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Appleton Laboratory near Oxford (see
below). Although the US experiment is
bigger, KARMEN is now being upgraded. O

protons in the particle accelerator is creat-
ing some particle other tha ions and
muons, which is able’to pass through-the 6
meures of steel-that shields the tank
mineral _eil. If these particles can pass
unhipdered through the tank’s shielding,
say€ Booth. they must be weakly interac
. The rescarchers can infer the particle’s
mass from its behaviour in the tank of vil.
According 1o the likeliest scenario, they
calculate that its mass is about seventy
times that of anelectron,

“If this is true then it is very important,”
ays Jonny Kleinfeller of the Karlsruhe
search Centre in Germany, who heads
th& KARMEN team. But he warns th

which turne
team will publish its results in a future
issue of Physics Letters B. Marcus Chown

11 February 1995
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Figur 16 R = on/0, som funktion av energin. Linjen markerar
den teoretiska forutsigelsen frin kvarkidén. Trosklar vid 3,7 och
10,5 GeV uppkommer da energin blir tillrickligt stor for att produ-
cera de tunga charm- och bottomkvarkarna. Smala toppar erhalles
d4 energin precis verensstimmer med massan hos partiklarna
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A recent flurry of papers from ‘the Stand-
ford Linear Accelerator Center has
announced the long-awaited discovery
of a new particle called the eta. This
particle is a strongly-interacting meson,
like the pion, and consists of a charmed
quark-antiquark pair bound together,
making it a close relation of the famous
J/y particle which in 1974 provided the
first @vidence ~for the existence of
charmed quarks.

The difference is that in the J/y, the
quark spins add up to give a total spin

~ the J/y of 1 (in units of Planck’s con-

ant, the quantum mechanical unit of
angular momentum) and a mass of about
3-1 GeV (about 1 GeV is the mass energy
of the proton). But in the eta, the spins
are in opposite directions and ciycer dut,
making it a spinless particle with a

“ghtly lower mass.

The difference in the masses of the
two particles represents the different
energies of the respective quark con-
figurations, and so provides a test for our
ideas about the nature of the interquark
forces. The so-called “charmonium”
scheme summarises the expected mass-
energy levels of particles consisting of
charmed quark-antiquark pairs in various
spin and orbital angular momentum con-
figurations. This scheme is like the
energy levels of the hydrogen atom
generated by the electromagnetic inter-
actions. 5

One of the predictions of the char-
monium scheme is [hat the eta, should
have a mass of about 3-0 GeV. The
detection of a candidate eta, state at

o el

2-8 GeV by a group working at the DESY
laboratory near Hamburg in 1977 caused
some surprise as the mass difference
involved was far too large to be accom-
modated comfortably within the char-
monium scheme, So confirmation of the
eta, has been keenlv awaited.

The reactioi. w. which the eta. can be
observed is a two-stage process. First,
an electron and a positron are made to
annhilate into a photon loaded with just
the correct mass-energy to allow it to
transform into the J/y, and, secondly,
the J/y may then decay into a real
photon and the eta—which itself will
then decay into other known mesons
(see Figure). To discover the eta, it is
necessary to observe the energy of the
photon emitted in the second phase of
the reaction. If one photon energy is
observed more frequently than all pos-

An electron (e—) and a positron (e
annihilate into a virtual photon (v)
just the right energy for it to transform

ils spin 0 counterpart the eta. (nc). TIN
new particle can then decay into stran
mesons (K) and a pion (=)

- indicator for physicists who believe that

sible alternatives, then a photon with
that energy 'is taken as the signal of
the decay and the energy is taken as
the mass difference between the J/y and
the eta.. Unfortunately, the experiment
turns out to be difficult because the mass
difference is small so the resulting
photon is difficult to detect.

The physicists at SLAC built a spheri-
cal detector to surround one of the
collision points of the electron-positron
storage ring at the end of the linear
accelerator to detect the eta,, The Crys-
tal Ball detector consists of an array of
672 sodium iodide crystals, each 40 centi-
metres long, mounted perpendicularly on
the surface of a sphere of inner radius
25 centimetres.

The outside end of each crystal is
viewed by a photomultiplier which can
measure the amount of energy deposited
in the crystal by the collision products. | |
The purpose of the Crystal Ball is to | |
achieve maximum angular coverage | |
around the collision, together with an | |
accurate measurement of the energies
of the outgoing particles, especially
photons (SLAC PUB 2250 and 2530).

