + e'X ).

High threshold: with m(M ) > 5 GeV as suggested by the CDHS event (where
m(4u) = 4.1 GeV), the BHFSW event cannot be far above threshold with

E . =32,
vis

Invariant mass distributions are shown in Fig. 2, for m(M) = 8,
mM®) = 1.5. The lower m(u_u_u+) value of the CDHS event looks incom-

patible with LC, but would look better with a lighter M .

Thus LC has theoretical and experimental drawbacks; it needs a lot of

new leptons plus unfashionable right-handed couplings, and has threshold

problems with the BHFSW event. The predicted 5u and wrong-sign 4u events are

unique and characteristic, but remain to be seen.

Radiative Charm (ye)

- +
Normal charm dimuon production vd(s) + p ¢, ¢ + d(s)u v becomes 4p produc=

. . . s + - .
tion when accompanied by a radiative p u pair.

i)

ii)

iii)

iv)

v)
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For gauge invariance, the calculation must include radiation from the
initial and final interacting quarks as well as the direct u , as shown
5)

in Fig., 1: these are the results reported here. This calculation gives

a rate

ov > 4 /oty > p) = 1077 ™
averaged over the CDHS or FHPRW spectrum with E > 100 GeV,
In azimuthal correlations with the fast u~, which is usually the direct
o, ye gives a peak near A¢p = 0 unlike QC or LC: see Fig, 3. This peak
can be thought of loosely as coming from radiation off the direct u
(though in fact all three diagrams and their interference crossterms
contribute nontrivially to produce the effect).
Another yc characteristic is a narrow low-mass peak in the lowest of the

+ - . . . . + - . .
four uyu invariant mass combinations, labelled m(H u )MIN in Fig. 2, due

to the photon propagator that holds down the electromagnetic pair mass.

The CDHS event accords quite well with this yc calculation; see especially

the invariant masses in Fig. 2.

In addition to the above calculation, we expect further electromagnetic
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Figure 3: Azimuthal correlations about the beam axis in 4u events, between
the fast p and the vector sum of other muon combinations, calculated
at E = 200 GeV (the E-dependence is weak). The arrows denote values
for the CDHS event.



pair contributions from the hadron vertex - from spectator quarks, from
. . + -
final-state enhancements, from vector meson production and decay Vo-*u H o

These have not yet been calculated. In azimuthal correlations with the

direct u~ (Fig. 3), the additional contributions should appear near

Ap = 180°.
vi) vyc has a low threshold, with or without hadron enhancement.

vii) The BHFSW event does not match the minimal yc calculation in (i) above,
. . + - P . .
since the two possible e e pairings each have invariant mass of order
0.8 - 1.0 GeV. However it might be explained by charm plus hadronic pair

. . . + -
enhancement as described in (v) with p, wor ¢ > ee ,

. + -
viii) Interpretation of the BHFSW event as charm plus V + e e 1is supported by
. . . . + 4 - =
some happy coincidences among the visible particles pe e e KS + 6v:
The six gammas reconstruct 31°
*
One 7° with Ks reconstructs K
- - * -
(Now add e and missing v to make D + K ev)
. *
One 7° with D reconstructs D
A possible interpretation is then
- +-
Vs > uc
*— - o
fragments to D > D 7
*0 ——
e v
K m

additional fragment vO » ete”
spectator sea quark s + fragments to A -+ nn®
[This was worked out during the Meeting, with Henry Lubatti and

Toby Burnett.]

xi) Adding in the missing vV energy above, the BHFSW event can have E = 40,
x = 0.14 which look healthier for charm production from the sea than the

raw E . =32, x = 0.21.
vis s

vi

In short, charm production plus an electromagnetic pair (either from
internal bremsstrahlung as in Fig. 1 or from a hadronic enhancement) seems the

most promising explanation so far.

Triple-Charm

Normal charm production, accompanied by associated charm pair production

5)

via a gluon, can lead to 4-lepton events as in Fig. 1. However, calculation
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in lowest—order QCD gives a very small rate

o(v > b /o > = 1077 (8)

averaging over the CDHS or FHPRW spectrum with E -+ 100 GeV, We can ignore this

mechanism.

Summary

i) Charm production plus a lepton pair (with or without hadronic enhancement)

seems the most promising explanation.

ii) Both the 4-lepton events for which we have details seem compatible with

the above interpretation, whereas they pose problems for QC and LC.
iii) Absence of wrong-sign trimuons is another bad sign for QC.

iv) Absence of wrong-sign tetramuons and pentamuons (not yet established)

would be further bad signs for LC.
v) LC needs numerous new leptons and V + A currents — an aesthetic bad sign?

vi) Triple-charm gives a negligible 4-lepton rate, at least with present

methods of calculation.
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THEORETICAL MODELS FOR MULTIMUON EVENTS

J. Smith
Institute for Theoretical Physics
State University of New York at
Stony Brook, N.Y. 11794

ABSTRACT: We discuss the consistency between the trimuon event rates
reported by the CDHS and FHPRW groups. Then we make some comments on
models for the electromagnetic and hadrofic production of trimuons.

RESUME: Nous presentons une comparaison entre les resultats des
groupes CDHS et FHPRW sur les mesures de la fraction o (3u)/ o(u).
Ensuite nous ferons quelques remarques sur les models théorique pour
la production des événements avec trols u par les mechanismes &lectro-
magnetiques et hadroniques.
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1. INTRODUCTION

Multimuon events have been reported by several experimental groups,
using both narrow- and wide-band neutrino and antineutrino beams. The
first trimuon events were found in 1976 by the Caltech-Fermilab (CF) group.l)
Then thirteen events were recorded by the Fermilab-Harvard-Pennsylvania-
Rutgers-Wisconsin (FHPRW) collaborationz) and three were detected by the
CERN-Dortmund-Heidelberg—Saclay (CDHS) group.B) This morning we heard a
report from the CDHS groupl‘) on the analysis of the 76 events recorded using
wide-band neutrino beams. Both the CF and FHPRW groups have substantially
enlarged their original detectors and are purported to have considerably in-
creased their trimuon event samples. However, no results on rates or dis-
tributions are available yet.

Opposite sign dimuon events have been detected in considerable numbers.
The origin of these events is now well understood to be due to the production

5)

and subsequent decay of charmed particles™  so we will not discuss them
further. The existence of a mechanism responsible for the production of
like-sign dimuon events (u—u_ in a v beam and u+u+ in a v beam) is not

yet firmly established. L:Lng7) has presented evidence for a u u_ signal

in the FHPRW experiment yielding au u )/ o) = (6x4) x 10—4. More sta-
tistics are necessary to clarify the situation. This is an important question
which, as we will see later, has direct bearing on the source of the trimuon
events,

Tetramuon eventss) have also been seen. The rate for these events is
very low and there are many possible production mechanisms. Further progress
in understanding these events must await much higher statistics. Therefore
in this talk I will discuss questions which are related primarily to the pro-
duction of trimuon events. I will begin by discussing the compatibility be-
tween the experimental rates from the CDHS and FHPRW groups, then make some
comments on the interpretation of the CDHS trimuon events presented this morn-

ing and finish by discussing the FHPRW super events,

2,  EXPERIMENTAL RATES FOR H—H—IJ+ EVENTS.

This morning both Ling and Kleinknecht gave sufficient information to
allow us to make a careful comparison between the rates for trimuon production
at Fermilab and at CERN. I remind you that the original uncorrected rate from
the FHPRW group was o(3u)/o(u) = 5 x 10--4 for E > 100 GeV, with cuts of 4 GeV

on each muon energy while the CDHS result was much smaller (V1 x 10_4 based
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on 3 events), The calculated single muon event rates (spectra multiplied
by E) are shown in Fig., 1 for the FNAL quadrupole-triplet (QT) beam with 400
GeV protons and for the CERN wide-band beam (WBB) with 350 GeV protons,

1
assuming 10"~ protons on target. To nermalize we scale the QT rate
10

'o T . 5 5 ey et
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E ‘fl“x (v/n’:Gch lo"r )
3.
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Fig.1l Single muon event rate for the CERN WBB (350 GeV protons) and the
Fermilab QT beam (400 GeV protons). Curve A is normalized per 1013
incident protons for the same.target mass, Curve B includes the
ratio of fiducial volumes and the ratio of numbers of incident pro~
tons (see text)., The dashed curves include trimuon acceptance
factors and give the relative numbers of trimuon events,
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down by a factor of 5.3 to take into account the relative differences in
fiducial volume (660 tons for CDHS versus 300 tons for FHPRW) and protons on
target (1.7 x 1018 for CDHS in the 350 GeV WBB run versus 0.7 x 10!8 for
FHPRW in the 400 GeV 0 run.,) Now to compare trimuon event rates, we still
have to correct for the dztection efficiency. This morning Kleinknecht showed
the ratio of the trimuon acceptance as compared with the single muon acceptance
for the CDHS experiment., The acceptance 1s essentially 100% at E =180 GeV
a;ld falls to 10% at E = 50 GeV, If we assume the same acceptance correction
for the FHPRW experiment, which 1s a reasonable assumpi:ion because the energy
cuts on the muons are similar, then the relative trimuon event rates can be
plotted in Fig. 1 as a function of the neutrino energy. These are shown by
the dashed lines up to E = 180 GeV and the solid lines above that energy.

The two curves intersect at E = 240 GeV, Above this energy the FHPRW experi-

ment can still see trimuon events in a small window out: to E = 280 GeV,
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Fig. 2, Trimuon event rates for the CERN WBB (350 GeV protons) and the Fermi-
lab QT beam (400 GeV protons).
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To compare the rates we convert the semilogarithmic scale to a linear
scale and replot the final curves in Fig, 2. Using the result that the CDHS
group found 63 events in their 350 GeV WBB run and scaling by the relative
area under the curves (factor of 17) we find that the FHPRW group should have
seen 4 events in their 400 GeV QT run. They actually found 6 events which
is consistent considering the small number of events expected. The rates re-
ported in the previous talks are o(3u)/o(u) = (26 * 15)><10_5 for FHPRW with
E > 100 GeV which compares favorably with o(3u)/o(u) = (9 + 2) x 10_5 for CDHS
with the same energy cut., These ratios decrease when we lower the neutrino
energy cut due to the denominator becoming larger. The FHPRW group reported
that o(3u)/o(u) = (9 * 5) K10 for all E while CDHS reported o(3u)/o(u) =
3,0 x 10_5 for E > 30 GeV, We therefore conclude that the initial difference
between the uncorrected FHPRW trimuon event rate and the CDHS trimuon event

rate has essentially disappeared.

3. THEORETICAL MODELS FOR THE TRIMUON EVENTS

Many models have been proposed to explain the trimuon events and one can

divide them into two broad classifications: namely, those that invoke new
10) or bothll)

12,13,14)

particles, 1eptonsg) or quarks , and those that invoke more con-

ventional production mechanisms. The associated production of pairs
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Fig, 3, FeynRan diagrams for (a) heavy legton production, (b) heavy quark
production, (c) flavor changing M and b production, and (d) asso-
ciated production of pairs of charmed particles.
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of charmed particlesn’M)

will be included in the latter category because
charm 1s by now reasonably well understood and is really part of old physics
rather than new physics. Fig. 3 shows some of the mechanisms proposed.

The distributions presented by the CDHS group seem to rule out the
necessity of invoking exotic explanations for the bulk of their events., We
have seen that the transverse momenta of the muons with respect to the hadron
shower direction are much smaller than one would expect from the decay of a
heavy object (either lepton or quark)., Also, the azimuthal correlation in
¢ = ¢1, (2+3) between the 1eadinyrg ¥~ and the vector sum of the other muon
momenta, presented in Fig. 4, shows distinct forward and backward peaks
(with respect to a z-axis along the direction of the neutrino). The back-
ward peak agrees with the expectations from a hadronic source for the tri-

muon events because the slow dimuon pair would tend to follow the hadron

25|
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Fig. 4. Plot of the ¢ = ¢1 (2+3) distributionfor the CDHS events.
’
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shower (W-boson) direction which is oppositely correlated to the fast u_
direction. Such a mechanism is depicted in Fig. 5. The forward peak is
consistent with that expected from the electromagnetic radiation of a muon
pair from the fast u . However, in order to make the latter process satis-
fy the stringent requirement of electromagnetic gauge invariance one must
calculate itlz) from the éraphs shown in Fig., 6. Some radiation must be
emitted by the accelerated hadrons (or quarks) so that there is a possibility
of wvercounting if one simply adds the cross secgions calculated from the

processes depicted in Figs. 5 and 6. The theoretical models all assume a

_‘_";_\/t/ K
tgl’ s
N X

Fig, 5. Hadronic production of muon pairs in neutrino collisions.
L—}QP MF
+ +
1 o ¢ »
——% X
N X ¥

Fig, 6, Electromagnetic production of muon pairs in neutrino coliisionms.

bremsstrahlung type radiation from the up and down quarks and work in the
quark parton model framework.

The CDHS group claim that the trimuon rates and distrihutions are con-
sistent with the sum of the two processes given above. In particular they
use a theoretical calculation for the electromagnetic reaction to fit their
events at low ¢ and take over experimental data from hadronic dimuon pro-
duction (reference 15) to fit their events at large ¢. One needs an approxi-
mate event rate c(3u)/c(u)=0.5X10_5 to fit the low ¢ events (this checks
with the fraction of the total electromagnetic trimuon production rate as
calculated from Fig, 6) and o(3u)/ o(u) = 2.5“10_5 to fit the large ¢ events
(i.e., the hadronic contribution.)

Regarding the electromagnetic rate for Dalitz pairs, there is little one

can say, The calculations include the emission of soft photons, because all
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the authors have taken a bremsstrahlung type approximation, in which only
radiation from external charged particles (muons or quarks) is included,
giving rise to a typical "soft photon" peak in the mass of the slow u+u_
pair. The precise nature of the hard photon coupling to the quarks in the
parton model (or to the physical hadrons) is left unanswered because these
are contributions to the large ¢ region where the hadranic rate 1s probably
much larger. Here there are some unanswered questions. Both the vector and
axial vector couplings of the W-boson presumably contribute to the trimuon
production rate as calculated from Fig. 5, so, via vector dominance, one
needs information on the production of u+u_ pairs by p, Al and T mesons.
Although the CDHS group has used data from 7 + p > u + u+ + X to fit
their distributions, it would be more satisfactory to construct a model which
fits the pion production of low mass muon pairs and then use this model in
the neutrino channel. If the trimuon rate can be fitted in such a model then
we can rule out the need for other contributions such as the associated pro-
duction of ‘charmed mesons.

Let us examine the recent data on the production of low mass muon pairs
in mp collisions by Bunnell et 31.16) shown #n Fig.7, (higher energy data

are also available from Anderson, et al.ls), and have the same general features.)
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Fig.7. The p+u— invariant mass distribution in mp -+ u+u- X.

