BEYOND THE
STANDARD MODEL



CERY

“Que

o1y

XVIIIth Rencontre de Moriond - Leptonic Session
La Plagne, Savoie, France, March 13-19, 1983

BEYOND THE STANDARD MODEL
ISBN 2-86332-023-8

Editions Fronticres
B.P. 44
91190 GIF SUR YVETTE - France

Printed in Singapore by Kim Hup Lee
Printing Co. Pte. Ltd.



Proceedings of the Leptonic session of the

EIGHTEENTH[ RENCONTRE DE MORIOND .
La Plagne-Savoie-France, March 13-19, 1983 18 ifli??
! -

Vol. 2

BEYOND THE
STANDARD MODEL

edited by
J. TRAN THANH VAN



The Leptonic Session of the Eighteenth Rencontre de Moriond on
BEYOND THE STANDARD MODEL

was organized by
J. TRAN THANH VAN

with the active collaboration of

A.BOUQUET

JE.GRIVAZ

F.JACQUET

G. KANE

A. MOREL

L. OLIVER
and J. RANDER

Associated Editor: Mrs. O. Lebey



AVANT-PROPOS

La XVIIIéme Rencontre de Moriond a eu lieu a la Plagne -
Savoie (France).

Le but principal des Rencontres de Moriond est de faire le
point sur les récents développements de la physique contemporaine
et aussi de promouvoir une collaboration effective entre
expérimentateurs et théoriciens dans le domaine de la physique
des particules élémentaires. Bien qu'il soit de plus en plus
difficile - étant donné les dimensions des équipes - de maintenir
un effectif relativement réduit afin de permettre de nombreux
échanges informels, tous les participants ont contribué & créer
une atmosphére de dialogue et d'échange si propice a une
meilleure communication humaine et scientifique. Ce succés, nous
le devons & tous les participants que nous remercions vivement.

Ce souci de recherche de nouvelles formes de communication,
de nouveaux terrains d'échange et de dialogue qui depuis
l'origine, anime les Rencontres de Moriond, nous a amenés a
susciter la création des Rencontres de Méribel pour les
biologistes et les Rencontres de Moriond-Astrophysique.

Des séminaires interdisciplinaires ont été organisés afin de
susciter des réflexions communes sur les récents développements
dans certains domaines et sur leurs répercussions sur les autres
disciplines.

Nous tenons a adresser nos remerciements a tous ceux qui ont
contribué & la réussite de ces Rencontres, ainsi qu'au Centre
National de la Recherche Scientifique, au Commissariat a
1'Energie Atomique, et & 1'OTAN qui nous ont apporté leur aide
efficace.

J. TRAN THANH VAN






FOREWORD

The XVIIIth Rencontre de Moriond was held at La Plagne, Savoie
(France) .

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 participants 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 also to promote effective
collaboration between experimentalists and theorists in the field
of elementary particle physics. By bringing together a relatively
small number of participants, the meeting helps to develop 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
Mor iond Meetings, inspired us to organize a simultaneous meeting of
biologists on Cell Differentiation and to create the Moriond
Astrophysics meeting. Common meetings between biologists,
astrophysicists and high energy physicists are organized to study
the implications of the advances in one field into the others. I
hope that these conferences and lively discussions may give birth
in the future to new analytical methods or new mathematical
languages.

At the XVIIIth Rencontre de Moriond, four physics sessions and
two biology sessions were organized :

* January 23-29 . Gluons and Heavy Flavours

* March 13-19 . Beyond the Standard Model
. Galaxy and the Early Universe
. Cell Recognition

* March 19-25 . Antiproton-Proton Physics
. Cell Differentiation

This book contains the invited lectures given at the "Beyond
the Standard Model" session of the XVIIIth Rencontre de Moriond.



I thank the organizers of the XVIIIth Rencontre de Moriond :

~ J. TAVLITZKI for the Biology meetings,

- J. AUDOUZE, Ph. CRANE, Th. GAISSER and D. HEGYI for the
Astrophysics meeting,

- A. CAPELLA, L. MONTANET, J. PEOPLE and F. RICHARD for
the "Gluons and Heavy Flavours" session,

- A. BOUQUET, J. F. GRIVAZ, F. JACQUET, G. KANE, A.
MOREL, L. OLIVER and J. RANDER for the "Beyond the Standard Model"
session,

- F. VANNUCCI for the antiproton-proton physics session,

and the conference secretaries M.BAILLY, J. BORATAV, A. DOS SANTOS,
O. GEIST, C. JOUANEN, O. LEBEY, B. LELOUP, L. NORRY who have
devoted much of their time and energy to the success of this
Rencontre.

I am also grateful to Mr MEIGNEN, Mr PELICAN, Mr BUSURIS and
Ms CABAUD, who contributed through their hospitality and
cooperation to the well-being of the participants enabling them to
work in a relaxed atmosphere.

This Rencontre is sponsored by the "Centre National de la
Recherche Scientifique" and by the "Commissariat a 1'Energie
Atomique". The Astrophysics meeting is also sponsored by NATO. I
would like to express my thanks for their encouraging support.

I wish sincerely that a fruitful exchange and an efficient
collaboration between the physicists, the astrophysicists and the
biologists will arise from this Rencontre as in the previous
Rencontres.

J. TRAN THANH VAN
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Results on Proton Decay from the IMB Detector*

THE IRVINE-MICHIGAN-BROOKHAVEN COLLABORATION

R. M. BiontaZ, G. Blewitt?, C. B. Bratton®, B. G. CortezZ:a

S. Errede?, G. W. FosterZ:3, W. Gajewskil, M. Goldhaber3,

J. Greenber 2, T. Jd. HainesI, T. W. Jone 2, , D. Kie]czewskal,b,
W. R. Kropp*, J. G. Learned6, E. Lehmann®, J. M. LoSecco4,

P. V. Ramapa Murthyls2.C. H. S. ParkZ, F. Reinesl, J. %chu]tzl,
E. Shumard?, D. Sinc1a1r2 D. W. &nithlad, H. W. Sobelt,

J. L. Stone?, L. R. Sulak?, R. Svoboda®, J. C. van der Velde?,
and C. Wuest*.

(1) The University of California at Irvine
Irvine, California 92717

(2) The University of Michigan
Ann Arbor, Michigan 48109

(3) Brookhaven National Laboratory
Upton, New York 11973

(4) California Institute of Technology
Pasadena, California 91125

(5) Cleveland State University
Cleveland, Ohio 44115

(6) The University of Hawaii
Honolulu, Hawaii 96822

(7) University College
London, United Kingdom

ABSTRACT

Results are presented from the first 80 days 1live-time in the Irvine-
Michigan-Brookhaven proton decay detector. No candidates for proton decay
into e*r® are found in the 3300 metric-ton fiducial volume during this
exposure of 720 ton-years, setting a 90% C.L. 1imit of 6.5 X 103 year for
proton 1ifetime/branching ratio for this mode.

*Presented by J. van der Velde
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The IMB proton decay detector consists of a large rectangular volume
of water located at a depth of 1670 mwe in a salt mine east of Cleveland,
Ohio. The six surfaces of the volume are covered by 2048 (5 inch
diameter) photomultiplier tubes (PMT) which detect Cherenkov 1ight
emitted by relativistic charged particles in the water. The distances
between the tube planes in the E-W, N-S, and vertical directions are
22.8 m, 16.8 m, and 18.0 m, respectively. The fiducial volume begins
2.0 m in from the tube planes and contains 2.0 X 1033 nucleus,

1/9 of which are free protons.

Filling the detector was completed on July 30, 1982 and useful data
taking commenced in September. I will report on 80 days of live time

taken prior to January 1, 1983.

OPERATION AND CALIBRATION OF THE DETECTOR

The detector is divided into 32 "patches" each consisting of 64 PMT.
An event trigger consists of the time coincidence (within 120 ns) of any
two patchs which themselves had a coincidence of > 3 PMT in 60 ns. This
"two patch" trigger is "OR-ed" with another trigger which consists of
> 12 PMT from the full detector in 60 ns. The trigger rate is 2.7/sec,
virtually all due to atmospheric muons. The average dark noise in the
tubes is 2.5 KHz with occasional tubes as high as 50 KHz. The number of
noise triggers is negligible once the detector becomes dark adapted (a few
hours after being exposed to 1ight).

For each PMT which fires within £ 250 ns of the trigger time we
record the time (T1), the pulse height (Q), and whether or not the tube
had a pulse (T2) in a longer time scale running to 7.5 usec after the
trigger. The detector is calibrated using two different known sources of
1ight: a "laser ball" situated in the center of the detector is driven by
a 337 nm Nitrogen laser and emits isotropic bursts of 1ight at various
known times and known (relative) 1ight levels. The absolute light-level,
which is directly related to the energy of showering particles, is
calibrated using single cosmic rays. These cosmic rays also tell us the
absolute PMT efficiencies and give us measurements of 1ight scattering and
absorption in the water. Light absorption is also measured using the
laser ball and in external test stands.

Figure 1 shows a schematic cross section of a single straight track
passing through the detector. For 8 = 1 the Cherenkov cone of 1ight is
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emitted at an angle of 41° with respect to the track. Successive
isochronous wave fronts are shown emanating from the track as it traverses
the detector. The arrival times and pulse heights allow us to reconstruct
the track position and angle. From each hit PMT we can project back to
the track and determine the flight path (D) and distance along the track
(L) at which the photon was emitted, assuming that it was not scattered.
Figure 2a shows the integrated pulse height (proportional to total
photoelectron count) recorded as a function of L (in % of track length)
for 150 computer simulated muons generated to enter and exit within 4 m
radius circles centered at the top and bottom of the detector. The true
entry points were chosen and then the track angles were reconstructed
using the photoelectron (PE) weighted directions of the hit tubes. (This
is our normal procedure for reconstructing track angles from a given
vertex. It gives the correct direction to within 1° for these muons whose
correct vertex has been assigned.) Note the sharp response function of
the phototubes as the Cherenkov cone hits the side walls of the detector.
The fact that the step-function of the Cherenkov cone is not flat is due
to absorption in the water. Note especially the low (~ 1%) 1ight
intensity outside the Cherenkov cone. This shows the effect of knock-on
electrons generated in the material preceding the detector and in the
early part of the track's path through the water. There is no Rayleigh
scattering included in the simulated events shown in Figure 2a. The
effect of Rayleigh scattering can be seen in Figure 2b where we make a
similar plot for a selected sample of real muons chosen to have entry and
exit points similar to those of Figure 2a. This gives us a measure of the
amount of Rayleigh scattering we must put into the simulated ("Monte
Carlo") events. The response function of the real events does not have
quite as sharp a rise as the simulated events. We can reproduce this
effect in the simulated events if we smear the entry points by about 2 m,
consistent with our error in their determination.

Correction for water absorption of photons is a strong function of
wave length (1) and can only be done in an approximate way for each PMT
hit since we don't measure A. The 1ight from near the beginning of the
track (L = 0) has typically traveled through 20 m of water whereas that
near the end of the exiting track has traveled only ~ 1 m. Our
correction for water absorption over this difference in distance can be
seen in Figure 2c where the response function now is approximately flat.
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Another important piece of information we need in order to properly
generate Monte Carlo events is the absolute efficiency of the PM tubes to
respond to Cherenkov 1ight generated by a single relativistic track and
passed through a distance D of water. Starting with the known Cherenkov
spectrum we must modulate it by water aborption and scattering, PMT glass
transmission and photocathode response, and PMT single PE capture
efficiency. We use our test-stand measurements of water absorption, our
previously described value for Rayleigh scattering, the PMT
manufacturer's (EMI) values for glass transmission and photocathode
response, and 50% capture efficiency. This reproduces the efficiency vs
D curve to within a few percent over the entire range D = 0 to 24 m, as

can be seen in Figure 3.

The time jitter in the PM tubes can be measured "in situ" by
analyzing pulses from the laser ball. If we calibrate the tubes with the
ball in one position, and then move it to various other positions and
reconstruct its location, the error in that reconstruction is a direct
measure of our spatial resolution for a point source of light. It is
important to understand this spatial resolution since this type of vertex
reconstruction by time-of-flight is used extensively in rejecting
background and calculating efficiencies for events which originate in the
fiducial volume. Figure 4 shows that the spatial resolution for
reconstructing a point source is ~ 50 cm. This is directly related to
the time jitter in the tubes of ~ 11 ns (FWHM) at the single PE level.

If we put the measured average time jitter (including pulse height
slewing) into the Monte Carlo simulations we find that typical vertex
error for back-to-back (or multibody) nucleon decays are ~ 60 cm. Events
which give 1ight mostly in one direction (e.g., the majority of
atmospheric neutrino interactions and neutrino modes of nucleon decay)
have spatial resolution of ~ 50 cm perpendicular to the track and ~ 150 cm
along the track.

In summary, we now have all of the ingredients necessary in order to

accurately simulate events:

-Track generation
This is straight forward in a homogeneous medium 1ike water.

-Light generation
The simple &-dependent Cherenkov effect is used.
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-Light scattering and absorption

These have been measured as discussed above.

-PMT efficiency
Measured in situ using cosmic rays.

-PMT time response

Measured using the laser ball.

-PMT pulse height to energy conversion

We are in the process of refining our conversion of pulse height to
ionization energy. This is done initially in a relative way using
neutral density filters in the laser system to l1inearize the Q
response of each PMT. The absolute scale is then determined by
cosmic rays. We estimate our present systematic uncertainty as

+ 15%. This uncertainty has no significant effect on the
conclusions presented in this paper.

DATA ANALYSIS

Currently we are processing data with three independent systems in
order to develop the most efficient methods for saving all events with
vertex inside the fiducial volume. A brief account of the processing of
one day's data by one of these systems goes as follows:

Raw Triggers = 240,000/24 hrs = 2.75 Hz

Remainder
On-1ine geometrical cuts 88,000
Preliminary point fitting, nearest 15,000
neighbor algorithms, etc.
Point fit required to be inside 1,200
fiducial volume
Moment-of-inertia angle cut 200
Angle cut vs. center-of-mass 30

of PMT hits.
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The above cuts are made entirely in software. At this point this group
does a "fast scan" of the 30 events/day using interactive geometrical
handling and reconstruction. The scan is performed after adding a random
10% sample of "signal" Monte Carlo events of various types into the data
stream. This serves the dual purpose of determining the scanning
efficiency and also keeping the scanners' attention since they almost
never find any real events that look 1ike proton decay.

After scanning we find about one real event per day with vertex in
the fiducial volume. The efficiency for simulated events in the fiducial
volume to pass all of the same criteria as the real events ranges from
~ 60% for single neutrino produced muons up to ~ 85% for p » e*n° events.
Cross correlation between the three independent analysis groups in finding
the same real events is good, especially for wide angle events with > 2
tracks. Disagreements between the groups almost always involve events
which are close to the edge of the fiducial volume or else can be
explained in terms of the different selection criteria used.

RESULTS

In the first 80 days of live-time 69 events were found with vertices
originating inside the fiducial volume. About 80% of these are single
track events and multitrack events in which separate Cherenkov cones
cannot be clearly recognized. The events are uniformly distributed
throughout the fiducial volume and, within our statistics, isotropic in
direction. (Our present statistics do not allow us to see the small
anisotropies expected for atmospheric neutrino interactions.) This can be
seen in Figures 5a and 5b which show top and side views of unit vectors
representing the position and direction of the highest energy track in
each event. Note particularly in Figure 5b that there is no evidence for
contamination from the 2 x 107 pre-dominantly downward-going cosmic ray

muons which were in the original data.

To measure energy we use the variable Ec which is proportional to the
total Cherenkov 1ight emitted in the event. This is proportional to total
charged track length above Cherenkov threshold and for showering tracks
gives a measurement of total energy in MeV which is 1imited mostly by
statistics (o ~ 10%/ E(GeV)). At present, as mentioned earlier, there is
an additional + 15% systematic uncertainty in Ec. For each non-showering
charged = or u in the event one must add ~ 250 MeV to E. to account for
rest mass and energy loss below threshold.
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The distribution in Ec of the 69 events is whown in Figure 6. The
curve is our estimate of the shape of the distribution expected for
atmospheric neutrino events modulated by our event selection procedures.
The overall rate of neutrino events we calculate as 1.0 + 0.5 per day,
where the uncertainty is due primarily to lack of knowledge about the
atmospheric neutrino flux below 1 GeV. Clearly most, if not all, of the
events we see are consistent with being due to atmospheric neutrinos.

SEARCH FOR p » e*r®

In order to 1ook for p » etr® we select a subset of the 69 events
which have two reasonably well defined Cherenkov cones with included angle
of at least 100° and in which the number of PMT for each track is at least
40. The three events which satisy these criteria are listed in Table I.
The criteria we can apply to search for p > e*n® are as follows:

(1) 650 < Ec < 1250 MeV

(2) o712 » 140°

(3) Ep/Ec » .35 (Ep is for the track of lesser energy)
(4) No observed u > e decay.

None of the events in the table satisfies all of the above criteria
so we conclude that we have no possible candidates for p » e*n®. The
Tifetime 1imit based on this result can be calculated as follows:

/B (e*n°) > (2.0 x 1033)-(10/18)-(.68)+(1/2.3)+(0.9)-(80/365).
Where:

t = proton lifetime

B (e*r°) = branching ratio into e*n®
and the various factors are, in order:

2.0 x 1033 = nucleons in the fiducial volume

10/18 = proton fraction in water

.68 = ave. nuclear escape probability for the n°
(.60 for oxygen, 1.0 for free hydrogen)
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2.3 = 90% C.L. factor of 2.3 events
0.9 = detection efficiency
80/365 = live-time in yrs.

So that we obtain the following 90% C.L. 1imit for p + e*n°:

/B (e*r®) > 6.5 x 1031 yr,

The significance of this result in terms of prior expectations is as
follows. An assessment of grand unified theories based on minimal SU (5)
symmetry predicts 4.5 x 1029¢1.7 yr for the quantity /8 (e*n°)(1), The
upper value for the exponent predicts that we should have seen seven
p > e*nr° events in the present sample. Hence our result would appear to
rule out this version of grand unified theories. On the experimental
side, the KGF experiment has reported(Z) three contained candidates for
proton decay, one of which is interpreted as p > e*n°. If we naively
calculate the number of e*n® events we expect based on this single event
we predict 10 events (in fact more than 10 if we account for the smaller
m° escape probability in iron as opposed to water). This would appear to
cast doubt on that particular KGF event as being due to p + e*n°.

In summary, the IMB detector is working nicely and continues to take
data with a 1ive-time efficiency of about 75%. Our first results indicate
that the background for p > e*r° and other two body nucleon decay modes is
quite low so that a sensitivity of at Teast 5 times the present result
would appear possible.

Data on other decay modes of the proton and neutron as well as
information about possible NN oscillations in oxygen should be forthcoming

soon.

Qur first results on a search for strongly interacting monopoles have
also been reported at this conference by S. Errede.

I would like to thank the organizers of this XVIIIth Recontre de
Moriond, and especially Tran Than Van and his wife Kim, for their
efficient organization and warm hospitality.



TABLE I. WIDE ANGLE TWO-TRACK EVENTS

3
NO. CHERENKOV 08S.
Event OF ENERGY 3 Ep 817 MUON
No. PMT (Mev)a (MeV)d  (MeV)®  (Deg)  DECAYS
151-35037 188 1000:100 60090  400:60 1357 1
225-07794 166 950+100  700:130  250¢.80  125¢25 1
388-19376 340 1700£170  1050£170  650:100  115¢15 0

3Does not contain additional possible systematic errors of 15%.
Ec is calculated assuming the particles are showering. If one
particle is a charged pion or muon, as must be the case in the
first two events in the table, 250 MeV must be added to the
energy of one track and to the total energy listed.

REFERENCES AND FOOTNOTES
(a) Also at Harvard University.
(b) Permanent addresses: Warsaw University, Poland.
(c) Tata Institute of Fundamental Research, Bombay, India.
(d) Now at University of California at Riverside.
1. Summaries of rate calculations and references to original
literature can be found in the following reviews: Proceedings of the
1982 Workshop on Proton Decay, NAL-HEP-82-24 (D. S. Ayres, ed.),
E: S?’Marciano, BNL 31036, presented at Orbis Scientiae (1982).

2. M. R.Krishnaswamy, et al., Phys. Lett. 1168, 4, p. 349 (1982).
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Figure 1.
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Figure 2. a.
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Figure 3.

Figure 4.
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Figure 5. a. Unit vector projections of 69 data events as seen from
the top.

b. Same as a., as seen from side.
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Distribution of E. (see text) for 69 events. The curve was
calculated using Gargamelle Bubble Chamber data for
neutrino event topologies modulated by calculated
atmospheric fluxes and our data cuts. The curve is
normalized to the data, as the expected neutrino rate is
uncertain by as much as a factor of two.



27

RECENT RESULTS FROM THE MONT BLANC EXPERIMENT
NUSEX Collaboration: LNF—Milan—Turin-CERN(+)

Presented by E. Bellotti

Dipartimento di Fisica dell'Universitd and Sezione INFN Milano

ABSTRACT

Data collected in more than 5000 hours of operation of a 150 tons tracking
calorimeter installed in the Mont Blanc Laboratory are presented. Besides 5800
single muons and 84 p-bundles, T confined events have been observed. One of
them cannot easily be explained as a v induced interaction and it is compatible
with the hypothesis that it is due to a proton decay; features of the 6 other

events are also briefly discussed.

(+) G. Battistoni, E. Bellotti, G. Bologna, P. Campana, C. Castagnoli, V. Chiarel

la, D.C. Cundy, B. D'Ettorre Piazzoli, E. Fiorini, P. Galeotti, E. Iarocci, C.
Liguori, G. Mannocchi, G.P. Murtas, P. Negri,.G. Nicoletti, P. Picchi, M. Price,

A. Pullia, S. Ragazzi, M. Rollier, O. Saavedra, . Satta, L. Trasatti and L. Zanotti.
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I - INTRODUCTION

The detector installed in the Mont Blanc tunnel has been operated from the
end of May '82 for more than 5300 hours of live time. Preliminary results have
been published elsewherelx Hereafter,the site, the laboratory and the detector
will be shortly described, while more details will be given on tests done at CERN

with e, w and v beams and on data collected up to now at Mont Blanc.

II - THE SITE

"garage' beside the road tunnel

The detector is installed in a so called
under the Mont Blanc. The overburder of the laboratory has a complicated shape
(Fig.1), but it is in every direction larger than 4.5.103 m of water equivalent.
The dimension and the layour of the laboratory are sketched in Fig.2, from which
it appears that the detector size is the largest compatible with the room availa-

ble.

IIT - THE DETECTOR

The detector (Fig.3) is a tracking digital calorimeter; it is essentially a
sandwich of iron layers, 1 cm thick (0.6 rad. length), interleaved with limited
streamer tubes, the active elements of the detector. These tubes, developed in

2), .9 x .9 cm? in cross section and 3.5 m long, are always active and

Frascati
show many suitable properties for such an experiment. These properties can be
summarized as follow:

gas mixture: these tubes can be operated with non expensive gas mixtures (pre-
sently CO,, Ar and n-pentane) and they need a very low flow rate (1 volume/3-6
days)

plateau: they show a large voltage platezu (n 500 V)

read-out: they can be read by external pick-up,strips in our case, allowing a
bidimensional read-out (Fig.4) which is essential in pattern reconstruction.

The detector size is ~3.5 x 3.5 x 3.5 m3 and its total mass is ~ 150 tons
(<> =3.5 g/cm3); the number of limited streamer tubes is ~ 43.000 and that of
read-out channels is ~ 82000.

Signals from strips are amplified, discriminated and stored for 7 us in a
shift-register; moreover a prompt OR among the basic unit of 32 strips is genera-
ted and it is used for triggering purposes.

Triggers are generated as follows:

- A general OR among all the signals from the y strips of an entire layer of 320
tubes (one plane) is generated. If two contiguous planes give an OR signal
within 2 ps, the complete pattern of OR signals from all the planes is analyzed.

At present we define "good trigger" a configuration of OR signals from:
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- four contiguous planes
- three contiguous planes plus two other contiguous planes
- three couples of contiguous planes
or more complicated patterns.
The OR rate from a single plane is v 320 Hz, while the trigger rate is
~ 6/hour and it is mainly due to $0Co contamination in iron, natural radioactivit
and atmospheric muons.
It must be remarked that the minimum trigger can be generated by quite a
small energy deposition; for instance a p of v 100 MeV can trigger the read-out.
Starting from the beginning of August a new piece of data has been added to
the previous ones. Whenever a "good trigger" is recorded, a clock for each plane
is started, and it stops only either when the first hit is recorded from that
plane or when it is reset by the computer. This procedure allows to store the
relative time delay of hits and eventually the one that comes from the decay of
a muon stopping inside the detector. Efficiency for u is almost O (due to the u_
being absorbed in Fe nuclei before decay), while it is = 35% for u+; time resolu-
tion is = 100 nsec. In this way we can say in 17% of the cases which way the

track goes, and its charge.

IV - TESTS

During '8l a test module with the same features (1 cm iron plates, 3.5 m
long tubes, same electronic ...) as the Mont Blanc detector, but smaller dimen-
sions (30 plates, ~ 3000 read-out channels) was exposed to e, m and v beams
(details are reported in 3)).

Electron and pion data are used for calibration purposes, while the neutrino
data are essential to study the unavoidable background due to atmospheric v
interactions. Atmospheric and accelerator v's have similar spectra, but accelera-
tor beams contain vy only and have a single direction, while both vu's and ve's
are present in cosmic rediation and enter isotropically the detector.

Our test detector was exposed to an unfocused v beam from 10 GeV protons,
in two geometrical conditions: at 0° (i.e. with beam orthogonal to the iron
plates) and 45°. In total ~ LOO events (50% at O° and SO% at L45°) were collected.

They have been classified according to Table I3).
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TABLE I
Topology 0° 450
1 prong 99 110
2 prongs 49 L9
> 2 prongs 16 16
one or two prongs with e.m. shower 1k 11
neutral current candidates 17 13

A typical 2 prongs and a 3 prongs event are shown in Fig.5.

V - RESULTS

Useful data have been collected in June and July (~1050 hours) with 8L% of
the resistive tubes in operation and from August up to now (n 4250 h) with the
detector fully active.

The collected data are sinthatically reported in Table II.

TABLE II
single muons 5825
muons stopping in 58

the detector
parallel muons T3

fully contained events T

This statistics correspond to ~ 90 tons x year (total mass x live time)

Examples of these events are shown in Fig.6. Atmospheric muons not only
provide an useful and continuous monitoring of the detector, but they also are
interesting by themselves. However discussion will be restricted to fully confinec
events which are directly connected with the problem of nucleon stability.

Some features of the confined events are listed in Table III and they are
shown in Fig. 7.

Events from n°l to n°k are discussed in 1) and here we report only the
conclusion of that discussion. Events 524-L0, 526-122 and 532-9 can easily be
interpreted as due to v interactions and, at present, we assume this interpreta-
tion as the most probable. Event 503-19 cannot easily be interpreted as due to a
v interaction because of its pattern and energy-momentum mismatch. Note that
only 6% of the v induced events in the test run are three prongs event.

In conclusion less than 0.05 event like this one is expected. On the other
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TABLE TIII
ev. number date n° of total energy total momentum possible
tracks (GeV) (GeV) interpretatior
1 503-19 July 23th 182 3 “ .90 A 0.L p-decay
2 524-L40 Aug. 15t 3 1.300 # .200 v, or v
anelastic int.
3 526-122 Aug. Ath 1 (2) .370 + .020 .350 % .020 elastic v,
interaction
L 532-9 Aug. 6th 1 .330 £ .015 .330 % .015 "
5 1062-133 Jan. 9bh 183 1 1.500 # 150 1.500 *+ .150 elastic v,
interaction
6 1091-338 Feb. ond 142 % .800 - 2
7 1095-10 Feb. 25th 2 .T20 420 two prongs
(if umw) v interaction

hand, this event is kinematically compatible with the hypothesis
p > u+K0 or p » 3u decay, if one take into account Fermi motion on nucleons.

Interpretation of this event as due to n ¥ n oscillation and subsequent n
annihilation is under investigation, but it seems quite unlikely.

Ev. 1062-133 is probably a single u and can be interpreted as an elastic v
interaction. Ev. 1091-338 shows a complicated pattern and cannot be easily
interpreted; it fits badly the v hypothesis as the n decay hypothesis; in any
case (at least at this stage of the analysis) it cannot be used to prove the
existence of the nucleon decay process.

Ev. 1095-10. It is a 2 prongs event and can be interpreted as an inelastic
v interaction. The decay n »+ vK0 does not fit well because the At energy and
invariant mass, as measured from the two prongs, are larger than exmpected

in the hypothesis of n decay at rest.

VI - CONCLUSIONS

The detector is working with a pretty good efficiency since June 1982.

Analysis of muon (single and multiple) events is in progress; we expect to
extract from these data information on the energy distribution and composition
of the primary cosmic rays.

Seven confined events (with visible energy greater than 150 MeV) have been
observed; six of them can be interpreted as vuor veinteractions; their number
is in agreement with expectation based on atmospheric v energy spectrum and flux.
One event can be hardly explained as v interaction, while it fits well the p
decay hypothesis, but prior to state firmly the existence of nucleon decay

process, other candidates must be observed. If one assumes the Ev. 503-19 is a



32

genuine p-decay, the nucleon mean life comes out to be ~v 2°1031years; if it is
assumed to be a v induced event, the lower limit for 1/B, where B is the branching
ratio for decay channels where most of the nucleon mass appears in "visible'

particle (u,m kY, K0 ete...) is o 1031years.

REFERENCES
(1) G. Battistoni et al., Phys. Lett. 118B, 461 (1982).

(2) G. Battistoni et al., Nucl. Instr. and Methods 152, 423 (1978)
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(3) G. Battistoni et al., "An experimental study of the neutrino background in
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0

Fig. 3. a) Sketch of the detector.
b) Details of the detector: 1) iron slab, 2) iron spacer, 3) limited
streamer tubes, U4) longitudinal strips, 5) transversal strips.

Fig. U. Read-out strips.
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Fig. 7 a). Confined events (see text).
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TWO-BODY PROTON DECAYS IN SU(5)

T. N. PHAM
Centre de Physique Théorique

Ecole Polytechnique, 91128 - Palaiseau Cedex France

ABSTRACT

Assuming a resonance parametrisation to extrapolate the soft pion am-
plitude to the physical region, we find that meson—nucleon resonance effects sup-
press most of the Current Algebra p-+ne* decay amplitude but only slightly
modify other decay amplitudes. The decays p ~ wet and p + p®e* are also com—
puted using the divergence of the vector currents (or Born term). In the standard
SU(5) model, the decay p - m°e*, p >~ we*, and p > KOu* are the most important
modes with branching ratios 40%, 107 and 67 respectively. From the nonrelativis-—
tic harmonic oscillator wave function, the proton lifetime is found to be
1(p) = 1.02 x1029 yrs for My = 4 XlOI& GeV.
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In view of the recent results1 on proton decays it is important to have
a reliable theoretical prediction of the proton lifetime less subjected to uncer-
tainties associated with our incomplete knowledge of hadron matrix elements. In
this talk, I would like to report on a new calculation of the two-body decay
rates of the proton within the standard theory2 SU(5) done in collaboration with
Y. Dupont and T.N. Truong at the Centre de Physique Théorique de 1'Ecole
Polytechnique? Previous calculations of the proton decays are based on the quark
fusion model useful in obtaining the inclusive decay ratesA (i.e. p ~> e+X) which
are insensitive to the detailed dynamics of the outgoing quarks but questions
could be raised on its reliability because of the low value of proton mass. In
this way the current estimate for the proton lifetime is in the range
1030 - 1031 yrs which are on the boundary of experimental limits. More informa-
tion can also be learned from the exclusive two-body decay modes, especially
their branching ratios which are independent of the grand unification mass MX
and serve to distinguish between various versions of Grand Unified Theories (GUT)
The quark fusion model has also been used to obtain the exclusive two-body decay
rates5 and the results indicate that relativistic effects are important and a
better treatment less dependent on the quark dynamics is required. For two-body
decays with a pseudoscalar meson (7,K,n ) in the final state, Current Algebra
combined with Dispersion Relation seem to be most appropriate for this purpose.
Unlike the case of Hyperon S-wave nonleptonic decays where corrections to soft
pion amplitude are less important, the two-body decays of proton with an anti-
lepton (e+, u+) and a pseudoscalar meson in the final state requires a large
extrapolation from the soft pion limit (PZ = mg) to the physical region
(pi = mi ~0). Since the decay amplitudes involve only one hadron in the final
state, the extrapolation can be done in a simple manner by multiplying the soft
pion amplitude by the usual Omnés function D_l(t) evaluated at t =p§ ~0 which
could produce important corrections to the soft pion amplitude because of reso-
nance effects in the meson-nucleon systems (The so-called hard pion correction).
With this correction factor taken into account , the two-body decay amplitudes
can be calculated in terms of the e+—p transition matrix element from which
SU(6) - like algebraic relations between different decay amplitudes are derived.
This is the only model-dependent quantity which can be obtained from the 3-quark
proton wave function and for convenience we shall use the standard 3-quark non-
relativistic harmonic oscillator wave function. Although the absolute decay rates
depend on the detailed form of the wave function, the ratio between different
decay amplitudes are determined mainly by its spin-isospin part and are therefore
model independent to a good approximation. I shall now describe the calculations

and present the results we obtained.
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Consider for example the decay mode p*'ﬂo e+ which is one of the most
important mode and the easiest to observe in current experiments. As with the
case of non-leptonic decays of hyperons, Current Algebra and soft pion technique
must be used to reduce the decay amplitude to the e’ - P transition matrix ele-

+ . . . . .
ment <e lfx(O) p > which is simpler to handle than the decay amplitude itself.
. o + . .
The decay amplitude for p=>T e is given by
+
M (p,k,q) = < e’ g )] p > m
with p,k,q are respectively the momenta of the proton, the outgoing positron
and pion. £X(O) is the effective Lagrangian for the baryon number-violating

interactions which are mediated by the exchange of a superheavy gauge boson X

in Grand Unified Theories (GUT). In SU(5) it is given by2

4GA — — + -+
Ly = y € M i ey dip e Yy 4y
T T )
Moo Yusin Y P R SR
+uS vy d, (V_v d_ +9Sy 5.1 (2)
i Tp4nt Ver Yudir R T Sir

G is the effective coupling constant defined by

2

6= Bayr

1477 1l
and )\ is the short-distance QCD enhancement factor (A = 3.7). Defining

M (p,k,q) = u_, (k) T(k,q) u(p) (3)

In the soft pion limit (q -0, k +p) with the positron momentum taken
off the mass shell (k2-->p2 = mi), using PCAC and standard Current Algebra techni-

que, we have

r(p,q) u(p) =_%—/Z[<0|[Q§ , n(O)]|p> + qu’Wb(p,q)] %)
q~>0 m

where
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,qN\LJ(p,q) = - i J d4x exp (iq.x) <0 | T{n(0) A3U )} p >

n(x) is a "current" associated with the positron (in analogy with the e.m. cur—
rents) given by

8L

X
n(x) = t: (5)

Se
The ”h - term receives a contribution from the proton-pole which is singular as
qu +0. It can be shown that qquu satisfies the dispersion relation with the
absorptive part given by unitarity which we shall need in extrapolating the

soft~pion amplitude to the physical region (i.e. hard pion corrections).

The regular part of T(k,q) can be found by subtracting the Born erm
from the 1.h.s. and the r.h.s. of Eq. (4). (This is the standard prescription
used in similarcases when the Born term is present as in hyperon non-leptonic
decays7). Thus in the limit q + 0, the amplitude is well defined in the neigh-

bourhood of t = mi and is given by :

T,@) = T goigar ¥ THGDpote (6)
with (f7T =°n7r the pion decay constant).
-iv2 5
1"(k,q)regular ulp) = — [<0|[Q3, n©)1|p >
c m (7)
m 2
T r -
+ (quqnh+ /2 (k,q)pole u(p))] + 0o(t mp)

Using the Goldberger-Treiman relation for GA/GV, we obtain in the neighbourhood

of t = m2 :
p
T'(k,q) u(p) = [F(t) + ¥KG(t)] u(p) (8)
with
-i/2 , , zmIZJ
F(t) = — (@' + b Y5) + gApp(a Y5+ b)(1+ 519 a)
ki t ~m
P
i/2 n, gy
G(t) = w—(a Y5 * b) p—gp (9 b)
™ t-m

P
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G(t) contributes to the decay amplitude terms proportional to the lepton mass
. + P .
and thus can be neglected. The virtual e - p transition matrix elements are

defined as

<0 n®] p>= (a+byy ulp (10 a)

<0] [Q, n@]1] p>= (a' + b'yg) u(p) > (10 b)

8y is the axial vector current matrix element between proton states.
PP

By letting t = mi ~0 in Eqs.(9) we obtain the physical decay amplitude.
This is the standard Current Algebra results_lo. Because of the S and P wave
resonances of the meson-nucleon system in the 1.4 ~ 1.7 GeV region, the extra-
polation of (9) to t = 0 may be strongly affected by these resonances which

must now be taken into account. Let us define (t = kz)
I'(k,q) u(p) = (A(t) + B(t)yg + K G(t))u(p)

where A(t) and B(t) satisfy dispersion relation in t with a cut starts from
tO = (mTT + mp)2 to ©» and satisfy low energy theorem given by (9). The final
state theorem requires that , on the cut and below the inelastic threshold,
A(t) and B(t) have, respectively the phases of S - and P - wave TN phase

shifts (S11 and P These phase shifts are small near to but become large at

Il)'

higher energy. There are two S resonances at 1.55 and 1.65 GeV. The P

resonances is at 1.7 GeV. TheyILre all fairly inelastic and couple to b;ih the
TN and NN channels. The general treatment of the integral equations for A(t)
and B(t) is complicated? It is simpler to assume the dominance of these resonan-
ces in the form factors A(t) and B(t). We shall simulate the effect of the two

. 2 2
S resonances as a simple pole at m and the P resonance at m,. We have

11 11 b
W0 Zmi 2m§ mi - mi
= _ v -
a(t) = - 7= [(a + gy (14 =2, - — 2)]( >—P)
T t-m m_ - m m_ -t
P a P a
W2 2m§ Zmi mﬁ - mé
- e 1 -
B(t) = - 7= ' vg @) (1 r Py - Py (5B
il t-m m - m m -t
P b P b

(1)

Note that the above expressions satisfy current algebra constraint at t = m2
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ana also generate terms of the order O(t - mi) as corrections to soft pion
amplitudes. The physical decay amplitudes are obtained by setting t = 0. Eq. (11)
can be easily applied to other decay modes. Using the non relativistic quark

model with harmonic oscillator wave function, we obtain :

o +
prme :
2
3 m
A(0)=§-g[]+D+F—(I—D—-F)—§]
ma
2 (12)
1 ™o
B(0)=Eg[l+D+F—(1-D-F)—2]
m
b
R M
P o !
2
m
A(0)=_£[1+D+F—(1—F)_gl
V2 m
a
(13)
2
g [ F-( -D F)mp]
B(O) =--&1[1 +D+F - -D- —
V2 2
b
P KOU+
2
A(O)=—/E[(l+D—F)—(1+F—D)—3];B(0)=O (14)
ma
+ —
> K
P V11
2
m
A(0)=—LD(1+—12’);B=A (15)
3v/2 m
.
P * ne
2
A(O)=-/73_g[(l+D—3F)—([+3F—D)—g]
ma
2
1 m
B(0) = - — g [(1+D—3F)—(1+3F—D)—2P]
w3 m

The Current Algebra results given by the 15 terms agree with previous calcu-

lations.
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2

Gm
N e
™ T 3/§-nmp P

and D,F are the current value of GA/GV :

D+F = |GA/GV| =1.25 * 0.0l

D = 0.44, F = 0.81

( w is the oscillator level spacing and has a value about 520 MeV). As can be
seen from (16), there is an important correction to soft pion result for p-— ne+
because of the an term. This produces a very large suppression of the amplitude
relative to the soft pion value by a factor of 10. For other decay modes, correc-
tions to soft pion amplitudes are less important. These corrections increase the
amplitudes for e’ . K" Gu modes by 572 and 407 respectively but suppresses
the K0u+ mode by 157 and thus have no appreciable effects on the total two-body
decay rates which are dominated by the ﬂoe+ and 1" Ge modes. Below are their
relative rates which are independent of the spatial part of the non relativistic
3-quark wave function at the origin as well as the super heavy gauge boson mass
MX :

0.40 T(p +1°e")

+ —
T(p>m ve)
T(p+ne’) = 2.4x10"% I(p+1eh)

T(p + Ko™y = 0.14 T(p + 1°%e") an

rep >k V)= 0.56 % 1072 T(p » 1°%)

Our relative rates seem to agree qualitatively with the values given by Kane

and Karl5 using the relativistic quark fusion model. Thus using the standard
resonance parametrisation, we have been able to extrapolate the soft pion ampli-
tude to the physical region in a simple manner. This is a large improvement over
the Current Algebra Results_lo. To the extent that this resonance parametrisation

is valid, our relative decay rates (Eq. (17)) are essentially model independent.

P + o +
In the same spirit we can compute the decay rates p > we and p>p e .
The basic idea is to consider the e — p matrix elements of the isoscalar and iso-

. . o .
vector vector currents associated with w and p defined as
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<& VO] p> = 0Ly, (@) + v gya)
(SN
i %’—(f‘](qz) + Y05 @) el a8

. + . . s
The matrix element for p » Ve w = po, w) are defined similarly by :

ouqu

m(p +ve) = e, Ut () [y, (g *+ v5 ) + 1 (£, + v5 £01 ul®)

(19)

The charge form factor at q2 = 0 can be easily found using the divergence

condition
w W __3
Bu VU =[qQ , £X] =-3 £X
o <1
au Vu [Q3 > £X] 2 £X

from which we obtain the charge coupling using vector meson dominance (VMD)

approximation :
2
L ol 3 @YD T
Byt Vs 8y 2 my )
(a+b Y.) m?2 (20)
I T e -
Byt Vs By 2 m £
P p
This gives
T(p+we) =9Tp~> %) (21)

which is the non relativistic quark model results. Since the outgoing positron
is energetic, the magnetic terms (fv, fA) may be important. These terms cannot
be obtained from the above divergence condition but a nucleon pole approximation
(Born term) shows that they are negligible for p + we® decay but important in
P> poe+ decay because of the large value of the anomalous isovector nucleon

magnetic moments.

2
+b i -u_ -1
R B A LU B Y i Tl T
v st 2 m \f ;
P P
2 -
o 3 DTS Moy vt by T
v ols A 2 m \E )\ 2 /
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This increases the p-->-p0e+ decay rate by a large factor. We find
+
T(p+0e") = 0.9 T(p-ruwe) (23)

. . coe s .5
which agrees more or less with the relativistic quark model calculation™. For

the p + we” decay, using géﬂﬂ/éﬂ = 2.86, we find

T(p ~we’) = 0.23 T(p>1eh) (24)

The 3-body decay mode with the two-pion in the continuum may be a sizeable

fraction of the total decay rates. Current Algebra Calculation with nm final

state interactions effects (which increase the rate by 50%) show thatg’11

I(p » mme’) = 0.25 I'(p+17e’) (25)
Together with other less important decay modes, this leads to

B R (p'+ﬂoe+)

4

0.4
BR (p-k°") = 0.06 (26)
BR (p +me+) = 0.1

. o+ . . .
which tell us that the p T e decay is the most important mode. Using standard

quark model parameter and for a typical MX =4 xlO14 GeV, this partial rate is

-30

r(p+12et) = 3.92x10730 (yrs)”! 27

giving a proton lifetime

T(p) = 1.02 x1027 yrs (28)
which is two orders of magnitude shorter than the present lower experimental
limit.

The main source of uncertainties in the calculation of the decay rates are the
values of MX which depends on the QCD scale parameter Aﬁ§ and the quark model
parameter for the proton wave function at the origin. The branching ratio given
in (26) is however independent of these parameters and may be used to distin-

guish between various Grand Unified Theories.

I would like to thank Tran Thanh Van and the Organisers of the Confe-

rence for the warm hospitality extended to me at Moriond.
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Abstract

A limit on y > Vo oscillations has been determined in a

fine grained calotimeter exposed to the dichromatic neutrino beam
at Fermilab. Candidate V. events were selected to fit the
hypothesis of Vo quasi~elastic scattering followed by a decay of
the final state 1t-lepton into ev,v, or UV, V. Such events
typically have missing energy, due to two undetected neutrinos,
and consist of a muon track or an electron shower and at most one
additional track from the primary vertex. The upper limits on
Am2 for vu»vT oscillations at maximum mixing are: am2 < 12 ev?

for the neutrino and Am2 < 14.4 ev? for the antineutrino case.
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I. Introduction

TO set a limit on vyt Ve oscillations a search for neutrino
interactions with a possible t-lepton in the final state was
performed. Only the purely leptonic decay modes: ‘r-»uvu\)T and
T*€VgV, were considered. Because of the two neutrinos in the
final state there will be energy missing in these events. To
ensure the optimal sensitivity to missing energy and to enable a
clean electron identification, only events with very low hadronic
energy (quasi-elastic type) were accepted. For this class of
interactions the neutrino energy can be well approximated by the
energy of the final state lepton. 1In case of a Vo interaction
however measuring the muon from the Tt-decay 1leads to an
underestimation of the neutrino energy. This is illustrated by
Fig. 1, which shows the spectrum of muons from a T-decayl) with

T=30 Gev/c.

To detect possible missing energy in the final state, the
correlation between neutrino energy and radius, provided by the
dichromatic beam?2) was exploited. Figure 2 shows a Monte Carlo
prediction for this correlation for quasi-elastic vy events.
Events with missing energy will populate the region below the
dense band (m-band) which was therefore the signal region.

The cross-sections for quasi-elastic type vu and Vo
processes are equal according to theoretical expectation in the
energy regime considered. Thus the number of Vo candidates and
the number of quasi-elastic vy events within the w-band directly
determine R, the ratio of v, to v, at the detector position.

IT. Detector
The experiment was performed using the fine grained neutrino

detector at Fermilab (E594), which has a total mass of 340 tons
and consists of 608 flash-chambers and 37 proportional tubes.
Here only the detector characteristics relevant to this analysis
will be described. Further details can be found in Refs. 3 and
4. The proportional tubes generate a variety of triggers and
measure the muon trajectory through the toroidal magnets. The
muon momentum resolution for momenta between 20 and 100 GeV/c is
10% and varies slowly with momentum. The flash-chambers which
consist of 5x5 mm tubes sample every 22% of a radiation and 3.1%
of an absorption 1length. This fine sampling ensures good

angular resolution for muons and showers, good electron
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Fig. 1 Muon spectrum from Fig. 2 Monte Carlo E,-
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identification and a <clear separation of deep-inelastic type
events from quasi-elastic type events (Refs. 3, 4).

III. Data Analysis

The data sample considered here was taken during the 1982
dichromatic run and consists of neutrinos at m and K momenta of
165, 200 and 250 GeV/c and antineutrinos at 165 Gev/c. In the
following the selection criteria and results for the muon and
electron channels will be described separately.

Muon channel . Only events that satisfied a special trigger
were considered for this analysis. The trigger consisted of 2
components: 1) a muon traversing all the toroidal magnets (Pu >
10 Gev/c) and 2) a maximum pulse height from the proportional
tubes, which corresponds to an energy of roughly 10 GevV (a muon
traversing the entire calorimeter deposits 5 GeV). The measured
average electronic efficiency of this trigger 1is 86%. An
additional cut was made on the number of flash tubes that fired
within a 50 cm radius from the vertex. At most 30 hits were
allowed in this region, excluding the muon. This selected events
with very low hadron energy, whose properties are consistent with
quasi-elastic final states.
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On an energy versus event radius scatter plot, the above
mentioned signal region and T-band were defined as follows: At a
given radius a neutrino energy distribution predicted by a beam
simulation is described by a mean value and a standard deviation.
The m-band was defined as the mean wvalue plus or minus 2.5
standard deviations. The signal region was the area below the
T-band. Figure 3 shows the neutrino energy versus radius scatter
plot for the data, which should be compared to the Monte Carlo
prediction in Figure 2. Figure 4 illustrates the distribution in
Y=(Eb'Ep)/Eb for data and Monte Carlo, where E, is the average
beam energy at a given radius and Eu the measured energy of the
muon., There is good agreement between data and Monte Carlo.

The following sources were considered as contributing to the

background in the signal region:

i) True quasi-elastic vu events with energies below the g -band,
due to the intrinsic spread of the neutrino energy and due to
muon momentum resolution. The fraction of true vy
quasi-elastic events in the signal region is defined as €2,
which is calculated by Monte Carlo to be .012 for all the Yy

and .013 for the ﬁu data (see Table I).

T T
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Fig. 3 pata, Ey-Radius Fig. 4 Y-distribution for data

scatter plot. and Monte Carlo.
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ii) wide band background, from n- and K-decays before the
momentum selection. This background was estimated by a Monte
Carlo beam simulation and the ratio of wide band flux in the
signal region to the total flux in the w-band was found to be
0.3% for neutrinos and 0.6% for antineutrinos.

iii) The inverse muon decay (vue‘ + Wvg). This process
contributes only in the neutrino exposure and was eliminated

by requiring Eueg > 3 MeV (see Ref. 5).

Table I shows the number of events in the nw-band and the signal
region calculated by subtracting background iii) only. Also
shown are the efficiencies to detect an event of a given type in
one of the two regions. These efficiencies include acceptances
and software efficiencies, while electronic efficiencies cancel
in the calculation of R.

Table I
Candidates and detection efficiences for Vo and vy quasi-elastic

interactions.

Beam m-band Signal region
Events 640 10
=N b_ S_
vy eq(quéu N') sg-.ez €q .012
€ (VN+T"N') €r=.24 e§=.12
u_quT
Events 406 3
S S +ay0 b= S_
vu eq(qu¢u+N ) eg .82 sg .011
€ (V N+>T'N') €:=.20 €g=.13
utv, v,

Electron channel. The electron signal t + ev Ve Was searched for

T
using all of the deep-inelastic data without a muon in the final

state. All the events were passed through similar software
filters as those used for the extraction of the vue > ve signal.
Details of this procedure have been described in Refs. 3 and 4.
The filtered events were then scanned to have an electron shower
and at most one additional track in the final state. It should

be noted that for the electron channel no missing energy
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requirement is made, since the Vo background is small (<1%), and
all events after background subtraction are used to set an upper
limit for R. The normalization of this channel 1is again with
respect to the vy quasi-elastic events 1in the rn-band and
therefore a 10 GeV minimum energy cut was imposed on the
electrons. The efficiency of the detection of the
electron-channel relative to the vy, normalization sample is
€e=71%. This was determined by replacing the hit cell pattern of
the muon in the vy quasi-elastic events by that of electron
showers from a calibration beam and then scanning these events.
In total 34 candidates were found in the vu and 13 in the Vu
sample.

The backgrounds contributing to this channel are:

i) Neutral current events with electromagnetic showers, which
simulate electron showers. Applying the analysis to charged
current events, ignoring the muon, it was found that this
background contributed 22 events in the vu and 3.3 events in

the | beam.
Vu

ii) ve's from K _—decays. These neutrinos contribute about 1% to
the total flux over the entire dichromatic energy region.
The number of such events was estimated from the number of
electron events with energy above the m-band. This eliminates

7(vu) and 1($u) events respectively.

iii) v,e + ve - scattering which produces a background sharply
peaked at low Eeeg. This background was removed by requiring
Eeeg > 8 Mev, thus eliminating S(vu) and B(GU) events

respectively.

After all the above backgrounds were subtracted there remained 0

candidates in the vy and 5.7 candidates in the Gu sample.

Table II summarizes the electron channel results,.
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Table II

Summary of the electron channel.

\Y Y

H H
Sample after scanning 34 13
Backgrounds:
i) dense hadron showers 22 3.3
ii) K 7 1
€3

iii) vue' + vue' 5 3
Signal 0 5.7

IV. Results

Defining R as the ratio of v, toy in the beam, R and R®

in
as R multiplied by the branching ratios for r»uvuvr (18%) and
T+eveVy (16%) , the observed number of events for the muon channel
in the signal region (Ns) and in the m-band (N,) can be expressed

as:

Ng = Ng(RMeZ + €3) (la)
Np = Ng(RM €2 + e§) (1b)

The efficiencies eg, etc. are defined in Table I. Nq, the true

number of quasi-elastic v, interactions and R can be calculated
from equation (1). The contribution of wide band background was
neglected in equation (1), but 1is taken into account in the
calculation of R. Similarly, in the electron channel, the number

of events in the signal is:

N, = N

e R, (2)

q

Table III summarizes the upper limits for RMY and R®
independently. RH is calculated from egs. la and 1b and R® from
egs. 2 and 1b.

Table III

Upper limits for RH and R® (90% confidence).

Beam rH Rre
vu .054 .015
v .004 .029

o



60

Combining the muon and the electron channels by a maximum

likelihood method, the upper limits to 90% confidence for R are:

R 2,09 (v) R < .13 (¥))

If this result is interpreted in terms of v PVe oscillations, the
upper limit for R can be expressed in terms of the square of the
mass difference of the neutrino mass eigen states (Amz) and the

mixing angle 6. The probability for v Ve is:

P(v»vy) = 8in2(20) sin2(1.27 Am? L/E) (3)

where I, is the distance between origin and observation of the
neutrino in kilometers and E is the energy in Gev. For maximum
mixing the upper limits for Am? are:

vy: am2 < 12 ev2 9 Am? < 14.4 ev? (90% C.L.)

Table IV shows the present limits by other experiments, the
detector used and the decay modes to which they were sensitive.
(For a complete review see Ref. 6)

Table IV
Results on Vy*Ve oscillations

Beam Am2 Detector/Ref . Decay modes

[ev?

<3 emulsion/7 all
\)u <5 bubble chamber/8 SRV

<12 E594 evevr;uvuvT
Gu <2.4 bubble chamber/6 evgv,

<6.7 bubble chamber/6 evev,

<1l4.4 E594 AR UV VL

The emulsion experiment clearly sets the best limit since it is
sensitive to all decay modes whereas all other experiments are
limited in that respect. This experiment was sensitive to two
decay modes (T*“vuvt and T+evevT) and for the first time
exploited the technique of missing energy in quasi-elastic

interactions to identify possible Ve interactions.
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DECAYS OF MASSIVE NEUTRINOS

F. Vannucci®)
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ABSTRACT

There are no reasons to assume that neutrinos are massless. If they are
heavy, they may decay into different channels. Existing data and future experi-
ments are used to set limits on the instability of neutrinos in a large range of

masses.

*) Visitor at CERN, Geneva, Switzerland.
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1. MASSIVE NEUTRINOS

o etc., do not have

definite mass but are linear combinations of the mass eigenstates v,, Vv,, V;, etc.

If neutrinos are massive, the weak eigenstates Vs vu, v

The possible effects of neutrino masses vary with their scale:

- 1in the range of small masses [O(eV)], neutrinos may undergo measurable

oscillations;

~ 1in the range of higher masses [O(MeV)], neutrinos may decay with lifetimes
accessible to experimental study. The possibility of such large masses, not
ruled out by astrophysical constraints, forces us to re-examine the present
limits, since leptonic decays will consist of an incoherent sum of separate
channels. For instance the tritium experimentl) should be analysed in terms
of:

)08

3y - Z *Het + ™ + VU,
. 1
i=1

This point of view leads to unusual consequences: because of different kine-

[T

matical constraints in different processes, the Ve produced in tritium decay is

not necessarily the same as the ve" produced in T or K decays.

The current mass limits leave open the possibility of substantial masses:
for instance, the limit on m(vu) only applies to the dominantly coupled mass

eigenstate (v, ?) and does not forbid a much heavier component (V,, ...).

2. PRODUCTION OF HEAVY NEUTRINOS

Heavy neutrinos may be produced either via oscillations or by direct produc-

tion.

i) The main component of a neutrino beam (VU) may oscillate to a heavy neutrino
Vg The mass difference being large, the oscillation length is tiny and the

overall effect is to produce an admixture of Vv, in the predominantly vy beam.

H

If UHu is the mixing matrix element between v, and vu, the fluxes will be in

H
the ratio IUHU|2:1. Actually, an extra helicity factor?) favours the pro-

duction of Vy over vu. The matrix elements are the same as the one appearing

in the analysis of oscillation experiments.

ii) There are several processes which may generate heavy neutrinos. The Vo is a

candidate for a heavy neutrino; it is directly produced in the decay
F > TV, - Another source is given by m°. Whilst m° > VU is forbidden for
massless neutrinos, it is possible for heavy neutrinos. In fact the branching

ratio of m° - vHGH is of the order of 10™°. The same decay mode exists for
Ko, MmN’y ee. Finally, the 2% is a powerful source of vH’ since it gives
equal contributions in the various channels 2° - vHDH up to masses of Vv 40 GeV.
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DECAYS OF HEAVY NEUTRINOS

3.1 Leptonic decays

If neutrinos exist with a mass above 1 MeV they will decay into e*’e‘\)e
according to the diagram of Fig. la. The same type of diagram is responsible for
U decay. The evaluation of the lifetime is similar, except for a coupling strength

UHe which measures the overlap between Vg and Voo The partial lifetime is:

t=28x10t L 1

P (s) .
m U
v l He‘

If neutrinos with even heavier masses exist, then other channels, in particu-

lar hadronic ones, will open up. With increasing mass, we find the modes:

-+ -+ =+ - 4+

wev,, e, un VU’ W, wee
In fact the hadronic channels become predominant as soon as they are kine-

matically allowed.

a)
b)
JH w ¥ VH C)
- Y
¢ < N e
v v .

Vi . .
0 <
- X
J.

Fig. 1 Graphs of the various vy decays
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3.2 Radiative decays

The decay mode v, * VY is possible even for very small masses of V But the

H H*
decay probability corresponds to the GIM-suppressed diagrams of Fig. 1b, and the
lifetime is rather long3):
T = 2,9 x 10%? —15—-1~—2 (s)
™ ‘UHT‘
in the case of three generations of charged leptons. Adding a new heavy lepton,

the minimum possible lifetime in the standard model®) is

_1

T =3.8%x10 =
rn5|U 2
AV)

(s)
|
Now a miracle happens if, instead of radiating one photon, the charged loop

radiates two photons (Fig. lc). The mechanism is no longer GIM-suppressed, and

the lifetime for vy VLYY is now")

1 1

9 2
™ |UHe‘

T=7.1x 10 (s)

There is very interesting competition between the different decay modes: below a
mass of 100 keV the channel vy predominates, then comes VYY, until e+e've opens up
at 1 MeV; but because of the mass dependence, the mode vVYY takes over again for

masses above 20 MeV and seems to remain the dominant decay for very heavy neutrinos.

MASSLESS DETECTOR FOR MASSIVE NEUTRINOS

How to search for such effects? Because of the Lorentz boost and to avoid
neutrino interactions which will generate background, a decay experiment is best

done at low energy.

A proposal exists to look for v ,6 - vee+e_ and Vg T VY in the CERN Proton

H
Synchrotron (PS) beam®). The detector has a massless (helium bag) decay volume,

terminating in a calorimeter where e*, e”, and Y can convert.

Here we rely on the Yy production by oscillations from vu. The limit is ex-

pressed in terms of m versus |u » where Uy, and U, = denote the mixing

nel X Vel He
elements at production and at decay. Figure 2 shows the limits obtained with the
various production sources of Vu and their two decay modes. These limits can be
compared with the ones obtained when looking for secondary peaks in the spectra
of charged leptons produced in the leptonic decays of pseudoscalar mesonss). The

experiment discussed here is much simpler, and is more powerful by several orders

of magnitude.
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When Vy is produced in the decays m,K + evy, the same matrix element UHR

appears at production and at decay. In that case the limits on coupling strength

can be expressed directly as a limit on the lifetime of Vv For instance, the PS

u
experiment gives a lower limit of 30 s for a Vy of mass 100 MeV. This is to be

compared with the | lifetime of 2 X 107% s for a similar mass.

SOLAR MASSIVE NEUTRINOS

To investigate the region of smaller masses, laboratory experiments are in-—
adequate. Here the Sun proves to be an interesting source of neutrinos, with the
great advantage of giving 10'! m of decay path, before the observation above the
Earth's atmosphere. If one believes in the standard model, one knows the initial
flux of neutrinos emitted by the Sun. 1In particular there exist several mono-—
energetic neutrino rays. Such rays would give quasi-monoenergetic photon rays in
the case of the decay Vg VY. More generally, decays of solar neutrinos would
create a background of photons due to the decays V

- vy and Vv, > VYY, or a back-

H H
ground of e¥e™ due to the decay Vg T vete~™. Limits on the corresponding fluxes
give useful constraints on neutrino masses down to 100 keV. It is not easy to
find the relevant astrophysical measurements. The flux of e* in interplanetary
space seems to be 107" cm™? s™! Mev™! N, Also, 107°% cm™2 s~! Mev™! seems a con-
servative limit on photon flux in the range 0(100 keV). With these numbers one
can extract the limit, plotted in Fig. 3, for neutrino masses between 100 keV

and 10 MeV, assuming the optimistic lifetime for v, -+ Vy.

H

/

) %
o 0 -

T T T T T

{UxU)

log
T

N e

this experiment
" /// -
1 1 1 1
3

0 6?2 o' 1) 10* 10 ot 10°

Neutrino mass , m, (MeV)

Fig. 3 Limits on couplings of heavy neutrinos from various sources
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HEAVY NEUTRINOS AT LEP

What has been discussed up to now is limited to neutrino masses smaller than
the K mass. A practical source of heavier neutrinos happens to be the 2%, which

democratically populates all channels Vv, for neutrinos of mass up to Vv 40 GeV.

Y
H'H
Because of the mass dependence of the lifetime, it could happen that such neutrinos

decay almost immediately! For the decay Vg

pressed in GeV, the possibly very short lifetime

+ VYY one finds, with the mass ex-

t=71x107 2L (),

nm? u?
v

At LEP one expects of the order of 1000 decays 2% > Vo per day. If the detectors
are not full of decaying neutrinos, one can set a very stringent limit, corres-
ponding to 2 m of decay path, i.e. the radius of a canonical LEP detector, on the

coupling of heavy neutrinos:

w2 < 1070
He o
vV

CONCLUSIONS

Figure 3 summarizes near-future expectations in the search for massive neu-
trinos. Low masses correspond to the domain of neutrino oscillations. Here the
mixings cannot be pushed very much and the limits are in the few percent range.
Between 100 keV and 1 MeV limits come from photon fluxes above the atmosphere,

It seems that such limits could be improved easily with a dedicated experiment.
Between 1 MeV and 10 MeV the limit comes from the °B contribution to the solar
spectrum. The range 10 MeV-400 MeV is covered by the searches in neutrino decays
with the limits to be set by the PS proposal. Finally comes the region of LEP,

with possibilities of probing couplings down to 1072%!

Neutrino decays appear to give a complementary approach to oscillationms.
While oscillations test the domain of small masses but relatively large couplings,
neutrino decays allow to probe the region of higher masses but very small couplings.
For this reason, and because the theoretical guidance is rather weak in this field,
neutrino decays, just like oscillations, are worth the effort of systematic

searches.
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ABSTRACT

A search for heavy neutrinos was conducted in the 400 GeV proton beam dump
neutrino beam and in the 400 GeV wide band neutrino beam at CERN. Neutrinos
decaying into two electrons and a light neutrino were searched for. Upper limits
on the mixing angle are derived for neutrino masses in the range 10-140 MeV.



72

In the conventional theory of weak interactions neutrinos are assumed to be
massless, but experimentally a finite neutrino mass cannot be excluded. The
present limit on the 1 neutrino mass is 250 MeV. Assuming production of 1
neutrinos by leptonic decays of the F-meson and by the subsequent 1t decay, the
neutrino beam produced by high energy protons interacting in a Cu beam dump would
contain a large fraction of such heavy neutrinos.

If neutrinos are massive their weak eigenstates are linear combinations of the
mass eigenstates:

v=E U v, ( 1=e,u,t,.. , i=1,2,3,..) (1)

Neutrino beams can therefore contain a fraction of heavy neutrinos produced in w
and K decay (1], [2]. Neutrinos with a mass larger than a few MeV can decay into a
light neutrino and two electrons. For neutrinos with a mass larger than 110 MeV
other decay channels are opened (\)i > euv, vy + em, etc.)[1l]. The decay

probability for heavy neutrinos is proportional to the square of the mixing angles
defined in (1). A search was made for neutrinos decaying into a pair of
electrons:

+ -
v, *eev (2)
1 e

In the beam dump experiment decays of heavy neutrinos were searched for in an
empty decay region of 35 m length and 3 x 3 m? cross section parallel to the CDHS
[3] and the CHARM [4] neutrino detectors. A search for heavy neutrinos produced
in m and K decays was performed in the horn focussed wide band neutrino beam by
making use of the fine-grain CHARM calorimeter [5}.

sC2
P3,P4PS
st DECAY DETECTOR /
I - CALORIMETER
_ DECAY LNE®-lomrad f fH W _| { 7 MODULE
Pl P2 '
V LINE
_--_._>——_.‘,_._.—> — e — —— [ - ——
5m COHS DETECTOR CHARM DETECTOR
sm| SCALE

Fig. 1 Layout of the decay beam dump experiment. SCl and SC2 are scintillator
planes. SCl is used as veto counter. Pl to PS5 are packs of &4 planes of
proportional drift tubes each.



73

The layout of the beam dump experiment is shown in Fig. 1. A scintillation
counter plane of 6 x 4.8 m? active area (SCl) defines the beginning of the decay
volume. The decay region is parallel to the neutrino beam line at a mean distance
of 5 m, corresponding to an angle with respect to the incident proton beam of 10
mrad. One module of the CHARM calorimeter was displaced to the end of the decay
region. It has an active area of 3 x 3 m? and is used to measure the energy of
electromagnetic cascades with a resolution of AE/E < 0.30 for shower energies E >
5 GeV. The decay volume is subdivided into three regions using two packs of
proportional tubes (Pl and P2) [5]. Each pack consists of four planes of
proportional drift tubes, covering a surface of 4 x &4 m? , preceded by a lead
plate of 1/2 radiation length thickness. In order to improve the angular
resolution of the shower and to better reconstruct the decay point, a low density
detector was added in front of the CHARM calorimeter module. This comprised three
packs of proportional tubes (P3, P4 and PS) preceded by a plane of scintillation
counters (SC2). The estimated angular resolution for an electromagnetic shower is
a few mrad.

The detector was exposed to a neutrino flux produced by 1.7 x 10'® protons on a
solid copper target and 0.7 x 10'® protons on a laminated copper target with an
effective density of 1/3 of solid copper. In the combined exposures, 21000
events were collected satisfying the trigger requirements: no hits in the
scintillator plane SCl and a hit in at least &4 scintillator planes of the
calorimeter module. These events include: cosmic ray events (a track not pointing
to the scintillator plane SCl), parasitic events (tracks from neutrino
interactions in the CDHS and CHARM detectors or in the floor), beam associated
muons and neutrino interactions. The events recognized as neutrino interactions
having the shower vertex after the scintillator plane SC2 were used to check the
performance of the detector. We observe 340 * 45 neutrino interactions. Based on
the number of neutrino interactions found in the CHARM calorimeter 440 * 50
neutrino interactions were expected.

The decay candidates were required to have at least one hit in the scintillator
plane SC2 and a shower energy larger than 3 GeV. The sample was scanned to search
for candidates which are consistent with having two electrons. The scanning
criteria were: a) in the case of single hit in the scintillator plane SC2 the
pulse height was required to be larger than that corresponding to the energy
released by the passage of 1.5 minimum ionizing particles, b) not more than 2
tracks in the proportional-tube packs P3, P4 and P5 or in the calorimeter module
and c) shower angle and energy compatible with the decay of a heavy neutrino with
mass below 140 MeV. No event satisfies these criteria.

Assuming that the v, couples mainly to a single mass eigenstate, an upper limit

can be set on the mixing angle Uei' The expected number of neutrino decay events

in the decay region was computed according to the expression:

+ -
= - -+
N NF PIF vTr] A P[vT e e ve] . (3)

NF is the number of F mesons produced by protons in the dump. It was computed

from the number of prompt charged current muon neutrino events observed in the
CHARM calorimeter (7). During the exposure 1830 * 250 prompt neutrino events with
a muon in the final state were collected. These events are produced essentially
by muon neutrinos coming from the semileptonic decay of D mesons (BR = 0.1). A
ratio o(pCu * FFX)/o(pCu »* DDX) = 0.2 was assumed. P[F V. t] is the probability
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of the F meson to decay into a heavy neutrino (BR = 0.03). The factor A gives the
fraction of neutrinos that cross the decay region. The production of F mesons was
simulated by a Monte Carlo program assuming a distribution for the Feynman
variable x corresponding to (1-x)* and a transverse momentum distribution
proportional to exp(-ZPt). The flux of 1t neutrinos computed using this model

agrees with the limit put in an earlier beam dump experiment [6] on the number of
4+ -
events induced by v Plv > e e veJ is the probability for the heavy neutrinos to

decay in the fiducial decay region, scaled from the decay matrix element of muon
decay. The limit at 90% confidence level on the square of the mixing angle in the
neutrino mass range 10-140 GeV is shown in Fig. 2 as a function of the neutrino
mass, together with previous results on (Uei)2 [8], (91, 10].

CHARM -
WBB. EXP

Fig. 2 Limits at 90% c.l. on (Uei)Z as

a function of the neutrino mass:
a) limits obtained in the proton
beam dump experiment; b) limits
obtained in the wide band

neutrino beam experiment; c)
limits from solar neutrino
measurements [8]; d) limits from N
the measurement of the branching
ratio # * v e [9]; e) limits
obtained from the search for -
tonoenergetic peaks in the

region below the value predicted
for zero mass neutrino in ® > v
e decay [9]; f) limits from the
measurement of the branching
ratio K v.e 10]

| : ! 1

i 1
20 60 100 160
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In the case of the wide-band neutrino beam experiment, no assumption was made

on the nature of the heavy neutrino. The search for '"two electron events' was
performed in a sample of 1.3 x 10° neutrino and 1.4 x 10° antineutrino
interactions collected in the CHARM calorimeter [S]. The neutrinos and

antineutrinos were produced by 1.4 x 10'* and 5.7 x 10!'® protons on target
respectively.
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Candidate events were selected from those muonless events appearing as showers
of narrow width, characteristic of showers initiated by electrons and photons in
the CHARM calorimeter [11]. The selected events were required to have a shower
energy E deposited in the calorimeter between 7.5 GeV and 50 GeV and a value of
the variable E?8? below 0.54 GeV? (8 is the angle between the shower axis and the
direction of the incoming neutrino). 331 neutrino and 769 antineutrino events
were selected.

The events surviving the selection criteria are due to the following known
sources:

a) elastic and quasi-elastic charged current events induced by the
electron-neutrino contamination of the beam;
b) events induced by the scattering of neutrinos on electrons;

c) neutral-current events with a ¥ or a 7% in the final state produced
by coherent scattering of muon neutrinos on nuclei;

+
d) decay of heavy neutrinos into e e v.

The different distributions in the four types of reactions in E2?0?, (a) and c)
are flat], and in the energy deposited in the first scintillator after the vertex,
[a) and b) start with one charged particle], can be used to disentangle the sample
of events.

We find that the number of events attributed to heavy neutrino decay is
compatible with zero (1*41 events in the case of a muon partner and 1#49 events in
the case of an electron partner)

From this result a limit on the product of the mixing angles defined in (1) can
be obtained. The expected number of neutrino decay events in the CHARM apparatus
is computed according to the equation:

+_
= - A+ .. >
N {NﬂP[ﬂ vi+. ]An NKP[K e v, ]AK) P{vi e e ve] £ (&)

N11 and NK are the numbers of w and K decays. P[m(K) > v, .] is the probability

4
for m(K) to decay into a heavy neutrino. It is proportional to the square of Uei
or to the square of Uui depending on whether the heavy neutrino is produced with
an electron or a muon. This probability is obtained from the probability for m or
K to decay into a zero mass neutrino times a factor p depending on the neutrino
mass m. In the case of two body decay p takes care of the fact that for finite
neutrino mass there is less suppression due to helicity conservation than in the
case of a zero mass neutrino [1]. The geometrical factors A“ and AK give the

fraction of the heavy neutrinos from m and K decay crossing the CHARM detector
+ -
P[vi > ee ve] is the probability for the heavy neutrinos to decay in the fiducial

volume of the detector. The decay length is 12 m. The global efficiency of the
cuts applied in the analysis (&) includes the efficiency to select electromagnetic
showers induced by two electrons and the efficiency of the shower energy cuts.
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The limits at 90% c.l. on (Ue')z and on (UeiUui) in the neutrino mass range

10-140 MeV are shown in Figs. 2 and 3. The limits on (UeiUui) cannot be directly
compared with published limits because they refer only to (Uei)l and (Uui)z (81,

(91, 10], [11], [12], [13]. 0

Hi T T T T T T T
10°2|- —j
10-3 B
CHARM
W.BB EXP
0+ J
105 1
Fig. 3 Limits at 90% c.l. on (U U )
el i
as a function of the neutrino ywbl 1 1 1 ! L L
mass from the WBB experiment. 20 60 100 140

NEUTRING MASS (MeV)

In conclusion, there is no evidence for the decay into two electrons of heavy
neutrinos with masses in the range 10-140 MeV.
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ABSTRACT: An existing neutrino detector (CCFR) and a specially con-
structed second detector are used to search for a disappearance of
flux from the narrow band muon neutrino beam at FNAL. The detectors
are located715m and 1116m from the source of 40-230 GeV neutrinos,
thus making the experiment sensitive to the oscillation parameters
10<sm?<1000 eV? for sin22020.05. A report on the status of the data
analysis is presented.
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THEORY AND INSIGHTS

The consequences of a neutrino mass and a unitary mixing matrix have
been frequently discussed in recent yearsll For three lepton generations
the neutrino mass eigenstates are Vo= ? Uajvj’ a=e, U, T, J =1,2,3
where U contains three mixing angles and one CP violating phase defined
in the same manner as that for the Kobayashi-Maskawa mixing of quarks.

The CP violation would be evidenced by a difference in the oscillation
rates for vu+ve, vu+ Ve -

1Et. If the neu-
trinos possess energies much larger than their masses, the probability

Evolution of a pure mass eigenstate proceeds as e~

amplitude for observing muon neutrinos at a distance L from a pure v,
. _ 27l
source is A(\)u - vu) =1 - A12 []—cos([;EJ]

- Alg [1-cos(%?§0] (1

2L

- A23 []_COS([;g)] .

In the preceding equation the A(IJ) are functions of the four mixing
parameters, and the oscillation lengths are defined as

Hj = v = ?. . (2)

If one of the oscillation channels C dominates, the A(IJ) (I, J # C)
are small, so the intensity corresponding to Equation 1 reduces to the
single harmonic form

~ _ cin? s 2 1.27 8m?L
P(vu - vu) 21 - sin%26 sin? ( T )

(3)

v
where 87 is in eV? L in km and E in GeV. The effect of an oscillation
is maximal when 1.27 ém*L/E is near w/2; therefore, a figure of merit

for the measurement of 6m?> is realized in E/L. The FNAL neutrino beam
area (E/L = 50) is sensitive to ém* in the 10 - 1000 eV? range. The CERN
PS (E/L = 3) to 1 - 10 eV?, reactors (E/L = 1) to 0.1-5 eV?, and so forth.
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Oscillations can be detected from an initially pure beam of v
either by exclusively searching for Ve and Vo downstream of the source,
or by measuring a disappearance of the v flux as a function of distance
from the source. Upper limits on the channels vu+vT ?)and vu+ve 3) have
been set by exclusive experiments for &m? roughly between 10 and 1000 eV?
and 6 larger than 7 to 10°. However, recent results from a B decay
experiment “)indicate an electron neutrino mass of 14 to 46 eV. Further
evidence for neutrino masses in this range is suggested by astrophysical
measurements of an abundance of dark matter in the universe.S)

The exclusive measurements, however, are not sensitive to the oscil-
lation channels Vo where x refers to any new generation having a
charged lepton too massive to be produced in present neutrino beams.
Similarly, the exclusive searches are insensitive to the oscillations
vu->(\_)u)L in which the left handed antineutrino is sterile by virtue of
its small V-A coupling. Disappearance experiments are sensitive to both
of these oscillation channels.

In general, we do not expect the mixing angles to be large. If the
Cabbibo angle is to be considered as indicative of possible mixing in
the neutrino sector, then an experiment should be sensitive to 6 on the
order of 13°(sin?(26)=0.2) or smaller. We have, therefore, performed

a disappearance experiment sensitive to 626° in the range
1000>8m?>10 eV2.

THE NEUTRINO LINE AND DETECTORS

An overview of the FNAL neutrino line and the two detectors relevant
to this experiment is given in Fig. 1. The narrow band dichromatic
train®) selects monoenergetic pions and kaons within an 11% momentum bite
in the range of 100 GeV/c to 250 GeV/c, which decay in a 352m evacuated
decay pipe. The hadrons and muons are absorbed in an aluminum and iron
beam dump followed by iron impregnated earth berm. Two monitoring sta-
tions were located 137m and 292m into the decay pipe. The downstream
station housed a segmented-wire-ionization-chamber (SWIC) for measurement
of the beam profile, an ion chamber for counting the charged particle
flux, and x- and y- (transverse) split plate ion chambers to track and
enable steering of the beam within 2cm of the nominal center line at the
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Fig. 1. General location of the Wonder Building and Lab E
detectors in the Fermilab neutrino beam.

downstream detector. The upstream station contained similar SWIC, ion
and split plate chambers, as well as a fourth space which accommodated
either an RF-cavity flux monitor (normally in), a scanning x-y scintilla-
tor, or a Cherenkov vessel for measuring the particle composition of the

beam.

The target centers of the two detectors were located 891m (the Won-
der Building) and 1292m (Lab E) from the upstream end of the decay pipe.
Both detectors consisted of a target calorimeter instrumented with spark
chambers, followed by a toroid muon spectrometer. Figure 2 shows the
apparatus in Lab E and the Wonder Building. The Lab E target consists of
56 scintillation counters measuring 3m x 3m x 2.5cm and viewed by four
photomultiplier tubes through wavelength-shifter bars. The 56 Wonder
Building target counters are constructed of doped acrylic measuring 1.5m
x 1.5m x 2.5cm, viewed by two phototubes through waveshifter bars.
Counters were positioned after every 10cm of steel plates having the same
transverse dimensions as the counters; each target had 112 iron plates
for a total target mass of 444 metric tons in Lab E and 108 tons in the
Wonder Building. Minimum ionizing muons from the beam were used to cali-
brate the counters; in addition, the Lab E detector had been calibrated
with a hadron beam in an earlier experiment. A hadron energy resolution AE=
0.9vE GeV was realized in both calorimeters for hadron showers having a
vertex at least 12cm from the edge of the counters. The detectors are
described in greater detail in References 7, 8, and 9.
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A 3m x 3m spark chamber was located after every 20cm of steel in the
Lab E target, while the Wonder Building had 3m x 1.5m chambers for every
30cm of steel. These chambers were read out magnetostrictively with a
resolution of 0.5 mm. The muon spectrometer in Lab E consisted of three
segmented steel toroids measuring 2m radius by 1.6m long, with a 7.5cm
radius center bore for the coils. Each toroid was interleaved with doped
acrylic scintillators every 20cm of steel, and was followed by five spark
chambers. A total transverse momentum kick of 2.4 GeV/c was realized by
the three toroid system, giving an 11% muon momentum resolution in the
7 to 400 GeV/c range. A single toroid magnet measuring 1.Sm radius by
2.4m and having a 1.2 GeV/c transverse momentum kick was used in the
Wonder Building. This magnet was followed by six planes of spark cham-
bers and provided a resolution of 15%.