The first achievement of the Crystal

va o-disprove the existence of
candidate eta, state
a preferred photon
implying the

2:98 GeV, in excellent agreement with
the charmonium sgheme. Once its mass
was known, it becg
gate the decay ppoducts of the eta, (two
strange mesons/and a pion is one decay
mode), and cefifirm that the total energy
0 ese-decay products is equal to the
mass of the eta, thus establishing the
particles’ existence.

The discovery provides a reassuring

we are approaching a fuller understand-
ing of the nature of the forces between | |
the elusive quarks (Physical Review | |
Letters, vol 45, pp 1146 and 1150). O
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Cornell Electron Storage Ring at
Cornell University in Ithaca, New York,
have found new evidence for the so-called
B mesons, These are subatomic particles
that are similar to the more familiar pi-
mesons, but which are made from a differ-
ent _combination of quarks, the funda-
mental building blocks of matter. Although
the same group ‘of physicists has found
good evidence for the production of B
mesons at CESR before, this latest result
shows for the first time the explicit decay of
B mesons into less-rare, longer-lived part-
icles(Physical Review Letters,vol 50, p881).

The protons and neutrons of everyday
matter appear to be built from two types of
quark, called “up” and *down” or #and d.
But short-lived particles produced in
experiments at high-energy particle acceler-
ators turn out to contain other types of
quark, known as “strange”. “charmed” and
“bottom™, or s. ¢ and b. Particles contain-
ing the b quark (bottom particles) are the
heaviest found so far, some weighing in at
around 10 times the mass of the proton.
The first bottom particles to be discovered
were the upsilons, which comprise a b
quark bound with its opposite number, a &
antiquark. The mesons, however,
contain only one b quark (or antiquark)
bound instead to a more “ordinary” u or d
antiquark (or quark).

It turns out that the heaviest of the four
upsilon particles has sufficient mass to
decay radioactively into two B mesons, the
b quark and antiquark splitting up to go
their separate ways in the two B mesons.
CESR is the only machine that can produce
reasonably large numbers of the heaviest
upsilon. so its collisions between electrons
and positrons provide the most promising
hunting ground for B mesons. The first
indication that the fourth upsilon did

[

» 4
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A neutral B meson décays into a char

D* meson and a pi-meson (r*), event;

1o produce a K meson three ns,
which produce tracks in the detect

indeed decay into B mesons came whe ll-;c
team working on the detector known\as
CLEO discovered energetic electrons ahd

New evidence for B meson decay
HYSICISTS working on CESR, the"
3 %,

muons, presumably from the de
mesons (New Scientist, vol 87, p =
the same team has more direct ¢

This time the researchers have |
steps in the decay chain of a B |
which the b quark converts firs

uark and then into an s quark: (
that the B meson decays into a ¢/
meson, and then a strange K mes
mesons live long enough to prod
in the CLEO detector, so the te
work back from detected K meso
for those

ray- of particles
electron-positron
entirely consistent with the st
for the decay of a B meson (see
From the 18 possible B mesons
able to find, the researchers have
mass of 5270 MeV for the neutra
and 5270 MeV for the charged
5-3 times as heavy as the protc
mesons can now be assured of a p
tables of known subatomic parti

Brick-eating butterflies

RICKS, fmvel and your car windscreen

could play and important part in the
sex life of the Purple Emperor butterfly
#Apamra iris). Oxford researchers have
found that males of this species frequently
suck such objects, sometimes even wetting
adry brick with excretions and then suck-
ing them with their proboscises.

Such behaviour has been observed in
other butterflies on_tropical river banks.
The researchers believe that the Purple
Emperors are'suckmg usxﬁisodium. and
possibly potassium ang um present in
the brick and gravel [olluwinithe €evapor-
ation of the water in which they were
brought to the surface.

But why do only males feed j
appears that the male butpfl

m in their spe; 0zoa
}spc ‘mating,
female the; construct her

unuls’uglldjnvolvcment of “;,e mi
cgg-building process is by n
wlg;blp—aﬁer mating the mz
ium is severcly depleted. -

No | PREFER FLETTONS
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Am Deutschen Elektronen-Synchrotron DESY in Hamburg
wurde ein Teilchen entdeckt, fir das es im Moment keinerlei
Erklérung gibt. Sein Name: Zeta.