It 18 clear that the region in dimuon mass above 0.6 GeV is dominated by the
production and decay of p mesons, while there is another large enhancement

at very low masses. The physics in the latter region 1s presumably rather
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complicated and must include contributions from the decays of - and n-
mesons as well as direct photons, The dimuon invariant mass spectrum in pp
collisions is very similar to that in #p collisions, as 18 presumably the case
in pp collisions, If we now assume that the vector and axial vector currents
are dominated by almost on-shell p , A1 and 7 mesons then the dimuon invariant
mass spectrum in the trimuon events should possess similar features., This
distribution is given in Fig, 8 for the CDHS events, Although there 1s evi-
dence for an enhancement around the p mass, the resolution 1s not good
enough to make any conclusive statement, However, a check on P-meson pro=-
duction will clearly be available soon from bubble chamber experiments, For
instance, suppose that O(VN * WTPX)/O(VN-+yu X) = 15% then using I‘(p-ru"'u—)l/
I'(p* all) = 7 x 10—5, we would expect a trimuon event rate of o(3u)/ o(u) ~

1x 107,
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Unfortunately the only data on p mesons reported so far is on the diffrac-

17)

tive production of p+ mesons at Fermilab , whereas we need the cross section
for the non-diffractive inclusive production of po—mesons.

Nevertheless, theoretical attempts should be made to calculate the
excitation of dimuon pairs by the off-shell components of the vector and
axial currents. The data can then be used to place restrictions on models
and perhaps help us to check, via CVC, the amount of hadronic u+u_ production
cross section expected in trimuon production by high energy muon and electron
beams., The results for antineutrino production of u+u+u_ events will also
yield a check on the presence or absence of exotic mechanisms such as heavy
quark or heavy lepton production. The hadronic plus electromagnetic expla-
nation of these events will lead to 0(u+u+u_)/o(u+) = o(u-u_u+)/c(u_).

Now we turn to a discussion of whether there is any evidence for the
associated production of charm in the trimuon events. This question has not
been addressed by the CDHS group because QCD calculations by both Goldberg
and by Young, et al.,la) reported rather low rates which, if taken at full
value, are too small to explain the signal. However, it could be that asso-
ciated production of charmed particles is larger than this OCD estimate.
Remember that the associated production of pairs of strange particles has a

13), in particular,

relatively large rate in neutrino interactions. Nieh
has advocated that the diffractive production of pairs of charmed particles
may account for the trimuon events., Now that there is a substantial num-

ber of events available, it is possible to compare results from Monte Carlo
calculations of aasociated charm production and decay to see if the models
can be excluded. Such a comparison has not yet been made.

Experimental results on the U event rate will be decisive in
answering this remaining question. If all the trimuon event rate were due
to cc¢ production then we expect o(u u )/ o(u—u_u+) = 10 because the branch-
ing ratio for a charmed meson to decay leptonically is approxiamtely 10%.
This number is consistent with Ling's result that U(H-U_U+)/G(U_) = (9%5)

x 107 and ot 1w ) /o )= (6x4) x 107%. Further work is needed to either
verify the latter number or reduce the limit on W production, If all the
trimuon events are explained by either electromagnetic or hadronic production
processes then a(u u)/ o(u_u_u+) must be much lower than unity,

Before finishing this talk I would like to comment on the possibility
that there is another source for some trimuon events which have been labelled
"super-everts" in the literature. Two events were found by the FHPRW group
where the observed muon energies are large (157, 32 and 47 GeV) and (96, 73

and 83 CeV) respectively, while the observed hadron energies are small



(Ehad = 13 GeV) and (Ehad 4 30 GeV), respectively, The first event, namely

event 119, has a total visible energy of 249 GeV and the second event, let

us call it 281, has Ev & 260 GeV, From Fig, 1 we see that the QT neutrino

flux 18 larger than th:sCERN WBB flux in this energy range, Is there possibly
a new threshold at very large E so that events 119 and 281 signify the onset
of some new physics?

Unfortunately the CDHS 400 GeV WBB run was so limited in terms of the
number of protons on target that it did not settle the issue, When the
larger sample of FHPRW trimuons are analyzed we will see 1f there is evidence
for more events of this type, At present one can only examine the other more
conventional physics processes to see the probability with which they can

explain these events. Neither the electromagnetic nor the hadronic
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explanations are very successful., Regarding event 119, 1t is remarkable

that the slow dimuon invariant mass is = 3,1 GeV, so 1t cannot be of electro-
magnetic origin, but it could be the hadronic production of the J/¢ followed
by its decay in a dimuon pair, In the data of Anderson et al.ls) the J/y

peak in M - 1s approximately two orders of magnitude below the p peak.
N

If this explanation is correct, then we expect a rate of roughly one trimuon
event in one thousand. The event 281 has a dimuon mass of = 1.2 GeV so it
could be of either electromagnetic or hadronic origin, If we examine our
Monte Carlo results to find the probability that event 281 1s of electro-
magnetic origin, then again we find probabilities of around one in one
thousand., To demonstrate this probability we show in Fig, 9 a scatter plot

of E1 - Ehad versus Ez + E3, where E. equals the energy of the leading u ,

to demonstrate that event 281 is on ihe edge of the allowed kinematic region
for producing trimuon events,
We conclude by summarizing the main points of this talk.

1. The trimuon event rates reported by the FHPRW and CDHS experi-
ments are now consistent.

2, The bulk of the events can be explained by electromagnetic and
hadronic production mechanisms., More theoretical work is needed on hadronic
models,

3, The associated production of charm is not necessary to explain
the trimuon events but it could also be present, More experimental work
is needed on the 1 1~ event rate.

4, Super events occur with a very low probability, If more are

found then probably some new process 1s responsible for them,
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Abstract :

Exclusive weak decays of charmed mesons and baryons into simple two body
channels are discussed within the framework of the parton model.
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INTRODUCTION :

A theory of weak non leptonic decays must necessarily overcome three
different problems :
i) the determination of the weak currents which take part in the transition ;
ii) the construction of the effective Hamiltonian Heff ;
iii) the computation of the matrix elements of Heff, in the presence of strong
interactions.
In a gauge theory of weak interactions, the weak currents are fixed by the
choice of the gauge group and by the assignment of the different quark fields
to group multiplets. The structure of the weak currents thus obtained can be
subjected to independent tests in semileptonic processes, and it can thus
be regarded as an independent input.

Furthermore, the effective Hamiltonian Hefs is also given in terms of
intermediate boson exchange 1

fope = 5 [ a™ T, 0 0 @) 8 0B ) g (1)

Iy is the weak gauge coupling constant, g“VA(xz, Mﬁd) the relevant W
propagation function (eq. (1)_applies to flavour changing processes in the
standard SU(2) ® U(1) model, where only the charged W contributes ; in more
complicated cases, one might have to add further terms corresponding to the
exchange of additional W 's and possibly of Higgs mesons).

The non local Hamiltonian eq. (1) reduces to a local one if we are
interested (as we are) only in the leading terms, in the limit Mw >
It was pointed out long ago by K. Wilson "~that the resulting Hgg¢ is determined
by the short-distance behaviour of the strong interactions. This is so because
the propagation function A(Xz, Mzw) cuts off all contributions coming
from distances x > M-ﬁ . In an asymptotically free theory of the strong
interactions, such as QCD, the short-distance renormalization effects can in
turn be controlled 4 and therefore, one can complete step ii) arriving at a
well defined, local, effective Hamiltonian.

Step iii) is at present the most difficult to accomplish. For the decays
of the particles associated with a heavy flavour (such as charmed particles),
one can resort to the parton model. The parton picture has indeed been applied
to predict the inclusive non leptonic and semileptonic rates 5-

In this lecture, I will discuss the predictions one can obtain for the
decay amplitudes of a charmed particle into some exclusive channels. The
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channels considered are those which can be formed by a simple rearrangement into
uncoloured hadrons of the quarks and antiquarks present after the point-Tike
interaction induced by Ho¢¢ has taken place (to a good approximation, the
interaction will be just the point-like decay of the heavy quark).

The decays that can be treated in this way include :

i) the decay of a charmed pseudoscalar (D,F) into two pseudoscalar mesons (PP),
into one pseudoscalar and one vector meson (PV) and into two vector mesons (VV) ;
ii) the decay of a charmed baryon into one stable baryon and one pseudoscalar
meson (BP).

It turns out that, within the quark rearrangement model 10’11’12]
the ratios of the amplitudes in a channel of a given type are determined in
terms of the structure of Heff and of a few phenomenological parameters. In
particular, no new parameter is needed for the PP channels which thus offer
the cleanest test of the model. Many predictions result, which, hopefully will
be tested in the near future. At the moment, the only test of the model is
given by the ratio of B(D+ + Kk° ﬂ+) versus B(Do* K—n+). The experimental ratio
agrees, within errors, with what is predicted.

If one is willing to introduce further more questionable assumptions,
the relative normalization of (PV) and (VV) with respect to (PP) amplitudes
can be estimated. Eventually, one might be able to obtain an absolute determin-
ation of the (PP) amplitudes, such as that given in ref. 10 , although at
present this is on a much less secure ground than the predictions of relative
ratios within channels of a given type.

In accomplishing both steps ii) and iii), a crucial role is played by
the energy scale at which the process takes place (i.e. the mass m of the
decaying quark). The larger m is, and provided m <<Mw ,all the approximations we
shall make are better satisfied . At the charm mass, one should already be
safe, and this is why a simple picture of AC # O non leptonic decays can be
achieved. Of course, the same picture should work even better for the heavier
flavour which is to be associated with the Y resonance. On the other side of
the energy scale, there are strange particle decays for which all the approxi-
mations become dubious. The situation is still somewhat controversial and it
would not be appropriate to discuss it here (see nonetheless ref. 13 for
recent remarkable progress).

1. The weak current :

Without discussion, I will accept the standard SU(2) ® U(1) model
Neglecting any mixing of the charmed quark with further heavier flavours
(t, t' etc), and setting to zero the Cabibbo angle, the relevant charged
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current is :

J,(x) [Gi(X) v, (1= vg) d0) + c(x)" v, (1 - vg) 51-(><)J =

H i

= uLYudL +

‘L (2)
where i = 1,2,3 is the colour index.

2. The effective Hamiltonian :
Inserting eq. (2) into eq. (1), one obtains :

Hepr = 90y J o Ty (0 @) @] s0d w) o

The derivation of the Mw + o behaviour of eq.(3) is by now well known 4]
I shall give directly the final result for two cases.

a) No strong interactions : Eq. (3) yields the naive current-current interaction

0 G /= 3
ek - 7 ey (G
2
& 2
vz M, (4)

Eq. (4) can be also rewritten as (we drop from now on the Y, 's and the
subscript L) :

() _ 6
H eff_ ‘/ET (H++H_)

H, = % [(E ) (du)t Cu @ s)]
(5

b) Quantum chromodynamics : The resulting Hefs is again a superposition of H,

G
Hoe= —= (FH +f H)
eff + 0+ -

a (6)

with f, <1<f. , as a result of strong interaction renormalization. The
coefficients f , are given explicitly by the expressions :
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f,o= | [1+0 (agnil

(7)

as( m2) is the strong quark-gluon fine structure constant evaluated at the
mass of the charmed quark ; F is the number of quark flavours with masses far
below M,. Furthermore :
ag (n°) 33 - oF ) M,
= = 1] 4 —— og (m~) 1n 5
og (M w) 12 m

(8)

We shall use m~ 1.5 GeV, ag(m) "~ 0.7 (as taken form the scaling departures
in deep inelastic scattering 14] and F = 6. From egs. (7) and (8), and
neglecting O( o S(m2)) corrections, we obtain :

f, = 0.68 f_. = 2.5 (9)
It is necessary to stress that the above results are reliable provided :
W,
i) Tn >> 1
m
. 2
ii) ag (m™) <« 1

while condition i) is obeygd for all known flavours, condition ii) starts
being reasonably satisfied at about the charm mass.

The two components of Hgff, namely H ,,behave differently under
flavour SU(4) transformations 5] w belongs to a 20-dimensional Su(4)
representation, while H + belongs to a 84-dimensional one. At an earlier stage
of the theory, a strong "20" dominance was assumed 5,6,7,16 , in analogy
with octet dominance for AS =1 decays. This would correspond to f_. >> f,
and it is not considered any more as a valid approximation both theoretically
(eq. (9) gives only a mild 20 dominance) and experimehta]]y (see section 4).
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3. Parton model description of inclusive rates

The decay of a hadron containing a c-quark is described in the parton

model as a two step process :

i) a hard interaction, induced by Heff whereby the c-quark either decays into

a su d state or interacts with another quark (antiquark) in the initial hadron,
to produce an uncharmed qq (qq) pair.

ii) a soft, dressing process, where the parton final state evolves into normal
hadrons.

Inclusive rates equal the total rate of step i). This picture should
become increasingly more accurate, the larger the heavy quark mass.

Actually, as m becomes large, one gets a further simplification in
that the quark-decay mechanism becomes increasingly more important than the
quark interaction. This can be seen as follows. The rate for the quark-decay
mechanism, computed form eq. (6) is :

Tq-decay = TnL = T(u~>e w) ( .
H (10)
On the other hand, the rate for the quark-~interaction mechanism must
be proportional to |[v (0)|2, Y (o) being the wave function of the light
quark (antiquark) at the origin, where the c-quark is. By dimensional arguments
we see therefore that : )
Toeint ™ lv(0) | ;
mc3 q-decay (11)
We do not expect charmed hadrons to have a much smaller radius than uncharmed

hadrons, so that

2 3
(o) | ~ 1/R\uc1eon ™ m31T (or perhaps mao )
and therefore Tg-int << Tq-decay
The consequences of quark decay dominance are : 17]
i) equal lifetimes of all weakly decaying particles : one finds
L TR 1 - 5
T = T(u~ ew) ( mll ) n 5.10 13sec (M)
2+ 2% + £2 me
(12)
ii) the semileptonic inclusive branching ratio can be computed to be :
B, = -dexet..) . - no13 %
SL r 2+ 22 + £2
tot + -

(13
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The numerical values have been obtained by using eq. (9). While eq. (12) is as
yet untested, the measured value of BSL ranges at present from 9% to 12%.

I shall assume in what follow that i) is satisfied. As a practical
consequence, ratios of branching ratios are equal to ratios of absolute rates,
even for different decaying particles.

4. Two body decays of charmed mesons :

We proceed now to study the decay of charmed particles into those
exclusive final states which have a "nominal" quark and antiquark compositionlg]
equal to that of the parton quark state which results after the charmed quark
disintegration. The simplest cases are those where a charmed meson decays into
a pair of uncharmed pseudoscalar (P) or vector (V) mesons.

A computation of the absolute decay amplitudes would require a knowledge
of the recombination amplitude of qq pair into a given meson, in the presence
of strong interactions both between the members of the qq pair and with the
other quarks. This is beyond present capabilities. We obviously must find some
further simplification.

Let us preliminary rewrite eq. (6) as :

G - -
H =5 [(f,+f) (Cs) (du) +
eff 25 +

(f,-f) (cuy(@s)] =

.G
= [(f+ $F) H o+ (F, - f) Hz]

(14)

and consider the contribution of H1 to a given decay, say 0° w+K'. The
parton process is given in Fig.1(a).