Two trigger conditions were used to obtain the charged current events
to be used in the first round neutrino oscillation analysis. A "muon
trigger" required a signal in counters TO and T2 (indicated in Fig. 2),
no signal in a charged particle veto counter preceding the target, and
at least one minimum ionizing signal in the target calorimeter. The T2
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condition assured that the muon could be momentum analyzed. The "pene-
tration trigger" required that 5 GeV be measured in the calorimeter in
association with at least one muon penetrating 2m or more of steel. Other
triggers were also in operation for the longer range goal of cross sec-

tion and structure function measurements.

DATA ANALYSIS

Our initial oscillation analysis minimizes the systematic errors by
working with ratios of events at the two detectors. Consequently, a
knowledge of the neutrino flux is needed only in order to correct for
detector livetimes. The analysis is restricted only to events from
appropriately scaled fiducial volumes in the two detectors; the scaling
is done as if all the neutrinos originated from the center of the decay
pipe. This naive assumption about the neutrino origin introduces a
parallax error of 1-3% in the event ratios, which can be corrected using
a more sophisticated calculation. Each event is projected to a corres-
ponding point in the target of the other detector; events are accepted
only if they satisfy the trigger and software requirements in both de-
tectors.

The beam center was determined to better than lcm from the vertex
distribution of small-angle pion neutrino events. We then required that
the x-y vertex of an acceptable event be within 57cm of the beam center
line in the Wonder Building, and within 89cm at Lab E. These radius cuts
on the 37 counters and steel plates that define the fiducial volumes lead
to fiducial target masses of 33 and 83 metric tons for the Wonder Building
and Lab E, respectively; roughly equal event rates were measured in the
two detectors with these volumes.

The data for this experiment were recorded between January and July
of 1982. Positive secondary particles were produced with train settings
of 100, 140, 165, 200 and 250 GeV/c, for a total of 3.4 x 10'C protons
on target. The strict cuts listed in the previous section, elimination
of data from problematic run periods, and the condition that both
detectors be "live" simultaneously (this excluded 20% of the
data) reduced the wusable data to 8 x 103 kaon and 23 x 10
pion events at Lab E, and 8 x 103 kaon and 21 x 103 pion
events at the Wonder Building. These numbers permit a statistical

3
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accuracy of about 4% on the two-laboratory ratio of charged current neu-

trino events when they are divided into 10 neutrino energy bins.

Systematic errors affecting the ratios arise from the length of the

decay pipe, any possible offset in the two detector center lines, and

possible variations in the reconstruction efficiencies for the two de-

tectors.
about 1%.
from

Estimates of these effects introduce errors on the data of
In addition, there are small uncertainties totalling about 1%
the relative target density between the labs (4% larger in

Lab E), the detector livetimes (97% or larger) and veto deadtimes (typi-
cally 0.5% in Lab E and 1.5% at the Wonder Building).

A study of the integrity of our fully processed data has not yet

been completed; however, one can get an impression of the statistical

power of the experiment by examining a Monte-Carlo generated oscillation

signal using the statistics obtained in the real data.

Figure 3 depicts

the ratio of Lab E neutrinos to Wonder Building neutrinos as a function
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of neutrino energy for the hypothetical values sm? = 380 eV2 and 6 = 13°.

Figure 4 shows the 1imits (90% C.L.) that this experiment can place on

sm? and 6 in the absence of any observed signal given the statistics of

Fig. 3.

REFERENCES

1) See, for example, the review by P.H. Frampton and P. Vogel, Phys.
Rep. 82, 339 (1982).

2) N. Ushida et al., Phys. Rev. Lett. 47, 1694 (1981).

3) C. Baltay, Proc. of v-82 International Conference on Neutrino
Physics and Astrophysics, Balatonfired, Hungary, 14-19 June 1982;
J. Blietschau et al., Nucl. Phys. B133, 205 (1978).

4) V. A. Lubimov et al., Phys. Lett. 94B, 266 (1980).

5) R. Cowsik and J. McClelland, Phys. Rev. Lett. 29, 669 (1972).

6) H. E. Fisk and F. Sciulli, Ann. Rev. Nucl. Part. Sci. 32, 499 (1982).

7) W. H. Smith, Proc. Summer Institute on Particle Physics, Stanford
Linear Accelerator Center, Menlo Park, California, 16-27 August,
1982.

8) R. E. Blair, Ph.D. thesis, California Institute of Technology,
Pasadena, California (1982, unpublished).

9) J. R. Lee, Ph.D. thesis, California Institute of Technology, Pasa-

dena, California (1981, unpublished).



85

NEUTRINO-OSCILLATION EXPERIMENTS AT CERN

Yehuda Eisenberg*)

CERN, Geneva, Switzerland

ABSTRACT
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for the v-mass differences and mixing angles are also given.
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Recently the interest in neutrino oscillationsl) has prompted several new
experiments, aimed at obtaining new upper 1limits on the v mass differences and
mixing angles. I wish to report here the present status of two such experiments,
the CDHS and CHARM, performed at the CERN PS generated neutrino beam and

searching for \)u oscillations.

Very briefly, neutrino oscillations are a quantum interference effect where a
neutrino of a given flavour will acquire with time components of different
flavour neutrinos, as a consequence of having a non-zero massz). Thus since in
the standard model neutrinos are supposed to be mass-less, one does not expect in
this model any oscillations. Restricting ourselves to the simple case of 2

neutrino flavours only, say vu and Vs and neglecting also the theoretically less

1)

probable case of oscillations into anti-neutrinos, one obtains a simple formula
for the appearance probability of one flavour neutrinos in a beam of the other

flavour, as a function of time (distance) and mixing angle 0:

p(vu > ve) = sin226 x sin?(1.27 x Ltsz/E\)J (1).
The units in eq.(l) are as follows: the difference of the squares of the 2
neutrinos, 6&m? = m?;-m?,, is in eV?; the neutrino energy Ev is in MeV and the
distance from the neutrino source, L, is expressed in metres. It is clear from

eq. (1) that the first minimum in the VH flux occurs at a distance L such that
L/E, ~ 1/6m?, and its value at the minimum is (1-sin2?28). Thus, from
simultaneous measurements at two distances and several neutrino energies Ev’ one

can determine both &m? and sin?26.

The set up of the present experiments is shown in figure 1. The PS proton
beam strikes a 60 cm long Be target followed by a 50 m long decay tunnel, which
is terminated by Fe absorbers, concrete and earth. About 140 m downstream are
placed the so-called near detectors (3 modules out of 13 for CHARM and 4 out of
19 for the CDHS detectors; for details see ref. 3). About 880 metres further
downstream are placed the so-called FAR detectors, which are the rest of the CDHS
and CHARM detectors, left in their original position. Since the runs are bare
target runs (no horn or other focusing), the simple ~ 1/R? law for the intensity
decrease with distance from target serves as a good approximation. For the
present set-up this means an intensity drop at the far detector by a factor of ~
30, which is reduced to about 13 (for both experiments) since the FAR detector is
more massive than the Near (by ~ factor 3). Since the v-beam in the present

3)

experiments will yield reasonable rates for EV ~ 0.4-4 GeV, from eq.(1) the &m?

region covered will be ~ 0.4 to &4 eVZ?.

Neutrino oscillation experiments are usually limitedl) by systematic errors

since they involve basically a comparison between two or more experiments
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performed under different conditions. The present set-up reduces most of the

systematic errors, which, we hope, would be no more than ~ 3%.

1. The exposure of both detectors is simultaneous, and thus beam intensity

uncertainties will cancel out to a large extent.

2. The neutrino beam is simple and thus errors in the 1/R? factor as well as
those arising from the fact that the two detectors substend different

solid angles, are minimal.

3. The modules in the Far and Near detectors are quite identical and to make
the detectors more similar the Near detector was placed with its axis at
22° to the v beam, which is the angle at which the Far detector axis

(facing the SPS v-beam) is away from the PS v beam (see fig.1).

We can estimate now the new limits that the present experiments can put on &m?
and sin?28. The exposure took place from 15 February to 30 March 1983. We
obtained a total of about 1 . 10'° protons on target (~ 1.2 . 10'? p/pulse) and
the total number of v interactions inside the fiducial volume for the two

experiments is roughly as follows (the tonnage of the fiducial volume is also

given):
Near detector Far detector
CDHS 150 tons 80,000 events 500 tons 7,000 events
CHARM 30 tons 25,000 events 100 tons 2,000 events

clearlyz) CDHS will have more events, but CHARM will be able to measure lower Ev
events.

)

The present existing (90% c.l.) limits!
229“—7).

are shown in fig. 2, where 6m? is
plotted vs. sin The channel which so far has not been so well explored
is the oscillation VU © v, to which the new experiments will contribute most
(CERN '83, dashed line, in fig. 2). However, even in the relatively well-covered

sector v ¢ v the CHARM experiment (and more so the forthcoming BEBC experiment

s
at the same bZam) could improve the limits in the 8m? region of 1-2 eV? and smail
sin2?28 (.1-.2), by searching for appearance Of v, events in the far detector. It
should be noted that since neutral current (NC) interactions in the CHARM
detector are easily recognizeable, CHARM can also measure the NC/CC ratio in both
detectors, which is sensitive to v-oscillations, and is almost free of any

systematic errors.

I am grateful to CERN for its kind hospitality and I wish to thank many of my
colleagues for interesting discussions. I wish also to thank  the

Minna-James-Heineman Stiftung of Hannover for their kind support.
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RECENT RESULTS FROM SPEAR

Klaus Wacker
(representing the Crystal Ball co]]aboration*)
Stanford Linear Accelerator Center
Stanford University, Stanford, California 94305

Abstract

The first part of this talk is an experimental review of the
properties of the O meson. Results or upper limits come from
radiative J/y decays and yy scattering for the final states
mn, mr, KK and pp. In the second part, an upper limit is given
for the production of Tow-mass particles in radiative J/y
decays. Constraints for the existence of Tow-mass gluonic

and Higgs mesons are derived.
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1. Introduction

The investigation of radiative J/y - decays has in recent years led to a num-
ber of interesting results in old-fashioned, non-charm physics. The highlights
were the discovery of two new mesons, the ©! and the t® . Although these me-
sons have perfectly normal quantum numbers, they are unusual in two ways:
Firstly, they are unexpected, i.e. they do not fit into existing multiplets

in the naive quark model; secondly, they are produced in a channel in which

no constituent quarks are transferred from the initial to the final state,
whereas they do not seem to be produced copiously in "normal" hadronic reac-
tions® . There have been many speculations that their main constituents are
gluons S,

Recent results from SPEAR come from two experiments, which are both running
at other storage rings now: Crystal Ball and Mark II.(Crystal Ball is now
running at DORIS, Mark II at PEP. A new experiment, Mark III, is now running
at SPEAR, but there are no results at the time of this conference). In the on-
going analysis of SPEAR data, radiative J/v - decays play a major role in
both groups. I will present here a necessarily biased selection of recent
results. In the first part, I will give an overview of the present experi-
mental knowledge of the © meson. In the second part, I will present an upper
1imit on the production of low-mass 7 pairs in radiative J/v - decays and
discuss 1imits on low-mass gluonia or Tow-mass Higgs mesons.

2. Brief Characterization of the Experiments

The Crystal Ball® is a nonmagnetic detector specialized in the detection of
electromagnetically showering particles. Its main part is a segmented array
of Nal (T1) shower counters arranged spherically around the interaction point.
It covers 93% of 4r solid angle. The energy resolution is oE/E = 2.6%/EV" .
Nal (T1) endcaps cover an additional 5% of 4r. Inside the main sphere there
are two cylindrical spark chambers and one multiwire proportional chamber

for the detection of charged particles and for measurement of their angles.
The Crystal Ball has taken a data sample corresponding to 2.2 x 10° produced
J/W's.

Mark 117 is a magnetic detector which uses 16 cylindrical layers of drift
chambers as its main device to track charged particles. The momentum resolu-
tion is opz/p2 = (1.5%)% + (0.5%p)%.0utside of this there is a layer of scin-
tillation counters used to measure the time-of-flight (ToF) of charged par-
ticles. It can distinguish pions from kaons below 1.3 GeV/c at the one-stan-



93

dard-deviation level. Outside of the magnet coil there are lead-liquid-Argon
shower counters with an energy resolution of GE/E = 14%/EY2 . The efficiency
for low-energy photons is Tow, it reaches 50% of the maximum efficiency at
about 200 MeV. Mark II has 1.3x10° J/y's. Only half of these data, however,
were taken with operational shower counters.

It is clear that the strengths of the two detectors are complementary: The
Crystal Ball is good at detecting photons and neutral hadrons decaying into
photons, whereas Mark II is good at detecting charged hadrons.

3. What Do We Know about the © Meson?

3.1. J/y > ynn

The © meson was discovered by the Crystal Ball in radiative J/y - decays

through its decay mode into nn! . Fig. 1 shows the nn mass distribution. The
curves show fits to the histogram
which included a Breit-Wigner func-

8 T r tion to describe the © and a constant

term for the background. The broken
curve included also a Breit-Wigner
function forthe f'(1515) meson with
mass and width as given by ref. 4.
There was no statistically significant
evidence for f' production, and the 0

EVENTS/(0.05 GeV)

- parameters found by the two fits a-

greed within errors. The fitted 0 pa-
] rameters (from the fit including f')

2.0 2.5 were:

- Mny  (Gev) azeana MO (1670 + 50) MeV

Fig. 1. FO = ( 160 + 80) MeV.

nn mass distribution in the reaction The rate of © production was measured
J/Y > ynn (Crystal Ball). The curves to be:
are explained in the text. :

BR(J/¥ -+ ¥0) x BR(© » nn) = (3.8 + 1.6) x lo~*.
We know from its production and decay mechanism that the © must have positive

+

G and C parity and zero isospin. The spin and parity JP are restricted to the
series 0+, 2+, 4+, ... The Crystal Ball analyzed the angular distribution
and found that spin 2 was favoured over spin 0 with a 1ikelihood ratio of
1:0.045. Higher spins were not considered. It has to be noted that the Tike-

lihood ratio does not take systematic errors into account.
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Both the Crystal Ball and Mark II have Tooked for other decay modes of the 0. No
signal was found for the decay into mm. The Crystal Ball found an upper limit of
BR(J/¥ + ¥0) x BR(® + mr) < 6.0 x 10-*(90% C.L.) using the reaction J/y + ynOr0
(see Fig.8 ). Mark II® found this number to be < 3.2 x 107*(90% C.L.) using
charged pions. Mark II did find signals consistent with © in the KK and pp de-
cay modes.

3.2. 3/0 ~ vk

To investigate the reactionJ/w-+yK+K_ 8, events were selected with two opposite-
1y charged particles which had a ToF consistent with that expected for kaons. A
major background comes from the reactiohd/wr+K+K_n", which was shown to be most-
ly due toJ/Ur+Kt*K¥. Most of these events could be removed by requiring that the
kaons be acollinear by at least 30°. The missing mass was required to be consi-
stent with 0. From here on, two different methods were used. In method I, it
was required that one photon shower was observed in the liquid-Argon shower coun-
ters. The missing vector was computed from the two charged tracks. Its component
transverse to the direction of the observed shower, Prys is expected to peak at
zero for K+K_Y events, whereas it has a broad, flat distribution for KHCno e-
vents in which one of the decay photons of the m° has escaped detection. pty was
required to be less than 40 MeV. Finally, a kinematic fit with 4 constraints was
done and events with x2 < 15 were kept. The resulting KK~ mass spectrum is
shown in Fig. 2. It shows a peak with position and width compatible with the ©.
The two curves represent fits analogous to those shown in Fig. 1. The background
term turned out to be compatible with O.

Method I yielded a very clean, but

"10 ‘ ' small data sample. It was investigated
§ 8 |- v Ky whether one could increase the data
g 6 |- sample without increasing the back-
%% Al ground to unacceptable Tevels by loosen-
= ing some of the cuts. In particular, if
% 2r / HP”YT Mark II can do without detecting the

| =

photon, they gain not only by the in-
1.0 1.5 2.0 2.5

Mg+k-  (Gew/c?) asnzd crease in geometric acceptance by a

- Fig. 2. factor of 1.5, but also because they
k'K mass distribgtion in the re- can use the data taken without operati-
action J/¢ » yK'K (Mark_II, method  onal shower counter. With the other
ig;tThe curves are explained in the cuts essentially the same, this was

called method II. There are several

known and unknown sources of background



95

which enter the event sample of method II. Radiative Bhabha events, which are
harder to identify without the shower counter, constitute 10% of the event samp-
le. These events tend to be peaked both at the highest and the lowest masses, on-
ly 1% is expected to be in the © mass region. Another background comes from J/y

> k*K. The reaction J/y > Ki* KF - K+k—ﬂ° is a background at high k'K~ masses. The
reaction y + K°*KO, where the K° decays
into neutrals and the K°* decays into

¥ KKy Ktw;, enters the data sample, when the
pion is misidentified as a kaon. This
fake - K'K mass peaks at around 1050 MeV.
More background may come from multipar-
ticle final states and other unknown
sources.

20—y T T

EVENTS/(0.03 Gev/c2)
o
T
|

gt I L Fig. 3 shows the resulting K*K™ mass
1.0 1.5 2.0 2.5 .
2) plot. As expected, there is more back-
e GeV/ . . .
Mo (Gevre ground than in Fig. 2, but also a bigger
Fig. 3. 0 signal. There is also some evidence
K*K™ mass dis;ribution in the reac- for f' production. A fit analogous to

tion J/¢ -+ yK'K~ (Mark II, method II).
The curve is from a fit analogous to the one represented by the broken curve

the broken curves in Figs. 1 and 2. in Fig. 1 yielded the following re-
sults:
M@ = 1700 + 30 MeV Ty = 156 + 20 MeV
BR(J/¥ > v0) x BR(® + K*K7) = (6.0 + 0.9 + 2.5) x 107*.

4345A32

The first error is statistical, the second systematic. The background in the 0
region was about 25% of the events.

Whereas the larger sample was used to determine resonance parameters, the
cleaner sample of method I was used to do a spin determination with the same
method as used by the Crystal Ball. The result is that spin 2 is favoured over
spin 0 by 1:0.22. If systematic errors could be neglected, one could multiply
this likelihood ratio with the one from the Crystal Ball to obtain an overall
confidence level. However, systematic errors are not easily expressed in terms
of likelihood ratios, and it has not been done here. Furthermore, there is at
least one possible common error: Both data samples may contain f' events,

which are known to have spin 2 and which would shift the likelihood ratio in
favour of spin 2.

3.3. /v + v p%°

To investigate the reaction J/y + yp°p° °, Mark II has looked into the final
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state y wtr*nTnT. The method used to select these events was similar to method I
described in the previous paragraph: Events were selected with one observed pho-
ton and four charged tracks consistent with pions according to ToF. The missing
mass recoiling against the charged particles was required to be consistent with
zero. The remaining background after these cuts is the channel m°n*rtnn”, which
has the highest branching ratio of all hadronic J/y - decays. It is reduced by a
cut in ptY. The remaining background of about 40% of the sample is subtracted
using events with higher ptY as background sample and using the known shape of

the ptY distribution for normalization.

L T L] '-l X"-'.l.l. "1 T T_r
1.2
| %
S |
& 0.8 L
Rl |
1 L k
[ 3
*e L e
2 0.4 ~ =
L - -
N P T ST RV I IS PR U
0 0.4 0.8 2 0 0.4 0.8 .2
6~82 Myts— (Gev/c?) Mytyt (Gev/c?) 426848

Fig.4. Scatterplot of a) m'm vs.w'n mass and b) w'm'vs.m 1" mass in the

reaction J/¢ -~ y wtatr=n™ (Mark II).

Fig. 4a shows a scatterplot of n+w_ versus T mass (2 combinations per event).
For comparison, Fig. 4b shows a scatterplot of the like-sign mass combinations.
There is a clear enhancement in the unlike-sign combinations at the mass of
0(770). The fraction of yp%e® events, as opposed to uncorrelated y m'ntn m”, was
determined by a maximum-likelihood fit. The p%® distribution used in the fit was
a product of two Breit-Wigner functions, symmetrized to take the presence of
identical Bosons in the final state into account. A similar fit was done to the
m% background events and the results were subtracted binwise. The resulting p°p°
mass distribution is shown as solid line in Fig. 5. In another fit the channel
yo°n+n' was also allowed to contribute. The results are shown as dots in Fig. 5.
This resulted in a Tower p°p® contribution at some points, but did not change the
overall shape. Instead of uncorrelated yp°n'n™, it was also tried to fit yAltn$
> yd%+w_, without significant change in the result.

Thereis a clear enhancement at around 1600 MeV and no significant signal else-
where. When the p°p° mass spectrum was fitted with a Breit-Wigner function, a
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mass of 1650 + 50 MeV with a width of 200 + 100 MeV was obtained. These parame-
ters are compatible with the 0, however,
TTTT T TR T T T T T the Mark II authors did not claim that

this signal was the 0. The reasons for

this reserve were firstly that the en-

hancement was right above the pp thresh-
hold and secondly that a spin determina-
tion was not possible. For these reasons

EVENTS/(50 Mev/c?)

a nonresonant threshold effect could not

be excluded. A branching ratio was gi-

(Gev/c?)

Mgy

126003 ven for the reaction J/y + vyp®p? with
Fig. 5. mp“o” < 2 GeV, independent of any reso-

0% mass di%tgibution in the reac- nance interpretation. It was measured
tion J/y » yp°p® (Mark II). The solid -3
Tine and the dots represent two diffe- to be (1.25 + 0.35 * 0.40) x 107°.
rent fits (see text).

3.4. yy > m

The radiative J/y - decays mentioned so far are the only reactions in which the

0 has been seen. This reaction is, according to perturbative QCD in lowest order,
mediated by 2 gluons. Since QCD also predicts that gluons can form bound states,
it has been conjectured that the 0 is such a gluonic meson. In order to check
this hypothesis, it is useful to look for other channels to which the © may
couple. The two-photon channel lends itself as it has the same quantum numbers

as two gluons, but different couplings. A pure gluonium state, which has no elec-
trically charged constituents, has a very small coupling to yy. It is expected
that gluonic mesons mix with ordinary mesons of the same quantum numbers (f and
f' in case of the 0). Measurement of the partial width T (0~ yy) helps deter-
mine the mixing parameters.

The Crystal Ball has looked for O production in yy scattering in the nn decay
mode. The data were taken at center-of-mass energies between 4 and 7 GeV and re-
present an integrated luminosity of 21 pb~!. We are looking for the reaction
e+e_ > e+e_nn - e+e_yyvy, where the outgoing electrons are scattered under very
small or 0 angle and are not observed. According to QED, the final state hadrons
are produced by the collision of two virtual, but very nearly on-shell photons.
Candidate events were selected!® by requiring that there were 4 clean photon
showers and nothing else in the detector. The two-photon origin of these events
was established by observing that a) the energy seen is less than the center-of-
mass energy and b) the transverse momentum distribution of the 4-photon system
peaks at 0.
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a) Scatterplot of high vs. low yy mass for 4-photon events with 1040 < m(4y)
< 1480 MeV, 3 combinations per event (Crystal Ball).

b) same as a), but w°n° and w°n events removed. The broken lines indicate
the #%%%, 7°n, and nn regions and the nn control region.

We first turn our attention to a 4-photon mass (W) region where we know'® that

there are signals from f -+ w%r°

and A2 + m%n. Fig. 6a shows a scatterplot of
high vs. low yy mass with 3 combinations per event, which clearly shows n’r® and
m°n signals. There is also a continuum background which is mostly due to wrong
combinations of events in the peaks. When these events were removed (Fig. 6b ),
very few events remained which did not show any clustering in the nn region. E-
vents in the nn region indicated in the figure were considered possible signal
events, whereas the larger, surrounding nn control region was used to estimate
background. Fig. 7 shows the distribution of events in the signal and the con-
trol region and the normalized dif-

YY— "7 ference as function of W. There is

] no signal. To obtain an upper limit

a
‘| - -
[1 {1 [1 (] [1 for the O, events in the W range
0 t 4 + —

1400-1800 MeV were used. The 2-

2 R photon flux was calculated according
0 ! Ly 0 0 _ to ref. 11. It was assumed that the

O‘ el N T Fie. 7.

T 1T a) Distribution of events in the
L_J nn region as function of W
(Crystal Ball)
. , . . b) The same for events in the nn
10 12 14 16 1.8 20 control region
My [GeV) c) Normalized difference of distri-
35681 butions a) and b).

Events/40 MeVv
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0 has spin 2 and is in a helicity state # 2¥. The resulting upper limit was
I'(0 = yy) x BR(@+ nn) < 0.3 keV (95% C.L.).

Systematic errors were included. If, instead of helicity + 2, an isotropic angu-
lar distribution was assumed, the upper 1imit increased by a factor of 1.9 due
to decreased acceptance. If the spin were zero, the upper 1imit would increase
by another factor of 2L + 1 = 5.

The TASSO collaboration!?*'3 at PETRA found two more upper limits on &+ yy.

They are
r(0 -+ yy) x BR(6 -~ KK) < 0.3 keV (95% C.L.)

I(0+yy) x BR(O ~ popo) < 1.2 keV (95% C.L.).

These numbers cannot be compared directly, since the branching ratios are not
known. One can form ratios with the corresponding partial widths in ¥ decays such
that the branching ratios cancel. The results are summarized in Table 1. The p%p°
signal of section 3.3 was assumed to be due to ©. The best upper limit for

T(0 » yy)/T(J/¥ + vO) comes from the KK channel.

tensor decay T(J/y = yT) x|ref.| T(T » vy)x|ref. [T( T —>vyy
meson channel [ BR( T - X) BR(T - x)
T X ev) (ev) P/ = T)
nn 24 + 10 1 < 300 <13
0 KK 76 +11+32 | 8 < 300 13 < 4
p%p" 79+ 22 +25 | 9 < 1200 12 <15
f al 95 + 25 4 | 2900 + 500 4 | 31 £ 10
f! KK 11+ 4+ 6| 8 |110:20+40| 13 | 10 + 10
Table 1

Comparison of the production of tensor mesons by yy scattering and by radi-

ative y-decays. Where two errors are given, the first is statistical and

the second systematic.
This ratio does not mean much by itself, but it can be compared to other tensor
mesons. Measurements exist for f and f', although they have large errors in
case of the f'. We find that T(f + vy)/T(y - Yf) is considerably bigger than the
corresponding G upper limit. If we interpret T(T - yy)/T(J/v - YT) as a qualita-
tive measure of the charge as opposed to gluon content of a meson, we find the

*The reason for this assumption is that it is true for the f!°.
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numbers consistent with the naive picture that the f consists mostly of u and d
quarks, the f' mostly of s quarks and the © mostly of gluons. However, one
should not overinterpret this ratio - it is just the only way to compare the ex-
perimental results in the absence of absolute branching ratio measurements.

3.5. O Summary

Since its discovery in the reaction J/y - ynn, considerable progress has been
made in the experimental knowledge about the ©. Another decay channel, KE, has
been identified. If the signal seen in p%p? also comes from the @, then the

known branching ratio for J/y - y€is (5.3 £ 1.7) x 107, which is as large as the
largest known branching ratio in radiative J/¢ - decays, that of the 1. Meaning-
ful upper limits have been obtained for T(€ - yy). Of course, much more informa-
tion is needed. Most notably, a high-statistics spin determination with good con-
fidence level is lacking.

quantity value ref.
0 mass, width (MeV) 1670 + 50 160 + 80 1
1700 + 30 156 + 20 8
[1650 + 50 200 + 100] 9
BR(J/y » YO)BR(@ > nn) | (3.8 + 1.6) 107" 1
BR(J/¥ > YO)BR(O > KK) | (12.0 + 1.8 + 5.0) 107" 8
BR(J/w ~ YC)BR(O » mm) | < 6x10°* (90% C.L.) 1
<3.2x107" (90% C.L.) 8
BR(J/w > Yoo, m_ < 2 GeV) [(3.75+1.05+1.20) 107°] 9
T (e~ yY)BR(©~ nn) < .3 keV (95% C.L.)
I (€~ yy)BR(E > KK) <.3 keV (95% C.L.) 13
T (0 > YY)BR(© ~ pp) < 3.6 keV (95% C.L.) 12
spin 2 vs. spin 0 95% 1
Confidence Level 789 8
Table 2

Experimental results about the C meson. Where two errors are given, the
first is statistical, the second systematic. Branching ratios were cor-
rected for unseen charge states assuming isospin 0. The numbers from
ref. 9 are not necessarily related to ©.

The most interesting question, whether € is a gluonic meson, is not easy to ans-
wer. There is no quantum number "gluoniumness" - the gluon content of a meson
has to be inferred using all available information and allowing for mixing with
quarkonia. With our present knowledge the result is model-dependent at best.



101

Table 2 shows a compilation of experimental results about the 6.

4. An Upper Limit for Low-Mass Particles Produced in Radiative J/y - Decays

The motivation for a search for low-mass particles produced in radiative J/y -
decays comes from a number of predictions for the existence of a low-mass glu-
onic meson. The result will also be used to place a constraint on a possible
lTow-mass Higgs meson.

4.1. The Experimental Upper Limit

The Crystal Ball has investigated the reaction J/y + yn°n®. To do this, events
were selected which have 3, 4, or 5 clusters of neutral energy and no charged
tracks. A m° can appear as 1 or 2 clusters, depending mainly on its energy. The
energy distribution in every cluster was fitted with either one or the sum of
two electromagnetic shower patterns in order to determine whether it is due to
a single photon or to two merged photons from a w°. The events where then kine-
matically fitted to the hypothesis yn’n?, where the m° mass was put in as a con-
straint when the m° was seen as two separate photons. Events were kept when the
x? probability was better than 10%.

Fig. 8 shows the n°n® mass distri-

¢—=>ymin® bution. The most prominent feature

60 L I B e e e S e e

r 1 is a peak due to the f(1270) meson,

L ] the analysis of which has been pub-
ol ] lished!®. Ve further note that there
{  are very few events below 1 GeV.

] Fig. 9 shows the detection efficien-

L 1 cy as function of w%r° mass. The ef-

Qr 7 ficiency does not vary rapidly over

Events/50MeV

L 1 the mass range 500-3100 MeV. (It does

ﬂ | drop sharply below 500 MeV due to the
L s overlap of photons from two different

500 000 1500 2000 2500 3000

Moro (MeV) pions). We observe 28 events in the

e mass range 500-1000 MeV with an aver-

Fig. 8.

m%7% mass distribution for the reac- . ‘0 of
tion J/v » yron® (Crystal Ball). ponds to a branching ratio of about

4 x107°%. To obtain upper limits for

age efficiency of 32%. This corres-

any narrow object with a width not

bigger than 100 MeV, we use sideband
subtraction to estimate background. The result is

BR(J/¥ + yX » %) < 1.3 x 1075 (95% C.L.)

for any X with 500 <m, < 1000 MeV and T, < 100 MeV.

X X
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4.2. Is there a Scalar Gluonium?

One of the bound states of gluons predicted by QCD is expected to have the quan-
tum numbers of the vacuum, JPC = 0**. The possible mixing of this state with the
vacuum Teads in some models to predictions of very low masses. Note that for
masses below about 1 GeV, 7w is the only open two-body decay channel and 1/3 of
7 has to be m%n® due to isospin invariance. As the upper limit is far below
typical branching ratios for radiative J/¥ - decays into gluonia, any narrow
Efficiency for ¥» YT (S-wave) gluonium state with a mass between

06 T T —— 500 and 1000 MeV can be ruled out.
This contradicts the prediction!®* of
m(0**) ~ 700 MeV which was obtained
using QCD sum rules. However, later

0.4

sum rule calculations!®'® resulted
in higher 0" masses of between 1 and
1.6 GeV which cannot be ruled out by

this result. More recently, lattice
17

0.2

calculations®’ resulted in scalar

0 -
500 1000 2000 3000

gluon masses between 700 and 900 MeV.
Moo (MeV)

3ses2  This can be ruled out unless this ob-

Fig. 9. ject is very wide.
Detection efficiency for J/y-yron® as
function of 7°n° mass. The broken curves
show the efficiencies for events with 3,
4, and 5 clusters, the solid curve is
the sum. The 7w system is assumed to be
in an S-wave.

4.3. Is there a Light Higgs Meson?

Gauge theories of electroweak interactions predict the existence of at least one
Higgs meson'® . Little is known about its mass. Theoretical considerations sug-
gest a mass on the order of 10 GeV or more, however, this is not a stringent
1imit. The best experimental Tower 1imit comes from the Crystal Bal1?°: m, >

50 MeV.

Higgs mesons lighter than J/¥ are produced in radiative J/u - decays with the
following branching ratio?!:

BR(J/ > yH) = BR(J/y »~ uTu’) =% (1 -
4v/2 e m, 2
mHz V]
N 61075 (1 -~y ).

Higgs particles are expected to decay into pairs of the heaviest particles al-
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lowed by kinematics. A Higgs particle in the mass range of 500 to 1000 MeV would
decay mostly into mpairs,a third of which would be neutral pions. Combining the

upper limit on 7°n° production with the predicted branching ratio for J/y -~ vH,

we obtain an upper limit on the branching ratio for H -+ wm:

BR(H ~ mm) < 72% (95% C.L.) for 500 <m, < 1000 MeV.

H
Theoretical estimates!® predict that the nm - decay mode strongly dominates wuu,
the only other sizable decay mode in this mass range. 7w branching ratios are ex-
pected to be close to 100%, although there is some uncertainty and branching ra-
tios less than 72% are conceivable at the higher end of the mass range. With

this exception, Higgs mesons in the mass range 500 to 1000 MeV are ruled out.

To summarize this section, a stringent upper 1imit was obtained for low-mass
(500-1000 MeV) particles produced in radiative J/v - decays. A narrow gluonic
meson is ruled out and the existence of a Higgs meson is very unlikely in this

mass range.
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I. INTRODUCTION

The CLEO detector began taking data at the Cornell Electron Storage Ring
(CESR) in the fall of 1979. We review the results obtained with that detector
through March 1983. In the interests of brevity, we concentrate on recent
results, and omit most experimental details. We also mention results that may
be expected in the near future.

Figure 1 shows the hadronic cross section from e*e™ annihilation into one
photon, as a function of center of mass energy, from 9.4 to 10.6 GeV.]) The
conspicuous features are three narrow resonances, the T(1S), T(2S) and T(3S),
and one broad resonance, the T(4S). The widths of the first three resonances
are consistent with the energy resolution of CESR, 4.1 MeV x (S/100 GeV2?). The
natural width of these resonances is tens of kilovolts. In contrast the T(4S)
is noticeably broad.
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Figure 1. Cross section for e + e - hadrons, as a function of
center-of-mass energy, in the upsilon energy region.

These resonances are generally interpreted as the first four radial
excitations of 351 states of b-b quark pairs. Within this interpretation the
first three resonances are narrow because their strong decay is suppressed by
the 0ZI rule. The broad width of the fourth resonance indicates that it is
above the threshold for production of BB meson pairs. Thus the T(4S) decays
strongly into BB with no suppression and hence has a much greater width.

The general features of the annihilation process in the energy range
9.4 GeV to 10.6 GeV define three distinct areas of physics. (1) The narrow
resonances and continuum allow an investigation of the process by which the
underlying quarks and gluons materialize into hadrons. (2) A rich spectro-
scopy of bound b-b systems can be studied, starting with the narrow upsilon
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resonances. (3) The T(4S) is a "factory" producing bare b, and can be used to
study B mesons and the weak decay of b quarks. The following discussion will
1imit itself to results on bb spectroscopy and T(4S) physics.

II. UPSILON SPECTROSCOPY

The rich level structure of b-b bound states expected from potential model
ca]cu]ationsz) is shown in Fig. 2. The 351 states are easily studied since they
are directly produced in the one ey

photon annihilation process in
e*e” collisions. Data on the 900 |- 43¢ -
widths of the 351 states are
given in Section A. The 3PJ 800 |- ;X\?’ib—;——z'
3 i
states can be reached from the LETY o
351 states by E1 photon transi- 700 |- (6)
tions. The ]P] and ]SO states e
. . 6 14]
are more difficult to access, 690 2% ’/(5}(’(:)
requiring either a weak gw 500 TON_/, AN
transition (e.g., from 3 Sy to < NN
Z]P ) or a combination of wm and Az
! s 400 }- /
photon transitions (e.g., from (30) aaaw;
335 to 135.). In Section B we
1 0 300 |
discuss mw and photon transi-
tions. 200 |k
A. Widths of T(1S), T(2S) and
7(39) 100 }
In Figure 1 we show the i 2w
¥ - o | i’s _—
hadronic cross section for e e
annihilation. The area under 100
each resonance seen in the had-

ronic cross section is Dropor- Figure 2. Level structure of b-b bound
prop states expected from potential
tional to the width of that model calculations (Ref. 2).

resonance into e'e” (Fee) times
the branching ratio of the resonance into hadrons (Fhad/rtot)‘ Our measure-

3 . .
ments ) for T for the three narrow upsilon resonances are given

ee Thad/rtot
in Table I. These measurements, together with a measurement of the branching
ratio of each resonance into Tepton pairs, yields the total width of that
resonance.

The branching ratio for T(1S) - u+u' was measured some time ago by CLE04)

and by others.s) More recently CLEO has made an improved measurement6) of the
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branching ratio for T(1S) - u+p', and also measured the decays6) of T(2S) and
T(3S) to u+u', and the decay7) T(1S) - feT. one expects the branching ratios

+ -+ - + - - : ;
topywpu, T and e e to be equal, assuming e, u and t are all point-like
leptons. The new results, along with the old world average and a new world
average for T(1S), are given in Table I.

Noting that reerhad/rtot equals T, o Buu(1—38uu), we obtain Tiot from the
information given in Table I and 1ist it there also.
Table I. ree’ BUU and rtot for Narrow Upsilon Resonances
T(13) 7(25) T(3S)

Thad
T |=——(KeV) 1.17 + 0.09 0.49 + 0.05 0.38 + 0.04
ee|T

tot

BQK(%)
old world average 3.3 £ 0.6
CLEO, p*u- 2.7 + 0.4 1.9 = 1.4 3.3 £1.5
CLEO, t*r- 3.4 + 0.6
new world average 3.0 £ 0.3
Ftot(KeV) 42 t 6 27 +18 13 +5

B. Transitions among the T Resonances
8) has developed a model for wm transitions among b-b bound states. It
involves emission of two gluons, which hadronize into a pion pair. Gluon emis-
sion is treated by multipole expansion of the gluon field. Current algebra and
PCAC place constraints on the mm system.

Some time ago CLEO observed the transitions T(2S) - ﬂ+w'T(1S)4) and
7(35) > 17171(15),2) as did cusB.'®)  The branching ratios observed can be
accommodated by Yan's model. The mm mass distribution for T(2S) - n+w'T(1S) is
similar to that for y' - n+n_w, peaking toward the high end of the mass range.
In contrast, the mm mass distribution in the decay T(3S) - n+n'T(1S) is rather
flat.

The value of rtot for the T(2S) allows us to determine the ratio
r(T(2S) » mnT(1S))/T(y' ~ mmp). This ratio is sensitive to the spin of the gluon
mediating the decay and is expected to be 0.11 for vector gluons and 1.0 for
scalar gluons.8) Using the data for y' - mmy from Ref. 11 and our data (Table I)
we obtain 0.071 + 0.04 for this ratio. This result is in agreement with the
vector hypothesis and incompatible with the scalar hypothesis.

CLEO has just completed a 20 pb_] run at T(2S). We expect to have improved
statistics on the T(2S) - nnT(1S) reaction. We are also analyzing the recent

Yan
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2S data for structure in the photon spectrum, and for the cascade decays
T(2S) + yyr(1S), T(1S) » p+u_ or e'e”. Results are not available on these
reactions at this time.

III. BARE b

In Section I we asserted that the T(4S) was a bare-b factory. Further, the
b-flavored hadrons produced in T(4S) decays are expected to be stable against
strong and electromagnetic decays. They must decay weakly, if at all. The weak
decay of the b-flavored hadrons was observed soon after the T(4S) was dis-

)

reconstructed.

covelr'ed.]2 However it was only recently that B mesons have actually been

13)

In Section A we discuss the recent reconstruction of B mesons. Inclusive
features of B decay--kaon yields, charged particle multiplicities, branching
ratios to y--are presented in Section B. In Section C non-standard models of
b-decay are discussed, and it is shown that CLEO data rule out most of them.
The standard model of b-decay is outlined in Section D, and the observables of
b-decay related to this model.

Semileptonic decays of B mesons are treated in Section E, which gives new
results on the (b+u)/(b+c) ratio, the semileptonic decay branching ratio and
the lepton charge asymmetry. Section F deals with events containing two Tep-
tons. These provide 1imits on flavor changing neutral currents, the Bt/BO life-

time ratio, and (in principle) BO-BO mixing.

1 1

Most results are based on a data sample of 40 pb~ " on T(4S) and 17 pb~ ' on
the continuum below the T(4S), taken from February to November 1982.

A. B Meson Reconstruction

From the mean charged multiplicity at T(4S), we anticipate that a B meson
will decay, on average, into 9 particles (charged plus neutral). Further we
expect the relative momentum of B and B from T(4S) decay to be small. Hence it
follows that the B and B decay products will be completely intermixed. One
readily concludes that it is not possible to reconstruct an "average" B meson
decay. The combinatorial backgrounds (mixing particles from B and é) are fierce,
and the Tikelihood of missing a particle (e.g., a WO) is very high. The only
hope is to concentrate on low multiplicity decay modes, preferably ones with
some characteristic features.

As will be shown in Section E,the dominant decay of b is to c. One thus
expects that the dominant decay of B is to a charmed meson plus pions. We
therefore lTooked for decays of B to 0** or DO, and one or two charged pions.
The D** was identified via the decay chain D** » DOr*, DO » K™n". In this
decay, the K* need not be identified explicitly since we have excellent
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resolution in the D*-D° mass difference due to the low Q value of the reaction.
The direct DO from B decay was identified by its K-t decay mode, using kaons
identified by dE/dx or TOF. Thus our final states consisted of 3 to 5 charged
particles and no neutrals, and had as a characteristic feature the D** or Do,
allowing background suppressing cuts to be made. Further background suppression
was achieved by requiring that the particles assumed to form a B added up to the
beam energy.

The mass distribution for the four decay modes under consideration is shown
in Fig. 3. A peak of 18 events is seen. We estimate the background in several
different ways, and find it to be 4-7 events.

(Js~—D°7~
BO— DOt - .
go_ D*+ m=

i B~—0** 7= 7"

(o2}
T

EVENTS / 5 MeV
EN

4

5200 5240 5280
MASS (MeV)

Figure 3. Mass distribution for B meson candidates.
The B -+ final-state decay labels should be
interpreted as including the charge conjugate
reaction also.

We find a mass of 5274.2 + 1.9 = 2.0 MeV for the neutral B, and
5270.8 + 2.3 + 2.0 MeV for the charged B. The BO-B- mass difference is
3.4 + 3.0 + 2.0 MeV, consistent with the theoretical prediction]4) of 4.4 MeV
(but also with zero). The average of the charged and neutral B masses is
5272.3 + 1.5 £ 2.0 MeV. This corresponds to a mass difference of 32.4 + 5.0 MeV
between the mass of T(4S) and twice the B meson mass. Using this mass differ-
ence and the theoretical value of 4.4 MeV for the BO-B- mass difference, we
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obtain the branching fractions B(T(4S) - B+B') = 0.60 + 0.02 and B(T(4S) - BOBD)
= 0.40 £ 0.02. The branching ratios for the four B decay modes used here for
reconstructing B's are in the few percent range. A more complete description

of this B reconstruction work appears in Ref. 13.

* + . . .
* 5 D% can be used to provide information on

The decay chain B ~ D**n-, D
the B spin. The decay angle distribution of D0 in the D** rest frame, using the
D** boost axis as z axis, can be used to determine elements of the D* spin den-
sity matrix. In particular, P00 must be 1 for spin 0 B, but can have any value
between 0 and 1 for spin 1 B. From the DO decay angle distribution we find

oo = 0.93 + 0.30, agreeing nicely with the expected spin 0.

B. Inclusive Features of B Meson Decay
1. Charged particles multiplicities

By studying the charged particle multiplicities in T(4S) events, and in
T(4S) events containing leptons, we can determine the mean charged multiplicity
for nonleptonic and semileptonic B decays. We find

N =5.75+ 0.1 + 0.2,

N. = 4.1 0.35 + 0.2, and
N, =6.3 +0.2 *0.2.

I+

NB’ Ns and Nh are, in order, the average, semileptonic, and nonleptonic B mean
charged mu]tipTicities.Ts)

We can apply the preceding results to study the degree of hadronization
present in B-meson decay under the assumption that b quarks always decay into
final states containing a c quark. If, for example, the ¢ quark fragments into
an equal mixture of D and D* mesons, then we can subtract the measured charged
multiplicity of such a mixture16) (2.5 + 0.1) to obtain 0.55 + 0.35 * 0.2 and
3.8 + 0.2 + 0.2 as the number of charged hadrons produced in addition to charmed
mesons in semileptonic and nonleptonic b decay respectively.

2. Charged and Neutral Kaon Yields

Some time ago,17) we reported charged and neutral kaon yields from T(4S)
and from the continuum, and used the ratio of the kaon yields to determine the
fraction of b decays to ¢ to be 1.09 =+ 0.33 + 0.13.

A preliminary analysis of the new data sample gives the kaon yields shown
in Table II. From the ratio of K= + K° on the T(4S) and the continuum, we deter-
mine the relative amounts of b >~ c and b - u in b decay. For pure b - c, this
ratio is expected to be 1.80 = 0.10, while for pure b - u, it is 0.95 £ 0.10.
The errors reflect uncertainties in the Monte Carlo calculation. Our new data
yield (b » ¢)/(b - all) = 0.72 + 0.15. This result is consistent with, but
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less accurate than, the result obtained from the lepton momentum spectrum
described in Section E.

Table II. The average number of charged and neutral kaons per event
for the continuum and for T(4S).

continuum T(4S)
K* 0.90 + 0.03 + 0.15 1.53 + 0.12 + 0.22
Ko 0.86 + 0.02 + 0.10 1.31 + 0.08 + 0.10

3. Branching Ratio for B -+ ¢ + Anything
Fritzsch18) has estimated a 3-5% branching ratio for B - y + anything, from

the following diagram.

We have measured that branching ratio and find Fritzsch's estimate to be high.
We detect y's by the pfu and efe” decay modes. For u+u', we require that
both particles be identified as muons. There are 41 dimuon events in our 40 pb'1
4S5 sample. The u+u' invariant mass distribution is shown in Fig. 4a. The shape
of the background distribution is determined by combining u+ and u~ from differ-
ent dimuon events. The dashed curve is this background, normalized to the
events in the 2.5-4.0 GeV mass interval. There are 6 events within £ 1.5 ¢ of
the ¢y mass, while the background computation gives 2.3 + 0.5. From these numbers
we conclude that the branching ratio to y is greater than zero at 97% confidence
level, less than 2% at 98% confidence level, and can be written as [0.7 f'Z}%.
For y - e+e', we require that one particle be positively identified és an
electron, and the other particle be not inconsistent with being an electron. The
set of events is thus those with at least one identified electron. The shape of
the background is determined by combining an electron from one event with a
charged particle from another event, the particle having charge opposite to the
electron in its own event. The e'e” invariant mass distribution is shown in
Fig. 4b. The dashed curve is the background, normalized between 2.5 and 4.0 GeV.
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Figure 4. Mass distributions for (a) v and for (b) e"e™.

There are 59 events in the y mass region, where the background calculation gives
40 + 6 events. From these numbers we conclude that the branching ratio to y is
areater than zero at 99% confidence Tevel, less than 2% at 88% confidence level,
and can be written as (1.3 + 0.7)%.

We combine the branching ratios obtained from u+u_ and e+e_ decay modes to

obtain a branching ratio for B - ¢ + X of [1.0 tg'i %.

We have not demonstrated that y comes from T(4S) rather than from the
continuum under it. While there is no theoretical reason to expect ¢ from the
continuum, the best experimental upper limit we can obtain (from 17 pb'1 of
continuum data) for the contribution to an apparent B -+ yX decay is 0.8%, at 90%
confidence level. Thus we cannot rule out the possibility that the vy signal
comes entirely from the continuum.

C. Non-Standard Models of b Decay

We have explored, in a systematic way, the consistency of data on b decays
with possible models of the decay. We find two classes of models consistent
with all the data--one of which is the standard model.

Figure 5 divides models of b decay into seven classes. Within the current
broad theoretical framework, we believe this classification is all-inclusive,
i.e., any possible model will fall into one of the seven classes. We now show
that CLEO data excludes 5 of the 7 classes.

The possibility that b is stable is excluded by the observation of T(4S),
with its decay into many particles.

The exotic decays of b are ruled out by considering five inclusive variables
measured for T(4S): mean charged energy, muon yield, electron yield, proton yield
and lambda yield. Depending upon whether the leptons in the decay b + 22q are
predominantly muons and electrons, or predominantly taus and neutrinos, the event
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Figure 5. A classification of models of b quark decay.

would have too many p's and/or e's, or too little charged energy. No compromise
can simultaneously satisfy muon yield, electron yijeld, and mean charged energy.
The decay b + 2qq always makes a baryon. If the baryon is a neutron, charged
energy is Towered; if a proton, proton yield is raised. The arguments for Tep-
tons are the same as for b - 22q. Thus, there is no compromise that can have
high enough charged energy, and simultaneously few enough u, e, p, and A. We
exclude the possibility that either b - 22q or b > 2qq are the sole decay modes
of the b at a very high confidence level (see Ref. 19 for further details).

If there is a charged Higgs boson a® Tighter than the b quark, then the
b quark will decay b ~ qai essentially 100% of the time, because the decay is
semi-weak, while the standard-model decay is weak. The Higgs boson will in turn
decay tv and/or cs. This possibility for b decay is ruled out by data on charged
energy and muon and electron yields. If the Higgs decays dominantly to tv the
muon and electron yields will be reasonable, but the charged energy will be too
Tow. If Higgs decays dominantly to cs, the muon and electron yields will be too
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Tow, while the charged energy will be reasonable. There is no mix of tv/cs that
can simultaneously have a high energy u and e yield and a high energy value for
charged energy. (See Ref. 19 for further details.)

If b mixes with s and/or d, but is itself a singlet, then the GIM mechanism
will not operate, and flavor changing neutral currents will be present. In par-

20)

ticular, the decays B -+ xete™ and B - Xu+u' must occur. Kane and Peskin have

Br(B - Xx'e7)
shown that, for these models, —{TE—;—YEEGT— > 0.12. 1In Section F we show that

this ratio is in fact < 0.05, ruling out this class of models.
Having ruled out 5 classes of models of b quark decay, we are left with the
standard model, and with one non-standard, topless model, originally noted by

Tye and Peskin.21)

Here b forms a right-handed doublet with c¢c. This model in
many ways mimics the standard model, as far as b decay is concerned, and at
present cannot be excluded.

It is worth noting that the reconstruction of B mesons (see Section A) also
rules out the five classes of non-standard models just ruled out by inclusive
data. Further, the observed decay modes (B - D or o* plus 1 or 2 pions) are
consistent both with the standard model and with Tye and Peskin's b, ¢ right-

handed doublet model.

D. The Standard Model of b Decay

In the standard model of b decay, b is in a left-handed doublet with t,
mixes with s and d, and decays via W™, the neutral current decay being sup-
pressed by the GIM mechanism. The mixing is described by the K.M. matrix, which
is parametrized by the angles e], 82, 83 and one phase 8. A frequently used
representation is

d' ¢ $1C3 $153 d
s'| = |=$9C, C1C,CL+S,S ei6 C41C,S,-S,C ei‘S S
172 *~1-2°3°°2°3 1-2°3 °273

, _ i i
_ b ’ --5151 c152c3 czs3e c1szs3+c2cce ‘ b |

Ci(si) = cos(ei)(sin(e])).

The angles and phase are not specified by the standard model, but rather are
parameters to be determined by data. Nuclear B decay determines the d - d'
element s i.e., the Cabibbo angle 81. Strange particle decays determine the
s ~d' element $1C3» and in conjunction with the determination 81 allow one to
place the Timit ¢y > .87, |s3l < 0.5. The phase & allows the possibility of CP
violation. The small size of CP violation in neutral kaon decays determines that
§ is close to (but slightly different from) either 0 or w. For purposes other
than CP violation, it is sufficiently accurate to set § = 0 or m. Neutral kaon
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phenomena, in particular the Kg, KE mass difference,determines a relation between
- 1 1 . .
Sy and S3s namely, s, = 0.2 + ?(cos S+ 7) Syt 0.1. (Some theorists question the
validity of this relation.)
b decay can determine two elements of the K.M. matrix. The b -+ u transition
depends upon the b + d' elements $183» while the b + ¢ transition depends upon

the b - s' element c]czs3-5203eid. The most directly accessible observables are
the B Tifetime Ty and the ratio of branching ratios
Br(b - ufv)/Br(b + c&v) = H;Eﬂ. Contours of constant Ty and (b»u)/(bsc) are

shown in the $p=S3 plane in Fig. 6. Thus these observables are not predicted by
the standard model.

0.7 T LI T T T

b—u
—_—— ---T,
b—c B

0.5+ imits from 00
0 _KO :
K —Kgmass

So difference

0.1

f
-0.4 -0.2 0] 0.2 0.4
S3 cosd
Figure 6. Contours of constant (b-u)/(b>c) and B lifetime in the s,-s, plane,
for §=0 and for &=m. The unshaded region is excluded by negtra]
kaon information.

Two observables that are predicted by the standard model are the semi-
leptonic decay branching ratio and the decay B - X2+2_. The latter, a flavor-
changing-neutral-current-mediated decay, is predicted to vanish. The former is
subject to strong interaction corrections, as noted in Section E.

In the phenomena mentioned so far in this section, the 1light antiquark
bound to the b quark in the B meson is a spectator. We now mention some
phenomena in which the Tight antiquark plays an essential role. Exchange and
annihilation diagrams contribute differently to Bt and BO decay, causing the
non-leptonic decay rates and consequently the semileptonic decay branching
ratios to differ. Box diagrams allow BO and BO to mix. With mixing comes the
possibility of CP violation. These phenomena will be considered in Sects. E, F.
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E. Semileptonic Decays of B Mesons

The dominant sources of high momentum muons and electrons from T(4S) decays
are B > Xuv and B » Xev. (Semileptonic decays of charm and the decay B - Xtv
make small contributions above 1 GeV, and can be treated as a correction.) Since
the B mesons are not at rest, the lepton spectrum receives a small, calculable
Doppler smearing.

The muon and electron momentum spectra from T(4S) decays are shown in Fig.7.
They have been normalized to the same area. The agreement between the two
spectra is excellent. The solid curve is a calculation assuming a V-A inter-
action and a 50%-50% mix of B - D2v, B - D*v. If the b quark decays to a
u quark, then the hadronic system X in the decay B - X2v can have a mass MX
lighter than the D meson mass. My can be as light as m;, and is expectedzz)
to average around 500 MeV. Curves for two values of M, in the range appropriate
for b > ufv are also shown on Fig. 7.

A small component of b-+u decays among a dominant b-c decay would reveal
itself as an excess of events beyond the end point of the B~ (D or D*)zv curve.
The solid curve is a good representation of the data, and no excess at high
momentum is apparent. We therefore interpret the measured spectra to obtain an
upper limit on the (b-u)/(b-c) ratio. We do this as a function of qu, the mean
mass of the hadronic system in the decay b - ufv. Results are shown in Fig. 8.

22) we can conclude

Since the effective value of qu is assuredly less than 1 GeV,
that (b»u)/(b»c) is less than 0.05. This restricts the allowed values of S) and

3> as can be seen from Fig. 6.

.28 T T T T T asl- T T [
®a ELECTRONS - UPPER LIMIT FOR
241 = MUONS 7
i ° i Brib—uly)
20| /X\} N Br(b—‘CZV)
a - / E . -
b< 46| } > "_\‘/\'\ -
sSle |- p jﬁ/’ \ .
-5 2| ’," 7 N \\
- ,/' '/ ‘\‘ \ ' -
oe|l- -/ L -
./ v\
.04 |- /% \ \ -
o A ) g_§- | o , . ,
o s 20 i 0 0.5 1.0 1.5
LEPTON MOMENTUM (GeV) Mxu (GeV)

Figure 7. Muon and electron momentum Figure 8. Upper limits (90%
spectra from T(4S) decays. The curves c.l) on the (b»u)/(b>c) ratio
are theoretical calculations for B~ X2v as a function of the mean
assuming a V-A interaction. Assumpt1ons mass of the hadronic system
about X are: solid curve, 50% D,50% D in the decay b»ugv.

broken curve, x=m, dashed curve, My= 1 0 GeV.
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CLEO has published measurement of the B semileptonic decay branching rat1023)

! data sample. Those measurements had substantial systematic

based on a 5.5 pb~
errors due to the uncertainty in the shape of the Tepton spectrum. Analysis of
the 40 pb'] data sample has not progressed to the point that we can quote a

branching ratio from the new data. We can, however, use the shape of the lepton
spectrum from the new data to correct the old data, thereby reducing the system-

atic errors. The corrected numbers are:

Br(B - Xev) = 0.120 + 0.017 + 0.013
Br(B + Xuv) = 0.102 + 0.014 + 0.015

+

If one treats the light quark in the B as a spectator, and also ignores QCD
effects (i.e., considers only quark counting plus phase space), then the b semi-
leptonic decay branching ratio is expected to be 16.9%. Hadronic enhancements
Tower this number to 14.6%.24) Including non-spectator effects (a W exchange
diagram) Towers the neutral B branching ratio further, such that the average
becomes 12.4%.24) CLEO results suggest that hadronic enhancements and non-
spectator effects are about as expected.

BO and BO are expected to mix BO BO, e.g., via the diagrams

b t d b W d
" Te  Tw STRE
d d . =

t b W

If CP is violated, the transition rates need not be equal, and one can have
unequal numbers of B8° and BO's decaying. This would reveal itself as a lepton
charge asymmetry, since BO and BO decay to oppositely charged leptons.

Using the 40 pb'T 4S data sample, we have taken a first look for CP violat-
ing effects in B decay, measuring muon and electron charge asymmetries. We find:

NU+ - NU_

W = +0.02 + 0.04
u U

Ny -N__

- = -0.02 £ 0.05
et e’

Thus there is no evidence for CP violation. The size of the effect expected if

the source of CP violation is the phase & in the KM matrix is less than 1%,25
and so would not have been seen with the present accuracy.

F. Dilepton Events

The dominant source of T(4S) decays containing two high momentum charged
Teptons is the semileptonic decay of both B mesons. We refer to this source as
"parallel decays," as distinguished from "cascade decays," when one lepton comes
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from B decay and the other lepton comes from semileptonic decay of charm, which
in turn came from B decay. Usually one of the leptons from cascade decays is
lTow momentum. For our purposes, cascade decays will be considered background.

If the charged and neutral B had the same semileptonic decay branching
ratio, then the number of parallel decay events could be predicted from the
number of single lepton events. However, if charged and neutral B branching
ratios differ, this is no longer the case. The parallel decay rate is propor-
tional to the mean square branching ratio 57, while the single lepton event rate
is proportional to the mean branching b. The averages are taken over the
B charge states: b = fiby + fobgs b? = fib? + fobd where b*, by, b and b?
are the charged B, neutral B, mean and mean squared semileptonic decay branch-
ing ratios, and f: and f, are the fractions of B*B~ and BOBO decays from T(4S).
Defining o = 557(5)2, one easily shows that Nuu = uNi/E4NB§>’ where Nuu’ Nu’
and NBé are the numbers of dimuon, single muon, and BB events, respectively.
Similar formulae apply to dielectron and u-e event. (There is a small correction
factor depending on ratios of efficiencies.)

The quantity o is a measure of the difference between charged and neutral
B branching ratios. For equal branching ratios, a = 1, while for different
branching ratios, o exceeds 1, approaching 2 for very different branching ratios.
The number of dileptons provides a measurement of a, which in turn gives infor-
mation on the ratio of charged B to neutral B semileptonic decay branching
ratios.

As noted in Section E, B? and BO are expected to mix. As a consequence,
the neutral BB decays will occasionally be from BOBO or BOBO rather than from
BOBO. Defining the mixing parameter y = (NBOBO+ Ngﬁguﬁ/NBo§ﬁ3 we have y = 0
corresponding to no mixing, and y = 1 corresponding to complete mixing. Parallel
decays of BOBO or EBEEAgive like-sign dileptons, which thus provide a measure-

ment of the mixing parameter.

In addition to parallel and cascade decays, a potential additional source
of dileptons is the flavor-changing-neutral-current decay B —+ X2+L_. This decay
would result in u+u- or ete events, but not pe events. From our dilepton
sample, we can place an upper 1imit on flavor changing neutral currents.

1 ys

The number of dilepton events of various sorts obtained from the 40 pb~
data sample are given in Table III. The background dileptons, due to one or
both of the apparent leptons actually beina a hadron, have been calculated from
the sample of single lepton events using probabilities of hadrons faking leptons
determined from a T(1S) data sample. From Table III one notes that the number of
1ike-sign dileptons is consistent with background (no evidence for BO-BO mixing),
and the total number of dileptons, after background subtraction,is close to the

number expected from parallel decays with o = 1 (no evidence for difference in
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charged and neutral B semileptonic decay branching ratios, no evidence for flavor
changing neutral currents). We make these three conclusions quantitative below.

Table III. Numbers of Dilepton Events.

2 -
Events Background Nl/4NBB
T 36.6 13.6
u+u+ + oy 10 8.8
sum 46.6 22.4 24.2
ete” 34 9.0
efe” + eme- 6 .
sum 40 15.6 22.2
ue opposite 54 17.9
ye same 17 11.4
sum 71 29.3 46.3

1. Mixing. The expected number of dileptons is 93. Of these, 40%, or
37 should be from neutral B decay. With complete mixing, half of this number,
or 18%, would be 1ike sign. The background-corrected number of 1like-sign
dileptons is 6 + 8, consistent with no mixing, but not ruling out substantial
mixing at a very high confidence Tevel.

2. a. After correction for background, there are 90 + 18 dileptons; the
number predicted from the number of single lepton events, assuming o = 1, is 93.
This yields o = 1.0 + 0.2. At 90% confidence level, a is less than 1.3. Using
the branching fractions f,, f, for T(4S) into B*B-, Boﬁg'as determined from the
B mass in Section A, i.e., 60%/40%, this 1imit on o translates into

,
0.3 < %{%%5—;—§%§}»< 4.6

3. F.C.N.C. After correction for background, there are 49 + 12 pyu and ee
events. Of these at least 46 are expected from parallel decays (o > 1). At
95% confidence level, there are fewer than 26 events from B -+ Xu*u~ or B-Xe'e~.
This translates into a 1imit on the branching ratio of

Br(B -~ X2te™) < 0.4% (95% c.1.).
This 1imit should be contrasted with a branching ratio expected in a topless
model with GIM not operating of > 1%.
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TOPICS IN UPSILON SPECTROSCOPY AND B PHYSICS WITH CUSB

P. M. Tuts
S.U.N.Y. at Stony Brook
Stony Brook, NY
U.S.A.

ABSTRACT

We discuss some recent results in ¥ spectroscopy and B meson physics from
the CUSB collaboration at CESR. In particular, the recent observation of the
Xp(13P7) state at (9901+3) MeV in both the inclusive, (%(28)->yXp), and
exclusive, (%(28)->yXp—>yy%(18)), photon spectra. Splittings and branching
ratios are given. Results on the search for ¥'''—>B*B, limits on the B meson

mass, and the relative couplings strengths for b quark decay are also given.
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1.0 INTRODUCTION

The Y system, which consists of a bound b quark and its antiquark, has
proved to be a very rich testing ground for the study of b quarks, in terms of
both their decay properties, and the forces that bind them (for a review of X
physics see Ref. 1). The experimental study2] of the Y system at CESR has
progressed extremely rapidly, from the observation3] of the ¥, ¥’ %', and %'"
states in 1980, to the observation by CUSB4] of the Xf in 1982, and the
Xp in5] 1983. In this paper we will discuss the CUSB results on the
observation of the X, states from ¥’ decays together with a summary of some
of our results on B physics from recent running on the Y’'' as well as some

other selected results from M(GeV)

CUSB6], The ¥ system spectrum 0.6 43S|
e NV
is a very rich one, see T BB
Figure 1, with three bound 10.5F <
triplet S states and one DZFLAVOR THRESHOLD
quasi-bound state just above 10.4 |- 3
the b flavor threshold; the i 3 SL/ “a3g
10.3 - 1 2 23p
P wave states are 1l RR — 2
experimentally accessible ” q.q cog {_— 29 23P|
0.2 I 29 23p,
through electric dipole (E1) “
transitions from the 1’'(23S) 0.1 b ”
and 1''(335;) states. ”
o 2°s
L 1] I/
10.0 h i Ta3g
- 4 a3
Figure 1. The bound ¥(bb) gg} ! P, L cog {329 |3p|2
B | .
spectrum. The single and : Y29 13Po
double lines indicate 9,8 | ;
experimentally observed y and :
nn transitions respectively. 9.7[ Il
The dashed 1lines indicate :
transitions that have not yet 9.6 :
been observed. :
9.5 !
} |3S N
|
9.4 | s ——% ’{QE a3
2.0 THE CUSB DETECTOR . ° qq

The CUSB detector, which is shown in perspective in Figure 2, is a high
resolution segmented Nal and 1lead glass calorimeter. The innermost portion
consists of four planes of tracking chambers, which are followed by ~9
radiation lengths of Nal crystals (324), ~7 radiation lengths of lead glass
blocks (256), and Nal end caps (168). Intersperced between the five Nal layers
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Figure 2. Perspective view of the CUSB detector, with the main detection

elements 1listed. The end caps are shown pulled out for ease of display. The

chambers between the Nal layers are not shown.

were additional tracking chambers; these chambers were removed for the most
recent Y’ running in an effort to improve the resolution of the central
detector from op/E ~4%/E1/4 (E in GeV). Outside the lead glass array there is
a scintillator hodoscope which provides us with a two muon trigger (in
addition, horizontally moving muons pass through an iron muon identifier
system). The solid angles are ~80%, and ~36% of 4n for back to back electronms,
and muon pairs respectively. The relative energy calibration of all the Nal
crystals is maintained by continuosly monitoring the positions of the photon
lines from 137Cs(.66 MeV) and 60C0(1.17,1.33 MeV) sources which are mounted on
the NaI crystals. This monitoring takes place simultaneously with data taking,
allowing for continuous gain monitoring of the entire system. The 1lead glass
calibration is maintained through daily monitoring of LED light sources placed
on the blocks. The energy calibration obtained in this manner is then
corrected for Monte Carlo calculated losses in the inactive material between
crystals. The final energy calibration is then checked against summed photon

energies from exclusive photon events and Bhabha scattering events; it differs

by only a few percent.
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3.0 X SPECTROSCOPY

3.1 The N3S; States

The agreement of the measured leptonic widths and masses

of

the

four X

states observed in R (shown in Figure 1 of Ref. 7) with potential models2] has

lead to the association of these states with the first four triplet S states of

the bb system. The values are summarised in Table I where masses are scaled to

-M(1)=9460 MeV as measured8] at VEPP-4.

Note that the Y(43S;) state lies above

the b flavor threshold since the observed3] width is significantly wider than

the measured machine resolution, providing us with a B factory with which to

study B decay.

3.2 Search For Other States

Besides the four prominent
resonances that have been observed

*e~ cross section, we have

in the e
searched for others in the
continuum regions between the
various resonances. The scans and
the results are shown in Figures
3a,b,c for the regions below the
Y’, below the Y'' and between the
Y'" and the X'’ respectively. The

most thorough scanning was carried
out in the latter region, where
there is a prediction9] for the
lowest lying vibrational state,
having a leptonic width of 70-270
eV.

Figure 3. The 90% CL upper 1limit
leptonic width in KeV for narrow
resonances (top), and the scan data
points in R for the energy regions:
(a)  9.93<M<10.01 GeV/c2, (b)
10.27¢M<10.335 GeV/c2, (c)
10.37<M<10.55 GeV/c2.

T
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There is no evidence for any narrow states (i.e. of machine resolution)
in any of the regions. In particular, a vibrational state with leptonic width

greater than 20 eV is excluded, in conflict with vibrational state predictions.

Table I. The masses and leptonic widths for the 3s states of the ¥ system.
The Y mass is from Ref. 8. The theoretical predictions are from Ref. 2, with

the leptonic widths calculated using the Y experimental value.

Resonance —-- Mass (MeV/c2) -- Leptonic width (keV)
Experiment Theory Experiment Theory
1(13s7) 9459.7 9459.7 1.1440.05 1.05-1.07
1(2389) 10020.5+0.7 10025 0.50+0.03 .44-.50
¥(33s7) 10350.0+0.7 10322-10360 0.35+0.03 .31-.40
1(4357) 10578.0+3.0 10568-10640 0.2110.05 .25-.31

3.3 Decays Of The ¥''(33Sy)

Since the CUSB results on the decays of the X(3S) have been discussed
elsewhere4] and in the Moriond Workshop proceedings”, we will limit ourselves
here to a brief summary of those results. The most significant discovery made
was the observation of the X{ (or 23PJ=0'1'2) state in both the inclusive
photon spectrum, Y(38)->y+X, and the exclusive decay chain X(3S)->y+X§, Xj
—>y+(2(28) or ¥(1S)) with the final S state decaying to e*e” or ptp~. The
results were obtained from a sample of ~65 000 hadronic events on the ¥(3S)
peak, and are summarised (together with the results from Y(2S) decays) in Table
III. In addition, the n*n~ hadronic transitions from the X(3S) to the ¥(2S)

and Y(1S) have been measuredl0] and are summarised in Table II.

Table II. The hadronic nn transition branching ratios measured by CUSB (see

Ref. 10). The theoretical predictions are from Ref. 11.

Transition Branching Ratio (%)
Experiment Theory

Y'->yntn— 18+6 17-18

bALEDSAS &F o 3.1+2.0 1.5-2.3

Y ->¥ata~ 3.9+41.3 1.4-3.4
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3.4 Decays Of The y'(238;)
3.4.1 Inclusive Photons -

Encouraged by the success of having discovered the X states in the
decays of the ¥(3S), the CUSB group has spent the last running period at CESR
(Dec 1982 - March 1983) studying the decays of the Y(2S) with the hope of
observing the X, state in El photon transitions. Such transitions have been
observed in both the inclusive and exclusive photon spectra5]. and can be
associated with the X states (13PJ=0'1'2). During this run CESR delivered
~30 pb~1 of integrated luminosity, corresponding to ~230 000 hadronic events in
CUSB, of which ~153 000 are observed Y(2S) decays (or ~180 000 produced ¥(2S)
events). The principal philosophy behind the photon algorithm for shower
recognition from the transverse and longitudinal shower shape has not changed
from the Y(3S) analysis4]. However, we have since increased the efficiency for
hadronic event recognition by ~30%, and tightened the photon criteria so as to
maintain a constant photon finding efficiency of 13% over the emergy range from
80 to 500 MeV. In addition the resolution for showers was improved to

UE/E~3.6%/E1/4 (E in GeV), due in part to the removal of the chambers between

T T T T T T T T T

the Nal layers. The inclusive

photon spectrum from the X(2S) 9000| T3 (a)

is shown in Figure 4a. There L
is evident structure at ~125 7000
MeV which is not visible in the
¥(1S) or continuum spectra. 5000 |

The background curve is

ins

3000 [

obtained from the spectrum by
fitting the region from 65 to 1000 |

280 MeV with a cubic plus 3

gaussians of arbitrary position

and normalization (the width of

(5]

o

o

o
T

Photons 7/ 5% Energy B

Figure 4. The inclusive photon
8 P 2000

T

spectra, X(nS)->yX, for decays
of (a) the ¥(2S), and (b) the

Y(3S). The solid lime is the 1000

background, for details see

10 50 100 500 1000
Photon Energy (MeV)
each was held fixed at og/E ~6%), and the remainder of the spectrum with

1

text.

polynomials (excluding two bins around 430 MeV, where we expect to see a

signal). The cubic fit is also required to match the polynomial fits at the
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boundaries. The solid 1line shown in Figure 4a represents the cubic and
polynomial terms alone. The contribution from the decay Y(28) =-> n°n®x(1S)
(which has a BR~ 10%) is automatically taken into account because it
contributes a smooth distribution from 20 to 420 MeV, peaking at 175 MeV on the
plot. In addition, we show, in Figure 4b, the inclusive photon spectrum for
decays of the YX(3S) using both the new hadronic event and photon finding
algorithm, We still see a distinct excess of photons in the 100 MeV region,

leading to the the same positions and the same4] BR(2(38)-) Y+23PJ) ~34%,

Returning to the Y(2S) 500/
spectrum, we find a prominent
. . 300 |
excess in the region from 90
to 160 MeV (31104323 counts) p 100
R o
and another smaller excess in -
o
the region around ~427 MeV of g-—IOO -
833+166 counts, as shown in E"g
® 500
~
[72)
Figure 5. The background __8_300
subtracted photon spectrum 2
[+

for x(2S)->yX. The error 100 |-

bars are shown in (a), and ”hJuhuH un"nwﬁm UJ -Lu UH“J kuu

(b) shows the fits to the -100}-

1 M L 1 L1 L

excess. The numbers in (b) 50 100 500 [000
refer to Figure 6. Photon Energy(MeV)

the subtracted spectrum of Figure 5a. The three gaussian fit to the excess at
~125 MeV yields photon 1line energies of 108, 128, and 149 MeV respectively.
The individual gaussians are shown in Figure 5b superimposed on the subtracted
spectrum, where the numbers refer to the —W T(ZBS)
photon lines indicated on Figure 6. Since 1.°2°3

the lines are more widely separated than in \\ J=2
the 23PJ case and since our resolution is —%A— J= |3PJ
slightly improved, we are able to partially _+—

resolve the three photon lines as evidenced /

by figures 4a, and 5b. The final energy /

scale, after Monte Carlo correction for /

Figure 6. The El transitions for /
¥(28)->yXp and Xp->yX(1S) decays. The /

dashed line indicates that this transition

3
is suppressed. T(l S)
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energy loss in the inactive material, is determined by a sample of ¥(28)-)
Y(18)n%n°-> ¥(1S)+4y events, where the summed 4y energy (including ¥(1S)
recoil) must add to M(X’')-M(¥) ~561 MeV (as shown in Figure 7). This amounts

to a 2% upward correction to ! ! ! ! ! !

the energy scale. If indeed 141 MT’_MT 7

these photons correspond to 12 |- -

the E1 transitions to a P wave T’->1r°ﬂ”(ﬁg) 1

state, then one expects to see % or h[;

the 'mirror’ transition from g 8| 47 -

the P wave back down to the g 6l R

©

Figure 7. The total energy 4l APgH?gB3 i}

distribution for the four y's 2| -

from the hadronic decay o ) ) JAJ][1 [ . .

¥(28)->n°n%%(18), where o] 200 400 600 800
- — .

2(18)->e"e” or pTuT. EEYi [MeV]

ground state, ¥Y(1S). The energy of the two photons (plus recoil energy of
~10.5 MeV) must therefore equal M(X(2S))- M(¥(1S)). The product branching
ratios for the three transitions via the P wave state are in the ratio of
2:5:~0 for the J=2,1,0 spin states respectively (as is shown in the following
section on exclusive Y(2S) decays). Thus from the measured inclusive photon
lines we find that (108x2 + 128X5)/7 + 427 +10.5 ~560 MeV (including recoil) is
precisely the M(2S)-M(1S) mass difference, from which we conclude that we have
indeed seen the decay chain from the Y(2S) to the Y(1S) via an intermediate
state that we associate with the Xp. The photon excess observed in the 125 MeV
region leads to a BR(X(28)->yXp)= (15.5+2.5)% with an additional systematic
uncertainty of +5% and -2.5%; if the excess at (427+1+8) MeV is from the
above decay chain, then we find the BR(X(2S)-)>yXy)x BR(Xp—> 7r(18))= (4+1)%.
Using the above ratio of product BR's we find BR(13P2—> v¥(18))=(20+5)%, and
BR(13P1-) y2(18))=(47+18)%.

The individual intensities of the three lines are consistent with those
expected for E1 transitions (i.e. proportional to k3(2J+1), where k is the
photon energy). After correction for that factor we find them to be 1.04+0.3,
1, and 1.13+0.5 for the J=2,1, and O states respectively, normalizing to the
middle line. This evidence, together with the good agreement of the cog
position with potential models, leads us to associate the observed lines with
the lowest three triplet P wave states, 13PJ=0‘1,2. We summarise the inclusive

photon results for the 13PJ and 23Py states in Table III.
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Table III. Summary of inclusive photon transitions. For potential model

predictions, see Ref. 2.
E, Energy -- Mass (MeV/c2) —-  BR(X(nS)->y(n-1)Py) E1 width (keV)
Line (MeV) Experiment Theory n J BR(%) Expt. Theory
23P;  84.5+2.0+4 10265 3 2
23P;  99.5+3.2+4 10250 3 1
23P) 117.245.0+4 10232 3 0
2Pcog 93.1%5 10256+5 10242-10271 all 3443 8.441.4 4.8-7.6
13, 108.2+0.3+2 9912 2 2 6.1+41.4
13P; 128.140.4+3 9892 2 1 5.9+41.4
13P) 149.4+0.7+5 9870 2 0 3.5+1.4
1Pcog 119.443 9900+3 9888-9924 all 15+2.5 4.9+1.0 3.1-4.4

3.4.2 Exclusive Photons -

In addition to the observation of the Xps in the inclusive

have observed them in the exclusive events Y(28)-> yXp—> yyX(1S)-> yy(ete™

T T T g

e wpyy
ON T (2S)

900 |

300}
e % cusB
. APRIL 1983
o
100 } L/
00 300 500
E¥" [MeV]

Figure 8. Scatter plot of y energies
for p*ty~ final state cascade decays

of the x(2S).

spectrum, we
or
eteTsete vy
Soor ON T (25)
700 |- . * -
..
= I
[
R
s 500}
=X
w
300
i cuss
APRIL 1983
100 -
100 300 500
1
Ey’ " [Mev]

Figure 9. Scatter plot of y energies
e*e” final state cascade

of the ¥(28).
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p*p~). Again, the proceedure is the same as that for the ¥(3S) exclusive
events described elsewhere4,71, except that the muon solid angle was increased
to 36% of 4n. The acceptances for these exclusive events are 17% for events
with e*e” final states and 12% for those with p*p~. The data are plotted in
scatter plots of the two photon energies, E%°W vs E%igh. for electron and
muon final state events separately in figures 8,9 respectively. Both plots
show a distinct clustering at (E%°W. Egigh) ~ (120,430) MeV which we
interpret as radiative cascade events via the X,. The fact that we are indeed
observing cascade events to the Y(1S) is well demonstrated in figure 10 which
shows the sum of the two photon energies with a clear peak at the Y(2S)-X(1S)

mass difference (after recoil correction).