Die 73 Wissenschaftler der
am Beschleuniger DORIS expe-
rimentierenden Gruppe hatten
gezogert, dieses Ergebnis zu ver-
offentlichen. Stellt es doch das
Gebiude der Elementarteil-
chentheorie in Frage, das gerade
erst durch die Entdeckung des
Top-Quarks am CERN (S. 10)
so glanzend bestitigt worden ist.

Gelungen ist die Entdeckung
des Zeta-Teilchens mit Hilfe d
Detektors Crystal Ball (Kri:
kugel), der urspriinglicl

gebaut und eingesetzt
ist. Anfang 1982 wurde
DESY nach Hamburg transpc
tiert und am umgebauten
schleuniger DORIS aufgestellt.

Das amerikanische Team,
darunter Nobelpreistriger Ro-
bert Hofstadter, kam mit nach
Hamburg. Zu der Gruppe zih-
len’aber ebensogut bundesdeut-
sche Physiker von den Universi-
titen Erlangen, Hamburg und
Wiirzburg sowie von DESY
selbst und Wissenschaftler aus
den Niederlanden, Italien, Polen
und Siidafrika.

et P

Worin besteht nun die Ent-
deckung? Crystal Ball registrier-
te die Gammaquanten, die beim
Zerfall des Ypsilon-Teilchens
ausgesandt werden. Dies ist ein
Meson, ein aus dem fiinften
Quark bottom und dessen Anti-
teilchen  bestehendes ,,Quark-
Atom*,

Die Physiker fanden eine
Hi von ~Gammaquanten
mit einer Energie\&:: rund

1GeV, was auf cinen reativ sta-
bilen Zustand - ein Tejlchen —
bei 8,3 GeV, rund 1 GeV unter-
halb der Massenenergic des
Ypsilon-Teilchens, hindeutet. '
annte Teil-

it antiparallel '
llel”gepaarten Quark--

ins—"doch der Energieunt
schied von 1 GeV ist dafiir.y
zu groB. Fir -ein sogenannt
»Higgs-Teilchen* tritt es zu hau.
fig auf. Die 113 gefundenen’ Er-
eignisse: liegen aber doch. de
lich iiber dem statistischen Un-
tergrund. Bleibt ein Fehler in

den Rechnerprogrammen — oder ;

im Theoriengebiude der Physik,
Uli Deker

\ Py
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" LEAR cvidence for a new subatomic
" particle_has been found by an
nternational team  of physicists
working a¢ West Germany's DESY labora-
_luryiﬁhmbmg. “The only problem is that
the researchers did-nat capect |
1o find lhdcaparit:ole_,‘ and ‘they
.havenoideawhatitis. .-
“The. ,’\zgm-wat'DESY has’
alrgady jod' 113 cxamples
of - this* latest find,' which is’|
provisionally*’ being 1" called
the’ zeta™” particle, aficr, on
of s the-few:: Igtters " of - the.
Greek alphabet that bave not.
already.: been { used 10+ name, ! [§
subatomic:particlcs. But -the ,’%
zeta will ‘'not” find its “wa:
into*. ‘tables ™ of .. established.
particles: until Jat, ‘Jeast * onc
more’ experiment  has found,
cvidence:for it. | o
The-zeta” has turncd. up. at -
much lower c&lcdrﬁic_s than.tho: K
I most:recent . finds, in - particlc’, . g
physics, such as: the. W-aod-Z
-Pany ispovered

GERN"and s the,
{Bund Yiers oaly'
1o mh@;wm
9 1

e
fenth.

on“DORIS, " the - smaller. of ‘

DESY’s:.two': clectron-positron :colliders.
The reéscarchers were studying the cncigy
region of the upsilon  particlo—formed
from-~abottom quark bound " with_its

antiquark—which, weighs 9-3 GeV. They

Hol

(h=¢

Martin Redfern
were using a detector called the Crystal
Ball, which was devcloped by Rul)cil
t

consists of many scgments of sodium
iodide crystals, arranged rather like an
orange surrounding thc collision point, and
it can detect any cncrgetic photons
produced.