To forma +, the u and d quarks, which are in a colour singlet state,
must be emitted together, with a small relative momentum, while the s quark
picks up the spectator u. The relative momentum between the two pairs is large
(of order mc). It may be reasonable, therefore, to neglect final state inter-
actions (i.e. gluon exchange) between the (ud) and the(us) pairs. We are actually
neglecting soft gluon exchange only. Hard gluons (energy > mc) have been taken
into account in Hgeg. This approximation does not give yet a means to compute
the absolute amplitude, but, as we shall see in a moment, it allows us to compute
the ratios of different amplitudes (neglecting flavour SU(3) breaking).
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-~ s ’KO
_—"f‘/’//////////”/ d

Fig. 1
Diagrams representing the contribution of Hl‘ Eq. (14) to 0+ YK (a)
and to 0%~ K% 7 © (b). The quark pair originating from the dotted line is in
a colour singlet state.

st

Let us denote by :

(f,+f) A
(15)
the contribution of (f; + f.)H1 to the amplitude for s>t k” , and consider
0°+ r0 KO (Fig. 1(b)). The pairs with large relative momentum are now (sd)

0

and (uu) f;%— m . To find the amplitude for this, we Fierz rearrange Hl’
2

according to :

Hy=(Es) (@u = & (Cu) @s) ++
3 2

The second term in the r.h.s. creates a ( as)- pair in a colour octet, and
this cannot be changed by final state interactions between d and s only.

This term is therefore ineffective. The first one on the other hand contributes
(apart from the colour factor 1/3) precisely in the same way as the full H1
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to 0°> " K™ . We conclude that the contribution of (fy + f- )H1 to

0% 79 R% is:
—;—/—5- (F, + f-) A

(16)
A being the same as in eq. (15) (in the 1limit of exact flavour SU(3) where we
may neglect the difference between u and s quarks).

Along the same line, one can include the contribution of H, (see

ref. 11 for more details) with the final result that all PP amplitudes of
D+, 0° and F* can be given in terms of the single unknown amplitude A, the
ratios depending only on the coefficients f+ and f- . The complete results
are given in Table 1 where we also have reported the predicted branching ratios
using B (D°+» K~ w +) as input, and allowing for a SU(3) breaking phase space
factor proportional to the decay momentum. For convenience, we have used in
Table 1 the combinations

2 1
X, =2 f + 1f o 1.2
g 3
X =2f - Lf + -o0.26
3 3 (17)

TABLE 1 :

Amplitudes and branching ratios for PP decay modes. The amplitudes are given in
units of A, eq. (15). Branching ratios are computed form the va%%gs of X+
given in eq. (17) and using as an input the experimental value

B(DO*- K m +) = (2.2 + 0.6)% . A phase space correction proportional to

| ﬁDecay | has been included. The n meson has been taken to be a pure octet.
Decay mode Amp1litude Branching ratio (%)
"5 RO 4t 2(X, + X_) 1.3
0°- K ot 2x, 2.2 (input)
0° > K% ° V/2X_ 0.054
0° - k% q V273X 0.016
Fromn -2/273x, 1.6
F+ > K+ l_(o ZX_ 0.11
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Concerning the results of Table 1, one may make the following observations :

i) the ratio of >k 7% to 0ts ROnt s uniquely predicted 10’1ﬂ to be:
B(Do—> K ‘n+) 1 f.o
T oo ¥ == (l+—) " 1.6
B(D'» K~ m) 4 2f,

(18)
to be compared with the experimental value 22J: 1.5 + 0.6.

The free Hamiltonian, eq. (4), would lead to a value of about 0.6,
which seems excluded. Pure "20" dominance would predict B(D++ K° w+) ~o0
which is also excluded. Eq. (18) lends further support to the picture embodied
in egs. (6) and (9).

ii) given that X _<< X_, one predicts a very peculiar pattern of suppressed
transitions (the pattern would be similar in the free case, eq. (4)). In
particular, B(Do - RO 4° ) should be very small 20, at variance with what
is expected in the scheme of ref. (21). The observed decay Fros n at s
not suppressed. We turn now to PV decays. If one repeats the previous arguments,
one discovers that two amplitudes are needed. To see this consider again
Fig. 1(a) and (b), as representing the contributions of (f,+ f_ )Hl to the
*and 0%+ R 0 0, respectively. Call (f, + f_ )B
the amplitude from Fig. 1(a). Going again through the previous analysis, one
sees that the contribution of Fig. 1(b) is

—3172_ (F, + £)B'

where B' differs from B in only one respect : in B, the spectator u goes into

decays 0° + K~ p

the P-meson, while in B' it goes into the V-meson. Setting B' = Z B, all
ratios of PV amplitudes are given in terms of f+ and Z (Table 2). No PV
decay has been clearly seen yet. We postpone a further discussion of PV modes
to the next section.
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TABLE 2 :

Amplitudes and branching ratios for PV decay modes. The amplitudes are in units
of B as defined in the text. Branching ratios are computed from

B(Do + K +) according to the normalization factor, eq. (21) and with Z = 1.

A phase space correction proportional to | PDecay| 3 has been included.
Decay mode Amp1itude Branching ratio (%)

0"+ o7 K° 2(x, + IX.) 1.4
0"+ k*qt 2(2x, + X.) 1.7
0%~ K 22X, 2.7
0%+ ot K 2x, 2.3
0%+ K* «° /2x_ 0.067
° s R*¥ g V273X ) 0.012
0%+ p° K° V22X_ 0.058
0%+ o K° V2IX_ 0.056
Ffa ot 22x, 3.2
F*s o' -2/273x, 2.3
Fra kR 22X_ 0.14
Frs k%« 2X_ 0.14

Finally, we consider VV decays. For each decay we have three helicity amplitudes
corresponding to the two V mesons emitted both with helicity +1 or -1 or 0.

» A, ) the decay amplitudes for a given
helicity are given in terms of f,_ only, similarly to the PP case (see

Table ). .

Up to a common factor (A, , A
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TABLE 3 :

VV decays of D and F. The first column gives the relative amplitudes for each
halicity state. Branching ratios, second column, are computed as illustrated
in the text. The last column gives the predicted values for the ratio R,
defined in eq. (26).

Decay mode Amplitude Branching ratio (%) R
0" > ot K* 2(X, + X_) 2.1 2.3.
0° > ot K¥ 2X, 3.3 2.3
0% > % K* /2X_ 0.083 2.3
0°» w K* V2X_ 0.078 2.2
Ffa oy 2, 4.1 2.6
F* o (¥ 2X_ 0.21 2.6

5. Relative normalizations :

By making further dynamical assumptions, one may obtain an estimate of the
relative magnitudes of PV and VV wﬂﬁ respect to PP amplitudes. The assumptions
I will make 11 cannot be easily controlled, and the consequences we shall
derive have to be taken with caution.

Consider the case of the D° meson. It is an S-wave bound state, so
that, in some approximate sense, we may consider the spectator u quark to
be Tocalized at the position of the c-quark. If this makes sense, then the
four final partons (after c-decay) can be considered to be emitted from the
same space-time point, as if they were created by some local 4-fermion operator

(a Lorentz scalar, since the initial state has zero spin). Given the chiral
structure of the fields involved, there is only one possible operator, namely :
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= |

(F,+f) [y, Q-vg)s]llav" 1-v9u]l +

n

#(f, ) Dy, (1-vg) o] [d4" (1-vg) 5]

(19)

Our approximation consists in replacing (up to a normalization factor) the
matrix elements of Heff between a 0* and PP, PV or VV state, by the matrix
elements of the operator eq. (19) between the vacuum and the cerresponding
PP or PV or VV state. If we compute the latter matrix elements under the same
approximation as in the previous section, we find e.g.

M2
0 - _+ _ D f
m@ Ky = C(2X+)2— . (20)
o - + M2D ‘/Z—mp 2P |
m(”>K ) = C@X)— —-fK[—"]
2 f My (21)
0 - + Mz[) V2 mye 2|3K*|
m(D" K m) = C(&,)— fn[——]
2 f ¥ My (22)
2
" M 2m, m % 2m_m €. .E %)
m(0° K oY) = co(ax,) =L p T 2mp Mer (B
2 fo fir v, (23)

In the previous equations, we have used the definitions :

+ -
<y, v A0 > = (P
<p+I(ﬁvud)|0>=/2-<p°IJS'"1 [0>=—2= ¢

etc.
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Fp (ﬁK* ) is the appropriate rest-frame decay momentum, and C is an unknown

normalization factor. The factors in square brackets, in eqs. (21) to (23)>would

be equal to 02?’ in the Timit MD + = , and give the dependence of the matrix

element upon PDecay' The remaining factors, in the exact SU(3) Timit.are to

be identified with the amplitudes A, B, ZB, and A, ,_ 0 previously introduced.
Comparing egs. (21) and (22), in the SU(3) limit to the amplitudes

of Table 2, we see that Z = 1 and that, furthermore :

Zm
8 . 0 N 1.6
A fo (28)

The last column of Table 2 gives the predicted branching ratios for PV channels,
computed from B(DO + K 1r+) using both Z = 1 and the normalization factor,
eq. {24) and allowing a phase space correction proportional to Iﬁl3

The contribution of PV channels to three-body D-decays(e.g.

o*> K ot ﬂ+) can be easily computed from the tables “=. The predictions

thus obtained are compatible with the present lack of experimental evidence23’24]
for a PV signal in D+ Kw

To compute the branching ratios for VV channels, we need fK* . One
possibility is to assume :

ITIK’ ~ mp

(Fm?  (F)?
as suggested by the fact that the leptonic widths of o , w ., ¢ (and vy )
are in the SU(3) (SU(4)) ratios. Taking fK A~ 1.28 fTr from experiment, one
can use eq. (23) to compute the branching ratio for 0 - p+ K= . The
result is given in Table 3. For the branching ratios of the other channels, we

have allowed for a phase space correction proportional to :

3 2
' DecayI - 2 (egep)

From Tables 1 to 3, we see that comparable branching ratios are expected
for similar PP, PV and VWV channels (e.g. F = Y7 and F +» Yo )

VV decays contribute to D and F decays into four pseudoscalar mesons.
The only case where there is some experimental information is > K ot ata”
where, essentially, no VV signal has been seen 3 . However, the only channel
relevant here is K% 0© » Which is suppressed. The prediction is therefore
not inconsistent with the observed null result.
Finally, eq. (23) can be used to estimate the ratio of the different helicity

amplitudes in VV decay. Indeed, eq. (23) implies that :
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(25)
Therefore, we expect no parity violation (the probability for the two-V meson
to be emitted both with helicity +1 equals that for helicity -1) and a dominance
of the zero helicity amplitude. The latter feature could be tested by studying
the angular distribution of the V-meson decay products where the quantity :

2|a | 2
0

2 2
[A1" + [A_] (26)

can be determined. The values of R expected from eq. (25) are also given in
Table 3. It is amusing that a predominance of the zero helicity amplitude
results also from a different argument, based more directly on the quark parton
picture. Consider F ~ yp . If we ignore the spectator s the helicity
distribution of the ud pair which recoils against the s-quark in the point-
like c-decay can be computed as a function of its invariant mass ( u). One finds:

2 242 2

2= 22— |a
mCZ

Setting p=m and m

of R(R ~ 3.8).

~n 1.5 GeV, one obtains a larger but similar value

6. Charmed baryon two body decays :

Charmed baryon weak decays into a stable baryon and a pseudoscalar meson
can also be analyzed within the quark_rearrangement scheme sketched in section
4. 1 will just present the results 11

Stable charmed baryons are expected to form an SU(3) antitriplet :

A Cud s NE (cus) 5 N (cds)

For each decay channel, there are,as usual, two partial waves (S and P waves)
and for each partial wave, two independent recombination amplitudes. Indeed
the d emitted in c -decay must go into the meson, either with one of the quarks
emitted in c-decay, or with one of the two spectator quarks. In the exact SU(3)
limit, each partial wave amplitude is thus a combination of two unknown
quantities,with coefficients given in Table 4.
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TABLE 4

Coefficients of the amplitudes for charmed baryon BP decays. The S and P wave
~ amplitudes of each mode are given by the combination

S’P S’
C1 A1 + C2 A2

Decay mode C1 C2

NG » =0 O 0 -f 2

Table f must be completed by the relations :

A(he >0 =A(ag > 2%Y) (D = 1 rule) 27)
A(ag ~=K) =0 (weig rule)
(28)

Many triangular relations can be obtained from Table 4. One such relation
is interesting, namely :
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V2 X

= + o_+
A (A > PR+ ¢ ) /3 A(A; > AnT) #A(A > Eom =0

+
(29)

(valid for both S and P waves). Since X_ << X, » eq. (29) implies that

the PK° mode of the AE (which is expected to be the lightest charmed

baryon) cannot dominate over the two-body decays involving a strange ( A or I ) »
baryon). This is the opposite of what has been seen in inclusive decays 2]

where the A or I signals are much smaller than the P signal. Our model

insists that, in spite of this, narrow two-body peaks should be more easily

found in Am or Im states, rather than in PK states.

REFERENCES AND FOOTNOTES :

1 S. Weinberg, Phys. Rev. D8 (1973) 605 ; ibidem D8 (1973) 4482
D.V. Nanopoulos, Nuovo Cimento Lett. 8 ;1973& 873
2 S. Weinberg, Phys. Rev. Letters 19 (1967) 1264 )
A. Salam, Proc. of the 8th Nobel Symposium, Stockholm 1968 (Amqvist and
Wiksell, Stockholm 1968)
S.L. Glashow, J. Iliopoulos, L. Maiani, Phys. Rev. D2 (1970) 1285

3 K Wilson, Phys. Rev. 179 (1969) 1499
4 M.K. Gaillard, B.W. Lee, Phys. Rev. Letters 33 (1974) 108
G. Altarelli, L. Maiani, Phys. Letters 52B, (1974) 351
5 M.K. Gaillard, B.W. Lee, J. Rosner, Rev. Mod. Phys. 47 (1975) 277
6 G. Altarelli, N. Cabibbo, L. Maiani, Nucl. Phys. B88 (1975) 285
7 S.R. Kingsley, S. Treiman, F. Wilczeck, A. Zee, Phys. Rev. D11 (1975) 1919
8 J. Ellis, M.K. Gaillard, D. Nanopoulos, Nucl. Phys. B100 (1975) 313
9 G. Altarelli, N. Cabibbo, L. Maiani, Phys. Rev. Letters 35 (1975) 635
10 D. Fakirov, B. Stech, Nucl. Nucl. Phys. B133 (1978) 315

11 N. Cabibbo, L. Maiani, Phys. Letters, 73B (1978) 418 ; the analysis given

here of VV decays of D and F, and of BP decays of charmed baryons has been done

in collaboration with N. Cabibbo and has also been reported by him at the

SIN Spring School, Zuoz (Switzerland) March 1978.