Y T T T T T T T
The backgrounds are of

interest only in the region of 20r e+e_—’ ([el-[el-)yy _ ]

the clustering; hadronic 18 ON T, (25) -1

cascade backgrounds via non©

are negligable above a summed 16 F 1

energy of ~500 MeV. Other 14 F 1

backgrounds for the > 12k cuss 7 i

u*p~ events are negligable @ APRIL 1983 i

(1+1 events), whereas for E 10 F .

ete™ events there is a Q’ L

background from double % 8 1

radiative Bhabha events which 6t E

is calculated to be 4+3

events in the region of 4r ]

2k .

Figure 10. The summed photon R . . L N N R

energy for all the cascade 0 100 300 500 700 900

events in Figures 8 and 9. LOW _HIGH

Ey+EY" [Mev]
clustering of 80¢< E%“’ ¢ 150 MeV. The total observed number of events in that
region is 51. Correcting for acceptance and background (together with a
Bllu=‘028 +.003) we derive the product branching ratio BR(X(2S)-)>yXp) «x
BR(Xp->yx(18))= (3.940.9)%. We have compared the splitting observed in these
exclusive events with that obtained from the inclusive analysis, by combining
both the e*e” and p*y~ data, constraining the yy energy sum to 560 MeV
(corrected for recoil and weighted by resolution) and fitting the 1low energy
photon spectrum. The spectrum is shown in figure 11, where two clear peaks are
visible; a two Gaussian fit (of equal widths) leads to fitted peak values of

(106+3) MeV and (127+2) MeV with a resolution of op/E= (4.5+0.7)%. The
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[N ] L [ 1 1 1 [] n ] [] J
fitted intensities are in the B
ratio of (.45+.19):1. The 12 |- e’e“—.}')’(ﬁﬁ)COMBINED .
total product branching ratio, . ON T (2S) -
and intensity ratios, are in 10 |- _
agreement with theoretical
.. - CcusB -1
predictions (see Table 1IV), APRIL 1983
which 1leads us to make the > 81 7
[
association of these two lines % - T
with the 13P2 and 13P1 states. E 6 I- -
he)
These results are summarised in . .
Table IV.
4 |- .
Figure 11. The projection of
the low energy photon for Y(2S) 2r 7
decays, showing peaks at 106 . - [1 1
and 127 MeV. 1 1 1 1 1 bl 1 L 1 1
60 80

100 120 140 160

Table IV. Summary of ¥(2S) and ¥(3S) exclusive events. E:M (MeV)

Branching Ratio (%)

Reaction Experiment Theory
T =IBROX" ->7Xp;) xBR(XG;=>12")  5.942.1 3.3
T 5=1BR(X""=>7 X3 ;) xBR(Xg;->7Y) 3.6+1.2
Zj=1BR(X""~>7jXp ;) xBR(Xp =372 ") <3.0
BR(X'->7 jXp2) xBR(Xp2-> 1Y) 1.3+.7
BR(X’->7jXp1) xBR(Xp1->7%) 2.6+.8 3.3+.3
BR(!’—>7jlbo)xBR(Xbo—>1¥) .4

4.0 B PHYSICS

In this section we present a brief summary of some of the recent results
obtained by CUSB in the area of B physics. For more details on the CUSB B
physics see Ref. 7.

4.1 Search For B*'s

In a sample of 39 000 Y(4S) events, we have searched for the decay ¥(4S)->
B*B, where the B*-) yB. The energy of the y is expected to be ~50 MeV from
scaling arguments. We do not observe any events in the inclusive photon
spectrum of Y(48) decayslz], as shown in Figure 12. The shaded region in the

figure indicates the expected signal if there were omne photon per event. A
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F' e 12. The contin“ulﬂ T T T 7 rrir T T T T 1 rrrr T
8nE cusB
subtracted inclusive photon % 2500 b Feb. 1983
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2

a 500} 4
maximum likelihood analysis i i Y
yields an upper limit on 10 50 100 500 1000

PHOTON ENERGY (MmeV)
BR(Y(4S)-> B*B) <71% (90% CL)

for 40<E7(60 MeV. From these results and the measured width of the ¥(4S), we
calculatel2?] that 5263¢ Mg< 5278 MeV, in good agreement with the recently
obtained CLEO valuel3l,

4.2 Electron Spectrum From B Decay

We have measured  the L e e e S B IS e s s e e o
2401 cusa
electron spectrum (>1GeV + * Feb, 1983
electrons) for B decays on the EZOO i + + +
i o
x(4S). The experimental S ol
spectrum is shown in Figure >
3 120
o]
& t
5
Figure 13. The measured u 8o | .
electron spectrum (Eg> 1GeV) w 4
40 | -
for ¥(4S) decays. The solid
line is the measured O e e s e e B i i e
1 2 3 4

background off resonance.
ELECTRON ENERGY (GeV)
13, where the solid line is a fit to the measured continuum spectrum taken off
the 2x(4S) peak. The continuum spectrum comes from electrons from D decay
(recall that only ~30% of the events at the Y''’ energy are resonance events).
The efficiency for >1 GeV electrons is ~7% (due to 20% electron identification
and 34% solid angle). We observe 711+47 events (after subtraction of 114
events from y conversions and hadronic interactions) which leads to a BR(B->
e¥X)= (13.7+0.9+2)%. The above branching ratio was obtained assuming that
88% of electrons from B-> evX decay are above 1 GeV, and a 12% background

contribution from B-)> DX decays.
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The shape of the electron spectrum has been used to determine the ratio of
contributions from b->u vs b-)>c, by comparison with the calculations of
Altarelli et a1l14], The three curves in Figure 14 represent the expected
spectra for the cases that mg=1.8 GeV/c2 (curve B), or that mg=150
MeV/c2 (curve A), and the contribution from B-) DX decay (curve C). A maximum
likelihood calculation results in a spectrum consistent with no b-)u

contribution, the 90% CL 1limit

leads to BR(B->e¥X,)/BR(B->edX;)  'Of cuSB ]
(7% or in terms of the coupling >'40 " Feb. 1983 -
%]
parameters of the mixing matrix g 120 |- b
o]
IVpu/ Vpc 12¢.03 (for details see & 100f -
(%2}
Ref. 7). 8 so|- -
&
S eol |
@ 60
Figure 14. The subtracted W 44| |
electron spectrum on the Y(4S). 20| 1
The curves are: (A) complete o A 4 L oaa
IY 1 ,l 1 I’l 1 IVIT
b->u, (B) complete b->c, and (C) 2
electrons from D decay. ELECTRON ENERGY (GeV)

5.0 CONCLUSIONS

The Y system has provided an amazing laboratory for the study of both weak
and strong interactions. The X spectrum2] has filled out experimentally in the
last year with the addition of the X and Xy members4:5] to the X family, in
support of the flavor independent potential model predictions for the bound bb
system. The E1 rates are in agreement with theoretical expectationsS], and the
hadronic transitions between triplet S states have been measured10] and agree
with those predicted by the QCD multipole expansionll]. although some of the
spectra for these transitions are unexpected theoretically. In B physics, the
B meson mass has been measuredl2] and tight bounds have been placed on the
quark mixing matrix parameters from the shape of the B decay electron
spectrum7]. Although much has been accomplished these past few years, there
still remains the challenge of explicitely resolving the P wave lines, and
observing the singlet S state, the n, (see Figure 1). We hope to accomplish
these tasks with the addition of a BGO upgradels] of the CUSB detector. The
first quadrant of BGO should be installed and running by the end of 1983 (the
np must await a full cylinder of BGO), and perhaps by the next Moriond meeting

we will be able to report on yet more exciting results.
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REVIEW OF PEP EXPERIMENTS

Gerson Goldhaber*
Department of Physics, and Lawrence Berkeley Laboratory,
University of California, Berkeley, California USA

ABSTRACT

Recent physics results from four PEP experiments: Mark II, MAC, DELCO, and
TPC are presented herewith. The topics discussed deal with flavor tagging of
charmed and bottom quarks, t and D° lifetimes, Electroweak interference effects,
searches for new particles and dE/dx measurements.

*Work supported in part by the U.S. Department of Energy under contract DE-ACO3-
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1.

al.

I will present the following data from PEP in my talk:

1. A brief description of the 4 PEP detectors from which data is presented
here.
2. Results on flavor tagging:
°  Charm tagging via D** identification. Results from Mark II and
DELCO.
®  Charm and bottom quark tagging via semileptonic decays. Results
from Mark II and MAC.

7 and D° lifetime measurements with a Vertex Detector (Mark II).
4. Electroweak interference effects. Results from Mark II and MAC.

Search for new and peculiar particles and specific decay modes;

°  Search for a p* (MAC).

° Search for ete” » ¥ + x and ete~ -~ T + x (Mark II)

6. Particle identification in the TPC.

The PEP Detectors
I present herewith summaries of 4 PEP Detectors as compiled by G. Gidal et
for the Particle Data Group at LBL.

A. Luminosity at PEP
There has been a considerable improvement in Luminosity at PEP. In

particular peak Luminosity of 3.3 x 103! cm2 sec™! have been reached. Average

running days have produced over 1000 nb~1.
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MARK 11

LOCATION PEP e*e” storage ring
SLAC, Stanford, CA, USA

MAGNET 4.6 kG Al coil solenoid, 1.5 m radius (currently running at 2.3 kG)

TRACKING Central drift chamber:

Active length = 2.64 m, inner radius = 0.41 m, outer radius = 1.45 m
6 axial layers, 10 stereo layers (+3°)
50% ethane, 50% argon
o~ 200 u

Vertex drift chamber:
Cylindrical drift chamber, 1.2 m long, inner radius = 10 cm, outer radius = 35 cm
Only axial wire layers (4 near r = 12 cm, 3 near r = 30 cm)
o ~ 100 p
Be beam pipe (0.006X,)

Combined (Ap/p)? = (0.015)% + (0.01p)?

Tracks extrapolated to interaction point within 100

SHOWER COUNTERS 8 modules of Pb-liquid argon (15X, each), arranged in octagon outside coil
Covers 64% of 4r
2 mm Pb sheets separated by 3 mm liquid argon gaps
37 layers (0.4Xq sampling) are ganged to provide 6 samples in depth
Readout in 3.8 cm wide strips in ¢, 8, u directions
AE/E ~ 13%/VE

TIME OF FLIGHT 48 scintillation counters read out at both ends
Cover 75% of 4w
1.50 m flight path at 6§ = 90°% ¢ = 340 ps
K, separation up to 1.35 GeV/c at lo level

END CAPS 2 layers Pb-proportional chamber (5Xg) with 4 successive cathode strip readouts
(6, ¢, R-spiral, L-spiral)
50% argon, 50% ethane

MUON DETECTION Proportional tubes interleaved with steel absorber (4 layers each for total thickness of 1 m)
covering 55% of 4

SMALL ANGLE TAGGING 6 planar drift chambers followed by shower counters
LUMINOSITY Octagonal shower counters cover 22 mrad < § < 80 mrad contain
MONITOR 18 layers 1/4”” Pb and 1/2” scintillator, read out with BBQ wave shifter, front 5 layers

separately from back 13
AE/E = 15.5%/ VE
3 sets of scintillation counters

REFERENCES

1. G.S. Abrams et al., Phys Rev. Lett. 43 (1979) 477, and ibid 481.

2. W. Davies White et al., Nucl. Instr. & Meth. 160 (1979) 227.

3. G.S. Abrams et al., IEEE Trans. Nucl. Sci. NS 25 (1978) 1, ibid 309, and NS 27 (1980) 59

4. J.A Jaros, Proc. Int. Conf. on Instrumentation for Colliding Beam Physics, SLAC-250 (1982).
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LOCATION

MAGNETS

TRACKING

MUON DETECTION

SHOWER DETECTORS

HADRON CALORIMETER

TIME OF FLIGHT

LUMINOSITY MONITOR

REFERENCES

MAC (MAgnetic Calorimeter)

PEP e*e™ storage ring
SLAG, Stanford, CA, USA

5.7 kG solenoid, 7.5 cm thick Al coil
Diameter = | m, length = 23 m

17 kG iron toroids, 1 m thick

Cylindrical drift chamber

2.2 m long, 12-45 cm tracking radius
Argon - 10% methane at 1 atm.

10 layers, double sense wires

=5 points on tracks over AQ = 95% of 4
3° stereo gives Az = 4 mm

dE/dx to +15%

op/p = 6.5% p

Muon tracking chambers

141

4 planes of 10 cm diameter drift tubes surrounding magnetized iron toroids

op/p = 30%
AQ = 97% of 4r

Barrel: 14 X, of Pb - proportional chamber sandwich

og/E = 20%/ VE
z-coordinate from charge division
0y = 0.8°, 05 = 1.3°

Endcaps: 14 X, of Fe - proportional chamber sandwich

og/E = 45%/ VE
¢-coordinate from cathode strips
0s = 2° a5 = 1.5°

Total: AQ =97% of 4x

5.5 Aaps of Fe - proportional chamber sandwich

og/E = 715%/VE
o9 = 2°% o4 = 1° (barrel), 4° (endcaps)
AQ = 97% of 4w

144 scintillation counters (72 barrel, 72 endcaps)

r=13m
At =1 ns
AQ = 97% of 4

4 scintillator/shower counter telescopes at 32 mrad horizontally

1. R.L. Anderson et al., IEEE Trans. NS 25, (1978) 340.

2. W.T. Ford, SLAC-PUB-2894, March 1982 (Proceedings SLAC International Conference on

Instrumentation for Colliding Beams).
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MAC (MAgnetic Calorimeter)

CD - Central Drift Chamber EC - End-cap Shower and

SC - Shower Chamber (Central) Hadron Calorimeters
TC - Trigger/TOF Scintillators MO, MI - Muon Drift Chambers
HC - Hadron Calorimeter (Central) Coils - Solenoid and Toroid

XBL 831-7898

Fig. 2



LOCATION

MAGNET

TRACKING

CERENKOV COUNTER

SHOWER COUNTERS

TIME OF FLIGHT

LUMINOSITY MONITOR

REFERENCES

DELCO

PEP e*e™ ring
SLAGC, Stanford, CA, USA

Open-geometry (aperture | cosf| < 0.78)
Pole-tip diameter 101 cm, separation 125 cm
By = 3.3kG, [Bdl = 1.8 kG-m

Central (cylindrical) drift chambers:

94 cm maximum wire length, 12-49 cm radius
Low mass (2.3% Xo)

Depth (z) measurement by narrow angle stereo
16 points on tracks with | cosf| < 0.69

Outer (planar) drift chambers:

285 cm wire length, 160 cm <radius>
Depth measurement by wide angle stereo
6 points on tracks with | cosf| < 0.65

Multiple hit digital electronics (4 ns bin width)

wolp = VIE T T

1 atm. isobutane threshold counter (y, = 19.1)

36 cells each with (pTP-coated) 5 RCA 8854 quantacon
Radiator length 55-110 cm, <p.e.>=18, <N>=80 cm™'

o, = 300 ps
Acceptance |cosf| < 0.62

Barrel (|cosf] < 0.62) :
48 Pb-scintillator counters, 6Xg

Pole-tip (0.79 < |cosf} < 0.98) :
36 Pb-scintillator BBQ counters, 5X,

52 counters

324 cm length, 180 cm <radius>
g, = 350 ps

Acceptance |cosf| < 0.67

12 Pb-scintillator BBQ counters, 16X,
Acceptance 25-68 mrad relative to beam axis

1. W. Bacino et al.,, Phys. Rev. Lett. 40 (1978) 671.
2. WE. Slater et al., Nucl. Instr. & Meth. 154 (1978) 223.
3. D. Ouimette et al., IEEE Trans. NS 29, No. 1 (1982) 290.
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TPC
LOCATION PEP e"e™ ring, Interaction Region (IR) 2
SLAC, Stanford, CA, USA
MAGNET 1982-83: 4 kG Al coil solenoid (1.32X; coil package)

1984: 14.5 kG superconducting coil (0.86X, package)
Diameter = 2.15 m, length = 3.0 m

TRACKING Time Projection Chamber (TPC)
2.0 mlong (in z) at 20 to 100 cm radius (r)
Argon-methane (80%-20%) at 8.5 atm.
Max. drift 1.0 m in 20 usec, 75 kV/m drift electric field
183 proportional wire hits on tracks with |cos ] < 0.71, each wire gives r,z and amplitude for six 60° sectors at
each end and provides dE/dx meas. by multiple ionization sampling
15 3-dim. space points from induced cathode signals on several of 13,824 channels to give r, ¢, and z (from the drift
time), for |cos §] < 0.71
=2 3-d points and =15 wire hits over 97% of 4= sterad
Track pair resolution of 1-2 cm
dE/dx +3.5% for Bhabhas
+4.0% for tracks in jet events with =120 samples
o,/p? = +3.6% for p= 2 GeV/c
position resolution in bending plane is 190 microns and in axial (z) direction 340 microns; presently low magnet
field and drift distortions increase ap/pZ

Inner drift chamber at 13 to 19 cm radius
8.5 atm Ar-CH,4 (80%-20%), 150 microns in bend plane
1.2 m long covering 95% of 4ar, with 4 axial layers
Outer drift chamber at 1.19 to 1.24 m radius
1 atm Ar-CHy4 (80%-20%), 200 microns in bend plane
3 m long covering 77% of 4w, with 3 axial layers

POLE-TIP Gas, proportional mode, sampling Pb-laminate calorimeter
CALORIMETER 2 modules, 13.5Xg deep, at z = 1.1 m, covering 18% of 4
Argon-methane (80%-20%) at 8.5 atm; total of 51 samples
Three 60° stereo views, each with 13 and 4 samples in depth
Projective strip geometry with 8 mrad angular segment
0g/E = £11%/VE, below 10 GeV
+6.0% for Bhabhas at 14.5 GeV

HEXAGONAL Gas, limited Geiger mode, sampling Pb-laminate calorimeter
CALORIMETER 6 modules, 10X, deep, 4.2 m long at 1.2 m radius
Argon-ethyl bromide (96%-4%) at | atm.
Solid angle coverage of 75% (90% including PTC)
3 correlated 60° stereo views using wire and cathode signals in 40 samples (27 and 13 samples in depth)
Projective strip geometry with 9 mrad angular segment
og/E = £14%/ \VE, below 1 GeV
+12% for Bhabhas at 14.5 GeV

MUON Magnet flux return + 2 layers iron, total 810 g/cm
DETECTOR Triangular, double layer, extruded Al proportional tubes
Argon-methane (80%-20%) at | atm.
3 layers with axial wires and 4th layer at 90 deg.
Endcap with 3 layers provides 98% of 4sr sterad coverage
Resolution = 1 c¢m, expect 3 mm when operated as drift tube

TRIGGER =2 charged over 85% of 4n sterad; neutral energy of =4 GeV, or energy in two or more calorimeter modules of
=1.5 GeV; =1 charged and neutral energy of =750 MeV or energy in two or more calorimeter modules of
=1.5 GeV
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Fig. 15 - Charmed quark to D** fragmentation function. <z> = 0.59 + 0.05.

(MARK 11)

'Fig. 16 - Charmed quark to D** fragmentation function. <> = 0.6 * 0.1. (DELCO)

Fig. 17 - (a) Charmed quark fragmentation function. Functional form of Peterson
et al. for e_ = 0.25.
(b) Bottom qﬁark fragmentation function for the e, values shown.
These correspond to the fitted values obtained frgm the study of
semielectronic decays in the Mark II.
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2. Flavor Tagging
There are two fortunate circumstances which allow flavor tagging even though
complete particle identification is not always available. These are charm tagg-

ing via D** identification and charm and bottom tagging via lepton identification
from semileptonic decays.
° Charm Flavor Tagging via D** Identification

D*+ identification is possible even without K-identification due to the very
+

tight kinematical constraint in the decay D** - «*D° _  where the bachelor =
has a kinetic energy of 5.7 MeV in the D** c.m. sy%tém? This feature is exploited
by plotting the mass difference o = M(D**) - M(D°) which gives a peak centered at
A = 145.4 + 0.2 MeV. Here the D° is primarily observed through its D° - Knt
(Br = 3.0 + 0.6%) decay mode, and if K-identification is available (DELCO) through
the D° + K ntntn- (Br = 8.5 + 2.1%) decay mode. Furthermore a charm associated
"satellite enhancement" S°, discussed below, can also serve in D*t tagging.
° A Charm Associated Enhancement
As illustrated by the Mark II data from SPEAR in a K nt mass plot aside from
the D° peak at M(K'n*) = 1.863 GeV there is a second broader charm associated
"satellite" peak S°with M~ 1.61 GeV and T 0.12 GeV (see Figure 5).
These values are approximate since the S° enhancement is skewed towards low mass
values. The mass interval 1.48 - 1.68GeV contains about 90% of the enhancement.
Figure 6 shows that the S° enhancement persists at the various SPEAR energy
regions: 3.77 GeV the v'', 3.9 - 4.5 GeV and 4.5 - 5.5 GeV. Furthermore it is
absent at the v and v' energies. This indicates that the S° satellite enhance-

ment is charm associated and we interpret it as primarily due to the more copious
decay mode D° + K rtn°, Br= 9.3 + 2.8% with perhaps a small contribution from the
D+ » K ntrt decay mode. The way this comparatively sharp S° enhancement arises

is illustrated in Figure 7 which gives the features of the Dalitz plot for the
decay D° + K n*r°. We note that this decay mode proceeds via the two intermediate
state (pseudo scalar meson + vector meson) channels:

D° » Kp* and D° » K*z* as well as a third channel D°® -+ K*°° (n
bty L Kn® L K-qt

which is of no relevance here and is not shown on the Dalitz plot. In view of
the fact that we have the decay of JP = 07 (the D°) to a 9P = 0" and JP = 1~
state it must proceed via P = 17 in relative orbital angular momentum between
the pseudo scalar and vector meson. As a consequence of the angular momentum
addition E + 3>(V) = 0 the vector meson is produced fully aligned and hence with
a cos2o0 distribution in the vector meson c.m. This expresses itself as a mass-
squared distribution along the ot and K*~ bands which peak at the ends of these
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bands. Figure 8 shows these as reflected into M(K™n') evaluated by a Monte Carlo
calculation. Figure 9 shows a possible fit to the S° peak with 2/3 of the intensi-
ty ascribed to the ot band and 1/3 to the «x*- band with no account taken of possi-
ble interference between the two bands. Thus the S° peak is explained as an en-
hancement in M(K %), primarily due to the D® + K™n"r® decay mode. 2231

The associated n° in the relevant portion of the Dalitz plot is of rather
low momentum in the D° c.m. system. This implies a rather low =° detection ef-
ficiency and procluded the direct observation of the S° enhancement in the Mark II
study of the D° + K'n™n® Dalitz p1ot.3]

What is important in what follows is that since the S° peak corresponds to a
low momentum 7° (in the D° c.m.), mass difference by = M(«*D°) - M(D°)
which has an experimental full width of ~ 2 MeV in the Mark Il at PEP, is still
applicable as by = M(n+S°) - M(S°) although the full width now broadens to~ 10
MeV. Figure 10 shows a Monte Carlo calculation at 5.2 GeV including the detector
resolution. The calcuation at 29 GeV is very similar and is in good agreement
with the observed experimental distributions.
° D** Studies at PEP

Figure 11 shows the A distribution for the Mark II data at 29 GeV, here a
cut on M(Knt) of 1.76 - 1.96 GeV was applied to select the D° band. The &
distributions are shown for the 2 values 2 > 0.4 and the more restrictive z >
0.6. Here z = E(D*)/Ebeam. Figure 12 shows the M(K-n+)
interval of 143 - 147 MeV.
° Physics Results from D" Studies

distributions for a A

There are four physics results which are obtained from the identified D*

mesons.

(i) The charmed quark fragmentation function. One finds that the charmed
quark fragmentation into D*'s occurs at considerably higher z values
then for the 1ight quarks. <z>~ 0.6. (Mark II and DELCO.)

(i) The cross section for D** production. This inclusive cross section
o(D**t) = 0.2 - 0.25 nb is rather large and corresponds to an R value
of R~ 2.0 - 2.5. Thus D* production (if we allow a similar cross
section for D*°) essentially saturates the expected charm quark
production, namely:

Re=3(g+g) (2)

for charmed and bottom quark pairs (assuming the latter primarily
proceed via charm decay). Here, 2 RC =2 x % = 3.33 is expected for
the inclusive charm production R value (both charges and all

charmed mesons and Baryons). (Mark IT and DELCO.)
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Fig. 11 - Experimental A distributions at EC = 29 GeV, for M(K-qt) = MD° +
0.1 GeV/c? and 2 cuts on 2. Mark®fI at PEP.

Fig. 12 - Experimental M(K-r") distribution E__ = 29 GeV for 2 cuts on 2. The
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143-147 MeV, is shown here. Mark II at PEP.
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154

M,.—M,, K37 Mode(Right Sign m,)

0.20 : : l —
L L.
I +
I +
015 |— -
_ +
.
0.10 [— _
F +
L g
L + +
+
005 |- -
i + |
L +* ]
000 s : [ ; . . .
015 0z
M(Dx--DO) Gev
X8l 835-9655
(a)
M,.— M, K37 Mode(Wrong Sign m)
020 0 T T T T T
I
- 3
++ + :
i . i
015 |— —
.
010 |— + i
3 -
2 +
@
g
005 |— —|
N +
| 1
000 N . . ‘ ‘ : i
015 02
M(D#-DO) Gev
XBL 835-9665
(b}
Fig. 14 - Scatter plot i
. . of sin @ vs. & for D° = K-gtg-n+
* . ? T
(DELCO) b*,mg 7+ decay mode.

o(0*) = 0.16 + 0.06 + 0.09 nb from these data.



155

(iii) The D** gives tagged D° events which are used for a D° lifetime
measurement in the Mark II Vertex detector

(iv) The angular distribution and asymmetry of the charged quark distribu-
tion relative to the et direction (so far only results from TASSO are
available, see talk by Yamada at this conference).

The mass constraint A which characterizes D* events, can be expressed
differently as well. The kinetic energy of the bachelor pion “E in the decay
D*+ - ng D° has a kinetic energy of T* = 5.7 MeV in the D* rest system (or a
momentum of p* ~ 40 MeV/c). This 1mp?1es that p is the maximum transverse
momentum g caR have in the laboratory system. 1i.e., Py sin o :Ap: where 0 is
the laboratory angle between the D* direction and the g direction.

This feature was emphasized by the DELCO experiment. In Figures 14 and 15
I show a scatter plot from DELCO of sin o vs. A. Typical Py values are v 400
MeV/c hence all D* events should occur for sin &~ 0.1. As can be noted from
Figures 14a and b this is indeed the case. In the DELCO experiment the Cerenkov
counters were used for K and/or n identification and thus they were able to

separate "right sign " candidates, i.e., w}D° from "wrong sign L events i.e.,

B B
“B-DO' The latter can be considered as a measure of the background.

Furthermore in view of the Cerenkov identifications the DELCO experiment was
also able to study D** candidates with the D° decay mode D° - K‘n'w+n+, see

Figures 15a and b.

The Charmed Quark Fragmentation Function

4]

quark fragmentation function Dg peaks at considerably higher z values then those

The results that emerged from the Mark II experiment are that the heavy
for Tight quarks. The qualitative features are, that just 1ike in the case of

° decay for example, the heavy particlie (proton) carries a large fraction of
the A° momentum. In our case the charmed meson carries off a large fraction of
the charmed quark momentum. This idea has been cast into a quantitative form by
Peterson et al. 5] who suggest the expression:

_ A
Q z[i-1/z - eQ/(1 -2)1? (3)

where A is a normalization constant and &) is a constant characteristic of the
individual quark mass. e 0.25 gives a reasonable fit to the data for charmed
quarks. The results from the DELCO experiment are very similar. See Figures 15,
16 and 17.
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Semileptonic Charm and Bottom Decays

Prompt lepton production in hadronic events from high energy e+e' annihila-
tion provides a tag for the presence of hadrons containing charm (c) or bottom
(b) quarks. The production rates and momentum spectra of such leptons depend on
the semileptonic branching ratios and the momentum spectra of the parent hadrons.
Furthermore the momentum spectra of these hadrons provide information on the
fragmentation properties of c and b quarks. As in the case of charmed quark
fragmentation the b quarks fragment predominantly into high momentum hadrons.

A.  Studies in the Mark II Detector
In the Mark II analysis the total momentum and transverse momentum spectra

of prompt electrons in hadronic events are measured. The transverse momentum p. .t

is measured with respect to the thrust axis defined by all the charged particles
in the event. The hard pi distribution of electrons from bottom decays relative
to charm decays allows one to separate the contributions of b and c quarks to the

prompt electron signal.

The Mark II data, corresponds to an integrated luminosity of 35 pb_l.

The
electron-hadron separation algorithm is based on measurements of the ratio ry =
Ei/p, where Ei is the energy deposition in one cf three groupings, i = 1 - 3, of
layers in the Mark II Liquid Argon-Lead calorimeter. Each of these groupings
combines all layers in the first 8 radiation lengths which have the same strip
orientation. To minimize the effects of neighboring particles, particularly
photons, the energy deposition Ei is taken from a narrow lateral region, comparable
in size to one strip width (v 4 cm), centered about the extrapolated particle
trajectory. The algorithm demands that each value of r and that zri be greater
than an appropriate minimum value. The electron identification efficiency was
determined with electrons from Bhabha events and photon conversions. This

efficiency varies from 78% at 1 GeV/c to 93% at the highest momenta.

The probability, as a function of p and pL , that a hadron will be misidenti-
fied as an electron was determined from: Hadron interactions in the calorimeter
exposed in a pion test beam as well as with pions from the decay ¥ e«2(n+n_)n° in
data from SPEAR. Accidental overlap with nearby photons was estimated from jet
studies. The misidentification probabilities are typically 0.5%, but can be as
large as 3% for a track momentum 1 GeV/c in the core of a jet.

A hidronic event sample was selected by requiring Nch > 5and total detected
energy E— + E° > Ecm/4. There were a total of 10691 such events. To eliminate
real electrons which are not part of the prompt signal, a visual scan was per-
formed to remove a small number of electron candidates arisina fram:
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Fig. 19 - Prompt electron momentum spectra in 4 regions of transverse momentum
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Two sets of error bars are shown for each data point.
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The

The larger ones are the statis-
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Fig. 20 - Differential cross sections for prompt electrons with p > 2 GeV/c:

(a) total momentum and (b) transverse momentum.
bars are shown for each data point as in figure.

Two sets of error
(Mark II)
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° ¢ pair production;

®  beam-gas interactions;

the process e+e- - e+e_ + hadrons;

°  background electrons from photon conversions and Dalitz decays were
removed by a pair finding algorithm, which removes about 70% of the
electrons.

After removal of these backgrounds on an event by event basis, 930 electron
candidates with p > 1 GeV/c remained. These were partitioned into 24 p, pL

Background contributions to each bin from misidentified hadrons, and electron
pairs was calculated. In Figurel8 the observed electron spectra are shown. In
three of the lowest momentum and transverse momentum bins [Figure 18a: p < 3.0
GeV/c and Figure 18b: p < 2.0 GeV/c] backgrounds account for almost 75% of the
observed signal. In the remaining bins, however, the background levels are much
less severe. Excluding these three bins, the background fractions for Figure
19 are 46%, 36%, 30%, and 23% respectively. Figure 20 shows the total momentum
and transverse momentum differential cross sections for prompt electrons with p >
2 GeV/c. Two sets of errors are plotted for each point. The smaller error bars
represent the statistical errors. The larger ones show the quadratic sum of the
statistical and systematic errors. The systematic errors are dominated by the
uncertainty in the hadron misidentification probabilities. The total inclusive
cross section for this sample is 14.4 + 1.6 + 5.2 pb.

A maximum 1ikelihood fit to the observed populations in the various p, p.
bins was performed leaving out the 3 high background bins and accounting for the
signal above background in terms of the following contributions:

(i) Bottom decays in bb events (b primary)
(i) Charm decays in bb events (c secondary)
(iii) Charm decays in cc events (c primary)

To represent contributions (i) - (iii) a Monte Carlo simulation with a Feynman-
Field hadronization model and gluon radiation as incorporated by Ali et al. 6
was performed. The semileptonic electron spectra produced by the heavy meson
decay models in the Monte Carlo agreed satisfactorily with measured spectra from
the DELCO (charm) and CLEO (bottom) experiments.

In the fit €. Was fixed at 0.25 in accordance with the D** results given
above. The remaining parameters were:

° By(b) = (1.6 +2.1 £1.7)% ;

° Be(c) = (6.3 +1.2+2.1}% : and
, N +0.032 ¥ 0.023
ey = 0-030 " o018 - 0014
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The histograms in Figures 18 and 19 show the results of the fit and the relative
contributions of (i) - (iii) to the prompt electron signal in each p, p. bin.

The x2/D.F. of the fit is 14.0/18. Here we must note that the Be(c) and Be(b)
values are averages over charged and neutral branching ratios weighted by the
corresponding experimental production ratios. Thus in the case of charmed
particles, since ot and D° are primarily produced via D*'s and since only the D**
feeds the D+ mesons a D'/D° production ratio of % to % is expected. A different
parameterization was also studied namely the form Za(E—]), which gives qualita-
tively similar results. For either of these parameterizations, the average value

of z, is <z>, = 0.75 + 0.05 + 0.04.

b
B. Studies in the MAC Detector
A very similar analysis was recently performed for semileptonic muon decays
in the MAC detector. Here again the data was divided into P and p. bins (20
bins in all).

For the MAC analysis, chambers covering all of the central hadron calorimeter
and much of the encaps are used, subtending a total solid angle of 77% of 4.

The sample for their analysis consists of 25,000 multihadron events, each
having more than 4 charged prongs and energy deposited in all calorimeters greater
than the beam energy. The sample corresponds to an integrated luminosity of 54
pb'1 at about 29 GeV center-of-mass energy. Within these events, tracks recon-
structed in the drift chambers surrounding the calorimeter constitute muon
candiates. A momentum assignment was made for each of these tracks by extra-
polating it back through the toroidal magnetic field of the calorimeter to the
primary event vertex, taking into account the ionization loss of the particle in
the calorimeter. The momentum resolution was about 30%, mostly due to multiple
scattering.

Discrimination against punch-through was achieved for muon candidates with
p > 2 GeV/c by rejecting tracks:

<]

whose path length through the iron in the calorimeters was less than
about 80 cm (one-third of candidates removed by this cut);

with evidence in the outer drift chamber of more than one particle
having emerged from the calorimeter in the same vicinity (17% of
candidates removed);

with ionization in the outermost calorimeter layer in more than two
adjacent segments (5% of candidates removed);

a few non-hadronic events were removed from the remaining sample by
scanning.

The final sample contained 476 events.
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the best fits obtained with the b fragmentation fixed to a narrow
range of z. The solid curve is the best overall fit. (MAC)

Fig. 23 - The shaded region is the envelope of acceptable b quark fragmentation
functions. The curve represents the Peterson et al. function for
& = 0.008. (MAC)
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A Monte Carlo model was used to find the level of background remaining in
the sample from = and K decays. This was found to be (23 + 1)%.

The punch-through background was determined empirically from hadronic decays
of tau Teptons. From a sample of 1600 tau pair events, roughly 3 muon candidates
in hadronic jets attributable to punch-through were found. Differences between
the energy spectra of tau and multihadron jets were accounted for by taking the
ratio of the energy deposited in the outermost calorimeter layer in the two
samples. From these studies, the punch-through fraction in the inclusive muon
sample was found to be (9 + 7)%.

Figure 21 shows the p. spectrum of the observed muons, along with Monte
Carlo predictions for muons from b and c quarks, and the overall (decay plus
punch-through) background prediction.

The background is concentrated at low values of pr , and is well separated
from the bb predicted spectrum.

Figure 22 shows the momentum spectrum for muons with p. > 1.5 GeV/c, the
regions containing the highest fraction of bb events. The dashed lines illustrate
the effect of fixing the b fragmentation function at particular values of z, and
allowing the ¢ fragmentation function and the semileptonic branching fractions of
both quarks to vary to obtain best fit to the p by p. array. Low values of
<2p> are clearly ruled out. The solid curve is the predicted spectrum for the
best fit, allowing all parameters to vary.

The semimuonic branching ratio for the b quark, averaged over the neutral

and charged B mesons was found to be (15.5 f 2'3). The ¢ fragmentation function
was not determined by the data, with the one-sigma envelope allowing 0.17 <

2> < 0.67. The semimuonic c branching fraction was found to be (7.6 f g';)%,

the large uncertainty being due to the dependence of the branching fraction on
the exact fragmentation function.

If the functional form for fragmentation, suggested by Peterson et a].,s]
was used, they found that ¢, = 0.008 f 8'88;, but with a somewhat worse chi-

squared than for a more sharply peaked function. (See curve in Figure 23.)

3.t and D° Lifetime Measurements in the Mark II Detector.
71 was installed in the Mark II. This is a high
precision drift chamber which allows one to probe decay lengths in the submilli-

Recently a vertex detector

meter region. This device (see Figure 24) has achieved a resolution comparable
to the decay lengths being measured.

It is a relatively short cylindrical drift chamber, 1.2 1m long, with seven
axial layers of drift cells. Four are about 11 cm from the beam 1ine, and three
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of the same event in the vertex detector; (c) extreme close-up of
the same event showing particle trajectories extrapolated to the

vicinity of the interaction point.
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at about 30 cm. To keep multiple scattering to a minimum the chamber has been
built directly around a beryllium beam pipe 0.6% of a radiation length thick.
The beam pipe serves as the inner gas seal for the chamber. The average resolu-
tion per layer in hadronic events is about 100 u.

A study of the measured distance between the two tracks in Bhabha events
after extrapolation to the origin give a distribution of the distance between them
with o ~ 100 u. An integrated luminosity of 20 pb~! was accumulated at ECm =29
GeV with this chamber.

o

t_Lifetime

The 1 lifetime provides a sensitive check of the standard model of weak
interactions. With the assumption that t decay proceeds in direct analogy with
muon decay, and that t neutrino is massless. The tau lifetime can be related to
the muon lifetime, namely:

m

T .(af)s . B {t~»>ew) . (4)
Experimentally B(t +~ evv) = 17.6 + 1.1% , (5)
S0 T = 2.8+ 0.2 x 1013 s . (6)

where the error reflects the uncertainty in the electronic branching ratio.

A number]of models have been considered under which this simple prediction could
:18,9,10
fail 27> -,

Furthermore the tau lifetime would be extended if the tau neutrino were
massive enough so as to significantly 1imit the phase space of the decay.

Tau leptons are pair-produced in et

e~ annihilations, so that each tau has the
beam energy. Thus the 1ifetime can be measured by determining the average decay
length of the taus. At PEP with Ecm =29 GeV, it is expected to be about 700 y.

The decay length can be measured when the tau decays in the three-charged-prong
topology. It is the distance between the production point, i.e., the beam position,

and the position of the decay vertex.

Events are selected in which at lTeast one of the taus has decayed in the
three-charged prongs topology and the total charged of the prongs is zero. The
three particle invariant mass is required to be in the range 0.7< m_ < 1.5

3w
GeV/c2, and tau pairs produced by the two-photon process are rejected. Figure 25
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shows such an event in the Mark II detector.

The rms beam size at PEP is 500 u horizontally and about 50 u vertically.
The average beam position is remarkably stable from one fill to the next. This
was measured by finding the average intersection point for an ensemble of well-
measured tracks. As a cross check, this determination of the beam position was
compared to the vertex position measured in hadronic events. Figure 26 shows that
these methods agree. The width of the Ax distribution is consistent with the
known beam size, and the width of the Ay distribution is consistent with the
vertex resolution, indicating that the beams are stable.

The decay vertex position and its error ellipse are determined from the three
pion trajectories and their associated errors with a chi-square minimization
procedure. Events with a vertex chi-squared per degree of freedom greater than
6 were excluded. The best estimate for the projected decaylength is then given
in terms of the decay vertex position relative to the beam position (xv,yv), the
sum of the beam and vertex error matrices (Oij)’ and the t direction cosines (tx,
ty) by the following expression:

X t + t
. = VyyE 0ty - Oxy Kty - yvtx! (7)
p 2 2
ny tx + Oxxty Zoxy txty

The tau direction is well approximated by the direction of the 3w system. Then
the decay length is:

P

% s (8)
Z P
p3ﬂ

where Eén is the total momentum of the three pion system.

Figure 27 shows the calculated error in the decaylength, which depends on the
opening angles and orientation of the decay, the tracking errors, and the beam

size.

The measured decay lengths are shown in Figure 28, where only those events
with decaylength errors less than 1.5 mm are included. The mean of the distribu-
tion is obviously positive and its shape is asymmetric. The distribution is
fitted with a maximum likelihood technique which takes the decaylength error into
account event-by-event. The fitting function is the convolution of the Gaussian
decay length error with an exponential decay distribution. The average decay
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length is 710 + 120 w.

After correction for hadron contamination and initial state radiation, this
yields: < =3.31 + 0.57 + 0.60 x 10-13 s, where the first error is the statisti-
cal error and the second is the systematic. The measurement is compared to the
other measurements which have appeared in the literature in Table I. The number
of decays studied and the average decay length error are also shown for comparison.

Table I
1 _Lepton Lifetime Measurements.

Average Decay

Experiments Number of Length Error v (10-13 )
Decays {mm) T

TASSO 599 10 0.8+ 2.2

MARK 11 126 4 4.6 +1.9

MAC 280 4 4.1 +1.241.1
3.9

CELLO 78 6 4.7 i—2.9

MARK 11

Vertex Detector 7 0.9 3.31 + .57 + .60

Theory

(Universal coupling strength) 2.8 +0.2

A11 of the measurements are consistent with the expected lifetime. The
present experiment confirms that the tau couples to the charged weak current with
universal strength within the errors,

gT/ge = 0.92 + 0.086 + 0.090 . (9)

If one assumes that the coupling has the universal strength, one can set a limit
on the mass of the tau neutrino. Figure 29 shows how the lifetime varies as a
function of the tau neutrino mass]]] along with the 90% confidence level upper
limit set by this measurement. One finds m, < 0.49 GeV/c2, which is compatible
with the 0.25 GeV/c2 1imit deduced earlier ffom the shape of the decay lepton
spectrum]z].
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°  D° Lifetime

13] reported at the Paris conference, charmed meson lifetimes seem
to be stablizing as follows: The D° lifetime is about 4 x 10713 s, about half
the D* 1ifetime of 9 x 10-13 s,

As Kalmus

The D° lifetime was measured with the Mark II vertex detector using a sample
of D°'s which had been cleanly identified by the main tracking chamber. At the
moment  the main virtue of this measurement is that it is subject to very
different systematic errors from the earlier measurements. Like the other,
measurements however it also suffers from lTow statistics. An integrated Tuminosi-
ty of 17 pb-! gave seven well-measured D° decays.

The clean event sample comes about by selecting D°'s from D* decays. For
the lifetime analysis below, events with 2 > 0.6 were selected. They seem to be
essentially free of background. The high momentum cut also makes it unlikely that
these D*'s have originated from B decays.

The decay vertex is determined by vertexing the K and = from the D°. The
decay length is then determined with the same technique used in the tau analysis
above. The average decay length is about 500 u, and the average vertex error
about 700 p. Figure 30 shows each of the 7 measurements with its error. A
similar maximum likelihood fit as for the t above gives a D° lifetime of

oo

tpo = 27+ 5T 410 x10-3s (10)

This result is in agreement with the current world average.

o

Limits on the B Meson Lifetime

If their decays were not suppressed, the hadrons containing the b quark
would be expected to decay with a lifetime

g, (Mu L1=1015s . (1)
My 9

The (qualitative) factor 9 comes from the number of available final states. The
B meson lifetime is expected to be longer, however, since the decay is suppressed
by the presumably small mixing between the second and third quark generations.
The B meson Tifetime thus gives a measure of the quark mixing, at least if one
assumes universal weak coupling strength]4].
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Two experiments have obtained upper limits for the B lifetime by measuring
the average impact parameter of energetic muons. Events are selected which have
high mass jets and an identified high-momentum muon as discussed above. Using
the thrust axis as an estimate of the B meson direction, a signed impact para-
meter can be determined from the lepton trajectory and the known beam position.

The upper 1limits obtained are as follows: The JADE experiment finds g <
1.4 x 10712 5 and the MAC experiment finds g < 3.7 x 10~12 g, both limits at the
95% confidence level. Thus there is as yet no evidence for a B lifetime accessi-
ble to current measurements. A Mark II measurement is in progress on the electron
tagged events discussed above. When completed, this should have a sensitivity of
3 x 10-13 sec.

4. Electro Weak Interference Effects.

As shown in Yamada's talk at this conference the results from the five PETRA
Groups: TASSO, JADE, MARK J, CELLO, and PLUTO make a very convincing case for
Electro-Weak interference. In this respect the higher energy available at PETRA,
mainly 34 GeV, compared to the energy at PEP, 29 GeV, helps. Tables II and III
show the corresponding results. Here we must note that Mark II uses a more

limited interval in coso viz. |cosal < 0.7 while MAC uses nearly full coso
range. Figures 31 to 34 show the relevant angular distributions.

The above experiments compared their data to the QED calculation with o3
corrections according to Behrend and K]eiss,]5

TABLE II

The Data Sets
Electro-Weak Interference Effects

Luminosity Number of Bkgrnd. %

Detector Particles pb-1 Events
Mark II
lCOS OI < 0.7 HH 50.0 2703 2.4

1T 46.6 1607 14.8

ee 50.0 40,989 0.06
MAC
fcosol < 0.94 nu 40.0 3067 4.2

ee 40.0
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Fig. 31 - Angular distribution for pu pairs. Solid curve is fit to data.
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Fig. 32 - Angular distribution for t pairs. Solid curve is fit to data.
Asym = (-4.1 + 2.7)%. Dotted curve is QED with a3 correction.

(MARK 11)
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Fig. 34 - (a) Angular distribution for Bhabha scattering. (b) Ratio of
experimental to QED distributions. Curve corresponds to fit with
sinzow as given.
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TABLE III
Results From Electroweak Interference Effects.

Results Mark II MAC

959, 0.25 + 0.11 + 0.02 0.31 + 0.08
939, 0.23 + 0.15 + 0.02

9’ 0.03 + 0.05 + 0.03

sinZo, 0.22 + 0.06 0.24 + 0.085
95 (all) 0.22 # 0.07 # 0.02

5. Searches for New and "Peculiar Particles."
Many searches which have been made for new particles have been presented at

the 1982 Paris conference or have been published earlier. Here I will only
touch on a few new or augmented results.

° Study of upy and puyy Events
In a search for e'e” » y*y and ete” » wH*u™* the MAC Group has presented

m(uy) and cos@ distributions, see Figures 35 to 37. The conclusion from these
measurements is that the results are consistent with 3rd and 4th order QED (the
curves in the figures). It is interesting to note that due to interference

between initial and final state radiation effects purely QED processes give rise
to very considerably asymmetries in the w angular distributions. Figure 37
shows a plot of Mu'y versus Muty for the uuyy events. There w*u* production would
show up as an enhancement along the 45° axis of this figure. The dotted lines
show the experimental uncertainty in this region. This places a limit on
o(u*u*)/o(pn) < 2 x 10-3 for 2 < Muy*< 14 GeV/c? at the 90% CL.

° Search for efe” > ¥ + x and efe” > T + x.

A search for ¥ and T production via decays into lepton pairs was made in the
Mark II detector. Thisis based on a total luminosity of 35 pb-1 yielding 6276
hadron events which were restricted to have their thrust axis within |coso] <
0.7. Lepton pairs were selected as follows:
° At least one lepton had p > 1 GeV/c relative to the thrust axis;
° Both lepton have momenta ranging between 1.4 - 11 GeV/c;
° Only pairs of ee or uu were accepted.

With these criteria the efficiency for v detection is estimated at 1.5%.
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35 - (a) The m(uy) distribution for the uuy final state (282 events)

The solid curve is the o3 order QED prediction. (b) Distribution
of m(uy) for the puyy final state (21 events). The curve is the

o QED calculation. (MAC)

36 - (a) Polar angle distribution of muons for the uwg final state

Asym = (-21.6 + 4.1)%. The solid curve is the a3 order QED
prediction Asym(QED) = (-21.1 + 1.3)%. (b) Muon angular distribution
for the wuyy final state Asym = (-38 + 14)%. The curve is the a*
order QED calculation Asym(QED) = (-36.6 + 4.8)%. (MAC)

37 - Scatter plot of the invariant masses of u*y and u y combinations

for the uuyy final state. Dashed 1ines indicate a range of two
?tan?ard deviations of the uy mass resolution about the 45° line.
MAC

38 - Search for ete” + ¥ + x and ete” + T + x at Ecn = 29 GeV.  (Mark I1)

The shaded events correspond to the expected invariant mass distribu-
tion from a Monte Carlo calculation with 5 quark flavors. The dotted
curve is the v signal expected from the “non-perturbative model."
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Perturbative QCD calculations give levels ~ 10-3 to 10-* of o(up) for

o(ete™ » v + x) which are too small to observe with present statistics. However

some non-perturbative mode1s]6] suggest

o(ee + ¥x) = 101 o(uu) = 10pb . (12)

A study of uu and ee pairs in haadronic events yielded the data in Figure 38 for
both v and T(9.4) region. Also shown is the v signal expected on the above non-
perturbative model. No candidates were found which places a 90% CL upper limit
on o(ee ~ v + x) < 4.4 pb, and o(ee ~ T + x) < 4.7 pb. This same search corre-
sponds to a sample of 940 bb decays. The flavor changing neutral currents in b
decay for M(2*2”) > 1.6 GeV gives the limit Br(b + 2*27x) < 0.8%. Furthermore

a limit Br(b -~ v + x) < 4.9% at the 90% CL is also obtained. However in the
latter case we heard of the observation of such a decay mode by the CLEO Group
presented by Thorndyke at this conference. They find Br(b »~ ¥ + x) = (0.64 +
0.23)%.

6. Particle Identification with the TPC.
So far the TPC Group have analyzed 5 pb-1 of PEP data and some early results

are shown herewith.

° The dE/dx Capability.
Figure 39a shows the dE/dx measurements on a single cosmic ray muon as seen

in some 180 wires.

Note the high pulses due to the Landau fluctuations! Figure 39b gives the
corresponding pulse height distribution and shows the location of the pulse
height cutoff at the 65% level. This still leaves signals from 167 wires and
yields the "truncated mean dE/dx" value.

Figure 40 gives this truncated dE/dx distribution vs. momentum for hadronic
events and Figure 41 gives corresponding Monte Carlo results. Pions, kaons,
protons, and electrons are clearly separated below the minimum ionizing region.
As an example, Figure 42 gives the dE/dx ratio to that for pions for 0.45< p<
0.74 GeV/c. Figure 43 gives the corresponding results for 2.7 < p < 4.1 GeV/c
and shows partial K,p separation in the relativistic rise region.

Figure 44 gives the w, K, and p fractional distributions obtained from the
above.

Finally the TPC Group presented a prompt u rate in hadronic events. Figure
45 shows their results compared with results from several PETRA Groups. For
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Fig. 39 - (a) dE/dx measurements on a single cosmic ray muon. Up to 180

individual dE/dx measurements are made on the track. (b) The
corresponding pulse height distribution. The truncated mean
value is determined by a cut selecting the lowest 65% of the
signals. (TPC)

Fig. 40 - Truncated mean dE/dx distributions for particles from hadronic

events at PEP. (TPC)

Fig. 41 - Monte Carlo calculations of truncated mean dE/dx distributions

for the TPC running conditions at PEP.
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for _Qu > 2 GeV/c. Also shown is the expected rate from Monte Carlo calculation
with and without the presence of a top quark at the PEP energy (29 GeV).
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RECENT RESULTS FROM PETRA
ON
QED, ELECTRO-WEAK INTERACTIONS
AND
NEW PARTICLE SEARCH

Sakue Yamada*
LICEPP, Faculty of Science
University of Tokyo, Bunkyo-ku, Tokyo

Recent PETRA results on QED, electro-weak interactions and new particle
searches are reviewed. Pure QED reactions are studied and the validity of QED is
tested at s~ 1200 GeV2. Effects of electro-weak interaction are observed. They
are consistent with the standard model predictions. There is no evidence found
for new particles including topponium, supersymmetric particles, heavy leptons,
excited leptons and fundamental scalar particles.
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Introduction

PETRA was operated mostly around Vs = 34.5 GeV in the past year. Since the
beginning of PETRA, an integrated luminosity of approximately 80 pb'1
mulated at each interaction region. The weighted average energy is about 34.5 GeV.
After the energy increase in Summer 1982, a high energy scanning for topponium
was performed above 38 GeV.

A large number of results have been published or reported at conferences
from the five experiments: CELLO, JADE, MARK-J, PLUTO and TASSO. In this report,
recent results of these experiments are reviewed on QED, electro-weak interactions
and new particle searches. Although detailed description of analyses are not in-
cluded in this summary, they can be found in the original references.

has been accu-

Topics covered here are the following.
1) QED and electro-weak interactions

+ -
ee-+yy
+ -
>ee
+ - + -
FTHULTT
Rhad
charm quark tagging by D* detection

2) Search for new particles

topponium

super-symmetric leptons
excited leptons

heavy leptons

charged Higg's or technipions

The Study of QED and Electro-Weak Interactions
¥ -
ee vy

This reaction is a pure QED process. The validity of the theory can be

evaluated by a cut off parameter, A, as f0110w51):

2 2 2
do _ & 1;’(2 [135—“(1 —xz)J, X = c0sf (1)
- X 2N,
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Exact QED corresponds to A = =, The

010

0.05

do/d [nb/sterad]

i}

JADE differential cross section from re-
ee — vy cent JADE results is shown in Fig.1a
‘: g;gﬁﬁ:vv The agreement between the data and

o I5=3460e the QED predictions is very good.

For the value of A, the 95% C.L.

J lower 1imit is about 60 GeV. Limits
on the cut off parameters from all
the experiments are summarized in
Table 1.

0.0

Fig.1:
of the

025 0.75 1.0

CDSG 35586

The differential cross section
reaction e*e~ -+ yy for c.m.

energies 14.0, 22.0 and 34.6 GeV. The
lines show the lowest order QED

expectations.
Table 1
95% C.L. lower limits on the cut off parameters, A,,
for ete™ > yy in GeV -
ceLLo®) Jnpe?) mark-0%) | Tasso®) | pLuTo®)
A, 59 61 58 42 46
A a7 57 34 36

The radiative correction is given by the formula

where §

(P = @, (1+9) (2)

is the correction which depends on the beam energy, scattering angle and

event selection criteria such as the energy threshold for detection and the
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Fig.2: The acollinearity angle distri- Fig.3: The photon energy distribution
ution of the photons. The histogram is normalized by the beam energy for
the o® QED prediction. e*e™ » yyy events. The histogram is the
a® QED expectation.

acollinearity angle. It is usually calculated by taking into account processes
of the order o® 7). A similar correction is applied to the small angle Bhabha
scatteringg’g), which is used to obtain luminosity. For the conditions of the
PETRA experiments, the correction amounts to the order of + 10%. In order to
examine the validity of the radiative correction, it is necessary to study
effects of higher order processes. They were tested by some groups. Fig.2 shows
the acollinearity distribution of yy measured by CELLO. JADE analysed yyy anni-
hilation events and various features were studied. The energy distribution of
the produced photons is shown in Fig.3. Both results demonstrate good agreement
between data and o® predictions.

+ - + =
ee —»-ee

Test of QED for the Bhabha scattering used to be done in terms of cut off
parameters defined by the formula

- 2 2
8- 5 [ e i - B ko) rs) « ) P @)
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F(s) = 1a g > Fyl®) = 15 = (4)

¥

High statistics data is available now at high energies. The differential

cross section measured by TASSO is shown in Fig.410)

. The data is consistent

with A, ==, and 95% C.L. limits are given to A, as

A_ > 251 GeV, A

+

> 150 GeV.

The 1imit on A_ is larger than on A,. This tendency is seen in the data of other

. 2
experiments

). It might be an effect of the weak interaction, which could cause

a small deviation from the QED cross section at 34 GeV.
Bhabha scattering cross section is modified in the electro-weak theory as

).

follows ' ’:
T
o' ——— o TASSO
ereT=ete”
® W=140GeV
4 W=220GeV
¢ W=3L40eV
10°
5
o
5
a
o
=
o
oo
10!
10-2 1 1 1 1 1 1 1
-08 -06 04 -02 0 02 04 06 08
COSe 34070
Fig.4: The differential cross section

of Bhabha scattering at 12, 22 and
34 GeV. The curves are predictions of
Towest order QED.

43 0+ (ggper® +

(1-cos0)? {1 + (gg-g3)x}% +

%—(1+C058)2 {(1 + %-+ (gv+gA)2 .
(F e (1+ 3+ (97907 -
e+ 2] (5)
2 2
(G s - GM7 s (6)
2v/2m0. €:Mi 2V/2m0 s-M2

JA

g and x are the measures of the weak
effect including the Fermi coupling
constant and the z° propagator. They

are non-negligible at PETRA energies.
For instance, at S = 1200 GeVZ, x=-0.25
for MZO = 90 GeV. 9 and gy are the

electron axial vector and vector weak charge. In the standard model, which is

successful in many aspects12)
1

, they are expressed to be

Iy =7 (-1 + 8sinzg,) 9 = - % (7)
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For sinzew = 0.22913), 9y almost vanishes. Expected deviations from lowest order
QED are shown in Fig.5 for various values of sinzew. The cross section becomes
smallest for sinzew = 0.25, where 9y = 0. Data from each experiment is compared
with the QED and electro-weak predictions in Fig.6221021%:15) A1though both pre-
dictions are consistent with data, a better fit is obtained for electro-weak

predictions.

e*e-_, e" e Higher order QED was also examined
for Bhabha scattering. The acoplanarit
%g=g—g°ﬂ’(lo§w) . . . 10? P 4
o, angle distribution and the photon
6'0' sin? =055 spectrum of eey events?) are shown in
“; Fig.7 and 8, respectively. In both cases
good agreement with a® QED is observed.
in?8,,=001
o sin W
-5 sinzaw=0,25 e+e-+ u+u-
-08 _dL o 0; 68 At the present PETRA energy this
s 8 reaction shows the cleanest electro-

asree weak effect among many reactions. The
Fig.5: Expected deviation of the differential cross section is written
Bhabha scattering cross section from

QED due to electro-weak interaction
at /S = 35 GeV. The curves corres-
pond to different values of sinZe,.

as16

2
© - %g [(1 + cos26) {1 + Zg\e}gvx + (gng + g:gx)zxz}
e
+ 0SB (4gAgKX + 393959;92X2)] (8)

In the standard model with sinzew = 0.229, one expects only a small effect of Z0
in the total cross section, where the interference term vanishes and the pure
weak contribution is not large enough at PETRA energies. The ratio, R , of the
total cross section to the QED expectation is shown in Fig.917). Onlyugtatistica1
errors are shown in the figure. Systematic errors of the absolute normalization
are between 3 and 5%, depending on the experiment. The ratio is consistent with
1.0.

Clean deviation from QED is observed in the forward backward (F/B) asymmetry
of the muon angular distribution:
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the reaction ete” - ete”.
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The ratio of the differential cross section to the QED prediction for
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The acoplanarity angle distri-
bution for the reaction ete~ - ete”., The
histogram is the a® QED prediction. For
the curves see the text for the scalar

search.
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Fig.8:

The curves are expectations of electro-weak interaction.
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The photon spectrum normalized

y the beam energy for the reaction
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a® QED prediction®/.

gistogram is the
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Fig.9: The ratio of the total cross section to the QED
prediction for ete~ - p*tu~. The line at Ryp =1 is the
QED expectation and also the electro-weak interaction
with gy = 0, gp = 1/2. The broken lines show the expec-
ted deviations for the given cut off parameters, which
are defined similarly as (4) for ete™ » ptu~.

A = (F-B)/(F+B)
(9)

3
=7 gf\gﬁ X

For gg = gK = - % and MZo = 90 GeV, the expected asymmetry is -9.4% at
34.5 GeV.

Recent results of the muon angle distribution are shown in Fig.1017’18).
Nice agreement between the observation and the electro-weak interaction pre-
diction 1is seen. Each group made a careful study of systematics of the detector
and the analysis. Systematic errors on the charge asymmetry are less than 1%.
Estimated asymmetry values for the full angle range |cos®| < 1.0 are summarized
in Table 2. The average of all observation is (-11.3 + 1.3)%. The data has been
corrected for the asymmetry due to the pure o® QED processes, which amounts to
a few %. Higher order corrections which involve both QED and weak interaction

have not been made.

The energy dependence of the muon asymmetry is shown in Fig.11. The data are
compared with the expectations of different Z° masses. By fitting all the PETRA
data to the formula

- . 1078 g8gH _S e_ .y _ _1
Auu = 2.7 10 gAgA W s gA = gA ST 7 (10)
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TABLE 2
Summary of the muon forward backward asymmetry17’18’19’20’21)
/S (GeV) Asymmetry + st. err. + (sys.err.)(%)

CELLO 34.2 -6.4 +6.4

JADE 34.5 -11.6 + 1.9+ (1)

MARK-J 34.6 1.7 £1.7 £ (1)

PLUTO 34.7 -12.0 £+ 3.2 + (1)

TASSO 34.5 - 9.1 +2.3¢ (0.5

average 34.5 -11.3 + 1.3

' ' L | 1 t

QED.Weak |
(fit)

0.4

02~ Vs =344 GeV 7
1 | 1 I 1 ]
-08 -04 0 0.4 08
cos ¥

35376

04 |

QED+Weak
02 | (fit) -
0 1 " 1 1 1 1
-08 -04 0 +0.4 +08
cos

Fig.10: The muon angle distri-
Bution for the reaction

ete” » ptu=. The solid Tines
are fits to a(1+cos26+ b coss)
and the broken lines to
a'(1+cos20).
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A — 95% C.L. Timits on the z° mass
g e —pp . .
0.0l v CELLO 4 TASSO is obtained as 55 < Mso <
o JADE - x MARKI 110 GeV
005 ¢ MARKJ = MARKI :

v PLWUTO + MAC

Detailed investigations

-005 are also done for radiative

-010b corrections on p-pair annihi-

o lation. The acollinearity
) distribution and the photon

energy distribution for ppy

S(Gev2) 45780 events are studied by MARK-J

and JADE, respectively. They
Fig.11: The s dependence of the muon F/B : _
asymmetry. The curves show the expectations are compared with the QED pre
by the equation (10) for different ZO masses. dictions in Fig.12 and 13. They

agree well. Higher order QED
corrections to the F/B asymmetry has been tested by these groups. o® QED contri-
butes to the F/B asymmetry in two different ways. One is an interference of the
lTowest order process and the box diagram in ete” + u+u-, and the other is an
interference of the initial state radiation and the final state radiation in
ete” » uuy. They contribute oppositely to the asymmetry and both effects are
mixed in the data with a certain ratio, depending on the selection criteria of the
eventszz). The MARK-J group studied the F/B asymmetry as a function of the colline-

19)

arity angle between the muons ~’. The expected asymmetry is calculated by the pro-

gram of Berends, Kleiss and Jadach with and without the weak effect23). They are

Acollinearity distribution
for yy candidates with Bnax™ 05 Poeam

dN . Normalysed photon energy distribution
—— b e e — I
dE oy JADE
1000 - Evoos 3 106
E 60 My, 3 1268
— o3eED
w
100 3 3 w0
E E 3
5
| J [
1 QED _ 5 20
0 3 s
1 .
0 20° 40° 60° 80° 0 0s 10
. . Ey/Ep ssare
acollinearity angle § ssr0e
Fig.12: The acollinearity angle Fig.13: The normalized hard photon
distribution of ete~ + ptyu~. energy distribution for the reaction

ete™ > utuTy.
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shown in Fig.14. Different contributions from pure QED in two regions (£=0, £>0)
are clearly seen. When the weak effect is included, the asymmetry value decrea-
ses about 10% for the small £ region, but less for the large £ region. It is
understood if one considers that the effective p-pair energy is lower for the
larger &, since initial radiation emits higher energy. Observed data are compared
with the prediction including the experimental resolution in Fig.15. The
agreement is good within statistics. When this higher order correction is made
to the MARK-J data, the asymmetry is enhanced by (0.6‘v0.7)%19).
;/0. L collinear 'y’ VS = 346 GeV
b Fig.14: The acollinearity angle
s U ):ji+ >~*4< deperidence of the muon F/B
S e acoinear i $EELTY hich are expected yher

0 H . cluded. The two cases are shown:
a) pure QED and b) QED + Weak.

——ao
_]0 .
i ]
=15 th F}W T QED +Weak (GSW)
00 * * - - 55 '00 ]5. 20.
acollinearity angle § 38370
A(E)
o . . . .
f Fig.15: The acollinearity
S MARK ] angle dependence of the muon F/B
asymmetry. The histogram is the
0 expectation of higher order effects
including both «® QED and higher
. order electro-weak processes 23).
-10
] Similar examination of the
-15 |- — QED +Weak
(including detector QED asymmetry was done by t?g)
resolution) JADE group using puy events °/.
0 - go 6. 15° 20° Since large angle photons above
acollinearity angle £ assnn 1 GeV are required to be detected,

the interference effect is more
enhanced than in the case of the
MARK-J study, where radiation goes mainly into the beam pipe. The muon angle
distribution for these events with EY > % Eb is shown in Fig.16. The F/B
asymmetry is plotted as a function of the photon energy in Fig.17 together with
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the QED and the higher order electroweak expectation523). The data agrees with
the both expectations within statistics.

u Asymmetry as a function of EY/Eb

(W) =34.2CeV
Angular Distribution of muons in pyy A JADE
JADE 00 [
8 keTEp
A=-039:008 -01 | ]
{ Agener=-034*0006) b oo
go0f ( Ageowe=-04£0008) -02 | =
S OED I
F 3F 1 -
g Lo L] R
5 04 14+¢ [
S QED T b
=4 sweak
-05
20;+
-06
-1 — 0 1 00 02 04 06 08 10
cos eﬁ€. Coseu-e- ss78s Ey/Eb 35784
Fig.16: The muon angle distribution Fig.17: The muon F/B asymmetry plotted
for the reaction e*e~ -+ upy. The as a function of the photon enerty nor-
histogram is the expectation of o’ malized by the beam energy for
QED22 . ete~ - puy. The histograms are the

expectation of QED and higher order
electro-weak calculation23).

+ - + -
ee > T T

Similar electro-weak effects appear in this reaction 1ike the muon
production. The results are summarized in Fig.18 and Table 318’19’20’24).
The averaged asymmetry of all the experiments is

<A_> = (-7.6 £ 2.3)%
TT

at the mean energy of 34.5 GeV. The data agrees with the standard model pre-
dictions.
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Table 3

The forward backward asymmetry of ee” » t'1~
in %; only statistical errors are given.

CELLO JADE MARK-J TASSO

AT'I.’ -10.3 + 5.2 -7.9 + 4.0 -7.8 + 4.0 -5.6 + 4.5

‘5.0_...|I|||||||||[|lll

'5AobltllllIl-lllllllll’l_ P TASSO
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Fig.18: The angle distribution of © for ete™> <*1".

By comparing the muon asymmetry and the tau asymmetry, the universality of 9
can be tested.

|
|

_:J>
g

= 1.49 £ 0.32

7]

9 T
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Using the value of gg, which is obtained by the ve scattering data combined

with the e'e” colliding experiments datazs),

gf\ = -0.52 + 0.02(stat) % 0.02(syst),

we obtain from (10) for M,, = 90 GeV,

gh = -0.56 £ 0.07
and g; = -0.38 + 0.12.

These values are consistent with the universality and they are all consistent
with -0.5, which is expected in the standard model.

A new feature which can be studied for e'e” - t*t~ is the measurement of
the T polarization. It is possible because the momentum spectrum of the decay
product depends on the t po1arization26). At the PETRA energies the T polarization

is approximately expressed as

2c0s0
P(8) = 2x (obg; + gugs ). (11)
T VeA v 1+c0s 6

The formula contains new combinations of coupling constants. The CELLO group
made the first attempt to measure the polarization by analysing the

TPV, TV, VY, HVV decays27 . Fig.19 shows the momentum distributions of p, =,
e and p after the background subtraction. The difference of the polarization in
the forward hemisphere and the backward hemisphere gives the contribution from
the second term of the equation (11). Their result is

5 (Pe - Pp) = (12 22)%.

Combined with the value of g;, gg is -0.05 + 1.4. Although the error is still
large, the value is consistent with the universality and the standard model.

; . - - + - -
Combined analysis of ete™> e'e” and e'e” » u+u

Assuming the universality, the data of e'e” ~e'e” and e'e” u+u' are
combined to estimate the values of 9 and 9y- The 95% C.L. contour for (gv, gA)

which is obtained by each experiment, is presented in Fig.202’14’19’20) together
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Fig.19: The laboratory momentum spectra of p, m, e and p from t decay after
background subtraction. The solid 1ines show the expectation for no pola-
rization. The dashed 1ines are for +100% polarization.

with the ve scattering result. The simulataneously allowed region of all the

experiments is consistent with the standard model prediction with sinzew = 0.23.

Test of larger gauge groups

Since the data is well described by the GSW standard model, one can put
a limit on the existence of the extra vector current which appears in the

extended gauge group SU(2)L X U(1) X GZS). For such groups the vector coupling
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is modified as
g 2,42
=7 (1-4sin 6, +4c (12)

by assuming the universality. The effect of the additional term can be tested
only in the ee” interactions. Limits on the value of C (95% C.L.) are listed

in Table 42’14’19’20).
Table 4
------- CELLO
— JADE 95% C.L. limits on the existence
-~ MARK J of an extra vector coupling, c
--- TASSO
g oo ImT T
A H g e s el 1
08| g5%cL. contou ] CELLO 0.031
08 " ] JADE 0.031
04t MARK-J 0.025
02 TASSO 0.012
0
-02
-04}
-06}
-08f
|

- P S T Y L n 1 "
-1 -08 -06-04-02 0 02 04 06 08 1
9y

35782

.20: The contours of the 95% C.L.

1m1t for (gv,g ) obta1ned by the
comb1ned fits to e+e -+ e*e” and
ete™ » ptyu”.

Electro-weak Effects in the Hadron Production

In the quark parton picture, the multihadron production is an analogue

of the muon pair annihilation. When the differences of the electric charge,
the weak charge, the colour factor and the QCD correction are taken into account,
the total cross section can be written similar to the muon productionzg. The
expected weak effect in the standard model is shown in Fig.2! as a function of
sinzew. The deviation is minute at the PETRA energiesé)Precise g$?surements

s MARK-J and TASSO
Since dominant errors are systematic errors, they were extensively studied and

of the hadronic cross section were performed by JADE 32).

reduced to the level of 3~6%. The results are shown in Fig.22. Fits are made
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to the data in the context of
the standard model. The
11 values of sinzew, which give
the best fit, are listed in
1.0 r_ — Table 6. They are consistent
with the values obtained
Vs =14GeV by the measurements of the
V5=35GeV pure lepton interactions.

RQCD +WEAK
Raco

Q9

[ 1
0 025 05 0.75 It is interesting to

sin? Ty ss3s0 study the weak coupling
constant of each quark

Fig.21: Expected deviation of the hadron total flavour. Charm quark tag-
cross section from the one photon process cross . .
section due to the electro-weak effect as a ging was tried by TASSO by
function of sinZp,. detecting the D* mesons

in the hadron final state533).

Table 5 The D* identification was

) done by observing the small
?#agﬁea:galggﬁgnmg325 coupling constants mass difference of the Kmm

and Km system34). The ob-

served D* angular distri-
q,1 9 9y bution shows a forward
backward asymmetry as shown
u, C % % (1—% sinzew) in Fig.23. Since the D* has
a hard fragmentation func-
d,s.b | - % % (-1 + %—sinzew) tion, it may well reflect
the original C quark
1 1 2 direction. A fit to the data
&M | -7 7 (-1 + 4sin%e,) is made with the formula

N(1 + acost + cosze). It

gives the extrapolated
asymmetry for |cosé| < 1.0,

Apx = -0.28 + 0.13.

The equation (10) is modified for fractionally charged quarks in such a way
that the r.h.s. is devided by the quark electric charge. The TASSO group per-
formed the first measurement of gg by combining the D* asymmetry with the value
of g:, which is estimated from all the muon asymmetry data of the PETRA experiments
assuming the universality, thus
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Fig.22: The ratio, R, of the hadron
total cross section to the pointlike
muon pair cross section is shown as
a function of the total energy. The
second error is the systematic nor-
malization error. The solid curves
present the expectations by the
standard mode]l for the indicated
values of sin26w with the QCD correc-
tion. The broken line is the pre-
diction of the simple quark parton
model without the QCD correction and
the weak contribution.

35+
of - o = -0.49 1 0.23,
3_0£mgpl <R> =386 * 0.05022 ]
0 10 20 30 40 e2 u2
Vs (GeV) | 9 =9 - 0.30 + 0.04,
[ 1 1 1 1 J
R E17\S§5 4} T +iiifﬁj/.
] c
[ 038 = 0.89 + 0.44.
4.0_ | L i — 23] gA T
P ¢ 5%
35~ // 5 The result agrees with the standard
—rd 4 . .
[ 7 _ model prediction,
L Paror  <R>=401¢ 003+ 0.20 |
30 L o 1 o
0 10 20 30 40 gC =1
VS (GeV) 5378 AT 2"
Table 6
sinzew values obtained by fitting R
JADE: 0.23 + 0.05 o = 0.20 + 0.08 at /s = 30 GeV
MARK-J: 0.41 + 0-12 o, = 0.17 fixed
e - 0.15 S :
TASSO: =.40 + 0.15 + 0.02 og = 0.18 fixed
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Fig.23: The angular distri-
bution of D* in the reaction
ete” » D*t 4 x,

The solid Tine shows the
best fit, from which the
extrapolated asymmetry of

-0.28 + 0.13 is obtained for
|cose| < 1.0.

Events

35245

Search for New Particles

Topponium

Much effort has been made at PETRA to search for the top quark, which makes
the third generation doublet with the b-quark35). Both the open top production
and the topponium formation were searched for up to 36.72 GeV by 198136); After
the energy increase of PETRA in Summer 1982, energy scanning for the ground
state topponium was performed between 37.94 and 38.63 GeV. The results from
JADE, MARK-J and TASSO are shown in Fig.2437). There is no evidence for a
narrow resonance observed. The combined data gives the upper 1imit (90% C.L.)
on the Tee Bhad to be 0.8 keV, which is significantly smaller than~4 keV which
is expected for the Q = 2/3 topponium ground state.

There is no evidence for broad or spherical events, which are expected
from the open top, up to the highest scanned energy.

The search will be continued by further increasing the PETRA energy in
Spring 1983. There is a good reason to believe that the top quark exists.
Some models assume that the bottom quark is a left- and right-handed singlet
and the top quark does not exist. In such models the bottom quark may decay by
the flavour changing neutral current. The branching ratio of the b - u+u'X
decay is predicted to be larger than 1%. Dimuon inclusive events were searched
for by the MARK-J group and no evidence was found. They got the 95% C.L. limit
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Fig.24: The results of the narrow resonance search by the energy scanning
etween 37.94 and 38.63 GeV. The combined data of the three experiments sets
90% C.L. upper 1imit on the FeeBhad to be 0.8 keV.

of 0.7% on the branching ratio, which excludes the five quark models with the
weak singlet bottom quark.

Supersymmetric Particles

Supersymmetric mode1s3g)

anticipate scalar partners to all the fermions
and fermion partners to all the bosons. There are models which give different
mass scales but there are not any definite predictions. Much work is left to
experimental investigations. Scalar leptons and heavy photinos (spin 1/2

partner of the photon) were searched at PETRA.

The scalar Tepton search was done under the assumptions that the two types
of scalar lepton, S and t1, which correspond to the left handed and the right
handed lepton, have the same mass and that they are pair produced and decay
into leptons of the same lepton number and unobservable massless photinos.

The cross section is given for (se + te) by
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do _ o8 4K
® T B [1 00— 2} (13)

1-2Bcos6 + B

where K = 1 is assumed. The formula gives the cross section for (Su + tu) and
(s, +t), if K= 040,

The way the scalar leptons show up depends on their masses. When they are
1ight and their decay products satisfy the lepton pair selection conditions,
e.g. on the momenta and the acollinearity angle, they increase the cross sections
of the corresponding lepton reactions such as e'e” ~ e*e” and e'e” » p*u™. If
their masses are heavy, the decay products do not satisfy the cuts for the two
body reactions because of the large missing momentum and energy. However, they
can be detected by examining the acoplanarity angle or the acoplanarity angle
of the final state leptons. As we have seen in the beginning of this report,
the observed distribution of these angles are well explained by a® QED. Further-
more, the QED background with hard photons can be removed by requiring that
there is nothing detected in the recoil direction of the acoplanar lepton pair.
This Tast method should provide a clean signal for the scalar leptons if one
is sure about the missing energy. Each group used its own method among these
techniques. In some cases two methods are combined to cover a wide mass range.

In Fig.7 the acoplanarity distribution of Bhabha scattering measured by
TASSO is shown together with the expected deviations from QED if scalar electrons

of mass 3 GeV or 14 GeV are mixed10). They obtained the upper 1imits on the

scalar e and/or p production cross sections as shown in Fig.25. For the pointlike
scalar e(p), the mass Timit is 16.6 GeV (16.4 GeV) (95% C.L.).

o
@™
T

— eve-wsids i Fig.25: The upper 1limit on the
- etes-sySy iy ratio of the observed to the

theoretical scalar lepton pro-
duction cross sections. The Tow
mass part is estimated from the
absolute cross section of the
QED reactions, ete” - e*e”, and
ete™ - pu*u~ at cos6~ 0. The high
mass part is obtained from the
allowed deviation of the acopla-
narity distribution of the QED
predictions.

a%sle’e™~5,5))
othelete g5 )
o
>

0.4
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A
\
0z [T
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CELLO, JADE and MARK-J used the last method. They looked for acoplanar
lepton pair events with missing transverse momenta. They found no events. The
upper 1imit on the mass of each scalar lepton is summarized in Table 710’41’42’43)'

Table 7

The upper 1limits (95% C.L.) on the mass of scalar leptons in GeV

se,te { su,tu sT,tT
CELLO 16.8 16 15.3
JADE 16 17 14
MARK-J 15 14
TASSO 16.6 16.4

The CELLO group searched for the massive photino which may be produced in
pair by scalar electron exchange and decay into a photon and a massless gravi-
t1'no3 . The similar method as above was applied to the vy final state. They
required that both photons have low energies, which satisfy the relation
E E
(j¥l) - ( YZ) < 0.5, where Eb is the beam energy. The acoplanarity angle could be

Y

small for the 1ight mass photinos. There was no event found, which satisfy the
selection conditions. Since both photinos must decay in the detector to be de-
tected, the 1imit on the photino mass is given as a function of a parameter, d,

which determines the photino 1ifetime as44)
2
8nd
Ty = —f . (14)
¥ mAS

The result is shown in Fig.26 for m, = 40 GeV.
e

Excited Leptons

If leptons are composite partic]es45), there may be an excited lepton, 1%,
which couples to the ground state lepton by the following interaction1)46):
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_ e -
Lint =2, Y1x G 1 F

Woihe., (15)

104 —
this experiment
103 E where ) is the coupling constant of 11*y
ZF: relative to the electric charge and M1* is
o 10 7 . .
2 ® the mass of the excited Tepton. The inter-
z n‘3§> - action (15) modifies the cross section
> -
& > for the reaction e'e” + yy due to e* ex-
10 ] changes. The reaction can be well des-
ﬁ«g cosmological bound
) L ! 1 cribed by QED as we have seen. The cut off
10? 104 108 108 10'° jon i
parameter A_ for the reaction is related
d[GPVZJ 35116 to M d £ '|'| 1)
Fig.26: 95 C.L. Timits on the mass of O 'gx and A as To °zs :
massive photino versus the scale para- 2 4 - Me*
meter d. For details see ref. 3). A, (e’e =+ vy) = - (16)

Hence, Table 1 gives the 95% C.L. lower
Timits on Me* for A = 1, i.e. Me* > 61 GeV.