Zeta—a new and unexpected particle

Over the past two years, the tcam, led by
Elliot Bloom of Stanford and’ Hans
Bicnlcin of DESY, has observed more than
100000 decays of upsilon particles. Of
these, 113 produced an enérgetic photon of
T 1-07 GeVi/This obscrvation
- implics that in tficse instanccs

the remainter of: the upsilon's

9:3 GeV-of mass-cncrgy was

chagnelled . into  another

particlo—the“ zeta. The new
particle lives for only about
. 107% seconds and so cannot be
detected direetly, but as Pedro
Waloschek from DESY says,
peak like this in a photon

particle.”
Announcing the find at a
recent conference in Leipzig,
« the rescarchers could” only
speculate what the zeata might
be. Oncimportant particle that
is)lmdiclo([ but wot yet discov-
cred is the so«nl{cd Higgs
d. particle. Proposed “by Peter
Higgs of Edinburgh Univesity,
it could cxplainuv?hy the W and
Z particles that carry the weak
nuclear force arc“so much
heavier - than the  photon,
which is responsible for clec
tromagncetism. But it would be
surprising if the Higgs and the
zeta arc onc and the same. The
Higgs is cxpected to be much
heavier than 8-3 GeV, and
theorists have alrcady
produced arguments as to why
the zcta cannot be a Higgs
particle of the simplest kind. A beticr
understanding of the new particle may only
come with new detectors that can find out
cxactly what the zeta decays into, thus
revealing its truc nature. [a}

;spectrum :is by definition a |
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g The glue in the atom
Latest results strengthen the theory that the particles which make up atomic nuclei are bound
together by more fundamental entities called gluons
The focal point of research in The story of PETRA (which stands for Positron

Dr Christine Sutton
particle physics last year returned
to Europe, after sgveral. vears in the US, when fascinating
results began to pdir out of a laboratory in Germany.
S e w s R G e
and the US, were finding evidence for_gluons--the particles
believed to “glue” together protons and .neutrans ,inside
the puclei of atoms. These discoveries give imrems to the
belief that physicists are at last on the right track with the
theorv. known as quantum chromodynamics (QCD),
evoived o describe the so-called strong nuclear interac-
tions’ een neutrons, protons and other similar particles.
These latest results come from experiments at DESY,
e German ,national high-energy physics laboratory on
the optsgrzs” 6f Hamburg,  where PETRA the world’s
largest working electron-positron storage ring is sited. This
'machine includes a 2-3-km ring of pipe under extremely
good vacuum, through which electrons apd positrons (the
nositively-charged antimatter’ rts of electrons)
7 in opposite directions, eventually to collide at predetpr:
E'ulul crossing points; magnets around the rartg T
e particles to their circular path. Before they collide the
‘particles are “fed!’ with radio-frequency energy to accele-
rate them to a maximum energy that is 19 times the
energy equivalent to the mass of .a proton .When the
electrons collide with the positruus,
celling each other out to give for an igstant a “puff” of
pure energy equal to the total energy of the two beams.
‘This energy can .rematerialise as a variety of other
particles, including electrons and positrons; it is carried by
a photon, or “particle” of electromagnetic radiation.

they afultugte, Cari-

Electron Tandem Ring Accelerator), has been mainly one
of success. Proposed in 1974, the machine’s first electron-
positron callisions took plg; %.in the autumn of 1978, six
months anéiy of s¢heguie. ;\ tiwugh dogeed by difficulties
that have so far prevented them from ﬁéﬁxeving the rate
of clectron-positron collisions expected, DESY's technicians
brought the machine’s total energy to 36:6 GeV, close to its
design energy of 19419 GeV, earlier this year. (Prior to
PETRA, the maximum energy reached in electron-positron
collisions had been 5:14+5-1 GeV, at a smaller storage
ring called DORIS ,alsg at DESY.)

Experiments ngpiler four points around PETRA where
the two beams ol paiticles. ;:olliqle (Figure 1). At these
crossing regions physicists wedn «. variety of particle
detectors around the vacuui. pipe so as to see what the
annihilations produce. The basic idea is to use a solenoid
to pruvide a magnetic field to bend the paths of electrically
charged particles leaving the collision region, and to have
a detector that will record the tracks of these particles.
Adq some detectors to register ncutral particles, and others
designed to allow you to identify different types of
particle and you are well on the way to a useful set of
apparatus (Figure 2). Four of the five experiments
designed so far for operation at PETRA have been based
on this formula, and complement each other by using
dnﬁgrcnt techniques. The experiment called JADE,
designed by physicists from the Universities of Lancaster
and Manchester and the SRC’s Rutherford Laboratory
together with colleagues from Japan and Germany,
includes blocks of lead-glass, especially suited to detecting