12 T. Walsh, Proc. of the 1977 Int. Symp. on Lepton and Photon Int. at High
Energy, Hamburg, 1977

13 M.A. Shifman, A.I. Vainshtein, V.I. Zakharov, Nucl. Phys. B120 (1977) 316
and ITEP preprints n. 63, 64 (JETP in niess)

14 See e.g. G. Altarelli lectures, Prc--2di.igs of this meeting

15 This is why they can be differently affected by strong interactions even

though at short distances QCD is SU(4) symmetric.

16 Predictions forthe exclusive decays of charmed particles under the "20"

dominance hypothesis have been reviewed by G. Altarelli, Xth Rencontre de Moriond

1975, vol. II.

17 In presence of a mixing of the charmed quark with heavier flavours v,

should be multiplied by (cos y )‘2 y being the mixing angle. See e.g.

L. Maiani, Proc. of the 1977 Int. Symp. on Lepton and Photon Int. at High

Energy, Hamburg 1977 and references therein

18 Bg_ has been measured in various experiments performed at DORIS and SPEAR

as discussed in the Proceedings of this meeting.

19 Counting, e.g. a qq pair for each meson etc.

439



20 The weak Hamiltonian eq. (6) (or eq. (4)) has pure Al = 1, so that the
ampl1itudes for ot » k°n+, and.0° » K'n+ or K% ° satisfy the triangular relation
VZA@® >R 1% =A (0" >R 7") - A (0° > K 7). For (D' > K® ) and
r(o°®
which is the one selected in ref. (21) and a small one which is selected here.

21 H.R. Rubinstein, L. Stodolsky, F. Wagner, U. Wolff, Phys. Letters 73B
(1978) 433

22 J.E. Wiss et al., Phys. Rev. Letters 37 (1976) 1531

23 M. Piccolo et al. Phys. Letters 70B (1977) 260

24 M. Piccolo et al. Phys. Rev. Letters 39 (1977) 1503

- K'n+) nearly equal we have two solutions for F(DO »> Rowo) : a large one

490



WEAK INTERACTIONS
J. D. Bjorken

Stanford Linear Accelerator Center
Stanford University, Stanford, California 94305, U.S.A.

491



In this talk we shall look at weak interactions from a phenomenological
point of view.! Our aim is to describe the present situation concisely, using a
minimal number of theoretical hypotheses. We first discuss charged-current
phenomenology, and then neutral-current phenomenology. This all can be described
in terms of a global SU(2) symmetry plus an electromagnetic correction. We then
introduce the intermediate-boson hypothesis and infer lower bounds on the range
of the weak force. (This inference turns out to be more general than the inter-
mediate-boson hypothesis, but that is not discussed here in detail.)

It happens that this phenomenology does not yet reconstruct all the predic-
tions of the conventional SU(2)xU(1l) gauge theory. To do that requires an
additional assumption of restoration of SU(2) symmetry at asymptotic energies.
Finally we comment on the connection of this work to the usual point of view.

I. Charged Currents
All data on charged-current weak processes can be summarized in terms of an

effective Lagrangian

S G g T
Lor = = I (1.1)
where the charged current Ji is given by
3= Ehoy, eyt (1.2)
w %“wFYu ~Yg) T ¥y .

and the fermion doublets wF include

(). (). (), (o cons o ssnn, ). (o conn, acoun,
b = e/ (u_ s =) (d cosec-l--ssinBC s \s cosec— dcosBc (1.3)

Not all of these terms are fully established, although there is good evidence in
t-decay, as presented at this meeting, for the left-handed V minus A assignment.
Likewise the existence of the (:) left-handed current, of approximately universal
strength, follows from the combined evidence from e+e_ annihilation into Dﬁ,
followed by the semileptonic decay of the D, and from v and v production of
opposite-sign dileptons, with accompanying K-mesons. We do not know the precise
normalization of the (:E) and (;) contributions, nor do we yet know whether the
s and d have the proper Cabibbo mixture in the charm-changing charged current.
Nevertheless it is reasonable to assume these currents are also of universal
strength, and that the degree of freedom s” coupled to c is orthogonal to the
degree of freedom d” coupled to u. We do make these assumptions here.
II  Neutral Currents

Given the above phenomenology for charged currents, two options for neutral
current processes naturally present themselves. The first ("YES") option
"completes" the current-current structure exhibited in Eq. (1.1) by supposing a

global SU(2) symmetry controls the form of the total effective Lagrangian.?
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Fig. 1. Contributions to the weak interactionst

(a) "YES": intrinsic SU(2) invariant weak
amplitude

(b) "NO": electromagnetic contribution

(c) "YES": intermediate boson hypothesis
(pole dominance)

(d) "NO": intermediate boson hypothesis
(pole dominance).

That is,
2 VBT L6 F L h (2.1)
42 ¥
with
—_ >
I - )%wau (1-vg) T g (2.2)

There appear no AS = 1 neutral currents, because the GIM mechanism3 applies: only
the combination Erus4-3rud occurs in the neutral current, and this is invariant
with respect to s-d mixing.

The second ("NO") option presumes no such intrinsic neutral current exists.
In earlier times this option was prevalent because of the empirical absence of
AS = 1 neutral currents as well as the absence (in those times) of the GIM cancel-
lation mechanism. However, even in this "NO" option, neutral currents will exist

[N

if only because of photon exchange. The neutrino should possess a charge radius,

i.e. its electromagnetic vertex function should not be identically zero:

em ~ = I—YS eq 2
eFA (q) = VYA( > )v —z (2.3)

This leads to a contact interaction between neutrino and charged matter quite

analogous to the low-energy neutron-electron interaction. We easily obtain

llNOH 2 A
£ = 2-3 -
NC 2[\Z\W)‘(l Ys)vJem+... (2.4)

with Jim the electromagnetic current-operator (at small momentum-transfer) for all
charged matter, and the remaining terms (+...) describing similar contributions

not involving neutrinos.
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What 1is the right answer? Neither the "YES" answer (pure left-handed quark
couplings) nor the ''NO" answer (pure vector quark couplings) agrees with deep-~
inelastic neutrino-induced neutral-current data. Probably the right answer is
5

the phenomenologically successful Weinberg-Salam effective Lagrangian. For

neutrino-induced neutral current processes it is given by
W-S
£ - 8 5., (1 A _ 4 sins A}
NC v v mrgdv (I -4 sinfe T (2.5)
However, inspection of Eqs. (2.1) and (2.4) shows that tﬁis 1s simply the sum of
the "YES" and "NO" Lagrangians
W-S "YES" ""NO"
<z = 2 2.
e + @£ (2.6)
provided one identifies the neutrino charge radius A"l with the Weinberg-angle

ew as follows

1 in6
H =(L)”~‘ sing, = S0 = 10-2 Gev-! (2.7)

A rav'2 53GeV

This 1s a rather large electromagnetic radius; from this point of view one might
have a priori expected6 sinzew"o(a)~ a few %, not the observed 20-25%.
ITII. Intermediate-boson Hypothesis

Let us assume the intrinsic SU(2)-invariant weak interaction "YES" described
+
by Eq. (2.1) is mediated by a triplet of intermediate bosons W, Wa , necessarily
degenerate in mass. We define the (universal) Yukawa coupling constant g for the

W such that

Ji 2
V2 2 (3.1)

Then, just as we might imagine the neutron charge-radius to be dominated (in the

i

g

dispersion-relation sense) by po and o’ exchange, we may suppose the neutrino
charge-radius to be dominated by exchange of the intermediate w3 boson. Defining
ef to be the direct coupling of w3 to photon, the neutrino charge radius is then
given by (c.f. Fig. 1d)

1 q2 e2 ge?f 2
B3 s fe—s =2~ =G/2 sin% (3.2)
™ ™ ey w

There 1s one additional effect of importance. The mixing of W3 and photon
produces a charge-renormalization and also splits the mass of the neutral boson

from the W . The photon propagator D(q2) = e2/q2 becomes, after including all

proper W3—insertions (c.f. Fig. 2).
e2
D(q?) = ——F——— (3.3)
2¢2
qZ 1 - eof
nZ(q2-m2)
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ef ef
5-78 3398A2

Fig. 2. Electromagnetic mixing

of W3 with photon.

This allows us to express the charge-renormalization as

= == == - — (3.4)
2 2 2 Y
e e e w4
Likewise, the nontrivial pole in D(qz) at q2 = m% gives the mass w, of the
physical Z-boson
2¢2
esf
2 _ 2 o
n, ny + m‘% (3.5)

Elimination of the coupling constants eys 8 and f from Eqs. (3.1), (2.2), (3.4)
and (3.5) leads to the results

_ 37 GeV =
My == v1i-Z

02 K 3.6
sin®fy (3.6)
2
E% =13 < 3.7
z
However, Z3 is not yet determined.
IV. Range of the Weak Force
Equation (3.6) shows that
“%:5—3—7—2-9!5 150 GeV 4.1
sin“6y

Thus the range of the weak force must be large compared to the unitarity cutoff’
1
=73
GF .
theories. This result is much more general8 than derived in Section III. Even

The bound is in fact comparable to that expected for the unified gauge

if the single W-exchange is replaced by exchange of a general continuum (which
need not even contain discrete quanta), the same result, Fq. (4.1), can be still
obtained. One writes dispersion relations for the intrin:tic weak amplitude, for
the neutrino charge form-factor, and for the contribution of weak quanta to
vacuum polarization. The result (Eqns. (3.6) and (4.1)) then follows from appli-
cation of the Schwartz-inequality to the absorptive parts of the dispersion
integrals. The parameter m, is now a general measure of the range of the weak
force, and controls the dependence of GF on momentum transfer according to the

definition

2
GF(qZ) = GF<1+3“—€—J+...> 4.2)
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We also see from Eq. (3.6) that as m, increases, Z3 decreases. The quantity

1

- + - . e s .
Z3 measures the yield of weak quanta produced in e e annihilation. This implies
a connection, again obtained via dispersion-relations and Schwartz inequalities,
between the colliding-beam R

weak
+ -
R _ 9(e e »weak quanta)
weak 4 9 1 (4.3)
3 Ta‘s

and the parameters mﬁ, sinzew, GF’ etc. The resulting inequality is plotted in
Fig. 3 and shows that the yield of weak quanta in e+e_ annihilation is very large.
Of course, given the intermediate boson hypothesis, this yield is dominated® by

the resonant production of z°.

10% | R LI R
104 = E
Ig E Stondard Mode! ]
ga [ (sio:5) ]
\E‘|O3 E E
o E 3
¢ ]
Z r Hybrid Model
o A2 _
@ 10k (sinz 8 =|_) E
= w 4 3
o] = 3]
= L ]
<] L i
i}
10! E =
100 i | i ! | |
20 40 60 80 100 1120 140 160
p,,  (Gev) -

Figure 3: Lower bound for R= ER(S), which
measures the production of weak quanta by
colliding ete™ beams. ENote: a similar plot
given in Reference 1 is incorrect. |

We must caution the reader that although m is bounded above, implying that
the threshold for the process e+ve+ weak quanta lies no higher than m, s 150 GeV,
we have not succeeded in making such a statement for the threshold in e+e_ anni-
hilation. Indeed, as Eq. (3.7) shows, we do not have a bound on m,, even given
the intermediate-boson hypothesis.

V. Asymptotic SU(2) Symmetry

Despite the use of the intermediate-boson hypothesis, not all of the predic-
tions of the gauge theories, in particular those for m and m,, have been
recovered. What is missing is the statement of symmetry at short distances,
basic to gauge theories. We may, in the phenomenological language, express this

as requirements that the single-intermediate-boson-exchange dominate the weak
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amplitude at all energies, and that as qz+w , the SU(2) symmetry of the intrinsic
weak force (broken in general by the electromagnetic contribution) is restored.
For any charged elementary fermion of weak-isospin 1/2, the electromagnetic

vertex function analogous to Eq. (2.3) is written

- 1- 4T o, gef 2 1+y
el"A(q) = uy, (——215—),eQ+——231% . iz +<-——~5> eQ
I (mZ-q®)  nf 2

+ YR’ the condition of asymptotic symmetry is that the

2

4Tqpgef 2
+%-i£]u (5.1)
mymat) My

Writing Q = T3L + YL = T3R

coefficients of T L and T R in the electromagnetic vertex operator vanish as

3 3
q2+oa:
4gf
1= (5.2)
™y
When this condition is combined with those already obtained, one finds
= 2 :
Z4 = cos®8, (5.3)
and consequently
- gev M cos o, (5.4)
stnby

The simple gauge-theory results are reconstructed. Assumption of pole-
dominance of these weak amplitudes at all energies may be tantamount to assuming
the gauge theories 15_3232,10 although this point 1s not completely clear to me.
VI. Comments and Conclusions

1. The phenomenological picture of the weak effective Lagrangian as sum of
an intrinsic SU(2)-invariant interaction plus electromagnetic correction is com-
patible with the conventional description using the gauge theories. This is seen
especially clearly in a generalization of the standard model to SU(2) xU(l) xG as
constructed by Georgl and Weinberg.11 They show that if the spontaneous symmetry
breakdown is produced by Higgs bosons which transform as (2,1) + (1,X) and if the
neutrino is a singlet under G, the effective Lagrangian for neutrino-induced
neutral currents is the same as in the standard model. In fact it can be shown®
that the structure of this model is the same as the phenomenological picture: the
weak amplitude decomposes into the two pieces, "intrinsic" and "electromagnetic',
just in the way we have discussed.

2. 1If there does exist an alternative to the gauge theories, what might it
mean? Such a question can be rephrased in terms of the analytic properties of
the intrinsic weak interaction as function of squared momentum transfer q2. In
gauge theories this amplitude is dominated by poles. Pole-dominance may in fact
imply the gauge theories. Alternatives (which most likely are nonrenormalizable)
probably contain strong cuts as well as poles. Such a possibility could corre-

12

spond to composite degrees of freedom, either for intermediate bosons or for

fermions, or both. But we have little of a concrete nature to offer here.
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3. The general neutral-current coupling for charged as well as neutral
fermions is not quite the same as for the standard model. In momentum-space the

generalized effective Lagrangian for neutral-currents is, at low energies:

. A em 1 .em _X
2 3- in2 =
4 sin ewJe ”J)\ 4 sin eWJA +2J)\ Je

NC - _G__
et 4 ®)

The first term is the result for the standard model. Only the last term propor-

A
J3-

e2
-5+ 416V2 sin"p
q w

tional to A differs: it is parity-conserving and vanishes, given the (single)
intermediate-boson hypothesis. Under general circumstances A is nonvanishing
owing to an unknown contribution from vacuum-polarization via weak quanta. How-
ever, from Schwartz inequalities it is possible to show that A > O.