A direct search of e* was done by JADE by studying the ey mass combinations
2)

in the reaction e‘e” - e+e'y . The result is shown in Fig.27, which is in good

agreement with the a® QED expectations). Upper Timits on the coupling constant,

A, are obtained using the cross section1’46)
2 2 \2 2 2 \2
o 27roc2)\2 t° o+ (t-Me*) . s+ (s—Me*) (17
dat 2 2 s t .

Me* S

The 1imit is compared with what is obtained from the equation (16) in Fig.28.
It is reduced substantially for Me* < 34 Gev.

Similar studies were done for the excited muons and no evidence was found47).
Recent results from JADE18) are shown for the reaction e'e” - u+U-Y in Fig.29
and 30. The invariant mass distribution of the uy system agrees well with the o®
QED prediction. The 95% C.L. upper limit on the coupling constant is obtained

from the cross section for the reaction e'e” - u*+u— + u*_u+ 1,46)

2,2 2 2 2
do _ a"A M7 2| 2M M .2
@z [T*“ ") sin 9} (18)

where M is the mass of u*.
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Electron Type Neutral Heavy Lepion

JADE

95%CL Upper limit of A Acoplanar events with clear missing

Ll

N

energy are a good signal for new par-

(GeV) 10nb

ticles as we have discussed in the sca-

1073 ' lar lepton search. The same recipe

can be applied to hadronic events. Such
Jinb analyses require more careful and ela-

Jl_ borated event simulations because of the

—_—

quark fragmentation. On the other hand,
one gains in the number of expected

10‘5T

~[01nb events for certain new particles for

o7 which hadronic decay dominates. For in-
I stance, heavy leptons which decay weakly

via virtual weak bosons are expected

“[pome to have larger hadronic branching ratios

than pure Teptonic ones, when they are
2 6 0 % 18 2 6% 30 3%
melG) heavy.

seete A systematic search for new heavy
Fig.30: 95% C.L. upper limit of the

ToupTing constant, A2/Mz, for the leptons was done by JADE by such a me-
reaction ete” > p*u. thod48), which included a search for

the electron type neutral heavy lepton
E . It dis produced in the reaction efe” > E°¥3e or E° + Ve by Wt exchange
with V-A or V+A coupling. £° decays weakly via virtual W dinto e” + ((ud), (cs),

0 49)

ev, Uv or tv). In their analysis the decay is treated 1ike a decay of the heavy
sequential lepton50 . When the neutrino carries a high momentum, the total trans-
verse momentum of the observed particles may be largely unbalanced. The acoplana-
rity angle of the two jet axes with respect to the beam is calculated and events
with large acoplanarity were searched. The observed acoplanarity is shown in
Fig.31. The data is consistent with the expectation from the normal multihadron
events and there are two events left above the indicated cut. The 95% C.L. limits
on the E° mass are obtained based on the left events, although they are consistent
with the background from the reaction ete” » vy + hadrons , where the photon escapes
through the small detector gap. The limits are

Mg > 24.5 GeV (for V+A coupling)
0

M. > 22.5 GeV (for V-A coupling)
0
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bution of the two jet axes. The data
agrees with the Monte Carlo simulation
of the normal multihadron events, which
is shown by the curve. The dashed
histogram is the expectation for E-.
The solid histogram is the expectation
for the sequential heavy leptons.

See ref. 48.

A similar analysis was done to
ook for heavy sequential leptons, L¥,
of which mass 1imit (95% C.L.) was ob-

tained to be ML > 18 GeV.

Charged Higg's or Techipions

Extensive searches for pointlike

charged scalars, charged Higg'551) or

, were performed41’43’532

technipions52
In the standard model only the neutral
Higg's particle is expected as the
fundamental scalar. Although it is an
essential test of the standard model
to Took for it, there are not any
adequate reactions at present energies
without the topponium. On the other
hand, one can do a reverse test by
looking for what 1is not needed

in the standard model. The charged
Higg's appears if more than one Higg's
multiplet is used for the purpose of
the spontaneous symmetry breaking. The
technipion appears if the symmetry is
dynamically broken.

These particles are pair produced as ee” + H'H™ and decay preferably into
heavy particles. The Teptonic decay is expected to be dominated by the tv mode and
the hadronic decay is expected to go mainly into cb pairs. The CELLO, JADE and

MARK-J group

studied the case where one or both of H* decay into tv. For such

decays the missing energy is large, and the same methods, which are described in
the scalar lepton search or heavy Tepton search are used. The detection efficiency
for the events changes as a function of the branching ratio into tv. Since no
evidence for such particles is found, the mass Timits are given as the contours

in the (BTv’ MHi) plane as shown in Fig.32. The TASSO group investigated four

jet events which are consistent with the pure hadronic decays of HH pairs. They
studied the two cases: H™ —~ cs (100%) and (H -+ cs):(H+cb)=1:1. They excluded the
area of the small H - tv branching ratio as shown in Fig.32.
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From the combined data of all the
experiments, one can conclude that the
existence of the charged Higg's particles
or the techinipions is excluded between
5 GeV and 13 GeV.

In conclusion, the validity of QED
is tested at s ~1200 GeV. Clear electro-
weak effects are observed in the
asymmetry of p, T and possibly c quarks.
The standard model predictions agree
with the data. The top or topponium
has not been seen yet. There are no
evidences found for new particles such
as super symmetric particles, excited
leptons, heavy leptons or fundamental
charged scalars.

The maximum energy of PETRA will
be increased to 43 GeV in Spring and
the investigations will be continued.
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WHAT CAN THE EMC-EFFECT TELL US ABOUT
QUARKS AND GLUONS IN NUCLEI?

K. RITH
Fakultidt fiir Physik
Freiburg University

Hermann-Herder-Strasse 3

D-7830 Freiburg i. Br.

. N .
Abstract: Results of the nucleon structure functions F2 for iron and deute-

rium, measured by the EMC, are presented. Their ratio differs significantly
from unity. Consequences for quark- and gluon-distributions inside nuclei

are discussed as well as several phenomenological models which could be used
to describe the observed effect.
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1. Introduction

The European Muon Collaboration (EMC) has performed extensive measurements

1)

of the nucleon structure function F2 in high energy muon nucleon interactions

3) 4)

using targets of liquid hydrogenz), deuterium™’ and of iron ’. In this contribu-

tion results on the nucleon structure function Fg for iron and deuterium are com-—
pared. Their ratio shows a significant deviation from unity (EMC-effect). This
leads to the conclusion that quark and gluon momentum distributions for nucleons
embedded in nuclei are different from those in free nucleons. The results, pos-—
sible implications and several phenomenological models which could be used to

understand the observed effect will be discussed in detail. '

. N . . .
2. The nucleon structure function F,, quark and gluon distributions

In the quark parton model the nucleon structure function F2(x) represents
the momentum distribution of the charged quarks inside the nucleon. For the deu-

teron it is given by

N 1 P n
F, (D) =5 (Fy + F,) )

Iu

5 * (u+tru+d+d+c+c+s+35s) ~-% x (c-s)

0o

zg x D (4 +q ().

i3

Fg and F; are the structure functions for a free proton and a free neutron. x is
defined as Q2/2Mpv, where Q2 is the square of the four momentum transfer from the
lepton to the nucleon, M_ is the proton mass and v is the energy transferred from
the lepton to the nucleon. In an infinite momentum frame qf(x) is the probg;iligy
that a quark of flavour f carries the fraction x of the nucleon momentum. Zq 15
is the mean square of the quark charge numbers.

If nuclear effects are neglected the nucleon structure function FN for iron is

2
given by
N _ 1 n Py _ N _
F, (Fe) = =z (30 F, + 26 F3) = F, (D) (I-k(x)), (2)
with
D = 1es
P T T
k(x) = 4 —= (3)
14 Fp . Fn
2 2

k(x) is a correction factor which takes into account that iron is no perfect iso-
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scalar target and that proton and neutron structure functions are different.

Approximating F; bys)
n . _ P
F, 2 (1 = 0.75 x) Fy s (4)

one gets for x = 0.65, the highest x-value covered by the EMC data, a correction
of ~ 2.3%7.

Gluons do not contribute directly to the cross section obtained in deep inelastic
scattering. But the evaluation of the momentum sum rule Jl Fg (x) dx shows that
only 457 of the nucleon momentum is carried by charged qugrks, 557 is carried by

neutral constituents, the gluons, and the momentum sum rule has to be modified to
o v kg ax = 3 (5)
0 5 * x-glx X 18 *

g(x) is the momentum distribution of the gluons inside the nucleon. g(x) and q(x)
are correlated by the elementary process of gluon emission by quarks and the cre-
ation of quark-antiquark-pairs out of gluons. Due to these processes and gluon-
gluon interactions the momentum distributions become Qz-dependent. The coupling
of g(x) and q(x) and their Qz-dependence is expressed by the Altarelli-Parisi-
equationse). Thus the analysis of the pattern of scalebreaking of the structure
functions in terms of these equations allows a determination of the gluon distri-
bution g(x) and its Qz—dependence7).

With these preliminaries it is obvious that if nuclear effects cause a change of
the momentum distribution of quarks there also will be a corresponding change of

the momentum distribution of gluons.

3. Models for nuclear effects

In the models which have been used so far to calculate the modifications of
the nucleon structure function Fg due to nuclear effects it is common to view
the nucleus as a dilute gas of slowly moving nucleons weakly bound to each other
and having their internal properties like mass, radius or spin unchanged compared
to the free nucleus case. The effective quark momentum distribution measured in
deep inelastic lepton nucleus scattering is then a convolution of the quark mo-
mentum distribution inside a nucleon and the momentum distribution of the nuc-
leons inside the nucleus. The methods used to calculate the corrections for deu-
teriums) are simply transferred to the nucleus case. The results depend a lot on
the assumptions made on the shape and tails of the nucleon momentum-distributions
and the momentum balance in the scattering process. These assumptions are only

poorly known. In fig. | the ratio of the structure function Fg for a nucleus,
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with mass number A, to the sum of the free nucleon structure functions for proton
and neutron, weighted with the corresponding nucleon numbers, is plotted as a

function of x for an iron nucleus. The solid line in this figure shows the re-

9) 0)

sults of Bodek and Ritchie”” who use a Fermi—gas—modelI including high momen-

1)

tum tails The dot-dashed line indicates how the result would change if the

high momentum tail would not be included in the calculations and the triple-dot-—
dashed line shows the result one would obtain when the kinematics is calculated
with an (A-1) nucleus as a spectator for all momenta.

2)

In the Few—Nucleon-Correlation Model of Frankfurt and Strikman1 the momentum

T T T 7
1% |- B
Bodek, Ritchie (9]
K Frankfurt, Strikman ff2]
[ p— Berlod et al.[13]
e 12 -
L
N
et
ok { .
?5 . Fig. 1
<
w10
09 [~ -
08 |- 1
1 1 ] 1 1 1 1
0 02 0.4 06 X

distribution is produced by quark plus gluon exchange between pairs of neighboured
nucleons. Their result is represented by the dotted line in fig. 1.
As well Bodek and Ritchie as Frankfurt and Strikman use non-relativistic wave

3)

functions. Berlad, Dar and Eilam] argue that in highly relativistic interactions
like deep inelastic scattering the momentum distribution of nucleons in a nucleus
can not be deduced from its non~relativistic wave function. To calculate the ef-
fective momentum distribution of quarks in nuclei they instead present a quark-

4)

parton variety of the Collective—Tube—Model1 where the nucleus is viewed in an
infinite momentum frame and is lorentz-contracted to several 'pancakes' of over-
lapping nucleons. The main result of their calculations (dashed line in fig. 1)
is that there is a high probability for quarks and gluons to carry a larger mo-
mentum fraction than in a free nucleon. This causes the effective quark and gluon
momentum distributions to be enhanced at high x and to extend for above x = 1,

the kinematical limit being x = A.

The results of all these calculations show a similar behaviour. The ratio
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FQ/(Z Fg + (A-2) F;) is rising with x for x > 0.2. The value is about 1.2 - 1.3
at x = 0.65 and increases rapidly to higher values of x. Below x ~ 0.45 - 0.5 it
is a few percent smaller than one with very little x dependence. (For the deute-
ron these corrections are much smaller than for iron as can be seen by a compa-
rison with the curve labeled D which shows the deuterium corrections according

to Bodek and Ritchie).

Apart from the similarities in the global behaviour there are significant diffe-
rences in the details. This, and the fact that they in addition depend on poorly
known assumptions, is the reason why several groups like BCDMS, CDHS or EMC do not
correct their structure function values for these effects and present only effec—
tive distributions while most of the other groups apply a correction without tel-
ling explicitely how their assumptions and the corresponding corrections look
like.

But in a nucleus the nucleons are packed much tighter together than in the deute-
ron which is a loosely bound system with a mean nucleon distance of about 4 fm
compared to the mean nucleon charge radius of ~ 0.8 fm. Therefore apart from ki-
nematical smearing their in addition might be a lot of other nuclear effects
which can affect the quark momentum distribution and are not included in the cor-

rections described so far.

4, The data

The EMC iron and deuterium data provide a good

tool to look for these nuclear effects. Apart from the different targets these

data have been taken with the identical apparatus and have been treated with the

same analysis chain. Therefore a comparison can be made where the systematic
errors are well understood. The nuclear corrections for deuterium are smaller
than ~ 37 in the kinematic region covered by the experiment. Therefore the
measured deuteron structure function can be interpreted as the representation of
quark distributions inside free nucleons, while the iron-structure function (if
corrected for a hypothetical target with the same number of protons and neutrons
according to equation (3)) represent these distributions for nucleons inside a
nucleus.

The iron data are the final data set for the four muon beam energies of 120, 200,
250 and 280 GeV. The values of the nucleon structure function Fg (Fe) = %E FgFe
are shown in fig. 2a as a function of Q2 for fixed values of x. The data are cor-
rected for the non—isoscalarity of iron according to equation (3), no Fermi-mo-
tion correction has been applied. The errors shown are statistical only. Apart
from statistical fluctuations there is perfect agreement between these four data
sets and the x and Q2 dependence is very well defined. It is worthwhile to men-

tion that points, where different data sets overlap correspond to events taken in
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different parts of the apparatus and have completely different systematic errors
for each energy. The solid lines represent a simple parametrization of the iron
data, the dashed lines indicate where one would expect the deuterium data accor-
ding to the Fermi-motion corrections a la Bodek and Ritchie.

The deuterium data have been obtained with a single muon beam energy of 280 GeV.
The values of Fg (D) = %—F;D , not corrected for Fermi motion, are shown in

fig. 2b. The curves are identical to those of fig. 2a, which means that the deu-
terium data should be well represented by the dashed line if the simple nuclear
models were correct. Obviously this is not the case. At low x the structure
function for deuterium should be 2-37 larger than for iron but it is smaller by
about 157, at high x the iron data should be larger than the deuterium data by
about 20-25%, but they are smaller than the deuterium data by about 15%. This
means that at x = 0.65 there is a discrepancy of 35-407 between models and ex-
perimental result. Within the limits of statistical and systematic errors there
is no or little Q2 dependence of this behaviour within the region of overlap as
can be seen by a comparison of the lines and the data points. The ratio of the
measured nucleon structure functions Fg (Fe)/Fg (D) has been calculated point

by point using only data points with a total systematic error smaller than 157.
For each x-value the result has been averaged over Q2. The corresponding Qz—range
is determined by the deuterium data and varies from 9 :_Qz <27 Gev? for x = 0.05
over 11.5 5_Q2 < 90 Gev? for x = 0.25 up to 36 §_Q2 < 170 Gev? for x = 0.65.
The x dependence of the ratio is shown in fig. 3 where the error bars are sta-
tistical only. The ratio is falling from * 1.15 at x = 0.05 to a value of ~ 0.89
at x = 0.65, In terms of quark distributions this means that at high x (valence
region) where an enhancement of the effective quark momentum distribution in iron
compared to the free nucleon case is predicted, it is depleted, while at low x

(sea region) where only little difference is expected there is an increase.

Having no model for this behaviour available we have performed a straight line

fit of the form

Fy (Fe)/F) (D) = a + bx

which for the slope b gives the result

b = - 0.52 * 0.04 (statistical) + 0.2! (systematic).

Io calculate the systematic error of the slope we have assumed that even in the
ratio none of the individual systematic errors cancels which clearly is the most

. . . N . ..
conservative assumption. We have distorted the measured F2 values by the indivi-

lual systematic errors of the data sets (increasing the iron data for all errors
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and lowering the deuterium data and vice versa), calculated the slope for each
error and added the differences quadratically. The possible effect of the syste-
matic uncertainties on the slope is indicated by the shaded area in fig. 3. Un-
certainties in the relative normalisation of the two data sets will not change
the slope of the observed x—~dependence but can only move it up and down by up
to seven percent. The difference Fg (Fe) - Fg (D) however is very sensitive to

the relative normalisation.

= 4
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w
~
ot Fig. 3
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5. Comparison to other data

In the high Q2 region of our data there are no results of other experiments
available which have measured the nucleon structure function for nuclear targets
and deuterium with the identical apparatus. To get further informations one there-
fore has to combine data of different experiments. This is always very problema-
tic because there might be different systematic uncertainties which can not be
taken into account in the same way as for data of one experiment alone. Neverthe-

5)

less we have compared our data to the deuterium data of the CHIO group1 and the

carbon data of the BCDMS grouplﬁ) which are in the same Q2 range. The results are
shown in fig. 4 where in addition to the EMC results the ratios of the EMC iron
data to the CHIO deuterium data and of the BCDMS carbon data to the EMC deuterium
data are plotted. Independently which EMC data set is used the ratios show a si-

milar x dependence and one can conclude that a real physics effect is observed.

But there is still more information. After the EMC results have been presented

the SLAC-MIT-Rochester group has reanalyzed their electron—deuterium6) and empty
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7). The steel data cover a kinematic range 4 < Q2 < 21 GeV2 and

target steel data]
0.25 < x < 0.90. The result is shown in fig. 5. It confirms the effect seen in
the EMC data. In the region 0.3 - 0.65 the agreement is perfect. As well the x
dependence as the magnitude of the ratio is nearly identical which gives us fur-
ther confidence that our absolute normalisation is well determined and the syste-
matic errors quoted are conservative limits. At x > 0.7 the ratio is rising

again suggesting that for x > 0.8 the effects of Fermi motion become dominant.

An additional preliminary data set of this group obtained with an empty aluminium
target]8) extends the low Q2 data also to lower x. Also these data show a rise

of the ratio with decreasing x, the slope being a little bit less steep than for

9)

the EMC iron data. Finally one should remember that photoproduction] and low

20)

energy low Qz-data show that at very low x (QZ) the ratio falls again below

one to a value around 0.8.
6. Consequences

Taking all these informations together the following picture emerges: quark
distributions measured in deep inelastic scattering off nuclei are far from be-
ing identical with those in free nucleons. In the valence region (x>0.3) a de-
pletion of the quark momentum distribution in nuclei compared to the free nuc-
leon case is observed while in the sea-region (x<0.3) there is a significant in-
crease. This behaviour depends only little on Q2 and probably also on mass number
A. In addition at very low x there are the effects of shadowing (Q2 and A depen-
dent) and at high x the kinematical smearing due to the nucleon motion inside the
nucleus can cause the quark distribution to extend far above x = 1, the kinemati-
cal limit being x = A.

As a consequence also the gluon distribution will be different. Gluon- and Sea-

D or neutrino—marblezz)

distributions extracted so far from neutrino-iron2
structure functions represent the distributions in these nuclei and not in free
nucleons.

Probably there is little effect on the QCD analysis of data obtained with a nuc-
lear target23). But one should keep in mind that the Altarelli—Parisi—equationS6)
require an integration from x to 1. In the case of nuclear targets the integral
has to be extended to x=A, the x-dependence of the structure functions, even if
made QCD compatible, being unknown. Fortunately the contribution of this region
to the integral is suppressed by the splitting functions, therefore it may not
influence the final result very much. But obviously a QCD-analysis combining data
sets of different nuclear targets should no longer be done.

Of course there is some impact on the interpretation of nucleon-nucleus scattering

data, where in the analysis the same structure functions for incoming nucleon and
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target nucleon are being used.

But there is also another important consequence. We observe a change of quark
distribution due to nuclear effects. Therefore these results may help a lot for
the understanding of nuclear physics in terms of quarks and gluons which has

started to develop during the last years.

7. Further models for nuclear effects.

At the time when the EMC-data have been first presented the effect appeared
quite surprising and many people argued that one could hardly think of any effect
which could produce the observed behaviour. They obviously didn't realize that

25) and a lot of conferenceSZG)

there have been many publications where 'quarks
(mesons) in nuclei' have been the main topic and where several phenomena have
been discussed which indeed can change the quark distributions in nuclear matter
compared to the free nucleon case. But to my knowledge there didn't exist theo-
retical predictions how these effects could influence the nucleon structure func-
tions obtained in deep inelastic lepton nucleus scattering.

In the mean time several calculations have been published. They are still in an
early stage and do not reproduce all features of the data. For an experimentalist
it is rather difficult to judge how serious one of these models is compared to
the others. During many discussions I have learned that in this field for each
argument there might exist a counter—argument which is as convincing. Therefore
without a clear judgement T will just list the most popular phenomenological
models to indicate which effects may contribute.

Change of nucleon radius. Nucleons which are embedded in nuclei might change their

internal properties like mass or radius due to a distortion of the surrounding
pion cloud by the attraction to other nucleons. There are two extreme models for

the change of the nucleon radius R inside the nucleus. An increase of R by about

27) 56 28)

307 has been proposed data , the other

29)

to explain inelastic electron - Fe

model demands that nucleons inside a nucleus should be compressed to bags of

very small radii by a very significant pion cloud to get compatibility of the bag

model of the nucleon with classical nuclear physics. There is some doubt on the

30,31)

accuracy of both calculations Nevertheless one should keep in mind that

there is no evidence to suggest that the nucleon should not change its size when
put inside a nucleusBz). Furthermore a collective change of the structure of each
individual nucleon is probably the most easiest way to produce the large effect
seen in our data.

Isobar admixture. A fraction of the nucleons may transform by a spin-flip of a

single quark caused by a quark plus gluon or pion exchange between nucleons into

33)

excited baryon states like A's . The contamination of A's has been extensively
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34)

studied for the deuteron case and there found to be small . A larger fraction

3 3H 35).

has been predicted for ~He, Some authors calculate that the A' admixture

36) 37)

. Szwed claims that there is evidence

should also be small in large nuclei
for a big contamination. His calculations (dashed-dotted line in fig. 6: 15%
A-admixture, dashed-triple-dotted line: 97 A and 3.37 decrease of gluon momentum)
show that the assumption of a 9-157 contamination of A-isobars in iron together
with a small decrease of gluon momentum is sufficient to explain the observed
difference of the structure functions for bound and free nucleons.
________________ 38) the free nucleon is a three-valence-
quark-(|3q>)-bag with a radius of ~ | fm. The average spacing between nucleons

in heavy nuclei is about 1.8 fm. Therefore it has been assumed that a nucleus
does not only consist of a collection of individual | 3q>bags but that some of the
nucleons overlap and form multiquark states like | 69>, | 99>, ... bagng). It is

very likely that these states will behave differently than individual nucleons

~ =u=:Szwed [37] 1 5
- Pirner, Vary [43]
--Dote . Nakamura [44] !

13 |- —~—~Foissner, Kim KS] : 1
¢ ———Ericson, Thomas [52]

Fig. 6

and especially that the momentum distributions for quarks in a multiquark-bag will
be different than in a free nucleon. This model has been applied to several

examplesbo), especially it has been used to describe the 'anomalous nuclear en-

41)

hancement' in large Py hadron production off nuclear targets and elastic and

inelastic e—BHe and e- He scattering dataaz). Using the concept of multiquark

states several authors have tried to explain the observed Fe/D ratio. Pirner and
4 . . . . cqa s
Vary 3 have used in their calculations for iron the same cluster probabilities

they have found for 3He (pqu> = 0.84, p’6q> = 0.16, pi9q> = ql]2q> = ... =0)
!

and a modified sea distribution for the [6q> states. The result (dotted line in

fig. 6) shows some increase of the Fe/D ratio at low and high x but in total the

4b)

agreement with the experimental data is rather poor. Date has also included
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multiquark clusters with more than six valence quarks. He found that to get
fair agreement with the data (double-dashed-double dotted line in fig. 6) the sea
quarks in multiquark clusters have to be enhanced while the gluons are rather

45)

suppressed compared to the free nucleon case. Faissner and Kim started from
the observation that nucleons inside a nucleus tend to form clusters. They as-
sumed that all these clusters are a-particles, each o being a | 12q> bag with an
radius which is v4 times larger than the radius of a | 3q> bag. This larger radius
corresponds via the uncertainty relationtoa shiftof the quark momenta to lower x.

46)

This causes, similar to the arguments of Jaffe an increase of the momentum
distribution at low x and an associated decrease at high x. The dashed line in
fig. 6 shows the result of their calculations if a contamination of 3 a-clusters
is assumed. It fits the data rather well. In my opinion their input is rather
unlikely but it is interesting to note that a collective increase of the radii
of all nucleons by 10-15% can produce similar results.

47)

Percolation of quarks. Baym has pointed out that many nucleon bags may overlap

when the baryon density inside a nucleus becomes high enough. Then not only mul-
tiquark bags can form but also single quarks will be able to flow in a chain of
overlapping bags freely through the whole nucleus. This free flow of quarks (co-
lour) which possibly may be observable in nuclei at normal density is known as
"percolation'. The long range of these percolating quarks will again cause an
increase of the momentum distribution at low x and an associated depletion at

high x46) 48)

. A similar picture is the model of Nikolaev and Zakharov where the

low momentum quarks can spread out over the whole nucleus. There they can gain
momentum due to interactions with quarks of other nucleons with higher momentum
until their range is reduced to that of one nucleon. This causes a redistribution
of quark momenta and produces shadowing at very low x and antishadowing at medium

low x.

1y qq pairs) between the nucleons inside a nucleus there might exist an additio-
nal nuclear sea. Hence the quark sea in the nucleus is more than the intrinsic
sea of individual nucleons. This additional sea per nucleon is concentrated at
low x and could cause partly the observed enhancement of the iron data at low x.

It is predicted to rise linearly with mass number A and should also be observable

in Drell-Yan databg).

sea to qq pairs in the form of quasi-real pions. The role of pions inside the

50)

nucleus has been discussed since a long time and they are a basic ingredient

25,51)

of recent theoretical developments like the 'cloudy bag model' It has been

23)

suggested by Llewellyn Smith that the whole enhancement of the Fe/D ratio at

low x is due to the presence of a few (6~10) extra pions in the iron nucleus com-
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pared to the free nucleon and Ericson and Thomassz) have shown that the magnitude
and x—-dependence of the effect are well reproduced (for x < 0.3) with this assump-
tion (full curve in fig. 6). They also conclude that the enhancement should de-
pend approximately linarly on A and that in nuclei with a large neutron-excess

- +
m are favoured over w .
8. Summary

- The EMC-effect has been observed in data of different experiments and shows
that quark and gluon momentum distributions for free nucleons are modified by
nuclear effects if the nucleons are embedded in nuclei. This might be the link
for the common understanding of nuclear and particle physics in terms of quarks
and gluons.

- There are many phenomena known and discussed which can change the effective
quark distribution and with each of the models it is possible to reproduce at
least approximately the experimental result. But further and more detailed
calculations are needed to sort out which effect is the most important one or
which combination of effects is needed to describe all features of the data.

~ Especially we need quantitative predictions about the A-dependence, sea con-

49,52) which can be tested in future experiments.

figuration etc like in
- Of course we need more experimental data on more nuclear targets. The measure-
ment of structure functions alone will not be sufficient, but we also will have
to look into hadronic final states and to study for instance the ﬂ+/ﬂ_ or n/K
ratio or the J/y cross section etc for different targets, where indications of

53)

differences are already seen . In conclusion: we have made an interesting dis-—
covery, but there is still a lot of work to be done until it will be completely

understood.
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Abstract

We have compared the deep inelastic ele¢tromagnetic structure functions of
deuterium, aluminum and steel nuclei using data from two SLAC experiments. The
kinematic dependence of the ratio of aluminum and deuterium structure functions
is similar to the dependence of the ratio of steel and deuterium structure func-
tions. The data cannot be understood simply by corrections due to Fermi motion
effects, and indicate that the quark momentum distributions in the nucleon become
distorted in the nucleus. Our results are consistent with recent measurements
with high energy muon beams.
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The structure functions of the neutron (an) and proton(FeP) have been

2
. . . . \ 1,2
determined from deep-inelastic electron scattering experiments ~' )

using hydro-
gen and deuterium targets. Within the quark-parton model, these structure func-
tions, at sufficiently large momentum transfers, determine the quark momentum
distributions in the nucleon. Detailed studies of the atomic weight dependence
of inelastic electron scattering cross sections2'3) have concentrated primarily
in the low x, and low Q2 region where the application of the quark-parton model
is not valid, and where other effects such as nuclear shadowing4) may be impor-
tant. The atomic weight dependence in the large x and large Q2 region has not
been studied until recently.

5
Recent results 6)

from the European Muon Collaboration (EMC) indicate that
there is a significant difference between the nucleon structure functions extrac-
ted from data obtained from muon-steel and muon-deuterium scattering experiments.
This difference exhibits a trend which is opposite from that expected from Fermi
motion effects.7) Recent bag model calculations,e) motivated by these recent
results, suggest that the quark distributions in a nucleon become distorted in a
nucleus via mechanisms such as six quark bag states.

In this communication we report an observation of a significant difference
between the structure functions of steel and deuterium and also between the
structure functions of aluminum and deuterium extracted from deep inelastic elec-
tron scattering data taken in two experiments at the StanfordLinear Accelerator
Center (SLAC). Such a comparison is important not only as a search for changes
in the quark structure of nucleons in nuclei as a basic physics question, but
also because all present high statistics muon and neutrino high energy scattering

7 'B)mentioned

experiments utilize heavy nuclear targets. The nuclear corrections
above can affect the interpretation of the structure function results when com-
pared to the predictions of Quantum Chromodynamics (QCD), especially when data
from different target nuclei have been combined in such a comparison.

9'lo)(experiments E87 and E49B) were designed to measure

The SLAC experiments
deep inelastic electron scattering from hydrogen and deuterium at large values
2, .
of x and Q in order to extract the proton and neutron structure functions. In

9)

SLAC experiment E87 the structure functions were extracted using hydrogen and

deuterium targets and a steel empty target replica. In SLAC experimenth)E49B
an aluminum empty target was used. Results on the ratio of neutron and proton
structure functions were reported9'lo)in 1973 and 1974 and in a later comprehen-
sive article which described both experiments in detail and examined the scaling
of the neutron and proton structure functions in the SLAC energy range. We
have recently analysed the empty target data in order to compare the steel and
deuterium and aluminum and deuterium structure functions. We comment briefly

on those points of the experiment related to these comparisons.
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In experiment E87, the differential cross sections for the scattering of
electrons from hydrogen, deuterium and steel were measured with the SLAC 8-GeV
spectrometer at laboratory scattering angles (0) of 15°,19°, 26°and 34°. In experi-
ment E49B similar measurements were made for hydrogen, deuterium and aluminum.
At each angle, measurements were made over a range of scattered electron energy
E” for several values of incident electron energy E between 4.5 and 20 GeV. In
experiment E87 the electron beam passed through 14 cm long ligquid hydrogen and
liquid deuterium targets with walls made of 0.001" thick stainless steel.ll)The
empty target contributions were measured using a steel empty target replicawith
0.007" thick walls, chosen so that the amount of radiator in the steel target
replica was nearly the same as that for the full targets. Thus the radiative
corrections for full and empty target data were essentially identical.lz'la
The rates measured with the empty target replica were divided by the ratio of
the wall thicknesses (7.0) before subtraction from the full target rates. The
measurements with hydrogen, deuterium and empty replica targets were inter-
spersed to minimize systematic errors in the ratios. 1In the current analysis,
we have used the data from the steel empty target replica to extract the struc-

ture functions for steel. For experiment E49B the liquid H2 and D, target cells

were cylinders 7 cm diameter with 0.003" thick aluminum walls.l4) gere the empty
target contributions were measured using an aluminum empty replica with 0.018"
thick walls again chosen so that the amount of radiator on the aluminum target
replica was nearly the same as that for the full targets. The electron contri-
bution from background processes such as T° decay and electron pair production
was determined by reversing the spectrometer polarity and measuring the charge
symmetric positron cross sections. This background, which was substracted from
the electron cross section, was significant (<30%) only at the lowest values

of E'/E. The measurements with hydrogen, deuterium and aluminum targets were
interspersed to minimize systematic errors.

The measured raw cross sections were corrected for the small acceptance
differences between steel and deuterium and between aluminum and deuterium tar-
gets.ls) A small correction (0.3% to 1.7%) was applied for the neutron excess
in steel and aluminum (using fits to neutron and proton data)g) so that Ope
and GAR as reported here are the cross sections per nucleon for hypothetical
steel and aluminum nuclei with equal number of neutrons and protons. The radi-
2,16)

ative corrections changed the GAL/GD and O e/UD ratio by less than 1%.

Values of OAZ/OD and GFe/OD as a function of thz variable x=Q2/2MV are shown in
figures la and 1b respectively. The values were obtained by calculating the
ratios at all kinematic points with w>1.8 GeV/c2 and forming weighted averageéj)
over small intervals in x. Here W=(M2+2M\)-Q2)lﬁ is the final state invariant

mass, M is the mass of the proton, V = E - E” is the energy transfer, and
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2 . .2 . .
Q” = 4EE"sin"0/2 is the invariant square of the four momentum transfer.

18,19)

The random errors arising from counting statistics dominate the typically
1% error in the cross sections obtained by adding in quadrature the errors from
random fluctuation (e.g. flux monitors, liquid target densities and rate depend-
ent effects). Only random errors are shown in the errors of the points in Fig-
ures la and lb. Most systematic errors in the cross sections (solid angle,
incident and scattered electron energy calibration, monitor calibration) and
most uncertainties in the radiative corrections cancel in the ratios UAQ/OD and
oFe/cD. ,

The number of nucleons/cm 1in the steel empty target replica was measured
to an accuracy of *0.8% by weighing sections cut out of the target in theregion
which was traversed by the beam and measuring the areas with a planimeter. The
number of nucleons/cm2 in the liquid deuterium target was determined to an
accuracle) of $0.8%. We estimate an overall systematic error of *1.1% in the
cFe/OD2 ratio. The systematic error in the GAQ/ODZ ratio is *3% at present and
a more accurate determination of the target mass is being performed in order to
further reduce this error. The electron data show a significant x dependence
between the steel and deuterium cross sections. The observed effect is consis-
tent with recent results obtained with muons by the EMC collaboration.5'6)

In view of the small statistical and systematic errors we conclude that the
difference between the steel and deuterium cross sections is due to nuclear
effects. The effects of Fermi motion of the nucleons in steel and aluminum
nuclei and in the deuteron have been calculated by Bodek and Ritchie7) using an

extension of the original calculations of Atwood and WestzO) for the deuteron.

The expected contributions from Fermi motion effects to the ratios z%? and g%%
are shown in Figure 1. The cross sections for steel were expected to be larger
than those for the deuteron for x > 0.5, because the momentum spread of the wave
function for nucleons bound in steel is larger than the momentum spread of the
deuteron wave function. The behavior of the data for x < 0.80 is opposite to
that expected from Fermi motion. However, the data suggest that for x > 0.8 the
effects of Fermi motion become dominant.

The variation of the data as shown in Figure 1 cannot in present models, be
explained in terms of nuclear shadowing. WNuclear shadowing is expected to be
important only a small values of x and Q2 where deviations from the quark parton
model are expected due to effects such as the coupling between the photon and

4 . . . c s
vector mesons ) (or "higher twist" effects in the language of QCD). Radiative

2
+16) are well understood and are not expected to result in the

corrections
observed variation with x.

Within the quark-parton model, the x distributions of the structure func-
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tions reflect the momentum distributions of the quarks in the nucleon. Thus the
data indicate that the quark momentum distributions in the nucleon become dis-
torted in the presence of other nucleons in the nucleus. 1In addition to our
data we have included in Figure la the ratio OAK/OD for <Q2>*l.2(GeV/c)2 as
measured by Stein et al.,2) and the GAQ/GD ratio as measured inphotoproductio#l)
(Q2=0). The three experiments taken together indicate that at small x and small
Q2 the ratio exhibits a Q2 dependence suggesting that nuclear shadowinglsgffects,
which are presumably a higher twist effect in the language of QCD, may be impor-
tant.

Figure lb shows our measurements of oFe/OD in a similar Q2 range, and the

6) 2)

5 . 2
EMC data™’ at much higher Q. Also shown are values for O u/OD for <Qz> =

l.2(GeV/c)2 as well as OFe/UD from photoproduction data.zl) Tiese data taken
together also indicate that at low Q2 shadowing effects may cancel some of the
nuclear enhancement at low x. These additional Q2 dependent nuclear higher
twist effects like higher twist effects in the nucleon are expected to be smaller
at large values of Qz. Therefore, the extraction of AQCD from structure function
data taken with nuclear targets at high Q2 are not affécted by these terms.

We have performed a linear fit the GAQ/OD ratios for our data in the range
0.25x£0.6 (2592<2O(Gev/c)2 and obtain an intercept at x=0 of 1.10+*0.02 and a
slope of -0.30%0.06. A similar fit to our OFe/OD results (see figure 1b) over
the range 0.2<x<0.6 (4SQ252S2O) yields an intercept at x=0 of 1.15*0.04 and a
slope of -0.45%0.08. Our slope for steel is consistent with the slope of -0.52%
0.04%0.21 reported by the EMC collaboration.s'e) The fitted slopes, which are
not affected by overall normalization uncertainties, indicate that the nuclear
distortion in aluminum and steel exhibit a similar trend.

The understanding of the mechanisms responsible for the distortion of the
structure functions of nucleons bound in a large nucleus has been the subject
of several recent theoretical papers. These include ideas such as six quark

22)

bags,s) pions and quasipions in nuclei, delta resonances in nuclei,23)diquark
states24) and percolation of quarks from nucleon to nucleon in a large nucleus%s)
The theoretical understanding of the effect is still in a very qualitative state
and new experiments are being proposed26) to further investigate the structure

functions of various nuclei.
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Figure 1: 0a0/0Op (a) and Opg/0p (b) versus x. Only random errors are shown.

The systematic errors is #3% and *1.1% for Op9/0Op (E49B) and Opg/0Op (E87)
respectively. All data for W21.8 GeV are included. The data have been corrected
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ABSTRACT

Results from a Fermilah experiment to study prompt
neutrino production by 400 GeV protons on a tungsten
target are presented. Assuming the prompt neutrinos come
from the decay_of charmed mesons and an Al dependence we
find a total DD production cross section ~30 ub/nucleon,
in good agreement with previous CERN results. Tge hsst—
fit charm production model is o (DD) = c(1 -|x|)° e~<My
which gives a total charm production cross section of
36 £ 5 (stat.) £ 7 (sys.) ub/nucleon. We find a prompt
Gh/“u ratio of 1.09 = 0.25 overall, with no significant
dependence on neutrino energy. The prompt ve/v, ratio is
1.19 + 0.22 overall, consistent with no energy dependence.
Limits on the production of supersymmetric particles are
also presented. A 1imit on the gluino mass of 2 4 GeV is
inferred from the absence of anomalous neutral-current events.

INTRODUCTION

The first prompt neutrino experiments were carried out at CERN in 1977.1'3]
These showed that there was an unexpected source of neutrinos which apparently
came from the decay of shortlived particles. It gradually hecame clear that
the most Tikely source was the semilentonic decay of charmed particles. From
the neutrino rates the total charm production cross section was inferred to be
~100 uh if an AZ/3 dependence on nucleon numher was assumed.

The interest in the results fron the first runs led to a second run at
CERN in 1979. The results for the charm production cross section4-5] generally
agreed with the first run's. However there were still some important
unanswered questions.

If the prowpt neutrinos come from central nroduction of charmed meson pairs
which then decay semileptonically, the flux of neutrinos ¢(v) should Ye caual to
that for antineutrinos. The results For $(V)/d(v) were
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+0.21
CDHSs% © () /6(v,) = 0.46 _ o156
BeBcH) 1 o(9,)/6(v,) = 0.79 £ 0162 (1)
¢ (Ve)/d(ve) = 0.65 + 0.33
+0.6
CHARMS 1 oG /elv,) = 1.3 = g5

Now this ratio is really not very fundamental. The D and D momentum spectra
need not be the same, so ¢(v)=¢(Y) only if integrated over energy and angle.
We also have to assume D*=D-and D°=D°, which need not be the case. However
this ratio is an important one in testing charm production models, and it would
be nice to know what it is.

If the prompt neutrinos come from the semileptonic decays of massive
particles we expect ¢(ve)5¢(vu). In this case the three experiments agree
quite well,

+0.22
COHSB) :  4(vel/olv,) = 0.64 _gl15

+ 0.35 (2)
esct] : ¢(ve)/e(vy) = 0.59 _ 0,21

CHARMS:  6(ve)/p(v,) = 0.48 * 0.16
If this ratio were significantly different from one, it would Se a very
important result. Possible explanations range from the mundane: e.q. - a
contamination from nonprompt neutrinos (mostly v“) from proton beam
interactions upstream of the beam dump; to the exotic: e.g. - neutrino
oscillations which transform ve to vy or another species of neutrino.

In addition, the CHARM group5] reported a 2.4 std. deviation excess of
muonless events with visible energy < 20 GeV. The CDHS group saw no effect hut
their energy threshold was somewhat higher.5]

Immediately following the first CERN prompt neutrino experiment our group
proposed that a new beam specifically designed for prompt neutrinos he
installed at Fermilab. The CERN neutrino beam was designed originally for
neutrinos from pion and kaon decays which are produced at quite small angles to
the proton beam. The detectors therefore can be quitas far away. Prompt
neutrinos (presumably) are from the decays of much more massive particles like
D mesons and are produced with a much larger angular spread, so that the CERN
detectors are not well matched to the prompt neutrino beam. Ideally one should
use a detector with much larger transverse dimensions for prompt neutrinos or
move the detector much closer to the production target. The only realistic
solution for us was the latter. This was made possible through the use of a
magnetizaed iran bean dump described Helow.

PROMPT NEUTRINO BEAM AND DETECTOR

The prompt neutrino bean and detector are shown schematically in Fiqure 1.
A heam of 400 GeV protons with intensity about 2«1012 per hean pulse is
incident from the left. The proton beam passes through a vertical aitching
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magnet and strikes one of several targets: tungsten, copper, or beryllium with
either normal density or about one-third normal density. Only the tungsten
data have been analyzed so far. The target is followed immediately by 11 m of
magnetized iron with the magnetic field horizontal. Thus muons are deflected
vertically. Hadrons are absorbed in the dump, and most of the muons are ranged
out or deflected away from the detector which is only 60 m from the target.

The detector is preceded by a triple wall of veto counters which are used
to prevent triggers from charged particles entering the detector. The detector
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Figure 2. Fermilab prompt neutrino detector
is shown in somewhat more detail in Figure 2. The sensitive volume consists of
a calorimeter with lead plates. The total mass is about 175 metric tons and
the fiducial mass is about 65 tons. The lead is divided into 30 modules, each
with 12 lead plates . (See inset of Fig. 2.) The modules are segmented
vertically into 5 cells. The lead plates are covered with teflon and immersed
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in 1iquid scintillator. Scintillation 1ight travels by total reflection at the
liquid-teflon interface and is brought to photomultiplier tubes at either end
of each cell. There are a total of 300 phototubes on the calorimeter, each
with its own analog-to-digital readout. Each of the 30 calorimeter modules is
followed by two PWC planes, one with wires horizontal, the other with wires
vertical. The wires are on 2.54 cm centers and have individual analog
readouts’ ] with a total of 6000 wires.

The calorimeter is followed by a muon spectrometer with solid iron magnets
and drift chambers to track the muons from v, charged-current events and
measure their momenta.

The decision to trigger the event readout was hased on the pulse-height
information from the calorimeter phototubes. Minimum pulse-height requirements
were imposed on overlapping groups of phototubes. Typically about 24 triggers
were recorded per one-second Tong beam spill. Of these =6 were due to cosmic
rays, and most of the rest came from muon interactions in the floor or roof
blocks. In addition, approx. 6 cosmic ray triggers were recorded during a
one-second "beam off" period; this provided a sample of cosmic ray triggers
which allowed corrections for any cosmic ray events which faked real neutrino
events. About one in 500 triggers yielded a neutrino event within the fiducial
volume.

The triggering efficiency was mapped out as a function of energy deposited
and position within the calorimeter hy making use of the interactions of muons
traversing the calorimeter. The ratio of muons which satisfy the energy
trigger requirement to all muons in a given range of visible energy is the
triggering efficiency for that Zyjg. The trigger efficiency averaged over the
entire detector was >53% above ahout 6.5 GeV

For our first data run in 1981 only the energy trigger was used. For our
1982 run a muon trigger was added. This required only a charged particle
leaving the calorimeter and traversing t“ie muon spectrometer with no front veto
pulse. This trigger greatly improved our triggering efficiency for
charged-current muon events with low hadronic energy. Results from the 1982
run are just now hecoming available.

CHECKS AND CORRECTIONS

As a direct check on possible contamination of nonprompt neutrinos from
upstream sources, we had a pitching magnet just upstream of the production
target (Fig. 1). Because of this, the proiapt events should “e centered
vertically in the detector, whil2 neutrinos from sources upstream of the
pitching magnet would “e centered ahout 25 cm lower. UYe saw no sian of any
excess of events in the lower half of the detector.

As further evidence that we ara looking at neutrinos we can look at the
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Bjorken x and y distributions of the events. Figure 3 compares the observed
XBJ=02/[2mD(EV‘Eu)] distributions for v, with those expected. The y distribu-
tions observed are also consistent with those expected (Figure 4). Thus we
conclude we are looking at "garden-variety" neutrinos.

The data contain a significant fraction of nonprompt v's from pion and
kaon decays. We expect our nonprompt background to be generally lower than
those observed in the CERN experiments because our detector subtends a much
larger fraction of the prompt neutrinos.
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The conventional way of subtracting the nonprompts is to extrapolate the rate
to infinite target density. It is easy to show that the nonprompts go 1inearly
to zero as 1/p » 0. Figure 5 shows the extrapolation for various subsets of
our data. The "Ou" events contain the vg+Ue events plus the v, and v, neutral
current events. If the v, + 7V, neutral current events are subtracted we can
isolate the ve contribution. As expected, the nonprompt background in the vg
sample is quite small; the main source of nonprompt ve is the semileptonic de-
cays of K's and hyperons, which are suppressed by long lifetimes or small
branching ratios.
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We took great precautions with our proton beam 1ine to minimize and
understand any beam scraping which could be a source of what appear to be
prompt neutrinos. Over 30 loss monitors were situated all along the beam Tine.
These monitors were calibrated directly in counts/(interacting proton) by
introducing foils of known thickness at various places in the heam and by
improving or worsening the beam vacuum. The upstream background can be
calculated readily in terms of the nonprompt background from the target. Both
come from essentially the same mix of pion and kaon decays. The result is

Upstream Background -
“Nonprompts from Tungsten = 0.5% = 0.25%

or typically <1% of the prompt signal.

In addition there is a calculable background from vacuum windows, air,
etc. just upstream of the target. This was approx. 16% of the prompts from
tungsten.

RESULTS AND DISCUSSION

Once we have the prompt neutrino signal isolated, the next step is to
calculate the the neutrino flux. This is straightforward and noncontroversial.
The v and Vv interaction cross sections are well known. The rest involves
triggering and geometric efficiencies. Corrections have been applied for
scanning losses, etc. The total number of interacting protons comes from a
secondary emission monitor calibrated frequently by standard foil activation
techniques.

To go from neutrino fluxes to charm production cross sections does involve
a number of assumptions. These are worth spelling out in detail:

(1) Source is p+N-D+D+x (not AcD, etc).

(2) Because the target is thick, we can get significant contributions from
secondary hadrons. To account for this we assume the DD cross section
varies as sl:3 and the proton elasticity is 0.3.

{3} To get the cross sections for nucleons from that for tungsten, the A
dependence of charm production must he known. Conventional wisdom suggests
that for central production of DD pairs, an Al.0 dependence is to he
expected. This is roughly what is observed for y/J production off nuclei.
We therefore assume an Al-0 dependence independent of x and P.

(4) The dependence of the cross section on Feynman x and Py is assumed to he

o]

T (3)

e €9 ¢ (e
d—3- X e
P
This factorized form is found to be only a fair aporoximation for other

processes.
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(5) The branching ratio of D*u+v,+X is taken to be .082. This is the

average of DY and D° as compiled by the Particle Data Group.

Given these assumptions we can compute a total charm production cross
section and compare it with the CERN results. This comparison is made in Table
I with the same assumptions used in all cases. It is evident from Table I that
the charm production cross sections are in good agreement if the same assump-
tions are used.

We find somewhat better fits to the data if e “bPy in Eq. 3 is replaced by
e D™ where mp = (mp?2 + P72)1/2, If n and b are varied to give the best fit
to the data we find for the 1981 1-u data

n=50=%1.0 b =2.0=*0.5
with a total DD production cross section of 36 £ 5 (stat) #7 (sys) ub.

Historically it has been very difficult to reconcile the charm production
cross sections observed at 400 GeV with the much larger cross sections observed
at the CERN ISR. However, F. Halzen at the Paris Conference8] pointed out that
if an A2/3 dependence for charm production is assumed, the heavy target results
rise significantly, and much better agreement is obtained. It is worth noting
that the difference between Al-0 and A2/3 is a factor of 5.7 for tungsten and
4.0 for copper. The uncertainty in the A dependence is thus the largest uncer-
tainty in extracting the nucleon-nucleon cross section from the beam dump
experiments. We expect to answer this important question soon when our copper
and beryllium data are analyzed.

TABLE I

o(DD) From Beam Dump Experiments

3 -2P
[Assuming E Q_%_= cst3al0 oxpde T ]
dp
Group Angle Covered Particle  o(DD) (ub/nucleon)
Detected
This 0-37 mr vy 20+ 3
exp't
CHARM 0-2 Ve, Vy 14 £ 5
BEBC 0-2 vy 45 £ 15
Ve 26 £ 15
CCFRS 0-40 u 15+ 5
(350 GeV) (18 at 400 GeV if sl.3)

Another important question in testing the charm production models is the
ratio of v and v fluxes. We find v,/v, = 1.09 £ 0.25. Thus our result is con-
sistent with unity, which is as expected in models with central DD production.

Another important test of the production models is to determine whether
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the energy and P71 spectra of the prompt neutrinos agree with those predicted.

Figure 6 compares the ohserved Py spectrum for prompt v, with those predicted

'T_‘ 1000|— E,>20 Gev -
';5 - 8, <37 mr R
3 - i
3 - .
N 100|— (1-x)%¢72ms _
O N ] .
— 1 Fiqure 6.

Dhserved py spectrum of v,
z:raf 1 compared to prediction of
oo o~ —|  models.

N i N
0 0.5 1.0 1.5 2.0
1000 pl(GeV)
: 8,<37mr
T 100k~ =
2 :
(D .
(o} i ‘ Figure 7.
~ 10 E Observed £, spectrum of
[ S— L - N
s L i prompt v, compared with
2w | _ prediction of model.
O|o
e —
F | ! L
o] 50 100 150 200
E, (GeV)

for the hest-fit production model.

spectrum with the prediction of the model.
5= 1.

with n =

In Fia. 7 we compare the prompt v, energy

The energy spectrum is consistent
A substantial contribution of diffractive production with a

flat spectrum in x or one which is peaked at |x|> 0.5 would not be consistent

with the data.

A very important question is the ratio of prompt ve to v, which seems low
in the CERN results.

yields as a function of neutrino energy for the 1982 data.
consistent with equal v, and v, fluxes at all energies.

(See introduction.)

Ye -
Yu

1.19 + 0.22

Figure 8 compares the ve and v,

The data are
Nverall for these data

In addition to prompt neutrinos per se, heam dumps are a favorite hunting

qround for new, relatively weakly interacting particles which can penetrate

lTots of shielding.

Nne example would Ye the supersymmetric counterpart of the

These might be produced from the decay of qluinos.

The

photon, the photino ¥.
photinos can interact in our detector to pronduce muonless events with unusually
large P7. The ahsence of such anomalous events allows us to set rather

stringent Timits on the existence nf aluinos of mass < 4 GeV/c2 which decay
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into photinos or Goldstinos. Unfortunately the 1imits are different for every
gluino production/1ifetime/decay scenario, and it is hard to give a concise
summary. Figure 9 gives one example, that of gluinos which decay quickly to
Yqg with the ¥ long-lived. As is typical, the 1imits depend on some unknown
parameter in the theory. In this case it is My, the mass of the Tightest
scalar quark, which is supposed to he less than the mass of the Z°. For
further details, see Reference 9.

o PROMPT upn’zp

Emzz— @% o.. PROMPT Vg+ Vg 7
uwy L T 4
SRRl = -
N 6
2 |
S
e |
~ 5
2u'E my
<3 4
=4 L
[
w L 3 Excluded
2| N o=
Slo 1 1 for g—~yqq withy stable
( I 1 1 1 A
L L L 6 08 10
0 40 80 120 160 02 0‘4m 3m
£y (Gev) ¢/
Figure 8. Comparison of prompt Figure 9. Example of 1imit on
v, and vg yields (1982 data). supersymmetric particles.

SUMMARY AND PROGNOSTICATION OF THINGS TO COME

In summary, we find
(1) A charm production cross section of approx. 36 ub/nucleon (assuming an

al.0 dependence), in good agreement with the CERN prompt neutrino experi-

ments.
(2) v/v = 1.0 as expected for DD production.
(3) ve/v, 1.29 + 0.21 which implies no exotic sources (or sinks!) of either
neutrino species.
(4) P71 and E, distributions consistent with reasonable charm production models.
(5) No sign of gluinos, etc. ("5 > 4 Gev/c?).
(6) Charm production models with a large component with a flat x dependence

[or harder] are not consistent with the neutrino energy spectrum.

Data yet to be analyzed for beryllium and copper targets should answer the
question of the A dependence. The analysis of events with E,<20 GeV is
difficult because backgrounds are higher and efficiencies are lower. When this
is complete, we hope to be ahle to shed some 1ight on the excess of events seen
by the CHARM group for E, < 20 GeV.
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ABSTRACT

I will report preliminary results on elastic neutrino-electron scattering
from data taken with the 200 ton segmented liquid scintillator - proportional
drift tube neutrino detector at Brookhaven. Features of the detector (such as
the active target and long radiation length) permit a uniquely clean signal.
Prospects of results from the completed analysis and further data taking are
discussed.
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1. Introduction

The elastic scattering of muon neutrinos and antineutrinos on electrons,

() ()
" (1

is a purely leptonic process that allows a direct observation of the weak
neutral current. With data from this process one can make a direct
determination of the neutral current coupling constants Byr 8y - These numbers
can be interpreted within a given model to provide clean measurements of
parameters such as sin2@w or P .,

To study elastic neutrino-electron scattering we have built a new neutrino
detector1 at Brookhaven National Lab. Operation of the detector at the
Brookhaven AGS has a number of advantages relative to FNAL or the SPS despite
the lower cross section. Indeed, with 1013 protons/pulse and 1.4 pulses/second
the event rate at the AGS is comparable to that at other labs. The real
difference in experiments at Brookhaven has to do with background: neutrino
interactions at 1 GeV rather than 20 GeV have low multiplicities and have been
well studied. Correspondingly, the backgrounds are simpler and easier to
calculate and recognize. A recent development has been the recognition of the

importance of coherent m° production:
VN + vNn0 (2)

(2) (3,4)

Calculations and experiments suggest that this process could be a
serious background in the elastic neutrino-electron signal. With increasing
energy the cross section for this process grows rapidly and becomes more
sharply peaked in the forward direction, so low energy experiments have a

decided advantage.

2. The Detector
The anticipated signal for elastic neutrino electron scattering is that of

an isolated electromagnetic shower, constrained to be in the forward direction

by the kinematic relation:
2 <
EQZ 2 Zme (3)

Typically at Brookhaven energies the electron energy E is around 400 MeV, with

the electron angle O then less than 50 milliradians. The total cross section
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for the elastic scattering is roughly

~ 1L5E x 10_42
v

2
ag
ve-+Ve e (4)
H H

Reactions which can also give forward showers, like
v.n + v ayd (5)
B 4

or

' v > ep (6)

and which ézyé cross sections three orders of magnitude larger, can be serious
sources of background.

With/%hese considerations in mind we have designed and built a new
detectov/at Brookhaven. Its basic design is to combine an active target with
multipré measurements of position and energy loss on a distance scale short
compared to a radiation length. The target is liquid scintillator, contained
within U4m long acrylic extrusions and packaged into planes 4m x 4m in area and
8.9 cm thick. As shown in the insert on Figure 1, each scintillator plane (16
cells each with a phototube at both ends) is followed by 2 planes of
thin-walled proportional drift tubes (54 wires/plane), with alternating
horizontal and vertical wires. Over 80% of the mass of the detector is liquid
scintillator, permitting observation of energy deposits at the vertex as well
as allowing approximately 75% of the total energy to be visible. The radiation
length is 5 modules (one module = 1 scintillator plus 2 PDT planes), so
multiple measurements of dE/dx in both the scintillator calorimeter and the
PDTs are possible at an early stage in the growth of an electron shower. This
aspect of the detector enables good separation of electron tracks from photon
showers., Together with energy loss measurements, the PDTs (with spatial
resolution of 1.5mm) provide a determination of the electron angle [important

because of eqn. (3)] with an accuracy approximately

40 n 12mrad (1)
VE

This number is derived from early prototype tests; measurements are in progress
in a test beam to study fully this and other aspects of the detector.

The complete detector is shown in Figure 1. The total of 112 modules as
described above (calorimeter and 2 PDT planes), 172 metric tons, is followed by
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10 modules or 30 metric tons of alternating scintillator planes and 1 radiation
length Pb sheets. This "gamma catcher" provides an energy measurement for
showers which begin late in the detector, allowing a fiducial region for shower
vertex position that extends through module 102. A spectrometer, using PDT
planes, permits a determination of the momentum spectrum of a sample of
quasi-elastic events to check the neutrino (anti neutrino) spectrum and (v, v)
composition of the beam. The total detector occupies a volume of 4m x 4m x 24m
and is instrumented by approximately 4000 phototubes and 14,000 PDT wires.

The detector data collection is designed to be deadtimeless. A 10 M sec.
electronic gate enables all elements shortly before the arrival of the 2.5 usec
neutrino burst. Both time and charge are recorded for every element with a
signal above threshold. In data analysis, then, one can "time cluster" the
hits and cleanly separate interactions (or delayed wndecays) within this gate.
Additionally, all elements have multihit capability. Data readout procedes in

5

parallel through four microprocessors”; these also handle elaborate calibration

and monitoring tasks between bursts.

3. Status of the Experiment
We have had two data taking periods, with the flux as summarized in Table

1. The early data, taken with 1/2 the number of modules installed and without
the "gamma catcher" or spectrometer, was summarized at Balatons. I will
discuss the analysis of the neutrino electron elastic scattering data from our

major run, with the full detector.

B ni eriods
otons e
perjod detector beal (5 _beam)
June-July 1981 1/2 6.3 x 10}3 5.0 x 1013
Dec.-Feb. 1982 full 8.8 x 10 9.1 x 10
The raw data from the v running with the full detector consisted of
recorded (time, charge) for all hit elements for each of 1.25 x 106 bursts.

This data was first passed through a conservative software filter designed to
eliminate beam muons and neutrino interactions without electromagnetic shower

N "time clusters", was then

characteristics. The sample surviving, 4 x 10
scanned by physicists to select single showers within a 15° cone of the forward

direction and eliminating events with extra tracks at the vertex, with multiple
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showers, or with associated side or front entering particles. The remaining
1575 events were subjected to a fiducial cut (vertex within modules 6 to 102
and PDT wire numbers 7-50) and an energy cut (visible energy > 150 MeV).

The above selection process eliminated all but 1048 events. Of these
events, 257 were found to have an energy deposit of at least 5 MeV correlated
in time but upstream of the vertex. As discussed below this feature is
suggestive of a w° decay; subtracting this data left 791 events, predominantly
single electromagnetic showers. Using the PDT positions in the first 3 to 5§
modules of the shower (within 1 radiation length) we calculated the angle of
the candidate electron; requiring this angle to be less than 180 milliradians
reduced the sample to 392 events. Finally, to tag "electrons™ and "protons" we
made a separation based on the energy deposited in the PDT and calorimeter
cells within the first three modules after the vertex. At this stage the
signal was already relatively clean, so we were able to apply this cut loosely,
retaining 95% of the electron signal while eliminating 50% of the photon-like
background. This separation left 265 "electron" events and 127 "photon"
events.

We handle the 7° and e p backgrounds (Eqns 5 and 6) remaining in our sample
by making a cut based on the measured shower energy. Studies indicate that the
electron from e p events has much higher energy than from elastic neutrino
electron scattering; we require then that the visible shower energy be less
than 1500 MeV. Forward photon showers from n° producton, on the other hand,
have energies that peak around 100 MeV. To reduce this contamination, we
require that the visible shower energy Evis be at least 150 MeV, and we study
is ¢ 300 and 300 < Evis < 1500.

Using the energy selections mentioned above, the data tagged by dE/dx

separately the regions 150 < Ev

measurements as "electron" or "photon" events has a dependence on 02 as shown
in Figures 2 and 3. Note that the kinematic constraint, Eqn. 3, puts a
restriction on 02 that varies with E such that electrons at Evis = 1500 MeV
should fall within the first .001 bin of Figure 2, while at Evis = 150 MeV the
signal extends out to @2 = ,005 (radians)z. On the other hand, photons from
reaction (5) should be isotropic in the forward direction or flat in Oz.
Clearly in both energy regions there is a strong signal in the "election"
sample with an essentially flat background having the same shape as the
"photon"™ events. Shown also in Figs. 2 and 3 are the same distributions for
events with associated upstream energy deposit. The 92 distribution of these
showers is consistent with their being photons from n° decay, as mentioned
earlier. In figure 4, a plot of E@Z, we see for the full region 150 < Evis <
1500 MeV the pronounced signal in the "electron™ sample. Note that although
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the background is also peaked near zero (due to the predominantly low energy of
forward m° photons) the signal to noise is better than 2/1.

Using Figures 2 and 3 we can estimate the number of elastic neutrino-
electron events in our sample; these numbers are given in Table 2. Together
with the early data reported previouslyG, our signal for neutrino-electron
scattering totals 69 events. This sample should be compared with the 46

neutrino-electron and 77 antineutrino~electron events reported by the CHARM

group7.
e v >V
Run Signal + Background Est. Background Signal
June-July '81 23 10 13
Dec-Feb '82
<

150 Evis<300 26 9 17

300<Evis<1500 55 16 39

150<Evis<1500 81 25 56

total 69

Studies are now in progress of the detector performance with test beam
electrons. Our signal/background ratio for elastic neutrino electron events,
already outstanding, should improve as we understand and optimize our angular
and energy resolutions. Analysis of the anti-neutrino data is now underway as
is the normalization of the events to a measured quasi-elastic rate. With new
data from running later this year we expect to have approximately 120 events of
mewm%s%e+%eaManmmlmmMthMaMbmudmemumn

scattering Gpe + v, e. Analysis of this data should provide a direct

u
measurement of sinZO" to better than .02.
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ABSTRACT

A tentative design of a calorimeter dedicated to the study of
neutrino-electron scattering is presented. The study is based on the experience

of the CHARM Collaboration with such techniques.

Neutrino-electron scattering was discovered ten years ago by the Gargamelle
Collaborationl). Several measurements of the cross sections for neutrino and
antineutrino scattering on electrons have been performed in the meantime. Taking
all experiments together, about 100 events have been observed in each channel.
These results have been important for our understanding of the structure of the
weak neutral current. The vector and axial vector coupling constants of the weak
neutral current of the electron are determined with a four-fold ambiguity, two

sign ambiguities and an ambiguity under the exchange of 8y and 8)- Combining
these results with those from \‘)ee - \')ee scatteringZ) and from e‘e” * u'u” at

PETRA’) a unique solution emerges, the one predicted by the standard model of

electroweak interactions, with geA = -0.523 + 0.035 and*’ sin28 = 0.215 + 0.043.

The most precise determination of the value of sin?6 in the leptonic sector
has been obtained by the CHARM Collaboration“), making use of the direct relation

between the ratio of c(vue) and sin?9,
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alv
R = ( ue) -3 1-4sin?0 + (ls/a)sin“9

c(\“)ue) 1-4sin%0 + 16 sin“@

In the vicinity of sin?8 = 0.22 this relation gives Asin?8 ~ 0.1 AR and, hence, a
very precise determination of the mixing angle. The detection efficiency cancels
in the ratio and many systematic uncertainties are reduced. Using their upgraded
detector, incorporating now measurements of the shower barycentre in two
orthogonal projections behind each target plate, the CHARM Collaboration will
further improve the accuracy of this result, and expects to reach a statistical

precision of Asin?f ~ * 0.02 after the wide-band beam run of 1983.

The required precision to be obtained by future experiments can be defined by
considering the higher order corrections to sin28. The electroweak theory

predicts the Born term (Q? ~ 0) of the mass of the Z° as a function of sin28

_ 37.4 Gev

M -
2°  sinBcosb

First order electroweak radiative corrections shift M by ~ 5 GeVS), e.g. for

ZB
sin?8 = 0.220 * 0.015, as determined by the CHARM Collaboration from semileptonic
neutral current interactionSS), Wheater and Llewellyn-SmithS) predict

MZ” (Born) = 90 * 2.3 GeV

M (physical) = 94.6 £ 2.3 GeV

ZB
and hence a shift of ~ 5 GeV. A precise experimental determination of this shift
would constitute a decisive test of the underlying gauge theory. A significant
test could be claimed if the present error on AM would be reduced to 0.7 GeV

corresponding to an error on sin?f of * 0.0057) .

In order to achieve this sensitivity with this purely leptonic process, the

following experimental problems have to be solved

1. EVENT RATE requiring a large fiducial mass and high selection efficiency

over a wide window of electron energies;

2. BACKGROUND, dominantly due to quasi-elastic electron-neutrino scattering
and to coherent m° production“) has to be reduced by efficient e/u

discrimination and precise measurements of the shower direction;

3. MONITORING of the relative flux of the different beam components vu, Gu,

Vo and Ge is required to determine the ratio of d(vue)/o(ﬁue).
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A tentative design of a new dedicated (vue) detector has been discussed by the
CHARM Collaboration. It is based on the principle of a fine-grain
target-calorimeter and on the accumulated experience of the CHARM Collaboration
with instrumentation of this type. The main concern of this study was the
question: can the present technique used for vue studies be sufficiently

improved to match the aim of Asin?8 = 0.005 or is a new technique required?
The accuracy of shower direction measurements depends mainly on three

contributions:

1. On the sampling frequency and on the method used to count the number of

shower particles Nj

2. On the plate thickness and grain size of the calorimeter near the vertex;
3. On the lateral shower sampling used to determine of barycentre of the
shower.

The limiting accuracy is given by the Z number of the target material
0(8) ~ Z/VE const.

The mean Z of the present marble target is 13, with glass a value of ~ 11 could
be achieved. In these light targets with a nucleon absorption length of Aabs ~ 4
radiation lengths, electromagnetic and hadronic showers have very similar
longitudinal profiles”). The CHARM Collaboration has developed a new method to
discriminate between electromagnetic and hadronic showers in low Z materials
based on the characteristic difference of their lateral profiles (see figure 1).
A discrimination by a factor of ~ 100 has been achieved'). Figure 2 shows the

resolution in shower direction measurements achieved with the present CHARM

detector.
T T T T T Fig, 1 Distribution of the width
200 — ELECTRONS I' of electron and pion
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w by the lateral energy
> e . .
w20 deposition profile in the
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= 40
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The structure of the new, dedicated detector is sketched in figure 3. It

consists of 330 modules of 3.5 x 3.5 m? surface area, each composed of a 4 cn
thick target plate (marble) and of a plane of streamer tubes with 1 cm wire
spacing, read out by crossed cathode strips of 2 cm spacing in two orthogonal
projections. Using analog electronics the centroid position of a track or &
shower can be reconstructed with * 2 mm accuracy. Simulating this structure
using Monte Carlo methods (EGS) we find an angular resolution of o(8) ~ 16
mrad/vE/GeV and an energy resolution of <J(I-I)/E ~ 20%/YE/GeV. Hence, we expect a

reduction of background proportional to o2(8) by a factor of ~ 9.

The choice made of analog versus digital readout of strips is illustrated in
figure 4. This configuration has a fiducial target weight of ~ 320 tons, whereas

the CHARM I detector has 70 tons.

Monitoring of the beam composition has been studied in detail for the CHARM I
experiments using quasi-elastic vu(\_)u) events. This method can be extended to

lower neutrino energies by restricting the value of Q® to a small value to
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2em| new dedicated CHARM II
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equalize the cross sections for the neutrino and the antineutrino induced
reactions. The CHARM II ‘detector, combined with a muon spectrometer, will
therefore directly monitor the flux ratio ¢(vu)/¢(0u) to * 2%, required to

evaluate the ratio R and the neutrino spectra.

Electron neutrino-electron scattering has a ten times higher cross section
than vue scattering. The beam contains approximately 2% electron neutrinos and
antineutrinos. Aiming at a 5% measurement of R requires a knowledge of the (ve +
Ue) flux to better than * 10%. We think that this can be achieved by making
dE/dx measurements in the plane following the vertex, at angles outside the

forward peak. We have also been able to recognize inclusive veN + eX events with

y < 0.6’) in the CHARM I calorimeter.

We summarize this study in Table 1 which gives the selection criteria, the

angular resolution, the rate and background for vue scattering which would be

obtained for 10'*® protons on target.

The same statistics for vue would be obtained with 5 . 10%*® protons. Hence, we

expect to measure

B N(vue)

R = 1364

= 1364

xF

14§ 1+
&
o

N(Gue)

corresponding to Asin2?8 = * 0.005.
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Table 1

Rates and background of Ghe scattering in CHARM I and in

CHARM II for 10'° protons

Selection CHARM I CHARM II
Rate for 7.5 < Ee < 30 GeV 154 + 27 909 + 33
Ze (1 hit) 617 907%
ag(@) at B =15 GeV 12 mrad ! 4 mrad
Signal /background 1/2 i 1/0.22
Rate for 2.5 < E_ < 30 GeV 1364 + 40

An additional physics result may be obtained on the value of p, derived from a
measurement of the ratio of cross sections for vue hd vue and for vue -+ u've. The
flux monitoring is now internal and, apart from systematic uncertainties due to
background subtraction, electron detection efficiency and spectrum determination,

the statistical error of p would be * 2%.

The main conclusion that we draw from this study is that the experiment seems
to be feasible using the presently developed fine-grain calorimeter technique.
Of course, many details have to be investigated further, mainly to optimize the
performance to cost ratio. In particular, the combination of digital and analog

readout and the use of a different plate thickness are considered.
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MEASUREMENT OF THE NEUTRAL CURRENT COUPLING CONSTANTS
IN (ANTI-}NEUTRINO INTERACTIONS WITH DEUTERIUM

Amsterdam - Bergen - Bologna - Padova - Pisa - Saclay - Torino WA25 Collaboration

P.H.A. van Dam
NIKHEF, P.0. Box 41882, 1009 DB Amsterdam, The Netherlands

Abstract: The neutral to charged current cross section ratios for vy and GU-
interactions with proton and neutron separately have been measured in BEBC,
filled with deuterium and exposed to the CERN SPS wideband beams. From these
ratios the neutral current chiral coupling constants are determined. From the
observed neutral current cross section ratio for vu—interactions on proton and
neutron the ratio between the left-handed coupling constants is obtained.
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In the framework of the quark parton model the neutral to charged current
cross section ratios can be written as [1]:

k 2

L

o

R
4

k 2
= e fSdl et d (1)

2
R
where k = (vup), (vun),k(Gup), (Gun).

The coefficients f~ can be derived from the integrals of quark density
distributions. The neutral current chiral coupling constants uE, df, ug and
dg were introduced by Bjorken and Sehgal [2,3]. We have measured for the first
time the four ratios Rk simultaneously in one experiment. This uniquely deter-
mines the values of the four coupling constants.

In this experiment the bubble chamber BEBC filled with deuterium was
exposed to the CERN SPS wideband neutrino and antineutrino beams, obtained
from 400 GeV protons. This analysis is based on a sample of 38000 and 125000
pictures taken in the v,” and GU-beam, respectively. An event is classified
as a charged current interaction (CC) if it contains at least one particle
with momentum larger than 4 GeV/c, identified as a muon by hits in both planes
of the external muon identifier (EMI) [4]. Otherwise it is classified as a
neutral current candidate (NC). For further analysis only events with total
visible hadronic energy Eh larger than 5 GeV are used. An event is classified
initially as occurring on neutron (proton) if its charged multiplicity,
excluding backward spectator protons, is even (odd). To correct for forward
spectators and deuteron rescattering effects event weights are used as in [5].
The rescattering probability is taken to be 0.12 + 0.03 [6].

Important corrections have to be applied to the raw number of events.

They come primarily from two different sources:

a) the Timited geometrical acceptance of the EMI and its electronic ineffi-
ciency lead to a Toss of CC events and a contamination of the NC sample.

b) neutrino interactions in the material in front of the bubble chamber produce
neutral hadrons (neutrons and KE) which may interact inside the chamber and
contaminate the NC sample.

The geometrical acceptance of the EMI as a function of the momentum of the
muon, its angle with the beam direction and its charge, is determined with a
simulation program which uses the spatial distribution of the neutrino inter-
actions as input. The electronic efficiency of the EMI is determined from a
sample of throughgoing muons and turns out to be 97 * 1%. Using the geometri-
cal acceptance table and the electronic efficiency the loss of CC-events and
the contamination in the NC-sample are calculated starting from the observed
CC events. Since the EMI-acceptance drops sharply for muons with momentum
smaller than 4 GeV/c, a different method of correction is needed there. This
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correction is calculated using a Monte Carlo program which properly reproduces

the observed features of the CC events with muon momentum larger than 4 GeV/c.

The correction of the NC sample for hadron induced events is performed
using the B/AS method [ 9]. This method starts by attempting to associate NC
candidates to upstream interactions visible in the bubble chamber. The number
of events associated to an invisible origin (in front of the bubble chamber)
is obtained by multiplying the number of associated events with a factor B/AS.
This factor is calculated with a Monte Carlo program. Its value depends primari-
ly on the density of matter in front of the bubble chamber (including its wall)
and the density of the bubble chamber 1iquid. It also depends on the energy
spectrum and the angular distribution of the neutral hadrons produced in the
neutrino interactions. These quantities can be determined from the observed
events and are used as input to the Monte Carlo program.

The corrections for unidentified muons and hadron induced events are large
with respect to the number of observed events and produce considerable syste-
matic uncertainties. As pointed out earlier [10] their effect can be strongly
reduced by taking advantage of the following facts, observed in CC events:

a) in a neutrino interaction the total transverse momentum with respect to the
beam direction is smaller than the transverse momentum of the hadronic system
alone.

b) the transverse momentum of an individual hadron is smaller than the trans-
verse momentum of the total hadronic system (PE).

Consequently, by considering only events with PE larger than some cutoff value

the influence of the background can be drastically reduced. From the observed

NC to CC ratio as a function of the cutoff value it was decided to use only

events with Pﬁ larger than 1.5 GeV/c.

Further corrections have to be applied for: hadrons being incorrectly
identified as muon due to background hits in the EMI or decay in flight,
interactions caused by the electron (anti)neutrino background in the beam and
scanning losses. ’

After these corrections the CC sample is pure and complete. The corrected
NC sample however still c?ntains a mixture of vy” and Gu-induced NC events.

In the neutrino beam the vu-background in the NC sample is small as indicated

by the number of observed Gu-induced CC events (2% of the vu-induced cc).

The correction to the NC sample is calculated from the corrected number of

Gu-induced CC events, using values of 0.25 and 0.50 for R'P and RV" respective-

ly. Since these corrections are relatively small the final values of R"P and

RV are not sensitive to this correction. In the antineutrino beam the back-

ground in the NC sample is large and enhanced by the cuts in Eh and PE : the
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observed number of vu-induced CC events is ~ 40% of the number of Gu—induced
CC events. The correction to the NC sample is calculated from the corrected
number of vu-induced CC events using the values for R and R'P found in the
neutrino beam.

The completely corrected numbers of events with Eh > 5 GeV and Pﬁ > 1.5 GeV/c

are :
CC on CC on NC on NC on

proton neutron proton neutron

vu—induced 814 = 41 1801 = 50 400 + 32 461 + 35

Gu-induced 817 + 33 355 + 22 211 £ 29 201 + 31

The resulting values for the neutral to charged current cross section ratios

are :
R'P = 0.49 + .05 R = 0.26 + .04 with E, > 5 GeV
RV = 0.26 + .02 RV - 0.57 + .09 and PE > 1.5 GeV/c
RN = 0.33 + .02 RN - 0.35 + .04

The given errors are statistical only. The main contributions to the sys-
tematic errors come from :

a) the uncertainty in the value of B/AS, used to calculate the hadron induced
background. This introduces an uncertainty of ~ 5% in all the ratios, but
with complete positive correlation.

b) the uncertainty in the EMI-efficiency. This introduces an uncertainty of
~v 3% in all the ratios, again with complete positive correlation.

c) the uncertainty in the rescattering probability. This introduces an uncer-
tainty of ~ 3% only in R'P and RVp, with complete positive correlation.

The ratios on deuterium agree with results obtained on neon [11]

(R\)N = 0.345 + ,015 and RvN = 0.364 + .029) and with results obtained on other

isoscalar targets [12,13]. The value for RVP agrees with results obtained in

hydrogen [10,14] (0.51 + .04).