A Experimentsat PETRA

The electron and positron beams at PETRA collide at four
points around the machine where experiments monitor the
particles thrown out by the collisions. Each experiment
is code-named, generally by an acronym derived from a brief
description of the apparatus, or from the names of the teams
of scientists. Four teams have reported evidence for gluons;
a fifth (CELLO) has only recently been installed. British
physicists are involved with three experiments—TASSO,
JADE and PLUTO.
® TASSO: a solenoid magnet filled with detectors for track-
ing charged particles is surrounded by counters which
register electron and photon showers. Counters on either
side of the magnet identify hadrons (particles composed of
‘quarks) up to the highest momenta. An iron yoke, to com-
plete the magnetic flux loop, with muon detectors beyond,
form the experiment’s outer layers.
@ JADE: a solenoid magnet surrounds a central track detec-
tor. Thirty rings of lead-glass wedges form a “barrel” round
the magnet to detect and accurately measure the energies of
electrons and photons. Layers of muon detectors, inter-
spersed with iron and concrete to absorb hadrons, form a
rectangular box around the magnet.
® PLUTO: a superconducting solenoid magnet surrounds
layers of track detectors and electron and photon shower
counters. Muon detectors encase the thick iron magnetic
flux return yoke.
@ MARK-J: is designed as a calorimeter to measure the
cnergy of all particles prodiced in an electron-positron colli-
sion. Shower counters identify electrons and photons; a
magnetic field bends charged particles through track detec-
tors, and counters sandwiched in the magnet's iron measure
the cnergies of hadrons as they slow down th Muon
u

detectors form an outer layer around the magnet.

Figure 2 An ezperiment Lo study electron-positron collisions
should contain detectors to identify different types of
particles, others Lo track the “footprints” of particles, and
a magnetic field to bend the paths of electrically charged
particles in opposite directions for opposite charges

-

in

l=eport

m
Figure 3 An electron-positron collision (e*e~) initially
produces energy in the form of a photon (y) which can
malerialise as a lepton (1+) and antilepton (1-); the
leptons can be elecirons (¢), muons (n) or taus (r). Such
a reaction is shown diagranialically at left; WO it might
appear in an experiment is at right
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C Where’s the top?

Five quarks are sufficient to explain all the particles, other
than leptons, already known. But many theorists would like a
sixth quark to straighten the book-keeping and keep the
quarks neatly grouped in pairs (see Box B). Physicists had
hoped that PETRA's encrgy would be sufficient to reveal a
sixth quark, labelled “top”, which should be the heaviest
quark yet encountered. i

One of the casiest way to produce quarks is through
electron-positron  collisions. The e¢nergy can simply re-
materialise as a quark bound with its antiquark. An °"°r§¥
of 3. le,

ds to the mass of the
le_which_consists of a charmei i

e
is energy electroir) s produce
" | copious numbers of i_particles, This is reflected in the
large number of "events which produce hadrons, ploned‘in
Lm Figures as a ratio, R, of the number of events which give
.se instead to a muon and antimuon. A similar sharp
increase in R s - V,_which _s:%dent
energy to produce an upsilon_particle, containi a bottom
quark and its antiparticle. =
The value of the ratio R between spikes that correspond
| {o the production of certain particles gives a measure of the
imber of quark types available, as it is approximately equal
«0 three times the sum of the squares of the electric charges
on the quarks. The data for R show two steps, corresponding
to the “thresholds” when the energy is sufficient to produce
-| particles incorporating the heavier RAtdb
No threshold appears for & Stitl rea

quark; at

Raio of evenrs tat produce hadrons.
Fo those that produce muons

:‘N

13 Datd o expenments
ot a number of laborafories

The ratio, R, of events that produce hadrons to those that
produce muons depends on the quarks available to form the

particles: at higher energies more (heavier) quarks become
available (top); measurements of R at PETRA

(bottom) show no evidence for a new sizth quark called

“top”

with colleagues from Germany, the US and Israel on this
experiment that was the first to report the observation of
events with three jets. Later all other groups at PETRA
reported similar results.

It is important to realise here that, at energies arpund

30 GeV, the three-jet structure is not usually clear to the =

naked eye. The experimenters have to deviser careful tests
to confirm that a model with three initial jets best describes
their data—not two jets, or even four jets or more.