4. We have not written the most general SU(2)-invariant effective Lagran-—
gian for the intrinsic weak force. There might also be contributions from Iw =0
exchange as well as from Iw = 1, especially were the W to be a composite of
I = 1/2 constituents. At present, probably the best test for such a component

W
comes from the deep inelastic neutral-current data. If we write for this case

= ;%_2— GuyA(1-75)\;“3[GYA(1-ys)u-ay‘(1-y5)d]
=4 sinzlew[é GYAU—% EYAd]
+§[GYX(1-Y5)UAEYA(l—YS)d] (6.2)
then a crude estimate indicates that |E| < 0.2 is probably still allowed from
experiment. It is of interest to test in general for such weak-isoscalar terms.
5. At present, the situation with regard to the atomic parity-violation
experiments in Bi is unclear.!* But even were there to be a vanishing effect,
this would not affect the considerations here in a very basic way. For example,
reassignment of right-handed e~ from singlet to an SU(2) doublet is sufficient to
remove the problem.15
6. Central to the phenomenological approach presented here is the global
SU(2) symmetry of the intrinsic weak interaction at low energies. From the
conventional gauge-theory point of view, this symmetry occurs as a consequence of
the assumption of only Higgs-doublets contributing to the intermediate-boson
mass, an assumption of not an especially basic character. Perhaps the global
SU(2) symmetry at low energies is a property of more fundamental origin. In any
event, it would appear that there still is considerable room for alternatives to

the renormalizable gauge theories of weak and electromagnetic interactions.
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COMMENTS ON THE OBSERVABILITY OF LARGE WEAK
INTERACTIONS AT VERY HIGH ENERGIES*
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ABSTRACT

We consider which weak interaction effects might be _
experimentally observable at very high energies in pp or pp
colliding beams, and whether any weak cross sections get large
at high energies. Apart from direct production of W's and Z2's,
the possibility of observable weak effects depends on the
properties of the Higgs bosons. Weak cross sections could get
large at high energies only if the Higgs mass is much larger
than the mass of the vector bosons. However, for feasible
experiments, such effects are suppressed in conventional gauge
theories. Thus, we expect that observable weak cross sections
will not get large at high energies. We also discuss a way to
look for weak effects which has not been studied much: parity
violation effects in the production of hadron resonances.
Numerical results indicate that such effects due to the prod-
uction of W's and 2's should be observable at Isabelle
energies. We also consider the possibility of observing
unconventional kinds of weak effects experimentally, and
their implications for the gauge theories.
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At low energies, weak interaction total cross sections
rise linearly with lab energy; it is commonly stated that
weak cross sections will get large at very high energies. 1In
the context of gauge theories the situation becomes more
precise. It has been discussed most thoroughly by Veltmanl]
in terms of two thresholds. In any case one expects massive
gauge vector bosons, charged Wi‘s and neutral Z°'s. These
will be produced directly, giving large cross sections in
e*e™ collisions at the 2z° mass, and enhancements in vp>Z°+...,
pp?Z°+..., etc. Their mass range constitutes the first
threshold. '

But the theory is not renormalizable with only the
massive vector bosons, and additional physics must enter.l]
In the conventional versions this occurs through the Higgs
bosons. To observe experimentally the differences between
the basic theory with vector bosons and the renormalizable
gauge theories, and to test the gauge theories, one must
observe effects due to the additional physics. If the Higgs
boson mass is large compared to My it gives the second
threshold.

Veltmanl’2] has studied the possibility of testing the
gauge theories at low energies, and found that is is not easy.
In the present paper we discuss whether some observable
effects might be expected at high energies. Unfortunately,
the answer is probably negative.

We can understand this as follows. In the conventional
gauge theories the new physics enters at high energies
essentially by replacing a factor of s, which would lead to a
large amplitude, by mé (mH is the Higgs boson mass).

Veltman,ll and Lee, Quigg, and Thacker,3] have observed that
there are two situations. If M is less than or comparable to
Megr My, then all weak amplitudes stay rather small in all
circumstances and higher order effects which will test the
structure of the theory are essentially undetectable. However,
if . is large, so that some weak amplitudes are large, then
higher order effects are large and perhaps some are
observable.
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Both from the requirements that radiative corrections
3,41 .
, it

was argued that perturbative arguments would break down and

were of order unity,l] and from the unitarity limit

weak amplitudes would behave strongly for m, ~ lO3 GeV.
Unfortunately, when one wishes to observe such effects
experimentally at high energies one must begin with fermion
states, e.g. in ete™ collisions or in qq collisions (where
the quarks are in p or p beams). To get Higgs contributions
one can see that in general the Higgs particles will couple
to fermions. Since Higgs particles with non-zero vacuum
expectation values will contribute to the fermion mass,
their coupling strength is proportional to the fermion mass,
mf. In fact, the corrections due to higher order effects
in observable processes turn out to be at most of order
g4(mf/mw)2 n mﬁ. This is numerically negligible since
mf/mw s 10'3. We conclude that within the framework of
conventional gauge theories with scalar Higgs mesons and
fermion masses determined in part by coupling to the Higgs
particles, no large weak interaction amplitudes will be
ovserved, apart from those directly due to production of
W's and 2's.

Producing two intermediate vector bosons from an fEf
pair is easily done kinematically with expected pp or pp
colliding beams, and gives a cross section that grows with

energy in a nonrenormalizable theory.5'6]

Might we expect
a large rate experimentally? Again, unfortunately, the fer-
mion mass factor enters and makes the rate negligible. This
comes about as follows.

At the tree level the :[:: >W< >__<
diagrams of figure 1

contribute. BAs is (0) (b) (C)

well known, the 2° FIGURE 1: fF » W+W—
and photon contribu- (a) fermion exchange

(b) 2°,v exchanges

tions, (b), provide (c) Higgs exchange

a cancellation of

the term growing like s in (a). But (a)+(b) still leave a
piece of order Ws, which is cancelled by the Higgs boson
contribution, (c). A factor of m. comes from the Higgs
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coupling in (c) and from the propagator or use of the Dirac
equation on the spinors in (a) and (b). Thus the cross
section for f?»w+w' is proportional to (mf/mw)2 (as compared
to single W production) and is negligible.

Next we discuss in general how weak interactions can be
studied at high energies. The usual methods involve the
production of W's and Z2's and their decays into leptons or
hadron jets. These may well be the best methods, particularly
to detect a Z° by its u+u_ decay, and they have been studied

7.8] The method we want to emphasize here is

in some detail.
the detection of weak effects via the parity-violating
production of hadron resonances.

One can see very simply that such effects should occur.
For example, a W decay into qq will give a left handed q in
a V-A theory. When making a meson resonance by picking up
a q from the vacuum it will form (say) p's only of helicity
0 and -1, while the strong interactions give equal amounts
of helicity 1 and -1. Thus comparison of the amounts of

helicity 1 and -1 p's can signal a weak effect.

To see what to expect we c
use a modelg'lO] as shown in
Figure 2, with the basic P
scattering a weak one, q X
dominated by direct production _
of a W. To estimate the P
relative production of various FIGURE 2: Inclusive

production of resonance
+ c by direct production
current opinions. The W of a w.

should decay equally into ud and cs. When a quark fragments
into a hadron, the probability of getting an ss pair from the
vacuum is thought to be 1/2 the probability of getting uu or
= 11]
dd.
for each directly produced 7, from equal population of
helicity states. Thus, there should be (approximately) equal
production of p's and K*'s of each helicity and of 7's.

resonances, we note some

An SU(6) argument suggests there will be three p's

Perhaps, most important, ¢'s are expected with only a reduc-
tion of about 50% relative to K*'s. Since the ¢ background
is quite small, they may give a large signal-to-noise ratio.
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In addition, with a small Q value in the decay, they may be
easy to detect (assuming K% identification).

Some of the results are shown in Figure 3. Thus, if
appropriate cuts are made on the data to reduce the strong
interaction background (say, by looking at Pq ? 10 GeV and
] ~ 90°), a rise in the ¢/7 ratio, for example, would

cm
signal something new. To prove the signal is a weak inter-

action effect, one needs to Ed_d-_ . V;:SOO GeV

detect a parity violation. 1In d;v - '.. Ocm =90°

the case of ¢ decay, one needs .

to see a term:? Im(pyo+P_10) 10'31' '.. pp -C+X,viow

which is present if there is a .‘.Tf‘bOCkgl'OUﬂi
+.'

,t .

non-zero angular correlation ( _c12 )L

for (sinze sing). GeV2
Parity violation can be 10"35

identified in a similar manner

by studying inclusive produc- -

tion of p,w, and K*. Perhaps

. ) ~38 o —-—""
even more fruitful is to study 107 7/
inclusive A productionls] L 8 11? 16 20
where parity violation in its L il 1 4
production is signaled by PT (GCV)

FIGURE 3: incl$sive
production of T ( )
term in its decay. Our numerical ©°(—-—-) and p+(---=) in
pp collisions due to
direct production of W.
one can find situations where The strong interaction
background expected for
T+(....) is estimated
mental considerations appear to from Reference 13.

either a (cos8) or a {sin® coso)

results are encouragingl6], and
background effects and experi-

favor hadron resonance detection over other methods. Further,
the method does seem to have one unique and eventually
potentialy powerful advantage: by detecting resonances with
different charge, strangeness, etc. one can study the flavor
dependence of the W and Z spectrum, and of high energy weak
effects in general.

Finally, we consider the implications of finding or not
finding high energy weak effects not attributable to W's or
Z's. For example, suppose bound states of Higgs, W's and Z's
exist and lie on Regge trajectories.l7] The exchange of such
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objects could lead to unconventional weak interaction effects
at high energy. If such effects are observable, one will
have evidence that m, is largel'3] and that a Higgs-fermion
coupling exists which is not proportional to mf/mn.
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ABSTRACT :

Gauge theory has acquired a central role in our understanding of
elementary particles. We give an assessment of the achievements
and prospects for future development.

La théorie de jauge a acquis un rdle central dans notre compréhension
des particules élémentaires. Nous donnons un état des réalisations
et des perspectives de développement futur.
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Recent developments, both experimental and theoretical, add new
arguments for singling out gauge theories in the unique tool for understanding
the interactions of elementary particles. From a philosophical point of view,
the overwhelming merit of gauge theories is that they lead to unique interaction
schemes, approaching the ideal of a theory with a minimum of arbitrary (i.e. ex-
perimentally determined) parameters. The essential element for the wide accep-
tance of non-abelian gauge theories was given by the relatively recent proof of
their renormalizability, which opened the possibility that they can give models
of elementary particle interactions which are not only aesthetically satisfac-
tory, but also mathematically meaningful. Renormalization theory remains in fact
the main tool for giving mathematical sense to realistic (i.e. four dimensional)
models.

An exciting consequence of the advent of gauge theories is the
unification of interactions which were previously considered as independent. We
have already a unification of weak and e.m. interactions, and the process can
continue. At each new level of unification we reducevrhe number of independent
couplings, and we approach the ideal goal of a theory with no arbitrary para-
meters. At present, we think in terms of three types of interactions, each asso-
ciated with a gauge group : i) Strong interaction, arising from the colour gauge

symmetry SU(3)C.

ii) Weak and electromagnetic interactions, arising
from a gauge group, G, which contains at least
su(2) @ u(n.

iii) Gravitational interactions (which I will not dis-

cuss here).

According to the more widely accepted scheme, strong interactions
and weak-electromagnetic ones are independent of each other, i.e. they arise
from "gauging" two symmetry groups, SU(3)c and G, which commute among themselves.
In simple terms, gluon carries neither electric charge nor weak isospin. The oppo-
site view, which can accomodate integrally charged quarks, is also being actively
explored.

The unification of i) and ii) in a single gauge group is an attrac
tive possibility, and a few interesting schemes have been proposed. Gauge theo-
ries lead to an interpretation of bosonic dynamical variables as variables which
are related to local symmetry properties. Fermion fields are added on, much in
the same way as '"matter fields" are added in Einstein's theory of gravitation.
This situation could be drastically changed by the emergence of supersymmetries,
which involve transformations of boson into fermions and viceversa. Supersymmetry

has not yet had an impact on our understanding of experimental data, but specta-
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cular developments are well possible in the near future.

For weak interactions the advent of gauge theories has meant the
passage from a phenomenological model - useful only at lowest order in the Fermi
coupling constant = to a theory where any process can be computed to any desirable
order. The list of physical effects which can now be computed in finite terms
contains three main headings :

i) Second order weak processes, such as K° = u*u: and the

KL - KS mass difference.
ii) Weak corrections to e.m. effects, such as the (g - 2) of the
muon.

iii) E.m. (radiative) corrections to weak processes.

We need not emphasize the importance of these achievements : as
an example, radiative corrections to beta decay play an essential role in the
verification of the relation between the muon coupling constant, G and the beta

decay vector coupling constant, Gv:

G - Gv
= ] -cos® =& 2.57

G

A second feature of gauge theories is asymptotic freedom. This has
proved essential for the success of QCD. Renormalizability in fact guarantees the

existence of a perturbative series, with finite coefficients, for any physical

A= :E: a, a®

on the contrary, renormalizability does not guarantee that the above series can

quantity, A :

be the basis of an effective approximation scheme, one where a specified accuracy

can be reached with a computation of manageable proportions. This was a serious

problem with the old theories of strong interactions, such as that based on the
T— N Yukawa coupling.

The asymptotic freedom of QCD means that effective perturbative
calculations can now be carried on for physical processes involving short distance,
or high qz, interactions. This possibility has an important fallout for weak and
electromagnetic interactions of hadrons. Deep inelastic processes give an impor-
tant example which has been extensively discussed during the meeting. Another
important instance of this new possibility is given by explicit calculations of
non leptonic weak processes, especially those involving the decay of charmed par-

ticles, and particles containing new types of heavy quarks (see Maiani's talk).

QCD - a unique theory of hadrons

Quantum chromodynamics has emerged as the unique theory of hadrons.
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This unicity follows from the requirement of saturation of quark-quark forces in
the singlet q§ and qqq states, as well as from the requirement of approximate
scaling in deep inelastic phenomena.

QCD is an asymptotically free theory : the effective fine
structure constant as decreases at short distances, (i.e. at large QZ), accor-
ding to 33-27 \! ? \! 2

o (QZ) In for Q°>> A

s
A
12w

2

where F is the number of quark flavours.

This expression is valid for large Q2 , i.e. Q2 >> /\2, i.e. for
values of Q2 where Ols is small. A2 gives the mass scale in which oy becomes
very large, i.e. the scale where quark interactions become strong. We note that

A is the only parameter in this expression. Since A  has the dimension of
mass, we can always eliminate it by choosing A as the unit of mass, i.e. by
choosing units in which A = 1. In such units QCD becomes a theory without ar-
bitrary parameters !

The value of A can be determined by studying the violation
to Bjorken scaling in deep inelastic scattering. The preferred value is now
A =~ 0.5 GeV. This means that for Q = 3 GeV we have @ R 0.4, a smallish
value which allows meaningful perturbative calculations. The situation is even
better since first order.corrections are typically proportional to as/ T
rather than to a itself. The operational definition of a Q2 dependent coupling
constant, as well as the technology necessary for doing computations is a rather
technical subject, as it involves the theory of renormalization and an extensive
use of the renormalization group, and I will not discuss it here. Actual computa-
tions are not very different from similar computations in QED, and in many ins-
tances one finds that it is possible to adapt with little extra work results
obtained a few decades ago.