To obtain the values of the chiral coupling constants from the four ratios
on proton and neutron equation (1) has to be solved. The coefficients fk are
calculated using the values of the integrals of the quark density distribu-
tions U, U+ S, D+ S and U/D measured previously in this experiment [6,151.
The contribution of the strange quarks is taken into account using the value
of S/D given in [16]. The effect of the cuts in Eh and PE on the coefficients
fk is determined with the previously measured Monte Carlo program [7,8] which
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properly reproduces the features of the observed CC events. This program uses
the parametrization of Buras and Gaemers [7 ] for the dependence of the quark

density distributions on the Bjorken variable x.

The resulting values for the coupling constants are :

uZ = 0.15 + .04 uf + & = 0.33 £ .03
¢ = 0.18 + .04 w2+ dd = 0.02 ¢ .02
W2 = 0.03 + .02 uZ -t = -03 .07
6 =-0.01 £ .02 wa -l .04t .04

The error includes the effect of the statistical uncertainties in the ratios
and in the values of the quark densities used to calculate the coefficients fk.
It also includes the effect of the previously mentioned systematic uncertain-
ties. The values of the sums of the couplings agree with results obtained on
other isoscalar targets [ 11,12,13]. The values found for uE and dE are in good
agreement with the ones obtained by combining R'P measured in hydrogen with
RN and RN measured in neon [ 11 (uE = 0.15 + .04 and dE = 0.19 £ .05).

In the Glashow-Weinberg-Salam model [17] the coupling constants depend on
one common parameter : sinzew. From a fit of the coupling constants we obtain

sinzow =0.19 £ .03 with XZ = 1.2 for 3 degrees of freedom.

The systematic uncertainty in sinzew is of the order of .02.

Since the righthanded coupling constants are relatively small, the ratio
between the lefthanded coupling constants can be obtained directly from the
observed neutral current cross section ratio between vu-induced interactions
on proton and neutron. Following a procedure similar to the one used to obtain
the individual coupling constants we find

2
up
—5 = 0.66 + .21 £ .13

d

This result is not sensitive to the uncertainties in the integrals of the quark
density distributions. The systematic error comes only from the uncertainty in
the rescattering probability.
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APPLICATION OF A MULTIVARIATE DISCRIMINANT ANALYSIS
TO HIGH ENERGY PHYSICS IN BUBBLE CHAMBERS

W. Van Doninck
Inter-University Institute for High Energies,
ULB-VUB, Brussels, Belgium

ABSTRACT

Two examples are given of the application of a multiva-
riate discriminant analysis to high energy physics. The first one
concerns the measurement of the neutral to charged current cross
section ratio for v, interactions on free protons. The second ap-

plication is related to the detection of tau-neutrinos in bubble
chambers.
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The multivariate discriminant analysis is a standard ma-
thematical method for dealing with problems of pattern recogni-
tion]’z). The basic ideas behind its application to the analysis
of bubble chamber events as presented here, are the following :
Every event can be characterised by a '"pattern" vector V(xl,...,
xn) in a n dimensional space where X|see, X oare measured kinema-
tical variables. Different event types, like for instance charged
and neutral current vu interactions, are then expected to have on
average a different "pattern'" and hence to cluster in different
domains of the multidimensional space. If the spread of the clus-
ters is small compared to the separation between them, individual
event assignment becomes possible. These basic ideas are illustra-
ted schematically in a simplified 2 dimensional example in figure
1 where two sets of "events" (dots and crosses) are shown in a
scatter plot spanned by the variables x and y. It is clearly im-
possible to isolate any "event" type in a clean way by a cut in
either x or y, whereas this is trivially achieved by a cut along
the "discriminant axis" spanned by a single "canonical variable"
CNVR = ax + by. In a multidimensional space and using real events,

the situation will of course be less trivial but the problem es-

sentially boils down to :

- The choice of the kinematical variables used to span the multi-
dimensional space. Clearly, the separation of the clusters will
improve, the better the individual "discrimination power" of the-
se variables. Discrimination power which depends upon the mean
value and the variance of the considered variable for the diffe-

rent event categories.
- The optimal choice of the "discriminant axis".
~ The optimal choice of the "separation hyperplane".

The major ingredients required to achieve this with the help of
"initial sets" are given in the next section. The initial sets con-
sist of events whose assignment to one of the event categories is

unambiguously known.

1. MATHEMATICAL FRAMEWORK

Only a brief survey will be given here, details can be

found in the literature on the multivariate discriminant analy-
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sisl’Z).

Consider a P dimensional space SP and N events i.e. N vectors in
P

S”.

A metric in SP can be defined in the following way :
2 P
= .. (a,-b,)(a,~b;) = (a-b)'0(a-b
d“(a,b) R qu(a1 bl)(aJ bJ) (a-b) '0(a-b)
1,J
where Q is a symmetric and definite positive matrix.

The "compactness”" of a group or cluster is defined as :

2 1 N 1 N

2 1
RIS IR R D T o DU e DR Rt
2)

It can be shown that this quantity is minimal if matrix Q is de-

fined as follows :

Q = (det DIRAN N

where I is the variance, covariance matrix. In the case where Q is

diagonal, which can always be accomplished by a rotation, the '"com-

pactness'" becomes :

P N
- gD DT vy Oy
P=] i,] P p jp

with the "weight" wp equal to :

R
P o]

ee]
ae]

from which follows that a variable xp with large variance cp will
carry little weight.

. . P
Consider now K substructures (groups or clusters) in S

with Nk events per cluster (k = 1...K). Define matrix T (propor-

tional to Q) as follows :

P B = -
T" >- taS = (xia Xa)(xie xB)

Z| —
He 2

called the total variance-covariance. According to a theorem due

to Huygens one can write T = W + B with :
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N
K 'k
Wi w 6 = % roor o (x —xk)(xi B—;?l;)
o Kk i > ¢ k
k
K N
P k -k = ., -k -
B o bOLB - E —N_ (X(I_X(l) (XB_XB)

called the variance-covariance "within" and "between" groups, res-

pectively.
The best discrimination of the groups will then occur if (uBu')/
(uWu') or equivalently (uBu')/(uTu') is maximal, where u defines

a direction in S°. In this way the "discriminant axis" u is obtai-

. . . - . - -1
ned by diagonalisation of T ]B or equivalently W ]B. Hence T Bu'=

Au' where the eigenvectors u are the "discriminant axes" or "cano-

nical variables"; the best one corresponding to the largest eigen-

value A. The number of "discriminant axes'" is given by min (K-1,P)

but a good application of the method requires P >> K.

An approximate flow chart of the discriminant analysis

program BMDP3) used here is given below.
> classified event sample l i.e. "initial sets" at step O
-1 . . T . C
Tr(T 'B) for remaining xJ monitored on '"initial sets"
\
IS IX“ }-Tr(T_lB) maximum I i.e. variable choice
y
_I —_
T ey —r P r T By <e IS8 stop
¢ no
. Classify all events ac- i.e. determination of CNVR
~ cording to Xy Xy and of the "separation hy-
— perplane" at step n.
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2. MEASUREMENT OF R; 4)

As a first example, the multivariate discriminant analy-
sis was used to separate neutral current (NC) from charged current
(CC) v 1interactions and from the background due to interactions
of incgdent neutral hadrons (N*), in order to measure the ratio
(NC/CC) = R: on free protons. The data are from experiment WA245)
performed by a collaboration of groups from Bari, Birmingham,
Brussels, Ecole Polytechnique, Rutherford Laboratory, Saclay and

University College London.

BEBC equipped with a H, filled track sensitive target
(TST) was exposed to the vu wide band beam at the CERN SPS. About
2000 neutral induced interactions have been observed inside the
H,. The advantage of the TST set up consists in the ability to de-
tect a major part of the final state y rays (v 60 7Z) in the sur-
rounding HzNe mixture. Kinematical variables depending upon the
hadron system will therefore be better measured than in a bare
bubble chamber filled with H, resulting in a better "discrimina-
tion power" of such variables.

Among the variables used to build the multidimensional
space, only a few with the best individual "discrimination power"
will be defined here. The total longitudinal (pL) and transverse
(pT) momenta of the events with respect to the incident v direc-
tion are known to be on average quite different for charged, neu-
tral current and neutral hadron interactions. The variable F has
been defined in the following way. For each negatively charged par-
ticle i in an event, F.1 is calculated as

T

H j#i H
where p; and pi are the transverse and longitudinal momenta of par-
ticle i with respect to the incident y direction and p; is the
transverse momentum of all the other particles in the H event,
including detected neutral hadrons and y rays. F is then defined
as the maximum of the Fi and particle i giving this maximal value
is called "muon". Similar variables have been used successfully in

6)

other experiments to select charged current interactions in the

absence of, or in addition to the information provided by the ex-
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ternal muon identifier (EMI). Finally variable ¢ is defined as the
supplement of the angle between the projections onto the plane per-
pendicular to the v direction of the momentum vectors of the se-
lected "muon" and of the remaining "hadron" system. Several other
kinematical variables have been determined for each event; with
decreasing weight in the discriminant functions they include the
transverse momentum out of the plane defined by the "muon" and the
incident v direction, the ratio of the transverse momentum of the

"muon" and the "hadron" system and so on.

The initial sets have been varied in order to check the

stability of the event classification. As an example, the follo-
wing initial sets have been used; where two alternatives for the

initial N% sample are explicitely given.
- CCi Events with a p identified in the EMI

- NCi Obtained by removing the p  from the previous CCi set (i.

e. dummy event sample)
- N a) Events yielding a unique 3C fit to
- o + - o - +
np * ppm or KLp -~ K pm or KLp - K pm
b) Neutral induced interactions observed in an exposure

of BEBC + TST to a n beam (p _ = 70 GeV/c).
m
The event classification refers to 1908 neutral induced

interactions occurring inside a 1.8 m3 fiducial volume of H,. Of
these, 586 were identified as initial CC events and 147 were at-
tributed to the N: category a). Thus 1175 events remained to be
classified. The result of the discriminant analyses using in turn
the two different initial samples of neutral hadron interactions

as initial set together with CCi and NCi is given in table I.
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Table I : Event classification via the multivariate discriminant

analysis.

Event assignment
+ Initial set
Charged Neutral Neutral
current current hadron
N: sample - a) b) a) b) a) b)

Unidentified 347 333 421 420 407 422
CC.1 565 565 20 20 1 1
N?l‘ a) 6 5 15 23| 126 119
NC.1 21 20 358 360 34 33
NEob) 2 1 12 9 57 61

Only the first three rows correspond to events observed in the v
exposure. Within the statistical uncertainties, the event classi-
fications agree no matter which initial N* sample is used. Also
when varying the initial CC and NC sets the event classification
remains stable.

To illustrate that the different event types do cluster in diffe-
rent regions of the multidimensional space, figure 2 shows the
distribution of the 1908 observed events in the 2 dimensional sub-
space spanned by the two canonical variables. A threefold structu-

re is clearly exhibited by the data.

Some consistency checks given here indicate the quality

of the event samples after discrimination (918 CC; 456 NC; 534 Nﬁ.
The y distribution for the 918 events classified as charged cur-
rents is shown in figure 3a. It is flat up to y ~ 0.9 in contrast
to that of the initial CC.1 sample shown in figure 3b. The solid
curve in figure 3a corresponds to the y distribution of Monte Car-
lo generated charged currents in which the "muon" was chosen in
the same way by maximizing the F variable. The decrease above

y ~ 0.9 is essentially due to incorrect muon selection in very
high y events. This check shows that using a biased initial sample
does not necessarily result in a similar bias after classification.

To check whether the 456 obtained neutral current events exhibit genuine
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neutral current characteristics, the neutral to charged current
ratio has been determined as a function of different cuts on the
resultant transverse momentum of the hadron system. The presence
of an important N* or unidentified CC contamination would result
in a substantial increase of this ratio at low values of the P
cut, as demonstrated in ref.7). Figure 4 shows that this ratio
determined with the event samples after classification is found to

be about constant down to the lowest values of the cut-off in Py -
H

When determining R; one has to account for some overlap

between the different clusters; and hence for the loss of genuine
events from a given category and the migration of events from ano-
ther group into this given category.

The true numbers of events of the different types are related to
the event numbers after classification by the following matrix

equation :

cc cc » cc NC + CC N® > cc ce,
NCc| = [cc > NC NC + NC N*® 5> Ncl . Ne,
n* cc » n* NC - N¥ N* 5 N® N

The off-diagonal elements in the 3 x 3 matrix correspond to the

forbidden transitions which have been obtained from the initial
sets.

Other corrections are due to one prong topoldgies, Gu contamina-
tion, scanning efficiencies etc. The results are summarised in

table II.

Table II : Event numbers after the different corrections

cC NC
After classification 905 460
After correction for overlaps 896 * 32 414 + 30
After all corrections 891 + 33 419 = 31

The value for the neutral to charged current cross section ratio

for v, interactions on protons is found to be :
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R; = 0.47 + 0.04

Systematic uncertainties have been investigated and were found to
be negligible with respect to the statistical error. The use of
the multivariate discriminant analysis made it possible to avoid
the severe cuts on the data inherent in previous experiments7’8’9)
and hence to reach similar precision to results from experiments

disposing of more than three times the statistics of WA24.

Within the framework of the GWS model, the measured cross

. . v . 2 .
section ratio R is related to sin 8, via the quark-parton model.

10) W

Following ref. and using o = I ii/z q; = 0.10 the mixing an-

gle is found to be : sin2ew = 0.18 + 0.04.

2. v DETECTION

The aim of this preliminary analysis is to separate the

reaction :

vV + N >T + H (1)

from the generally much more abundant process :
v +N>%+H (2)
U

on a purely kinematical basis. In this application, the multiva-
riate discriminant analysis is only used to determine the canoni-
cal variable which by construction has the best individual discri-

mination power.

Charged current vu and Vo interactions were generated in
BEBC filled with a heavy HZ—Ne mixture, using the LUND Monte Carlo.
Fermi motion, measurement errors and the loss of final state neu-
tral hadrons (n°, Ki, n) were also simulated. The v, energy spec-
trum was taken according to the wide band beam at the CERN SPS.
The v were assumed to arise from Vv, oscillations with

T
Am2 = 40 eVz. The t -+ pvv decay was also simulated.

The kinematical variables introduced into the discrimi-
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nant analysis are defined in the drawing below :

The canonical variable® obtained from the analysis 1is
plotted in figure 5 for 4000 generated vV CC events and 2000 Vo cc
interactions where the t has a subsequent decay into pvv. The das-
hed histograms correspond to events where the momentum of the final
state muon is below 5 GeV/c. The area of the histogram correspon-

ding to the v, CC events is shown dotted.

The results of the analysis are shown in figure 6 where
the efficiency for detecting reaction (1) is given versus the per-
centage of v CC events contaminating the Vo sample. The curves

correspond to a single cut on the canonical variable and can be
. . . . 11
compared to the combinations of cuts proposed in the literature °’

12,13) which have also been applied to the same Monte Carlo samples:

Iy . . . o, o
A : Eu > 4 GeV; EH > 5 GeV; Pr > 1 GeV/cs ¢UH > 90°%; oo > 120
12y | . o,
B Popg > 2 GeV/cy bon > 135°%; X is < 0.2
13) . . °
[¢ Popp 1.6 GeV/c;y dom > 115°.

In all cases it 1s found that a single cut on CNVR is substantial-
ly more efficient. The same results obviously also apply to the se-
paration of veN + e H and v N -+ tH(t +evv) since the kinematics

T

are the same.

% CNVR = 1.46 p, + o.os{pT /oo |—1.oz(pT - p,) * 0.14 1n S
H u H

U
2 2
- 0.18 ln(pT/pL) - 0.12 ln(pm/pL)—3.54
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SEARCH FOR RIGHT-HANDED CURRENTS IN MUON DECAY*

Bruno Gobbi
Department of Physics and Astronomy, Northwestern University
Evanston I1. 60201, USA

Abstract

We report preliminary results of an experiment designed to measure the
mass of the right-handed intermediate vector boson. The presence of such a
particle in electroweak interactions is predicted by left-right symmetric gauge
theories. The experiment measures the momentum spectrum of the positrons from
the decay at rest of 1) longitudinally polarized muons produced in the decay at
rest of =+ + pu*v (polarization P,) and 2) unpolarized muons. The endpoints of
these two spectra are used to determine the quantity £P, where £ is a Michel
parameter. This product is related to the ratio of the mass of left and right
handed W and to the phase between the two helicity states. We measure, at the
90% CL, 1 - £P, & < 0.0041 and infer the mass M(WR) > 380 GeV/c2.

The present standard model of weak and electromagnetic interactions is based
on the gauge group

su(2)L x U(1).

The V-A character of B and u decay is imposed on the theory by allowing only
left handed components of fermions to couple to intermediate vector bosons (W),
The possibility that both left-handed and right-handed fermions participate in 8
decay has been suggested 1)2)3) and models have been proposed for which the weak
interaction is left-right symmetric at the lagrangian level. These models are

*) J. Carr. G. Gidal, A Jodidio, K.A. Shinsky, H.M. Steiner
D. Stoker, M. Strovink, and R.D. Tripp, U. of Calif. Berkeley
and B. Gobbi, Northwestern U. and C.J. Oram, TRIUMF.
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based on the gauge group
SU(2)L x SU(2)g x U(1)

which is completely left-right symmetric, except for the masses of the Higgs
scalars. Due to spontaneous symmetry breaking the mass of the right-handed
charged meson WR is much heavier than the W_ and its effects are then
manifest slow below the energy scale of the Wp mass. The V-A character of the
interaction is the result of a natural suppression of right-handed gauge current.
The mass eigenstates Wy and Wp are linear combinations of the helicity
eigenstates W and WR:

Wi = W cosg - WR sing ,

Wo = W sing + WR cosg .

It is this mixing and mass splitting that induces the observed parity violation.
At an energy scale much larger than the Wp mass all interactions are supposed to
be parity conserving.

The experiment described here is an attempt to measure the mass of the right
handed gauge boson (WR). The present experiment searches for the WR by examining
its effects on the decay u* +» et ;u“e‘ With this approach the sensitivity
achievable with a very high energy experiment is obtained at lTow energy with a
very precise measurement.

The mixing angle ¢ between left and right handed currents and a, the square

of the ratio of the W's masses,

z (W_-WR) mixing angle
W (4, ) 1 (i) (1)

are the phenomenological parameters which provide a convenient physical

it

o3

description of right-handed charged-current.z) These two quantities which
parametrize the amount of V+A are related to correlations measured in weak
decays. [See M. Strovink4) for a summary of experiments sensitive to V+A.]

The experiment we describe here is a measurement of the e* momentum
spectrum from the decay of longitudinally polarized u*. Such a spectrum, after
summing over positron spins, assuming zero mass neutrinos and neglecting radiative
corrections is described by the following expression:

_z_er +(2 “12( = (1
Zaxdcoss ~ (3-2x)+(3p-1)(4x-3)+12( ﬁ: x)(1-x)n o)
-[(2x—1)+(%.5-1)(4x_3)] EP cose .

The variable x is the reduced positron momentum (x = p(e*)/p(e*)pax)» & is the
angle between u* spin and the e* momentum and P, is the polarization of the ut



from n* decay at rest.
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The quantities p, 6, n, and £ are the Michel parameters and they are

tabulated below along with the expected values from the V-A theory and their

experimental values.5) The quantity measured in the present experiment is the

Parameter (Vv - A) Value World
"Symmetric Shape" o 3/4 7517
"Asymmetric Shape" $ 0.0 -.12
"Low Energy parameter" n 1.0 972
"Polarization Parameter" E£P, 3/4 .7551

Table I. The Michel parameters.

Average Ref.
+ ,0026 6)
+ .21 7)
+ ,014 8)
+ .0085 9)

product £P, g- which in the limit x + 1 and cos8 » -1, is related10) to o and T

by the approximate relation:
§

o

~ 4(a? + ag +%—§2).

Experiments measuring £ always determine the product £P,.

A
the n ¥ » “+“u decay does effect P, by |Pu| = 1-2(a+c)2; the

(3)

V+A contribution to
sensitivity to a

20 T | | : I
| gla)+6led ]
er effects -
> |
8 1.6[— | N
S L (V+A) |
o I
Q
@O 1.2]— | |
3
;; 1O |— ‘ )
S |
he)
il Ola) =
m .
E 0.6/— effects | l'— Unpolarized 3
>
&), .
o 04— l(\/__l\) B
02— | |
0055 0.2 0.4 13 o8 |

Reduced positron energy x

Figure 1:

Positron momentum spectrum expected from decay at rest of

polarized u* decay via V-A (e* detected opposite to muon spin direction)

and V+A currents.

Also the expected spectrum from unpolarized ut decays.
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and ¢, over the entire range of x, is nearly doubled. For x=1 and |cos8|=1, the
sensitivity to @ and ¢ is very similar. The Michel parameters § and n have the
same value independently of the helicity of the coupling and p, for a V+A
interaction is: p=1—2:2.

Equation (2) when rewritten with the theoretical values for p, &, and n,
and evaluated at x » 1 and cos6 » -1 give

d2r

Txdcoss ” 4(1-x)+(1+cose)+(1-Pu)+ (1-€).

A measurement of the positron spectrum at the endpoint determines directly the
quantity €.

Figure 1 shows the expected momentum spectrum of positrons produced from the
decay at rest of longitudinally polarized muons when the et are emitted opposite
to S:; both for the case where the decay is mediated by a left-handed current
V-A and by a right-handed current V+A. Also shown is the momentum spectrum for
the decay of unpolarized muons. These three spectra display two important
features of this experiment. First, at x=1 the spectrum associated with a W_
vanishes, while the one associated with a Wp peaks. Second, the spectrum from
unpolarized muon decay at x=1 is similar to the one expected from pure V+A
contribution. To determine the product £P, g-we measure two quantities: the
spectrum of both unpolarized and polarized muons. The first measurement
determines the shape and the second measurement the magnitude of the effect
expected.

The Surface Muon Beam

This beam 1ine is described in details by C. Oramll). The 100uA, 500 MeV/c
beam of the TRIUMF cyclotron (beamspot ax ~ 2wm, Ay ~ 4mm) hits a 2mm thick
carbon target. The beam has a 43 ns RF structure. Pions produced inside the

target when decaying (n* » utv) at rest will produce muons with 4.1 KeV kinetic
energy and momentum 29.5 Mev/c (8 = .271), they have helicity -1 in the case of
V-A decays and equal to [P,| = 1—2(«+c)2 for left-right symmetry cases. The

beam line makes an angle of 135° with respect to the proton beam. It is 9.6m
long, includes two 60° bends and has an acceptance ax = 35, oy = 70 mrad. The
flux of beam particles is plotted in figure 2 as a function of the beam momentum.
The broad distribution of muons at about 25 MeV/c comes from the decay of pions
that stop inside the target. Muons with less than 29.5 MeV/c are partiaily
depolarized because they have undergone multiple scattering (coulomb scattering
is relativistically helicity conserving and non relativistically spin
conserving). The beam line, when used for a polarized beam, is tuned for
particles with 29.5 MeV/c and has a ap/p = .5% to ensure the acceptance of only
u* coming from the decay of =+ that stop in a thin layer (6.2 mg/cm?) at the
surface of the target which faces the transport system (hence the name "surface"
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Figure 2: Flux of particles in the Mj3 beam line at TRIUMF11) as a function of
the beam line momentum. Primary proton beam has 500 MeV, production target is
2 mm thick carbon.

muon beam). Muons from m* decay in flight, that are accepted by the beam line
are less polarized and are correlated in time with the RF of the cyclotron beam.
Such muons (called "cloud" muons) are rejected by looking at their time
correlation with respect to the accelerator RF structure. Figure 3 shows the
time structure of surface muons.

43 nsec
t—————

]

EVENTS

. ! ' !
0 0.2 0.4 0.6 0.8 1.2 1.4 1.6 1.8 2 .30

—T(F-stop - RF)

3

Figure 3: Timing of p* with respect to cyclotron RF (time scale running from
right to left) for “surface" muons with beam line at 29.5 MeV/c. The
data reproduces the =t life time.
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The Spectrometer.

The apparatus is sketched in figure 4. It consists of a target where the u*
are stopped followed by a cylindrical solenoid to increase the acceptance, and a
98° bend spectrometer where the positrons are momentum analyzed. Two sets of
data are collected: the spectrum of e* from the decay of polarized and
unpolarized muons. For each cases the spectrometer accepts e* with reduced
momentum in the range .8 < x < 1.2. The target in which the u* are stopped is a
thin metallic foil (Al, Cu, Ag, or Au). When the spectrum of polarized muons is
recorded, a 11k Gauss longitudinal magnetic field is applied to the target region
to prevent the muon from depolarizing (Paschen-Bach effect). Unpolarized muons
are produced by precessing the u* in a 70 gauss transverse field applied to the
area of the stopping target. The magnetic field in the target region is the only
parameter of the spectrometer which is changed when the two sets of data
(polarized and unpolarized n* ‘decay) are collected.

HOLDING / g
PRECESSING SOLENOID

[
DDA

-— |||l

Figure 4: Top view of the spectrometer used to measure &£P.

The direction of the incident u* is measured by two sets of proportional
chambers, with x,y read out, and the u* are timed with the signal from a 120 um
thick scintillator counter. The proportional chambers also measure the dE/dx of
the beam particles (~60% e* and 40% u*). The direction of the positron emerging
from the target is recorded by an x-y proportional chamber and by two sets of
drift chambers placed at the beginning of a solenoid magnet. A scintillation
counter (250 um thick) downstream of the target, times the decay of the ut*.
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The solenoidal magnet has a field of 10 Kgauss and accepts positrons

emitted up to 200 mrad from the beam axis; it acts as a field lens which

makes the e* parallel to the beam at the entering vacuum window of the analyzing
magnet. Another set of drift chambers is located at the entrance and in the focal
plane of the spectrometer magnet, this last set is followed by scintillation
counters. The e* trajectory is measured by 24 drift chamber planes in addition
to the PWC downstream of the target. The spectrometer has 576 drift chamber
wires. A1l chambers are operated with a mixture of 92% methane and 8% methylal.
The distribution of the electron drift distance versus time relation, in the

gas of the chambers, is constantly updated as the computer program

reconstructs the particles trajectories. With this technique we achieve

a spatial resolution of o = 200 ym and the momentum resolution aAp/p = .2% RMS.

PWC Target Solenoid

Spectrometer

et

Figure 5: Schematic arrangement of the detector components. The "u-stop" signal
is defined by Py.P,.S;.V;.P3.S, and is generated at a time_t1. The "u*-decay"

trigger signal is defined by (u-stop).P3.S,.G.V,.P;.S1.V;.P, and takes place
at a time t, (.2 < t, < 10 psec) after t;. Beam rates are ~15 KHz and trigger
rates ~20 Hz.

The momentum resolution is determined from the shape of the endpoint spectrum
for unpolarized muons; it is based on data collected over a period of 3
weeks. Figure 5 shows how the trigger is formed. Data are collected by
cycling the four targets. For each, a spectrum with ~100 k events is

recorded for both polarized and unpolarized muons. Each spectrum takes

about 1 hour to acquire.

Data

The spectrometer was operated twice in 1982, in the spring and in the
fall. The data collected in the spring have been analyzed and the results
are presented here; they are based on 3.5 x 106 stopped muons. In the fall
run another 107 events were logged. 99% of the recorded events have a p*
track entering the target, followed after 200 ns or later by an e* going
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Figure 6: Muon decay time for polarized muon beam (left). Decay time when muons
are precessed in a 70 Gauss transverse field (right).

through the spectrometer. Only events satisfying the following track recon-
struction criteria are retained: no hits in the chambers in addition to the

one used to reconstruct track segments, track segments must join in a continuous
sequence, and the particle trajectory must be well within the sensitive volume
of the spectrometer.
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Figure 7: Reduced momentum spectrum for positrons from decay at rest a) of
longitudinally polarized u* and b) of unpolarized muons.
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Figure 8: Reduced momentum spectrum for unpolarized muons. The curve is the
prediction of the V-A theory. The shape of this curve at its endpoint is the
same as expected in the case of a pure V+A interaction. In the text this
function is called fi(x). This plot includes 175K events, collected with four
stopping targets.

The time distribution of the p* decay for both polarized and unpolarized muons
are shown in figure 6. Both plots confirm that we are observing background
free ut decays. The momentum spectra for the e* are shown in figure 7. The
quantity £P, g- is obtained by considering these two spectra in the

region x > .92 and cos8 > .975, obtained with only "surface" u* (timing not
correlated with RF).

800~
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098 100 X

i 1 ] L
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Figure 9: Reduced momentum spectrum of positrons from the decay at ==s<t of
Tongitudinally polarized u*. See text for an explanation of the curve fitted
through the data. There are 89 events in the plot.
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The analyzed spectrum, from unpolarized u* decays, is shown in fig. 8. The curve
is a fit to the data with the spectrum shape predicted by the V-A theory
including radiative corrections 12) and Bhabha's production in material. From
the fit we can determine the spectrometer acceptance and its resolution at x=1,
and the shape of the momentum distribution as expected by the V+A interaction.
We denote this function as fy(x). The fit to this set of data is now used to
calculate the shape of the endpoint positron spectrum as expected from a pure
V+A interaction for the decay of polarized muons. We denote this function as
f_(x). The spectrum of et from polarized muons (fig. 9) is divided by the one
for unpolarized u* in order to eliminate to first order the spectrometer
acceptance. This ratio is then fitted, for different intervals of cos 6, to the
sum of the V-A contribution to the interaction (f_(x)) plus some contribution
due to the V+A interaction which shape is given by f,(x):

ratio (polarized/unpol.) ~ f_(x) + ePucose g-f+(x) .

The quantity £P, %~ obtained from fitting the data at different intervals of
cos 6 is plotted in figure 10. The limit of the variable at |cos 8] = 1 gives
us the quantity we desire. The result obtained from the data for each of the
four targets is plotted in figure 11. The four values are consistent.

Before using our value for &P, g-in equation 3 to determine the mass of the Wg
the measured quantity must be corrected for ut* depolarization due to multiple

o)
o
i
1

097|- .

[}

097 098 099 100
|cos gl

Figure 10: The quantity £P, cose g is plotted as function of cos 6. The slope
of the linear fit to the data is taken from the gheory. The intercept of this
line at |cos 8] = 1 determines the quantity &P, > at x + 1 and |cos 8] +» 1.



289

1005 |- + -
oja 1000 % % -
o 0995 |- .
wp

0990 Ay cu  Ag  Au T

Figure 11: The quantity gP,8/p determined from data taken with different stopping
targets is shown. The four results are in agreement showing that if muons
depolarize in the target, depolarization takes place at an equal and extremely
small Tevel in all four targets.

scattering. The amount of material in the production target and upstream of the
stopping target is 24.6 mg/cm? with a radiation length of .654 x 10-3 Xo; the
calculated correction factor is 1.0012 + ,005. Possible depolarization of the
beam in the stopping target foil has not been included, but can only strengthen
the limit that we present. -

Results
The preliminary results from the first set of data are presented as a
90% C.L. limit

1- 6P, > < 0.0041 (903 CL) .

o|o

When used in conjunction with Eq. 3 the following Timits (90% CL) were obtained
for M(WR) assuming M(W_ ) ~ 80 GeV/cz, and zero mass neutrinos

¢ free :a < 0.045 Mg > 380 GeV/c’

¢ fixed to 0 : a < 0.032 Mg > 450 GeV/c® .
The 1imits on the phase ¢ between left-and right-handed currents are:

a free : -0.064 < ¢ < 0.045
a fixed to 0 : -0.045 < ¢z < 0,045 .,

These results are displayed graphically in figure 12 together with the currents
Timits on right handed currentsl7), Theoretical predictions varies between 1.6
TeV/c213) and as low as 220 GeV/c214),

I would like to extend my appreciation to the organizers of the XIIIth
Rencontre de Moriond for giving me the opportunity to spend an exciting week at
this interesting meeting. Many thanks to my colleagues on this experiment for
their help in preparing this material and to R. Oakes for many helpful
discussions on the subject.
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Figure 12: Plots of existing 90% CL 1imits on the phenomenological quantities a
and ¢ describing right-handed currents. Contours are derived from measurements
of the polarization parameter EPy (bold, this experiment, dotted, Ref. 9); the
polarization of the B decay in Gamow-Teller transitions (dot-dashed, Ref. 15).
Limits from the y distributions in vN and uN scattering (double line, Ref. 16)
are valid irrespective of the vp mass.

This work was supported in part by the U.S. Department of Energy, Divison of
Basic Energy Sciences, Office of Energy Research under contracts W-7405ENG-48 and
AC02-ER02289.
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ABSTRACT

Limits on the gluino and scalar quark masses were obtained in a proton
beam-dump experiment. The results do not favour the existence of low mass gluinos
(< 2 GeV) and scalar quarks (< 100 GeV).
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Supersymmetric theories predict the existence of partners of ordinary
quarks, leptons, and bosons, at a mass scale of 100 GeV which will become
accessible with future generations of accelerators. However some of these models

also predict particles with small mass. These are the supersymmetric partners of

1)

Limits on the gluino mass derived

2)

from existing data have been discussed elsewhere®’.

gluons and photons: gluinos and photinos

A search for events induced by reactions involving gluinos and photinos was
performed by the CHARM Collaboration in a proton beam-dump experimentl). As
shown in Fig. 1, the gluinos could be produced by the proton-nucleus collisions
in the copper dump (pN » 8gX). If the gluino is heavier than the photino, it
decays into a photino and hadrons according to the reaction g = Eqa. The photino
reaches the CHARM detector, where it interacts producing a gluino (%q + 8q).
Since a photino interaction resembles a neutral-current neutrino interaction,
the number of events induced by the described chain was established from the

muonless events in excess of those expected from neutrino interactions.

Cu DUMP

CHARM DETECTOR

Fig. 1 Chain of the processes that leads to a supersymmetric signal in a

proton beam-dump experiment.

The experiment was performed at the CERN SPS in 1979. In the exposure of
6.96 x 10’7 protons on the full density target (a 2 m long copper block) 80.5 *
14 (stat.) * 6.3 (syst.) muonless events of prompt origin with shower energy

(E

detector“) (100 t) covering a solid angle of 6.8 x 10°° sr. The events include

) > 20 GeV, have been observed in the fiducial volume of the CHARM
shower

charged-current (CC) and neutral-current (NC) interactions of Ve and Ge as well
as interactions of neutrino-like particles without a muon in the final state.
The number of prompt CC events induced by electron neutrinos has been estimated
by direct identification’). The procedure is based on the characteristic
).

features of electromagnetic showers in the CHARM calorimeter® their small

width, their regular longitudinal profile, and the strong correlation between
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the total shower energy and the energy detected at the shower maximum. The
energy detected in a row of scintillation counters of 15 cm width, starting at
the vertex and crossing the shower maximum, has been calibrated using isolated
electron showers obtained in a test beam. Ninety per cent of the total electron
energy is detected in such a row with a resolution of o(E)/E = 0.25/VE(GeV) 5).
These features allow the identification of showers with a large electromagnetic
component (y = Eem/Eshower > 0.4). For veN + eX events a correction for
hadron-shower energy overlapping the row was applied. Neutral-current events
with m°'s of large energy may simulate <\_))e CC events. This contribution was
determined using muonless events obtained in the wide-band beam. The number of
prompt CC events induced by Ve and ;e has been estimated fitting the y
distributions of CC (T))e events and of NC 7° background to the experimental data.
A total of 60.7 * 13 (stat.) * 5.3 (syst.) events have been attributed to CCC\_))e

interactions. From this total the corresponding number of NC events with

Eshower > 20 GeV was computed to be 15.8 * 3.4 (stat.) £ 1.5 (syst.).

Subtracting the electron neutrino events from the observed number of muonless

events, &4 * 21 events with E > 20 GeV could be attributed to the
shower

interaction of other neutrinos or neutrino-like particles.

From this result a limit on the gluino mass as a function of the scalar
quark mass was derived. The expected number of photino events was computed by a
Monte Carlo simulation. The gluino production cross-section was computed
assuming the gluon fusion mechanismS) shown in Fig. 2. Gluino hadroproduction
via the gluon fusion mechanism is enhanced with respect to that of heavy quarks
of comparable mass by the colour factor of 81/7, because gluinos belong to the
adjoint representation of the colour SU(3) group. Gluino decay into a photino
and a qq pair is described by the diagram of Fig. 3. The interaction is mediated
by a scalar quark whose mass is of the order of the supersymmety-breaking mass

scale [0(100) GeV]. The dominant mechanism for the photino-nucleon interaction

9 g 9 g
I g g § ¥
g g
____S_q___
9 g 4 q
Fig. 2 Diagram for gluon fusion Fig. 3 Diagram for the interaction
into a gluino pair. of a gluino and a photino

with quarks.



296

0 100 200 300
qu (GeV)

Fig. 4 The 90% CL lower bounds on the gluino mass as a function of the
mass of the scalar quark. The broken lines show the gluino lifetime

constraints.

) .

mass the photino cross-section is expected to be of the same order as the CC

is the inverse of gluino decay’ For a scalar quark mass equal to the W-boson

neutrino nucleon cross-section. The results are plotted in Fig. 4. The solid
curve is a lower bound at the 90% CL on the gluino mass as a function of the

scalar quark mass. The broken lines indicate the gluino lifetime constraints.

In conclusion, the results of this search for supersymmetric particles do
not favour the existence of low-mass gluinos (< 2 GeV) and scalar quarks
(< 100 GeV).
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C.E.N. Saclay,
91191 Gif-sur-Yvette Cedex, France

Supersymmetry 1s reviewed from a particle theorist viewpoint. The main
underlying properties are described and confronted to the requirements of
model building. The low-energy approximation to broken supergravity gauge
theories is analysed, with some emphasis on the problem of the spontaneous

breaking of SU(2)xU(1l) invariance.
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INTRODUCTION
(1,2)

Supersymmetry a major field of activity in nowadays particle
physics, is becoming so familiar to have a nickname, Susy. It is generated
by fermionic charges that transform bosons into fermions, and vice-versa, in
contrast with the usual symmetries relating particles of the same spin.

Particle physics is formalized as a gauge field theory. The fundamental
gauge interactions are mediated by vector bosons associated to local symme-
tries connecting matter species. Matter constituents (quarks and leptons) are
described by fermionic degrees of freedom. Finally, Goldstone-Higgs scalars
are introduced to break some of the gauge symmetries and to provide the addi-
tional degrees of freedom that make the corresponding vector bosons massive
and their interactions short-ranged. They also give masses to the fermions
through Yukawa interactions. Since Susy connects bosons and fermions it could
in principle reduce the arbitrarinesses in the theory through the relations
among interactions and between bosonic and fermionic masses. In practice this
appealling idea has not yet been realized because gauge and Goldstone bosons
have different quantum—numbers than those of matter fermions. Instead, in
the existing realistic models one has to introduce a new degree of freedom,

a supersymmetric partner with the opposite statistics, for each particle in
a normal gauge model. This is a rather disappointing way to insert Susy in

particle physics but it looks unavoidable if Susy has some relevance at low
energies, which in this context are defined to be in the TeV region of the

weak or Fermi scale. Indeed, there is no evidence for these new Susy parti-
cles in the present experimental ranges of energies, which means that Susy

is broken at higher energies.

However, Susy has another fundamental property. In general, symmetries
may reduce the quantum divergences. Actually, because of the boson-fermion
degeneracy, there are cancellations between quantum loop corrections in
supersymmetric theories. This has led to the construction of supersymme£ric

3)

quantum gravities, or supergravities , in order to palliate the non-
renormalizability of the gravitational interactions. The next logical step

is to couple supergravity to the gauge theory. In the appropriate flat limit
at low energies, where gravitational interactions are neglected, one ends
with a supersymmetric effective theory (eventually with some residual Susy
breaking due to gravitational effects). An extremely ambitious design would
be to relate gravity and gauge interactions through Susy, in a complete
unification of the fundamental interactions. That would be hopefully realized

in N=8 supergravity, in a way that is not clear yet, in spite of the recent
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impressive progress in the field.

But Susy has a simpler, somewhat technical, application in gauge models
of particle physics, which is more accessible at the present level of under-
standing of quantum field theory. Indeed, the introduction of Higgs scalars
and their interactions in gauge models<grings also quadratic divergences in
the quantum theory. Even if these divergences may be controlled through the
renormalization procedure, in grand-unified models their compensation becomes
very unnatural due to the presence of very different scales in these models.
This is the so—called hierarchy problem : how to incorporate in a gauge model
both the grandunification scale (Mx 2 1015 GeV) and the weak interaction or
Fermi scale (Mw ~ 102 GeV). In supersymmetric theories there are no quadratic
divergences. Small parameters can be kept small, and as such they are control-
led by the scale of supersymmetry breaking, MS. The technical hierarchy problem
is solved and, even more, Mw may be related to Ms. This more pragmatic moti-

(4)

vation has developed in several models of supersymmetric grandunification.

Supergravity (Sugra)(3) or local Susy is the supersymmetric extension
of quantum gravity. Model building started with global Susy by assuming that
all gravitational effects may be neglected from the very beginning. The main
problem in these early attempts was how to introduce Susy spontaneous breaking
in such a way that all the bosonic Susy partners of the usual leptons and
quarks are systematically lifted to a mass scale consistent with the fact
that they have escaped observation. Instead, through the construction and the

(5)

inspection of locally supersymmetric gauge theories it was recognized at

once that : the spontaneous breaking of local Susy (Sugra) tends to make the
scalar bosons massive. In spite of this, it has been shown that spontaneously

broken supergravity is consistent with the existence of the massless Goldstone

bosons needed for the breaking of gauge symmetries(6’7). Because of these

promising circumstances the supergravity fever has spread among theorists.
Experimenters should now the contaminated also.

I shall try to describe, at an introductory level, the main properties
of supersymmetric field theory that seem relevant to particle physics and
could motivate the incorporation of this novelty in our understanding of

Nature. Both the mathematics of a complete formulation and the technology

*
of model building will be diminished in this otherwise theoretical review( )

(*)The references are strictly limited to a selection of some representative
work related to supersymmetry. I apologize to authors whose contributions are
omitted here and I urge the interested reader to inspect the review papers
quoted here for a complete bibliography.
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The crucial subject of experimental tests of Susy(8) (theorist proposes,
Experimenter disposes) will be essentially passed over since it is nicely
covered in other contributions to this meeting(g).

It goes without saying that several important topics have been skipped
here. Fortunately, the important subject of cosmological implications of Susy
models is discussed in other contributions to this meeting as well as to its

twin meeting on astrophysics.

SUSY : A NEW KIND OF LOCAL SYMMETRY

Supersymmetry is the only non-trivial extension of the Poincaré inva-
riance consistent with general principles of field theory. The usual symme-
tries, like the gauge invariances associated to the strong and electroweak
forces, are generated by scalar charges, closing a Lie algebra. Susy genera-
tors are spin 1/2 charges, that will be denoted in two-component notation
by Qa (0=1,2) and 6& = (Qa)* (corresponding to the four real components of a
Majorana spinor). Besides the obvious algebraic relations defined by the
behaviour of the spinorial charges under Lorentz transformation, the Susy or

SuperPoincaré algebra is characterized by the non-trivial anticommutator

3.} = . pH
CRCREEICHINS m

where PY is the 4-momentum operator, generating translations. As a fermionic
charge, Qa transforms a fermion into a boson with the same quantum numbers
(colour, flavour), and vice-versa.

Supersymmetry should be a local invariance. Indeed, quantum gravity is
believed to be the dynamical theory of local Poincaré invariance, the gra-
viton acting as the gauge boson. As a non-trivial extension, the SuperPoincaré
invariance has to be also local, its quantum theory being supergravity. Global
Susy could be at most a good approximation if all gravitational effects may
be neglected. The gauge particle associated to the spinorial charge is a
spin 3/2 fermion, the gravitino.

This leads to the aesthetical situation where all fundamental symmetries
in Nature are local, and, as such, related to fundamental gauge interactions.
Clearly, Yukawa and scalar interactions are also needed that in principle are
not completely fixed by the local invariances. However they turn out to be
severely restricted by Susy. This fact will result in less divergences and
more predictions in the models, with the possibility of increasing the number
of calculable parameters.

Supersymmetry may be extended by the introduction of a number N< 8 of

. . i, . . .
spinorial charges, Qa (i=1,2,...N). This would introduce more restrictions
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in the theory. In particular, there are less divergences as N increases :

(10)

for N=2 masses are not renormalized

(11)

and for N=4 the gauge coupling cons-
tants are not renormalized . However there is also a major difficulty for
the construction of realistic models. For N> 1, left-handed and right-handed
fermions are related by supersymmetry, so that they must behave in the same
way under the gauge group, G, as far as the Susy charges commute with G.
Then, there is no known mechanism to introduce parity violation in the gauge
interactions since this is currently done by putting left-handed and right-
handed fermions in different, complex representations of the gauge group.
Therefore we shall restrict ourselves to the case of gauge theories

with local N=1 Susy, namely, to Yang-Mills theory coupled to supergravity.

THE PARTICLE SPECTRUM OF SUSY

In order to study supersymmetric theories, one has first to consider
the sets of fields and particles that transform as irreducible representations
of the Susy algebra, usually called supermultiplets. They consist of an equal
number of bosonic and fermionic components.

A massless vector supermultiplet (W,A) has a vector boson, W (helicities
1), and a Majorana fermion, A (helicities *1/2). These are the fields of the
gauge sector, required in a supersymmetric pure Yang-Mills theory. One intro-
duces one multiplet (WA,AA) in correspondence with each charge TA of the gauge
group G (A=1,2,...dim G). The fermionic partners AA of the gauge bosons WA
are usually called gauginos. In the SU(3)xSU(2)xXU(1) gauge theory of strong

and electroweak interactions, the vector multiplets are then :

+ [o]
g ()\ W Z
(5) (v) (5) (2) @
where we denote by ~ the Susy partners of the usual particles. Here, the new
fermions are named gluinos, photino, winos and zino, respectively. In the
extension to a grandunified SU(5) one has to add the gauge bosons X,Y, with
lepto—quark quantum numbers and their gauginos X,Y.

The appropriate supermultiplet of particles to describe matter is the
chiral multiplet (y,2). It consists of a Majorana fermion, Y, and a complex
scalar (i.e., two real scalars), Z. The Higgs scalars also belong to chiral
multiplets together with new fermions. In practice one then needs the follo-

wing types of chiral multiplets
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jo=td

Higgsino

q quark { 2 lepton
(%) ) 3

E squark \ 7 slepton \ H / Higgs boson

Notice also the names and notations for the new states.

These are the supermultiplets that are needed in a phenomenological

globally supersymmetric gauge model. For local Susy, the gauge supermultiplet
of supergravity has obviously to be introduced. The graviton multiplet con-
sists of the graviton (helicities *2) and the gravitino (helicities *3/2).
It couples to the vector and chiral multiplets of the gauge theory through
the gravitational coupling constant, K = l/MP, where MP is the Planck mass
of O (10]9 GeV) .

The most general Lagrangian for supergravity coupled to a gauge theory

(5)

has been recently produced . The theory is not renormalizable, which is an
embarrassing problem in the context of particle physics. The pragmatic atti-
tude has been to take it as an effective Lagrangian and to consider its flat

limit, MP + o, where the gravitational interactions are decoupled.

SUPERSYMMETRIC INTERACTIONS

A detailed discussion of the supergravity Lagrangian is far from the
scope of this report. Furthermore, the matters will be simplified by assuming

(5)

canonical kinetic terms for both gauge and matter fields (this assumption
will be briefly revised later). We introduce the appropriate set of vector
multiplets (WA,AA) for the gauge group G and matter species (i=1,2,...,n)
through chiral multiplets (wi,Zi), transforming according to some represen-—
tation of G :
i
("

z1

.oy
\ . AL (7
) - ar(s) “
The complete theory is then determined by the choice of the "superpotential",
an analytic G-invariant polynomial in Z, of dimension 3,

B i1 ij o1 ik 1
£(2) = A-+niZ ty mijZ z7 + 5 Xiij YAYANES ﬁ; (...) (5)
where powers of M_1 are introduced in the terms with more than three scalar
fields for dimensional reasons.

Then, besides the usual kinetic terms and the associated minimal cou-
plings to the gauge bosons of all the gauge and matter fields, the theory

has the following interactions (fi(Z) = af/azl) :

(i) Yukawa interactions,
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Lyukawa = i-fij(z)w Yo+ gA/7 Z, T jw A7+ h.c. + ﬁ; (oed) CY)

(ii) Scalar interactions,

2,.2
2,12

2 £(2)
V=e { £,(2) + L

2

2
' 2
3£(2) 1 2, * Ai_j
7 -2 2 | } N ;ZJ
Yp p

There are also other gravitational terms that are irrelevant for the

¢))

discussion here. At energies << MP’ one can neglect the gravitational inter-
actions. If there is no parameter of O(MP) in the superpotential f(Z) that
defines the theory (in particular if no field acquires VEVS of O(MP)) then
all gravitational terms disappear, there remain no traces of local super-
symmetry, and one ends with an effective low energy theory with global
supersymmetry. The opposite case where residual supergravity interactions
play some role at low energies will be discussed later. By neglecting all
terms with inverse powers of MP’ the scalar potential becomes that of global

Susy :

2 .01 2 *AQj.2
£, @ ]" + 5 8, (2T i) (8)

v(z)

1 il

ik
f.—ni+—2—mijz +€

J
Xiij Z

Let us display the resulting interactions characteristic of global
supersymmetry theories. For each one of the usual interactions in a normal
theory there are new ones required by Susy transformations. Pure gauge inter-

actions are related to those of gauginos :
W A

(€))

W A

The gauge couplings of fermions and scalars to gauge bosons are completed
by Yukawa interactions involving the gauginos and by special 4-scalar inter-
actions :

oA * A LA
(g yoM ) (g, /72 T

" > A0

<
N|
\
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Finally, for matter-matter interactions, the Yukawa couplings are

related to scalar couplings

1 i ik 1 imn, j k * ¥
(7 A2 0D Gz Mpd 2272y
b Z~ ,Z
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4’ Z i AN yd

This pattern of interactions has both theoretical and phenomenological
implications to be discussed below. An obvious remark is that the interactions
have the same strength for the new "Susy particles" as for the "usual" ones.
Also, Susy particles should be produced by pairs. If they have not been obser-

ved, their production thresholds must be high enough (up to signature problems).

SUSY AND THE HIERARCHY PROBLEM

The set of constraints that Susy imposes on renormalization are often

"(12). Let us recall some of these

referred to as '"mon-renormalization theorems
important results without any proof.

(i) Susy may be spontaneously broken only at the tree (Oth) level in
perturbation theory, i.e., there is no Coleman-Weinberg mechanism(46) (brea-
king through quantum loops) for Susy. This means that spontaneous Susy brea-
king can be studied at the classical level (in the absence of non-perturbative
effects)(*), which is a comfortable simplification.

(ii) There is no quadratic divergences in Susy theories. In general,
the scalar boson masses are quadratically divergent. However, Susy implies
the degeneracy between scalar and fermion masses. Since the latter are only
logarithmically divergent, scalar masses have also to share this property
at any order of perturbation (also because of the theorem (i) above). It is

instructive to see how the cancellation of quadratic divergences occur at

Non—-perturbative breaking of Susy has been first discussed by E. Witten,
Ref.4.
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the one-loop level ; as a consequence of the Susy interactions. The diagrams

contributing to scalar mass terms from the gauge interactions in Susy theories
*
are( )

(12)

Z=P=S ey =-P2-)--7Z Z--3- B Ty 4
9 5 g 9 g
and one easily checks that the quadratic divergences of these diagrams cancel
each other. The same cancellation between bosonic and fermionic loops occur
for diagrams arising from matter-matter interactions :

PT o

28 2N

/ 1

N Z-->» - »--z (13)
z= == m o m 3y A 4

This property is a fundamental motivation for physical applications in connec-
tion with the hierarchy problem, as we will discuss later.

(iii) The logarithmic divergences also present remarkable properties.
There is only one independent renormalization constant per supermultiplet.
In the language of the renormalization group approach this means that :
(a) the anomalous dimensions of the fermionic and bosonic fields are the same ;
(b) the B-functions governing the scale dependence of the coupling constants
are algebraically related to the anomalous dimensions. Indeed, in a particular

gauge, the so-called Wess-Zumino-Landau gauge, one finds at the one-loop level,

the following relations for the dependence on the renormalization scale u(lz):
Z':—?iﬂg - Bim + Emgy
%% = Bi)‘ﬂjk * B?*mk * Bib‘ijl (14)
L ™ - )

32m

while the anomalous dimensions are

. . A
As a matter of fact, one has also to require that the generators T of

the gauge group G are traceless, TrTA = 0.
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k k 1 2 A Ak
Y, = =B, - g, (T7T7); (15)
16TT2 A i

The B-function for the gauge coupling constant is

2
B = <25 (3c,(0) - Tr(rh)} (16)
167
where CZ(G) is the Casimir operator of the adjoint representation of the
group G and the trace is taken over all chiral supermultiplets (the genera-
lization to semi-simple groups and U(l)-factors is straightforward).
Eqs. (14) have a very interesting consequence. Usually, if a particular

coupling constant ). ., is arbitrarily assumed to vanish at some renormalization

ik
point s it will b;Jnon—zero at different scales : the corresponding inter-
actions are regenerated by radiative corrections. This situation can be avoided
in Susy theories. Indeed, suppose one requires some Xijk =0 at ;- Then,
according to Eq.(l4), xijk = 0 at any scale, unless it is connected to some
Mojk
to both i and £ .Unfortunately, this very special situation may occur in physi-

# 0 through 8% # 0, which requires the existence of pairs of states coupled

cal applications (e.g. in the so-called "decoupling property" and "singlet
problem") and introduce unwanted couplings through radiative corrections even
in Susy theories(13).

An important property of the previous theoremsis that in Susy theories
the VEV's of fields (fixing the scales or order parameters of symmetry
breaking) are essentially unnafected by radiative corrections. This has

(4,14)

suggested to use Susy to solve the "hierarchy problem" which we now

turn to discuss.

In SU(5) grand unified theories(*), one has to introduce two scales :
(i) the SU(5) breaking or GUT scale of 0(1015 GeV) associated to the VEV of
some scalar, <IZ> ; (ii) the SU(2)xXU(1) breaking or Fermi scale of 0(102 GeV)
associated to the VEV of some Higgs doublet, <H>. We will refer to these
scales by the masses of the corresponding gauge bosons : Mx'vg<2> and

Mwﬂﬂg<H>, respectively. They have to satisfy the phenomenological requirement:

< 10

M
<H> -13
oS L an

X

In normal GUTS one has to impose this relation at each order of perturbation

For definiteness we assume the SU(5) gauge group. The problem appears
in any GUT.
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theory. Indeed quantum loops introduce corrections of O(gn Mi) to M;, for
instance from diagrams like (13) with H as external legs and I as internal
fields (assuming that the quadratic subtractions are performed at the scale
Mx’ for instance). In order to have the relation in Eq.(17) one needs a
fine-tuning of parameters within > 12 digits at any perturbative level. This
is the technical hierarchy problem.

Instead, in Susy GUTS, the non-renormalization theorems ensure a rela-
tion like Eq.(17) to be maintained at any order of perturbation, if it is
assumed at the tree-level. In a sense, <H> is protected by Susy against radia-
tive corrections proportional to <I>. This solves the "hierarchy problem",
giving a deep motivation for introducing supersymmetry in particle physics.
Notice that solving this somewhat technical problem is needed as a first
step towards models where Mw/Mx is understood, i.e., predicted, and the

"physical”™ hierarchy problem can be settled.

SPONTANEOUS SUSY BREAKING

There is no experimental evidence for the Susy partners of the usual
elementary particles. Therefore, if they exist, one has to assume that they
are massive enough to escape observation. The mass splitting between Susy
partners give a lower bound on the Susy breaking scale MS. Since charged
scalars have not been observed in e+e_ colliding rings, there is an experi-
mental bound on their masses of 16 GeV. The existence of very light quarks
and leptons then imply that MS 2 16 GeV. The present limit on the gluino
masses, a few GeV, is more model dependent. Therefore, a crucial point is
how to break Susy in order to produce the mass splittings in the particle
spectrum, and, then, how to estimate the scale MS.

In this context, it is interesting to notice that gauginos and scalars
are precisely the particles whose masses are not protected by any symmetry
but Susy itself. Indeed, gaugino masses of the Majorana type are not preven-—
ted by gauge symmetries. From this point of view, M, is not restricted by
gauge symmetries.

(15)

It is possible to construct Susy gauge models with explicit brea-
king of supersymmetry through mass terms in the Lagrangian which are specially
chosen to provide the required mass splitting. These terms belong to the class

(16)

of "soft" Susy breaking terms , i.e., those that do not introduce quadratic
divergences in the theory. Hence, these models solve the technical hierarchy

problem. However, they have many free mass parameters and there is no



310
indication on how to restrict them(*).

The idea of spontaneous Susy breaking is much more attractive. By remem-
bering that Susy is intrinsically a local symmetry, we will proceed to discuss
its spontaneous breaking through a parallel with the well-known properties
of gauge symmetry breaking.

In gauge theories, the vacuum non-invariance is characterized by the
matrix elements,<HA|TAlO> = V'A = TAV, the order parameters. The scalars HA
are then massless Goldstone bosons that, through the Higgs mechanism, provide
the gauge bosons WA with a longitudinal mode. Then, the gauge bosons acquire

A
get masses ~ AV through their coupling, A, to the Higgs boson multiplet.

masses MwA =g VA, proportional to the gauge coupling constants. Matter fields

Spontaneous Susy breaking is characterized by the non-invariance of the

vacuum Qa|0> # 0, implying the existence of a fermion, such that

2 1
Wgg 107105 = 15 = 5 <0]4Q%, . }o> (18)

This Goldstone fermion is the goldstino (it would be massless if Susy could be

a global symmetry). The order parameter, Mz, gives the (square of the) Susy

(18)

breaking scale. Through the super Higgs effect , the gauge fermion (gravi-

tino) with helicities * 3/2, together with the Goldstone fermion (goldstino)
with helicities * 1/2, give rise to a massive spin 3/2 particle. The resulting
mass of the gravitino is
< |
m = = = (19)
32 "o /3

and is proportional to both the supergravity coupling constant and the order
parameter, as expected from the analogy with the gauge boson masses.

From its very structure one sees that m3/2 gives the scale of residual
gravitational effects due to Susy breaking, in the flat limit (i.e., when
gravitational interactions are neglected). By neglecting my/ with respect
to the lowest scale in the theory, usually Mw’ one looses any trace of the
gauge aspect of Susy. Therefore, global Susy is a good approximation as far

as Mw >> Mmy/os i.e., if

In particular, flavour conservation in neutral current interaction requi-
res( 15, 17)scalars corresponding to different fermion families to be almost
degenerate in mass. In these models, this has to be put by hand.
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=3 my/y M, << MMy~ 0(]021 GeV2) (20)

In this approximation, the gravitino couples to matter essentially through
its (+ 1/2) goldstino component, i.e., proportionally to the coupling cons-
tant between the goldstino supermultiplet and matter supermultiplets.

The relation between MS and mass differences inside the multiplets is
analogous to the mass generation in spontaneously broken gauge theories.

This relation is then,

2

™oson ~ Mfermion Ms
where A is the coupling of the goldstino to the corresponding matter fields.

If the goldstino belongs to a matter or chiral multiplet, one notices
that, from Susy, the term AWGZW in the lagrangian requires also a term
X{Qa,wg}ZZ. From Eq.(18) one then gets a mass term )\MzReZ2 that gives a mass
splitting between the real and the imaginary parts of Z, symmetrically with
respect to the corresponding fermion. If the goldstino is a gaugino, AA, the
interaction gAw T w is related by Susy to gA{Q wG}Z T JZj, giving rise
to a mass term gAMgle JZJ. The two scalars described by are degenerate and
shifted by g4 TAM2 with respect to the corresponding fermion. These shifts

(19)

may have both signs as far as TA is required to be traceless

20
It is now easy to understand the mass sum rule( ) :

- ] mieo (21)
bosons fermions
valid for spontaneously broken Susy, at the tree level.

For gaugino masses the analysis is more complex. Let us just notice
that, at the tree level, gaugino masses are only generated by a non-singlet
goldstino. Hence 'the gluinos and photino may get a mass only through radiative
corrections, the goldstino being colourless and neutral since SU(B)CXU(I)e o
is an exact symmetry.

Indeed, if some fields are not coupled to the goldstino, implying mass
degeneracy, the coupling may be generated by radiative corrections, under
some circumstances that have been discussed before. In this case, the mass
splittings will be typically of the form AnMi, i.e., depressed by some powers
of the coupling constant (plus logarithmic factors). But we have seen that in
Susy theories it is possible to avoid such radiative couplings. Then, we may

(13,21)

construct ''decoupling" models In these models, the radiative mass

splittings will appear only at order Mi, so they will be of the form AnM:/Mi,
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where Mx is the GUT scale, arising from loop integrations for dimensional
reasons. These quantum contributions introduce corrections(ZZ) to Eq.(21).
For instance, in the decoupling situation, scalar bosons associated to light
fermions tend to become massive, which goes in the direction required by
experiments. The price is Susy breaking at a high scale, AnM:/Mi‘i(16 GeV)Z,
i.e., M: 2 Mwa, not very for from the scale where supergravity effects
become important.

Once gluinos become massive (through radiative corrections) they may,
in turn, generate scalar quark masses through quantum loops. Indeed, the
diagrams (12) do not cancel anymore, since the negative gluino contribution
is depressed by its mass, and one ends with a positive (mass)2 for scalar
quarks.

Susy breaking in connection with diagrams (13) has a very interesting
application to gauge symmetry breaking. Indeed, the scalars being heavier
than the fermions, the positive contribution from the bosonic loops are
dominated by the negative fermion loop contribution. This results in a nega-

(23). If these are taken to be the

tive mass term for the external scalars
Higgs bosons, the internal lines being quarks and squarks, the coupling cons-—
tant A is then related to the quark mass, mq, through A ~ g mq/Mw. In order
to obtain SU(2)xU(!) breaking at the Fermi scale, GF’ one needs (taking into
account logarithmic factors) a large A, such that Hh >60 GeV. The correspon-
ding quark could be the t-quark or other heavy quark of a new fermion family.
This idea has some elegance, since the SU(2)xU(l) breaking is induced by

Susy breaking effects. It is clear that the t—-quark (or other heavy fermion)
mass also plays a role. Then there is a relation among Ms (through the scalar
masses), Mw and m, . At this stage of the experimental situation, the adoption
of this scenario remains a question of personal taste.

The intention of this rather long discussion is to give an impression
of the many aspects of Susy breaking that appear in global Susy GUT model
building. We now turn to a very short summary of these models, their issues
and problems. Then, we will discuss supergravity models and show their

advantages.

GLOBAL SUSY GUT MODELS

*
We will give a simplified classification of global Susy GUTS in F—type( )

(%) o . (24525
and D-type models, based on the primordial Susy breaking mechanism .

(*) Or Fayet-O'Raifeartaigh, see Ref. 24).
(**) Or Fayet-Iliopoulos, see Ref. 25).
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In practice they often appear more or less mixed.

6 . .. "
(21,2 ), the goldstino is in one of the chiral

In F-type Susy GUT models
(matter) multiplets.Matter fields feel the Susy breaking through their Yukawa
couplings to this goldstino, or, eventually through radiative corrections.
Susy breaking is introduced by a rather special choice of the superpotential
in Eq.( 8)(24). In particular, one needs a non-vanishing n; which is always
associated to a gauge-singlet chiral multiplet. This superpotential has also
to provide the breaking of SU(5) into SU(3)xSU(2)xU(1) at the scale Mx.

As far as the mass differences between squarks and quarks, sleptons
and leptons, are concerned, the sum rule in Eq. (21) is not very promising
as compared to the experimental requirements, and, in practice, it turns out

(15)

to be inconsistent with realistic model building . Therefore one has to
exploit the radiative corrections to introduce mass splittings. The scalar
6 .
quarks turn out to have masses of O(gAAnM )(2 ), or of O(XZMZ/M ) in models
(21 % (2D o~

with decoupling . Gluino and photino masses are also radiative and of
O(gZAnMS) or of O(gZMi/Mx), respectively. These masses are assumed to be
around the TeV region.

The spectrum of these F-type Susy GUTS consists then of : a) a heavy
world, with masses of O(Mx) and (mass)2 splittings of O(Mz), consisting of
states that couple more or less directly to the goldstino and also break
SU(5)+SU(3)xSU(2)xU(1) ; b) a light world, consisting of quarks, squarks,
leptons, sleptons and some Higgs bosons and their Higgsinos, that are not
coupled directly to the goldstino and feel Susy breaking only through
radiative corrections.

The SU(2)xU(1) breaking is achieved through radiative corrections and
the non—degeneracy of states in the light world (that are those coupled to
Higgs doublets). In decoupling models, one then obtains AzleMxova which

gives 9
Ms M My
LY o~ ~ O(Mw) (22)

VERYS )\ZM
P P

Hence, one should worry about supergravity effects. For the other class of

models Mz is related to Mw through a large number of coupling constants and

8

one could neglect supergravity effects if Msfvlo_ -10—9. These models are

consistent with approximate global Susy, but have a very cumbersome field
(21,26)

(27,28)

content and ad hoc interactions

In D-type Susy GUT models the goldstino is a gaugino. It couples

to matter through gATA, i.e., with the same strenght as the corresponding

gauge boson. Supersymmetry may be broken only if one replaces(zs)
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ZZTA;%ZJ' - Z:TAJ%ZJ' + (23)
The constants EA may be added only to abelian charges TA, because of the gauge
invariance. This implies that the goldstino-gaugino has to be associated to a
U(1) factor in the gauge group. As discussed before, the difference in (mass)2
between bosons and fermions will be proportional to TA. Hence, this abelian
symmetry cannot be the weak hypercharge, Y, which has both positive and nega-
tive eigenvalues. One needs some abelian charge that has the same sign for
all quarks and leptons in order to give positive (mass)2 to all squarks and
sleptons. Then, some heavy matter fields are introduced with the opposite sign
of the abelian charge that has to be traceless in a renormalizable model. A
SU(3)xSU(2)xU(1)xu(1) model(27) has been constructed along this lines, but it
has been noticed that triangle anomalies cannot be avoided. The proposed solu-
tion was to break this additional U(l) at MP’ where renormalization is no more
under control, through some VEV'NMP. But then one has to take care of super-

(29). On the other hand, it is not clear how to build a grand-

gravity effects
unified extension of this model.

As a general remark, the hierarchy problem is solved by Susy in all
these models, at the expense of introducing a very complex structure. Susy
breaking requires very special interactions, while reasonable scalar masses,
through radiative corrections, ask for a very large scale of Susy breaking.

*)

All that points to local supersymmetry, which we how turn to discuss

EFFECTIVE THEORY FROM BROKEN LOCAL SUPERSYMMETRY

Supergravity interactions may induce the superHiggs phenomenon (sponta-
neous breaking of local supersymmetry) through scalar fields taking VEV's of

(18)

O(MP), its natural scale . In this case one has to reanalyse the flat limit,

Mp >, in order to obtain an effective theory at energies << M, (6).

We start with a single chiral multiplet (wG,ZG). The superpotential in
Eq.(5) may be chosen in such a way that the supergravity potential, Eq.(7)
has its minimum value for <ZG> ~ O(MP)' This minimum of the potential is pro-
portional to the square of the cosmological constant which has to vanish in

a realistic theory. Interestingly enough, this situation,
= = 0 V=0 (24)

We refer to Ref.(30) for a complete, more technical review of the matters
presented in the next two sections.



315

is very easily obtained with a simple choice of the superpotential, Eq.(5),

such that supersymmetry is broken at the scale MZ =3 MPm3/2, the gravitino

mass mg o being an arbitrary parameter. The wG fermion is the would-be golds-—
tino, incorporated with the gravitino through the superHiggs phenomenon.

The next steps in order to obtain an effective theory from spontaneously
- (6)
broken supergravity is then
(1) The goldstino multiplet is coupled to matter multiplets describing the
gauge theory through gravitational interactions. This may be realized through
several choices of the superpotential (z* refers to the whole set of complex

scalars in matter multiplets), e.g.(6’30’31’32)

:
fP(zG) + £(27) (25)
i 3
fP(ZG)f(Z )/MP . (26)
i [ i
fP(zG) + £(27) + ﬁ; g(z") (27)

where fP(ZG) is the superpotential that induces the superHiggs effect, with
<ZG> ~ O(MP)’ and defines the gravitino mass, Mg/ The matter superpotentials,

£(Z) and g(Z), will be defined accordingly to the gauge theory under conside-

ration. The gravitational interactions between ZG and the matter scalars, Zl,

are defined by the potential in Eq.(7).
(ii) The flat limit, MP-+m is taken, after the shift of ZG’ with the gravitino

mass fixed. This defines an effective gauge theory for energies << M. The

pe
resulting scalar potential consists of the global Susy potential, Eq.(8),

"soft" in the sense

(16)

plus terms that explicitly break supersymmetry. These are
that the resulting theory is renormalizable without quadratic divergences

They are proportional to M3 /9 that gives the strength of supergravity resi-

dual interactions. More precisely, one obtains the effective potentia1(6’3o)
B 1201 2 ¥ A 3.2 * %
Vogr = |fi+-m3/zzi| + 5 8, (2T jz o o+ m3/2(h(z)+h (z)) (28)

where h(Z) is a cubic analytic polynomial that is defined by the particular
choice of the superpotential, like, e.g., those in Eqs.(25,26,27). Supersym—-

metry is broken by two kind of terms

2 x5
m3/zziz1 (29)
m3/2(fiZi+h(Z)+h.c.) (30)

The mass terms (29) give a contribution m§/2 to the masses of all scalars
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in the model. This gives a very natural explanation why scalars should be

heavier than the corresponding fermions, as required by experiments, and

solves one of the major phenomenological problems in Susy theories(5’33).

The universality of this mass term is a result of the assumption of canonical
kinetic terms. Including a field dependent metrics for the kinetic part of

the supergravity lagrangian would just replace m2 in (29) by an arbitrary

3/2
matrix with matrix element of 0(m3/2)(30’32).

The cubic analytic polynomials(G) in (30), proportional to LYPE has
also an important role in the breaking of gauge symmetries. Indeed, the mass
terms (29) would remove the minima with Z#0, were it not for the terms in
(30), that may give negative contributions to Veff(Z,Z*). This point will be
discussed in more detail later.

Notice that even if local Susy is broken at a scale of /E;;;—ﬁ;, matter
fields that are relevant at low energies only feel this breaking at an effec-
tive scale LYY because of their gravitational coupling, I/MP, to the golds-~

tino. The arbitrary parameter m is constrained by physical requirements.

3/2
The fact that scalars get masses around m3/2 from broken supergravity implies

(5,6,33,34)

> 16 GeV. But m should not be much larger than Mw . Other-

M3/2 3/2
wise, SU(2)XU(1) symmetry breaking would be produced by some compensation

between the terms (29) and (30) so that scalars would have vacuum expectation
by some algebraic func-

values of O(m Then, Mw would be related to m

3/2) 3/2

tion of the coupling constants. An educated guess (confirmed by more detailed

analyses) would then be m < 1 TeV. This puts broken supergravity effects

3/2
just in the energy region that is now begining to be explored in particle
experiments.

Most of the models in the literature correspond to simple choices for

the goldstino-matter coupling, such that, in these models

h(z) = (A-3)£(2) €31)
. . (31) a s
An interesting class of models assumes Eq.(26) and has A=3, i.e.,
h(Z) =0. They have the nice property that Veff > 0. Their minima at Veff =0
are defined by the set of equations
2 =0 3
£t My %y T G2

* A4 2
Eq.(32) is also a sufficient condition for the vanishing of the ZiTA}ZJ terms

(35)

in the effective potential . In general, there are several degenerate mini-

ma, giving rise to different patterns of gauge symmetry breaking, in close
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analogy with supersymmetric potentials.

The term m3/2Z* in Eq.(32) may drive VEV's of 0(m3/2) in certain direc-
tions. Then, the gauge symmetry breaking may be induced by residual supergra-
vity interactions, the characteristic scale been 0(m3/2). For more general
expressions (e.g. A#3) of the potential the minimization is more involved
but the possibility of supergravity induced gauge symmetry breaking persists
under some circumstances to be discussed later.

In the physical situation, the low energy broken gauge symmetry is the
SU(2)xU(1) invariance of electroweak interactions, and the problem we will
discuss is how to induce its spontaneous breaking through the residual super-
gravity interactions. The relevant low energy effective potential is defined
after both supergravity and grandunified gauge symmetries are spontaneously
broken. In particular, the heavy fields, with masses of O(Mx) have decoupled(*).
All mass parameters in the effective theory have to be residues of the super-

Higgs mechanism. They are of O(m

3/2)~0(Mw) << Mx. Any (technically 'natural')
fine-tuning of grandunified mass parameters has to be avoided. It is possible
(38)

to construct GUT models where this situation is realized . The effective
superpotential, f(Z), in Eq.(28), as well as the analytic function h(Z), can

have only trilinear couplings :

1 a b _c
£(2) =g hy. 222 (33)
i.e., only dimensionless Yukawa coupling constants, to O(mglz/Mx). Models
that satisfy the relation in Eq.(31) with an homogeneous trilinear superpoten~

(39)

tial, Eq.(33) have the interesting property that the existence of non-
trivial (Zi # 0) minima is controlled by the value of the parameter A. It is
easily checked that for A< 3 the absolute minimum is the trivial one, Zi= 0,
V=0. The first models(6’7) had A=3-/3 and needed a (fine-tuned) mass para-
meter of O(Mw) to break SU(2)xU(l). The case A=3 has already been discussed :
there are, in general, several degenerate minima.

The interesting case, at least at the tree-level, is A>3, where the
absolute minimum is obtained for Zi # 0. This is just because the negative

contributions from the trilinear terms become large enough. Therefore, gauge

invariances may be spontaneous broken at the tree-level by supergravity

*

( )The decoupling of heavy fields in the presence of broken Susy has some
peculiarities(36,37). In particular, gaugino masses are generated, as discus-
sed in the next section.
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interactions at scales of O(m3/2) for A>3.

At the quantum level, however, the parameters in Eq.(28) will have a
logarithmic dependence in the energy scale. Since gzln(m3/2/Mx)'vO(l), the
form of the effective potential at scales like myy OT M, which is relevant
for low-energy physics, may be rather different from the effective potential
at scales of O(Mx) or O(MP) where the contact is made with the supergravity
lagrangian. In particular, the minima of this potential are no more constrai-
ned by non-renormalization theorems because of the explicit soft supersym-
metry breaking interactions. Their pattern has to be analysed by taking
radiative corrections into account. It looks attractive to require a simple
form of the effective theory at very high energies (say, M, to take into
account the grandunified symmetry breaking). Hence, we will assume canonical
kinetic terms in the Sugra lagrangian and the effective potential in Eq.(28),
together with the restrictions in Eqs.(31) and (33), as boundary conditions
at scales of O(Mx). Then we will introduce the energy dependence of these
parameters at the one-loop level in order to discuss the SU(2)xU(l) breaking
in the presence of supergravity. But, first, we have to study the question
of gaugino masses which, besides their physical relevance, play also some

role in the rescaling of the scalar potential parameters.
GAUGINO MASSES'

Gaugino masses may arise in several ways. A (non-canonical) field
dependent metrics for the kinetic terms of the gauge supermultiplets may give

()

rise to a Majorana mass to gauginos . This would introduce another soft
supersymmetry breaking term in the effective Lagrangian. Such tree-level
gaugino masses are free parameters of O(m3/2) (one for each simple or abelian
factor in the gauge group).

Spontaneous breaking of some gauge symmetries also give masses to the
corresponding gauginos through their mixing with the fermionic partners of
the would-be Goldstone bosons. This happens to gauginos with lepto-quark
quantum members in the context of grandunification, which get masses of O(Mx),
as well as, to the fermionic partners of the intermediate weak bosons, which
acquire masses of O(Mw).

Gauginos associated to unbroken symmetries at the grand-unifying scale,
Mx’ get mass contributions from one-loop quantum corrections due to the Susy
breaking splittings in the masses of the ultraheavy particles (those acquiring

masses of O(MX)). These radiative masses are given by the simple expression(AO)

i uA(uA)

My = = nng, TR, T(R) = Tr(Ty) (34)
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where the trace is taken over the gauge representation R of the heavy chiral
supermultiplets. The contributions from usual representations of SU(5) are
35

(5) =4, T(2) =5, T(50) =3, 1G5 = 25 (35)

) 38)

For instance, in a recently proposed model (without fine-tuning one
has T(R) = 97. The factor n ~ 0(l) depends on the goldstino coupling to the
heavy matter and, in particular, on the value of A. For the popular A = 3

case, 11 = 1. The logarithmic renormalization of Uy is taken into account by

the scale dependence in the gauge coupling o,. In particular, the photino

A
and gluino masses are related by
U; 8 %e.n. 1

J_°_¢e.m 2 (36)
UE 3 as(m3/2) 6

Eq.(34) suggests rather large masses for gluinos in Sugra GUTS. Since
T(R) > 6 (much larger in models without fine-tunings),
~ i~ >
u > as(ug)m3/2 > 4 GeV (37)

g
(41)

as my o > 16 GeV. This is consistent with the present experimental bounds
From this point of view, non-canonical kinetic terms are not needed.
One-loop contributions to gaugino masses from light multiplets are very

(42)

small . The trilinear soft interactions in Eq.(28) induce logarithmically

(16,42,43), This is consistent

_divergent gaugino masses at the two-loop level
with the fact that gluino masses are free parameters in the effective theory.
By imposing boundary conditions such to make the contact with minimal (i.e.,
canonical kinetic terms) supergravity at scales of O(MP), the two-loop
corrections become negligible (as compared to one-loop contributions). Roughly
speaking the gluino mass should not differ from m3/9 by more than one order

of magnitude, in either direction, whatever the mass generating mechanism may
be.

RENORMALIZATION PROPERTIES

Let us consider the one-loop renormalization of the following scalar

potential(AO)

) sk2. 1 2 %A 2 202 1 i3k
Vorr = Dy 2 1T+ g @ T+ mf 277 4 g my o802, 0272925 (38)

which is the most general form consistent with renormalization effects under

the following assumptions for the boundary conditions at energies of O(MX,MP):
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a) Eq.(33), to avoid fine-tuned parameters.
b) Aijk = Aljkaf’ such that, e.g., BE = BiGE in Eq.(l14), in order to avoid
representation mixing, that could spoil decoupling properties and also flavour
conserving in neutral current interactions. This allows for the definition
of the parameters Aijk' ) )
c) We assume the boundary conditions mi(MP) =My and Aijk(MP) = A, i.e.,
universality of the goldstino (gravitational) coupling to the matter fields.
(The parameter mqyy SO defined could differ from the actual gravitino mass
by a factor of O(l) if non-canonical terms are allowed consistently with our
assumptions).