Another important point is that events with three jets do
not necessarilv nrove that ane af the anarle nraducnd in

Figure 6 When a short-live.
particle comprising a quar]
antiquark pair (qq) decays
into three gluons (g) they
should materialise as three
jets of hadrons

the electron-positron annihilation has radiated a gluon;
in most scientific “proof” a strong chain of evidence has
lead to such a conclusion. . - .*

A first important clue comes from the fact that t
particles in the rarer events tend to lie in the same pla
—leading to events like “squash rackets” in the thin-jc
broad-jet case, and others resembling “propellers” wh
three jets are distinct (Figure 5). This planar structure
essential to conserve energy and momentum if the ji
originated as three particles—quark, antiquark and gluc

Assuming that the unusual events they see at energ
of 30 GeV or more are caused by quarks radiating gluo
the physicists at PETRA have calculated
ling_constant—this is the probability that a quark v

radiate a gluon, and i th

AWM

obtained a value of 0°17+0-02 for the ‘coupling const:

at 30 GeV.-Unlike:therelectromagnetic coupling const:

—or the “fine structure m/ns;gn "—which is constant at
1 SLLC i

energies, with a value of 1
hould,

er the p 55 al
evidence of quarks radiating gluons, and whether QCD
indeed the correct theory of the strong interaction :
questions still open to debate. Other eyidence for t
existence of gluons has come from lower energy d:
collected at the smaller electron-positron ring DORIS, a
gt the DESY laboratory. Aronnd a total energy of
physicists_at. DORIS. found_a_particle cal ermF
ich Tives for only an instant before decaying into otl
‘more stable particles. Through elaborate, statisti
analyses the physicists have been able to irterpret t
upsilon decays in terms of three jets of particles, in t
instance believed to emanate from three gluons (Fig:
6). But more evidence is needed to confirm that the th
primary particles are the gluons of QCD. (Physjgi
have in the past believed they have found a parﬁcl?p
i by theory, only to later discover that what they I
found was really something else.) Gluons should, 1
photons, have an intrinsi¢ ahgilat momentum, or spin,
one unit; the experiment TASSO, and earlier measureme
of upsilon decays, both provide evidence that this in ind¢
the case. :

As for QCD, the least that can be said about the the:
is that it provides the only common way of reproduc
the results of all experiments.” ‘Many xesnlts can
explained without QCD—there are elahirate nlodels t
&nvisdge the decay of the upsilon without needing glu«
—Dut each explanation is different.

There are other puzzles that remain unsolved as
researchers at DESY follow PETRA’s rise to maxim
energy. Why has no evidence for a sixth quark (label
“top”) yet been found (Box C)? The next large step
energy for electron-positron annihilations will come in 1!
when the Large Electron-Positron (LEP) machine sta
work at CERN, the European centre for nuclear resea
in Geneva. This machine will, in its initial phase, acceler.
electrons and positrons to energies of 50 GeV/bean
giving a total energy over three times higher than that
PETRA. Here physicists hope to’discover the W+ and
particles—the intermediaries for the weak nuclear for
that is responsible for radioactive decays—but that
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1 n’l The layout of the various particle accelerators at DESY, the German laboratory near Hamburg. Ezperiments monitor
. points. at which electron and positron beams collide in the 19 GeV storage ring called PETRA. Each experiment,

cuue-named as shown, comprises a set of particle detectors wrapped round the collision point

photons which produce cascades of electrons and positrons
in the lead-doped glass. The other experiments also have
s -ialities (see Box A).

ae of the first tasks of scientists exploring a new field

w test how well their old ideas work. At PETRA,
physicists are able to study electron-positron collisions at
the highest energies ever created in the laboratory; are
the theorics developed ta.explain phenomena at lower
energies still valid? One © el test has been to check the
validity of quantum electrodynamics, or QED—the theory
that describes the interactions of electrically charged
particles. To make this check the experimenters had to con-
centrate on collisions or “events”, where only particles
called leptons appear in tnc detectors. Leptons are
particles that-de_patis a6 via the strong nuclear force
that bindy“atomic nuclei; the electron and its heavier
relations, the muon/and tau, age leptons.

From reégctions in which gHe energy of the annihilating
electron and™pesitrop—retfaterialises as a lepton and its
corresponding antiparticle (Figure 3) the physicists at
PETRA have fo ED “works” up to the machine’s
high enﬁ%ﬂl valid. These results imnly
that the electron, muon and tau alkbehave as if they were
points—, + i t least as far as we
can tell, which is on a scale of less than 10-* cm, or less
than 1/1000 the size of a proton.