The above expression of ¢ s is strictly valid only if quarks
are massless. One can take roughly into account the effect of the quark masses
by taking for F the number of quark flavours with mass less than QZ. We would
then put F = 4 in the range 2 < Q2< 25 GeVZ, which is relevant for most of
the present work.

Asymptotic freedom implies that there is a large body of physi-
cal phenomena which can be computed, essentially by perturbative methods, with a
controllable accuracy. These phenomena yield meaningful tests of the theory. To
list a few :

1) Predictions for the total hadronic cross sections in e+e_.

2) Predictions on the scaling violation in deep inelastic
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phenomena.
3) Spectroscopy of bound states of heavy quarks.

4) Weak decays of particles including heavy quarks.

Inroads are being made into different ways of testing QCD, through the study of
+ -
elementary gluon processes, the counterpart of QED processes such as e e scat-

+ - + - . . .
>ee > ee Y, etc. The doctrine behind these tests is that

. + -
tering, e e > YY
whenever an elementary process, such as

qQq+q > q+ q+ gluon

takes place at high energy and large momentum transfer, each of the emitted quarks
and gluons gives rise to a jet of hadrons carrying the energy and momentum of the
originating quark or gluon. One can thus measure the cross section for an elemen-
tary process by measuring the cross section of the corresponding multijet event.

This area of physics is now at the beginning, but promises to
become one of the active areas of research in machines such as PETRA, PEP, or the
PP collider at CERN.

We thus have, in the upper reaches of the Q2 spectrum, a rich
area of collaboration of theory and experiment for the testing of QCD. The great
challenge for theoreticians lies now at the other end of the spectrum : under-
standing quark confinement, and, more in general, developping the calculational
techniques needed to apply QCD to low and intermediate energy phenomena, i.e. to
the main body of classical hadron physics.

In this field we are far from a satisfactory situation and there
are no results that would be presented in a meeting devoted to new experimental
results and to the interaction of theory and experiment. The progress is never-
theless quite impressive. We have learned many unsuspécted facts on the behaviour
of classical gauge theory, in particular on the existence of exact localized so-
lutions of the classical equations of motion, called the instantons. The existence
of these solutions is now revolutionizing our views on the nature of quantized
gauge theories at large distances, and these developments might lead to a convin-
cing demonstration that QCD leads to colour confinement.

A consequence of the existence of instantons which is highly
relevant to the comparison of theory and experiment is the solution of the 4L
puzzle. It was thought that QCD led to the prediction of the existence of four
very light pseudoscalars. Three of them were identified with the pion. The fourth
had the quantum numbers of the 41 , which is however not light at all. It has
been recently shown by 'T Hooft that the puzzle is not there : a subtle conse-

quence of the existence of instantons is that QCD predicts the existence of only
three, not four, light pseudoscalars. In conclusion QCD already offers specific

predictions in a large area of high energy physics, and we hope that continued
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effort will enlarge this area ; we have good hopes to achieve a number of impor-

ttant qualitative results, such as the proof of colour confinement.

Weak and electromagnetic interactions

In this field theoretical physics has scored two undeniable
guccesses : the prediction of charm, the prediction of neutral currents.

Where we proceed from the present SU(2) ® U(1) model ? We have
no overwhelming indications on how to develop the model, and wether we should.
The problem we are facing has been clearly stated by Bjorken : gauge theories of
weak interactions are flexible while QCD is essentially unique. A possible way of
reducing this flexibility comes from the idea of a super urification which derives
weak, e.m. and strong interactions from the gauging of a single group. The requi-
rement of unification does not lead to a unique solution, and different weak-elec-
tromagnetic theories could be unified with QCD. The present SU(2) x U(1) model is
compatible with unification without further extensions, for instance in an overall
SU(5) symmetry (Georgi and Glashow).

In this situation the strongest incitements to modify the
present model come from new experimental results, often from rumours. Many new
models are born of experimental rumours, and often die with them. There have been
two new developments which suggest an enlargement of the standard four quarks-four
lepton scheme, one very firm, consisting in the discovery of 1 and of the Y
resonance, the other being the persistent, although still not conclusive, lack of
parity violation in atomic physics.

Recent results, presented here, indicate that 1 decays into
its own light neutrino, v, s to which it couples in a V - A way with essential-
ly full strength.

The very useful limit on the 1 lifetime given by Pluto is
very close to excluding the possibility that <t decays through v Y mixing.
It seems that we have found the third replica of the e -ve doublet, and that we
should abandon theoretical ideas of using <t in more exotic structures. The dis-
covery of new quark doublet was then not only expected, but required in the
SU(2)® U(1) scheme : the y resonance was quickly accepted as the first manifes-
tation of the new quark doublet and tentatively classified as a bb state.

The third lepton and quark doublets, however, are not mere
replicas, in that they open new possibilities, namely that of giving a natural
explanation of superweak CP violating forces which can now be explained through
complex mixing between d, s, and b quarks. If neutrinos are not exactly massless
a-similar mixing would lead to CP violating neutrino oscillations - an exotic pos~

sibility, but worth looking into.
In conclusion, we have excellent results, but we still lack a
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theory of weak interactions which forces itself on us because of its unique ele-
gance and adherence to experimental facts. In this condition theoreticians will
be largely led by the new experimental developments. And these are sure to come
since the instrumental premises are there,both with machines now operating or
being built, like PETRA and PEP, and with projects such as the pp colliders, and
ISABELLE, and the future projects on large ete” machines which are now taking

shape.
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An Experimental Summary of the XIII Rencontre de Moriond*

Martin L. Perl
Stanford Linear Accelerator Center
Stanford, California 94301

Abstract

This is the written version of a summary talk on some of the experimen-
tal results presented at the XIII Rencontre de Moriond. Results are reviewed
in the following areas: (a) studies of the quark-parton model, Bjorken scaling,
and quarl® fragmentation using virtual photons, neutrinos, and et-e~ annihi-
lation; (b) properties of the Tt lepton, D charmed meson, and F charmed meson
as measured in et-e~ annihilation; (c) production of charmed particles by pho-
tons, neutrinos, and hadrons, including the CERN beam dump experiments; and
(d) ongoing searches for new particles.

* Work supported by the Department of Energy.
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1. INTRODUCTION

At this XIIIth Rencontre de Moriond a tremendous amount of experimental
and theoretical information had been presented — some new and some in the
form of review. It is not possible in a summary talk to cover all this ma-
terial or to do justice to the many fine presentations. Therefore, I have
adopted two limits on the material I will discuss. First, I will not review
any theory; a general theoretical talk has been presented by Cabibbol), and,
in any case, I am not competent to report on much of the theoretical‘work
presented here. Second, I have limited this talk to those experimental
topics which seemed most in need of review either because a large amount of
new material was presented; or because it seemed worthwhile to compare re-
sults from different areas such as neutrino physics and virtual photon
physics; or because the topic still seemed to have a large amount of experi-
mental uncertainty and incoherence. I hope that my use of this last criter-

ion has not introduced too much incoherence into this talk.

2. VIRTUAL PHOTONS, NEUTRINOS, AND THE QUARK-PARTON MODEL

2A. The Interaction of Spacelike Virtual Photons with Quarks

As we all know, deep inelastic electroproduction or muoproduction occurs

in the quark-parton model, Fig. la, through the fundamental reactionz)’3)

Yvirtual, spacelike + quark > quark @

We also know that this reaction is described by three structu. = functions
2 2
Flem(\’yq ), erm(\’)q ) F3em(\”q2) (2)

where v is the energy of the virtual photon in the laboratory system and q2

is the square of its four-momentum. Bjorken scaling says that these F's for
sufficiently large v and |q2| should only be a function of a single variable

called x or w where

2
=1._90

x v 2Mv ©
with Q2 = Iq2| and M the proton mass. Electroproduction experiments at SLAC
by SLAC and MIT groups first established the validity of Bjorken scaling for
Flem and erm when Q2 > l(GeV/c)Z. (F3em
inelastic scattering of polarized leptons on polarized nucleons; and this

can only be determined through the
has only been accomplished recently.a)) The acceptance of the validity of
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e(p)

e(w)
= Yyvirtual
_— hadrons
nucleon
(a)
w
Y
w+
hadrons
nucleon
5s-78 (b) 3397413

Fig. 1. The quark-parton model for (a) deep inelastic electroproduction
or muoproduction; and (b) deep inelastic neutrinoproduction.
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Bjorken scaling for Reaction 1 has meant that we could simply regard Reaction
1 as the absorption of a virtual photon by a free quark — the quark being
simply a charged point particle.

While this picture has proved to be very useful, we must now accept the
fact that violations of Bjorken scaling have been found experimentally using
electrons at SLACS) and muons at Fetmilab§)’7) The explanation for these
violations 1s simply that the quark is not free; rather the quark interacts
with other quarks and with gluons in the nucleon. We should not be surprised
at this; indeed, we should be more surprised the Bjorken scaling and the free
quark concept work as well as they do. The concept of asymptotic freedom
and the theory of quantum chromodynamics provide a framework for understand-
ing why Bjorken scaling works and for studying the violations of Bjorken
scaling. These ideas have been reviewed by G. Alterellis) at this confer-
ence; and, as I stated in the Introduction, I will not discuss these theo-
retical ideas again here. However, at the end of the next section I will
use a bit of parameterization from quantum chromodynamics, the A parameter,
to compare neutrino data with muoproduction data.

The most recent measurements of Bjorken scaling violations in muopro-
duction, TABLE I, were presented by T. Quirkg) and W. Chen;o). Figure 2
shows F;m(x) for the 147 GeV u-p datag) compared to a fit to the lower energy
electron data. We note that ovef this v range it is a useful approximation
to think of Fz(x) at fixed Q2 as independent of v. The curves from Fig. 2

are superimposed in Fig. 3. We see that for
x < 0.25 F2(x) increases as Q2 increases (4a)

x 2 0.25 F2(x) decreases as Q2 increases (4b)

11)

This observation has been made quantitative by Perkins et al who used the

scaling violation parameterization

2\b
F,(x,0%) = F,(x,0,%) [Q—‘%] )
o

Fig. 4 prepared by T. Quirkg) shows that the simple rulell)

b =0.25 - x O

18 a useful approximation. There are no corresponding measurements on Fl(x)
violations of scaling because Fl(x) 1s multiplied by sin2 6/2 (6 is the elec-
tron scattering angle in the laboratory) and is therefore very difficult to

measure.
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] 1 |
_ *q2=3O-SOGeV2_

q2=15-30GeV2 _

Fa(x)

0.5 q%=1-2 Gev2 |_ q2=8-15Gev2

5-78 x 339741

Fig. 2. FE® versus x. The solid circles are from u-p deep inelastic

sCattering at 147 GeV (Ref. 9). The curves are fits (Ref. 9)
to the lower energy electron data shown by the open circles (Ref.5).
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Fig. 3. A superposition of the curves from Fig. 2.
0.5 T | I T T T T T

Fo (x,92) = Fo (x,3) (q2/3)b

q2>1.0 Gev?

O —
b -
-0.5 - —
| 1 i 1 | [ W 1 1
0] 0.5 . 1.0
5~ 78 X 339742

Fig. 4. Comparison of Eq. 6 using q2=3 and b=0.25-x for: lower energy e-p
data (open circles, Ref. 5)% 147 GeV y-p data (solid circles, Ref.9);
147 GeV p-Fe data (x's, Ref., 6). Prepared by T. Quirk.
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TABLE I

Muoproduction Experiments

Speaker T. Quirk W. Chen W. Chen
Experimental u=p, u-D u-Fe u-Fe
parameters E = 96,147 GeV E = 56,150 GeV E = 270 GeV

e 2 L L

0.3 £ Q" < 50. 2 1 <Q” <40 2 5<Q <150 2

(GeV/c) (GeV/c) (GeV/c)

Reference 6, 9 7 10
Groups Chicago, Harvard, Cornell, LBL, Mich. State,

Illinois, Oxford Mich. State, Fermilab

UcsD
Laboratory Fermilab Fermilab Fermilab
10)

presented very large Q2 muoproduction data, Fig. 5, using an
iron target. The curves are Chen's fitslo) to the SLAC-MIT datas)
v and Q2 extrapolated to higher Q2. The 5 < Q2 < 15 (GeV/c)2 data is in

fairly good agreement with the corresponding u-p data, Fig. 2. And, as Q2

Chen

at lower

increases, F2 also appears to continue to increase for x < .2. This is a
further illustration of Eq. 4a. Chenlo) also presented his data for fixed
intervals inw, Fig. 6. When w>5 (that is x < .2) the increase of F2 with

Q2 is clear. The 3 <w < 5 plots show a non-monatonic behavior that can be
interpreted, as pointed out by Chen, as an indication of a threshold for

some new particle production at a total hadronic energy of about 10 GeV.
However, this phenomenon and its threshold interpretation are probably best
regarded as a stimulus for further measurements of FZ in this high Q2 range.

Incidently, a comprehensive review of electroproduction and muoproduction

3)

has been given recently by Hand.

2B. The Interaction of Neutrinos with Quarks

Figure 1b reminds us that the fundamental reaction
W + quark -+ quark (7)

where W 1s the intermediate boson which carries the weak interactions, 1s anal-
ogous to Reaction 1. If we accept the unification of weak interactions and
electromagnetic interactions, then Reaction 7 should also show (a) approxi-

mate Bjorken scaling, and (b) violations of that scaling analogous to those
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Fig. 5. vW2=F§m versus x from u-Fe data at 270 GeV. VW is given per nucleon.
The u-Fe data and the curves which fit lower energy e-p data are
from W. Chen, Ref. 10.
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exhibited by Reaction 1. Peint (a) is now well extablishedlz)’13)’14) for

both neutrinos and anti-neutrinos, and so we can immediately turn to point
(b) — the violations of Bjorken scaling.

B. Tallinilé)
¥ from BEBC and Gargamelle data (TABLE II). The dashed lines are fits

presented measurements, Fig. 7, of the scaling violation
of F2
to lower energy

TABLE II

Neutrino experiments on Bjorken scaling violations

Speaker B. Tallini A. Savoy-Navarro
Experimental v and V in Gargamelle v and 'V in CDHS counter,
parameters with 2 < Ev < 12 GeV drift chamber experiment

with 30 < E < 200 GeV
v and Vv in BEBC with
20 < E < 200 GeV

Reference 14 13

Laboratory CERN CERN

electroproduction data; they show that very similar scaling violations are

observed in sz and erm. The difference between v and v deep inelastic

scattering yields directly F3v; and, as shown in Fig. 8, xF3v shows viola-

tions similar to sz. (We use xF3v because in the simple quark-parton model
Vi _ gV

|xF3 | Fy.)