The scale (u) dependence of the parameters in Eq.(38) at the one-loop

level is given by the following renormalization group equations

U
d _ 1 2_[A2A2]...
EICTIRSE {]fimnl A ™4 [y S BT ‘1'*3)*<1"k)}
(39)
d 2 _ 1 2,2 2 2 2 ,2 . o022 A2 ]
dop M1 T 16ﬂ2 {'fimnl [mi+mm+mn+m3/2Aimn] 8[]’JAgA(T ) ]if

together with Eq.(14) for Aijk' These evolution equations are particulafag?ses,
appropriate to the assumptions b) and c) above, of more general results .
In order to illustrate the renormalization effects on the minima of the
Sugra effective potential, let us consider a very simple case, with just one
chiral multiplet, and
£2) =3 2°

(40)
22 2 A 3, %3
v = [Az°|7 + mZ|z] *3Amy, (20 +27)

which has a local minimum at Z=0 and another one at

lZl =Am3/20 g = 1+V1—89
2 2
A4m4 m2 “n
v, =-_32.2(0_ p) o= 2
min 812 \6 222
3/2

for p < 1/8. The Z#0 solution is the absolute minimum for p < 1/9. From the
renormalization group equations, Eqs.(14) and (39), one obtains (for p < 1/3)

A )

P = o(u) + —— [1-3p( )T = (42)
4 o

Therefore, for u of the order of |Z| in Eq.(5), the absolute minimum is
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obtained at this non-trivial value of Z, if p(u) < 1/9, i.e.,

o, art P10
u kz(uo) 1-3p(u)

(43)

Therefore, if 1/3 > p (u°==MP) > 1/9, for small enough values of u/MP the

*
non-trivial minimum may be driven by radiative corrections . In realistic
models, which we now turn to discuss, the situation is more involved due to

the coexistence of many fields.

SUPERGRAVITY WEINBERG-SALAM MODEL

Let us consider now an explicit SU(3)xSU(2)xU(1) model with spontaneously
broken local supersymmetry. Matter supermultiplets whose fermionic components
are the usual (left-handed) quarks, antiquarks, leptons and antileptons have

to be introduced in the following representations of the gauge group :

Qi~(3,2,1/6), Ui~(3:1:-2/3)y Di~(3’1’1/3)’

(44)
L, ~ (1,2,-1/2) E.1 ~ (1,1,1)
where i=1,2,3 is a family index. SU(3) and SU(2) indices will be omitted. One
has also to introduce two Higgs supermultiplets containing two doublets of

Higgs scalars with opposite weak hypercharges
H~ (1,2,1/2) H' ~ (1,2,-1/2) (45)

such that the contributions of their fermionic components to the anomalies
will cancel each other. The most general trilinear SU(3)xSU(2)xU(1) invariant
superpotential constructed out of the complex scalars in the multiplets (44)
and (45) is
- 1 '
£y hUiH QU; + hDiH Q;D; + hEiH L.E, (46)

(the same notation is used for supermultiplets and for their scalar components).

The Yukawa coupling constants are related to the lepton and quark masses through

m = h_<H> m, =h_ <H'> m  =h_ <H'> 47)

Notice, for further use, that the potential minimum in Eq.(41) is
proportional to A~2.
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with the possible exception of m = mu3.
As discussed before we want to induce VEV's for H and H', that break

SU(2)xU(l), from Sugra residual interactions. In a first step we neglect

radiative corrections and consider the effective potential in Eq.(28) together

with Eq.(31), defining the parameter A. For A > 3, the potential associated

to fM would have a minimum for <H'> = <L> = <E>, which is unnacceptable since

it would break the electromagnetic gauge invariance. One has to introduce

new terms in the superpotential involving only H and H'. This requires a new

gauge singlet supermultiplet Y, and

3

fo=AYHH + A" Y (48)

B

so that the whole superpotential is fM + fB (the Y3 term is needed to avoid a

Goldstone boson associated to a broken global U(l) symmetry for A' =0, when
the scalars take non vanishing VEV's) We will discuss the role of fM later on,
and will first consider only the fB superpotential. From the previous discus-
sion, the corresponding potential has a non-trivial minimum <H> = <H'> # O

for A > 3 (an inequality is also required between A and A\' to avoid solutions
with only <Y> # 0). The SU(2)xU(l) breaking is induced by Sugra : this will be
called the singlet mechanism(39). The weak boson mass will be related to M3/9
For simplicity, we consider the '"magic' case : A=3. Solving the set of

equations resulting from Eq.(32) we get a solution with(38)

m 1/2 m
<H> = <u'> = 2/2 /li I%|> > <> = i/z (49)

which breaks SU(2)xU(1). The resulting weak boson masses are related to m3/9

by

., A\ 172
Mo T ™32 \”371) (50)
The mass spectrum of the particles in the model is as follows(38). Their
are two charged fermions, with masses
(2 m§/2\1/2 m39
Mt ) 2 Gh

and two neutral fermions with masses related to (51) by Mw<*MZ = Mw/cosew,
as well as two more neutral fermions with masses of O(m3/2). Charged Higgs

scalars acquire a mass

ol + 4m§/2)1/2 (52)
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while a neutral scalar has a corresponding mass with Mw-*M . The remaining

™

four neutral scalars have masses of O(m3/2)

The scalar leptons have masses My/gs UP to corrections of O(m ) and

small renormalization effects. The scalar quarks get masses( 0
o (M )
2 2 8
M~ = m + 5 U~ ( - ) (53)
q 3/2 9 g ) (m3/;)

neglecting the quark masses (which could be a bad approximation for the t-quark
scalar). The term proportional to the gluino (mass)2 is introduced by the
renormalization due to strong interactions.

Now, one has also to take into account the remaining part of the super-
potential, fM’ given by Eq.(46), in addition to fB. For A=3, this introduces
a further series of degenerate solutions which break colour and/or e.m. inva-
riance. One cannot assume A>3 to lift this degeneracy, since this would
always favour the wrong solution that breaks the e.m. gauge invariance(43).
The origin of this problem is due to the fact that the Yukawa coupling asso-
ciated to the electron is the smallest coupling constant in the whole super-
potential (see Eq.(47)). Indeed, as suggested by the simple example in Eq.(41),
the preferred solution will be that corresponding to the smallest coupling
constant.

A possible way out of this puzzling situation is provided by the

quantum corrections.

SU(2)xU(l) BREAKING IN SUPERGRAVITY

We have already emphasized the role of radiative corrections in the pro-
blem of supergravity induced gauge symmetry breaking. Now, we will discuss
two approaches to this question in the physical situation of the extended
Weinberg-Salam theory.

One possibility(ao)

is to consider the singlet method described above
and to see under which conditions the acceptable solution <H>, <H'> # 0 may

be favoured by radiative corrections. We start with the potential in Eq.(30),
wtfps Eqs.(46) and (48).

Let us first note that the parameter X cannot be very small because of Eq.(50),

with the couplings defined by the superpotential £

See Ref.(47) for a more detailed discussion of the mass spectrum, including
the gaugino masses neglected here.
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where Mw and gw are known and m3/2 > 16GeV . The other coupling constants
that may be relatively large are the gauge couplings of SU(3)xSU(2)xU(1)
(gs,gw,g') and possibly the hT coupling, governing the t-quark mass. These
are the parameters that have to be taken into account in the adequate renor-
malization group equations, Eqs.(14) and (40). We assume Aijk= 3 and né =m§/2
at MP and study the behaviour and the minima of the scalar potential for rea-
sonable choices of l,%',hT. The SU(3)xSU(2)xXU(1) solution (Y #0, H=H'=0) is

avoided if one chooses A' ~A at MP' For instance, by taking at the scale Mx :

2
2 2 h
AT AT T _
pr il e 0.1 i 0.0004

2

- 2 _
Avan' = Avyy T Burq T 3 my = My

We find after rescaling the parameters down to energies ~ O(Mw), the values

(in N3/ units)

% A2 by
2= 0.03 J— =0.017 7 = 0.0045
2. _0.62 m§=0.10 m;, = 0.31
m2 = 0.95 m2 = 0.87

Q T

3
Aggge = 103 Ay = - 0.79 Ayrg = 274

The absolute minimum of the potential is the SU(2)xU(l1) breaking, U(l)e o

conserving one :
<H> = 1.32 <H'> = 1.28 <y> = 1.94

in units of m . From Eq.(50), this gives myo = 96 GeV and m = 37.5. The

above figures3£:ve been obtained with a gluino mass of 12 GeV but varying
this parameter by an order of magnitude does not change the pattern of the
solution. The t-quark mass may be increased as well up to ~ 100 GeV, with a
corresponding decreasing of Uy/) ;o 75 GeVé

With lower initial values A“ /41 = A'“ /41w =0.01 at Mx one still gets an
analogous solution with My/9 around 30 GeV, an appealling value.

We conclude from this numerical analysis that the SU(2)XU(l) breaking
may be correctly induced by supergravity effects, once radiative corrections

are taken into account. The above results are consistent with mo < 100 GeV,
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this parameter playing a secondary role in the process.
(44,45) to SU(2)xU(1) breaking,

the crucial parameter is a large hT constant, giving rise to a very heavy

Instead, in the alternative approach

t-quark. No singlet supermultiplet Y is needed since the auxiliary superpo-
tential fB is not introduced (this is a very appealling feature). The hT
parameter (hence mt) tends to increase when strong interactions (controlled
by Aqep

parameter m, becomes negative and <H> # 0 is induced and SU(2)xU(1) is spon-

) become strong. Then, by a mechanism we have discussed before, the

taneously broken. There is some complicated relation between LY Mw and o,
which has to be as large as o2 100 GeV (a lower limit, ~ 70 GeV, is obtained

by assuming heavy gluinos), However, the model falls short in explaining some

of the fermion masses, since <H'> = 0, unless some modification is introduced.

(45)

An amusing variant of this approach assumes a small value of m

3/2°
. It follows rather closely the original Coleman—Weinberg

16 GeV<m << m
3/2 (23)

t
mechanism(46) and its supersymmetric version

. These assumptions are desi-
gned to animate experimenters, since the authors predict a relatively low-
lying mass spectrum.

In summary, broken supergravity, at tree-level, without fined-tuned mass
parameters, is not adequate to induce SU(2)xU(l) breaking, contrarily to our
expectations., Interestingly enough, radiative corrections provide the required

ingredients to reverse the situation. Audaces fortuna juvat !

CONCLUDING REMARK

There is no compelling reason for introducing supergravity in particle
physics but there are good theoretical motivations to do so. It supplies a
bridge-head in the field of gravitational interactions for further unifica-
tion. It provides an elegant suppression of quadratic divergences and solves
the hierarchy problem of grandunification. Finally, it should leave some
tracks in the effective low-energy gauge theory that would allow for experi-
mental tests of its reality.

The deviations from approximate supersymmetry are controlled by the
fundamental parameter T3/9 which is its natural scale for the partners of
light particles. Moreover, the weak interaction scale Mw should not differ
very much from LEYZT at least in the simple approach that has been presented
here. Therefore, the effects of supersymmetry, and of the underlying super-
gravity, are not expected to show up below those energies that are just
begining to be explored. Scalars and gauginos were never found where they
were not expected to be . But it is rather frustating to realize that we

probably have to wait until the next generation of accelerators to be or not
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to be supersymmetric. DURA LEX, SED LEP.
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VIRTUAL EFFECTS OF SUSY PARTICLES

G.Altarelli
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INFN - Sezione di Roma, Roma, Italy.

Abstract

We briefly report on some recent work on virtual effects of
SUSY particles on the muon g-2, on the electroweak parameter? and
on the ete”™ hadronic cross section.
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1. - Introduction

Broken supersymmetry theories/1/ imply the existence of many
new heavy particles and perhaps also of a few very 1light ones.
Limits on masses have been mostly derived from the fact that none
have been directly observed in production experiments till now. On
the other hand the presence of these new particles could modify
measurable gquantities through their virtual contributions. After
recalling the example of the limits derived/2’3/ from the experi-
mental value of the muon g-2, we report here on two recent calcu-
lations of virtual effects of SUSY particles. The first one’/4/ is
on the influence on the electroweak‘P parameter, S = M;/M;coszew
measured from the ratio of charged to neutral current cross sec-
tions. The second one/5/ refers to the leading order QCD correc-
tions to the ratio Re+e- of the total hadronic and the pointlike
ete”™ cross sections. In both cases we shall see that the effects

of SUSY particles are small and difficult to unveil in practical

experiments.

2. - The muon anomalous magnetic moment

As well known the presently measured value of the muon ano-
malous magnetic moment %P agrees very well with the QED predic-
tion/e/, so that l Sar‘ £ 32,1078, The effect on %” of virtual
photino (%) and s-muon exchange was considered by Fayet some time
ago/2/. Assuming a massless ? and barring possible cancellations
with other corrective terms, Fayet obtained the bound on the
masses of the two scalars associated with the muon given by msléz
»5 GeV. More recently Barbieri and Maiani/B/ included in their
analysis also the contribution to Sar of G,E,ﬁ (where W is the
Higgs-ino and so on). They did not consider the problem in its
full generality, but rather restricted the freedom on the mass
spectrum to the purely indicative situation where my=m,, mszmt="k
m_ = 0 with s, t being the two s-muons and 7 is the s-neutrino. The
czntributions of .§ ,;,ﬁ are all proportional to the muon mass
squared. Strong cancellations are present which reflect the
vanishing of %ﬂ in the exact SUSY limit/7/. In the ms,t = omy plane

the allowed region is shown in fig. 1.



331

b
mS
9 1
6o ALLOWEDP
30
15 4
15 30 g 60 SOM\.V' GeV
ig. 1
3. - The ® parameter

The‘P parameter equals unity at the tree level in the stan-
dard model with only Higgs doublets. Higher order effects modify
the value of P . Defining f = 1+8f one has’/8/

A (0) - A_(0)

+ 3

Sf - (1)
W

where A+,3 are defined as

from the self energy diagrams of fig.2. A crucial observation is

vu+,3 VJ*DB
9 q

Fig. 2

that 8? vanishes in the 1limit of exact SU(2) symmetry (with wi
transforming as a triplet). For a fermion doublet (either quarks

or leptons) of masses my , one obtains’/8/,
’
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G 2 m2 m2 m2
Sf =N —F—Z—- [mf+ mz - 21 22 1n ; _\ (3)
¢ s \]‘71 m, - m, my j

where NC is the number of colour replicas (NC=3 or 1 for quarks
and leptons respectively) which in fact vanishes for m,=m, . In

particular for mt>> mbzo the top quark contribution is given by

G m

3

F 2 -2 t 2

(Sj)) ¥ —— — mia1.25 10 () (4)
top 8 ‘r~2x2 t 200 GeVv

s s s s s /9/ ~ o
Conventional radiative corrections shift P downward by 8frad

<1072, The experimental value of SP is given/10/ by
(Sf) = (2 + 15) 10 (5)
exp -

é 2.5 10-2 one obtains mt$300 GeV.

From (8? )

top
In SUSY models one has contributions to S_P from s-quark and
s-lepton doublets, weak gauginos, Higgs-inos and the additional
charged and neutral Higgs scalars that are required in these
models. For s-quark and s-lepton doublets the contribution to Sf"
does not depend on the absolute values of the masses but only on
the mass splittings, again because of the vanishing of J_P in the
SU(2) limit. Mass splittings are severely constrained by existing
limits on flavour changing neutral currents/11/. In minimal models
with soft SUSY breaking induced by gravity/12/ one has for the
scalar masses:
2 2

m =

s m3/2 + 2a m m (6)

L2
e 2 372 ¢

where m3/2 is the gravitino mass, the + refer to the two scalars
associated to each fermion f and a is of order unity and model
dependent. For scalars associated to the t-b doublet one finds,

neglecting the b quark mass:
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5 3GF 2
= —— for m & m
2 3/2 t
f sl x? / (7)
3G
F

2 2
bp- 5o Ve e TN e

Thus for a ~1 the contribution of the t=-b scalars is almost the
same as for the corresponding quarks and its only effect 1is to

bring the 1limit on the t quark mass down to m 57200 GeV.

In the gaugino, Higgsino, Higgs sector there are strong can-
cellations because all dangerous gquadratic or 1logarithmic terms
in SP cancel out exactly in the 1limit m57? where the relevant
couplings approach SU(2) symmetry. What is left is a contribution

of order

o -
SfG_H'-" 437‘ ~3 1073 (8)

Where “w = “/sinzevr Even more suppression is present if no Fayet

-Iliopoulos term is associated to U(1). In this case éfG-H vanish-

es for sinzew = 0 and
(<34 -4
~
- Vand
ff G-u aj = 6 10 (9)

In conclusion little can be learnt on SUSY particle spectroscopy

from a precise measurement of F .

4. - The hadronic e'e”™ cross-section

It is well known that pair production of s~quarks and s-lep-
tons is the most obvious signature for SUSY particles in e+e_
annihilation. Negative results from searches of pairs of SUSY
scalars at PETRA and PEP have led so far to lower limits/13/ on

the masses given by Mg _q ms-q 2,15—16 GeV.
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In view of these results we were led /57 to consider possible
effects in the hadronic cross-sections below the threshold for s-
quark pair production, i.e at Q :{ 2M, where Q = 2Ebeam and M is
the s-quark mass (for simplicity we neglect mass differences for
(light) s-quarks which are espected to be small anyway/11/). As-
suming that gluinos are lighter than s-quarks (present 1imits/14/
give m z 2-3 GeV, where m is the‘g mass) one possibility is to
look for production of the final states qééﬁ + gs E (fig. 3a) or

a
99, a333. The production of two § was studied in refs./13.16/

and
. . 2 s ~n . . .

is small being of order ds with the channel ‘gg vanishing in the
limit of P and/or C conservation. A different interesting question
is the effect of s-quarks and gluinos on the ratio Rote- of the

+

hadronic and pointlike e’ e cross-sections. At order ds, in pre-

sence of SUSY particles one has for Q :fZM:

R = R 1+——+g(7,r)—s—— (10)

o

where Ro = 3 Z'Qi ’ is the ordinary QCD leading correc=-
tion/17/, %) is\the additional contribution from SUSY particles,
with
2 2
- s (11)

M M
~
u}: :?i /4R where 3; is the qsg coupling constants. One expects
st°%, although the two are not exactly equal in presence of SUSY
breaking.

For massless quarks, in the interval Q f’M+m the only contri-
bution to 5 arises from virtual sq and E'corrections to the qgq
channel (fig. 3b). For M+m‘£(gf 2M the contribution to { from the
real production diagrams of fig. 3a is also present . Note that
for Q of order M)S is expected to be of order 1, so that the QCD
leading correction could be quite significantly altered producing
a detectable effect somewhat below the threshold for open SUSY
scalar pair production. On the other hand the accuracy of the data

on the total hadronic e'e”™ cross-section is by now sufficient to
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extract a significant, although not very precise, determination of
the first order QCD correction, which at present leads to/18/
0(5 (Q ~ 30 Gev) = (0.20 + 0.06) and is about to be further

improved in the near future. If is thus interesting to study 5 as

a function of l'llz,m2 and Q2

Our results can be summarized as follows:

a) The virtual contribution to 8 below the threshold for pair
production ()2( 4) is given by:

2
g , - i{i + ! g finr v 4-% erd’”EJ,
virtual 3| 4 2(1-r) 2(1-r)2 )L 4-l1

1 (12)
r + (1-r)y 1 -Ry(1-y)
+I ay + r-1 1n r + (1-r)y }

- 9 s
3 oS _ o8
“' / 9 ;;\Am<.~/g vav» % ;;vvvv_~~~/

ol ‘5 } 4¢€f- entrgien

- an?

3 q
(b)
PR 1
q
" .
4 ulf-emergses
kg
s 8]
’ ’s ’
j* “/ * P a‘
~I ~~S' s
/,S ¥ 9 [} ¥ /’J
* /; LIS v e
Anan 7] Q AAANA - -
S ~e S t:“'ss
) Fig. 3
Note that svirtual 0 for Q = 0 as a consequence of the Ward

identities of QED. For m=0 and small values of Q2,

sion of eq.12 inll leads to

an expan-
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~ 2 2
5virtuZI 277+ 0 ”1 ) (13)

This small value for the slope in Q2 is responsible for the

very slow increase of 8 1 with Qz, as can be seen from

virtua

fig.4 so that even at Q=2M J : 50.5. Thus in the interval
5 8 virtual

Q ﬁ M+m, where =0yirtual’ the effects of SUSY particles on

Re+e- turn out to be particularly small and practically invi-

sible.

b) In the interval M+m _S Q‘S 2M the real contribution from the
final states q ;a’?j + a sq‘; also comes into play. The cor-
responding contribution to 5 is a complicated expression,
given in ref.5. It also turns out to be gquite small. This is

readily seen by the double differential cross section for

ng?j in the massless limit (M = m = 0):
2 ~
1- 1- +
1 d% _ o (1=x_) (1-x4) x, X, ()
3 (1-x )(x + x - 1)
s' 's g

dx dx
O'o s g
While it 1is clear that the massless distribution is a drastic
overextimate of the realistic effect expected from massive Sq and
g at available energies, it is however useful for a direct compa-
rison with the analogous three jet distribution/17/ in ordinary

QCD.

One immediately notices that the shape is different and the

~
normalization %’- is smaller by a factor of 4, which indicates
that this effect 1is also very small, thus explaining the result

plotted in fig. 4.

In ref. 5 one can also find a complete study of 8 above
threshold for pair production and in the limit of Q-9ad , were the

massless SUSY limit is approached.

In conclusion we have found that the effects of SUSY parti-
cles at low energies are remarkably suppressed and that supersim-
metry is very effective in concealing its possible influence on

measurable quantities.
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LEFT-RIGHT SYMMETRY AND CP VIOLATIONJr
G. Beall
University of Oregon, Eugene, Oregon 97403

A. Soni
University of California, Los Angeles, CA 90024

ABSTRACT. Left-right symmetric electroweak theory is reviewed.

Experimental
consequences and constraints on its parameters are discussed.

From KL—KS mass
difference one finds that MR > 1.6 TeV and the mixing angle £ < .06. Implica-

tions for CP violation especially for the electric dipole moment of the neutron,
¢'/e parameter for kaon decays and heavy quark decays are discussed.

+Presented by A. Soni.
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Following is the outline of this talk:

1. A brief introduction to Left-Right Symmetric electroweak models.
2. Experimental consequences of and constraints on LR Symmetry.
3. CP violation in LRS models and comparison with other models. Herein we will

deal with (a) the electric dipole moment of the neutron, (b) the €' para-
meter from K + 27 decay, and (c) CP asymmetry in heavy quark (especially b
quark) decays.

4, Summary .

Introduction.l

Left-Right Symmetric electroweak models explain parity violation as the low
energy behavior of a spontaneously broken theory, and as such provide an aesthe-
tically appealing alternative to the standard model. They also provide a pos-
sible alleviation of the experimental desert by Grand Unified extensions of the

standard model. The gauge group for LRS models is taken to be G = SUL(Z) X

SUR(Z) X U(l)B_L where we take gp = 8- Fermions transform as doublets under the
gauge group: (\)e e)L,R"'; (u d)L,R"' . The minimal Higgs sector consists
of:
[¢] +
X+ ¢1 ¢2 ~ *
, &= , d=1,90T (1)
o 6.~ 6 o 2 2
X )R 3 %
where ¢ transforms under G as ¢ - UL ¢ UR—l. On symmetry breaking the scalars
develop vacuum expectation value,
x 0
<X, > = 5 <X, = 5 <> = . (2)
L VL R VR 0 «'

The gauge fields WL R that couple to the L,R charged currents are not, in prin-
’

ciple, mass eigenstates. Rather one has:

W. = W. cosC + W, sing .
Lot 2 3)
WR = —wl sinl + W2 cosg
where Wl, w2 are mass eigenstates with masses Ml’ M2 given by (VL + 0 Limit):
2 1/2
2 2 2 1 2 1 4 * 12
u, =g_4{|K| s+ 3 —[ZIVR| alter ] } @)
2 1/2
2 2 2 .1 2 1 4 * 12
m? = {2+ el 3 I +[Z|vR| +4|KKv|J } 5

- *
and ¢ = tan l[14»|v< K' |/|VR|2]/2. The observed parity violation at "low'" energy

2
is then a consequence of having ML << MR , tanf << 1 or equivalently
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2 * 2
>> ' .

‘A |s<s<|,vL
theoretical constraint:

Note that for this minimal Higgs sector one gets a useful

Ltan 20 <B/A-H)=>CSB, BT>0 (6)

where B = ML2/MR2. The theory thus has two characteristic parameters: ¢ and B.
However, in making contact with experiment there is the additional complication
of quark mixing angles. In general, the right-handed quark mixing matrix is in-
dependent of the left-handed mixing matrix. For three generations of quarks one
then has altogether six angles and six phases rather than three angles and one
phase as in the standard model. Beg2 et al. proposed that the theory should be
"manifest" left-right symmetric (MLRS) i.e. that the charged currents be in-
variant under Y5 > —Y5 reflection. This results in the angles and phases in the
right-hand sector being identically equal to those in the left-hand sector,
making the theory considerably more manageable. One can show that manifest LRS
emerges as a natural consequence if one requires ¢ to have the LR Symmetry trans-

formation

L+ R o« @, )

The resulting theory is not only simple and elegant but can also be extended to

resolve the strong CP problem without the need for axioms.

Experimental Consequences and Constraints.

. 2 . . .
Bég et al. were the first to consider the constraints on a MLRS theory
coming from existing data on e polarization and the Michel parameter in mu

decay, beta decay of 016 etc. They concluded that

BS .13 => M 22.8M (8)
and

L < .06 . 9)
An important shortcoming of Bég et al.'s analysis is that it assumes light right-

handed neutrinos (specifically VUR R

masses (as would be the case in several theoretical scenarios) then Bég et al.'s

and Ve ). If the vR have large Majorana
bounds become invalid. Gobbi3 et al. have analyzed new data which leads to the
bound MR > 450 Gev, |§| < .046, however their analysis suffers from the same de-
pendence on neutrino masses.

Recentlya the KL—KS mass difference has been used to constrain the para-
meters of MLRS models. In the calculation of the diquark transition (ds -+ ds)
to construct the effective As = 2 Hamiltonian, one has to evaluate eight scatter-

ing graphs (shown in Figure 1) plus the corresponding eight annihilation graphs.
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Figure 1. W., W_ exchange graphs that contribute to AMK

L> "R
If the external momenta are taken to be negligible, the scattering and the
annihilation graphs are found to make equal contributions. In our published cal-

. 4 . . . o
culation we assumed L = 0. If we now include the contribution for finite Z as

. . . -0 . 1
well, again using vacuum saturation to evaluate <K0|Heff|K >, we find:

2
G m
_F 2 2 2 c 2
AMK———ijMK{ Acmc [1+ (6y+1)[1+£n—2] B+ B
6m MI
2
o 2
+ [z.y-z.+ (4y+1) Zn—-—c——-] t :|
2
M
m
+ Atzmtz[l + (6y+1){ 1+ £n LZJ g+ g2
ML 2
e 2 I M 2
+ { 4y - 4 + (4y+1) £n —5 |t :‘ + 2>\C>\tmcthw + (6y+1) £n M—z B+ wg
L
mc2 2
+ { (4y+1) £n —5 - (4by+6) wJ t :l} s (10)

2 2 _ 2 2
where y = M "/ (m tmy)", w = (mc/mt) £n m S /m ", t = tanZ and B, << 1.
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A firm numerical value for AMK cannot be deduced from this calculation at
present due to our lack of knowledge of m. and of 'some of the mixing angles. Let

us instead examine the four-quark contribution

2

AMK“q = 3.4 x 10772 Mev[1 - 4208 - 2907°] a1

which we compare to the experimental value
-12
AMK (expt.) = (3.521 = .014) x 10 MeV . (12)

Thus, in the standard model, the four—quark contribution (given by the first term
in (11)) essentially equals AMK (expt.). This can be understood in two ways:

(1) Terms proportional to R, C or those containing the top quark (in Eq. (10)) or
other contributions arising from the exchange of Higgs scalars but not shown in
(10) are all very small in comparison to AMKAq. (2) Some of the individual con-
tributions, which are functions of several unknown parameters (namely two K-M
angles, the t-quark mass, and the mass of the Higgs) are actually large but the
values of the unknown parameters are such that these contributions cancel. Since
the second possibility would require seemingly contrived cancellations among un-
related factors, we regard it as implausible and do not consider it further.

Even under the first set of assumptions, however, there remain considerable un-
certainties due to the effects of strong interactions. To be conservative, we
assume only that the LR contributions are not dominant which would give the wrong

sign for AMK. We thus obtain the bound:
4208 + 290z < 1 (13)

which yields a contour in B, ¢ plane representing the asymptotic constraint:

B < 1/420 = Mp 2 1.6 Tev (14)

and
z < .06 . (15)

Figure 2 exhibits the constraints on MLRS models coming from various exist-
ing experiments and compares them with those resulting from the KL_KS mass dif-
ference. Figure 3 compares the KL_KS constraint with those anticipated from
forthcoming high precision experiments. Note that if we accept the theoretical

constraint ¢ < B (Eq. (6)), we get a much tighter constraint on
z < 1/420 . (16)

Recently there have been several related works,s_9 all of which have assumed
z = 0 so that they involve the calculation of graphs 1(a-d) only. In that limit

all of these works reproduce the result given in Eq. (10). Some of these
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Figure 2. Comparison of the bounds set on B and Z from AMK to those

deduced from leptonic and semileptonic decays.

Mg{GeV/c?)
1000 600 400 300 250 220
0.15 7 T T ;
1 Amg
o olok — p=0.75 i0.0005_
g' oy €Pu=1£0.001
o —— PeF - PGG-T
2 o005 r}':::'\\ ~—~ Existing limits
x
E 0.00 -
@
=
| -0.05 -
J
3
T -0. 10} -
an
-0.15 1 1 i 1
0.00 0.03 0.06 0.09 0.12 0.5

B= M2/ M3

Figure 3. Comparison of the bounds set on B and f from Al“ﬁ< to those

anticipated from upcoming experiments.
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authors7 have interpreted the bounds from the KL-KS mass difference to be bounds
on the mixing angles in the right-handed quark sector (that is, they do not as-
sume MLRS) in order to acquire a light WR. This possibility cannot be discount-
ed, but it requires a more complicated model while substantially reducing predic-
tive ability. The possible resolution of “the strong CP problem (without axions)
previously noted is also lost.10 Evaluation of hadronic matrix elements has been
studied by Trampetic5 in the context of AMK and non-leptonic weak decays using
various harmonic oscillator quark models. His results are in agreement with our
bound (14) deduced using vacuum saturation. Senjanovic, Mohapatra and Tran8 have
done a detailed (once again in the = 0 limit only) calculation in the six-quark
model including the contribution from Higgs exchange. They also find that, in a
MLRS model, to have values of MR lower than (14) there have to be delicate can-
cellations between various contributions not explicitly written down in Eq. (10).
Another constraint on Z has been deduced by Bigi and Frere9 who study weak
non-leptonic decays of hyperons in a LR Symmetric model. They include QCD cor-
rections to LL and LR currents and show that compatibility with experiment
demands { < a few percent. We emphasize that their bounds on B as well as our

bounds on B and ¢ (Eqs. (14), (15)) are independent of vR mass.

Implications for GUT's.

The bound (14) on MR has additional implications if one embeds the LR
Symmetric group in a grand unifying group such as SO0(10). Neglecting the small

Higgs contribution, one findsll

1la(M_ ) M M
slne(ML)——?-’-—TML[Bﬂn—u KR—:]

where M is the unification mass. The second term in the parenthesis is seen to

wlw

(17)

increase the value of sin 6 above the SU(5) prediction. 1If, however, M(ZRO) >
MR > 300 GeV, as is 1nd1cated by (14), then the contribution of Z to the
neutral current is negligible and one finds from the neutral current data sin 8
~ ,22-.23 as in the standard model. Taken with (17), this requires MR > 109 GeV.
This result can be weakened somewhat if one allows the LR Symmetric group to

break through the steps SU(Z)L X SU(2)R x U(1) MR> SU(2) X U(l) X U(l) = ML

SU(2)L x U(l) with M(ZRO) = ML' A careful analysis including the contribution

from scalars gives MR > 106 GeV.

CP Violation.

There are potentially six relative phases entering the quark mixing matrices
; 1 . s . .
in an LRS model. For simplicity we will consider two natural but somewhat res-

tricted models: (a) Manifest Left-Right Symmetry (MLRS). This case, which
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arises when one takes complex Yukawa couplings and real scalar VEV's, has equal

left and right quark mixing matrices, i.e. UR = UL’ and hence only one phase. It

is generally difficult to distinguish from the standard model. (b) Pseudo-
Manifest Left-Right Symmetry (PLRS).l If one breaks CP spontaneously by having

*

L - This
model has four relative phases which, on one hand, make it easy to distinguish

real Yukawa couplings and complex scalar VEV's one gets PLRS with UR =U

from the standard model while, on the other hand, make it difficult to make
definite predictions. Both of these models assume that the 2 x 2 scalar multi-
plet has the LR transformation L ++ R, ¢ <> ¢+.

In addition to phases in the quark mass matrix one can also have a phase in
the W mixing matrix:13

sing eik , W, = -W sing e_ix + W, cosZ . (18)

WL =W, cos + W R 1 2

1 2

This phase is equivalent to an overall phase in the quark mixing matrices for
hadronic and semi-leptonic interactions. However, it can also cause CP violating
effects in purely leptonic processes independent of the value of Mv. There is,
of course, the possibility of additional phases from scalar mixing given an en-
larged scalar sector. We do not consider this possibility.

Let us now consider the implications of LRS models of CP violation for
(a) the electric dipole moment of the neutron (une), (b) the €' parameter of kaon

decay and (c) heavy quark decays.

The Electric Dipole Moment of the Neutron (1 e).13
n

We parameterize the quark charge-current gauge interaction in the form:

- k k u
L = . S S T W™ + h.c. 19
igj k=§’2 M CH 13Ys) V5 c (19)
i#j

The one-loop contribution to the electric dipole moment (edm) of a quark is then

seen to be:

e k _ k*
Uq = Im(aijbij) (20)

which vanishes in the standard model where a = b. Shabalinlh has shown, further-

more, that the quark edm in the standard model vanishes even to two loops. It

has been pointed out,ls’l6 however, that CP-violating diquark transitions lead to

a neutron edm at one loop. When including the contribution of penguin-like dia-

grams, calculations of the neutron edm yield:l7

1 €n 10_32 ecm .
n

We recall that the current experimental bound is given by:18
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pne <6 % 107 ecm (expt) (21)
and one anticipates an improvement of about two orders of magnitude in the next
few years. The prediction of the standard model is thus some seven orders of
magnitude smaller than the present experimental bound and beyond any anticipated
improvements.

In models of CP violation other than the standard model one does not in
general expect the one-loop contribution to the edm to vanish and one therefore
expects une >> lO_30 ecm. Specifically, for an LRS model the quark edm receives

. : . 1
a contribution from Figure 4 and one has:

2
e e 1 1
= 88 oqn2c| —/— - — _
U, 72W2 in C[ y 7 5 ] {(Smu md) C1LC1RSA + (Smcc

R

21.%28® (8,41

" meerart et CMetantar®s, ) T Moarta®s,m ) s;18) @2
where

ciL,R = coseiL,R . siL,R = sineiL,R s Sy, = sin(X + GoL - 60R) ,

S(5i+A') = sin(cS:,LL - SiR + X+ 60L - GOR) . (23)

For the case of MLRS, there is, as in the standard model, only one phase and one

finds that
. (to 1 loop) =0 . (MLRS) (24)

For PLRS the edm, given by (22), is non-vanishing to one loop but its numerical
value is uncertain as so many of the parameters are unknown. In principle the
edm can certainly be large. In particular, if one assumes t quark effects to be

small, one can obtain a four-quark result:

[une(Aq)l = (1072 cem) tant (4.2 sin(426 ) + 1.3 sin(W428 +28)) , (25
where we have assumed M 2 << M 2 and used constituent quark masses. Using § < 8

1 2
< 1/420 one finds

-2
u ) < 10 3 eem . (PLRS) (26)
Thus, to be consistent with experiment, we find that either the CP violating
phases are very small (i.e. < 1/25) or tan{ is even smaller than deduced in (6).
The Weinberg model of CP violation also gives a one-loop contribution to a

quark edm. Beall and Deshpande19 have calculated the neutron's edm and find:
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w}‘«{sk S s Wy

Figure 4. Vertex corrections contributing to the neutron's electric
dipole moment in the 't Hooft-Feynman gauge. W here de-
notes the gauge fields and S the unphysical scalars.

(7]
N

(U) d
T_'_)\\

Figure 5. Diagram contributing to K° + 21 decay.
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-2
une "N o(2 to 4) x 10 6 ecm . (Higgs model) 27
Thus we see that (1) two orders of magnitude improvement in the experimental re-
sult could rule out the Weinberg model, and (2) any observation of a positive
result, in the next few years, would clearly demonstrate that the Kobayashi-

Maskawa phase is not the sole source of CP violation

e'/e.

The primary parameter characterizing CP violation, and the only one thus

far to have a measured non-zero value, is €, defined by

Ki’s = —L — ((1+e) K° £ (1-¢) KO)

2 (1+e2)

Corrections in the LRS model to the standard model calculation of € are small and
depend sensitively on the mass and couplings of the t-quark.

We recall that

v =1 -
e = = exp[1(dy=9)] Im(A,/A) (28)

. = <om,1|7|K% , (29)

>
o
t

T is the AS = 1 effective weak Hamiltonian, and I = 0, 2 is the isospin of the

+ - o_o 20
m T or mm system. In the standard model, estimates™ range:

g'/e = lO_3 to 10_2 . (standard model) (30)

For the LRS model, corrections to the standard model will be dominated by

the graph shown in Figure 5. We findl

i i(¢2_¢0)
S'ILR == ¢
V2
V2 zV2
(CLL_CRR){ L _6] * (CRL_CLR)[ 1o ]
X Im (31)
(CLL_CRR)[ 1--4 J (CRL_CLR)[ L+ _Z"J
6v2 6v2
where
CZ S2
N T A B A+
L = Yus Yua w2 + w2 (32a)



_ L* R -iA 1 1
CIR = Uus Uud SCCC e [ — 7 ] R (32b)
M M
2 1
_ R* L +i) 1 1
CpL Uus Uud SECC e [ — ——3-J , (32¢)
M M
2 1
c2 32
_ _R* R 4 4
crr = Uys Uud w2 + w2 | (32d)
2 1
_ - . L R
CE = cosz, Sg = sinC, Ml and M2 are the W mass eigenstates, and U and U are the

left- and right-handed quark mixing matrices and

2
m,
m

(T“STd)mu ~ 30.5 . (33)

N
[}

As we expect, if we impose manifest LRS, this contribution is seen to vanish. If

*
instead we assume PLRS (UR = UL ), we find

z cosﬁl sin(260+61+A)

et . (1+z)

(34)
LR Wy [1- (1/6/D)1°

where Yy is a strong interaction enhancement factor anticipated to be of order 10.
There are still too many unknown parameters in (34) to make a definite prediction
for €'. However, we see that even for ¢ <B s 1/420 this process could easily
provide the dominant contribution to |€'/€|. In fact, as in the case of the

neutron's edn, the experimental bound
fe'/e| < 0.02 (expt) (35)

requires either that the CP violating phases are <<<1 or that I is much smaller
even than the bound in (6).

Two experiments (FNAL #617 (Chicago-Stanford) and BNL #749 (BNL—Yale))ZI’22
are underway for an improved measurement. These experiments are expected to
improve (35) by about an order of magnitude in the near future.

Chang23 has demonstrated recently that much of the uncertainty generated by
the numerous phases in LR models can be eliminated if, in addition to assuming
PLRS, one assumes the minimal Higgs sector. In that case there is only one in-
dependent CP-violating phase coming from the Higgs sector and all of the phases

in the quark mixing matrices can be expressed in terms of it. 1In a four—quark

model Chang finds

E]

v ~ _8_._S o~ —4
let/el = ol 35 2 x = 107X (36)

0
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where |w| = .05 and X is an enhanced matrix element estimated to be * 10. Calcu-
lation of €'/e in the Weinberg modelza of CP violation through Higgs exchange
give525

R N 7 - 1
e'fe = - 55 [ 26+ ] (1+z) G7)

26

where & << Em and z parameterizes long distance contributions and is presumed
to be |z| < 2. In comparison with (35) we see that this model is again on the
verge of being ruled out unless the experiments now in progress find a non-

vanishing result for €'/e.

CP Violation in Decays of Heavy Quarks.

In gauge theories of CP violation there is no reason to expect CP non-
conservation to be confined to the neutral kaon complex. Indeed it has been
pointed out that in the standard model decays of charged or neutral mesons con-

taining the b quark could exhibit appreciable CP asymrmetries.27’29

Since the CP
violation really occurs at the quark level (i.e. in comparing CP conjugate decays
such as b + d(s) + q + E-versus b + d(s) + q + q, where q = u,d,s or c one
expects nonvanishing asymmetry), it not only affects both charged and neutral B
mesons but also inclusive and exclusive decay channels. The effects are supposed
to be the most pronounced for Cabibbo suppressed decays. The precise magnitude
of the asymmetries, being a function of the two unknown KM angles and the CP
phase 8, is unknown but for many channels (such as B + m+X, 3K+X, K¢, DD,

KSKSX ...) can be as large as a few percent to a few tens of percents. Theoreti-
cal studies also show that the b quark in the standard model is rather unique in
this regard. For the t quark such asymmetries tend to vanish; that is, they have
extra suppression factors v (quark mass)Z/th. For the charm quark the asymmetry

is expected to be v 4&58/27 (where € v 10_3 is the amplitude for CP violation in

kaon decays) < 10_[‘.27 An observation of CP asymmetry significantly larger than
this estimate (in charm quark decay) may signal breakdown of the standard model.

In other models of CP violation similar studies of asymmetries in heavy
quark decays have not been done. For MLRS there is only one phase and the theory
is expected to be very similar to the standard model in so far as decays of

2 2
quarks are concerned (so long as rnquark << m ).

Summary.

1. LRS provides an interesting and viable extension of the standard model.
Current experiments indicate (under stated assumptions) MR > 1.6 TeV,
z < .06,

2. The information regarding CP violating parameters une, t'/t and asymmetries

in b (c) quark decays is summarized in the Table.



352

Tablea)
Standard b)
Quantity Experiment tandar LRS Higgs Superveak
Model M P (Ref. 31)
=25 — - - _ _

M C(eem) <6 x 10 = 10730 1030 (<102 (-6) x 10726 107%°

le' /e < .02 1032102 1073-1072 007d) .02-.05 0

ay e’ ? v 107221070 107241070 () ? =0

a_ ? <1074 <107 ) ? =0

a) ? indicates that the experimental or theoretical value for the parameter is

not known at this time.

b) M stands for manifest left-right symmetry; P stands for pseudo manifest left-

right symmetry.

c) a,a_ are CP asymmetries in b and c quark decays respectively.

Remarks.

(a) Theoretical calculations of €' are rather messy involving many uncertain-
ties. An order of magnitude improvement in the experimental bound (i.e. a
null result) would convincingly rule out the Higgs model and may mean the
failure of the standard model.

(b) The fact that the theoretical prediction for une in the KM model is
0(10—32 ecm) means that an observation of a non-vanishing result in the next
several years would unambiguously30 signal the breakdown of the standard
model. An order of magnitude improvement in the current bound (< 6 x
10_25 ecm) would rule out the Higgs model.

(c) There is every reason to expect a non-vanishing manifestation of CP viola-

+

tion outside the neutral kaon system involving B ’° meson decays. These as
well as D decays need to be pursued experimentally. Asymmetries much larger
than Vv 10_4 in D decays again signal the breakdown of the KM model.
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CP AND U(1) PROBLEMS, AND THEIR RELATIONSHIP IN QCD

G. Veneziano
CERN, Geneva, Switzerland

ABSTRACT

We discuss why the so-called strong CP and U(1)
problems are intimately related in QCD. Their re—
solution implies contrasting conditions, apparently
forcing QCD 1into a squeeze. Bringing electroweak
interactions into the picture allows a simultaneous
resolution of both problems, buta new light, weakly
coupled and so far elusive particle, the axion,

is
needed.
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1. INTRODUCTION

In this talk I shall try to explain in simple terms two, apparently
distinct, problems in QCD : the strong CP and U(1) problem. I will then
argue that a tight, if somewhat concealed, relationship exists between the
two problems, to the effect that the resolution of either one seems unavoi-

dably related to the non-resolution of the other.

Next, I will show how, by extending QCD to include the electroweak
interactions & la Glashow-Weinberg-Salam but with a somewhat modified Higgs
sector, one is able to solve both problems simultaneously. The resulting
picture implies a phantomatic gluonic object (the so~called ghost), as well

as a true, light, and so far elusive particle, the axion.

Finally, I shall discuss how the new low energy antiproton ring (LEAR),
which is due to operate soon at CERN, can help improving present laboratory

bounds on the axion parameters.

2. THE U(1) PROBLEM

In Nature, the lightest hadron is, by far, the pion. Of the other
pseudoscalar mesons, also the K and the m are somewhat light, while the
m! 1is a lot heavier. Can QCD explain this phenomenological pattern (in—

cluding mixing angles, decay rates, etc.) 2

The claim today is that it can, though in a subtle and, I would say,
very deep way. In order to see that, let us start from the QCD Lagrangian,
which, omitting heavy quarks, reads as follows

C _ FFOF2 o+ ZE: < i § o+ gaA? T )48 - < ¢
QCD 4 pv v i=u.d,s 4" (lau af gAu aﬁ)qi ™YYy M

Here Fav are the gluon field strength tensors (a:=1,...,8), A% the
" W

corresponding vector potentials. Furthermore, q? (o= 1,2,3; i=14,d,s)

are the quark fields, m, their masses and g 1is the gauge coupling.

Thus, apparently, £QCD depends upon Nf+1 parameters *) for Nf
quark flavours (here Nf==3). In terms of so few adjustable numbers, QCD
is supposed to explain all the rich world of strong interactions, from the
proton mass and magnetic moment to mm phase shifts, from the iron nucleus

+
to the rate of W~ production at the CERN collider (within a given electro-

weak theory). Needless to say, we are very far from that goal.

*) As we shall see below, this naive counting is wrong by one unit.
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It turns out, however, that the properties of the light pseudoscalar
mesons mentioned above can be discussed without really solving completely the
theory; the claim being that they come out correct if we choose our four

parameters such that :

ms Wy <<m < A = 200 # 500 MeV (2)

where A 1is a scale which, through the quantum properties of the theory,

gets to replace the dimensionless constant g as the true free parameter.

In order to see why (2) is phenomenologically needed, take the

limiting case mi=0 (i=u,d,s). In this case possesses a U(B)

2qcp
axial symmetry, i.e., is invariant under the transformations :

rsfay . g s (g el¥s, ;5 2= 3x3 matrix @
* ) ’ Q Q+

43 +> (e

Indeed, the kinetic term in (1) is invariant under (3) since

- - Gdvst LJivs? o _ oy ¢ (4)
ay,a>qe Yy 4=av,

while the mass term which would break such symmetry was put to zero.

Jf the ground state of QCD (the vacuum) would be invariant under
this symmetry, the same would be true for the hadronic spectrum and we would
expect to see in Nature parity doublets as well as massless nucleons. Since
this is not the case, we have to conclude that the QCD vacuum cannot be
U(B) invariant. Theoretical indications in the same direction do also

axial
exist,.

Accepting that, a general theorem, due to Nambu and Goldstone, pre-
dicts the existence of massless (Goldstone) bosons. In order to see that,
consider the case of Fig. 1 corresponding to a U(1) symmetry representing
rotations in an internal space spanned by two fields ¢1 and ¢2. If
the potential has the shape shown in the Figure, the invariant point (¢1=
¢2=()) is not the true ground state. The minimum of V 1is reached on a
perfectly flat valley having a certain non-zero value at ¢$+¢§n Different
points of the valley go into each other under the U(1) transformation and
it costs no energy to move in such a valley : +this means a zero energy mode,

hence a massless particle.
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Invariant, false vacuum
Non invariant, true vacuum

> O,

?,

Fig. 1 - The Nambu-Goldstone phenomenon for a U(1)
symmetry.

The argument can be easily extended to the case of a larger symmetry
in which case the valley has the same dimensionality as the number of
symmetry generators that do not leave the ground state invariant ("sponta—
neously broken"™ generators). This is the expected number of Goldstone
symmetry, we expect nine Goldstone

bosons; hence from our broken U(B)axial

bosonse.

For small but non-zero, the valley is not perfectly flat and

mu,d,s
the Goldstone bosons have a small, non—-zero mass. Here lies the source of
the U(1) problem.

i) For mes My << mg  we expect four roughly degenerate states,

n+:=ua, n =ud, ﬁo,n0==u§ida, which is experimentally wrong.

ii) For modes << A we expect nine light pseudoscalars m,K,n, and
9C9
m', which is again wrong experimentally.

1
The name ”U(T) problem" came ) after realizing that all the
difficulty lies in the apparent invariance of £QCD (at mi:=O) under

o _ . )
both uU(B)axial and U<1)axial [b traceless, or Q=1 in Eq. (3)]. If
this last symmetry could be disposed of, things could work out fine, but QCD
seems to have automatically the U(1) s mmetry whenever it has the SU(B)

symmetry |
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Amazingly, it turns out that the unwanted U(1)A symmetry, though .
valid at the classical level, is broken by quantum corrections : the effect
is known as the Adler-Bell-Jackiw (ABJ) anomaly 2). It says that under the

U(1) transformation . _

qp > eV a5 1=l 2.8 3

£ 5+ € + usual mass term + 28£Q(x)

aFa

= g2 2
Qx) = g2/64m € Lvoo Fuv oo

The extra piece has very interesting features :

i) it is made entirely of the gluon field Fiv and, as such, it carries
no flavour quantum number. This is why it only affects the U(1)
current. Physically, it corresponds to the possibility of qa anni-
hilation into gluons, a process that can only occur for the flavour

singlet combination qiai'

ii) Cuupo iv ic has negative parity (P=-1) and positive charge con-
jugation (C==1), thus CP=-1. Such a term, if present in g
apparently breaks CP invariance, unlike the terms that we had
written down in Eq. (1). We start to see the relation to the strong
CP problem.

iii) as it turms out, one can write & FP% Zd K , with a suitable
HVPO py PO BB

current K . This is why the additional term in the transformation
W
of £, Eq. (5), was considered harmless and neglected for a long

time (it vanishes naively upon space-time integration).

How can the ABJ anomaly save us from the U(1) problem ? The way
is sketched in Fig. 2. The non-annihilation diagrams (2a) do not feel the
ABJ anomaly and lead to a pseudoscalar mass square matrix of the form

2 Los s = . d
<fgslow? jm > | vlmg +m) 8y 650 A5 B3k 1 = ud,s (6)

no annihilation 12

which is exactly of the type that leads to the U(1) problem. However,

the anninilation diagrams of Fig. 2b provide the extra term

<r, .| w2 jm > | =5, 8 /Equu/E=5..s a (D
ij

2 k2
k4 annihilation 1) kL ¥q H
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(a)

{b)

Fig., 2 - Contributions to the pseudoscalar squared matrix :
a) Non-annihilation diagrams
(b) Ghost (wiggly line) dominated annihilation
diagrams.

where Vaqu is the coupling of the K to the flavourless pseudoscalars,

and the factor T/q2 comes from the crucial assumption that there is a

massless gluonic "bound state™ coupled to K . Because of the property iii)
described above, in the absence of this "bound state" the ABJ anomaly is
ineffective and the U(1) problem remains with us. Several theoretical
arguments 3 and calculations 4 suggest that such an object originates from

the self-coupling of gluonse.

Should we then observe a massless flavourless glueball in Nature ?
The answer is no. The pole at q2==0 appears only in the matrix elements
of unphysical (technically non-—-gauge invariant) operators such as K .
Physical (i.e., measurable) matrix elements [iike those of Eq. (7)2] never
exhibit the pole : the ghost prevents them from vanishing without going to
the extreme of making them infinite [éee again Eq. (71]. For this reason,

after Kogut and Susskind ! , this "bound state" has been named the "ghost".

5)

The presence of the ghost can be shown to make QCD predictions
compatible with the known pseudoscalar meson physics provided that Vak

+ -
500 MeV. 1In that case, as already explained, m , K, K are not affected
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by the ghost, while ﬂo, no and mM! get additional contributions and mix.
+ -

The parameters m,, Mgy M, can be fixed from w , K, K properties while,

with Va==500 MeV the remaining mass eigenstates turn out to be

1
w = — (uu - dd) (no ghost or ms contribution "“ﬂo NomoE)

'/E T

n = cos ep ng + sin ep n; (small ghost, large m contr. = mn >> n%) (8)

p' = - sin ep ng + cos Bp n; (large ghost and m, contr. = m . >> mn)

where Op, predicted to be close to the experimental value of 100, is the
pseudoscalar mixing angle. Pseudoscalar couplings and widths do also turn

5)

out to be satisfactory A

3. STRONG CP PROBLEM

Unfortunately, the above resolution of the U(1) problem brings back
the possibility that strong interactions do not conserve CP. It brings it
back because there exists an old [iae., pre—U(1) problem solutioé] argument
due to S. Weinberg according to which CP is automatically conserved in QCD,
The argument goes as follows : the only possible renormalizable terms that
can appear in a quark gluon interaction (up to total divergences) are a

slight extension of those of Eq. (1) =

= 1 2 - - - - »*
QQCD ZFw * Ty Py - E (qpmyoqp * 9y mg 95p)
1 1
9)
9 = 1/2 (1 + ys) 9 3 %R = 1/2 (1 = vs) 9

where the first two terms are a shorthand for those written out in Eq. (1)
and the last two terms reduce to the last term of Egq. (1) if n54=nq. For
mj_#nq Eq. (9) differs from Eq. (1) by the apparently CP violating term
%(mi—mi)aiysqiq It can be observed though that, defining new quark fields
by :

[ ei¢i/2

-i¢_ /2
qiL e i

c q' = . =
qiL H qiR qiR H ¢i arg mi (10)

the mass term can be rewritten as :

-2 |m,| q '._ + h.c. = - =
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which is CP conserving. The change of variable (10) is nothing but an axial
U(3) transformation. Unfortunately, as we have learned in the U(‘l)
problem, the U(‘l) part of that transformation is anomalous in the sense

that, under (10), £QCD acquires the extra term :

F2 F2 ¢ , 8 =10,
UV T po uvpo P

n
©

2
shpr=80 ;5 aw = £ (12)

We thus see that we could rotate away almost all the phases @ the sum og)
them reappearing as a new parameter of QCD, the so=called vacuum angle & .
In the old days, terms like (12) were neglected because they are total

divergences. However, that was precisely what we had to argue to be incorrect

in order to solve the U(‘I) problem.

Thus, the introduction of the ghost implies that a GQ(x) term
added to ’Q‘an does have observable consequences (as we shall see in a
moment) and that QCD itself has indeed Nf+2 free parameters 6). It also

looks as if we got ourselves in a squeeze, in the sense that apparently :

U(1) 0.K. = CP not 0.K. ; CP 0.K. = U(1) not O.K.

How bad is it quantitatively ? The strongest experimental problem comes
from the present upper bound on the CP violating electric dipole moment of

the neutron 7) H

n exp. : e (13)

Naively, we would expect that, at ©#0

-13 1
D =10 e.cm. § (14)

This is too simplistic. The effects of © can be reduced by the
presence of a symmetry. For instance, if we could take one of the quarks
(say, the up quark) to be massless, 0£0 would give no effect * .« Roughly
speaking, @ ~ )]:_cp_l , but if mu=0, we can take O:wu, <01=O (1# u)
and :pu£0 is unobservable since mu=0. Using the standard values of m,s

mg, mg, D is reduced with respect to (14), but is still large

*)  Unfortunately, m =0 conflicts with K', K° mass difference
m—-3m, etc.; all current algebra calculations indicate
moz 0.5 my X a few MeV.
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D ~3.610 % eccm. 8> 8 < 2.107° (15)
n exp

We are therefore faced with explaining an unnaturally small number.
Rather than attempting that one can follow the possibility of adding an extra
symmetry (as it was the case for mu==0) to QCD. This approach needs the

bringing in of electroweak interactions and leads automatically to the axion.

4, THE AXION
9)

make #® unobservable is achieved by enlarging the Higgs sector of the con=

In the Peccei~Quinn (PQ) scheme , the extra symmetry needed to
ventional Glashow-Weinberg—Salam model. The Higgs doublet ¢ is replaced
by two such doublets ¢u and ¢i which, through the standard Yukawa cou-

pling mechanism, give mass to charge < and charge —3- quarks, respectively.

3 3
Both ¢u and ¢d b;eafl_su(z)LxU(1)Y to U(1)el‘, so that the
standard relation (P7 =(6p/2)7% = 250 GeV becomes
<, > = (GF /55—1/2 sina, < og > = (GF /E)—I/Z cosa (16)

Unfortunately, several axion properties will depend upon the unknown para=

meter

X = cotg o amn

Parallel to the PQ scheme, we shall discuss an interesting alternative

due to Dine, Fischler and Srednicki 10)

(DFS) in which a third Higgs field 0,
is added to the picture. ¢o is an SU(2)LXU(1)Y singlet so that (¢0> =EF
is pnot related to the 100 GeV scale of SU(2)LXU(1) breaking. It can be

taken to be a free parameter and is chosen in the DFS scheme to satisfy :

F > G;lﬂ (18)

11)

PQ symmetry through (¢u d> (or F) implies a Goldstone boson, which was
b

It was Weinberg and Wilczek who realized that the breaking of the

termed the axion.
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The ghost mechanism discussed above is readily applicable to the axion,
which has no mass except for the ghost dominated annihilation diagram. In
fact, the axion—axion and axion-pseudoscalar mass matrix elements are exactly
like those of Fig. 2b, provided we rescale the ghost pseudoscalar coupling
a as 1/2

GF

x+L)NF (—) =2.73 107" + 1) ¥
X TI'/E X
(PQ)
g R N N
ghost—axion 2 F
\————"N
F

19)
(DFS)

whnere N is the number of families (N=3%) and Fnkﬁ95 MeV. It is straight-
forward to diagonalize the full mass matrix and find the axion mass and its

mixing to ordinary pseudoscalar. One obtains, for instance,

! 1/2
S0N(x + =) R KeV (P
m =p(l+£ 1_)“1/2 _/ x € (Q)

a a Tt = (20)
M
T \100 s <ZSOFGeV)

KeV (DFS)

where u?, the pseudoscalar masses in absence of the ghost, are related to
physical masses by :
= 2 =

o2, 2y . 1 2, 2
- 5 (uu +u3 s L (uu * ug), etc. 21

o2 =

and R = mumd(mu+md)-2:x0.23. We see explicitly from (20) that the axion is
massless (and actually decoupled and unnecessary) if either a quark is mass~
less or if a=0 [ho ghost coupling, in which case we have no CP, but a

U(1) problem].

For reasonable values of x and F, the axion main decay is into
2y's with a very long lifetime

- 100 Kev\®
T, N7 (——5——> s (22)

a

More generally, all axion couplings, including their mixing to ordinary
pseudoscalars, go like the p parameter of Eq. (19) hence scale like F~1.

This is why for F extremely large, we get an "invisible axion'".

How invisible, depends on the value of F and on the effect we are
looking at. In laboratory experiments one can only get a lower bound on F

and it seems that the PQ axion is already ruled out. Astrophysical arguments,
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however, can also exclude very large values of F since in that case the
axion becomes extremely light and affects stellar evolution or standard

cosmology. Such arguments seem to leave out 12) only a window for the F

1 1 . R .
parameter (108 GeV < F < 10 2 GeV) which is inaccessible to laboratory

experiments.

On the other hand, it might be wiser to see how far one can push the
lower limit on F by purely laboratory experiments that do not have to rely

on (even very plausible) astrophysical and cosmological models.

5. AXIONS AT LEAR

It is not my aim here to review the present situation on axion search.
I would just like to conclude by mentioning that the LEAR machine, which is
soon due to start operating at CERN, can be a good place for testing the
various ideas discussed in this talk and, in particular, for axion search
(more generally for searching the light, weakly coupled particles predicted

in several unified theories).

13)

A rather favourable channel turns out to be

by + = o .

PP lreqe = "T*+E 5 X =7, n, n', axion, ? (23)
where the relative rates of neutral pseudoscalar meson production offer a
test of the theoretical framework in which we have discussed the U(1)
problem (in particular m' production is sensitive to ghost couplings),

while axion production is predicted to be as follows :

-6
R>1.210 (PQ) (24)

250 GeV

(DFS)
F

250 GeV) 2

)2 cr< 2.4 107° -

6.1077 (

where R = o(pp-n'n axion)/o(pp-nTrn°). Using a P flux at LEAR of 106/5
and the known win yield of about 7%, we get rates of 104/day for the PQ
axion. The axion signal would consist of events in which the measured n+, m
momenta reveal a large missing energy and a small missing mass (y's would
have to be detected with good efficiency since they would constitute the main
background). The experiment can rule out easily the PQ axion and explore
scales for F of 0(10 TeV) for the DFS axion.
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Even if one believes that astrophysical arguments have already ruled
out DFS axions in that range, this type of experiments can be worth pursuing
as a way to look at light, weakly coupled bosons which are predicted to exist
whenever a global symmetry is spontaneously broken at a very large scale *).
This is how precise, low energy experiments can tell us a lot about particle
physics at very high energy : it was after all B decay that taught us

first about the existence of interesting physics in the 100 GeV region !

It is a pleasure to thank the organizers of this Rencontre de Moriond

for giving me the opportunity to attend such a pleasant and lively meeting.

*) For another use of LEAR, in connection with CP violation in the KO,

%O system, see Ref. 1450
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ABSTRACT

If quarks and leptons are composite at the energy scale A, the
strong forces binding their constituents induce flavor-diagonal contact
interactions. Through their interference with standard color ® electro-
weak model amplitudes, these contact interactions can have significant
effects at reaction energies well below A. Consideration of their effect
on Bhabha scattering produces a new stronger bound on the scale of elec-
tron compositeness: A > 750 GeV. Collider experiments now being planned
will be sensitive to A ~ 1-5 TeV for both electrons and light quarks.
The super-colliders of the next decade will be able to probe up to
A ~ 10 -~ 50 TeV.
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The proliferation of quarks and leptons has naturally led to the
speculation that they are composite structures, bound states of more

"preons".ll Many authors

fundamental constituents which are often called
have proposed models of such composite structure, but no obviously correct
or compelling model has yet emerged. There is not even consensus on the
most fundamental aspect of quark and lepton substructure — the value of

the mass scale A which characterizes the strength of preon~binding
interactions and the physical size of composite states. It is therefore
important to devise experiments which probe this potential substructure
ak deeply as possible and which, at the same time, test the widest possi-
ble variety of models. Here, we shall identify new observable conse-

2]

quences of quark and lepton substructure which do just that. An immedi-
ate result of these is that existing Bhabha scattering measurements imply
that A > 750 GeV for the electron, a factor of 5 larger than previous
lower bounds.

Before spelling out our tests, let us review briefly what is known
about A. At present, high-energy cross sections are well explained by
the standard SU(3)®SU(2)@U(1) gauge theory with elementary quarks and
leptons. If these fermions are composite, then A 1is much larger than
their masses, completely unlike the situation in nuclear and hadron
physics. However, 't Hooft has argued that gauge theories of preon-
binding quite naturally produce composite fermions much less massive than
the binding scale provided certain chiral symmetry constraints are

3]

satisfied. Since the energy A, = 0(1 TeV) at which electroweak
symmetry is broken is the lowest new dynamical scale we foresee, we expect
A2 AEW' o

Modifications of gauge~field (y,Z ,etc.) propagators and vertices
with fermions occur in any preon model, though their precise form is

41

model~dependent. In a favored parametrization, one simply multiplies
the gauge propagator by a form factor F(qz) =1+ q2/A2. Measurements
of e+é- - Wy = e,l,T,q) up to /s = 35 GeV at PETRA have excluded
photon form factors for A < 100 - 200 GeV.S] Composite fermions also
possess new contact interactions generated by constituent exchange. These
four-fermion interactions have strength th/AZ, where g 1is an effec-
tive strong coupling constant analogous to the p-coupling g§/4n =2.1.

If contact interactions mediate flavor-changing processes such as

Kg - ne, DO-BO and KO-EO mixing, the lower limits on A range from

~ 100 TeV to ~ 2800 TeV.G] While these bounds are impressive, it is

6] 7]

possible to construct composite models in which some or all of the

dangerous flavor-changing interactions are absent. In summary, the only
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relatively model-independent constraints are the much lower ones deduced

8]

from the PETRA measurements.

Our new tests for substructure are based on two observations: First,
in any model in which one or both chiral components of the fermion V is
composite, there must occur flavor-diagonal, helicity-conserving contact

9]

interactions of the form

2,20 == = T
Spp = E 1D I Wy iy TRRYEY, YRR VR

(¢9)
20 Yy, V¥ Y ]
In our construction of Eq.(l), we assume that the standard
SU(3)®SU(2)QU(1) gauge theory is correct and that A 2 AEW'10] Then WL
and WR are distinct species and there is no reason by £ should

N2

conserve parity. We define A in Eq.(l) such that the strong coupling
gz/4ﬁ =1 and the largest lnijl = 1. Color indices, if any, are sup-
pressed in Eq.(1). Second, if some kinematic region of V- elastic
scattering is, in the standard theory, controlled by a gauge coupling

aw << 1, then the helicity-conserving interaction & produces inter-
ference terms in the cross section of order (4ﬂa¢/q2)-1(gz/A2) = qz/ozw/\2

relative to the standard-model contribution.ll]

This model-independent
effect overwhelms the 0(q2/A2) contribution of form factors.

We apply our tests below to high-energy Bhabha scattering (QW = @)
and to jet production at high transverse momentum (pT) in hadron-hadron
colliders [ozllr = aQCD(qz)]. It is also important to consider the model-
dependent possibility that distinct fermions wl and wz have some con-
stituents in common. Then an interaction such as (1) exists, with roughly
the same strength, and will modify cross sections for W1EI - WZEZ’

Wlwz - wlwz and their SU(Z)w transforms. Such flavor and helicity-
conserving interactions certainly are generated by pre-color gluon exchange
even if WIL,R and wZL,R have no fermionic constituents in common. We
do not know if the usual argument for Zweig's rule suppression applies to
this situation in which all momentum transfers are much less than A.

(We thank Sid Drell for emphasizing to us the potential importance of pre-

+ - -
color gluon exchange.) As an example, we shall consider e e -u+h

Bhabha Scattering. The unpolarized beam cross section, including vy

and Z0 exchanges and Sww with ¥ = e, 1is given by
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In Eq.(2), t = -s(l1—cos8)/2, s, 12? uz+iusz and t, =t uz+iu.zl"z,
gR/e = tan 8, and gL/e = = cot 28y.
A useful way to search experimentally for electron substructure is to

plot the fractional deviation

do/d (cos 0) |meas.
Bee (08 O = i tos 0 gy | )

where do/d(cos e)le is given by Eq.(2) with A = ®. Since Aee must
vanish in the forward direction, the measured cross section can be normal-
ized there to the electroweak value.

We have used Eqs.(2) to calculate Aee at /s = 35 GeV for the
cases in which £ee reduces to the coupling of two left-handed (LL),
right-handed (RR), vector (VV) and axial-vector (AA) currents. In
=1,

the LL model, e.g., The results are shown in

ML TRR = TRp = 0-
Fig. 1 for values of A such that |Aee| = 3-5% over a wide angular
range, consistent with the PETRA measurements.S]

2

order: (1) For s << By the RR model is indistinguishable from LL,

Several comments are in

because the parity-violating Zo-tetms are negligible there. (2) Greater
sensitivity to A occurs when both left- and right-handed electron com-
ponents are composite and have common constituents (lnRLl > 1). (3) Even

greater sensitivity to the space~time structure of S’ee can be obtained
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13]

by using polarized e+,e_ beams. (4) The PETRA measurements imply the

bounds
A(LL,RR) > 750 GeV; A(VV,AA) > 1500 GeV . %)

Most other physically reasonable models will give bounds lying between
these two.

Experiments at higher energy e+é- colliders will probe even deeper
into the electron. Figure 2 shows Aee at /s = 100 GeV for the same
four models. We chose A 1in each case so that IAeel = 5-8% over a
large angular range. Note the distinctive effects of parity-violating
Zo-terms. We expect that high-luminosity Zo-factories will be able to set
the limits A(LL,RR) > 2 TeV and A(VV,AA) > 5 Tev.2»13l

qq_and qq Hard Scattering. The most general SU(3)®SU(2)®U(1)-
invariant contact interaction involving only light quarks qL R = (u,d)L R
’ ’

contains 10 independent helicity-conserving t:erms.13 Here, we consider
only the simple case of the product of two left-handed color- and isospin-

singlet currents:
_ 2,,,2,= -
Siq = ¥ 1208V 3 Ve )

We have calculated the cross section for high-pT jet production using
lowest-order QCD and the interaction (5). The contributions of light
quark and gluon jets were included. The results are shown in Fig. 3 for
pp and pp collisions at /s = 2 TeV. We assume an effect is detectable
if it gives a deviation from the expected QCD shape that is at least a
factor of two and amounts to at least 100 events/yr. Then, for a pp
collider with annual integrated luminosity of 1037cm-2, the limit

A > 1.0 TeV can be set for the interaction (5). The corresponding limit
40 -2

for a pp collider with 10 "cm is A >1.5-2.0 TeV. More immedi-
ately, the CERN pp collider, with integrated luminosity 1036cm—2, can
limit A > 200 GeV for this interaction.

+- o+

ee WPy . If the electron and the muon have one or more constitu=-

ents in common or pre-color gluon exchange between e and W constitu-
ents is not Zweig-suppressed, the helicity-conserving terms in their

contact interaction are
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where A,gz and néj are normalized as in Eq.(1). For unpolarized

+ -
e ,e beams, the differential cross section is

dcge+é- Eﬁg-! 2 2 2
i(cos 6) = (Mo /45)[B+(1 + cos 8)° + B_(l —cos®)7]
gz n' s g2 n' 512
=1 L s LL 1 R , RR’
B, =%l +— =+ 2‘+21+23+ 5 , (D
e” "z al e” Tz ah
.8 Ty 512 g8 T o812
B =% +.Mi+&. +% 1+_L.B_S_+_.L.1L
- 2 2 s 2
e z A e z ol

. The+fractiona1 deviation Aeu from the electroweak cross section for
ee —pup has the following properties: (1) Existing measurements at
/s = 3§ GeV are consistent with IAeul < 6 -8% over a wide angular
range. 1 This corresponds to A > 1.4 TeV for LL and RR models and to
A >2.2 TeV for VV and AA, These bounds on lepton substructure are
stronger, but more model-dependent, than those in Eq.(4). Muon decay and
vu-e elastic scattering give A = 6 TeV for a LL isovector interaction
and A 2 2 TeV for a LL scalar interaction. (2) For /s << My

Aeu(LL) = Aeu(RR) « (1 + cos 8)2. Also, Aep(VV) > constant, while
Aeu(AA) o cog 8; these effects could be hidden by a normalization errgr
and by the Z -induced asymmetry, respectively. (3) Because Y and 2
appear only in the s-channel, the beam energy can be tuned to enhance the
effect of particular space-time structures in Aeu' When

Re(l + gigjs/e2 Sz) = 0, the néj-contribution is negligible, ~'S/A4,
while the fractional deviations due to other couplings is greater than at
nearby energies. This occurs at /kLL = 77.4 GeV, /éRR = 82.2 GeV and
Vsp = 115.9 GeV.

Finally, comparable limits on other flavor-nondiagonal interactions
can be obtained from existing data on deep-inelastic vu-nucleon scattering,
7p =W X at /s =2 TeV and e-p collisions at Q> = (100 GeV)?.

We have shown that flavor-diagonal contact interactions induced by
preon-binding forces significantly alter hard-scattering cross sections at

energies well below A. Searches for these effects are the most sensitive
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model-independent tests of quark and lepton substructure. If A = 1-5 TeV,
deviations from the standard model will soon be observable. The coming
generation of multi-TeV colliders should be able to detect substructure up
to A= 10-50 TeV. But, if A is only a few TeV, the implications for
experiments at these colliders will be more profound. For example, if

A = 2 TeV, the Bhabha cross section at a 1 TeV x 1 TeV linear e+e-
collider?! would be ~ 1/A2 > 0.1 nb, or about 5000 units of R.

This work was begun at the 1982 Summer Study in Snowmass. We thank
several participants for stimulating discussions, particularly I.
Hinchliffe, H. Kagan, J. Leveille, D. Pellett, M. Perl and H. Wiedemann.
K.L. thanks the CERN and Fermilab theory groups for their hospitality
during the course of this research, Finally, E.E. and K.L. thank the

organizers of the XVIIIth Rencontre de Moriond for their splendid efforts.
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FIGURE CAPTIONS

1 A (cos®), in per cent, at /s = 35 GeV. (a) The LL and RR
models with A = 750 GeV. (b) The VV model (solid lines) with
A = 1700 GeV and the AA model (dashed lines) with A = 1400
GeV. The =+ signs refer to the overall sign of the contact
interaction in each case.

2 A (cos®), in per cent, at /s = 100 GeV. (a) The LL model
((sace)lid lines) and RR model (dashed lines) for A = 2 TeV.
(b) The VV model (solid) and AA model (dashed) for A = 5 TeV.
The + signs have the same meaning as in Fig. 1.

3 The jet production cross section (in picobarns/GeV) at rapidity
y = 0 vs. transverse momentum at /s = 2 TeV in (a) pp
collisions for various A (in TeV). The solid and dashed lines
in (b) refer, respectively, to the + and — signs in Eq.(5).
Due to a cancellation near y = 0, the interference is negligible
in (a).
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During the progress of physics within the past hundred years it has happened
twice that observed short range forces were recognized as indirect consequences of
an underlying substructure of the objects considered. Thus the short-range mole-
cular and van-der-Waals forces turned out to be indirect consequences of the sub-
structure of atoms; they are remnants of the long range electromagnetic forces.
Since 1970 something similar has happened to the short-range nuclear force,
which has turned out to be a relict of the quark substructure of hadrons and the
strong Tong range color forces between the quarks.

The only short range interaction Teft in physics which has not been traced
back to a substructure and to a fundamental long range force between constituents
is the weak interaction. Recently a number of authors has become interested in
interpreting the weak force assome kind of "Van der Waals" remnant of an under-
lying lepton-quark substructure.l) The lepton- quark constituents for which I

w2 are supposed to be bound together by very strong

will use the name "haplons
so-called hypercolor forces which are supposed to be confining forces,

presumably described by a non- Abelean gauge theory (although other types of
forces are not excluded). The short range character of the weak interaction arises
since the leptons and quarks are hypercolor singlets, but have a finite size. The
energy scale provided by the Fermi constant is of the order of 300 GeV; the in-
verse size of the leptons, quarks and weak bosons is expected to be of the same

order, i.e. their radii are of the order of 10'17 cm.

The observed weak interactions, including the neutral current interaction,
can be described rather well by the standard SU(2) x U(1l) gauge theory. In
that theory the weak bosons and the photon are closely related to each other. The
masses of the weak bosons are generated by the spontaneous breaking of the
SU(2) x U(1) gauge symmetry. One of the four SU(2) x U(1l)-charges remains unbro-
ken. This charge is identified with the electric charge; the corresponding gauge
boson (photon) remains massless.

If the weak interaction turns out to be a remnant of the hypercolor forces,
a new interpretation of the relationship between the electromagnetic and weak in-
teraction is required. The W- and Z- bosons cease to be fundamental gauge bosons,
but acquire the less prestigious status of bound states of haplons, much 1ike the
p-mesons in QCD. However the photon remains an elementary object (at least at the
scale of the order of 10717 cm, discussed here). As a whole, the SU(2) x U(1)
theory cannot be regarded anymore as a fundamental microscopic theory of the elec-
troweak interactions, but at best can be interpreted as an effective theory,
which is useful only at distances larger than the hypercolor confinement scale.
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It acquires a status comparable to the one of the o-model in QCD, which correctly
describes the chiral dynamics of w-mesons and nucleons at relatively low energies,
but fails to be a reasonable description of the strong interaction at high energies.

However I would like to emphasize that at the present time no indication what-
soever comes from the experimental side that leptons, quarks and weak bosons may
be bound states of yet smaller constituents. It may well be that the weak force
will turn out in the future as a fundamental gauge force, as fundamental as the
electromagnetic one and the color force. In fact, interpreting the weak forces as
effective forces poses a number of problems which have not been solved in a satis-
factory manner. First of all, the weak interactions violate parity, and they do
that not in an uncontrolled way, but in a very simple one: only the lefthanded
leptons and quarks take part in the charged current interactions. If we interpret
the weak interactions as Van der Waals type interactions, the parity violation is
a point of worry. How should one interpret the observed parity violation? Does it
mean that the lefthanded fermions have a different internal structurethan theright-
handed ones? Or are we dealing with two or several different hypercolor confinement
scales, for example one for the lefthanded fermions, and one for the righthanded
fermions, such that the resulting effective theory is similar to the left - right
symmetric gauge theory, based on the group SU(Z)L X SU(Z)R?

Another point of concern is the fact that the weak interactions show a number
of regularities, e.g. the universality of the weak couplings, which one would not
a priori expect if the weak interaction is merely a hypercolor remnant. On the
other hand it is well - known that the interaction of pions or p-mesons with
hadrons shows a number of regularities which can be traced back to current algebra,
combined with chiral symmetry or vector meson dominance. Despite the fact that
both the p-mesons and the pions are quark - antiquark bound states for which one
would not a priori expect that their interaction with other hadrons exhibits re-
markable simple properties (e.g. the universality of the vector meson couplings),
the latter arise as a consequence of the underlying current algebra, which is
saturated rather well at low energies by the lowest lying pole (either the pion
pole in the case of the divergence of the axial vector current, or the p- or Al-
pole in the case of the vector or axial vector current). The quality of these
regularities is related to the quality of the pole dominance, which in the case
of the pion pole is very good (the chiral SU(2) x SU(2)-symmetry 1is valid within
a few %), while in the case of vector meson dominance it is good within about
10 %.
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The observed weak interaction exhibits the global symmetry SU(Z)L (L: left-
handed). In the hypercolor schemes this symmetry is interpreted as a flavor sym-
metry of the hypercolor forces. For example, in the simple scheme discussed in
refs. (2,3,4), the underlying haplons have either spin 1/2 or spin 0:

spin charge color hypercolor
a 1/2 1/2 1 n
B 1/2 -1/2 1 n
X 0 1/6 3 n
y 0 -1/2 1 n

The simplest hypercolor singlets are (for the hypercolor group we assume
SU(n) - the haplons are supposed to transform according to the n or n representa-

tion of SU(n)):
a X ay
B x B Y
These bound states having the charges 2/3, -1/3 or 0, -1 are supposed to represent

the Teptons and quarks in the various families. The W-bosons are bound states of
the fermions o and 8: W= (Bx), W= (aB) etc.

The weak currents jr)whichin this model are bilinear in the haplon fields a
and B8, obey a local algebra of charge densities, e.g.