To study the strong nuclear force, the physicists had to

turn their attention to hadrons—particles, such as protons
and neutrons that do interact via that force, Over the past
15 years or so it has become apparent that hadrons behave
as if they are built from more fundamental particles,
ocalled quarks, which carry charges that are fractions of

that of the electron (see Box B).-No experiment has yet
shoﬁn_thindenendmLe_)_:igmce of a qgar_,E' 1pdeea the

“JADE team at PE has_made a seafch |

for_particles with(: 4 has found

“hone. The team is still lookin j 5
The most exciting results from PETRA “when

the experimenters began to study how the hadrons sharé
out the cnergy of the annihilating electron and pcs}tlun,
and the directions in which the particles go. For the past
five years experiments at smaller electron-positron
machines have shown that hadrons produced in these
reactions tend to be concentrated in two jets, spraying
out from the collision point (Figure 4a). The quark model
has a simple explanation for this. The elocl;on‘,and/posikmn
annihilate, producing a photon of the rupriace energy
which then creates a quark, together with an antiquark
with exactly equal and opposite properties. The quark and
antiquark each materilalise as hadrons which cluster about
the direction of the 1 +-#quarks (Figure 4b). As the
energy of the annihilatiun increases, the quark and anti-
quark shoot off with more momentum, which is trans-
mitted to the emerging particles, So the clusters of
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Figure 4 The tracks of hadrons—particles made of quarks—
produced in electron-positron collisions appear to form two
“jets” (a), belicved to come

from a quark-antiquark pair (b)

=

Squash racker:
events

/2 Guark and
. gluon jers
=" are separcte
5 b =
Propelier events
Figure 5(a) If a quark (q) e

radiates a low-energy gluon
(g) the gluon’s jet of
hadrons will merge with the
et of the parent quark,
producing events that
resemble a squash racket;
-| (b) with more energy the
gluon’s jet becomes distinct,
giving rise to “propeller”
events; (c) a three-jet event
recorded by TASSO

B Quarks

Since the 1960s experiments at particle accelerators—th:
modern atom-smashing machines—have shown that the proton
and neutrons known to form atomic nuclei are not wholt
indivisible lumps, but apparently comprise smaller entitie
Physicists now generally believe these “sub-nuclear” particlc
to be quarks, and although no one has ever seen a quark o
its own, there is good evidence as to how many types ¢
quark there are, and what properties they possess.
Five different types of quark can explain the large varie
of all known particles, excluding the leptons_]
its relatio ,.and the n

ave as 1 'y were "points”. Only two types
quark—those labelled “up” and “down”—form the proto
and neutrons of everyday matter, but physicists have
invoke three others to build up the more exotic partic’
created in high energy collisions at accelerators, and wh
cosmic rays—energetic nuclei from outer space—crash i
the atmosphere. The table lists the five types of quark &
some of their properties. To explain the behaviour of *
more exotic particles, physicists have had to endow
quarks with properties not visible in'the macroscopic worl:
strangeness, charm, and “bottomness” (sometimes cal
“beauty”, but anyway “b" for short). :

" | Up Down Strange Charm Bottom
w - d s i€ b

Electric :

charge e e 4 -
Strangeness 3 3 ? 3 3 s
Charm 0 0 | 0
Bottomness 020 oy 0 |
Topness 000 0 0 0
‘Baryon number | { § E3 + ¥

The quarks, like all other particles, have antim:

nwever the nascent theory o!
uantum chromodynamics, or QCD—sugg
g i at figher cnergi

piet
QCD, quarks

(This idea is analogous
actions of electrons and
which protedg
fully explains why no
quarks are always held together by gluons.

One result
~ it will emit photons, that is,

that accelerating quarks should radiate gluons.