The CDHS data as presented by A. Savoy—Navarrol3)

is not yet in a form
for direct comparisons with Fig. 7. However, Fig. 9 shows that there are
scaling violations in Fz(x) in quantitative agreement with Fig. 7 and Eq. 4.
This follows from Fig. 10 which shows that in the CDHS data<Q2/Ev’G> is
constant. Hence in Fig. 9 the larger Ev curve is on the average a larger
Q2 curve. Incidently, Fig. 10 shows that the change im<Q2/Ev rig which is
apparent in the combined GGM-BEBC data (and which is also an i;dicationlz)
of a scaling violation) is not seen in the exclusively high energy CDHS
data. A similar remark applies to Fig. 11.

15)

It has become conventional to describe scaling violations in quantum

chromodynamics through a scale parameter A (GeV/c) which enters the theory

15)

through the function ln(QZ/Az). For example: Buras and Gaemers replace

the usual expressions
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Fig. 7. Comparison of Fj for neutrinoproduction and electroproduction versus
q? presented by B. Tallini, Ref. 14. F%m is multiplied by 1.8 in
accordance with the quark model.
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Fig. 10. <Q2/E ,;> versus the neutrino energy E presented by A. Savoy-Navarro,
Ref. 13.
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Fig. 12. Timelike virtual photon production of hadrons.
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a b

F (x) =Ix 1 Q- x) 1; a,, b, constants, (8a)
2 i 171
which obey Bjorken scaling, by _ _
) 3,(® b @)
Fo(x, Q) = £x ©  (1-x) (8b)
i
. 2 "
In this latter expression 1n 97
s =1n A (8c)
2
Qo
n
A

Electroproduction and muoproduction data gives values of A in the range of

0.3 to 0.66 GeV/c depending on the fitting methodls). Tallinila)

A = 0.75 + 0.1 GeV/c for the neutrino data. It is too soon to say whether

gives

this difference has any significance because: (a) different ranges of v
and Q2 occur in the different experiment, (b) the various experiments may
have different systematic errors, and (c) different fitting methods have
been used. However, as virtual photon and neutrino experiments improve in
statistics, it will be interesting to‘:test just how precisely the scaling

violations agree.

2C. The Interaction of Timelike Virtual Photons with Quarks

The fundamental reaction, Fig. 12, is

Y, + quark + anti-quark )

virtual, timelike

and this reaction is most easily studied through electron-positron annihila-

tion,
et + ™ + hadrons (10)
The analogy to Bjorken scaling in Reaction 9 is the statement16) that
R = Tete~ + hadrons / Octe= » yty— = constant 1w

Of course this can only be tested in an energy region where there are no
thresholds for new particle production. Such a region appears to be
5¢ Ecm < 9 GeV; just below 5 GeV there are presumably charmed baryon thresh-
olds, and above 9 GeV thresholds associated with the upsilon will occur.
G. W01f17) presented new measurements of ¢ +'_ from the DASP

eve~ + hadrons 18)
collaboration Fig. 13; and Fig. 14 is a recent SLAC-LBL compilation of
Oete= + hadrons® Above 5 GeV Rexp = 5.3 to 5.5 and in the SLAC-LBL data is

a constant. Thus we do see Bjorken scaling. However, the magnitude of Rexp
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Fig. 13. The total R=Ry,4 + R, versus the total center-of-mass energy W
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Fig. 14. The total R versus the total center-of-mass energy E, p from the
SLAC-LBL Collaboration; presented by G. Hanson (Ref. 18).

533



534

19)

is higher than the simple quark model prediction of R = 4.33, which in-

cludes the u, d, s, and ¢ quarks, and the T lepton. Thus

Rexp - Rtheor ~ 1 for Ecm > 5 GeV (12)

We do not know the reason for this discrepancy.

2D. Quark Fragmentation

Here we are concerned with comparing how

quark + hadrons (13)

after the quark is excited or created in Reactions 1, 7, or 9. I shall limit
my discussion here to the single hadron inclusive distribution, Eq. 14, and

I shall neglect the mass
quark + h + other hadrons (14)

of the produced hadron (h). Then in all three of the reactions there is a
maximum momentum Prax which can be given to h; and we define the longitudi-

nal variable

/ (15)

z= plongitudinal Pnax

and the transverse momentum 2 H relative to the direction of motion of the
fragmenting quark.

As has been demonstrated beautifully by G. Hansonls), the proper deter-
mination of z in ete™ annihilation (Eq. 9) requires the finding of a jet
axis; and then the calculation of z and pT relative to that axis. These

9), in which ete™ anni-

variables are used in Fig. 15, prepared by T. Quirk
hilation is compared with pu-p deep inelastic scattering (TABLE I). This is
an absolute comparison. We see the pleasing result that the distribution
functions (z/70)(do/dz) are the same except in the lowest z bin.

Y.‘Sacquinzo) used v and v data with Ev > 100 GeV from BEBC to show,

22)

Fig. 16, that the z distributions for v and V reactions are quite similar to

those for electroproduction21) and e'e” annihilation.?) (The e*e” data
here is not relative to the jet axis.)

Turning to the PT distributions we first look at some interesting new
results in the v and V data presented by Y. Sacquinzo), Fig.  17. Here as
Q2 increases, <pT> at fixed z increases. This is the first demonstration, to
my knowledgezq),of an effect of Q2 on <pT> in inclusive hadron production

properties in deep inelastic lepton scattering.
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distributions from ete~ annihilation and muoproduction. Prepared
by T. Quirk, Ref. 9.
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8)

Finally, in Fig. 18 we compare<pT> for e+e_ annihilation1 , muopro-

ductiong)

Q2<10

, and v deep inelastic scattering. For the latter we use the 5 <

20)

(GeV/c)2 data of Sacquin We see quite similar(pT> values.

2E. Conclusions for Section 2

(a)

Deep inelastic electron, muon and neutrino scattering all show sim-
ilar violations of Bjorken scaling which qualitatively follow Eq. 4.
For Q2 > 20 (GeV/c)2 and w ~ 4 there may be more complicated be-

havior versus Q2 .

(b) In e'e™ annihilation above Ecm = 5 GeV, R shows Bjorken scaling

but simple theory does not explain the high value of R.

(c) Quarks change into hadrons in the same way whether produced by

deep inelastic lepton scattering or in e+e_ annihilation; as we
expect from the quark model. An interesting effect of Q2 on< pPr>

has been seen in v experiments.

3. PROPERTIES OF NEW PARTICLES FROM e'e” ANNIHILATION

This discussion of the T lepton, D charmed meson, F charmed meson, and

charmed

baryons is based on the electron-positron annihilation experiments

listed in TABLE III.

TABLE III

e+e_ Experiments Presented at this Conference

Speaker Apparatus or Group Name Storage Ring
J. Burger PLUTO DORIS
G. Grindhammer DASP DORIS
G. Wolf DASP DORIS
G. Hanson SLAC-LBL Mark I SPEAR
M. Perl SLAC-LBL Mark I SPEAR
LBL-SLAC Lead Glass Wall Detector
A. Diament-Berger DELCO SPEAR

3A. Properties of the T Lepton

All the known properties of the 1, (TABLE IV) are consistent with it

being a
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Properties of the 1 lepton.
or published after this conference.

TABLE IV

for the T to simplify the notation.

General Property

Value or Specific Property or Comment

Some of these properties were presented
Decay modes are always written

Reference

t Mass (GeV/c2)

1807

20
1782 + 2

7

I+ 1+

(DASP) 17, 28
(DELCO), 27, 29

v_ Mass
T

<250 MeV/c? with 90% confidence

(DELCO) 27

v, Coupling

V+A excluded
V+A excluded, Michel parameter
p=0.73 £0.15

(SLAC-LBL) 30
(DELCO) 27

Lepton Type

Sequential or T~ has lepton number
of e~

30, 31, 32, 33,
34, 35

Lifetime

<10-11 gec. with 95% confidence
<4 x 10-12 gec, with 95% confidence

(SLAC-LBL) 30
(PLUTO) 36

Leptonic Branching
Ratio

B(T_ > vp € V) = B(T_ > vgu V) to
within 10 or 20%

B(T_ > vie ve) = 18.2 £ 2.8 * 1.4%
B(1™ > vie=Ve 1 = 18.6 + 1.0 + 2.8%
B(t > vie~Ve) = 16.3 £ 1.0%

(DASP) 17, 28
(SLAC-LBL) 30,37
(DELCO) 27, 29

T vt

B(g_ +vem ) =8.3 £ 3%

General evidence for this decay mode
has been found by G. Hanson.

This mode has not been seen by a
small statistics DASP search

(DELCO) 29
(SLAC-LBL) 38

(DASP) 17

Other Hadronic
Decay Modes

B(t™ > va_)+= 24 + 9%

B(t" > vgn mw ) =5 + 1.5% with
evidence for A

B(t™ » vym-ntr=)= 6 *+ 4.5%; this data
is consistent with A; but does not
require it.

B(t™ + vyrrtrn®) = 10 + 7%

(DASP) 17, 28

(PLUTO) 25, 39
(SLAC-LBL) 40

(SLAC-LBL) 40

Other Decay Modes

No other decay modes such as

For a summary

T >, T Uy T >vieee see Ref. 30
have been seen
Spin The energy dependence of the pro- 41

duction cross section is consistent
with spin = % and appears to be incon-
sistent with other spins; although
more quantitative work needs to be
done here




3B. D Charmed Mesons

The hadronic decay modes
-+ + - - -t -
DO +Kn ,Ror 7 ,K n+n°,K n+n n+ (16)
pt » E°n+,K-n+n+

have been seen. A thorough review has been given by FeldmanAZ)and we only

note here that all the properties of these hadronic decays are consistent
with the conventional theory of weak interactions and charmed quarkslg).

The semi-leptonic decay modes, Eq. 17, branching ratios

p° » et + v, + (hadrons) ~
a17)
D+ > e+ + Ve + (hadrons)o H
and more general
charm particle + e + ve + hadron (18)

branching ratios are given in TABLE V.

TABLE V

Energy Range Branching Ratio Reference
At (3772) B(D >e+X) =7.2%2.8% (LBL-SLAC)43
averaged over D° and D*

3.9 < Ecm < 7.8 GeV B(charm + e + X) = 8.2 + 1.9% (LBL-SLAC)43

4 S-Ecm < 5.2 GeV  B(charm +~ e + X) = 7.2 + 2.0% (DASP) 17

At ¢(3772) B(D »>e +X) =11 + 2% (DELCO)27, 44
averaged over D° and D%

The e* momentum spectrum for Eq. 17 is given in Fig. 19. This is DELCO

dat327)

obtained at the ¥(3772) and averaged over D° and D* decays. The spec-
trum is consistent with a mixture of D + evK and D + evK*(890) decay modes

with V-A coupling.

3C. F Charmed Mesons

17,

Information on the F meson is still scanty. DASP 43) has previously

reported seeing the
Ft > n + 7t (19)

decay mode at Ecm =4.4 GeV. This data yields masses of

M, = 2030 * 60 MeV/c2, M, = 2140 * 60 MeV/c? 3 0)
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17)

and at this conference G. Wolf "‘reported an inclusive n peak at

Ecm = 4.16 GeV, Fig. 20. This appears to be evidence for

et +e >F+TF (21)

at 4.16 GeV since the n peak is not seen at 4.03 GeV, Fig. 21.

46)

D. Liike has discussed searches for the F using all charged particle

decay modes such as

Faxt+r +0° (22)

3D. Charmed Baryons

No direct evidence for the production of charmed baryons in e+e- anni-
hilation has been found. Figure 22 from the SLAC-LBL collaboration47)presents
indirect evidence for a threshold for charmed baryon production at an Ecm
of roughly 4.5 GeV.

3E. Conclusions for Section 3

(a) All measured properties of the T are consistent with it being a
lepton and no other hypothesis as to the nature of the T fits the
data.

(b) The known decay modes of the D meson are consistent with conven-
tional theory.

(c) The branching ratio for charmed particle -~ e + X is in the 7 to 11%
range, averaged over the production cross section for charmed
particles in e+e_ annihilation.

(d) Much more work remains to be done on F production in e+e_ annihi-
lation; and charmed baryons have not yet been found directly in

ete™ annihilation.
4. PRODUCTION OF CHARMED PARTICLES BY PHOTONS, HADRONS, AND NEUTRINOS

4A. Photoproduction of Charmed Particles

F. Richard“e)reported that 8 events of the form
y+p->D+X
I—» KT

have been found using the Omega Facility at CERN with 25 < EY < 72 GeV. This

23)

corresponds to a production cross section for the D in the range of one to
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Fig. 20. The 2y invariant mass spectrum in the energy range of 4.10 to 4.22
GeV showing a m° and an n peak; from DASP, Ref. 17.

544



PRELIMINARY
400 <W < 4.06GeV

- DASP

Entries /50 MeV
N
o
|
{

L e

025 050 075 100 125
MW (GeV)

Fig. 21. The 2y invariant mass spectrum in the energy range of 4.00 to 4.06
GeV showing only a 7° peak; from DASP, Ref. 17.
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several microbarns. This is a reasonable value because the total hadronic cross
section is about 100 microbarns. This is the first report of photoproduction

of charmed mesons.

4B. Direct Experiments on Hadroproduction of Charmed Particles

In this section we review experiments which have looked for hadronic

production of charm by searching for

D>Kt+ g (24)

charm particle pair + e* + ¥ + X (25)
charm particle pair + p¥ + ¥ + X (26)
charm particle + y* + X (27)

TABLE VI gives published results on some experiments which have not found a
charmed particle signal and so can only give upper limits. These upper
bounds depend upon combining the acceptance of experiment with a model for
the x and Pr distributions of charmed particles produced in hadronicAinter—
actions. This of course leads to an uncertainty in how to interpret these
upper limits. I have not made a study of this problem; and so looking at
TABLE VI I simply estimate that the cross section for the hadronic production
of D° mesons is less than several tens of pb in the energy range of the
table. The cross sections for D° + pt production could be twice as large;
and the limit on the hadronic production of all types of charmed particles
seems to be of the order of magnitude of 100 Wb. The reader should make his or
her own estimates.

49)

This is now one experiment °‘which has finally detected charmed particle

production by hadrons. This experiment carried out at Fermilab by a CIT-
Stanford collaborationAgz used the apparatus in Fig. 23 with a 400 GeV proton
beam. One part of the data collection consists of looking for events with

a prompt, single muon. This data was corrected for feed-down from dimuon
events and for contamination by muons from the decay of conventional
particles-pions and kaons. The latter correction was made by varying the
density of the target. The experimenters find a non-zero, prompt, single
muon signal. If they assume the single muons come from the decay of a D
meson produced with the distribution dN/ddep% = e_z'OAPT(1—|xF.l)4'67 and
that the nuclear production cross sections is proportional to A then their

preliminary result is
o(charm) ~ 40 wb . (28)
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TABLE VI

Published 1limits in pb/nucleon for some searches for hadronic

production of charmed particles.