R0, 3501, L, = 2 35(x) (%),
olX)> 3Ny oy S(x) 6 (%)

The Tocal current algebra is trivially fulfilled in a model in which leptons and
quarks are pointlike objects and the weak currents are simply bilinear in the
lepton and quark fields. However, if leptons and quarks are extended objects, the
situation changes entirely. Currents, which are bilinear in the (composite) lepton
and quark fields would not obey the local algebra, just 1ike the currents, which
are bilinear in nucleon fields, do not obey the local current algebra of QCD. Thus
the local algebra becomes a highly non-trivial constraint. It is fulfilled in the
haplon model discussed above, in which the currents are bilinear in o« and g, and
in any other model, in which the currents are bilinear 1in local fields. It is

not known how the spectral functions of the weak isospin currents look. We shall
suppose that the weak spectral functions at Tow frequencies are dominated by the
lowest-1ying pole (W dominance). Of course, at higher energies, higher excited
states as well as the continuum will become relevant (see also ref.2,5).
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In the 1imit where the W- dominance is considered to be exact (i.e. in the
limit where the continuum effects are neglected), one finds:

a) The Tocal current algebra is saturated by the W-poles. As a consequence
the W-fermion couplings are universal. The observed universality of the weak
couplings is supposed to be due to the local weak current algebra and the W-domi-
nance. The universality of the weak couplings is observed to be valid to at least
1 %. Thus the W-dominance hypothesis is presumably valid to a similar degree of
accuracy. Taking into account that the W-mass is expected to be about 80 GeV
(see below), we conclude that sizable contributions to the weak spectral functions
are not expected to be present within the energy region starting at E = Mw and
about 1 TeV. The W poles can be compared to the w-meson pole in QCD, which domi-
nates the divergence of the axial vector current at low energies to a high degree
of accuracy (see also ref. 2,5).

b) The neutral W-boson w3, i.e. the neutral SU(Z)L-partner of the charged inter-
mediate wt-bosons, is supposed to consist of two electrically charged constituents.
Those can annihilate into a virtual photon and thus generate a dynamical mixing
between the photon and the w3-boson, which is similar to the phenomenon of p-
meson/photon mixing in QCD (for a general discussion of W-y-mixing see refs.

2, 5, 6 ). Several effects follow:

The photon remains, of course, massless as a consequence of the electromagnet-
ic gauge invariance. The neutral W-boson mass is Tifted upward:

Mo= M5 /(1 - %)

(x: W-y-mixing parameter).

The neutral current interaction acquires a form which is identical to the one
obtained in the standard SU(2) x U(1)-model. The SU(2) x U(1l)-mixing angle is
related to the W-y-mixing parameter as follows:

. 2. e
s1new—§-)‘

(e: electric charge, g: W-fermion coupling constant).

Provided the lowest lying W-pole dominates the weak amplitudes at energies
much below 1 TeV, one finds:

€
A= ————
FW/MN

(Fw: W-decay constant) and:
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g = Fw/Mwst 0.65, s1‘new = e/g

(the numerical value for g is obtained for sinzew = 0.22.) Thus in all phenom-
enological consequences for the weak interactions at Tow energies the results are
identical to the ones obtained in the standard SU(2) x U(1)-model. In addition,
the spectrum of the W-bosons is identical to the one obtained in the SU(2) x U(1)-
gauge theory. However small deviations caused by electromagnetic distortions of

the W-wave functions are expected (see ref. ( 7)).

The remaining part of this talk is concerned with the fermion masses. The
lepton and quark masses are given below (in MeV):

v Y \Y

e H T

e (0.5) u (106) 17 (1784)
u(s) c(1,200) t(>18,000)
d(8) s(150) b( 4,600)

For the "light" quarksu and d we have used typical mass values which are ob-
tained in analyzing the chiral symmetry breaking (see e.g. ref. (8)). No masses
are given for the neutrinos; the neutrino masses are assumed to be either zero or
less than 100 eV, fulfilling the various experimental or astrophysical constraints.
In any case the neutrino masses are at least four orders of magnitude smaller than
the mass of the lightest charged fermion, the electron,which we take as a hint
that the mechanism responsible for the generation of the neutrino masses (in case
those masses differ from zero at all) must be qualitatively different from the
one responsible for the masses of the charged fermions.

By considering the fermion mass spectrum one may observe the following facts:

a) There exists a well-obeyed hierarchic al structure. A1l charged fermions
of the first family (e,u,d) are lighter than the ones of the second family
(usCss), and those in turn are lighter than the charged fermions of the third
family (7,t,b).

b) The neutrinos are, of course, much lighter than the corresponding charged
leptons. The quarks of electric charge 2/3 of the second and third family are
heavier than the corresponding quarks of charge -1/3:

=
=1

a7 » 4.

o3e
O'Eld-

This pattern is broken by the u and d quarks: m, < My



385

c) There exists weak interaction mixing; the mass eigenstates are not identi-
cal to the eigenstates of the weak interactions. However the corresponding mixing
angles (Cabibbo angles...) are observed to be relatively small, such that the
classification of leptons and quarks in three different families makes sense,
Nevertheless the fact of weak interaction mixing implies that there are no conser-
ved quantum numbers associated to the various lepton- quark families.

Within the standard SU(2) x U(1) gauge theory it is easy to incorporate all
the observed complexities of the fermion mass spectrum (masses, mixing angles)
by adjusting the different Yukawa coupling constants describing the interactions
of the fermions with the scalar fie]dst Since those coupling constants are arbi-
trary, the most general fermion mass matrix can be reproduced. No doubt, this is
the most serious deficiency of the model.

If we take the point of view that the weak forces are effective forces due
to the lepton-quark substructure, no scalar fields are needed to generate the
masses of the composite W-bosons. The latter are manifestations of the hypercolor
confinement scale, which is supposed to be of the order of 1 TeV. In that case
the question arises, how the lepton- and quark masses are generated. After all,
those masses are much smaller than 1 TeV. Below I shall describe a possible way
to understand the lepton- quark mass spectrum which is still rather preliminary,
but may eventually lead to a complete understanding of the fermion masses.

One surprising aspect of the lepton- quark mass spectrum is the absence of
any approximate symmetry. (In comparison, the mass spectrum of hadrons shows the
approximate isospin symmetry.) Furthermore the masses fluctuate wildly. Never-
theless it seems that there exists a definite relationship between the masses and
the electric charges, as suggested by the properties listed above under b). When-
ever wide fluctuations of energy levels were observed in physics, it has often
turned out that those fluctuations were departures from zero energy levels by
small perturbations. As an example we consider the mass spectrum of the w-mesons
in the chiral limit of QCD (mu= my= 0). In that 1imit all three w-mesons have zero
mass. However the chiral symmetry is broken dynamically, if the electromagnetic
interaction is introduced. The neutral w-meson remains at zero mass, however the
charged pions acquire a mass of about 36 MeV (see e.g. ref. (g)). This mass is
of order e - A[QCD] and is due to the finite electromagnetic charge radius of the
pion. Thus a perturbation of the QCD Hamiltonian by the small electromagnetic in-
teraction causes a relatively large mass splitting in the pion sector, due to the
fact that the QCD Hamiltonian did not contribute to the pion mass before the per-
turbation was introduced. However for all states which acquired a mass of order
of A[QCD] by the QCD interaction (p-meson, nucleon, hyperons etc.), the electro-
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magnetic perturbation causes only small mass splittings of the order of
1 %o ... 1 4.

The exercise made above canbe extended to a hypothetical situation where a
new massless quark 1 of charge -4/3 is added to the massless quarks u and d. In
that case there exists a chiral symmetry SU(3) x SU(3). The w-meson triplet is
extended to an octet, including a doubly charged meson nt (quark structure Tu).
The latter aquires an electromagnetic mass of 72 MeV, and the following relations
hold:

M(r®) _ 0 Mr®) 1
M(n+) T M(n++) 7

Below I shall describe a possibility to understand the fermion mass spectrum.
This will be done without taking reference to a specific model. Only rather general
assumptions are made.

A: If the weak forces are effective forces, the underlying theory will be
based on a product of three different commuting gauge groups:

G = G X Su(3)€ x u?

(G, : hypercolor gauge group).

b
B: On the scale of the hypercolor interaction, both color and electromagnetism
are small perturbations. Therefore it seems justified to consider the Timit where
those interactions are switched off. We suppose that all lepton and quark masses
are zero in that limit. Of course, many other massive fermion states exist in
addition, but those are expected to have masses of the order of 1 TeV. Taking in-
to account the three lepton- quark families, we are dealing with 24 massless states.
Those states are supposed to be massless due to an underlying chiral symmetry
(either a continous or a discrete chiral symmetry). The number of massless states
(24 here) must be related to a specific property of the hypercolor dynamics;
presumably it is directly related to the rank of Gh.

C: After the color and electromagnetic interactions are introduced, the
fermions acquire a mass, for example, via a self energy diagram where a lepton or
quark emits a virtual photon and turns into a massive fermion (mass ~ 1 TeV),
which afterwards absorbs the virtual photon and turns back to a lepton or quark
(see Figure). In general, the mass is due to the finite electromagnetic and color
size of the fermion.

D: How much of a fermion mass is due to the color interaction, and how much
is due to electromagnetism, depends on the specific model. In some models (e.g.
in the one mentioned above) the color size is zero (only one of the haplons
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carries color), while the electromagnetic one can never be zero, since otherwise
the observed pattern of charges cannot be reproduced.

The QCD interaction will contribute to the mass of a fermion independent of
the charge, i.e. the QCD mass is SU(Z)w invariant. By looking at the quark masses
given above it is apparent that not much room is left for a chromodynamic mass
term; on the other hand a strong charge dependence of the mass is apparent. There-
fore we shall assume that all lepton- and quark masses are electromagnetic in
origin. We realize that this assumption puts very strong constraints on models
for the lepton- quark substructure.

In principle there are infinitely many massive fermion states (m % 1 TeV),
which contribute as intermediate states to the electromagnetic self energy diagram,
mentioned above. The transition matrix element <lepton, quark |ju| massive fermion>
(ju: electromagnetic current) will depend on formfactors, depending on the
internal structure of the fermions. One expects that the fermion mass self
energy diagram (Fig.) is dominated by the lowest state which can contribute.
(Something similar is true in hadron physics: the electromagnetic self energy of
the proton is dominated by the lowest intermediate state). The resulting mass
matrix for the fermions has the form:

2
m(fermion) = & - @ - Ay %o % 9 9 + 0(?)

2
93 91 93 9 93

where Q2 is the electric charge of the fermion and Ay, the hypercolor confinement
scale. The parameters 9; describe the relative strengthsof the transitions <i|ju|
int. state >(|i>: lepton or quark state);they are in general of order 1.

The mass matrix given above is of rank 1. Its diagonalization gives:

oo0¢
m(fermion) = %% -Q2 « Ay, - const. 000 + O(uz)
001

Thus in the approximation made above (only one intermediate state taken into
account; terms of order az are neglected) only one fermion of each electric charge
acquires a mass. Those are identified with =, b, and t; the hierarchy pattern of
the fermion masses starts to emerge. No weak interaction mixing exist in this
approximation. The following relations are valid:
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m(vT) 0

miri =T

me) . Lgiéli -4
m (_1/3)2

Before we return to these relations, we shall comment on the mass generation
for the other fermions and on the weak interaction mixing.

As soon as we give up the assumption of the dominance of the fermion self
energy by one intermediate state, the mass matrix ceases to be of rank 1, but
acquires rank 2 (in case of two intermediate states) or rank 3 (more than 2 inter-
mediate states). The hierarchy pattern of fermion masses is therefore related to
the quality of the dominance of the fermion self energies by one or several massive
fermion states (m~1 TeV) (see ref. (7)).

The wave functions of the quarks of charge 2/3 and -1/3 are distorted by
electromagnetic effects. The mass matrix of the charge 2/3 quarks deviates slightly
from the mass matrix of charge -1/3 quarks (this effect is of order az). The net
result is a flavor mixing; the weak mixing angles arise as functions of the quark
masses (see ref. (7)). Within the mechanism of mass generation outlined here,
the third family of leptons and quarks is singled out; their masses serve as
driving terms for the generation of mass of all other fermions. Since the masses
of the members of the third family are much larger than the other fermion masses,
one expects not much weak interaction mixing betwsen the third and the other
families. Specifically the t-quark is expected to decay almost exclusively into
the b-quark (plus a virtual W-boson). The b-quark, which would be stable in the
absence of flavor mixing, is expected to have a relatively long life time, which
may be close to the present experimental 1imit of the order of 10'12 S.

The mass relations given above imply:

1) The neutrinos being electrically neutral do not acquire a mass of order a,
in accordance with observation. Nevertheless one expects the neutrinos to be
massive, due to higher order effects.

2) The relation m, / m, = 4 is valid, if effects of order az, including all
flavor mixing effects, are neglected. It seems that the latter cannot change
that relation by more than about 10 %, i.e.

m
mi= 3.6 ... 4.4
b

implying that the (tt)-ground state should have a mass lower than 43 GeV. It
could well be that the relation mg / m, = 4 is fulfilled rather accurately,
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and the tt-ground state has a mass in the range between 36.8 and 38 GeV, i.e.
it is just above the present lower limit for the tt-mass given by the PETRA-
experiments.

Finally I would like to stress the importance of the QED interaction. If the
weak forces are effective forces, one cannot escape the conclusion that the lepton
and quark masses are either entirely or at least mostly of electromagnetic origin,
reflecting the existence of a new fundamental mass scale of the order of 1 TeV.
Some of the details of the new physics arising at 1 TeV can already be probed
with a high energy electron-quark collider like the proposed HERA machine.

Finally I would like to thank Dr. Tran Thanh Van and his staff for organizing
this Meeting in this wounderful part of the Haute Savoie and giving most of us the
opportunity to do not only high energy physics, but also doing experiments in
classical mechanics, using the gravitational interaction.
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The self energy diagram which is supposed to be responsible for the genera-
tion of lepton and quark masses (i,j: lepton or quark state, n: intermediate state
with mass of order 1 TeV).
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ABSTRACT

By extending the strong interaction theory from QCD to its simplest super-
symmetric extension SQCD, the prediction for the cross section of two jets events
in p-p collisions gets substantially larger. If the scalar partners of quarks
have a mass of the order of magnitude of their experimental limit ( ~ 17 GeV) the
cross section of 2-jet events with a transverse momentum of order 80-100 Gev gets
multiplied by a factor 2.
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p-p high energy collisions are beautiful experiments for probing the par-
ton model hypothesis. According to this model, in the center of mass frame, the
proton and antiproton see each other as made of partons identified with elemen-
tary éie]ds of the underlying asymptotically free strong interaction theory
carrying all quantum numbers and propagating freely in the longitudinal direc-
tion. Two jet events with a large transverse momentum are predicted by this model
in the lowest order approximation L . The scenario for their production is as
follows. Two partons of proton and antiproton interact via a hard Born type pro-
cess, yielding two other partons which may have a large scattering angle with
respect to the beam axis while they carry out a substantial fraction of the to-
tal reaction energy Vs . Then soft hadronizations dress both outgoing partons
into hadronic jets with energy and angular dependences given by those of both
partons. Obviously soft interactions also occur among all longitudinal spectator
partons, and many hadrons with a small tranverse momentum are expected to be pro-
duced , more or less isotropically, in addition to both hadronic jets.

Ol

Typically in the SPS p-p collider where /S = 540 GeV, one observes two
hadronic jets events with a transverse momentum 10 £ P 100 GeV accompanied
by a cloud of hadrons with a Tow p, (g few GeVs).

The parton model prediction for the cross section of the above process is

as follows 1
do = _on 1 &2 02 [ dxl .
dp;dcosd s3/2 sinlo tgg— “Min le

2.2 o (o 5 6D) 15 ml P (a0 op)

i,j a,b
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with
X, p,/V5 tg9
1P 2
Xo = 5
X - P/ /5 cotg 5
6]
pl/'@ cotg? s x < 1
Xpyps o =
Min 1_p_\_//s tg% (2)

i,j,a,b denote all possible parton types in the proton. qi(xl,&) and qj(xz, a)
are the probabilities of finding the parton i and j respectively with longitudi-
nal momentum X1 %5 and -x2_§§ in the proton and antiproton. These parton
densities are to be extracted from an analysis of lepton hadron scattering deep
inelastic structure functions and of their scaling violations. The Aij are the
a + b and are functions of p, ,

amplitudes for the parton processes i + j
/E, X1s Xp. In the lowest order approximation they can be computed from tree dia-
grams of the underlying asymptotically free strong interaction theory, the run-
ning coupling constant of which is & (Qz).

The phase space constraints in the integral (1) are model independent and
reflect only the kinematics of a two bodies—— two bodies reaction, They are
strongly dependent on the value of Py / /s , due to the presence of the fac-
tor xiz in the integrand, and their consequence on the shape of the cross section
has been beautifully verified when going from the p~p P.S. collider (/s~50 GeV)
to the p-p SPS collider (/s v540 GeV).

On the other hand, when going from QCD to a supersymmetric extension
(SQcD), a1l factors in formula 1 (the parton densities, the A :j and 9) are modi-
fied, and our purpose has been to compute the changes in the two jet cross sec-
tion due to these modifications as a possible indication for the existence of
supersymmetric particles.

The change due to parton densities is not expected to be quantitatively
significant because the normalization of these quantities is kept fixed in any
theory by sum rules expressing the fact that the partons carry all quantum
numbers of the proton. Numerical analysis have indeed shown that one can fit as
well deep inelastic data either with QCD or SQCD. Essentially, one gets redefini-
tions of parton densities according to the approximated formula
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[ Gluon (x, a) +qG]uiono (x, &)] sQCD © A (a) [quuon (x, &)] Qco
[CiQuark (x, a) +c,squark (x, &)J sqcp = A (a) [ﬂquark (x; a) J Qcn

(3-a)

where the normalization factors A,A' insure the conversation of energy momentum
sum rules both in QCD and sQCD

I [+ W]
Gluon + G1u1ono sQCD 4 (o) = Quark + ! squarkdsQCD

s
[ 2) ] [q(z) ]
Gluon ] QCD Quark JQcD

(2-h)

The change of the running coupling constant & increases the cross
section (1). Indeed, when going froam QCD to SQCD, the theory becomes "less"
asymptotically free, since new fermions (the gluinos) and scalars (the squarks)
contribute positively to the B function, and the SQCD running coupling constant
decreases slower than that of QCD.

The change of the A ?915 also expected to increase the cross sections
since new final states appé%%, for instance gluon + gluon —egluino + gluino,
gluon + gluon ——squark + anti-squark etc... Furthermore the p,  dependence
of the cross section is expected to be different because of new Born diagrams.
However the latter argument should be handled with care because if, effectively
new squared amplitudes occur, new interference term also occur, sometimes with a
negative sign , and the effect of the emergence of new thresholds can be small
when going from QCD to SQCD. Then a full calculation is necessary.

In a previous communication 2] , Delduc had shown that when squarks
are neglected, supposing that they are too heavy, the effect of light gluinos is
to increase the QCD cross section by a factor roughly independent of © , and
equal to aiQCD (Df)/ azQCD (py) . This factor is not very different from
1.

Here I present the result of our computation, done with Antoniadis and
Delduc, when squarks are taken into account. We suppose that the squarks mass is
the PETRA 1limit (~17 GeV) and, to be consistent, we only consider jets with



395

P A 34 GeV. We have used parton densities satisfying eq.(3) and computed

b
all necessary amplitudes A ?j 3

. Putting everything together, we have obtained
a significant enhancement factor when going from QCD to SQCD which is an {increa-
sing function of p_, of order 2 when pj =90 GeV. This factor is still roughly
independent of © (except for small © at the boundary of phase space), and the
following figure displays its variation as a function of P,. On this plot we al-

so show the factor aszCD (pf)/aZQCD (p2)

3 { | —— with squarks
& o—‘SfJCD)/(dCTOCID --=-- without squarks
.. With squarks
B &)
SQCD QCD  .en..... without squarks
25 F
2.
15T
| LI
1 1 1 I A 1 I R
20 60 100 L0 p (GeV)
L

One of us, Antoniadis in collaboration with Contogouris has done an ana-
logous analysis for the production of a direct polarized photon (in p-p collision)
which is zero in massless QCD. If heavy quark masses are taken into consideration,
a small polarization effect is present. It is however very small, because heavy
quarks are all in the sea which is very much peaked at x~ 0. If Tight gluinos are
included in the analysis, the photon can have a polarization, but the effect is
still small, of order 1 %. If squarks of 17 GeV are included in the analysis,
then the polarization effect becomes much Targer or order 10 %. This polarization
effect comes from the presence of squarks among valence partons (then the squark
density is not peaked towards x ~ 0) and from their large mass.

In conclusion, when going grom QCD to SQCD the parton model predictions
change in a significant way only when squarks are present. The effect of
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introducing only Tight gluinos yield only minor modifications despite the naive
argument of color factors. The same conclusion has been also reached by Altarelli
in his talk about the modification of virtual effects due to SUSY particles.
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Abstract

The exact calculation of the fourth order weak corrections to these
two reactions is performed in the Glashow-Weinberg-Salam pattern, using
dimensional regularisation and Feynman parameters methods. It requires the
electric charge "e" and the Weinberg angle Oy renormalisation. We found

(1)

corrections of 1% order in both cases.
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I ~ INTRODUCTION

(2

In a previous paper ), we concluded that the e+e_a vy reaction is a
good and clean place for testing the electro-weak standard model. In this
calculation we used unitary gauge, followed by a dispersive evaluation of
Feynman integrals. Here we use the 't Hooft gauge and the normalisation con-
ventions introduced in Passarino-Veltman(B)to perform the fourth order weak
corrections of e+e- YY and e+e_ - v 2 reactions.

We find that the result is very sensitive to the electron beam polari-
zations = maximal for left polarized electrons and minimal for right polari-
zed electrons. More important terms are diagrams with charged gauge boson
Wi and coupling W - e - y is left.

This provides us with a good characterization of weak corrections since
strong and electromagnetic ones do not twake the difference between left and
right electrons.

e+e_ - yv process has been performed for polarized beams. But e+e_—wz
reaction, becausgfmore technical difficulties, has been performed with mean
on electron helicities. That explains the difference between e+e_q Yy and
e+e—a Y Z results.

II - DIAGRAMS

All particles are on-shell and we neglect electron mass. We list dia-
+ -
grams for e e - Yy Z process and indicate when there is not a corresponding
+ -
diagram for e e — Yy process.

1) Born term:
¢—-‘~‘(

@
+ Bose symmetric
e LV\N z
2) Weak corrections
e* ~p— ¥ et 1 4
" ——— .~ 2 e - Z
with w Y4
— = B . T L
v * e
e§—————ﬂp—q.>_.x s e a2 4
¢ —4 ~——z 2z

(excepted for v vy)
where the bubble on photon line is photon self-energy and Z - y transition.

The photon self-energy contains 7 loops and Z - Yy transition contains the
same diagrams (with other couplings). The same things hold for the bubble
on the Z line but the Z boson self-energy contains 12 loops, three of them

depending on the physical Higgs (unknown mass).
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I iy

J—— i e” b Z
S —— ¥ er— ¥

z 2
A SR S

Yl ( ted £
e 2 excepte or vy vy)

All diagrams mentioned above are divergent.

¥ er X ¥ e+ w Y
v wye v
A ¢ ——— YA e w VA
w
e+ W
z ¥ (excepted for v v)
- wW

These four diagrams are very difficult to compute but they converge.

IIT - RENORMALIZATION

Absorption of divergences needs electrical charge "e" and Weinberg an-

gle "ew“ renormalizatim&‘.})

+
e e vy corrections lead to a shift §e of electrical charge with

2 2
e 2 4 2
5§= 3 7(A-1ong)--—(A-logme)
=] 16m 3
where A== n—z‘i- +y = log ( v = Euler constant )

. + -
Absorption of divergences induced by e e Z corrections is more diffi-
cult because it needs a shift § (sin2 ew) and of precedent ge. We obtain

( 8= sin’ ewJ

2 2
5 s _ 158 s + (&8
52 52 © 52 finite
. 2 2 2
with s - e 2 2 1 -4s 2
52 = CW) (A- log Mw)(-1—+ 7c )-(—————4——)(A - log m)
s =) 16 m s 6 3
and 552 5)
— = - 0,012 in agreement with Marciano and sirlixsx result
s finite

. s . L2
and with SU (5) theory which predicates a decrease of sin ew when energy

increases.
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IV - RESULTS AND CONCLUSION

Correction percentages of cross section are 1,2 at \[s = 160 GeV for
e+e- —+ vy Yy process (for left polarized beams) and O,6% at Vs = 100 GeV for
ete” o Y 2 process. So e+e- - y Yy is the better process to test weak radia-
tive corrections to the Weinberg-Salam model. Nevertheless a such experi-

ment needs polarized beams.
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Magnetic Monopoles in Particle Physics

Almost exactly fifty years ago, Dirac discovered that point magnetic
charges were consistent with the requirements of quantum mechanics provided
that the quantum, g, of magnetic charge and the quantum, e, of electric
charge satisfied the condition eg=(n+1/2). Although Dirac's argument showed
that monopoles were permitted, it in no way showed that they were required
to exist and gave no hint as to how heavy a monopole should be.

About ten years ago, developments in quantum field theory made it
possible to understand the strong interactions and the weak/electromagnetic
interactions as non-abelian quantum gauge field theories. It also became
reasonable to speculate that these separate gauge theories actually melted
into one unifying gauge theory at very high energies or very short dis-

"unification scale'" was not tied down precisely, but

tances. The expected
all arguments suggested that it should be somewhere in the vicinity of 101
time the mass of the proton.

Physics at the unification scale is very different from the physics we
are familiar with. As nearly everybody has heard, baryon number is not
expected to be conserved at this level, so that the free nucleon should have
a very small, but very finite, decay rate. Another strange feature is that
the theory has solitons (stable finite-energy solutions of the classical
field equations) whose existence, size and mass are determined by unifica-
tion-scale physics and whose external properties are those of the Dirac
magnetic monopole. The mass turns out to be 1/a times the unification scale

or 1018

times the proton mass!

In other words, unified gauge field theories complete Dirac's argument
by giving us a physical framework in which monopoles are required and in
which their properties can be computed. Astrophysical concerns enter
immediately because, since the monopoles are so incredibly massive, they
could have been produced only in the very earliest moments of the Big Bang.
The observation of superheavy magnetic monopoles would simultaneously give

evidence for grand unification and the Big Bang and would be of the greatest

interest to both particle physicists and astrophysicists.
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A new element has recently entered the picture with the theoretical

discovery that a baryon has a strong cross—section (in the neighborhood of
10726 square centimeters) to undergo baryon decay in the course of a colli-
sion with a monopole. This is about thirty orders of magnitude larger than
naive estimates would have suggested! This remarkable synergism of the two
characteristic features of unified gauge theories (monopoles and proton
decay) has important consequences for monopole astrophysics which are just
beginning to be worked out.

My aim in this talk is to give an audience of astrophysicists a gener-
al introduction to this set of topics. I will try to explain the theoretic-
al background of the magnetic monopole, first at the level of Dirac's
original argument and then at the level of modern unified gauge theories.
This means that I will have to give an explanation, necessarily oversimpli-
fied, of how spontaneously broken gauge theories work and why they support
magnetic monopoles. I aim to give enough detail so that the phenomenon of
monopole catalysis of baryon decay can be given an intelligible, if qualita-
tive, explanation. I will give a brief introduction to the astrophysical
consequences of this new aspect of monopole physics, but will not discuss
"conventional" monopole astrophysics in any detail, since that topic should
be well-known to this audience.

This talk is too general for me to give an adequate set of references
to all the topics discussed here. The reader looking for more details on
general aspects of monopole physics could not do better than to consult ref.
1. The original papers on monopole catalygis, refs. 2 and 3, are probably
too cryptic to be helpful to any reader of this article. The conference
talk cited in ref. 4 might be more accessible.

Monopole Kinematics

Dirac's argument for the consistency of monopoles with quantum
mechanics is very simple but very profound. A point monopole of magnetic
charge, g, located at the origin of polar coordintes has field strength

B = gr/r?
In a particularly convenient gauge, the vector potential associated with
this field strength is
A= g(l+cos®) f/rsind
Although the magnetic field is singular only at r=0, the location of the
point monopole, the vector potential is singular along the entire line 6=0,
This "string" singularity is a gauge artifact: it can be moved around by

making gauge transformations, although it always starts at the monopole and
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runs to infinity. It would be éf no concern if physics could be formulated
entirely in terms of the magnetﬁc field. Unfortunately, the quantum mechan-—
ics of charged particles is fo%mulated directly in terms of the vector
potential and disaster will strike unless some way is found to make the
string singularity invisible.

Consider the effect on the wave function of a particle of charge, e,
of making a slow circuit around a very small path surrounding the string.

In general the effect of carrying the particle around a closed path in the
presence of a vector potential is

Yy exp(iedd;'x)
Evaluating the line integral for a path around the string singularity of the
monopole, we find that

Y +> ¢y exp(ismeg)
The condition for an invisible string is that the wave function should be
unchanged after this circuit, or that
eg=n/2 n=..,-1,0,1,2,..

A careful investigation shows that, as long as this quantization condition
on the magnetic charge is met, the quantum mechanics of charged particles
moving in the fields of such monopoles is fully consistent.

If an experimentalist is to search for a monopole, he would like to
know not only its charge, but also its mass. Here there is a small diffi-
culty. One of Maxwell's equations asserts that the divergence of the mag-
netic field vanishes,

VB =0,
so that, with the possible exception of isolated points, there is no magnet-—
ic charge. 1In other words, according to Maxwell, the charge of a magnetic
monopole must truly be located at a point and its electromagnetic mass must
be divergent.

Now the electron is thought to be a point particle also and we have
learned from renormalization theory that the divergence of its electromag-
netic mass means, not that there is anything wrong with the physics of the
point electron, but simply that its physical mass is a free parameter. If
Maxwell's equations are valid down to arbitrarily short distances, we cannot
predict the mass of the monopole. If the monopole mass is to be predict-
able, there has to be a short distance scale below which standard electro-
magnetism is modified and the question 'what's inside the monopole?" must

have a meaningful answer.
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One significant extension is required to bring Dirac's argument up to
date. We now know that electromagnetism is not the only unbroken gauge
theory. There is also the SU3 "color" gauge theory responsible for the
strong interactions and we must consider the possibility of color magnetic
charge for the monopole. It turns out that, although the most plausible
monopoles will have both ordinary and color magnetic charges, the allowed
values of ordinary magnetic charge will still be the same as those identi-
fied by Dirac's original argument.

As has frequently been explained in the context of hadron physics,
quantum phenomena are responsible for very peculiar long-range behavior of
color fields. 1In particular, it is expected that color magnetic fields are
screened by vacuum fluctuations at distance scales of order one fermi (the
typical strong interction scale). This means that at truly long distances,
the monopole will show only ordinary electromagnetic effects and will be
indistinguishable from Dirac's monopole, whereas, if it is examined at
scales of a fermi or smaller it will have a more complicated structure with
two types of magnetic chliarge. This more elaborate structure makes the
interactions of the monopole with ordinary matter at ordinary energies a
much richer subject than Dirac would have anticipated.

Interaction With Matter

The question of how the monopole interacts with matter is at the heart
of the interesting recent developments in monopole physics. In the first
instance, of course, the monopole possesses a very strong long-range magnet-—
ic field which can be detected either by its ionization of nearby matter or
by its induction of currents in superconducting loops. More subtle mono-
pole-matter interaction effects can be seen by solving the Dirac equation
for the motion of a fundamental spin one-half particle (1epton or quark) in
the background field of a monopole. Let us therefore study the Dirac equa-
tion for an electron (for simplicity temporarily taken to be massless) mov-—
ing in the field of a standard Dirac monopole.

The conserved angular momentum of this system is

3 =L +8+ egT

+ >
where L and S have their usual meaning, e and g are the charges of the
electron and monopole respectively, and r is the unit vector pointing from
the monopole to the electron. The egf term is a special feature of the
monopole system and can be thought of as arising from the need to rotate the
string along with everything else. For most monopoles of physical interest,

eg takes on the value of 1/2 and the total angular momentum takes on integer
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values starting at 0. We will do a partial-wave decomposition with respect
to total angular momentum and will concentrate on the s-wave (J=0) state,
since it leads to the strongest interaction between the electron and the
monopole center.

Along with angular momentum, helicity or Ys is also conserved since we
are neglecting electron mass. The solutions to the s-wave Dirac equation for
positive energy E and for the two values of helicity are easily written out

out explicitly:
+ HEr

%; == r (12)

where n(8,¢) is a special two-component spinor ensuring that the Dirac

spinor has J=0. If we try to construct time-dependent wave packet solutions
out of these energy eigenstates, we quickly see that the helicity + states
can only make ingoing waves while the helicity - states can only make outgo-
ing waves! The ingoing waves can only be swallowed with 100%Z efficiency by
the monopole center -- there is no way, consistent with the conservation
laws built into the Dirac equation, for the ingoing positive helicity s-
waves to be reflected back out!

The situation looks like, and is, a problem for conservation of proba-
bility. What's happening is that the interaction between the inverse-
square-law magnetic field of the monopole and the magnetic moment of the
electron leads to such a singular attractive potential that the flux of
electron probability into the point center of the monopole is finite, no
matter what the electron's energy. The Dirac picture of the monopole treats
the center as an undifferentiated singular point about which it is not
necessary to ask questions. This is apparently not good enough: low—energy
fermions apparently do ''get inside" the monopole, and we cannot obtain a
complete picture of the monopole-electron interaction without a detailed
picture of "what's inside".

Broken Gauge Theories

The key to understanding the internal structure of magnetic monopoles
is provided by spontaneously broken non-abelian gauge theory. This class of
field theory is the foundation of the current understanding of the strong,
weak and electromagnetic interactions, individually as well as in their
relations to one another. In the limited time available to me I cannot hope
to explain their workings in any detail, but there are some essential facts
that I must get across if I am to proceed with an explanation of magnetic

monople physics. I will assume that the audience has a limited degree of
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familiarity with conventional quantum electrodynamics and of Feynman
diagrams, at least as a pictorial rendition of the qualitative content of
perturbation theory. What follows might convey some useful information even
to those readers who do not feel themselves up to this specification.

Non-abelian gauge theories are a generalization of ordinary electro-
magnetism in which the gauge invariance is based on a general Lie group.
Remember that is based on the abelian gauge group, Ul, having one generator.
There are as many gauge bosons (spin-one particles, generalizations of the
photon) as G has generators. These particles not only transmit the forces
between charges, but in general are themselves charged so that gauge bosons
can exert forces on gauge bosons. The Lagrangian which describes all this
for a theory in which there are N gauge bosons is

L=-1“~I§ T (3.4% - 3.4% + e £ a°A%)2
4a=1u,vuv vV abc Ty v

are the

abc
structure constants of the Lie group and e is the gauge coupling constant.

a .
where Au are the vector potentials for the N gauge bosons, f

The quadratic terms describe the free propagation of the gauge bosons (iden-
tical to ordinary electromagnetism), while the cubic and quartic terms des-—
cribe the point interaction of three and four gauge bosons. The Feynman
diagrams corresponding to these three possibilities are shown in the accom—
panying diagram. Because of the gauge boson self-interactions, the pure
gauge theory is already very non-trivial (indeed, if G=SU(3), it describes

the strong interactions.)

e 632

In any interesting theory, there are charged spin 1/2 particles which
interact with each other through the gauge bosons. In electromagnetism
these would be the electrons, but in general they would be some set of
quarks and leptons. In a gauge theory based on a group G, the spin 1/2
particles must fill out representations of G. Their interactions with the
gauge bosons is governed by a typical Dirac Lagrangian

_ 7 N TP . ua
L= g ¢f (17 au m+ ie Y Au ta) wf

in which the index f runs over all the independent group representations
which occur and the t, are the corresponding matrix representations of the

group generators: it is as if the charges of the spin 1/2 particles were
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specified by matrices rather than simple numbers. This Lagrangian contains
terms describing free propagation of the spin-1/2 particles as well as the
emission of absorption of gauge bosons by them. The Feynman diagrams for

these two possibilities are shown in the accompanying diagram

e

The minimal set of gauge bosons we need to describe something resem-
bling the electroweak interactions is the triplet WO (same as photon) and
Wi. Let us discuss the interaction of the leptons (electron, muon and their
associated neutrinos) with these gauge bosons. The charged lepton interacts
with the photon just as in quantum electrodynamics, while the interaction of
a lepton with W clearly introduces something new in such an event the lep-
ton's charge and particle type must change. The various possibilities are

described in the following diagram.
- VV-F
e € - e
n Y A
The vertex in which the electron emits a photon contains a factor of e, the
+

usual electromagnetic coupling constant. Since the W are symmetry partners
of the photon, the vertex in which, say, the M turns into a neutrino while
emitting a W is governed by the same coupling strength.

The archetypical weak interaction is the decay of the muon. By put-

ting together interaction vertices of the type just displayed we can easily

produce a graph (shown in the following diagram)

l?L e~

H

Ve

for the muon to decay into an electron and two neutrinos (its standard decay
mode). The key question is whether this diagram reproduces the actual (very

slow) decay rate of the muon despite the fact that all the vertices have
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coupling strengths typical of the electromagnetic interactions! Here the
question of the mass of the gauge bosons arises in an essential way.

The photon, as everybody knows, is massless and we might be tempted,
because of the symmetry between the photon and the W, to assign zero mass to
the W bosons. A little experience with Feynman diagrams shows that the
decay rate associated with the diagram just displayed is inversely propor-
tional to the fourth power of the W mass. Zero mass for the W would give
zero lifetime for the W! It turns out that the correct answer for the muon
lifetime (and all other questions we might pose about its decay) is given if
we take the mass of the W to be about 100 times the mass of the proton.

This choice of different masses for the gauge bosons clearly '"breaks" the

underlying gauge symmetry, but seems to be essential for a correct under-

standing of the phenomenology of the weak and electromagnetic interactions.
Broken Gauge Symmetry

I shall now try to explain in some detail how '"broken gauge symmetry"
works since it turns out to be the key to understanding not only how weak
and electromagnetic interactions fit together, but also how the strong
interactions fit in with them as well and how magnetic monopoles naturally
arise. This is a difficult subject and you will have to allow me more than
the usual amount of poetic license.

Our aim now is to "hide" the underlying gauge symmetry by giving the
gauge bosons different masses. In all concrete realizations of such a scheme
this is done by letting the gauge bosons interact with: a new type of charged
spin-0 matter called the Higgs boson. The most general Lagrangian describ-
ing the Higgs' interaction with themselves and the gauge bosons can be
written as follows:

L=TJ]006-ieca?t ¢)2- v
u H H a

In this expression, the matrix ta is the group generator in the representa-
tion filled out by the Higgs bosons, V(¢) is a function describing the Higgs
boson self-interaction an Ai is the gauge boson field. The special way in
which the gauge boson field enters the kinetic energy term is dictated by
gauge invariance. This Lagrangian describes free propagation of the Higgs
boson, its interaction with the gauge boson and its self-interaction. Typi-

cal diagrams for all of these processes are displayed in the following figure
\ 7/
7

\
—_—— e — N 7 X
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The graph in which the Higgs boson interacts with two gauge bosons is boxed
to indicate that it will shortly play a special role.

The potential function V(¢) plays a crucial role in determining the
physics of this theory. The field ¢ fills out some representation of the
gauge group and therefore cannot be thought of as a single field: it is more
like a multi-component vector. Although one cannot talk in a representation-
independent (or gauge-invariant) way about the components of a vector, the
length of the vector is a perfectly good invariant concept. Suppose, for
instance that, as a function of the length of the ¢ vector, the potential

function has the form shown in the following figure:

¢
%

The lowest energy state (or vacuum) of this system will correspond to
the point where the length of the Higgs vector takes on the value ¢g» Dot 0.
This "non-zero vacuum expectation value" of the Higgs field is responsible
for a number of interesting effecs known in the literature as 'spontaneous
breaking" of the gauge symmetry.

If we go back to the Lagrangian describing the Higgs gauge—boson
interaction we see that, if the Higgs field takes on a uniform background
value bgs the Lagrangian reduces to something which is quadratic in the
gauge field and equivalent to a mass term for the gauge field. Alternative-
ly, the boxed interaction diagram shows the gauge field propagating in a
constant background field, a circumstance which is equivalent to giving the
gauge boson a mass. A careful study of the nature of this effective mass
term shows that it is quite easy to arrange things so that the neutral gauge
boson (the photon) is unaffected by this phenomenon and continues to have
zero mass while the charged boson Wi acquire a mass edg. If we adjust the
""vacuum expectation value" of phi to be about 250 times the mass of the
proton, we reproduce the mass of the W which is needed to match the pheno-
menology of electro-weak physics. Note that much of the physics is built
into the choice of V(¢). We could perfectly well have chosen it such that
the minimum energy came at ¢=0, in which case all of the gauge bosons would
have had zero mass and the symmetry would have been unbroken. Although this

does not correspond to the real world, it is perfectly internally consistent.
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It is important to note that once we have adopted this sort of scheme,
the physics we see is dependent on the distance scale we probe. If we probe
distances large compared to the Compton wavelength of the W (energies small
compared to 100 proton masses), the W is invisible, we see only the photon
and the underlying non—-Abelian gauge symmetry is hidden. If we probe dis-
tances small compared to this scale, then the W bosons come into play on
essentially the same footing as the photon and the underlying gauge symmetry
becomes visible. This notion of hidden symmetry which can be revealed by
looking at sufficiently short distances is crucial to many developments in
particle physics. The recent experimental discovery of the W-meson at
precisely the expected mass is strong confirmation that this symmetry break-
ing mechanism really plays a role in physics.

It is even possible to include the strong interactions in this
framework in a scheme known as ‘grand unification'. The strong interactions
are described by an unbroken non—abelian gauge theory based on the gauge
group SU(3). This means among other things that the strong forces are due
to the exchanges of eight massless, self—-interacting gauge bosons. The
basic idea of grand unification is that the world is really described by a
large non-abelian gauge group with more gauge bosons than those we can
directly see in the strong and electroweak forces but that this larger
symmetry is spontaneously broken at extremely short distances by the some
sort of mechanism as breaks the electroweak gauge symmetry. This means that
all of the "extra'" gauge bosons (those not directly involved in strong and
electroweak forces) acquire a very large mass (the Compton wavelength of the
heavy bosons is essentially the same thing as the distance $cale of the
spontaneous symmetry breaking).

Several independent arguments suggest that the energy scale of this
new level of spontaneous symmetry breaking must be about 10" times the mass
of the proton! Furthermore, it is extremely plausible that processes medi-
ated by the exchange of the new gauge bosons conserve neither baryon number
nor lepton number so that processes which involve the heavy gauge bosons in
any way would most likely manifest baryon-number non-conservation. A typic-
al such effect would be the spontaneous decay of the free proton. The other
side of the coin is that since the typical energy scale for the dynamics of
the proton is so small compared to the mass of the heavy gauge bosons, bary-
on number violating effects are heavily suppressed (the expected lifetime of

the proton due to this sort of phenomenon is longer than 1030 years).
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Gauge Theory Monopoles

Now that the general picture of the phsyics of spontaneously broken
gauge theories has been laid out, it is possile to explain, at a very quali-
tative level, how these theories naturally support magnetic monopoles and to
give an account of their mass, size and other properties.

As we explained in an earlier section, the magnetic monopole discussed
by Dirac is necessarily a singular object because one of the Maxwell equa-
tions asserts that the magnetic field is everywhere divergenceless.

VB =0

This forces the monopole magnetic field to grow like r~2

at arbitrarily
small distances from the monopole center and leads to a divergent monopole
mass. In non-abelian theories, the magnetic field obeys a subtly different
divergence equation which permits an escape from this trap.

For simplicity, consider the electroweak gauge theory containing as
gauge fields the massless photon and the heavy Wt. This time, it is not the
ordinary divergence, but the gauge-covariant divergence of the magnetic
field which must vanish. The explicit equation to be satisfied by the
photon magnetic field is

3> > > > >y o > >
DB = VeBY + ie ATB~ - ie A -B'

This can be rearranged in the form
VY = o
where p is a source term built entirely out of the heavy, charged gauge
fields:
b= ie (A3~ - A -B%)

It is physically perfectly possible for this source term to have a static,
non-zero value in a region of size equal to the Compton wavelength of the
heavy gauge fields out of which it is built. This means that we can con-—
struct a non-Abelian gauge field configuration which has the long range
ordinary fields of a Dirac monopole but has the source of these fields
spread out over a region of size equal to the Compton wavelength of the
heavy gauge fields. Once the source region is of finite size rather than a
point, the mass and other physical properties of the monopole are perfectly
well-defined and finite. On top of that, the question '"what's inside the
monopole" which arose in our discussion of the scattering of spin one-half
particles from the monopole now has a precise and definite answer.

For technical reasons, the possibility just described does not actual-

ly work within the context of the purely electroweak gauge theory. It does,
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however, work within the context of the grand unified gauge theories which
unite the strong and electroweak interactions. The heave gauge bosons which
set the size of the monopole source region (or core) are therefore the ob-
jects mentioned in the last section which are 101* times more massive than
the proton. The size of the monopole core is therefore some 1071% times
smaller than the proton and, as far as interactions with other particles at
typical accelerator energies are concerned, the monopole would behave like a
point particle. The core turns out to have both ordinary and color magnetic
charge and exerts strong and electromagnetic forces on particles at a dis-
tance from it. The tiny core region is constructed out of the superheavy
gauge bosons whose interactions are likely to violate conservation of baryon
number.

Since the mass of a monopole constructed in this way is largely elec-
tromagnetic, it is a simple '"Coulomb energy" exercise to calculate the mass
of a unit of magnetic charge confined to a region of this size. The answer
turns out to be of order 101® times the mass of the photon! Although this
is finite, it is far too large for monopoles to be produced in any event
which can occur in the current universe. They could only have been produced
in the earliest instants of the Big-Bang and could only be seen today as a
relic radiation in the cosmic ray flux. It is beyond our power to make reli-
able estimates of what the current monopole flux should be since the correct
answer depends on physics and cosmology in energy domains about which we
know almost nothing. Indeed, the mere knowledge that superheavy monopoles
existed would be a valuable window into an otherwise inaccessible domain of
physics. Hence the current interest in magnetic monopoles on the part of
particle physicists.

Proton Decay Catalysis

The previous discussion implies that the mere existence of superheavy
monopoles is evidence for the occurrence of new physics in the domain of
supershort distances. In fact, it turns out that if we had a monopole to
play with, we could learn a great deal about the details of the supershort
distance physics by studying the interactions of the monopole with ordinary
matter. That this is so is quite surprising. Because the core is so
incredibly small, one is inclinded to think that the rate of interaction of
ordinary matter with the core itself would be negligibly small and that we
could only hope to see the conventional interaction of matter with the long

range color and electromagnetic fields of the monopole.
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However, as was explained earlier in this talk, there is something
special about the interaction of spin one-half particles with the monopoles
in their lowest angular momentum partial wave state, they are 'sucked into"
the monopole center with unit probability, no matter what their energy.

This means that they interact directly with the heavy gauge bosons of the
core before they are "spit out" again. If the interactions of these bosons
are, as expected, baryon number violating, then the overall interaction of
even low-energy spin one-half particles with the monopole will not conserve
baryon number!

A detailed discussion of this class of phenomena is rather compli-
cated: ome has to start with the fundamental spin one-half particles (quarks
and leptons), straighten out their direct interaction with the monopole core
and then decal with the hard problem of binding the quarks into the observed
hadrons. Although this cannot yet be done in anything like complete quan-
titative detail, the outline of the answer is clear. Reactions like

proton + monopole —+* monopole + positron

proton + monopole -+ monopole + positron + n0

etc. have cross-sections at low energies typical of the strong interactions
(i.e. of order a few millibarns). This general class of process might be
called '"monopole catalysis of baryon decay" since the net effect is to des-
troy a proton while leaving the monopole unscathed and ready to do the same
thing again. Since the catalysis cross—section is large and the reaction
very exothermic, one might expect the occurrence of such reactions to have
interesting experimental and astrophysical consequences.

I will give a brief outline of those consequences as they are now
understood. As you all know, the direct test of the notion that baryon
number is violated at extremely short distances consists of a search for
spontaneous decay of the free proton. Since the expected lifetime is very
long, it is necessary to observe a large volume of material under conditions
of extremely low and well-understood background. The typical apparatus is a
many-cubic-meter volume of scintillator buried deep underground and sur-—
rounded by detection devices capable of seeing the decay of a single proton
inside it. If the proton decay catalysis cross-section is of strong inter-
action magnitude then this sort of device will also see, with unit probabi-
lity, the induced proton decay produced by the passage of a single monopole.
In this way, proton decay experiments are providing us with information on

the monopole flux at the same time as the proton lifetime.
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Another fascinating point is that because the monopole catalysis reac—
tion is exothermic, the presence of monopoles in the dense core of stars
would increase their energy output. In the case of neutron stars the effect
is so strong that the non-observation of x-ray neutron stars puts a very
stringent upper limit on the galactic flux of monopoles (several orders of
magnitude stronger than the Parker bound, which is based on the persistence
of the galactic magnetic field).®

Taken together these two types of argument put us in a very uncomfor-
table bind. The occurrence of proton decay at the rates suggested by grand
unification and the presence of monopoles in the galaxy in large enough
numbers to be detectable seem to be mutually exclusive possibilities! How
this will all turn out is not at all clear -- our understanding of all the
questions discussed in this talk is still developing and there might be
further surprises in store for us.

For the particle physicist, the remarkable thing about the monopole is
that, without yet having deigned to put in an appearance in the real world,
it has been implicated in an important way in most of the successive
improvements in our understanding of the particle world and continues to
entertain us with theoretical surprises. Perhaps some of these surprises
will suggest astrophysical ways and means of finally tracking down this

elusive particle or of finalling ruling it out of our universe altogether.
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THE SEARCH FOR MAGNETIC MONOPOLES

Barry C. Barish
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Pasadena, California 91125

Abstract: In this review, I discuss the status and prospects for

experimental studies aimed at the detection of Grand Unified Mono-
poles. The only positive evide?ce, at this time, remains the one
observed candidate of Cabrera,l The relations of this observation
to the expected abundance in cosmic rays and to limits from other
detection techniques are discussed. Lastly, prospects for future
studies with sensitivity to much smaller fluxes are also presented.
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I. INTRODUCTION:

Physicists have long been interested in the existence (or non-existence)
of magnetic monopoles. The early historical interest in monopoles was due to
the symmetry between Electric and Magnetic fields in Maxwell's equations.
However, due to the lack of abundance of free magnetic charges compared to
electric charges they were not included in the final formulation of those
equations.

In 1931, Dirac showed that the existence of free magnetic charges (Dirac
monopole) could provide reason for quantization of electric charge (n11/c).2’3)
This work motivated renewed interest in searching for monopoles.

Although there was no guidance as to the mass, size, etc. of these mono-
poles, several experimental consequences were apparent. First, these monopoles,
which were quantized to 137/2 electric charge would produce a great deal of
ionization passing through matter. It was assumed that the monopole mass would
not be very different fromother elementary particles (e.g. protons) and would be
highly relativistic. A second possibility, that could result from such high
ionization is that these monopoles could come to rest in matter and might be
abundant in certain forms (e.g. sediment, moon rocks, etc.). Finally, if
monopoles were this light they might be directly produced in accelerators.

All these effects were extensively looked for, with the final results being
that there was no evidence for Dirac Monopoles. Earlier indications of possible

4)
' 596) .
More recently, 't Hooft and Polyakov™ showed that monopoles exist as

evidence proved incorrect.
solutions in many non-Abelian Gauge Theories. The possibility of these GUT
monopoles provided stimulus for much recent theoretical and experimental inter-
est in the subject. The fact that Grand Unified Monopoles are extremely heavy
(M ~10!6 GeV) makes most previous searches irrelevant. The fluxes in cosmic
rays are expected to be extremely small, and experimental techniques required
for detection are different.

These GUT monopoles are so massive that they will necessarily be slow
8 =10_3) if they are galactic in origin. At this low B a monopole has great
penetrating power and easily passes through the earth. This means that both
previous searches using ionization losses for direct detection or searched for

monopoles trapped in matter would be insensitive.

II. INDUCTION EXPERIMENTS:

The most straightforward technique to search for GUT monopoles is by the
electromagnetic induction from passage of a magnetic monopole through a closed

conducting loop. This technique was first used to search for the presence of
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magnetic monopoles in various materials.’»>8) This idea has been extended to the
case of free GUT magnetic monopoles by Cabreraf» who applied the combination of
a SQUID (Superconducting QuantUm Interfermeter Device), and a very well magnet-
ically shielded loop to reach the needed sensitivity to detect the passage of

a single magnetic monopole.

This technique is ideal, since it is based solely on long range electro-
magnetic interaction between the magnetic charge and the macroscopic quantum
state in a superconducting ring. The method is independent of the monopole
mass, velocity, electric charge, etc.

A schematic view of this detection method is shown in Fig. 1. From
Maxwell's equation,

> 1 3B YN
UxEAC 5T G Iy

integrate over the plane of the ring, obtaining
> o 193¢ _ -4m
. =t = § .
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The induction technique used in the Cabrera experiment is
shown. The flux change from passage of a monopole is 2¢0
(the flux quantum in a superconductor).
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where ¢g is from the monopole, ¢s is the induced supercurrent, and ¢S = -I(t) L

(the self inductance of the ring). Note that ¢ changes by 2¢o, where

¢o = hc/2e is the flux quantum in a superconductor and 4wg = hc/e. 30
To get an idea of the sensitivity, AI = E%D ~10-94; AE = 81}0 joules.

So consider the example of a loop of 5 mil wire with D ~1 meter.
L ~2uH
AE = 4 + 1072% joules (2 fluxons)

For comparison a commercial squid has a sensitivity of AE ~10-27 joules or
~10-3 fluxons! Therefore the combination of a SQUID and a superconducting
loop are ideal.

The limitation of this technique comes from the problem of shielding the
loop magnetically. The change in flux due to a monopole (2¢0) is 4 1077
Gauss -cmz, while the earth's magnetic field is approximately .01 -1 Gauss, so
the earth's field is 10® fluxons/cm?.

Cabrera's experiment uses a superconducting lead shield of ~10-8 Gauss.
Therefore, it has the needed sensitivity. However, if the technique were extra-
polated to a 1m2 detector, it becomes extremely difficult, since the field
would need to be shielded to ~10-12 Gauss.

The results of the Cabrera experiment remain at one observed event, but
with increased sensitivity from continuing to run the original detector, plus
running with a 3 coil detector with a much larger "effective" area.

Including the new data, the results are now

#Coils o(cm?) Days
1 10 370
3 70 61

The one candidate corresponds to a limit of

F £ 1.6 10-0em2 sr~1 571
and based on one event a rate
F ~ 6 107"%cm~2 sl 7!
III. CONSTRAINTS ON THE FLUX OF GUT MONOPOLES FROM ASTROPHYSICS:

Estimates of the fluxes of GUT monopoles in cosmic rays requires under-
standing of the production mechanisms, acceleration (W = goBL = 2 MeV/Gauss),
gratitational dynamics, annihilations, trapping, etc. These have not been
worked out in any detail due to the various uncertainties in the calculations.

The best that can be done with our present knowledge is to place some constraints

on the presence of GUT monopoles in cosmic rays.
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The constraints come from two sources: (1) 1limits on the total mass of
the Universe; and (2) the existence of Galactic magnetic fields. Below I
briefly outline these constraints.

(1) Mass of the Universe

The most straightforward astrophysical limit comes from assuming that
magnetic monopoles account for most of the mass of the Universe.10

The mass density contained in galaxies g accounts for about .02pc, the
critical density to close the Universe. This implies that the number of mono-

poles,
<10 x [(Galactic Mass/Monopole Mass)]
m (Dist. between Galaxies)3

~4 x 10~20cn”3
M

For comparison, the number of nucleons is
n_ ~4 x 1076cm—3
n

and,

-1y monopoles
nM/“H\T =10 nucleon

From this, one obtains a flux limit

. “18,n=2gr-lgea—1g-! v
F 5.4 x 107*%cm™“sr™"sec mly [16:5;]

A more optimistic flux limit is obtained using the fact that monopoles could
cluster like mass in our galaxy (1012e within 30 kpc). This implies a flux
limit of
=< ~13.m2ap—1 =11 v
FC 3 x 107 em™“sr” "sec ‘m)g 103

(2) Survival of Galactic Field

If galactic fields are due to persistent currents, (Vv x Bgal # 0), mono-
poles move along field lines and gain kinetic energy at the expense of the field.
In order for the fields to survive, the field energy cannot be dissipated more

=108 yr).
11)

rapidly than currents can be regenerated by dynamo action (tregeneration

This requirement places a limit on the fluxes, usually called the Parker Bound.
F £ 107 16cm2sr~lsec™! (Parker Bound)

This bound has been reexamined by Turner, Parker, and Bogdan using the
monopole mass, velocity distributions, etc. They obtain a less restrictive
bound for MM > 1016 GeV. Combined with the flux bounds from the mass-density of
the Universe

F & 10712em—2sr~lsec-!
max
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for MM ~1019 Gev, B ~3 x 10_3, and clustering.

IV. CONFRONTING THE ASTROPHYSICS BOUNDS WITH EXPERIMENT

The Astrophysics bounds I have just discussed are orders of magnitude
below the level indicated by the Calbrera event even with the most favorable
choice of parameters. These combined bounds are shown in Fig. 2. This empha-
sizes the need for confirmation of that event.

If that event is correct and the level is much higher than the bounds,
what are the implications for Astrophysics? Two suggestions have been discussed:
(1) Monopoles are the source of the intergalactic B-field and there is an
plasma oscillation (e.g. B2/8m KEM ~+ B2/87) back and forth between the field

12,13)

and the monopoles; and (2) that the source of monopoles is actually "local

rather than intergalactic. That is, monopoles have been captured in a cloud and

14)

orbit around the sun and pass by the earth. Freeze and Turner have shown
that this gives a maximum enhancement of 0(50).

Another possibility is that the Cabrera event is misleading and the rate
indicated from Astrophysics should be regarded seriously. If so, NO PRESENT
SEARCH is yet below these bounds. The induction technique cannot be extra-
polated to such large areas and alternate (less direct) techniques are needed.
Ionization techniques appear the most promising, although other alternatives
are also being considered. The rest of this report reviews the status and

prospects using Ionization and other techniques.

v. LARGE AREA DETECTION TECHNIQUES

(1) Ionization Techniques

A monopole passing through matter will lose energy by ionization loss.

The amount of energy loss for charged particles (or monopoles) is well under-
stood for relativistic particles. However, the ionization loss for very slow
particles is much less understood. Discrepancies in the various calculations
for slow monopoles (B ~10-3) have plagued the interpretation of the present
generation of scintillator experiments and evaluation of scintillator for a
large array. Much work is presently being done to clarify this situation.

In general, ionization loss varies as a function of B (B < 1073) differ by
several orders of magnitude. These calculations of the atomic collisions and
excitation are quite complicated. At relativistic energies the impulse approxi-
mation can be used and the problem is simplified. However, at low B, a detailed
model of the atom must be used in order to understand the dynamics and this

15)

requires various approximations. Ahlen and Kinoshita have done a detailed

16)

calculation of this energy loss in analogy to calculations of Lindhard for

protons. The results of this calculation vs. 8 are shown in Fig. 3.
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level.
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Ionization loss for slow magnetic monopoles. The calcula-
tions for Ahlen and Kinoshita at low B has been used to analyze
scintillator experiments. Also shown is the energy loss in hydrogen
due to Zeeman splitting which might be exploited in future detectors.
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It has been shown recentlyl7) that energy losses due to Zeeman splitting
at low velocity are quite large in hydrogen and enchance the signal for low
8. What this means for a complex material like plastic scintillator is unclear,
but it could indicate the desirability to use a different material in a future
monopole detector.

Considerable work has been done experimentally on searching for heavy slow
monopoles by ionization loss. Typically, the detectors consist of multiple layer:
of ionization detectors (e.g. scintillator) set to respond to low light levels.
This threshold level, combined with the energy loss calculations discussed above
determine the lowest detectable B for each experiment. The actual "signal" of
a monopole is from recording the time-of-flight between layers and searching for
a very slow moving penetrating particle.

ls_za)but each measurement has

All results from these searches are negative,
different limitations in terms of solid angle acceptance, ionization material,
electronics and minimum B accepted. Fig. 4 summarizes these results. Note that
none of the results yet approach the astrophysics bounds and a large array,
approximately the size of a football field, is needed to reach such sensitivi-

ties. Also, note that two of the experimentszo’ZI)

have taken special measures
to be sensitive at low B. This requires electronics that will respond to the
low level, stretched pulse coming from the passage of a very slow particle.
(At 8 ~ 10~"%, it takes the monopole hundreds of nanoseconds just to pass
through the individual layers).

These final results, sensitive to low B, are particularly important since
they are significantly below Cabrera and are sensitive to the lower 8 (8 ~10~%)

expected from local sources of monopoles. These experiments appear to be in

direct contradiction to that result.

(2) Other Techniques for Direct Detection

A second mechanism for energy loss exists for monopoles passing through
conductors. The energy loss by this mechanism has been calculated by

25) 26)

Martem'yanov and Khakimor and more recently by Ahlen and Kinoshita .

Ahlen obtains

2 2,2
%E.: éE_Eﬁg_é__ Be . 1 GeV/cm
x mgC vF

for aluminum and B ~3 x 10-3. This is considerably larger than ionization loss,
but also varies as B making detection more difficult for very slow monopoles.

At Caltech,27)

we have built a prototype detector to study empirically the
problems of detecting monopoles by acoustic techniques. The present detector
is meant to be a test device to study sensitivity and not a design for a "real"

monopole detector. This prototype monopole detector consists of two aluminum
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disks which are l44cm in diameter and 10cm thick. Six transducers are coupled
to each disk to detect ultrasonic pulses. These transducers are sensitive from
8 to 12 MHz and were developed specifically for this project. Two scintillator
arrays are mounted on the disks, one between the disks and one above them, to
provide triggering information and a cosmic ray veto.

Considering the very small signal, to evaluate this technique, it is
important to understand where the technique will be fundamentally limited due
to acoustic noise. In order to minimize this problem we have chosen to work at
high frequency ( ~ 10 MHz). This is about the highest frequency where the
acoustic pulse will pass through the aluminum with small absorption.

The primary frequency of the acoustic pulse generated when a monopole
passes through the medium is much higher (> 100 MHz), however that frequency
is absorbed with some of the energy becoming thermal and some re-emitted at
lower frequency. Below ~ 15 MHz the acoustic pulse will pass through the
medium. This inefficiency of turning the energy loss into an acoustic pulse is
the fundamental limitation in this method. We have estimated that the final sig-
nal is comparable or greater than the acoustic noise from the aluminum medium
itself. This has encouraged us to pursue the technique to determine where it
will ultimately be limited.

At present, the real limit should come from the noise in the transducer
itself. In our present detector, transducers, and electronics we expect this
noise to be about 50 times greater than the monopole signal. We are empirically
determining this level and studying various methods such as focusing the acous-
tic pulse for improving this S/N ratio.

A theoretical study of the intrinsic 1limit due to acoustic noise has been
made by Akerlofzs)with the conclusion that this technique is practically un-
feasible. Although our approach is somewhat more empirical, we agree that
present techniques appear to be about a factor of 102 away from the required
sensitivity. Although some improvements can be envisioned, whether the neces-

sary sensitivity can be obtained remains unclear.

VI. PROTON CATALYSIS

There has been a great deal of interest recently in the possibility that
monopoles can catalyze proton decay. The work of Dokos and Tomaras,zg)
Rubakov,30)and CallanBl)has lead to the possibility of detecting the passage of
monopoles through a proton decay detector by the detection of proton decay by
the process

+
M+ N—M+ e + mesons

where N = proton or neutron. If these catalyzed decays occur with cross sec-

tions typical of the strong interaction (o ~10726cm?) several decays will
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occur along the trail of the monopole path through the detector. These will be
separated by time characteristics of the B of the monopole.

32) The

The IMB proton decay detector has been used for such a search.
effective cross sectional area of the detector is 550m? for an isotropic flux
of monopoles, with area times solid angle of 6900m?-sr. The mean path length
through the detector is 12.8m for an isotropic flux.

The most sensitive search involves looking for multiple interactions, since
a single interaction gives events that are kinematically difficult to distin-
guish from the ~ 1 event/day of cosmic ray neutrino interactions depositing
~ 940 MeV. The back to back kinematical constraint applied to the 'matural"
p~>1° et decay mode is not applicable here.

For multiple interactions, 100 days of data have been analyzed looking for
two proton decay candidates within 8 psec. No events of this type have been
observed and therefore a 90% C.L. upper limit on the product of the monopole
flux times the cross section has been determined. For Uc > 10 mb, this corre-
sponds to Fm(min) = 7.2 x 107 %em™2sr71s7! within a velocity window
10™% < Bm < 10~!. The 90% C.L. upper limit on the product Fm X o, has a min

1
value (Fm X o) = 3.6 107 *lsr~ls™ at cc = 1lmb and monopole velocity. These

c’min
results are summarized in Fig. 5. The significance of this result clearly
depends heavily on the catalysis cross section. This is very uncertain and

active theoretical work is in progress to better determine this cross section.

v. CONCLUSIONS:

At present the only positive experimental evidence for the existence of
GUT magnetic monopoles is the original Cabrera event. That event has not been
confirmed by Cabrera or others. The level seems in conflict with recent scin-
tillator results optimized for low 8. In addition, the level is in conflict
with bounds from Astrophysical considerations.

No detectors are as yet large enough to be sensitive below these astro-
physics bounds. Work is proceeding on various techniques to develop a detector

array large enough to be capable of detecting fluxes below that level.
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ABSTRACT

A search for superheavy magnetic monopoles “"catalyzing" nucleon decay

in an underground water Cherenkov detector has been carried out.
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stl.

No

positive evidence for such a process has been found during 100 days of
detector 1ive time. Cross section and velocity dependent 1imits on the

monopole flux are presented, which have a minimum of
7.2 x 10715 cm~2 sr-1 -1 for catalysis cross sections > 10 mb and

monopole velocities 1004 < Bm < 107*. For low cross sections, we obtain

velocity independent 1imits on the monopole flux. Limits on the monopole

interaction rate are presented.

*Presented by S. Errede



Theoretical and experimental interest in magnetic monopoles has not
ceased since Dirac's pioneering workl in 1931. Recently, a resurgence of
interest has resulted from the work of 't Hooft and Po]yakov2 in 1974
which showed that superheavy magnetic monopoles are a natural consequence
of grand unified theories (GUTs) which spontaneously break and even-
tually yield a U(1) gauge group. The monopole mass in GUTs is expected
to be of the order of the unification scale, My~ 1016 Gev.3:4 Such
superheavy monopoles could have been produced in large nrumbers in the
early moments of the universe.3:5 In the present epoch the flux of a
superheavy magnetically charged particles is constrained by the mass
density of the universe.5,9  The most stringent astrophysical 1imit on
the monopole flux can be estimated from the maximum flux within our gal-
axy that can be tolerated without destroying the observed galactic
magnetic field (~ 3 uG). This upper 1imit, known as the Parker Bound’, is
Fm < 6 x 10-16 emr2 sp-1 -1, Furthermore, various considerations
suggest their present velocities are of order 10-4 < Bm < 10-2
in our galaxy and solar system.8’9 Monopoles within this velocity range
and mass are unlikely to be stopped in their passage through the earth.

In 1980, Dokos and Tomaras suggested that the presence of a grand
unified monopole in proximity to hadronic matter may act as a catalyst,
strongly enhancing baryon number violating processeslo. Subsequently,
Rubakovll and callanlZ in studying the interaction mechanism of fermions
with monopoles showed that processes such as

M+ p,n> M+ et + mesons (1)

are essentially independent of the unification mass. Catalysis cross
sections typical of strong interactions o¢ ~ 10-26 ¢ are predicted, but
with a large uncertainty.

Kolb, Colgate, and Harvey13 have obtained an indirect, model
dependent 1imit on the flux of monopoles incident on neutron stars from
consideration of the increase in luminosity due to catalysis of nuclear
matter within the star. From the use of experimental 1imits on the inter-
stellar x-ray lTuminosity, they obtain a 1imit on the monopole flux times
catalysis cross section, Fy x o¢ < 5 x 10749 sr-1 -1, Other authorsl4
have suggested neutron star models which yield far less stringent 1imits,
compatible even with the Parker bound for large catalysis cross sections.
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Direct experimental evidence for monopole catalyzed nucleon decay
would be of profound importance for grand unified theories since a single
unamb iguous observation could simultaneously prove the existence of
magnetic monopole and proton decay. Large detectors designed to Took for
nucleon decay are well suited to search for the reaction of equation (1).

The Irvine-Michigan-Brookhaven (IMB) water Cherenkov detector15,
located underground at a depth of 760 m in a salt mine near Cleveland,
Ohio, was designed and built expressly to search for evidence of nucleon
decay. The detector consists of a total of 2048 hemispherical (5" dia.)
photomultiplier tubes (PMT%) placed on a regular surface lattice
(~ 1 m spacing) of dimensions, 23 x 17 x 18 m3 and is shown in Figure 1.
The effective cross sectional area of the detector is 550 m for an
isotropic flux of monopoles, with area x solid angle of 6900 m?-sr. The
PMT's look inward at 7.0 metric kilotons (~ 4 x 1033 nucleons) of
chemically pure water. Relativistic charged particles from nucleon decays
or entering cosmic rays are detected via their 1ight impinging on the
PMT's. The readout electronics independently records for each tube above
threshold (0.25 p.e.) the time of arrival (T1) and the amount Cherenkov
light at that tube. The resolution of the Tl time scale is 1 ns with a
full scale of 512 ns. For triggering the detector the PMT's are divided
into 32 groups of 8 x 8 matrices. A trigger requires > 3 PMT's in a group
to within 50 ns and > 2 groups firing within 150 ns. A second unbiased
trigger simply requires > 12 PMTs to fire within 50 ns. Each
photoelectron of recorded Cherenkov 1ight corresponds to ~ 4 MeV of energy
loss in water, hence, the above trigger energy thresholds are 24 MeV and
48 MeV, respectively. For nucleon decay the energy deposited in the
detector may be as high as the nucleon rest mass. Hence, for p » e*r°
decay we expect 170 + 25 PMT's to fire with an energy deposition of
940 + 100 MeV.

Following a trigger on the T1 scale, the electronics activates for
each tube a second time scale (T2) for an additional 7.5 us, with 15 ns
resolution. The T2 time scale enables the detection of u + evv decays for
muons which stop in the detector. For monopoles the T2 timing enables the
detection of a sequence of multiple catalyzed nucleon decays occurring
within 8 us. The monopole would not be directly observed unless its
velocity were above Cherenkov threshold.
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SEARCH FOR MULTIPLE INTERACTIONS

We have searched 100 days of 1ivetime data for evidence of multiple
catalyzed nucleon decays (> 2) occurring within the detector volume.
Specifically, we require an event with > 30 PMT's in the Tl time scale and
at least one additional event with > 50 PMT's firing within any 300 ns
time window in the T2 time scale. Furthermore, to enable unambiguous
rejection of entering cosmic ray backgrounds, we require at least one of
the events to occur within the detector fiducial volume (inset 2 m from
the PMT planes). We measure a rate of 4.6 + 0.3 events/day for events
occurring anywhere in the detector volume, consistent with the expected
trigger rate from random two-fold coincidences due to 2.7 cosmic
rays/second through the detector. No > 3-fold coincidences have been
observed.

The overall efficiency for detecting a monopole catalyzed nucleon
decay has 3 components:

(1) The trigger detection efficiency eq is somewhat dependent on the
specific nucleon decay mode. The results of computer simulations for
various modes of nucleon decay indicate an overall detection
efficiency for multiple interactions in the detector of
€d = 0.9 + 0.1 for neutrinoless decay modes.16

(2) The geometrical acceptance of the detector fiducial volume, €gs
is a also a function of the catalysis cross section oc. egloc) is
defined as the ratio of events with single (multiple) interactions
satisfying the fiducial volume requirement to all events with single
(multiple) interactions in the total detector volume. We determine
€g by computer simulations of monopoles traversing the detector,
assuming an isotropic monopole flux. The mean path 1ength through
the detector is 12.8 m. Figure 2 shows egloc) versus o for single
and multiple interactions in the detector.

3) For ﬁu1tip1e interactions (> 2) in the detector, the constraints
imposed by the T1 and T2 time scales give an efficiency, or inter-
action probability e(oc, Bp) which is dependent upon the catalysis
cross section and monopole velocity. This efficiency was also
determined by computer simulations and is reflected by the flux
1imit curves shown in Figure (discussed below). In the absence of any
velocity dependence, e(oc, Bm) reduces to the Poisson probability for
> 2 interactions in the detector.



We have found no events passing the event selection criteria
consistent with multiple interactions from magnetic monopole catalyzed
nucleon decays. Hence, we obtain an upper 1imit on the monopole flux from

F < / Np (2)
m A Qe At €d * Eg(Uc) * E(GC, Bm)

where for no observed events, Ng = 2.3 for 90% confidence, A is the
effective cross sectional area of the detector, @ is the solid angle (4r),
At is the detector 1ivetime, the efficiencies eq, egloc) and elac, By) are
defined above. In Figure 2 we show the 90% C.L. upper 1imits on the
monopole flux for multiple interactions in our detector as a function of
monopole velocity, for several values of the catalysis cross section.

For large cross sections, oc » 100 mb, the 90% C.L. upper 1imit on the
monopole flux, Fp, has a minimum of Fp(min) = 7.2 x 10-15 ¢m-2 sp-1 -1
within the velocity range 104 < Bm <10-1, The 90% c.L. upper limit for
the interaction rate, Fp x oc, for multiple interaction has a minimum of
(Fm x o¢)min = 3.6 x 10041 sr-1 s-1 at 6. = 1 mb and monopole velocity

Bm =5 x 10-3.

Throughout this work, we have tacitly assumed a 1inear A-dependence
for the catalysis cross section. Hence, the interaction length
Ac = (n cc)'l where n is the nucleon number density. The A-dependence of
the catalysis cross section is uncertain at the present time. The
monopole flux 1imits we have obtained should be modified accordingly if an
A-dependence other than Al is assumed.

SEARCH FOR SINGLE INTERACTIONS

For catalysis cross sections, oc < 1 mb the interaction length, A,
becomes larger than the mean path length, considerably reducing the
probability for multiple interactions in the detector. Under these
circumstances we can, nevertheless, set 1imits on the monopole flux and
interaction rate from single interactions in the detector. In deriving
these 1imits one must consider the background due to atmospheric neutrino
interactions and possibly "spontaneous" nucleon decays and/or nn
oscillations. Spontaneous 2-body nucleon decays will have a characteristic
back-to-back signature with the opening angle of the decay products
typically > 150°. The signature for a monopole catalysis nucleon decay
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can be quite different due to the kinematics of the reaction. In its own
rest frame, the heavy monopole absorbs a negligible fraction of
disintegrating nucleon rest energy. It can, however, acquire up to

1 GeV/c momentum which, by momentum conservation, is transferred to the
decay products. Thus, catalyzed decays or nn transitions can have the same
general appearance as atmospheric neutrino interactions of E, < 2 GeV in
the detector.

During our independent search for spontaneous nucleon decay in the
detector, a total of 69 single interaction events in 80 days of detector
time were found.l7 The event rate and characteristics of these events are
consistent with neutrino interactions in the detector. Of the 69 events,
66 have energies below twice the nucleon rest mass, My. We use these
events to obtain conservative 1imits on the monopole flux and interaction
rate with further event selection in order to incorporate the broadest
range of possibilities for monopole catalysis of nucleon decay.

The absolute rate of neutrino interactions which pass our filtering
is calculated to be Ry, = 0.9 + 0.4 events per dayl7, based on estimated
fluxes and cross sections appropriate to the energy range we observe. The
estimated overall efficiency for the detection of atmospheric neutrinos
N, =48 7 (stat.) + 25 (syst.) events in 80 days of detector 1ive time,
to be compared with the 66 events below 2 My. Thus, as many as 52 events
(90% C.L.) could be due to monopole interactions.

We use equation (2) in determining flux 1imits for single
interactions. The detection efficiency for single catalysis interactions
in the fiducial volume is calculated to be e4q = 0.9 + 0.1 for
neutrinoless decay modes.1® The geometrical acceptance €gq for single
interactions in the fiducial volume is shown in Figure 1. The efficiency
eloc) is merely the Poisson probability for single interactions within the
detector.

The upper Timits on the monopole flux, Fp, and interaction rate,
Fm x oc», for single interactions are velocity independent, and are shown
in Figure 4. The 90% C.L. upper 1imit on the monopole flux has a
minimum of Fy(min) = 1.1 x 10-12 em~2 sr-1 s-1 at a catalysis cross
sectionoc = 1 mb. For cross sections o¢c < 0.1 mb, the upper 1imit on the
monopole single interaction is Fp x ¢ < 3.6 x 10-40 sp=1 s-1 (90% C.L.).
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This experiment has searched for magnetic monopoles via the new and
unique mechanism of magnetic monopole catalysis of nucleon decay. The
cross section dependent Timits on the monopole flux encompass a
signficantly wider velocity range and are considerably lower than, or
comparable to those of previous experimentsls, which are sensitive to the
electromagnetic interaction of magnetic monopoles with matter. Figure 5
shows 1imits on the monopole flux as set these experiments.
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Figure 1. The Irvine-Michigan-Brookhaven 8000 ton water
Cherenkov Detector.
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WHAT IS THE DARK MATTER?
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ABSTRACT We discuss three arguments that the dark matter which dom-
inates the present universe is not baryonic - based on excluding
specific baryonic models, deuterium abundance, and the absence of
small-angle fluctuations in the microwave background radiation.

If the dark matter consists of elementary particles, it may be
classified as hot (free streaming erases all but supercluster-
scale fluctuations), warm (free streaming erases fluctuations
smaller than galaxies), or cold (free streaming is unimportant).

We consider scenarios for galaxy formation in all three cases. We
discuss several potential problems with the hot (neutrino) case:
making galaxies early enough, with enough baryons, and without too
much increase in Mtot/Mgum from galaxy to rich cluster scales.

The reported existence of dwarf spheroidal galaxies with relatively
heavy halos is a serious problem for both hot and warm scenarios.
Zeldovich (n=1) adiabatic initial fluctuations in cold dark matter
(axions, or a heavy stable "ino'") appear to be lead to observed
sizes and other properties of galaxies, and may also yield large
scale structure such as voids and filaments.
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I. INTRODUCTION

There is abundant observational evidence that dark matter (DM)
is responsible for most of the mass in the universe (1). Dark
matter is detected through its gravitational attraction in the
massive extended halos of disk galaxies and in groups and clusters
of galaxies of all sizes. It is appropriate to call this matter
"dark" because it is detected in no other way; it is not observed
to emit or absorb electromagnetic radiation of any wavelength.
Matter observed in these latter ways we will call "luminous'. Here

we consider the nature of the dark matter.

II. THE DM IS PROBABLY NOT BARYONIC

There are three arguments that the DM is not '"baryonic'", that
is, that it is not made of protons, neutrons, and electrons as all
ordinary matter is. As Richard Feynman has said in other contexts,
one argument would suffice if it were convincing. All three argu-
ments have loopholes. The arguments that DM# baryons are as
follows:

A. Excluding Baryonic Models (2)

The dark matter in galaxy halos cannot be gas (it would have
to be hot to be pressure supported, and would radiate); nor frozen
hydrogen "snowballs" (they would sublimate); nor dust grains (their
"metals', elements of atomic number 23, would have prevented for-
mation of the observed low-metallicity Population II stars); nor
"jupiters" (how to make so many hydrogen balls too small to initi-
ate nuclear burning without making a few large enough to do so?);
nor collapsed stars (where is the matter they must have ejected
in collapsing?).