How does this affect the two-jet picture seen at PETRA’s
lower energies? A quark with barely sufficient energy to
radiate a gluon will emit a gluon that is not itself very
energetic. A gluon produced in this way can create a quark-
antiquark pair just as a photon does, and so ultimately
the gluon will materialise as hadrons, as the quarks do.
But if the gluon has little energy, the particles it creates
cannot stray far and will inteumigle with. those of the
e yin 0f particles
With
increasing electron-positron energy, more energy becomes
available to the gluon and eventually the gluon can throw
off particles quite separately from the quark (Figure 5b).
.Then three distinct jets should appear, corresponding to

parent quark; the effect is to broaden
associated with a radiating quark (Figure 5a).

vty

o—siTr a . According to
are bound together within a particle such as
a proton by exchanging other particles called gluons—
rather as players passing @ ball are “held” together. The
“gluon carries the strong nuclear force between quarks.
to QED’s description of the inter-
other electrically charged particles,
-yia the exchange of photons.) QCD success-
free quarks have been found, as
Looking for a
free quark is like looking for a piece of string with one end.
of QED is that if you accelerate an electron
electromagnetic radiation; this
is how radiowaves are produced. By analogy QCD p;edicts_

equivalents, in this case called antiquarks, with equal ;
but opposite properties such as electric charge. &
particles, including the proton and neutron, are built frc
bination of three quarks, and are called baryons; ot!
collectively called mesons, comprise a quark-antiquark

bt necessarily of the same type (Figure a).

An appealing idea is to group the quarks in pair
“generations”—down with up, strange with charm,

bottom with top (Figure b). But the sixth quark, top, rer
undiscovered—there is no need for it to explain the par
known so far (see Box C). Such pairing-up of quarks is

than just a game. Theorists would like particles to con
to such patterns, to be consistent with the symmetries o
mathematics used to describe subatomic behaviour.

+
neutron T meson

(a) Three quarks make up hadrons, such as the neutro:
while mesons contain a quark and an antiquark. Their

properties (more striclly the quantum numbers, see tal
add up to give those of the particles they form

(b) Quarks can be paired together to give three

quark has not yet been fo

“generations”, but the “top”

two quarks and a gluon. g

What do the experimenteérs see? With PETRA r
at a total energy of 30 GeV things have already cl
some 10-per cent of the-events are not the same
manifestly two-jet events that appear at lower ei
One of the jets in cach of these rarer events is gc
broader, and in some cases it is possible to see thre
jets. Figure 5c shows a three-jet event from the
detector; physicists from Imperial College London,
University and the SRC's Rutherford Laborator:
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Figur 16 R = on/0, som funktion av energin. Linjen markerar
den teoretiska forutsigelsen frin kvarkidén. Trosklar vid 3,7 och
10,5 GeV uppkommer da energin blir tillrickligt stor for att produ-
cera de tunga charm- och bottomkvarkarna. Smala toppar erhalles
d4 energin precis verensstimmer med massan hos partiklarna
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HAT cxactly is it? That is what

Y physicists at. Germany's national
accelerator laboratory, DESY, are asking
themsclves about the picture shown here. It
depicts the results of an electron-positron
collision at the heart of a detector known as
Cello, which is run by a team from
Germany, France, Italy, Isracl and Britain.
The researchers can think of no combina-
tion of particles, known to exist or desired
by theory, that fully explains the pattern of
tracks formed in the various parts of the
Ietector, ;

Cello is one of four experiments observ-
ing collisions between counter-rotating
beams of electrons and positrons in the
machine known as Petra. This particular
“event” is the aftermath of a collision at a
lotal energy of 43.45 gigaclectronvolts
GeV), over 40 times the enmg equivalent
to the mass of a proton (DESY preprint
34-024). :

Two of the tracks were evidently
yroduced by muons—electron-like par-

Mysterious patterns baffle physicists

ticles with 210 times the clectron’s mass.
These pass right through the lead and
liquid argon in the shower counter, and
register in the muon chambers. The other
tracks belong mainly to pions and seem to

fall into two “jets”, A and B, roughly
opposite the two muons, | and 2. More-
orer, the tracks all lie in roughly the same
plane.

The event could be due to the production
ofa muon pair (u ") together with a quark
and antiquark; the latter pair of icles
would materialise to form the two jets. But
such a process should be extremely rarc.
The researchers would expect to have to
accumulate 1000 times the amount of data
collected at this encrgy before observing
such an event.

. The Cello team also rules out the possi-
bility that the tracks are from the decays of
a variety of “exotic”, but theoretically
desirable particles. These include new
heavy quarks, new heavy muon-like
particles, heavy neutrinos, and the so-called
Higgs particle demanded by theories that
unite the electomagnetic and weak nuclear
forces. It seems that only time, and more
data, will provide the necessary clues as to
the true nature of the event. e
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