All limits assume that the

nuclear production cross section is proportional to A

Experiment Method Limit and Comments Reference
M.A. Abolins n + Be "*Do +X No signal found. A 4 s.d. Phys.Lett. 73B,
et al. DO » K* + n+ effect would require 355 (1978)
<E,>=250 GeV oDO (x>0)=14 ub/nucleon
W.R. Ditzler p + Be, CHp, Pb + No signal found. Phys.Lett. 71B,
DO + X do  /dy(y__=-0.4) 451 (1978)
Do + Kt + n¥ cn
<23 vb/nucleons with 952
E = 400 GeV
P confidence.
J.C. Alder p+p+D°+X No signal found. Phys.Lett. 66B,
et al. DO + Kt + #% 90<770 ub/nucleon with 952 401 (1977)
Ecm = 53 GeV confidence. ¢ was measured for
.9<y<1.2 and a model used to
obtain the total o.
A.M. Johckheere | v~ + C,Hp + No signal found. Phys.Rev. D16,
et al. wT 4 X 9%p < 10.4 ub/nucleon with 90% 2073 (1927)
confidence. DD production as-
aumed similar to ¥ production to
calculate acceptance.
D. Spelbring n + Be *tu + l_)° +X %% < 64 ub/nucleon Phys.Rev. Lett. 40,
et al. B; :-I;OO+G::V with 952 confidence, Used 607 (1978)
n e-5x and exp(-1.5 pi-) to calcu-
late acceptance.
R. Lipton n+Be+ut +ef +x % <34 pb/nucleon with 95% Phys.Rev.Lett. 40,
et al. 60B (1978)

<E > = 300 GeV
n

confidence.

G. Coremans-
Bertrand
et al.

p + emulsion + two

particles with visible

decays. l!p-300 GeV

o <1.5 ub/nucleon with 90%
confidence. However if a D
lifetime of 3 x 10-13 gec and
<B>=20 GeV,is assumed, the
1ikit becomes 10 ub/nucleon.
This assumes 100% scanning
efficiency.”

Phys.Lett. 65B,
4BO (1976).
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muon (Ref. 49).
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If other D production models are used or if an A2/3‘nucleon production cross

section is used, then d(charm) can be in the range of 20 to 80 yb. In
comparing Eq. 28 with TABLE VI the reader should remember that Eq. 28 in-
cludes D°D° pairs, DiD pairs, F+F- pairs, charm baryon pairs, and associated

charm production.

4C. The CERN Beam Dump Experiments

The beam dump experiments recently carried out at CERN are closely
connected with the hadronic production of charmed particles because part or
all of the observed signal can come from the neutrinos produced in charmed
particle semi-leptonic decays. In these experiments, Fig. 24, a 400 GeV
proton beam was dumped at zero degrees into a very thick target of copper
followed by an iron absorber. About 400 m downstream there was the usual
400 m long muon shield used for the neutrino experiments. And further down-
stream was the three neutrino dectors (TABLE VII) BEBC, CDHS, and Gargamelle.
The copper and iron dump suppresses the usual neutrino beam flux by a factor
of 3000. Hence the three detectors are sensitive to these neutrinos
(usually called prompt neutrinos) or other weakly interacting neutral particles
which can be produced within an hadronic absoprtion length in the dump. The
only presently known and sufficiently copious production mechanism is the
creation and decay of charmed particles.

All three experiments observed events which had the characteristics of
events produced in normal neutrino experiments. Hence the observed events
are labeled vu, Vs neutral current, and so forth. Most of the thinking
about these events has indeed assumed that they are produced by ordinary
neutrino; however we should keep in the back of our minds the thought that
there is no direct proof that these are ordinary neutrinos or that they are

neutrinos at all. The last line of TABLE VII gives the

p + nucleon » DH+DHX (29)

L]
production cross sections required to yield the anomalous portion of the
observed events: the so-called prompt neutrino events. These calculations

50-Ss)must be consulted

are model dependent and the individual references
for the details.

The correctness of the hypothesis that the prompt neutrinos come from
DD production can be examined by comparing the last line of TABLE VII with
TABLE VI and with Eq. 28. I will make a few comments, but readers should

make their own comparisons.
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CERN beam dump experiments.

TABLE VII

opj Which_include D°D and D'D” is

calculated assuming that the nuclear DD production cross section

is proportional to A.

Note that some of the observed events

are from conventional sources such as m's and K's which decay
before interacting in the dump.

to learn what fraction of the events are attributed to prompt neutrinos.

The reference must be consulted

Detector Gargamelle BEBC CDHS
Speaker at F. JacquetSO) K. L. Wernhardsz) P, BlochSA)
this confer-
ence.
Reference 51 53 55
Acceptance 1.71 11.2 10.2
(10=% sr
Mass of detec- 10.5 13 450
tor (metric
tons)
vy 12 29 727
Gu _ 2 5 160
") vy or Vu 2
Jal
21 Ye 11
= Ve _ 4
3 Ve Or Vg 9
5
§ Neutral current 7 21
L
© |Neutral current 261
Or Vg OF Vg
opg 8o +40 120 + 54 (Ref.56) ~ 30 (Ref.55)
=25 40 + 8 (Ref. 56)
(ub/nucleon) (Ref.50)
(a) The GDﬁ's required to explain the beam dump experiments prompt

neutrino events, TABLE VII,are compatible with TABLE VI and

Eq. 28 given the difficulties of the experiment and the uncer-

tainties of the model used to calculate the cross sections.

(b)

Furthermore the o6 in TABLE VII are overestimates because there
will be some contributions to prompt neutrino events from F meson
and charm baryon production.

On the other hand, one should not get too comfortable with the
comparison because the 95% confidence and 4 standard deviation

upper limits in TABLE VI are the same size as the required cross
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N

sections in TABLE VII. Clearly anomalous sources beyond charmed

particle production are not excluded.
(c) There is a possible discrepancy between the bubble chamber
measurements, BEBC and Gargamelle, and the CDHS measurement.

This is most clearly seen in TABLE VIII taken from Jacquet's paper

50)

He defines D

N =
e

number of Ve and 32 type events found.

n = number of v_ and Vv_ neutrinos which had to be pro-
e,prod e e

duced per proton in the beam dump to yield Ne
total number of protons

angular acceptance of detector with reference to beam
dump (given in TABLE VII)

Since the Ve and Ge total cross sections are proportional to Ev’ the

neutrino energy, we can write

Ne =K <Ev> ne,prod Np ’ (30)
where K is a constant for each detector. Then
ne,prod - Ne (31)
Q K<Ev>Npﬂ
should be the same for all experiments.
TABLE VIII
Comparison of n . The errors are statistical and based only on
N e,prod/b
o
Detector Gargamelle BEBC FHPRW
K(Gev Yy | 2.45 x 10712 0.62 x 10712 20.1 * 10712
N 3.5 x 107 3.5 x 107 4.3 % 107
*
Ne 7.3 12 112
n G +1.7) x 10712 | (4.6 + 1.3) x 1072 | (1.2 * .11) * 1072
e,prod/Q . .

*Calculated from muonless events in Ref. 55
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The combined results of the two bubble chambers differ from the CDHS result

by 3 standard deviations.

4D. Neutrino Production of Charmed Particles

It is now well establishedal)’57)th$t unlike sign dileptons events of
the form
vu+N+u'+u++x (32a)
v, + N> W+ e +x (32b)
vu+N->u"+u"'+v0+x (32¢)
vu+N—*u—+e++V°+x (324)

demonstrate the production of charmed particles in neutrino-hadron inter-

actions. I shall not review this subject except to reproduce the nice

31)

compilation of Palmer™ ; Fig. 25,on the ratios

Number (u-e+V°) Number (u_u+V°) (33
Number (1=eF) Number (=)~
Number (M~e™) *  Number (¥-vh)

)

There has been some discussion57 as to whether the various measurements are
consistent. Figure 25 makes two points.
(a) Given the large errors the various results are compatible.
(b) These ratios should increase as Ev increases due to increased
contributions from associated production of charmed particles
and production of single charmed particles on quarks in the ocean.
Although events of the form of Eq. 32 are indirect evidence for charmed
particle production; there is still a need for direct evidence based on re-

37)reported that the

constructing charmed particle invariant masses. Palmer
decay mode DO -+ K° ﬂ+ﬂ- has been seen, Fig. 26, in the Columbus-BNL experi-

ment using the 15 ft Fermilab bubble chamber in the wide band \J]_l beam. Their
measured mass of MD0= 1850 * 15 MeV/c?2 agrees with the SLAC-LBL measurementAZ)

of M ;= 1863.3 £ 0.9 MeV/c2.

4E. Conclusions for Section 4

The conclusions are obvious:
(a) A great deal more work must be done so that we have definitive
measurements of the cross sections for the photoproduction, hadro-

production and neutrinoproduction of charmed particles.
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(b) On the basis of the scanty existing measurements there is nothing
obviously in conflict with our expectations as to the size or
behavior of these cross sections.

(c) The events found in the CERN beam dump experiments may be completely
explainable as due- to prompt neutrinos from the decay of charmed

particles, but that hypothesis is not yet proven.
5. SEARCHES FOR NEW PARTICLES

5A.. Multilepton Events Produced by Neutrinos

In the past few years there has been a great deal of interest as to
whether particles other than ordinary or charmed mesons are responsible for

events of the form:

v, + Nucleon + y + u+ + X, (unlike-sign dimuons); (34a)
v, + Nucleon + u~ + p~ + X, (like-sign dimuons); (34b)
v, +*FUC180n >+ e+ + X, ( Ee+ events); (34c¢)
v, iiﬁhcleon >+ uT + 7 + X, (trimuons); (34d)

-

and similar vu induced events with more or other combinations of muons and
electrons. By the time of this conference it had been generally agreed that
the unlike sign dimuons and the u_e+ events could be completely explained by
the production and decay of a charmed particle. This left the like-sign
dimuons, Eq. 34b; the trimuons, Eq. 34d and events of the form

v, + Nucleon -+ 21 +£2 +£3 +£4+ X ((34e)

(where El, 12, 23, and 14 are muons or electrons) as the most intriguing
places to search for new particles.

(a) Trimuon Events: These events were first reported in 1977 by Barish
et al.,sa)and an important sample of 13 events has been described by the
Fermilab-Harvard-Pennsylvania-Rutgers-Wisconsin (FHPRW) collaborationsg).
At this conference, K. Kleinknecht from the CERN-Dortmund-Heidelberg-Saclay

60)on 76 events. J. Smithﬁl)

(CDHS) collaboration repgrted has presented a
very thorough analysis of the trimuon events and my brief discussion here
relies on his work.

Figure 27, the CDHS dataeoz gives a beautiful overall picture of the
relative rates of trimuon to single muon production. The rate R(3u/lu) is
given as a function on energy for their data in Fig. 28. Note that when

corrected for the relative efficiency R(3u/1lu) v 10'4 for all Evis’ The
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CDHS experiment (Ref. 60).
for detection efficiency.

These production rates are not corrected
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question is then whether this rate of trimuon events and their various kinematic
distributions can be explained by conventional processes.

Two conventional processes are diagrammed in Fig. 29. In Fig. 29a a
u+u- pair is produced at the hadron vertex; the size and behavior of the pair

production cross section being taken from experimental data on
hadron + N » yv + 7 + X (35)

These y pairs tend to move in the direction of the produced hadrons; there-
fore in the transverse momentum plane they tend to move opposite in direc-

tion to the fast y . The other conventional process, Fig. 29b is primarily
u pair production by internal bremsstrahlung from the first y ; hence these

61)

pairs move in the direction of the first W . Smith and Barger et a1.62) have

discussed these diagrams in more detail.

6O)and Smithﬁl)

Kleinknecht say that the number of trimuon events in the
CDHS data can be explained by the processes in Fig. 29, and that these
processes also explain the kinematic distributions of these events. YFor
example: Fig. 30 shows that the very large 180° peak and smaller 0° peak in
A¢1,23 can be explained as the sum of these two processes. There is no need
in the CDHS trimuon data to involve any new particles or unconventional
processes.

Most of the published FHPRW trimuon events can be explained62)by the
two conventional processes in Fig. 29. However there are two so-called"
"super-events' with very large total muon energies and small total hadron

57),63) and these cannot be explained in this

energies in the FHPRW sample;
way. These events will remain a mystery unless more can be found.

(b) Like-sign Dilepton Events: T. Y. LingGA)presented an extensive

discussion of

\Ju+N—>u_+u_+X (36a)

events in the FHPRW data. The problem with these events is to show that they
are not from

v +N>yp + 7 orK +X (36b)
H \-'\L,Tr
T+ 9
M u

6l')finds that after correction of the background of Eq. 37

FHPRW

Number (i 1) - 10 & .07 (37)
Number(u u )

The simplest conventional explanation for u u~ events is that they result

from associated production of charmed particles (c and c):
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The trimuon event distribution in A¢l1,23; the angle between the
transverse momentum vector of the primary u— and the total trans-
The 0° peak is ascribed

verse momentum vector of the ptu— pair.
primarily to electromagnetic W pair production (the process in

Fig. 29b), and the 180° peak is ascribed primarily to hadronic

u pair production (the process in Fig. 29a).
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VU+N—>u_+(_:+c+X (38)
v

N

where the c does not go to a detectable u+- CDHS has not yet published their

data on u-u_ events and there is not

65

get enough other data on u u~ events
to decisively test this explanation .

(c) Four-lepton Events: Only a few four-lepton events are known.

66) have described a four-muon event; and H. J. Lubatt167)’68)

M. Holder et al.

at this conference described an event of the form
\_;u+N->u++e_+e++e_+X (39)

68)

The authors report that they have no plausible interpretation of this event.

5B. New Vector Mesons

I have devoted this summary talk to relatively high energy phenomena
and high mass particles. However in concluding this talk I want to empha-
size that there are still new particles to be found in the lower mass range.
In particular there is much work to be done in elucidating the number and
properties of vector mesons in the 1 to 3 GeV/c? mass range. F. Laplancheag)
reviewed the research at the D.C.I. e+e- colliding beams facility; and
M. Spinetti70)described the work at ADONE. This area was recently reviewed

71)

at the Hamburg Conference and therefore I will not review it here. How-

ever as an example of the kind of intricate structure that can exist I have
reproduced (Fig. 31) preliminary results from the "yy" group70)emphasizing
the various structures near 1500 MeV. It was exciting to learn of the

plans at Frascati to build a new high luminosity e+e_ colliding beam facil-
ity ALA with a peak luminosity of 103! cm-zsec_l, and capable of operating

down to 1 GeV total energy.

5C. Conclusions for Section 5.

(a) Almost all trimuon events can be explained by conventional processes

(b) There may be a net p u~ signal above background; however its size
and properties require study and verification.

(c) We do not know if the trimuon "super-events'" and the four-lepton

events will lead us into the discovery of new particles.
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and presented by M. Spinetti, Ref. 70.
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This is a book with chapters based on talks given at the XIIth Annual Rencontre de Moriond (April 1977)
plus an added pedagogical introduction. The book is intended to be useful for learning about Color
Symmetry, how to work with it, and how it can be tested experimentally.
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baryonium candidates”; J. Six, ‘“Results on NN states in baryon exchange
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