The weakest argument is probably that which attempts to
exclude "jupiters'": arguments of the form "how could it be that
way?" are rarely entirely convincing.

'

B. Deuterium Abundance (3)

In the early universe, almost all the neutrons which "freeze
out" are synthesized into *He. The fraction remaining in D and
3He is a rapidly decreasing function of n, the ratio of baryon to
photon number densities. The presently observed D abundance (com-
pared, by number, to H) is (1-4)x 10-°. Since D is readily con—
sumed but not produced in stars, 1072 is also a lower limit on
the pr%mordial D abundance. This, in turn, implies an upper limit
n<10™°, or

"

-2 3
@ < 0.035h72 (T _/2.7)7, (1)

where 2, is the ratio of the present average baryon density py to
the critical density

. = 3Hg/8nc = 1.9%x1072%°h2 gem™ 3 = 11 h? keVem™3, @)

H, is the Hubble parameter (the subscript o denotes the present
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epoch), and observationally h = Hy (lOOkms'lMpc"l)"1 lies in the
range »3<sh<1. The total cosmological density Q= pgor/Pc 1is very
difficult to determine observationally, but it appears to lie in
the range 0.1<Q<2. Cosmological models in which the universe
passes through an early de Sitter "inflationary" stage, predict @
very close to unity.

In a baryon dominated universe (2= Q,), the deuterium bound,
Eq. (1), is consistent only with the lower limit on Q, and then
only for the Hubble parameter at its lower limit. An Einstein-
de Sitter or inflationary (2=1) or closed (2> 1) universe cannot
be baryonic.

C. Galaxy Formation

In the standard cosmological model, which we will adopt, large
scale structure forms when perturbations § = 8§p/p grow to 6§21,
after which they cease to expand with the Hubble flow. Let us
further assume that perturbations in matter and radiation density
are correlated (these are called adiabatic perturbations, since
the entropy per baryon is constant; these are the sort of pertur-
bations predicted in grand unified models). Then photon diffusion
("Silk damping") erases perturbations of baryonic mass smaller
than (4)

1 3 5
13 o= =%k -h
MSilk,b = 3x10 Qb %) h M6 . (3)

Thus galaxies (Mbs 1011-12 MS) can form only after the "pancake"
collapse of larger-scale perturbations (5). Perturbations § in a
matter dominated universe grow linearly with the scale factor

Sca = (1+z)"1 = TQ/T (4)

where z= (A,-2)/X is the redshift and T is the radiation tempera-
ture. In a baryonic universe, ¢ grows only between the epoch of
hydrogen recombination, z,= 1300, and z = Q~!, It follows that at
recombination 8T/T= 6p/3p > 3x10~3 for M2 Mgi1k» which corresponds
to fluctuations on observable angular scales 6 >4' today. Such
temperature fluctuations are an order of magnitude larger than
present observational upper limits (6).

The main loophole in this argument is the assumption of adia-
batic perturbations. It is true that the orthogonal mode, pertur-
bations in baryonic density which are uncorrelated with radiation
(called isothermal perturbations), do not arise naturally in cur-
rently fashionable particle physics theories where baryon number
is generated in the decay of massive grand unified theory (GUT)
bosons, since in such theories n=n;/n, is determined by the under-
lying particle physics and should not vary from point to point in
space. But galaxies originating as isothermal perturbations do
avoid both Silk damping and contradiction with present 6T/T limits.
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A second loophole is the possibility that matter was reionized
at some z 3, by hypothetical very uv sources. Then the fluctua-
tions in 6T/T at recombination associated with baryonic proto-
pancakes could be washed out by rescattering.

Despite the loopholes in each argument, we find the three
arguments together to be rather persuasive, even if not entirely
compelling. If it is indeed true that the bulk of the mass in the
universe is not baryonic, that is yet another blow to anthropocen-
tricity: not only is man not the center of the universe physically
(Copernicus) or biologically (Darwin), we and all that we see are
not even made of the predominant variety of matter in the universe!

III. THREE TYPES OF DM PARTICLES: HOT, WARM & COLD

If the dark matter is not baryonic, what is it? We will con-
sider here the physical and astrophysical implications of three
classes of elementary particle DM candidates, which we will call
hot, warm, and cold. (We are grateful to Dick Bond for proposing
this apt terminology.)

Hot DM refers to particles, such as neutrinos, which were
still in thermal equilibrium after the most recent phase transition
in the hot early universe, the QCD deconfinement transition, which
presumably took place at TQCD" 102MeV. Hot DM particles have a
cosmological number density roughly comparable to that of the
microwave background photons, which implies an upper bound to their
mass of a few tens of eV. As we shall discuss shortly, free
streaming destroys any perturbations smaller than supercluster
size, ~1015M9.

Warm DM particles interact much more weakly than neutrinos.
They decouple (i.e., their mean free path first exceeds the hori-
zon size) at T> TQCD’ and consequently their number density is
roughly an order of magnitude lower, and their mass an order of
magnitude higher, than hot DM particles. Perturbations as small
as large galaxy halos, ~1012 Mg, could then survive free streaming.
It was initially suggested that, in theories of local supersymmetry
broken at ~10% GeV, gravitinos could be DM of the warm variety (7).
Other candidates are also possible, as we will discuss.

Cold DM consists of particles for which free streaming is of
no cosmological importance. Two different sorts have been pro-
posed, a cold Bose condensate such as axions, and heavy remnants
of annihilation or decay such as heavy stable neutrinos. As we
will see, a universe dominated by cold DM looks remarkably like
the one astronomers actually observe.

It is of course also possible that the dark matter is NOTA -
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none of the above! A perennial candidate, primordial black holes,
is becoming increasingly implausible (8-10). Another possibility
which, for simplicity, we will not discuss, is that the dark matter
is a mixture, for example "jupiters" in galaxy halos plus neutrinos
on large scales (3).

IV. GALAXY FORMATION WITH HOT DM

The standard hot DM candidate is massive neutrinos (3-5), al-
though other, more exotic, theoretical possibilities have been
suggested, such as a "majoron" of nonzero mass which is lighter
than the lightest neutrino species, and into which all neutrinos
decay (11). For definiteness, we will discuss neutrinos.

A. Mass Constraints

Left-handed neutrinos of mass s1MeV will remain in thermal
equilibrium until the temperature drops to T,q, at which point
their mean free path first exceeds the horizon size and they es-
sentially cease interacting thereafter, except gravitatiomally (12).
Their mean free path is, in natural units (h=c=1), A,~loyn,+ -1
~ [(G%kTZ)(Ta)] —1, and the horizon size is Ap - (GQ)_%~ Mpy T,
where the Planck mass Mpy = G 2=1.22x10!%Gev=2.18 x105g. Thus
/Ay - (T/Tvd)a with the neutrino decoupling temperature

T . ~ = G"2/3 ~1MeV (5)
vd MPQ wk °

After T drops below 1MeV, ete™ annihilation ceases to be balanced
by pair creation, and the entropy of the ete™ pairs heats the
photons. Above 1MeV, the number density n,; of each left-handed
neutrino species (counting both vj and Vi) is equal to that of

the photons, ny, times the factor 3/4 from Fermi vs. Bose statis-
tics; but ete~ annihilation increases the photon number density
relative to that of the neutrinos by a factor of 11/4.l1 Thus
today, for each species,

4 o _ TY 3 =3
1 nY = 109 ( ET7k) cm™” (6)

=3
v 4
Since the cosmological density

p=q =11 hZ keV em™?, 7
it follows that

o PR
EmVi < p/nv < 100 Qh< ev, (8)
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where the sum runs over all neutrino species with m,. § lMeV.2
Observational data imply that Qh? is less than unity (3). Thus
if one species of neutrino is substantially more massive than
the others and dominates the cosmological mass density, as for
definiteness we will assume for the rest of this section, then a
reasonable estimate for its mass is m, ~ 30 eV.

At present there is apparently no reliable experimental evi-
dence for nonzero neutrino mass. Although one group reported (15)
that 14eV<m, <40eV from tritium B end point data, according to
Boehm (16) their data are consistent with m,, =0 with the resolu-
tion corrections pointed out by Simpson. The so far unsuccessful
attempts to detect neutrino oscillations also give only upper limits
on neutrino masses times mixing parameters (16).

B. Free Streaming

The most salient feature of hot DM is the erasure of small
fluctuations by free streaming. It is easy to see that the mini-
mum mass of a surviving fluctuation is of order Mgglmv (17,4).

Let us suppose that some process in the very early universe -
for example, thermal fluctuations subsequently vastly inflated,
in the inflationary scenario (18) - gave rise to adiabatic fluc-
tuations on all scales. Neutrinos of nonzero mass m, stream
relativistically from decoupling until the temperature drops to
m,,, during which time they will traverse a distance d, % Ah(T==mv)
~ Mpyg m;z. In order to survive this free streaming, a neutrino
fluctuation must be larger in linear dimension than d,,. Corres-
pondingly, the minimum mass in neutrinos of a surviving fluctuation
is My ~d;myn,(T=m,) ~ dym, ~ Mpg3 m\,‘2 . By analogy with Jeans'
calculation of the minimum mass of an ordinary fluid perturbation
for which gravity can overcome pressure, this is referred to as
the (free-streaming) Jeans mass. A more careful calculation (4,19)
gives

d, =4 (mv/30eV)_1 @ +2)"" Mpe, 9)

and

- 3 -2 . 15 -2
MJ,v l°77MPQHN 3.2x 10 (mv/30eV) M (10)

e’
which is the mass scale of superclusters. Objects of this size
are the first to form in a v-dominated universe, and smaller scale
structures such as galaxies can form only after the initial col-
lapse of supercluster-size fluctuations.
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C. Growth of Fluctuations

The absence of small angle 6T/T fluctuations is compatible
with this picture. When a fluctuation of total mass ~1015
enters the horizon at z ~ 10“, the density contrast of the radia-
tion plus baryons 6gp ceases growing and instead starts oscillating
as an acoustic wave, while that of the neutrlnos 8, continues to
grow linearly with the scale factor a=(1+2z)"!. Thus by recom-
bination, at z = 1300, GRB/G <10~ , with possible additional
suppression of &pp by Silk damping (depending on the parameters
in Eq. (3)). This picture, as well as the warm and cold DM schemes,
predicts small angle fluctuations in the microwave background radi-
ation just slightly below current observational upper limits (6).

In numerical simulations of dissipationless gravitational
clustering starting with a fluctuation spectrum appropriately
peaked at A= d,, the regions of high density form a network of
filaments, with the highest densities occurring at the inter-
sections and with voids in between (5,20-22). The similarity of
these features to those seen in observations (23,24) is certainly
evidence in favor of this model.

D. Potential Problems with v DM

A number of potential problems with the neutrino dominated
universe have emerged in recent studies, however. (1) From studies
both of nonlinear (22) clustering (A s 10Mpc) and of streaming
velocities (25) in the linear regime (XA > 10Mpc), it follows that
supercluster collapse must have occurred recently: 2zg.<$0.51is in-
dicated (25), and in any case zgc <2 (22). But then, if QSOs are
associated with galaxies, their abundance at z> 2 is inconsistent
with the "top-down" neutrino dominated scheme in which superclusters
form first: zg.> zZgalaxies. (2) Numerical simulations of the non-
linear "pancake’ collapse taking into account dissipation of the
baryonic matter show that at least 85% of the baryons are so heated
by the associated shock that they remain ionized and unable to con-
dense, attract neutrino halos, and eventually form galaxies (23a).
(3) The neutrino picture predicts (26) that there should be a factor
of ~5 increase in Mtot/Mlum between large galaxies (Mtot' 1012‘%)
and large clusters (Mtot> 10! M@) since the larger clusters, with
their higher escape velocities, are able to trap a considerabl:
larger fraction of the neutrinos. Although there is indeed evi-
dence for a trend of increasing Mtot/L with Mot (1,27), when onz
takes into account the large amount of x-ray emitting gas in rich
clusters (28) one finds comparable Mtot/Mlu ~ 14 for galaxies with
large halos and for rich clusters (29,30). ?Mlum here includes mat-
ter luminous in x-ray as well as optical wavelengths, in contrast to
luminosity L that includes only the latter.) (4) Both theoreticzl

arguments (31) and data on Draco (32,33) imply that dark matter dom-
inates the gravitational potential of dwarf spheroidal galaxies. The
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phase~space constraint (34) then sets a lower limit (33) my > 500eV,
which is completely incompatible with the cosmological constraint
Eq. (8). (Note that for neutrinos as the DM in spiral galaxies,
the phase space constraint implies m, > 30 eV.)

These problems, while serious, may not be fatal for the
hypothesis that neutrinos are the dark matter. It is possible
that galaxy density does not closely correlate with the density of
dark matter, for example because the first generation of luminous
objects heats nearby matter, thereby increasing the baryon Jeans
mass and suppressing galaxy formation.. This could complicate the
comparison of nonlinear simulations (22) with the data. Also, if
dark matter halos of large clusters are much larger in extent than
those of individual galaxies and small groups, then virial esti-
mates would underestimate Mi,. on large scales and the data could
be consistent with Mtot/Mlum increasing with Mjyp. But it is hard
to avoid the constraint on zg. from streaming velocities in the
linear regime (25) except by assuming that the local group velocity
is abnormally low. And the only explanation for the high Mtot/L
of dwarf spheroidal galaxies in a neutrino-dominated universe is
the rather ad hoc assumption that the dark matter in such objects
is baryons rather than neutrinos. Of course, the evidence for
massive halos around dwarf spheroidals is not yet solid.

V. GALAXY FORMATION WITH WARM DM

Suppose the dark matter consists of an elementary particle
species X that interacts much more weakly than neutrinos. The
Xs decouple thermally at a temperature Tyq >> Tyq and their number
density is not thereafter increased by particle annihilation at
temperatures below Tyq. With the standard assumption of conserva-
tion of entropy per comoving volume, the X number density today
nQ and mass my can be calculated in terms of the effective number
o% helicity states of interacting bosons (B) and fermions (F),
g= gBi-(7/8)gF, evaluated at Txd (35). These are plotted in Fig. 1,
assuming the "standard model" of particle physics. The simplest
grand unified theories predict g(T) » 100 for T between 102 GeV and
Tgutr ~ 10'% Gev, with possibly a factor of two increase in g begin-
ning near 102 GeV due to N=1 supersymmetry partner particles.
Then for Ty4 in the enormous r%nge from ~1 GeV to ~Tgyrs n§~5gxcnr3
and correspondingly my = Zthgi keV (36), where gy is the number
of X helicity states. Such_"warm" DM particles of mass my~ 1lkeV
will cluster on a scale ~My, my2~ lOlZMe, the scale of large
galaxies such as our own (7,37,38).

What might be the identity of the warm DM particles X? It
was initially (7) suggested that they might be the *) helicity
states of the gravitino G, the spin 3/2 supersymmetric partner of
the graviton G. The gravitino mass is related to the scale of
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supersymmetry breaking by mz= (A"/a)%“SUSYZmpi’ so mg ~ 1keV cor-
responds to mgygy ~ 105Gev. This now appears to be phenomen-
ologically dubious, and supersymmetry models with m ~ 101! Gev
and mg ~ %02 GeV are currently popular (39). In such models, the
photino y, the spin )% supersymmetric partner of the photon, is
probably the lightest R-odd particle, and hence stable. But in
supersymmetric GUT models mg ~ 10my, and there is a phenomenolog-
ical lower bound on the mass of the gluino mz> 2GeV (40). The
requirement that the photinos almost all annihilate, so that they
do not contribute too much mass density, implies that m$ 2 2 GeV
(14,41), and they become a candidate for cold rather than warm
dark matter.

A hypothetical right-handed neutrino vp could be the warm
DM particle (42), since if right-handed weak interactions exist
they must be much weaker than the ordinary left-handed weak inter-
actions, so Ty,q > T,q as required. But particle physics provides
no good reason why any VR should be light.

Thus there is at present no obvious warm DM candidate ele-
mentary particle, in contrast to the hot and cold DM cases. But
our ignorance about the physics above the ordinary weak interaction
scale hardly allows us to preclude the existence of very weakly
interacting light particles, so we will consider the warm DM case,
mindful of Hamlet's prophetic admonition

There are more things in heaven and earth, Horatio,
Than are dreamt of in your philosophy.

A. Fluctuation Spectrum

The spectrum of fluctuations 8, at late times in the hot DM
model is controlled mainly by free streaming; §,(M) is peaked
at ~Mjy , Eq. (10), for any reasonable primordial fluctuation
spectrum. This is not the case for warm or cold DM.

The primordial fluctuation spectrum can be characterized by
the magnitude of fluctuations as they just enter the horizon. It
is expected that no mass scale is singled out, so the spectrum is
just a power law

Sp MD -0
DM M

5 = 2y o 2

DM, H G pDM)H ¢ M ) a1

Furthermore, to avoid too much power on large or small mass scales
requires a» 0 (43), and to form galaxies and large scale structure
by the present epoch without violating the upper limits on both
small (6) and large (44) scale (quadrupole) angular variations in
the microwave background radiation requires k ~ 1075, Eq. (11)



454

corresponds to |<‘5k|2 « k' with n=6a+1., The case a=0 (n=1) is
commonly referred to as the Zeldovich spectrum,

Inflationary models predict adiabatic fluctuations with the
Zeldovich spectrum (18). In the simplest models k is several orders
of magnitude too large, but it is hoped that this will be remedied
in more realistic - possible supersymmetric - models (45).

The important difference between the fluctuation spectra Spy
at late times in the hot and warm DM cases is that SpM yarm has
power over an increased range of masses, roughly from 10l to
1015Me . As for the hot case, the lower limit, MX~MP£3m§2, arises
from the damping of smaller-scale fluctuations by free streaming.
In the hot case, the DM particles become nonrelativistic at es-
sentially the same time as they become gravitationally dominant,
because their number density is nearly the same as that of the
photons. But in the warm case, the X particles become nonrela-
tivistic and thus essentially stop free streaming at T~ my, well
before they begin to dominate gravitationally at T, = 6Qh2 ev,
The subscript "eq" refers to the epoch when the energy density of
massless particles equals that of massive ones:

Qe €

1. 681
= - 4 32
Zeq _r*—_AGTO(l+Y) 2,47 x 10" Qh (

) o=, (12)

We assume here that there are n,, species of very light or massless
neutrinos, and Y—DO/DY (7/8) (4/11)43 n,, (= 0.681 for n, =3),
8=Ty/2.7K, and ¢ is the Stefan-Boltzmann constant. During the
1nterva1 between T~ my and T~Teg,» 8rowth of ‘SDM is inhibited by
the "stagspansion'"~ phenomenon (also known as the Meszaros (46)
effect), which we will discuss in detail in the section on cold
DM. Thus the spectrum dpy is relatively flat between My and

ct
M =2 (H—ji )20 0= 2.2x101°(ah2) "2 M . (13)
eq

Fluctuations with masses larger than Mg, enter the horizon
at z<zgq, and thereafter dpy grows linearly with a= 1+2)71
until nonlinear gravitational effects become important when d&py ~ 1.
Since for o= 0 all fluctuations enter the horizon with the same
magnitude, and those with larger M enter the horizon later in the
matter-dominated era and subsequently have less time to grow, the
fluctuation spectrum falls with M for M>Mg : éDMaM_Z/a. For a
power-law primordial spectrum of arbitrary index,

- M—a—2/3 _ M._(n+3)/6 M> M

. 14
6DM ’ eq 14



This is true for hot, warm, or cold DM. In each case, after re-
combination at z, s 1300 the baryons "fall in" to the dominating
DM fluctuations on all scales larger than the baryon Jeans mass,
and by z = 100, 6y = 6py (47).

In the simplest approximation, neglecting all growth during
the "stagspansion" era, fluctuati pectrum for My <M <M
is just SpyeM %= M’Tin_ls‘}8 = M_(“eff"'g?/g,z);here neff=n-4; i?e. ,
the spectrum is flattened by a factor of M compared to the
primordial spectrum. The small amount of growth that does occur
during the "stagspansion" era slightly increases the fluctuation
strength on smaller mass scales: nggg®¥n-3. Detailed calcula-
tions of these spectra are now available (19,37).

B. Which Formed First, Galaxies or Superclusters?

For a 20, 8y(M) has a fairly broad peak at M~My. Conse-
quently, objects of this mass - galaxies and small groups - are
the first to form, and larger-scale structures - clusters and
superclusters - form later as 8x(M) grows toward unity on suc-
cessively larger mass scales. For a particular primordial spectral
index o, one can follow Pebbles (48,49) and use the fact that the
galaxy autocovariance function £(R) * 1 for R= 5h_1, together with
the (uncertain) assumption that the DM is distributed on such
scales roughly like the galaxies, to estimate when galaxies form
in this scenario. For a=0, Zgalaxies ~ 4, which is consistent
with the observed existence of quasars at such redshifts. But
superclusters do not begin to collapse until z< 2, so one would
not expect to find similar Lyman o absorption line redshifts for
quasars separated by « lh_lMpc perpendicular to the line of sight
(50). Indeed, Sargent et al. (51) found no such correlations.
This is additional evidence against hot DM.

C. Potential Problems with Warm DM

The warm DM hypothesis is probably consistent with the ob-
served features of typical large galaxies, whose formation would
probably follow roughly the 'core condensation in heavy halos"
scenario (52,29,53). The potentially serious problems with warm
DM are on scales both larger and smaller than My. On large scales,
the question is whether the model can account for the observed net-
work of filamentary superclusters enclosing large voids (23,24).

A productive approach to this question may require sophisticated
N-body simulations with N~ 10 in order to model the large mass
range that is relevant (54). We will discuss this further in the
next section in connection with cold DM, for which the same ques-
tion arises.

On small scales, the preliminary indications that dwarf
spheroidal galaxies have large DM halos (31-33) pose problems
nearly as serious for warm as for hot DM. Unlike hot DM, warm DM
is (barely) consistent with the phase space constraint (32-34).
But since free streaming of warm DM washes out fluctuations GX
for Ms My~ lOllMg, dwarf galaxies with M~ 107Mg can form in this
picture only via fragmentation following the collapse of struc-
tures of mass ~My, much as ordinary galaxies form from superslusters
fragmentation in the hot DM picture. The problem here is that
dwarf galaxies, with their small escape velocities ~10km s}, would
not be expected to bind more than a small fraction of the X par-
ticles, whose typical velocity must be ~102 kms~! (~ rotation
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velocity of spirals). Thus we expect Myor/Myyy tor dwart gajaxies
to be much smaller than for large galaxies — but the indications
are that they are comparable (31-33). Understanding dwarf galaxies
may well be crucial for unravelling the mystery of the identity

of the DM. Fortunately, data on Carina, another dwarf spheroidal
companion of the Milky Way, is presently being analyzed (55).

VI. GALAXY FORMATION WITH COLD DM

Damping of fluctuations by free streaming occurs only on
scales too small to be cosmologically relevant for DM which either
is not characterized by a thermal spectrum, or is much more massive
than 1keV. We refer to this as cold DM.

A. Cold DM Candidates

Quantum chromodynamics (QCD) with quarks of nonzero mass vio-
lates CP and T due to instantons. This leads to a neutron electric
dipole moment that is many orders of magnitude larger than the
experimental upper limit, unless an otherwise undetermined com-
plex phase 6qpcp is arbitrarily chosen to be extremely small. Peccei
and Quinn (58) have proposed the simplest and probably the most ap-
pealing way to avoid this problem, by postulating an otherwise
unsuspected symmetry that is spontaneously broken when an associated
pseudoscalar field - the axion (57) - gets a nonzero vacuum expecta-
tion value <¢,>~ fae1 . This occurs when T~ f,;. Later, when the
QCD interactions become strong at T~ AQCD" lOZMeV, instanton ef-
fects generate a mass for the axion ma==mﬂf“/fa- 10'5eV(1012GeV/fQ-
Thereafter, the axion contribution to the energy density is (58)

Pa= BmaT3 f%(MPlAQCD)_l. The requirement pg <p.R implies that
f451012Gev, and m, 2 1072 eV, The longevity of helium-burning
stars implies (59) that mj, < 102 ev, fa> 10° GeV. Thus if the hypo-
thetical axion exists, it is probably important cosmologically,

and for mg, ~ 107% eV gravitationally dominant. (The mass range
109-12 GeV, in which f, must lie, is also currently popular with
particle theorists as the scale of supersymmetry (39) or family
symmetry breaking, the later possibility connected with the axion

(60).)

Two quite different sorts of cold DM particles are also pos-—
sible. One is a heavy stable "ino", such as a photino (41) of
mass my > 2GeV as discussed above. By a delicate adjustment of
the theoretical parameters controlling the ¥ mass and interactions,
the ¥s can be made to almost all annihilate at high temperatures,
leaving behind a small remnant that, because my is large, can con-

tribute a critical density today (14).

The second possibility may seem even more contrived: a
particle, such as a vg, that decouples while still relativistic
but whose number density relative to the photons is subsequently
diluted by entropy generated in a first-order phase transition
such as the Weinberg-Salam symmetry breaking (36). (Recall that
the my bound in Fig. 1 assumes no generation of entropy.) More
than a factor s 103 entropy increase would over dilute n =n%/ny,
if we assume n was initially generated by GUT baryosynthesis;
correspondingly, my s 1 MeV, and My2 108 Mg .
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Actually, it is not clear that we have a good basis to judge
the plausibility of any of these DM candidates, since in no case
is there a fundamental explanation - or, even better, a predic-
tion - for the ratio w Eng/D?um, which is known to lie in the
range 10sws 102, Two fundamental questions about the universe
which the fruitful marriage of particle physics and cosmology has
yet to address are the value of wand of the cosmological constant
A. (We have here assumed A= 0, as usual.)

B. '"Stagspansion" '

Peebles (49) has calculated the fluctuation spectrum for cold
DM, with results that are well approximated by the expression

K1+ ak+BKk2)72,

2
s, |

o = 6682h72 Mpc, 8=2.658%h""Mpc?, 68 = Ty/2.7K. (15)
This calculation neglects the massless neutrinos; we find qualita-
tively similar results with their inclusion (61). For an adiabatic
Zeldovich (n=1) primordial fluctuation spectrum, the spectrum of
rms fluctuations in the mass found within a gandomly placed sphere,
6M/M, is relatively flat for M< 109M@, «M 6 (negg=-2) for 5
1094y <M<10'2 Mg, «d '8 (negfx-1) for 1012Mg <M<Myy, and =M~ 73

(n=1, reflecting the primordial spectrum) for M2 Meq'

The flattening of the spectrum for M<M,, is a consequence of
"stagspansion",3 the inihibition of the growth of Spy for fluctua-
tions which enter the horizon when z > z,,, before the era of matter
domination. In the conventional formalism (12,48,62) - synchronous
gauge, time-orthogonal coordinates - the fastest growing adiabatic
fluctuations grow « a2 when they are larger than the horizon. When
they enter the horizon, however, the radiation and charged particles
begin to oscillate as an acoustic wave with constant amplitude
(later damped by photon diffusion for M< Mgjik), and the neutrinos
free stream away. As a result, the main source term for the growth
of Sépy disappears, and once the fluctuation is well inside the hori-
zon Spy grows only as (46), (48, pp. 56-59)

3a
§ « 14— (16)
DM ;)_aeq

until matter dominance (a= aeq); thereafter, Spy=a. Based on
Eq. (16), it has sometimes been erroneously remarked [also by the
present authors (38), alas] that there is only a factor of 2.5
growth in épy during the entire stagspansion regime, from horizon
crossing until matter dominance. There is actually a considerable
amount of growth in &py just after the fluctuation enters the
horizon, since d6DM/da is initially large and the photon and neu-
trino source terms for the growth of dark matter fluctuations do
not disappear instantaneously. (See reference 61 for details.)
This explains how (8§M/M)py can grow by a factor ~30 between Meq
and 109 Mg.

C. Galaxy Formation

When 8 reaches unity, nonlinear gravitational effects become
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important. The fluctuation separates from the Hubble expansion,
reaches a maximum radius, and then contracts to about half that
radius (for spherically symmetric fluctuations), at which point
the rapidly changing gravitational field has converted enough

energy from potential to kinetic for the virial relation <PE> =
_ 2<KE> to be satisfied. (For reviews see (63) and (48).)

Although small-mass fluctuations will be the first to go non-
linear in the cold DM picture, baryons will be inhibited by pres-
sure from falling into them if M<My pe What is more important
is that even for M>Mj ,b» the baryons will not be able to contract
further unless they can lose kinetic energy by radiation. With-
out such mass segregation between baryons and DM, the resulting
structures will be disrupted by virialization as fluctuations
that contain them go nonlinear (52). Moreover, successively
larger fluctuations will collapse relatively soon after one an-
other if they have masses in the flattest part of the &M/M spectrum,
i.e., (total) masss 10° Mg .

Gas of primordial composition (about 75% atomic hydrogen and
25% helium, by mass) cannot cool significantly unless it is first
heated to ~10“K, when it begins to ionize (65). Assuming a pri-
mordial Zeldovich spectrum and normalizing (49) so that

M r-8n7Y -1, (an

the smallest protogalaxies for which the gas is sufficiently
heated by virialization to radiate rapidly and contract have

Miot - 109M9 (65). One can also deduce an upper bound on galaxy
masses from the requirement that the cooling time be shorter than
the dynamical time (64); with the same assumptions as before, this
upper bound is Myg¢ s 1012M_ (65). It may be significant that this
is indeed the range of masses of ordinary galaxies. The collapse
of fluctuations of larger mass is expected in this picture to lead
to clusters of galaxies. Only the outer parts of the member galaxy
halos are stripped off; and the inner baryon cores continue to
contract, presumably until star formation halts dissipation (29). 6

D. Potential Problems with Cold DM

Dwarf galaxies with heavy DM halos are less of a problem in
the cold than in the hot or warm DM pictures. There is certainly
plenty of power in the cold DM fluctuation spectrum at small masses;
the problem is to get sufficient baryon cooling and avoid disrup-
tion. Perhaps dwarf spheroidals are relatively rare because most
suffered disruption.

The potentially serious difficulties for the cold and warm
DM pictures arise on very large scales, where galaxies are observed
to form filamentary superclusters with large voids between them
(23,24). These features have seemed to some authors to favor the
hot DM model, apparently for two main reasons: (1) it is thought
that formation of caustics of supercluster size by gravitational
collapse requires a fluctuation power spectrum sharply peaked at
the corresponding wavelength, and (2) the relatively low peculiar
velocities of galaxies in superclusters are seen as evidence for
the sort of dissipation expected in the baryonic shock in the
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"pancake" model. Recent work by Dekel (67) suggests, however,
that nondissipative collapse fits the observed features of super-
clusters. Results from N-body simulations with N~ 108 (54) will
soon show whether broad fluctuation spectra lead to filaments.

VII. SUMMARY AND REFLECTIONS

The hot, warm, and cold DM pictures are compared schematically
in Fig. 2. Although only very tentative conclusions can be drawn
on the basis of present information, it is our impression that the
hot DM model is in fairly serious trouble. Maybe that is mainly
because it has been the most intensively studied of the three pos-
sibilities considered here.

Probably the greatest theoretical uncertainly in all three
DM pictures concerns the relative roles of heredity vs. environ-
ment. For example, are elliptical galaxies found primarily in
regions of high galaxy density, and disk galaxies in lower density
regions, because such galaxies form after the regions have under-
gone a large-scale dissipative collapse which provides the appro-
priate initial conditions, as in the hot DM picture? Or is it
because disks form relatively late from infall of baryons in an
extended DM halo, which is disrupted or stripped in regions of
high galaxy density? An exciting aspect of the study of large
scale structure and DM is the remarkable recent increase in the
quality and quantity of relevant observational data, and the
promise of much more to come.

Perhaps even more remarkable is the fact that this data may
shed important light on the interactions of elementary particles
on very small scales. Fig. 3 is redrawn from a sketch by Shelley
Glashow which recently was reproduced in The New York Times
Magazine (68). Glashow uses the snake eating its tail - the uro-
boros, an ancient symbol associated with creation myths (69) -
to represent the idea that gravity may determine the structure of
the universe on both the largest and smallest scales. But there
is another fascinating aspect to this picture. There are left-
right connections across it: medium-small-to-medium-large, very-
small-to-very-large, etc. Not only does electromagnetism determine
structure from atoms to mountains (70), and the strong and weak
interactions control properties and compositions of stars and
solar systems. The dark matter, which is gravitationally domin-
ant on all scales larger than galaxy cores, may reflect fundamental
physics on still smaller scales. And if cosmic inflation is to
be believed, cosmological structure on scales even larger than
the present horizon arose from interactions on the seemingly
infinitesimal grand unification scale.
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FOOTNOTES

1.

This discussion is approximate. Since neutrino decoupling and
ete~ annihilation so nearly coincide, there is actually a little
heating of the neutrinos too (13).

It is also possible that the DM is heavy stable neutrinos with
mass 2 2 GeV, almost all of which would have annihilated (14).
This is a possible form of cold DM, discussed below.

In economic "stagflation', the economy stagnates but the econ-
omic yardstick inflates. The behavior of Spy during the 'stag-
spansion" era is analogous: &ppM= constant but a expanding.

We suggest here the term stagspansion rather than stagflation
for this phenomenon since it occurs during the ordinary expan-
sion (Friedmann) era rather than during a possible very early
"inflationary" (de Sitter) era.

One might worry that such a light particle could give rise to

a force that at short distances (10-°eV)~! ~2cm would be

much stronger than gravity. But because the axion is pseudo-
scalar, its nonrelativistic couplings to fermions are ~3 + B.
One calculates §p initially. In order to discuss mass fluctu-
ations it is more convenient to use 8M/M than 6p/p, the Fourier
transform of §, (49). Note that there is a simple relation-
ship between |ép/p£2 and |6k|2 only for a power law fluctua-
tion spectrum ]ékl « kD,

The model presented by Peebles at the Moriond conference dif-
fers from that sketched here mainly in Peebles' assumption

that there is sufficient cooling from molecular hydrogen for
baryon condensation to occur rapidly even on globular cluster
mass scales.
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Figure 3. Physics Uroboros (after Glashow (68)).
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COSMOLOGICAL NEUTRINOS AND THEIR DETECTION

Paul Langacker
Department of Physics, University of Pennsylvania
Philadelphia, Pennsylvania 19104, U.S.A.

The predictions of the standard cosmological model and its variations for
the cosmological relic neutrinos are discussed. It is shown that the detection
of the relic neutrinos could provide important information concerning (a) a pos-
sible anisotropic expansion in the early universe, (b) a possible large lepton
asymmetry of the present and early universes (which could only occur if the uni-
verse did not undergo a major inflationary period), and (c) the magnitude, nature
(Majorana or Dirac), and origin of the masses of the light neutrinos. In parti-
cular it is shown that if the lightest neutrino has a Majorana mass in the 10eV
range then for a large class of models any large initial lepton asymmetry would
have been reduced to a fixed point of order unity prior to nucleosynthesis. This
is precisely the range that would substantially modify the usual nucleosyathesis
scenario and therefore alter the standard limits on the number of neutrino fla-
vors and other sources of energy density and the determination of the baryon
density. Finally, the possibility of detecting the relic neutrinos is discussed.
In particular, it is shown that recent proposals to detect the neutrinos by their
coherent interaction with matter are incorrect. A general theorem is established
that the momentum, energy, and angular momentum transferred from the neutrinos to
a macroscopic or microscopic unpolarized detector vanishes to first order in the
weak interactions.
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The Standard Hot Big Bang Model

The major tests of the standard hot big bang cosmological model include the
Hubble expansion of distant galaxies (which is sensitive to the relatively late
period T < 10 °K when the galaxies formed), the T0 = 2.7°K: microwave radiation

(which probes back to the time of photon decoupling at TY“AOOO OK, t, ~b4 x lO5

-
yr), and the primordial nucleosynthesis of light elements (for which the relevant
event is the freeze-out of the neutron/proton ratio at Tn/ ~ 1 MeV, tn/ ~1 sec).
In addition, the standard model and its variations predict the existence of a sea

1)

of cosmological relic neutrinos™’ which, if they could be detected and studied,
could give a wealth of complementary information from the same period as primor-
dial nucleosynthesis.

In the standard model the neutrinos were kept in equilibrium in the early
universe by ordinary charged and neutral current scattering processes such as
va+<*va, e—a', v5++a5, etc. as long as the react;onsrate

2.2 3y Lt
Py =<ov>, n (D) ~ (Gor) (1)) ~ g Cp T W

exceeded the expansion rate

Rl L g kg
H—R T3 E:-l.66 g*T/mP (2)

In (1) and (2), <> denotes a thermal average at temperatures T, n = 1.2 g; TB/‘n2
is the density of target particles, R is the scale parameter, p is the energy den-
sity, m, = G_li =1.2 x lO19 GeV is the Planck mass, g, = gp + %gF and

g; = gy + % s where gB(gF) is the number of light boson (fermion) degrees of
freedom at T. For T 2 1 MeV, g, = g; = 10. Comparing (1) and (2) we see that

the neutrinos stayed in equilibrium until T dropped to a decoupling temperature

" a2 -1/3 _

T, = (G mp) = 1 MeV, (3)
which occurred at a time tD ~ 1 sec. after the big bang.

At the time of decoupling the phase space distribution functions F_ (p) for

the ith neutrino species were therefore given by the equilibrium functioﬁs

- = 1
Fv.(p) Feq(p,mi,uD Ty =

. i 7 2

p™ml -
exp * i +1
T

. D ()
\—)i(P) = Feq(P;mi; - MDi,TD)

where m, is the mass of vi and Hp is a possible chemical potential which distin-
guishes between vi and Gi' 1

For T<<T (t>>tD) the interaction rate was negligible compared to H. Hence
(in most models) these relic neutrinos should still exist in the present universe,

essentially undisturbed since tD except for a redshifting of their momenta by the



467
expansion of the universe.

If the universe expanded by a factor n = R(t )/R(t ) between\tD and the
present (t ) then an 1nd1v1dual neutrlno with 1n1t1a1 momentum p would be red-
shifted to a final momentum p p '/n. (An intuitive way to see this is to con-
sider a quantum mechanical particle with momentum 3 = ;h/ZR in a box of linear
dimension R, where the n, are integers. Clearly ;'+; = ;'/n as the box adiabatic
ally expands to size nR). The phase space volume element dT = d3xd3p/h3 is left
invariant by the expansion, so the phase space density Fvﬁp)of the decoupled neu-
trinos in the present universe is the same as that at tD,lexcept the equilibrium
form in (4) must be evaluated at the larger momentum ;' = ng-which redshifted in-

>
to p. That is

1
= 1
Fy;(P) = Fo (P ,mi,uDi,TD) -
\,p +m . — H

exp —————-——‘————-—-e;f = X +1 (5)

v

The last expression has been written in terms of rescaled effective variables
T 1/3
- D 4 . o, . -4

Tv =g (ll) T0 ~1.9K =1.7 x 10 * eV (6)

(T is smaller than the present photon temperature T

photons from e+e annihilation at T ~ 4 x 109 OK),

0 due to the reheating of the

_my T
Meff,i =2 =q, =2 N
n T
D

and

R
<

_Mpg
BT Ty D

. (8

—

Hence, the distributions maintain a thermal form with an effective "temperature"
Tv long after decoupling. Note that it is the effective mass meff,i = mi/n which
appears. Hence, if the neutrinos were relativistic at decoupling (m_<<T ) then
Fv is of relativistic form even if T <<1n , because there were no interactions
to reduce FV to a non-relativistic dlstrlbutlon. Also, the ratio E u /T of
effective chemlcal potential to temperature is constant for an adlabatlcally ex-
panding universe provided that lepton number Li is conserved (this is true before
decoupling as well).

In the standard model it is usually assumed that ]Ei|<<l. Assuming mi<<T

D
as well we therefore have

3

d 1 3
n = w5 = f Lp L . 50/cm . 9)
v, nvi h3  P/Ty,

For three flavors of neutrinos this implies a very large density nooe ~300/cm3 of

V's and V's. The average momentum and energy are

<p> = 3.2 T = 6.0 = 5.2 x 10 %ev (10a)
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<p>, m, << T
1

\'I
<E> =
my o, W > T Nt (10b)
and the corresponding average velocity is
1, m, - 0
<v} ~<p> . _s
¢ <E> 2x 10 7, m, ~ 30 ev (11)

If m, has a 30 eV mass the neutrinos are moving very slowly (even though F,, (p)
i i

has a relativistic form). The flux of neutrinos is

1013/cm2 - s, m, =0

3y ~ dg ~ n<v> Y
Voo 10%/en’ - s, m gz 30.eV (12)
The predicted flux for massless neutrinos is very large: ' it is comparable to the

2)

of solar neu-

6

flux of V's at reactors and much larger than the estimated flux

trinos (¢ 6 x 1010/cm2—s) or of high energy 8B neutrinos (¢ 3 x 10 cmz—s) pre-

sumably measured in the Davis experimentz). As we shall see, however, the ex-

tremely low energy of the neutrinos renders their detection incredibly difficult.
Before proceeding to variations on the standard model it should be commented

that if the neutrinos are massive then within the galaxy they would be speeded up

to typical speeds of v ~ 300 Km/s, implying enhancement of <p> and j of = 50.

gal
Such massive neutrinos could possibly provide the dark matter in galactic clus-
ters3) and could dominate the dynamics of the universe.A) Furthermore, if they

cluster on the scale of galagies then the local density in our galaxy could
be enhanced by as much as 10° (Fermi statistics allow n, as large as
- i
mi3 vgai/6W2ﬁ3 ~ 6 X lO7 (mi/30 eV)3cm 3). These issues are currently under in-

tense debate3) and will not be discussed further here.

It should also be remarked that there is one sensible models)

(An which the
neutrinos have a Majorana mass generated by a Higgs triplet) in which the neu-
trinos annihilated6) into Majorons (massless Goldstone bosons associated with
the spontaneous violation of lepton number) at T < m,, SO0 that there would be no
neutrinos in the present universe.

I now turn to two variations on the standard cosmological model.
Lepton Asymmetric Cosmologies

A possible asymmetry between neutrinos and antineutrinos enhances the num-
ber density and average neutrino momentum. From (5) the neutrino energy density
7

for m << T_ is
Vi Y

2
oo owfrL a5 2 15 L4
Py, v 05 =15 T, [8+ 78 AEi] , (13)
i i 4T 8T

where Ei = ui/Tv is constant for an adiabatically expanding universe if i-type

lepton number is conserved. Similarly, the lepton asymmetry is
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n_-n4+n, - n= n, - n- 3
ey e AY v \Y v T
_ 1 1 i i i i 2f v 1 3
L, = = =3l (& += &, (14
i nY nY 3 TY i g2 1) )
For large |£i|, (13) and (14) reduce to the usual formulas for a degenerate Fermi

8)

gas. It is usually assumed that the lepton asymmetry is negligibly small. This
would be expected in most grand unified theories because the lepton number violat-
ing interactions would first reduce any initial asymmetry to zero and then create
a new asymmetry comparable to the baryon asymmetry nB/nY ~10_10. However, Harvey
and Kolbg) have shown that it is possible to have large asymmetries subsequent to
the GUT epoch if (a) there is a large initial asymmetry in Lj or some related
quantity and (b) there is an approximately conserved quantum number. Realistic

cosmologieslo’ll) 12)

allow |Li| > 0(1). Inflationary models predict |Li| «<1
because any large asymmetries will be diluted to negligible levels during the in-
flationary phase. Subsequent reheating should produce small Li comparable to
n.B/nY.

Linde

13)

has pointed out a very interesting feature of lepton asymmetric
cosmologies. In most field theories (excepting some with complicated Higgs struc-
tures) broken symmetries are restored at sufficiently high temperatures, i.e. the
effective vacuum expectation value (VEV) v(T) = <¢>T of a Higgs field ¢ goes to
zero for T >> v(0) because of the positive interaction energy between ¢ and the
plasma of gauge and Higgs fields at temperature T. However, Linde argued that a
large lepton asymmetry L would prevent symmetry restoration. In fact,

v(L,T) = <¢>L’T actually grows linearly in T for T >> v(0) if |L| is larger than
a critical value LC of order unity. This is due to a negative energy associated
with the interaction of ¢ with the asymmetric neutrinos (mediated by Z's). The
behavior of v(L,T)2/T2 as a function of L2 is shown in Figure 1.

Segré, Soni, and 110,14) have recently considered the role of a Majorana
(lepton number violating) neutrino mass in reducing a possible large initial lep-
ton asymmetry prior to nucleosynthesis (where a lepton asymmetry would play a
significant role, as described below). The idea is that a Majorana mass term
violates lepton number by two units. There is therefore an amplitude « m\“/E\J for
a neutrino to be changed into an antineutrino or positron in a neutral or charged
current scattering process.

In the early universe an initial asymmetry would therefore be reduced at a

rate
EE;-= ~ 2n L, <vo> (15)
dt a’i ’

where n, is the density of target particles and <v0> = a gé mv?/Té, with

a = 10_2-10_3. m_ is presumably produced by some sort of Higés mechanism and is

Vs
i
therefore itself a function of L = I L, and T. We have studied two particular
i
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Figure 1. v(L,T)Z/T2 as a function of L2 for T>>v(0). It is seen that v # 0
for |L| >L . o, Bs and LC are model dependent, but typically of order unity.
In the SUy x U; model, L ~ 2.3 (1 + A/2.8e2)%, where A is the quartic Higgs
coupling.

models in detail: (a) the triplet modells) in which m,, (L,T) = Hiv(L,T);
i

v(L,T) = <X°>L T is the VEV of the neutral member of a Higgs triplet and Hi is
’
the Yukawa coupling in the interaction L = Hilili X+ of X to the lepton doublet

Zi = (vi,e_i)L. +If there is no explicit lepton number violation in the model
(e.g. from a $¢X coupling, where ¢ is the Higgs doublet) then L violation is
spontaneous and the theory involves a Goldstone boson (Majoron) M which couples
mainly to neutrinos. (b) The other model is the singlet modellﬁ), in which one
introduces an SU2 X Ul singlet neutrino field N with a very large Majorana mass
My. Then the ordinary doublet neutrino acquires a small Majorana mass
mvi (L,T) = hi v(L,T)Z/MN, where v(L,T) is the VEV of the ordinary Higgs doublet
¢$© and h. is the Yukawa coupling between v‘L and N .
We therefore have that the rate of erasure of L is proportional to v(L,T)2
or v(L, T) , where v(L,T) is the relevant VEV for the triplet or singlet model,
respectively. One would normally expect v(L,T) and hence mvi(L,T) to be small or
zero at high temperature so that dL,/dT is unimportant. However, we have seen
(Figure 1) that this is not the case for L = ZL > Lc'
10 that for a wide class of large initial asymmetries in both

-0

We have shown
models the asymmetries are reduced to a fixed point Ll - L and L2 3,...
for T >> MW where the neutrino species are labeled by mv (0) <m, <m, (0).
This is because the asymmetries in the more massive spec1es are reduced most

rapidly so that eventually only Ll remains. Ll is then reduced to Lc at which
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point the mechanism turns itself off (i.e. v = 0)., The asymmetries then remain

constant until 1‘<<Mw. Then L; is diluted to = LC/IO due to the production of

additional photons from qa and u+u_ annihilation. It is this value that is rele-
vant to nucleosynthesis. In the singlet model, the final value of L; ranges from

0.23 to 1.0 as the quartic Higgs coupling A(Higgs mass mH) varies from )\<<e2
(mH ~ 10 GeV) to X\ = 81n/3 (mH ~ 1 TeV). In the triplet model, L

1 depends on un-
known Higgs parameters, but is typically of order unity.

The behavior of L; as a function of T-l is shown for the two models in

Figure 2. Two additional events occur after nucleosynthesis in the triplet model:

t | (a)
. ERASURE
I—I R /
| | L_
| 1 / 1
LoL b NUCLEOSYNTHESIS
¢ L/':' Lo / ERASURE
L owumion AWMM
C
E l“‘ o l I ! |/

|
_1 - - - -
Tl T My (1 Mev)! \_1 m, !
vy T
L; | (b) ERASURE

D DILUTION
\

| / b

L2 NUCLEOSYNTHESIS
Le O™ - /
TO— S | !

T | T My (1Mev)
L T

Figure 2, The lepton asymmetries as a function of 11 in the triplet (top) and
singlet (bottom) models.
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(i) The asymmetry is driven to zero by vw-+M~ GG, where M is the Majoron, for
T < vX(O). (ii) Neutrinos disappearG) entirely due to vv + MM for T < mv(O).

Anisotropic Cosmologies

17)

The relic neutrinos can in principle be used to limit the possible aniso-
tropy in the expansion of the universe between neutrino decoupling at TD ~ 1 MeV
and photon decoupling at TY ~ 4000°K. (The approximate isotropy of the microwave
radiation to one point in 103 rules out any significant anisotropy subsequent to
TY)' Prior to TD the neutrino distribution F\J.1 would have been maintained in
the isotropic equilibrium form (5) by collisions even if the universe were ex-
panding anisotropically. 1If, for example, the universe expanded by a factor
ng = Ri(to)/Ri(tD) in the ith rectangular direction between decoupling and the
present then the present distribution is easily computed to be (for |€i|<< 1,
<<

b TD)F ® = L .

T el eyt + 1,0t v e T L (16)

= 1/3 - 1/3
where Tv = TD/(nln2ﬂ3) and where the parameters Y; = ni/(nlnan) measure
the anisotropy of the expansion. Since Y1Y2Y2 = 1 one still has the number den-
sities n, = n= = 50/cm3 (these would be reduced if the decay of the anisotropic

Vi Vi
18)).

1 i
shear created extra photons However, the neutrino momentum distribution

would be anisotropic. More important, the average neutrino energy (for m, = 0)
would be increased from (10a) by a factor of order Y_% , where y . is the
min min
smaller of Yl’ Y2, and Y3.
Limits on Ymin from the relic neutrinos will be discussed below. Other
possible implications of anisotropy are the creation of entropy and particles

18), galaxy formationlg)
20)

by dissipation , a modification of the baryosynthesis

scenario in GUTs , and a modification of nucleosynthesis (the anisotropic shear

energy raises the helium abundance but the anisotropy in the neutrino distribu-

21) . 22)

tion decreases it Anisotropy may also lead to fine tuning problems to

avoid modes in which the anisotropy grows. A substantial inflationary phase

23) and there-

23)

prior to decoupling would destroy a moderate preexisting anisotropy

fore imply Yi = 1, while large initial anisotropies present inflation

Limits and Detection Possibilities

We have seen that a direct study of the relic neutrinos could provide a
great deal of information relevant to both particle physics and cosmology. We
will now see, however, that the prospects for such a direct detection are ex-

tremely discouraging.

Astrophysical Limits

There are several types of indirect astrophysical limits on the properties

24)

of the relic neutrinos. Many authors have considered the scattering of high
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energy cosmic rays of energy E = Ymp by the relic neutrinos, which in principle

can distort the primary cosmic ray spectrum and also produce high energy scatter-

ed neutrinos. However, the cross section (for EVL < m)
2 2 s6 2 [Eu)?
g~ GF E\)L=10 cm Tev N 7

where

- P p <<
Y P, (1= p,P,) 5 m <<p,
VL

Y om, » Py <<y (18)

is the neutrino energy in the proton rest frame, is much too small to yield in-

teresting results unless there are enormous deviations from the standard model.
4 18
24) that a 10" "eV proton

could have suffered no more than 14 collisions in 50 million years one find&J’ZA)

Using the order of magnitude criterion of Cowsik,et al

the weak limits

1.4 x 104, m =0
Vi
lg; | <
160 »my =30 eV (19)
i
for the lepton asymmetry, and
Y . >5x 107, (<E> <100 KeV) (20)
min

24)

for the anisotropic expansion between T_ and TY. Weiler has recently made the

D
interesting suggestion that if the neutrinos have a mass in the 30 eV range then

the resonant process W -+ Z could lead to a dip in the spectrum of very high

11+1

energy (E ~ 10 GeV) primary neutrinos. However, such an effect would only be

measurable if the (unknown) primary v flux was enormous (several orders of mag-

nitude larger than the proton flux at comparable energies).

5)

Clarke, et al.2 have discussed the very tiny optical activity for radio

waves in intergalactic space induced by the relic neutrinos.
More stringent limits can be obtained from the requirement that the neutrino

26)

energy density Py not exceed the upper limit [ < 8 x 10_29gm/cm3 of the pre-

sent universe. For massness non-degenerate neutrinos this is easily satisfied.

One has
2
_In 4 _ -6
Dv = T5x16 Tv g = 4x10 P, (21)
g=6
where g is the number of neutrino helicity states. For massive non-degenerate
neutrin0527), on the other hand,
Po
oy = 2 nv.z ™, T %00 eV z mv, (22)
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so that the sum of the masses of the light stable neutrinos cannot exceed 400 eV.

(A comparable but independent estimate on va' is obtainedzs) from the require-
i
ment that neutrino friction not damp peculiar galactic motions.) Similarly, for
massless degenerate neutrinos one haszg’BO)
1/4

2 g/ ] 80 (23)

while for m, = (20-30) eV,
Vi
legl <6 (24)

30)

The latter limit can be strengthened to [Eil <3-4 by various considerations

concerning galaxy formation. Finally, one hasl ) the limit

> =6 (<E> <
Ymin 4 x 10 (<E 400 eV)
on anisotropy from the present energy density. This limit can be considerably
strengthenedl7’22) by the observation that the universe has expanded isotropical-

. . [ . . .
ly since photon decoupling at TY ~ 4000°K. Hence, the neutrinos, with their
anisotropic momentum distribution, should not have dominated the universe at TY,

implying
4 3

T T
- X g
Py = O T\T| < Praccer(y © po(To) , (25)
so that

Y . >6x 107 (<E><0.085 eV ~ 107 °k
min

K) (26)

Finally, one has the constraint of primordial nucleosynthesisSl’l). The
. . cyars - = + .
neutron to proton ratio was kept in equilibrium by ven-ﬁ*e P, ve p¥*e n until

they froze out at the value

nn (mn—m )
—_ = exp 4 - -2 P 4 3
n T v (27)
p/T D e
D
Most of the neutrons were eventually incorporated into HeA. For &v = 0 the He4

abundance is correctly predicted and the D abundance (which depends more sensi-
tively on the baryon abundance) leads to the precise. determination nB/nY =
4+ 1) x 1010,

where QN is the ratio of baryon density to critical density. Furthermore, extra

This implies a low baryon density universe with 0.01<1QN< 0.1,

sources of energy density would speed up the expansion leading to more He (be-
cause of a higher TD and less B decay). Hence, one obtains the limits Nv <4 on

the number of light neutrino flavors, on the monopole density, etc.

Many authorsBZ) have considered the modifications due to lepton asymmetries.
€, >0 decreases the n/p ratio and the abundance of He® while [EV [, |EV | #0
e
can increase the amount of He4 because of the speedup. David and Reeves 31) in

particular have shown that these effects can be balanced: &,, as large as 0(1)
e
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can be tolerated provided it is compensated by extra energy density, which can
be provided by extra neutrino flavors, magnetic monopoles, anisotropic shear, or
|Ei| (i =y, T) in the range 0-100. The required QN increases to 0(1l) as EVe
increases. Hence, the usual successful predictions of nucleosynthesis and the
constraints derived from it would be lost if E were of order unity. Note that
this is precisely the fixed point range that would be obtained from a large ini-

10)

tial asymmetry if ve were the lightest (Majorana) neutrino.

Laboratory Limits
In order to test the various ideas described above, it would clearly be ex-
tremely useful to be able to directly detect and study the relic neutrinos.

Unfortunately, this appears to be extremely difficult if not impossible.

Conventional Scattering

The cross section for elastic scattering of a relic neutrino is

-62 2
9 oy 10 cm, m, = 0
v F v -53 2

10 em”, m, = 30 eV (28)

which is hopelessly small because of the small value of Ev. One can achieve en-

33)

. . . co 2,2
hanced cross sections for (exothermic) induced B transitions of order GF A
where A is the energy release. However, one finds that the absolute transition

2 Az) and/or the ratio of signal to background from spontaneous decay

rate O(Jv G T

F

with rate ~ GF AS) is always extremely tiny. As emphasized by Weinberg , the

most prominent effects are modifications of the electron spectrum near the end-

34)

point on the Kurie plot. For example, one has the limit |uv | < 60 eV from
tritium B decay (for My < 0 the spectrum would be cut off 'Uv |ebelow the end-
point because the U lesels are filled; for Uy, >0 the inversg reaction
v H3 hd e_He3 will produce electrons with energies up to u above the endpoint,
in apparent violation of energy conservation), which is far less stringent than
the cosmological limits on uv. Similarly, anisotropy produces no significant
effect on the B spectruml7). If the electron neutrino has a mass in the 30 eV
range then the inverse reaction would produce a peak m, above the endpoint. This
would be a very dramatic signature, but even assuming that the neutrinos are
clustered with density 107cm_3 in the galaxy, one would need an enormous source
of around a mole (105Ci) of tritium to obtain a significant event rate of several
hundred/day.33) This is to be compared with sources = 10_3Ci typical of existing
experiments and would imply a background rate for spontaneous decay of = lOZOIday.
Another possibility is to look for the scattering of high energy protons
from an accelerator from the neutrinos in an evacuated pipe of length 2. However,

the probability of scattering per proton is only (for £ = 100 m, Ep = 10 TeV)
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2 —48

E
= -~ 2 2
P =g B ~
nvl GF (mp) Ev nvl

[
o
-
=]
1
[=

30 eV

=]
H

(29)

7 -3 .
where n, = 10°cm ~ was taken for the massive case.

This is hopelessly small, even ignoring practical difficulties from residual gas
and from the tiny deflection of the elastically scattered proton.

Coherent Scattering

35-38) {hat the relic neutrinos could be

There have been several suggestions
detected by their coherent interaction with matter.

The basic idea is to think of a low energy neutrino passing through matter
as a wave with wavelength A=h/p ~ 2.4 mm. Since A is large compared to the in-
teratomic spacing the effect of the medium can be described by introducing an
index of refraction n in the free field equation for the propagation of the neu-
trino wave. If )\ is also small compared to the size of the scatterer, so that
diffraction can be ignored, one can describe the propagation of a neutrino "ray"
through matter by geometrical optics.

The index of refraction for v(V) is given (for small n-1) by

_m a _
nv,v 1 = p2 g n, fv’v (0) (30)

where n, is the number density of scatterers of type a and fs(O) (f%(O)) is the

forward scattering amplitude for va (va) elastic scattering. For the SU, x U

39) 2 1
model, for example, one has for an iron target
¥23x109 . m =0
- -1 = Ve
V_,V - -6 _
e’’e + 6.6 x 10 > m, = 30 eV (31)
and €
+3.1x 10720, m, =0
nv.’v.—l = - i
1 + 8.9 x 10 > m, = 30 ev , (32)

i
where i = u or T.

Several experiments have been proposed to measure the energy, momentum, or
angular momentum transferred from the neutrino sea to a macroscopic target due to
the refractive bending of a neutrino ray as it passes through the target or the
total external reflection that might be expected for neutrinos incident on a sur-
face with angle (with respect to the plane) 6<6.= V2(1-n) (for n<l). It was

claimed that such effects exist to first order in n-1 (i.e. first order in GF)
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and that they could be detected by devices not too much more sensitive than gra-

35)

vity wave detectors. Unfortunately, however, all but one
39,40)

of these proposals

is incorrect 39;41)_

and the one exception is probably immeasurably small
Rather than discuss the details and problems with the individual proposals, I
will simply quote a general no-go theorem proved by Cabibbo and Maianiao) for
special cases of massive neutrinos and independently in the general case by

Leveille, Sheiman, and myself:39)

If the time average of the neutrino flux is
spatially homogeneous over the extent of the detector (which is expected for cos-
mological neutrinos) then to first order in the weak coupling the energy and
momentum transfer to any microscopic or macroscopic target is zero.Az) No
assumption is needed concerning the isotropy of the neutrino flux. This theorem
invalidates the proposals in Ref. 36-38 (see 39 for a discussion of the specific
problems in each proposal). These results hold to first order in GF’ which is

a good approximation as long as the detector size a is small compared with the

optical free path

7
10" m > W, = 0

A
a < ~:I =
n 300m , m, =30 eV. (33)

This is the case for feasible laboratory detectors. (Effects of O(GFZ) are
expected to be immeasurably small.)

Similarly, the theorem states that the angular momentum transfer is zero
unless i) the target has a non-zero polarization or current density; ii) there
is a neutrino-antineutrino asymmetry, and iii) the neutrino flux is anistropic.
For example, if conditions (ii) and (iii) are satisfied there can be a net torque

on an electron or ferromagnet. This reproduces an old result obtained in a some-

35)

what different way by Stodolsky. However, for neutrino parameters consistent

39,41)

with the astrophysical bounds the effect is incredibly tiny For example,

if the anisotropy is due to a motion of the target with speed ve/c ~ LLO_3

through the rest frame of the neutrino sea (this is consistent with the aniso-
tropy in the microwave photons and the typical motions of galaxies) and if the
lepton asymmetries are of order unity, then the energy difference between an

38

electron polarized parallel or antiparallel to ve is of order 10 eV, which is

8 eV B(Gauss). (For a ferro-

tiny compared to magnetic energy differences = 10~
magnetic, both signal and background are enhanced by the total number of

polarized electrons.)

Summary and Conclusions
The standard hot big bang model predicts a large density (300 cm_3) of very

aeV) relic neutrinos left from the first second of the

low momentum (<p>~5 x 10~
big bang. These neutrinos, if massive, could well control the dynamics of gal-

axies, clusters, and the universe as a whole. Their detection and study could
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provide a useful verification of these ideas and could yield useful constraints
on anisotropy, the existence of inflationary phases in the early universe, a
possible lepton asymmetry, and on the value, nature (Majorana or Dirac) and
origin of possible neutrino masses. In particular, if the neutrino has a
Majorana mass in the 10 eV range then for a large class of models large initial
asymmetries would be reduced to a fixed point of order unity prior to nucleosyn-
thesis. 1In this case the usual limits on the baryon density of the universe and
on the number of light neutrino species and other sources of energy would be lost.
Unfortunately, direct detection of the relic neutrinos to test these ideas
appears to be virtually impossible. Their low energy makes detection via con-
ventional scattering extremely unlikely. A general no-go theorem establishes
that the coherent interaction of the neutrinos with matter vanishes to order GF

in almost all cases, and the one exception appears to be hopelessly small.
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1. INTRODUCTION )
In the opening talk of this meeting1 , G. Kane defined *the

minimal standard model" to be:

a) Three generations of quarks and leptons;
b) Massless neutrinos;

c) SU(3)colour X SU(Z)L gauge theory;

d) One neutral Higgs boson; and

e) CP violation solely in the mass matrix.

Reaching this point has been the tremendous achievement of the past
decade. We have witnessed the discoveries of charm and the third
generation, the discovery of neutral currents and the detailed
confirmation of SU(2)L X U(l), and the discovery of asymptotic
freedom and the development of QCD and its experimental tests. 1In spite
of these achievements, the resulting standard model is not entirely
esthetically pleasing. It lacks a coherence which would explain its
varied form and parameters; as a result, I would wager that none of us

here believes that it represents the end of physics.

Our experimental activities fall into three general categories. The
first is searching for evidence of physics beyond the minimal standard
model. At the moment, we have no solid evidence, in the sense of a
confirmed experiment, of any such physics. The first such evidence,
whenever we obtain it, will undoubtedly be an important clue to what lies
ahead. Thus, it is appropriate that we spend an appreciable part of our
time and resources searching for it, even though the chance of success for

any single experiment may be small.

Our searches are often motivated by the theoretical ideas we have
heard discussed at this meeting -- grand unified theories, supersymmetry,
composite models, among others. Often, however, we are motivated only by
a sense of "pourquoi pas?" -- it could exist; let us look for it. 1In
this spirit, we search for extended gauge group structures, extended Higgs

sectors, and extra quarks and leptons.

The second category of experimental activity is testing the standard
model. In this regard, it is important to remember that there are four
particles which are required by the standard model but which have not yet
been fully confirmed. The W and the Z have masses which are specified by

the model, and we now have some evidence for both. As we will discuss in
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a few minutes, the evidence is rather direct for the W, but considerably
less direct for the Z. The masses of the other two particles, the t quark
and the Higgs boson, are not specified by the model, and for these two
particles we have no evidence whatsoever. The existence of a single
neutral Higgs boson is the weakest point of the standard model; thus its
discovery would be of tremendous importance because it would put important

constraints on the physics beyond the standard model.

Finally, the third category of experimental activity is making
detailed measurements within this standard model. For want of a better
name we can call this "spectroscopy”. Some of these measurements are
clearly fundamental, such as the measurement of the Kobayashi-Maskawa
mixing angles. Others are apparently less so, involving detailed
structure controlled by non-perturbative QCD. But taken in total these

measurements provide the building blocks of our knowledge.

These three categories do not always have clear boundaries. It is
clear that if one performs a test of the standard model and the test
fails, one has found evidence for physics beyond the standard model. And
many times in the history of physics a routine measurement has uncovered a
surprise which has led to a new level of understanding. Nevertheless, I
will use these three categories to organize the contributions to this

meeting.

. SEARCHES FOR PHYSICS BEYOND THE STANDARD MODEL

2.1 Monopole catalysis of proton decay

These are only two major windows to the energy scale of physics
required by the theories of grand unification -- magnetic monopoles and
proton decay. We have heard discussed at this meeting the marvelous
suggestionz) that perhaps both could be seen in the same experiment,
and, furthermore, that perhaps this would be the best way to see both

phenomena.

Perhaps the suggestion is too good to be true, for we have also seen
the impressive result from the Irvine-Michigan-Brookhaven (IMB) proton
decay experiment that, in 80 days of running with a detector of effective
area 340 m> (about a tenth of a football field), no candidates for
successive proton decays were seena). With the most optimistic cross
section assumptions, this result sets an upper limit on the magnetic

monopole flux of 6 X 10—15 em © ostrt s-l, a limit which approaches the
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Parker bound of about 10 *° cm ? str™ s™', an upper limit to magnetic

monopole fluxes obtained from astrophysical considerations‘)

2.2 Other searches for monopoles

This subject has been beautifully reviewed by B. Barrish at this
meetingS), and there is nothing useful that I can add to his talk.
Let me only underline his statement that there are no experiments which
are sensitive at the level of the Parker bound. If we are going to search
seriously for magnetic monopoles, then we may have to consider detectors
the size of football fields.

2.3 Searches for proton decay

The major new development in these searches was the report to this
meeting of the first results from the IMB experiment‘). The
experimenters have analysed 80 days of running with a 3300 ton fiducial
volume for the e'w’ and u+K° modes. They find no candidates for the
e+ﬂ° mode, yielding a lifetime divided by branching ratio of t/B > 6.5 X
x 10°? yr. There is one candidate for the u+K° mode. The significance of
this is not that there is one candidate (for, indeed, no evidence was
presented to indicate that this event was not due to backgrounds), but

that there is only one candidate.
I have three comments to make at this stage:

1) The IMB experiment seems to work well.

2) From the first results, it is clear that protons do not decay as
readily as some had hoped. It would seem imprudent to build any
future detectors with fiducial masses less than 1000 tons, because no
matter how powerful they might be, they simply would not have the
rate to be effective.

3) It is too early to say anything more. Regardless of the results of
the IMB experiment, we will need fine-grained detectors such as the

one being planned for the Fréjus tunnel’).

2.4 Searches for supersymmetric particles

Supersymmetry is an elegant theoretical ideao), but one which is

somewhat frustrating for experimenters for two reasons:
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1) There are no solid predictions. The theory has a large number of
branch points which allow the creation of an endless number of
models. No experimental results can eliminate the theory; the most
they can do (other than discover supersymmetric particles) is to

limit the possible models.

2) The presently accessible energies are probably too low to detect

these particles.

Nonetheless, there has been a large effort to search for these
particles. Above threshold, scalar leptons would be copiously produced in
e+e— annihilation and be easily recognized. Searches for these
particles give lower limits for their masses just slightly lower than the
available beam energies, around 16 to 17 GeV 9). We have also heard
negative results on searches for massive, unstable photinos in ete”
annihilations’), and for gluinos in neutrino beam dump

. 10,11)
experiments .

2.5 Searches for fundamental scalars

Charged fundamental scalars, either charged Higgs bosons or technicoloured

pseudo-Goldstone bosons, would be produced in a predictable way in e+e_

12)

annihilations. Despite the criticism we have heard at this meeting
there have been reasonable searches for these particles°) which set lower

limits on the mass at about 13 GeV.

2.6 Search for right-handed currents in muon decay

Many people commented to me that they felt the highlight of the meeting was
the report of the beautiful experiment of the Berkeley-Northwestern-TRIUMF
COllaborationla). I have no argument with this assessment. By measuring
the polarization of muon decay, this experiment has set an upper limit on
(1 - EPuS/p), which is zero in the absence of right-handed currents,
of 0.0041. This increases the previous lower bound on the mass of a

right-handed W from 220 GeV to 380 GeV.

2.7 Searches for neutrino oscillations

Progress reports were given on searches for neutrino oscillations which
have been done or are underway at Fermilabld) and CERNIS). These
searches are looking primarily for "v“ disappearance"”, that is, an

oscillation of uu into any other form. There are presently no
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limits on vu disappearance. These experiments together will be
sensitive to mass squared differences in the entire range between
0.3 eV’ and 1000 ev”.

2.8 Neutrino beam dump experiments

The outstanding anomaly in the beam dump experiments is the ratio of
prompt ve to prompt vu. All known sources of prompt neutrinos
would give a value of this ratio close to unity. The results of three
CERN experiments (all in the same beam line) gave values of ve/“v ranging
from 0.49 to 0.64 with typical errors of 0.2 16). The latest results from the
Fermilab beam dump experiment which were reported to this meeting give a
ratio of 1.29 + 0.21 *'’. Thus, there is a discrepancy of three
standard deviations in the combined errors between CERN and Fermilab. The
only thing we can do is wait for the results of latest round of beam dump
experiments from CERN, which should be ready this summer, to see if we

still have an anomaly.

2.9 Other searches

There were a fair number of other searches for physics beyond the
standard model which I do not have time to review here. The total extent
of our efforts on all these searches is impressive, and, as I said at the

outset, quite appropriate.

3. TESTS OF THE STANDARD MODEL

3.1 The W discovery

It appears unavoidable to me that there is some particle being pro-
duced in the CERN pB collision which has a mass of around 80 GeV or more
and whose decay produces an electron and missing energy. I have taken the
liberty of combining the UAl 17) and UA2 1e) data for events with
an isolated electron and missing transverse momentum as a function of the

electron's transverse momentum. The data are shown in Fig. 1.

Both experiments have a similar analysis chain with a cut at 15
GeV/c, but no bias beyond that point. The data do not pile up against the
cut, as would be expected for any reasonable background, but rather peak
between 35 and 40 GeV/c.

Since these data show the expected signature of the W, it is logical
to make this assignment. However, on the basis of the present meager data

other explanations are probably not excluded.
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Fig. 1 Electron transverse momentum for events
with an isolated electron and missing energy
in the combined UAl and UA2 data.

In particular there is one UAl event which has the wrong asymmetry

for a W decay. There are three possibilities:

1) It is a background event (10% confidence level, i.e. the number

of background events in the sample is expected to be of the order of 0.1).

2) It is an unusual W decay (10% confidence level, i.e. it is ten

times more likely to have the opposite asymmetry).

3) It is something interesting (there is no way to estimate a
confidence level on the unknown).

In any case we look forward to the large increase in data expected by

this summer.

If there has been a surprise in the pp running so far, it is that the
data are very clean at high transverse momentum. Jets are unambiguous and
one does not need complicated algorithms to count them. This bodes well

for the future of high-energy pp physics.

3.2 Neutral currents in e'e annihilation

The best way to see the effect of weak neutral currents in present
energy e*e” annihilation data is in the backward-forward asymmetry in

u pair production. This asymmetry is proportional to s/(1 - s/m:).
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Thus, at sufficiently high s and sufficiently high precision one is
sensitive to the Z mass. The combined results of five PETRA experiments
measure this asymmetry to be (-11.3 % 1.3)% and set limits on the 2
mass: 55 < mz < 110 GeV 9). Thus, in some sense, one can claim to

have seen evidence for the Z, albeit with rather poor mass resolution.

At this meeting we have heard reported the first measurement of the
neutral current coupling to the ¢ quark by a measurement of the asymmetry
in the angular distribution of D* production’). The TASSO result
gives 5: = 0.89 * 0.44.

3.3 Neutral currents in v scattering

The only comment I have here is to underline arguments that were put

19)

forth at the recent CERN Workshop on SPS Fixed-Target Physics At

present the most precise measurements of sinz ew come from neutral
current v interactions. 1In the future one will be able to measure the 2
mass to about 100 MeV which will give sin® ew to a precision of

better than 0.001, subject, however, to weak radiative corrections of
about 0.02. These weak radiative corrections will be our first look at
weak interactions beyond the Born approximation. To measure the
radiative correction we need an independent determination of sin® 9H to a
precision of at least 0.005, a value which is factors of 8 and 3 below
that now obtainable from v e scattering and from v N scattering,
respectively. In the former case there are no theoretical uncertainties
and the present experiments are limited by statistics; in the latter case
hadronic corrections have to be understood. The question is whether

either or both measurements can be improved to the required accuracy.

3.4 1 lifetime

The Mark II measurementzo)

which sets bounds on the t coupling to the
charged weak current, 51/59 = 0.92 * 0.12, is the last of a long series of
measurements on the t lepton which appear to rule out the possibility that
the 1 is anything other than a sequential lepton with its associated

. . . . 21)
neutrino coupling in a universal way to the weak current .

4. SPECTROSCOPY
4.1 The EMC effect

The biggest physics surprise in the past year has been the discovery

by the European Muon Collaboration at CERN that structure functions
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measured in iron differ significantly from those measured in deuteriumzz).

At this meeting we have heard a delightful report from Bodekl‘) which
showed that decade-o0ld SLAC empty-target data confirm this effect and even
might clear up an old mystery as to why shadowing disappears so quickly

with q2 in electroproductionza).

The data from these two experiments seem clear and convincing. What
are the consequences? There are two basic reasons for studying deep
inelastic scattering. One is to study the qz development of QCD.

This can be done just as well in iron as on free nucleons, so for this
purpose the EMC effect is unimportant. The second reason, however, is to
measure the parton distributions in protons and neutrons. It is now clear
that for this purpose measurements in iron distort these distributions at
the 15% level.

There has been a great deal of enthusiasm voiced at this meeting for
systematic programs to measure parton distributions in nuclei. This
should be recognized, however, as the study of a (probably quite
interesting) nuclear physics question, rather than anything fundamental in
elementary particle physics. If one is going to be serious about studying
this effect, then it would be useful to have a detailed measurement of
vd interactions, since it is only through neutrino interactions that one

can separate valence and sea quark contributions.

4.2 Search for gluonium states

The radiative decays of heavy charmonium states such as the ¢ or
the Y are presumably among the best places to search for gluonium states
because the decay results in two gluons in a colour-singlet state of
variable mass. Searches were made for ¢ decays into a photon and a
resonance. In addition to the expected resonances such as the n, n°',
and f, two surprises were found, the 1(1440) 24)
e(1670) 2%

measure or set upper limits on other decay modes of these resonances

decaying into KKw and the
decaying into nn. Since then there have been attempts to

26,27)

At this meeting we have had a report from DCI setting an upper limit of

B(y > y8)+B(8 2 py) < 8 X 10 ° at the 99% confidence leve1?®).

A clear picture of the identity of these particles has not yet
emerged. Part of the problem is that there is no quantum number which

defines a gluonium state; in genmeral it will mix with qq and qqqq
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states. Furthermore, hadronic states in this mass region are wide, and in
any given final state at any given mass it is likely that there will be

several overlapping states.

What is needed is a more systematic and detailed study with
considerably more data than we have now. With detectors such as the Mark

III at SPEAR this can be done. The question is will it?

4.3 Heavy quark fragmentation

Progress has been made recently on measuring heavy quark
fragmentation functions, that is, answering the question "How much of the
energy of a heavy quark does the weakly decaying heavy meson carry?" The
charmed quark fragmentation function has been measured directly by
9:20,29)  1po data from the

three high-energy experiments are plotted in Fig. 2.

X4
reconstructing exclusive D decays

The fractional cross section, (1/0) do/dz, is used to eliminate
differences in normalizations and branching fraction assumptions among the
three experiments. The results show that the charm fragmentation function

is fairly hard, with an average z of about 0.6.

The Mark II experiment has measured the bottom quark fragmentation by
statistically separating electrons from b decay from those from c decay
and backgroundSZO). The result is an even harder fragmentation

function for b quarks with an average z of about 0.75.
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Fig. 2 The fractional cross section for p*+ production
as a function of z = 2Ep*/vs.
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4.4 Lifetime

The Mark II has measured the D° lifetime to be (3.772'> £1.0) x
x 107 s, based on a sample of seven high-z reconstructed.D*+ decays.
The importance of this result is that it demonstrates that it is possible
for e+e_ storage rings to compete in this field. With the additional
data which will be available soon we can expect higher statistics on the

D° lifetime as well as measurements of the D' and B lifetimes.

4.5 bb spectroscopy

At this meeting we have seen very beautiful single photon spectra
from Y(2s) and Y(3s) decays from the CUSB experimentao). Although the
individual transitions have not been separated, the centre-of-gravity of
the xb masses has been determined. We look forward to upcoming Crystal

Ball results from DORIS, which may have higher resolution.

4.6 Studies of B decay

In recent years we have accumulated an impressive amount of
information on the decays of the B mesons. I will just briefly list here

some of the measurements which have been reported to this meeting.

1) b2u/b->c

Both CUSB and CLEO have tried to determine the fundamental mixing
29,30) The

shape of this spectrum is affected by the mass of the hadronic state

angle of b decay by measuring the electron spectrum

produced in the semi-leptonic decay. The result is somewhat
model-dependent, but assuming that the hadronic state produced from a u
quark has a mass of not more than 1 GeV, the fraction of b = u decays is

limited to 5% or less.

2) B semi-leptonic decay fractions

Four experiments have reported results with an average value of
B(B » QvK) = (12.6 + 1.2)% 2°'22'2°),

expected from a simple spectator model, 1/9.

This agrees well with the value

3) Observation of B exclusive states

The branching ratio for the B meson to go into any given exclusive
state is quite small. Thus, CLEO has accomplished a formidable task in
reconstructing enough B exclusive states to measure the B masses and mass
diffetencezg). This was only possible because of the mass constraint
provided by the Y(4s) state.
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4) ¢ production in B decays

CLEO has measured the branching fraction for B » yX to be
(6.4 £ 2.3) x 10_3, a value smaller than had been expected by some
predictionszg). This has obvious practical consequences for anyone

hoping to use the ¢ to tag B's.

CONCLUSION

The conclusion to this talk was really given in the introduction:
our field is quite healthy. We have made tremendous gains in the past
decade and we are consolidating these gains while, at the same time,
earnestly searching for the clues which will tell us what lies beyond the

standard model.
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